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NATURAL CIRCULATION COOLING IN U.S.
PRESSURIZED WATER REACTORS

EXECUTIVE

Natural circulation in pressurized water
reactors (PWRs) refers 1o primary coolant flow
within the loops of a closad primary system.
Natural circulation flow is driven by differences
in the average coolant density within the
primary system. These density differences result
from the heating of the reactor coolant in the
core and the subsequent cooling of the reactor
coolant in the steam generators, which are
elevated relative to the core, resulting in a loop
gravitational driving force. Natural circulation
cooling is an essential means of removing
shutdown decay-heat in US. pressurized water
reactors (PWRs) when forced circulation by the
reactor coolant pumps (RCPs) 1s not possible.
The loss of forced circulatica may result from
the loss of offsite power, pump failure, or
operator action based on operating proc=dures
for abnormal conditions.

The U.S. Nuclear Regulatory Commission
(NRC) declared shutdown decay-heat removal an
unresolved safety issue (USI A-45) in December
1980. A U.S. NRC task action plan was formed
to resolved this safety issue, resulting in
considerable study and analysis of the bebavior
and phenomena that control the eifectiveness of
natural circuwat'on cooling in PWRs.

wation from integral test facilities,
¢ effects experniments, operating plant

. and analysis .uve made significant
contributions to the nataral circulation
knowledge base and many important
phenomens have been identified through this
research, The putpose of this report is .0
integrate and synthesize the important results
from this extensive research effort.

Three modes of natural circulation cooling
are normally recognized the sirgle-phase
mode, the two-phase mode, wad either the reflux
convicnsation mode [U-tube steam generators
{UTSGs)} or the bailing condenser mode [onc=-
through steam generators (OTSGs)] depending
on the type of steam generator. General
characteristics, analytical expressions,

SUMMARY

noncondensable gas effects, secondary side
¢'lects, and nonuniform flow are described with
regard to each mode. Additionally, the role of
thermal hydrauiic system codes in predicting
natural circulation behavior and the detection
of natural circulation - operating planis, are
also discussed.

Single-phase natural circulation is the tlow
of an essentially subcooled liguid dnven by
temperature induced density ditl crences within
the primary loop. The dominant heat transfer
mechanism 18 convection, making the loop
mass flow rate the dominant heat removal
parameter. Plant operationa! data, tests in
scaled experiments, and anslysis with thermal
hydrauhic system codes have demonstrated the
effectiveness  of single-phase natural
circulation. However, the presence of
noncondensable gases or low secondary liguid
levels may compromise the _.eat removal
efficiency of this mode. The location, amount,
type, rate of accumulation, and migration of the
noncondensable gas determine the extent of the
noncondensable gas influe. ¢, Hewever, the
combined effects of these parameters are not
cempletely understood.

F'ow stall wad reversal has bes « observed in
the U-tubes of UTSGs during scaled single-
phase natural circulation experiments. The net
mass flow rate may be reduced shghtly as a
result of these tube-to-wwoe instabilities, but
adequate single-phuse natural circulation
cooling will not cease. Although this problem
may not be a significant safety concern,
simulating this phenomena may serve as a
useful test case for ‘hermal nydrauvlic system
codes. Note, it is important 1o identify and
understand nonuniform flow behavior because
there is - strong coupling between primary flow
and heat transfer, and because flow instabilities
may cause operator confusion

Two-phase natural circulation s ¢ nevally
deficed as the continuous flow of liquid and
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issues associated with the role of thermal
hydraulic systern codes in predicting natural
circulation conling behavior and also the
detection of natural circulation. The final
Sections include a Summary and Cornclusions
{Section 8), a list of References, the
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Appendices, and an Index. Appendix A serves
as a quick reference for information regarding
the integral test facilities cited in this
document. Appendix B provides a quick
reference for information pertinent to thermel-
hydraulic system codes.

Table 1-1. Summary of natural circulation plant data'®

Type/Power
Plant (MW) Test/Inci dent Remarks
ANO-| B&W * Loss of electrical power * Transient of only § min.
B60 « 222118 * Far from steady state
Calvert Cliffs CE  Test--natural circulation L
845
Crystal B&AW * Test--loss of electrical * Transient of 20 min.
River 3 858 power * Non-symmetrical loops operational

o 412317

Davis Besse | B&W
906 « 12/3/78

Davis Besse | B&W
906 « 115779
Davis Besse | B&W
906 « 12/3/78

Ft. Calhoun CE

Haddam Neck W (4 loop) * Test--natural circulation

527

« Test--natural circulation

¢+ Test--natural circulation

* SG level changing
* Quasi-steady state not fully
established

* Test--loss of offsite power  + Transient of 14 min.

* Secondary pressure changing
* Quasi-steady state not reached

* Test--loss of offsite power  * Transient of 9 min.

* Apparent quasi-sieady state

+ Constant pawer
* Steady state temperatures
* Oscillations in SG levels

s Typically, 40 min. trapsient
transition from forced to naturai
circulation

* Test initiated by pumps tnp 1 hr
after reactor shutdown, following 1
month operation at 70% power

Kewaunee W (2 loop) « Backdown and shutdown due + Natural circulation transient of 2

535 to hot reserve aux. bus, days until RHR activated
RCPs tnpped * Steady state
¢ 4/26/75
Kewaunee W (2 loop) * Shutdown due to turbine « Natural circulation transient of 2
535 blade burst days until RHR activated
« 17T * Steady state
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Type/Power
Plant MW) TesyIncident Remarks
Kewaunes W2 loop)  + Loss of offsite power * Tronsient of 9 hours untit RHR
538 « 1/17/80 activated
+ Steady state
North Ana 2 W (2 loop) ¢ Test--natural circulation - =
939
Oconee- | B&W * Natural circulation imposed « No input power.
860 by pressure decrease in SG.  + Transient (30 min.) wowards new
« S/1/73 steady state at lower temp.
Oconee-1 B&W « Test--loss of offsite power  « Transient of 22 mui.., quasi steady
860 « 1174773 state.
Oconee-2 B&W * Reactor trip following * Long transient.
860 separation from gnd. * HPSI kept constant,
« 51214
Pal:o.5 CE ¢ Test--natural cir*.atios * Transient of 45 min.
79 « 42072 « Nearly steady state
Point Beach W (2 loop)  * Test--natural circulation e
447
Prairie Island W (2 loop) * Tube break in SG « Pumps stopped after 13 min.
52 « 1072779 » Transient of 16 hours until RHR on
+ Injection of water to make up for
leaks

Sequoyah W (4 loop) + Test--natural circulation + Pre-test RETRAN calculanions

1148 « 6/80
St, Lucie x ¢ Test--natural circulation o
R10
St. Lucie CE * Loss of offsite power + Pressurizer level cuntrolled by
810 + 6/11/80 spraying to fill vand in the reactor
dome caused by «2pressutization
St. Lucie CE + Loss of offsite power « Behavior similar to ab>ve incident.
B10 » 4/15/80 * Depressurization and pressure
control were slower
T™I-2 B&W s Acaiigt « Switch to natural circulation
880 « 328 4 4/27/79
™I 2 B&W « Test--loss of offsite power  « Transient of 40 min
B8R0 4722778 « Oscillations in temperatures
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Table 1-1. (continued)

T S =S

e e

e

Type/Power
Plant_ MW) Test/Incident Remarks
Trojan W idloop) ¢ Test--natural circulation * Transient of 100 min. (from
1130 « 2/14/76 startup,
Yankee Rowe W (4 loop) * Test--loss of offsite power  « Transient of 3 hours
1175 * Steady state
Zion-| W@ loop)  * Test--natural circulation * Results in agreement with
1040 theoretical calculations
Diablo W (4 loop) * Reactor trip due to power * Reactor placed in natural circulation
Canyon 1073 range high positive rate following reactor trip
Unit-1 * 6/14/90
* LER #27590008
Salem Station W (4 loop) * Loss of offsite power * Reactor core cooled using safety
Unit-1 1100 v B/26/86 injection and natural circulation
* LER #31186007
Beaver Valle; & (3 loop)  + Turbine trip/reactor trip due L
Unit-2 ¢33 to personnel error
* 11/17/87
« LER #3{787003
St. Lucie CE (2X4 * Re.ctor trip * Unit stabilized using natural
Unit-2 loop) * 9/9/85 circulation
839 * LER #31787003
Diablo W (4 loop) * Reactor tnp following an * Cooldown to cold shutdown
Canyon 1087 electrical ground on a imtiated using natural circulation
Unit-1 connector to RCP 2.2 and RHK system (28 hours)
« 7/17/88
* LER #352388008
Indian Point W (4 loop) * Loss of power during hot * Reactor cooled with natural
Unit-2 900 shutdc wvn circulation for approximately
» 10/4/82 14 min
* LER #24783035
Byron Unit-2 W (4 loop) * Reactor trip and subsequent  « Natural circulation was used 1o cool
1105 loss of offsite power due to  the primary loop tollowing loss of
a personnel error offsite power
« 10/2/87
» LER #45587019
Rancho Seco  B&W * Reactor trip » Natural circulation was maintained
063 « 10/14/88 tor approximately 1.5 hours

« LER #312K8015
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Figure 2-3. Modes of energy transport observed in the PKL test facility. 23






Figure 2-4. U-wbe licuid distribution during reflux condensation,
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Figure 2-6. Liquid distribution in a OTSG just prior to spillover. 27



L

was maintained. Eventually, sufficient loss of
primary inventory results in @ steam gencrator
primary hq. id level that is low enough to
initiate the boiling condensation mode of
ratural circulation.

In the case of a OTSG, such periods of
intermittent circulation do not allow the
presentation of a continuous flow map such as
Figure 2-3 Instead, pressure tesponse data can
be used to indicate regions of different nuiural
circulation behavior. Figure 2.7 indicates
periods of draining and depressurization (o
saturation, two-phase natural circulation,
interrupted flow, and boiling condensatiorn,
Single-phase natural ciroulation occurs during
the early period of draining ard
depressurization, and in any later post refill
cooldown period. Periods of continuous two-
phase nataral circulation can occur before and
after boiling condensation.

Figure 2-8 depicts the liquid distribution in
a OTSG loop during boiling condensation.
Recause this type of boiling condensation
requires the primary level o be lower than the
secondary level within the steam generator, the
configuration showa in this figure is called
“pool” boiling ¢ ndensation. A second type of
boiling condensation mode, called Emergency
Feedwater (EFW) boiling condensaliun
| ometimes also referred 1o as Auxiliary
Feedwater (AFW) boiling condensation], accurs

K

ERERAE + o

when the steam gencrator primary liguid level
{s greater than the secondary level, but a
primesy “ondensing surface exists below the
EFW sparger spray location. Both types of
boiliag condensation are effective means of
decay heat removal. Figure 2-9 shows the loop
liquid distribution for a single tube during EFW
boiling condensation. Figure 2.9 is perhaps
overly simplistic in that liguid distribution
during EFW boiling condensation will actually
vary from tube to tube depending on the
proximity of the tube 10 the EFW sparger spray,
the EFW flow rate, and the secondary vapor
upflow 2930 EFW liguid distribution is
dependent upon the secondary vapor upflow
when the flooding line is approached.
Secondary side flooding man ’"ccur at the tube

supaon plates in OTSGs 29

The preceding discussion of natural
circulation phenomena was sunphitied by
considering only the basic natural circulation
responses. 11 is noted as a prelude 10 subsequent
sections that many issues related to nawral
circulation liave not yet been addressed. For
example, nonuniform flow, malti-loop effects,
secondary side effects, and noncondensable
gases can have siguificant influences on the
effectiveness and b vior of natural circulation
cooling. Because of the importarce of these
issues, they will be addressed relative 1o each
natiral circulation mode in the sections that
follow.
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3. SINGLE-PHASE NATURAL CIRCULATION

3.1 Introduction

" -~

3.2 Ganeral Craracteristics
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Figure 3-3. Fluid temperature distribution (in degrees K) during Semiscale test S-NH-1 at
250 seconds.3?
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Table 3-1, Comparison of primary mass inventory versus significant inflection poi. ts
in the loop mass flow rate as found in PKL. Semiscale, and LSTF natural circulation

~aperiments 70

Last, Luwest
Single- Inventory at the
Scaled Fhase Flow maximum two- Zero Flow
Core Power Inventory phase flow rate Inventory
JEacilivy (%) L%) . W {%)
PKL 1.5 99 .0 95.0 80.0
Semiscale 1.8 94.0 86.C 70.0
LSTF 2.0 96.0 5.0 700
Semiscale 3.0 96.0 8K.0 65.0
LSTF 5.0 91.0 80.0 64.0
Semiscale 50 94 .0 84.0 No Data
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comparison of significant inflection points in
the loop mass flow rale versus primary mss
inventory as found in expenments conducted m
¢ > PKL, Semiscale, and USTF test facilities 27
Of particular interest to this section s the
cobi-an entitled "Last, Lowest, Single-Phase
Fi. w Inventory.” Comparisons o' PKL,
€ miscale, and LSTF mass flow versus primary
ass inventory are shown in Figure 3.4.%0
iote that the mass flow rates in Figure 3-4 have
een scaled by the ratio of the respective power

aling factors using the Semi-scale «caling
o, @ the base 2 The important point ¢ that
although the scaling factors for these facilines
range from 1/48 (LSTF) to 171705 (Semiscale)
(the PKL s.aling factor is 1/134), the
gualitative behavior of the loop mass flow rate
VEISUS Primary mass inventory is neat.) the
same. Differences in the point of transition
hetween singie-phase and two-phase natural cir -
culation for the three test facilis e« can be attri-
butable to several factors, including
differences in the vassel upper head and hot leg
nozzle geometries, ditferent core power levels,
different system pressures, and different
secondary side  conditions. In  general,
experiments have shown that the uceurrence of
a given natural circulation mode is primarily @
function of the prirmary mass nventory, with
weak dependenvies on the other factors
mentioned above.

The dominant heas transfer mechanism o
single-phase natural circulation cooling is coa-
vection. Heat generated by the core is convected
away from the reactor vessel through the hot leg
to the steam generator (heat sink) via the sub-
cooled primary liguid. Heai is transferred from
the primary side to the secondary side in the
steam penerator. The cooling cycle is
completed when the cooled primary liguid flows
back 1o the reactor vessel through the cold leg.

The amount of heat removed from the core
through single-phase natural circulation
cooling 1s normally the amount produced by
decay heat power levels (£5% core power).
However. an Anticipated Transient «ithoul
Scram (ATWS) experiment in the Loss-of-Fluid
Test (LOFT) facility ** demonstrated that single -
phase natural circulation can accommodate heat
generation greater than the decay heat. It was
concluded in this exreriment that single-phase

natural circulation s capable of adequate
cocling up 1o approximately 18% of full power.

3.3 Analyticam Expressions

As stated previously, during single-phase
natural circulation, the primary heat transfer
mechanism is convection. Therefore, the
primary loop mass flow rate is an essential
parameter in determining the heat removal
capability of single phase natural circulation
cooling. Correlated expressions for the steady
state mass flow rate and core temperature
difference have been dertved for single-phase
patural circulation 10 a PWR by Zvirin e
al 336 For turbulent flow, these expressions
are given by

N a[zp? featr’ ;

c R (31
P AR 13
ATgaf= =} 0=} 32
Y [:gu.u.] ‘
if the flow 1s laminar, tne following
expruossions apply
" |
2 Al‘y -
w‘(. pifg ] A
o
w a
ATR‘[ ']‘ (3-4)
2PpAlpc
where
W= mass flow e
B =  temperature coefficient for
volume expansion at
average coolant temperature
g = acceleranon of gravity
AL = equivalent driving head . for

UTSG, the elevatien
difference between axial
midplane of core and axial
midplane of active tube
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bundle; for OTSG, 7% the
elevation difference between
axial midplane of the core
and the axial location of the
sieam generator thermal
center {location of average
temperature )

input power

reference dC osity. Density
of c¢oolant &t average
coolant temperalure

coolant specific heat  at
constant pressure at average
coolant temperature

overall flow resistance
parameter for the flow path
defined by the sum of the
frictional and form losses
{turbulem flow)

overall flow resistance
parameter for the flow path
defined by the sum of the
fricional and form losses
{laminar flow)
ATg = core temperature difference.
In the denivation of the above expressions,
conventional one-dimensional  mass,
momentum, and energy formulations were used.
The average cross-sectional temperature was
assumed to be equal to the mixed mean
temperatere and the Boussin~sq approximation
(i.e.. the density is considered constant in the
governing equations except for the buoyancy
force term) was used. The density in the
buoyancy term is assumed to vary linearly with
temperature according to

Pa p|[l.0 - T - T.)] (3-5)

where p; and T are the reference density and
temperatare. All other fluid properties were
considered as constant values, which is justified
for small temperature vanations.

For steady state, the time dependent terms
in the governing « uations disappear** and the
momentum equation reduces 1o

2
1. W
ZRq =~g§ rdz (26)

for turbulent flow, or
We-g§ pd (3-7)

for laminar low. Note that R (or 7} is the total
flow resistance parameter defined by the sum of
the frictional and form losses

L
R = { R&;’. = fi: )
DA DA

Subes

K
. 3_'
. E Aﬁj (3-8)

Horm

where the f; are the friciion coefficients in \ e
tubes, L; are the tube lengths, the A; are the tube
cross-sectional areas, the D are the hydraulic
diameters, and the K; factors determine the
vanous form losses in the components of the
loop. ™ Note that the friction coefficients and
factors depend on the Reynolds number of the
flow. The overall resistance parameter can be
determined for multiple loops by evaluating
resistance subfactors for the vessel and loops
individua!ly **

The energy equations for the loop

components were simplific ‘ng an
equivalent "driving head” ins density
integral, an overall heat bala - the core
ratb21 than the formal energy ¢ - .n, and by

requinng that no heat Josses oceur between the
core and the heat exchanger (ATg = Tp - Tl



Zvrin assumed that the temperature distributions
of the primary fluid in the core and in the heat
exchanger were linear.™ Although more
accurate temperature distributions could hove
been used, comparisons of results from models
based on linear temperature distributions with
results from models based on more exact
approximations showed only small
deviations, ** 40 thus justifying the linear
approximation.

Previous research 441 and PWR plam
data'® were used to test the accuracy of the pre-
ceding expressions for the mass flow rate and
the core temperature difference. Reference 39
indicated that these expressions agreed with
data from a vanety of loops and PWRs 1o within
30%. Reference 36 indicates differences
between measured data from experiments and
plants and calculated values (using the above
expressions) are between (7% and 23%. When
using these expressions, keep in mind the
simplifying assumptions discussed in the
previous paragraph and rejard them as
approximate expressions, not exact solutions.

In the case of a UTSG rejecting decay heat ,
the major primary-to-secondary heat transfer
occurs near the bottom of the upflow sides of
the U-tubes. The heat transfer rate decreases
gradually along the length of *he U-tubes. The
result is an almost negligible amount of heat
transfer along the downflow side of the U -tubes,
compared with the amount occurring along the
U-rube upflow side. The existence of
nonuniform U-tube flow'9.20.26.32.31,42.43
suggests a corresponding nonuniform heat
transfer behavior from one U-tube to another,
Thus, Koizums et al. concluded that it was better
to define an overall heat transfer coefficient
representing the average fluid-to-fluid thermal
resistance based upon the heat transfer area
below the secondary collapsed hquid level 42
Tuis overall heat transfer coe'licient, Kg, is
given by
Q=K¢FR AT (3-9)
where Q is the total heat transfer rate, F is the
total heat transfer area of the steam generator
U-tubes (based on U -tube inner diameter), and R
is the ratic of the heat transfer area below the
collapscd secondary liquid level to the total heat

e e i e A i
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transfer area; AT is a logarithmic mean temper -
ature difference based upon the ialet and outlet
steam generator plena fluid temperatures (Tpy
and Tpg, respectively) and the secondary “luid
temperature (T), which is assumed constant 47

AT is expressed as

cTeTy) - (Teg - Ty

o T
Tee - T

AT (310

Figure 3-5 (see Reference 42) demonstrates
the behavior of K¢ as a function of the
secondary collapsed liquid level for several
different test conditions. For the five percent
core power, single-phase natural circulation
curve in Figure 3.5, Ke varies between
1.2 kW/(m2K) and 2.0 kW/m2K) (2115
Btu/(hft2F) 10 352.4 Bu/(hft?F)).

The data uncertainty in Figure 3.5 stems
mainly from temperature measurements. Note
that the largest uncertainties are prevalent when
the secondary collapsed liquid level is high and
the effective heat transfer area is large. In this
s tuation, the primary-to-secondary temperature
differences are small, resulting in large data
measurement uncertainties. Conversely, when
the secondary collapsed liquid level is low and
the effective heat transfer area is small, the
primary-to-secondary temperature difference
rises 10 compensate for the reduced heat transfer
area. Consequently, the data measurement
uncertainties are reduc d.

The overall heat transfer coefficient, K, is
dependent upon the local overali heat transfer
coefficient, H. H consists of three lerms.
(a) heat transfer at the inner surtuce of the
U-tube wall, (b) heat conduction in the U-tube
wall, and (c) heat transfer ai the outer surface of
the U-tube wall, i.e

® 1 _.1,M
H D2 ke “(o.)

(3-11)
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Figure 3-5. LSTF observed primary-to-secondary overall heat transfer coefficient, defined with
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where h| is the heat transfer coefficient inside
the steam generator U-tubes, hy is the heat
transfer coefficient outside the steam generator
U-tubes. D is the inner U-tube diameter, 122 the
ovter U-tuby diameter, and kg i1s the metal
thermal condy tivity of the U-tube wall #?
Koizumi et al. claim that Ke o reliably
apphicable 10 a full-scale PWR, but wam tiat a
currection should be incorporaied by
wultiplying the Ke results presented in
Figure 3.5 hy the ratio of the loca! overall heai
transfer coefficient of the full scale PWR and
the local overall heat wransfer coefficient of the
LSTF. This correction accounts for differences
in U-tube wall tuickness and metal thermal
conductivity between the LSTF and the full-
scale PWR. 2 Thus. Ke car be used to evaluate
heat transfer rates during each mode of natural
circulation. It can also be used in estimating the
lower limit on the steam generator secondary
side liquid level necessary for adequate core heat
removal.

