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SECTION 1
SUMMARY

As part of the NRC/EPRI/Westinghouse Full-Length Emergency Cooling Heat
Transfer Separate Effects and Systems Effects Test (FLECHT SEASET) heat
transfer and hydraulic progran.(]) a sertes of natural circulation tests

were conducted on a test facility whuse dimensions were scaled to those of
current PWRs with a scale factor of 1/307 on a volume basis, in which full
lengths and ful)l heights were prototypical. The purpose of these tests was to
fdentify hydraulic and heat transfer phenomena during natural circulaiton
cooling modes. The resulting test data, evaluation, and analysis are to be
used for PWR code and model assessment as well as to provide a comparison to
similar experiments in other scaled systems.

Steady-state single-phase, two-phase, and reflux condensation modes of natural
circulation cooling were established in the FLECHT SEASET systems effects
faci1ity and the flow and heat transfer characteristics of the different
cooling modes were identified.

Both single-phase and two-phase natural circulation are driven by an overall
fluid density gradient between the hot and cold sides of the loop. During
single-phase natural circulation, fluid in the core, hot leg, and upflow side
of the steam generator 13 hotter, and therefore less dense, than fluid in the
steam generator downflow side, pump suction, cold leg, and downcomer. This
causes an unbalanced gravity head. During two-phase natural circulation,
saturated steam bubbles in the core, hot leg, and upflow side of the steam
generator cause the fluld in these regions to be less dense than that in the
steam generator downflow side, pump suction, cold leg, and downcomer .
Generally, two-phase natural circulation flow rates are higher than single-
phase values because of che presence of the saturated steam bubbles, which
creates a much higher overall loop density gradient. The reflux condensation
mode occurs when the steam generator tubes and hot leg are nearly volded of

1. Conway, C. E., et al., "PWR FLECHT Separate Effects and Systems Effects
Test (SEASET) Frogram Plan,* NRC/EPRI/Westinghouse-1, December 1977,

71248:1b/122183 11



I1quid and steam created in the core 1s condensed in the steam generator
tubes. Condensation occurs in both the upflow and downflow side of the steam

generator tubes and the upflow/downflow of condensed fluld was evenly split.

Two different types of system behavior were observed in the FLECHT SEASET
tests, as compared to the higher-pressure Semiscale natural circulation
experiments. The single-loop simulation (broken loop) stopped circulating as
the system moved from single-phase natural circulation to reflux conden-
sation. Also, while in reflux condensation, the larger loop (representing
three scaled PWR loops) vented through the loop seal. Detalled data analys's
in this report indicates that this behavior s due to scaling compromises and
faci1ity design. The steam generator data were reduced such that local steam
generator heat fluxes could be obtained for single-phase, two-phase, and
reflux condensation natural circulation cooling modes.

This report presents the test data; data reduction, analysis, and evaluation;
and resulting mode)l development and analysis. The models which have been
developed include a reflux tube condensation model as well as a single- and
two-phase model for the overall system.

11248:1b/071884 1.2



SECTION 2
INTRODUCTION

2-1. BACKGROUND

Since the Three Mile Island accident, an increased interest has developed in
alternative cooling modes for pressurized water reactors following postulated
accidents. The cooling modes of primary interest are single-phase natural
circulation, two-phase natural circulation, and reflux condensation while the
primary system is in a pressurized state. The information of interest is the
heat transfer mechanisms which occur during each cooling mode and the coupled
heat transfer-flow behavior of a closed loop natural circulation system.
Cooling and flow stability are also of interest in a gravity-driven flow
situation for natural circulation.

The FLECHT SEASET natural circulation test fac\l\ty(‘) offered an opportun-
ity to investigate the alternative cooling modes, heat transfer processes, and
flow behavior of a scaled closed system under natural circulation. The
faci1ity conceptual design, scaling rationale, and instrumentation have been
covered in detall in the Task Plan.(‘) Highlights of the facility design,
test generation, and testing method are given in section 4 of this report.

One drawback of the FLECHT SEASET natura) circulation system is 1ts low
pressure [1.03 MPa (150 psia) maximum), which makes simuiation of small breaks
and operational transients difficult.

The information generated in tuls portion of the FLECHT SEASET program will be
very useful for developing and assessing computer models for system behavior
in single- and two-phase natural circulation. The analysis of the data and
interp -etation of the observed flow behavior can be used to benchmark complex
systems analysis codes, which can then be used for both safety assessment and
the writing of operational procedures for accident recovery. The models
presented in this report will also serve as alternatives for existing models

1. Rosal, E. R., et al., "PWR FLECHT SEASET Systems Effects Natural
Circulation and Reflux Condensation Task Plan Report,® NRC/EPRI/
Westinghouse-12, November 1982.
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and can ald in interpretation of the test data. Computer code assessment
against the FLECHT SEASET mode) would constitute an additional verification

process to increase confidence in codes when applied to PWR performance.

2-2. TASK 0BJECTIVES
The objcctives of the natural circulation tests were as follows:

0 To provide a single-phase and two-phase natural circulation data
base over a range of rod bundle powers such that natura)
circulation calculations can be verified

0 To examine core cooling transitions between single-phase,
two-phase, and reflux condensation and examine the steam
generator heat transfer in these modes

0 To examine system response and stability in a two-phase or
reflux condensation mode and, in particular, characterize the
steam generator behavior in these cooling modes

To arcomplish these objectives, the FLECHT SEASET reflood systems effects test
fFaci1ity was modified and redesigned as described in the Tas: Plan to provide
a low-pressure, closed loop simulation of a four-loop PWR. A substantial
amount of instrumentation was added to the FLECHT SEASET facility to achelve
the objectives. Detalls of the test facYiity are given in section 4.

2-3. PREVIOUS STuDIES

Because of the importance of the Three Mile Island accident, several reactor
safety programs were reoriented to provide information and data for natural
circulation system behavior. In addition, several new programs were initlated
to provide gquick answers as well as to study particular natural circulation
phenomena. The programs of interest to the NRC/EPRI/Westinghouse cooperative
program are the Semiscale small-break natural circulation test series, the
EPRI/SRI natural circulation tests, the PKL sma)l-break test, studies at MIT
on multitube steam generator behavior, and the University of California (Santa
Barbara) single-tube refluxing experiments.
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These experimental programs are discussed in general terms in the following
paragraphs, to give their design, range of conditions, and overall relation-
ship to the FLECHT SEASET experiments. In the data analysis and evaluation,
specific results of these programs are compared to the FLECHT SEASET data.

The Semiscale exper\upnts(]) are the most prototypical two-phase natural
circulation test in terms of simulating the pressure ranges expected in a
postulated small-break LOCA or operational transient. Semiscale did have
other scaling problems and compromises such as heat loss, small diameter
pipes, and 1imited number of steam generator tubes; these were minimized for
the natural circulation test. The heat loss problem was reduced to a second-
order effect by strip-heating the piping. The small diameter of the piping
and the limited number of steam generator tubes is a result of the volume
scaling, which is the preferred scaling approach for these tests.

The Semiscale tests showed that all three cooling modes (single-phase,
two-phase, and reflux condensation) could be achieved by draining incremental
amounts of 1iquid from the facility such that 1t would undergo quasi-steady
transitions from single-phase natural circulation to reflux condensation. The
effects of noncondensible gas injection were also examined in the Semiscale
program.

In Semiscale, the overall loop natural circulation mass flow rate was found to
vary considerably, depending on system mass inventory. The variation in loop
mass flow rate with inventory reflects a transition from single-phase natural
circulation to two-phase natural circulation to reflux condensation. There
was no significant change in loop mass flow rate petween 0 and 4 percent
system mass inventory, because the drain simply lowered the vessel coolant
level to thke top of the hot leg and no significant volding occurred in the
loop. The Semiscale test facility also had an upper head which could void
first without changing the natural circulation cooling mode. Further draining
caused the loop mass flow rate to ‘ncrease sharply and eventually peak. The
increase in flow was caused by iIncreased voiding in the upflow portion, which

1. Loomis, G. G., and Soda, K., "Results of the Semiscale MOD-2A Natural
Circulation Experiments,” NUkEG-CR-2335, September 1982.
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increased the overall loop density gradient. The peak in flow occurred as
steam bubbles in the hot side positions eventually spilled over into the down-
flow side of the steam generator, causing a reduction in overall loop density
gradient between the upflow and downflow sides in the steam generator. The
peak Semiscale loop flow occurred at system mass inventories between 86 and 90
percent. In this case, the maximum density driving head existed in the Semi-
scale facility; hence the loop flow was greatest. Eventually, as primary mass
inventory was decreased below 70 percent, the steam generator tubes and plena
were nearly voided of 1iquid and the reflux condenser mode was established.
During the system drains, the system pressure followed the trend of the core
differentia) temperature. As mass was expelled from the system and the loop
flow rate increased, the core outlet temperature decreased. This decrease led
to a reduced bulk system temperature and thus reduced system pressure.

Further draining of system mass from the peak flow condition resulted in very
Tittle change in core differential temperature and system pressure. There-
fore, the system pressure changed only negligibly with the system mass drains
after the peak loop flow was achieved.

Regardless of natural circulation mode, the core heat (at scaled decay heat
levels) was effectively removed in the steam generator(s) even though the
mechanism changed from mode to mode.

The EPRI/SRI natural circulation tests(]) were the first serles of experi-
ments after the TMI accident. These experiments first modeled a Babcock &
Wilcox once-through steam generator plant; then they also modeled a Combustion
Engineering System 80 plant (two hot legs, four cold legs) and a Westinghouse
four-loop PWR (four hot legs and four cold legs). The experiments were
designed using 1inear scaling. As a result, elevations and transport times
between the scaled system and the prototype were not preserved. The major
contribution of the tests was the broad range of conditions and configurations
tested and the flow visualization that could be achieved in some of the
fFaci1ity components. The other major benefit was that these tests could be

1. Fernandez, R. T., et al., "Reflux Boiling Heat Removal in a Scaled TM].2
Systems Test Facility,* ANS Topical Meeting on Reactor Safety, Knoxville,
TN, Apri) 1980.
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quickly performed to scope out the phenomena, which could be investigated
later at more prototypical conditions and scale in larger test facilities,
such as Semiscale and FLECHT SEASET.

The U-tube steam generator prerilents(]‘z) were conducted in two modes. In
the first, with single-phase natural circulation, the facility was allowed to
void by having a heat source/heat sink mismatch such that the primary systems
would push water into the pressurizer. In the second, the tests were started
with less than 100 percent water and additional water was drained. Most of
the tests were evaluated with only one of the two steam generators active.
Tests were conducted in two-phase natural circulation and reflux condensation
at pressures of 0.34 to 0.52 MPa (50 to 75 psta). The test results showed the
following:

o Decay heat can be successfully removed by either single-phase or
two-phase natural circulation, or reflux condensation.

o The unsteadiness in primary temperature indicated that
single-phase natural circulation was not always steady,
two-phase natural circulation was never steady, and reflux
condensation was always steady.

o Two-phase natural circulation can assume many two-phase cooling
modes, the existence of which 1s suggested by a great variety of
primary temperature traces. The existence of a particular mode
is a function of the input power, the secondary flow rate, and
the water inventory in the active loop.

o In the reflux condensation mode, the system 1s highly tolerant
of noncondensible gas since the system pressure will adjust
ftself such that sufficient condensing surface in the U-tubes s
exposed to remove the heat. If secondary cooling 1s avallable,
the amount of noncondensible gas that can be accommodated in the
primary system undergoing reflux condensation 1s 1imited merely
by the design pressure of the system.

A1l tests involving transition between forced and natural circulation went
smoothly with no adverse effect on system pressure and temperature.

1. Klang, R. L., and Marks, J. S., "Two-Phase Natural Circulation Experiment
on Small-Break Accident Heat Removal,” EPRI NP-2007, August 1981.

2. Klang, R. L., et al., “Decay Heat Removal Experiment in a UTSG Two-Loop
Test Faciiity,” EPRI NP-2621, September 1982.
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SR1 tests did show quasi-steady temperature traces iIn the hot and
legs of the operating loop when in single- and two-phase circulation
indicates that the flow was not steady but, rather, oscillatory When the
104d wa shitted from one generator to arother, the quas! ',{r‘dt'y temperature
would shift from one loop to the other No loop stalling, when the generator

was active » mentioned in the SRI reports

Another larger-.scale test faci\lity which also examined small-break and/or

(1,2
alternate reactor cooling modes was tne Kraftwerk Union PKL Loop ¢

The

PKL loop 1s an Intermediate-pressure [2.76 MPa (400 psta)) facility wilh three
full-height loops One loop simulates two iIntact loops, complete with U-tube
steam generat The s actor for the facility 1is 17134 Both transient

yma ! l-break 1 r qua“ teady-state test were conducted: In the latte

vysten y s drained ) itrolled manner

performed in both Semiscale and
amount ' ‘\u\)\tf from the
,teady state The natural
phase t t Wit v"f\‘q @ and., wher
ux condensation The maximun
)f the original mass ‘nventory

inventorie of

rmed on Pkl

team qgene { : ' flux condensation mode »Ince the test power wa

)

imited, \e I Dlocked off the equivalent of three steam gener
itors Lhe the remaining generator carried the total load, which would be

equal t - ( r* decay heat \ 11s se, the remaining generator

- 0 ] 1imit and all the condens was pushed ove the

and, B8

., "PKL Smal Br lests and tner 1Y Iran port
4 Meet “.'u‘ n Small.Br {
98




U-tubes to the cold legs. Flooding at this decay power and pressure agrees
with the scaling calculations performed for FLECHT SEASET (given in section 3
of this report), which indicated that flooding would occur at about 6 percent
Jecay power .

The addition of noncondensible gases during reflux condensation only increased
the primary side temperatures to compensate for the lost heat transfer surface
area. It was also observed that the noncondensible gases were swept to the
downhi1] side of the generator by the condensing steam. The noncondensibles
would then build up on the downhill side and in the exit plenum of the
generator. This same effect was also observed in the single-tube tests
performed by R\pple.(]) In these tests, the noncondensibles would change

the fraction cf steam condensed on the uphill and downhill sides of the
generator. As the amount of noncondensible gas increased, or as the gas
accumulated, the condensation on the downhill side of the generator was
reduced, and most of the condensation occurred on the uphill side.

