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ANALYTIC STUDIES PERTAINING TO STEAM GENERATOR
TUBE RUPTURE ACCIDENTS

by
B. A. Kashiwa and R. C. Mjolsness

ABSTRACT

A study of the thermal-hydraulic phenomena of possible
steam generator tube rupture (SGTR) accidents leads to the
conclusions that (1) flashing will not occur upstream of the
tube rupture, so that the flow will be resistance limited
rather than choked, (2) there is considerable potential for
discharging the primary fluid in the form of micron-sized
droplets, particularly when the fluid discharges into a vapor
cavity surrounding the tube rupture, and (3) that the sur-
rounding of the rupture site by water rather than vapor may
be a means for preventing the formation of micron-sized drop-
lets. The presence or absence of micron-sized droplets is
considered to be a key issue for the damage assessment of
SGTR accidents because they are currently thought to be the
most likely route for radioactive iodine to be released to

the atmosphere.

I.  INTRODUCTION

In the production of electricity using the energy from a pressurized water
nuclear reactor (PWR), a steam generator resembling a tube-and-shell heat ex-
changer must be used. This is because the water needed to transport the heat en-
ergy away from the nuclear fuel can contain impurities that are radioactive.

Safe use of nuclear energy as a heat source for power generation requires that
separate fluid circulation circuits be maintained for removal of heat from the
reactor core and for steam passing through turbines powering electrical genera-
tors, These two circuits can only be allowed communication by way of heat ex~-
change in the steam generator. If a rupture occurs in a tube inside the stean
generator, mixing of the reactor cocolant (primary) water with the steam generator
(secondary) water will result., Thus a systematic series of investigations, both
1



theoretical and experimental, is needed to study the steam generator tube rupture
(SGTR) problem.

The purpose of this report is to present the results of a set of theoretical
investigations into the thermo-hydraulic related facets of SGTR events. There
has been some prior work* directed at the same goal,9 in addition to one study in
which the complicated non-equilibrium chemical reactions associated with radio-
nuclide transport have been studied theoretically.39 Here attention is restrict-
ed to thermodynamic, heat transfer, and fluid dynamic concerns; the results ex-
tend those of earlier works and provide new insights into the potential conse-
quences of SGTR accidents.

First, it is important to understand the possible sequence of events in a
SCTR accident, beginning with the tube rupture and ending with temporary shut=-
down of the plant. Figure | is a schematic of a typical PWR plant showing only
those components most relevant to the SGTR accident sequence. The primary cir-
cuit consists of the reactor itself and at least two coolant loops as shown in
Fig.1-l. Each primary coolant loop transfers heat to the secondary circuit
through a steam generator. Rupture of a primary circuit tube in the steam gener-
ator provides a pathway for radionuclide release to the atmosphere either through
the atmospheric relief valves (ARV "A" or ARV "B") or through the turbine-con-
denser system. The pressurizer is provided to maintain the primary circuit pres=-
sure of 150 bar. High-pressure injection (HPI) of cold water is provided for
core cooling under emergency loss-of-coolant accident conditions.

In the event of a SCTR, contaminated primary water enters the secondary cir-
cuit and, if concentration is sufficient, radiation monitors will signal an
alarm. If the rupture is large enough, however, the flow rate of primary fluid
can be large enough to cause the pressurizer to empty rapidly, causing another
alarm to signal. If the pressurizer is unable to prevent the primary circuit
pressure from dropping below a specified value (typically about 130 bar), then
the system automatically enters an emergency response sequence. In this the fol-
lowing four actions occur essentially simultaneously |

1. Control rods are actuated to terminate the production of thermal energy

in the core (called reactor scram or reactor trip).

2. The main feed-water (MFW) pumps on the steam generators are stopped.

3. Auxiliary feed-water pumping for the steam generators is initiated.

*In this report references are numbered in alphabetical order (see reference
list).
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Fig. 1-1. Schematic of a typical pressurized water reactor plant showing parts relevant to SGTR accidents.