In the cuse of a OISG, the primary-to-
secondary hemt transfer nccurs primarly in the
upper clevanons of the steam generator. Single -
phase natural circulation data from  the
University of Marylani College Park (L"ACP)
facility are shown in Figure 3.6 #* The figure is
a plot of the overall boat wransfer coefficient
(UA) versus the hot leg mass flow rate (W)
during steady -state, single-phuse natural
circulanon couditions. These data were used 10
correlate the heat transfer coefficient in terms of
dimensicaless parameters. This corelation
takes the fallowing form

Nu = 0.028 (3-12)

(Re Pr)0-O¥

where Nu is the Nusselt number, Re s the
Reynolds number, Pr is the Prandt] number, and
Ga . is . a1y o REPIDY 4y
iz i1s the Greatz numbet ((u - }

Equation 3-12 defines the heat transfer
coefficient per total number of heat exchanger
tubes. The correlation of Equator-3 12 i valid
for water at temperatures not excesding 121°C
(250°F) and pressures between 241 KPa and 586
KPa (35 psi and 85 psi). Thus, Equation 3-12 is
not appli cable to full-scale PWRs, but it could
be useful in code assessment purposes or

comparisons with other low pressure, low-
temperature test facility data.

3.4 Influence of Noncon-
densable Gases

The effect of noncondensable gases n a
PWR loop during single-phase n. al
circulation ts an important issue. The presen.e
of noncendensables in the primary loop may
impede or even stagnate the natural circulation
flow, thereby significantly reducing or
terminating the heat removal capability of the
steam generators. Noncondensable gases can be
inttoduced into the primary system through
safety ‘~wation and by fuel degradation. For
examy ‘drogen from the pressurizer vapor
space, a. wissolved in the refueling water, and
mitrogen from the accumulators (once they are
deplewwd of water), are several sources of
noncondensable gases. In addition, helium may
enter the pnmar? flow system if breaching of
cladding occurs, 193145

The majonty of research concerning issues
relaied 1o noncon ensable gases has been with
regard 1o the two-phase and reflux/boiling
condensation medes of natural circulation.
These topics are audressed n later sections. The
presence of nonccadensabies during single-
phase natural circulation has aot received as
much attention as the other two modes, but
research nddnssins this 1ssue has been con-
ducted 4145496 47,4849 However, these

ferences deat oanly with the UTSG peometry.
Although many similarities exist  seiween
single-phase natural coculation responses in
UTSG and OTSG plants, caution should be
exercised in exiending the effects of
noncondensable gases i UTSG plants to those
0i 0130 plants.

Figure 3.7 shows the thermal hydraulic
response during & single-phase, noncon-
densable gas experiment conducted by Cha and
Jin in & two-loop test facility modeled after a
PWR with @ UTSG geometry [Korean Atomic
Energy Research Institute (KAERI)). *% Nitrogen
gas was injected into the hot leg of the one
active loop 17 discrete amounts, each
approximately 0.26% of the primary volume.
The successive nitrogen injections resulted in
increased vessel temperatures and decreased
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lnop flow rates. After the sixth injection, the
flow stagnated (approximately 1 .56% nitrogen
gas in the priaary system). Note that the
pressure reasurements in this facility were
obtained from a single absolute pre.sure
transducer in the vessel upper head. Thus, the
pressure readings in Figures 3-7 and 3 -8 simply
represent the hydrostatic pressure at  that
location. A drop in pressure indicates an
increase in the amoumt of voids (vapor or
noncondeasable gas) in the upper elevations of
the loop. 43

Flow stagnation also occurred in a single
active test loop at EPRUSRI following the
imjection of helium gas directly into the top of
the steam generator U-tubes % Injection of
helium gas directly into the hot leg of the Full -
Length - Emergency - Cooling - Heat - Transfer -
Separate - Effects -and -Systems - Effects -Test
(FLECHT-SEASET) facility during single-phase
natural circulanion stalled certain U-tubes, but
thie loop flow did not stagnate *¥ Successive
non-condensable gas injections resulted in gas
blockages only in ~ertain U-tubes, and the
noncondensables from additional injections
tended to migrate to the already stalled
U-tubes.*¥ During hot leg nitrogen gas
injections in the four-loop PKL-TT facility, it
was found that the rate of injection determined
whether loop flow stall would occur 47 Slow
rates of injection resulted in a more
heterogeneous gas distribution se thai flow
stal! did not occur i all U -tubes. Faster rates of
injection lead to a more homogeneous gas
distributions in the steam generator inlet
plenum and flow stall in all U-tubes was
possible 47

Results obtained from the FLECHT-SEASET
facility, ¥ the EPRUSRI four loop facility **
and the PKL-I11 facility*” indicate that single -
phase natural circalation remains stable for
noncondensable gas injections into the vessel
upper plenum and the cold leg. However,
PKL-II1 tests also demonstrated that large
amounts of noncondensable gas can eventually
fill the vessel upper head and upper plenum.
When this occurs noncondensable gas will be
forced into all the loops at the same time,
lesding to possible flow and heat transfer
interruption 47

14

During loss or reduction of single-phase
naturgl circulation in the PKL-TII tests, the
primary system self-adjusted to compensate for
the adverse effects of the noncondensable
gas The system responded 1o compensate for
lost aeat transfer with flow and heat transfer
increases in undisturbed U-tubes, and pressure
and temperature increases thal compressed gas
volumes sutficiently to reactivate some lost
heat transfer surfaces. *7 If core heat-up ocours,
steam will be produced a the natural
circulation driving head wil! inc.ease. This two -
phase loop density gradient may be sufficient 1o
restart flow in the blocked U -tubes 47

A second test conducted by Cha & Jin,
(KAERLD) used two active primary loops, with
nitrogen gas injected imo the hot leg of one of
these loops 4% The total accumulated nitrogen
gas amounted to about 4.5% of the primary
system volume, yet complete flow stagnation
did not occur. The thermal hydranhe response
during this test is shown in Figure -8 Note
that after the seventh mitrogen injection, the
temperature response in the hot leg. cold leg,
and top of the steam generator decoupied from
the vessel temperature. This suggests that a
change in flow also occurred. The sharp
divergence between th hot leg and vessel
iwemperatures shortly afier the seventh injection
suggests the occurrence of at least a partial flow
interruption.  During  this  period,
noncondensable gas bubbles may have blocked
some of the U -tube upper bends. Just before ihe
cighth nitrogen injection, it appears that
normal heat transfer from the primary to
secondary systems reoccurred, possibly due to
some clearing of noncondensable gas
blockages in the U -tube upper bends, Note that
after the eighth injection this pattern 1s
repeated.

A third test conducted by Cha & fin
consisted of the injection of nitrogen gas into
the hot legs of both active loops 4® They found
that an amount of nitrogen gas approximately
equivalent to 2% of the system volume
interrupted the single-phase naturgl circulation
flow ir both loops.

The diverse results discussed above demon-
strate that the issues regarding the effects of
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noncondensable gases on single-phas " tural
circulation remain to be fully quuntified.
Uncertainties exist regarding the effects of
parameters such as:

. The location of the noncondensable
gas source

. The amount of noncondensable gas in
the system

. The rate of noncondensable gas
injection

. The type of noncondensable gas (1¢.,
effects due to the solubility of the gas
in water, the density of the guas
compared 10 steam, etc.)

. The number of active pnimary loops

. The migration of the noncondensable
gases in the primary sysiem.

It is difficult 1o draw general conclusions
from the results presented, but it would seem
that upper plenum or cold leg injection would
tend to accumulate noncondensable gas in the
upper head first, leading to an accommodation
of greater amounts than if injected in the hot leg
or U -tube entrance. These injection locations
also allow sufficient mixing and diffusion of the
gases to preclude their accumulation in the
U-tube u hends; whereas hot leg*S or direct
U-tube*® injection may not allow sufficient
mixing and diffusion,

It appears that single-phase flow
interruption due to the presence of
noncondensable gases is more likely when
there is only one active primary loop 4348
Observations also indicate that mixing and
diffusion of the noncondensable gases can be
effective in preventing the accumulation of
noncondensable gases in the U-tube upper
bends, and that the rate of gas injection may
determine whether flow stall is possible The
upper limits on the amounts of
noncondensables that can be accommodated by
the system (without the loss of single-phase
natural circulation) depends on the combined
effects of the parameters mentioned in the last
display list.

i6

3.5 Effects Due to
Secondary Side
Conditions

The wansfer of heat from the core to the
secondary side of the steam generator dunng
single-phase ratural circulation depends on
conditions in both the primary loop and the
secondary side of the steam generator. In
previous sections, the factors affecting the
primary loop were emphasized. In this section,
the effects that secondary side conditions can
have upon the natural circulation flow and heat
transfer are discussed. Jome of the important
secondary side parameters are the temperature,
flow rite, and liquid level. These parameters
directly affect the heat transfer through the
steam generator tubes. However, other factors
can also affect the local conditions on the
secondary side of the steam generator tubes. The
procedures used to regulate the feedwater and
emergency feedwater flows (and temperstures)
during a transient affect the overatl heat transfer
and/or local heat transfer. In addition, relief
valve b Yavior can affect secondary levels, flow
rates, and temperatures. For example, isolation
of a steam generator secondary side will lower
the flow rate on the secondary side of the tubes,
thus decreasing the heat transfer. This can affect
the natural circulation in the primary loop.

Experiments have demonstrated that the
stability of single-phase natural circulation
flow s strongly dependent upon secondary side
liquid level. Low secondary hquid levels have
resulted in an oscillatory type of flow behavior
in several experimental investigations !%.22.42
Because the primary means of heat removal
during single phase natural circolation is
convection, flow oscillations can strongly
affect the heat removal effecidveness, Thus, the
effects of low secondary liquid levels on single -
phase natural circulation are very important
Investigations concerning single-phase natural
circulanton have been performed at many
facilities including EPRI/SR1.?? Large-Scale
Test Facility (LSTF.4? PKL-111,% Boucle
d'Etudes ThermoHydrauhiques Systéme
(BETHSY).*! and LOFT.** The results of several
of these single-phase experiments are discussed
as follows
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Work performed by EPRI/SRI in an
experimental two-loop facility (modeled after a
PWR with an OTSG geomelry) discovered
oscillatory single-phase flowv behavior at low
secondary hquid levels.?? Figure 3.9 presents
the upper vessel temperature trace for
equilibrium state:  arresponding 1o different
core power and secondary hquid levels
(measuted from the hot leg centerline
elevation). Note the oscillations at the lowest
two constant secondary hiquid levels. It was
found that the on-off behavior of the EFW
pumps (n maintaining the secondary levels)
ard the low secondary liguid levels were the
contributing factors leading 1o this behavior,
Figure 3-10 shows the corresponding
temperature traces for a wetted steam generator
tube, and for the cold legs in each loop, during
the tume of reduced secondary liquid levels. The
low tem peratures of the upper trace correspond
to the injection of the cold EFW spray. Note
that all three temperature traces are in phase
with cach other. Thus, in mamtaining
secondary liquid level, the cold EFW spray
resulted in primary flow oscillations i both
loops. It can be seen in Figure 3-10 that the
amplitude of oscillations increases as the
secondary hquid level decreases. whereas the
frequency of the osaillaticns decreases as the
secondary hquid level decreases.

Single-phase U-tube oscillatory  flow
behavior at low secondary levels was detected n
experiments conducted in the LSTF 42
Figure 3-11 presents the teraperature traces of
three U-tubes representing the long, medium,
and short length U-tubes, respectively. Note
that immediately after the termination of forced
circulation the temperature in the longest
U tube dropped significantly. In fact, the
ternperature 1 this U-tube became almost equal
to the secondary temperature, suggesting a flow
stall/reverse  phenomena (this phenomena will
be discussed in the next section). However, at a
low secondary level tapproximately 24% of the
original 100% nventory), the flow in this
longest U-tube experienced large fluctuations
Note also the wcrease in the temperature of the
short and middle length U-tubes at this
particular secondary inventory value. These
effects suggest a degradation in the pnmary-to-
secondary heat transfer ai this low secondary
hguid level.
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Recent expenments condacted at the PKL-11I
test facility have also nvestigated the effects of
low secondary liquid levels on the effectiveness
of primary-to-secondary heat transfer, 0 The
objective of the PKL-1H Loss of Feedwater Test
was to demonstrate that a single UTSG can
remove the residual heat during a hot standby
conditon even at low secondary levels. It was
designed 10 determine the minimum secondary
level for removal of a decay heat of
approximately 1.7% of full power. The test was
mitiated from u state of normal single-phase
natural circulation in each of the four loops.
Three of the primary loops were then isolated
on both the feedwater and muin steam sides.
After a new steady state penod was reached, the
feedwater 1o the remamning steam generator war
terminated, resulting in o boiloff of the
secondary liguid 50

Natural circulation did not cease in the three
isolated loops. The S3K nrimiry 1o-secondary
temperature difference in the single active loop
produced a net gravitational force that was
sufficient to  drive single-phase  natura’
circulation flow in all four loops, However, the
flow rates in the three isolated loops were about
one-third that of the active loop. Time response
daia for secondary liquid level, primary and
secondary side  steam  generator pressure,
pressurizer hiquid level, and primary mass flow
rate are given ¢n Figures 312 and 3-13
Figure 313 demon-stzates the reduction of the
secondary hquid level m the nonisolated steam
generator and the corresponding response of the
pressurizer Liquid level und primary masy
flow 3 Note thut for secondary liquid levels
above 3 meters (984 f1), there are few changes
in the flow behavior, However, once the
secondary ligquid level dropped below 3 meters
(9.84 1), the temperature and pressurc of the
pamary mass flow mcreased and the mass flow
rale n the nomisolated loop decreased. Because
of the large energy storage capacity of the
1solated steam generators, the primary pressure
and temperature rise was gradual, These effects
are shown in Figures 312 and 3-13. Note that
feedwater flow was restarted once the secondary
level reached 0.6 meters (1.97 f1),  thus
checking the increases in temperature and
pressure and the decrease in the mass flow rate
m the nomsolated loop *® This experiment
demonstrated that a 1.7% decay heat level can
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ve removed by a single steam generator under
steady stite conditions as long as a minimum
secondary Yiguid level of 3 meters (9.84 1) and
@ primary-to-secondary temperature difference
of $3K were maintained. 11 was noted by
Umminger et gl that the minimum secondary
level required to remove a given amount of heat
15 only meamngtul if 8 mimmum primary-1o0-
secondary temperature difierence s also
specified 50 Umminger et al. also observed that
naturs! circulation flow was not terminated in
the isolated loops * The observed degradation
in the primary-to-secondiry heat transfer during
single-phase natural circulation  ai  low
secondary hiquid levels is also supported by
recent exrenmenu conducted 1n the BETHSY
tacility.

Single-phase  natural citculation
experiments conducted in the LOFT tacility
demonsirated the effectiveness of secondary
steam and feed operations in muntaining the

steam generator in a heat sink mode. - Single-
phm natural circulation can be maintained (or
regained) 1in many situations by reducing the
secondary lemperature and pressure.  This
method will be addressed n greater detail in the
two-phase nawral circulation section.

Thormal stratification on the secondary side ca.,
also affect the efficiency of single-phase natural
circulation cooling. in the case of a UTSG, the
majority of the heat transfer occurs n the lower
clevations of the steam generator. Conse-
quently, secondary Liguid is heated from below
and buoyancy effects cause the secondary side to
be well mixed. As a result, virtually all of the
secondary hguid will be available as a heat sink.
In the case of a OTSG, warming of the secondary
liquid occurs at the top of the steam generator,
which can lead to thermal stratification in the
secondary side. Thermal stratification can
effectively reduce the liquid avaiiable for use as
@ heat siuk.

3.6 Nonuniform Flow

Flow in the single-phase mode of natural
circulation can be classified as either uniform or
nonuniform, and as steady or unsteady. The wrm
unsteady impiies changes over time, and
nonuniform implies changes due to locanon,
Thus. one term relutes o the dimension of time

and the other to the dimension of space. The
most  common types of single-phare
nonuniform behavior are nonuniform  maul.
loop flow and (in the case of a UTSG geometry )
notuniform Ustube flow . Single-phase nataral
circulation unsteadiness normally occurs only
during transttional flow peniods. Oiherwise, the
flow in single-phase natural curculation can
generally be consdered as quasi-steady. For
example, the rransition from toreed circulation
to single-phase natural circulation 18 often
accompanied by decoupled loop bebavior. In
this sdustion, the neat removal 1« ofter shafied
from loop o loop because of loop stalling,
unbalanced loop conditions, etc ** This results
in coclant flow that is buth unsieady and
nonuniform. The complex switching of natural
cireulation modes between loops is  another
example of unsteady A nonuniform flow on @
loop-1o-loop basis. *! Because the other major
type of ne~aiform flow (nonuniform U-tube
flow) 1s more specifically related to single-
phase natura! circulabon, it witl be tac main
focus of this section’s discussion. An
understanding of single-phase, neauniform
Ustube flow behavior is a preliminary step in
the investigation of the more complex U-tube
phenomena assoctated with the two phase mode
of natural circulation, as discussed in
Section 4.6,

Nonuniform U -ube flow during single-
phase natural circulation s primarily due to
flow stall and flow reversal in the longest
length U-tubes. Dunng singie-phase natural
circulation. tne majority of the heat transfer
occurs near the bottom of the upflow sides of
the U-tubes. As a re.ult, & column of dense fluid
forms in the upflow side of the U-tubes. This
dense flusd must be forced over the U -tube bends
by the net C iving force between the thermal
centers of the primary loop. This driving force
may not be sufticient in the longer U tubes
because the length of the “ense uptlow-side
hguid column will be greater than in the shorter
tubes 2% A second contributing factor in the
flow stall/tever . phenomena is the frictional
losses that resi.. as the primary flwd Tlows
through the U-tubes, which are even more
s:gmmnm when occurring in the longer
U-tubes. 2® Therefore, it ix possible that in some
instances, the resultant sum of these opposing
forces may be sufficient o overcome the net
driving force of the NMow. For cxample, in the
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LSTF, 2% power single-phase notural
circulation test, the pressure in the outlet
plenum of the sleam generator was greaier than
that of the inlet plenum. This resulted in a
pressure gradient force between the U-tube mlet
and outlet plena that opposed the normal flow
direction, causing flow stall and reversal in the
longest U-tubes, 2026 Flow stall oceurs only
when an exact force balance exists. Therefore,
U-tube flow stall *« a me. table state in which a
small disturbance in the force balance results in
the reestablishment of forwara flow or the
mitiation of r_verse flow 20

Experiments in the LSTF.*0 the Loo
Blowdown Investigation (LOBI) facility,*2.%
and the Semiscale facility®® have observed flow
stall and flow reversal in the longest
instrumented U-tubes. Figure 3-14 15 a
schematic showing different types of U-ube
flow behavior versus the primary mass
mnventory for different length U-tabes i each of
the two loops of the LSTY 2% Note that flow
revevsal occur- only in the longest U-tubes
during single-phasc natural circulation,

In some instances, once reversed flow was
established in a U-tube, it persisted until the
peak mass flow rate occurred during the two-
phase mode of natural circulation.?® ‘I'his
observation is consistent with an analytical and
experimental investigation by Sanders, in
which it was shown that paralle! flow in the
tubes of a UTSG can be unstable for certain
power levels.** This conclusion was derived
from the results of a mathematical model based
on the one-dimensional Oberbeck-Boussinesq
equations.*  Sanders made the following
assumptions in deriving the U-tube flow
equations;

«  Density differences were considered only in
the gravitational body force term.

*  Density changes were due to changes in

temperature only. This temperature depen -
dence is given by

pTi= poll - UT - Ty)) (2-13)
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where B is the coefficient of thermal
expansion, Ty is the secondary side
temperature, and po is the density at Ty

«  Heat conduction in the liquid was neglected.

«  Temperature changes along the flow path
were not considered for friction or heat
transfer coefficients,

*  Heat generuted by friction was neglected.

An important consequence of the preceding
assumptions was that the tube velogity, v,
remained constant over the length of a
U-tube #Y Stabil ty was investigated by first
imposing a small-scae disturbance wpon the
basic solution, and then linearizing the
governirg differential equations with respect to
the disturbed solution. These equations were
then integrated and solved for the pressure and
temperature disturbances in terms of the
constant tube velocity, v, and the small scale
velocity disturbance. In order to investigate the
stability of paraliel flow, two U-tubes were
analyzed. Instabilities were found by assuming
ditfferent velocity disturbances in each of the
U-tubes. Next, the condition of equal pressures
at the tube exits was enforced. Thus yielded an
expression for the system eigenvalue.. The
sign of this eigenvalue determined whether the
flow was stable (negative eigenvalue) or
unstable (positive eigenvalue). Criticality
(neutral stability . was characterized by a zero
eigenvalue. The expression derived by Sanders
characterizing criticality (neutral stability) was
given as
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where
{ Al

= el 5 (3-14)

D = U-tube inner diameter

f &= friction  coefficient in
Listube

8 = friction coefficient tor total
PrMAry circuit

h = distance between center of
care heat input and upper
surface of steam generator
tube plate

L =  average length of U-tube

A = ratio of U-tube wall heat
transfer 10 heat capacity of
waler

po = Density at primary side

pressure and secondary side
lemperature.