1. Ripple, R., *The Influence of Noncondensible Gases on the Heat Transfer in
Steam Generators of Pressurized Water Reactors During a Loss-of-Coolant
Accident,” PhD Thesis, Technical University of Munich, March 1981.
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SECTION 3
SCALING

3-1. INTRODUCTION

The FLECHT SEASET systems effects test facility was originally designed for

low-pressure reflood systems effects testing. The nominal design of the
facility was for 0.41 MPa (60 psia), which would be representative of a
high-pressure PWR containment during the calculated reflood transient.
However , when the Three Mile Island accident occurred, the priority of testing
was rearranged and V't was desired to modify the test facility to investigate
natural circulation cooling modes typical of a small-break loss-of-coolant
accident. The small-break transients of interest, however, are at much higher
pressures [4.]1 to 8.3 MPa (600 to 1200 psia)] than the FLECHT SEASET test
faci1ity was designed for. There“ore, lower-pressure effects of the FLECHT

SEASET tests must be considered as well as scaling effects of the test
apparatus.

3-2. DItFERENT SCALING APPROACHES

Most of the FLECHT SEASET reflood systems effects test facility had been
designed and some of it had been constructed before the decision was made to
investigate small-break, loss-of-coolant, and natural circulation cooling
modes. Therefore, the original facility scaling logic for reflood tests had
to be examined to see if 1t was still valld for small-break accident

simulation.

Originally, in the FLECHT Systems Effects Tests Programs.(]) different
scaling rationales were examined to determine the appropriate basis for the
reflood systems effects tests. Linear scaling and volume scaling were
examined. Using 1inear scaling, a model of the protctype would have the

therma)l nydraulic pressures occurring on 2 reduced time scale relative to
Y q

1. Cadek, F. F., et al., "PWR FLECHT Systems Effects Tests Program Plan,"
WCAP-7906, April 1972
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the prototpe. Linear scaling was investigated for the Semiscale fac\l\ty.(])
[t was decidec that this would distort the geometry of the test facility since
the lengths, areas, and volumes would scale as SF, (S!)z, and (85)3 where

SF %5 the scale factor. In the Semiscale cure, the loop would have been so
small that 1t would have been difficult (if not Ympossible) to build and

instrument, and several scaiing violations would have existed out of design

necessity. A similar conclusion was also reached in the LOFT scaling
(2)

study

The results of the Semiscale study, the original FLECHT SEASET program plan,
and the LOFT scaling study all confirmed that the most prototypical system
response would be obtained with a volume-scaled test facility in which the
iengths of the piping and loop were the same as those of the prototype

Following the Semiscale approach, volume scaling results in

volumetric heat generation scale factor

model length

prototype lengtt

model volumetric heat generation rate

prototype volumetric heat generation rate

Larsen, T. K., et al., "Scaling Criteria and an Assessment of

Mod-3 Scaling for Small-Break Loss-of-Coolant Transients, "
EGG-SEMI-5121, March 1980

Ybarrondo, L. J., et al., "Examination of LOFT Scaling,” ASME MWinter
Meeting, New York, NY, 1974




Setting L* equal to 1 means that lengths, velocities, and accelerations should
be the same in the model and prototype (assuming the <ame fluld physical
properties) Since the pressure and temperature range of the FLECHT SEASET
tests s differeni from the prototype small-break conditions, the velocities

and accelerations will not be precisely preserved for all phaces of natura)

circulation cooling. This aspect 1s carefully described in paragraph 3-3

Using equation (3-1) for the volume ratio of the system, then

(3-3)

which 1s the area ratio Thus, when the flow path lengths in the model are kept
the same as those of the prototype to preserve the real-time aspect cf the
experiment, the flow areas are reduced by the scale factor Therefore, the
pressure drop per unit length will be higher in the model compared to the
prototype, and the pressure drop distribution around the simulated

loop will be different in the model compared to a PHWR reactor

the FLECHT SEASET scaled model, the pressure drop distribution cou

preserved; however, the overdll loop pressure drop and the pressure drop betweer
major components was preserved using removable orifice plates. The cause of the
largest pressure drop in the reactor loop 1s the pump; in the test, the cause of

the largest pressure drop was the wall friction

tquation (3-2) iIndicates that the volumetric heat generation rate would be th

same in > model as in the prototype Again following the Semiscale approach,

1, where A* 1s the scale factor for the fiow area and
p
to the power ratio




If one examines the heat flux ratio, wh e A_ 15

i the heat transfer surface
>
area,

if the heat flux scaling is to be maintained as unity (q;/qa Then, from
equations (3-4) and (3-5)

either the steam generator Again from equation (3-1)

The designer s faced with a cnoice of having a scaled number
and p'p,u'v}hq the characteristic

increasing the

of heat transfer
surfaces (N

dimension of the

114

surface
surfaces and reducing the characteristic
d scaled experiment point of the proper
characteristic dimension of the heat transfer

such that UG/U '

numoper oY
dimension of the surface From view,
choice s to preserve the

surftace

and

)

team generator tubes are prototypical, but there are

By preserving the dizmeter,

lengths, velocities, and

accelerations,
singie phase dimension

preserved between

several
iess numbers are

the prototype and the
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model, if the fluid conditions are the same. Since Um/D = 1, In the

bundle and steam generator, then for the same fluid conditions the Reynolds

numbers of the model and prototype are the same, as are the tuler numbers and

Prandt1 numbers The Euler number represents the loop pressure drop or the

pressure drop of a major component such as the bundle, steam generator,

downcomer. As mentioned earlier, the Euler number for

or

the interconnecting
piping would not be preserved, since the volume scaling results in an

increased pressure drop per foot for the model.

SiX

Considering single-phase heat transfer in the heater rod bundle (core) or
steam generator,

Since by equation = |, the heat transfer in the prototype 1is

related to the model heat transfer as

Therefore, for the heat transfer coefficient to be the same between the model and

the prototype, the physical properties of the coolant in each case should be the

same, as well as the temperature difference between the heat

transfer surface and

coolant. It should be noted that, if the physical properties are weakly dependent

on the absolute value of the temperature, then the test results can be applied tc

other temperature or pressure levels with 1ittle error. Therefore, for the same

physical properties, with volume scaling, the Nusselt numbers remain the same.

The Grashof number also remains the same between the prototype and model for

volume scaling, since the lengths are preserved as well as the characteristic
] h {
engt \Dm/bp)

Therefore, the scaling legic in the FLECHT SEASET facility employs the following

criteria:




The power input per fluld volume in the test bundle compared to
that of an average power fuel assembly in a PWR 1s preserved so
that the steam generation rates will be about the same.

The steam generator is sized to preserve the same power (or heat
source) per tube bundle flow area as that of a normal
Westinghouse four-loop steam generator. This preserves the
cooling capacity of the generator and the cooling length such
that the proper elevation heads are avallable for natural
circulation.

The elevations are maintained at full height and the system
components are at the same relative elevations as in a four-loop
Westinghouse PWR. Since reflooding and natural circulation are
gravity-driven processes, all elevations are maintained at full
height so that important driving forces in the system will '~
simulated and the dominant term in the momentum equat1o% for
each component will be preserved.

The real-time nature of the pruzess was desired to be preserved
so that thermal-hydraulic evcuts would occur or a real-time
scale basis. This requir2s that the piping and flow paths
between components be full length so that the transport times
between components are preserved.

The total loop pressure drop s preserved

The basic scaling factor for the test 1s 1:307 Ihis ratio stemns from the
selection of the 161-heater rod bundlie array to simulate the PWR core, with
the result that the test bundle flow area and volume are 1/307 of the f «

area and volume of the standard Westinghouse four-loop, 3425 MWt PWR core.

The sizing of the other system volume: has also been made on a 1/307 scale
where possible. The energy release capability of the FLECHT-SET heater rod
bundle has also been maintained compared to an average assembly of PWR fuel
rods during the reflood and small-break phases of a LOCA transient. This is
accomplished by providing identical heated lengths, heater rcd diameters, and

kw/ft ratings (for reflood power levels) and comparable peaking factors of
each rod compared to PWR fuel reds.

The FLECHT SEASET facility and the required PWR scaled flow areas, pipe

lengths, elevations, and resistance coefficients are compared in tables 3-1
and 3-2 Resistance coefficients were calculated based on the hot leg
conditions for both the PWR and the FLECHT SEASET factlity. Since natural

circulation s a gravity-forced process, by preserving the component
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TABLE 3-1

COMPARISON OF VENDOR DESIGNS

Combustion | }

imension Hw:(\nqhuu'n(d) [nq\nvvrﬁnq{h) Babcock & Wilcox(€)
Cold leg piping |
Diameter [m g\n )] 0.698 (27.5) 0.76 (30) 0.71 (28)
Area [m¢ (ft<)) v ( 0.3832 (4.125) 0.+C (4.9) 0.397 (4.27)
Scaled flow area [m(’sft'))] 0.00124 (0.0134) 0.00148 (0.0159) 0.00129 (0.4139)
Percent differencel® (18.7) 3.7 |
!
Loop seal piping
Diameter [m S\n )] 0.79 (31) 0.76 (30) 0.81 (32)
Area [m€ (ft€)] 0.487 (5.24) 0.456 (4.91) 0.518 (5.58)
’ Height [m (ft)] . , 2.7 (9.0) 1.8 (6.0) 3.26 (10.7)
Scaled flow area [m? (ft?)) 0.00158 (0.0170) 0.00148 (0.0159) 0.00168 (0.0181)
Percent difference(®) 6.5 ‘ 6.5
Hot leg piping
Diameter [m (in.)] 0.74 (29) 1.07 (42) | 0.97 (38)
Area [m? (ft€)) ) 0.426 (4.59) 0.894 (9.62) 0.33)1 (7.87)
Scaled flow area [mé (ft<)) ‘ 0.00138 (0.0149) 0.00291 (0.0313) 0.00229 (0.0256)
Percent difference(®) | 110.1 /1.8
| i
a 4 x 4 3425 MWt PWR
b 2 x 4 3817 MWt System B0 design
c. 2 x 4 3820 MWt 205 design
d. Based on scaling ratio of 307:1
e Percent change from Westinghouse scaled area




elevations, flow path lengths, overall loop flow resistances, and scaling the
volumes, flow areas, and major heat sources to represent a typical PWR plant,

adequate overall simulation 1s maintained.
3-3. PRESSURE EFFECTS AND SCALING FOR FLECHT SEASET TESTS

For a small-break LOCA, the pressure range of interest is 4.1 to 8.3 MPa (600
toe 1200 psia), which s significantly greater than the pressure capability of

the FLECHT SEASET systems effects loop. In the natural circulation test plan,
three types of tests were conducted:

Single-phase circulation with single-phase steam generator
secondary side

Two-phase primary side natura) circulation with boiling
secondary steam generator side

Reflux condensation primary side with boiling secondary side
steam generators

For the single-phase tests, 1t s expected that the effect of pressure on the
Nusselt number would be small, such that the resulting temperature rises for

the model and prototype would be similar It should be noted that for the

volume scaling, Dm/b‘p 3 vwfvp = 1, and 1t was assumed that for the

Grashof number (71 ") /(T
- m -

The resulting impact of the property differences on the expected temperature

rises in the model and prototype can be estimated as

k D Al
_m m _p__m

D Nu_ k_ AT (3-12)
mUp *p %'p

where Nu could be forced turbulent convection or natural convection. Noting that
qm/95 = 1, and assuming a Dittus-Boelter(!) expression for turbulent forced

convection, the temperature rire ritio for the model and prototype becomes

~ Dittus, F. W., and Boelter, L. ¥ K., “"Heat Transfer in Automobile Radiators
of the Tubular Type," Univ. Calif. Berkeley Publ. Eng. 2, 13, 443-462 (1930)
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W —»

COMPARISON OF PWR SCALED FLO

Component

flow Area [m? (ftz)]

PWR

PHR Scaled

Core
Lower plenum

Upper plenum
Downcomer
Hot Leg

o Broken

0o Unbroken

Pump suction
o Broken

0 Unbroken

Cold leg
o Broken

0 Unbroken

Steam generator
0o Unbroken tubes
o Inlet/outlet
plena

o Broken tubes
o Inlet/outlet
plena

4.76 (51.2)
11.098 (119.46)
11.098 (119.46)

4.84 (52.1)

0.426 (4.59)
[74 cm (29 in.) 1D]
1.279 (13.77)

0.487 (5.24)
[78 cm (31 in.) ID])
1.460 (15.72)

0.383 (4.12)
(70 cm (27.5 in.) 10)
1.148 (12.36)

3.1674 (34.095)
11.990 (129.06)

1.0558 (11.365)
3.997 (43.02)

.01548 (0.1665)
.0361 (0.3891)
.0361 (0.3891)

.01577 (0.1697)

.00139 (0.0149)

.00416 (0.0448)

.00159 (0.01706)
.00476 (0.0512)

.00125 (0.0134)
.00374 (0.0402)

.01031 (0.1110)
.03906 (0.4204)

.00344 (0.0370)
.01301 (0.1401)

Empty

-0 an oo

A1l 33 tubes unplugged
Volume was scaled.
A1l 11 tubes unplugged

Based on PWR core flow area to FLECHT SEASET bundle flow area rath
With 10 2.858 cm (1.125 in.) 0D columns [64.1 cm? (9.94 In.z)]




TABLE 3-2

REAS AND SYSTEMS EFFECTS TEST FLOW AREAS()

FLELHT SEASET

FLECHT SEASET
Pipe Size

Pipe 1D
[em{in.)]

Flow Area Ratio
(FS/PWR Scaled)

0.01548 (0.1665)

0.3880 (0.4176)(b)
0.3238 (0.3485)(c)

0.01603 (0.1726)
0.00145 (0.0155)
0.00426 (0.0458)

0.00159 (0.0170)
0.00477 (0.0513)

0.00131 (0.0140)
0.00426 (0.0458)

0.01003 (0.1079)(d)
0.02162 (0.2327)(e)

0.00335 {0.0360)(f)
0.007411 (0.0804)(€)

0.0508 cm (0.0200 in.) wall

25 cm (10 in.)
sch 140

15 ¢m (6 in.)

1.3 ¢cm (5 In.) wall

5 cm (2 in.) sch 160
7.6 cm (3 In.) sch 80
6.3 cm (2.5 in.)

sch XXSTG

7.6 cm (3 in.) sch 40
3.8 ¢cm (1.5 in.) sch 40
7.6 cm (3 in.) sch 80
2.2 cm (0.875 in.)
0.127 cm (0.05 in.) wall
25 cm (10 in.) sch 80
3.3 cm (0.875 in.)

0.172 ¢m (0.05 in.) wall
15 c¢m (6 In.) sch XSTG

19.36 (7.625)

22.22

14.29

4.290

1.366

4.498
71.793

4.090
1.366

1.968
24.29

1.968
14.63

(8.

(5.
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(2.

(1

(3.

