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1. Introduction Combined upper and lower plenum injection of
emergency core coolant involves a variety of phenomena which are
different from the cold leg injection only. The question to which
this experiment is addressed is how does a pool of water on top
of the core get through the core during reflood. The understanding
of upper plenum dump is the basis for understanding how quench
occurs. The objective of this study are to nvestigate:
(1) Under what conditions an upper plenam dump occurs, that is,

the ef fects of parameters which describe condition of the upper
plenum dump.

.

(2) For what initial temparature conditions is the flow either one
or two dimensional through the core.

Singh(O carried out steady-state experiments using a 2 x 6 array
of cartridge heaters simulating fuel rods in a reactor. He used
Freon-113 as a coolant and investigated the characteristics of
gravity-dominated two phase flow during a PWR reflood. F-ll3 was
supplied into the upper plenum and the same flow rate of F-113 was
drained from the lower plenum at the fixed heat flux in the core.

Because of equipment restrictions (heat flux and pump power), he
did not investigate the conditions under which the upper plenum
dump occured nor could he investigate the effect of the heat flux
or the core temperature on upper plenum dump.
2, Experiment Test rig consists of a test section including a core,
an electric furnace and a water supply tank. The test section has
an upper plenum, a screen core and a skirt attached to the bottom
of the screen core. Core was made of stainless steel screens about
0. 2 n wide , 0.2 m high and 0.025 m thick. This core has many
advantages. The phenomena during reflood is the gravity-dominated
phenomena. So, the friction term should be properly simulated in
the exneriment. The ratio L'/D of core height and hydraulic diameter
was designed as closely to that of a reactor as possible. The skirt
is provided as one of components and this effect is to be investigated.
This test section is set in the lower plenum so that arrangement of
components is simulated.

First, a series of transient experiments were carried out to obtain
a map of flow pattern by investigating the effect of parameters
because the flow pattern is expected to be related intimately to the
dump phenomena. The parameters selected are (1) Initial Core
Temperature Tcore= 300 to 600*C, (2) Injected Water Temperature
Twater= 25 to 100*C, (3) Initial Water Level in the Lower Plenum
h = 0.02 to 0.14 m and (4) Initial Water Level in the Supply Tankl
h = 0.08 to 0.24 m. The judgement of flow pattern was done by visual2
observations. The criteria for the determination of flow pattern is
whether vapor bubbles are observed to come out from the bottom of
the skirt at the bottom of the test section.

Upper plenum water level changes are an inportant part of the
problem because flow rate of water through the core should be different

i depending on the flow patterns. Water flow rate in counter-current
| flow is restricted by the upward steam flow compared to co-current
1 down flow. In this experimental set-up the supply tank is connected
. to the upper plenum and the change of water level in supply tank
J was measured.
;

I

!

- -_ , _ - - . - _- _. --.--



_ _ _ -

N

3. Analysis The following analysis was carried out in order to
help in understanding of the experimental results.

(1) Effect of the skirt attached.to the bottom of the heated core,

on the characteristics of Water Flow Rate versus Pressure Drop curve.
A one-dimensional numerical calculation was carried out by using
the drift flux model.
(2) Difference in flow characteristics between a co-current down

flow and counter-current flow. In the experiment there was a
remarkable difference in the rate of water level in the supply tank
depending on the core flow pattern.

(3) The region where water subcooling effects are important was
investigated. Water subcooling has a large effect on the conditions
under which the upper plenum dump occurs.
4.Results The most significant results are:
(1) The flow pattern in the core is determined by the hydrostatic

head in the lower plenum, the hydrostatic head in the upper plenum
and the inlet water subcooling.
(2) When the hydrostatic head in the upper plenum is larger than

the hydrostatic head in the lower plenum, a co-current down flow
occurs with the saturated water injection and a dump occurs through
the core.
(3) Conversely, co-current down flow is not realized with the

saturated water injection when the hydrostatic head in the upper
plenum is less than the hydrostatic head in the lower plenum. In
this case, counter-current flow occurs with a much lower water flow
rate through the core than in the co-current down flow.
(4) With the subcooled water injection co-current down flow is

realized even under the condition that the hydrostatic head in the
upper plenu.m is less than the hydrostatic head in the lower plenum.
This is because water subcooling diminishes the amount of steam in
the core as well as in the upper plenum. The importance of this
effect varies according to the magnitude of water subcooling.

Reference

(1) B. Singh, " Gravity Dominated Two-Phase Flows in Vertical Rod
Bundles", ScD. Thesis, Mechanical Engineering Department, M.I.T.,
1979.

(2) Y.Y, Hsu, " Proposed Heat Transfer Best Estimate' Packages",'

draft. USNRC, November 1977.
(3) P.Robershotte, "Down-Flow Post Critical Heat Flux Transfer of Low

Pressure Water", M.S. Thesis, Mechanical Enginearing Department,
M.I.T., January 1977.
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SUMMARY OF CONDENSATIOi4 RESEARCH AT NORTHWESTERN UNWERSITY
. . ,

S. G. Banko f f , R. S. Tank in, M. C. Yuen

s

The condensation stuiles being conducted at Northwestern University can be

sub' divided into fout rngjor ' augories :d

1. Stratified Co-Cuhrent HorJzontal '? low. The)estudieshavebeenconducted

over a wide ran' eiot5 water (.65 kg/see to ?l.45 kg/sec) and steam (.065 kg/secg
('

'

. . .

to .16 kg/sec) flow rates. The inlet water temperature and water height has
's. s s

been varied. A semi-eapirical relation for the average Nusselt number in
%

terms of the inlet vata.r 'aad styamiteynolds numbers , degree of subcooled
i

.
y -,

the inlet 'and 'lo' cation (com e strance was obtpined. An expression'wates at
<.. s

for the average.Stanton nuntoer trt Qrms of the average Reynolds numbers for
N. i-

water and steam ano liquid Prano 1 number was obtained for data with a

wavy interface. '

2. Downward Delivery of Water y a Strulated Upper Tie Plate. The work

that was reported on at th Water Reactor Safety Research Information.:

'

Meeting has been extended t irclude inertial effects of the' Jet injection.
'

, - t

In this study the nozzle'for injectingthewaterabovetheuphertieplate

is posit toned vertically ra .her than horiyntally. At high nozzle positions,e

the var' ical and hor,izontal configuration yield similar results. For low
'

i '(

nozzle positions (near tia plate) the slope of the EOCB curve is much

'

\ ste:per for vertical i:@ction as compared to horizontal injection. The

vertical injection results 'in higher mixtng ef h ciency. Preliminary results
A

*
indicate that for vertical injection at total dumping, H is independent

f,d
*

of H and depends on the inlet water injection height.gg

3 Holographic Study of Sprays. A pulsed laser is used to study droplet size

distribution of water sprays in an air and steam environment. The resolution

obtained from the hologram is better thar. 100 . In tests conducted so far,

'

s ,

%

,

% '

, ~

N .
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,

tha sprey angle was reduced approximstely 257, (from 60 to 47 ) when operated

in a steam environment as compared to air environment. In addition to change

; in cone angle, the break-up of droplets occurs sooner in a steam environment.

The obtained in these preliminary experiments are compared with the Rosin-

Ranvaler equation and the Nukiyama-Tanasava equation. At present, the data

j (droplet location and dimensions) are introduced into a minicomputer and,

'! '\ plots are obtained of average droplet size, surface area and volume as a

function of radius.

l 4. Vertical Counter Current Steam-Water Flow in a Plat Plate Geometry. A new

test facility has been designed and built to study countercurrent steam-

water flow. To eliminate water-steam interaction in the lower plenum, water

{
exiting the test section is sucked from the test section through a porous

med ium. The instrumentation for this facility is similar to that used in

the horizontal co-current channel-thermocouples, pressure transducers,

.

pitot tubes. At present, we are working on a resitivity probe to measure
1

interfacial structure. The data obtained from the earlier facility was

compared with the published work of Segev and Collier. Our results are for

the channel at 83 and 0 (from the horizontal); whereas Segev and Collier's

data are for 17 and 45 . An expression for the average Nusscit number is

empirically obtained which is dependent on the inlet water and inlet steam

Reynolds numbers , the degree of subcooling of the water, and the distance

from the water entrance.

,

Publications.
,

1. " Counter Current Flow of Air / Water and Steam / Water Throdgh a Horizontal

Perforated Plate" submitted for publication to International Journal of Heat

and Mass Transfer.

2. " Stratified Co-Current Flow of Steam / Water in a Itorizontal Channel" being

prepared for submitting to journal.-

- . . ~ _ _ . _ . . , . _ _ _ _ _ _ . _ _ _ _ _._ _. ___
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RPI RESEARCH IN THE
AREA 0F PHASE DISTRIBUTION

AND SEPARATION PHENOMENA
AND LWR INSTABILITY

PHENONENA

R. T. Lahey, Jr.
Rensselaer Polytechnic Instf.tute

Troy, New York 12181

INTRODUCTION

The USNRC is currently sponsoring research at RPI. The work to be reported
on herein is being conducted under two separate programs; one dealing with
phase distribution and separation phenomena, and the other, LWR instability phe-

j nomena.

The basic purpose of the work in the area of phase distribution and separa-
tion phenomena is summarized in Table Ia. The significant results obtained
during the report period are tabulated in Table Ib. Table iia summarizes the
basic purpose of the research in the area of LWR instability phenomena, and
Table iib tabulates the significant results obtained during the report period.

DISCUSSION - PRASE DISTRIBUTION

An understanding of phase distribution phenomena is closely tied to an
( understanding of flow regime mechanisms. !!oreover, advanced generation LWR

safety codes (e.g. , TRAC) rely on flow regime maps for specification of the in-
terfacial transfer laws. It is thus quite important that one is able to
predict which flow regime exists. Unfortunately, investigators rarely agree on
flow regime boundaries. To try to resolve this discrepancy, a careful series of
experiments have been conducted. The low pressure air / water experiment con-
ducted at RPI consisted of measuring the chordal average void fraction in a
2.54 cm tube using an x-ray system. The probability &;nsity function (PDF) and
power spectral density (PSD) function were calculated as well as the first four
moments of these distributions. Classical pattern recognition theory techniques
were employed to deduce an objective indicator of flow regime.

Figure 1 shows the PDF, PSD and photograph of bubbly flow. Note the PDF
is unimodal and PSD, broadband. Figure 2 gives the same information for slug
flow; however, in this case, the PDF is himodel and the PSD is more sharply
peaked (at the slug passage frequency). Figure 3 is for annular flow, sr d

. . .

- - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ._
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is similar to Fig. 1, except the mimodal PDF is concentrated at higher void
fractions.

It was found that for all flow rates tested, a constant value of variance
(the second moment about the mean) of 0.04 predicted both the bubbly / slug and
slug / annular flow regime boundaries. Figure 4 shows the plot of variance, and
Fig. 5, the flow regime map (based on the 0.04 criterion). It is significant to
note that none of the existing flow regime maps and/or models predicted the
measured boundaries (nor did they agree among themselves). This clearly indi-
cates the need for an objective criterion, such as the one developed in this
study. More work remains to be done in high pressure steam / water using various
geometry test sections to verify the technique; however, it appears to be quite
promising.

If detailed calculations are to be made of lateral phase distribution ef-
fects (e.g., ~within rod bundles), then a detailed understanding of geometric
and hydrodynamic influences must be developed. To this end, a series of low
pressure air / water measurements have been performed in a triangular test section.
The local void fraction distribution was obtained using a radio frequency (RF)
excited impedance probe, and the local liquid phase velocity profile was deter-
mined using a pitot tube. The pitot tube data was reduced with the model of
Malnes [1], Shires and Riley [2], and Brandt [3]. This procedure produced a
consistent set of data which closely satisfied a global mass balance.

Figures 6 and 7 show the void and liquid velocity profiles for various
conditions of flow and quality. It can be clearly seen that there is a pro-
nounced lateral distribution of the vapor phase. Similar phenomena can be ex-
pected in more complex geometries (e.g. , fuel rod bundles).

Figure 8 le a photograph of the new 2-D test section which has been re-
cently constructed. This test section will be used to obtain data concerning
the so-called " chimney effect" during PWR reflood. These data will be used to
assess the predictive capability of TRAC for PWR safety analysis and support of

| the Japanese 2-D experiment.
|

DISCUSSION - PHASE SEPARATION

A series of low pressure air / water experiments have been conducted in a tee
to determine the degree of phase separation. In particular, the static pressure
profiles are being measured in the test section shown in Figs. 9 and 10. These
data are needed to determine the irreversible loss coefficient. Figures 11 and 12

;

i show the axial pressure profiles in the branch and run for single- and two-phase
flows. It can be seen that the flow is fully developed, and thus the deter-
mination of loss coefficient should be accurate and consistent. These data will
be a valuable check on the predictive capability of advanced generation computer
codes such as COBRA-TF and TRAC.

|
|

I
,

.

|
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DISCUSSION - STABILITY ANALYSIS

Stability analysis is important in the evaluation of LWR safety. Indeed,
one of the operational limits on modern BWR flow control is due to stability
limitations. Unfortunately, very little work has been done in this field of
technology during the past decade. As a consequence, there are a number of po-
tential safety concerns which are being addressed at RPI.

A systemaric evaluation of the effect of friction and gravity on linear
atcbility has shown that, for certain values of these paramters, " islands of
instability" can exist in the so-called stable region. Typical islands are shown
in Fig. 13. It is also interesting to note in Fig. 14 that one can unify the
concept of Ledinegg and density-wave instability. In fact, one can show that I
the Ledinegg mode is just the zero frequency of the density-wave mode.

The stability boundaries discussed above are based on linearized analyses.
These analyses assume very small amplitude oscillations. For finite amplitude
oscillations, one must consider the effect of non-linearities. As shown sche-
matically in Fig.15, if a suberitical bifurcation occurs, one can experience a
divergent oscillation in the region of linear stability (if the excitation has
a large enough amplitude). In contrast, if, as shown schematically in Fig.16,
a supercritical bifurcation occurs, a limit cycle may occur at reasonably
small amplitude in the region of linear instability. This implies that the linear
stability boundaries may not be conservative, and can be misleading when ap-
praising stability margin. A modified amplitude-dependent stability boundary isshown in Fig. 17. The amplitude-dependent limit lines were determined using
Hopf Bifurcation Theory. It is seen that regions of suberitical bifurcation
exist for inlet velocity perturbations (c=Aj /j )' of 10% and 20%.

o

Currently most flow decay transients in a BWR are analyzed using techniques
which assume the steady-state flow split is maintained during transients.
This " initial value" approach does not allow one to predict any , superimposed
instability which may occur. To investigate the potential for superimposed os-
cillations during a " boundary value" driven flow decay, a boiling channel was
subjected to a transient of the form:

Ap(t) = Apfinal + (Apinitial - Apfinal}*

The results, shown in Fig. 18, indicate that the heated channel is very under-
damped, and thus considerable undershoot and instability occur. Indeed, when
one considers the initial value results (j *(t)) compared to the more ap-g

propriate boundary value results (j *(t)), it can be seen that considerable in-
stability is predicted. It is interesting to note that this superimposed insta-
bility occurs even though the trajectory of the transient (and the final point)

._ _ _ _ - - _ _ _ _ _ _ _ _ _
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is in the region of linear stability. This implies that superimposed instabili-
ties, and thus premature boiling transition, are possible during rapid flow
decays. Obviously, more work is needed to appraise the potential for this phe-
nomena in BWRs.

- - - - _ _ _ _ _ _ _
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TABLE IA '

PHASE DISTRIBUTION AND SEPARATION
'

PHENOMENA

SAFETY & LICENSING RELATED ISSUES

e A THOROUGH UNDERSTANDING 0F LATERAL PHASE DISTRIBUTION

MECHANISMS IS NEEDED IN ORDER TO PROPERLY MODEL THESE

EFFECTS IN ADVANCED GENERATION LWR SAFETY CODES

e A THOROUGH UNDERSTANDING OF PHASE SEPARATION MECHANISMS

IS NEEDED IN ORDER TO PROPERLY MODEL THESE EFFECTS IN

ADVANCED GENERATION LWR SAFETY CODES

e DETAILED PHASE DISTRIBUTION AND SEPARATION DATA IS .

REQUIRED FOR THE VERIFICATION OF LWR SAFETY CODES AND

MODELS

1

e

.

.-
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TABLE In

f.IGNIFICANT RESULTS

e AN OBJECTIVE FLOW REGIME. INDICATOR HAS BEEN PROPOSED (SHOWS

CURRENT MODEL/ CORRELATIONS ARE INADEQUATE)

1

e DETAILED PHASE DISTRIBUTION DATA HAS BEEN TAKEN IN A TRIANGULAR

TEST SECTION (SUPPORTS MODEL DEVELOPMENT FO'R COBRA-TF)

e A NEW 2-D TEST SECTION HAS BEEN CONSTRUCTED IN WHICH TO INVES-

TIGATE THE " CHIMNEY" EFFECT DURING PWR REFLOOD (SUPPORTS 2-D

EXPERIMENT IN JAPAN THROUGH TRAC VERIFICATION)

e DETAILED AP DATA HAS BEEN TAKEN IN A HORIZONTAL TEE TEST SECTION

(SUPPORTS PHASE SEPARATION MODEL FOR COBRA-TF, TRAC AND RELAP-5)
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TABLE IIA

LWR INSTABILITY PHENOMENA
_

SAFETY AND LICENSING RELATED ISSUES

e THERMAL-HYDRAULIC INSTABILITY PHEl10MENA CURRENTLY LIMITS THE

OPERATIONAL (FLOW) CONTROL OF MODERN BWRs

e SUPERIMPOSED INSTABILITIES DURING TRANSIENTS MAY LEAD TO A

PREMATURE BOILING TRANSITION. CURRENT BWR LICEliSING CODES ARE

INCAPABLE OF PREDICTING THIS POTENTIALLY IMPORTANT PHENOMENA

e FINITE AMPLITUDE PERTURBATIONS CAN LEAD TO DIVERGENT OSCILLATIONS

IN THE REGION OF Lli4 EAR STABILITY. NONLINEAR EFFECTS OF THIS TYPE

ARE CURRENTLY NOT CONSIDERED IN THE LICENSING PROCESS

.
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TABLE IIs

SIGNIFICANT RESULTS

e " ISLANDS OF INSTABILITY" HAVE BEEN DISCOVERED IN REGIONS OF

LINEAR STABILITY. THESE ISLANDS EXPLAIN SOME OF THE ANOMALIES

SEEN IN PREVIOUS DATA
.

e THE LEDINEGG INSTABILITY (1.E., FLOW EXCURSIVE) MODE HAS BEEN

SHOWN TO BE THE ZERO FREQUENCY LIMIT OF DENSITY-WAVE OSCILLATIONS.

THE ANALYTICAL TREATFENT OF THESE IMPORTANT INSTABILITY MODES

HAS THUS BEEN UNIFIED

e FINITE AMPLITUDE OSCILLATIONS HAVE STABILITY B0UNDARIES WHICH

MAY BE DIFFERENT FROM THE LINEAR STABILITY BOUNDARIES. SINCE

A SUBCRITICAL BIFURCATION CAN LEAD TO DIVERGENT OSCILLATIONS

IN THE REGION OF LINEAR STABILITY, LINEAR ANALYSIS IS NOT

ALWAYS CONSERVATIVE

e SUPERIMPOSED INSTABILITIES HAVE BEEN PREDICTED DURING A FLOW

C0AST-DOWN EVENT. THIS IS SIGNIFICANT SINCE INSTANTANE0US

FLOW UNDERSH00T MAY LEAD TO A PREMATURE BOILING TRANSITION

- _
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NRC CRITERIA FOR RELIABILITY OF-AUXILIARY-FEEDWATER SYSTEM
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o AT LEAST 2 FULL-CAPACITY lilREPENOFNT FLOW TPAI!!S

THAT INCLUDE DIVERSE POWER S0!IRCES (9, RANCH

| TECHfilCAL POSITiq'l ASB 10-1)
, .

o WITHSTAND SINGLE ACTIVE FAILURE (STANDARD REVIEW

PLAN, SECTION 10.4,9)

c OTHER GENERAL DESIGil CRITERI A A'l9 P.EG GillDES

SPECIFIED IN SECTION 10.4.9 RELATTi!fi TO SURVEILLANCE

TESTING, REDUNDA!!T IFSTRI!ME!!TS, LOSS OF 0FFSITE POWEk,
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RESULTS: ANALYTICAL
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ANALYSIS OF PRESSURIZED WATER REACTOR

STATION BLACK 0UT

C. D. Fletcher
B. F. Saffell

EG&G Idaho, Inc.

Station blackout for a pressurized water reactor (PWR) is defined as a
loss of offsite and onsite AC power. Offsite power may be lost due to
conditions external or internal to the plant. Onsite power may be lost if
the diesel generators fall to start and load. Should a station blackout
occur, turbine-driven auxiliary feedwater is available as a backup means
for removing core decay heat from the primary system. Should the

turbine-driven auxiliary feedwater system fall, however, the core decay
heat is sufficient to raise the primary system pressure to the code safety
valve setpoint beyond which primary system coolant inventory is expelled; a
process which eventually leads to core damage. Analysis of this severe
accident sequence will serve to enhance understanding of a plant's response
to complete station blackout. Information from this study will be used to
support resolution of NRC's Unresolved Safety Issue A-44.

This severe accident sequence was studied for a PWR designed by each

of the major vendors, Westinghouse (W), Combustion Engineering (CE) and
Babcock and Wilcox (B&W). Thermal-hydraulic calculations were performed
using the RELAP4/M007 computer code. The plants were modeled using best
estimate boundary and initial conditions.

The results of the calculations are sumnarized as follows. Upon loss
of offsite power, main feedwater and steam functions are lost. The steam

g:nerator secondary pressures rapidly ,ncrease and secondary coolant
inventory is lost through the safety valves, thereby lowering the secondary
level. Secondary system dryout occurs at 2940 s (W), 2900 s (CE), and
200 s (B&W). Before secondary dryout, primary pressure is stabilized by

CDF-2
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heat removal to the secondaries; following secondary dryout the primary
pressure increases rapidly to the code safety valve setpoint. Nat. ural
circulation loop flow continues approximately 1200 s past secondary dryout
as the secondaries continue to act as heat sinks because the secondary
vapor is being superheated. Eventually enough primary inventory is lost
through the code safety valve to allow uncovery of the core to begin at
5800 s (W), 6200 s (CE), and 2200 s (B&W). Core damage is estimated to
comence approximately 300 s following the beginning of uncovery.

The next phase of study investigated the mitigation of the severe
accident by (a) the starting and loading of at least one diesel generator,
and (b) the delivery of turbine-driven auxiliary feedwater at intermediate
times of the accident. RELAP4/ MOD 7 calculations were performed to

determine the latest times at which these mitigation techniques may be
employed in order to avoid core uncovery. The results indicated core
uncovery may be avoided if a diesel generator is started by 4800 s (W), and
1840 s (B&W). The CE designed plant does not have motor driven auxiliary

I feedwater pumps so that at least one turbine-driven auxiliary feedwater
pump must be started to avoid core uncovery. The latest effective start
times for turbine-driven auxiliary feedwater were determined to be 4200 s
(W), 5200 s (CE), and 1600 s (B&W).

Analysis of a complete station blackout with the loss of
turbine-driven auxiliary feedwater has resulted in the quantificaton of
critical times such as the time for (a) restoration of offsite power,

j (b) availability of turbine-driven auxiliary feedwater, or (c) initiation
of diesel power. The calculated times were found to include a period of
natural circulation effects beyond steam generator dryout. Finally, the

effectiveness of an alternate decay heat removal system to further mitigate
the potential consequences of a complete station blackout is currently
being pursued with results to be reported in the near future.

The results of this effort provide assistance to NRC in the resolution
of the Unresolved Safety Issue A-44 by identifying the actions and the I

critical implementation times required to mitigate the potentially severe
consequences associated with this event.

!
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RESULTS OF S- ATION BLACKOUT WITH
F AILURE OF TURBINE-DRIVEN AUXILIARY

FEEDW A~~ER ANALYSES
BEGIN
CORE

PLANT S.G. DRYOUT (s) UNCOVERY (s)

WESTINGHOUSE 2940 5800

BABCOCK AND WILCOX 200 2200

COMBUSTION ENGINEERING 2900 6200
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RESULTS OF STATION BLACKOUT STUDY
INCLUDING EFFECTS OF MITIGATING ACTION

TURBINE AFW DIESEL GEN'cR ATOR
PLANT DELAYED START (s) DELAYED START (s)

WESTINGHOUSE 4200 4800

| BABCOCK AND WILCOX 1600 1840

1

COMBUSTION ENGINEERING 5200 --
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LOSS-OF-FEEDWATER TRANSIENTS IN PWRs
,

Robert D. Burns III

The TMI-2 accident demonstrated that the nuclear industry must be prepared
for events involving multiple equipment failures [1]. He purpose of the LWR
esvere accident sequence analysis (SASA) research at the Las Alamos Scientific
Laboratory (LASL) is to provide the NRC with a technical basis for judging the'

cdequacy of plant operating procedures for dealing with such events. The LASL
cpproach is to (1) identify potential types of multiple equipment failures at
specific US conumercial nuclear power plants [2], (2) perform computer simulations
of postulated accident initiators including anticipated equipment malfunctions
and operator actions throughout the event, and (3) determine key primary system

,

responses, timing, and significance of events.
Recent SASA work in LASL's Multifault Accident Analysis Section has focused

on loss-of-feedwater (LOW) transients at a 4-loop Westinghouse nuclear power
| reactor [3]. His class of accidents was selected because of NRC concern over

cuxiliary feedwater (AW) system reliability and because of concern over the
capability of plants to " feed and bleed" in total LOW situations.

In all transients studied, the initistor was lose of main feedwater and
reactor coolant pump (RCP) trip, caused by temporary loss of off-site power.
Subsequent automatic actions included reactor scram, closure of the main steam
isolation valves, and initiation of AW flow. TRAC-PD2 calculations were
designed to study the consequences of AW delivery rates below the minimum
specified in the emergency operating procedures (EOPs) for the reference 4-loop
plant.

Six types of LOW scenarios have been studied, including (1) zero AW
evailability (nominal case), (2) initially zero A W but full recovery after 2 h,
(3) zero AFW with steam generator (SG) atmospheric relief valve (ARV)
malfunction, (4) zero AW with high pressure charging flow initiated after 2 h,
end (5) zero AFW with delay in reactor scram. Additional cases were considered
to study the effects of uncertainties in pressurizer heater / spray operation,
operator manual initiation of high pressure charging flow, reactor initial
conditions, and RCP and power coastdown characteristics. Nominal case results,
rationale for selections of other cases, and lessons learned are sununarized below.

(1) Nominal case resulce indicate three phases of the LOW transient with
zero AFW, in which the behavior of the primary system is significantly
different. We first phase (quasi-equilibrium) lasts until the SG inventory
boils dry (approximately 70 min.). Natural circulation permits subcooling of the
cold leg to the saturation conditions in the SG. Restoration of AW delivery to
-ct least one SG before the SGs dry out will result in continuation of the first
phase and ultimately either normal progression to cold shutdown or return to
power.

The second phase (subcogled expansion) begins when heat removal capacity is
lost as the SGs boil dry. To acconunodate primary water expansion in the vessel,
system pressures increase within minutes to the setpoint of the power-operated,

| relief-valves (PORVs), relieving the primary system in subcooled, isobaric
expansion at approximately 80 cfm (0.04 m3/s). He PORVs relieve steam at this
rate for approximately 20 min., then water relief continues at the same rate for
cpproximately another 20 min. Natural circulation continues during this phase,

j System saturation at the start of the third phase (saturated expansion)
drives natural circulation to zero after approximately 10 min. System pressures

|rise to the pressurizer safety valve setpoint to accommodate approximately 600
cfm (0.3 m3/s) two-phase flow out the pressurizer valves. Vapor forms in the
primary system and clad temperatures begin to rise sharply after approximately 45
min of boiling in the primary system.

i

_ _._____ __ _ ____ _ __ _ _ __ _ _ _ -,_ _ _ _ _ _ _ . _ _
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(2) A case involving recovery of ATW availability minutes before natural
circulation was completely lost in the third phase was selected because operators
would likely attempt to restore AFW as soon as possible, and recovery at that
time is a bounding case for AFW recovery at any earlier time. Results showed
that (a) AFW initiation caused rapid primary depressurization and subsequent
reflooding of the primary system by pressurizer water and (b) primary subcooling
and natural circulation were re-established after 20-30 min. Operator initiation
of increased charging flow in response to low pressurizer level (called for in
the EOPs) would result in return to hot shutdown conditions.

(3) A case involving opening of one ARV to its full open position and
subsequent failure to close was added as a complication in the LOFW scenarios
because reactor operating experience shows that ARVs have malfunctioned in the
past and because primary conditions during the first phase of a LOFW transient
depend on secondary saturation conditions. Results showed that primary
temperatures and pressures fall during the 10 min. required to blowdown the
affected SC, but subcooled conditions are maintained even in the absence of
pressurizer heaters. The impact on the duration of the first phase is small.

(4) A case involving operator initiation of full charging flow after primary
system pressure reached the safety setpoint was selected as a bcnnding case for
scenarios with feed and bleed initiation up to that time. Whea charging flow was
initiated, the vapor-fraction in top quarter of the core was approximately 10
percent. After reaching a maximum of 30 percent about 10 min. later, a slow
refill of the core began and completed approximately 2 h later. Results also
showed that the primary system eventually returned to subcooled expansion. The
circumstances of this are not yet fully understood and remain under study.

(5) A case involving delay in reactor scram was selected to determine the
impact of opening the PORVs early in the transient as occurred during the TMI
accident. Results indicated that following RCP trip without immediate reactor
scram (1) PORVs open after approximately 4 s, safeties af ter 8 s, and all valves

begin to close within seconds of scram initiation and (2) steam relief is
accommodated through pressurizer valves up to about 20 s of scram delay, then
water relief begins. Scram delay remains under study to include the effects of
fuel and water temperature reactivity feedback. (For scram delays requiring
pressurizer valve water relief, small breaks in the primary system will probably
be forced to accommodate system saturated expansion.)

|
Work is continuing in the LASL SASA effort to fully document these results

and to investigate other LOFW scenarios. Our continuing activities will focus on
preparedness for multiple equipment failure events.
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GENERIC CATEGORIES OF MFAs |
DEVELOPED EARLY IN LASL SASA EFFORT

ALL AVAILABLE INFORMATION STUDIED
TO IDENTIFY GENERAL, INCLUSIVE CATEGORIES

,

,

SOURCES:

WASH-1400
REACTOR EXPERIENCE (LERs,...)
FSARs

:
ENGINEERING EVALUATIONS OF PLANTS
VITAL AREA STUDY (FAULT TREES)

E - mionine u.a.co.y
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CATEGORIES INCLUDE MULTIPLE|
,

| EOUIPMENT FAILURE SCENARIOS !

|

1. LOSS OF FEEDWATER (LOFW).

2. STATION BLACKOUT (SB).

3. LOSS OF RESIDUAL HEAT
REMOVAL (LORHR).

'

4. SMALL-BREAK LOCA (S-LOCA).

5. INTERFACING-SYSTEM LOCA (IS-LOCA).

6. PRESSURIZER-VALVE LOCA (PV-LOCA).

ESko. - se ine -1 1

- -- - - - -
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| TRAC APPLIED TO SIMULATION OF ZION |

| LOSS OF FEEDWATER SCENARIOS
1

LOFW CASES PRESENTED HERE:

1 NOMINAL SCENARIO ( 0-3h )

2. DELAYED / DEGRADED AFW ( 0-10h )
|

3. STUCK-OPEN ARV ( 0-lh )

4. FEED / BLEED ( 0-4h )

5. ATWS ( 0-lh )
'

...USE ANALYSES TO FIND AND RESOLVE
SPECIFIC SAFETY-RELATED CONCERNS.

amos scionwie usonarm
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NOMINAL SEQUENCE IS TOTAL LOFW
INITI ATED BY LOSS OF OFFSITE POWER

RCP TRIP
RX TRIP (0.6s) WATER

'~ MSIV CLOSES RELIEF " ,
/SYSTEM FW ZERO 90m

PRESSURE
_ _ . _] CLAD HEATUPo

(MPa) is- *~~n BEGINS
SYSTEM 155m

] SATURATION
15 - 112m

SG DRY-OUT 70mu_
NATURAL CIRCULATION

= =- - - -

TlME(h)
... CONSISTENT WITH SEMISCALE

ALAMOS SClDRIFIC LABORAT0ItY

,

- - - - - - - - - - - - - - - - - - - - - - - - . _ -
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ANALYSIS OF STEAM GENERATOR 1

DRY-0UT TIME VERIFIES TRAC RESULT

SG INVENTORY:

160,000 kg * 1.8 MJ/kg = 90 FPS

CORE ENERGY. 0-4200s:

APPROX. 80 FPS (MAINLY DECAY POWER).

FUEL EhERGY.1350K-550K:
,

800K * 500 J/kgK * 200,000 kg = 8 FPS
_

E S L. - - . uneu.- -

I

. .
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ANNALYSIS OF PORV RELIEF BASED ON
CALCULATED SYSTEM EXPANSION RATES

SU3 COOLED EXPANS ON (80-112m)

(.003 m /m K * 50 MW)/(.005 MJ/kgK * 700 kg/ m )
3 3'

3
,

3= 0.04 m /s (5 kg/s STEAM OR 25 kg/s WATER)

SATURATED EXPANSION (112m+)
h,-h = 0.9 MJ/ kg (AT 16.1 MPa)i

3y,-y i = 0.0075 m /kg
:

(0.0075 * 40 MW)/0.9 = 0.33 m /s3

(40 kg/s STEAM OR 200 kg/s WATER)

m. mas scionwie umanann
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PRIMARY NATURAL CIRCULATION CONTINUES AFTER
SG DRYOUT; UP TO PRIMARY SYSTEM SATURATION

"
CELL EDGE

1
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TRAC APPLIED TO SIMULATION OF ZION
LOSS OF FEEDWATER SCENARIOS

LOFW CASES PRESENTED HERE:

1. NOMINAL SCENARIO ( 0-3h )

_2. DELAYED / DEGRADED AFW ( 0-10h )

3. STUCK-OPEN ARV ( 0-1h )

4. FEED / BLEED ( 0-4h )

5. ATWS ( 0-1h )

...USE ANALYSES TO FIND AND RESOLVE
SPECIFIC SAFETY-RELATED CONCERNS.

aumas semmne usonavosnr

-



_ _ _ _ _ _ _ _ _ _ _ _ _ _ . - _ _ _ _ _ _ - _ _ _-__ _ , _ _
,_

|

FOR DELAYED AFW SATURATED PRIMARY SYSTEM EXPERIENCES
RAPID DEPRESSURIZATION TO SECONDARY CONDITIONS

,
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IN DELAYED AFW CASE'(APPROX. 2H ; SYSTEM RECOVERSAFW COME ON MINUTES BEFORE NATURAL
CIRCULATION IS LOST

"
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PRIMARY FLOW RATE SHOWS PRESSURIZER FLOODING
VESSEL AND NATURAL CIRCULATION RECOVERY
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1RAC APPLIED TO SIMULATION OF ZION
LOSS OF FEEDWATER SCENARIOS

LOFW CASES PRESENTED HERE:

: 1. NOMINAL SCENARIO ( 0-3h )

2. DELAYED / DEGRADED AFW ( 0-10h )

3. STUCK-OPEN ARV ( 0-1h )

4. FEED / BLEED ( 0-4h )

5. ATWS' ( 0-1h )

...USE ANALYSES TO FIND AND RESOLVE
SPECIFIC SAFETY-RELATED CONCERNS.
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FURTHER LOFW/ATWS CONSIDERATIONS
FOUND IN ANALYSES

1. AFTER 80s AT FULL POWER, SGs DRY-OUT.

2. PORV/ SAFETY WATER RELIEF STARTS
AFTER ABOUT 20s AT FULL POWER.

3. AT ZION, STEAM RELIEF CAPACITY
ADEQUATE IN ATWS - BUT
WATER RELIEF MAY NOT BE. :

4. REACTIVITY FEEDBACK MUST BE CONSIDERED.

... REQUIRES FURTHER STUDY.

umas scionwic unauran
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LESSONS LEARNED iN BASE CASE:

| TRAC SIMULATIONS OF ZION LOFW
.,.

1. APPROX. 1 h AVAILABLE FOR
INITI ATION OF NORMAL AFW RECOVERY.

1

2. APPROX. 2.5 h NEEDED BEFORE
CLAD HEAT-UP BEGINS.

3. INITI ATION OF AFW BEFORE NATURAL
CIRCULATION LOSS LEADS TO RECOVERY.

'

4. 30 PERCENT OPERATION OF TURBINE AFW
PUMP ADEQUATE FOR RECOVERY.

5. STEAM SIDE DEPRESSURIZATION MAY HAVE
SIGNIFICANT REACTIVITY EFFECT.

6. FEED / BLEED RECOVERY POSSIBLE UP TO
APPROX. 2 h INTO ACCIDENT.

7. SCRAM DELAY CAN CAUSE EARLY PORV/ SAFETY
OPENING, EARLIER SG DRY-OUT.

ALAMOS SCIDITIFIC LA80RATORY
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Severe Core Damage Accident Progression:
Best Estimates and Uncertainties

W. B. Murfin
J. B. Rivard

M. L. Corradini
Sandia National Laboratories

Albuquerque, New Mexico 87185

Tho progression of severe core damage accidents in two specific PWR
plantswasrecentlyjointlystudiedbySandiaNapignglLaboratoriesend Los Alamos National Scientific Laboratories. Particular* *

attsntion was given to threats to containment which might cause
rolcase of radioactive material to the abnosphere in core meltdown
cccidents. Many phenomena are uncertain. Three of particular
importance are the coolability of core debris, ultimate containment
procsure capability, and steam explosion yield.

If core debris is completely and continuously coolable, the accident
progression can be terminated and some threats to containment are
completely eliminated. The ultimate strength of the containment is
parceived to be more precisely calculable than most other quantities;
howsver, the uncertainty in strength (~ +20%) is such that at the
uppsr uncertainty limit the containments would survive in almost
all accident sequences, and at the lower limit failure would be
exp;cgedinmanyaccidentsequences. It has previously been esti-
mated that steam explosion-generated missiles could penetrate
containment with concomitant large releases of radioactive material.
If the damage potential of steam explosions is much lower than
expected, the maximum consequences of specific meltdown accidents
would be lower even though overall risk might not be significantly
reduced.

Ths conclusions drawn in this paper are specific to the two plants
studied and should not be extrapolated to other plants.

Core Debris Coolability

Dcmage severity increases with time in core regions uncovered by
bolloff of liquid. Initially, core damage may consist of balloon-
ing, oxidation, and rupture of cladding,limited formation of the UO -Zr eutectic.gollapse of fuel and

2 This "early" debris
tends to have a fairly coarse geometry after quenching (with the
po:sible exception of spalled ZrO2 chips) which tends to form a
rubble bed by downward collapse of part of the core into the un-
damaged zone. Although the resulting geometry is less permeable
than the undamaged core, reintroduction fw

debriabedexperimentaldata,gng*ggdg{s,g*7*gtgrmayleadtorccovery (as at THI-2). Curr based on available
provide a limited basis for*

acacosing the coolability of early debris.
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Later, as the gxtent and severity of damage increases, molten
U-Zr-O liquid flows downward, alternately freegjng and melting,
tending towards the formation of a coherent pool near the
lower edge of the severely damaged region. Introduction of water can
result in a steam (see below), nonexplosive quenching
and fragmygtation,pgplosionor boiling on the surface of a crust surrounding
the melt. Stable cooling of the several configurations which
can result is possible in some cases, but assessment of coolability

iscurrentlygifficult, primarily because of data deficiencies on
fragmentation and very deep (~1m) bed behavior.

If a stably-cooled configuration is not attained, the core melt
will ultimately penetrate the reactor vessel. Events which may
follow include steam explosion with dispersal of debris particu-
late within and outside the reactor cavity, nonexplosive dispersal

ofdebrisparticulatew{ghinandoutsidethereactorcavityby
rapid steam generation, formation of a static debris bed,7 and
core melt concrete interactions and basemat erosion. Despite the
fact that the effects of these events may be crucial in determining
containment integrity, estimates of the most probable events are
only possible in a few specialized cases.