Abbreviations are: MSL-main steam line, MSIV-main steam line isolation valve, ARV-atomospheric re-

lief valve, MFPW-main feedwater, AFW-auxiliary feedwater, MCP-main coolant pump, and HPI-high pres-
sure injection.



4. The flow ¢” steam to the turbines is terminated by closing either the
main steam line isolation valves (MSIV's) or a turbine stop valve.

If the reactor vessel pressure continues to drop and a pressure of about 110 bar
is reached, HPI injection is automatically initiated. About one minute after in-
itiation of HPI injection, the main coolant pumps (MCP's) are turned off. The
action of closing the MSIV's or the turbine stop valve causes the steam generator
pressure to rise quickly. In the more severe accidents, the condensing system is
not available to accommodate excess steam. Therefore, in this case, when the
steam generator pressure reaches about 70 bar, the atmospheric relief valve (or
valves) acts to relieve the excess pressure and maintain a pressure of about 70
bar. The reactor trip causes heat production in the core to stop almost instant-
ly, except for decay heat. Thus the primary coolant temperature drops almost im-
mediately to a temperature of about 560 K, roughly the saturation temperature at
70 bar. The primary pressure remains at a level of from 85 to 145 bar depending
on the HPI capacity and HPI dead-head pressure. This means that 560 K primary
fluid is passed into the 70 bar steam generator vessel at a rate determined by
the primary system pressure; this pressure may vary widely depending on the de-
tailed nature of any particular set of accident conditions and specific plant
design.

At this stage, leakage would continue indefinitely unless the operator takes
action to depressurize the primary circuit. In typical safety analysis studies
one assumes that the rising liquid level in the damaged steam generator alerts
the operator to the nature of the system problem. The proper action is to open
the ARV's nearest the intact steam generator while closing down HPI flow and
shutting down the pressurizer heaters. Because the intact steam generators auto-
matically maintain a fixed water level, cool water will be introduced to them via
auxiliary feed water pumping. This sets up a natural circulation in the primary
loop and a way of cooling it down. Eventually a primary pressure of 70 bar or
less is obtained and flow from the tube rupture is either terminated or re-
versed. A typical elapsed time for this entire set of events is about 30 min.

During this sequence the possibility of introducing radiocactive materials
into the atmosphere arises when the damaged steam generator ARV opens in response
to the 70 bar pressure limitation. System calculations show that the ARV for the
damaged steam generator begins to open and close soon after the primary coolant
temperature drops to about 560 K.l3—15,18

This accident response sequence is considered representative of only the

principal features of a typical set of automatic emergency actions. Operator ac-
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tion and deviations in plant design from the typical system described cause dif-
ferences in the detailed nature of the potential accident. The purpose of the
foregoing description is only to introduce the basic hardware and terminology
needed for understanding the analysis contained in this report. There are a num=-
ber of possible multiple accidents of concern, two of which are relevant to this
report. One is SGTR with loss-of-feedwater (SGTR/LOFW) and another is SGTR with
a stuck-open-safety valve (SGTR/SOSV). When these events are combined, the dam-

aged steam generator is boiled dry, so that its internal environment is essen-

tially pure stean.3& In the single-event SGTR, the steam generator fills with

liquid because of MSIV closure. Hence the thermo-hydraulic nature of single ver-
sus multiple-event accidents can be vastly different, a point to be examined in
this report.

It is clear from the sequence described that the system conditions giving
rise to the potential for radioactivity release during the approximately 30 min-
ute transient can be highly variable. The reactcr vessel pressure drops continu-
ously and the steam generator pressure rises until it reaches a maximum value.

nis means that the flow rate of primary fluid into the secondary loop varies
continuously. Soon after the reactor scram the temperature of the primary water
arriving at the steam generator begins to drop. This means that the heat trans-
fer rate and even the direction of heat exchange in the steam generator also
vary throughout the 30 minute transient. A variety of computational system re-
sponse studies on most of the different PWR plant configurations have been per

13+13,18,34 Results of these studies provide the conceptual starting

formed.
point for the more detailed studies contained in this report.