(1
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(0.
.564)

(9

750)

625)

.689)
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068)

.610)
.900)

115)

.115)
.161)

1.0

—

.07

1.04
1.02

1.00
1.003

1.05
1.14

0.97
0.55
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Similarly, for natural circulation where Nu = 0.17 (Gr * pr)'/4 (1)

and
noting that Gr has a AT dependence, a similar expression for the heat fiux

ratio can be derived to give

(Gr' . Pr)]/‘

Dm (Gr

where Gr' = Gr/ATm.
The temperature ratto then becomes

174 14/5

1 Gr'.Pr ‘ k A
2 N2 P P ‘ 3-15)
5 Gr%vprm Kk J e

[

Comparisons of the Nusselt number ratios and the resulting temperature rati
between the model and prototype for both forced convection and natural
convection are shown in tabile 3-3. There is a maximum of 25 percent variation
between the expected model temperature rise and the prototype temperature rise
at a scaling pressure of 8.3 MPa (1200 psia) For forced convection, the
model temperature rise will be smaller than the prototype temperature rise,
primarily due to the Prandtl number ratio In natural circulation, the model
temperature rise will be larger. In either case, the difference in the mode]
and prototype temperature 1s approximately 20 percent; this s acceutable for
the FLECHT SEASET tests

4

for two-phase natural circulation and reflux condensation, the heat transfer

mode of interest 1s condensation in the steam generator tubes. Assuming
(1)
laminar f!1lm condensation on the vertical surfaces, the Nusselt analysis' ’

qives

Eckert, E. R. G., and Drake, R. M., Analysts of Heat and Mass Transfer,
McGraw H"]. New York, 1972
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Mcde

Forced
convection

TABLE 3-3

INFLUENCE OF PRESSURE ON SINGLE-PHASE
HEAT TRANSFER AND TEMPERATURE RISE

Value at Indicated Pressure
s s il v Lo o
Parameter 4.1 MPa (600 p:sta) | 8.3 MPa (1200 psia)
Nu_
" .12 1.062

P

|
| o
L
i

equatio




Assuming that the prototype is at 4.1 MPa (600 psta), the conder<ation wal)

temperature wall ratio is 1.09, and at 8.3 MPa (1200 psia) the ratio becomes

1.¢5 This indicates that the condensation effects for the prototype and

model are similar, and that the mode) will yield prototypical condensation

heat transfer data

There 1s a serious discrepancy between the density of the vapor at the mode)
conditions and the corresponding vapor density at reactor conditions which can
affect the two-phase flow behavior of the sysiem Assuming that the FLECHT
SEASET test cili 11 simulate two-phase natural circulation and
condensation at tem pressu of 0.34 MPa (50 psta), the ratio of

team densit )/ be : ‘ | MPa (600 psta) and 0.0425

3t 8.3 MPa (1200 psia efore I scaled steam mass flow in

i

he .‘\qr(y\.‘dr,o".'

in the hot if’!;'; due to the

model could yleld nonprototypi

tions compared to the reactor for two-phase natur

ndensation uo‘ir; modesc These concerns

a transient test s being conduc d wit
tem ’ﬁvvrihfy 1S continuous| decreasing
promote two-phase natural
the h\qhn' steam velocity, whereas the PHR could be it

mode

A similar concern exists in the steam generator inlet plenum at the
tubesheet The higher-than-scaled hot leg steam velocity could lead
different flooding characteristic for the steam generator tubesheet

to the PWR. Both the hot leg two-phase flow regime transitions and

!

behavior of the steam generator tubesheet are investigated next

E s

+




Examining the maximum possible steam flow in the hot legs, which the bundle

would produce if completely covered with a two-phase mixiure and no outlet

subcooling comes from the downcomer,

but in the hot leg

the model hot leg




H H : H
where ApL and VpL are defined similarly to AmL and VSL in equation (3-22)

Usirg earller identities,

1
scale factor

This ratio becomes B.7866 at 4.1 MPa (600 psia) for the prototype and 15.59 at
8.3 MPa (1200 psia) for the prototype, assuming a 0.34 MPa (50 psia) pressure

for the model.

To preserve the si2am velocity in the hot leg, only two parameters can be

changed, the volumetric heat generation rate (test power), and the hot leg
HL .

flow area (Am ), since the facility scale factor and pressure were

already fixed.

The power generation in the experiment would have to be reduced by a factor of
8 to 15 below the scaled value to preserve the steam velocity in the hot leg
This would mean conducting tests at 0.2 percent of simulated reactor power
rather than the preferred 2 percent of simulated reactor power. The lower
test power would yleld lower temperature rises, which would be difficult to
measure Also, unless the steam generator secondary side flow was correspond

ingly reduced by the same factor, the primary side heat would all be removed

1124B:1b/122883




at the immediate entrance of the steam generator. The measurement and control
problems with such a low-power test made decreasing the test power an undesir
able choice. Therefore, 1t was decided to enlarge the hot legs as much as
possible consistent with the test vessel upper plenum and the existing steam
generator plena The hot leg inside diameters were increased from 42.9 to
716.2 mm (1.689 to 3.00 in.) for the broken loop and 73.6 to 152 mm (2.9 to 6
in.) for the unbroken loop simulation. Using these diameters to recalculate
the hot leg area relative to the PWR flow areas, equation {3-25) can be

recalculated for the steam flow in the hot leg for the model compared to the
prototype “herefore,

18.36 e
0.2454 307

2.14 at 4.1 Mpa (600 psia) and 3.798 at
8.3 MPa (1200 psia) , when the hot leg diameter s increased, the
steam velocity in the FLECHT SEASET hot legs is closer to the proper scaled
value However, the test steam velocity is sti11 higher than the proper

scaied valu«

The flow regime transitio Ve s of interest in the hot leg is the inter-
mittent slug-plug to str \ 2d flow regime It Ys expected that co-current
slug and plug flow j1d exist in the hot leg during two-phase natural circu
latior However , as mass 1s drained from the system and reflux condensation

yccurs, eventually the ho g will become stratified with 1iquid flowing back

to the core at the same time that steam is flowing in the opposite direction

toward the stean

"‘“"i“' re

t"-‘

It was felt that the lower pressure of the FLECHT SEASET fach 11ty, which

results in a higher hot leg vapor velocity, could delay the transition between

the Intermittent slug-plug flow (slug flow) and stratified flow in the FLECHT
means that more mass would have to be drained from the

to obtain stratified flow, compared to a PWR




Work by Taitel and Duk\er(]) gives a criterion for the transition between
the intermittent (plug and slug) flow regime and the stratified flow regime.
The expression for the critical velocity for the transition vapor velocity

U 9

9 s

- 2 - 172
- ' (1 - h T A
3 (pg - pg) D" g " | ) 9 (3-28)
g ] [ 2]1/2
pg 3 1 - (2 hL - 1)

where

g o ~ 172
Ay = o.zsg cos™' (2R - 1) - (2R - 1) [1 - (2 - 1) ] $

and SL is h/D where h is the 1iquid height in the pipe of diameter D. Equa-
tion (3-2¢, was programmed and solved for the PWR dimensions and pressures of
4.1 and 8.3 MPa (600 anc 1200 psta) for a range of h values as well as for

L
the FLECHT SEASET facility at 0.34 MPa (50 psia) with the larger pipe diameter.

Figure 3-1 shows the calculated superficial velocity at the transition point
between the intermittent and stratified flow regimes. Also shown is the
superficial velocity, which 1s equal to 2 percent of core decay heat bolloff.
The intersections of these two curves, for the PWR and for FLECHT SEASET,
indicate the maximum value of h or 1iquid level in the pipe allowed at the
transition point. As discussed above, the liquid level is lower in the FLECHI
SEASET tests compared to the PWR because of the lower pressure (and
corresponding higher hot leg steam velocity).

This means that the FLECHT SEASET test facility will remain in two-phase
natural circulation with lower mass inventories as compared to the aigher-
pressure PWR. This difference in transition between one flow regime and

1. Taitel, Y., and Dukler, A. E., "A Mode)l for Predicting flow Regime
Transitions in Hurizontal and Near-Horizontal Gas-Liquid FlLow,” J. Amer.
Inst. Ch. Eng. 22, 1, 47-55 (1976)

71248:1b/122 %3 3-17



8L ¢t

Jg HOT LEG (m/sec)

12

10

FLECHT SEASET Facility

A\ A FLECHT SEASET LARGE HOT LEG -
B PWR HOT LEG AT 4.14 MPa (600 psia)
. O FLECHT SEASET SCALED HOT LEG L
@ PWR HOT LEG AT 827 MPa (1200 psia)
L.
\ .o
L— & o
~—1
- FLECHT SEASET LARGE HOT
LEG AT 2% POWER
" PWR HOT LEG AT oo
4 .14 MPa (600 psia), 2% POWER
PWR HOT LEG AT 8.27 MPa (1200 psia), 2% POWE R SOS
| | | | | | | '
0 0.1 02 03 04 05 06 07 08 09 10 "
WATER LEVEL IN HOT LEG h,
Figure 3-1. Calculation of Flow Regime Transition Points for PWR and

40

35

30

25

20

15

10

Jg HOT LEG (ft/sec)



another 1s a result of the pressure scaling effect and has nothing to do with
the volume scaling.

Zuber(‘) performed a similar analysis for the Semiscale small-break tests
and also showed that, even for the same pressure (and therefore coolant
physical properties), the transition between intermittent and stratified flow

does not scale with volume.

The other area of concern is the possible flooding effects at the steam
generator tubesheet during the reflux condensation simulations in the FLECHT
SEASET facility, resulting in 1iquid holdup in the steam generator. The
higher vapor velocity in the hot legs and steam generator tubes could restrict
the return of the condensate to the hot leg such that a pulsing flow similar
to that observed by Banerjee(z) would exist in the FLECHT SEASET tests; pure
reflux condensation would occur in the PWR. Since the flow area in the steam
generator tubes was not increa:el, as was done with the hot legs, the steam

velocity at the tubesheet i1s greater than the scaled vaiue by a factor of 8 to
15.

The flooding characteristics of the steam generator tubesheet aie assumed to
obey the Wallis flooding correlat\on(a) given by

J’- m J—-; (3-29)

where
_s_g_ ) (3-30)
Jqo(p, pg)

and

1. Zuber, N. "Scaling of Two-Phase Flow Transition in Horizontal Pipes of
Semiscale, "NRC Memorandum, September 1979.

2. Banerjee, S., et al., "Reflux Condensation and Transition to Natural
Circulation in a Vertical Tube,” presented at 1981 Winter ASME meeting, Heat
Transfer Aspects of Reactor Safety.

3. MWallis, G. B., One-Dimensiona) Two-Phase Flow, McGraw-Hi11 New York, 1969.
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J
PP B s (3-31)

NI

with values of m = 1.0 and C = 0.725 for sharp-edged tubes. For no liquid

downf low, Jf' = 0 and
J; e ¢? (3-32)
Therefore,

] Czdgb(p,-p ) (598
IR St Sl I3
9erit ﬁ

The value of D is the inside diameter of the steam generator tube. The
critical flooding velocities for the FLECHT SEASET test and the PWR are shown
In figure 3-2, along with the steam velocity calculated for a given steam
generator tube for different decay powers in the core. Figure 3-2 indicates
that at decay powers above 3 percent, the FLECHT SEASET test facility could
flood at the steam generator tubesheet.

If, for some reason, the steam flow would shift for both generators to a
single generator, some tubes could operate above the flooding 1 mit. Also, if
a flow maldistribution would occur due to plugged or stalled tubes, the
remaining tubes could operate above the flooding 1imit. A third possibility
exists where the presence of noncondensible gas injection could result in a
steam-helium mixture which would operate above the flooding 1imit.

At higher decay powers, it s speculated that the FLECHT SEASET test facility
would not operate in a stable reflux mode. It s belleved that some of the
steam generator tubes of the facility would oscillate between a refluxing
mode, in which the condensate accumulated in the steam generator tubes, and a
two-phase natural circulation, in which the accumulated condensate would be
pushed over the U-bend into the steam generator outlet plenum in much the same
manner as in the single-tube experiments of Banerjee. The PWR, on the other
hand, Ys nowhere near the flooding 1imit even at § percent decay power.
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3-4. SCALING CONCLUSIONS

The low-pressure facility has been examined for its applicability for simulat-
ing higher-pressure small-break natural circulation cooling modes. The lower
pressure in the FLECHT SEASET facility requires lower system mass inventory to
attain the same flow regimes in the hot leg compared to the PWR, even with the
larger-than-scale leg diameters. Also, the FLECHT SEASET steam generators are
closer to the flooding 1imit than those of the PWR; this can produce a delay
from two-phase natural circulation to pure reflux condensation.
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SECTION 4
TEST FACILITY DESCRIPTION AND TEST PROCEDURE

4-1. FACILITY COMPONENTS

The natural circulation test facility is a modification to the previous
systems effects test facility used for the PWR FLECHT SEASET unblocked bundle
test program.(‘) The prior system consisted of the following:

o A test vessel, one-dimensional downcomer, crossover leg and
upper and lower plena, which collectively simulated the reactor

o Two steam generator simulators, scaled 3:1, simulating three
intact loops and one broken loop, termed “unbroxen" and

*broken,"” respectively

o Containment and overflow tanks simulating containment
backpressure

0 Two accumulators used as pressurizer and injection reservoirs

o Overal) system component design to operate at 0.41 MPa (60 psia)

for the system to accommodate the natural circulation series of tests, the
following facility medifications were made:

o New piping configuration eliminating the containment and
overflow tanks and reconnecting the broken steam generator to
the downcomer simulator

o Addittons of primary and secondary forced circulation capability

o Addition of steam generator secondary side cooling

o Upper head injection and cold leg injection capability

o Addition of helium gas injection into the hot legs coupled with
steam generator tube gas sampling

o Extensive addition of temperature and pressure monitoring
instrumentation to the loop piping and steam generator

Y. Rosal, £E. R., et al., "PWR FLECHT SEASET Systems Effects Natural
Circulation and Reflux Condensation Task Plan Report " NRC/EPRI/
Westinghouse-12, November 1982.
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0 Reflux flowmeters on both hot and cold legs

o Extensive insulation [up to 0.1 m (4 in.)] to minimize heat
losses

o Operating pressure increased to 1.03 MPa (150 psia), limited by
existing components

0 New data acquisition and control facility with expanded
capabiltty

The components of the facility are described in the following paragraphs.

4-2. Test! Vessel and Downcomer

The test vessel is very similar to the one used for the FLECHT SEASET
unblocked bundle tests,(]) with the exception of the omission of sight
glasses used for high speed photography. The bundle consisted of 161 elec-
trically heated rods [3.66 m (12 ft) heated length with cosine heat flux
distribution] with guide tubes and filler strips (to preserve flow area
scaling) in a 17x17 Westinghouse fuel assembly configuration. It was instru-
mented by 300 1.0 mm (0.040 in.) diameter thermocouples on 50 rods, of which
33 thermocouples were used during these tests. Total bundle power was 1.2
megawatts, powered by a silicone-controlled rectifier in three zones with a
common ground plate. A cross section of this bundle s shown in figure 4-1.