A second stability analysis by Sanders,
similar 1o the one just described, demonstrated
that stability can be obtained with reversed flow
in some of the U -tubes #*

Figure 3-15 shows the conditions for cniti-
cality and the zones of siability for paraliel
flow in U-ubes.*? The results shown in
Figure 3-15 were computed using Equation
1.14.4% Note that stability of parallel flow
depends primarily upon the height of the steam
generators (h) with respect o the center of core
heat input, and the ratio of the fricnon in the
U-tubes to the friction in the whole cireuit (1/F).
High steam generators and little circuit friction
Jead to stable parallel flow in the U-tubes. For a
given plant with specified dimensions and
friction coefficients, stability depends upon the
heat input, which is direc’ly related to the flow
velocity, v.**

15

U-tube flow reversal was observed during
experiments in the LSTF20.26 gnd the LOBI
facitity. 28" During reversed U-tube flow,
differential pressure measurements at both
facilities indicated that the pressure in the steam
penerator outlet plenum was greater than the
pressure in the steam generator inlet
plenum 202643 This observation is consistent
with Sanders’ theory, which predicts that when
parallel flow in the U-tubes becomes unstable,
the pressure in the stoam generator outiet plena
is greater than the pressure in the steam
generator inlet plena.  Physically, this
phenomenon is due (o the density differences in
the liguid in the upflow and downflow sides of
the U-tube. This pressure increase in the forward
flow direction is the most important parameter
for determining if U-tube reversed flow s
possible 4

Reversed flow was observed in the LOBI
facility,*) but Sanders’ theory did not predict
this behavior. However, this discrepancy could
be due 10 the limitations of the mathematical
maodel, some of which are listed as follows:

+  The use of simple models for U-tube friction
and heat transfer

+ The theory did not account for different
friction in U-tubes of different length

+ The influence of the position of differemt
{/-tubes n the inlet plena was nol
considered

»  Flow mixing n the steam generator plena
was not studied.

Sanders concluded that although instability
was not predicted by his theory, it was still the
mechanism causing the observed reversed flow
i some steam generator U-tubes 43

The detection of reversed U-tube flow can
normally be accomplished from the observation
of the steam generator inlet temperature. The
steam generator inlet temperature will be
reduced if flow reversal occurs in a Us-tube,
because of the flow of cooled primary liquid
back into the steam generator inlet plenum via
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the reversed-flow U-tube. Thus, if flow reversal
is occurring, the steam generator inlet plenum
tempersture will be lower than the hot leg
temperature 2% Figure 3-16  shows a
temperature drop of approximately 4 K in the
steam generator inlet plenum after 13,000 s dwe
1o the reversed flow in the longest U -tubes
during a LSTF experiment.  Figure 3-17 15 a
corresponding schematic diagram that shows &
represemtative U-tube temperature distribution
during this situation. Note that the longest
length U-tube temperature is nearly equal to the
secondary temperature at  all  U-tube
clevations. 0

Single-phase  natu-al circulation
experiments have shown that the U -tubes with
normal flow direction provided a sufficient heat
transfer area for removing core power from the
primary, even with the nonuniform LU -tube
behavior 26 Although the loop flow rates were
sufficient 10 keep the core well cooled, they
were smaller than if forward flow existed in all
the steam generatc. U-tubes 2 This obser-
vation may explain why thermal-hydraulic
system codes sometimes overpredict single-
phase mass flow rates in UTSG plants when
single U-tube steam generator models are
used 2026 This topic will be discussed further in
Section 6.2

In summary, it should be emphasized that
the single-phase natural circulatnon will net
cease or undergo interruptions in the presence
of wbe-to-tube flow reversals or instabilities
within the loop. ™ Although reversed single-
phase flow in steam generator U-tubes may not
be a significant reactor safety concern,
modelling this phenomena could be a useful test
case for reactor safety codes.

3.7 Summary

The effectiveness of single-phase natural
circulation cooling has been discussed with
regard to various PWR plant operating condi-
uons, The general characteristics gssociated
with single-phase natural circulation have been
described; and analytical expressions, useful in
predicting single-phase behavior. have been
presented. The influences on single-phase
natural circulation behavior of such paramelers
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as noncondensable gases. secondary side con-
ditions, and noouniform flow have been studied.
The general characteristics of single-phase
natural  circolation  were  described in
Section 3.2, It was noted that this mode of
natural circulation persists during @ transient
until the level of voids in the vessel upper head
drops 1o the hot leg nozzie clevation. The
dominant heat transfer mechanism during this
made is convection, making the loop flow rate
the most important parameter governing heat
removal. Single-phase natural circulation was
effective enough to nrovide adequate cooling fre
power levels up to 18% of full power in the
LOFT facihity 3

Approximate analytical expressions that
assist in predicting general single-phase natural
circulation response were given in Section 3.3,
including expressions for the loop mass
flow rate, core temperature ditferential, and
overall primary-to-secondary heat transfer
cotficients

Section 3.4 demonstrated that the presence
of noncondensable pases may impede or even
stagnate single-phase natural circulation,
especially if there is only one active primary
loop. Imporiant parameters in determining the
effectiveness of single-phase natural circulation
in the presence of noncondensable gases
include:

« The injection location of the
noncondensable gas source

+  The total amount of noncondensable gas in
the system

+  The rate of noncandensable gas injection
*  The type of noncondensable gas
« The number of active primary loops

+  The migration of the noncondensable gases
in the primary system.

The effect of secondary side conditions on
single-phase natural circulation hehavior was
studied in Section 3.5 It was demonstrated that
the stability of single-phase natural circulation
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flow is dependent on secondary side liquid
levels. In the case of plantms with OTSGs,
primary flow oscillations may be caused by
the on/off behavior of EFW pumps or by
nonuniform EFW tube wetting. It was also
noted that secondary side steam and feed
operations are effective in maintaining a
sieam generator in a heat sink mode.

Section 3.6 addressed the issue of non-

uniform single-phase natural circulation flow,
The discussion primarily dealt with non-
uniform flow in the tubzs of a UTSG. It was
pointed out that flow stall and/or reversal may
occur in the longer U-tubes of a LISG.

S0

However, it was emphasized that single-phase
natural circulation will not cease or expenience
interruptions due 1o these tube-to-tube flow
nonuriformities. The modelling of this
phenomenon may serve as a useful test case for
reactor safety codes.

Single-phuse natural circulation s
generally an effective and dependable means
for removing decay heat in PWRs with either
OTSG or UTSG designs. However, it was
pointed cut that abnormasl conditions may
compromise the heat removal ability of the
single-phase mode of natural circulation.
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4. TWO-PHASE NATURAL CIRCULATION

4.1 Introduction

During two-phase natural circulate . vapor
generated in the core enters the hot Jeg and
flows with the saturated hiquid 10 the steam
generator, where the vapor is condensed. A
continuous primary loop flow of a higud and
vapor mixture s defined as the nwode of two-
phase natural ecirculation. This normally
persists until the amount of voids in the
primary loop increases 1o the point where
continuous two-phase flow no longer exists n
the upper U bends of the UTSGs or i the hot
leg upper "candy cane” bend icading to the
OTSGs. By definttion, when this occurs, the
two-phase mode of natural circulatnon s ter-
minated in the case of a UTSG, or interrupted
the case of a OTSG. Flow miterruption in a OTSG
plant may be followed by an intermittent type
of circulation, If there 1s a sufficient loss of
coolant from the pnmary system, this may later
result in bailing condensation. In the case of &
LTSS plant, the termination of two-phase
natural circulation is usually immediately
followed by the onset of reflux condensation.

Two-phase natural circulation behavior can
be much more complicated than single-phase
natural circulation behavior. ltems such as Now
nonuniformity, secondary side effects, effects
of noncondensable gases, and beat transfer
characteristics are important during two-phase
natural circulation »nd will be discussed. Other
phenumena such as steam generator inlet
flooding, vent valve behavior in plants with
OTSGs, and thermal stratification can also
influence two-phase natural circalation
behavior.

Section 4.2 will discuss general chwacter-
istics of two-phase natural  circalation
Corielawed expressions, which help quantify
two-phase natural circulation behavior. will be
presented in  Section 4.3 Section 4.4
addresses the influence of noncondensable
gases on the characteristic two-phase natural
circulation response. Section 4.5 investigates
the role of secondary side parameters in
determintng  primary  two-phase  natural
circulation behavior  Section 4.6 discusses
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nonuniform behavior associated with two-phase
natural circulation and Secthion 4.7 summanzes
the important phenomena associated with two -
phase natural circulation,

4.2 General Characteristics

Diensity gradients in the two-phase mode of
natoral circulation are determined by bath the
primary voi.  distribution and the loop
temperature differences. The aatural circulation
behavior changes sigmficantly as the hot side
density 18 reduced by an increasing hot side void
fraction. As long as the cold side density 1s not
reduced by vouds, the buovancy effect s
enhanced by the increased hot side vad
fraction, and & higher loop mass flow rate will
result, The loop mass Mow rate 15 the most
important parameter affecting heat removal
from the core during two-phase natural
circulation ?

4.2.1 UTSG Plants

For plants with UTSGs, the peak mass fow
rate in the primary loop occurs when voids
accupy wost of the volume in the upflow sides
of the U tubes, and single-phase higuid occupies
most of the volume in the downflow sides of the
U-tubes. This void distribution onrresponds to
the maximum hot-to-cold side density difference
in the loop. Once voids flow over the U-tube
bends into the downflow sudes of the U-tubes,
the buoyancy effect 1s reduced and the mass flow
rate decreases 2V This effect s illustrated in
Figure 4-1, a representative flow map which
presents mass flow rate versus primary mass
inventory percentege from the PKL, LSTF, and
Semiscale natural circulation experiments 2!
Inttially, as the mass inventory is reduced, voids
appear in the upflow sides of the U -tubes, the
loop density gradient s evhanced. and the mass
flow increases. After further primary mass
inventory reductions, the mass flow rate reaches
a pesk value once voids reach the tops of the
Li-tubes. Sull further invemory reductions force
vords o the downflow sides of the Ustubes,
reducing the net gravitational force, and
decreasmng the mass flow rate, Table 4-1 shows
the observed ranges of primary mass inyenlorics
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for the ocounmenee of two-phase natutal Circu -
lation in the PRL, LSTr and Semiscale natural
circulaton experiments. For examzie, two-

wse natural circulation ocourred during the
LSTF J0% power eiperiment when primary
miss inveronies ranged between 96% and 70%

4.2.2078G Plants

The loop mass flow rate behavior ir U180
plants during two-phase natural circulation s
not easily descrived. As long as the voids are
entrained 2 \oe continuous ligud-vapor flow
and pass throigh the Usbend region of the upper
boi leg info the steam generator tules, the flow
behavior iy similar to that in tre JTSG plants
However, if the voids increase sufficiently such
that they collect in the upper U -bend. or “candy
cane,” region of the hot leg, flow terruption
may sceut. This phenomenon can re.ult i 3
eychic How behavior. Pressurization. due to loss
of the stewn genernor s a heat sink,
compresses the steam oub e untl the hgud
level reaches the top of the U-bend Once a
liguid bridge 15 formed between the hot leg
apflow and downflow sides, spillover and
reestablishment  of continuous  two-phase
nateral circulation will occur until void
blockages interrupt the flow once again. This
cyelic behavior Y been labeled intermitient
circulation®™® and can sometimes occut over
extended periods of e, In test facilities with
OTSGs, periodic interruptions of two-phase
natural circulation have been  frequently
omwgd_:',.ﬁ.‘.’ﬁ

Suffick o' loss of primay mass nventoyy
during intecmittent circulation will cause the
two-f and/or intermiitent circulation 1o be
succeeded by the boiling condensation ode of

«ural circulation. Depressurization of the
primary system during boiling condensation
may sllow high-pressure safety injection (HPSDH
1o initaie system tefill, Two phase natu.al
circulation and/or imtermittent Sirculation can
reogour after boiling condensation if the
primary liquid inventory s Increased
sufficiently during refill.

4.2.3 Summary of Two-Phase
Characteristics

In summary, voids genersted in the oore are
condensed in the steam generators Jduring the

two phase (code of astural ciiculation In the
stoam peaerstors, best trarster acty prmanly to
reduce the smount of olds, ralther than reduce
the temperature of the flaid. Thus, the tem-
perature difference between the hot and cold
regions i twoophase natural Circulation s
smaller than the characterisie smgle phase
natural cuvelation lemperature difference. The
primary ¢ secondary temperanire difference 1s
also smuller duning two-phase naferal Oirew-
lanon than during sigle-phase natal cireus
tation, as shown i Figure 4.2 for o UTSG
design Y

Reductions in primary mass nventory
result i aincressed Joop mass How rales g6 long
as the cold side density is not reduced by vords
As voids reduce the coid side density, the loop
me  Tow rate decredses. Thas can continue
' ~+ ooy mass flow rale approaches zero,
One - continuous two-phese flow no longer
exists in i upper Ubends of the UTSGs or the
hot leg upper beads leading 1o the OTSUs, the
twio-phase mode of nstaral circalation will be
terminated o mterrupted.

4.3 Correlated Expressions
for Two-Phase Natural
Circulation

The mass flow rate w the primasy loop s
the most imporent parameter govermng heal
removal from the ooie far both single and two-
phase modes of aatural clireulation. In PWE
model tests, the loap mass Nlow rate has been
shown 10 be directly related 1o the mass
imventoty  in the  primary  coolant
system. 94087 Correluted expressions for
single phase natural circulanon were given in
Section 3.3 The tellowing discussion in¢ludes
correlated expresions used 1o describe 1wo
phase natural circulation in FPWR s

The simplified primary loop con tions for
two-phase natwal circulation are depicted
Figure 4-3.21 This figure shows u liguid filled
cold leg, downcomer, and lower plenunt Void
formatior begins a distance, L', above the
bowwa of the core. Vouds are present in the
upper vesscl, the hot leg, and the stewm
generator. The thermal leagth (AL),  the
saturation elevatieom (19, and the core length
{L.¢) are sndicated in this Higure
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rate is very small in this region  The
expressiuns for Ly and |y . as defined b, Duffey
and Sursock, are given as

Ie =1 a(Vy+Vp) (4-4)
V;_Q (V) Mg )
where
a = void fraction for the hot side
regions
Vi = fractional volume of core, upper
plenum, hot leg, and hot side of
the steam generator
Vz; = fractional volume of the cold

side of steam generator, pump,
and downcomer.

Note that @) must be known at the transitional
t where iflux condensation just begins,
ore either Iy or g can be caleulated. When
reflux is established, the primary loop 1s
ssturated, and the mass flow rate is near zero.
Note that during reflux, there is a nonzero flow
of steam (and returning liquid). However,
because there is flow in both the hot and cold
legs (negative liquid flow in the hot leg,
positive liquid flow in the cold leg) the “loep”
mass flow is physically small. The following
expressions may be used 10 estimate @) «t the

point where reflux condensation begins?'

@ (Vi) + (g - GXVy
s Lt.f L. e OckV u T
|
- S [ In(l + !?f)]
et |, 18 4.7
% Cn(l Y p* Wi
] P
- e o .S, * ‘-“'
% *ctpl-pP ‘
pe his Ap [V .WCQ)
g ey A ( e o

S8

P(l )
ALEA 8 (4-9)
" by brg Ac Vy
where

A = oore flow Area

a, = mean void fraction for the core

(¢ 7 = maximum core void fraction

Co = distnibution coefficient

Y = density ratio (pg/py)

hg = |atent heat of vaporization

Lt « nondimensional tituration
elevation. Durning  reflux
condensation the loop s
assumed saturated, so L} = 0.

P = power (heat input)

v = nondimensional pcower

Pg = vapor density

P = hiquid density

Vy = fractional volume of the sum
of the upper plenum and hot
leg.

Vi = voil weighted drift velocity

W = loop mass flow rate

(Approximately zero for reflux
condensat'on).

See Reference 21 for the derivation details,
only the results of the derivatioas are presented
below, Expressions for the mass flow rate, W,
are now given for the two fractional mass
inventories covering the *wo-phase mode of
natural circulation

1 Imtlt 1



|
O ".;..’ Vi giew l\i’ Yoaam
whete
W = reference value
defined by
V2gl p) A
VK
A = flow Area
[ = acceleration due to gravity
K = loss coefficiemt for single-
phase flow
L = height of the system
) = hguid density
v = interpolation parameter
. '_-!,n;
Wie = single-phase loop mass flow
reie |see Equation 3.1,
2. Ixtlt im
1
W -ﬂflg;;h”(l-y) ST 1)

An estimate for the maximum mass flow rate
can be obtained if the following assumptions
are made 2!

PAC Vg

. At maximum flow W »» c
0

¢ Samrated flow (L] =0)
. The cold side void fraction 1s zero

. (fnuruch less than one

PR R S ¥ S ¥ S U R B T e —m————

hEY)

' New (he maximum flow 1ate, the two phase
triction multiphier (@) 18 app: oximately
rero 187

The resulting expression s given below 71
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The theory presented above was upm‘umd
with Jata from the Semiscale facility, 1957 and
with data from the FLECHT SEASET faciliny 4Y
These comparisons are shown in Figure 4.4
Dutfey and Sursock state thi the same approach
can be used for PWRs with OTSGs of 1y is
defined s the mass inventory  fraction
corresponding 1o Nlow interruption and the
volume fraction of the steam generator hot side
i taken 10 be zero.

4.3.2 Overall Hest T:anster Coetlicient
(UTSG)

In a UTSG, the flow behavior in the primary
side during single and two-phase natural
circulation may vary from tube 1o tube,
Consequently, the heat transfer from the
primary side 1o the secondary side may also
vary from tube to tube. Therefore, rather than
sttempting (o define local heat transfer
coefficients, 1 15 more practical 1o define an
overall heat transfer coefficient by using ihe
inlet and outlet steam generator plena fluid
temperatures  and the secondary  fuid
temperature. An expression for this overall
UTSG primary 10 secondary heat uansfer
coefficient in (wo-phase flow was defined®?
based on the “effective” hest wansfer aren (heat
transfer area below the collapsed secondary
hguid level) as

O‘KCFRAT (4-13)
where
Q & ttal heat transfer rate

effective overall heal transter
coefficient defined with heat
transter sutface area below
collapsed higuid tevel
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F = total  inner surface ares of
Utubes in @ steam generator

R = rane of collapsed higuid level
height 10 avernge height of
Uubes, in sec ry side

AT = Joganithmic mean temperature

difference defined by  Eguation
0

Using the above expression, LSTF daia from the
ST-SG02 and ST-SG01 gxperiments were used
10 obtain overall heat transfer coefficients 47
Figure 4.5 shows that the overall heat transfer
coefficient for two-phase natural ciroulation
varied from 2.0 kWAm?K) (11419 Br/hfe 1)
10 2.8 kW/AMIK) (14274 Bru/hivi F)).

Recall trom the discussion in Section 3.3
that K¢ is dependent upon the local overall heat
transfer coefficient defined by Eguation 311
Thus, a correction should be incorporated in
extending these results 10 a full-scale PWR
This correction consists of muluplying the
value of K found in the LSTF by the ratio of the
local overall heat transfer coelficient of the full
scale PWR 1o the locsl overnll heat transfer
coefficient of the LSTF 42

4.4 Noncondensable Gases

The effect of noncondensable gases 10 a
PWR loop 1s an important issue with regard (o
the effectiveness of two-phase natural
circulation cooling. The primary concern in the
case of a UTSG plant design iy that
noncondensable gas will disrupt the two-phase
flow by ucumulalln% in the steam generator
U-tube upper bends ¥ In the case +f & OTSG
plant  design,  the concer s that
noncondensables will collect in the “candy
cane ' region of the hot legs and disrupt the two -
phase flow. 5 In Section 1.4, it was pointed oul
that noncondensahle gases can enter the
primary loop through safety injection or fuel
degradation. Research has concentrated on
deiermining whether noncondensables will
migrate 10 and collect in the upper elevations of
the primary loop, There, they may interrupt the
two-phase natural circulation flow and
jeapardize the effectiveness of the two-phase
natural circulation cooling

Hil

4.4.1 UTSG Plants

Experiments conducied in the Semiscale
facility,) ¥ - 0 0 ghe PLECHT-SEASET
facility, 414900 40d o KAERI experimental test
facility®® have esamined the effects of
noncondensable gases on two phase  natural
curculation behavior in UTSG plant designs
The Semuscale test was designed to determine if
nitrogen gas, mjected directly mto the steam
penerator inlet piping, would accumulaie in the
steam generator upper U-bends. The test was
inttiated from a peab two-phase Now condition
(KON premary mass inventory) st 1 5% core
power  [Discrete amounts of nitrogen gas were
then ingected directly o the stearm generator
inlet piping. During this test, the broken loop
of the test faciliny was disconnecied so that the
primary system consisted of the vessel and a
sinigle active loop. Note that in the Semiscale
facility, the “broken loop models a single
PWR loop while the “intact” loop models three
loops of 8 PWR. Each ol the twelve nitrogen
injections (~ 1-2% system volume/injection)
were followed by a period of steady operation
with adequate core cooling. The total nitrogen
volume injected into the primary  system
amount ~d to approximately 13% of the primary
system volume at the primacy temperature and
pressure. Figure 4-6 shows the behavior of the
primary mass flow and piessure versus the
volume of nitrogen in terms of the percent of
systemn volume ' Note the immediate drop in
the mass flow rate afier the fist nitrogen
injection (1.4% of primary system volume).
The mass Mow rate fell from iis peak two-phase
value to a level charactenistic of single-phase
natural circulation  The inital  mitrogen
imection resulted in a gas hubble that blocked
the flow through the steam generator U -tubes,
The il pressure increase, caused by an
interruption of the (wo-phase natural circulation
flow, condensed a large fraction of the voids in
the primary loop *% System pressurization
eventually compressed the gas blockage
sufficiently 10 allow the resumption of a natural
circulation condition  consisting of single:
phase liquid and nitrogen gas bubbles. The
condensation of voids effectively reduced the
loop driving head, and resulted i the drop in
the loop mass flow rate * Smaller reductions in
the loop mass flow rate following subsequent
nitrogen injections were aftribuied (0 increases

L el L e L
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Figure 4.5 LSTF primary-lo-secondary heat transfer coefficients based on the effective heat transfor

area 42

Overall Heat Transfer Coefficient kW/m?K
E

-

-
oY
Tt

o head
¥

{
S

Uncertainty--Error  bars bave been iranslated j
above data points for clariy. . |
- l
H ! 1 L T 1 Th i
CENERIIEE NN Je% LRI
oA T Mﬁ
$5-A 868 1
" e e 5% Core Power, Single ~Phgse NC. 1
sope  smgpee 5% Core Power, Two- Phose NC.
welme  sege= 5% Core Power, Pefiuz o
e emueee 2% Cors Power, Reflys
NC : Netural Cireulation 4
9—-—0"‘&&0"'""9""'4\\

