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EPRI PERSPECTIVE

PROJECT DESCRIPTION

Natural circulation is a preferred and passive heat transfer mechanism for cooling
PWRs. This is valuable for both operational transients and long-term and post-
accident heat removal. The experimental and plant data represents an industry
resource of great value and potential.

PROJECT OBJECTIVES

It was the intent of EPRI Special Report NP-1676-SR to collate and critically
review all available data including those from recently performed reactor tests.
A1l readily available technologies were used in the data base, with particular
cooperation from U.S. nuclear utilities.

PROJECT RESULTS

The analysis methods for both turbulent and laminar flow have been reviewed,
simple analytic expressions for the loop behavior are given, and the fundamental
potential modes of Tloop instability are identified and given. The available
reactor data are collated and compared to the analytic and numerical results.

The need for further work in the areas of stability analysis and multidimensional
effects is discussed. The report forms a central reference work for natural
circulation information and is, therefore, of general use.

Y. Zvirin, Project Manager
Nuclear Power Division
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FOREWORD

It has been realized recently that natural circulation cooling of nuclear reactors
may have crucial importance under certain conditions, as was the case in the Three
Mile Island accident. This review summarizes the available theoretical and
experimental methods to investigate steady-state and transient natural circulation
flows. Such flows can also become unstable, leading to flow reversals which may
impede the heat removal process. The review describes the types of instabilities,
and the available methods to treat them.

A section is devoted to nuclear reactor plant data from various tests and actual
operational transients. Typical behaviors are illustrated and a comparison is
made between the theoretical calculations and the data.






ABSTRACT

A survey is presented on the theoretical and experimental work on single-phase
natural circulation loops (thermosyphons). It includes available modeling methods
(analytical and numerical) to describe steady state flows, transients and stabil-
ity characteristics of the various loops. These range from simple geometry
systems through small-scale (laboratory) loops to full-scale systems--nuclear
reactor plants and solar water heaters.

An attempt is made to compare some of the analytical models and to present the

results by using generalized parameters. The available data is given and the
comparison with the theoretical results is discussed.
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SUMMARY

In this review, theoretical and experimental results of natural circulation loop
(thermosyphons) are surveyed. The loops vary from simple geometry loops, some of
which have been treated only theoretically and some in laboratory tests, through
small-scale loops relevant to larger systems, and finally full-scale systems for
solar water heaters and particularly nuclear reactor plants.

Analytical and numerical modeling methods are presented and discussed. These have
been used to obtain the steady-sfate and transient behavior of thermosyphons and
to investigate their stability characteristics. A comparison is provided between
the theoretical and experimental results, including the plant data.
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Section 1

INTRODUCTION

Natural circulation is created by heating a fluid from below and cooling it from
above. The early studies on such flow patterns, starting with Rayleigh's analy-
sis (1), were concerned with the stability of a fluid at rest and the onset of
motion due to a temperature gradient in the direction of the body force. A
review of external flows caused by buoyancy forces was presented in Ref. (2).
Another type of free convection flows is encountered in enclosures and cavities;
reviews of the state of the art related to these flows have been given (3-5).

The present review deals with natural circulation loops (thermosyphons), in which
heat is convected from a heat source to a higher elevation heat sink. These
loops have various applications in energy conversion systems such as solar
heaters (6-15) and cooling systems of 1ight water nuclear reactors (LWR) (16-21)
and liquid metal fast breeder nuclear reactors (LMFBRs) (22-24). Other applica-
tions include geothermal and geophysical processes (25-30). Some of the natural
circulation loops in several industrial applications involve two phase flows,
e.g., thermosyphon reboilers and absorption cooling systems (31-34), and interest
in natural circulation reflux boiling in LWR Toops has recently increased (35).

This survey covers mostly single-phase natural circulation Toops. It includes a
review of available theoretical methods for describing the flow and heat transfer
processes, of available experimental results and full scale data of solar systems
and nuclear power plants. Figure 1 includes schematics of some of the loops.

It has been observed in experiments, and substantiated by theory, that natural
circulation loops can exhibit oscillatory modes of flow, which lead, under certain
conditions, to instabilities and to flow reversals (8,10,17,18,26,33). These
phenomena have also been investigated in free convection loops of simple geometry
(27-30, 36-47). Another mode of instability can also exist in natural circulation
Toops, namely multiple steady state solutions (under identical conditions)
(43-46). A third mode of instability is associated with the onset of motion in
the Toop, as mentioned above. This mode may also appear as a sudden flow in a

previously stagnant branch (18).
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The existing theoretical modeling methods for natural circulation loops are
reviewed in Section 2. Both analytical and numerical approaches have been used to
solve the coupled momentum and energy equations. The results for steady states,
transient behavior and stability characteristics are presented.

The effects of the various parameters (geometry, fluid properties boundary and
initial conditions, throughflows imposed on loops, etc.) are discussed.

Section 3 includes a survey of the available experimental results, from basic
simple geometry loops, small-scale simulation systems and full-scale solar heaters
and nuclear power plants. An attempt is made to compare the data on the basis of
dimensionless parameters and also to compare the data against theoretical
calculations,

Conclusions are given (Section 4) on the performance of energy conversion systems

with natural circulation flows, their stability and the accuracy of the theoreti-
cal modeling methods compared to the data.
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Section 2

THEORETICAL MODELING METHODS

2.1 Basic Assumptions and Governing Equations

The existing theoretical models representing natural circulation loops are based
on a one-dimensional approach and follow the outline of the classic theory for
buoyancy-driven flows (1-5,29,30). Consider, for example, the loop in Figure la;
the only spatial coordinate, s, runs around the loop.

A basic assumption in these one-dimensional models is that the average cross sec-
tion temperature, T, is equal to the mixed mean (or bulk) temperature. It has
been further assumed (for the single-phase incompressible fluids in the Toops
under consideration) that the Boussinesq approximation is valid, i.e., the den-
sity, p, is regarded as constant (having a reference value po) in the governing
equations except for the buoyancy force term. The latter, of course, is driving
the flow by the density variations around the loop . (In some numerical models,
changes of the density and other properties with temperature have also been taken
into account, c.f. (6,7,47). The fluids, however, are considered incompressible
because of the negligible pressure changes in the free convection loops.) Under
these conditions, the continuity equation yields the result that the mean
velocity, u(t) and the flow rate Q(t) are uniform around the Tloop and depend only
on the time, t. When the flow system includes parallel channels, the flow rates
will be uniform in each channel and their sum will be equal to the total flow
rate.