Ultimate Containment Pressure Capability

Containment construction and materials are so complex that exact
structural models are impossible. Approximations are required
which may compromise the accuracy of ultimate load calculations.

Ultimatestaticintergag'pyessurecapabilitieswerecomputedby
several organizations using different models and different'

criteria for catastrophic failure. The internal failure pressure
for one containment ranged from 110 psig to 126 psig, and from
134 psig to 154 psig for the other. At the highest failure pressure,
the containment would have survived almost all accident sequences;
at the lowest, failure would be expected for many important sequences.
Among the modeling problems and uncertainties are the assumption
of axial symmetry, neglect of the effect of penetrations, neglect
of internal structures and weight loads, approximations in rebar
and tendon modeling, approximations for liner-to-concrete ties,
approximations for the ultimate behavior of concrete, and uncertain
material properties.

Steam Explosion Yields

Based upon small and large scale experiments,14 the conversion
of thermal energy to work lies inggerangeof0to3%. When a
prototypic fuel material, corium-A (metallic and oxidic) was
used, energetic explosions were not observed; the reason for this
difference is believed to be due to partial melt solidification.

Analysis of the experiments indicates that the ratio of fuel to
water coolant masses in the mixture region of the explosion was
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loos than or equal to one; the possibility exists that the low
yield may have been caused by the experimentar conditions.

For the reactors studied,2 a unique value of the explosion energy
could not be specified. The actual explosive yield depends on the
macs of molten fuel and coolant that can mix and the initial condi- '

tions. Fuel melting and fuel / coolant mixing have only been investi-
gated at comparatively small scales (~ 1-2 0 kg ) . These experiments
cuggest that the molten fuel can mix rapidly with the coolant,
although the scaling of the process is unknown.

A current best estimate is that steam explosion yields are lower
than previously assumed, although large uncertainties exist. For
a typical 3000 MW (th) PWR, steam explosion yields are expected to
bo in the range of 300-1500 MJ, with the best estimate tending
toward the lower value. Steam explosions in this range would be
unlikely to cause penetration of containment for the specific
. plants studied.
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APPLICATION TO LICENSING / SAFETY ISSUES

* LIKELY COURSE OF MELTDOWN ACCIDENTS CAN ONLY BE CRUDELY

DELINEATED

, ,

* WASH-1400 MAY BE CONSERVATIVE VIS-A-VIS

STEAM EXPLOSIONS-

CONTAINMENT FAILURE LEVELS-

* DEBRIS C00 LABILITY NEEDS TO BE CAREFULLY ADDRESSED. NEEDED

INFORMATION INCLUDES

DEBRIS PARTICLE SIZES-

DISPERSAL-

BEHAVIOR OF DEEP BEDS-

BEHAVIOR OF STRATIFIED BEDS-

. _ _ _ - _ _ _ _ - - _ _ _ _ __ _-_-__-_- ---__



LICENSING / SAFETY ISSUES ADDRESSED

(CLASS 9 ACCIDENT INVESTIGATIONS)

' * CAN THE MOST PROBABLE PROGRESSION OF A MELTDOWN ACCIDENT

BE DETERMINED?

* IS WASH-ll100 CHARACTERIZATION T00 CONSERVATIVE?

e WHAT NEEDS TO BE KNOWN TO ADEQUATELY CHARACTERIZE THE

PROGRESSION OF MELTDOWN ACCIDENTS?

__ __ _ .



RELATED REPORTS

" SUMMARY OF THE ZION / INDIAN POINT STUDY" - NUREG/CR-1409,>

SAND 80-0617

" REPORT OF THE ZION / INDIAN POINT STUDY, VOL, i~ - NUREG/

CR-1410, SAND 80-0617/1

" REPORT OF THE ZION / INDIAN POINT STUDY, VOL II" - NUREG/

CR-1411, LA-8306-MS

" REVIEW 0F IN-VESSEL MELTDOWN MODELS" - NUREG/CR-1493,

SAND 80-0455

" ASSESSMENT OF CORE PENETRATION OF A PWR REACTOR VESSEL

AND PARTICULATE DEBRIS C00 LABILITY IN TMLB', S2D, AND

ABG ACCIDENTS" - NUREG/CR-1518, SAND 80-0701



_ _

__

|

ZION / INDIAN POINT STUDY
;

|

JOINT SNL/LANSL STUDY*

CORE MELTDOWN ACCIDENTS IN WHICH CONTAINMENT INTEGRITY IS BREACHED
*

I

AB0VEGROUND, WITH PARTICULAR ATTENTION TO POSSIBILITY OF MITIGATION
,

UNDERSTANDING 0F ACCIDENT PROGRESSION IS DOMINATED BY PHEN 0 MEN 0 LOGICAL
*

UNCERTAINTIES

THREE EXAMPLES CHOSEN FOR DISCUSSION:*

- CORE DEBRIS C00 LABILITY

- STEAM EXPLOSION YIELD

- CONTAINMENT FAILURE PRESSURE

l



_ _ _ _ __ . _ _

IMPORTANCE OF EXAMPLES

* CORE DEBRIS C00 LABILITY

- IF CORE DEBRIS IS CONTINU0USLY AND PERMANENTLY C00LABLE, ACCIDENT PROGRESSION

CAN BE TERMINATED.

- SOME THREATS TO CONTAINMENT CAN BE AVERTED,

- C00 LABILITY IS AN IMPORTANT QUESTION IN- AND EX-VESSEL.

* CONTAINMENT PRESSURE CAPABILITY

- CONTAINMENT ULTIMATE PRESSURE CAPABILITY IS PROBABLY CALCULABLE TO CLOSER

LIMITS OF ACCURACY THAN MOST OTHER PHENOMENA ( 10-20%).

- HOWEVER, AT UPPER LIMIT OF CALCULATED STRENGTH, CONTAINMENT WILL SURVIVE IN MOST

ACCIDENT SEQUENCES, AT LEAST WITH ADDED MITIGATING SYSTEMS, AT LOWER LIMIT,

CONTAINMENT FAILS FOR MANY IMPORTANT SEQUENCES, EVEN WITH MITIGATING SYSTEMS,

* STEAM EXPLOSION YIFID

- PENETRATION OF CONTAINMENT BY STEAM EXPLOSION GENERATED MISSILES WOULD BE A

MAJOR CONTRIBUTOR TO THE MAXIMUM CONSEQUENCES (ALTHOUGH NOT TO OVERALL RISK),

- PRESENT DATA BASE MUCH BETTER THAN AT TIME OF WASH-1400.
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BE M IS C00UWILITY IN WATER

KPDERS W

e PARTICLE SIZE

e PACKING

e OED THICKNESS

* ECAY POWER!

' - F. P. LOSS

- SMEA RAY LOSS

- DILUTION BY NON-FUEL SPECIES

* FLOW REGIE

- Pt#1 PED FLOW

- EAT. CONVECTION W/
1

A. THROUGH-FLW

B. "U" FLOW

C. GAS-ADDED FLOW

- SUBC00 LED OR SATURATED

_--_ _ _ _ _ _ - _
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CORE DEBNIS C00LABillIY

BE8KIS

e FRACTURED / SPALLED Za/Zn02

eFRACTURED PELLETS

eFRAGMENTED (REFR0 ZEN) FUEL / STEEL

PHENOMENA

eHEAT TRAaSP0tT FMOM BEBRIS BY

l- a 2-PHASE CouvEtil0N OF COULANT

WITHIN DEBRIS

eFORCED OR NATudAL CIRCULATION

OF COOLANT THROUGH VLSSEL

TO HEAT SINK

LIMITS

e9tYOUT--C0eTitt00S, LOCAL SILAN BLANKETING OF

A BERRIS ZONE DUE TO L10d!D STARVATION

CONSEQUEEEES

e REMELT OF FUEL BY DECAY NEAT, I

CONTINUA 110N OF MELTDOWN |

:

i

|

|
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|

LWR DEBRIS TYPES i

|
|

* EARLY DEBRIS

FRETUREb RIT UIELTED FUEL & CLAD

SETTLIE?

e LATE DEBRIS (.Iti-VESSEL)

:NELTED AND REBR0 ZEN |BUEL, GAD felD SIEEl.

PRESSURE INFLUENCE ON STEAM EXPLOSION

GOARSE (?) PARTICULATE IF N0 STEAH EXPLOS10tl,

LITiTLE DISPERSION

FIEE PARTICULATE w/ STEAM EXPLOSION,

LARGE DISPERSION

LNIREACTED Zr (?)

e EX-VESSEL DEBRIS

HIGH Fe FRACTION (CORIUM)

OXIDATI'ON STATE INFLUENCE ON STEAM EXPLOSION

DISPERSION P0TENTIAL w/ STEAM EXPLOSION

MELT /CONCRETiE INTERACTil0N

(GAS-ADDED FLOW)
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WCERTA1:ITIES FULLOWlE
ellidTWGCUCTI0tt 0F WATEM leTO

SMiA6EB CNE

LATE (TMLTEE) ESRIS

$ TYPE Aka EXTEWT GF ELT
- SIZE, EsTNALPY AbovE ELT

- EEEE GF CouEEEY

$ LEAT10N OF ELT
- SL8CKAGES (uATER ECESS)

- E l.At PEaETAATIUU

$ EFFECTS 9F MATER ENTRY

- STEMt EXPLUS40W, BAftAGE

- ELT GUEEH, FEAGNENTATION

- SiSPERSAL GF EMis

$ EMIS ED
- F9NRATim (STRAttFIES?)

- CSOLIM

- EELT
,

I

|

|

|

:

{
,

f

|
. . - - - - _ .-- _ - - ___ __ _ _ _ _ _ _ _ _ _ _ _ _
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CONTAINMENT ULTIMATE PRESSURE CAPABILITY

* MOST THREATS (INCLUDING H2 BURN) CAN BE REPRESENTED BY STATIC OR NEARLY-

STATIC PRESSURE.

* COMPLEXITY REQUIRES SIMPLIFYING ASSUMPTIONS AND MODELING.

- AXIAL SYMMETRY

PENETRATIONS-

INTERNAL STRUCTURES / EQUIPMENT-

- REBAR OR TENDON MODELING

LINER-TO-CONCRETE TIES-

ULTIMATE BEHAVIOR OF CONCRETE-

- MATERIAL PROPERTIES

FAILURE CRITERIA-

* EFFECT OF INDIVIDUAL ASSUMPTIONS IS PROBABLY SMALL BUT NOT NECESSARILY S0 IN
.

AGGREGATE.

-___ _ ---- A
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METHOD OF CALCULATION

FINITE DIFFERENCE MODEL

NON-LINEAR

AXISYMMETRIC

LUMPED REBAR

SLOWLY APPLIED LOAD

RAMP

SMALL STEPS

FAILURE CRITERIA

GENERAL STATE OF YIELD

UNBOUNDED DISPLACEENT

LINER YIELD WITH CONCRETE CRACKING

TENDON YIELD

MATERIAL PROPERTIES

GUARANTEED MINIMIM

ACTUAL TESTS



,

RESULTS OF CALCULATIONS !

f

* 4 ORGANIZATIONS

* DIFFERENT MODELS, DIFFERENT FAILURE CRITERIA

* TWO LARGE DRY CONTAINMENTS, ONE REINFORCED CONCRETE, ONE POST-

TENSIONED

ULTIMATE FAILURE PRESSURES:

R.C. 110-126 PSIG

P.T. 134-154 PSIG

FAILURE ASSURED AT LOWER LIMIT FOR MANY SEQUENCES, EVEN WITH VENTING

* SURVIVAL ASSURED AT UPPER LIMIT FOR MOST SEQUENCES, ESPECIALLY WITH

VENTING

_ _ - _ - _ - _
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STEAM EXPLOSION YIELDS

* BASED ON -

SMALL (1-20 Ks) EXPERIMENTS

CODE CALCULATIONS

* THERMAL-TO-MECHANICAL CONVERSION EFFICIENCY < 3 PERCENT

* POSSIBLY MUCH LOWER FOR CORE MATERIALS

* UNIQUE VALUE CANNOT BE SPECIFIED

+ UNCERTAINTIES

FUEL / COOLANT MIXED-

INITIAL CONDITIONS-

CONVERSION EFFICIENCY-

SCALING-

. EFFECTS EVALUATED BY NON-LINEAR FINITE ELEMENT ANALYSIS OF

PRESSURE VESSEL

_ _ _ _



. _ .. .

STEAM EXPLOSION - RESULTS

* BEST ESTIMATE OF YIELD (IN-VESSEL)

300-1500 MJ-

l
MORE LIKELY AT LOWER END-

* BEST ESTIMATE OF EFFECTS (IN-VESSEL)

NO LARGE MISSILES-
,

|

SMALL MISSILES WILL NOT PENETRATE-

MISSILE SHIELD AND CONTAINMENT

CONTAINMENT PENETRATION UNLIKELY-

|

* NO THREAT TO CONTAINMENT EX-VESSEL
|

* RESULTS ARE PLANT SPECIFIC, CANNOT BE EXTRAPOLATED.

!



_ ___ _ . _. . _ _ . - . -- _ _ .- _ - ..

!

) CONCLUSIONS
:

1

CORE DEBRIS C00 LABILITY CAN NEITHER BE ASSURED NOR RULED OUT."BEST ESTIMATES"
*

ARE HIGHLY SUBJECTIVE AND SUBJECT TO EXTENSIVE DEBATE.

EXPERIENTS NOW UNDERWAY MAY IMPROVE ESTIMATES.
! -

,

p ,

CONT,AINMENTFAILUREGALCULATIONSAREPROBABLYMOREACCURATETHANCALCULATIONSOF
' -

,

|,. PRESSURE' BUILDUP. HOWEVER, BETTER KNOWLEDGE.0F PRESSURE WOULD PROBABLY NOT REMOVE
s

; ALL UNCERTAINTY.' .

! -
.

'

S
STEAM EXPLOSION YlELDS HAVE A WIDE RANGE OF UNCERTAINTY.HOWEVER, FOR THE SPECIFIC

PLANTS INVESTIGATED, EVEN THE UPPER BOUND IS UNLIKELY TO CAUSE CONTAINMENT PENETRA-
' s

, s

TION. -

'

; THESE RESULTS ARE PLANT-SPECIFIC AND SHOULD NOT BE EXTRAPOLATED TO OTHER PLANTS

WITHOUT CAREFUL ANALYSIS. "[ :--

. . y
g ,

' ' - ''

,
,

,
,

_
, _. _ _ . _ _ _ . - - -
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RNL
SEVERE ACCIDENT SEQUENCE

~

ASSESSMENT FOR BWRs

i
-

/

M.H.FONTANA-

,

OAK RIDGE NATIONAL LABORATORY
-

:

EIGHTH NRC WATER REACTOR SAFETY RESEARCH. -

INFORMATION MEETING,-
*

,

.

, < < NATIONAL BUREAU OF STANDARDS
.

i' OCTOBER 28,1980''

| -
,

.

/

:- :

. ,
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nNt
SEVERE ACCIDENT SEOUENCE ASSESSMENT

(SASA) PROGR AM

OVERALL GOAL / KEY OBJECTIVES

SIGNIFICANTLY INCREASE THE ACTUAL AND PERCElVED

SAFETY OF LWRs BY:

|
~ e IDENTIFYING DOMINATING HEACTOR ACCIDENTS THAT

| COULD INVOLVE SEVERE CORE DAMAGE AND/OR THREAT

I. TO FISSION PRODUCT ISOLATION FROM THE ENVIRONMENT;

e DETERMINING, USING BEST ANALYSES, THE BEHAVIOR OF

REACTORS DURING THE COURSE OF THESE ACCIDENTS;

e IDENTIFYING, ASSESSING THE EFFECTS OF, AND RECOM-

MENDING CORRECTIVE ACTION;

e ESTABLISHING FEASIBILITY AND CRITERIA FOR FUNDA-

MENTAL IMPROVEMENTS IN PLANT DESIGN AND OPERATION:

AND

e MAKING INFORMATION AVAILABLE FOR IMPLEMENTATION

BY INTER ACTING WITH NRC, UTILITIES, AND VENDORS

@"''SASA PROGRAM RESULTS SHOULD
BE USEFUL TO

|
|

| e NRC-RSR

e NRC-REG

e UTILITIES

e VENDORS

,



__ - _ - _ _ _ _ _ ___ _ _____ _. . _ . _ . _ . _ _ . . _ . _ ___ _

i

i

!

I
i

onet
SASA PROGRAM RESULTS SHOULD BE
USEFUL TO

.

i * NRC-RSR:

- FOR DEVELOPING THE INFORMATION BASE

| FOR UNDERSTANDING SEVERE ACCIDENTS

- FOR GUIDING FUTURE RahD

- FOR GUIDING ADVANCED DESIGNS

e NRC-REG:

- FOR RULEMAKING

- FOR GUIDING NRC EMERGENCY RESPONSE

CENTERS, UTILITIES, AND GOVERNMENTS

i IN EVALUATING OPTIONS FOR MANAGING

SEVERE ACCIDENTS

i

.I

l

|
|

|

|

|
|

I

_ . _ _ _ _ _ _ . . _ __ _ _ _ _ _ _ _ . - . _ _ .___
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1

i

@* AND --

'

SASA PROGRAM RESULTS SHOULD
BE USEFUL TO

i

|

e UTILITIES:

- FOR DEVELOPING EMERGENCY PROCEDURES

FOR SEVERE ACCIDENTS

l

; - FOR SPECIFYING MORE ACCIDENT-RESISTANT

PLANTS

- FOR TRAINING OPERATORS

i

e VENDOR $:

- FOR GUIDING PLANT BACKFITS

- FOR GUIDING ADVANCED DESIGNS

|

__ . _ . _ _ _ _ _ _ _ _ _ _ _ _ _ ._ _.
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t

I

@* SASA PROGRAM SPECIFIC OBJECTIVES - 1

e IDENTIFY AND ASSESS ACCIDENT INITIATORS WITH
! RESPECT TO THElR PROBABILITY OF OCCURRENCE

AND THElR POTENTIAL FOR CAUSING SIGNIFICANT

DAMAGE, AND IDENTIFY KEY SEQUENCES FOR IN-
'

DEPTH ANALYSIS

@"SASA PROGRAM SPECIFIC OBJECTIVES - 2

* ANALYZE SEQUENCES WITH RESPECT TO

- PHENOMENA (INCLUDING DRIVING FORCES AND
FISSION PRODUCT BEHAVIOR),

- TIMING OF KEY EVENTS,

- PLANT DYNAMIC RESPONSE,

- SYSTEMS INTERACTIONS,1

- EQUIPMENT PERFORMANCE, AND

- OPERATOR PERFORMANCE

i



_ - - _ _ - - . . -- . . . . _ _ _

oa%L
SASA PROGRAM SPECIFIC OBJECTIVES - 3

o IDENTIFY CORRECTIVE ACTION KEYED TO TIME

WINDOWS ESTABLISHED BY SEQUENCE ANALYSIS,

IDENTIFY REQUIREMENTS FOR IMPLEMENTATION,

AND ASSESS SIDE EFFECTS; SUCH ACTION WOULD

| INCLUDE

- EQUIPMENT REPAIR,

- OPERATOR ACTION,4

- OFFSITE SPECIAL PURPOSE EQUIPMENT,

- EVACUATION,

@"''SASA PROGRAM SPECIFIC OBJECTIVES - 4

e IDENTIFY SAFE STABLE STATES AND HOW THEY

MAY BE ATTAINED

i

|

@"'' SASA PROGRAM OBJECTIVE - 5'

o IDENTIFY INHERENT FISSION PRODUCT

RETENTION PHENOMENA

l

. . _ _ _ _ _ _ _ , _ _ . _ _ . _ , __ _ __ . . _ . . _ . _ _ -
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""' SASA PROGRAM SPECIFIC OBJECTIVES - 6

* ESTABLISH FEASIBILITY AND CRITERIA FOR

IMPROVEMENTS IN

- PLANT DESIGN

- INSTRUMENTATION

- INFORMATION DISPLAYS / OPERATOR

PERFORMANCE

- EMERGENCY PLANNING

on=t
SASA PROGRAM SPECIFIC OBJECTIVES - 7

* IDENTIFY R&D NEEDS

@"''SASA PROGRAM SPECIFIC OBJECTIVES - 8

* INTERACT WITH NRC, UTILITIES, AND

VENDORS

,

. _
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@""'' AS AN INITIAL ATTEMPT AT SEVERE ACCIDENT
SEQUENCE ASSESSMENT, ORNL HAS STARTED

TO ANALYZE THE BROWNS FERRY-UNIT 1

BOILING WATER REACTOR

THE FIRST SEQUENCE ASSESSED IS LOSS OF

OFFSITE AND ONSITE AC POWER (STATION

BLACKOUT)

aNL
USES FOR BROWN'S FERRY SASA STUDY

e EVALUATE CONSEQUENCES FOR BLACKOUT

e IMPROVE OPERATING PROCEDURES, OPERATOR

TRAINING, LICENSING

e DETERMINE INSTRUMENTATION AND CONTROL

REQUIREMENTS

e DETERMINE DC AND AC RELIABILITY REQUIRE-

MENTS

e DEVELOP IMPROVED PLANS FOR MITIGATIVE

ACTIONS - ONSITE EMERGENCY PLANS

e DEVELOP IMPROVED OFFSITE EMERGENCY

PLANS

l

._ -

1
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OJT.O.
* IN ORDER TO ASSIST US IN

e TRACKING ACCIDENT PROGRESSION IN TIME

e IDENTIFYING IMPORTANT EVENTS

e IDENTIFYING IMPORTANT PHENOMENA

e MAINTAINING AWARENESS OF CONCURRENT

EVENTS

e IDENTIFYING POTENTIAL CORRECTIVE ACTION

ORNL HAS DEVISED A SEQUENCE PROGRESSION

" TIME-LINE" CHART

N
HNL

BWR FLOW SCHEMATIC

STEAM

REACTOR 3
-

VESSEL d W \{|Tl [T'|| O EXTRACTib5
'

CONDENSER-

h / SEPAR ATORS LINES
CONDENSATEL'AND DRYERS j j g

' d-

WATER PUMPCORE.
'

'f #
.

'A %

}[t|1
t t HEATER DRAINSn= m

k HEATERS i a
.. W 7 reed euMeS DEMINERALIZER

3 ;- yeEc,eceLA1,oN ,oM S
_

WATER '
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UNION
CARSI DE

""'BWR CORE COOLING SYSTEM

. , - -

j'7- x ,

g$. .s, MAIN STEAM FLOW'
.

" '

STEAM DRYERS s -/--/--/t, TO TURBINE
~ / / / : .>

STEAM /_ _ /_. /_ _

SEPARATORS %4
1

"

MAIN FEED FLOW

W-
FROM TURBINE-

* -@DRIVING FLOW + 7,74:p,

1r
CORE ~ JET PUMP, - ~

_t } -

RECIRCULATION FLOW. ..

PUMP
J CONTROL

a f VALVE

____...

!
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Q
CARSIDE

v" BWR FUEL ASSEMBLY

, HANDLE

'? AN b ssN -6
' ^

,N /,
f,- f''

UPPER,

TIE PLATE g,y sg

s' P y

( J, FUEL E I
' CLADDING ' 2 R' EXPANSIONs -

\ SPRINGI

I ,'

FUEL ROD
INTERIM - ' PLENUM SPRINGWSPACER '| \Q
FUEL jg 3

CHANNEL- /ra e
/ 3 : I ;

LOWER TIE s. f ,. ' ' FUEL PELLET

PLATE \b >c
- i ' FUEL ROD

'

+
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C AR BIDE l

v"BWR CONTROL ROD

|

-HANDLEr

" yn
bQ *

.
.

, ,
,

1 o,
i \ 9p

|, 9

9,
1 NEUTRON ABSORBERp

'"'^'"\M f[ RODS
i, g

,e ,

#
t

BLADE *
% g

I e ,
I e ,

i * g

C$! s
COUPLING

I
~'

g RELEASE HANDLE-

g >

-

f VELOCITY LIMITER,

[i '.|

.

1 i

s

COUPLING SOCKET- b

I
i

--_ . _ _ _ _ _ _ _ _ _ _ _ _



RNL
BWR PRIMARY VESSEL INTERNALS

'

REACTOR .(
VESSEL HE AD ._ '~~

p

DRYER ASSEMBLY
_ AY NOZZLE

f.& s . N., .LIFTING LUGS ~.
# ' S* ' NSTEAM DRYER ' -

N '' N.] STEAM DRYER ANDASSEMBLY s _
'

,
. t , SHROUD HEAD

STEAM '

'
' - ALIGNMENT AND

OUTLET NOZZLE' GUIDE BARS

SHROUD HEAD ""$ v m .
STEAM SEPARATOR AND

LIFTING LUGS %._. ] [ STANDPIPE ASSEMBLY

V'FEEDWATER SPARGER~ i

TOP FUEL GUIDESHROUD HEADx "t M f
| TEMPORARY CONTROL*

S P I. EADER |
. (j CURTAIN

SHROUD HEAD
HOLD DOWN BOLTS' - FUEL ASSEMBLY,g

CONTROL RODCORE SPRAY SPARGER ~~~~ [Z { f,

' XIN CORE FLUX - F INL IN
MONITOR ASSEMBLY ' t FUEL BUNDLE

'

2
REC RCULATING WATER,p' . ' ORE PL E ASSEMBLY

'

VELOCITY LIMITER
JET PUMP ASSEMBLY

'y
K N RECIRCULATING WATER

OURET NOME
DIFFUSER SEAL RING h ,

-

.N CONTROL ROD GUIDE TUBEAND SHROUD SUPPORT'
'

PLATE r I.,

' '

CONTROL ROD J
~

-

(DRIVE HOUSING
"" ~ i I

|

| ,,

8

i

I

1

I

|
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C
CAR 8tDE

""BWR PRIMARY VESSEL AND COOLING
SYSTEM

/

b &g'

< 3

t

JET PUMPS-
RECIRCULATION

~

G
INLET f

._

I

-

-RECIRCULATION-

{ OUTLET
MANIFOLD

k\h'

~p
'N REClRCULATIONgj N PUMP

L
SHUTOFF AND FLOW pCONTROL VALVES ./

SHUTOFF VALVE
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RNL

BWR CONTAINMENT SYSTEM (BROWN'S FERRY)

REMOVABLE HEAD

REACTOR PRESSURE VESSEL 'ggl
STEAM LINESf

SHIELD ~ .< ,

-DRYWELL
I

SAFETY AND
SAFETY / RELIEF VALVES .

"
. 1|

VACUUM
~

BREAKERS h I
_ :s

rs ahSUPPRESSION T 'f'
CHAMBER /

" '
UPPRESSION- - 1 ' i i '-

,

/ N / x .

.
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UNION
C A M SIDI

*BWR REACTOR BUILDING SHOWING PRIMARY
CONTAINMENT SYSTEM ENCLOSED

_ .
-

_
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i,.

g%|11p
&

.

/
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,,

b''SECON IRY CONTAINMENT8 PlPE ) i '
t

w M
.h ,,f 5 / i ,' /

''' '

h
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;.
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' " '''I D *n s

.';m - + /
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-

"' "

^' -ff
\ DOWNCOMER $ , 5.>) ' '[ PIPES (80)

'

,p,
, , j j{'"' '__

|/
(

1
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ÛNION
CARBIDE

v" BASIC SEQUENCE PROGRESSION ELEMENTS .

TIME

h OPERATES

(AS DESIGNED)
FROM PRIOR / EOUIPMENT OPERABILITY
EVENT S INDICATOR

FAULT TREE f DOES NOT OPERATE POINT OF NO RETURNFOR EQUIPMENT fMALFUNCTION
UNCERTAINTY RANGE(MUST INCLUDE 1,

PHENOMENOLOGICAL g g
INTERACTIONS) 0%i i

S NS
ND C OR fDAMAGE FUNCTIONp

CORRECTIVE ACTION Q}00%INDICATOR

PATH TO NEXT EVENT
(WITH IRREVERSIBLE
DAMAGE)

i i PATH TO NEXT EVENT
(WITHOUT IRREVERSIBLE

RECOGNITION- DATAAGE)
TIME

OPERATOR ACTION TIME-

EQUIPMENT RESPONSE-
TIME

SYSTEM RESPONSE TIME-

,es
/

/ \ |

/ \ |

/[ \
INVERT FAULT TREE

|
(ACTIONS REQUIRED FOR |
CORRECTIVE ACTION \ |

TO OCCUR) kh b '

w _ _ _ _)

:

|

l



@"PHENOMENOLOGICAL EFFECTS WHICH ARE
TIME-INDEPENDENT OR INSTANTANEOUS
ARE SHOWN AS FOLLOWS USING STEAM
EXPLOSION AS AN EXAMPLE

TIME
=

A

VESSEL DOES NOT

PR SSURE PULSE PRESSURE PULSE FROM
, STEAM EXPLOSION

__

VESSEL FAILS DUE \
TO PRESSURE PULSE _\_

PRESSURE PULSE

VESSEL DOES NOT LIQUID SLUG ENERGY
ON UPPER HEADFall DUE TO LIQUID

SLUG
_____

VESSEL FAILS DUE 9
--

TO LIQUID SLUG
_

_

TO PATH WITH
FAILED VESSEL

TO PATH WITHOUT
FAILED VESSEL

_ ._ ._ _
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ADVANCED INSTRUMENTATION OVERVIEW

OCTOBER 28, 1980

AFTERN0ON SESSION - GREEN AUDITORIUM

PRESENTED BY:

YIH-YUN HSU

U.S. NUCLEAR REGULATORY COMISSION

U.S. NUCLEAR REGULATORY COMMISSION

EIGHTH WATER REACTOR SAFETY RESEARCH
INFORMATION MEETING

GAITHERSBURG, MARYLAND
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The U.S. Nuclear Regulatory Commission (NRC) sponsored instrumentation
research can be divided into two categories: (1) Advanced two-phase
flow instrumentation for loss of coolant accident (LOCA) research, and
(2) Power plant instrumentation for improved power plant operational
safety.

I. Advanced Two-Phase Flow Instrumentation

These advanced two-phase flow instruments are used in test facilities
investigating the thermal hydraulic behavior of light water reactors
(LWR) during the LOCA. The measured data are then used to assess reactor
safety analysis models. These experiments usually call for accurate
measurements under severe steam-water conditions. Since most of the
commercially available instruments cannot meet the requirements, the NRC
and its contractors have been developing many advanced measurement
devices and techniques over the past 4-5 years. A large number have
been successfully developed and used in the test facilities.

The primary parameters of interest in two-phase flow studies are:
density, water / steam phase velocities, mass flow, film flow and visual
observations. Some of the instruments and techniques developed for
these measurements are: the pulsed neutron activation (PNA) technique,
instrumented spool piece, improved ganina densitometers, impedance probe,
drag bodies, visual observation probes, optics (such as laser droppler
anemometry and holography), and signal analysis and models. As a result
of this research, the uncertainty of the measurements has been reduced
by a factor of 5-10 in the past five years.

II. Instrumentation for Improved Power Plant Operation Safety

Power plant instrumentation was identified to be crucial for operational
safety by the Three Mile Island-2 (TMI) accident investigations. Shortly
after TMI-2, the NRC Office of Nuclear Regulatory Research began research
efforts on power plant instrumentation. The objectives are: to assess
the capability of vendor proposed devices, develop prototypes for the
industry to improve reactor safety, and to transfer our LOCA advanced
instrumentation technology to the industry. These objectives can be
achieved by utilizing our unique LOCA study experience and test facilities.

The on-going program emphases LWR in-vessel liquid level detection to
monitor inadequate core cooling. The prototypes under development and
evaluation are heated thermocouples and torsional ultrasonic probes.
The vendor supplied devices under evaluation are a dp system developed
by the Westinghouse Electric Corporation and heated thermocouples
developed by Combustion Engineering, Incorporated. All of the devices
will be tested and evaluated under normal LWR operation conditions and
simulated LOCA conditions in our LOCA experimental facilities.

._ -
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IN THIS INSTRUMENTATION SESSION, WE HAVE THREE BLOCKS
OF PROGRAMS.

l. ADVANCED INSTRUMENTATION PROGRAMS DIRECTLY SPONSORED
BY THE ' SEPARATE EFFECTS RESEARCH BRANCH.

2. INSTRUMENTATION DEVELOPMENT PROGRAM TO SUPPORT THE,

2Dl3D TEST PROGRAM.

3. ADVANCED INSTRUMENTATION PROGRAM TO SUPPORT MAJOR
NRC TEST PROGRAMS AT INEL

_ _ _ _ - _ - _ _ _ _ _ . _ __ ___
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POWER PLANT INSTRUMENTATION

DEVELOPMENT OF VARIOUS FORMS OF HEATED THERMAL COUPES.

FOR LIQUID (OR FROTH) LEVEL MONITORING

DEVELOPMENT OF ULTRASONIC RIBBON FOR IN-CORE DENSITY.

PROFIE MEASUREMENT

DEVELOPMENT OF HEATED THERMAL COUPLES FOR SLOW Fl0W.

MEASUREMENTS

TESTING OF VARIOUS LIQUID LEVEL MONITORING DEVICES |N.

NRC THERMAL HYDRAULIC FACILITIES AT ORNL AND INEL

il

i

~ - - - - - __ _-_ -
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THE OBJECTIVES OF TH.ESE INSTRUMENTATION RID PROGRAMS ARE: |

|

1. TO REDUCE THE UNCERTAINTIES OF DATA OBTAINED FROM
CONFIRMATORY RESEARCH TESTS FOR BETTER CONFIDENCE
IN CODE DEVELOPMENT AND CODE ASSESSMENT:

,

2. A BETTER UNDERSTANDING 0F PHYSICAL PHENOMENA
RELATING TO SAFETY ISSUES: AND

3. TO IMPROVE 1HE POWER PLANT CORE-COOLING MONITORING
CAPABILITY THROUGH DEVELOPMENT OF SENSORS TO PROVIDE
DIRECT !NDICATION OF CORE INVENTORY.

-_
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|

| MEASURED PARAMETERS & NRC DEVELOPED INSTRUMENTS
: .

VOID FLOW
'

FRACTION VELOCITY RATE TEMPERATURE OTHER

PULSED NEUTRON ACTIVATION X 2 PHASE CAllBRATION:

(ANL)

! DENSIT0 METERS (INEL) X
|

TURBINEMETER (INEL) X

DRAG BODIES X

(INEL & ORNL)

l ADVANCED SPOOL PIECE ~X X X
(INEL & ORNL) :

FILM PROBE (ORNL) FILM VEL. Film THICKNESS

STAGNATION PROBE (INEL) 2 PHASE X

SIGNAL ANALYSIS X X

(0RNL & INEL)

|

|
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MEASURED PARAMETERS & NRC DEVELOPED INSTRUMENTS (CONTINUED)

VOID FLOW
FRACTION VELOCITY RATE TEMPERATURE OTHER

DIGITAL INTERFEROMETER MAPPING
(RPI)

LASER DOPPER DROPLET VEL. DROP SIZE
( SUNY-SB )

LASER HOLOGRAM DROPET CONDENSATION RFE
(NWU) ' '

SUPERHEAT TEMPERATURE ATSUP
(EHIGH )

OPTICAL TRANSDUCER FLOW PATTERN
(INEL)

. ROD ENS ENEL & LASL)
'

FLOW PATTERN

-
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RESEARCH 1NSTRUMENTAT105'
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SPOOL PIECES WITH MULTI-SAMPLING CAPABILITY AND MORE''

; .

|., SENSITIVE COMPONENTS ~
. - :.

LOW ENERGY GAfviMA' DENSITOMETRY FOR HIGH VOID REGION.

(GAMMA >. 0. 9)

IMPROVEMENT OF ALGORITHMIC FOR VARIOUS MEASUREMENT.

COMBINATIONS, INCLUDING SPOOL PIECES, BASED UPON

TWO-PHASE FLOW MODELING PRINCIPLES

IN-CORE MEASUREMENTS OF VOID, FLOW AND FILM FLOW THROUGH
.

VARIOUS IMPEDANCE PROBES

SPATIAL DISTRIBUTION OF DENSITY USING LIQUID LEVEL DETECTORS.

AND FLUID DISTRIBUTION GRIDS
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RESEARCH INSTRUMENTATION (CONTINUED)
,

:

IN-VESSEL VISUAL PROBES.

CORE UPPER PLENUM FLOW MEASUREMENTS.

OPTICAL METHODS SUCH AS LASSER-DOPPLER ANEMOMETRY.

AND HOLOGRAPHY
|
'

PNA TECHNIQUE FOR FLOW CAllBRATION AND LOW FLOW.

MEASUREMENTS

NEW TECHNIQUES USING NON-INTRUSIVE MEASUREMENTS,
.

SUCH AS GAMMA-SCAlTERING AND TOMOGRAPHY, ETC.

_
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AS A RESULT OF THE ABOVE IMPROVEMENTS, UNCERTAINTY

OF MEASUREMENTS HAVE BEEN REDUCED BY A FACTOR OF L

5 -10 IN THE PAST FIVE YEARS.

!
-

,
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PULSED NEUTRON ACTIVATION TECHNIQUES

IN WATER REACTOR SAFETY.RESEARCH

Paul Kehler
Components Technology Division

Argonne' National Laboratory
9700 South Cass Avenue
Argonne, Illinois 60439

Introduction

The pulsed Neutron Activation (PNA) technique is a radioactive tracer

technique in which the radioactive tracers are produced by irradiating water,

>

by a short burst of fast neutrons. The neutrons interact with the oxygen

of the water and produce a radioactive isotope of nitrogen through the

16 (m,p)N16reaction 0 , which decays with a half life of 7.2 sec. under emission

'of a 6.2 MeV gamma ray.

The high energies of both the neutrons and the gamma rays involved in

the.PNA process described above makes this technique very suitable for non-

intrusive tagging and detection of water in thick-walled pipes and vessels.
6The short half life of the N also is desirable from health physics con-

siderations. Thus, the reason why PNA techniques were not more widely used

in the past, was the non-availability of small, portable pulsed neutron

sources of sufficient output.

Portable pulsed' neutron sources available commercially have an output of
i

0not more than 10 npp (neutrons per pulse). At the Argonne National Labora-

tory (ANL), we have performed our first reactor safety related PNA tests

with classified neutron sources develo, ped by the Sandia Laboratories

|
|

i
'

i



_ _ _ _ _ _ _ _ _ _ _ . _ .

(Albuquerque, NM) for programs not related to reactor safety research.

These sources have an output of about 2 x 109 npp. Over the past two

years, the U.S. Nuclear Regulatory Commission has sponsored the development

of a pulsed neutron source suitable for PNA work in the reactor safety re-

search field. Program managers of this project are Y. Y. Hsu and A. L. Hon

from the RSR Division of the USNRC. A separate paper is presented at this
.

meeting by Cary Rochau (Sandia Laboratories) on the characteristics of this

source.

From the work conducted at the ANL during the past few years, it was

concluded that PNA techniques can be usefully applied to three areas of

reactor safety research which are listed in Fig. 1. Results of the work

performed at the ANL in these three areas during the last year, as well as

the effort planned for the next year, are summarized in Fig. 2 and presented

in the following:

Calibration of Two-Phase Flow Instruments

In PNA measurements, the activity introduced into the fluid by neutron

activation is recorded by a detector located downstream of the neutron

source. The detector is hooked up to a multichannel analyser operated as

a multiscaler, which stores in separate time channels the number of counts,

C, that are registered by the detector during a time interval at at the

time T after the neutron burst. The C versus T distribution is then evalu-

ated both in terms of transit time and total injected activity (as shown

in Fig. 3). for measurement of the mass flow velocity U and density D. The

Z in Fig. 3 is the source-detector spacing, A(D) is a relative measure of

the injected activity (which is a function of D), and the K-value of the

equipment is the measured density for a water-filled pipe (D=1 g/cm ). It

I

_ _ _ _ _ _ _



was shown previously ' that, under idealized conditions, boff. the PNA

i
velocity equation and the PNA density equation are not effected by varia-

| -

| tions in the flow regime, and validity of these equations for pipes with

diameters less than 10 cm was verified experimentally. For larger pipes,

| both the velocity and the density equations must be corrected by analytically

derived factors, as discussed below. Guidelines for the proper planning

of PNA test on large pipes will be prepared by ANL in 1981.

PNA Velocity Measurement

Prior to entering two-phase water reactor safety research, ANL has

demonstrated that single-phase flow velocities in large pipes (up to 40 cm

diameter) can be measured by NPA technique within a few percent (Fig. 4) .