The principal radioactive species of concern in SGTR accidents is radioac~
tive iodine, which is present in the primary coolant at varying concentrations.
The exact chemical forms of the released iodine and their equilibrium chemical
and thermodynamic properties under PWR conditions are the subject of other
ttudles.* Of particular concern is the manner in which the dissolved radioiodine
in the primary coolant partitions itself between phases of the two-phase mixture
resulting from depressurization of the primary fluid. The current knowledge of
radioiodine behavior under these circumstances is very limited. About all that
can be said is that the so-called partition roefficient, defined as the ratio of

radioiodine concentration in the water to tl in the steam at a given saturation

*Information provided by S. D. Clinton, Oak Ridge National Laboratory, July
1984,




condition, can vary widely depending on the pH of the water.39 An understanding
of the ptisical chemistry of the system appears to be an objective attainable
only in the future. Therefore at this time, experiments designed to give engi-
neering estimates of the partition ccefficient are under way to provide an inter-
im understanding of radioiodine behavior in steam-water mixtures.*

The present SCTR transient studies are aimed at better understanding the
thermo-hydraulic facets of potential radioiodine release. The approach is to
trace the path of the discharged primary fluid during its excursion from the rup-
ture site into the steam generator cavity and eventually to the environment. The
amount of radioiodine release will then be a function of initial concentration in
the primary fluid and the partition coefficient. In this study it is assumed
that these factors are or will be available from other investigations.

The travel of the discharged primary fluid can be divided into four segments

1. Flow from the primary circuit up to and through rupture site.

2. Flow of the primary fluid from just downstream of the rupture into the
neighboring region of the steam generator cavity.

3. Upward flow of the discharged fluid and subsequent mixing with the sec-
ondary steam-water mixture through the tube bundle and support struc-
ture to the top of the tubes.

4e Flow through the separator and dryer region of the steam generator, and
release to the atmosphere through the ARV.

Figure 1-2 is a schematic of the U-tube type of steam generators used in PWR
plants. This figure provides an idea of the locations of the four flow regions.

Shortly after the rupture occurs, primary fluid will flow through the broken
tube from both the inlet and outlet plenums of the steam generator because of the
pressure difference between the primary and secondary circuits. In the initial
portion of the transient, the primary fluid arriving at the rupture may be suffi-
ciently superheated with respect to the saturation temperature at the secondary
pressure to allow violent flashing to occur at the rupture site. Prior

2,12 have concluded that if this is the case then droplets of primary

studies
fluid on the order of lO-a cm in size could be formed. Furthermore it has been
suggested that if the partition coefficient is large, the presence of micron-

sized droplets may be a very important release mechanism for radioactive iodine
to the atmosphere.39 This is because micron-sized droplets are not well removed

from the steam in the separator and dryer region of the steam generator.

*Information provided by S. D. Clinton, Oak Ridge National Laboratory, July
1984,
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The studies reported here are divided according to the four flow regions
Just listed. 1In the next section a detailed study of the primary discharge flow
rate is presented. In this, careful examination is made of the physical mechan-
isms determining the flow rate as a function of conditions in the hot and cold
side plenums, heat transfer to the broken tube, and position of the rupture. To
explore the role of the various mechanisms a variety of sample calculations are
performed. We conclude that flashing does not occur upstream of the tube rup=-
ture. In Sec. III the question of droplet formation or nonformation is address-
ed. The results of Sec. II provide the needed set of boundary conditions to ex-
amine the relative role of a number of mechanisms by which droplets may be form-
ed. A series of sample calculations is again performed to illustrate possible
effects. In Sec. IV the transport of the primary-secondary, two-phase mixture
through the tube bundle is examined. Methods to determine the general nature of
the distribution of discharged primary fluid approaching the dryer-separator re-
gion are given. Since the separation efficiency of these devices is considered
well known, analysis of region four is not included i~ this study. Thus the
parts of the radioiodine flow path requiring added illumination have been pointed
out and recommendations have been made for their quantitative analysis. Section
V highlights the relevance of the current study to others presently under way.