Consider now conservation of momentum and energy in the flow. The momentum
equation is written in the following manner, for a flow in the positive s

direction:
du _ 3~ Ty
Po3E = 3g - P98, e -4 H; (2-1)
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where p is the pressure, g is the acceleration of gravity, e, and e, are unit
vectors in the vertical (z) and in the s directions and dy is the hydraulic
diameter of the flow channel. T is the shear stress at the wall, which is

expressed by Ty = %—fpou2 , where f is the friction coefficient:

£ = a/ReP (2-2)

a and b depend on the flow regime and Re is the Reynolds number, defined by
poudH/u. In most of the theoretical models for thermosyphons the friction factor
correlations (or the values of a and b) have been taken as those for fully
developed forced flow, e.g., a=16, b=l for laminar flow and f from the Moody
diagram for turbulent flow. However, it has been pointed out by (36,18b,27),
these forced flow correlations are not generally valid in natural circulation
flows. Since the driving flow mechanism is different in the free convection
loops, the velocity distributions are also different; moreover, the flows are
frequently not fully developed and in many cases three dimensional flow effects
occur. Visual observations (18,37,48) confirm, indeed, these arguments. Thus,
for example, comparison of data for temperature differences with analytical
results based on forced flow calculations (8,18) shows an uncertainty of order
30%.

Figure 2 includes data for the friction coefficent f in a toroidal loop (36) and
an open "square" loop (27), see also Figure 1. It can be seen that the friction
factors are higher than those for forced flow. An additional result is the tran-
sition zone from laminar to turbulent flow - near Re = 1500, see Figure 2. This
transition was also visually observed in the experiments reported on by ref. (36).
It is noted, however, that the friction coefficents in Figure 2 cannot be applied
to any other free convection loop; the correlations depend, among other param-
eters, on the loop geometry. It can be expected that they will approach the
forced flow correlations in long components, for strong turbulent flows. As men-
tioned above, the forced flow correlations are used in most cases, due to the Tack
of more accurate data.

The energy equation is written in the following form:

2
oT T 3T _ a4
Pot (Ef'+ u Bs) -k as2 =4 d

h 1
H—4d—H(T-TO) + 5 fodA (2-3)
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where ¢ and k are the specific heat and the thermal conductivity of the fluid, q
denotes heat flux input, h is a heat transfer coefficient, TO is a reference
ambient (or wall) temperature and ¢ is the dissipation function. The effects of
the lTatter have been neglected in most of the theoretical models. Analysis shows,
indeed, that these effects are usually very small, c.f. (40). Only in some
extreme cases, such as cryogenic applications, dissipation is significant and
would tend to increase the flow rate in a loop (44). Axial conduction (the last
term on the left hand side of Eq. 2-3) would tend to decrease the flow in a
toroidal loop. These effects are very small and negligible for liquids and gases,
and become important only for 1iquid metals, with small Prandtl numbers Pr.

The heat transfer coefficient, h, has been taken again, from forced flow correla-
tions. Data on the heat transfer parameter is still not available. Heat transfer
correlations for laminar and turbulent flows in a toroidal Toop have developed

by (36); however, since they did not directly measure the flow rate in the Toop
but derived it from the temperature measurements, their flow resistance and heat
transfer data are redundant and can only serve for analogy purposes.

Finally, an equation of state must be added to the momentum and energy Eqs. 2-1
and 2-3. Mathematically, the continuity equation must also be counted to form a
set of four equations for the unknown u, T, p and p. A detailed solution of the
set of coupled equations can be performed only numerically (47). As mentioned
above, the interest here is in incompressible flows, where the continuity equation
leads to the result that the flow rate is uniform around the loop. The pressure
terms can now be eliminated from the momentum Eq. 2-1 by integration around the
loop. (Note that the velocity can vary in various components of the loop because
of area changes, but the flow rate is constant.)

d 2 ds
0 Y H%—= -9 $odz - 2o $Fu° (2-4)

H

where the geometrical parameter v is defined by:

Y= bty (2-5)

Thus for a loop of a uniform cross sectional area (such as in Figures la and 1b,

Y = Ly/A where L; is the total circulation length. For most applications the area
is uniform in any loop components, and then the integral in Eq. 2-5 can be
replaced by the sum.
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Eq. 2-4 can be rewritten in the form:
d 1 2
b o =-géodz-JoRQ (2-6)

where the overall flow resistance parameter R is defined by:

fds
2

dHA

and the integral includes both the frictional Tosses in the flow channels and the

form 1osses due to bends, valves, etc. (c.f. Eq. 2-2).

R=4¢ (2-7)

Egs. 2-3 and 2-4 (or 2-6) constitute a set of two coupled equations for u (or Q)
and T, where a relation for p(T) is also used. In most of the analytical solu-
tions p is assumed to depend linearly on the temperature, through a constant ther-
mal expansion coeffocient B:

p=o [1-8(T-T)] (2-8)

In some of the numerical simulations more accurate functions have been used, or a
temperature dependence of B.

In order to solve the simultaneous partial differential Eqs. 2-3 and 2-4, boundary
and initial conditions must be specified. For the completely closed loop the
former are replaced by the requirement that the temperature be continuous around
the Toop. For an open loop such as in Figure 1d (26-28), an inlet temperature
must be given. In other cases, such as a throughflow super-imposed by injection
(and extraction) of fluid into the loop (41-45) the mixing processes between
impinging streams must be considered. This situation is also encountered when the
system includes parallel flow channels. In refs. (41-45) it was assumed that
complete mixing is achieved over a very short length. 1In cases where axial
conduction cannot be neglected, conditions of smooth temperature profiles {con-
tinuity of the derivatives) must be added.

Finally, stability analyses of the governing equations have been performed to
obtain stability characteristics for natural circulation Toops, c.f. Section 2.5

below,

Several initial conditions for transient flows have been investigated. The main
interest is in two types: (a) uniform temperature and no flow prior to activation
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of the heat source {and sink), and (b) initiation of natural circulation from
forced flow (e.g., by tripping a pump). The latter may occur in cooling systems
such as nuclear reactor loops.

The former type of initial condition (a) would lead to an instantaneous flow in a
loop which is not completely symmetric. For symmetric loops, such as in

Figures la-1d, the bottom part of the fluid may be heated for some time without
flow initiation. Welander (30) pointed out that this situation is unstable and
therefore any small disturbance will cause a flow in the loop. His argument,
however, is based on one-dimensional considerations. Experimental results (27)
show that the flow starts only after a significant period of buoyancy buildup.
This can be explained by three-dimensional effects leading initially to rather
small free convection cells. Only when a critical condition is reached, the
buoyancy is strong enough to drive the flow around the whole loop. An expression
for a critical Rayleigh number in a symmetrical open loop was derived by (26).
There is no information available (neither empirical nor theoretical) on such
critical conditions in closed Toops.