.t . e
%9«3{\'-@-.*' Lo
& iy,

-Q -

~
§ & 0 20 0 & & 100
Normalized Collapsed Liquid Level (%)



8 gy (AL —"—— 1
Core power = 30 kW
T = f

g . Liquid inventory = 86% ; :‘r‘.::w:w

086
€ ?’ Uncertainties: g
® (.5t~ Mass flow = 0,033 kg/s
g Pressure = 0094 MPa o © °d10 §

04
P o © a o o
803 © a
= 8 8 L

0.2&- * N * . Y oo

0.1 U R T DA T AR N T VY Y T 5

0 1 2 3 4 % 6 7 8 9 10 11 12 13 14

Ng volume (% of primary volume)  iNgL 2 1328 J
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in pressure drop in the loop because of nitrogen
gis bahbles in the primary coolant, and 1o
increases in the loop flow resistance which
resulted from nitrogen gas bockages in some of
the steam generator U-tubes ©0

Eventually, most of the nitrogen gas
injected into the primary system migrated to the
vessel upper plenum and to the upper U -bends of
several of the steam generator U-tubes. The
nirogen gas in the vessel upper pleaum did not
influence the mass flow rute. However, nitrogen
gas bubbles in the steam generator Utubes
reduced the mass flow rate by increasing the
otal loop flow resistance by stalling the flow
in some of the steam generator U tubes ™ Even
though some of the U-tubes stalled. the overall

do-secondary heat tansfer rats wis not
degraded. ®0 The observed Semiscale two-phase
nutural circulation behavior in the presence of
noncondensable gases was corroborated by
similar results obtained by KAERI** and in the
FLECHT-SEASET facility. #14Y In the KAERI
tests, nitrogen gas was injected nto the hot leg
of the single active loop of & two-loop test
facility ** The FLECHT-SEASET noncon-
densable gas tests consisted of inpecung helium
gas into both the broken and intact loops of the
test system. The broken loop represented a
single loop of the four-loop reference PWR,
while the intact loop represented the remaimng
three loops. During the noncondensable
FLECHT- ET experiments. the broken loap
was in a stalled condition so essentially only
one loop was aciive in the primary system 49

Faster rates of noncondensable gas
injection have resulted in loop flow stalling ¥
In another Semiscale experiment, an injection
rate of 0.01% system volume/second was
sufficient to cause flow stall in the single acuve
loop. This flow stall behavi,or was often
followed by rapid increases in the system
pressure and subsequent compression of the gas
blockages. Condensation eventually raises the
liquid level in the upflow sides of the steam

encrator U-tubes to the tops of the upper
-bends. /4 liquid bridge with the downflow
sides of the U-tubes forms, and flow quickly
restans. After flow restart, the noncondensable
gas mixes and circulates with the primary
coolant. However, as the amount of
noncondensable gases increases, flow may not

64

restant in all of the sieam generator Uaubes, In
this case, noncondensable gas from U tubes
with restarted flow may e tedistributed 0 other
stalled Uqabes ¥

4.4.2 078G Plants

Espenimients performed by EPRUSRIY
mvestigated the eftects of nenvondensable
gases on two-phase natural cireulation in » sl
facility with a OTSO nype plant design
Nurogen gas volumes up to 1.5% of the system
volume at the sy tem tempersture and pressure
were injected into the lower hot leg of the
single active loop. lmjection of nitrogen gas
caused increases in the tempersture and pressure
of the primary system. Pressure increases
resulted in the condensation of voids in the
upflow section of the hot leg which
significantly reduced the driving head tor the
flow. Consequently, the primary systom mass
flow rate was reduced **

4.4.3 Summary of Effects of
Noncondensable Gases on the
Primary System

Experiments conducted 1n facilities with
UTSGis 19459980 g with O18Gs ™ have led 1o
the conclusion that adequate heat rejection i
possible  with  plausible  amounts ol
noncondensable gases dunng two-phase natural
circulation. The imporiant parameters during
two-phase naturgl circulation are the same as
those listed for single-phase natural circulation
in Section 3.4 However two.-phase natural
circuiation is more tolerant of noncondeasahle
gases than single phase natural curcalation. *”

Limits on the amounts of noncondensaple
gases that can be accommodated by & system are
difficult 10 define. The Semiscale experiments
demonstrated that adeguate heal removal wis
possible with nitrogen gas ocoupying 13% of
the total system  volume.!% 89 The
noncondensable gas experiments vonducted by
EPRISRI concluded that the amoum of
noncondensable gas that can be accommodated
by @ system 15 determined only by the design
pressure limits of the system Y

Combustion Engincering Owners Group
Emergency Propedures Guidelines provides a
reference  point  for  estimating  this
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noncondensable gas limit. They state that the
overall primary-lo-secondary heal transfer
coefficient will be degraded by approximately
3% and the pressure will increase by about 2%
due 1o the presence of a noncondensable gas
volume that consists of the sum of the air in the
refueling water, hydrogen in the primary
coolant, and hydrogen in the pressurizer vapor
space 52 They further conclude that this amount
of noncondensable gas in the primary sysiem
will not preciude the transition from two-phase
natural circulation to single-phase natural
circulation 2

4.5 Eftects Due to
Secondary Side
Conditions

Conditions on the secondary side of the
steam genermtor directly affect the heat transfer
from the primary 10 the secondary through the
stean generator tube walls. Previous sections
emphasized conditions in the primary loop and
their effects upon natural circulation phenom -
ena. This section discusses the effects that
secondary side conditions can have on two.
phase naturi! circulation in the primary loop.

A specific congern regarding the steam
generator is the conseguences that could occur if
the secondary side heat sink 15 lost or degraded
during a transient. The primary side may not be
sufficiently cooled if primary coolant is being
gradually depleted. This could eventually lead to
core vouding and dryout.

As was the case for single-phase natural
circslation, the main secondary side parameters
that directly affect primary-to-secondary heat
transfer aie the temperature, flow rate, and hguid
level. Other factors can indirectly affect the
primary-to-secondary heat transfer by
influencing these parameters. They include
relief valve behavior, feedwater injection, and

emergency feedwater behavior during @

transient. Procedures wsed 1o regulate the
secondary side conditions during a transient
will indirectly anfluence the primary-to
secondary heat transfer.
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4.5.1 UTSG Plants

Experiments have shown that low
secondary inventories can affect two-phase
natural citculation. 'Y 2542 Alsa. it has been
demonstrated that unbalanced loop secondary
side conditons \n multiloop systems can lead
to flow stall or oscillmtory flow behavior i
two-phase natural circutation *¢ Results from
VAOUs experiments investigating these issues
are discussed in the following paragraphs

4511 Raboed Secondary ITnwniory
The Semiscaie Mod-2A faciliy was used to
examine the behavior of natural circulation in a
PWR geametry. ' In these experiments, the
effect of reduced secondary mass inventory on
natural circulation cooling in a UTSG was
inverigated.

In the Semiscale tesis, coolant was dramned
from the primary system ontil the peak two
phase mass flow rate was reached (-~ 5% mass
inventury ) The secondary side was maintained
at a relatively constant satutation pressare
while the secondary hiquid Tevel was reduced in
discrete increments, and maintnined with feed
and bleed 'Y Results were obtained for both
single- and two-loop configurations, at two
different core power levels,

The primary loop mass flow rate as a
function of secondary side collapsed hquid level
s plotted i Figure 4.7 far the single loop
Semiscale configuration ' Reduction in
secondary side hquid level had no signiticant
effect on mass flow rate for liguid levels greater
than S0% of normal. At hguid levels below
SO%. the primary mass flow rate decreased and
large oscillations i this flow  rate  wer
observed. However, heat removal was still
adequate. 19 Testing with the two-loup config-
arahion showed behavior gualitatively and
quantitatively similar 1o that for the single-
loop system.

In o similar experiment conaucted in the
LSTF (ST-NC/SGO3), the secondary inventory
was reduced in discrete steps under o peak two -
phase flow condition (75% mass inventory, 5%
core power) 4 The results demonstrated that the
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Figure 4-7, Two-phase natural circulation cold leg mass flow raie vesus secondary inventory in the
Semiscale facility |¥

66



e e

S L

O S SRR ————————————— SN S— e ——— e e—a——"—n——_——pe e n—e C——— S
=

effective overall heat transfer coefficient s are
proximately constant for different secondary
liguid levels Bascd on Equation 413,
this implies that the total heat transfer is
directly proportional to the heat transler areq
below the collapsed ligmd level Figure 4.5
shows that the value of the overall heat transter
corfligient based v the effective heat transter
sted ranged between 20 and 2.5 KW/m'K
(11419 and 14274 B/ F) for two-phase
natural circulation 42

4.5.1.2 Unbalanced Loop
Secondary  Conditions. During the two
loap Semiscale experiment, the effect of
unbaluncing the two  secondaries was
investigated by reducing the liquid level i the
broken loop steam generstor. This Jevel was
reduced n discretc  stepy while  cop tant
conditions were mamtmined in the intact loop
secondary . Note that in this contead. the broken
joop refers to the small Semiscale loop
simulating & single loop in the reference PWR
(in this discussion it does not imply a LOCA),
Similarly. the intact loop refers to the large
loap in the Semiscale facility (which simulates
three loops in the reference PWR)Y A flow
reduction  ceurred i the broken loop primary,
but little change took place 1n the intact loop
flow rate. Periochic stalling and unstalling of the
broken loop flow occurred at secondary
inventories below S0%, ax shown in the
transient mass flow rate data of Figure 4.8 19
This osciliatory behavior was due to voud
formation in the upper U qube U-bends, which
disrupted the flow, Some voids gradually
collapsed and caused a rapid restart of the flow,
followed by more cyeles of void formation and
collapse. Figure 4.9 shows the broken loop
flow rate and the collapsed higwd levels in the
shortest U tubes apflow and downflow sides.
The conditions just prior to flow restart are
depicted in Figure 4-10; note that flow was
sometimes observed to switch back and forth
between the short and long U-tubes

In & multi-loop system, two conditions
appear necessary for oscillatory  behavior 1o
ocour in one of the loaps. First, enough of the
steam  generator Uctube surfaces must be
urcovered to degrade the heat transfer rate and
thus allow voids 1o disrupt the flow in the
Ulubes, Second, the degraded steam generator
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must have o sink emperature lower than the
primary sysiem temperature so that vinds can be
collapsed after Nlow stall has occurred. 1 was
observed thut the oscillitory period shonened
and the flow excursions reduced o bried stnlm
s the secondary level was further reduced ¥

4520756 Plants

Secondary hquid Jevel s g very imporiant
parametr in determining primary to-secondary
heat transtor i plants with OTNGs. A Joss of
the stosm generator as & heat sink s possible f
the pramary collapsed liguid level s above the
secondary collapsed liguid level and EFW is not
aviilable. This situation can ocour during two-
phase natural circulation f @ steam bubble
forms in the hol leg “candy cane” region and
temporarily interrupts the flow The higuid
distribution during  flow intersuption s
illustrated in Figure 2.5,

Action of the mjected emergency feedwater
can significantly affect natural circulation
cooling in PWRs with OTSGs The degree 1o
which the tubes are wetted by the EFW and the
flow distribution over the tubcs also affects the
heat transfer ** These effects depend mumnly on
the EFW injection rate, and the possibuiity of
secondary side flooding ncar the tube support
plate (TSP An analytical study predicted the
possiblity for Now reversal in the unwetted
tubes for conditions typicel of the MIST
facihty. ¥ It concluded that with a large number
of tubes wetted, density differences can cause
internal  circulation, driving  primary  Now
upwards in the unwetted tabes 011 wnknown
whether the occurrence of this phenomenon has
been verified in the Multiloop Integral by stom
Test (MIST) tucality.

In the Once-Through Integral System (OT18)
SBLOCA tests™, a lower sloams generalor water
level (308 m (10 f1) versus 11.6 m (3K 1))
resulted 1 a later transitiorn to the boiling
condensation mode. This ccuned  because
primary inventory had 1o be draned unul the
steam genetator primary hquid level fell below
the secondary liguid level Note that in this tesy,
the secondary hguid level corol impacted the
avatabibty of EFW. Had EFW been available,
hgh-level EFW bailing condensation would
have oocurred as soon as the Steam generaiur
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U-tube continuous two-phase flow, a fill
and-dump flow pattern in the U tubes. or a
combination of the these phenomena *0 Note
that Semiscale-MOD2 (5% core power) und
LOBI-MOD2 (3 5% cors power) tesls also
exhibited oscillatory bohevior during two.
phase natural circulation. 0% Ulgbe flow
stalls and oscillatory dufferential pressure
responses indicate thai the cyche fill and dump
phenomens may have also occurred in the
Semiscale tests. 203 The oscillations in the
LOBI facilty at 75% mass inventory (transition
region between (wo-phase natural circulation
and reflux condensation) were attributed (o 4
syphon condensation phenomena simiar to the
cyelic fill and dump phenomeni described
ecartier 54

At mass inventories between 709 and S5%
in the LSTF experimenis, the U-tibes emphed
of  liquid, The transition to the reliux
condensation mode of natural circulation
occurred in all tubes by the time the mass
inventory reached S5%.°% Figure 411 shows
that some individual tubes may start reflus
before others. For example, i steam generator
B. the longer U -tubes began reflux at o mass
inventory of approximately 70% . whereas the
shorter U-ubes did not begin the reflux
condensation mode until the mass inveniory
was reduced 1o approximately 609

4.6.1.2 Nonuniform U-tube Flov
Due to Secondary Side Effects One cause
of nonuniform Ustubho flow 15 & reduced mass
imventory in the steam generator secondary
side. Semiscale tests showed that laige Now
oscillations occurred in the primary loop for
secondary mass inventories velow 50% 19
These oscillations were apparently caused by
tapid accumulation and collapse of voids i the
Usbends  of the steam  generator tubes 'Y
However, the oscillations had a negligible
effect on core decuy heat removal. Testing with
i two-loop configuration showed that the toops
behaved rather mdependently, implying the
effect of reduced secondary inventory s
nonuniform U -tube flow which, in turn, leads to
unsteady loop flow ¥

4613 Nonuniform U-tube Flow
Due to Noncondensable Gas Fffects A
second cause of nonuniform U-tube Now is the
presence of nor condensable gases in the steam
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generator U qubes. Semiscale tests demonstrated
that f noncondensa®hle gas  (nitrogen) s
mpected into the steam penerator U-tubw inlet at
a sufficient rate (001% of the system
volume/s), nonumform Udube flow results. 1Y
The flow w some tubes «all because of
noncondensable gas accumulation in the tube
Usbend. The resulting reduced heat removal
capability of the steam generator will initiate
rise an pressure  that compresses  the
noncondensable gas bubble If the gas bubble
in g Usgube is compressed sufficiently 1o allow a
hiquid bridge 1o form between the upflow and
downflow sides of the U tube, Now will guickly
restart an the  Ustube,  pushing the
noncondensable gas out of the tube. The gas
expelled from a tube after flow restart may
become well mised snd Circulate with the
primary coolant, or it may be redistributed 1o
another statled U-rabe. the vessel upper head,

pressurizer, of some other location in the
primary loop. The migration tendencies of
noncoudensable gases i the primary loop
during two phase natural circulation are not
completely understood

4.6.2 Nonuniform Loop Flow

Trunsiion between modes «{ natural circe -
lavion often produces nonunifurm loop flow
phenomens  because  of  loop  stalling,
unbalunced loop conditions, etc. Typically,
this complex switching of natural circulation
modes produces flow conditions that are both
unsteady and nonuniform. In ransitions from
one natural circulation mode 1o another,
nonuniform loop flow can exist in plants with
either UTSGs or O1SGs

4621 Nonuniform lLoop Flow in
UTSG  Plants. Section 4.6.1.2 indicated that
reducing the secondary mass inventory in the
Semiscale facility resulted in Peorge flow
oscillations in the primary Joop.'¥ These
oscillations  appeared 10 be  caused by
nonuniform U-tube flow, namely the rapid
accumulation and collapse of voids i the
U-bends of the steam generator U-tubes.
Nonuniform Ustube flow with a normal
secondary hiquid level did not have a significant
impact on the differentinl pressure across the
steam gencrater (Section 4.6.1.1) Thus, a
reduced secondary mass inventory (less than
S0% normal inventory) combined with




nonuniform U -tube behavior may lead 10 a
nenuniform loop flow 'Y

The effect of unbalancing the secondary
sides of the two loops in the Semuscale Mod-2A
facility was also investigated ' The liquid level
in the droken loop secondary was reduced in
discrete steps while maintaining  constant
secondary conditions 1n the intact loop. Below
a secondary inventory of S0%. periodic stalling
and unstalling of broken loop flow occurred
with linle effect on the intact loop.'% The
anbalanced secondary sides caused & nonuniform
loop flow in the primary system.

4622 Nonuniform Loop Flow in
OTSG  Plants.  Experimental  evidence
indicates that flow instability is common
during two-phase natural circulation in OTSG
plams. Section 2 discussed the unsteady
(intermittent) circulation exhibited in OTSG
planis during two-phase  natural circulation .
The discussion in Section 2 was based on results
observed in the OTIS facility.?d Similar
behavior has also been observed by EPRI/SRI
in a test facility modelled after Three Mile
Island Unit 2 (TM1:2),% in the UMCP
focility,*® and in experiments conducted by
Argonne National Lab (ANL) 86876869 The
UMCP facility exhibi’ d an intermittent type
circulation described ax the Interruption-
Resumption Mode (IRM). % In the EPRI/SRI
facility, natural circulation flow changed from a
stable 10 an oscillatory mode at 90% mass
inventory.2? Figure 4-1422 shows temperature
traces at the 90% mass inventory level, The
two-phase flows were described as near-single -
phase-stable (NSPS) and near-single-phase-
oscillatory (NSPO). In the NSPS mode, the core
flow is approximately constant, and in the
NSPO mode. the two loop flows are in phase and
produce oscillatory core flow. Al a primary
mass inventory of 77%, the two-phase natural
circulation was still oscillatary. At 69%
inventory, the system settled into a differen!
oscillatory pattern and a slightly higher
frequency than the NSPO mode, This latter mode
was calied very-large-peak-flow (VLPF) natural
circulation.® ¢ Figure 4-15 shows the
temperature traces through the 77% and 69%
mass inventory periods of time 22 1t is clearly
shown that duning the VLPF period the two
loops were no longer in unison. Thus,
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nonuniform, unsteady loop Now occwred durng
the VLPF period.

Alternate flow paths s another poteniial
mechamism for flow regulanty. Reference 65
calls this type of nonunifermity Multi-Channel
Instability. In the UMCP facility, sltiemate flow
paths include two complete loops cach
consisting of two cold legs. Other paths are
from the vessel to the upper regions of the
downcomer through the reactor vessel vem
valves. ®* Thus, several equivalent energy
removal flow states can exist and unstable o
can occur when transitions between these flow
states are possible 5

A third source of nonuniformity in loop
flow in OTSG plants is due to flow geometry
effects %5 For example, manometnic oscil:
lations between connected liguid legs can be
caused when vouds form because of primary
mass inventory depletion ®* Manometric 1ype
oscil-lations have been observed in the UMCP
facility,®® the MIST faciluy. ™ and in experi:
ments conducted by ANL 5%

4.6 3 Summary of Nonuniform Flow
Effects

In summary. nonuniform and nonsteady
flows are common m two-phase natural circu-
lation. This includes both noouniform tube flow
in UTSG and nonuniiorm loop flow in both
UTSG and OTSG plants. Investigation of
nonuniform primary flow is important for two
main reasons: (a) there exists a strong coupling
between primary flow and heat transfer during
two-phase natural circulation, and (b) flow
instabilities may cause operational confusion
because most flow instabilities can be observed
through temperature and pressure monitors 4
Therefore, they must be identifiable and
understood even if they do not jeopardize
adequate core cooling %%

In the UTSG plant design, two types ol
ponuniform flow have been observed in integral
test facilties during two-phase natural
circulation: nonuniform U-tube flow. and
nonuniform loop flow. Types of nonumform
Ustube flow include:

o  U-wube flow swall and/or reversal (see
Section 1 h)
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Figure 4-14. Temperature traces during near-single-phase stable and near-single-phase-oscillatory two-
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¢ Uqube flow  stall  caused by
noncondensable gas blockages in the
steam generator U-tubes (see Section 4. 4)

¢ A cychic fill and dump flow behavior

¢ Oscillwtory U-tube flow resulting from low
secondary hiquid levels (see Section 4.5)

Nonuniform flow within & primary cireu-
lation loop may be caused by transitions
between the different natural circulation
modes, unbalunced conditions  between
different primary circulation loops (ie.,
unbalanced secondary conditions), of from
nonuniform U-tube flow 0 one or more

imary loops (Le, cyelic Gl and dump
havior),

Nonuniform flow duning two-phase natural
circulation in plants  with OTSG designs
results from the following

. Intermitient circulation (see Sections 2
and 4.2.2),

. Multi-channel instability.
. Flow geometry effects.

. Nonuniform EFW  behavior  (see
Sections 1.5 and 4.5.2)

4.7 Summary

In two-phase natural circuladon, vapor is
peoerated in the core and flows along with the
saturated liquid to the steam generator where at
least son.e of the vapor is condensed. Deusity
gradients and, hence. the mass Nlow rate are
iffected by the presence of voids and by
temperature differences in the loop. The most
important parameter affecting heat removal
from the core dunng two-phase natural
circulation is the loop mass flow rate

For natural circulation in plants with
UTSGs, the mass flow rate in the primary loop
reachies its maximum value when voids occupy
most of the volume in the upflow sides of the
Ustubes, but altnost none of the volume in the
downflow side. Once voids begin to flow mio
the downflow side of the U-tubes, th loop
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mass flow rate decrewses. As the primary mass
inventory 1s further reduced, the loop mass
flow rate eventually approaches zevo and
continuous two-phase flow s L . This
defines the transition from (wo-phase natcral
citcalation 10 reflux condensation natural
circulation,

For plants with OT8Gs, flow behaviar is
stnilar to that in UTSG plants as long as voids
are entrmined in the flow and pass into the
Seam generator tubes. Once voids begin 1o
volleet in the upper U-bend region of the hot
leg. flow interruption may tuke place.
Depending on conditions in the primary loop
and secondary side of the steam generator,
flow interruption could last for an extended
period of time and/or lead 10 an intermittent
clrculation. As primary inventory is lost, twe -
phase (or intermittent) circalation will be
- daced by ‘he boiling condensation mode of
natural circulation.