It is believed that two-phase flow can be measured with a comparabic accuracy,

especially when the PNA velocity equation is corrected by an analytically

derived correction factor prior to the test. Experimentally, the accuracy

of PNA measurements could be verified by comparing'PNA readings with flow

data derived by weight-tank methods. The U.S. Bureau of Standards has, in

their local laboratories, large diameter loops terminating in weight tanks,

that could be used for such a project. Early in 1981, ANL plans to conduct

s!- le-phase PNA flow measurements in 50 cm diameter pipes and to compare

these measurements with data derived by weight tank methods and by ultrasonic

flowmeters.

The errors introduced into large-pipe PNA measurements are due to the

attennation of neutrons and gamma rays in the fluid and to poor co111mation

of the neutron source and the detector. The effects of neutron attennation

in large pipes is shown in Fig. 5, which shows the radial distribution of

- _ - _ _ _ _ _ _ _ _ _
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the induced activity in the downcomer pipe of the PKL, which has an inside

diameter of 20 cm. As shown in Fig. 5, the radial activity distribution in

pipes of this size can no longer be considered to be uniform; the specific

activity at the centerline of the pipe is much lower than the specific ac-

tivity at the wall. Since the fluid at the wall is moving slower than the

fluid at the center, this non-uniform activity distribution in large pipe

tends to introduce a negative error into the PNA flow measurement, i.e.,

the measured mass flow velocity is lower than the actual one. Similarly,

due to the attennation of gamma rays, the sensitivity of the detector

towards radiation emitted by regions close to the pipe wall is higher than
.

towards radiation that is emitted fro.m the center of large pipes. This

will enhance the effects caused by neutron attenuation and the resulting

non-uniform radial distribution of activities, and will further reduce the

measured velocity.

An increase of the measured velocity, on the other hand, will be caused

by poor collimation of the source (and/or the detector), which causes an

extended axial distribution of activities along the pipe and a broadening

of the measured counts distribution.

The effects of non-uniform radial distributions and of extended axial

distributions tend to cancel each other. If one or the other of these two
I

effects predominates, however, a negative or a positive error is introduced

into the PNA velocity measurement. At the PKL (at Erlangen, Germany) the

proximity of the loop operator from the neutron source necessitated extremely

good shielding of the neutron source, which was achieved by mounting the

target e, the neutron generator at a distance of 35 cm frun the wall of the

pipe. Since the radial distribution of activities is effected not only by

!
1
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the attennation of neutrons in the fluid but also by a decrease of the

neutron fluence from the source by 1/r , the relatively large distance

of the neutron source from the pipe caused a relatively " flat" radial dis-

tribution of activities in the downcomer of the PK'L'(Fig. 5). On the other

hand, the large source distance, combined with poor source co111mation,
,

caused an axial distribution of activities whose dimension was comparable

to the source-detector spacing (Fig. 6). It could be expected, therefore,

that with the PKL test arrangement, the effect of the axial activity dis-
d tribution would predominate and that the PNA velocity measurement would be

too high if based on the basic, uncorrected velocity equation of Fig. 3.

Some thought was spent on how these effects of the non-uniform radial

activity distribution and of the poor source co111mation should be compen-

sated by a properly chosen data reduction technique. Correction factors to

the basic PNA velocity equation (Fig. 3) could be applied in several dif-

ferent manners. For example, the distribution of the counts, C, could be

corrected before entering it into the equation.' Or, alternately, an " effec-

Live" spacing Z could be derived by correcting the true spacing for effects

of non-uniform and/or widely spaced activity distributions. A third method,

the one preferred by the author, consists of modifying the time exponent in

the basic PNA velocity equation. In this approach, the equation of Fig.

is assumed to be a special case (with n=Z) of the general PNA equation shown
.

in Fig. 7.

The one feature of this method of correccing the basic PNA velocity

equation that makes it very attractive is, that a physical meaning can be

assigned to various values of the exponent n. It was shown than an expo-

nent n=2 must be chosen whenever the velocities of the activated mass elements

at the detector are equal to their transit velocities and whenever there

._ . . _ - . -. - - .- - - - _ _ - _ _
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ex tts a known relation between the transit time of a fluid element and its
|

transit velocity. Under adverse experimental conditions, one or both of

these two requirements.may not be met. For example, a disturbance of.the

flow between the source and the detector will modify or even destroy the

correlation between transit velocity and detector velocity of the activated

fluid elements. A bend in the pipe or a DDT rake are examples for such flow

disturbances. The most severe disturbance would be caused by a homogenizing
,

screen installed right in front of the detector. Such a screen would com-

|

| pletely destroy any relation between the transit velocity and the detector

velocity of the activated fluid elements. Nothing would be known about the

detector velocities of the individual, fluid elements, and one would have to

assume a constant value for all of them. Under these conditions, the time

exponent n in the general PNA velocity equation, Fig. 7, must be assumed toj

be n=1.

For very extreme cases of poor source collimation (see Fig. 6, which,

| comes close to such a condition), the fundamental relation on which the

! basic PNA 'elocity equation rests, i.e. , the assumption that the measuredv
i

t

transit time of a fluid element is related to its transit velocity, is not

satisfied. For the situation depicted in Fig. 6, the fluid elements that

are the first ones to arrive at the detector are not necessarily the

!
fastest ones; some of these fluid elements could have slow velocities but

could have been activated in close proxirsty of the detector. For very

; extreme situations, where there is no correlation between transit times and
;

transit velocities, one must forego an attempt to interpret PNA test data

in terms of mass flow velocity, and must satisfy himself with an " average"

transit time i, derived by count-weighted averaging of the measured transit

|
|
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times:

)_$TC3 ,

2: c

This 5I is then used for the calculation of " average velocity'U'" by

ZiiU -

or

U Z=

2: cT

The last equation is identical to the equation shown in Fig. 7 with a time

exponent of n=0. Thus, physically meaningful interpreta* ions can be given

to the time exponents n=2, n=1 and n=0 in the general PNA velocity equations.

For large 1/D ratios, all these values of n converge towards the same mass

flow velocity. For smaller 1/D ratios U does increase with increasing

This latter fact can be used to adjust the PNA data reduction techniquen.

to existing non-ideal experimental conditions, and to choose a data reduction

technique that will result in a negligible measurement error. This task of

optimizing the data reduction technique can even be mare generalized by
t

allowing non-integer values for n, and by allowing values for n that extend

bayond 3.

PNASIM, a computer program simulating the PNA velocity measurement
.

technique, was used to derive an optimized time exponent n for the PKL test.

PNAS1M is an advanced version of ACT-OPT and calculates the number of counts
~

registered by the detector as a function of the transit time. PNASIM calcu-

lates the activity of the fluid activated by the pulsed neutron source, the

transportation of this activity down the pipe (with a given velocity distri-

_ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ -- -
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bution and a given mixing of the fluid), and the detection of this activity

by the detector. A mass flow velocity is then computed for differqnt time

exponents n, from the calculated counts distribution. That time exponent n

for which the difference between the calculated mass flow velocity and the (
mass flow velocity given as input to the program is zero, is then specified

to be used for the reduction of the actual test data.

Figure 8 is a comparison of actual PKL test data (with intermediate

velocity) to a PNASIM simulated distribution. The agreement between test and

prediction is good and gives confidence in PNASIM derived data.

Figure 7 shows the accuracy of PNA velocity measurements for different
,

time exponent n. An exponent of n=0.5 was specified by ANL for the reduction

of test data taken at the PKL. PNA derived velocity values, using n=0.5,

agreed very well with some reference measurements made by PKL.

Another test condition analyzed by PNASIM is the test that we per-

formed at the FAST loop operated by EG&G Idaho, Inc., at the INEL. This test

(with still unpublished test data) was briefly. described at last year's

meeting. At the FAST loop, four neutron sources were positioned much closer

to the pipe than the source at the PKL. This caused a relatively " steep"

radial activity distribution and a much narrower axial distribution than

the one at the PKL. The effects of the radial distribution predominated

in the velocity measurement, and the PNA equation had to be corrected for

minimum error by introducing values for N that are larger than the one used

in the basic equation of Fig. 3. The Fig. 9 shows that with values of

2.5 SN S 3.5, error-free velocity readings can be performed over the whole

density range. If a value of N=2.9 is specified for all measurements, the

error of the velocity reading over the whole density range is less and 12%.

- - -____________ _
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The discussion given above leads to the conclusion that analysis is
'

necessary for designing a PNA test setup with minimum errors or, alternately,

if an optimized arrangement of the source and the detector is not possible,

then analysis can be used to correct the velocity data derived by a non-

optimized experimental setup.

The errors to be compensated by analysis are of such magnitude that

the PNA technique appears feasible for calibration of other two-phase flow

velocity measuring systems in large pipes.

!

] PNA Density Measurement
,

| In pipes with diameters less than 10 cm, global density measurements can
'

be performed by using the basic density equation shown in Fig. 3 This equa-

tion is not sensitive to flow regimes. In larger pipes, however, density*

measurements must be corrected by analytically derived correction factors,

as proposed in last year's meeting. Density correction values were calcu-

lated (by the computer program PNASIM) for the FAST experimental setup,

as shown in Fig.10. These correction values are quite severe; in low

density regimes the measured values must be multiplied by a factor of more than

three. The question of how sensitive the correction factors shown in Fig.10

are to the flow model used in the computer program PNAS M, has not yet

been studied.

Because of the severe correction requirements for PNA density readings

taken in large pipes, supplemental global density readings should be very

helpful. Accurate density readings probably can be performed concurrently

with the PHA measurement by using the high energy neutron source and pub-

lishedneutronscatterinktechniques.5 A global density measuring technique

- - - - . .-- - . . - _ . - . __ _ _ - _ . - _. . - . . . - .
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based on gamma ray transmission and using the torus detector normally used

for PNA tests, is currently being investigated at ANL. Both these neutron

and gamma ray techniques would require minimal additions to the standard

PNA instrumentation system.

The conclusions of this paragraph are summarized in Fig. 11.

Measurement of Flow Distributions in Large Test Facilities (Fig. 12)

PNA work was started at ANL with flow distribution measurements at the

3-D facility in mind. Hopefully, these tests _will be conducted once the

3-D test series begins. The feasibility of flow distribution measurement

in large facilities was demonstrated at the LOFT.

Measurements of flow distributions in the Slab Core Test Facility,

using PNA techniques, are planned for 1981.

Measurement of Slow Flow Velocities

In the recent past, many large test facilities were operated in a

mode simulating small-break loss of coolant accidents of PWR's. These

tests last from about half an hour to several hours. The pumps are shut
t

off during these tests, and flow through the system is caused by heat

convection through the core. Under these conditions, the flow velocities 11n

the pipes are too low to be measured accurately by conventional equipment

such as turbines', drag disks or pressure sensing devices. The PNA tech-

nique, on the other hand, works best at slow flow velocities and low void

fractions. The usefulness of the PNA technique in measuring slow flow was

demonstrated at the PKL and at the LOFT facility (Fig. 13).

_ - _ _ _ _ _ _ _ _
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The Primacrkreislauf (PKL) facility is operated by the KWU (a subsi-

diary of Siemens) at Erlangen, Germany. The PKL is a mixed-scale simulation

of a 1300 MW PRR: it has full vertical dimensions but is scaled down hori-e

zontally. The core contains 340 electrically heated " fuel bundles" and has

a diameter of 52 cm. The downcomer is simulated by a separate pipe, having

an ID of 20 cm. Figure 14 is a schematic diagram of the main components of

the facility. The PNA detectors were mounted right over the large flange in

the downcomer, and the neutron source was mounted (on a dif ferent floor) 1.1 m

above the detector.

During the small-break test series conducted at the PKL, in March-May 1980,

the flow velocities measured in the downcomer by the PNA technique ranged

between .03 m/sec and .4 m/sec. The PNA system was the primary velocity

measuring device for this test series. For single-phase flow through the

core, a reference flow rate was calculated by thermal balance considerations,

based on measurements of the temperature at the bottom and the top of the

core, as well as on measurements of the power input to the core. These

calculated flow rates agreed very well with the PNA data. Obviously, such

reference flow data were not available for two-phase flow through the core.

The first prototype of pulsed neutron sources specifically developed for

PNA work by the Sandia Laboratories was used in this test. This source,

which worked reliably throughout the whole test at the specified level of
0

10 neutrons / pulse, will be described in the paper following this one.

A water-cooled, four-segmented Nal Torus detector was mounted right

above the large flange on the downcomer. The detector signals were fed

through stabilized amplifiers (locked on the Cs peak) and discriminators

(set at 1 MeV) to a Packard Model 9012 multichannel analyzer, which was
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operated in its multiscaler mode (256 channels). Test data originally
]

stored in the multichannel analyze'r were then retrieved and analyzed by a

RP 9845B computer.

A single trigger was used to operate the source, to start the multi-

scaler, and to furnish an interfacing time signal to the DAS of the PKL.

PNA data typical for the PKL test are shown in Fig. 8. The PKL test

was the first one in which PNA-data were reduced completely automatically.

The operator of the computer could not alter the data reduction program.

The selection of the start- and the end- channels of the evaluation range,

) as well as the background correction over this evaluation range, were fully

j automated. Velocity values derived by this automatic technique were then

permanently stored on tape for retrieval of summary results.

EG6G Idaho, Inc. is also using a PNA system for the measurement of slow

flow velocities during the L-3 series of LOFT tests. Standard, off-the-

shelf Na1 detectors are used in their setup. Original difficulties in

<

shielding these detectors from the severe radiation environment, existing

even after shutdown of the reactro, were successfully overcome.

|

|

:
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FIG, 3:
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FIG. 14:

PNA VELOCITY MEASUREMENT
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FIG, 5:

RADIAL ACTIVITY DISTRIBUTION Ill THE DOWI! COMER.0F kHE PKL
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FIG, 6:

'

AXIAL ACTIVITY DISTRIBUTIO.'l Ill THE DOWNCOMER OF THE PKL
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FIG. 11:

PNA DENSITY MEASUREMENT!
.

I

e IN PIPES WITH DIAMETERS LESS TilAN 10 cM, GLOBAL DENSITY CAN BE MEASURED

WITHOUT Bell 1G EFFECTED BY VARIOUS FLOW REGIMES

'

* FOR PIPES WITH DIAMETERS LARGER thall 10 cM, GLOBAL DENSITY MEASUREMENTS

MUST BE CORRECTED BY ANALYTICALLY DERIVED FUNCTIONS

* GLOBAL DENSITY MEASUREMEt!TS BY THE PflA TECliNIQUE CAN BE SUPPORTED BY .

OTHER GLOBAL DENSITY MEASUREM.E!!TS PERFORMED WIT!i PflA EQUIPMENT-
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MEASUREMENT OF FLOW DISTRIBUTIONS IN LARGE TEST FACILITIES
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FIG. 13:

MEASUREMENT OF SLOW FLOW VELOCITIES

* DEMONSTRATED AT THE PKL (ERLMISEN, GEPFANY)

* DEMONSTRATED AT TPE LOFT FACILITY (EG8G IDAll0, INC.)
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A PULSED NEUTRON GENERATOR

FOR USE WITH

PULSED NEUTRON ACTIVATION TECHNIQUES

SAN 080-1902C

Gary E., Rochau
Generator Development Division 2351

Sandia National Laboratories
Albuquerque, New Mexico 87185

,

A high-output, transportable, pulsed neutron generator has been developed
by Sandia National Laboratories for use with Pulsed Neutron Activation (PNA)
techniques. The PNA neutron generator generates >101014 MeV D-T neutrons
in a 1.2 millisecond pulse.

The PNA generator has been designed to meet the requirements listed in
Table I. Each operation of the unit will produce a nominal total neutron
nutput of 1.2 x 1010 neutrons. The generator has been designed to be easily
repaired and modified. The unit requires no additional equipment for operation
or measurement of output. A more complete description of the generator is
given in References 1 and 2.

The generator has a minimal operational life of 1000 pulses and can be
pulsed up to 12 pulses / minute for 1 minute. After 1 minute, the neutron
output falls below 1010 Pulses every 30 seconds can be repeated continuously.

,

High repetition rates (>6 pulses / minute) can cause damage to the neutron tube!

and shorten the operational life of the generator. When the end of operational
l life is reached, the neutron tube will require minor servicing to restore the
| neutron output.

The PNA neutron generator has been segmented into three major component
assemblies. Each major assembly contains the individual components which are
required to operate the generator. These assemblies, interconnected by up
to 60-meter cables, allow the experimenter to conveniently place them in the
available space of the experimental area. The major assemblies are shown in
Figure 1. The major assemblies, from left to right, are: the Tube-Transformer
Assembly (TTA), the Pulse-r'orming Network (PFN) box, and the control unit.

The generator utilizes the millisecond pulse (MSP) neutron tube (Figure 2)
which was specifically developed for this application. This unclassified tube
utilizes a focused deuterium ion beam produced by a specially modified occluded
gas ion source. The deuterium beam impinges a 100% tritium-loaded scandium
tritide target to produce an isotropic distribution of neutrons with an energy
of approximately 14 million electron volts.

'

- --- -
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The MSP neutron tube is housed in the TlA which is placed at the position
where the source of neutrons is desired. The neutron-producing target is
located 5.97 cm behind the front surface of the TTA. The TTA is enclosed
in a stainless steel cylinder 32.4 cm in diameter and 66 cm long. The
cylinder is pressurized to 345 kPa (50 psi) with sulfur hexafluoride gas
to provide high-voltage insulation.

A neutron tube was constructed for evaluation of the final neutron
generator design. The perfomance of this evaluation tube is described in
table II. Table II shows that the MSP tube design is capable of surpassing
the 1000-operation specification. The design will probably surpass 3000
operations without difficulty. In addition to the evaluation tube, six similar
neutron' tubes have been constructed for use in neutron generators under con-
struction.

Five neutron generators are being constructed for NRC programs using
the PNA technique for flow measurement. An additional PNA neutron generator
is under construction for use by Atomic Energy of Canada to investigate a
new technique.

A neutron generator was completed in August 1979 to evaluate the final
design. This unit was tested to measure the neutron flux distribution
(Figure 3) and radiation dose rates (Table III) and to evaluate the neutron
mnnitor (Table IV and Figure 4).

The neutron flux distributions and radiation dose rates were measured
to detemine an adequate shield design. The flux distribution is essentially
unifom over the front surface of the generator and is symmetric. The radia-
tion dose was measured using LiF themoluminescent dosimeters.

The neutron monitor was evaluated for linearity and gain stability using
a lead activation probe, a secondary standard. The gain of the neutron monitor
was adjusted so that the digital display would read total neutron output.

The perfomani e of the evaluation neutron generator made it possible to
use the unit in the ID test series conducted at the PKL Test Facility of
Kraftwerk Union in Erlangen, West Gemany, in February 1980.

The neutron generator was installed on the downcomer of the PKL test loop
at the location indicated in Figure 5. Biological shielding was required for
the generator to reduce radiation exposure to personnel .in the area during
generator operation. The 4-tonne shield (Figures 6 and 7) was designed for
a minimum thickness of 43 cm of polyethylene around the TTA to keep the dose
at I meter from the source below 4 rem for 2500 pulses. The TTA was enclosed
in a cooling jacket inside the shield to keep the TTA temperature below 38'C.

The PFN box was located 6 m from the TTA in an isolated area (Figure 8).
The control unit was located 42 m from the TTA location in the control room
of the test facility with the other PNA equipment (Figure 9).

This was the first fielding of the PNA neutron generator, and it performed
according to specifications. The unit produces a measured average neutron
output of 1.2 x 1010 neutrons / pulse and a standard deviation of 3%. The

1
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presently installed generator is expected to perform above the specification
level throughout the ID test series. After completion of the series, the
generator will be returned to Sandia for evaluation testing.

R_eferences

1. R. C. Dougherty, G. E. Rochau, R. W. Bickes, Jr., R. J. Walko, and R. S.
Berg, " Neutron Generator For Two-Phase Flow Calibration: Annual Progress

'

Report," NUREG/CR-0480 SAND 78-2030 November 1978.

2. G. E. Rochau, " Development of a Pulsed Neutron Generator For Two-Phase
Flow Measurement " Review Group Conference on Advanced Instrumentation
for Reactor Safety Research, NUREG/CP-0007, November 1979.
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Table I
PNA NEUTRON GENERATOR

SPECIFICATIONS

Neutron Output: >1010NeutronsIPulse

Pulse Duration: 1.2 Milliseconds

Pulse Repetition Rate: 112 PulsesIMinute

Lifetime: 21000 Pulses (Low Repetition Rate)
2l00 Pulses (High Repetition Rate)

Life-Limiting Mechanism: Neutron Tube

Exclusive Lifetime: 210,000 Pulses

Neutron Monitor: Integral Part of Generator. Sensitive
to High Neutron Fluxes, insensitive
to Experimental Geometry.

FEATURES

Repairability: Completely Demountable

Flexibility: Easily Modified

Portability: Two People Required

Safety: Cannot be Triggered Accidentally

Completeness: Requires AC Line Power Only

Availability: Most Parts Commercially Ayallable

|
1

|

Table II
PERFORMANCE OF EVALUATION NEUTRON TUBE

Serial Number: MSP83C

First Tested: August 24, 1979

10Beginning Output: 1.3 x' 10 /0.13

10Present Output: 1.27 x 10 l&O8

Source Operations: 3117

Tube Operations: 1968

Performance Parameters:

Source Accelerator Accelerator Target Neutron Neutron
Current Voltage Current Current _ Rate Efficiency I

7 6
initial 79.2 A 143 kV 50 mA 213 mA 10 49 x 10

7 6
Present 84.6 A 142 kV 69 mA 211 mA 10 48 x 10
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Table III

RADIATION DOSE MEASUREMENTS AT 1 METER

Dose for 20 Pulses (mR) Dose / Pulse (mR)
Angle Neutron Gama Neutron Gama

0 350 6 17.5 0.3
45 320 5 16.0 0.25
90 270 5 13.5 0.25

135 330 4 16.5 0.20
180 160 2 8.0 0.10
225 340 6 17.0 0.30
270 290 5 14.5 0.25
315 390 6 19.5 0.30

Table IV

PNA NEUTRON MONITOR

|

|
| Detector: Quantrad 600-PIN-RM Silicon Photodiode With

1* 14 mm Thick Proton Radiator

Location: Inside TTA,12 cm From Neutron-Producing Target

Operation Mode: Integration of Detector Currer,?

Calibration: f 2% of Secondary Standard (Lead Probei

Features: LED Self-Check
DVM Readout With BCD Digital Readout
Last Reading Held Until Next Operation

i
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Figure 3

RELATIVE NEUTRON FLUX DISTRIBUTION |
TTA ROTATED ABOUT TTA AXIS
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DEVELOPMENT AND EVALUATION 03 PWR VESSEL LIQUID LEVEL ,
INSTRUMENTATION AT ORNL*

K. G. Turnage

Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

Presented at the Eighth Water Reactor Safety Research
Information Meeting, October 28, 1980

Gaithersburg, Maryland

The extensive damage that occurred to the reactor at the Three Mile Island

accident attests to the fact that more reliable reeans are needed for detecting
'

inadequate core cooling conditions in PWRs. Thennal and acoustic coolant (level)
sensors proposed for use in PWR reactor vessels are being tested under conditions
that simulate the thermal and hydraulic conditiors of a postulated PWR loss-of-
coolant accident. Both natural convection (pumps off) and forced convection
(pumps on) two-phase flow tests have been run. The goals are to evaluate the
design of the coolant sensors and to determine whether there c'e conditions

under which ambiguous indications of the degree of core cooling might occur.

The thennal devices tested use pairs of K-type thermocouples (TCs) or resis-
tance temperature detectors (RTDs) to sense the cooling capacity of the medium
surrounding the device. Ore of the TCs or RTDs is heated by an electric current
passed through a separate wire; the other is primarily influenced by the bulk
fluid temperature. The differerce between the temperatures of the heated and
unheated points (AT) is monitored to compensate for variations in the system
fluid temperature. For a given heater power, with good cooling conditions (liquid
or rapidly f' lowing two-phase mixtures), the aT is relativey low; with poor heat
transfer (e.g., stagnant steam), the temperature at the heated junction increases
greatly, making the aT higher.

*
Research sponsored by Division of Reactor Safety Research, U.S. Nuclear

Regulatory Comission under Interagency Agreements DOE 40-551-75 and 40-552-75
cith the U.S. Department of Energy under contract W-7405-eng-26 with the Union
Carbide Corporation.

By acceptance of this article, the publisher or recipient acknowledges
the U.S. Government's right to retain a nonexclusive, royalty-free
license in and to any copyright covering the article.
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'

A 13-cm-ID steel pressure vessel was used to perform steady-state, natural
convection experiments with the devices in saturated water and steam. Pressures
in the system were controlled from 0.1 to 10 MPa (14.7 to 1500 psia). In the
tests performed to date, the ATs for the uncovered state have been significantly
greater than those for the covered state. The tests also showed that condensa-
tion and deentrainment of liquid on unshielded probes can be a serious problem,
particularly at higher pressure. Experiments designed to evaluate several designs
of droplet shields with thermal coolant probes are in progress.

A differential heated TC was installed and tested during recent film-boiling
experiments in the Thermal Hydraulic Test Facility (THTF) at ORNL. The sensor
correctly indicated poor cooling prior to and during rod burdle DNB at pressures
from 4.1 to 12.4 MPa (600 to 1800 psi) with outlet flow velocities up to s3 m/s
(10 ft/s). It failed to show inadequate cooling while parts of the rod bundle
were in DNB at some higher outlet velocities.

PUBLICATIONS

X. G. Turnage et al., Advanced Two-Phase Flow Instrumentation Program Quarterly
Progress Report for October-December 1979, NUREG/CR-1346 (ORNL/NUREG/TM-382),
pp.1-14 (May 1980).

K. G. Turnage et al., Advanced Two-Phase Flow Instrumentation Program Quarterly
Progress Report for January-March 1980, NUREG/CR-1647 (ORNL/NUREG/TM-403),
(September 1980).
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* PWR LIQUlO LEVEL INSTRUMENTATION:
"*' PRESENTATION OUTLINE A MEANS FOR DETECTING THE

APPROACH TO OR THE EXTENT
OF INADEQUATE CORE COOLING

e OVERVIEW ORNL LIOUlO LEVEL
DETECTOR PROGRAM DESIRA8LE CHARACTERISTICS.

* OEVELOPMENT/ EVALUATION * USEFUL RESPONSE UNDER STAGNANT BOILOFF

OR HsGM vol FRACTION FLOW
~

THERMAL-TYPE SENSORS
e REllA8tE - LONG LIFE, SURVIVE LOCA

e DEVELOPMENT / EVALUATION
e UNAMBIGUOUS - LITTLE OPER ATOR INTERPRETATION

ACOUSTIC-TYPE SENSORS REQUIRED. NO SPURIOUS INDICATIONS

* TEST PLANS e TIME RESPONSE - SECONOS

. -

"' ORNL PWR LIQUID LEVEL INSTRUMENT ** SEVERAL IMPORTANT RELATED AREAS
DEVELOPMENT AND EVALUATION

HAVE BEEN OUTSIDE THE SCOPE
OF THE ORNL LIQUID LEVEL
INSTRUMENTATION EFFORTOmECTive5.

e IOGNTIPV PRACTICAL TECHNIQUES THAT CONPORM

TO NRC REQUIReMGNTS FOR MAKING IN-VESSEL e OETERMINATION OF WHETHER EXISTING PWR
LIOUlO LEVGL MEASUReutNTS INSTRUMENTATION IS ADEQUATE TO DETECT

(LLTP R$ PORT INUREG-06791. NRR LETTtRsl DEGRADEOCORE COOLING CONOtitONS

e PtRPORM ANO ANALYZG PROOP-OP-PRINCIPts
e OETABLEO FUNCTIONAL REQUIREMENTS FORTESTING OF SENSORS UNOGR "LOCA" THERMAL

HVOR AULIC CONOITIONg REACTOR VESSEL LEVEL INSTRUMENTATsON

e IMPROVE SENSOR DESIGN WHERE APPROPRI ATE e OEslGN OF PROTOTYPES FOR USE IN PWRs

e COMMUNICATE WITH INDUSTRY ANO NRC/RSR
e F OF W

e IDENTIPV POf tNTIAL PROGLGM ARGAS INSTRUMENTATION

. _ . _ _ _
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" ORNL's ADVANCED TWO.PM ASE INSTRUMENTATION ** TEST VARIABLES
PROGRAM 13 EVALUATING THREE TYPES OF
LIOutD LEVEL INSTRUMENTATION FOR
PwR USE

NATURAL CONVECTION TESTS

e TMeawat (ME Af t0 TCs OR #f0d *

e Acoustic seavIGutotITRANssT FIME1

e NEATER POWERe eRessuRt owFt#tNct

e ORIENTATION

e PROSE DESIGN

FORCED CONVECTION TESTS

e VOID FRACTION

e VELOCATY

e PR E SSUR E

o HEATER POWER

e GEOMETRY

@**' ORNL ATPI - LIOUlO LEVEL SENSURSQ=.%
ORNL ATPI - LIQUID LEVEL SENSORS

ACCOMPLISHME NTS

ACCOMPLISHMENTS (CONTINUED)
e PERFORMto LittRAtuRE st ARCH - FE AsitiLITY

STuov 0F WAmicus TECHNtouts * PROCURED ANO VERIFIED PRINCIPLE OF OPERATION

OF RIOSON-TYPE TORSIONAL-EXTENSIONAL PROSEe Moospito EXISTING Facettiv FOR NAfuRAL

CONvtCTioN f t1TS AT PRitsumts ur AT HIGH TEMPERATURES AND PRESSURES

To 1900 in.
* MET WITH S&W, C-E W TO DISCUSS RLVMS DEVELOP-

e OtvtLottO am-Moult FA8meCAfl0N CAPasillTV MENT ARE CONTINUING THIS INTERACTION
FOR Mt Af t0 JUNCTION THERM 0COuPLt1

' e IDENTIFIED NEED FOR SPLASH SHIELDS ON THERMAL
80RROwtD MfCs PROM NAvat REACTORSe

PROGES IN SOTH NATURAL AND FORCED CONVECTION
ttsTED uNoem NAfuRAL AN0 FORCED
CONvtCTioN

STUOlED OPERATION OF KJTCs IN TNTF OURING*

RECENT FILM SOILING EXPERIMENTSe OSTAINED CMARACTERISTIC CURVt1IQuTPuf vs
POwim. PRES $unt. Mf DeuMi FOR Savt R AL

DE$1GN1 CF MJTC IN NAfuR AL CONvEC.
Tiom Tilf FACsLITV

i

_ _ _ _ _ _ _ _ _ _ _ _ _ -



**"' THERMAL SENSORS: ADVANTAGES * THERMAL SENSORS MEASURE COOLING

CONDITIONS DIRECTLY

e CAN MEASURE COOUNG CONDITIONS

DIRECTLY

e RELATivELY $ MALL '

I
e USE REACTOR-COMPAfteLE MATERIALS g a 4 46 4 ;
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' SEVERAL THERMAL-TYPE SENSORS ' HEATED TC COOLANT SENSORS ARE SMALL AND
HAVE BEEN TESTED USE REACTOR-COMPATIBLE COMPONENTS

e NAVY-TYPE HJTC (2 KIN 05)

* FC1 EATED RTD (2 DEStGNS) II
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77
' ).

e DISCRETE INDICATION - ARRAYS NEEDED-

e CAN BE AFFECTED SY ENTRAINED LIQUID

.I A80VE LIQUID-VAPOR INTERFACE

e MAY NOT BE U$EFUL DURING NORMAL

f CONDITIONS (DIFFERENTIA L TC)
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1 e HEATER CAN Fall
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PERFORMANCE OF HTCS UNDER VARIOUS ORNL
BOHT EXPERIMENTS ARE RUNLoCA CoNolTioNS ARE BEING STUDIED

WITH THE THERMAL HYDRAULIC TEST IN THE THTF
FACILITY (THTF) AT ORNL

esaAT **N a=="

TNTF 3
e A McGM PRES 8URE, SINGLE. LOOP SEPARATE senArunRoos .- , e

,

EFFECTS LOCA EXPERetaENT
J

, , - ,e ue.4 ,

..
e g X E,12-ft ACTIVE HEIGHT, ELECTRICALLY. apOOL RSCSS ,

MEATEO CORE SIMULATOR WITH -900 fri I%
TMs j i

RuPfums
\e CURRENTLY PERFORMING TESTS TO PROvtOE N v

A
NRC REQUESTED LOCA HEAT TRANSFER

OATA t

e TEST SECTION OUTLET WELL INSTRUMENTED I
e i gPOR Voto FRACTION ANO VELOCITY

"'Tusf secreon

0

MEAfro THERasocouPLE RESPOmsE IN TNTF upptR
PLENuns wAs RELATED TO RupOssst OF " AN EXPERIMENTAL HTC SENSOR WAS
Test SecTtON Ano OUTLET MPiNG EVALUATED DURING THTF STEADY
'"'T "*""I"I'0"

STATE FILM BOILING EXPERIMENTS

e FLOW RATES ANO CORE POWERS SIMULATEDfanse rte ;

N LOCKEO ROTOR OR ROO EJECTION ACCIOENT

2 e SINGLE HTCs LOCATED IN UPPER PLENUM.

f
I NEAR TEST SECTION OUTLET

,

'

! e OUTPUT of MONITORED SEFORE. CURING, ANO
N AFTER PERtOOS OF FILM BOILING IN ROO,,,g m

SUNOLErue

\ : *
' \ g e RESPONSE OF TEST SENSOR RELATED TO FRSo

' TEMPERATURES AND FLulo CONDITIONS AT
_

naarnocone
-'

TEST SECTION OUTLET
_
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"'' TEST RESULTS FROM THTF FILM " CONCLUSIONS FROM TESTING OF
THERMAL SENSORS TO DATEBOILING EXPERIMENTS WITH

HJTC PROBE

e RELIABLE IN WET /ORY CONDITIONS IF

PROPERLY SHIELDED

e STNSOR OPERABLE AFTER >10 h AT LOCA
* AS TESTED CAN IMOiCATE POOR COOLINGCONDITIONS

UNDER LOCA CONDITIONS IF VELOCITIES /

* latDICATED POOR COOLING PRIOR TO AND CORE POWER ARE RELATIVELY LOW

DURING ROD BUNDLE DN8 AT 600,900, e ADOITIONAL DEVELOPMENT NEEDED TO
1200 AND 1800 psi WITH OUTLET DETECT POOR COOLING IF CORE POWERS

VELOCITIES UP TO ~10 fps AND FLOW VELOCITIES ARE HIGH

FAILED TO SHOW INADEQUATE COOLINGe

WHILE PARTS OF ROD BUNDLE WERE IN

DN8 AT SOME HIGHER OUTLET

VELOCITIES

ATPl-LICulD LEVEL SENSORS
* FUTURE TEST OBJECTIVE:

|
' A COMPREHENSIVE EVALUATION OF

NEAn TenM PaocnAM Ps.ANs
MOST PROMISING METHODS IN HIGH
PRESSURE TWO-PHASE FLOW * co"PttTE tvALuATioN oF NJTC stNsons iN TwTF

DURING REMAiNfMG BUNQlt SOILOFF EXPERIMENTS

e sTUOV sTANOPiet TYPt sPLAsM sMitLDs itsPECIALLY

Livet insiot swisto vs void FRACTIONI IN AIR-
TESTS WILL INVOLVE: WATER ANO STEAM WATER Tist FACILiTits AT ORNL

e REALISTIC GEOMETRIES e ComsTauCT spittoto HJTC Annavs. INSTALL Amo

T5sf IN stMisCALE AT INEL

e FLUlO CONDITIONS LIKE MOST IMPORTANT e FAemeCATE Ano itsT HTC ELECTmoNacs OtytLOPto

ACCIDENTS sv J. v. ANOtRsON llNELI

e OtyELOP iMPROvtD PACMAGING FOR Ut TRAsONIC
e RELIA 8LE INDEPENDENT MEASUREMENTS OF ggg,o ,

LOCAL VOID FRACTION, VELOCITY
e PARTICIPATE IN avALUATION OP W tP SYSTEM AT INEL

e BOTH RAW AND PROCESSED (" CONTROL

ROOM") SENSOR OUTPUTS

e IN FLOW STREAM WITH HEATED ROD BUNDLE

TO ALLOW EVALUATION OF SENSOR PERFOR-

MANCE AS DETECTOR OF INADEQUATE

COOLING
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HE INSMUMEM DEVEMEM LMEVALUATION OF HJTCs IN THTF DURING
A ORNL ARE USED TO $WWATESUNOLE SOILOFF AND REFLOOD
LOCA FLOW BEHAVIOR IN A
REACTOR UPPER PLENUM

e OCTOSER 1980

* INSTRuneENTS FOR LOCAL VOID FRACTION AND

VELOCITY MEASUREMENTS INSTALLEO ANO
"

e SMALL BREAK THERMAL HYDMAULIOS

' '
e TWO DISTINCT SPLASH SHIELD DESIGNS

CONCURRENTLY TESTED e A R-WATER ANO STEAWWATER

e FLOW VISUAUZATION POS$1SLE

n*''"" @* A P.(ssu E Dif f t.tNCE.SASED LEvtL sv1 TEM 04 VELO,10g
A HTC ARRAY AND A PRESSURE OlFFERENCE ev west,mchouse is to sa stuosto useho
LIOUiO LEVEL SYSTEM ARE TO BE INSTALLED rue sawscate Paciuty
IN LIMISCALE DURING FUTURE SYSTEM
EFFECTS TESTS
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ULTRASONIC COOLANT LEVEL SENSOR

.

The ultrasonic torsional wave level sensor has been proposed as

a means of measuring liquid level in PWR's. The sensor element itself

is a flattened metal rod. A torsional wave can be excited in the

sensor element from outside the reactor vessel by a simple coil

surrounding a magnetostrictive segment of the sensor element. The

exciting coils can be located outside the pressure boundry and away

from the severe environment inside the reactor vessel.

A disadvantage of the torsional wave sensor is the dependence of

the velocity of propagation on the temperature of the sensor element.

Tests were conducted at ORNL in a heated, pressurized water vessel to

test the concept of using the temperature dependence of the velocity

of the extensional wave to measure the temperature of the sensor and

then using this information to correct velocity of the torsional wave

for temperature. A probe was designed and fabricated to use both

torsional and extensional waves on the same element, greatly simplifying

the construction of the sensor.

This report documents the laboratory tests at ORNL of an ultra-

sonic sensor designed to locate a water / steam interface over the

range of temperatures ar.d pressures encountered in a PWR. The " active

length" of the sensor consists of a 0.76 m long flattened wire, stain-

less steel 304, of 1 x 2 mm cross section.

Referring to Fig.1, the entire waveguide was spring-tensioned

and tied with fine wire to lie approximately along the axis of a 3 m

long sheath of SS304 tubing,10 mm OD x 1 mm wall. This tubing was

perforated to allow temperature and water to equilibrate quickly.

. .- . -
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The two coils are separated by approximately 10 cm so that each

transducer can be biased and alternately driven to maximize the energy

in each of the torsional or extensional modes, while minimizing spurious

echoes from the other mode. When the Joule tranducer is energized to

produce the extensional wavt electronic blanking is used to disregard

spurious echoes. When the Wiedemann transducer is energized to produce

the torsional mode, the blanking times are increased because of slower

propagation of the torsional wave.

Figure 2 is a drawing of the test vessel used for evaluation of

the probe. Electrical heaters on the lower half of the outside wall

of the Pressurizer are used to heat the vessel and fluid to the

desired temperature. The pressure containment volume included the

portion of the probe wall outside the pressure vessel as can be seen

from Fig. 2. A high pressure pump was used to raise the liquid level.

The high temperature test was always run with the vessel full at

start. Measurements were then made with decreasing fluid level. A

calibration run was made at atmospheric pressure with level first

increasing and then decreasing measure hysteresis. As can be seen

frun Figs. 3 and i there were less than 0.5% total error from,

nonlinearity and hysteresis at 66''C.

Figure 3 is a plot of actual data for the extensional and torsional

round trip transit times as a function of terMc6ture. It should be

noted that the time data does not include ne -lark;ing interval .e

Figure 4 is the plot of change i. * ;*+ Iwel . The data for
J the reference curve in this figure was taken on this probe at 66*C.

.