2.2 Dimensionless Parameters and Scaling

There does not exist, yet, a generally accepted method fo choosing characteristic
scaling parameters and non-dimensional groups for natural circulation flows. The
available theoretical and experimental results for thermosyphons have been pre-
sented in dimensional forms or by dimensionless parameters relevant to the partic-
ular case (6-15,18-21,26-30,36-47). It is, therefore, quite difficult to compare
results from various loops and to extend the experimental data from small scale
systems in order to predict the behavior of large scale (industrial) loops.

The main reason for this problem is the absence of a characteristic velocity -
which would be a derived quantity and not a-priori given (as in forced flow).
Therefore, the Reynolds number is not a "true" dimensionless parameter represent-
ing the flow regimes in the Toops and correlations such as shown in Fig. 2 are not
"purely” universal.

It has been found (9) that the characteristic velocity (BgLAT)I/Z, used in classi-
cal free convection flows near vertical plates or near cylinders, does not repre-
sent the steady flow in a natural circulation loop. For the toroidal loop

(Fig. 2b), an attempt has been made to define the characteristic velocity by the
result of an approximate solution of the steady state (dimensional)
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equations, (39,40,45). In these works, the friction coefficients have been
correlated by the Reynolds number based on this velocity.

In the following, theoretical and experimental results of free convection loops
(steady state, transient and stability) are presented and discussed, mainly on the
basis of the original parameters. An attempt is made to correlate some of the
results by more general parameters; common trends of loops behavior stemming from
similar effects are outlined.

2.3 Steady State Flows

The steady state motion in a natural circulation loop is governed by Eqs. 2-6 and
2-3 without the inertia terms. These are rewritten now, with the assumptions of
negligible axial conduction and viscous dissipation and using the relation 2-8,
for the density:

1 -
5o,RQ =890, §Tdz (2-9)
T L R TN e

When Eq. 2-10 is written separately for the various components of the Toop, then,
for example, h=0 in the heat source, q=0 in the heat sink and h=0, =0 in the
connecting pipes. In order to simplify the approach even further, the energy

Eq. 2-10 can be solved approximately to yield linear temperature distributions in
the heat source and sink. It is noted that this profile is the exact solution for
the case of a uniform heat flux input in an insulated heat source. Performing now
the integral in Eq. 2-9, the following expression is derived for the flow rate in
the loop:

2B gAz P)1/3

Q = ( DOCR (2‘11)

Where P is the total input power and Az is the equivalent driving head, which is
equal to the difference in elevations between the centers of the heated and cooled
sections of the loop. Introducing the relation 2-11 for the flow rate into the
energy equation, the temperature difference across the heat source is obtained:

= P__ . P ,2/3 R 1/3
ATR - po C Q - ( po C) ('Zv’_g"'s A Z) (2'12)
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The "classic" expressions for Q and ATy represent first approximations and can
serve as rough estimates for the steady state behavior of thermosyphons,

c.f. (18,21). they have been developed by (21), based on a more simplified
approach, for estimates on the flow rates and temperature differences in nuclear
reactors. Comparisons with theoretical results, derived by more exact solutions
of the energy equation for the solar water heater (9) and the toroidal loop (40),
have shown that the deviations are small. These comparisons are further discussed
below.

One important conclusion that can be drawn from the expressions 2-11 and 2-12 is
that the steady-state values for Q and ATp are independent (to a first approxi-
mation, again) of the details of the heat transfer in the heat sink. It is noted,
however, that the actual fluid temperature in the loop depends on the heat trans-
fer coefficient.

Another purpose of deriving the relationships 2-11 and 2-12 here is an attempt to
define a characteristic velocity and dimensionless parameters for closed thermo-
syphons. For this we rewrite the overall friction factor R as:

t
R =4 dCACZ fo (2-13)
where Lt is the total circulation length, dc and AC denote now characteristic
hydraulic diameter and cross sectional areas in the loop and the friction coeffi-
cient fc is actually defined by the Tast equation, together with 2-7 and
is given by a/Rg, c.f. Eqe 2-2, where Re = poUdC/u and U is the characteristic
velocity, U = Q/AC. Introducing these relations into 2-11 we obtain:

b1, b+l
8 g o dc Az P

U= y/(3-b) (2-14)

b
2acu LtAc

The last expression reduces to the one obtained in (36,40) for the toroidal Toop,
where Az = 4ry/m is the elevation difference between the centers of gravity of the
heated and cooled sections and the total power is given by P = anrlrzq. For
lTaminar flow where a=16 and b=1, Eq. 2-14 yields:

2 }

= - (B gazPb \1/2
= v LA = gwea D (2-15)

t

2-7



It is noted that Eg. 2-15 is valid only in cases where the shear stress in the
loop is dominated by friction losses in the channels and not by form losses (which
are proportional to U2). As mentioned above and can now be seen from Eq. 2-15,
the characteristic velocity is not of the form (BgLAT)l/Z.

For strong turbulent flows, where it can be assumed that the friction coefficient

is constant fc = f = a, b=0, eq. 2-14 reduces to:

W

Bgd Az P
—-—L—m

)1/3
2 fw ce, LtAc

U= ( (2-16)

which is essentiallv the relation 2~11 with R defined by 2-13.

Finally, the main effects of the various parameters, (including geometrv and fluid
properties) on the loop flow rate, Q, and temperature difference over the heat
source ATR, can be seen from Egs. 2-11 through 2-16. As could be expected,
increases (and ATp decreases) with the thermal expansion coefficient, the input
power and the elevation difference between the heat sink and source. The specific
heat and the viscosity and total circulation Tenath or overall friction have the
opposite effects.

The approximate expressions 2-11 - 2-16, derived by assuming linear temperature
distributions, will serve as a basis for comparision for various loop results.
The theoretical solutions of steady-state motions are governed by Eqs. 2-9 -
2-10. The method of approach for analytical treatments, when all the properties
are considered constant, is as follows: the energy Eq. 2-10 is first solved for
each component of the loop and the constants of intearation are found from the
requirement of temperature continuity around the loop. At this stage the flow
rate, Q, is taken as an unknown constant. Then the temperature distribution is
used to perform the integral in Eq. 2-9, resulting in an algebraic equation for
Q. The solution of this equation can be substituted into the expressions for the
temperature profiles. It is noted that numerical methods have usually been util-
ized to solve Toop transients, to be discussed later.

In order to compare theoretical and experimental results of various loops, a
presentation based on nondimensional . parameters should be adopted. For this,
Egs. 2-9, 2-10 can be rewritten in a dimensionless form by scaling the flow rate



by Qup» given by one of the expressions 2-11, 2-14 through 2-16, the temperature
T - To by g/h, and the Tengths by Az:

®=6#$T dz (2-17)

dT M1 heat source
6 Qg = { -M,T  heat sink (2-18)
where Q, T, Z and s are nondimensional. here, M; and M2 are geometrical factors
involving ratios of various lengths, perimeters and cross-sectional areas in the
heat source and the heat sink. The parameter G, defined by:

G = _Z__B_.Q_A.EZJ (2-19)
Rb Qch

is related to the Grashof number. As can be seen, the steady state motion in
natural circulation loop is dominated by this dimensionless parameter and the loop
geometry. It is noted that the form of Ea. 2-17 and the characteristic flow rate
in Eq. 2-19 may change, depending on the flow regime and the assumed form of the

friction correlations.