Section VI lists the major conclusions of this study.

II. FLOW OF THE PRIMARY FLUID TO THE RUPTURE SITE

This section discusses the nature of the flow of primary coolant from both
the hot and cold side steam generator (SG) plenums, through the broken tube, up
to and through the rupture site. There are two principal concerns in this part
of the problem. The first 1s to determine the discharge rate for primary coolant
passing through the rupture as a function of conditions in the hot and cold side
SG plenums and the secondary environme~t into which the discharge flows. The
second problem is to determine the amount of flashing that may have occurred in
the discharged coolant, either upstream, at, or just outside the rupture. Estab-
lishing the most likely state of the primary discharge just outside the rupture
is an important first step in SGTR analysis. The hydrodynamic state at this po-
sition serves as a boundary condition for analysis of subsequent flow regions; it
also may be of considerable significance in determining the hazard potential in
the SGTR event.



In calculating the discharge flow rate, one must give proper attention to

each of two possible mechanisms by which the flow rate can be determined. One
mechanism is the depressed sound speed that is characteristic of gas-liquid mix-
tures and gives rise to the phenomenon of choked flow for such mixtures. The
other mechanism is flow resistance, which results in a fluid flow rate limited by
pipe friction and the impedances of inlets, outlets, bends, constrictions, etc.
The principal conclusions of the section are that there is no upstream
flashing in the initial stages of an SGTR accident, and probably not in any
stages of the accident, and that there is a potentially enhanced flow of primary
water into the secondary circuit because the flow in the ruptured tube is not
choked. 1In the following we describe the thermo-hydrodynamic conditions encoun-

tered in the ruptured tube, explain our mode of analysis of these conditions, and

present our results.

A, Flow-Limiting Mechanisms
Critical two-phase flow is a well-known phenomenon in reactor safety analy-

sis. Just as for critical flow in single-phase gas dynamics, critical two-phase
flow occurs when the flow speed u reaches the mixture sound speed c. For inter-
nal flows, as for example in a converging-diverging nozzle, this means that
changes in pressure downstream of the point where u = ¢ cannot affect the flow
speed. In systems for which critical two-phase flow is the flow rate determining
mechanism, an estimate of the flow rate can be obtained with the homogeneous
equilibrium model (HEM), For a vessel of compressed liquid of density Py at

pressure p0 and temperature To' the HEM gives the critical mass flow rate Gc as

1/2

2(p° - pt) .
Gc = [amv’t + (1 - x)pz’t] e (2-1)

o

Here x, p are the quality (mass of vapor per unit mixture mass), vapor

y P
density a:étliqﬁis density corresponding to the pressure pt that maximizes the
function of Eq. (2-1) subject to the condition that the mixture entropy equals
the initial entropy so(po, To). Thus the HEM assumes depressurization along an
isentrope, thermodynamic (temperature) equilibrium between the vapor and liquid,
and equal velocity of the vapor and liquid. For circumstances where there is
sufficient time for the flow to reach both thermal equilibrium and homogeneity in
velocity, the HEM gives accurate results., In cases such as discharge through an

orifice, there may not be time for homogeneous equilibrium conditions to be
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achieved. For these cases empirical correlations exist, which are usually suffi-
cient to account for the effects of nonequilibrium and non-equal velocity.