Tre downcomer was replaced, as well as the crossover leg which houses the
bidirectional turbo-probe usec for overall primary flow measurement. This

section of piping was sent to Flow Technology, Inc. to generate a calibration
curve for the probe.

Although the lower plenum from the previous tests was used, the upper plenum

was new and featured sight glasses for observation of two-phase flow entering
the hot legs.

The test vessel, downcomer, and crossover leg are shown in figure 4-2.

1. Loftus, M. J., et al., "PWR FLECHT SEASET Unblocked Bundle, forced and
Gravity Reflood Task Data Report,” NRC/EPRI/Westinghouse-7, June 1980.
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Figure 4-1. FLECHT SEASET Natural Circulation Bundle
Cross Section
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4-3. Steam Generator Simulator

The two steam generator simulators are scaled 3:1 to each other; the unbroken
has 33 0.222 m (0.875 in.) U-tubes and the broken has 11 0.222 m (0.875 in.)
U-tubes. The unbroken generator is instrumented with 54 tube wall thermo-
couples, of which 38 were used; 57 primary fluid thermocouples, of which 44
were used; and 62 secondary fluid thermocouples, of which 34 were used. The
broken generator 1s instrumented with 46 tube wall thermocouples, 42 primary
fluid ther.aocouples, and 41 secondary thermocouples, all of which were used

Inlet and outlet plenum as well as secondary side levels were monitored with

OP cells. In addition to temperature and level determination, aspirating

steam probes were also utilized during the helium injection tests. Of the 55
present in the unbroken generator, 21 were used; 16 of the 42 present in the

broken generator were used

For observation of flow phenomena in the inlet and outlet plena of the gener
ators, two sight glasses in each section of the plenum (a total of eight for
both generators) located near the tubesheet were utilized The generators are
shown in figures 4-3 through 4-9 and the channel 1isting of instrumentation

used is given in table 4
Loop Piping

The completely new piping added to the system was scaled 3:1, in agreement
with the steam generator scaling considerations, with the exception of the
legs which were made as large as possible to compensate for low-pressure
effects (The 3:1 relationship was, however, maintained.) The flow split
between broken and unbroken loop steam generators was determined by two
bidirectional turbine meters located in the loop seal piping of each Thes
further served to confirm the readings taken by the turbo-probe located in

crossover leg used for overall loop flow

The piping was heavily instrumented with thermocouples reading fluid, wall,

and insulation temperatures (figure 4-10) For determining reflux fluid

temperature, special thermocouples were devised and “"hand fit" to each

location such that the junction was located 0.13 mm (0.005 in.) from the wal)
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of the pipe into the flow stream, as shown in figure 4-11. The purpose of
these thermocouples was to measure any subcooling the returning condensate
might have. In addition, spectal mating of the flanges was done in order to
assure minimum disturbance to the reflux flow.

At the end of each hot leg and cold leg, a small dam restricted returning flow
from entering the upper plenum and downcomer, and caused the flow to be
channeled through a 0 to 6.3 x 10'6 mslsec (0 to 1 gal/min) rotameter (two

in parallel for the unbroken hot leg) and returned to the system slightly

below the takeoff connections (figure 4-12).

Ad4.7 x 10" malsec (75 gal/min) pump was installed to supply primary side
circulation during heating/cooldown operations. Identical pumps were also
used in conjunction with a heat exchanger for cooling the secondary side;
however, these were not used during operation. Cooling was supplied by
venting steam from the secondary side and adding makeup water. Using a back-
pressure regulator, constant pressure could be maintained in the generator
secondary side.

OP cells were added for determination of the pressure drop from the piping as
well as across the vessel. DP cells were also used to record all levels on
all other vessels and piping (table 4-1).

4.5. Accumulators

Three large vessels were utilized for water supply and pressurization.
Accumulator 2, of approximately 1.82 m3 (400 gal) capacity, was used as a
pressurizer during single-phase natural circulation and for injection during
upper head injection and cold leg injection tests. Accumulater 2 was also
used as a pressurizer during injection tests ana as a standby water supply
during other tests. The containment tank was used as a pressurizer for the
secondary side before the bolling-makeup mode was used. A1l vessels had strip
heaters to maintain the accumulator water at required temperatures.
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INSTRUMENTATION CHANNEL LIST FOR FLECHT SEASET
NATURAL CIRCULATION TESTS
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weeneenseGESSS85S8Svarnnnens TOPYSER  TABLNT,22222)Y, 992,
1BUNDLE HEATEF RSL /T 400 er e
TBUNDLE BERTEF RIL e Wb es VY anIe
JBUNDLE REATER RZL /T 2.0C sr S=i0aC
4BURCLE BEATEF RID MC Te amsail
SBUNDLE HEATEF Pl L Junt Tk U=a08 L
6BUNILE KEATEF ROL /S 400 ¥ it e 2 b
TRUNDLE HERTEF RGL /C &.CC 76 0=200¢C
8BUNDLE HEATEF ROL oS £500 ek o=~100C
9BUNDLE HEATEFE RGL T/C 5.0C &F ped_iotba < | =
10BUNTLE HEATEFR RCI T/C §.56 B3 o= 2903
L 1BUNDLE HEATER RCL T/C 5.%8 ¥ 0= 3100C
1ZBUNCLE RERTER ROL T/C €.08 ki 4 0=200C
i3BUNDLE HEATER RCL /¢ 6.5C TE 0=123CC
L4BUNTLE HEATER ROL T/C 6.0¢ 6° o=100C
15BUNDLE REATER ROC T/C 6.0C a8 L=200C
‘ 16BUNDLE HEATER ROC T/C 6.50 85 0=100C
w 17BUNDLE HEATEF RCC T/C 6.50 SF C=100C
18BUNDLE HEATER RCC T/C 7.00 W 0=100C
19BUNDLE HEATEF ROC T T.0C e G=100C
20BUNDLE HEATER ROC T/C T.00 6. 0=-4000
<lBUNDLE HEATER ROD /e 7.0C ah 0=100C
22BUNDLE HEATER ROD T/C 7.850 8H 0=-100C
<3IBUNDLE HEATER ROD T/C 7.5 &F O=100C
Z4BUNDLE HEATEER ROL TIE 8.00 8G ¢=100C
2SBUNDLE HEATER ROD T/C 8.00 SF 9=1000
26BUNDLE HEATER ROD T/ 928 T 0=100C
Z7BUNDLE HEATER ROD e 9.28 7E 0=-100C
<BBUNDLE HEATER RCD T/C1c.00 ¥ 0-100C
29BUNDLE HEATER ROL T/21C. gr 106 0-iCcC
30BUNDLE HEATEER ROD T/C11.00 a6 ¢=100C
31BUNDLE HEATEE RCD T/C11.00 14 0-1000
32BUNDLE HEATER ROD T/CL11.50 7 0=1000C
JIBUNDLE HEATER ROC T/C11.5C ™ C=10C0
34BUNDLE THIMBLE BARE F=T/C -.00 it 0-500
3SBUNDLE THIMBLE HEATED F-T/C £.00 TF 2-500
38BUNDLE THIMBLE BARE F-T/C 6.00 3 =500
37BUNDLE THINBLE HEATED F-T/C 6.00 b 0=500
3BBUNDLE THINBLE BARE F-T/C 7.00 71 0=850C
3J9BUNCLE THIMBLE WALL w-T/C 7.00 7L G=500
40BUNDLE THIMBLE BARE ¥y=T/C 17.50 10F 0=-50C
41BUNDLE THIMBLE BARE F-T/C 8.00 73 0=5$00
42BUNDLE THIMBLE HEATED F-T/C 8.00 4F 0=50C
43BUNDLE THINBLE BARE F=T/C 9.2% 71 0=500
44BUNDLE THIMBLE HEATED F-T/C 9.25 F 0-500
45BUNDLE THIMBLE BARE F-T/C10.00 10F 0-50C
46BUNDLF THIMBLE HEATED F-T/C10.00 4F 0-500
47BUNDLE THIMBLE HEATED F-T/Cl1.00 10L 0=800C
48BUNDLE THIMBLE WALL w=-T/C 7.00 T 0=50C
49BUNDLE THIMBLE HEATED F-T/C11.50 TF 0-500
SOBUMDLE THIMBLE HEATED F-T/Cll1.50 101 0-50C
SIUNBRK LOOF HOT LEG TOP F=T/C §T-01 0-50C
S2UNBRK LOOP HOT LEG TOP w-T/C §T-01 0-5%00
SIUNBRK LOOP HOT LEG  TOP I-T/C 8T-01 0©=500
S4UNBRK LOOF HOT LEG  BOT F-T/C §T7T-01 0-500C
ESUNBRK LOOF HOT LEG BOT w-T/C 8T-01 0-500
S6UNBRK LOOF HOT LEG TOP w-T/C 8T-03 0-500
STUNBRK LOOF HOT LEG BOT w-T/C §T-03 0=500
SBUNBR¥ LOOP HOT LEG  TOP F-T/C 8$T-03 0-500
SOUNBRK LOOP HOT LEG BOT F-T/C 8T=-03 0-50C
GUUNBRK LOOP HOT LEG TOP F-T/C 8T-04 0-~500
61UNBRK LOOP HO? LEG BOT F-T/C §T-04 (0-500
6ZUNBRK LOOP HOT LEG TOP F-T/C §T-08 0-500
HIUNBRY LOOP- HOP LEG - TOR - W=T4C - 8Telb - L=bC
64UNBRK LOOP HOT LEG BCT F-T/C 8T-0% 0-500
&SUNBRK LOOP HOT LEG  BOT w=T/C 87T-05 0-500
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TABLE 4-1 (cont)
INSTRUMENTATION CHANNEL LIST FOR FLECHT SEASET

NATURAL CIRCULATION TESTS

S5UNBRK LOOF HCT LEG  BOT j=T/C ST-05 0-500

ETURERY L3O HET LB TO F-T/C §T-06 0-500

GBUNBRK LOOF HOT L83 ToF w=T/Z 8T-06 0-50C

ESUNBRK LOOF HCIT _E:  TOF -7/ ST-06 0-300

TCUNBRE LOOF MY LB  BOT F-T/C §T-06 0=-500

SLUNBRK LOCF MCT LES ‘g4 W-T/C ST-06 0-50C

TLUNBRR LOOF HOT LEE  TOF F-T/% §T-0" 0-500

TIUNBRK LOOF HOT .23 g F-T/C ST-07 0-500C

TGUNBRE LOSF MOT LEG  TOP F-T/C ST-08 0-500

TSUNBRY LOOF HMOT LES B2t F-7/C ST-08 0-500

TEUNBRE LOCF HOT LEG TOF F-T/2 ST-08 0©-500C

TTUNBRE LOOF HOT LEG T F-T/C ST-08 0-500

TBUNBRE LOCF HOT LEG TOF F-T/C 8T-10 0-50C

T9UNBRF LOOF HOT LES 7TOF w-T/C 8T-10 0-500

BOUNBRK LOOP HOT LEG 70 1-T/C S§T-10 0©=-50C

BlIUNBRE LOOF HOT LEG BOT F-T/C §T-10 0=500

S2UNBRY LOOF HOT LEG 20T w-1/C S§T-10 0-500

E3UNBRF LOOP LCOF SEAL F-T/C ST-11 0-50¢C

B4UNBRY LOOF LOOP SEAL w-T/C ST-11 0-%00

BSUNBRK LOOF LOCF SEAL F-T/C §T-12 0-%50C

BEUNBRK LOOF LOOP SEAL w-T/C 8T-12 0-500

E7UNBRF LOOF LOOF SEAL i-1/C £T-12 0-500

BSUNBRK LOOF LOOF SEAL F-1/C ST-13 0-500

B3UNBRK LOOP LOOF SEAL w-T/C §T-13 0-500

SOUNBRY LOOF LOOF SEAL 1-T/C §T-12 0-%00

S1UNBRK LOOF LOOF SEAL F-T/C S§T-14 0-50¢C

SIUNBRYF LOOF LOOF SEAL w-T/T 8T-14 0=-%00

SIUNBRY .OOP LOOFP SEAL F-T/2 £T-15 0-500

S4UNBRF LCOF LOOP SEAL wW-T/T ST-18 0=50C

S5UNBRK LOOP LOOF SEAL 1=1/C §T-1%5 0-500

YSUNBRE LOOF COLD LEG TOP F-T/C §T-16 0-5%0C

ST7UNBRE LOOF COLD LEG BOT F-T/C ST-16 0©-5%00

9BUNBRK LOOP COLL LEG TOF F-T/C 8T-17 0~%00

S9UNBRF LOOP COLD LEG TOF w-T/C §T-17 0-500C

1OCUNBRY LOOP COLD LES TOF 1-T/C ST-17 0-5%00

IO1UNBRY LOOP COLL LEG BOT F-T/2 T-17 G-800

LOZUNBRE LOOP COLD LEG BOT wW-T/C $§T-17 0-80C

1LO3UNBRF LOCF COLT LEG TOP F-T/C ST-18 0=-500

1O4UNBRK LOOF COLD LEG BOT F-T/C ET-18 0-50C

LOSUNBRE LOOF COLD LEG TOF F-T/C §T-18 0-50C

L06UNBRY LOOF ZOLD LEG B8OT F-T/C ST-1% 0-500

! 107UNBRF LCOP COLD LEG SIOE F-T/0 §T-20 0-500
) 1LOBUNBRE LOOF COLD LEG TOF F-T/C §7-21 0-500
4 109UNBRK LOOP COLU LEG BCT F-T/C ST=21 0-%00
| Li0UNBRE LOOF COLD LEG TOP F-T/C 8T-22 0~500
: L11UNBRK LOOF COLD LEG TOP w-T/C 8T-22 0-%0C
- 1i2UNBRY LOOF C2LD LEG TOF 1=1/C 8T-22 0-%0C
113UNBRE LOOP COLD LEG BOT F-1/C §T-22 0-500C

| 114UNBRK LOOP COLD LEG B8OT w-T/2 §T-22 0-500
l L115UNBRK LOCP COLD LEG TOF F-T/C T-23 0-500
L i 16UNBRE LOOF COLD LEG TOF w-T/C £T-23 0-500
117UNBRK LOOP COLD LEG TOP 1-1/¢C §7T-22 0-50C