It is emphasized that the choice of the characteristic flow rate, temperature and
Tength and that of the dimensionless parameter G (Egs. 2-11 through 2-19) is
rather arbitrary. In most of the existing works reported here, where the results
have been presented by dimensionless groups, these are of different form. As an
example, Fiqure 3 includes steady-state results for the flow rate and temperature
difference across the heated section in the vertical and toroidal loops, Figs. la,
1b. As can be seen, the various definitions of the scaling and dimensionless
parameters make it difficult to compare the results. One conclusion, however, can
be drawn-~the flow rate in the Toops increases, and the temperature difference ATR
decreases, with the modified Grashof number, as could be expected. Fiqure 3a also
includes the experimental results from the toroidal loop (36); the agreement
between the theory and the data here is good. The subject is discussed further in
Section 3.

2.4 Transient Behavior

The time-dependent Eqs. 2-3 and 2-4 or 2-6, govern the flow and temperature
distributions in natural c¢irculation loops. Unlike the steady-state cases where
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the equations can be uncoupled, there is no general approach to treat transient
behavior, and the equations must be solved simultaneously.

An integral method has been used to transform the equations for the vertical loop,
Fig. la, into a set of ordinary differential equations in time, and those were
solved numerically (38). Finite difference numerical methods have been applied to
derive the transient behavior in the toroidal loop, Fig. 1b, (39,47) and a solar
water heater, Fig. 1f, (6,7). Typical results are shown in Figs. 4-6. It is
noted that an additional parameter, related to the time constant of the system,
appears in the transient equations. There is no general approach for choosing
this additional parameter. Therefore it is difficult, again, to compare transient
results from different loops. A Tumped-parameter method has been used (18) to
calculate the transient behavior of the average system temperature in an experi-
mental rig relevant to a PWR loop (Fig. le). The main purpose of that calculation
was to follow the general trend of the transient, and to estimate the time
constant. The results are shown in Fig. 7, which also includes the data from this
loop.

For the transient solutions, initial conditions must be specified. Two types are
usually of more interest: dinitiating a flow from rest and establishment of
natural circulation from forced flow. The latter is important in nuclear reactor
cooling loops when the primary pumps are tripped and the decay heat in the core
must be removed by natural circulation.

It has been pointed out (30) that the rest state of a thermosyphon is always
unstable (when the heat source is applied). A linearized method (27) was used to
investigate the stability of the rest state in the loop shown in Fig. 1d.  The
results show, indeed, that there is always an unstable mode (or a disturbance will
always grow). However, the data from this Toop (27), shown in Fig. 8a, shows that
the loop flow was initiated only long after activation of the heater. This
implies that these predicted instabilities are local in nature and probably cause
only closed convection cells (of the Benard type), while another critical condi-
tion must be reached prior to initiation of a circulation flow in the loop. This
agrees also with the results of (18), shown in Fig. 8b, for flow initiation in one
stagnant branch (while the other loop was active) of a system similar to that in
Fig. le. Recent data obtained in a two-phase natural circulation loop show
similar behavior (48). It is noted that while the former instabilities are not
enough to initiate a flow from rest in a symmetrical loop (Figs. la-d), a circu-
lation will start immediately when the heat source is applied to a nonsymmetrical
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loop such as in Fig. 1f. Furthermore, an "artificial" initial condition of some
weak flow or some temperature penetration depth must be assumed in order to solve
(from rest) the transient equations of a symmetrical loop, c.f. Figs. 4, 5.

For the other initial condition, i.e., natural circulation following forced flow
in the loop, the flow rate and temperatures undergo some oscillations {over- and
under-shoots) before reaching the steady state, see Fig. 6. Similar results have
been obtained by using a numerical code (RETRAN) to calculate the transient of
natural circulation establishment in the Three-Mile Island plant (about 30 days
after the accident), see Fig. 9 and ref. (20).

2.5 Stability Characteristics of Natural Circulation Loops

As mentioned above, single phase thermosyphons may exhibit unstable flows under
certain conditions. The stability of the rest state was discussed above, and in
this section stabilities of flows in various loops are reviewed. Two additional
types of instabilities have been observed (experimentally) and analyzed (theoret-
ically): small-amplitude oscillations that grow and may lead to flow reversals,
and multiple steady state solutions (or meta-stable equilibria). Both analytical
and numerical methods have been used to investigate these phenomena and to find
stability boundaries (or marginal stability curves).

The analytical approach to the small amplitude instabilities is based on the
method suggested by (30). The flow rate and the temperature are written in the
following forms:

Ot 1(s,t) = T(s) +e(s)e”" (2-20)

Qt) =Q +Y¥e
where Q and T denote steady state values, ¥ and ¢ small perturbations and ¢ is
the stability parameter. The perturbations will grow if the real part of ¢ (which
is generally a complex number) is positive. Thus marginal stability curves, which
separate between stable and unstable zones in the parametric space chosen to
represent the system, are the loci of Real(s) = 0. It is interesting to note here
that in all cases where this type of instability has been found (either experi-
mentally or theoretically), it is of the oscillatory mode {Imag (o) # 0). The
reason for it stems from the physics (or mechanism) underlying the growing distur-
bances: 1imagine a pocket of fluid entering the heat source at a temperature
higher than the "usual" and flow rate smaller than the "usual" (because the oscil-
lations of T and Q are not necessarily in phase). This fluid pocket will emerge

2-11



even hotter from the heat source. For certain conditions the time lag until this
fluid pocket will enter the heat sink can be such that the temperature then will
be higher, again, and the flow rate also higher than "usual", which will increase
the perturbation. The process can be continued until a flow reversal occurs or
nonlinear effects become significant and cause decay of the perturbations.

In order to calculate the stability parameter o, Q and T from Eq. 2-20 are intro-
duced into the time-dependent Eqs. 2-3 and 2-4 or 2-6. The steady-state relations
are identically eliminated and then the equations are linearized by neglecting

second order terms (Yz, ¢2

and ¥¢). The linearized perturbation energy equation
is solved for the temperature distribution ¢(s), using also the boundary (or
continuity conditions). The integral in the perturbation momentum equation is
performed, resulting in an algebraic equation for o. (Note that this equation is
homogeneous in ¥, which can therefore be dropped. The actual values of ¥ and ¢,
which are determined by initial conditions for the perturbations, are not impor-
tant for the marginal stability treatment.) The values of o can be found by
solving the equation, or an equivalent method, e.g., the Nyquist criterion (36),

can be used to obtain the marginal stability curves.