If two-phase flow occurs in the ruptured tube early in the accident, the re-
sulting flow will surely be critical, due to the large pressure difference be-
tween the primary and secondary circuits. Later the pressure difference is much
smaller and if two-phase flow occurs then, it will be a resistance-limited flow
whose resistance is altered by the two-phase conditiona.19

To specify a general (one-phase or two-phase) resistance-limited flow con-
sider the steady flow of a pure liquid from a vessel at pressure Py through a
pipe of length L, diameter D, and friction coefficient f. If the entrance and
exit loss coefficients are given by K. and K, respectively, then the flow speed u

1 2
is determined by the Darcy-Weisback equation

(b, = p) = (K, + 5 +K) 7 ou (2-2)
where Po is the fluid density and e is the pressure outside the pipe. In the
case of incompressible one~phase flow, Eq. (2-2) can be used to determine the
pressure p(Z) as a function of distance along the pipe Z, once the steady flow
speed in the pipe u is determined. To do this one uses Ap1 = Kl-% pouz at the
entrance (1 = 1) and exit (1 = 2) and ApZ = f %~% pou2 in between, The result of
this is a pressure profile showing a discontinuous change in pressure at the en-
trance and exit (the so-called point losses) and a linear change in pressure for
<€z <L,

Equation (2-2) also describes resistance-limited two-phase flow, but the im=-
pedances Kl’ Kz, and f have somewhat altered values, due to two-phase flow ef-
fects. 1In addition po is not strictly constant in the two-phase case but, be-
cause the flow is subsonic, it is not highly variable once the mixture flow ap-
pears. Of course, in the case of critical flow an analog of Eq. (2-2) also
holds, but the exit pressure Pe is not the ambient pressure (the equation serves
to determine pe) and there is a further pressure drop to pa outside the tube in a
two-phase jet.

The foregoing discnssion has indicated that the applicability of Eq. (2-1)
versus that of Eq, {2-2) in determining the flow speed depends on two things.
Both depend on the unknown geometry of the rupture. In order to have two-phase

flow, the series of flow impedances must be such that a pressure less than the

saturation pressure is reached somewhat upstream of the exit, and there must be

10



sufficient time for nucleation to occur and for bubble formation to succeed in

choking the flow. Whereas Kl and f are known as functions of entrance geometry

and pipe roughness respectively, X, is undetermined except for ruptures that have

2
already occurred. Therefore, in the following we examine what value of KZ suf -

fices to prevent the flow from flashing in the tube; we conclude that boiling is

limited to regions beyond the exit.

B. Question of Upstream Flashing in SGTR
The fluid flow upstream of the break in SGTR is mildly three-dimensional

fairly far upstream, with streamlines having some variation in angle as well as
radius, allowing the fluid to adjust to corditions in the immediate vicinity of
the break, where the flow is fully three-dimensional and where, in particular,
pressure gradients are set up to offset the centrifugal force on a fluid element
as it exits the tube., Apart from a rapid transient upon rupture, the flow is es-
sentially time-independent in an average sense, although important turbulent
fluctuations persist throughout the tube at all times znd, if flashing occurs
just outside the rupture, the instantaneous flow fi:ld just outside the rupture
will be very ragged and variable. We confront the fully three-dimensional flow
at the exit only in the crudest sense when, in the concluding paragraphs, we at-
tempt to produce and assess simplistic models for the exit impedance K2 produced
by the rupture. However, the mild three-dimensionality and quasistatic behavior
of the mean flow upstream of the rupture justify treating this flow as fully one-
dimensional. Thus we will continue to use Eq. (2-2) whenever we have Impedance

limited, one-phase flow up to the rupture. In particular, we will use its local

analog,

(po -p(2)) = (K, + f-%)-% pou2 > (2-2a)

applied up to the point of rupture to determine the exit impedance Kz that would
suffice to prevent the flow from flashing upstream. The ever-present turbulent
fluctuations, with their effects on fluid velocity profiles and fluid resistance,
are fully accounted for in Eqs. (2-2) and (2-2a) by the empirical values of Kl'

K2 and f.