) 11BUNBRK LOOP COLD LEG TOP Fe1/C §T-24 0©=500
| 119UNBRK LOOP COLD LEG BOT F-T/C 8T-24 0=50C
| 120UNBRK LOOP COLD LEG TOP F-T/C 8T-26 ©-50¢C
; 121UNBRE LOOP COLD LEG 70 w-T/C 8727 0-80C
; 122UNBRE LOOP COLD LEG BOT F=T/C 8T-27 0=-80C
- L123UNBRK LOOF COLD LEG 807 w-T/C §T-27 0-500
r 124UNBRK LOOP COLD LEG 8CT 1-T/C 8727 0~30C
; 125 BRK LOOP HOT LEG 1Y F=T/C BT-2* D=88¢
- 126 BRK LOOF HOT LEG TOP F-T/C §T-28 0-500
i 127 BRK LOOP HOT LEG X TOF w-T/C ST-28 0-80C
\ +J8 BRE LOOFP HOT LES  TCP 1=7/C 87«28 C-50C
| e} PO BRE- WOOP HOT &Be 80F — - - — F=3/C -82-28 0-50C
13C BRE LOOF HOT LEG  BOT w-T/C 8T-28 0=-iQC

131 BR¥ LOOF HOT LEG TOF F-T/C §7-2¢ (p-300
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TABLE 4-1 (cont)

NATURAL CIRCULATION TESTS

ROT
TOF
BCT
TOP
oF
BOT
BOT
w’
TOF
TOP
TOP

TCOP
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INSTRUMENTATION CHANNEL LIST FOR FLECHT SEASET
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F=T/2 83+3% C-850C
PaTIC 57-3C 0=500C
EallC S=+=3C 0=-80C
F-2/C §T=3s =802
L agY £ gi=3. C=50c
F=2IC S?°3; C=50C
We/ gT=31 . C=3EC
I=%/C ST=3. 0~30C
F=3/C E7~32 0-%0C
w=-T/C 57=3< 0-8QC
=T/C ST-3. 0-50C
F=T/C $T-32 0-500
w=2/C 87T-22 (=500
r=T/¢ §T-33 0-50C
F=%7/C §2-32 0©-50C
F-T/C ST-34 0-500
F-T/C 8T-34 0©0-500
w-T/C ST-34 0~50C
W=-1/C §T-34 0-500
F=T/C ST-38 0=-80C
wW-T/C 8T-356 v-500
}=T/C ST-3% 0-500
pesC 8T-3% 0-500
w=T/C ST-35 0-500
FeT/C $T-3é 0-50C
w=-7/C §T-3% 0-500
F-T/C 87T-37 0-%00
w-T/C 8T-37 0-800
1-T/C $T-37 0-500
F=T/C §T-38 0-500
w-T/C §T-36 0-500C
I1-T/C 87-38 0-50C
F-2/C §T-3% 0-50C
w-T/C §T-39 0-500
F=T/C ST-4C 0-500
w=T/C ST-4C 0-500
I=T/C ST-4C 0-50C
F-T/C sT-4. 0-500
F=T/C §T-41 0-500
F=T/C T-42 0-500
w=T/C §T-42 0-500
1=T/C ST-42 0-500
F-T/C §T-43 0-500
w-T/C §T-43 0-500
F-T/C £T-43 0-500
w=-1/C 8T-43 0-500
1=7T/C §T-43 0-500
F-T/C ST-44 0-500
F=T/C §T-44 0-500
F-1/C §T-45 0-500
r-t/C 8T-45 0-500
F-T/C §T-46 0-500
w-T/C sT-46 0-500
F-T/C 8T-46 0-500
w-T/C 8T-46 0-500
1-1/C ST-46 0-500
F-T/C 8T-47 0-500
w-T/C §T-47 0-500
1-2/C 8T-47 0~500
F-T/C sT-47 0~500
w-T/C §T-47 0~500
F-T/C ST-48 0-500
w-T/C ST-48 0-~500
w=T/C 8T-46 0-500
1-1/C ST-48 0-500
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TABLE 4-1 (cont)

INSTRUMENTATION CHANNEL LIST FOR FLECHT SEASET
NATURAL CIRCULATION TESTS

LOBUNBRK LOOF COLI LES Ik LN PF-T/C 0-500
99 ASSUE o F-T/C 0=50C
<COUNBRE LOOF HOT LEG b2 ] Fel/C 0-500
2CLUNBRK _OOF STEAM 3EN INL PLENUE 1-T/C 0=-500
JCCUNBRE LOOF STEAM GEX INL PLENUR W-T/C 0~30C
SCIUNBRE L20F STEAM GES OUTL PLENUE F-T7/C 0=500
<O4UNBRK LOOF STEAM GEM QUTL PLENUR w~-T/C ¢-500
2CSUNBRK LOOF STEAM GEN INL TUBE ¥=T/C 0.00 101 B~ 2 30-500
SO6UNBRE LOOF STEAM 3EN INL TUBE W=7/ 0.00 113 D- 6 20-500
ZCTUNBRE LOOF STEAM GEN INL TUBE W-T/C 0.00 126 H- 9 10-50C
«JBUNBR¥ LOOF STEAX GEN INL SEC SIDEF-T/C C.00 i A= 4 30-500
ZO9UNBRF LOOP STEAM GEN INL SEC SIDEF-T/C 0.00 8 C- 5§ 30-50C
=lOUNBRF LOOF STEAM GEN INL SEC SIDEF-T/C C.0C 21 E- € 20-500
<SI1UNBRF LOCF STEAM GEN INL SEC SIDEF-T/C 0©.0C 31 N~ 7 10-500
ClZUNBRE LOCF STEAM GEN INL TUBE W-T/C C.5C 102 B~ 3 30-500
Z1JUNBRF LOOP STEAM GEM INL TUBE W-T/C C.80 114 D- € 20-500
214UNBRF LOOF STEAM GEN INL TUBE W=T/C .50 119 PF- € 20-500
ZLSUNBRF LOOF STEAM GEN INL TUBE W-T/C 0.5C 127 H- 9 10-500
<16UNBRK LOOF STEAM GEN INL SEC SIDEF-T/C 0.350 2 A~ 4 30-500
<i7UNBRE LOOF STEAM GEN INL SEC SIDEF-T/C C.5C § C- £ 30-500
218UNBRK LOOF STEAM GEN INL SEC SIDEF-T/C G.50 32 H- 7 10-500
JI9UNBRF LOOP STEAM GEN INL TUBE w=7/C 1.00 103 B~ 1 30-500C

220UNBRF LOOP STEAM GEN INL SHELL I=T/C 1.00 0-500
221UNBRK LOOF STEAM SEN INL TUBE W=T/C 1.00 126 H- § 10-500
<<2UNBRK LOOF STEAM GEN INL SEC SIDEF-T/C 1.00 3 A= 4§ 30-50C
Z23UNBRK LOCF STEAM GEN INL SEC SIDEF-T/C 1.00 18 C-12 30-500
; <24UNBRK LOOF STEAR GEN IN.L SEC SIDEF-T/C 1.0C 23 E- 6 20-50C

OO ODMNOO0OCOO0N 0000000000000 000000ODODON

C2S5UNBRY L STEAM GEN INL SHELL 1-T/C18.00 0-500C
<Z6UNBRY LOOP STEAF GEN INL PRI SIDE SF 1.00 327 B~ € 30-500
<27TUNBRF LOOP STEAM GEN INL SHELL W=-T/C 1.00 0~-500
<2BUNBR¥ LOOF STEAX GEN INL PRI SIDE SF 1.00 323 D- 4 10-500
Z2S9UNBRK LOCP STEAM GEN INL SHELL I=T/C27.00 2329 E- 3 10-500
230UNBRFK LOOF STEAM GEN INL SEC SIDEF-T/C 1.50 4 A- 4 30-500
Z31UNBRY LOOP STEAM GEN INL SEC SIDEF-T/C ..%0 11 €« § 30-%00
232UNBRK LOOF STEAZ GEM INL SEC SIDEF-T/C 1.50 24 E- 8 20-500
ZJ33UNBR¥ LOOF STEAM GEN INL SEC SIDEF-T/C (.50 34 W= 7T 10-500
2I4UFBRY LOOF STEAM GEN INL TUBE w-T/C 2.00 104 B~ 3 30-500
Z3ISUNBRY LOOP STEAM GEN INL TUBE W-T/C 2.00 116 D= 6 20-500
23I6UNBR¥ LOOP STEAR GEN INL TUBE W-T/C 2.00 121 F- & 20-500
ZITUNBRK LOOP STEAM GEN INL TUBE WeT/C 2.0C 129 H~ 9 10~500
<3BUNBRK LOOP STEAM GEN INL SEC SIDEF-T/C 2.00 S A~ 4 30-500
2I9UNBRK LOOF STEA® GEN INL SEC SIDEF-T/C .00 12 C=- § 30-500
240UNBRK LOOP STEAM GEN INL SEC SIDEF-T/C 2.00 2% E- B 20-500
‘ Z4LUNBRr LOOP STEAM GEN INL PR! SIDE SP 2.00 326 B~ € 30-50C
1 Z42UNBRK LOOP STEAM GEN INL PRI SIDE SP 2.00 325 C=- 4 20-500

J43UNBRE LOOP STEAM GEN INL SHELL W-T/C15.00 0-500

YNNI IO ALY

<44UNBRK LOOP STEAM GEN INL TUBE W-T/C 4.00 10% B~ 3 30-500

Z45UNBRK LOOF STEAM GEN INL TUBE W=T/C 4.00 117 D= & 20-500

S9GUNBRF LOOF STEAM GEN INL TUBE W-T/C 4.00 122 ¥F=- & 20-%00

247UNBRK LOOF STEAM GEN INL TUBE W=T/C 4.0C 13C H=- 9 10-500 ¢
24BUNBRF LOOF STEAM GEN INL SEC SIDEF-T/C 4.00 i C~ 5 J0~500 c
249UNBRE LOOP STEAM GEN INL PR! SIDE SF 4.00 334 B- 6 30-500 d
<SOUNBRF LOOP STEAM GEN INL PR! SIDE SP 4.00 336 C- 4 20-500 ¢
2S5IUNBRM LC.7 STEAR GEN INL PRI SIDE SP 4.00 33% D- & 10-500 <
252UNBRE LOOFP STEAM GEN INL PRI SIDE SP 6.00 1333 C=- 2 20-%00 s
JEIUNBRK LOOP STEAM GEN INL PR: SIDE SF 6.00 347 D= I 10-500 ¢
Z54UNBRE LOOP STEAM GEN INL TUBE w-T/C10.00 106 B~ 3 30-500 €
Z5S5UNBRK LOOP STEAM GEN INL TUBE W=T/ClC.00 131 M- & 10-800 ¢
JS6UNBRE LOOFP STEAM GEN IN. SEC SIDEF-T/CLIC.00 T A= 4 30=-50C .
JSTUNBREK LOOP STEAM GEN INL SEC SIDEF-T/C10.00 i4 C= & 20-500 o
JSBUNBRE LOCP STEAR GEN INL SHELL Ww-T/C27.0C 0-%00 ¢
J59UNBRK LOCP STEAM GEN INL SHELL WwW-T/C35.00 0=50C

J60UNBRE LOOP STEAM GEN INL PRI SIDE SP 10.00 343 B- . 30-%0C

~ R -BI08- 85 M0.06 332 L L 20-500
SEZUNBRK LOOF STEAM GEN IN. PR! SIDE SP 1C.00 348 D= : 10-850C
263JUNBRK LOOP STEAM GEN INL PRI SIDE SP 15,00 342 B- . 30-500
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CB4UNBRY
<EEUNBRY
<56UNER:
2ETUNBRY

SS8UNBRY |

<EIUNBRY
= TOUNBRY
s awNBRE

-y
- s

NBRY

= T3UNBRY
<T4UNBRY
275UNBRY
< TBUNBRF
STTUNBRY
<TBUNBRFK
ZTSUNBRY
ZBOUNBRE
281UNBRF
Z62UNBRK
ZE3UNBRY
2B4UNBRFK
ZESUNBRK
2B6UNBREK
2BTUNBRFK
ZBBUNBRK
ZB3UNBRK
Z9CUNBRY
Z91UNBRK
232UNBRKE
293UNBRK
294 UNBRY
29SUNBRK
296UNBRK
297UNBRY
298UNBRY
299UNBRE
I00UNBRK
J0LUNBRYK
302UNBRK
J03UNBRK
JO4UNBRY¥
ICTUNBRK
306UNBRY
JCTUNBR¥
JOBUNBRK
JOGUNBRK
310UNBRK
31 1UNBRK
J12UNBR¥
31IUNBRK
JL4UNBREK
J1SUNBRK
J16UNBRK
J1TUNBRK
11BUNBRK
J19UNBRK
J20UNBRK

321
322
323
324
3128
326

328 BRK LOOP STEAM GEN INL TUBE
329 BRK LOOP STEAM GEN INL TUBE
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LOOF
LOCP
LOOP
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LOCF
LOCP
LOOP
LOOP
LOCP
LOCP
LOCF
LOOP
LOGP
LOOF
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LOOP
LOCP
LOOP
LOOP
LOOP
LOOP
LOOP
Loop
LOOF
LOOP
LOOP
LOOP
LOOP
LOOP
LOOP

LOOF
LOOP
LOOP
LOOP
LOOP

TABLE 4-1 (cont)