Two-phase natural circulation provides an
sdequate means of removing decay heal from
the core ** Because of additioral hest transfer
through condensation, the required primary-to
secondary iemperature difference is nol as
large during two-phase natural circulation as
during single-phase natural circulation.

Correlated express ons for two-phase
natural circulation mass flow rate . maximu
mass flow rate, and effective overall heat
transfer  coefficient were presented in
Section 4.3

It was noted in Section 44 that
noncondensable gases can  produce flow
stalling in some U -tubes in plants with
UTSGs, and can re “uce the flow rates in plants
with both UTSGs and OTSGs, of present in
significant quantities. When noncondensable
gases caused complete flow stall duning two-
phase natural circulation tests, subsequent
Increases in pressure  were observed 1o
compress noncondensable gas blockages so
that the natural circulation flow could restart.
In comparison with single-phase natural
circulation, two-phase natural circulation was
found 1o be more toleram of noncondensable
pases. The effects of noncondensable gases
were summanized in Section 4.4.3,
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Conditions in the secondary sides of the
steam generator can affect pnmary conditions
in two-phase natural circulation. At secondary
mass inventories below S0% of normal,
oscillatory and/or nonuniform behavior in the

loop can result. Also, actions of the
secondary wide feedwater and relief valves can
affect primary loop conditions. Duning two-
phase natural circulation, nonuniform and

nons'eady flows frequently oce i UTSGs and
also in the primary loops of both types of

KO

mu. The different types of nonuniform flow
vior occurring in UTSG and OTSG plant
designs were summarized in Section 4,63,

In  summation. (wo-phase natural
circulation behavior ¢an be much more
complicated than single phase natural
circulation behavior because of the large
number of two-phase flow pattern, that cun
occur within the primary loop
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5. REFLUX CONDENSATION/BOILING
CONDENSER NATURAL CIRCULATION

5.1 Introduction

The singl2- and + vo-phase modes of natural
circulation were discussed in Sections 3 and 4.
The third mooe of natu il circulation occurs
when the flow through the steam generators it
no longer a contineous two-rase mixture, Vhe
fluid distribution is charactenized primarily by
vapor in the upper elevations of the loop and
liquid it the lower loop elevations. The vapor
genera'>d in the core flows through the hot legs
and is condensed in the steam generators. This
type of natural circulation is called either the
reflux _ondensatior. or beilor condenser mode,
Gepending on the type of steam generator.
Reflux condensation refers to plants with
UTSGs. The boiler condenser mode (or boiling
condensation moed:) applies 1o plants with
OTSGs. Reflur doiling condensation nas been
demonstrated as a viable means of decay heat

removal in  several integral tes!
fa‘lh“es_:(\.2‘.2“,‘“.55.5&

The general charactens''cs of the reflux/
boiling condensarion modes of natural
circulation are discussed in Section 5.2
Sections 5.3 through 5.6 address analytical
expressions used to describe reflux/boiling
condensation, the influence of noncondensable
guses, the effects due to conditions in the
sect ndary sides of the steam generaiors, and

no “.am flow, respectively. The
obses *ni curclusions concerming this
mode ¢ 4 circulation in PWRs will be
summana m Section 5.7,

5.2 General Characteristics

Section 2 briefly described the general
phenomena associated with the reflux conden-
sation and the hoiler condenser modes of natural
circulation. This <zction will focus on the
observed general - naracteristics exhibited by
these natural circulation modes.

The flow phenomena associated with these
two modes of natural circulation differ, so each
will be addressed separately. However, the iwo
modes do share similar characteristics. Fo,

Rl

example, during both reflux and botling
condensation, primary-to-secondary heat
transfer is ac.omplished through vapor
condensation in the steam generators. This heat
transfer 18 very effective uue 1o the high latent
heat associated with  c¢ondensation.
Consequently, removal of decay heat from the
core during reflux/boiling cordensation does
not require large mass flow rates or large
primary-to-secondary temperatez2 differences.
Small mass flow rates and primary-lo-secondary
temperature differences are charactenstic ol
both the reflux condensation and the baodler
condenser modes of natura cirvulation

5.2.1 Retlux Condensation, UTSG
Pilants

in plants with UTSGs, reflux condensation
occus when sing o-phase vapor geaerated in
the core flows through the hot leg piping to the
UTSGs. and is condensed in both the upflow and
downflow sides of the steam generator U-tubes
(Condensate in the upflow sides of the steam
senerator U-tubes drains back to the hot leg and
eventually back to the vessel along the bottom
of she hov weg. A counter-curreri flow of hiquid
and vapor exists in the upflow sides of the
steam generator U tubes and in the hot leg.
Condensate in the downflow sides flows into
the cold leg pump suction piping cocurrently

with any uncondensed steam. The reflux
condensalion  Process (shuwintg liquid
v i

distribution) is depicted in Figure §-1.

Figure 2-3 1s a flow map of PKL natural cir-
culation data.2*7" This figure illustrates the
characteristic <mall mass flow rates and
primary-to-secoadary temperature differences
exhibited by reflux condensation, as compared
with the single- and two-phase modes of natural
circulation. Additionally, during normal reflux
condensation, there is no temperature ditference
between the steam generator inlet and outlet
plena *?

In the absence of noncondensable gas=s and
for normal secondary side conditions, exper: -
merts have demonstrated an equal split of
condensate in the upflow and downflow sides of

e



Figure 5-1. Schematic of liquid distribution during reflux condensation. 3



the steam generator U-tubes 2024 This phen-
omeny is depicted in Figure 24 for a single
Ustube, Vapor condenses a!l along the nner
surface of the steam generator U-tubes and then
drains into the steam generator inlet and outlet
plena, The equal condensation split appeared 10
be independent of core power. secondary inven-
tory, and primary inventory in Semiscale exper-
iments 2V The independence from core power is
especially mteresting, considening that signi-
ficantly different U-tube flow behavior occurs

between low and high decay heats. At approx -

imately 1 5% decay heat, the U-tubes were
vapor filled with a film-wise condensation,
while at approximately 3.0% decay heat, hqud
holdup (due to flooding effects) occurred in
sorx U-tubes. 29

During reflux condensation natural ourcu
lation, the condensate draining back to the core
provides little ceoling compared with the
boiling and subsequent condensatior n the
steam gencrators. The important contribution
made by the liquid fall-back 10 the vesses is in
providing cuculation 10 maintain a two-phase
froth 'evel that covers the core >0

Following continuous two-phase natural
circulation. liguid in the steam penerator
U-tubes will drain into the steam generator
plena. In the upflow sides of the sicam
generator U-tubes, the liquid must drain against
a steam counterflow. The rate of liguid drain
from the upflow sides of the steam generator
U-tubes may be himited by the interphase drag
force. Such a restriction is termed counter
current flow limitation (CCFL) or flooding.
Flooding generally occurs at flow area
restrictions or at locations where flow changes
direction. Natural circulation experiments in
tests modeling UTSGs have shown flooding at
the hot leg bend® 7172 and at the U-tube
inlet 265157637374 The results of these
experime s are discussed in greater detail in
Section 5.6

Physically, flooding (also referred 1o as
CCFL) s the limiting condition whete the flow
rates of beth the vapor and the liquid cannot be
increased further.”" Thus, for a given upward
fMow of vapor, there is a maximum downward
flow of liguid, above which the liquid cannot
flow through the passage. Conversely, for a

K3

given downward flow of liquid, there exists a
maximum upward flow of vapor, above which
the vapor cannot flow through the passage ’$
The locus of these points forms an envelope of
all the maximum flow rates of the two-phase
flow system. ' Numerous experimental and
analytical stuches have proposed correlations 1o
predict this hehavior for a wide range of flud
properties and test conditions, ™ - 9%

q¢ Wallis correlation 1s a weil knowrn,
commonly used foooding correlation expressed
as 1476
] [
.7 " Wy |
{ |‘r +Mr =C s

(5-1)
where
1
. 2 13
J;'[ I Py : (8.2
gD (pr-py)
ke T
j;n[ o penary (5-3)
gD (py- P!l

and

1t = hquid superficial velocity
(h - %)

g = vapor superficial velocity
= )

Y = liquid volumetric flow rate

Qy = vapor volumetric flow rate

P = Nuid density

Py = steam density

D = Usaube pipe diameter

accelerntion due 1o gravily
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m = gas intercept (¢ = 0) divided
by liquid intercent (j; = (),
For wrbuleny flow, m = 1.0%

¢ = correlation parameter (¢ =
0.70 - 1.0)

hyy = latent heat of vaporization.

Another widely accepted corelation is that
proposed by Kutateladze®" for total flooding
(e, zero liquid downflow). This correlation
assumes a constan! value for the Kutateladze
number, K g, defined as

Ke _{_,*_JL:_BJ_MF
\[;;\pr " Py

where 0 is the surface tension. The constant
value of Kg has been determuned empirically to
range between 1.8 and 32 ¥ An additional
correlation based on the Kutateladze number, in
& form analogous to Equation 5-1, has been

proposed by Tien®’

! 1
(K‘)z *ﬂ\(xg)z =C)

(4

(5-5)

where m and ¢; are empirically determined
correlation parameters. Equation 5-5 has been

used to grediu flooding with considerable
success.?
Both the Wallis and Kutateladze

correlations have general utility and wide
acceptance.” Generally, use of the Wallis
correlation is preferred when the value of the
dimensionless diameter or Bond number (Bo),
defined as

gpy - &1)5

BorD("‘ = (5-6)
o

is less than approximately 30. For larger values
of the Bond number, the Kutateladze correlavion
should be used 77 #1

x4
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5.2.2 Bolling Condensation, OTSG
Plants

The boiler condenser  (boiling
condensation) mode of natural circulation
occurs in OTSG plants. The discussion in
section 2 noted that during this mode of natural
circulation, vapor generated in the core flows
through the hot legs to the OTSGs and s
condensed 1n the vertica! steam generator tubes.
Because of the plant geometry (see Section 2)
there 1s no counterflow of steam and condensate
in the hot leg. Steam and condensate flow
cocurrently through the steam generator tubes
inte the cold leg suction piping. Boiling
condensation is depicted in Figure 2-8

There are two types of boiling condensation
modes in plants with OTSGs. Pool boiling
condensation occurs when the primary side
vapor is adjacent to the secondary side ligud, or
pool. Thus, pool boiling condensation requires
a primary liquid level that is below the
sveondary  liquid  Jlevel. EFW  boiling
condensation occurs when the primary side
steam is condensed by EFW sparger spray near
the top of the OTSG. Experiments in the OTIS
and MIST facilities confirmed that both types
were eifective in decay heat removal. 28.5¢ EFW
boiling condensation for a single tube is
depicted in Figure 2-9. Note that the radial,
axial, and azsmuthal penetration of EFW under
vapor upflow conditions 15 much more
complicated than Figure 2-9 depicts. The actual
flow distribution is strongly dependent upon
the EFW flow rate 2930 Flooding at the tube
support plate in the secondary side of the OTSC
also has a significant influence on the AFW
fluid distribution. 29,30

5.3 Analytical Expressions

§.3.1 Mass Flow Rate and Inventory
Fraction

Duffey and Sursock *! derived mass flow and
inventory fraction expressions for all three
mades of loop natural circulation, assuming
that the transients under consideration were
quasi-steady. The lower limit of the loop flow

R ——
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reflux condensation and the oscillatory flow
pattern was quantified by a Wallis-type flooding
correlation. The transition between the
oscillatory and the carryover modes was shown
10 be in reasonable agreement with derived
corrciations using two different dimensionless
vapor velocities.

S.A.3.10 Transition 10 the Oscillatory
Mode. The transition from classical reflux
condensation 1o an oscillatory flow pattern can
be set at the U-tube flooding limit, The Bond
number, Bo, i the University of California at
Santa Barbara experniments was approximately
6. Because the Bond number was less than 30
(st. Section 5.2.1), the use of a Wallis-type
flooding correlation w0 predict the U-tube
flooding fimit was justified. 77*! The general
form of the Wallis flooding correlation is
described in Section 5.2.1  (Equations 5-1
through §-3). UCSB experimental data support
the following flooding correlation to signal the

transivon  from the reflux mode 10 the
oscillatory mode in U-tubes,?5

1 !
(g + (P =08 (5-10)

Note that the tube diameters in the UCSB
experiments [16 mm LD (0629 in.)| are
comparable 10 those of most steam generator
istubes [IR mm LD, (069 in.)}, so that similar
transitional flooding characteristics would be
expected. S

Based on Equation $-10, the transition 10
the oscillatory mode, with no hquid downflow,
occurs when

jg = 064, S0

An expression for the core power in terms of jy
can then be used with Equation $-11 10 calculate
the core power that imtiates the transition (o
the oscillatory mode. Assuming all core power
BOES 10 vaporization (Le., no subcooling), then

= . . - (5-12)
Pg A hgg

Substituting Equation 5-12 imo Equauon 5.3
and solving for the core power gives

-

Dipy - py)
Py = ppAhgy 13 ‘Vg ,:;F,‘p'. , (513

Thus, assuming no liquid downflow, the substi-
ttion of 0.64 for j¢ in Equation 5-13 yields the
core power that imtiates the transition from
classical reflux condensation to the oscillatory
maode

Consider a sample 4-loop W type PWR with
a rated power of 3411 MW, Assume there are
5626 U-tubes per steam generator and each
U-tube has an mner diameter of 00178 m
(0688 in) Table 5-1 indicates the core power
values necessary to initiste the transition to the
oscillatory mode in the steam generator U -tubes
under two different primary conditions. In
Table 51, an active loop refers to one in which
the steam genera.or is capable of removing
decay heat. It is assumed that no flow passes
through an inactive loop, and that there s no
liquid down-flow in the upflow sides of the
steam generator L-tubrs.

The distinctive characteristic of the
oscillatory mode is the liguid holdup and
subsequent liquid column buildup.?® The liquid
column in the riser part of the U-tube exerts a
back pressure on the core, reducing the amount
of hquid available for core cooling The UCSB
research included the developmemt of an
analytical model for the U -tube liquid column
buildup. It was noted in Reference 25 that
aaditional validation of this mode! s needed,
espectally under conditions of high primary
pressures,

A space and time averaged two-fluid model
was alse derived in Reference 25 This model
calculated the wall and interfacial shear stresses,
using the averaged measurements of the rwo-
phase condensation region below the liquid
column in the upflow side of the L'-tube. An
interfacial shear stress model, called the slug-
churn model, was developed by UCSB by
modifying the model in RELAPS. This model
was  based partiaily on experimental
ohservation. The calculated shear siresses
showed good agreement with the empirical
results 23
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Table 8-1. Calculated required core power ‘or transition 10 the oscillatory mode in steam generator

U-tubes 1n @ sample PWR plant design (w0 primary conditions).
Number of Active . Power Percent of rated
Pressure Loops I MW) plant_power
7.0 MPa <4 (.64 46 10.2
(1015 psia)
7.0 MPa 1 (.64 K6 4 2.56
(1018 psia)
§.3.3.2 Transition to the Carryorer 5.4 Effects of
Mode. The transition between the oscillatory Noncondonnblo Gases

mode and the carryover mode occurs when the
vapor velocity is sufficiently high (o nitiate
and sutiain a cocurrent flow of vapor and
condensate over the U-tube U-bends 3
Correlations used by UCSB to define the
transition to the carryover mode inciude the
nondimensional superficial vapor velocity and
the Kutateladze number defined in
Section 5.2.1. UCSB experiments discovered
that the carryover mode is associated with
relatively high vapor velocities. The carry-over
mode is characterized by the following ranges
for the dimensionless parameters j; and Kg:

075 <jg<l2 and 19 <Ky <31,

The transition 1o the carryover flow mode in
all the steam generator U-tubes may signal a
transition to the continuous two-phase mode of
natural circulation.

Assuming all the core power goes (o
vaporization, Equation 5-4 and bquation 5-12
can be used to obtain the following ¢xpression
for the core power in terms of Ky

. pa) 1174
m—p-'-f p’»} (5-14)

P = pgAhjy K g[
Pg

Tables §-2 and 5-3 use Eouations 5-13 and 5-14,

respectively, to calculate (for the sample PWR,

Section §.3.3.1) core powers necessary o

initiate the transition 10 the carryover mode in

the steam generator U-tubes

L]

The cffect of noncondensable gas on
condensation heat transfer can be significant, A
considerable amount of literature is devoted to
this subject. Section 5.4.1 presents a very brief
overview and discussion of issues associated
with condensation in the presence of
noncondensable gases. This information 1
intended to establish a foundation for
subsequent discussions in Sections 542 and
§.4.3, concemning noncondensable gas effects
on reflux condensation in plants with UTSGs
and boiling condensation in plants with
OTSGs, respectively.

The behavior of plants with UTSGs during
reflux condensation is significantly different
from the behavior of plants with OTSGs during
the bailer cuodonser made, The pnmary concern
regarding noncondensable gases during reflux
condensation in plants with UTSGs is that
gases will accumulate in the steam generator
U-tubes and disrupt the condensation of steam
from the core. Noncondensable gas expeniments
have been conducted at Semiscale,!?24
PKL 299 and FLECHT-SEASET 4% facilities,
and by EPRI/ SRL.'%C Important phenomena
discovered in these experiments are discussed in
Section S4.2.

In the case of a OTSG plant, the main
question is whether steam genertted in the core
cun reach a condensing surfac .n the steam
generators, Experiments addressing this issue
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mixtures) have observed reductions in the heal
transfer rate of S0% or more, 106107111 Thege
investigations included natural convection
along vertical plates and cylinders immersed in
a4 vapor-gas mixture. Analytical studies of
natural convection along a vertical plate in the
presence of noncondensables have agreed well
with experimentai data, !0%.109.110

Physically, condensation heat transfer
degradation is due to a buildup of noncon-
densable gas along the condensing surface.
Non-condensables are swept along with the
vapor to the condensing surface where the vapor
is condensed from the vapor-gas mixture,
leaving the noncondensables behind, The
partial pressure of the vapor near tne
condensing surface is thereby reduced
(according to Dalton's Law ), due to the resuiting
high concentration of noncon-gensable gas.
This, in tumn, lowers the saturation temperature
of the vapor. and, hence, the thermal driving
torce for condensation is reduced. In this
manner, the noncendensable gas concentration
and the vapor partial pressure control the
condensation heat transfer rate 'Y

Mori et al. observed that a homogeneous
vapor-gas flow is difficult to maintain when
large differences exist between the molecular
weights of the vapor and the gas '
Noncondensables were separated from the vapor
and deposited at a given location in the test
apparatus. % Thus, the system geometry has &
significamt influence on the condensation
process when noncondensable gases are
present. Note that larger heat fluxes were found
in the case of vapor and gas separation as
opposed to the case of a homogeneous vapor
gas mixture.

Hein et al. investigated experimentally and
analytically the condensation of steam in a
U-tube type heat excha‘nfer in the presence of
noncondensable gas. '"' In this experiment,
noncondensable gas was injected, in the form of
a plug, mto a steam fillvd system in four
discrete steps.'®! The researc *ry observed that
the region upstream of the ga  Jdug was cut off
from the steam supply. The temperature in this
region cooled to the secondary temperature
causing a pressure difference across the gas plue
that pushed it towards the U-tube exit. This
behavior eventually yielded a sicady state where
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the U-tube was divided into what was called
‘active’ and 'passive’ zones, separated by a
transition region. '®! In the active zone, which
extended from the U -tube inlet to the transition
region, condensation was virtually unaffected
by the noncondensable gas. In the passive
zone, condensation did not occur because the
steam and noncondensable gas mixture was al
the secondary side saturation temperature, with
the partial pressure of the steam eqgual to the
pressure of the secondary side. This samie
behavior was observed with both nitrogen and
helium as the noncondensable gas '01 The
noncondensable gases effectively reduced ihe
available heat transfer area. Consequently, a
higher  primary-to-secondary temperature
difference was necessary to condense the
incoming steam. The developed analytical
model agreed well with the experimenial
data. 10!

Hein et al. concluded that the nature of the
gas (either nitrogen or helium) was only
relevant in the transition region between the
active and passive zones.'V! Sigmificantly
different behavior was exhibited in this region
for the two different noncondensable gases
used. A short, stablc transition region with a
step-wise change in temperature resulted when
the buoyancy and shear forces exerted on the
gas acted in the same direction. When these
forces acted in opposite d.rections, an
extensive transition zone with oscillating
temperatures was observed.'%! For instance,
assume the transition region is in the up-flow
section of the U-tube and nitrogen is the
noncondensable gas (heavier than steam);
vapor flow is directed upward while the
buoyancy force is directed downward, resulting
in an unstable transition zone.

Similar behavior was observed by Tien et
al. in a condensation experiment in a closed
thermo-syphon with noncondensables. ¥ In
this experiment, noncondensable gases were
swept along with the steam flow to the
condenser end of the thermesyphon. This
process resulted in & high concentration of
noncondensable gases along part of the
condenser, which effectively formed a diffusion
barrier to condensation in that region. This
analytical ard experimental study demonstrated
that concentration and temperature induced
natural convection of noncondensable gases
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EPRI/SRI tests concluded that the amount of
noncondensable gases that could be
accommaodated by the primary system is limited
only by the design pressure of the system,
provided secondary cooling is available 00
This low pressure (< 0.52 MPa (75 psi)
experiment consisted of discrete helium gas
injections (up to 60% system volume) into the
primary system during the refiux condensation
mode. The decay heat was approximately 1%
and the primary mass inventory approximately
20% The primary system was observed ‘o be
highly tolerant of noncondensable gases.
Adequate core cooling was possible with reflux
condensation even with significant amounts (up
to 60 % of the (s)gstcm volume) of
noncondensable gases.'