We thus treat the flows in the ruptured tube as stationary, even though there
is a slow time-dependence during the course of the hypothetical SGTR accident as

pressures and temperatures change (and mostly decrease) in response to the rup-
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ture and the corrective system actions taken in consequence of the rupture. We
will show here that it is overwhelmingly probable that there is no upstream
flashing in the initial phase of the SGTR accident. Whether upstream flashing
will occur in later phases of the accident depends on the complex pressure and
thermal history of water in the hot and cold leg affected by the rupture. This
question can be answered more definitively by the methods of this section, given
the pressure-time history and the thermal-time history of the fluids in the hot
and the cold legs during the course of the SGTR accident. We do not study the
question here since we presently lack the needed time histories.

While we are confident that upstream flashing will not occur in the initial
phase of a SGTR accident, we can at present assess the prospects for upstream
flashing during the later stages of the accident only very crudely, as follows.
The possibility for upstream flashing arises because the water in the primary
circuit, which is subcooled under normal operation of the reactor, contains su-
perheat initially when it exits the tube rupture. We show in this sectlion that
the initial superheat is most unlikely to be sufficient to cause upstream flash-
ing. Whether flashing occurs subsequently depends primarily on whether the water
in the hot and cold legs first has a substantial decrease in temperature (and
thus has little or no superheat at each spatial location as it exits the tube) or
in pressure (and thus has substantial superheat over a substantial region of the
tube prior to exiting, leading to upstream flashing). Previous SGTR simula-

13-15 indicate that the major loss of temperature occurs first. Thus both

tions
the loss of superheat and the reduction in the flow driving pressure differential
decrease the probability for critical flow conditions at the exit; the chance of
upstream flashing is reduced, while the likelihood of driving the flow to criti-
cal conditions is also reduced, even if the flow does flash inside the tube.

Thus it is certainly reasonable to presume that the flow will be resistance lim-
ited at all stages of the accident, but the whole matter needs to be settled by
calculations.

We now review the arguments leading to the conclusion that in the initial
phase of the SGTR accidents there is no upstream flashing. We first compute the
exit point impedance K2 necessary to keep the exit pressure Pe at or above the
saturation pressure Pg at the exit mixed mean fluid temperature Te, an exit pres-
sure sufficient to suppress strong boiling upstream of the rupture and thus

eliminate upstream flnohing.bl'az

We then estimate very crudely the exit {mped-
ence Kz that a tube rupture can be expected to produce. We find that the esti-
mated Kz is substantially more than needed to suppress upstream flashing.

12



The critical exit impedance K2 is set by the flow of water from the hot
leg. We analyze this flow as a one-dimensional flow, using Eqs. (2-2) and

P(Z,) = p (T) =p, - (2-3)

These conditions suffice to prevent upstream flashing, and we inquire what value
of Kz is needed to enforce them. By supplementing the previous equations with

the exit (pre-point resistance) pressure flow conditions
Zyr1 2
P~ 0y ® (X + 1 5z o) . (3~4)

where Z now denotes the tube distance from the hot leg to the rupture, we obtain

the required value of Kz. namely

K, = (K, + ¢ z)(p'(r') " p‘) (2-5)
2 = K D\5, - p,(T,)

The first factor in Eq. (2-5) increases with distance Z to the rupture while the
dp daT
s e
second factor decreases with Z (since Po > Pe > Py T > 0, and i < 0). 1In

general, then, there will be a Z. for which the needed Kz is maximal. For typi-
cal light water reactor conditions z_ occurs within the existing tube length and
is used to set the required value of Kz that suffices to prevent upstream flash-
ing.