Figures 10a and b show the stability characteristics of the simple geometry loops
(Figs. la and 1b). The data obtained (36) on the stability of the toroidal Toop
is also included in Fig. 10b. In these experiments (36), flow oscillations and
reversals were observed both visually and by measuring the temperature difference
ATR, see Fig. 10c.

Another method of attaining the stability characteristics of the Toops is to
employ the numerical solutions of the time~dependent equations, starting from some
perturbations to the steady state. The numerical results of Greif et al. (39) and
Kaizerman et al. (47) for the toroidal loop (Fig. 1b) fit closely the analytical
ones of Creveling et al. (36) and Zvirin (40).

An analytical investigation of the stability of solar water heater was per-
formed (10,49). The results showed that any instabilities that may exist Tie well
outside the practical range of parameters of the system. Another interesting
result from this study (10,49) is that there may be oscillatory modes which decay
rather slowly. The data obtained (8) (to be discussed in Section 3) shows,
indeed, the existence of such oscillations, see Fig. 12.
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The other type of thermosyphon instability, namely, the multiple steady state
solutions, has been discovered (experimentally and theoretically) (46) for the
parallel-tubes loop {Fig. 1c), see Figure lla. It has also been found analyti-
cally (43,45) that multiple steady-state solutions can be encountered when a
throughflow is superimposed on the (otherwise closed) thermosyphon. This happens
at relatively high inlet temperatures of the throughflow, see Fig. 11b. It has
been shown (43) that there is no relation between the two types of instabilities
in the vertical loop (Fig. la), and the small-amplitude stability of the multiple
solutions depends on the system parameters such that either or both can be stable
or unstable. The general effect of the throughflow, however, is to stabilize the
flow in the loop, see Fig. llb. Multiple steady-state solutions have also been
found analytically for the toroidal loop {Fig. 1b) with angular displacement of
the heat source and sink (37). The experiments reported on in ref. (37) did not
include these cases.

As mentioned above, an instability leading to a flow reversal was also observed in
a loop similar to that in Fig. le, see Fig. 8b and ref. (18). The reference does
not include a stability analysis of this phenomenon; it might have been caused by
either type of instability, but more probably by the one related to the onset of
motion, discussed in Section 2.4, since the flow reversal occurred in a previously
stagnant branch of the loop.

Finally, it is noted that natural circulation loops, and particularly with
asymmetries such as caused by parallel branches or throughflows, may exhibit
instabilities, flow oscillations and also flow reversals. These may hamper the
performance of thermosyphonic energy conversion systems, such as solar water
heaters and nuclear reactor cooling loops (under conditions such as throughflows
or makeup liquid to compensate for leaks or small breaks). The analysis of such
instabilities must be carried out carefully; it has been shown (38) that assump-
tions regarding the temperature distributions in the loop (which may be justified
for steady-state and transient calculations) lead to completely wrong stability
characteristics.
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Section 3

EXPERIMENTAL WORK ON NATURAL CIRCULATION LOOPS

3.1 Small-Scale Experiments

Although there has been considerable amount of data on natural circulation Toops
in large systems--nuclear reactor plants--see Section 3.2, there have been rela-
tively few experimental studies of small-scale thermosyphons. A summary of the
available results is presented here; some of them have alredy been mentioned and
discussed in the previous section. The simple-geometry loops investigated
experimentally include the toroidal one (Fig. 1b) (36,37), the parallel tubes
(Fig. 1c) (46) and the open thermosyphon (Fig. 1d) (27,28). Tests have alsc been
performed on a parallel-loop system relevant to a PWR (Fig. le) (18) and solar
water heaters (Fig. 1f) (6,8). Data from nuclear reactor plants are also avail-
able including tests and actual transients. It is noted that any new nuclear
power plant must run a natural circulation test as one of the requirements for
operating training (16).

In general, all the available data on thermosyphons confirm the trends, behaviors
and characteristics of the loops, discussed in Section 2, above. (Naturally, some
of the analyses have been carried out in order to explain observed phenomena.)

The data on the toroidal loop (36) are shown in Fig. 3. In this case, the
theoretical calculations closely fit the experimental results. The reader is
reminded, however, that the frictional coefficients for laminar and turbulent
flows in the loop were determined by the results for the flow rates, (see also
Figure 2). In all the other studies on closed-loops natural circulation, where
forced-flow friction and heat transfer correlations are used, the deviations
between theory and data are typically of the order * 30%. These deviations follow
mainly from the assumptions of one-dimensional fully developed flow and the
adoption of the above-mentioned forced-flow relationships. The discrepancies
between theory and data appear in both steady-state and transient flows. Examples
are shown in Figures 6 and 12 for the solar water heater, Figure 8a for the open
thermosyphon (Fig. 1d) and the plant data from Three Mile Island--Figure 9. It is
noted that in the latter case the flow resistance for the damaged core was not
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known, which leads to increased uncertainties. Other plant data are presented and
discussed below. Finally, experiments have been performed on a natural
circulation system relevant to a PWR, with two parallel Toops including once-
through heat exchangers (18). The vessel, including the heated section and parts
of the connecting pipes (legs), was transparent. The experiments included inves-
tigation of the geometrical effects of varying flow resistance in the heated
section, arrangement of the heaters and the upper-plenum design. The flows were
indeed found to be three-dimensional, and the geometrical variations contributed
to such effects as internal recirculation zones and buoyant rising jets (thermal
plumes).

As mentioned in Sections 2.4 and 2.5, theoretical investigations of natural circu-
lation loops show three types of possible instabilities: (1) one associated with
the onset of motion (either in the whole loop or in a stagnant branch), (2) the
growth of flow and temperature oscillations, which may lead to flow reversals,

and (3) the multiple steady-state solution {or meta-stable equilibrium). The
available results from experimental studies on thermosyphon confirm the existence
of these three modes of instabilities.

The first one (onset of motion) was observed in the open loop (Fig. 1ld) (27),
where the outlet temperature started changing a long time after activation of the
heat source, see Fig. 8a. The numerical solution of the coupled momentum and
energy equation shows the general trend of the transient, including the first
strong oscillation of the temperatures and the subsequent weaker oscillations.
However, the calculations significantly overpredict the temperature values.

In the loop relevant to a PWR (Fig. le) (18), a similar phenomenon was discovered
during a one-loop operation. A flow in the reversed direction occurred suddenly
in the (previously) inactive, or stagnant, loop. The mechanism for these flow
onsets is the buildup of a buoyancy difference of heavier (cooler) fluid on top of
lighter (hotter) Tlayers. At some point, a critical condition is reached where
this buoyancy force is strong enough to drive a flow around the Toop. ‘A similar
effect may occur in a two-phase natural circulation Toop.