The ordinate is graduated in 100 nanosecond increments; this is the round

trip transit time from the blanking interval . The total round trip

I
_ - _ _ _ _ _ - - --
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transit time is obtained by adding the blanking interval. The 10% and

90% points on the differential pressure level measurement transmitter
I

corresponded to the 0 and 72 cm points on the ultrasonic level sensor.

Figure 5 is a plot of error (% of full span) versus percent level

in the data taken at the various temperatures. The worst case error

for these tests was less than 3%. This accuracy can theoretically be

improved by several techniques. The measurement resolution of the

present Panatherm intervalometer is 100 nanoseconds. The canbination

of using the extensional wave to determine the temperature of the

probe; using this temperature to correct the torsional data and cal-

culating level results in a theoretical resolution of about 2 mm (about

2.7% of full span). Averaging can improve the results. Improved

accuracy would result from smaller time resolution (a 20 MHz clock

rather than 10 MHz), multiple trips through the liquid, and using

sensor materials with a larger change in velocity for level change.

The results of the tests on the combination ultrasonic extensional-

torsional wave level sensor showed that both waves can be excited in

the same probe and that the temperatures derived from the extensional

| wave data can be used to correct the temperature dependence of the
[

torsional wave signal. These tests were conducted over a temperature

range of 25 to 300"C.

The object 1ve of this program is to develop a liquid level sensor
,

for use inside the reactor vessel of pressurized water reactors to meet

the proposed NRC requirements for an unambiguous indication of inade-

quate core cooling. Reactor vendors and designers have further indicated

a desire for a level detection device which is not event dependent.

- - - - _ _ _ - _ _ _ _ _ _ _ _ .
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4

Since under nonnal operating conditions, a pressurized water

reactor is completely filled with coolant, an instrument which always

indicates " full" runs a strong chance of being disregarded in the event

a loss of coolant accident should occur. It is, therefore, imperative

that there be a means for checking the operation of the level indi-

cator during normal reactor operation. The combination extensional-

torsional wave ultrasonic probe meets these requirements in that, with

a zoned probe, the output of the device can be used not only to indi-

cate level, but also temperature and density profiles. Correlation

of these outputs with other plant sensor indications would provide

a self-checking capability for the level probe. Furthermore, if the

probe were located so that one zone could be confidently assumed to

be completely surrounded with a medium of uniform characteristics,

then the probe itself can be self-calibrating.

Continued development of this device will proceed now that the

crucial experiment described in this paper has shown that the level

indication can be temperature compensated over a wide range of

temperatures. Attention can now be turned to the engineering and

design problems necessary for a working level detector. Some of

these considerations are: redesign to remove the excitation coils

from inside the pressure and temperature boundry; improved resolution;

a more rugged sensor element; possible use of mode conversion to

generate the torsional wave; the optimum number of zones; the location

of the zones and mounting and support of the sensor element. Further

testing needs to be done in flowing systems, and to check the sensitivity

of the probe to plant noise pickup.

.-
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PUBLICATIONS

1. Advanced Two Phase Flow Instrumentation Program Quarterly Program*

Report for October to December, 1979.

NUREG/CR - 1346 May 1980 - K. G. Turnage, C. E. Davis, R. L.
Anderson and G. N. Miller.

2. Advanced Two Phase Flow Instrumentation Program Quarterly Program
Report for January to March 1980.

NUREG/CR 1647 September 1980 - K. G. Turnage, C. E. Davis, R. L.
Anderson and G. N. Miller.
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Avectageo of tho torolon wayo probo
are:

;

1 only a steel ribbon in the reactor
|

| 2, transducers easily made radiation
resistant

3. output can also yield density and
temperature profiles

Some disadvantages are:

1. may be noise sensitive '

5. iH5tYdifientation is more expensive

'
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TIQ fojiggin[[ goals Wero set. in jaggary, 1980:
L

1. Develop a proof of principle probe which
| combines torsional and extensional excitation

2. Charseterise the probe

3. Test the probe

e at room temperature
e at elevated tempercture

et elevated pressurea

4. suR4e r e c omme nda. tion to NRC concerning

fythgr < lev,elop m en t

k
,

.
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The velocity of an extensional wave is about twice
the torsional velocity in ~tainless steel.s

:

7- END
b Transmitter- f
{
-g A B CReceiver

! -- 7 A EXTENSIONAL V V V
l
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f, f

L

-f7 B
END

L f fA B C
T, A T, A T, A T,

{ 7 C TORSIONAL i y y y )

L*
} |1 -END

TIME

- -
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The velocity of an extensional wave is about twice
the torsional velocity in ' stainless steel.

I

'

The velocity of both extensional and torsional
waves decreases with increasing temperature.

T- END
b Tramanitter- |t -g A B C
C Receiver
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Y7 *
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L j
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.
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TIME
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| The velocity of an extensional wave is about twice
: the torsional velocity in stainless steel.

| Changes in liquid level affect only the velocity
of the torsional wave.

- -

Level = L + L. T - T3 2

i T-T-4 a

T- END

g{b-g Transmitter- | fA B CReceiver
? A A A iAT7 EXTENSIONAL [ T, V .g. V 7, . V .i.

~

, ,

f I

7 I ENDgg

fIA B C77 7.

A h _ ._ * _ .. . . . I[ A A* * *
TORSIONAL y . .. _ . y _y .

| [J1D
| T, T,

| |
| >/

'

D ._ - . _ _

/ TIME
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The velocity of Lorsional u.l.trasonic waves
in a rectangular waveguide is dependent
on the densit 3/ of the surrounding medium.

~

[1 0
v=K

'u, D
1+p 2p, ( Kj

__

The velocity of an extensional wave is:

Y
v= P,

where p = density of surrounding medium
p, = density of sensor material
p, = shear modulus
Y = Young's modulus
K = shape fact.or (less than one)
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TEMPERRTURE CHRRRCTERISTICS OF PROBE
CLERRLY EXHIBITS R LINEAR RELRTIONSHIP
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6.X i L.N S 1 U N A L AND TORSIONAL TIME COUNTS
LINEAR OVER TEMPERATURE F< A N G E
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EXTENSIONAL AND TORSIONAL TIME COUNTS

LINEAR OVER TEMPERATURE RANGE
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Development plans for the torsional ultrasonic
level probe include:

<

) 1. Develop new probe with the intent of solving
various problems:

a locate coils outside pressure boundry
e Remendur temperature problem !

e pressure seal
strengtha

good communication with coolant fluida
a measurement of coolant density

2. Test at elevated temperature and pressure

3. Test under two phase flow conditions

4. Test with typical plant acoustic noise
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IN-VESSEL INSTRUMENTATION FOR
HIGH-TEMPERATURE TRANSIENT TWO-PHASE FLOWS

B.G.EADS
ADVANCED INSTRUMENTATION FOR

REFLOOD STUDIES PROGRAM

presented at

ElGHTH WATER REACTOR SAFETY RESEARCH
INFORMATION MEETING

GAITHERSBURG, MARYLAND
OCTOBER 27-31,1980
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IN-VESSEL INSTRUMENTATION FOR
HIGH-TEMPERATURE TRANSIENT TWO-PHASE FLOWS *

Introduction

A program under the sponsorship of the United States Nuclear

Regulatory Commission (USNRC) was initiated in 1977 at the Oak Ridge

National Laboratory (ORNL) to develop instrumentation for application

in PWR safety experimental facilities. The program, Advanced

Instrumentation for Reflood Studies ( AIRS), is specifically to develop

i instrumentation for measurement of in-vessel local fluid phenomena in

safety experiments designed to investigate the refill and reflood

phases of the PWR loss-of-coolant accident. However, the technology

being developed has general applicability to the measurement of two

phase fluid flow. The objective of the ORNL program is to develop

techniques and systems for measuring fluid flow in-core, deentrainment

in the upper plenum, liquid fallback from the upper plenum into the

core, and flow across the core-upper plenum interface. To attain this

objective, liquid film thickness and velocity, two-phase flow velocity,

void fraction and momentum flux must be measured.

Liquid film thickness and film velocity measurement systems are

being implemented utilizing concepts developed at Lehigh

University.l.2 Film sensor development at ORNL is limited to

*Research sponsored by the Office of Nuclear Regulatory Research,
U.S. Nuclear Regulatory Commission, under Interagency Agreements DOE 40-
551-75 and 40-552-75 with the U.S. Department of Energy under Contract
W-7405-eng-26 with the Union Carbide Corporation.
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; adaptation of the present techniques to the environment of a

refill /reflood facility. Electrical impedance sensors have been

developed for measurement of two-phase flow local velocities and void

fractions for a variety of in-vessel geometries. Techniques using

commercially available hardware have been developed which make it

possible to measure transient differential pressures (DP) with long

sensing lines. These techniques are being applied to low-range DP
;

measurements within the upper end box and across the end box tie-plate.

A unique and innovative drag body is being developed for upper end box

momentum flux measurements. The drag body is an integral part of the

end box and introduces no disturbance to flow.

.

.

I

1

-___ _ _ _ _ _ . . _ . . _ , _ _ _ . . _ , ,- -
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4

ORNL WS-13668

THE OVERALL OBJECTIVES OF THE
INTERNATIONAL 2D/3D REFILL
AND REFLOOD PROGRAM

* TO STUDY THE STEAM BINDING EFFECT DURING

REFLOOD FOR VARIOUS ECCS COMBINATIONS

* TO STUDY THE REFLOOD FLOW DISTRIBUTION

(CHIMNEY EFFECT) IN A HEATED CORE

* TO STUDY THE FLOW HYDRODYNAMICS IN THE

CORE, DOWNCOMER AND UPPER PLENUM

DURING REFILI. AND REFLOOD

ORNL WS-13557

A VARIETY OF MEASUREMENT METHODS HAVE BEEN UTILIZED
IN THE ORNL DEVELOPMENT OF TRANSIENT TWO PHASE FLOW

|
INSTRUMENTATION FOR HIGH TEMPERATURE IN VESSEL

MEASUREMENTS

e LONG LINE DIFFERENTIAL PRESSURE FOR UPPER END BOX
TIE PLATE

e DRAG BODY MOMENTUM FLUX FOR UPPER END BOX TIE PLATE

* THIN LIQUlO FILMS
- THICKNESS UTILIZING AN ELECTRICAL CONDUCTANCE

SENSOR
- VELOCITY UTILIZING AN ELECTROLYSIS POTENTIAL SENSOR

e VELOCITY AND VOID FRACTION UTILIZING ELECTRICAL
IMPEDANCE SENSORS
- IN CORE

.

- FREE FIELD
OtRI

|
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IN-VESSEL SENSORS OF MANY DlFFERENT GEOMETRIES HAVE
BEEN DEVELOPED
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ORNL WS-13593

TECHNIQUES WERE DEVELOPED FOR LONG LINE,
LOW RANGE, TRANSIENT DIFFERENTIAL PRESSURE

MEASUREMENTS

SPECIFIED ACHIEVED
_

LINE LENGTH 15 METERS 15 METERS CONTINUOUS
LIQUID PURGED

827 KPa,170 C 82' KPa,170 C

0.2 TO 20 IN H O 1 i v 20 IN H O2 2

(0.05 TO 5 KPa) (0.25 TO 5 KPa)

3 Hz BANDWIDTH 10 Hz

NEGLIGIBLE VlBRATION MINIMlZED BY
AND WATER HAMMER HYDRAULIC RESISTANCE
EFFECT

LOWEST POSSIBLE ERROR < 0.3 IN H O (0.075 KPa)2

om!

ORNL WS 13594

A UNIQUE AND INNOVATIVE DRAG BODY HAS BEEN
DEVELOPED TO MEASURE TRANSIENT MOMENTUM

FLUX AT THE CORE / UPPER PLENUM INTERFACE
WITHOUT INTRODUCING OBSTRUCTION TO THE FLOW

e USES EXISTING END BOX STRUCTURE

e STRAIN GAGE BASED, BIDIRECTIONAL

e HIGH SENSITIVITY,1/1000

e HIGH SIGNAL / NOISE RATIO

e HIGH RESONANT FREQUENCY, ~100 Hz

e MAINTAINS SENSITIVITY AND STABILITY
- HIGH TEMPER ATURES, TO 315 C
- TRANSIENT FLOW CONDITIONS (CYCLIC

LOADING)
- THERMAL SHOCK DUE TO QUENCH

Oml

- _ - _ _ _ _ _ - - . _

1
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THREE TYPES OF IMPEDANCE PROBES HAVE SEEN DEVELOPED A UNIQUE COMetNATION OF HIGH-TEMPERATURE SENSOR TECHNOLOGY.
FOR MEASUREMENT OF HIGH-TEMPERATUPE STEAM / WATER K,fillSTICATED SIGNAL CONDITIONING ELECTRONICS AND SIGNAL ANALYSIS

TWO-PHASE FLOWS IN REACTOR SAFETY EXPERIMENTS METHODS MAKES POSSISLE AN IN VESSEL VOIO FRACTION MEASUREMENT
|
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ORNL-DwG BO-14285A

FOR FLOW REGIMES WITH NO DISPERSED DROPLETS THE
RELATIONSHIP BETWEEN VOID FRACTION AND THE AVERAGE
MIXTURE DIELECTRIC CONSTANT CAN BE DESCRIBED BY A
LINEAR MODEL

_
REL ATIVE ADMIT TANCE

N E ~tk m
T QC e 0"UC

w E 60 - 'i~ i0

d

5 %.x40w
$
-8
;u 20 -

ci
@ I I IO

O O.5 4.0

VOID FRACTION (a Ic

OERS

ORNL WS-13595

A METHOD HAS BEEN DEVELOPED TO IDENTIFY AND
ICOMPENSATE FOR FLOW REGIME EFFECTS ON

IMPEDANCE MEASUREMENT OF VOID FRACTION BY
USING WEINER'S EQUATION

' (q + n
a = 1 - [1 - a ]C

c((1 - a ) + (o + n)c c

a = ACTUAL OR TOTAL VOID FRACTION

a = RELATIVE ADMITTANCE VOID FRACTIONc
(ASSUMING LINEAR RELATIONSHIP)

n = EMPIRICAL DISTRIBUTION FACTOR
OrHI

i

I 1
1 I
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ORNL WS 13596

ASSUMPTIONS REQUIRED IN THE PROPOSED FLOW
REGIME COMPENSATION METHOD FOR

IMPEDANCE PROBE

e THAT WEINER'S MODEL APPLIES TO THE REGION
OF THE SENSOR VOLUME WHERE THE FLOW IS
DISPERSED

e THAT THE DISPERSED REGION IS ELECTRICALLY
IN PARALLEL WITH A LIQUID BRIDGE

e GAS IS THE CONTINUOUS PHASE AND LIQUID IS
DISPERSED PHASE

OERI

ORNL WS 13597

MEASURED IMPEDANCE PHASE ANGLE DATA lS USED

|
TO DETECT THE PRESENCE OF DISPERSED DROPLETS

i AND TO DETERMINE THE DISTRIBUTION FACTOR n

eo AND THE LOSS ANGLE y ARE MEASURED
c

VALUES

e CALCULATE yugx (LOSS ANGLE WITH NO
DISPERSED DROPLETS)

e CALCULATE S = 1 - [ TAN y/ TAN 7 IMAX
* CALCULATE:

'A(1 - a )U 'c
n= +1

A = PROBE CAllBRATION CONSTANT

e CALCULATE o USING WEINER'S EQUATION
- (p + n '

"" - 1 '- "c
.cy(1-a ) + (a + n)c c

.

. _ . . _ _ _ _ _ ___ _ ___ _ _ _ . _ _ _ - _ _ _ _ _ _ _ _ _
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fSCTF FLAo PROSE v0iD FRACT1ow RESutTS ILLUSTRATE THE EFFECT
OF THE DISPERSED FLOW CORRECTION. AIR / WATER TESTS APRIL 1900
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SCTF PRONG PROBE vs GAMM A DENSITOMETER VOlO
FRACTIONS FROM STE ADY ST ATE STE AM/ WATER TESTS AT 165 'C
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SCTF FLAG PROBE SIGNALS VL TIME
DURING A STEADY STATE TEST RUN, SAMPLING FREQUENCY = 1000 HZ.

AIR /W ATER TESTS APRIL 19_80. RUN NO. 8
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ORNi DeG 10 tm

SCT' f TAG PROBE VOID FRACil0N VS in4E
DURING STE ADY STAIL TEST RUN. SAMPLING FREQUINCY = 1000 HZ.

AIR / WATER TESTS APRIL 80, RUN NO 12.
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0VERVIEW 0F 20/3D INSTRUMENTATION DEVELOPED AT EG&G IDAHO

R. E. Rice
EG&G Idaho, Inc.

Instruments provided by EG&G Idaho Support the overall objectives of
the 20/3D Program. Test results further the understanding of full
scale-accident phenomena, such as steam binding, end-of-bypass, upper
plenum deentrainment, and multidimensional core reflood behavior. Results
obtained in the Japanese Cylindrical Core and Slab Core Test Facilities
(CCTF, SCTF) and the German Primary Coolant Loop (PKL) and Upper Plenum

Test Facility (UPTF) are also used to assess the TRAC thermal-hydraulic
Code. Four catagories of measurements are made: density, liquid
inventory, local velocity, and mass flow rate.

Two generations of sof t X-ray densitometers have evolved in our
support of 2D/3D. The first system utilized combinations of low energy
sources to provide a three-path density measurement in 75 to 150 nun spool

pieces. These systems featured an LN -cooled germanium or silicon
2

detector and pulse height discrimination to separate the combined signal
into path densities. A second generation of low energy densitometers has
also been developed to improve performance, reduce system costs, and to
minimize maintenance requirements. Details' of this measurement system will
be presented in a companion paper.1

Liquid level measurements to date in 2D/3D have relied on conductivity
probe devices,2 which have provided a large volume of liquid level data
to date on 2D/3D. A new system has been developed to improve liquid level
results and provide a global indication of liquid inventory using a grid of
optical wet / dry sensors. Details of this measurement will be presented in
a companion paper.3

4
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Several instrument systems are used on 2D/3D to collect local velocity

| data in single-phase flow. Applications include use of variable reluctance

{ drag transducers and miniature turbine meter probes, both calibrated to
! yield single-phase local velocities. A new device has been developed to

measure extremely low liquid velocities, as occurring at the core inlet
! during reflood. A water-cooled reference thermocouple is paired with a

surface thermocouple penetrating into the free stream. The differential
output is calibrated to yield accurate liquid velocities down to

! 0.025 m/s. Signals from " upstream" and " downstream" resistance

I thermometers are also compared to yield direction of flow.
:
.

The most difficult measurements to make accurately are of two-phase

| mass flow. Several sets of combined transducer outputs are utilized on the

i 20/3D f acilities to make these measurements on pipes of various

! configurations. The PKL , CCTF,4 and SCTF have been provided 75 to 150
i
i m diameter spool pieces, each containing a full flow drag screen, turbine

meter and a three-beam densitometer. The SCTF is being provided a 116 by'

! 737 m oval shaped spool piece with a four-target drag rake and a four-beam

! densitometer. The UPTF will be equipped with flow measurement stations in
five 750 m diameter pipes, each containing a six-target drag rake and a
six-beam densitometer system. The development approach on these

|
measurements is to verify the mass flow algorithms through two-phase ,

l
! testing. Two-phase flow accuracles of +15% full scale have been

demonstrated for spool pieces up to 150 m diameter.
,

;

4
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EG&G IDAHO SCOPE OF SUPPLY
FOR 2D/3D PROGRAM

EA.
LIQUID LOCAL M ASS FLOWDENSITY

INVENTORY VELOCITY RATE

FACILITY

' 92 CONDUCTIVITY 4 TURBO 4 PIPES
PROBES PROBES 75 TO 100 mm(GERM ANY)

UPTF 1200 OPTICAL 67 TURBO 5 PlPES
SENSORS PROBES 750 mm(GERMANY)

4 DRAG DISKS219 CONDUCTIVITY
CCTF PROBES 14 TURBO 8 PIPES

PROBES 150 mm(JAPAN) 272 OPTICAL
"$ 4 COOLED TC

3 DRAG DISKS 2 PIPES
SCTF 19 PATH 186 CONDUCTIVITY 150 mm

NSI 1 S PROBES 16 T(JAPAN) 1 ELLIPTICALppOBES
PIPE

|

|
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i 150-mm Spool Piece Two Phase
: Flow Test Results !

E 16 n n I , . n ,' '
'

$ 14 _ Hot leg spool - "g-
,
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' ' -Tu' 12 - , -

,/-
,

3 10 - ,' '
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E
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LOW ENERGY S0010M IODIDE GAMMA DENSIT0 METER FOR 20/30 PROGRAM

4

J. B. Colson
R. R. Rohrdanz

EG&G idaho, Inc.
_

A gamma densitometer has been designed, fabricated, and tested for use
in the Slab Core Test Facility (SCTF) in Tokai, Japan, to measure the
coolant fluid density during the refill and reflood phases of a simulated
loss-of-coolant accident. The SCTF is part of the 2D/3D Program in support
of NRC objectives as described in a companion payer.1 The design is
based on the attenuation of a gamma beam as a function of density.

The densitometer was designed to maximize accuracy at high void
3fraction, low density two-phase flow in the range of 0.7 to 70 kg/m and

3measure up to 1000 kg/m at reduced performance. Environmental criteria
included a severe environment of superheated steam up to 1973 K,1.2 MPa at
the pressure boundary, a 10 gauss 50 Hz magnetic field, and a 333 K thermal
shock. Other design criteria included 350 ms response time, SI (metric)
hardware design, less than 2 mr/hr surface radiation from the source, 300
series stainless steel construction, and restricted envelope limitations.

Two models were designed for application at four different regions of
the test f acility f or a total of 23 density measurements. One model was
designed to measure the fluid density of the coolant in the core. As such,
the gamma beam was collimated to be 2 mm wide by 39 mm high and focused
between heater rods in adjacent simulated fuel bundles. The beam path
through the fluid is about 250 mm long. The other model is designed to
measure the density in the core end box, the upper plenum, and the hot leg
piping where the area is more open. In these locations a circular gamma

beam collimated to 25 mm in diameter is used.

JBC-2.
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To meet the design criteria, a low energy source was selected to have '
the best sensitivity and accuracy over the desired operating range of
densities. The Am-241 gansna ray at 60 kev was selected. This source has

the added advantages of long half life, hence, no significant decay and is
easily shielded to a low radiation level. Since Am-241 is essentially a
surface source due to its self shielding, the maximum usable source
strength is about one curie. This provides a maximum count rate to the
detector of about 500,000 counts /s. This high count rate is necessary to
minimize statistical error in the measurement.

To detect and process this count rate, a high speed system was
developed using a feedback stabilized photomultiplier tube in conjunction
with a sodium iodide detector. The feedback circuit controls the
photomultiplier high voltage to stabilize the pulse height output. High
speed electronics are used to minimize the effects of decd time in the

counting amplifier. The amplifier output is passed through a single
channel analyzer into a scaler providing a digital output sununing the
counts in a 300 ms interval. Tne outputs of all 23 channels are combined
into a single serial RS-232C format to be processed by the f acility data
acquisition system.

This design has eliminated the need for liquid nitrogen cooling of
previous low energy designs using Ge/Si detectors. Also no dead time
correction is needed and the use of direct digital processing has
eliminated any error due to analog-to-digital and digital-to-analog
conversion.

The statistical error due to the random decay of the source and the
calibration errors contribute the major portion of the measurement error.
The statistical error is calculated to be less than 1 kg/m3 g,33 37(

3reading for a 95% confidence level over the range of 0.7 to 70 kg/m ,
The calibration errors were shown to be lest than 1.7 kg/m3 + 0.7% of
reading.

JBC-3
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DENSITOMETER THEORY
|

EAS
I= A T

I = DETECTOR COUNT RATE, PULSES /S

E = DETECTOR EFFICIENCY

A = COLLIM ATION AREA, m2

S = SOURCE STRENGTH, PHOTONS /S/ STERADIAN

R = SOURCE TO DETECTOR DISTANCE, m

AT = BEAM ATTENUATION ~

JSC-4

1



BEAM ATTENUATION
,

AT AAAA f" w a n

A, = VESSEL WALL ATTENUATION

A AIR PATH ATTENUATION=o

A DETECTOR HOUSING ATTENUATION=n

Ag = FLUID ATTENUATION

e '''
, i = w,a n.fA =i

27i MASS ATTENUATION COEFFICIENT, m /kg-

Xi = PATH LENGTH, m

3
pi AVERAGE DENSITY kg/m=

JSC-5
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MEASUREMENT EQUATION
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IB=
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EAS
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DESIGN CRITERIA

FLUID STEAM / WATER

3 TODUAL RANGE 0.7 kg/m
3 TO70 kg/m

31000 kg/m

ACCURACY 3% RANGE

PRESSURE 1.2 MPa

TEMPERATURE 1073 K AT BOUNDARY

THERMAL SHOCK 333 K

MAGNETIC FIELD 10 GAUSS AT 50 HZ
JDC-13
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Circular Beam Densitometer

'= 66 cm ='
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/~+25 cm+ L
L"$ Signal~

~

S ' jl _ _ __ _ _ = _ _ _ =E - 4 houtput____
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;Rectangular Beam Densitometer
,

1 69 cm z'4
- Am-241 source 0.2 x 3.9 cm
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SUMMARY RESULTS ,
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RANGE

3ERROR 70 kg/m 1000 kg/m3
,

3 3STATISTICAL 1.0 kg/m 0.3 kg/m
+ 0.3% Rd + 1.3% Rd

3 3CAllBRATION 1.7 kg/m 1.3 kg/m
+ 0.7% Rd + 1.2% Rd i

FULL RANGE 2.7% 1.9%

ac-u

|

_ _ _ _ . _ ___



. - . _ . . --. . _ .. . _.___ _ - . . - _ _ _ - __ - _ - - - _ _ - - _ .--

i
;

s

1 <

|
.

AN OPTICAL LIQUID LEVEL DETECTOR FOR HIGH

TEMPERATURE / PRESSURE WATER ENVIROMENT

,

i

Presented at

The Eighth Water Reactor Safety Research Information Meeting
; October 27-31, 1980

Gaithersburg, Maryland
,

1

i

B. L. Watson

R. P. Evans
EG&G Idaho, Inc.

,

Idaho National Engineering Laboratory
Idaho Falls, Idaho 83415

,

. - - . _ - - . - _ _ . . - - _ _ _ _ - _ _ _ _- -. - - _ . - - _ _ - _ _ - _



AN OPTICAL LIQUID LEVEL DETECTOR FOR HIGH

TEMPERATURE / PRES 3URE WATER ENVIRONMENTS

B. L. Watson

R. P. Evans
EG&G Idaho, Inc.

An optical liquid level detector has been developed for the 2D/3D
Program to meet the need for a fast-responding, liquid level detector (LLD)
requiring a minimum of data interpretation. NRC use of these instruments
is further described in a companion paper " Overview of 2D/3D
Instrumentation Developed at EG&G Idaho, Inc." Design goals were
established as 20 ms rise time, binary single parameter transducer output
(wet / dry), 283 to 623 K operating temperature range, I to 20 bars operating
pressure, electromagnetic imunity to 10 gauss fields at 50 hertz, and 523
K thermal shock.

t

( The design chosen to meet these requirements utilizes an optical
transducer consisting of a 45 degree sapphire cone metallized into a
200-series nickel housing. Dimensions of the transducer are approximately

l 0.3175 cm (1/8 in.) diameter by 1.27 cm (1/2-in.) long. Two optical fibers
couple the transducer to the local signal conditioners and are protected by
0.157 cm (0.062 in.) diameter stainless steel tubing. Within the signal
conditioner module continuous light generated by a high intensity tungsten
13mp is coupled into an input fiber and transmitted to the optical
transducer. 'The amount of light coupled into the return fiber by internal
reflection within the transducer is a function only of the optical
refractive index at the surface; dry producing a maximum return signal, wet
returning a minimum. Detection is performed by a discrete photodiode,
discriminated into a computer compatible binary signal, multiplexed, and
stored on magnetic tape. Unique system components are the

BLW-2
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a

aluminum-coated optical fibers which are required to meet the 623 K.

temperature environment and the nickel-sapphire optical transducerd

Performance parameters have been measured on prototype units with the
following results: Signal / noise ratio 400/1, Dry / wet ratio 60/1, OpticL1
throughput 25 dB (15 m fiber lengths), and electrooptic response time 1 ms.

I Characterization tests have,been performed to ensure accurate
steam / water discrimination over the range of operating environments and

; include both falling drop and traveling void response time tests, autoclave
i testing at elevated temperature and pressure, and numerous laboratory bench
' scale experiments. These tests have demonstrated that under single phase

conditions this design produces a distinct. binary output with transition
i rise times limited only by the recording instrument or the interface

veloc ity. Interface rise times are extremely fast (10 ms) due to the small
2active area on the transducer (approximately 2 m ). The small active

area also tends to produce binary signals during two-phase operation
although signal integration prior to recording often produces a variable
amplitude signal. Variable amplitude signals can also be generated by high
density steam although the hydrophobic property of sapphire and vertical
positioning of the transducers minimize the effect. Of primary importance
to the steam / water detector function is the large ratio that exists between |

! steam and liquid water (30 to 1 minimum). This allows a threshold to be
set which clearly distinguishes liquid water from any steam state.

|

In sumary, an optical liquid level detector has been developed which
meets or exceeds established design goals. Production design has been

initiated with application to the Japanese Cylindrical Core Test Facility
and the German Upper Plenum Test Facility fluid distribution grid projects.

BLW-3
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RISE TIME <20 ms |*

BINARY SINGLE PARAMETER TRANSDUCER REPONSE !*

10 TO 350 C OPERATING TEMPERATURE=

1 TO 20 BARS OPERATING PRESSUREe

10 GAUSS 50 hz E.M. IMMUNITYe

250 C THERMAL SHOCK=
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SYSTEM PERFORM ANCE

SIGNAL / NOISE RATIO 400/1

DRY / WET RATIO 60/1

OPTICAL THROUGHPUT 25 db
(15 M FIBER LENGTHS)

ELECTROOPTIC RESPONSE TIME <1 ms
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LOFT TEST SUPPORT FACILITY TESTING

|

* RE ALISTIC ENVIRONMENT |
,

'

* CORRELATING INSTRUMENTATION
VIDEO CAMERAS
TURBINE FLOWMETERS
GAMMA DENSITOMETERS

* TEST GOALS
EV ALU ATE TWO-PH ASE PERFORM ANCE
VERIFY ACCURATE STEAM / WATER
DISCRIMINATION
ASSESS ADDITIONAL MEASUREMENT
CAPABILITIES
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RESPONSE TIME DATA
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cm
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Recorder Bandwidth 110 bz
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ADVANCED INSTRUMENTATION PROJECT

W. H. Roach

EG&G Idaho, Inc.

SUPNARY

| The advanced Instrumentation Branch of EG&G Idaho, in close

| cooperation with Water Reactor Research programs and the USNRC, prepares
I and develops instrumentation which may be utilized in the NRC assessment of

the safety aspects of nuclear reactors.

During the past fiscal year, the Advanced Instrumentation Branch has
completed several projects and studies, begun investigation into several
new projects, and continued. development of on-going tasks.

COMPLETED PROJECTS

A gama ray tomographic densitometer system, including sof tware for
data reduction, has been devel, ped and tested.1 A system for 35.56 cm

(14-in.) diameter piping has been fabricated and is ready for installation
at the Water Reactor Test Facility.

Studies have been completed on a gama ray scattering technique.2
The method has the potential for providing density information in two-phase
f1ow.

In the field of liquid level detectors, a simple, economical system
using a heated thermocouple transducer and electronic controller has been
deeeloped and proof-tested.3

CURRENT PROJECTS

Small break accidents can lead to conditions where the steam
generator becomes an important link in overall system response.
Instrumentation is being developed for the detection of U-tube voiding and
for local heat flux measurements. Voiding is detected by a thermocouple

WHR-2
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placed at the top of the U-tube which detects change in heat conduction
due to flow change. Heat flux measurements utilize a sandwich thermocouple
principle.

A holograchic camera system has been developed and is now being used

to investigate bubble growth phenomena and mass and heat transport across a
steam-water interface under laboratory conditions.'

To assist in assessing the validity of phase velocity models in
two-phase flow codes, a laser doppler velocimeter system has been developed

and is under test.0'

Work continues in the development of miniature zircaloy-sheathed
thermocouples for use in embedded or internal fuel rod temperature
measurements. Units to 0.5 nm in diameter have been produced and embedding

techniques perfected.

PROPOSED TASKS

o Development of improved ultrasonic thermometry for temperatures
to 3273 K range.

4

i
'

Characterization of cladding thermocouple time response ando

perturbation effects under various coolant and temperature
reg imes.

o Evaluatation of infrared techniques for applicability to Water
Reactor Safety Measurements.

o Feasibility studies of methods of sampling and identifying
,

hydrogen gas in a PWR environment.

o Development of image analysis techniques to assist in the study

of two-phase flow phenomena.

WIR-3
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FY-80 CURRENT PROJECTS

* STEAM GENERATOR INSTRUMENTATION

* HOLOGRAPHIC STUDIES
1

* LASER DOPPLER VELOCIMETER

* MINIATURE ZlRCALOY-SHEATHED
| THERMOCOUPLE
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HOLOGRAPHIC STUDIES
.

.

* BUBBLE GROWTH ,

|

MASS AND HEAT TRANSPORT |
*

MULTIPLE PULSE HOLOGRAMS*

!
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MINI ATURE ZlRC ALOY-SHE ATHED |

THERMOCOUPLES

* 0.5 mm DIAMETER

EMBEDDING TECHNIQUES*

50 mm SECTIONS, FLATTENED
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EMBEDDED ZlRCALOY-SHEATHED THERMOCOUPLE
ON INNER FUEL ROD CLADDING SURFACE

Laser We l d 0.62 mm
a >

h=) 5
'

$[ \\\\\\\ ("5_4_.- e_- __ -
_

' ~-_ _ __ __;zw- _- - aQ_: : _; nitin---u

_ =_ _E EiD$3s
zagg-emp-

g N g N/pf~=
_

------

_-- :- ;'r g__
d"

p-
_

_ __ -3_-
__

_

' *
-

c _- - J^ ~ ~ ~ - : ~
-

_ -

Fuei Rod
Cladding

WHR-5

_ _ _ _ _ _ _ _ _ .



- . . .. . _.

FY-81 T ASKS

* ULTRASONIC TEMPERATURE MEASUREMENT

* CLADDING THERMOCOUPLE RESPONSE '

l.

* INFRARED TECHNOLOGY

* INCONDENSABLE GAS ANALYSIS '

|

| * IMAGE ANALYSIS
|

|
~

'

.

|



_

LASER DOP?LER ANEMOMETRY INSTRUMENTATION

OF TWO-PHASE FLOWS

Presented at
The Eighth Water Reactor Safety Research Information Meeting

October 27-31, 1980

Gaithersburg, Maryland

.

M. L. Wilson
EGl.G Idaho, Inc.

Idaho National Engineering Laboratory
Idaho Falls, Idaho 83415

.

_ . _ _ . _ . _ _ _ _



__

LASER D0PPLER ANEMOMETRY INSTRUMENTATION

OF TWO-PHASE FLOWS

s

M. L. Wilson
EG&G Idaho, Inc.

The assessment of safety related computer codes is an important part
of the NPC Water Reactor Safety Research Program. Advanced computer codes

I have been developed using two-fluid models which allow separate phase
velocities. Determination of these phase velocities require
instrumentation capable of making measurements in two-phase flows.
Conventional single-phase instrumentation such as turbines and drag devices
do not have the response and range necessary to obtain phase velocity.
Also the presence of these devices change the flow by introducing
obstru:tions and pressure drops which can cause flow disturbances.

To accurately make measurements of the separate phase velocities in
two-phase flows, the instrumentation should have a wide dynamic range,
quick response time, and make a nonintrusive measurement. Laser Doppler

5Anenometer (LDA) systems have been constructed which have a 10 dynamic
range (0.001 to 100 m/s) velocity measurement capability, response times of
the order of 50p s, and make a nonintrusive measurement with only light
beams present in the flow. Also LDA systems measure velocity directly and
do not require calibration. It is for those reasons that LDA techniques
are currently under development at the INEL for use in some two-phase
flows. Reference 1 gives an overview of LDA theory and describes their

_

operation.
, .

Several., authors have used LDA techniques to instrument two-phase

flows (References 2-5). In most of this work air-water bubbly two-phase
flows were investi' gated. It was decided that this type of flow should be
investigated initially in the Advanced Instrumentation Branch at INEL. A

38 nm square pexiglass test section was constructed which could be

installed in several flow facilities. Work was done in both horizontal and
vertical two-phase flows, with void fraction ranging from 0 to 0.25.

. i MLW-2

\

x



The LDA system consisted of a 15 milliwatt helium-neon laser, beam
splitter, frequency shif ter, beam expander, and both forward and
backscatter receiving optics. The signal processing was done by a digital
frequency counter specifically designed for LDA applications. Velocity,

information from the s',gnal processor was recorded using a microcomputer
,

and stored on a disk for latter processing. With the present systec, data
from the LDA can be stored on disk at a rate of 1000 data points per second

i yielding a 1 ms response time. Software has been developed to calculate

mean velocity, probability distribution function (PDF), turbulance
intensity, and higher order moments including variance, skewness, and
kurtosis.

: Good data was obtained from the LDA system up to 0.25 void fraction
,

I at which point the flow was sufficiently opaque that the laser beams were
! substantially attenuated. In horizontal two-phase flows, increasing the

air flow while holding the water flow constant caused the calculated mean
velocity and turbulance intensity to increase as was expected, while the
PDF stayed smooth and symetrical about the mean. However, in vertical
flows the PDF was asymetric with a tail which extended out well beyond the
mean velocity. It is felt that this tail on the high side of the PDF is

1

caused by bubbles inducing water movement as they pass through the |
- measurement volume under buoyant forces. In the flows tested, many bubble j

sizes were present each with a different terminal rise velocity. A LDA
- measuring these velocities would have a distribution from 0 to 40 cm/s

superimposed upon the water i'ow distribution. It appears that the PDF

properly predicts this distribution. In addition, with increasing void
fraction, the probability and extent of the PDF tail increases as expected.

Further work needs to be done in several areas. Increasing the data

rate of the data aquisition system, improved analytical techniques, and
investigation of other two-phase flow types is currently planned.
Construction of a LDA system using laser diodes to decrease size and
increase reliability is also underway. It appears that LDA techniques can

be of great utility in measuring phase velocities in some two-phase flows.

MLW-3
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NSTRUMENT ATION REQUIREMENTS

QUICK RESPONSE*
,

* WIDE DYNAMIC RANGE

NONINTRUSIVE-

DIRECT MEASUREMENT*

REQUIRE NO TWO-PHASE CALIBRATION*
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LDA MEASUREMENT C A P A BILITIES
_

RESPONSE TIME C50 s)9.

'

DYN AMIC R ANGE CO.001-100 m/s)=

DIRECT MEASUREMENT OF VELOCITY-

* ABSOLUTE MEASUREMENT REQUIRING
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SUMM ARY

LDA TECHNIQUES WORK IN BUBBLY TWO-a

PHASE FLOWS UP TO 0.25 VOID FRACTION

VELOCITY PROFILES, MEAN VELOCITY, PDF,=

AND HIGHER ORDER MOMENTS OF THE PDF

WERE OBTAINED IN A TWO-PH A SE BUBBLY

FLOW

THE INFLUENCE OF BUBBLES IN A VERTICAL*

TWO-PH ASE FLOW WERE DETECTABLE
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FU URE WORK
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INCREASE DATA RATE OF THE DATA*;

ACQUISITION SYSTEM
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1

INVESTIGATE OTHER TWO-PHASE FLOWS*

!
|

i CONSTRUCT A LASER DIODE LDA SYSTEM-

TO IMPROVE MEASUREMENT C A P ABILITIES
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STEAM GENERATOR INSTRUMENTATION

Dr. J. R. Wolf
EG&G Idaho, Inc.

! As a result of the Three Mile Island incident, considerable effort
has gone into investigating safety aspects of the small break accident.
Because of the slew depressurization rate in this type of accident, the
steam generator plays an important part in determining plant thermal
response.

In the early stages of a large break where it is not necessary to
cool the plant over a long period of time, the steam generator has a less
important role. As a result of plant safety emphasis on large break'

accidents, very little instrumentation has been developed for steam
generator appilcations.