INSTRUMENTATION CHANNEL L1IST FOR FLECHT SEASET
NATURAL CIRCULATION TESTS

CTEAM
STEAM

STEAM
STEAM

:

geggg"oaaasgagssaenses

JEM
JEN

t JEN

3EN
SEN

SEN
3ZN
FEN
ZEM
SEN
GEM

O=

E~
B~
D=

A-

s T D dri
-
'
n
(4
¢

N oGP e
. e a det B
1 o>
i
w
<
v

L R S
v
o = s
!
w»
(]
S

30~50C
)",-s .
20-50£
10=-503
0=500

30~500
¢0=-500
0-50C

10-50C
30-50C
30-50¢C
20+50C
10-50C
20=5CC
30-50C
20~500
20-500
10-50C
0-50C

30~500
0~500

20-500
30-500C
30-500
2v=500
20-50C
30-50C
2N=500
30-800C
30-500
0-50C

5+30-50C
0=-500

4 10-500
6+ 30-50C
S5 20~8CC

MBS DS
+
o
)
w
¢

o S WIS RN M b R

LR S ST

s

§e30~500

4 C- 4 20-500

JNL PRI SIDE S8F 18.0C Je8
. PRI S20C 8F _E.0C 344
E. SEC SIDEF-T/O2C.0C 1%
<N. TUBE NeT/OST 90 3T
N SEC SIDEF-T/CIT.OC i€
JRL FR: BIDE SF [T.0C F
K. PRI SI3E 8F 2°.0C E
‘. PRI SIDE SP I7.0C <
iN. PR. SI0F SF 27.0C B
‘NL TUBE W=T/T28.0C 109
NL  TUBE W=7/235.00 134
IND St’ SIDEF-T/C35.0C 7
¥ INL ~ SIDEF~T/CI5.0 .l
UTL °R S$IDE SF 2°.0C £
JUTL SHELL I=TI837 .00
UTL PRI SIDE 8P 27.0¢ B
QUTL PR: SIDE SP 27.0C G
QUTL TUBE W-T/C20.00 144
QUTL PRI SIDE SF 15.0C 341
QUT. PRI SIDE 8P 15.0C 348
OUTL TUBE W=T/Cl0.00 142
SUTL TUBE w=-T/C1C.0C 183
OUT. SEC SIDEF-T/Cl0.0C 47
QUTL PRI SIDE 8P 1C.0C 1350
QUTL PRI SIDE SP iC.0C 388
OUTL PRI SIDE SF 10.00 352
QUTL TUBE W-T/C 4.0C l4Z
QUTL TUBE v=-T/C 4.00 152
¥ OUTL SET SIDEF-T/C 4.0C e
QUTL TUBE W=T/C 2.00 137
OUTL TUBE W=T/C 2.00 14i
OUTL SHELL 1=T/C35.00
OUTL TUBE w-T/C 2.00 181
OUTL SEC SIDEF-T/C 2.00 Sl
QUTL SHELL U-T/CI”.OC
OUTL PRI SIDE SP 2.00 1307
OUTL PRI SIDE SP Z2.0C 317
OUTL PRI SIDE SP 2.00 2304
QUTL TUBE w-T/C 1.00 136
OUTL TUBE w=T/C 1.0 140
QUTL TUBE W=T/C 1.00 i46
OUTL TUB. ¥=T/C 1.00 .50
OUTL SEC SIDEF-T/C 1.00C 4z
OUTL PR: SIDE 8P 1.00 302
QUTL PRI SIDE SP 1.00 319
OUTL SHELL Ww-T/C16.00
OUTL PRI SIDE SP 1.00 303
QUTL SEC SIDE F-T/C HX INLET
OUTL SEC SIDEF-T/C 0.%0 4
OUTL SEC SIDEF-T/C 0.5u 5€
OUTL TUBE W=-T/C C.00 148
OUTL SEC SIDEF-T/C 0.00 41
OUTL SEC SIDEF-T/C 0.0C 49
QUTL SEC SIDEF-T/C HX INLT
OUTL PR! SIDE SP 0.00 1330
QUTL PRI SIDE SP 0.00 1Ji8
OUTL PR: SIDE SP 0.0C 20%
F-T/C
INL TUBE W-T/C C.2% 73
INL SHMELL W-T/C 1.00
INL TUBE w-T/C ©.2% an
INL SEC SIDEF-T/C 0.25 19F
INL SEC SIDEF-T/C 0.2% 76
w-T/C 1.00 4
W=T/C 1.00
4-21
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TABLE 4-1 (cont)

INSTRUMENTATION CHANNEL LIST FOR FLECHT SEASET
NATURAL CIRCULATION TESTS

23C BRE LOOF STEAM GEY INL TUBE w-T/C 1.0 45 E- 4 l0-50C
331 BRE LOOP STEAM GEN INL SEC SIDEF-T/C 1.00 20T B~ 6+30-500
332 BRE LOOF STEAM GEN INL SEC SIDEF-T/C 1.00 SE D- 5+20-500C
333 BRK LOOF STEAM GE¥ INL SEC SIDEF-T/C 1.0C 11K F- 6 10-50C
334 BRK LOOF STEAM GEN INL PRI SIDE SF 1.00 105 C- B8+10-50C
338 BRK LOOP STEAX GEN INL PRI SIDE SP 1.00 113 B- 3+20-500
336 BRK LOOP STEAM GEN INL PRI SIDE SP 1.00 112 A= 7*30-50C
337 BRK LOOP STEAM GEN INL TUBE W-T/C 2.00 £3 A= 5+30-500
336 BRF LOOF STEAM GEN INL TUBE W=T/C 2.00 70 C- 4220-500
326 BRK LOOF STEAE GEN INL TUBE W-T/C 2.00 49 E- 4 10-50C
34C BRK LOOP STEAM GEN INL SEC SIDEF-T/C 2.0C 15 B- 6+30-500
341 BRF LOOF STEAM GEN INL SEC SIDEF-T/C 2.00 24AlL D- 5+20-500
342 BREK LOOF STEAM GEN INL SEC SIDEF-T/C 2.0C 102 F- 6 10-500
342 BRF LOOF STEAM GEN INL SHELL I=T/C 1.00 0-500
344 BRK LOOF STEAM GEN INL PRI SIDE SP 2.0C . B~ 3 20-500
345 BRK LOOP STEAM GEK INL PRI SIDE SP 2.00 108 A- 7+30-50C
346 BRFK LOOP STEAM GEN INL SHELL Ww-T7/C15.00 0-500
347 BRK LOOP STEAM GEN INL SHELL I1-T/Cl18.00 0-500C
348 BRF¥F LOOF STEAM GEN INL TUBE w=T/C 4.0 24 E- 4 10-500
345 BRY LOOF STEAK GEN INL SEC SIDEF-T/C 4.0C 6F B~ 6+30-500C
| 350 BRK LOOP STEAM GEN INL SEC SIDEF~T/C 4.00 25A2 D- 5+20-50C
383 BRK LOOF STEAM GEF¥ (NL SEC SIDEF-T/C 4.0C 2B F~ & l0-50C
357 BRK LOOP STEAM GEN INL PRI SIDE SF 4.0C 102 C- 8+10-500
353 BRK LOOP STEAM GEN INL SHELL W-T/C27.00 0-500
354 BRE LOOF STEAX GEN INL PR. SIDE SF 4.0C 1198 A~ 7+30-350C
3S5 BRK LOOP STEAM GEN INL TUBE W-7/C 6.00 10 A~ 5 30-500
38€ BRF LOOF STEAM GEN INL TUBE W-T/C £.00 € C- 4+20-500
357 BRK LOOF STEAM GEN INL TUBE w-T/C 6.0C i E~ 4 10-500
35€¢ BRE LCOOP STEAM GEN INL SET SIDEF-T/C 6.00 43 B- 6+30-500
3€9 BRK LOOP STEAM GEN INL SEC SIDEF-T/C 6.00 44! 0= 5+20-50C
| 36C BRF LOOP STEAMX GEN INL SEC SIDEF-T/C 6.0C 47. F- 6 10-850C
| 36. BRK LOOF STEAM GEN INL SHELL 1=T/C27.90 0=-50¢C
362 BRK LOOP STEAM GEN INL PRI SIDE SP 6.00 160 B- 2 20-500
| 363 BRK LOOF STEAM GEN INL SHELL W-T/C35.00 =500
| 364 BREK LOOP STEAM GEN INL TUBE w-T/Cl10.00 ¢S5 A= $»30-50C
| 36 BRK LOOF STEAM GEs INL TUBE wW-T/C10.00 29 C- 4+20-500
| 36€ BR¥ LOOF STEAM GEN INL TUBE W=T/C10.0C 23 E- 4 10-500
36" BRK LOUF STEAM GEN INL SET SIDEF-T/C10.0C 326 B- 6+30=500
368 BRK LOOP ST GEN INL SEC SIDEF-T/C10.00 233 D~ & 20-500C

365 BRF LOOF STEAM GEN INL SEC SIDEF-T/C10.0C 26A F+ 6+10-50C
370 BR¥ LOOP STEAM GEN INL PRI SIDE SP 10.0C 156 OC- 4+10-50C
371 BRK LOOP ST GEN INL PR: SIDE BSP 1C.0C 168 A~ 5 30-500
372 BRE LOOP STEAM GEN INL SHELL 1-T/C35.00 0~80C
373 BRY LCOF STEAM GEN INL TJUBE W=T/C20.0C 67 A~ Ss30-500
374 BRF LOOP STEAM GEN INL TUBF W-T/C2C.00 7 C~ & 20-5%0¢
37% BRK LOOP STEAM GEN INL TUBE W=T/C20.00 3% E- 4 L0-50C
| i7€ BRK LOOF ST GEN INL SEC SIUEF-T/C20.0C 18R B~ 6+30-50C
377 BRF LOOP STEANM GEN [N. SEC SIDEF-T/C20.0C 329C D= & 20-50C
378 BR¥ LOOF STEAM GEN INL SET S:DEF-T/C20.0C 14N F- & 14-50C
379 BR¥ LOOP STEAM GEN INL PR! SIDE SP 15.00 182 C- & 10-50¢
380 BR¥ LOOF STEAM GEN INL PR. SIDE SP 1%.00 146 A~ £ 30-%0C

JB. BRF¥ LOOP STEAM GEN INL PRI SIDE SP 15.0C 149 B- 9 20-5%00
3EZ BR¥ LCOF STEAM GEN INL TUBE w=-T/C27.00C ¥ A~ 5030-500
Jg3 BR¥ LOOP STEAM GEN OUTL SHELL' W-T/C27.00 0~-50C
B4 BR¥ LOOF STEAM GEN INL TUBE W-T/C27.00 27 E~ 4 10-500
38€  BRK LCOP STEAM GEN INL SEC SIDEF-T/C27.00 28C B~ 6#30-500
386 BRX LOOP STEAM GENM INL SEC SIDEF-T/C27.0¢ 2 D= S 20-500
387 BRK LOOF STEAN GEN INL SEC SIDEF-T/C27.0C 357 F- & 10-500
388 BRY LCOF STEAR GEN INL PRI SIDE SP 27.00 100 2~ 4 10=50¢C
389 BRF LOOF STEAM GEN INL PR: SIDE SP 27.0¢C ¥ A= & 30-500
39C BR¥ LOOF STEAM GEN ML PR S:ZE SP 27.0C = B= 9920-50C
39, BR¥ LOCP STEAM GEN INL TUBE W=T/CI8 .30 7€ A= § X~-50C
16T BR¥ .OCP STEAM GEN INL TUBE w-T/C35.00 7% C~ & 20~%00
s BRE LOOF STBAM GEX (K. TuBE WalJCAE.00 33 E- 4 00-S0C .
354 BFY LOOF STEAM GEN INL SET S:JEF-7/C3:.00 C 8= 6 30-%0¢C
39¢ BRK LOOF STEAM GEN INL SEC SIDEF-T/C38.0C 30F 0= § 20-500

4.28

DOODDNOOOO0GOO0DO00D0000O00

Y €3 £

S S S S S SR SUR U TN TR S S TR ST T SO S T S S S S

LR I R ST TR SR S S R R

IR ol o S S S S



INSTRUMENTATION CHANNEL LIST FOR FLECHT SEASET

TABLE 4-1 (cont,

NATURAL CIRCULATION TESTS

429

4D

65
16?2

179
o

150

30
6
3l
347
3iF
168
163
17C

390
40E
159
15+

3178
38C

11
118

104

52
74
36A
i3k
107
56
44
43
21U

109
103
110
63
"’
o
22v
2%
13i

1i4

39€ BRK LOOF STEAER GEN INL SEC SIDEF-T/C25.00
38" BRE LOOF STEAP GEN OUTL SHELL 1-7/C27.00
328 BRK LOOP STEAM GEK CUTL PRI SIDE SF 27.00
392 BRK LOOF STEAM GEK JUTL PRI SIDE SP 27.00
4CC  3RK LOOF STTAF GEN CUTL TUBE W-T/22C.0C
<C.  BRK LOOF STEAM GEN JUT. TUBE w-T/C2C.00
SZ  BR¥ _OOF STEAM GEN OUTL SEC SIDEF-T/220.00
C3 BRE LOOP STEAM JEX OUTL SEC SIDEF-T/C2C 00
405 SRK LOOP STEAM GEN JUTL PR: SIDE SP 15.00
4CS  BRK _OOP STEAM GEN OUTL PRI SIDE SP 15.00
+0¢€ BRE LOOP STEAM GEN OUTL SHELL W-T/C15.00
4C" BRK LOOF STEAM GEN OUTL TUBE w-T/C10.0C
40F BRK LOCF STEAM GEN OUTL TUBE wW-T/C10.00
402 BRK LOOP STEAM GEX OUTL TUBE Ww=T/C1C.00
%1C BRF LOOP STEAM GEN OUTL SEC SIDEF-T/C1C.00
41l. BRF LOOF STEA¥ GEN CUTL SEC SIDEF-T/Ci0.00
2 BRF LOOF STEAM GEX OUTL PRI SIDE SP 10.00
4.3 BR¥ LOOF STEAM GEN OUTL PRI SIDE SP 10.00
414 BRK LOOF STEAM GEN OUTL PRI SIDE SP 10.00
%1% BRFK LOOP STEAM GEN OUTL TUBE w-T/C 6.00
4l€ BRK LOOP STEAM GEN OUTL TUBE w=-T/C 6.00
4.7 BRE LOOF STEAM GEN OUTL SEC SIDEF-T/C 6.00
41 BRK LOOP STEAM GEN OUTL SEC SIDEF-T/C 6.00
L34 BRF LOOF STEAM GEN OUTI. PR! SIDE SP €.00
42C BRY LOOF STEAM GEN OUTL PRI SIDE SP 6.00
421 BRK LOOP STEAM GEN OUTL TUBE #-7/C 4,00
42 BRK LOOP STEAM GEN OUTL SHELL I=-T/C15.00
22 BRF¥ LOCP STEAM GEN OUTL TUBE W-T/C 4.00
424 BRK LOOF STEAM GEN OUTL SEC SIDEF-T/T 4.00
42 BRK LOOF STEAM GEN OUTL SEC SIDEF-T/T 4.00
26 BR¥ LOOP STEAM GEN OUTL PRI SIDE SP 4.00
27 BRF LOOF STEAM GEN OUTL PR! SIDE SP 4.0C
42¢ BRK LOOP STEAM GEN OUTL TUBE w-T/C 2.00
429 BRK LOOP STEAM GEN OUTL TUBE w-T/C 2.00
430 BR¥ LOOF STEAM GEN OUTL TUBE w=T/C 2.00
431 BRF LOOF STEAM GEN OUTL SEC SIDEF-T/C 2.00
432 BR¥F LOOF STEAM GEN OUTL SEC SIDEF-T/C 2.00
433 BR¥ LOOP STEAM GEN OUTL PR! SIDE SP 2.00
424 BRK LOOF STEAM GEN OUTL TUBE W-T/C 1.00C
43¢ BRK LOOP STEAR GEN OUTL TUBE W=-T/C 1.00
436 BRK LOOP STEAM GEN OUTL TUBE W=T/C 1.00
437 BRK LOOF STEAM GEN OUTL SET SIDEF-T/C 1.00
438 BRK LOOP STEAM GEN OUTL SHELL W-T/C 1.00
43% BRK LOOP STEAM GEN OUTL PRI SIDE SP 1.00
440 BRF LOOP STEAM GEN OUTL PRI SIDE SF 1.00
44. BRK LOOP STEAM GEW OUTL PRI SIDE SP 1.00
442 BRY LOOP STEAM GEN OUTL TUBE wW=T/C 0.2%
443 BR¥ LOOP STEAM GEN OUTL TUBE W=T/C 0.25
444 BRY LOOP STEAM GEN OUTL TUSE W=T/C 0,28
445 BRK LOOF STEAM GEN OUTL SEC SIDEF-T/C 0.2%
446 BRK LOOP STEAM GEN OQUTL SEC SIDEF-T/C 0.2%
447 BRK LOOP STEAM GEN OUTL PRI SIDE SP 2.00
448 BRY LOOP STEAM GEN OUTL PRI SIDE SP C.0C
449 BRY LOOP STEAM GEN INL PLENUM F-7/C
450 BRK LOOP STEAM GEN INL PLENUM W-T/C
45. BRK LOOF STEAM GEN OUTL PLENUR F-T/C
452 BRK LOOP STEAM GEN OUTL PLENUM w-T/C
453 BRK LOOP STEAM GEN OUTL PLENUM 1-T/C
454 BRK LOOF STEAM GEN OUTL FLANGE wW-T/C
455 BRK LOOP STEAM GEN OUTL FLANGE 1-T/C
456 BRY LOOP STEAM GEN INL FLANGE w-T/C
457 BR¥K LOOP STEAM GEN (NL FLANGE 1-7/C
456 XOVER LEG F-T/C
— NV b B R L
460 XOVEF LEG inTIC
46. LOWER PLEN r-t/c