The low-pressure [0.965 MPa2 (140 psi)]
PKL experiment demonstrated that at 2.4%
decuy heat, an increase in the primary-to-
secondary temperature difference from 2K to 8K
was necessary 1o remove the decay heat because
of nitrogen gas in the steam generator
U -tubes. %Y The nitrogen gas effectively reduced
the available heat transfer area.

Experiments in the low pressure FLECHT-
SEASET facility identified additional problems
associated with noncondensable gases (helium)
in the steam generator U-tubes 4% At a mass
inventory between 35% to 40% and a core
power of approximately 2%, flooding and
consequent liquid holdup was possible at the
steam generator U-tube inlet. Hochreiter and
Rupprecht determined that noncondensable
gases in the steam generator U-tubes enhanced
the liguid holdup effect because more
condensation was forced to occur in the upflow
sides of the steam generator U-tubes 4% Thus,
more condensate must drain from the U -tubes
opposing the flow of steam from the core. It
wat. also observed that helium gas aggravated
loop seal depression effects on the core. The
helium gas increased the back pressure on the
core liquid level and extended the venting period
of gas through the loop seal, prolonging core
Jevel depression. These phenomena are
discussed in greater detail in Section 5.6.

5.4.3 OTSG Plants

There are few experimental invostigations
that studied the effects of noncondensabl gases
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on the boiling condensation mode of natural
circulation. High pressure, cold leg break tests
were performed in the MIST facility ¢ and low-
pressure experiments were conducted b
EPRI/SRI in a facility modeled afier T™M1-2 %%
The results of these experimental
investigations are discussed in this section,

It was found by EPRI/SRI that noncon-
densable gases in the steam generators dictated
the elevation of the condensation region in the
OTSGs. High concentrations of noncon-
densable gas (nitrogen) accumulated above the
primsry side steam generator hquid level.
Noncondensables were swept glong (with the
steam) to the steam generators where the steam
was condensed from the steam-gas mixture
leaving the noncondensable gas behind *Y
Noncondensable gas above the primary side
liguid level impedes condensation, and may
force the condensing region to a higher
elevation in the steam generator. This behavior
contrasts with the observations in a UTSG,
where the condensing region is forced to lower
elevations in the upflow sides of the steam
generator U -tubes. If the condensing region in
the OTSG 1s forced above the elevation of the
secondary pool and EFW is not available, the
heat removal ability of the steam generator may
be temporanly lost.

However, pressure increases were observed
to compress the noncondensable gas volume
sufficiently to expose a new condensing
surface. These observations led to the
conclusion that the pressure limits of the
facility determine the amount of
noncondensable o'“ that may be accommodated
by the system.’

Similar behavior was also observed in the
high-pressure MIST facility %® Helium gas
injection was immediately followed by primary
pressure increases. At one point during a
transient, the primary steam generator hquid
jevel in one loop was S ft below the secondary
liquid level with no primary-to-secondary heat
transfer, indicating the severe impact that
noncondensables can have upon condensation
in the steam generator,>®

MIST tests showed that the behavior using
nitrogen gas was nearly the same as for helium
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gas, implying that convective effects
dominated buoyancy effects 0

Thermal stratification on the secondary side
can further reduce the effectiveness of boiling
condensation in the presence of non-
~ondensables. During boiling condensation,
pr.mary-to-secondary heat transfer occurs in the
uppe. elevations of the steam generator above
the prin.ary side liquid-steam interface. Because
noncondensable gases can dnive the condensing
region to higher elevations in the steam
generator, the secondary liquid 1s heated at the
top and theimal stratification results. Thermal
stratification on the secondary side effectively
reduces the primary-to-secondary temperature
difference, which in turn reduces the primary-1o -
secondary heat transfer. Increases in the
primary temperature are necessary o
compensate for the reduced primary-to-
secondary heat transfer.

5.4.4 Summary of the Effects of
Noncondensable Gases

The effects of noncondensable gases on
cundensation heat transfer can be profound.
Section 5.4.1 presented an brief discussion of
important issues and results from research in
this subject area. A link with this broader range
of literature i1s important because the use of this
body of knowledge will assist efforts to analyze
the effects of noncondensable gases during
reflux/boiling condensation processes in
PWRs.

Section 3.4 listed parameters that influence
the effect of noncondensable gases on the
single-phase mode of natural circulation.
Uncertainties regarding the effects of these
parameters are also relevant for the reflux
condensation and boiler condenser modes of
natural circulation. Until these uncertainties are
resolved, a complete understanding of the
effects of noncondensable gases will not be
possible.

In both OTSC and UTSG plants, the primary
system pressure acts as a correcting mechanism
to compensate for the adverse effects of
noncondensable gases. If noncondensable gas
volumes prevent steam condensation, the
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primary system pressure rises 1o compress the
gas v 'ume and expose an adequate condensing
surfuce. However, the reduced heat transfer area
resulting from noncondensables in the steam
generator requires larger primary-to-secondary
temperature differences. General observations
regarding the effects of noncondensable gases
on reflux condensation in UTSG plants were
listed in Section 542,

The effects of noncondensable gases are
more seveie in the case of OTSG plants. The
heat sink behavior of the steam generator could
be lost if the condensation elevation is driven
above the secondary liquid pool elevation
Additionally, thermal stratification of the
secondary side liquid may effecuvely reduce the
primary-to-secondary temperature difference
(the ihermal driving force). In order to
compensate for these adverse effects, higher
pressure increases may be necessary lo
sufficiently compress the nonceadensabie gas
volumes and expose an adequate heat transfer
surface.

Buoyancy effects between different noncon-
densable gases and steam may also play a role
in  determining the effectiveness of
reflua/boiling condensation cooling. In test
factlities with OTSGs, different behaviors for
nitrogen and helium gases were not observed,
implying that convective effects dominated
buoyancy effects. Hein et al., observed in a
single U-tube experiment that the type of
noncondensable gas was only significant in the
transition region between the 'active’ and
‘passive’ condensation zones of the U-tube. A
short, stable transition region resulted when
buoyancy and shear forces were (n the same
direction. Conversely, an unstable transition
region resulted when bm){'ancy and shear forces
opposed one another.'?! The significance of
these effects is not well understood.

The effects of noncondensable gases on
U-tuve flooding, consequent liquid holdup, and
loop seal depression phenomena are important
issues related to UTSG plants. Flooding
tendencies are enhanced when noncondensable
gases force more condensation to occur in the
upflow sides of the steam generator U-tubes.
These phenomena are discussed further in
Section 5.6.



5.5 Secondary Side Effects

§.5.1 UTSG Plants

Experiments performed in the low-pressure
PKL facility investigated the effects of reduced
steam generator secondary inventory on the
effectiveness of reflux cooling.>* %Y The results
indicated that the primary-to-secondary
temperature difference doubled (from 2K 10 4 K)
when the secondary invemory was reduced 10
uncover half of the steam generator U-tubes.

Results  obtained  from the LSTF
experiments for an overall heat transfer
coefficient, Ke, based upon the effective heat
transfer area (see Section §.3.2), found that Ke
was nearly independent of the secondary
collapsed ligquid level for the reflux
condensation mode. For the $% core power test,
Ke varied between 2.2 and 3.4 kwam'K)
(12561 and 1941.2 Bru/ihft2F). During a 2%
core power test, Ke varied between 1.5 and 2.5
kWA K ) (856.4 and 1427 4 Bu/(hft'#)

The effect of secondary level on the reflux
condensation mode was also examined 0 the
Semiscale facility. ¥ These data indicate that
low secondary levels had hittle influence on the
effectiveness of reflux condensation cooling.

Low secondary inventories or noncon-
densable gases in the steam generator U-tubes,
may promote steam condensation in the lower
portion of the U-tubes, near the tube sheet. The
secondary side water will be waimed at the
bottom, and due to buoyancy, will he well
mixed. Therefore, virtually all the secondary
side liquid will be available as a reflux cooling
heat sink.

§.5.2 OTSG Plants

Section 2 discussed the potential loss of
heat sink behavior possible in OTSGs. In
contrast to & UTSG, where the secondary hiquid
is normally availanle as a reflux cooling heat
sink, only the secondary liquid above the steam
generator primary level is available to condense
steam during the boiler condenser mode,
provided EFW sparger spray is not available
EFW sparger spray ensures the e«istence of a
condensing surface high in the steam
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generators. If EFW is not operable, the
secondary pool level must be high enough to
provide a condensing surface in the steam
generator or boiling condensation cooling will
not occur. As 4 result, the secondary higuid level
IS an important parameler in maintaining
boiling condensation in OTSGs,

As indicated in Section 543, thermal
stratification on the secondary side, n which
hotter water resides at the top of the secondary,
is an important issue in OTSCGs. When the
condensing surface is near the elevation of the
secondary hyuid  level, the primary-to-
secondary teriperature difference in this area
will be reduced because of the hotier water at the
top of the secondary. The effectiveness of
boiling condensation may be diminished as a
result of this thermal stratification phenomena,

§.5.3 Summary of Secondary Side
Effects

Boiling condensation in plants with OTSGs
is more sensitive to secondary side conditions
than is reflux condensation in plants with
UTSGs  This conclusion follows from the
potential loss-of -heat-sink, characteristic of
OTSG geometries. The UTSG geometry enables
the secondary liquid to uct as a reflux cooling
heat sink even for low secondary inventories.
The effectiveness of bo't...g condensa‘ion
without EFW in a OT18G, however, depends on
the relationship between the primary and
secondary liquid levels.

5.6 Nonuniform Behavior in
UTSG Plants

This section  discusses phenomena
associated with nonuniform behavior during
reflux condensaiton 1 plants with UTSGs.
Topics addressed include: flooding effects,
differem U-tube flow modes, and the potential
for loop seal depression,

5.6.1 Flooding Effects

During reflux condensation, flooding is
possible in the counter-current flow regions in
the upflow sides of the steam generator U -tubes,
and in the stratified counter-current flow regions
in the hot legs. Generally, flooding occurs at
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flow area restnclions or at locaiions where the
flow changes direction ¥ The tendency for
flooding is enho .ced by low-system pressure
and the presence of noncondensable gases. Low
system pressure results in lower steam densities
and higher steam velocities. Noncondensable
gases n the steam generator U-tubes cause a
greater fraction of the condensation to occur in
the upflow sides of the U-tubes. As a resull,
more conden 2ic must drain from the upflow
sides of the tubes and the likelthood of hguid
holdup is increased. Flooding has been

observed in a number of reflux condensation
H 2

§6.1.1 Flooding at the Hot Leg
Bend. The Upper Plenum Test Facility
(UPTF)7!.72 and *he LSTF® have investigated
flooding in the hot leg of a PWR. The
motivation for research in this area follows
rrom the potential for liguid holdup in the
vertical sectior of the hot leg tend leading to
the steam generator inlet plenum, and the
interruption of steam flow from the core to the
steam generators during reflux condensation.
Liquid holdup in the vertical section of the hot
leg 15 a concern because a back pressure is
exerted on the core 'iguid level, which can cause
core liquid level depression. The maximum
possible core level depression resulting from
hot leg flocding, however, is less than that due
o steam generutor tube flooding because the
hot leg elevation rise to the steam generator
inlet plenum is small [approximately 91 m
(3 fu)]. Imerruption of steam flow from the core
to the steam generators is a concern because
core rod heatup may oceur if reflux condensation
cooling is lost.

The full-scale UPTF is designed to simulate
three-dimensional, thermal hydraulic
steam/water behavior in the upper plenum,
reactor coolant loops, and downcomer of a four-
joop Kraftwerk Union 3400 MW(1) PWR. 7! Hot
leg CCFL tests in the UPTF were conducted at
pressures of 3 bar and 15 bar. Reflux
condensation processes were simulated using
different steam flow rates from the core, while a
constant reflux condensate flow rate was
maintained. UPTF tests mapped out the CCFL
curve at each of the above pressures. UPTF
results demonstrated that there exists a
significant margin bhetween “typical” PWR
operating conditions  during reflux
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condensation and the flooding limits 7!
"Typical” PWR reflux conditions were based on
calculated reflux condensation conditions fur @
four-loop W plant fifteen minutes alier
shutdown (2% decay heat), assuming one steatm
generator was lost. The difference between jj for
the typical PWR case and the flooding humit was
approximately 02777 This important result
indicates that steam flow through the hot legs
will not inbibit the flow of condensed liguid
back to thz core from the steam generciers
dunng typical reflux conditions. The Richter et
al. correlation was found 1o be consistent with
the UPTF CCFL data. 7" 113 This correlation is
of the following form

\r—JE +y\ J;— =07,

The lincar approximation of the relatonship
between jg and )7 at flooding conditions in the
UPTF test is given by,

(5-15)

i e

it = 07955 - 1156 \ g (5-16)

Comparisons  with  FLECHT-SEASET,
Semiscale, PKL, and LSTF (ST-NC-01,
STNC-02) data showed that each of these
facilities simulated reflux conditions within the
CCFL boundary defined by the UPTF tests.
Becuuse the UPTF 1s a full-scale facility,
agreement with UP1F results”! helps 10 validate
the reflux condensation data of the small-scale
1E8Is.

The Variable-Power Test in the LSTF
(ST-NC-04) demonstrated that flooding s
possible n the stratified two-phase flow at the
hot leg bend at 10% core power (jz ~ 0.30).3
LSTF flooding data were found to be better
represented by the flooding correlation of
Ohnuki'!* rather than that of Richter et
al.,7h7% the LSTF flooding himit being lower
than that predicted by Richter et al (j; -~
0.47). 70113 Discrepancy with the Richter et al.
correlation may be attributable to the fact that
Richter used a shorter pipe {900 mm (2.95 ft.)
versus 3,188 mm (1046 ft.) in the LSTF).53

Although hot leg flooding was observed in
the LSTF. test conditions were outside typical
PWR reflux condensaticn operating conditions,
In fuct, they were more typical of the early






4 C of 'PTF hot ) i
Facility Pressu ¢ !i
LSTH 6.5 MPa (943 psia) 0.30
UPTF 0.3 MPa (44 psia) 0.47
UPTF 1.5 MPa (218 psia) 0.47

Tabie 5-5 Comparison of U-tube flooding charactenstics in BETHSY, MIT experiments, LSTF,

Semiscale. and UCSH experiments.

Facility Pressure I8
BETHSY 6.8 MPa (986 psia) 0.59.0.77
LSTF Atmospheric 0.23-0.44
MIT 6.5 MPa (943 psia) 0.40-0.56
Semiscale 6.9 MPa (1000 psia) 0.16-0.32
UCSB Atmospheric 0.50

Although similar, this flow behavior shouid
not be confused with the cyclic fill and dump
process described in Section 4.6.1. There, the
inlet plena was filled with a two-phase mixture,
and steam-water nterphase drag was
responsible for the high mixture levels in the
steam generator U-tubes In this case, steam
fills the inlet plena and fiooding initiates the
oscillatory fill and dump behavior.

The carrvover mode occurs when
sufficiently high vavor velocities are able lo
carry the conaensate over the upper U-bends of
the U-tubes. In this situation, a cocurrent flow
of liquid and vapor exists in both the upflow and
downflow sides of the steam generator U-tubes
and a transition to two-phase natural circulation
may occur. Transition to the carryover mode in
some U-tubes was observed by Nguyen et al.
when jg = 09,7 while LSTF experiments

observed this flow mode when jp = 0.8 (10%
core power! %’ Calia and Griffith observed
complete liquid carryover in all four U -tubes of

their test apparatus when j; = 1.56 74

9%

Similar flow modes have also been observed
by Hein et. al;'?! and in BETHSY,%! LOBI-
MOD2.5 PKL,*" and Semiscale?®!!? experi-
ments. The three modes o J-tube behavior
described in this section are illustrated in
Ficure 5-2.

The oscillating U-tube flow mode is
important with regard to nuclear reactor safety
analysis. A posiiive hydrostatic head  the
steam generator U-tubes exerts ¢ back pressure
on the core liquid level; and while core cooling
remains effective, core liquid leve! depression is
possible 2% This effect was first observed in
Semiscale, where core coolant level depression
during pump suction liquid seal formation can
be aggravated by the existencs of a positive
hydrostatic head in the steam generator
U-tubes. ! 12

The oscillatory mode was so named due to
ihe observed periodic fill and dump behavior in
the U-tubes. As the liguid column in a U-tube
reached the top of the U-tube bend, spillover
would occur. After spillover, a siphoning effect
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Consequently, both exhibit low mass flow rates
and low prirary-to-secondai, temperature
differences compared with the single- and two-
phase maodes of natural circulation.

There are two types of boiling condensation
in plants with OTSGs. Pool boiling conden-
sation occurs when a primary condensing
surface exists below the secondary pool level.
EFW boiling condensation occurs when &
primary condensing surface exists below the
EFW sparger spray elevation.

Noncondensable gas in the primary side of
the steam generators durirg refiux/boiling con-
densation impedes the condensation process.
Effective steam generator heat transfer areas are
reduced, and increased primary-lo-secondary
temperature differences are required to remove
the decay heat. System pressure acts as a
correcting mechanism, when pressure increases
(as a result of degraded primary-to-secondary
heat transfer), the noncondensable gas volumes
are compressed to expose an adequate
condensing surface in the steam generators. The
effects of noncondensable gases on the
reflux/boiling condensation mode of natural
circulation were discussed 1n Section 5.4.4.

The potential loss of heat sink behavior in
OTSG plants has been demonstrated. The steam
generator primary side condensing suriace may
be driven above the secondary pool level by
changes in the steam generator primary/
secondary liquid levels, and/or the presence of
noncondensable gases in the steam generator
tubes. If the condensing surface is driven above
the secondary pool elevation and EFW is not
available, the loss of the steam generator as a
heat sink will result.
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Flooding 1s possible in UTSG plants during
reflux at both the hot leg bend and the steam
generator U-tube inlet. Flooding at these
locations will impede the flow of steam to
condensing surfaces in the steam generator
U-tubes. However, UPTF experiments found that
for typical reflux conditions (approximately 2%
core power), flooding at the hot leg bend will
not impede the flow of condensed liguid back to
the core.”! Flooding at the steam generator
U-tube iniet has been observed in a number of
reflux condensation experiments 26.%1.57.63.73

Three distinct U-tube flow modes were
described in Section 5.6.2. These modes were
referred to as classical reflux condensation, the
oscillatory flow mode, and the carryover mode.
Note that different flow modes have been
observed to occur in different U-tubes at the
same time. The oscillatory mode is important
with regard to reactor safety analysis because it
1s charactenized by flooding and consequent
liguid holdup in the steam generator U -tubes.
The oscillatory mode was so named because nf
the periodic spillover of liquid into the U
down-flow sides. These spillover events miy
act to redistnibute any noncondensable gases
present in the primary system.

Ligquid holdup caused by flooding may
aggravate loop seal core level depression
effects. Loop seal depression is not a simpie
manometric balance between the vessel and the
downflow leg of the loop seal | hut is influenced
by the core vapor generation rate, the core
coolant bypass flow, the U-tube condensation
rate, and hiquid holdup caused by flooding 2
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6. APPLICATION OF THERMAL-HYDRAULIC SYSTEM
CODES TO NATURAL CIRCULATION

Because naturel circulation cooling may be
an essential means of removing shutdown decay
heat in PWRs, considerable effort has been
made towards understanding its behavior and
phenomena. As evidenced by the citations in
previous sections of this report, a large amount
of experimental data has been generated related
tc natural circulation. Because one of the
objectives of PWR operation is te avoid
abnormal conditions, natural circulation data
from large-scale PWRs is limited to single -
phase conditions. Therefore, the use of thermal-
hydraulic system codes is necessary to apply
information and data obtained from small-scale
experimental facilities to laige-scale operating
reactors, especially regarding two-phase and
reflux/boiling condensation modes of natural
circulation. Thus, one of the main objectives of
th. experiments was to provide data for the
development and assessment of thermal-
hydraulic system codes,

Section 6.1 discusses the scalability and
applicability of thermal hydraulic system
codes; Section 6.2 discusses the assessment of
thermal hydraulic codes against dats from
experimental test facilities; Section 6.3
describes calculations of operating plant natural
circulation, and Secticn 6.4 addresses several
potential problems associated with simulating
transient natural circulation phenomena with
therma! hydraulic system codes.

6.1 Thermal-Hydraulic
System Codes

Reactor safety research has addressed scal-
ability and applicability of best estimate
thermal-hydraulic system codes. For example,
the preservation of natural circulation
similarity criteria by RELAPS/MOD2 was
studied.''® The following criteria were
considered for assessing these codes:

. Establish similitude criteria for single-
and two-phase natural circulation in a
loop using the work of Ishii and
Kataoka. '’
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. Generate two different scale size "paper
madels” of a hypothetical natural circu -
lation loop.

. Construct RELAPS models for each of
these paper models.

. Conduct the same transient with each
model,

The results of the study showed that for
natural circulation in a single loop, 1ihe
RELAPS/MOD?2 code calculates ssmilar physical
phenomena at significantly different geometric
scales. The kinematic and dynamic
relationships between the phenomena in the
two different geometric scale models were
calculated to be consistent with expectations
based on similarity criteria.

These results were considered generally
applicable to other systems codes having a
stage of development similar to
RELAPS/MOD2. This is a significant
conclusion, because these systems codes are
intended for application 10 operating PWRs that
are of a much larger geomeinic size than the
scaled experimental facilities.

6.2 Calculation of
Experimental Facility
Data

Numerous thermal-hydraulic code caleu-
lations of experimental facility data have been
made. As examples, the LOFT and Semiscale
facility experiments were planned by utlinag
system code predictive calculations, which wen
formally documented for the experiments
conducted. Subsequently, several experiments
from these facilities, as  well as experiments
frn other facilities, were used for code
assessment calculations. The material that
follows describes some representative examples
of assessment calculations

TRAC-FF1/MOD?2 is the most recent release
of the TRAC-PF! code. However, none of the



developmental assessmenis of this code, to
date, have addressed natural circulation, ! !¥

The TRAC-PFI/MODI code was applied 1o
Semiscale facility natural circulation exper-
iments $:NC-2 and S-NC-6 in Reference 119,
S-NC-2 was a natural circulation test
invesugatng the effects of different core power
levels and different primary mass inventory
levels. All three modes of natural circulation
were observed during experiment S-NC.2.
Figure 6.1 shows the measured and calculated
mass flow inventory for the $.0% core power
(100 kW) natural circulation test (S-NC-2) 119
TRAC-PFI/MODI mass flow rate calculations
followed the measured data very closely.