During a small break loss-of-coolant accident, current NRC
regulations require that the main coolant pumps be shut off and natural
circulation used to cool the reactor. Under certain conditions, steam and
any noncondensible gasses which have been produced in the core will pass
into the steam generator and collect at the highest point of the system.
This point is the top of the U-bend in the tube bundle or the inlet (hot
leg) pipe in a once through steam generator design.

When the primary coolant contains a two-component mixture of

noncondensible gasses and water, heat transfer and removal through the tube
bundle will be inhibited. Because little or no heat is removed in the
steam generator, the normal inlet to outlet primary coolant density
gradient disappears. The natural circulation mode is driven by this
density gradient in the steam generator tube bundle and when it is no
longer present, natural circulation is lost. When this occurs, the
noncondensible gases collect on the top of the U-tube.

JRW-2
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In order to properly monitor the steam generator and to determine if
natural circulation ilas been inhibited, instrumentation is being developed
to measure local heat flux in the tube bundle and to detect voiding caused
by noncondensible gas collection in the U-tube.

A calorimetric thermopile device is being developed to measure local

U-tube heat flux. It consists of a stainless steel half cylinder which is

attached directly to a steam generator U-tube. Two 0.025 cm Type E
thennocouples are embedded in the inner and outer surfaces of the probe to
measure its differential temperature. The local U-tube heat flux is
determined by using this differential temperature and calculating the heat
conduction through the probe. Development work is currently underway to
characterize the device and to determine if attaching it to the outside of
a tube will cause a perturbation to normal ~ local heat flux.

The boundary layer voiding detector is being developed in order to
detect steam voiding in the tube bundle. The detector is a thermocouple
placed on a tube wall and covered with an electric heater. The heat loss
from the heater as determined by the temperature of the thermocouple is
caused by the coolant flow in the tube. When the tube voids with steam,
the temperature of the heater increases due to the steam's poor thermal
conductivity. A rapid increase in heater temperature is an indication of ]
voiding. Laboratory tests with voiding caused by water injection indicate
that the device is capable of detecting U-tube voiding.

!

1

|
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OUTLINE

* NEED FOR STEAM GENERATOR
INSTRUMENTATION;

* BOUNDARY LAYER VOIDING DETECTOR

* LOCAL U-TUBE HEAT FLUX MEASUREMENTS

* SUMMARY

t

JRW-2

.

_ _- - - -- - _.



_. . ._ _.

;

I

|
|

| NEW INSTRUMENTATION
NEEDS

.

NEW INSTRUMENTATION NEEDS TO MAKE'

! SMALL BREAK STEAM GENERATOR
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STEADY STATE MODEL

SERIES OF ONE-DIMENSIONAL RELAXATION*

EQUATIONS

CONVECTIVE HEAT TRANSFER TO PRIMARY*

AND SECONDARY WITH FORCED AND NATURAL
i

CONVECTION

AXIAL CONDUCTION CONSIDERED*
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TRANSIENT MODEL ,

,

,

LUMPED PARAMETER SYSTEM*

CONVECTIVE HEAT TRANSFER TO PRIMARY+

AND SECONDARY WITH FORCED AND NATURAL

CONVECTION

NO AXIAL CONDUCTION*

NO RADIAL TEMPERATURE DlSTRIBUTION*
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CALCULATED TEMPERATURE RESPONSE i;

AS A FUNCTION OF HEATER POWER
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UNIT SURFACE CONDUCTA4CE ALONG
A HORIZONTAL CYLINDER
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FLOW fMSS DISTRIB!iTIm IN A PIK CROSS-ECTIm (Y, Z - PLANE)

f%IN PHYSICAL PRINCIPES INVOLE Ill THE EE09S DISCIESED:

1. RADIATI0fl ATTENtnTim ALONG THE BEA%

1.1.PRIf%RY RiOTUS

1.2. SECmIRP/ (SCATTERED) RiOTmS
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2. RADIATIm EERATION WITHIN THE f%SS

2.1. PRIt%RY GENERATION, FPDM TAGGED OR EXCITED FLUID AT0fS

2.2. SEC0NIMRI GBERATION, FRm AT0fE INVnLE IN SCATTEPJNG
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10E (HIDIBD INFOR'ATim FOR EA01 COUNT (PATE) EGISTERED,1.E.IETECTED.

t%EEf%TICAL NMLYSIS,NEESSAW TO EXTPACT FINAL ESULTS (LOCAL IB611Y
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MitMTIGl 0F SCATIERED PHOT 0iG (LSING (DBPTW BERGY/ ANGLE EQUAT10fD IEFlfES i

THE LOCAT1010F TE SCATTERING POINT (ff6S ELEBfD.NO ASSlfPS OR ALM.IRTA NEEIED.
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TWO SOURCES (S , S )/ ONE DETETOR (D ) ARRAIDDSE SHOWN; DETETOR Da1 2 3

HELPS DETERMINI!G ONLY A SYSTEM CONSTANT.

NOTE: FOR MORE THAN ONE DETEIOR D USED, ON THE SAME (IDWER) SIDE
3

OF THE PENCIL BEAM - CONNECTIIU THE TWO SOURCIS - IN THE REION WHERE

LATHIAL PARTIAL CORDS OVERLAP, CONDITION START TO BE MET FOR A TOM 0 GRAPHIC

REONSTRUCTION OF THE DE'!SITY FIELD IN IMAT RBION. THIS WOULD BE DONE

ANALYTICALLY, WITHOIR ANY ADDITION OF SOURCES, DETETORS OR M7/DGIT

OF THE EXPIRI!OCAL ASSDGLY.
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CONCLUSIGN

T0FDGRARiY N4D SCATTERlilG -- OMRARY TO SOFE VIEWS - CAN BE lEED TO ETER-

MINE 031CEE tilfERICAL VAllES CF THE CROSS-SECT 10ML IB611Y FIELD ALSO IN

TP#SIENT TUEULBR THO-PHASE FlDI, WilH0 LIT Ol#1GING THE DATA NlALYSIS PPDEDUE

(DFPLEED BY IGl. A ERELY OtMITATI\E IDDIFICATION OF THE EXPERIENTAL SETLP

(AFFECTING THE DET) 10llD EQUIRE FOLLftflNG:

1. Ni ARRAY OF STAT 10MP( SOURES NO EECT0f6 AR0Lf0 THE PIE (FOR TRDGPAPHY)

2. #1 INCEASED ST[NGTH OF GNfA SOUPES (KCURIE OR t0E) OR FLASH X-RAY CE-

NERATORS; ETECTOR EQUIR? BIT fB% INS SNE AS FOR STEADY STATE (FOR SCATIEP.)

3. COPPlffER SOFTWAPE TO ECIRIER (TOMOGR.) OR BHRIE TE ACCUPAC( (SCATT.).

BASED G1 ALL OF THE ABOVE, TriTr#PHIC ENSITrfETFP WAS DiCEEN AS THE

EEfENE ItSTRLIM FOR IBISilY DISTRIBl! TION [lEPPltMTICN IN TE NEW
-

STEAft(-STATE CALIBPATIG1 FACILITY (AT INELRG8G, IlWin FALLS). E0ETR(

#0 FLUID 010lTIONS NE S#E AS AT LDFT, l.E. P/T OF THE PRIt%R( LOOP

OF GMERCIAL RIR'S Willi 14 IN. 0.D. PIPE.
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Presentation at the Eighth NRC Infomation Meeting
on October 29, 1980

INTRODUCTION

TECHNICAL PERSPECTIVE AND OBJECTIVES OF 2D/3D RESEARCH PROGRAM

by L. S. Tong

During the reflood stage of a loss-of-coolant accident (LOCA) in a PWR, the
liquid droplets carried out by the upward. steam flow from the core may pass
through the upper plenum and be carried over into the steam generator. The
evaporation of this carryover water in the steam generators may increase the
upper plenum pressure ana hence reduce the core liquid level, leaving the fuel
rod partially uncovered and uncooled. This phenomena is called steam binding.
In the present licensing criteria based on a conservative analysis of cold-
leg ECCS injection, liquid carried out of the core is assumed to be all
vaporized in the steam generators. This assumption leads to an overly high
pressure in the upper plenum because, in fact, the crowded internals in the
upper plenum serve as strong moisture separators, and the amount of liquid
carried through the upper plenum into the steam generators should be greatly
reduced by de-entrainment. Experimental data is needed in order to detemine
the amount of de-entrainment of moisture in the upper plenum so that a realistic
estimate of the steam binding effect in a PWR can be made. The calculated
steam binding effect contribution to the maximum peak clad temperature in a

0LOCA with a cold-leg ECC injection system could be as high as 270 F.

For a system in w'.ich the ECC is injected into the upper plenum, the effect
of steam binding competes with the condensation effect of the subcooled
injection water. Other concerns with upper plenum ECC injection are the
distribution of injection water in the upper plenum and the fallback of the
accumulated water into the core. These phenomena are believed to be strongly
influenced by the size or scale of the testing facility. Therefore, large-
scale tests of the above phenomena are needed if realistic answers to these
questions are to be obtained.

During the blowdown and refill stages of a large-break LOCA in a PWR, the
ECC water injected at the cold legs may.not immediately penetrate through the
downcomer into the lower plenum and provide for core cooling, because of the
momentum effect of the upward steam flow in the downcomer. The flow transient
induced by the condensation of steam and ECC water in the upper annulus of
the downcomer also could delay the lower plenum filling. These delays would
also result in an increase of peak clad temperature. The prediction of the
exact amount of time delay is difficult because.the flow pattern in the
downcomer is oscillatory and gap-size dependent. At present, Appendix K
conservatively assumes that all water injected into the downcomer during blow-
dom is bypassed. A recent empirical correlation of ECC penetration has been
developed based on small-scale test data and is waiting for confimation,
utilizing data from large-scale tests.
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! During a small-break LOCA, the effectiveness of natural circulation and
'

reflux boiling in providing core cooling for various anomalous transients
requires confirmation. Specifically, the CCFL in the hot leg and steam gener-
ator in a reflux boiler mode of core cooling should be tested with a large--

scale model.
;

; The effectiveness of upper plenum ECC injection for condensing the steam
'

bubble in the upper plenum and for rapid cooling of a partially uncovered
j core during a small-break LOCA also needs testing.

The facilities designed for conducting the above tests are shown in Table 1.
;

The objectives of the 20/30 program are summarized in the following: ;

; 1. To study the effectiveness of various ECCS during reflood r

i for a large-break LOCA (including cold-leg injection, combined
i hot-leg and cold-leg injection, lower plenum injection and

vent valve) by measuring:

e the liquid carryover and fallback at upper core support
j plate,

; e the de-entrainment of liquid in upper plenum,

e the pressure difference between the upper plenum and the top
of downcomer,

e the pressure drop across steam generators.

2. To study the effectiveness of various ECCS during refill for a
large-break LOCA by measuring:

| e ECC penetration in downcomer and lower plenum filling during
; refill,
!

e downcomer flow transient induced by the condensation of steam
by ECC water during refill,

e U-tube flow oscillation during refill,

i e pool height and temperature of water accumulated in upper plenum
j under combined injection during refill and reflood.

4

i

I

. . . - - - , , , , . - - - . - , . . .-...---.-.m--,,-.---.4 -.--v- -. ----, ..m--s -,--,,-_.-v-.. , ,n, --.. --- - - -%m.
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3. To study the events leading to core uncovery during
a small-break LOCA by measuring:

e net flow rate out of the vessel in a natural circulation
of the system,

e heat transfer in the steam generators,

e condensing steam bubble in upper plenum and core cooling of
a partially uncovered core through hot-leg injection,

e phase separation and counter-current flow limit in the hot
leg during reflux boiling,

e local liquid level and fluid temperatures in the core, upper
plenum, exit nozzle, downcomer and lower plenum.

4. To study convective flow and fuel clad temperature distribution
inside a heated core under the following conditions:

(a) during reflood for a large-break LOCA (chimney effect),

(b) during core uncovery of a small-break LOCA,

(c) under conditions of core flow blockage during reflood, by
measuring:

e density distribution in the core,

e velocity distribution in the core,
,

e location and clad temperatures at hot spots.

e

.

_ _ . _ - _ -
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TABLE 1

2D/3D TEST FACILITIES

.

SCOPE OF TESTING GERMANY JAPAN USNRC

INTEGRAL TESTS EKL CCIE ADVANCED INSTR.

e LARGE-BREAK LOCA 340-R0D 2000-ROD DESIGN SUPPORT
(ALTERNATE ECCS) (FULL-HEIGHT CORE, (FULL-HEIGHT CORE TRAC ANALYSIS

e SMALL BREAK

(NAT. CIRC. & CORE UNC0V. ) 3-LOOP)
4-LOOP)

LARGE-SCALE

SEPARATE EFFECTS TESTS llP_IE SEIE ADVANCED INSTR.

e ECC PENETRATION & BYPASS FULL-SCALE PHR 2000-R0D DESIGN SUPPORT

VESSEL (FULL-HEIGHT TRAC ANALYSIS
-

e STEAM BINDING COUPLING FULL-SCALE 6-FT. RADIAL SLAB)

e FLOW BLOCKAGE DOWNC'MER0

e CCFL & PHASE'SEP.
(SMALL BREAK)

NOTE: PKL - PRIMARKREISLAUF
CCTF - CYLINDRICAL CORE TEST FACILITY
SCTF - SLAB CORE TEST FACILITY
UPTF - UPPER PLENUM TEST FACILITY
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A Synopsis of Small Break Tests

1. Introduction

The KWU PKL test facility /1/ was designed to examine the system be-
haviour of a PWR during the refill and reflood phase of a loss of coo-
lant accident with the option to include the end of blowdown phase.
The design pressure of the loop is 35 bars. This fact allowed to mod-

ify PKL in a relatively short time to run tests to answer questions aris-
ing after the TMI accident in the field of small break LOCAs.

.

As opposed to large breaks, small breaks are characterized not by voi-
ding of the primary system and subsequent fast reflooding, but rather
by maintaining sufficient coolant inventory over an extended high
pressure period. In addition to the energy transport out of the primary
system due to the break flow, an additional heat sink is needed to re-
move heat from the primary system. This additional L'at sink is pro-
vided by the steam generators whose secondary side is cooled down auto-
matically by 100 K/h. To avoid overheating of the core during a small
break LOCA the interest has to be concentrated on two items:

- sufficient water inventory to keep the core covered,
- energy transport from the core to the steam generators

at different water inventories.

The main features for small break experiments, discussed in inter-
national cooperation, are shown in fig.1. In this list those problems
are marked, in which PKL tests can contribute.

- _ - -
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investigated
IntegralBehaviour in PKL

S Free Convection 2 Phase Integral Behaviour x
(Steady State Tests)

e Transient Energy and Mass Transfer X

~

Separate Effects

e Heat Transfer in Steam Generator x
e Mixture Levelin Core,Downcomer etc. x

4 Reflux Boiler / Reflux Condenser x

4 Countercurrent Flow in Primary Horizontal Loop Pipes

9 Core Uncovered Heat Transfer (x)

S Influence of Non-Condensible Gas x

G Flow Blockage in Core

S Nuclear Feedback

Fig. 1: Main Features for Small Break Experiments

2. Test Facility

The PKL test facility - the program is supported by the Gennan Minister
of Researcn and Technology - represents a typical KWU 1300 MWe 4 Loop
PWR on a model scale of 1:134 /1/. It was designed to simulate the be-
haviour of the entire primary system during the refill and reflood phase
of a LOCA /2, 3/ In view of the importance of the driving gravity forces
during reflood as well as for natural circulation, all elevations corre-

spond to actual reactor dimensions. The test facility is designed for
maximum pressure of 35 bars and can cover the important phase of small )
break LOCA from 35 bars down to 10 bars, the pressure at which the low

_ _ - . .
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pressure injection is initiated. In figure 2 the PKI test facility is
shown as modified for small break tests. The test bundle simulating the
core consists of 340 electrically heated rods. The three loops - one with
double capacity simulating two loops - contain active steam generators
whose secondary side can be cooled down.
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Fig. 2: PKL - Arrangement for Small Break Tests

3. Test Matrix

The objectives of the PKL small break tests are

- to enhance the understandings of the phenomena, energy
transport and transport mechanisms pertaining to small
break LOCAs.

_ .
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. .

i

to aid the development of models describing these-

phenomena

To provide a data base for code development and assessment-

To attain these objectives steady state tests without break and ECC in-
jection w!re carried out to study the energy transport mechanism with full
and reduced water inventories in the primary loops,

system Pressure. 30 bar,10 bar steady state Tests: mthout Leak and ECC Insection
Number of Tests: 75 steady state Trennent Tests: mth Leek and ECC Injection

12 Trenesent Phase C': Tests with non Condensible Gas

steady state Trenaient

A B C.C' 3 E F | G
h.e,w o..c.,. T . Ph te ang c i.as 5.cenerv - 5 8.

Test Phase c,c,i.w. e
Ews., ort

es n ,. Trea .c v
Trea. Vr.i.e .f A1100 lt h5.ny. . Ph e .I

5 bc.c.e 5a with las< eng Le I P.,bes,
t.. li m v.,e i. T., c w.e s..a s,..a u.a s. e

Fews .e sww s,..=
e**w

single Phase '

I*- - . . ; -----_ -._._ _ . _ . - ._ _ . _ _ _ . _ _ _ _

Mature

Top of Bundle
'

-

Reduced
Water inventory
in Primary Bottom of Bundle
Circuit r

Fig. 3: Matrix of the PKL - Small Break Tests

4. Results

4.1 Steady _ State Tests

M

The themohydraulics and heat transfer mechanisms during a small break
LOCA cover a wide range form natural circulation with single or two-phase
flow to phase separation with counter current flow of stear and water.

Starting with single phase natural circulation. the water inventory in the
test facility was reduced step by step until reflux condenser behaviour
in the steam generator was established. The test conditions and the main
test results are listed in figure 4.
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IDI 8undle Water ** Mode of Energy Transport Flow Rate 4 9, , , p, p, ap,,,
Power Inventory m

- kW % bg/s K bar bar bar

4 402 100 Subcooled Natural Circulation 4.5 17 28 8 18 8 10 0
5 625 100 Subcooled Natural Circulation 5.4 25 29 7 17.8 11 9
6' 404 99 Single Phase Natural Circulation 54 16 30.1 23 3 68
7' 405 96 single Phase Natural Circulation 4.9 16 30 0 23 3 67

6 409 95 Two Phase Circulation 9.1 3-5 30 0 28 8 1.2
9 410 93 - Two Phase Circulation 7.5 3-5 29 8 28.7 1.1 .

10 413 87 Two Phase Circulation 42 3-5 30.5 29 6 0.9
11 411 80 Two Phase Circulation 3.2 3-5 30 0 29.1 09
12 412 84 Two Phase Circulation 1.7 3-5 30 2 29.7 05

13 412 80 Reflun Condenser 0 2-4 30.2 30 0 0.2
14 411 51 Reflus Condenser 0 2-4 29 5 29 5 0
15 641 53 Reflus Condenser 0 2-4 29 2 29.1 0.1

* s si. up, Pi
W.sw in aew, Pr=w, side
P, w ci 4

Fig. 4: Summary of Results from Test ID 1

For this sequence of steady state tests, results are shown in figure
5 for the mass flow rate at different values of water inventory within
the primary system. With single phase natural circulation the mass flow
rate is nearly constant for different degrees of subcooling. An increase
in fluid temperature results in steam production in the core. Sut, while
this vapour is being collected in the upper dome of the vessel, natural
Circulation remains unchanged.

aim rn*

"12- C I B'=j= =l-A-
| E] Temperature Difference aim

g
20- 10' I Pnmary Side (sG intet) ,

,
*l to secondary Side Fluid9 |
j[,K s

[

f, . . _ _

8- j,

15< m ;

[Flow Rate in Downcomer |
6- Measured by PNA Device [

|1, % .'o

!u |
'-

l* Mode of Energy Transport-

7 .-._ .._ .. k . . __| A Single Phase Circulation2-

f { 8 Two Phase Circulation

b ! ReHun n en de
0 **e* -.nO

0 50 60 70 80 % 100 10 K 20
~w ~ aTu

* Water Inventory in Pnmary Circuit > * subcoohng >

Fig. 5: Results from Tests ID 1
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When the upper dome of the vessel is completely filled with vapour
a further reduction of the water inventory changes the single phase
conditions in the hot leg and the steam generator into a two-phase
mixture. This results in an additional driving force for natural circu-
lation and the flow rate increases. With a further reduction of the

'

water inventory, phase separation occurs at the top of the U-tubes
and the flow circulation slows down significantly and appears to be
non-existent at about 80 % water inventory.

Considering heat transfer, represented by the temperature difference
between primary and secondary side, a 16 K temperature difference is
needed to transfer 400 kW from the primary to the secondary side fluid
by single phase natural circulation. With two-phase energy transport
the heat transfer is enhanced by condensation resulting in a reduction
of the temperature difference down to about 5 K. After the breakdown
of the natural circulation due to phase separation the energy is trans-
ferred by boiling and condensation only. Vapour is produced in the core
and flows upwards via the hot legs to the steam generators where it con-

denses. The condensate flows back to the vessel. This counter current
flow situation and heat transfer mode - well known from heat pipes -
is calles " reflux condenser mode" and is a very effective energy trans-
port mechanism. Thus the temperature difference between the primary
and secondary side is only about 2 K.

These tests proved that the decay heat from the core can be transferred
to the heat sink by natural circulation or even better by heat transfer
in the reflux condenser mode: natural circulation is not a requirement for
the energy transport from the core to the steam generators.

While running the test facility with a water inventory at which the energy
is transported in the reflux condenser mode the influences of

- core power

- secondary side water level

- non-condensible gas
|

were investigated as shown in fig. 6. These tests were single loop tests:
all loops except loop 1 were blocked off.
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Test-Nr Bundle Power System Pressure SG water Level Non{ondensable Ga4
kW bar m (N ) ggj

10 14 200<300< f00 30 9* -

10 15 200/ 300e 400 to 9' *

10 16 200s300/400 to 9' -

t

1017 160 to 9 /7/5 -

1018 . 160 30 9 ' 17< 5 -

1019 160 10 9' O.12/0.24 0.36

*U-Tubes Competely Covered

Fig. 7: Reflux condenser mode, influence of power

The influence of a reduced secondary side water level on the energy trans-
'

port during der reflux condenser mode is shown in fig. 8. It can be seen
that the temperature difference increases with reduced heat exchange area.
The temperature difference doubles from 2 K with fully covered U-tubes to
about 4 K with only half of the U-tubes area available for heat transfer.

.

Fluid Temperature Difference
Pnmary/ Secondary Side

10 -
'

AS (K)

8-

O

6-

4-

2-

- Thermal Loadmg per SG

2 4 6 % 8

0 150 250 350 450 550 kW 650
Power

Pressure: 30 bar -

Test Run i D 14

10 bar ---o--- Test Run I D 15/16

Fig. 8: Reflux condenser mode, influence of secondary side water
level

1
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The influence of a reduced secondary side water , level on the energy
traasport during the reflux. condenser mode is shcwn in figure 8. It
can be seen that the temperature difference increases with reduced
heat exchange area. The temperature difference dout,les from 2 K with
fully covered U-tubes to about 4 K with only half of.the U-tubes area

'
,4vailable for heat transfer. N,

'N
Ruid Temperature Ddfemco
Primary / Secondary Sida=

o
a 4-

,

V
K

J<
v

O

2
- g.

Power: 160 kW-2.4% Core Power
I'

i Pressure: 10 bar o Test Run 1 D 17

30 bar v Test Run 1 D 18'

Water Levelin secondary Side
'

5 m 10

0 1I2 1)1
Height of U-Tubes (-)

Fig. 8: Reflux condenser mode, influence of secondary sida water
level

The influence of the presence of non-condensible gases in the steam
generators during the reflux condenser mode was also examined. During
this test (fig. 9) nitrogen was injected in steps into the steam gene-
rator to detennine its effect on the heat transfer.

The maximum injected mass of 0,35 kg corresponds to that amount of gas
that would come from all of the nitrogen dissolved in the accumulator
water or in the water of the flooding tank and 100 % of the fission gas
in the plena of all fuel rods. With this high amount of non-condensible
gas at a system pressure of only 10 bars, the temperature difference has
increased to about 8 K. This value is significantly lower than the temp-
erature difference measured for single phase natural circulation (16 K).
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Fluid Temperature Ddference Pnmary/ Secondary Sede

8-

M (K)

A Nitrogen Didved in6-
Accumulator Water

B Nitrogen Dissolved ini
Water of RooAng Tank

4- 8 Filhng- and Fission Gas Mass2

of All Fission Gas Plena

_ C Sum of A + B,

2C
Power: 160 hW O 2.4% Core Power
Pressure: 10 bar Test Itun i D 19
Non-Condensible Ges: Nitrogen

PKL

0 OI2 0.24 kg 0.N
Reactor | N -Mess2

0 5'O 150 Nm3 150
'

fB fA ~ N -h fC2

Fig. 9: Reflux condenser m' ode, influence of non-condensible
gas (N )

2

4.2 Transients

To provide infornation about the time history of small break LOCAs,
transient tests were carried out to

- investigate the different phases of the accident including the
transition from one energy transport mode to another.

- produce a data base for code assessme.nt.

The test matrix for these transients is shown in fig.10. s

All these tests were started with a water-filled system at a pressure
of 30 bars. The transients were initiated by

- opening the break
- starting the ECC injection
- cooling down the secondary side by 100 K/h.

__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . -
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" '
Break Size Break Position Injection Location Remarks Run No

6 Small Break k K ID 2
h H ID 3
h K ID 12
h H ID 13
p K ID 8
p H ID 9

5 Medium Break k K ID 5
I k H ID 6No Feed

$gfWater to 1 SG

h H ID 11

Initial Conditions: 30har Subcooled Single Phase Flow Break Position: k -Cold Leg
'Boundary Conditions: 400 kW Bundle Power

"

, ,

100 K/h Cooi Down of Secondery Side
1(2) kg/s injection Rate injection Location: K -Cold Side

H-Hot Side

Fig. 10: Transient Tests with Small and Medium Size Breaks

An example of a transient test is shown in figures 11 and 12. Although
the water inventory is reduced considerably (fig.12), it can be seen
from fig.11. that the primary side closely follcws the cooldown of the
secondary side. This demonstrates the effectivness of the steam generator
as a heat sink and confirms the results of the steady state tests.

Pressure
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Pressunser g j
bar (with Heating

l PrimarfSide I(20 g1'* ;

I
I

j

g[ m
i

i

!{f, |
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j g {' S*cadary S;de j ; , ,

se..nda,, sse
co.i.m 0 ,

p
0e 500 1000 1500 2000 2500 3000 : 4000

. steam Generator (3X)
j| : Time
&|o'

.m. Cold s.de Break Position Temperature5m4 inrecte Cold leg
250 i .

. i
E q.p.fJS. I**~ " '

I ! !C Ij Q . Pap [ P
200 h -,rimary Side , ., _ _ _ _ _

ne mt.nce !u__ -e I~ ~ -

" Downcome' ; ; i,

/ 150 i ~-" -
Test sundi. ; Secondary Side.

* ,

, i ! i

| |v/ ~ . >
4 #,'

0 500 1000 1500 2000 2500 3000 : 4000

Pressure and Temperature Transients at Time'

Primary and Secondary Side

Fig. 11: Test ID 5 with Cold Leg Break and Cold Side Injection
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'
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! 12 - t 4 Side
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I I
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9. a !,
------------0 i

-

0e 1000 2000 3000 4000

1!: Time
.as 8

Collapsed Water Levels in Primary Circuit Max. Loss of Water Inventory: 49% (Pressurizer not included)

Fig. 12: Test ID 5 with Cold Leg Break and Colff Side Injection

5. Conclusions

The control of sm611 break LOCAs in KWU-PWRs is assured by automatic

measures in the short tern transient and by manual measures in the long
tenn transient. In addition to the design of the safety injection pumps,
a significant feature is the immediate cooldown of the secondary side to
obtain an additional heat sink. Energy transport from the core in single
and two phase flow under typical transient conditions was verified by
tests at KWU in the PKL-test facility.

These tests proved that the decay heat from the core can be transferred to
the heat sink by natural circulation or even better by heat transfer in the
reflux condenser mode: natural circulation is not c requirement for the
energy transport from the core to the steam generators.

The conclusions drawn from steady state and transient tests confinn that
the removal of energy from the core is assured as long as water mixture
covers the core and heat can be transferred via the secondary side of the
steam generators.

_ _ _ _ _ _ _ .-
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Fig. 6: Single loop tests, reflux condenser mode

To assure that at higher power (decay heat more
than 2 %) no limitation occurs in the energy trans-
port with the reflux condenser mode, tests were run
up to a maximum power equivalent to 8 % decay heat.
The results are plotted in figure 7 . Higher power
results in an almost lineat increase of the tempe-
rature difference. It is noted that the curve for a
10 bar system pressure is parallel to the 30 bar
pressure curve. The higher steam density at the higher
pressure results in a better heat transfer.
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Fig. 7: Reflux condon:ist -ibdc, influence of pouer-
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~'9e German 2D/30 UFTF Program

.. Objectives*

~he overall objective of the trilateral 20/3D program

:etween Japan, United States and Germany is the coordi-

ated analytical and experimental investigation of the

ECC behavior in a PWR during the refill and reflood
,

phase under large break LOCA conditions. The 20/3D pro-

gram will conclude the large break LOCA research by

investigating the two and three dimensional t he rmo hy-

draulic behavior in the reactor vessel and its impact

on core cooling in large scale experiments. Appropriate

computer codes including TRAC, K-FIX, COBRA and T-FIX

are developed and assessed.

JAERI is conducting tests in the integral Cylindrical

Core Test Facility (CCTF)and will investigate the core

behavior during refill and reflood in the full scale

Slab Core Test Facility (SCTF) whi'e the USNRC is pro-

viding advanced instrumentation, code development and

assessment, design calculations and test analyses.

The German contribution to the program includes design,

construction and operation of the Upper Plenum Test

Facility (UPTF) to determine the three-dimensional

thermohydraulic behavior in the upper plenum and down-

comer during the last part of blowdown, refill and reflood

phases using an external steam supply for simulation of

the core flow into the upper plenum.

_ _ _ _ - _ _ _ _ _ _ . .-



. I'. : : recently proposed also to perform separate effects

i::: in UPTF for investigation of phenomena occuring

:. ng small break LOCA.

_. .'?TF Test Facility

.e test facility represents the pressure vessel of a

3erman 1300 MW PWR including the upper plenum, upper

:lenum internals and the downcomer in real dimensions.

The core is replaced by a steam water mixing device

o simulate the two phase core flow into the upper-

Olenum during the refill and reflood phases of the

ransient. Three intact loops and one broken loop with

ocening valves to simulate the break flow are attached

to the pressure vessel. The steam generator behavior

in the PWR is simulated by steam separators.-The primary

coolant pumps are representec as flow resistances.

The broken loop contains two steam separators to allow

both hot and cold leg break simulation. A pressure

suppression system with additional steam injection

capability is available to control the break flow back-

pressure. ECCS flow for cold leg and combined hot and

cold leg injection is provided by 4 accumulators

simulating also the low pressure injection

systems. The steam for the UPTF operation is provided

by a conventional power plant.

.

_-.
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2. Ouerating Procedure

13:er heat up of the system with steam saturated water

.. i i l be stored in the steam generator simulators and

ne lower plenum.

: about lo bars the valves in the broken loop legs will

be opened and ECCS injection from the accumulators starts.

Flashing of the stored water in the steam generator

simulators and lower plenum provides the necessary con-

ditions for the end of blowdown phase. The' refill phate

is marked by steam back flow from the containment simu-

lator which is made possible by supplementary steam

injection.

During the reflood phase large quantities of steam arf
'

water are injected through the core simulator. Oscilla-

tions of the downcomer water column and the core can be

achieved by a controlled injection mode up to 0.4 Hz.

The test will be completed after the core region is flooded

from the bottom or top.

4. Instrumentation

Advanceo two phase flow instrumentation provided by

USNRC will be used to investigate the thermohydraulic

phenomena specifically at the core / upper plenum inter-

face, in the upper plenum, the downcomer and in the

4 primary loops.



i. est olans

-:::.-ting to a preliminary time schedule for the UPTF

:: s ruction, testing will start in mid 1985. At least

-: ests are planned including separate effects tests

1: integral tests with cold leg, combined hot and cold

'eg and upper plenum injection mode. Cther US-type

*eactor-sjstems, which will be tested additionally are

SiW and CE ECCS injection, for which provisions are

?.ade in the UPTF.

Coucling of some UPTF and SCTF tests will be done by

iteratively matching the flow conditions at the core /

.uoper plenum interface.

t

a
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OBJECTIVE OF THE 2D/3D PROGRAM

COORDINATED ANALYTICAL AND EXPERIMENTA'L
STUDY OF THE THERMOHYDRAULIC BEHAVIOR

,

OF EMERGENCY CORE COOLANT
DURING

THE REFILL AND REFLOOD PHASE OF A
LOSS-OF-COOLANT ACCIDENT IN A
PRESSURIZED WATER REACTOR

BMFT : UPTF
JAERI : CCTF AND SCTF
USNRC: ANALYSIS (TRAC) AND INSTRUMENTATION

Fig.1

.

OBJECTIVES OF THE 2D/3D PROGRAM (CONT.)

- EFFECT OF VARIOUS ECC INJECTIONS ON
STEAM BINDING FOR LARGE BREAK LOCA

~

- FLOW HYDRODYNAMICS IN PWR VESSEL DURING
REFILL AND REFLOOD FOR LARGE BREAK LOCA

- FLOW AND TEMPERATURE DISTRIBUTION IN A
HEATED CORE

PROPOSED:

- EVENTS LEADING TO CORE UNCOVERY AND/OR
RECOVERY FOR SMALL BREAK LOCA

Fig.2
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RESULTS OF CCTF CORE I TESTS I)

Yoshio Murao
Kenmei Hirano
Masao Nozawa

Japan Atomic Energy Research Institute
At the Eighth Water Reactor Safety Research

Information Meeting
October 29, 1980

More than twenty refill and reflood tests were conducted at the
JAERI's Cylindrical Core Test Facility (CCTF) since March,1979. The
thenno-hydraulic and system behaviors observed in these tests are
discussed in this report.

The objectives of CCTF are:
(1) Demonstration of effectiveness of ECCS in PWR during refill and

reflood phases of LOCA.

(2) Provision of information for analytical modeling of thermo-
hydrodynamic phenomena of refill and reflood phases in PWR LOCA.

(3) Verification of reflood analysis code "REFLA"(l)'(2) and
US-developed three-dimensional code " TRAC".

REFLA code system is under development at JAERI and a ong-Qimensional
reflood analysis code, REFLA-lD, is currently operationalt21 In order
to evaluate reflood phenomena in reactors, it is important to establish
a sufficient data base for realistically modeling the refill and reflood
phenomena that can be extrapolated to real reactors.

,

|
| The CCTF with its integral simulation of a PWR system and extensive

measurement systems has already yielded a large body of information on
the overall thermo-hydraulic behavior and system effects during refill
and reflood phases of PWR LOCA. The features of the test facility and
instrumentation are descri' ed in the following slides. The pressureo
vessels of CCTF and PWR are compared in Fig.l . The flow diagram of CCTF
is illustrated in Fig.2. Injection condition of ECC water for base case
test is shown in Fig.3. Test conditions of the CCTF Core I are listed
in Table 1.

General trends

In previous report (2),(3) , the following results were described:
(1) The core and the downcomer thermo-hydrodynamic behaviors were

nearly one-dimensional .

(2) Each intact loop had nearly same flow characteristics and the
parallel channel oscillation did not occur in loops.

1) This work was performed under the contract between the Sciece and
Technology Agency of Japan and JAERI to demonstrate the effectiveness
of ECCS during reflood period of a hypothetical LOCA of a PUR.

|

|
,
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(3) Some amount of entrained water from the core was accumulated on the
upper support plate and almost all the water entering hot legs
evaporated in the steam generators.

(4) The steam from steam generators entered cold legs and was condensed
by the subcooled emergency core cooling water withou't significant
thermo-hydrodynamic coupling.

(5) Quenching in the core was nearly one-dimensional and one-directional
except at the top of the center bundles.

Some of these phenomena will be shown in a movie later on. Most of these
phenomena were observed in other tests such as the parameter effect
tes ts . The phenomena observed in CCTF were similar to the model assumed
in the safety evaluation model .

Parameter effects on clad surface temperature

The effects of ECC flow rate, system pressure and initial clad temperature
on the temperature transients of peak-powered rod are plotted on Figs.4
to 6. These tendencies of parameter effects are easy to estimate from
small scale reflood experiments. For example, the temperature rise,
which is defined as the difference between the peak clad temperature and
the initial clad temperature, and the quench time of midplane in CCTF
tests and PWR-FLECHT low flooding tests are compared in Fig.7. The
flooding velocity in these CCTF tests were about 2 cm/sec during LPCI
injection.

System effect
In order to examine the system effects, the downcomer head and the flow
resistance across a broken loop and intact loops are indicated in Figs.8
and 9, respectively. For demonstration of the cold downcomer and the
lower plenum injection effects, the downcomer head of FLECHT-SET coupl-
ing test (2714B equivalent) is plotted on Fig.8. The slow water
accumulation in downcomer is caused by the "downcomer bypass" and the
low saturated head is caused by the " hot wall effect". The difference
in the flow resistance across a broken loop and intact loops is manifested
as the pressure drop at the broken cold leg nozzle. The acceleration of
water by the steam induces this pressure drop. The pressure drop
increases with the steam velocity. The mass balance relation of quasi-
steady state can be written as shown in Fig.10. It is found that the
flooding rate increases with the pressure drop at the broken cold leg
nozzle and does not change significantly with the steam generation rate
in the core. The flooding rates of tests with initial clad temperature
variation are plotted against time on Fig.11. Though the steam genera-
tion rate in the core is thought to increase with initial clad tem-
perature, the flooding rate of each test is found to be nearly same at
about 2 cm/sec during LPCI period. The measured mass balance is
indicated in Fig.12.

The system effects can be sumerized in Table 2.

Requirement for system model

The information necessary for evaluation of the flooding rate is as
follows:

!

|

|

|
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(1) Downcomer bypass phenomenon.

(2) Reduction of downcomer effective head due to hot wall effect.
(3) Pressure drop at broken cold leg nozzle.
(4) De-entrainment rate in upper plenum.
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FEATURE OF TEST FACILITY

- 1/21 SIZE OF 1100 MWE CLASS PWR IN VOLUMETRIC SCALING

FULL LENGTH IN VERTICAL DIMENSION-

( AVERAGED LENGTH OF HEAT TRANSFER TUBE OF S.G. IS

5.3 M SHORTER THAN ACTUAL LENGTH )

- SYSTEM WITH 4 LOOP PIPINGS AND COMPONENTS

( ONE BROKEN AND THREE INTACT LOOPS )

- ANNULAR DOWNCOMEF. WITH CONTROL DEVICE OF WALL TEMPERATURE

( VOLUME OF CORE BYPASS REGION IS INCLUDED IN VOLUME OF

DOWNCOMER ) , GAP 0F ANNULUS : 61.5 MM

- 8 x 8 RODS BUNDLE WITH 7 NON-HEATED RODS AND 57 RODS OF

THREE DIFFERENT POWER LEVEL

32 BUNDLES ARRANGED THREE POWER ZONE-

- 8/15 SCALED UPPER PLENUM STRUCTURE

,

.. . .. _ _ . _ _ _ _ _ _ _
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FEATURE OF . INSTRUMENTATION

900 T/CS ON CORE CLADDING SURFACE-

!

101 T/CS IN CORE ( WALL, FLUID, STEAM TEMPERATURE-

'

, MEASUREMENT )

'
- TOTAL [1EASURING CHANNELS 1600 CH.

.

- 48 VIEW WINDOWS WITH TV CAMERA, 16 ??1 MOVIE AND

35 fil STILL CAf1 ERA

-

US-PROVIDED SPOOL PIECE SYSTEM AND LIQUID LEVEL
i

DETECTOR SYSTEf1

COLOR IMAGE DISPLAY SYSTEM
-

|
|
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Injection flow rate

IoE 3 (sec )=

f njection from EOI
3O cc = 280 (m /h )Injection from E1~3 A

O cc t cc = 14 ( sec )A ; A

f
3

OLPct = 30 (m /h )

| ECC water temp. = 35'C
o _ _ . _ _ _ _ . _

O t o I cc Time af ter floodE A

Fig. 3 Injection condition of ECC water

( Base case )
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TABLE 1 CCTF CORE I TEST CONDITIONS

( PARAMETER EFFECT TEST )

Lif4 EAR POWER ( CORE AVERAGE ) 1.4 KW/fl

RADIAL POWER PROFILE 1.15, 1.10, 0.89

AXIAL PEAKIf4G FACTOR 1.49

LOCAL PEAKlfiG FACTOR 1.1

STRUCTURE TEllPERATURE T
SAT

DOWNCOMER WALL TEMPERATURE T ~

SAT .