F- & 10-50C

0-500C
E- ¢ 20-50C
D=-i1 30=-50C
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G- 2#30-500
K= 5220-~50C
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G- 1 30-500
J= 4+20-502
L~ $*30-500C
G~ 2 30-500

0=50C
F= 7+30~50C
E- 3 20-850C
D= 1 30-500C
G- 1 30-%50C
J=- & 20-%00
L= S*30-50C
G- 2 30-50C
K= 5#20-50C
8=11%30-500
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£08
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810
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Sii

S12UNBRFK
S13UNBRK
§14 BREK
515 BRK
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S1TUNBRK
51BUNBRK
S19UNBRK
S2CUNBRF
SZ1JNBRK
S22UNBRK
SCIUNBRK
S24UNBRK

€2¢ BREK LOOF STEAM GEN INL
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LOOF
LOOP
LOOoF
LOOF

LOOF
LOOP
LOOP
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LOOF
LOOFP
LOOFP
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LOOP
LOCP
LOOP
«OOF
LOOFP

TABLE 4-1 (cont)

INSTRUMENTATION CHANNEL LIST FOR FLECHT
NATURAL CIRCULATION TESTS

LOWER PLEN
LOWER PLEN
HOUSING
HCUSING
HOUSING
HOUSING
HOUBING
HOUSING
SRC PLATE
GRL PLATE
CORE PLATE
UPPER PLEN
UPPER PLEN
UPPER PLEN
UPPER PLEN
UPPER PLEN
DOWNCOMER
DOWNCOMER
DOWNCCMER
DOWNCOMER
DOWNCOMER
DOWNCOMER
STEAM GEN
STEAM GEN
STEAX GEN
STEAM GEN
INJECT LIN
ACCUE 1
HOUEBING
HOUSING
HOUSING
HOUSING
HOUSING
HOUSING
HOUSING
HOUSING
HOUSING
HOUSING
HOUSING
HOUSING
HOUSING
HOUSING
HCOUSING
UPPER PLEN
UPPER PLEN
UPPER PLEN
UPPER PLEN
UPPER PLEN
DOWNCOMEF
DOWNCOMER
HOT LEG
HOT LEG
HOT LEG
HOT LEG
STEAM GEN
STEAM GEX
STEAM GEN
STEAM GEN
STEAF GEN
STEAM GEN
STEAM GEN
STEAM GEN
STEAP GEN

INL
INL
QUTL
OuTL

FLANGE
FLANGE
FLANGE
FLANGE
INERT

w=T/T
L Lo
w-T/%
w-T/%
w=T/%
=T/
=T/
w=3/2
F=T/T
w=T/7
| e e
Nt ro.l.28
W=t7808.33
g e p R X |
W=T/258. 95
plof bl $E—
EeTAS 38
W-T/T

§.9C
=TS

FalT/2i5.83

%.0C
€.90
.25
6.0
€

3.25

-
.

.
.-

WeT/C<5.83
it 1201 &
W=T/C
g g
WsT7/2

1772

G8F=T/C

F-%/C

INL
RISE
INL
RISE
INL PLENUM
OUTL PLENUM
PLENUNM

LEVELPR! TUBE
LEVELPR! TUBE
LEVELPR! TUBE
LEVELPRI TUBE
LEVELPR. TUBE
LEVELPR: TUBE

PLENUYM

PLENUM

PLENUN

BR¥ LOOP STEAM GEN OUTL PLENUM

P/F C.0=1.0

B/P 1.0=1.C

S/P 3.00= 3.0C
D/P 3.00= 4.00
D/F 4.0C~ §.0C
D/P §.00- 6.00
D/FP €.00- 7.00
B/F 7.00- 8.0
D/P 8.00- 9.0C
O/F 9.00-1C.0C
D/P10.00-11.0C
B/P11.00-12.0C
D/P C€.00-i2.0C
D/P12.00-13.23
D/P13.23-13,.72
D/P13.73-14.22
D/P14.23-14.72
D/P14.73-1%.23
D/P15.23-16.0C
D/P13.23-17.42
D/P 0.00-16.5%C
D/P16.50-18.92
o/¢
o/p
O/F
D/F
o/p
o/P
C/p
o/P
o/p
D/F
/P
C/F
D/P

C.17~
0.1%7=

INL-
0.00~
2.00-
0.00~
2.00-
€.00-
2.00-

2.94
<.94
OUTL
2.00
4.00
2.0C
4.0C
2.00
4.00

O/PF C.17= 3,08
D/F C.17- 3.08
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528 BRK
52¢ BRK
3¢ BRK
£31 BRK
E£32UNBRK
S33UNBRK
S34UNBRK

£33

-

836
S37
€38
§39
540
541UNBRK
542 BRK
543UNBRK
544 BRK

LOOP
LOOP
LOOP
LOCF

LOOF

TABLE 4-1 (cont)

INSTRUMENTATION CHANNEL LIST FOR FLECHT SEASET
NATURAL CIRCULATION TESTS

STEAM GEN
STEAM GEN
STEAM GEN
STEAM GEN
COLD LEG

PLENUM
LEVELPRI TUBE
LEVELPRI TUBE
LEVELSEC SIDE

CLD LEG INJ

CLD LEG DOWNCOMER

XOVER LEG

ACC i PRESS

ACCUE 2  PRESS

ACCUNM 2 LEVEL
DOWNCOMER EXT UPPER PL
ACCUNM 1 LEVEL

STEAX GEN FLOW SEC ORIF
STEAM GEN FLOW SEC ORIF
LOOP SEAL LEVELDOWN LEG
LOCOF SEAL LEVELDOWN LEG

545

S46SYSTENM

547

548UNBRK LOOP
549UNBRK LOOP
§5C BRK LOOP
551

S52UNBRK LOOP
§53 BRK LOOP

UPPER PLENLEVEL

UPPER PLENPRESS
DOWNCOMER EXT

STM GEN QUTL PLENUM
STEAM GEN PRESSSEC SIDE
STEAM GEN PRESSSEC SIDE
GAS INJ LIPRESS

GAS INJ LIFLOW HOT LEG
GAS INJ LIFLOW HOT LEG

D/P INL- OUTL
D/P 0.00- 2.00
D/P 2.00- 4.00
D/P C©.00-35.00
D/P OUTL-DOWNC
D/F

D/F

D/P

PT 21.0C

PT 13.70

D/F C.55~13.80
n/®

D/P 0.56~-20.50
D/P

D/P

D/P

D/P
D/P16.00-17.50
PT 17.50

PT 18.92

PT O.17FT ELEV.

PT 35.00
PT 35.00

MTR
MTR

554UNBRK
S5SUNBRK
556 A3RK
587 BRK
S58BUNDLE
559BUNDLE
560BUNDLE
561BUNDLE
S562BUNDLE
563BUNDLE
564
SE65UNBRK
S66UNBRK
567 BRK
568
S69UNBRK
570" 'NBRK
571 BRK
572UNBRK
573 BRK
574UNBRK
§7% BRK
576

*EOS

*ECS

*EOP

LOOP
LOCP
LOOF
LOOP

LOOP
LOOP

LOOP
LOOP
Loop

LOOP
LOOP
LOOoP

STEAM GEN
STEAM GEN
STEAM GEN
STEAM GEN
POWER
POWER
POWER
POWER
POWER
POWER

INJ LINE
INJ LINE
STEAM GEN
STEAM GEN
GAS INJ
LIQ FILNM
LIQ FILM
LIQ FILM
LIQ FILNM
LIQ FILM
LOOP SEAL
LOOP SEAL
XOVER LEG

FLWINSEC
FLWOTSEC
FLWINSEC

SIDEF-T/C
SIDEF-T/C
SI1DEF-T/C

FLWOTSEC SIDEF-T/C

PRI A.
REDUNDNT
PRI B.
REDUNDNT
PRI C.
REDUNDNT
BIDIRECT
TURBINE
SEC SIDE
SEC SIDE

HOT LEGB
HOT LEG
COLD LEG
COLD LEG
BIDIRECT
FLOW BIDIRECT
FLOW BIDIRECT

FLOW
FLOW
FLOW
FLOW
PRESS
FLOW HOT LEGA
FLOW
FLOW
FLOW
FLOW
FLOW

3333333333333
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4-6. Gas Sampling System

During the gas injection series of tests, a gas sampling/analysis system was
used to determine the concentration of helium gas in particular tubes at
various elevations. After the system had attained steady state, each of 37
tubes was individually sampled, condensed, and the helium stripped by argon in
a stripping column. Each sample was then dried and measured against a pure
argon standard for change in conductivity 'n a GOW-MAC gas analyzer. This
process Ys shown in figure 4-.13; the sensor locations are given in table 4.2,

4-7. TEST PROCEDURE

The following Vs the general procedure used to establish single-phase,
two-phase, and reflux natural circulation modes:

(1) The primary system was evacuated, steam-purged, and filled with
deaerated water to assure a gas-free system.

(2) The secondary side of the steam generator was filled with water
to the 7.62 m (25 ft) leve)l and the backpressure regulator was
set to 0.28 MPa (40 psia).

(3) Accumulator | was filled about 50 percent, pressurized to 0.97
MPa (140 psia), and valved into the primary system.

(4) The downcomer Ysolation valve was closed and the pump bypass
was opened.

(5) The primary circulation pump was started |about 4.7 x 10-*
mo/sec (15 gal/min)].

(6) Power was turned on to the bundle (with equal power to each of
three zones) and stepped up Lo 222 kw (tota) power). (System
heatup took about 2 hours.)

(7) When steady state had been attained, the circulation pump was
shut off and the downcomer isolation valve was opened. Single-
phase natura)l circulation started within a few minutes.

(8) Secondary level was maintained by adding makeup water into the
bottom of the secondary side to replace the water bolled off
and vented through the backpressure regulator.

(9, When steady state had been attalned, the data scan rates were
increased once to every 2 seconds.

(10) With adequate data taken, the pressurizer (accummulator )) was

valved out and mass was removed from the system through a
condenser and we'ghed.
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Figure 4.10.
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fFigure 4-11. FLECHT SEASET Natural Circulation and Reflux
Condensation Condensate flow Measurement System
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TABLE 4-2
GAS SAMPLING SYSTEM SENSOR LOCATIONS

Location Elevation [m (ft)] and Side'?’

Sample Unbroken Loop Broken Loop

Valve No. Steam Generator Steam Generator

\ 8.23 (27)0 8.23 (27)U

2 8.23 (27)0 8.23 (27)U

3 8.23 (21)0 8.23 (27)0
o 8.23 (27)U 8.23 (27)0

5 8.23 (27)U 4.57 (15)U

6 8.23 (21)0 4.57 (150 |

7 £.23 (27)U 4.57 (15)0 |

8 8.23 (27U 4.57 (15)U |

9 L as aspt) 3.05 (10)U

10 4.57 (15)0 3.05 (10)0 |

n | 4.57 (15)U 3.05 (10)U |

12 | 4.57 (15)U 3.05 (10)0 |
| 13 4.57 (15)U 1,83 (6)0®) |
BT 3.05 (10)U 1.83 (6)0'®) |
BRE 3.05 (10)U 1.83 (6)U |

16 3.05 (10)U 1.83 (6)u'®)
o | 3.05 (10)0'?) |
| 18 ; 3.05 (10)U i

19 | 1.83 (6)U |
|20 1.83 (6)U i
| 2 1.83 (6)U

a. U - Uphill side
D - Downhill side

b. Defective prote
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(11) Drains were conducted in 18 kg (40 1b) increments, allowing
approximately 15 minutes between each for the system to
stabilize.

(12) When maximum two-phase flow was observed, dra'ins were stopped
and observation and data collection were conducted.

(13) Further draining was then conducted until all flow stopped in
the turbine meters. This was determined to be the refiux mode
of natural circulation.

(14) Further data were collected and observations made, after which
the system was refilled from one of the accumulators with
preheated water after shutting off the power.

Depending on the test matrix requirements, different operations were performed
after steady-state conditions had been attained.

4-8. POWER CONTROL SYSTEM DESCRIPTION

The natural circulation test facility power control system consists of a main
control cabinet and three water -cooled silicon-controlled rectifier (SCR)
control cabinets. Each SCR unit s rated at 2000 amperes at 480/277 volts.
Extensive monitoring and control capabiiities have been incorporated into each

unit. Both primary and redundant metering circuits are inherent to each of
the three units.

The power demand signal may be fed to the SCRs by one of three means: a
manual potentiometer located on the control cabinet, a momentary switch which
increments the demand signal by a predetermined value, or directly from the
computer. The units miay also be operated in several feedback modes. In tne
open loop mode, instantaneous response 3s obtained; however, the output may
not remain constant. In the closed loop mode, the feedback signal is
proportional to either the power, the voltage, or the current. Ffor natural
circulation testing, closed loop voltage feedback was used.

Protection circuits built into the units provided an RMS overcurrent trip,
instantaneous current trip, high-temperature SCR trip, and a water flow trip
(for SCR protection). The RMS overcurrent trip and instantaneou~ trip will
shut down the power controller within one-half cycle of line voltage.

71248:1b/122183 4-39



Measurement of power i1s achieved by monitoriig the voltage across the load and
the current through the load. Each output is attenuated, converted to an RMS
value, and scaled to 1ts respective readout device. The actual power output
is a result of a multiplier module (E x I). The output of this module is
proportional te the instantaneous power consumed by the load. Additiona)

stages also provide a scaled average power and scaled instantaneous power
output.