Experiment S-NC-6 was a reflux conden-
sation test that stadicd the effects of injecting
vartous amounts of nitrogen gas into the
system hot leg just below the steam generator
inlet plenun, 'Y, With no nitrogen in the
system, TRAC-PFI/MODI calculated the reflux
rate from the upflow side of the steam
generator U-tubes to be 10% lower than that
observed in the experiment. "A'ith an amount of
nitrogen amounting to 0.86'% of the prnimary
system volume at the primary temperature and
pressure, the calculated reflux rate was ouly 3%
higher than the measured value. The maximum
measured and calculated reflux rate occurred
when the amount of nitrogen injected amounted
to 2.98% of the primary system volume.
However, the TRAC-PF1/MOD| caloulated value
was 20% highet than the measured value, !!Y
Reference 119 indicated that differences in the
measured and calculated reflux rates could be
attributed to the manner in which the reflux
lhiquid was removed from the Semiscale system
and then replaced by the makeup system during
the reflux rate measurement. Other possible
factors for the differences between the
calculations and the data include uncertainties in
the heat losses and measurement error.

The TRAC-PFI/MODI code was also
applied 10 LOFT experiment L6-7/L9-2.120 This
was an anticipated transient experument
simulating a turbine trip from full power
followed by a secondary side controlled rapid
cooldown In the L6-7 part of the experiment,
the reactor coolant pumps were operating. In
the L9-2 part of the experiment, the rapia
cooldown continued, but the pnmns were tripped
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and natural circulation became the heat removal
mechanism.** Comparisons  between calou-
lation and data generally show good agreement,
except for the Iour flow dunng the L.9-2 part of
the experiment. 121122 The difference was
attributed to 3-D behavior in the downcomer,
which was not modeled in the TRAC-PF1/MOD|
input model. This calculation and others
illustrate the importance of input model
development. Other assessment calculations of
LOFT natural circulation experiment data show
that TRAC code versions accurately predict the
qualitative trends, and many of quantitative
results. * 123 Similar results were obtained in
assessment calculations against the PKL
experiments. |24

The TRAC-PFI/MODI code was also
apphed to & LSTF 5% power natural circulation
experiment (ST-NC-01).1% The LSTF data
showed flow in the forward direction in the
shorter U -tubes and reverse flow in the longer
U-tubes. As a consequence, two mput models of
the steam generator were constructed, one
modeling the U-tubes with a single path and one
modeling the U-tubes with three paths;
representing . shor, medium, and long
U-tubes of the UTSG. 2% Analysis showed that
the siagle U-tube path model was inadequate
because it did not yield an accurate calculation
of the experimental data '® The caleulated
singie-phase mass flow rates using the single
U-tube model were 14% 1o 20% higher than the
measured values. The differences were attributed
to the presence of the reversed flow in the
longer U-tubes. The reversed flow is believed to
reduce the overall loop mass flow rate by
decreasing the net forward flow area and
increasing the net loop frictional resistance. ! 25
The three U-tube path model yielded
calculations that were much more representative
of the experimental data, showing the effect of
reverse flow in the long U-tubes. Calculated
mass flow rates using the three U -tube model
were only 2% to 8% higher than the measured
values. This result demonstrates that reversed
flow in the steam generator U-tubes is an
important phenomenon and 1t should be

a. Safety Code Development Unoup, 727 PF)
Independent Assessment, Los Alamos National
laboratory repont (16 he issued)
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considered in analyzing natural circulation
flow. TRAC-PF1 calculations are vepresenied by
circular symhols, while Semiscale data are
represented by trinngular symbols, 119 This is
an important point, especially considering that
the single U-tube model was created using
standard modeling practices 20

The RELAPS/MOD3 code has been assessed
agair. . RETHSY natural circulation exper-
iments.'26 Figure 6-2 shows the calculaied and
measured mass flow rates versus the primary
system mass inventory fraction for BETHSY
test 4.1a-TC (5% core power). 120 [nitially, the
calculated mass flow rates were approximately
14% higher than the measured values.
Reference 2 suggested two explanations for
this discrepancy: The first explanation cied
differences in the primary density distribution
in the experiment and the calculation. It was
postulated that energy was removed from the
primary system al a slower rate during the
calculation than during the experiment, which
reduced the net gravitational force driving the
flow. However, insufficient instrumentation in
the experiment made it impossible o prove or
disprove this hypothesis.'26 The second
explanation cited the presence of reversed flow
in the steam generator U-tubes as a possible
cause of the discrepancy. RELAPS/MOD3 could
not simulate reversed flow because a single
U-tube was used in the steam generator model.
Recall that the single U-tube model used in the
TRAC-PFI/MOD1 simulation of LSTF
experiment ST-NC-01 was determined to be
inadequate.'>% Flow reversal in the longest
U-tubes was possibie during the BETHSY
experiment.’'2® Although RELAPS/MOD3
precicted an earlier initiation of two-phase
natural circulation than the data, the peak two-
phase mass flow rates differed by only 9%. The
minimum flow rate occurred at S2% mass
inventory in both the experiment and the
calculation. RELAPS/MOD3 predicted reflux
condensation occurred in all three loops at a
mass inventory of 37%, while in the
experiment reflux, began in one loop at & mass
inventory of 50%, in two loops at 46%, and in
all three loops at 11%. Note that CCFL oceurred
in the experiment (37% mass inventory), but it
was not predicted by RELAPS/MOD3. 126 The
mitiaton of CCFL in the experiment lod to the
oscillatory flow phenomenon described in
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Section 5.6.2. Recall that this phenomenon
was also observed in LSTF  experiment
ST-NC-01.

The RELAPS/MOD? code has been assessed
against Semiscale small break transient
data'?7.028 and LSTF netwral circulstion
experiments.®? The basic Semiscale system
responses were adequately caleulated by the
code; however, the timing of certain events
differed significantly from observed
events. 27128 Although the calculations agreed
qualitatively with the measurements,
quantitative differences were observed. These
differences resulted from errors in modeling the
experiment  and deficicncies in the
RELAPS/MOD2 computer code. Selected
examples of these errors and deficiencic: are
listed as follows:

. Differences in the calculated and
reasured loop mass flow rates were
atiributed to the use of a lower system
resistance in the model than that
existing :ti the test facility ! 2%

. The failure of RELAPS/MOD? 1o predict
liquid holdup in the sieam generator
U-tubes was attributed to the lack of a
CCFL model in this version of the code

. Deficiencies in the calculation of the
interphase drag and sound velocity in
the RELAPS/MOD2 choked flow model
were identified after observing errors i

the calculated void fractions and break
flow 127,128

. Geometric configurations must be accu-
rale (o ensure unbiased heat transfer
calculation. A more quickly calculated
depressurization during the recovery
stage of the SBLOCA transient (as
opposed 1o the observed depress-
urization) may have resulted from
differrnt stored energy relaxation of the
metal in the sieam generators.!27

In spite of the above meniioned defi-
clencies, the code did correctly calculate two-
phase natural circulation and reflux phenomena
during the draining of the steam generator tubes
(test S-LH-2) 127
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6.3 Calculation of
Operating Plant Natura:
Circulation




gencimors, by venting sevondary steam, by

primary steam, by tmaam; HPS) lmid
into the candy canes, or by "bumping” the
RCPs. Further effort was tecommended 10
INVestgale recovery strategies.

A series of operational natural circuiation
events has been analyzed using the RELAPS
code B 143140145 The analyses were performed
because condinons affecting natural circulation
vocling are not always known for operational
evenms, particularly operator actions taken
during the events. Operator actions are often
not recorded during operational events and must
be nferred from “he measured thesmal-hydraulic
parameters. The following 3 ltlems were among
nsights obtained from the analytical studies:

1. Safety injec.ion reduces the natural
circulaion flow rate and the reaclor
coolant temperature, but does not affect
the achievement of adequate natursl
circulation.

Reacter coolant temperatires can be used
as  coriteria  for ide tifying the
establishment of natural circulation flow.

1. When the RCPs are tripped sequentially,
the initigl reverse loop flows do no
prevent the primary systemn from reaching
a slabie natural circulation state *

Degraded-equipment scenarios have also
been analyzed, such as the natvral circulation
cooldown of the Midlu\d IMV plant using &
single steam generator. ' 4® The calculations
indi-cated thet the Mndlmd plant design 1s
capable of achieving long-term cooldown using
one sieam generator.

Analytical methods have been used exten-
sively by vendors to assist in understanding
natural circulat n phenomena in their plants
and in the development of operwtor guidelines.

L]

b. T. . Charlton, Transmittal of preliminary
Results of Natural-Circulation Analyses for
McGuire and North Anna, Lener to P E
Littenker, TRC-90-83, EG&G Idaho, Inc
Seplember 22, 1983,

¢ Ibid

| 10

The opermor guidelines prepared by (e
vendors, and by owners groups, provide the
cutrent  information regarding  natural
circulation proccdures and the analyses used in
pre; ving the procedures

An analysis of & 00254 m (1.0 in)
diameter break o4 W PWER  has been
published '*7 For this case. inadequate core
cooling was reached 30 after  transient
imtation  when the core exil lemperature
exceeded 922 K. Studies were performed to
determine the effectiveness of several recovery
technigues and provide a basis for developing
emergency procedure operating guidelines
recovery from this condition Al recovery
techniques were begen whon the predicted core
exit temperatures reached 922 K (1200° F) at the
ume the core was uncovered,

Four techniques were examined 47 (a) HPS|
was restored; the core temperature incTease wis
stopped in 2 minutes and the system recovered
from the trunsient; (b) Operating the steam
generator dump valves was considered. Over a
4-minute period, the steam generators were
blown down from 7,41 MPa (1078 psig) 1o 207
MPa (300 psia}, which was sufficient 10 stant
acoumulator injecticy, The vore was recovered
within 2 munutes of accumulator injection,
Continuation of the steam generator hlowdown
10 atmospheric prescure would perit low.
pressure safety injection (LPST) and a long-term
recovery from the transient; (¢) Restarting the
main RCFs was considered. With the RCP;
restiarted, the core was recovered. The sysiem
would continue to depressurize until the
accumulators opera‘ed and then the LPST wes
activated 1o provide long-enn recovery, and (d)
Opening the PORVs was considered. This action
provided temporary once-throug' cooling but
depleted the reactor coolant inventory at an
increased rate. The inadequate core cooling
condition returned 15 minutes after the operator
opened the POR VS,

Severa. LOCA categores that depend on
break size have been xamic . by CE for break
sizes between 0.0254 and C.0762 o, (1.0 and
30in) in diameter. 4599 Tranuitions from
single-phase natural circulation 10 a8 wo-
phese/condensation mode and return 1o single -
phase natural circulation have been descrbed
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6.4 Froblems Associated
with Simuliating
fransient Natural
Circulation Phenomena
with Thermal-Hvdrauli
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interfacial shea stress model by Npuven 1o
improve the acouracy of the RELAPS prediction
of the imterfacial shear  siress. These
modifications mm& changes in the flow
regime ' the corresponding drag
mm the condensation region A need
for improvements i *he wall shear stress mode!
in the condensation region was also identified,
but it was noted that additionsl experinental
data may be needed hefore these improvements
cun be made 2% The modifications descrit ad
above are not currently implemented in
RELAPS/MOD2 or RELAPS/ MOD3  The
ability of RELAPS/MOD2A 10 predict reflua
condensation natural citcw'ation, and the
oscillatory mode, was tested against the
experimental database of Nguyen et al 9% The
code had difficulty in properly simulating the
data when noncondensable gases (ar) were
present in the system ©

Thes: concerns can also be applied to other
thermal hydraglic system codes. !t s
emphasized that care must be taken when
interpreting results from the system codes.
However, the use of such codes—which provide
full-plant simulation capability—is necessary
wly information and data obtaned from

Il-scale experimental facilities to the large

. Carlson ¢ al., RELAPSMOD3 Code Manual
Volume I Development Assessment
Problems (Draft), NUREG/CR- 88345,
HOXG-2596, June 1990,

e. Ihid

12

aperating teactors. This s especially true for
the iwe-phase and reflus/boiling condensstion
modes of natural Cuaculaion

Anathet wres of wneenainly with regard 1o
wie use of the common thermal hydraulic system
codes s nodalization. Secuon 5 noted (hat
during reflun/bodling  condensation, noncon-
densables can forge the condeasing region 1o
aoeur i relutively small regions in e steam
(enerators. Consequently, fingr nodalization n
these tegions may be necessity to simalate the
condensation phenomena. In o TRACPH
assessment of LSTF natural circulation data, 20 i1
was demonsirated that a single U-tube sieam
penerator model was inadequate in simulating
the transient, because it was not shie 10 predict
the nonuniform Uaube flow, which was
observed in the expenment. Find' ngs indicats
thut a three U -tube steam generator model was
more sccuraie In simulating the transient
phenomena * These exaniples demonstrate the
importance of nodalization in PWR natuial
circulation simulations,

Although some of the areas of code
application described ahove may be beyond the
assessment base of the cowmon thermal
hydraulic sysiem codes, the codes are arguably
still the best analysts 1ools available o
improve understanding of comphoated transient

nomena. Consequently, the use of thenmal

ydraulic system codes in these areas will
continue and when more L nowledge and data wre
available, code improvements may be wquited
o obtain better resully,




/ DETECTION OF NATURAL CIRCULATION

UTsSG ‘)‘Hft"v




e R——— - L — r— - I R R R R R R R R RN CRRE S,

600 T T ! =¥ 600
850 ¢ 3
3 + 800
_—
é “o - 1
. 400
5
5 480 )
r '\.\ l: .5.“'““““\ ’300
- ‘oo " S ' “. - )
1 H -"\
- b ‘./ - 200
. \ : SG Inist plenum Gl
380 - \."‘_,.-.--’ e+« SC oullat plenum |
p- « &G secondory
: o = Sriyration 100
300 - e
0 8000 10000 tz 20000 28000
Time (s

Figure 7-1. Initiation of single-phase natural circulation in the LOFT facility 35159

114

Tempera‘ure {¥)



| Plont ingtruments -] 800
I B s inteet oop cold leg
| . intect loop hot
| 886 - j ' L e e Setutation temperature
l : e e —— s
| 4
| 500 E
E Date uncertainity £12¢  ~ 400 |
| 450 ]
It :
400 l
. “““““
, RERES T |
| (12,1 - 200 |
j 350 4 h o . ’ |
0 6000 10000 16000 20000 26000 ;
Time (s) |
é Figure 7-2. Hot and cold leg coolant temperatures before and after initiation of sit -phase
| clreulation in the LOFT facility 35138 ol e i
| |
:
IE ]
|
_: |
'I
Ji"
r:
. &
| i
; |
. !
1
118 |

B I Y . LT -1 R LI — e —_— S——— —




temperature by the cold leg temperature (stean
generator outlet plenum) after the initiation of
single-phase natural circulation. Notice also

that the hot leg temperature (sleam generator

et plenum) is stable and slowly decreasing
after the ination of loop natwral circulation
Figure 7.2 demonstrates the resulting temper-
ature difference between the hot and cold legs
following the inttiation of single-phase natural
cirgulation,

A subcooled (single-phase naturai
circulation) RCS is the desired state, but two-
phase natural circulation can also be used to
remove core heat. It may be necessary for the
operator 1o take additional actions, however 1o
ensure the exisience of a heat sink if enough
prmary mventory is lost such that two-phase
natural circulation 1s disabled. Reflux conden-
sation cooling can be ensured in a UTSU plant
by raising the steam generator secondary level
10 98% on the operating range. ' *® The adequacy
of the removal of gore decay heat by any of the
three modes of natural circulation s supported
by the steam generator heat flux behavior deter-
mined for all modes in the case of UTSGs 'Y7
Primary-to-secondary heat transfer rates in
typical steam generator tubes were found to be
comparable for all theee modes of natural
circulation,

7.2 OTSQC Plants

Abnormal transient operating guidelines for
n B&W plant (Oconee-3) have been outlined in

1.6

Reference 187 For conditons leading 10
wngle-phase natural circulation, the opetaor
should assure natural circulation by keeping the
RCS in a subcooled state and by raising the
thermal center in hoth OTSCGs. Normally this s
sccomplished when the RCPs tnip. as automatic
equipment transfers main feedwater injection to
the upper nozzles, increasing the level o S0%
on the operating range of each steam generator
When steady state has been attained, the ¢old
feg temperatures will be nearly equal to the
saturation temperatures 1o the secondary “ides
of the steam generators. The hot leg and in-core
thermocouple temperatures will increase as
necessary 10 develop the driving head reguired
for flow.

Tue applicability of the Oconee operating
guidelines to all B&W 177.FA plants s
supported by the results of & RETRANOZ
companson of natural circulation flow rates in
those plants. '** Flow rates and decay heat
power levels were obtwned from planned and
unplanned natural circulation events  that
occurred at Arkansas Nuclear One, € vatal
River, Davis-Besse, and Oconee nuclear ju wer
plants. The comparisons made indicate that the
Oconee RETRAN model proporly calculated
naturel circulation and that all 177-FA plants
behave in a similar manner. The study also
showed the ability of the raised loop design
(Davis-Besse) 1o induce u greater natural
cireulation flow rate than in the lowersd loop
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8. SUMMARY AND CONCLUSIONS

Natural circulation is a viable means for
shutdown decay hest removal in current PWRs
containing either UTSGs or OTSGs; provided
eithet a hguid of two-phase mixiure covers the
core and the energy can be removed by the
steam  generators. Three modes of natural-
cireulation cooling have boen identified
sngle phase. two-phase, and reflun/boiling
condensation. For UTSGs, the third mode i
called reflux condensation and involves coutier
current flow of vapor and condensate o the
upflow sides of the sieam generator U-ubes. For
OTSGy, the third mode 1s referred to as the
boller condenser mode (BCM), or as boiling
condessation. The BCM mode can be either
EFW-BCM or pool-BCM depend ng on the
primaty /secondary water level relationship and
the operational status of the emergency
feodw ater (EFW) & stem,

8.1 Single-Phase Natural
Circulation

Single-phuse natural circulation is the
normal and preferred mechanism after g reactor
trip when the RCPs are not available. The
success of this mode of decay heat removal iy
amply verified by plant operational data, sieady
state  and  transient data from scaled
experimental facilities, and from analysis wich
ussessed computer codes that provide full-plant
simulation capability. Results from the LOFT
facility indicate that up 10 18% of full power for
removing decay heat can be removed by single-
phase natural circulation **

In single phase natural cireulation there
exists @ primary loop temperature hierarchy
wround the primary loop. The loop mass tlow
rate and the temperature difference between the
primary and secondary are usually nearly
constant  duriag  single-phase  natural
circulation. Analytical expressions for these
paramelers were given in Section 3.3,

Notcondensable gases in the primary
coolamt can affect primary conditions by
causing flow interruption in ewher the candy
cane region (OTSCGs) or in some of the U-tubes
i UTSGs. The effects are dependent on the

7

amount, location, type. and rate ol
accumulation of the noncondensable gases. The
longer  U-tubes in single-phase natural
circulation can exiihit flow stalling or reversal.
Condittons in the steam  generator secondary
side con affect primary system temperature,
pressure, and flow rate. As an example, low
secondary hgnd levels can produce oscillations
in pritary system condibons. An additional
summary of the single-phase mode of natural
circulation is presented in Sechon 3.7

8.2 Two-Phase Natural
Circulation

Ample evidence exists that  two-phuse
natursl circulation  can successfully  cool
existing PWRs. The plant operational data base
for this mode, however, is limited to the
Gosgen test. "% Nevertheless, data from scaled
experimental faciivies und analysis  with
assessed computer codes provide assurance that
two-phase natural circulation is 4 viable inode
of off-normal reactor cooling

In two-phase natural circulation, as well as
in single-phase, the loop mass flow rate is the
most amportant  parameter  alfecting heat
removal from the primary system. The mass
flow rate during two-phase natural circulation
reaches its peak value as the void formation o
the hot region adds its effect to the (empernture
induced density gradient that drives the loop
flow. As voids are canied over into the cold
region of the loop, the density gradient between
the cold and hot regions decreases, acting o
decrease the loop mass flow rate. An analytical
maodel simulating the mass flow rate behavior is
presented in Section 4.3,

Because condensation heat trunsfer s
imporiant during two-phase natural cirgulation,
the primary to secondary temperature difference
is smauller than for single-phase natural
circulation, Noncondensable gases  and
secondary side conditions can affect conditions
in the primary loop. Issues related to U-tube
flow stalling and reversal, snd flow interruption
and intermittent flow for OTSG plants are
important issues with regard to two-phase
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natural ouculation. Section 4.7 presents & moe
complete summary of the issues associated with
the two-phase mode of natural cireulation

8.3 Reflux/Boiling
Condensation Natural
Circulation

There s no known operations! data from a
tull-size  plant  fer  the  reflux/boiling
condensation mode of natural circulation
cooling st typical operating conditions 160
However, steady state and transient data from
scaled  experimental  facilities  such  as
Semiscale, "HT-SEASET, OTIS. MIST. the
EPRI facilities, LSTF, and PKL demumstrate that
reflux condensation is achievable, repeatable in
each facility. und adequete for removing core
decay encrgy. These dma encompass UTSCs and
OTS5Gs with scaled and full-heigh  steam
generator tubes. Confidence in this mode of
heat transter has been ennanced considerably by
the results from the OTIS and MIST facilities,
which include detailed OTSG secondary
modeling. Also, the existence of reflux
condensation cooling was iuferred during at
least one transient in LOFT, a scaled
operattonal PWR with a UTSG.

The aosessment of large-scale computer
vodes, such as TRAC-PF1 and RELAPS, under
reflux condensation conditions is providing
sufficient confidence 1o overcome the lack of
plant operational data. As & result, long-term
reflux condensation is an option (o emergency
cooling when other planned heat removal
modes have failed.