The second type of instability, i.e., oscillation growth, was observed in the
toroidal loop (Fig. 1b) (36). Typical behavior of the growing temperature oscil-
lTations leading to flow reversals is shown in Fig. 10c. The data points for
stable and unstable flows in the stability map, Fig. 10b, confirm the theoretical
deviations of the marginal stability curve; the agreement between the theoretical
calculations and the data is quite good.
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Oscillations in the flow rate and temperatures have also been observed in solar
water heaters, c.f. (8). Fig. 12 shows data taken on a clear day, with no signif-
icant fluctuations of the impinging solar radiations. The oscillations in the
flow rate have a slow decay mode, and a period of about 1500 sec, but no instabil-
ities and no flow reversals were observed. This 1s in accordanace with the theo-
retical results (10,49) that the system is stable in the practical range of its
parameters, and has a slowly decaying mode of oscillations.

The third type of instability is associated with multiple steady state solu-
tions. Fig. 1lla shows theoretical results for a loop consisting of three paraliel
tubes (Fig. 1c) (46). In the experiments, it was observed that a critical heat
input exists in a second channel for a fixed input in the first channel. Above
the critical value, the flow in the second channel was always upwards. However,
below it the flow in the second channel could be reversed by disturbances such as
a temporary restriction of the third channel or a short injection of a falling jet
in the second channel. Recent data on a natural circulation system, having
parallel loops with U-tube heat exchangers (48), show that bidirectional flows can
exist in stagnant branches. By letting a temporary flow of seccndary coolant
1iquid in these loops, it is possible to change the flow pattern such that it
becomes unidirectional.

3.2 Nuclear Reactor Plant Data

As mentioned above, the information on natural circulation Toops in nuclear
reactors derives from plant data on this mode of cooling from either planned tests
or from operational transients. The planned tests have been conducted either for
the main purpose of observing the plant performance under natural circulation or
for simulating a more general incident, e.g., loss-of-offsite power. The opera-
tional transient data on natural circulation have been obtained during plant
incidents such as actual loss-of-offsite power, reactor scrams after which the
coolant pumps had to be tripped because of the excessive loads or, in for more
extreme case of postaccident heat removal, as for the Three Mile Island plant.

The data from pressurized water reactors (PWRs), see also refs. (50,51), include
mostly hot- and cold-legs temperatures, pressures in the primary coolant and pres-
sures and water levels in the pressurizer and in the secondary sides of the steam
generators. In all cases, transient behavior was monitored from the initiation of
the test or incident, In some cases, steady or quasi-steady states were reached.
Reference (52) discusses some aspects of transition between single- and two-phase
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natural circulation flows in plants. Some of the phenomena that occurred during
the accident at TMI-2 are described.

A summary of the available plant data is given in Table 1*, specifying the type of
test/incident which occurred. The natural circulation tests carried out in
nuclear reactors can be generally divided into two types: (a) onset of motion
from rest, by increasing the reactor power to avfew percent (1%-4%) of the
capacity, and (b) transition from forced flow to natural circulation by scramming
the reactor (after continuous operation at some significant power) followed by
pumps trip. As mentioned above, the purpose of the first type of tests is
observing general behavior of the system in natural circulation; in some cases,
one objective may be verifying a computer code [e.g., Trojan (No. 17 in

Table 1)]. The purposes of the second type of tests is to simulate an actual
operational transient, such as a loss-of-offsite power. These tests can either be
terminated after less than two hours {by resuming operation of the reactor primary
cooling pumps) or can run for several hours to cold shutdown, usually by the
Residual Heat Removal (RHR) system.

The plant operational transients with natural circulation, listed in Table 1,
include actual loss-of-offsite power (in which the reactor is immediately
scrammed) , an incident where the reactor was scrammed by an erronecus separation
fron the grid, shutdown because of various failures such as turbine blade failure,
hot reserve auxiliary bus, and steam generator tube leakage. In the Tatter cases,
the pumps were tripped and natural circulation was established and maintained for
lTong periods of time (hours or days), until cold shutdown with the RHR could be
achieved. Ref. (50,51) mention some additional operational transients in which
natural circulation took place: reactor pump seal failure or other pump failures
(at full or low power) and stuck open steam dump valve. However, these references
(50,51) do not provide any data for these transients.

During cooldown by natural circulation, the primary liquid volume contracts; this
may cause depressurization and veid formation in the reactor vessel, which may
hamper the natural circulation flow. Therefore, it is essential to keep the
primary liquid pressurized or to maintain the inventory at "water-solid" (i.e.,
completed filled). This can be done by either having the High-Pressure-Injection

*The table includes data provided by U.S. utilities and additional data from
Refs. (50,51). These references mention tests and incidents in other plants,
but do not provide any data.



System (HIPS) operating or controlling the primary conditions by the pressurizer
(heaters or water spray). An example of the latter is illustrated in Fig. 16 and
discussed below.

Finally, natural circulation also occurred during the accident at the Three Mile
Istand (TMI-2) plant, which started from a loss of feedwater to the steam
generators, accompanied by a stuck-open relief valve. This flow, however, was
two-phase and not effective for the decay heat removal, resulting in the core
uncovery, c.f. (52). A month later, single-phase natural circulation was estab-
lished and maintained for an extended period of time for cooling the damage core.

Table 1 includes the steady~- (or quasi-steady) state values of the temperature
difference (between the hot and cold legs) and the core mass flow rate, based on a
heat balance for the core. The calculated AT in the table were obtained by

Eq. 2-12, and estimates for the driving head Az and the overall friction parameter
R, as explained in the following section.

3.3 Comparison of Plant Data to Analysis

The driving head in Eq. 2-12 (see also (21)) is taken as the difference in eleva-
tions between the center of the core (the heat source) and the steam generator
(the heat sink). The flow resistance parameter R is taken as that for forced flow
in the system. For this we write (based on the definitions in Sections 2.2 and
2.3 above), assuming turbulent flow (which is always the case in the large systems
under consideration):

_1 2
Apy =5 Pp R Qy (3-1)

where Apy is the overall pressure drop in the loop and Qy is the volumetric flow
rate in the core under nominal operating conditions, i.e., plant design data. The
value of R from Eq. 3-1 can be used in Eq. 2-12 for AT when all the existing
primary loops are active and natural convention flows take place in them. In some
cases, the number of operating loops in natural circulation can be lower, while
the other loops are inactive, e.g., because of problems in the steam generator
feedwater. The value of R has to be modified then as follows, c.f. (18). The
pressure drop in one complete loop is separated into the core -Ap, and the rest of
the loop - Ap; (see also Fig. le):

Q.2 Qy.2

ap L (n ) %"po RI(F_J (3-2)
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where R, and RL denote the friction parameter for the core and the rest of the one
loop {respectively), Rl is the friction factor defined for a complete circulation
in one Toop and n is the number of existing loops in the plant. Eq. 3-2 is based
on symmetrical flow split in nominal operating conditions. The friction factor R,
for one-loop operation is, from (3-2):

_ 2
R1 = RL +n RC (3-3)
For natural circulation in 2 Toops, the overall resistance factor can be obtained
in a similar way:

2
Ry = Ry /% (3-4)

It follows that the overall "nominal" value of R is related to R, and R. by

R =R+ RL/nZ. It is noted that Ry has to include the resistance of the Tocked-
rotor pump. Since a K-factor is used to express this resistance, the additional
term would be K/A2 where A is the cross-sectional area (inlet or discharge),
corresponding to K.