S.G. SECONDARY SIDE WATER TEMP. 265 C

INITIAL PEAK CLAD TEMP. _E0fL 700, 800 C

SYSTEfi PRESSURE 1.5,_2 1. 3.0, 4.2 KG/CM2

ECCS INJECTION CONDITION Q /U T !AcC ACC LPCI

BASE CASE 280 14 30

LOW ACC 240 14 30

SHORT ACC 280 11 30

HIGH LPCI 280 14 60

LOW LPCI 280 14 15 ~ 20
_

ECC WATER TEllPERATURE 35 C

BASE CASE C0l4DITION
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TABLE 2 Suf7ARY C' SYSTEfi EFFECT.

ACC FLOW RATE + INITIAL WATER ACCUfiURATION + APD+ b
F

LPCI FLOW RATE + STEAM FLOW - DOWNCOMER BYPASS - $g+
'

WATER FLOW + APBCN - ^P 4Pi _B

SYSTEM PRESSURE + STEAM VELOCITY - DOWNCOMER BYPASS - A+g

4PBCN ' S +u

INITIAL CLAD TEMP. + A CONST.g

DOWNCOMER WALL TEf1P. + EFFECTIVE HEAD - APD+ 5-
F

I
|
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TRAC ANALYSIS SUPPORT FOR THE 2D/3D PROGRAM

by

Ken A. Williams
Energy Division

Los Alamos Scientific Laboratory

The 20/3D program may be broadly described as analysis support to a
multinational research program on refill and reflood in light water reactors
(LWRs) under accident conditions. LASL's role in this program includes the
application of the TRAC computer code to prediction of full-scale LWR
transients and to simulation of large-scale, multidimensional, German and
Japanese experimental test facilities. The use of TRAC in this program is t
provide design assistance, pretest predictions, and post-test analyses for the
above mentioned facilities; and most importantly, allow extrapolation of
results from facility to facility (coupling) and to actual reactor behavior.
The final goal of this program is an assessed, best-estimate, computer code
for prediction of the course of postulated transients in large light water
reactor systems.

We have recenti:' completed two calculations of a 200% double-ended

cold-leg break in a reference German pressurized water reactor (GPWR) having
combined hot- and cold-leg ECC (Emergency Core Coolant) injection. In the
calculation reported herein the intact loop coolant pumps were allowed to
coastdown to a low speed, while in the other case, the pump speeds were

maintained constant after 30 s. The primary conclusion is that by 110 s the
transient is terminated with the core completely filled with liquid and with

;

| all fuel rods quenched. This TRAC-PD2 calculation differs significantly from
'

previous calculations in that subcooled hot-leg ECC water pools in the upper

| plenum and penetrates into the core, and results in early downward rod

f quenching. The steam generated from this cooling provides a large reverse
core steam flow rate that delays lower plenum filling and bottom quenching.'

However, when the cold leg ECC water begins filling the core, bottom quenching



progresses rapidly due to the previous core cooling. Moreover, there does not
appear to be Core steam binding as a result of liquid pools in both the lower
plenum and upper plenum. This calculation shows considerable multidimensional
behavior in the vessel, especially with regard to liquid penetration into the
core and rod temperatures. The highest rod temperatures and latest quenches
occur in the azimuthal zones connected to the broken loop. The peak rod

temperature of 875 K occurs at 6 s during blowdown, with this rod finally
being quenched at 106 s.

During the past year oser 40 design calculations were performed for the
Slab Core Test Facility (SCTF). The majority of these calculations addressed
the necessity of an additional steam supply for prototypical simulations.
While our calculations concluded that an extra steam source was unnecessary to
get positive steam flow through the core, such a source would add operational
flexibility to the system.

In support of the Cylindrical Core Test Facility (CCTF) we have performed
post-test analyses of four tests and provided a pretest prediction for an
additional test. Comparisons are presented for CCTF Run 20 clad temperature
data and the TRAC-PD2 post-test calculation. The comparisons include
statistical information to illustrate the range and standard deviation of the
experimental data. The calculated heater rod surface temperatures are in
agreement with the data for elevations from the core entrance to about 0.2 m
above the core midplane. This is true for both peak clad temperatures and
quench times. For elevations above this level the PD2 results are good until
slightly after peak clad temperatures are reached (i.e., 300-400 s). After
this period the surf ace heat transfer is under predicted, resulting in over
prediction of temperatures and quench times. However, internal modifications
to PD2 have produced much better agreement with data at these upper core
locations. The total liquid carryover rate is in good agreement with data, as

! the liquid pool on the upper core support plate is calculated to be
approximately 0.25-0.30 m deep.

The 20/3D TRAC analysis near term activities are summarized in the final
figure, showing activity on all 20/3D facilities and reference LWR's.i

!

!

_ _
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GERMAN REFERENCE REACTOR CALCULATION 1
- . .... .

'
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!
. FULL POWER: 3765 MW T

. DOUBLE-ENDED COLD LEG BREAK

. COMBINED HOT AND COLD LCG ECC INJECTION

. ACCIDENT SIMULATION THROUGH
COMPLETE CORE REFLOODING
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GERMAN PWR -- TRANSIENT
REFERENCE REACTOR BASE CASE
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GERMAN PWR -- TRANSIENT
REFERENCE REACTOR BASE CASE
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GERMAN PWR -- TRANSIENT
REFERENCE REACTOR BASE CASE
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GERMAN PWR -- TRANSIENT
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SLAB CORE TEST FACILITY CALCULATIONS

. POWER: 6.65 MW 1

. DOUBLE-ENDED COLD LEG BREAK
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. COMBINED HOT AND COLD LEG ECC INJECTION

. UNBLOCKED CORE
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SCTF COVB,NE3 sJEC-~l04

53 CASES WERE PERFORMED WITH TRAC
DURING FISCAL 1980

I

. STEAM SUPPLY STUDY - 41 CASES
|

. SENSITIVITY STUDY - 11 CASES

I . REFLOOD CALCULATION - 1 CASE
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SCTF STEAM SUPPLY STUDY CONCLUDED
EXTRA STEAM SUPPLY UNNECESSARY

BUT WOULD ADD FLEXIBILITY

. 5 BASIC CASES VARYING ECC TEMPERATURES

.11 PARAMETRIC ~ VARI ATIONS OF THESE CASES

. RESULTS OF 50 S TRANSIENT:

- SUBCOOLED LIQUID IN COLD-LEG ECC
RESULTED IN LOWER PLENUM REFILL

- SUBCOOLED LIQUID IN HOT-LEG ECC
FORMED UPPER PLENUM POOL AND
GAVE MORE LIQUID FALLBACK

- BEGAN QUENCHING FROM BOTTOM AND TOP

- EXTR'A STEAM SOURCE UNNECESSARY TO
GET POSITIVE STEAM FLOW THROUGH CORE-

smw/se wwe
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| CALCULATION OF SCTF TRANSIENT
THROUGH REFLOOD SHOWED SIMILARITY . '

TO GPWR CALCULATION ..(;
s.

.

TRAC-PD2; GPWR INITI AL CONDITIONS I '..

T ,

CALCULATED UNTIL CORE COMPLETELY QUENCHED $|
.

AT ABOUT 120 S OF GPWR TIME (90 S SCTF TIME h
|

TRANSIENT BEHAVIOR:, .

- LOWER PLENUM FILLS AT 40 S
- QUENCHING BOTH BY FALLING FILM'

AND BY BOTTOM REFLOOD
- RODS FULLY QUENCHED AT 90 S
- VESSEL LIQU!D-FILLED AT 100 S

.
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MFASUREMENT OF TWO-PHASE FLOW AT THE CORE UPPER PLENUM
INTERFACE UNDER SIMULATED REFLOOD CONDITIONS *

David G. Thomas, S. K. Combs and M. E. Dagwell

Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

The Instrument Development Loop (IDL) Program is part of the

International 20/30 Refill and Reflood Experimental and Research Program.,

Th2 principal experimental facilities in the International Program are the

Slab Core Experiment in Japan and the Upper Plenum Test Facility (UPTF) in

Germany. Among the objectives of the international program are: the study

of the steam binding effect during reflood for various emergency core

cool,ing combinations; the study of the reflood flow distribution (chimney

effect) in a heated core; and the study of the flow hydrodynamics in the

core, downcomer and upper plenum during refill and reflood.

A major _ problem is coupling the results to be obtained at the two major

exp:riments. One approach is to measure the flows at the interface boundary
''

of the two experiments and attempt to match them as closely as possible.

Therefore the two major objectives of the IDL Program were to simulate

exp:cted flows at the core / upper plenum interface during the reflood phase

of a postulated LOCA and to develop instrumentation systems for mass flow

measurerrent at the core / upper plenum interface.

*
Research spon ored by Division of Reactor Safety Research, U.S.

!!uclear Regulatory Commission under Interagency Agreements DOE 40-551-75
and 40-552-75 with the U.S. Department of Ener5y under contract;

| W-7405-eng-26 with the Union Carbide Corporation.

By acceptance of this article, the publisher or recipient
acknouledges the U.S. Goverment's right to retain a non-
exclusive, royalty-y>ee license in and io any copyright
covering the articia. .



-. -- -. . . _ _ _ _ --. . . _ _ _ _ - . - -

|

4

Two experimental facilities were used in these studies: a three-bundle

.

air / water loop and a one-bundle steam / water loop. Both icons represect
i
'

full-scale vertical sections of the UPTF, extending from spray nozzles to

the top of the upper plenum and including a short length of dunny fuel rods,

upper end boxes, core support plate and control rod guide tubes.

Since testing was completed on this program just within the last month,

all results must be considered as preliminary and are subject to change in

the final report.

Three flow regimes were identified and studied: (1) all liquid down,

(2) counter-current flow in which gas (or vapor) goes up and liquid goes

both up and down, and (3) cocurrent flow in which both gas (or vapor) and

liquid go up. Instruments necessary to measure mass flow under these

conditions are (1) Tie-plate drag body or equivalently aP across tie plate,

(2) free field turbine meter located above the tie plate, (3) temperature,
I

(4) pressure, and (5) collapsed liquid level aP measurement. The tie-plate

j drag body was unique because it utilized part of the end box as a drag. body _
i

and all transducers were contained within structural members of the end box.

This meant that this instrument sampled a large amount of the flow with min-
i

| imum disturbance to the flow.

Some of the significant achievements of the IDL program include:

The tie-plate drag body was developed and tested successfully; measure-

ment with tie-plate drag body was shown to be equivalent to the AP measure-

ment; the tie-plate drag body gave a useful measurement in pure downflow

situations and the combination of drag / turbine correlates with mass flow

for high upflow.
r

|
|

|

!
l <



_ _. . _ . _ _ _ _ . . - - - - - - - . . - __ _ _ . . _ . . _ - _ - - - - _ - _ _ _ . _ _

uTo:

THE PRINCIPAL EXPERIMENTAL FACILITIES IN
THE 20/3D REFtLL AND REFLOOD PROGRAM

, ARE SLA8 CORE AND UPTF

@* THE OVERALL OBJECTIVES OF THE
INTERNATIONAL 2D/30 REFILL gg
AND REFLOOD PROGRAM

.

,

,$ ~~:'~.~rk .me
7/,F ?.gv **'?? g. cea~-

* TO STUDY THE STEAM BINDING EFFECT DURING ' * ' " % - pg ,

REFLOOD FOR VARIOUS ECCS COM81NAllONS , 'l
. ;k,
*

.a encana. , , , - . , ;, -.

T="d.,an , 'A* ^*jo =
e TO STUDY THE REFLOOD FLOW DISTRIBUTION c=esarm eo.

(CHIMNEY EFFECT) IN A HEATED CORE Is Ir'E '_ m
- %

e TO STUDY THE FLOW HYDRODYNAMICS IN THE

COAE DOWNCOMER AND UPPER PLENUM

DURING REFILL AND REFLOOD .'", "a

s >

%

E

i

* LOWS ARE S.MUL ATE D IN A THRE E MOOis, t

TRANSPARENT REPRESENTATION OF THE
UPf 7 USING AsR AND WATER

PRINCIPAL OBJECTIVES OF INSTRUMENT
DEVELOPMENT LOOP (IOL) PROGRAM

1
e SIMULATE EXPECTED FLOWS AT THE CORE / UPPER

PLENUM INTERFACE DURING THE REFLOOD PHASE =
,

OF A POSTULATED LOCA *
*

{
l

e SCOPE POSSI8LE INSTRUMENTATION SCHEMES FOR
MASS FLOW MEASUREMENT AT CORE-UCSP ~} |INTERFACE

.1o EVALUATE INSTRUMENT ACCUR ACY *

|

e DEVELOPMENT OF MASS FLOW MEASUREMENT '
,

SYSTEM ,

,'.

s

e PHENOMENOLOGICAL STUDIES
.

-|e

t

t

i

. _ _



- _ . - - - - - -_.

100 STEAM WATER LOOP HAS THE CAPA81LITY OF _
9tJECTING MOT-LEG WATER IN TWO ******

DIFFERENT CONFIGURATIONS * INSTRUMENTATION SCHEME PROPOSED 8Y THE
UNITED STATES

.

F -

* * 4 e uouso LavtL a

t I ostacTom - -. _. ,. ,. , _ . _ , _ _ , , .
,,

|/ 1 N

_
i '

!- < ,
.

ff ?~ $
| . Low mozztss

,I! i H ;| 1g g g

| \! if. !~PO N g j (j f '' /4 4
' Tth.ptmarums l'

, gi i ,

4
| |

,

-. M- - -

f. g g pagepi Lo E.jN Fy . i Eyv..=
4 Tunsine untEt - - ~,-.; y. g*M s 4

'' T * M" Y ?T * * M N 'T ' M'

= . ' " ' N 0 1" i
- 0''M

*

*" NM ' ?? ? '; - - NIja [ d 5..i.8i 5-.d . . . . *TIE *Laft cado soor .- .4 4 ' ** " g I, g l%,(,-] F- ""D**''
,o,

f i b***:Ig2O ,12E. ****rl 4's*S*..

''.f.|.'.s V V k i.d..e*T V V k Alei.W*'
L.q"'r

i

7 ** s.

..31 s

:p ,e.. ..
-=-
g. .. .

; c.

on.m 1

THREE KEY INSTRUMENTS AT CORE UPPER |

PLENUM INTERFACE ARE TIE-PLATE
_

DAAG BODY, TIE PLATE TURBINE -

AND TIE PLATE AP TEST MATRIX FOR IDL STEAM / WATER TESTS

M
~

. 2 " , ,::.: =::.. _.
.. - .- - , - . . - . . . .

. . . . . . . .,
,

,, . . . . . .
, ,, . . . . . . ..

,,,. .. . . . . . ..

, , , , , . . ..
.. .. . . . .. ..
, .,.

. . . . . ..
,, . . . . ..,,
... . . . . . .. ...

_ . . . . . .,, ,

e ...
. . ... .... . . . . . . .*** . . . . . . . .. .

. . . . . . . .

. .
.

- - - - _ _ - - - - - - - - - - _ - - - - - . - _ - - _ e



r

FLOW REGIMES OBSERVED IN STEAM
WATER LOOP

a
TEST MATRIX POR IDL STEAMAVATER TESTS g.

. .

ee. .ae
a, we~. 4

.-m v .n . . .

w en om e., e, e.m rim
_ _ _

. -

o e = m . . e m o
o = = m . . . ..

8 -o . . . . . . .
er . . . . . s ,

e . . . . p. , . weta=

a . m . . c. . , , _

e . . . . . c. .w.
'

. . 3 . . m .u umasn
""a . . ,. . . e,

; y. . . . . . . . 1
,

. . . . . . - . , _ ,
i ,

a n . . . . e m.I
l . . . . . p o",,',',",,",,,'*"*,

= . . - .. . = . ,, ,,

.,

''' %.. w..gia

w*
*.* g.. % via

m

~LIQUID FRACTION JUST ABOVE
TIE-PLATE MEASURED WITH ** TIE-PLATE DRAG BODY AND TIE PLATE
STRING PROBE IN STEAM /

AP MEASUREMENT SHOW A
WATER LOOP

1:1 CORHESPONDENCE

as , , ,

| **"'**pa .
~*- r -

- a2 . \ . , c .-e .,

: y -. - = . .

'
- CARRYOVER - ' a. j

*
,

3 0" "
U PAR TI AL /

j *08 SARRYOvtR E '' '' * / ,#
. / PFlow

-

%, .| ,A p'
, em >= ,' y'

~ sa sea
\ e es / 1 4/L e 3 .|

/ ,{ va'a an .

\
. 3 , ;,. a02 . t y y,

, p
1 01 - "' - s/' .e CORESPRAY 3* f ,,p ,

. O N *** . 'v'gnog
a._ i. -

g io. .. '. . . . . ...
, . . ,, ,.

.ur e.-
4002

1 2 S to 20 50
3vtS$tL STEAM FLOW ter w



!
i

IN SINGLE PHASE FLOW, TIE-PLATE DRAG

MOIES YlELDED A GOOD Call 8 RATION .-=

CURVE FOR A WlOE RANGE OF Flut0 ROW CALIBRADON OF DEME ORAG 900Y
DENSITIES IN SOTH 1 AND 3 IN E MONE N
MODULE LOOPS

Flow nats een mooute see
, , , , , ,

4 at u as i r s se se se

us _ ma . till l 6 i iiiiij i i i iiiiij i e I r*

a i.ucouta Loor : i -

s " a vanficAL suscTion -3,e m LaLoor _

m. -
, , , .

- - O .ncric= o= =Au
"

Omm 2 - J | ||, 3
-, , := - c= -

'
A '*e = is :- W I

~.as' g- - ms - -

s -a.
togi,m - - e,

_

ol :-1
, _

..
-

t
-

O|d ,, - - - m ..1,..

IIIi6'EM ~ Y ||~ as
e =

= g _.s - -

-

=i --- - 8,

I
3 - - -

E! ~5u -
:''

i - - 't
..I . . . ' 1 ' + = as.,1 . . ... , .y

as - -
t a s to a es Se8 2 s to'

FLON AATs P:A esooUta let

i i f t ! t
gg

t e se a no ice ano nas

veLoafv irvu

AFTER TIE-PLATE DRAG BODY WAS INSTALLEO IN
STEAM / WATER LOOP, DOWNFLOW RESULTS WERE

DOWNFLOW CALIBRATION OF SIMULATED TIE-PLATE
IN GOOO AGREEMENT WITH PREVIOUS WALL

ORAG BOOY IN THREE WODULE AIRAVATER LOOP
INJECTION STUDIES

l

Mof. lag Plow Rafs myu
Mof-lag Floss mais thWe

1 1 s 20 W
41 12 ta 9 3 s te 20 se gg

i o e -= 20i ei ij i ie i 6ieigle li ~ jl i 6 e
ggg -, j g , ,,,,

#|I ~ O fis-etars omaa sooy
/ -' 'O

as - instauro og stem /watan'e - ' , : -
L- :

= - '
' - / :g- '8 -

5| - = ty -~
- |

~ *
e, ' ~ 4e .,

, , . .

e
.

y: .s s, _
, -

,,

-- Il _ vaaricAL /
4" &s

' " El - gj g - isuGCTiops ALL
puscTiom d

" 3| g
- ji -

/ *
J ,,at asil g ; /s12 - ,

.A '. : -

h~ _J
al _-a

s. 11.,
t a s *e a e vo8 a s ios a2 - /

/Mof-lag FLOW mafs rysswesesee / ' : . tos! .
g,

i a s to a e ion , ,oa

Mof-Ls0 FLOW mars sysme

I
1

|
1

|



om.m
COLLAPSED LIQUID L EVEL AT TIE-
PLATE IN STEAMMATER TESTS

STEAMAVATER CCFL RESULTS FOR
''SATURATED CORE SPRAY
" -

+c ... -um,.e
- - = -. . . . . .

0 n. m
* - g

.es -

"$, eneseu.ma ,T,,,_,$,enessuas
_ 4 . -

O = =
-,,,

1 - + = ==tm - oa es _s ice : a a =.y

! -Oa e a ao ioo

. .. m . i. - \;0ace - 4a e Am too 9
.

e. . - .. . . . o - -

,

1.88 -
!" '" '

Gs a C~ p %4
,

- -| , - , , a , 4 y,_ .I s
i.m -

. - 3

sne - . - . . W1.c " . g-

n
a

'

'Jc
~*% u u u u u u u u u i.

Q *. . . . . ,. . .. m
ers.- .ta. ..re .s

@oa=t @_ TIE-PLATE TURBlNE METER READING
PRELIMINARY CORRELATION FOR

DEPENDED ON O! STANCE METER WAS
DOWNFLOW IN COUNTER LOCATED ABOVE TIE PLATE
CURRENT FLOW REGIME

= - -

. o. . -''
\ 6

\ s

\ Ssw

\M 'o
w - ucy as a a -

\ c[-:= o. ==c

:- s*4 I
I \4 =

D 'k''\
| ! 5

'sg "r ,=,,at ,aum,a. !~

\ \.g |
-- :- -.

I

1 s.
sC* a 4 s L

Cm a se 5
- j - r

g \+ \ ja -

,
-

a" "
4" 'as g \ g %8" e as ias \ \ ] } 3

,

am ice \ #s

e is,, s , . - *

* I $ 1
'

i
'"' ' '

"' ,3 .
, ,

* *' ' *
. .. . , . . .

,



- - ____ _ _ _ _ _ _ _ _ _

m
TIE-PLATE DRAG 800Y OUTPUT_

INCREASED AS WATER CONTENT
TIE-PLATE TURSINE METER OUTPUT DECREASED OF CORE SPRAY INCREASED
AS WATER CONTENT OF CORE SPRAY INCREASED

" ene spaar i i

** ML
_Oo too jw.e c., o ay

/
- ae nsa is

,

a- e
va i.2T funeLowoe am

. - c. .. - it - O m um 1 -

4 i rr /
,_ . , . .. _ 1* -

,,
-o. .. - Amg"

- - 2 PLuio g f
- [' _= -

j
- :

.- _ g

.L /

.I #
. ['

-

\
-'

.. _ _
~ ,

o. S f;w.w = .

I s - _

,1
* * * * * * " "' m *,W'.enL. '' , , , ,,,

i a s to ao so
3STEAM PLOW AATE (ft /s)

m
IN HIGH FLOW UPFLOW, MASS FLOW MODEL EQUATIONS FOR CALCULATING

" "^ "
RATE IS WELL CORRELATED BY
THE TIE-PLATE DRAG BODY TIE-PLATE IG = g ,i
AND THE PLATE TURBINE

* e M60H FLOW UPFLOW'

g .b (A 'I: Team-WATER LOOP
E, ga yv- Coat M ay.uppton -

, g

M ,

I e DOW8t# LOW I

o NO SEAL One fit PLAft

: . .

k'' - ~
a . n ^rz3 ' i

" *** $cons nav easssuet
- ... . .. , ,

3
,

e o o ,

y e SEAL Oas tia plare y

s a a A

- = m c - a . k. f" ^'== =a w , ,
'^'

"
.

",
O - *#""''"*"""'"'''"

{
., ,

..)tot 41 1e a a LIGJto Dowas . C
v,

I

_ _ _ _ _ _ _ _ _ _ ._ 1



usAON
CAmesOS

ORNL
RESULTS OF IDL PROGRAM
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This session includes a number of papers summarizing separate effects
research applicable to both pressurized water reactors (PWR) and boiling
water reactors (BWR). These programs are called separate effects because
the research focuses on specific phenomena or an isolated period during
a postulated accident. All of these programs were originally designed
to study the large-break loss of coolant accident (LOCA). However, most
of the research under these programs has been reoriented toward more
general applicability to other accidents such as the small break LOCA.

The Two Loop Test Apparatus (TLTA), jointly sponsored by the U.S. Nuclear
Regulatory Commission (NRC), the Electric Power Research Institute
(EPRI) and the General Electric Company (GE), is a model of a BWR utilizing
a single full sized electrically simulated fuel channel. While originally
designed to study heat transfer and the hydraulics of the blowdown phase
of the LOCA, the TLTA has evolved to test nearly the entire LOCA transient
and thus the TLTA is now nearly an intergral test facility. In the last
year, the TLTA was also used to simulate two small-break LOCA transients.
These tests were conducted at the request of the NRC Three Mile Island
Lessons Learned Task Force to evaluate the calculational methods used to
specify operator actions during small-breaks and other transients. In
addition, separate effects tests of heat transfer during core uncovery
were conducted. Thus the TLTA program has been oriented away from the
area of large-break LOCA. All planned testing in the TLTA has now been
completed and the program sponsors are evaluating the possibility of
upgrading the facility to better simulate small-break and other non-LOCA
transients.

,

The BWR Refill Reflood program is also a joint NRC, EPRI, GE sponsored
| program studying a number of separate effects phenomena. This program
' is closely linked to the BWR TRAC effort discussed in the previous

analysis development session. A number of new experiments are being
conducted and previously obtained GE data are being released under this
program for use in model development and code assessment. Direct input

to the BWR TRAC program is also provided by a significant model development
effort. A summary of this model development work will be presented. In
addition, a presentation will be made of experiments attempting to
simulate the heat from hot rods using steam injection (adiabatic injection
technique). While these experiments are not directly applicable to
reactors, they are of great importance to planned future experimental
programs. Two large multidimensional test programs - the 30 Sector
Steam Test Facility (SSTF) which is a BWR test facility under this
program and the Upper Plenum Test Facility (UPTF) which is a PWR test
under the International 2D/3D program - will both use adiabatic injection
of steam to simulate the core heat. The results of the adiabatic injection
tests will provide an indication of our ability to conduct large multidimensional
experiments without the prohibitively high cost of a large heated core.
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The Thermal Hydraulic Test Facility (THTF) is a separate effects PWR
heat transfer facility using a new highly instrumented 8 X 8 array of
electrically simulated fuel pins. Recent testing has concentrated on
filling gaps in the data base for conditions during the blowdown phase
of the LOCA and extending the data base to conditions applicable during
other accidents such as small-breaks. Topics to be presented include
transient film boiling, high pressure steam cooling and high pressure
reflood.

I The Full Length Emergency Core Heat Transfer - System Effects and Separate
Effects Test (FLECHT-SEASET) is a joint, NRC, EPRI and Westinghouse
Electric Corporation sponsored program. This program is involved in the
study of reflood and related phenomena. The presentation will include
findings concerning void distribution, heat transfer - including the
relative components of the various heat transfer mechanisms, and the
effect of flow blockages.

t

_ _ _ _ _ _ _ _ _ _ _ _
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R0D BUNDLE HEAT TRANSFER RESEARCH FOR WATER REACTOR SAFETY *.

J. D. White

Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

The Nuclear Regulatory Comission (NRC) is funding a program at Oak Ridge
National Laboratory (ORNL) to study heat transfer from rod bundles in nuclear
reactor accident situations. This program is called the Blowdown Heat Transfer
Program. The program scope has changed significantly from emphasis on large
break Loss-of-Coolant Accidents (LOCAs) to emphasis on small-break accidents
and on expected reactor transients. The primary purpose of the program at
present is to produce rod bundle data which can be used to provide insight into
the thermal hydraulic behavior of light water reactor cores during hypothetical
accidents.

Toward this end, the Thermal-Hydraulic Test Facility (THTF) at ORNL is
used to supply appropriate pressure, temperature, and flow conditions to a
64-rod,12-ft long bundle in a predetermined manner. Resultant heat fluxes,
surface temperatures, and fluid conditions (quality, enthalpy, void fraction)
are representative of reactor accident situations. More than 1200 instruments
are monitored EU times /s during a test.

This report discusses the results of two types of tests conducted in
calendar year 1980. The first test series was conducted to investigate heat
transfer rates in an uncovered bundle (like a small-break LOCA). This test
series also included high pressure reflood tests (also representative of a
small-break LOCA). The uncovered bundle tests had low steaming rates and
effectively no entrainment. An equilibrium model seemed adeqtate for deter-
mination of steam enthalpy. Steam temperatures up to 1100 F were measured
(af ter a radiation correction) by in-bundle thermocouples. At Reynolds numbers
from 3000 to 12000, and at pressures from 400 to 1200 psi, steam cooling was
effective - the heat transfer coefficients varied from 17 to 33 B/h ft op,2

ORNL found that a Dittus-Boelter type correlation with fluid properties eval-
uated at the heated wall temperature used in conjunction with a simple radia-

I tion model agreed very well with the data. The radiation heat flux was
I approximately 20-30% of the total heat flux. Mixture level swell was deter-

mined to be proportional to volumetric vapor generation rate; the swell varied
from 15 to 111%. Reflood data at pressures from 350 to 1100 psi were obtained.
The ratio of quench front velocity to inlet flooding velocity was in the range
40-50% in the THTF experiments. (Further details can be obtained by calling
the Test Engineer, T. M. Anklam, at 615-574-0772.)

*Research sponsored by Division of Reactor Safety Research, U.S. Nuclear
Regulatory Commission under Interagency Agreements DOE 40-551-75 and 40-552-75
with the U.S. Department of Energy under centract W-7405-eng-26 with the Union
Carbide Corporation.

By acceptance of this article, the

publisher or recipient ack nowledges
the U S. Government's right to

retain a none=clusive. royalty f ree

license in and to any copyright
|

covering the af tale
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Sixteen film boiling tests (upflow) were run in the THTF. Three of these
tests were conducted under transient conditions; these tests were designed and
executed so that the pressure, flow and heat flux variations were moderated

.

sufficiently to a!!Jw the generation of good quality transient film boiling
! data. The remaining 13 tests were conducted under steady-state conditions,
i The resultant data encompasses a pressure range of 600-1800 psi, mass flux

1-8 x 105 lb /h ft , and heat flux 5 x 104 - 3.2 ; 105 B/h ft . Analysis of2 2
m

the data is still preliminary. Early results from the transient tests indicate
that the Groeneveld 5.7 and 5.9 correlations agree with the ORNL transient data
better than the Dougall-Rohsenow correlation (using RELAP4 calculated fluid
conditions). Analysis of the steady-state data has begun. (For further details,1

contact the Test Engineer, C. B. Mullins, at 615-574-0767.)

:

a

,
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CARRIDE

""' THIS DISCUSSION WILL DESCRIBE:

e NEED FOR HEAT TRANSFER INFORMATION

e ORNL PROGRAM TO PROVIDE THIS
INFORMATION

e BUNDLE UNCOVERY TEST RESULTS

e FlLM BOLLING TEST RESULTS

C
CAmelDE

""' IMPORTANT CURRENT DATA NEEDS
HAVE BEEN IDENTIFIED AND
DOCUMENTED

|

| e TYPES OF ACCIDENTS
i

- SMALL BREAK LOCA, LOCKED ROTOR, ROD
EJECTION, LOSS OF AC/DC POWER, LOCA

* HEAT TRANSFER MODE / FLOW REGIME

- FlLM BOILING, TRANSITION BOILlNG, LEVEL
SWELL, REWET, CONVECTION AND RADI ATION
TO STEAM
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""' THE PROGRAM HAS THREE OBJECTIVES

* PRODUCE DATA NEEDED TO ASSESS THE APPLICA-

BILITY OF CURRENTLY USED CORRELATIONS

* SUGGEST NEW OR MODIFIED CORRELATIONS IF

REQUIRED

* BENCHMARK THERMAL-HYDRAULIC CODES

BLOWDOWN HEAT TRANSFER PROGRAM

Q
CAmtlOE

""' EMPHASIS IS ON CONFIRMATION OF ANALYTICAL
TOOLS USED TO PREDICT THE BEHAVIOR
OF LWR CORES

e NUCLEAR APPLICATIONS?

e FULL RANGE OF CONDITIONS?

e STEADY-STATE CORRELATIONS?
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"'' EXPERIMENTS ARE RUN IN THE THTF l

HEAT EXCHANGERS
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CARSIDE

v" LATEST TEST BUNDLE HAS IMPROVED
1

PERFORMANCE FEATURES l
l

e STATE OF THE ART MEASUREMENTS OF T,, g,

e ROD BUNDLE PROTOTYPIC OF CURRENT LWR DESIGNS

e POWER CAPABILITY

- INDIVIDUAL ROD 0-150 kW

- BUNDLE 0-9.0 MW

e CAPARILITY TO REPLACE INDIVIDUAL RODS IN-SITU
i

e INSTRUMENTATION FOR LOCAL FLUID CONDITIONS
MEASUREMENTS

i

i
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ORNL
THE FUEL PIN SIMULATORS WERE
DESIGNED TO PROVIDE ACCURATE l

DETERMINATIONS OF SURFACE
HEAT FLUX AND TEMPERATURE
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NL

BUNDLE FLUID CONDITIONS MUST BE
KNOWN TO ASSESS CORRELATIONS
AND MODELS
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""' THREE TYPES OF TESTS WERE
CONDUCTED THIS YEAR

e BUNDLE BOILOFF/REFLOOD 25 TESTS

* FILM BOILING

TRANSIENT 3 TESTS

STEADY-STATE 13 TESTS

e LARGE BREAK LOCA 1 TEST

UNION
CARSIDE

"" THE PROGRAM HAS 3
,

TYPES OF OUTPUTS

e EXPERIMENTAL DATA

e CALCULATED RESULTS

e ANALYSIS OF RESULTS

:
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ORNL

ORNL PROVIDES COMPARISONS OF HEAT
TRANSFER CORRELATIONS WITH
DATA FOR EACH TEST

2.0

0
9

O 0h , 1.0
h"" ------,-----g-------

S 9,

0.5
PARAMETER (Re, Pr, P, T,g/T )

* PRELIMINARY WITHIN 60 DAYS

* FINAL DATA WITH:N FY-198*

UNION
CARSIDE

ORNL
SMALL BREAK HEAT TRANSFER TESTS

|

--



___

@"
DURING CERTAIN POSTULATED PWR SMALL BREAK
LOCA SCENARIOS, THE REACTOR CORE
UNCOVERS AND THEN RECOVERS

SUPE RHE ATED STE AM
R E GION

l

!

REACTOR
- ~ ^ ~ ~ ~ ~ ' )

INLET |

MIXTURE %_ **'
, ' , ' | .hTWO-PHASE '.*!**''*.*, ,

** ACTIVE, , . , ,
CORE TWO-PHASE*

, ,
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', C, '
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..i,
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9;f,f{
$U8 COOLED WATER

union
CAE lOE

RNL
QUESTIONS PERTINENT TO THE UNDERSTANDING
OF CORE THERMAL MYDRAULIC BEHAVIOR
DURING SMALL BREAK LOCAs

e STEAM ENTHALPY RISE?

e CLADDING TO STEAM HEAT TRANSFER?

I * TWO-PHASE MIXTURE LEVEL SWELL?

e QUENCH BEHAVIOR DURING SMALL BREAK REFLOOD?

__ _ _ _ _
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ûmon
CARSIDE

RNL
WE HAVE RUN 25 TESTS INVESTIGATING
HEAT TRANSFER IN BOILOFF/REFLOOD
SITUATIONS

!
i
,

e PRESSURES: 350-1700 psia

e POWER LEVEL: 0.1-0.6 kW/ft

e STEAM TEMPER ATURES: 800-1500 F

e DEPTH OF UNCOVERY: &5 h

e FLOODING R ATE: 1.1-9.0 in./s

u .o
Canes 04

" THE THTF IN BUNDLE BOILOFF/REFLOOD
CONFIGURATION
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* IN THE FIRST SET OF TESTS, THE BUNDLE

WAS UNCOVERED TO A DEPTH BELOW
THE TOP TWO THERMOCOUPLE LEVELS
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@* BUNDLE UNCOVERY TEST RESULTS WERE
CALCULATED DIRECTLY FROM
EXPERIMENTAL MEASUREMENTS

* NO LARGE COMPUTER CODE WAS REQUIRED

* STEAM TEMPERATURESWERE DEDUCED FROM LOCAL

F LUID TEMPERATURE ME ASUREMENTS

ROD HEAT FLUXES AND SURFACE TEMPERATURESe

DID NOT REQUIRE AN INVERSE CODE

INLET AND OUTLET MASS FLUXESWERE EOUALe

WITHIN ME ASUREMENT UNCERTAINTY (5%) {

* THERMODYNAMIC STATE OF STE AM DEDUCED FROM

MEASURED PRESSURE AND TEMPERATURE

(NO ENTR AINMENT)

R ADI ATION HE AT TRANSFER CALCULATIONS BASEDe

TOON LITER ATURE VALUES FOR STEAM (ORAD
STE AM =20-30% TOTAll

C ARSIDE

RNL
HEAT LOSSES DURING THE FIRST
SET OF TESTS VARIED
CONSIDERABLY

TEST HEAT LOSS (%)

C 5.1%

D 4.5%

E 1.2%

F 22%

G 8.1%

H 6.1%
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"" CLADDING TO STEAM HEAT TRANSFER

,

e TOTAL HEAT TRANSFER COEFFICIENT VARIED
FROM 17-33 B/hr ft2 op

e EXISTING MODELS PREDICTED h's WITHIN 40%

OF EXPERIMENTAL h's
-

e EXISTING MODELS DID NOT PREDICT SOME OF .

THE TRENDS IN THE DATA
~ '

e ORNL HAS SUGGESTED SOME CHANGES IN THE

WAY THE MODELS ARE USED
,'

'

C ARSIDE

"*' EXISTING HEAT TRANSFER MODELS
'

:

DO NOT PREDICT ALL TRENDS
OBSERVED IN DATA

,
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@""' AN EQUILIBRIUM MODEL WAS
ADEQUA~iE FOR THE ORNL
UNCOVERED BUNDLE DATA

e COMPARISONS OF EXPERIMENTAL STEAM

TEMPERATURE WITH CALCULATED

STEAM TEMPERATURES

e CALCULATED STEAM VELOCITIES WERE
LOW

e LACK OF ENTRAINMENT WAS DEDUCED

FROM FLUID THERMOCOUPLE BEHAVIOR

""' FLUID THERMOCOUPLE OUTPUTS
WERE USED TO DEDUCE LACK

| OF ENTRAINMENT

DRY STEAM SIGNAL

! __

$
- ?

g.s

E WET STEAM SIGNAL

h
... ,

n

. TIME (s)

_ _ _ _ _ _ _ _ _ . - _ _ _ - - - - _ . --.
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@"' ORNL HAS SUGGESTED A HEAT TRANSFER
MODEL THAT PROVIDES COOD

' AGREEMENT WITH DATA
,,

,

ahTOTAL = hCONV*hRAD

ehCONV = 0.021 Ref T
t Dw

* ORNL RADIATION MODEL

GREY ISOTHEHMAL VAPOR

RADIATION PROPERTIES OF STEAM DEDUCED
FROM LITERATURE

,

'

RADIATION TO COLD RODS

@"ORNL HEAT TRANSFER MODEL PROVIDES
GOOD AGREEMENT WITH DATA

1.5 - - - - - - : ,

1.4

1.3

J k-1.2

3em

JL h(",'
p 4r;,3;y4q30, : t

08

07!