4-9. DATA ACQUISITION SYSTEM

The data collection system for the FLECHT SEASET natural circulation test
facility consisted of a Systems Engineering Laboratory (SEL) computer, a
600 1pm 1ine printer, a nir>-track magnetic tape unit, and signa’ processing

equipment. The components which made up the complete computerized system are
described below:

Manufacturer Description
System. Engineering Laboratoryv SEL 32/77 high performance 32-bit

computing system consisting of a 1
megabyte, 600 nsec MOS memory

Control Data Corporation Single B0-megabyte disk processor
subsystem with @ maximum data transfer
rate of 1.2 MB/sec

Pertec Corporation Single 75 ips, 800/1600 bpi, 9-track
magnetic tape transport system

Data Products 600 lpm, 136-column 1ine printer with a
64-character set

Computer Products RTP 7400 series low-level analog input
system consisting of 576 input
channels, a 10 vdc a~®log output
system, and digital input and output
capabilities

Tektronix Model 4014 display terminal capable of
providing alphanumeric communications
and graphics

Tektronix Model 4611 hard copy unit used in
conjunction with the display termina)

Lear Seigler Model ADM-3A display termina)

7T124B:1b/122183 440



The natural circulation test software consisted of several primary programs or
tasks and numerous subtasks. The follewing 11st provides a brief description
of each task and a 1ist of subtasks.

0 NCDACP.P - The main data acquisition program; performs three
important functions. First, it monitors all 576 analog input
channels, which represant system temperatures, pressures, flows,
and power levels, and stores these data on disk for retrieval at
a later time. Second, it compares designated input channel data
with predetermined 1imits and initlates alarms and shutdown
procedures. Third, 1t simultaneously controls valves and bundle
power during testing.

0  NCPRNT.P - Lists run data on the line printer or display
terminal or both at preselected intervals. Data may also be
displayed in raw data format, miilivolts, or engineering units.

0 SCAN.A - Scans and displays up to eight channels of information
every 3 seconds on the display terminal

o HIST - Samples designated channels and displays m¥1livolt data
in a histogram format

o HISTA - Same as HIST program except that millivolt data are
displayed in engineering units

o ZEROES.A - Samples transducer channeis during static loop
conditions and places data placed into a calibration file

o CALIBR.A - A disk file which contains all calibration
information for DP cells, PT cells, flowmeters, and power
channels

o ORIFICE.B - A disk file containing orifice plate sizes and
constant values

0 PWIABL.D - A disk file containing a power-versus-time table
providing an ana'ng output signal to the power controllers

o CHANTABL - A disk file which provides a comprehensive 1isting of
all data channels, a brief description, gain code information,
and conversion codes

o DASTP.P - Generates a data tape for data reduction purposes

The following are subtasks used during testing:

o DASCLK.P
o  DASSCN.P
o  DASWID.P
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NCCALC.P
DASERR.P
S5XXXX.RT
SXXXX.DA

© © © ©

Before a test was actually run, certain table changes were sometimes
necessary. The appropriate file was inittalized and completed per engineering
direction, with a form must be filled out prior to testing (figure 4-14).

While the loop facility remained at static conditions, all transducer outputs
were be sampled and read into a calibration file. This file was used during
and after testing to provide necessary information for the conversion and
printout to engineering units.

Once the data acquisition and control program had been initialized, the

computer requested various responses by, the computer operator. The computer
dialog is as follows:

NATURAL CIRCULATION TEST
COMPUTER DIALOG
NCDACP.P

Run length (in seconds)
Scan delta (in seconds)

Print Ynterval (in seconds)

Disk write interval (in seconds)

Run number

Delete previous run data

Maximum rod temperature (150°F-2500°F)
Critical rod temperature (150°F-2500°F)
Initial power (0.0-10.0 volts)

Power step (0.0-10.0 volts)

Maximum system pressure (0.0-150 psia)
System pressure alarm (0.0-150 psia)
Injection flow

Remote CRT

Channels

W =~ O W s W NN -

-
F— )

S
—

—
~

—
w

—
E
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NATURAL CIRCULATION TEST
COMPUTER TABLE CHANGES

Power Table Flow Table
Time Volts Time Volts
1. 1.
2. Be
3. 3.
4. 4,
5, 5.
6. 6.
" A Te
8. 8.
9. S.

—
o
-

—

o

o
e
[
—
. -

—
~N
- -
—
L

CHANNEL ASSIGNMENT TABLE CHANGES (Y/N) - List if (Y).

Channel No. Change
1.
-
3
4,
5. £
6.
r
8.
9.

—
o

Figure 4-13. Natural Circulation Test Computer Table Change Form
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When all systems were ready, the loop operator began the test by depressing
the computer start button. The test began and the computer maintained con-
plete control if desired. A1l input channels were recorded on disk, 1imits
were maintained, datz were displayed, and analog outputs were supplied.

The test could be terminated for any one of the following reasons:

Maximum run duration

Manual stop (loop operator)
Manual stop (computer operator)
Multipiexor fallure

Software error

Computer power fallure

Over temperature condition

O © © © o o o ©

Overpressure condition

After test completion, a data reduction tape was generated which was com-
patible with the computer system at the Nuclear Center.

In addition to the computer system, analog strip-chart recorders were us>d
periodically during heatup and testing by the loop operators and test
director. For visual measu-ements, the recorders feature 1l-step signal
attenuation, 0.4-second full-scale response, variable chart speed, and

+ 0.25 percent accuracy. The recorders measured temperatures, pressures,
flows, levels, and power.

4-10. PROBLEMS AND CORRECTIVE ACTIONS

Most problems encountered during testing stemmed from reliability of equipment
-- specifically turbine meters, computer, and DP cells.

The turbine meters in the loop seal piping experienced broken shafts on more
than one occasion. Because 't was believed that swaying of the pipes was a
contributing factor, these pipes were supported by constraints and no further
problems were experienced. There were also problems with the standard
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pickoffs supplied with the meters. Cven though rated for 149°C (300°f) they
operated erronecusly at 127°F to 138°C (260°F to 280°F). As a result,

correcting high-temperature pickoffs were installed; this remedied the problem.

Since the computer system was entirely new, frequent debugging was necessary.

However, once the debugging had been completed, it gave satisfactory
performanca.

A tew of the DP cells used on the facility fatled in the course of testing and
were replaced. This was due mostly to the age of the units used.

The other main problem that occurred was related to the size of the steam
generators relative to the test section heat input. Because of this
disparity, the generators supplied too great a heat sink while the heat
exchanger was in use. The solution was to run the secondary side boiling at a
docreased elevation [7.62 versus 10.67 m (25 versus 35 ft when full] and
reduced pressure [0.28 versus 0.69 MPa (40 psia versus 100 psia)], supplying
makeup water to replace that which botled off. This system worked well and
was used for all of the matrix tests.

71248:1b/122183 445



SECTION 5
NATURAL CIRCULATION CHARACTERISTICS

5-1. INTXODUCTION

Previous experimental programs(]'z'a) have established that there are three
basic modes of natural circulation cooling: single-phase, two-phase, and
reflux condensation modes. The mode in which a specific system will operate
\s primarily determined by core power, secondary side heat sink capability,
and primary mass inventory. In this investigation, the three basic modes were
established by maintaining the core power and secondiry side heat sinks at
constant values, while the primary system mass inventory was varied. This
section provides a brief discussion of the test procedure, followed by
detalled discussions of the observed phenomena associated with single-phase,
two-phase, and reflux condensation natural circulation cooling modes. The
discussions are limited, however, to the cverall system behavior and
stability. Detailed discussions of steam generator heat transfer behavior in
each cf these modes are presented in section 6.

Discussion of the parametric effects tests 1s also include in this section.

5-2. TEST PROCEDURE

The test was begun from 3 liquid-solid forced circulation cooling mode with
the pressurizer valved in to the primary to maintain a primary pressure of
0.97 MPa (140 pst). Single-phase na'ural circulation was established after a

1. lLoomis, G. G. and Soda, K., "Results of the Semiscale Mod-2A Natural
Circulation Experiments,” NUREG-CR-2335, September 1982.

2. Krang, k. L., et al., "Decay Heat Removal Experiments in a UTSG Two-Loop
Test Facility," EPR] NP-2621, September 1982.

3. Mand), R. M. and Welss, P. A., "PKL Tests on Energy Transfer Mechanisms
During Smc 1) Break LGCA<," Nuclear Safety 23, No. 2, March-April 1982.
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short flow coastdown, when the circulation pump was shut down. Two-phase and
reflux condensation modes of natural circulation were subsequenily established

by isolating the pressurizer and draining mass from the bottom of the
downcomer .

Rod bundle power was maintained at a nominal value of 222.4 kw (2 percent
scaled PWR power) during the course of the test. An effort was made to main-
tain the heat sink capability at & constant value throughout the test by
operating *he secondary in a feed-and-bleed pool boiling mode with a constant
collapsed 1iquid level of 7.62 m (25 ft) and a regulated pressure of 0.28 MPa
(40 psta). The collapsed 1iquid level criterton fixed the wetted surface area
on the outside of the inverted U-tubes and, hence, fixed the effective heat
transfer area. By regulating the secondary side pressure to 0.28 MPa (40
psia), the heat sink temperature was Ydeally fixed. (Feedwater subcooling at

the tubesheet complicated this assumption, the implications of which are
discussed in section 6.)

5-3. SINGLE-PHASE NATURAL CIRCULATION

During single-phase natural circulation, the decay heat was removed from the
rod bundle and transferred to the secondary side by convection. The convec-
tive flow occurred naturally as a result of the temperature gradient
experienced by the primary fludd as 1t circulated through the loop. Figure
5-1 ¥s a schematic diagram of the FLECHT SEASET natural circulation faciltty
and also shows the flow and temperature distribution typical of single-phase
natural circulation. Fluld in the ughill side of the system (rod bundle,
upper plenum, hot legs, and uphill sides of the steam gererators) of the
system was hotter and, hence, less dense than fluld in the relatively colder
downhi1] side of the system (downhil] sides of the steam generators, loop
seals, cold legs, and downcomer). The resulting density gradient between the
uphi1l and downhill sides of the system created a gravitational force
imbalance thav drove the flow through the system. A typical single-phase
natural circulation mass flow rate through the core was 1.47 kg/sec (3.25
1bm/sec), with a flow split between the intact and broken loop of 3.1:1. This
measured flow split differed by only 3 percent from the 1deal ratio of 3:1.
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The temperature distribution shown in figure 5-1 indicates that most of the
rod bundle's energy was transferred by convection to the secondary side in the
lower elevations of the uphill side of both steam generators. Primary fluid
on the downhil)l side of the U-tubes, however, increased in temperature
siightly as a result of a relatively small amount of secondary-to-primary heat
transfer. The reverse heal transfer was the result of the increased secondary
side saturation temperature encountered by the primary fluld as it traversed
the downhill partion of the U-tube. The saturation temperature increased as a
result of the secondary side hydrostatic pressure gradient. The single-phase
natural circulation steam generator heat transfer 1s discussed in more detai)
in section 6.

5-4. TWO-PHASE NATURAL CIRCULATION

In two-phase natural circulation, the decay heat was transported from the rod
bundle to the secondary side by a combination of convection, boiling, and
condensation heat transfer mechanisms. The makeup of the system may be des-
cribed in general terms as follows. A subcooled single-phase fluld entered
the bottom of the core through the downcomer. As the single-phase fluld
flowed up into the rod bundle, 1ts subcooling diminished as 1t removed heat
from the heater rods by pure convection. At some point in the rod bundle, the
subcooling vanished and the single-phase fiow made the transition to a
two-phase co-current flow, which removed the remainder of the heat from the
rod bundle by convective boiling. The reverse process occurred as the decay
heat was transferred to the secondary side. A saturated two-phase flow
entered the steam generator U-tubes through the hot legs. As the two-phase
fluid flowed co-currently in the U-tubes, the void fraction diminished as heat
was transferred to the secondary by condensation. At some point in the steam
generator U-tube, the void fraction became zero and the flow made the
transition to a saturated single-phase flow. The Interface between the
single-phase and two-phase regions in the steam generator was dependent on the
mass inventory. The saturated single-phase flow became subcooled as the
remainder of the decay heat was transferred to the secondary by convection.

The basic system behavior associated with two-phase natural circulation may be
summar Yzed by figure 5-2. It should first be noted that two-phase natural
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circulation cannot be characterized by a specific mass inventory or thermal-
hydraulic state, but 1s a mode of cooling that encompasses a broad range of
mass inventories, pressures, flows, and temperacures. The upper bound of the
two-phase region was defined by the 100-percent mass inventory case, which
corresponded to single-phase natural circulation. The lower bound of the
two-phase natural circulation region occurred at the mass inventory assoclated
with the transition to reflux condensation. In this '‘nvestigation, that
transition occurred at a mass inventory of approximately 38 percent.

Figure 5-2 shows that, as mass inventery was removed, the system pressure
decayed in an exponential fashion. The flow through the core, however,
increased significantly during the early phases of the mass removal and
reached a peak value at approximately 84-percent mass inventory. This peak
condition is known as the peak two-phase flow condition. Any further reduc-
tion in mass inventory resulted in a reduction in mass flow through the rod
bundle. The net mass flow became zero as the system made the transition into
the reflux condensation mode of cooling.

The detailed discussion of two-phase natural circulation that follows 1s
divided into two parts. The first part deals with the transition from
single-phase to two-phase peak flow; the second part deals with the transition
from two-phase peak flow to reflux condensation.

5-5. Single-Phase to Two-Phase Peak Flow Transition

The system's behavior in this two-phase natural circulation region s docu-
mented in figures 5-3 through 5-51. Most of these figures are discussed
below; all are included for completeness. The transition from single-phase to
two-phase natural circulation was made by removing mass from the primary
system. The mass inventory as a function of time 1s shown in figure 5-3. The
primary pressure responded to this mass reduction by decaying in an exponen-
tial fashion (figure 5-7). It should be noted that the initlal pressure
decrease from 0.931 to 0.7 . MPa (135 to 104 psia) was the result of the
pressurizer being valved out of the primary system. Any pressure decrease
beyond this point was the result of removal of mass from the bottom of the

downcomer . Figure 5-3 accounts only for mass being removed from the bottom of
the downcomer .
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Figure 5-32. Unbroken Loop 3*eam Generator Uphill Tube B-7
Differential Pressure [0.61-1.22 m (2-4 ft)]
(12,500-17,800 sec)
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fFigure 5-33. Unbroken Loop Steam Generator Uphi1l Tube C-6
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Figure 5-34. Unbroken Loop Steam Generator Uphi1l Tube C-6
Differential Pressure [0.61-1.22 m (2-4 ft)]
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