The values of Az and R are introduced into Eq. 2-12 to calculate the temperature
difference AT between the hot and cold Tleg. I and the other fluid properties are
taken at the average temperature.

It is noted that the calculated values can be served as rough approximations

only. As mentioned above, the adoption of forced flow correlations and the use of
Eq. 2-12, based on a one-dimensional approach, lead to uncertainties of order
+30%. Moreover, the data on the power is not accurate and, in many cases, the
accuracy may be close to 1% of full power--which is significant compared to the
power levels during incidents and tests. Most of the temperatures, measured by
thermocouples, were acquired on strip-chart recorders, which, again, are not very
accurate. On the other hand, however, the transients involved in natural circu-
lation, and even the change from forced flow to this mode of cooling, are rather
slow--the time constants are usually of the order of at least several minutes.

There are only a few available calculations of transient behavior of nuclear
reactor plant in natural circulation flows. As has been shown in Section 2.4, the
momentum and energy equations for the loop cannot be uncoupled, and numerical
methods must be used in order to solve them. Figure 9 illustrates calculations
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for natural circulation behavior of TMI-2 after the accident, by using the RETRAN
code. The same code has also been used to simulate the test in the Trojan plant,
see No. 17 in Table 1.

The general trends of the transients in the tests or incidents are described in
Table 1. Figs. 13-16 include the typical behavior of flow rates, temperatures,
pressures and levels in the pressurizer and steam generator of various plant
designs. Figure 13 shows a comparison between a simplified analytical approach
(using Eq. 2-12) and data from 3- and 4-lcop steady operation in tests at Zion-l.
The agreement is within the accuracy bounds mentioned previously. Figures 14 and
15 depict typical behavior of the hot- and cold leg temperatures in a transition
from forced to natural circulation. Temperature oscillations (undershoots and
overshoots) can be seen, similar to those in simple geometry loops, see

Section 2.3 and Fig. 5.

Fig. 16 is of particular interest; it shows the depressurization of the primary
liquid after establishment of natural circulation following reactor scram because
of loss-of-offsite power in two different incidents at St. Lucie (see also

Table 1, nos. 25,26). The fast depressurization caused steam generation and a
steam bubble formed in the reactor dome. However, the natural circulation flow
was not hampered in these cases because the two-phase mixture level was well above
the hot legs. The operators dimished the void by repeatedly spraying water into
the pressurizer and adding makeup flow, as can be seen from the level behavior in
Fig. 16. It is noted that penetration of steam into the hot leg may impede the
single-phase natural circulation Teading to two-phase circulation. Further
depletion of inventory may lead to core uncovery (19,20,35,48).
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Section 4

CONCLUSIONS

As demonstrated by the information reviewed, natural circulation can serve as
effective means of transferring heat from a heat source to a higher-elevation heat
sink in a flow loop (thermosyphon)}. In most cases, transients lead to steady or
quasi-steady flows. The Tatter, which can also be termed very slow transient, is
encountered in the two main applications of natural circulation loops--decay heat
removal from nuclear reactor cores and thermosyphonic solar water heaters. The
existing theoretical modeling methods yield approximate results (of the order +30%
compared to data) and can reconstruct general system behavior and trends during
transients. For example, the theory shows oscillations and over- and undershoots
of flow rate and temperatures after transition from forced to natural circulation
in Toops.

The theoretical results also show the three types of instabilities, observed in
experiments with thermosyphons: (a) the onset of motion in the whole Toop or in a
stagnant branch: (b) small amplitude oscillation growth, which can lead to flow
reversals; and (c) multiple steady~-state solutions in nonsymmetrical systems such
as parallel branches or superimposed throughflows.

The available modeling methods are not always capable of predicting the stability
characteristics of general loops, and generalized criteria for the unstable
situations are still lacking. Moreover, the results of stability analyses are
very sensitive to assumptions made in the modeling of the loop, e.g., linear
temperature distributions. However, progress is being made by advanced analytical
and numerical methods.

It is quite difficult to compare between various theoretical results, expecially
for different loops, and between theory and data. The reason is the lack of scal-
ing laws or a general approach for choosing characteristic quantities and dimen-
sionless parameters. A first attempt in this direction has been made here.



Finally, the existing analytical and numerical methods representing natural circu-
lation Toops are one-dimensional. The flows, however, have been observed to give
rise to three-dimensional effects. These should be taken into account in future
work, by more detailed analysis, using the three-dimensional conservation
equations, and by more sophisticated experiments, including measurements of
transverse velocity and temperature distributions.
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SUMMARY OF NATURAL CIRCULATION PLANT DATA

1-v

TYPE/ STEADY OR QUAST STEADY STATE
POWER CORE POWER 4T MEAS, aT caL. M/S
PLANT M DATE TEST/INCIDENT I oC °C K9 REMARKS
2N N.C.- IMPOSEE BY PRESSURE TRANSIENT (30 MIN.) TOWARDS
AT & - . DECREASE IN SU - nO INPUT NEW S5 AT THE LOWER TEMP,
OCOWEE 1 860 5/1/773 POWER a
u TEST-LO0SS OF OFFSITE POWER 27 17 20 378 TRANSIENT OF 22 TIN.,
OCONEE-1 11/4/75 QUAST STUDY STATE
N TEST ~ NATURAL CIRCULATION 49 14 30 833 TRANSIENT OF 37 MIN,,
OCONEE-1] 5/2/74 QUAST STEADY STATE TEMPS,
LEVEL CHANGING
- LONG TTG%SIENT, DATA
e, A 5 UNTIL MIN-QUASI
WEE-2 1/4/74 EEQ2;2$1821§RSSLES?BNG 25 25 16 170 STEABy STATE HéIS
KEPT CONSTANT
RaW ) .
AND -1 836 |2/22/75§ L0SS OF ELECTRICAL POWER €5 16 36 967 ;iéNééngs$EAgngTArglN
o - TRANSIENT OF 20 MIn
CRYSTAL isg TEST-LOSS OF OFFSITE POWER ggg-SY?METRICAL C%OPS
o 3 RATION, QUASI STEADY
RIVER 4/23177 12 24 12 122 STATE NOT FULLY EBTAB-
3 LISHED. SO LEVEL CHANGING