06

0.5 -- - +--

3000 5000 7000 9000 11.000

REYNOLDS NUMBER

_ __ _____ ..



set
BUNOLE UNCOVERY TESTS ARE
TYPICAL OF LOW FLOW BOILING
IN A VERTICAL CHANNEt-

SitAM
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LlOUID LEVEL SWELL WAS ROUGHLY
PROPORTIONAL TO VOLUMETRIC
VAPOR GENERATION RATE
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RESULTS FROM BUNDLE UNCOVERY
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C

O**' THE YEH CORRELATION SEEMS TO
OVERPREDICT LEVEL SWELL
AT HIGHER PRESSURES |

1.6 g g ; 3

1.6 - COMPARISON OF YEH VOID CORRELATION _
,_

WITH BUNDLE UNCOVERY DATA -._

_ _

1.3 - -
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'u G8 -
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Q5 I I I I

400 600 800 1000
PRESSURE (psi)

UNION
CARS 4DE

| * REFLOOD TESTS

e 8 X 8 BUNDLE 12 ft LONG

* FLAT POWER PROFILE

e PRESSURES 350-1100 psi

* FLOODING R ATE 1.1-9.0 in./s

LINEAR POWER 0.25 kW/ft-0.42 kW/fte

INITIAL FRS TEMPERATURE 1460 F-800 F*

._



.- __. _ _

|

Ussions
CARSIDf

"*' REFLOOD TEST CONCLUSIONS

e AT HIGH FLOODING RATE AND HIGH WALL
TEMPERATURES, COLLAPSED LIQUID

LEVEL > QUENCH LEVEL SUGGESTS '

INVERTED ANNULAR FILM BOILING

e OUENCH FRONT VELOCITY 240-50% OF FLOODING

VELOCITY (NO1 DIRECTLY APPLICABLE TO

REACTOR CASE)

e NO GROSS LIQUID CARRYOVER WAS NOTED IN

ANY TEST. UPPER PLENUM PROBABLY ACTING

AS A STEAM SEPARATOR

e ROD QUENCH TEMPERATURES RANGED FROM

833 F -+-960 F

%
SMALL BREAK HEAT TRANSFER CONCLUSIONS

e HE AT TRANSFER DATA

3,500 % Re % 10.200

800*F % Tg% 1466*F

12 % Tw g % 165a
350 < PRESS < 1000 pua

0.25 % POWE R -' O 42 kW ft

e HE AT TR ANSF E R COE F FICIE NTS 17-33 8 he ft2 op

22% 4 C OTOTAL*3hRAD

e E xtSTING MODE LS PREDICT E XPE RIMENTAL HE AT

TR ANSF E R RE ASON ABLY WE LL

MOSTLY WITHIN * 30%

DO NOT PREDICT ALL OF DAT A TRENDS

e VARIETV OF R ADIATION MODELS COUPLED WITH A
DITTUS-80E LTER LIKE CONVECTIVE CORRE LATION

WITH PHYSICAL PROPE RTIES EVAL 4JATED AT

HE ATED SURF ACE TEMPE RATURE PROVIDE

GOOD AGRE EME NT WITH DAT A

e LE VE L SWE LL VARIED F ROM 15-111% AND WAS

ROUGHLY PROPORTIONAL TO VOLUMETRIC

VAPOR GE NE R ATION RATE

_
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"* DATA FROM THE UPFLOW FILM BOILING TESTS
ARE BEING COMPARED WITH PREDICTIONS
USING SEVERAL CORRELATIONS

GROENEVELD 5.7 AND 5.9 (RELAP)

DOUGALL-ROHSENOW (RELAP AND TRAC)

BROMLEY (TRAC)

GROENEVELD-HADALLER (COBRA / TRAC)

FORSLUND-ROHSENOW (COBRA / TRAC)

MODIFIED BROMLEY (COBRAfrRAC)
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FILM BOILING DATA HAS BEEN
OBTAINED OVER A WIDE
RANGE OF CONDITIONS
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SURFACE TEMPERATURES IN ORNL
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BACKGROUFD

Emergency core cooling (ECC) systems are designed to maintain fuel

cladding temperatures below specified limits, even under a wide range of
loss of inventory or hypothetical small and large pipe break loss of cool-
ant accidents (LOCA). The BWR Blowdown / Emergency Core Coolant (BD/ECC) Pro-

gram is an experimentally based program to investigate the integral effects
of ECC injection during a hypothetical LOCA. This program is sponsored by
the Nuclear Regulatory Commission (NRC), the Electric Power Research Insti-
tute (EPRI), and the General Electric Company (GE).

The principal objective of the BD/ECC Program is to obtain and evalu-
ate basic BD/ECC data from test system configurations which have perform-
ance characteristics similar to a BWR during a hypothetical LOCA. Other ob-
jectives include the detennination of the degree to which current LOCA mo-
dels describe the observed phenomena, and where necessary, development of
improved physical interpretation of the governing phenomena.
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The BD/ECC program can be considered as an extention of the BWR Blow-
down Heat Transfer (BDHT) Program (I) which was completed in late 1975. The

BD/ECC program is divided into several test phases (see Table 1) which are
designed to investigate different portions or variations of the BWR LOCA re-
sponses.

During the first phase of the BD/ECC Program, basic system response in-
fonnation was investigated. A building block approach to evaluate the effects
of various ECC systems, operating independently and in combination, was a-
dopted. While the original experimental plan emphasized the large break hypo-
thetical design basis accident, two tests were included to investigate the
more probable small pipe break transtsents. The planned small break test
series was accelerated in response to the accident at TNI-2. In addition,
this test phase was expanded to include uncovery (boil-off) tests under slow
loss-of-inventory transients.

The Two Loop Test Apparatus (TLTA) shown in Figure I was the BWR sys-

tem simulator used to provide the thermal hydraulic response of a BWR. Main
features of this system simulator include: a full size, electrically heated
bundle that is capable of duplicating the power output of a fuel bundle from
full initial power to the decay heat powe. . Also included is a coolant in-
jection system to supply the ECC flow rates.

The TLTA has been modified to meet the primary objective of each test-
ing phase with the overall objective of maintaining a real-time, thermal-
hydraulic system response.

<

STATUS

II) and 8 x 8 BDHT (2) test phases,and all planned test-The 7 x 7 BDHT

ing as part of the BD/ECC-1A (3) phase have been completed. The 7 x 7 and 8 x

8 BDHT tests investigated mainly the blowdown portion of the LOCA transient
and as such, the ECC system was not activated. Results from these tests serve
as a baseline from which the effectiveness of the ECC system can be evaluated.
Large and small break tests with various combinations of ECCS injection para-
meters were performed in the BD/ECC-1A phase.

The salient results from the earlier test phases are included in Table 1.
The BD/ECC-1 A test phase recently completed is sumarized below; The key re-
sults are discussed.
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RESULTS

(a) Reference Large Break LOCA Test

The overall system response for this reference test is depicted by
the system pressure response (Figure 2) and the mixture level response
(Figures 3 and 4). Bundle heat-up generally occurs following bundle un-
covery well af ter lower plenum flashing. Local dryouts are seen in a few
locations as lower plenum flashing tapers off. These early (N 20 sec) dry-
outs, however, are all rewetted by fall-back cooling at about the same
time as the HPCS begins to inject. Bulk heat-up of the bundle begins when
tha liquid continuum in the bundle collapses following the uncovery of
the jet pumps exit in the lower plenum. Since the heat up occurs after
HPCS injection, its severity is mitigated by the ECC fluid draining into
the bundle. As a result, the maximum PCT was limited to below 700*F (375'C)

as shown in Figure 5.
The bundle is completely quenched as it refloods. This reflood occurs

prior to completely refilling of the lower plenum. The accumulation of
ECCS inventory within the bundle is prevented from draining into the lower
plenum due to counter current flow limiting (CCFL) at the lower end of
bundle, ie, at the inlet orifice.

Similar results were observed for the overall system resporse for the
peak power test except that the bundle temperature was higher as expected.
The early, local dryouts were more pronounced in this test - maximum tempera-
ture of 1050'F was reached before rewetting. However, the maximum tempera-
ture during the ensuing bulk heat-up was below 800*F (427*C).

(b) Small Break Test
Two small break tests under conditions of non-degraded and degraded

ECC systems were recently completed.The non-degraded test response was

governed merely by the net imbalance of inventory leakage out the break
and inventory make up due to activation of the high pressure core spray in-
jection system. Prior to HPCS injection, the mixture level in the system
dropped slowly. Following HPCS injection, the level eventually recovered
as expected. The mixture level remained above the top of the core region
throughout the test and therefore the bundle did not heat up.

___ _ - _ - -.
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The degraded small break test was conducted with the assumption of
a failed high pressure system. For this test the automatic depressuriza-
tion system (ADS) was activated when the mixture level dropped to near
the top of the core region.The ADS allows steam to discharge through the
steam lines and results in a rapid system drpressurization (See Fig.6).
As the system pressure decreased to below the shut-off head of the low

pressure ECC Systems (LPCS & LPCI), ECCS fluid was injected into and

! eventually refilled the system.
In conjunction with the testing and as part of the BWR-Owners

Group activities associated with TMI, pretest predictions were made for
these sinall break tests using the BWR small' break licensing analysis
methods. Figures 6 to 8 show the predicted and measured response for the
degraded ECCS small break test. The overall system pressure response was
closely predicted, the inventory and correspondingly the mixture level
within the bundle core region was underpredicted. This lead to a predicted
bundle dryout and heat up which was not observed in the test (Fig. 8).

From the test results, especially in comparison with the small break
pretest predictions, it becomes evident that CCFL at regional boundaries

:

is an important phenomena. Whereas CCFL at the uppe tie plate might ad-
versely restrict the upper plenum inventory from cooling tha bundle, CCFL
at the side entry orifice can beneficially prevent the bundle inventory
from draining into the lower plenum. The net effect, as observed from the
BWR system simulator is that the bundle refloods and the inventory pro-
vides significant cooling to the bundle. This latter mechanism is conserva-
tively neglected in BWR analysis methods, which leads to the underpredic-
tion of coolant inventory and mixture level shown in Figure 7.

As with the large break tests, the system and bundle heat-up re-
sponse are governed primarily by the movement of the mixture level within the
bundle core region.

(c) Separate Effects - Boil Off Tests
A series of boiloff tests was completed in the TLTA. Saturated

liquid was allowed to boil off from within the bundle under conditions of
constant pressure (between 200 to 800 psia) at decay heat power. The slow
boil off lead to uncovery within the bundle with nucleate pool boiling be-
low the ..iixture level and steam cooling above. Comparisons were made with
single channel analysis methods and the heat transfer rates were well pre-

dicted using standard single phase heat transfer correlations (e.g. Dittus-
Boelter).
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The void fraction distribution below the mixture level was also found
to be in good agreement with the drif t-flux model used in the single
channel method (See Figure 9).

FUTURE PROGRAM DIRECTION

Discussions between the Program sponsors (NRC,EPRI and GE) have
been under way for well over a year related to the future direction of
this Program and the need for a new experimental facility. At present
the favored approach is an upgraded single bundle, complete inte-
gral facility for purposes of testing small break LOCA's, loss-of-inven-
tory threatening transients, and other multiple failure events.
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BWR REFILL-REFLOOD PROGRAM

OVERVIEW AND EXPERIMENTAL RESULTS

GW Burnette

Th:2 BWR Refill-Reflood Program is jointly sponsored by the U.S.

Nuclear Regulatory Commission, Electric Power Research Institute

and General Electric Company. The program will address the thennal-
' hydraulic behavior of BWR's during the refill and reflood phases of

postulated LOCA's on a generic basis. A primary output of this

program will be a set of best estimate models which can be used

for realistic LOCA predictions. These models are being developed

in conjunction uth INEL and are suitable for incorporating into the

TRAC-BWR system code. The experimental data frorr. this program

will be a major factor in the assessment of these models.

The program features a balanced combination of realistic model

development and appropriate supporting experiments for model develop-

ment and qualification. Separate effects tests are included for

use in realistic mode; development while large scale system

experiments are planned for use in independent qualification. A

full radius, 30' Sector Facility at Lynn, Massachusetts is the

primary large scale facility to be used within the program, but

data from many other experiments will also be utilized for model

assessment.

Early results from the program have confinned that the GE core

spray distribution prediction methodology is sufficiently

general te apply to an alternate geometry (BWR/4) and set of spray

conditions in the 30' Sector (previously confirmed for a BWR/6

|



-2-

i >

systemdesign). The 30' Sector is presently being modified in

preparation for conducting transient refill-reflood tests. '

|

r

Development of a steam injection technique for simulating fuel

bundles in the 30 Sector has been achieved using a single bundle

system facility. Separate effects tests for model development

are now underway in this single bundle system. A number of pre-

liminary models for simulating BWR component performance and

thermal-hydraulic phenomena have been developed. These results

and the status of model development are detailed in the Model

Development presentation.

Reference

1. SA Sandoz, et. al., " Core Spray Design Methodology Confirmation

Tests", f1ED0-24712, August, 1979.

i

i

_ _ _ _ ~ _
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REFILL-REFLOOD PROGRAM OVERVIEW

MAIN ELEr1ENIS AND STATUS

TASK STATUS

CORE SPRAY DISTRIBUTION COMPLETE

SINGLE HEATED BUNDLE SYSTEM EFFECTS TESTS COMPLETE

ADIABATIC STEAM INJECTION TESTS

COMPLETE

SEPARATE EFFECTS TESTS IN PROGRESS

' CCFL/ REFILL SYSTEM MODIFICATIONS UNDERWAY

| EFFECTS TESTS
MEASUREMENT PLAN FINALIZED

360 UPPER PLENUM TESTS NOT STARTED

MODEL DEVELOPMENT MANY BASIC MODELS DEVELOPED / IMPROVED

(CONSTITUTIVE AND HEAT TRANSFER)

SINGLE CHANNEL MODEL STARTED

MODEL QUALIFICATION TASK PLANNING COMPLETE

@WB

10/29/80



REFILL-REFLOOD PROGRN1 OVERVIEW

SCHEDULE

TASK 1979 1980 1981 1982.

.,r. . . . . . . . . . .

I
CORE SPRAY . I

t2Dta 'n
DISTRIBUT10fl I

i

I

,

1

SINGLE HEATED |

(DN 'N---BUNDLE
j

i

i

i
I

30* SECTOR i
i/////\ ** ' l s w 1. .wea

_

| 1 I

I

i

3:9' UPPER |
p p /////P. . . . . . .'. . .} w 1 m i-

I
'

f

I I

fl0 DEL i
'

; DEVELOPf1ENT i

i

!
, ,

;
i

110 DEL i
1

00ALIFICAT10il i
i

!

LEGEND * SHAKEDOWN

E DESIGil

F ' ~l HARDWARE / FACILITY PREPARAT10!!

EU TEST|
9/2G/30 L_i EVALUATE OR ANALYSIS
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BEFILL-REFLOOD PROGRAM EXPERif1 ENTAL RESULTS

SINGLE BUNDLE SYSTEM TESTS

OBJECTIVES

* IDENTIFY AND EVALUATE P4ENOMENA CONTROLLING

THE REFILL AND REFLOOD PHASE OF A BWR LOCA

DEVELOP AN ADI ABATIC INJECTION TECHNIQUE FORe

THE 30 SECTOR FACILITY

e OBTAIN SEPARATE EFFECTS THERMAL-HYDRAULIC

PERFORMANCE DATA FOR MODEL DEVELOPMENT

GWB

10/29/80

-
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SINGLE BUNDLE SYSTEM TESTS

PRELIMINARY CONCLUSIONS

* SIMILAR LOWER PLENUM AND CORE REGION

REFILL CHARACTERISTICS

* REFILLING INSENSETIVE TO BUNDLE-UPPER

PLENUM FEEDBACK'0VER EXPECTED CONDITION RANGE

e STEAM INJECTION CAN BE USED TO SIMULATE

HEATED BUNDLES IN 30* SECTOR

:

>

GWB

10/29/80

|
1 -. _ -



REFILL - REFLOOD PROGRAM EXPERIMENTAL RESULTS :,
'

:

30* SECTOR FACILITY '

,

BACKGROUND

BWR RESP 0flSE INFLUENCED BY CCFL BREAKD0lIN INe

UPPER PLENUM

BREAKDOWN TIME DEPENDENT UPON MIXINGe

GOOD MIXING MODELS NEEDED FOR REALISTICe

RESPONSE PREDICTIONS

!
'

OBJECTIVE

,

OBTAIN REALISTIC, LARGE SCALE REFILL-REFLOODe

PERFORNAllCE DATA FOR MODEL QUALIFICATI0fi/ DEVELOPMENT

GWB

|10/29/80
|

|
,

. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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30* SECTOR FACILITY

MODIFICATION NFFDS

FACILITY HARDWARE

e BLOWDOWN SYSTEM

e INITIALIZATION EQUIPMEllT

e EXCESS VOLUME VENT SYSTEM

e VESSEL INTERNALS

TEST INSTRUMENTATION (AUGMENTATI0ID

REGIONAL FLUID INVENTORIES AND LEVELSe

TEMPERATURE FIELDS IN ECC INJECTION*

REGIONS

LOCAL SUBC00 LING MEASUREMENTS*

SYSTEM BOUNDARY CONDITIONSe

DATA ACQUISITI0il/ DATA REDUCTION

INCREASED MEASUREtlENT CAPABILITY*

INCREASED INSTRUMEilT/ DATA QA CHECKSe

DERIVED QUANTITIES FOR |10 DEL ASSESSMENT*

GWB

10/19/80
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! 30* SECTOR FACILITY

MILESTONES

MAJOR HARDWARE INSTALLED 11080

COMPLETE SYSTEM IllSTALLATION 1081

SHAKEDOWN COMPLETE 2081

BEGIN TESTING 3081

|

,

i

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ . . _



BWR REFILL-REFLOOD PROGRAM

MODEL DEVELOPMENT FOR TRAC-BD

GENER AL h ELECTRIC

PROGRAM SPONSORS:

U. S. NUCLEAR REGULATORY COMMISSION

ELECTRIC POWER RESEARCH INSTITUTE

GENERAL ELECTRIC COMPANY

JGM ANDERSEN

OCTOBER 1980

.__ __ __ __ __ ______ _ _ _ -_____ - _ _ - _ _ _ _ _ _ _ _ _ _ _ - - _ _ _ _ _ .



____-_____

OBJECTIVE

BEST ESTIMATE SIMULATION OF A BWR LOCA TRANSIENT.

TASK

DEVELOP MODELS FOR BWR COMPONENTS AND PHENOMENA 0F IMPORTANCE

FOR BWRS.

!

JGM ANDERSEN

OCTOBER 1980 |

]



. _ . _ - - - - - - _ _

BWR COMP 0flENT MODELS

e JET PUMP

MIXING-

MIXING AND IRREVERSIBLE LOSSES-

- REVERSIBLE LOSSES

e STEAM SEPARATOR

- PRESSURE DROP

CARRY OVER AND CARRY UNDER-

e DRYER

PRESSURE DROP-

e ' UPPER PLENUM

MIXING-

- VOID AND ENTHALPY DISTRIBUTION

- SuBc00 LED CCFL BREAKDOWN

e FUEL' BUNDLE (INEL)

JGM ANDERSEN
~

OCTOBER 1980

_ _ _ _



MODELS FOR IMPORTANT BWR PHENOMENA

e COUNTER CURRENT FL0w LIMITATION

<

e VOID FRACTION AND PRESSURE DROP

- INTERFACE SHEAR

- WALL FRICTION

e HEAT TRANSFERj

- INTERFACE HEAT TRANSFER

WALL HEAT TRANSFER-

!

!

!

I

JGM ANDERSEN

OCTOBER 1980

. -__ _ _____ . . - _ . _ _ _ __ ..



-. ._____________ -__-________ _ - ____ __ -___ _ _ _- - ____-__

SCHEDULE

e FIRST VERSION END 1980

JET PUMP-

SIMPLE SEPARATOR AND DRYER MODELS-

SIMPLE UPPER PLENUM MODEL-

CCFL-

VOID FRACTION AND PRESSURE DROP-

HEAT TRANSFER-

e FINAL VERSION MID 1982

SEPARATOR AND DRYER MODELS-

UPPER PLENUM MODEL-

JGM ANDERSEN

OCTOBER 1980



- _ - _ _ _ _ _ _ _ _ _

JET PUMP MODEL

e BASED ON TRAC TEE COMPONENT

e MODEL DEVELOPMENT

- MOMENTUM EQUATION MODIFIED TO IMPROVE PREDICTION OF

REVERSIBLE LOSSES AT AREA CHANGES.

MIXING PROCESS IN MIXING REGION.-

- MIXING LOSSES.

- IRREVERSIBLE LOSSES IN DRIVE LINE, SUCTION, AND

DISCHARGE.

- FORWARD AND REVERSE FLOW.

e ASSESSED ON INEL JET PUMP DATA.

i

JGM ANDERSEN

OCTOBER 1980

i



_ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

SECONDARY PIPE

-

\
_ - .

I
e SUCTION FLOW,

1r ir

i

v_- - , _. e
_ __ __

.

__i___-

PRIMARY PIPE
_____

a L

1

DRIVE LINE FLOW
- _ - _

I

___ __

I

___- ____

l

u

DISCHARGE FLOW

02126

Figun 12. Two Fluid Jet Pump Model ||
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VOID FRACTI0i1 MODEL

INTERFACE SHEAR

e BASED ON VOID FRACTION DATA

e MODEL FEATURES

- INTERFACIAL FORCE DEPENDS ON:

DRAG DUE TO RELATIVE MOTION OF PHASES

SHEAR DUE TO PHASE DISTRIBUTION

PHASE AND VELOCITY DISTRIBUTION

WALL FRICTION GOVERNED SHEAR FIELD

MATCH TO COUNTER CURRENT FL0w LIMITING DATA-

e FL0w REGIMES

BUBBLY / CHURN FL0w-

ANNULAR FL0w-

1

DISPERSED DROPLET FL0w-

SINGLE PHASE Flow-

e ASSESSED ON SEPARATE EFFECTS TESTS

JGM ANDERSEN

OCTOBER 1980

_ _ _ _ ____ _
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Preliminary Assessment of TRAC-BD Models
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HEAT TRANSFER IMPROVEMENT

e SuBC00 LED BOILING

MECHANISTIC HEAT IRANSFER MODEL (BOWRING, ROUHANI)-

- NET VAPOR GENERATION (SAHA-ZUBER)

e CRITICAL HEAT Flux

BOILING LENGTH CORRELATION (CISE-GE)-

e THERMAL RADIATION

- ALL SURFACES ARE GREY

ALL SURFACES HAVE UNIFORM IEMPERATURE-

- ALL SURFACES EMIT RADIATION UNIFORMLY

TWO-PHASE FLOW ABSORBS AND EMIT RADIATION-

- SEMI-GRAY MODEL

FIRST ORDER ANISOTROPIC IRANSPORT CORRECTION-

JGM ANDERSEN

OCTOBER 1980
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e DEVELOPMENT OF FIRST VERSION OF COMPONENT AND PHENOMENA

MODELS OF TRAC BD COMPLETE.
C

.

e TESTING AND DEVELOPMENTAL ASSESSMENT THROUGH 1980.

.

8 INDEPENDENT ASSESSMENT OF MODELS IN 1981,

e DEVELOPMENT OF FINAL MODELS IN 1981.

JGM ANDERSEN

OCTOBER 1980
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BWR REFILL-REFLOOD PROGRAM

'MODEL DEVELOPt1ENT FOR TRAC-BD

JGM Andersen |

|

A part of the Refill-Reflood Program is concerned with the develop-

| ment of models for the BWR version of TRAC. The main goal is to

d;velop nodels that allow a best estimate simulation of all compo-
| n:nts and phenomena in a BWR system. The BWR components to be

nodelled are:

8 Jet Pump

e Steam Separator

o BWR Fuel Bundle (done by EG&G)

e Steam Dryer

e Upper Plenum Phenomena

The basic phenomena of importance for the BWR LOCA transient are

e Interface shear and wall friction

e Interface and wall heat transfer

e Entrainment and deposition

The development of models for BWR components and phenomena is being
(

done in two steps:

e Development of an intermediate set of component

and phenomena models that allow a reasonably good

simulation of a BWR LOCA transient. This task is

to be completed in 1980,

o Assessment of the intermediate models and development

of final models for a best estimate BWR-LOCA simu-

lation. This task is to be completed in 1982.

Furthermore, in this period the models are to under-

go independent qualification.

_ _ _ _ _ _ _
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A jet pump model, including appropriate losses (form, mixing

and other irreversible), has been ' developed. This model has

been used to predict small scale as well as full scale jet pump

performance with good results. Simple models for the steam

separators and dryers, giving full separation of the phases, have

also been developed.

A new methodology that allows the correlation of interface shear

and wall friction based cn void fraction and pressure drop data has

been developed. The main new feature is that the model for the

interface drag and shear accounts for the effect of the phase and

velocity distribution in the calculation of the average relative

,
velocity. Furthermore, the interfacial force accounts for the effect

|

of drag, phase distribution and wall friction. Based on this model

a new set of constitutive correlations for the interface shear and
' drag has been developed. The model has been tested against void

fraction data, with goed results. The heat transfer models have been

upgraded to include several new phenomena. The major improvements

are the inclusion of subcooled boiling and thermal radiation. The

! latter is particularily important for PWR's during spray cooling.

Furthermore, the critical heat flux correlation has been replaced

with a boiling length correlation, which improves the prediction of

early boiling transition in high power fuel bundles during a DBA-

LOCA.

!

. _ _ , _ . _ - . _ _ _ _ _ -
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ThG above accomplishments represent the scope of the intennediate

stGp in the model development. The modesl will undergo an exten-

sive developmental assessment during the remainder of 1980. The

development of the final models will start in 1981.

.
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The FLECHT-SEASET program is a NRC/ Electrical Power Research Insititute

(EPRI)/ Westinghouse cooperative research and development effert who's goal is to
improve our understanding of large break LOCA reflood phenomena as well as the
different natural circulation cooling modes typical of small break LOCA. The
detailed objectives of the program are given in Figure 1. The FLECHT-SEASET pro-

gram can be subdivided into two major subtasks each of which addresses current PWR

licensinq and research needs. Those subtasks are, rod bundle flow blockage; and
system response during reflood and natural circulation.

The rod bundle flow blockage program utilizes three separate experimental
programs as shown in Figure 2. The goal of flow blockage portions of the FLECHT-
SEASET program is to provide experimental data and analysis which can be used to
address the current Appendix Ksteam cooling-flow blockage rule at low flooding rates.
This particular portion of the program has received more attention due the concerns
raised in NUREG-0630 on LOCA burst strain and blockage models used by the vendors
and NRC staff.

The systems effects test portion of the FLECHT-SEASET program also utilizes
three separate experiments as shown in Figure 3. The steam generator separate effects
test results were discussed at last year's information meeting. The upper plenum
flooding tests will be conducted at INEL to obtain the flooding behavior of the
FLECHT-SEASET upper plenum. The systems effects test facility is presently under
construction and testing will be initiated during the second quarter of 1981. Natural
circulation cooling modes will be investigated in this scaled facility which utilizes
two, full height, well instrumented multitube steam generators. Single phase, two-phase,
and reflux condensation cooling modes will be investigated. The effects of different
s:condary side heat sinks, non-condensible gas injection and ECC injection will be
investigated on the stable cooling modes for the primary system. Large break LOCA
reflood systems effects tests will also be conducted in the same facility.

In this presentation, the results from the 161-unblocked bundle tests as
well as the 21-rod bundle flow blockage tests will be discussed in detail. For those
interested, a listing of all the published FLECHT-SEASET reports is given in Table 1.

A.) 161-Unblocked Bundle Program Results

The objectives of the 161-Unblocked bundle test progta.m are given in
Figure 4.

The program included heat transfer experiments on, forced reflooding, gravity
ferd reflooding, steam cooling, and bundle boil-off experiments. The cross-section

_ _ _ _ _ _ _ - _ - _ _ _ _ _ _ __
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of the 161-rod bundle is shown in Figure 5 and the flow schematic of the facility is
shown in Figure 6. Examples of the forced flooding reflood heat transfer, clad
temperature response, and measured vapor superheat temperature are shown in Figures
7 and 8 for a low flooding rate experiment (l"/sec) and a high flooding rate test

! (6"/sec) to indicate the differences in heat transfer regimes. The low flooding rate
data ( <l.5in/sec) are primarily in the dispersed flow heat transfer regime in
which the heat transfer mechanisms include radiation to surfaces, drops, and vapor; as

well as forced convection to steam flow. In the high flooding rate heat transfer
regime, the heat transfer mechanisms are inverted annular film boiling and radiation
to the liquid core. The lower flooding rate regimes are of more interest since the
heat transfer is lower and it is within this regime that the calculated LOCA peak
clad temperature occurs. Two basic approaches have been used to analyze the data from
this test series. The first results in the development of an empirical correlations
for the rod bundle quench and the heat transfer above the quench front. The second
approach is to perfonn a mass and energy balance above the quench front to obtain
the split in the local rod heat flux in to the different heat transfer mechanisms
such as radiation to drops, vapor, surfaces, and forced convection to superheated
steam.

In the first approach, an empirical quench front and heat transfer correla-
tion has been developed. This correlation, while it is empirical, has been formulated
using non-dimensionless physical parameters and does fit the FLECHT 15x15 cosine

power shape, FLECHT 15x15 skewed power shape, and present FLECHT-SEASET 17x17 cosine ,

power shape data. Examples of the correlations and data are given in Figure 9 - 11
for tests which preserve the same integral of power to flow ratio. An example of how
the data overlaps is given in Figurel2 which indicates that the integral of power
method correlates the data to a reasonable degree.

The more detailed analysis of the data is currently still in progress at
this writing. Mass and energy balance calculations have been performed for the key
experiments such that the non-equilibrium quality and equilibrium quality can be
calculated from the data. The assumptions used in these calculations have been
presented at previous infonnation meeting and are given in the FLECHT and FLECHT-
SEASET reports. However, the key measurement needed to obtain the energy split
between vaporization and superheating is the non-equilibrium vapor temperature.
Examples of the non-equilibrium vapor temperature distribution for the 1"/sec test
is shown in Figure 13. The calculated non-equilibrium and equilibrium quality is
given in Figures 14 and 15. The difference between the qualities indicates the
large amount of energy stored in the vapor as superheat.
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Using the measured flows and calculated qualities, a model for the droplet
motion, and a radiation heat transfer network, the individual wall heat flux com-

;pon:nts can be evaluated as shown in Figure 16. The key parameters are the droplet
siza and velocity assumed at the transition / dispersed flow interface. Previous
FLECHT studies have used drop sizes estimated from movies. Droplet photography re-
ceived more attention in the FLECHT-SEASET program and high quality, high speed
movies were taken using techniques developed at NASA Lewis. Droplet velocities and
sizes were obtained from the movies and a droplet spectrum was used to calculate
tha droplet radiation heat flux component. An example of the droplet velocity and
size data is shown in Figure 17. The split of the heat flux components are shown
in Figure 18 for the droplet spectrum and a sauter mass mean droplet size.

Additional data will be analyzed in a similar fashion to examine flooding
eate and pressure effects. The resulting heat flux splits are directly related to
the relative importance of the different heat transfer mechanisms and can be used

for best estimate code assessment.
Pure steam cooling tests were also conducted in the 161-rod bundle tests

Ot low vapor Reynolds numbers, typical of small break LOCA conditions. The data was

hnalyzed using both a one-dimensional and subchannel energy balances to obtain the

papor temperature. Only steady-state data was utilized to simplify the analysis.
The resulting data was correlated and compared to the Dittux-Boelter correlation
end is shown in Figure 19. The data lies significantly above the Dittus-Boelter
sorrelation at low Reynolds numbers and merges with the Dittus-Boelter correlation
9t higher Reynolds numbers. This data trend is consistant with other single phase
fata in rod bundles with a pitch-to-diameter ratio of 1.33.

B.) 21-Rod Bundle Flow Blockage Program.

The objectives of the 21-rod bundle flow blockage program are given
On Figure 20. A loop * .aic for the 21-rod bundle test facility is shown in
71gure 21 and a cross section of the test section is shown in Figure 22. Currently
D total of seven blockage configurations will be examined in the 21-rod bundle pro-
[ ram. A listing of the different configuration is given in Figure 23. The FLECHT-
BEASET flow blockage program has been designed to compliment both the Karlsruhe FEBA

Jrogram and the international 2D/3D slab core flow blockage program in Japan. Two
h9 sic sleeve shapes will be used to simulate the ballooned and burst fuel rods. The
Bleeves which will be used are shown in Figure 24. These slceves will slide over
leater rods which have detailed thermocouple measurements down stream of the blockage.



1

4
4

Vapor superheat measurements are made in the bundle by specially built subchannel
steam probes and bare fluid thermocouples which are hung from the grids in both the
upflow and downflow directions.

At this writing, test have been completed on the first three bundle
configurations; (unblocked reference, 9 center rods blocked, all 21-rods blocked).
Comparisons of the blocked configureations to the reference unblocked configurations
for a 0.91 in/sec test are shown in Figures 25 and 28 for both the heat transfer and
the clad temperature. The vapor temperature measurements at selected elevations for
the three tests are also shown in Figure 29 and 30. While data analysis efforts on
these tests are just beginning some preliminary conclusions can be drawn from the data.

It appears that the blockage acts to break up the drops either by atomi-
aation or by the additional shear caused by the steam flow acceleration through the
blockage region. The result of the droplet breakup is to locally desuperheat the
vapor as shown in Figure 29 immediately downstream of the blockage. The increased
liquid fraction surface area increases both the steam-droplet heat transfer and the

i radiation to the droplets. The local turbulence downstream of the blockage is also
enhancad by the flow acceleration through the blockage. The net result of these in-
creased heat transfer mechanisms is to locally increase the rod total heat transfer
coefficient as a function of the distrance from the blockage plane. This results in>

blocked bundle arrays with flow bypass.
In conclusion, it is felt that the FLECHT-SEASET program is generating both

data and resulting analysis effects which can help validate best estimate models,
provide a basis for reassessing licensing criteria, and examine small break PWR
cooling modes.

|

- -
- - - - -- - - _ _ _ - _ - - - - _
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TABLE 1

FLECHT-SEASET

REPORTS ISSUED TO DATE

(CONTRACT NO. NRC-04-77-127)

REPORT NO. TITLE AUTH0R

1 PWR FLECHT Separate Effects and C. E. Conway

System Effects Tests (SEASET) L. E. Hochreiter
Program Plan M. C. Krepinevich

H. W. Massie, Jr.

E. R. Rosal
R. C. Howard

2 PWR FLECHT-SEASET L. E. Hochreiter
Steam Generator Separate Effects Task R. C. Howard

Task Plan Report M. J. Loftus
W. Kavalkovich
H. W. Massie, Jr.

M. C. Krepinevich
M. C. McGuire

A. E. Tome

3 PWR FLECHT-SEASET L. E. Hochreiter
Unblocked Bundle, Forced and Gravity C. E. Wonway

Reficod Task C. E. Dodge

Task Plan Report M. C. Krepinevich
H. W. Massie, Jr.

E. R. Rosal
T. E. Sobek

M. M. Valkovic

4 PWR FLECHT-SEASET R. C. Howard

NUREG/CR-1366 Steam Generator Separate M. F. McGuire

Effects Task L. E. Hochreiter |

Data Report



5 PWR FLECHT-SEASET L. E. Hochreiter
NUREG/CR-1370 21-Rod Bundle Flow Blockage Task R. A. Basel

Task Plan Report R. J. Dennis
N. Lee
H. W. Massie, Jr.
M. J. Loftus
E. R. Rosal
M. M. Valkovic

6 PWR FLECHT-SEASET L. E. Hochreiter
NUREG/CR-1531 161-Rod Bundle Flow Blockage Task N. Lee

Task Plan Report M. F. McGuire
H. W. Massie, Jr.
M. J. Loftus
M. M. Valkovic

l
|

!
,

!

|

|
l
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WNRC4PRI REGT-SEASET PROGPAM

TlE GOALS OF TE PROGPAM ARE TO:

- ENWlCE DE lMERSTANDING 0F T[ PHYSICS OF RR00D PKN0KNA

IN WRS.

- AID IN TE IFPF0VEKNT OR REITER EVElBPKNT OF TERMAL-HYDPAlLIC

fGELS AND/0R MlITER CTES FOR TIE RR00D PHASE IN PWRS.

- AID IN llE VALIIRTim 0F KST ESTimlED llEPMAL-HYDPAtt.IC PDIELS

MD/0R MlIIER COIS FOR TlE RRD0D PHASE IN PWRS AND AID IN

ITRMNG TK [NDERSTANDING 0F SAETY mRGINS ASSOCIATED Willi CLIRRNT

LIENSING EVAllATim mEIS AND CRITERIA.

- BRMDEN TK IMTA BASE FOR PWR LOCA-ECCS SARTY EVALlRTIONS TO PEFMIT

A C00RDINATED [APPPAISAL OF EXISTING LIENSING CRITERIA.

- PRME POST TMI IMTA MD MALYSIS ON ERDX (DOLING AND NARlRAL

CIR01ATIM.

FIGU [ l
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FECHT-SEASET TASIG

STEM EEPATOR TESTS

- TTAIN SG EAT ELEASE WAPACIERISTICS

- P80 VIE IATA mR STEM ENEPATOR MODEL

EWLOPENTAERIFICATIm (TMC, [[AP-mD 6)
ASSESS SAETY

mRGIN, POVIE
FEWT-SEASET (F/S) LPPER PLENLM TESTS (AT EG86)

IRTA/ANALWIS FOR

IWRDWD [ FLOOD
- @TAIN F/S LFPER PLENtN C0lNTER FLOW

N ODE,
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COE WRIFICATION

FEmT-SEASET SYSTEE EFECl3 TESTS

- SYSTEM ESPmSE DURING EFLD0D

R00D SYSTEN COE ASSESSENT-
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FIGURE 18 WAT FLUX SPLIT

RlN 31504, 200 SEC (0UB01 FRONT AT 4.97FD

DROPLET 1%TA TMN FRE f0/IE AT 6 FT, CALCULATED ST AT ZA = .00327 FT.

ASSLE DRPLET ACCElfRATING Willi C = 0.453

.

EAT [ LEASE DROPLET SPECTRN SAUTER K AN DROP

(BTU /SEC-FD 6' 10' 6' 10'

0'(HOTRODS) 70.03 14.95 70. 6 14.95
t

Q'y(HOTRODS) 52.26(750 7.43(53) 53.80(77%) 7.42(50D

0' (HOT RWS) 17.77(25%) 7.52 (5m) 16.23 (33%) 7.53 (5m)

0' (G)LD R05) 46.58 12.16 46.58 32.16

0'v(COLD R0E) 31.37 (67D 3.6 (3 3) 32.23 (6%) 3.62(33)

0;(COLDFDDS 15.21(33%) 8.53 (73) 14.25 (31D 8.54 (70 0

0'. (llilltLE) -1.39 -0.66 -1.77 -0.66

0'(HOWING) -4.78 -10.60 -5.28 -10.61

0' (DROP) -24.37 (74 0 -3.28(23) -20.03 (65D -3.31 (21D

O' (VAPOR) -2.46(2%) -1.43 (90 -3.46 (11D -1.48 (90
_ _ - - - -
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21-R00 BLI0lE TASK OBJECTlWS

e TO OBTAlli, EVAL 11 ATE, #0 #MLEE llEIM. INISAlLIC IRTA LSIIE 21-ROD

BilRES TO IEIERMIiE THE EFFEGS OF FLOW BLOO(AGE GE&ETR( VARIATION

ON THE RFLOOD HEAT TP#6ER

e TO GUIE llE SELECTION OF A BlMME SHAPE FOR LSE IN llE LARGE
-

BLD00 BiXRE TASK

e T0 lEVElfP #1 ANALYTICAL OR EWIRICAL EIH00 FOR LSE IN ANALYZING llE

bl00@ BLIRE HEAT TRNEFER 1RTA

)

FIRE 20 <

._ - _ _ _ _ _ _ _ _ _ . _ _ _ _
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7.62 cm (3") OD X 6.82 cm (2.687") ID
X 3.99 mm (0.157") WALL 304 SS

HEATER ROD
9.50 mm (0.374")00O0 DIA

00000
00000

OO0 7
FILLER
9.52 mm X 9.52 mm
(3/8" X 3/s")
304 SS

Figure 22 21-Rod Bundle Test Section Cross Section
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e 21-ROD BllRE PR)GPAM WILL TEST:

A- UELDOS EFE[ilCE

B- 9 RODS BL000 CCPl#lAR, 62%, SHORT C0tKENTRIC SlfEVE

C- 21 RODS BL003 CDPIRR 62%, SHORT COICEffTRIC SEEE

D- 21 RODS BL00E (10l1 COPl#lAR, SHORT C0tEElflRIC SLEEVE

E- 21 RODS BLOCED fal-COPLAllAR, LQ1G IUl-C0fGITRIC SLEEVE

F- TE WORST SHAPE, fl0N-COPl#E MDE STPAlti

G- TO BE ETERMIED
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Methodology Study for Qualification Testing of Wire
and Cable at LOCA Condition

K.Yoshida, Y.Nakase, S.Okada, M.Ito, Y.Kusama
S.Tanaka, Y.Kasahara,.S.Machi

Japan Atomic Energy Research Institute

Takasaki Radiation Chemistry Research Establishment
Takasaki, 370-12, Japan

An extensive study on a simulated testing method of a
loss-of-coolant-accident (LCCA) and an accelerated aging method
for electric cable materials is going forward at Takasaki Radiation
Chemistry Research Establishment, JAERI. There are some

problems to be solved in the qualification tests performed on
the basis of suggestions by IEES standards. A long period of

the tests, which is more than several months when occasion demands,
and a construction of an apparatus to simulate combined thermal
and radiation environments of LOCA require hfreat deal of cost.
It is, therefore, an urgent issue to inves.tigate an accelerating
condition in order to shorten the test period of LOCA simulation
and to study the possibility of a sequential test in which thermal
and radiation environments are imposed on the cables separately
and sequenrially.