In reflux/boiling condensation, 'oop mass
flow rates approach zero. Liguid holdup in
UTSGs can affect vessel pressure and the core
mixture level. Countercurrent flow in the hot
leg and the upflow side of the U-tubes is a
charactenistic of reflux condensation for plants
with UTSGs. In plants with OTSGs, the con-
densate flows 1o the cold leg-loop seal and back
to the vessel. In order to reduce the potential for
the loss of the steam gonerators as heat sinks,
some operator effort in OTSG plants is required
10 keep the secondary side liquid level high and
the emergency feedwater spray operable.
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Important issues regarding the refluy
boiling  condensation mode of natural
circulation are summarized in Section § 7

6.4 Thermal-Hydraulic
Systems Codes

Most comparisons of code calewlations o
experiments] data have shown good sgreement,
and rep esentative vode calculations have been
viluable for developing operating guidelines
for the nuclear plants. Though the thermal-
hydraulic systems cades are very important and
versatile, they do have some limitations. Below
s a list of several important concerns with
regard 1o the use of the thermal-hydraulic
system codes.

. Condensation 1n the presence of
noncondensable pases  presents
problems for the vodes, If 1t s
necessury to more accurately quantidy
detailed effects for reactor safety
concerns, there may be o need for
models  thet  sllow  mixing
stratification of two gas phases, and
account  for  the effects of
noncondensable  gas  fraction on
condensation efficiency,

. Modifications 10 the RELAPS CCHL and

interphase drag models have shown
promising results an developmental
assessment, but addinonal assessment
I8 required.

. The correlations in the common

thermal -hydraulic system codes, used
calculate the wall and inerphase shear
stresses in the condensation region,
may need improvements. <

. Nodalization of the PWR system can

significantly affect the securacy of o
natural circulation simulation. This s
espectally true of steam generator
models. Insufficient nodalization may
not allow the prediction of certain
natural circulation phenomens.  For
mstance, nonuniform U-tube flow in
UTSGs cannot be simulated using a
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of noncondensable gases than is single-phase
natural circulation, but the effects of noncon
densables can still significantly influence two-
phase natural circulation cooling effectiveness.

It is concluded that the reflux/boiling con -
densation modes of natural circalation are very
efficient heat removai mechamisms However,
system behavior can vary significantly under
different operating conditions (l.e., with
noncondensable gases present). In plants with
UTSGs, core level depression, flooding. and
consequent liquid holdup arc also importam
issues regarding reflux condensation.

In all modes of natural circulation, the heat
sink must remuin active, A potential loss of
heat sink in OTSG plants was demonstrated in
Sections 2, 452, 543 and 552 This can
occur from changes in the steam generator

fsecondary liguid Jevels or the presence
of sufficient noncondensable gases, purticularly
if EFW is not available. Results indicate that all

the the modes of natural Crculation were
dependant, 10 & centan degree, on the effects of
nencondensable  gases, secondary  wide
conditions, and nonuntorm flow behayior,

Information from antegral test faciiiies,
separate effects experiments, operating plant
data, and analysss have made significan
contributions 1o the knowledge base
concerning natural circulation cooling
PWRs. Many importunt natursl circulation
phenomens have been wentilied through these
studies, It is extremely mmportant that the
common thermal hydraulic system codes we
able to simulate this phenomena because they
will be relied upon 1o prodict full-scale plant
behavior, Considerable progress has been mude
by the codes in predicting most of the
important phenomena associated with  natural
circulation phenomena. Howe ver, additional
code and model development is necessary so
that simulation of the more complex
phenomena can be performed.
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Table A-1_ Integral Test Facility Information

PRESS TEMP (MW)

COMPONTNT

FACILITY REF PWR (MP;). (K} (max_ i #LOOPS  STEAMGENERATORS = SCAL, &G V!l.jﬂil CORE  INFORMATION REFERENCES
nre # TUBES
BETHSY lovop 17.2 600 3 3 identical UTsG 34 power-to- - 428 All com-
YOOMWe loops vol - clecincal ponents of
Fram- 17100 heates rods  reference PWR
atom PWR
EPRI# W aloop 4013 345 i 4 eyual UTSG 12 - 1o Eleciric Partally trans-
loops hester parent
Pressurizer
EPR] #2 CE’s 2- 0.8 424 045 2 UTsG 12 - 0 Elecine Cylmdncal
Loop heater vessel,
Design Fressw - ver
EPR] #3 ™I 08 444 009 2 OTSG 116 power-to- 57 3 Coid leg 10
Unit-2 {78 acive) wol- /18 immer.son  vessel bypass,
heaters no pressurizes
FPRI #4 254 approx Lpprox. 6K 2 OVSG 4% length=1/4 15 sctive HPL EFW
towered 9.7 100 ecach loop flow area = elecirical s ulation,
foop BEW with 1 hot 11324 heater rovis Tump
ieg and 2 wmulation,
cold legs pressanzer
FLECHT W 4-Loop 1.0% 450 1.2 2 UTSG miact powes to- - 16! Accurnul-
NEASET “broken=12 tewp=31 vol - clecinical ators and
; +b broken 17307 heater rods  containment
! loop=11 used as
pressunzer

51,061

22,38 .46

32,100 148

59,162

4).4961
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Table A-1. (continued)

POWER
PRESS. TEMP. MW COMMONENT
FACILITY REF "WR (MPz) (K) (max )  #LOOPS = STEAMGENERATORS SCALING _?(_l.__*_vgl __CORE = INFORMATION REFERENCES
PKL L is 300 4 3 UTSG ntact power-to- P 304 ~Pressurizer 23,47,.50,76,
4-loop (max_} sintact=1¢ leop=30 val.- electrical “Pump 99
1300MWe PR TR broken 1134 heater rods  simulator
PWR foop=30
Toop=60
Semiscale W 4-Loe) 15.2 00 2 “broken=12  UTSG broken power-o- 21 SXSarray  eno pressurizer 19.24 33,
vininctxI® ioop= 2 vol - of durmng 57600112,
ntact 1/1705 elecincal sudy st 178-192
ioop=6 heater rods
UMCP 2X4 2 O6RS s0s .4 0.2 2 oS 56 Isha, 596 Electrical RVVVs HP 3% 23265
> lowered fmax } {mmax._j =cach loop Lmear - heater rods  EFW, Pressunzer 193194
o loop B&W with 1 hot HS00
PWR ieg and 2
cold legs
UPTF KWt/ I 48015 4 aqual Steam/ - Full scale, Nene Vessel, sccam- .72
4-loop loops water sep- ,; is pres- controlied ulwtors, SG
JA00MWL arators ol in steam flow simulators
PWR stmulate presure from
SGs : vessel
scaling

inop equivalent 1o a single loop of the reference PWR.

a. Broken

b Intact loop 2quivalent to three loops of the reference FWR.
¢ Intact loop equivalent to o ¢ loep of the reference PWR.
d Third loop simulate two loops of reference PWR.
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APPENDIX B

THERMAL-HYDRAULIC SYSTEMS CODES REFERENCE INFORMATION

This appendix provides a quick reference source for information regarding the common thermal
hydraulic systems codes. The following table presents information concerning TRAC-P¥i.
RELAPS/MOD2, ATHLET, and RETRAN-02 thermal hydraulic systems codes
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Table B-1._Description of the common thermal hydraulic system codes

FEATURES TRAC PF! RELAPT/MOD3 ATHLET _RETRANZ
Dimensions *3.D Vessel =10 <D * 11D visth vector momemeam
“Rese of system - 1-D equaon.
Computes “Mainframe “Mamframe Mmnframe Mainframe
*Workstation
«4 eguation
Equations « 6 equation, 2 fluid model + 6 equation, 2 flmd model 4 equation
Numencal Method  «Twe-step. sems-imphiont «Sem-mmplicn *Semi-rmplic it *Semmphcnt
Nearly-imp-. ot erstive
mphont
Neutronics *Point model Fomt model Pomnt model Powt model and 1-D
maels
Control System - \vailuble ~Availabl - (extensively ased) ~Availabie ~Avisilable (extensively esed)
BOP Modelmg o eneric «(enenc *Specific models “Genenc (mclndes
turbme model)
Additional Models - *ritare level «Se parator
tracking env negurlibriuom
pressunaer

Validation

User-Onemated

Appiications

LSTF tests (and continuing )

Planned

LOFT . Semscale, PXL. and
LSTF tets (and conlnuing)

*User-onented VO feateres

«integral and separate effects
tests icontoung)

*PWR, best for LBLOCA, alse  -PWR, LBLOCA, iBLOCA PWE. LBLOCA,

SBLOCA, and operatumal

transents

and opershonal transients

SBLOCA, and operatronal
transients

ssyhcooled boding

< TIS, Semiscale. LOFT. and
b scale plant tests
tand contmung)

« I er-onented 1) features

AR, LBIOCA,

SBLOCS (hmwed), ATWS,
md operanons] transients
+BWER maodels
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APPENDIX C

accumulators 110

active zone 91

analytical expressions 47
reflux condensation 8S, 88
singly-phase natural cireulation 26
two-phase natural circulation 53

ANL 76

INDEX

collapsed liguid level 65

collapsed secondary hiquid leve, 59
concentration gradients 91
condensate B3, 96

condensation 83, 91, 99, 103
condensation heat transfer 8BS
condensing region 93

Anticipated Transient Without Scram (ATWS) condensing surface 103

26
approximate expressions 29
Argonne National Lab 76
two-phase natural circulation
nonuniform flow 76
assessment 4, 111
B&W 109, 110, 116, 119
BETHSY 42,97, 98
reflux condensation 96
fiomding 96
reflux condensation
flooding 97
reflux condensation
nonuniform flow 98
single-phase petural circulation 42
secondary side effects 36
botler condenser 81, 101
boiling condensation 10, 14, 18
EFW 1%
EFW boiling condensation 84
noncondensabls gas K8
OTSC design 84, 93
pool 18, 84
secondary side effects 98
Bond number 84

convection 26 36
core level depression 96, 97, 98, 99
core liquid level depression 96, 99
core power 26
core temperature difference 26
correlated expressions 54
criticality 43
cyclic fill and dump 71, 78
Dalton's Law 90
data uncertainty 29
decay heat 4, 26, 37, S0, 97, 113

removal of, 14
density gradient 10, §1
detection 113

temperature 113
Diablo Canyon Unit-1 109
diffusion 36
dimensionless diameter 84
drift velocity 58
driving head 26, 28
EFW 37, 67, 93, 95
LFW boiling condensation 18, 103
eigenvalue 43
Electric Power Research Institute/Stanford
Research Institute (EPRI/SRI) 22

Boucie d'Etudes ThermoHydrauliques Systéme emergency feedwater 36, 65

(BETHSY) 3¢
Boussinesg 43
Boussinesq approximation 28
buoyancy etfect 4, 10, 14, §1
bypass flow 99
candy cane 14, 61
carryover mode 8BS, B8, 97, 08
CATHARE

LSTF 109
CATHAREG3 I8
CCFL K3, 96, 111, 118
CE 110, 111, 113, 119
closed locp 4
roefficient of thermai expansion 43

energy 28
energy equations 28
EPRI 118
EPRI/SRI 34, 37, 64, 76, 88, 89, 91, 93
boiling condensation 89
noncondensable gas 93
reflux condensation 93
singie-phase natural circulation 22
noncondensable gas 34
secondary side effects 36
two-phase natural circulation
nonuniform flow 76
EPRI/SRI, 36
fill and dump 9%

G2



FLECHT-SEASET 34, 89, 61, 64, 93, 97, 99, IRM 78

118
reflux condensation 93
flooding 96, 97
noncondensable gas BX
nonuniform flow 101
single-phase natural circulation
noncondensable gas 34
two-phase natural circulation
noncondensable gas 61
flooding 14, 51, 83, 95, 96, 97, 99, 103
correlations
Bond number 84
Kutateladze 84
Wallis 83
hot leg bend 96
reflux condensation
hot leg 96
U-tube inlet 97
flow geometry effects 76
flow interruption 14, 34, 59 61, 79
“ow oscillations 36
flow rate 36, 65
flow rates 37
flow reversal 47
flow stagnation 34
flow stall 42, 64
force balance 43
forced circulation 4, 113
forward flow 43
~as concentration 90
Gosgen 117
gravitaticnal force 4
gravity 37
Great. number 31
heat conduction 29
heat pipes B9
heat sink 4, 14, 65
loss of 9%
heat source 4
heat transfer 22, 26, 29, 36, 42, 51, 59, 64,
65, 81, 103
condensation 14
single-phase natural circulation 26
heat transfer coelficient 31
hot leg 10
flooding 96
HPSI 54, 110
interface drag 111
inter{acial shear stress 87
intermittent circulation 14, 54
intermittent flow 51
imerphase drag 71
Interruption-Resumption Mode 7o

&

KAERI 31, 34, 61, 64
singie-phase natural ctreulation
noncondensa’ le gas 31, 34
two-phase natural circulation
noncondensable gae 61
Kutateladze number 84
latent heat of vaporizanon KS
hawid colurans 7
hquid hold up 14
liquid holdep 103
liquid level 36, 65, 76
liquid seal 99
LORBI 75, 99
reflex condensation
nonunifarm flow 99
single-ohsse aaural circulation
aoauniform flow <5
two-phate nutural circulation
nonuniform flow 73
LOCA 110
LOFT 36, 42, 47, 104, 1089
detection ot natural circulation 116
RELAPS 109
single-phase natural circulation 26
§ side effects 36
TRAC-PF1 10§
logarithmic mean temper-ature difference 29
Loop Blowdown Investigation (LOBI) 43
loop seal 91, 99, 103
loop seal core level depression 103
Loss-of -Fluid Test (LOFT) 26
LPSI 110
I STF 26, 36, 37. 43, 47, 51, 54, 61, o8 71,
85, 96, 97, 101, 105, 109, 118
CATHARE 109
reflux condensation
U-tube flow 101
reflux condensation
flooding 96, 97
nonuniform flow 98
reflux condensation
secondary side effects 95
reflux condensation
overall heat transfer coefficient 8BS
RELAPS 109
single-phase natural circulation
mass flow rate 26
nonuniform flow 43
secondary side effects 36
TRAC-PFI 105
two-phase natural circulation
nonuniform flow 71
secondary side effects 65
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LSTF experiments 98
MIT 98
flooding 97
mass 28
mass flow rate 10, 14, 22, 26, 43, 51, 54, 57,
79, &5, 103
single-phase natural circulation
analytical expression 26
MIST R4, 89, 93, 11K
boiling condensation 84, 89
boiling condensation
noncondensable gas 93
boiling condensation
noncondensable gas 94
mixing 36
momentum 28
Multi-Channel Instability 76
natural circulation 10
detection 113
temperature 113
neutral stability 43
aodalization 112
noncondensable gas 22, 31, 34, 47, §1, 61,
75, 79, 91, 94, 99 103, 111,112
amount 36
helium 64, 93
location of source 36
migration 36, 47, 64, 75
niwvogen 31, 61, 64
OTSG design
migration 93
rate of injection 36, 64
reflux condensation
limits 93
reflux/boiling condensation 88
unresolved issues 94
single-phase natural circulation 31
important parameters 36
sources of, 31
two phase natural circulation 61
OTSG design 64
UTSG design 61
type 36, 47
nonuniform 42
nonuniform flow 71, 7§
OTSG
flow geometry effects 76
IRM 76
Multi-Channel Instability 76
OTSG design
intermittent circulation 76
reflux condensation
flooding 95, 97
LOBI 9%

loop seal depression 99
1ube flow 98
single-phase natural circulation 42
two-phase flow
nonuniform U-tube flow 7§
two-phase natural circulation 71
nonuniform flow
OTSG design 76
U-tube flow mades 71
U-tube flow 97
secondary side effects 78
nonuniform flow 22, 42
U-tube flow
detection of, 45
Nonuniform U-tube flow 42
Nuclear Regulatory Commission 4
Nusselt number 31
Oberbeck 43
Oberbeck -Boussinesq equations 43
Once-Through Integral System (OTIS) 67
oscillatory 37
oscillatory flow 37, 65, 67
oscillatory mode K5, 87, 8K, 98, 112
OTIS 76, 84, 118
boiling condensation 84
two-phase flow
secondary side eftects 67
two-phase natural circulation
nonuniform flow 76
OTSG 4, 10, 14, 31, 37, 54, 61, 67, 76, 79,
81, B4, K8, 05, 103
loss of heat sink 14
OTSG design 10
boiling condensation
liquid distributior 1%
intermittent circulation 14
spillover 14
overall ieat transfer coefficient 29, §9, 67, 79
reflux condensation "5
single-phase natural circulation
UTSG design 29
two-phase natural circulation
UTSG design 59
partial pr 2ssure 90
passive zone 91
PKL 26, 36, §1, 54, 81, 88, 93, 95, 98, 101,
105
reflux condensation X1
noncondensable gas KX
nonuniform flow 98, 101
secondary side effects 95
single-phase natural circulation
mass flow rate 26
secondary side effects 36



e T T el i B AR e e o e e e

TRAC-PFi 108
PKL-11I 37

single-phase natural circulation

noncondensable gas 34

pool boiling condensation 18, 103
PORV 110
Prandtl number 31
pressure 10, 42
pressure gradient 43
pressure increase 45
pressurizer 75, 113
primary inventory 10
primary mass inventory 10, 26, 51
primary side 26
primary-to-secondary heat transfer 29

primary-to-secondary temperature difference

10, 14, 94, 95
PWR 26, 29, 31, 54, 101, 104
quasi-steady 42, 57
RCPs 110, 113
RCS 116
reactor coolant pumps (RCPs) 4
reactor vessel 26
reflux condensation 10, 14, 81, 85, 88, 95,
96, 97, 101, 112
analytical expressions &S
characteristics 88
condensation split 14
condensation split (UTSGs) 83
flooding 96
initiation of, 14
noncondensable gas 8%
nonuaiform flow 95
flooding 95, 97
nonuniform U-tube flow 85
secondary side =ffects 95
Reflux Condensation, UTSG 83
RELAPS 87, 104, 109, 110, 111, 112, 118
LOFT 108
LSTF 108
Semis_ale 109
RETRAN-02 116
reverse flow 43
reversed flow 45
Reynolds number 28, 31
Richter et al. correlation 96
SBLOCA 22, 57, 99, 109
secondary collapsed liquid level 29
secondary liquid levels 37, 42
secondary side 22, 26 47, 65, 95
OTSG Jesign
thermal stratification 95
two-phase natural circulation
reduced inventory 65

unbalanced loop conditions 76

secondary side effects 51

boiling coundensation
OTSG design 95
important parameters 36
nonuniform flow 75
reflux condensation
UTSG design 95
reflux/boiling condensation 95
single-phase natural circulation 36
flow oscillations 17
two-phase flow
OTSG design 71
unbalanced loop conditions 6/
two-phase natural circulation 65
UTSG design 65

Semiscale 22, 26, 43, 51, 54, §9, 6], 64, 65,
67, 75, BB, 91, 95, 97, 98, 99, 104

reflux condensation 91
noncondensable gas 88
nonuniform flow 98
secondary side effects 95

reflux condensation
flooding 96

reflux condensation
flooding 97

reflux condensation
nanuniform flow 99

RELAPS 109

single-phase natural circulation 22
mass Jow rate 26
nonuniform flow 43

two-phase natural circulation
noncondensable gas 61
nonuniform flow 71, 78
secondary side effects 65

shutdown decay-heat removal 4
single-phase 10

single-phase natural circulation 10

characteristics of, 22
correlated expressions 26
detection of, 22
non-uniform fiow 42
noncondensable gas 31
overall heat transfer coefficient

UTSG design 29
secondary side effects 36

flow oscillations 37
stability

U-tube flow 43
temperature hierarchy 22

spillover 99, 111
SRI/EPRI

single-phase natural circulation 22
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noncondensable gas 34
secondary side effects 36
two-phase natural circulation
OTSG design 64
stability 36, 43
steaay 42
steam generator 10, 36
subcooled 113
subcooling 10
superficial velocity §3
syphon condensation 99
temperature 36, 65
natural circelation
detection of, 113
temperature difference 10, 14, 51, 113
temperature hierarchy 22
thermal center 10
thermal centers 57
thermal conductivity 31
thermal hydrachic 34
thermal hydraulic system codes 4, 111, 112
ATHLET 112
nodalization 112
RELAPS 112
RETRAN 112
TRAC 112
thermal resistance 29
thermal stiaufication S}
thermal-hydraulic system codes 104 11%
thermocouple 22, 113
Three Mile island Unit 2 (TM1-2) 76
T™I-2 4, 89, 92, 119
TRAC-PF1 111, 112, 118
LOFT 108
LSF 105
PKL 105
TRAC-PFI/MODI1 105
transition between natural circulation modes
65, 75, 19
transport properties 91
TREAT 109
Two-phase 10
two-phase density 57
two-phase natural circulation 10, 22, 51. 79
density gradients 51
Gosgen 117
initiation of, 22
noncondensable gas 61
nonuniform flow 71
OTSG design 76

O S

OTSG design
intermittent circulation 54
overall heat transfer coefficient
UTSG design 59
secondary side effects 65
two- natural circulation OTSG design 64
U-tube flow 14, 42, 75, 87, 95, 97
noncondensable gas effects 7§
nenuniform 71
secondary side effects 78
U-tube type steam generators 4
UCSH 87, 88, 97
reflux condensation
flooding 97
noncondensuble gas 88
nonuniform flow 98
nonuniform U-tube flow §S
reflux condensation
flooding 96
UMCP 76
single-phase natural circulation
overall heat ransfer coefficient 31
two-phuse natural circulation
nonuniform flow 76
uniform 42
University of Maryland College Park (UMCP)
il
unsicady 42
UPTF 96, 97
reflux condensation
flooding i hot leg 96
nonuniform flow 96
UTSG 4, 10, 14, 31, 37, 42, 50, 51, 65, 71,
81, XR, 95,99, 103, 111, 1o
UTSG design 10
UTSG rejecting decay heat 29
valve 36
valve behavior 65
vapor condensation 10
venting 101
void fraction S8
voids 10, 14
volumetric flow rate 83
W 96, 110, 113, 119
Wallis 97
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