SUMMARY OF NATURAL CIRCULATION PLANT DATA

v

TYPE/ STEADY OR AQUAST STEADY STATF
POWER coaﬁ POWER T MEAS, a7 caAL, "
PLANT Mu DATE TEST/INCIDENT W oC oC K9/s REMARKS
B&W
TEST-LOSS OF OFFSITE POWER 10 19 10 131 RANSI oF 40 Min,
THI -2 | 880 | 4/22/73 gSC?ELir&WSﬂN ﬂi&f
ERATURES, STRONG IN
COLD LEG B
B&W
DAVIS  |906 {12/3/73 | TEST-LOSS OF OFFSITE POWER 2 17 18 308 TRANSTENT OF 4mn,
BESSE 1 QUAST STEADY svglg NOT
REACHED, SECONDARY
PRESSURE CHANGI
DAVIS " 1/715/79} TEST-LOSS OF OFFSITE POWER 16 15 14 254 TRANSIENT OF 9 MIN.,
BESSE 1 APPARENT QUASI-SITEADY
STATE
JAVIS “ 112/3/78 | TEST-NATURAL CIRCULATION 107 22 50 1160 CONSTANT PCWER, STEADY
BESSE 1 STATE TEMPS, OSCILLATIONS
IN SG LEVELS
W
KEWAUNEE]2¢ 4/76/79 BACKDOWN AND SHUTDOWN . NATURAL CIRCULATION
535 5.39 DUE TO HOT RESERVE AUX.BUS. 13 TRANSIENT OF Z DAYS
e RC PUMPS TR PP;D: 9p. M. (B) untiL RHR on. sTEADY
M| anp Zi1bam 4727 {a) STATE
KEWAUNER} ~ 1/17/7724 SHUTDOWN DUE TO TURBINE NATURAL CIRCU Ag&ow
Q:iy5am | BLADE BURST. SWITCH TO 6 TRANSIENT QF vs UNTIL
: NATURAL CIRCYLATION TO RHR ON . STEADY 'STATE
REDUCE LOAD Z2:2UaAM
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SUMMARY OF NATURAL CIRCULATION PLANT DATA

TYPE/ STEADY OR QUASI STEADY STATE
‘ PORER conﬁ POWER 4| MEAS. sT caL, M
PLANT MW DATE IEST/INCIDENT W °C oc Kg/s REMARKS
W
, R 77} o s TRANSKE”E ofF 9 HEURS
13 | KEWAUREE I 1/17/80} LosS OF OFFSITE POWER ~10 UNTIL ON.QUABT
535 STEADY STATE
CE -
- TRANSIENT OF 45 .
14 | PALISADEY7gg | 4/20/72} TEST-NATURAL CIRCULATION 11.4 8 339 NEARLYEQSASI e éﬁ STATE
W
15| YAWKEE Jye TEST-LOSS OF OFFSITE POWER 3.9 g 103 TRANSIENT OF 3 HDURS
ROWE 175 STEADY STATE
W
TUBE BREAK IN SG TRANSI ofF 16 Hours
16| PRAIRIE |2¢ |[10/2/79 | puMPs STOPPED AFTER 13 MIN, §8§¥¥é§EDD‘EﬁT§°R 200 gec. anp son UNTIL Eﬂﬁ ON. INJECTION
ISLARD 1520 OF WATER TO MAKE UP FOR
LEAKS.
] : W TRANSIENT oF 100 min
17 1 TROJAN 42 2/14/76] TEST-NATURAL CIRCULATION 136 25 3 1290 (FROM RE?RK UP) BTEADY
1130 STATE RETRAN CALCULATIONS
FAIR_AGREEMENT WITH TRAN-
30 | o7 Seeren o waTuRAL CALCULATIONS BASED o ¢
18| Tl -2 /27779 CirciLaTioN 2.5 8 9 %KCORE= gGKNOMlN L
RETRAN CALCULATIDNS FAIR
AGREEMENTS. Atsh CAUJY/
NATURAL BRW
W
B §SEQUOYAH ﬁi 6/79 Test - NATURAL CIRCULATION PRE-TEST RETRAN
1148 CALCULATIONS
20 $lorTH 31 W
NA - 039 } 7/80 Test - iaTurat CircuLaTion | 84 (3%) 20-22 12 Eggﬁ:ggTigngéfga o rs-
TANCE




SUMMARY OF NATURAL CIRCULATION PLANT DATA

bV

Eéﬁﬁé STEADY OR QUAS! STEADY STATE
oy CORﬁ POWER - o] MEAS. aT caL., M/
PLANT DATE TEST/INCIDENT n °C °C K9/s REMARKS
A B A B
POINT 2? TEST - NATURAL CIRCULATION 39.6 7 q 13Z7 59
BEACH !
(ref.[b'O]) 497 11 . 12 15.3 9:5
HADDAM W TEST - NATURAL CIRCULATION 3.2% TEST INITIATED BY PJiiFS
NECK 42 TRIP 1 HOUR AFTER REACTOR
(ref.[501) |527 SHUTDOWN, FOLLOWING A MONTH OF
QPERATION AT 709 POWFR
Zi - 13w TEST- NATURAL CIRCULATION 32.5 (D) 3,28% SEE RESULTS IN F16, 14
Yz 52%
(REF. D) 1040 130 (%)
TEST- NATURAL CIRCULATION 7.1 (0.5%) N
FT. CE TYPICAL RESULTS IN F16.15
%ALHOUN 457
ref.[51])
CALVERT  Jce TEST- NATURAL CIRCULATION 140,535 TYPICAL RESULTS IN Fi1e6. 15
(s, (M8
ST.lLUCIE CE TEST- NATURAL CIRCULATION 14, 20.56% TYPICAL RESULTS IN Fie, 15
(ref.[51]) 810
o - 47=14° FROM “]1HR AFTER
STo LUCIE} cE 16711780 ioss oF oFF siTe power 3% ASSUM- 14 12 REACTOR SCRAM%PRESSURfZER
810 £D LEVEL CONTROLLED BY SPRAY-
ING, TO FILL YOID IN THE
REACTNR DOME.CAUSED BY DF-
PRESSURIZATION SEE FIG,
ST, LUCIE J ce | 4/15/80 | Loss OF OFF SITE POWER Bﬁ??;éﬁ? gémé?ii}86?
810 HE DEPRESSURIZATION AN
PRESSURBATION CONTRQ
WERE SLOWER. SEE FIG.
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