I

We built an apparatus to test the cables under a simulated

LOCA condition, where environments of radiation, high temperature
steam and chemical spray are combined. The simulator is designed

to heat the inside of a pressure vessel up to 150*C from 20*C
within 5sec and to control the temperature constant with accuracy
of 1*C in the range from 20*C to 200*C by saturated steam.
The temperature is controlled to trace various sorts of LOCA pro-
files by using a program generator. Simultaneously, the cables

in the vessel are exposed by radiation from Co-60 source (200 or
30 kei) placed at the center of the vessel. The designed dose

rato is 1 cr 0.25 Mrad /hr, and the uniformity ratio of the exposure
dose is within 1.1, at the position of the cables winded on a

mandrel set up in the vessel. The cables are connected with
the electrical loading circuits through specially designed

I psnotrations.
!

_ _ -.
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We studied the change of mechanical properties and
insulation resistance of the sheets of insulating and jacketing
materials used in the cables such as ethylene-propylene rubber
and chloro-sulfonated polyethylene, at various stages LOCA conditons,
for instance, after the pre-conditioning, after the first transi-

ent part with high temperature and at the end of the simulation.

A typical LOCA profile for PWR and BWR, which cable makers are

required to pass by electric power corporations in Japan, was
studied. As the conditions of the latter cooling period,

which occupies a large portion of the profile, we adopted four

different temperature ( 85, 102, 120, 130*C ), intending to determ-

ine an accelerating condition from a time- temperature relation-

ship.

No correlation between the values of insulation resist-

ance and the temperature was found. The correlation between

the mechanical properties and the temperature was not so explicit

as to determine an accelerating condition with sufficient accur-

acy. On the other hand, the values of absorbed radiation dose

including the pre-conditioning showed clear correlation with

those of elongation and toughness measured at various stages of
,

the simulation. It suggests that radiation is more effective

on the degradation than other environments such as a rapid heating

at the first stage of LOCA. The result may provide a useful

clue to determine the accelerating condition.

Comparison of simultaneous, sequential and reverse

sequential methods in LOCA test were conducted. In the sequen-

tial method, the sheets were exposed to steam and chemical spray

environments with a typical LOCA profile for PWR after 150 Mrad

irradiation, while in reverse sequential method the environmental

exposure was befor the irradiation. Both stages were combined

in the simultaneous method. As to elongation at break, the;

deterioration in the three methods do not show a remarkable

difference. On the contrary, a tensile strength at break was

quite different. The sequential method is the most destructive

and the reverse sequential method has minor effect on the strength

of materials. The degree of deterioration by simultaneous

method is intermediate of two method.

-_
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Specification of Apparatus

Size of Pressure Vessel 700I.D x 1300 H
2Maximum Pressure 25 kg/cm G

Maximum Temperature 250*C
Size of Mandrel 400 I.D x 600

Quick Heating Time 20 to 150 within 10sec(design.)
" " 4 (measured)"

Maximum Steam Supply 10,000 kg/h

Rate ,of Chemical Spray 0-5 lit./ min

Amount of Co-60 30 kci and 200 kci

Capacity of Electrical Loading 600V and 90A

Number of Cable Loaded 9 Cables (3 conductors)
Dose Rate 0.25 and 1.0 Mrad /h(designed)

Dose Rate Uniformity 1.1 (designed)

Uniformity Ratio of Dose Rate

Vertical 1.04 - 1.14 (for 200 kei)
"

1.04 - 1.15 (for 30 kei)

Radial 1.03 - 1.06 (for 200 kei)
"

1.07 - 1.15 (for 30 kei)

Air Equivalent Dose Rate at Cable Position

200 kci 1.09 Mrad /h (without cooling water)
" 0.95 Mrad /h (with cooling water)

30 kei 0.21 Mrad /h (without cooling water)
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Methodological Study of LOCA Testing

Present Program

1 Shortening a Latter Cooling Period of LOCA for

PWR and BWR by Arrhenius Approach

2 Comparison between Simultaneous and Sequential

LOCA Testing

Next Program

1 Equivalence of the Shortened one-week Test to

the one-month LOCA Test

2 Possibility to estimate a Deterioration of Cable

Using a Degradation Data Obtained from a Sheet

of Insulating and Jacketing Materials
,

3 Influence of Changes in LOCA Profiles on Degradation

of Elastomeric Materials
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ABSTRACT

Sandia National Laboratories is executing a program for the
Nuclear Regulatory Comission to provide data needed for
confirmation of the suitability of current design standards
and regulatory guides for fire protect on and control in
water reactor power plants. This paper summarizes the ac-
tivities of this ongoing program through October 1980.
Characterization of electrically initiated fires revealed
a margin of safety in the separation criteria of Regulatory
Guide 1.75 for such fires in IEEE-383 qualified cable.
However, tests confirmed that these guidelines and stan-
dards are not sufficient, in themselves, to protect against
exposure fires. This paper describes both small and full
scale tests to assess the adequacy of fire retardant
coatings and full scale tests on fire shields to detemine
their effectiveness. It also describes full scale tests
to detemine the effects of walls and ceilings on fire
propagation between cable trays. Some small-scale scoping
tests have been conducted to investigate the effects of
varying the furnace pressure on cable penetration perfor-
mance in the ASTM-E-119 Fire Test. The Sandia Fire Research
Facility has been completed and a series of tests have
been run to assess the effectiveness of Halon-1301 as a
suppression system in extinguishing deep-seated cable-tray
fi res. It was found that given sufficient soak times Halon
systems are effective in extinguishing such fires.

INTRODUCTION

The Of fice of Nuclear Regulatory Research of the United States Nuclear
Regulatory Commission is conducting confimatory research in areas con-
sidered important to protecting the health and safety of the public.
Fi re protection, established by NUREG-0050, " Recommendations Related to
Browns Ferry Fire," is one area of such research.

The objectives of the Fire Protection Research Project at Sandia
National Laboratories are to:

(1) provide data either to confim the suitability of current
design standards and regulatory guides for fire protection
and control in light water reactor power plants, or to in-
dicate areas where they should be updated;

*This report documents part of the Fire Protection Research (FPR) Program
being conducted by Sandia National Laboratories for the United States
Nuclear Regulatory Comission under Interagency Agreement DOE 40-550-75.
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(2) obtain data to facilitate either modification or genera-
tion of standards and guides (changes are to be made
where appropriate to decrease the vulnerability of the'
plant to fire, provide for better control of fires,
mitigate the effects of fires on plant safety systems,
and remove unnecessary design restrictions);

(3) Obtain fire effects data and assess improved equipment,
design concepts, and fire prevention methods that can
be used to reduce vulnerability to fire.

PROGRAM RESULTS

Cable-Tray Separation

In suoport of some of the provisions of NRC Regulatory Guide 1.75
" Physical Independence of Electric Systems," tests were conducted at
Sandia with varying separation distances to determine the minimum
separation necessary for cables most susceptible to fire. Vertical
separation distances from 152 cm (5 f t) down to 26.7 cm (10.5 in)
and horizontal separation distances from 91 cm (3 ft) down to 23 cm
(9 in) were tested. For electrically initiated fires in a horizontal
open-space configuration, it was determined that a fire will not propagate
from the ignited tray to cdjacent trays. These tests were conducted
with fire retardant IEEE-38a qualified cable,12-gage single-conductor
and 12-gage triplex wire, utilizing both uniform and random-pattern
cable packing.

Tests were also conducted with an experimental exposure (fuel) fire. I

The objective was to determine whether cable-tray separation alone is
sufficient to prevent fire propagation between trays and between redundant
safety divisions if an exposure fire resulted in a fully developed
cable-tray fire.

The type and size of the worst-case exposure fire that must be
considered for licensing are based on a fire-hazard analysis and will
vary from plant to plant. Accordingly, no attempt was made to define
a design-basis fire for the exposure-fire tests. Single-tray tests
were conducted to find a reasonable set of conditions that would result
in a fully developed cable-tray fire. The experimental exposure fire
was then used in full-scale cable-tray exposure-fire tests. Propane
burners were used to start an exposure fire in one tray, with a barrier
placed between it and the tray above. When a fully developed fire
was obtained in the first tray, the burners were turned off and the
barrier was removed. This method allows experimental study of fire
propagation from tray to tray under specific conditions and without
the exposure fire affecting the other cable trays.

As noted above, a series of tests were conducted on arrays of
cable trays, with both electrical and exposure-fire initiation. An array
of 14 closely spaced cable trays was used to simulate a single safety
division. Simulated redundant safety divisions were separated by the
required 152 cm (5 ft) vertical and 91 cm (3 f t) horizontal distance.
The principal conclusion was that a fully developed fire in the bottom
cable tray of a stacked array may propagate to a redundant safety

i
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division without fire suppression systems (as expected). On the other
hand, electrically initiated fires (IEEE-383 qualified cable) do not
propagate because they do not result in a fully developed cable tray
fire.

In order to determine the characteristics of a cable-tray fire
in cable tunnels or in areas where structural walls are close enough
to tha tray to influence the fire, some of the tests were repeated to
include the effect of walls and ceilings. The preliminary indication
is that there is a greater chance of fire propagation under these con-
ditions than with a similar configuration in an open area. It was
shown that both the weight loss and heat flux at the top tray follow
an inverse squarelaw relationship with the distance to the corner.

In typical plant installations, cable trays are oriented vertically
at some locations and in others are oriented both vertically and hor-
iz:ntally. Vertical cable trays have been and will be tested in both
tha open-space configuration and with walls and ceilings close enough
to affect the fire.

The first full-scale vertical fire test was to demonstrate the
effectiveness of a ceramic fiber blanket and automated fire suppression
system to protect cables in a vertical cable tray configuration that
is currently permitted by separation crf teria guidelines. An open pool
firs fueled by liquid hydrocarbon [7.6L3 (2 gal) of heptanel was used.

Three open-head sprinklers were located above the trays and connected
to a separate manually operated water supply.- Three dummy sprinkler
h ads without connection to the water supply were suspended near each
open head. During the test the three dummy heads were monitored elec-
trically to determine the times at which the fusible links were activated.
In order to bracket the allowable response times, it was intended that
only after activation of all three dummy heads in one location would
th3 t:ater system be manually operated. Two smoke detectors were also
located in the test area.

The fire burned for about 40 minutes with the ionization detector
activating at 11 s and the photoelectric detector activating at 14 s.
Two of the fusible links at the closest sprinkler location activated
(one at 52 s, the other at 54 s) but the third did not activate at
all, consequently, no water was supplied. At 3 min 13 s, a short
circuit between conductors was indicated. At 3 min 55 s, erratic
measurements were recorded for the conductors in another tray indicating
tha existence of intermittent short circuits. In all cable trays except
one, thermal damage of cables was observed near the base [8 to 15 cm
(3 to 6 in) above the fire pan].

Effectiveness of Fire Shields

Sandia National Laboratories has completed a series of tests using
different fire shields:

ceramic wool blanket over ladder tray-
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solid bottom tray with no cover-

solid cover on ladder tray with no vents-

vented cover on solid bottom tray-

2.54 cm (1 in) fire barrier (thermal board) between trays.-

The results of the tests showed that all fire shield designs offered
some protection. None of the cable which passed the flame retardency
test in IEEE Std 383-1974 ignited. It is possible to ignite the cable
which did not pass this flame retardancy test; however, no propagation
was observed past the fire shields.

Experiments are planned to study the methodology for testing the
fire retardancy of seals and penetrations. Some small-scale scoping
tests have been conducted to investigate the effects of varying the
furnace pressure on cable penetration performance in the ASTM-E-119
Fire Test.

Effectiveness of Fire-Retardant Coating Materials

The objective of this portion of the program is to provide information
an the effectiveness of fire-retardant coating materials when used in
typicG cable-tray installations.

A survey of coating materials available for use in cable trays
was initiated in August 1976. Generic types were chosen for testing
and evaluation in small- and large-scale cable systems tests. Small-scale
tests on basic coating properties have been conducted by using six
coatings and two cable types. Full-scale tests were conducted using
both single and double trays.

While the results showed that all coatings offer a measure of
add' 'onal protection, there was a wide range in the relative ef fectiveness,

| of e different coatings tested. No propagation to the second tray
was abserved in any of two-tray tests in which cable that passed the
IEEE Std 383-1974 test was used. (Propagation was observed in three
tests involving cable which did not pass the IEEE Std 383-1974 test.)
Overall, a good correlation was obtained between small-scale and
large-scale tests.

l

Halon-1301 Suppression Tests

Seven full scale cable tray fire tests have been conducted at
Sandia's Fire Research Facility to provide confirmatory data on Halon
1301 as a suppression measure for such fires. Five of these tests
used a 6% Halon-1301 concentration as a fire suppression agent while
two of the tests used a lack of ventilation (oxygen deprivation) as
a suppression technique. Results of three tests which used IEEE-383
qualified cable in a horizontal configuration were as follows: 1) A
45-minute Halon soak did not allow re-fgnition; 2) a 10-minute Halon
soak did not allow re-ignition; 3) a 4-minute Halon soak did allow re-
ignition.
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Results of two tests which used PE/PVC non-qualified cable were

as follows: 1) a horizonh1 configuration with a 16-minute Halon soak
did not allow re-ignition; 2) a vertical array test with a 5-minute
Halon soak did not allow re-ignition. Results of two tests which used
a horizontal configuration of IEEE-383 qualified cable and no Halon
were as follows: 1) a 45-minute " buttoned up" period did not allow
re-ignition when the ventilation system was turned on; 2) a 10-minute
" buttoned up" period did allow re-ignition when the ventilation system
was turned on.

These results indicate that at least a 10-minute soak period should
be used for Halon suppression systems before the room is entered. The
closing of fire dampers in a room is a valuable aid in suppressing the
fire, and might be adequate by itself if given sufficient time before
the fire brigade enters the room. The critical question is: "How long
does it take for the exposed hot surfaces of the cable insulation to
cool below its ignition temperature?" The tests described here attempted
to answer this question by providing temperatures taken at the surface
of several exposed cables. Cooling time will be influenced somewhat
by the ambient temperature and to a large extent by internal cable
bundle temperatures. These temperatures have also been recorded for
the fire tests described. Deep seated fires were obtainable in cable
trays using IEEE-383 qualified cable but were not seen in the tests
using unqualified cable where flaming was more easily acquired.

Future Work

More full scale testing will be completed to assess the effective-
ness of CO2 and water as suppression systems in extinguishing deep-
seated cable tray fires. These results will be compared with each
other as well as the results obtained from the Halon-1301 suppression
tests. Full-scale replication testing of actual plant configurations
and fire protection systems will be impl emented. Confirmatory data
on both line and point fire detection systems will be obtained and
an in-situ test method developed. The evaluation of penetration fire
scop methodology will be continued.

_ _ _ _ _ - _ _ _ _ _ _
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TEST #56, IEEE-383 CABLE, HORIZONTAL TRAYS, 45 MINUTE HALON SOAK
CHANNEL #25, LOWER BARRIER THERMOCOUPLE
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TEST #56, IEEE-383 CABLE, HORIZONTAL TRAYS, 45 MINUTE HALON SOAK
CHANNEL #67, ACCEPTOR TRAY CENTER THERM 0 COUPLE
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TEST #56, IEEE-383 CABLE, HORIZONTAL TRAYS, 45 MINUTE HALON SOAK
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TEST #57, IEEE-383 CABLE, HORIZONTAL TRAYS, 10 MINUTE HALON SOAK
CH ANNE ~ #67, ACCEPTOR TRAY CENTER THERMOCOUPLE
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TEST #60, IEEE-383 CABLE, HORIZONTAL TRAYS, 4 MINUTE HALON SOAK
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TEST # 62, UHQUALIFIED CABLE, UERTICAL TRAYS, 5 MIN HALON SOAK
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TEST # 62, UNQUALIFIED CABLE, UERTICAL TRAYS, 5 MIN NALON SOAK
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INTRODUCTION

In nucicar power plants, electric cables frequently penetrate walls.

An ixp:rtant safety issue is the fire resistance of the penetration seal,

Fig. 1. A fire burning on one side of the wall heats the metal conductors in

tha cxposed cables. The metal has a high thermal conductivity and tends to

ch:nn21 heat through the wall to the unexposed side.

This paper calculates the cabic temperature on the unexposed side as a

function of the intensity of the fire, the cabic size and placement, the wall

thickn2:s, and the thermal properties of the materials involved. These calcu-

1ctiono are offered to help in the selection of safe designs of penetration

::clo c.nd in the interpretation of testa [1-3).* The calculations suggest that

3 cimpia formula may predict whether the backface cabic temperature remains

12:o than a preset safety limit.

The kind of installation considered here is <sne in which cables are poked

thrguEh an opening in the wall and then the remaining space in the opening

ia c;cicd with a fire resistant filler material. The scalant is directly ex-

po;;d to the fire; the neglect of shicids which are sometimes present makes a

p2:simistic case of interest from a safety viewpoint. No conduits pass through

th2 c:c1; a conduit would strongly affect the heat flow and a dif ferent analysis

would b2 required. The same is true for a seal in a metal bulkhead. Electric

curr:nt in the cables is assumed to be shut of f when the fire is detected.

In practice, many different kinds of cables can pass through one penetra-

tion c: 1 and the distribution of cables may be irregular. It is of interest

f:r tha present, however, to assume that the cables are equivalent and uniformly

up c;d in a symmetrical two-dimensional array.

Many scalants do not ablate significantly. Any reactions or phase

changes that take place leave behind inert residuc. When exposed to a steady

Numb 2rs in brackets designate References at end of paper.

i

|
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _



5

3.

(developed) fire, these seals eventually reach homogeneous, steady conditions in

which temperatures are as high as possible. We calculate the steady temperatures

over a range of fire conditions. These results are useful for prddicting when the

seal is safe. To an approximation, the results may be applied at each instant

when the fire intensity varies with time.

Thermal properties of the cables and the wall are taken to be constant, since

the uncertainty in their values in practical applications can be comparable to

their variations with temperature. In addition, the present results suggest that

the thermal conductivity of the wall has only a small effect in steady state.

BASIC MATHEMATICAL DESCRIPTION

,The heat balance equations are developed in this section for a seal which

has attained homogeneous, steady conditions. I

'

The cables are represented by homogeneous cylinders, while the sealant and

v211 together are represented by a homogeneous wall, Fig. 2. The fire on one

side imparts heat to these cables aad the wall. From z=0 to z= i ,the

cables make perfect thermal contact with the wall and heat is conducted into

the wall in the r and z directions. Radial temperature gradients are expected

to be small in the cables. Heat is lost to the unexposed room at z >1. The

convective heat fluxes, radiative fluxes, temperatures, and thermal conductivities

cre shown in Fig. 2. The labeling is as follows:

1 fire-

2 unexposed room-

3 - cable

No number label - wall

Since the cables are assumed to be equivalent and uniformly distributed, a good

approximation is that the radial temperature distribution has an extremum

(3T/3r = 0) at some distance r=b from the center of any cable. The



4.

maximum allowed cable (or wall) temperature on the unexposed side is

denoted T,.

It is possible to linearize the heat fluxes in such a way that predic-

tions that the seal is safe remain valid. The linearizations shown in Figs.

3 and 4 achieve the desired result in terms of the equilibrium fire-side

temperature, T , given byg

H[(T{ - T ) + F = 0, (1)-

g g

and the effective heat transfer coefficients

H = H' + 4cT (2)g 1

and

2
= H' + c (T, + T ) (T,2 + T ) *H (3)2 2 2

When the backface cable temperature is too hot, then the fluxes leaving

the wall and cables, Fig. 4, are underestimated, while the influxes, Fig.

3, are overestimated; therefore, the calculated backface temperature will

be higher than the true value, which already exceeds T ,. The calculation

will properly predict that the seal fails.

The linearization is accurate when the backface temperatures are near

the decision point, T ,, and when the fire is intense, for then the fire-

sids cable and wall temperatures are close to equilibrium.

The heat balance equations which determine the temperature of a cable

may now be written as

2dT 2H
+ (T -T " #*# ()' '2 ak 1 3dz 3

\

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . .-
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.

2
"

3 + 2k 3 = 0, f or 0 < z < 1, r = a , (5)
2 ak Srdz 3

dT H
3 2

(T - T ) = 0, for 2 < z, (6)~

2 ak 3 2dz 3

subject to the boundary conditions that T -T a s z - -= , T3 -. T2 **3 1

z - = and that T and dT Mz are continuous at z = 0 and z = 1. The wa H
3 3

temperature satisfies

+f r = 0, for 0 < z < 1, a < r < b , (7)

subject to-

-k = H (T - T) at z = 0 (8)1 y

-k = H (T - T ) at z = 1 (9)
2 2

1

E = 0 at r = b (10)
3r

and
T=T at r = a. (11)

3

MATHEMATICAL FORMULAS

The solution of the cable temperature equations inside the wall may

be written

z* + z'1T -T
1 3, ,g .

1 + q'gl + q~13T -Ty 2
2

l
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dz*#G(z*, z*') (12)7 + 9 9 +U ] [0
+ 3[q ,,72 2 r* = a*

where

z* a z/t, z*' s z'/t, r* a r/t, a* s a/1, (13)

/2aH (2aHy 2 1, (14)|al |

a'U2 " '( k3/9t (k3/ a

8s2 1, (15)

and
T -Tg

SE (16)
T -T

1 2

The kernel is

[1 + qtz*'][1 + q (1 ~ **)) if **' # ***
2

G(z* , z*') = / (17)
[1 + yt *][1 + q2(l ~ **')3 If ** # **'*z

Thus, the cable temperature depends on the wall temperature T nearby.

It follows from Eqs. (7)-(10) that the wall temperature T near the

|,

esble has an expansion of the form

~

z* + (H*)
~ ~

l+(H{) +(Hj)

C I f*n#*)K (a*b*) + I (o*b*)K (**#*)n 0 l y 0
"( *}' ( }+

a] _I (#n *)K (a*b*) + I (a*b*)K (****) .a
O y 0

n
'

where
LH AH

(19)H* s , Hg n ,

k

and b
b* s 7 (20)
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The I and K are modified Bessel functions. The a* are the positive roots

of

(o*) - (H* + Hj)o* cot a* - HyHj = 0 , (21)

while the functions Z* are given by

Z*(z*) = (22)
' '

o*
(o*) sin (a*z*) + cos(o*z*)

('y ag" + o bn 2 n 1 O

7 sin o* cos o* + - sin a* + 7 cos o* sin o* + n

The expansion coefficients C, in Eq. (18) are unknown at this point.

The matching condition at r = a, Eq. (11), remains to be applied. This

condition is equivalent to the following set of equations which determine

the C :

{M
~

C = -(o*) (1 + q +q ) x

[Z*(0)(1 - H{n't ) - Z*(l)(1 - Hyq2 )], (23)
~

where

apG, "I (o*a*)K (a*b*) - I (o*b*)K (o*a*)"t 7 g 7

"mn ~ O
~

(qt + 9 972+q) I I****)K (o*b*) + I (a*b*) K (*'"*}mn
2 0 l t 0 h .

in which

G,s[0 dz* f dz*'Z*(z*)G(z*, z*')Z*(z*') (25)
0

~

= (a*) (q t + q 7 2 + U )09 2 m
~ ~

+ (a*) (o*) Z*(0)Z*(0)[H* 9 ][H{ + H*q2 + *I 31 2

~ ~

+ (o* ) (a*) Z*(l)Z*(l)[Hj - 9 ][Hj + H{r}t + 9 ]2 1

~

+ (a*) (a*)~ [Z*(0)Z*(l) + Z*(0)Z*(l)][H* nt][Hy - 9 ] . (26)2

|
!

._

I
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It is possible to evaluate the cable temperature (at z = 1) by Eq.

(18), considering that the cable and wall temperatures are equal at r = a:

T -T (H )
~ b(*n} 1 n n( }* ( }

3 2 2 -

~

1+(H{}1+(Hj)-lT -T -

1 2

This series converges well except when k is very small. Then a more

convenient series is obtained by substituting Eq. (18) into Eq. (12):

T -T U3 2~ 2 8
*-l'

1 2 1 + ng-1+q2T -T
El+UU12+U2

1 (o*a*)K (a*b*) - 1 (*n *) 1("n"*)
E(o*) 2

1 1 1-

x
"

, O (*n"*) 1(*n *}+I(*$*)0(*$"*).I
I

[ (H* - q t) Z* (0) + (q t + 9 Hj + Hj) Z* (l)] C (28).
7

This result converges well except when a or k is very sman. Together,
3

Eqs. (27) and (28) cover all cases.

NO STUBS

In practice, the cables emerging from both sides of a seal do not

extend on forever, as assumed in Fig. 2. They might bend or intertwine,

for example, and,for convenience in fire tests, the cables might be

chopped off to leave only short stubs on either side of the seal. This

section addresses the limiting case in which the cables are sheared off

at the wall faces and no stubs are left at all. It is expected that

practical cases are bounded between no stubs and the infinite cables.

_
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The heat balance equations for the length of cable left inside the

seal are

h = 0, 0 < z < L, r = a,+ (29)
dz 3

dT,
-k = H (T - T ) at z = 0, (30)3 dz t 1 3

dT
3.

-k =H(3 2) "' * * #* (31}~

3 dz 2

The wall equations, Eqs. (7)-(10), and the matching condition, Eq. (11),
'

still apply.

The solution of these equations may be developed as in the previous

section. It turns out that the no stub formulas for 9 and 8, where
3

0 < z < f, are very similar in appearance to the infinite cable results.

The only difference is that at and q , defined by Eq. (14), are replaced2

by new groups:

Hl HLy 2

91-Wt k *U2 ~ *2 ' k8 ( 2).

3 3

NUMERICAL RESULTS

| This section presents calculated steady cable temperatures on the

unexposed side of the wall. The calculations explore the influence of

the fire intensity, the cable size and placement, the wall thickness and

the thermal properties of the materials involved.

The calculations are based on the two series, Eqs. (27) and (28).

By evaluating both series wherever possible, cross checks on the results

may be obtained and truncation errors kept within bounds.
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The independent parameters which characterize the seal are varied

one at a time around nominal values listed in Table 1. These data apply

to #12 AWG (American Wire Gage) single-conductor cables spaced one radius

spart. The thermal conductivity k assigned to the cables is that of3

copper. The conductivity k of the wall is somewhat arbitrary because,

in the model, the wall includes the sealant; it will turn out, however,

that k is not important in steady state. The nominal values of T', F
1

and H' roughly represent a fully developed cable tray fire [4, 5]. The
g

value H' is affected by air circulation, but plays only a minor role

since radiant losses tend to be larger than the convective losses in the

unexposed room. The maximum safe cable temperature T ,is put at 800K

( ~ 1000 F) at which point the cables could present a fire hazard in the

unexposed room.

ofFigures 5-9 show qualitatively how the backface temperature T3

infinite cables is affected by the characteristics of the seal and the

fire intensity. Near nominal conditions, T is made cooler by increases
3

in the cable spacing (b) and the wall thickr,ese (2). The backface cable

temperature is made hotter by increases in the fire temperature (T'), the

fire radiation (F ), the thermal conductivity of the wall (k) or cabley

(k ), and the cable radius (a). Further discussion of the results is
3

given in the figure captions.

The heat fluxes to and from the seal were linearized, Figs. 3 and 4,

in such a way that the calculated (approximate) backface cable temperature

does so. Figures 5-9T exceeds the safety Nt T, sehen the exact T33

were calculated with T , = 800K. It is seen that T M < # "E "
3 m

Figs. 5-9. Hence the exact backface cable temperature would remain less

than 800K in all the situations considered.

. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - .- --
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DISCUSSION

For cables packed to within a separation distance of 6 radii (b = 4a),'

Fig. 7 shows that the limiting temperature as b - a is an accurate approxi-
4

mation near nominal conditions. The limit is given by

T 9~

3 2 2
as b ~ a. (33)~'

1 2 1 + q7-1 + q-1
T -T

2

This formula promises to be convenient in practical applications.

Equation (33) describes steady states in which no heat flows from

the cables into the wall. The wall conductivity (k) drops out completely.

This result justifies the way the model treats the wall and sealant

together as one homogeneous wall. Heat does not flow into the wall under

j nominal conditions becausa. the wall is as hot as the cables; this
!

behavior is indeed observed in practice [6].

We have seen that one of the variables in fire tests is the length'

of exposed cable stubs. If the cables are sheared off at both the front

and back faces of the wall, Eqs. (32) and (33) combine to show that the

backface cable temperature is given approximately by.

,

T -T
3 2 *2

T -T ~

1 2 1+w + w2

This formul.2 gives T = 779K under nominal conditions, compared to4

3

T = 479K with infinite cables. Thus, shortening the stubs would make
3

the fire test significantly more severe, perhaps even making the test |
|

unrealistic. This possibility is well known to fire safety engineers !

[ 6] .
|

. . -,. - . . . . . _ . _ - _ . - _ _ , - - . _ - - __ - . . _ _ - . __ - ,,,



_-- .- .-

ACKNOWLEDGDENT-

The work reported in this paper grew out of discussions with R. A.

Fait of the US Nuclear Regulatory Conunission. The authors thank L. J.

Przybyla, W. J. Christian and J. R. Beyreis of Underwriters Laboratories

i for their hospitality and help. The authors also acknowledge useful

discussions with J. R. Kuttler of the Applied Physics Laboratory.

. _ . _ _ _ _ _



REFERENCES

1. McGuire, J. H., "Small-Scale Fire Tests of Walls Penetrated by Telephone

Cables", Fire Technology, Vol. 11, 1975, p. 73.

2. McGuire, J. H., "Small-Scale Fire Test of 6-Inch Wall Penetrated by

Telephone Ca' ales", Building Research Note of the Division of Building

Research, National Research Council of Canada,1976.

3. Quigg, P. S. and Orals, D. L. , "Consnunication Cable " Poke Thru" Floor

Fire Test", Building Standards, Vol. 46, 1977, p. 44,

4. Klamerus, L. J. and Nilson, R. H. , " Cable Tray Fire Tests", Report

SAND 77-1125C of Sandia Laboratories, Albuquerque, NM, 1977.

5. Klamerus, L. J., "A Preliminary Report on Fire Protection Research

Program (July 6,1977 Test)", Report SAND 77-1424 of Sandia

Laboratories, Albuquerque, NM, 1977.

6. Przybyla, L. J., private communication.

. _ _ .



_.

NOMENCLATURE

cable radiusc =

Eq. (13)o* =

one half the distance between axes of nearest neighbor cablesb =

Eq. (20)b* =

expansion coef ficient in Eq. (18)C =

radiant heat flux from the fireF =
7

G(z*,z*') Eq. (17)=

G, Eq. (25)=

H{
heat transfer coefficient from the fire, Fig. 3=

Eq. (2)H =
g

H{ Eq. (19)=

Hj heat transfer coefficieet into the unexposed room Fig. 4=

Eq. (3)H =

2

Hj Eq. (19)=

modified Bessel functionsI, J. K =

thermal conductivity of wallk -

thermal conductivity of cablek =

3

thickness of walli =

M, Eq. (24)=

radial coordinate=r

Eq. (13)r* =

wall temperatureT =

T{ fire temperature=

Eq. (1)T =
y

_
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NOMENCLATURE (page 2)

iun*XPosed room temperatureT "
2

cable temperatureT' =
3

T, maximum safe back face temperature=

axial coordinatez =

Eq. (13)z* =

Eq. (22)Z* =
n

* a root of Eq. (21)a =

Eq. (15)S =

Kronecker delta function6 =

Eq. (14)=ny

Eq. (15)n =
2

Eq. (16)=g

e3 Eq. (12)=

Stefan-Boltzmann constanto =

Eq. (32)w =
l

Eq. (32)-w

_ . _ _ .



TABLE 1

Nominal Values of the Controlling Parameters

1.8 m (0.070 inch)a =

b 2. 7 m (O.11 inch)=

3.5 Wem"I ~1 (2.0 x 10 Btu ft" hr O2 ~ ~k K F )
=

3

f 15 cm (6 inch)=

~l ~10.40 Jm" s K (0.23 Btu f t" hr F )
~ ~k =

T' 1300K (1880 F)=

t

2.2 Wem" (7.0 x 10 Btu ft" hr )
~

F =

7

~l~ -2
11 ' 40 Jm" s K (7.0 Btu ft hr F )

~ ~
=

T' 300K (80 F)=

~L
~1 U ~ 1)11 ' 4.0 Jm' s K (0.70 Btu f t" hr F

~
=

T, 800K (980 F)=

________ ____
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FIGURE CAPIIONS
!

1. Cables penetrating a wall between a fully developed fire and an unex-

posed room.

2. Parameters controlling the heat flow from a fire through a cable pene-

tration seal to an unexposed room.

3. Heat fluxes from the fire. The linearized flux and its slope are

exact at equilibrium.

4 Heat fluxes into the unexposed room. The linearized flux is exact at

thermal equilibrium and at the maximum allowed backface temperature,

T ,.

5. The cable temperature at the unexposed side of the seal, evaluated for

various cable radii (a) and spacings (b) near nominal conditions,

(a/t) x 10 = 12 and a/b = 0.67. The dashed line shows the backface

temperature the wall would reach in the absence of cables. The com-

parison with the no calle case shows that the cables heat the wall

at the unexposed side for practical values of a and b.

6. The effect of the thermal conductivity (k) of the wall and the cable

spacing (b) on the cable temperature on the unexposed side. Nominal

conditions are at (k/k ) x 10 = 11 and b/a = 1.5. As k - 0, the
3

'

cables become thermally isolated and their temperature approaches the

b/a = 1 value for all b/a. The wall cools the cables below this limit.
t

|

I
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FIGURE CAPTIONS (continued)

7. The cable temperature, at the unexposed side of the seal, evaluated

for various cable spacings (b) and wall conductivities (k) near ;

4
nominal conditions, b/a = 1.5 and (k/k ) x 10 = 11. When b is large

3

enough, the cables are isolated from each other and their temperature

becomes independent of b. When b is small enough (b/a < 4), the wall

rises to cable temperature and ceases to absorb heat from the cables.

Then the temperature is again independent of b. The transition occurs

around b/a = 10.

8. The cable temperature at the unexposed side of the seal, evaluated for

various wall ti.icknesses (1) and cable spacings (b) near nominal condi-

tions, 1/a = 83 and b/a = 1.5. The wall thickness is the main defense

against the fire.

9. The cable temperature at the unexposed side of the seal, evaluated for

#
various radiant fluxes from the fire (F ) and fire temperatures (T ),y

near nominal conditions, F /eT = 0. 94 7 and T' /T, = 1. 625.y y

- - - - - - - - - - -
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Evaluation Of IEEE 383
Cable Flame Test

INTRODUCTION:

The evaluation of the IEEE 383 cable flame test method has
been completed. This evaluation was conducted as part of the fire
research program conducted at Underwriters Laboratories and
sponsored by the Nuclear Regulatory Commission.

OBJECTIVE:

The objective was to assess the IEEE 383 cable flame test
method and recommend modifications which would better define the
method with respect to repeatability and reproducibility.

DISCUSSION:

Five test parameters were considered as being significant
to define a cable flame test method. These were the environment,
test equipment, sample, flame source, and performance measurement.
The IEEE 383 test method was evaluated with respect to these
conditions. Separate effects experiments were conducted to
investigate the sensitivity of results to changes in these
test parameters.

FINDINGS:

Test Equipment - It was found that the sample support
should be completely specified as to its size and construction,
including the shape, dimensions and spacing of ladder rungs.
The use of pressure gauges in combination with flame tempera-
ture measurement is not adequate for controlling the fuel and
air to the flame source. The use of rotameters with compen-
sation for the gas densities is recommended.

.
.
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Environment - The environment surrounding the sample
needs to be controlled. An enclosure, as shown'in Fig. 1, isi

| suitable for that purpose. Ventilation through the enclosure
of 1500 1 300 CFM (708 1 14.2 1/s); and an initial air tempera-
ture of 75 i 5 F (24 1 3 C) are recommended.

Flame Source - Propane should be supplied to the burner
at a rate corresponding to an energy release rate of 70,000 i
1600 BTU /Hr (20,517 469 W) with 163 i 10 SCFH of air. The
position of the burner head should be more definitely,

' specified. A position 24 1/8 in. (610 i 3 mm) above and
3i 1/8 in. (76 i 3 mm) behind the cable tray is recommended.

Sample - The cable sample should be preconditioned to a
temperature of 75 i 5F (24 1 3 C). The cable sample should
be fastened to the tray with metallic ties every 18 in.
(457 mm) along the cable tray.

Performance Measurement - A definition of cable damage
should be included in the Standard. Although more or less
sophisticated determinations of jacket and insulation pro-
perties might be conceived for assessing damage, these do
not appear to be necessary. A definition of damage as
melting, blistering, or charring appears to be sufficient
for this test.

FURTHER TESTING:

The analysis and modifications are based upon a limited
number of experiments conducted at one facility. It is recom-
mended that round robbin testing be undertaken to establish
the reporducibility of this test.

|
|
1

-2-

|

|

|
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CABLE TEST ENCLOSURE

NOTE: EXPERIMENT NOS.1-9 CONDUCTED IN
ENCLOSURE WITHOUT DUCTED HOOD.

14"(356mm) DIAMETER
27x27x t/2"(686x686x12.7mm) GALV. STEEL DUCT
MARIN!TE TOP PANEL

(" 24x24xl/2"(610x610x12.7mm)
TRUNCATED - PYRAMID MARINITE BAFFLE LOCATED_,

SHAPED HOOD,34* SLOPE 11,(279mm) BELOW TOP OF

ALL FOUR SIDES HOOD,10"(254mm) ABOVE
TOP OF SAMPLE

v

/A ),

,

n> | '-

s x
N /-sx ~ -

- %

s ? /,

8' 8'
2438 mm) % (2438mm)

12" %

|
(305mm)

\i J

p/ e/\

,
' '

8' 8'
(2438mm) (2438mm),

ENCLOSURE AND HOOD CONSTRUCTED OF 1/2"(12.7mm) THICK
GYPSUM WALLBOARD ON NOM. 2x4"(5!x102mm) LUMBER FRAME-
WORK. UPPER 24"(610mm)0F HOOD PROTECTED WITH I/4"(6.4 m m)
THICK CERAMIC BOARD. INTERIOR PAINTED FLAT BLACK. ''

FIG. I
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QBJECTIVE

ASSESS Tile lEEE 383 CABLE FLAME TEST,

RECOMMEilD l10DIFICAT10flS WillCH WOULD BETTER.

DEFlflE THE TEST METii0D E:

/
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LEST PARAMETERS

EfWIRONMEllT.

EQUIPMENT.

FLAME SOURCE,

SAMPLE,

PERFORi1ANCE (1EASUREENT,

,

e
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Fl!1DIRGS

EQUIPf1Ei1T

- DEFINE CABLE TRAY
'

- USE ROTAilETERS FOR FLOW C0llTROL

Ei1VIR0fliiEtlT

- Ef1 CLOSURE

- VEllTILATION ESTABLISHED '.15001300 CFil)

- lillTIAL AIR TEf1PERATURE (7515 F)

FLAME SOURCE

- FLAI1E C0i1 POSIT 10fl

70,000 1 1600 BTU /IIR

1G3 i SCFil AIR

- LOCATION

24 1 1/8 IN. IIEIGHT

3 t 1/8 Ill. BEHlflD TRAY

SAI1PLE
,

- PREC0ilDITI0f1ED 75 t 5 F

- SUPPORT WITli HETALLIC TIES EVERY 13 Ill.

PERFORIMilCE MEASUREMEIII

- DAIMGE

.



FURTHER TESTitiG

ROUllD ROBift TESTlf1G BE Ul1DERTAKEN TO C0liFIRH

Tile REPRODUCIBILITY OF Tills TEST
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