Although Eq. (2-5) is formally an extremely simple equation, there are some
complications and uncertainties in applying it under conditions typical of a SGTR
accident in a commonly constructed light water reactor. We may take Kl = 0.5 to
adequate accuracy. Similarly, for the large Reynolds number (and, hence, turbu-
lent flows) typical of tube flow under either normal or SGTR operating conditions
we may take f = 0.013 without serious error. While the unruptured tube diameter
D is, of course, known, Z can only be determined immediately to about 2 cm, which
is certainly adequate in a long tube. However, significant uncertainties can
arise from the pressures. Only initially do we know the hot leg pressure P, and
the pressure in the secondary system Pa without an extensive, realistic simula-

tion of the SGTR accident. This is the essential rationale for confining the

13



definite conclusions of this report to the initial phase of the accident. Final-
ly, P is subject to uncertainty at all times. This saturation pressure can be
evaluated by interpolation in the Steam Tables when Te is known, but Te is the
result of an enormously complex heat transfer process. Here we can only attempt
an approximate treatment of the heat transfer and will have to accept uncertainty
in the final determination of Te and Pg*

We outline the convective-conductive processes of heat transfer following a
SGTR, enumerating the points that complicate the normal sort of heat transfer an-
alysis., The flow in the tube is turbulent but essentially one-dimensional, per-
mi*ting the possibility of conventional analysis. However, the velocity flow
field is not fully developed at the tube entrance, as conventionally assumed, so
the temperature drop in the entrance region will not be correctly given by con-
ventional analysis. This, in turn, will introduce error into the final determin-
ation of the exit temperature Te' However, the largest uncertainties are associ-
ated with the heat transfer to the wall from the tube entrance to the tube rup-

ture. The appropriate boundary condition for the fluid temperature Tw at the
tube wall is

3
k-a-;Tw+h(T"-Ts)-0 s (2-6)

where Ts is the fluid temperature in the secondary system outside the tube wall,
k is the thermal conductivity, and h is the heat transfer coefficient. This con-
dition involves coefficients k, h, and Ts that vary both with distance Z along
the tube and with angle 6 around the circumference of the tube. Moreover, the
factors will be somewhat different for each tube in the bundle. The variation in
k is greater than an order of magnitude but it is the simplest to characterize,
since under quasistatic conditions k is adequately characterized as a tabulated
function of the local pressure p(Z) and the wall temperature Tw and p(Z) can be
adequately given by Eqs. (2-2) and (2-4) (with some residual uncertainty because
K2 cannot be accurately estimated at present). If a value for Tw is postulated,
then table look-up and interpolation will yield a value for k. Determination of
Ts is much more difficult. Even under normal flow conditions the temperature of
the water in the secondary system is known only in a bulk average sense. The
temperature TS(O) is higher by undetermined amounts near the tube walls, where

there is a complex, active convective heat transfer process under way., After tha

tube rupture, the heat transfer process becomes even harder to characterize due
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to the strong perturbation of Z and 6 dependent (and tube dependent) additional

and more vigorous convective processes engendered oy the rupture and the possi-
bility of very substantial changes in the already unknown initial value h(0) of
the heat transfer coefficient. For example, the more rapid fluid flow after tube
rupture leads immediately to an increase in the heat transfer rate along the tube
including the vicinity of the tube entrance where the heat transfer process is
most vigorous. Should the enhanced heat transfer be sufficient to create a vapor
layer over an outside segment of the tube, then after an initial transient the
heat transfer in that tube segment will be much reduced, and the water at the
tube exit will contain more superheat than would be the case before vapor
formation.

Clearly, the rich detail of the actual heat transfer process is only hinted
at in the conventional turbulent heat transfer analysis that assumes either a
constant wall temperature Tw or a constant heat flux, We will employ the conven-
tional analytical framework, with as much discretion as is possible, to reflect
the complex reality of the actual heat transfer process as best we can while
still retaining the truly enormous analytical simplification of the conventional
analysis, together with the sharp clarity of the conclusions to which this
analysis leads.

An additional idealization of the conventional analysis is the assumption of
constant fluid tiransport coefficients k and v or, equivalently and directly used
in the analysis, constant Reynolds number and Prandtl number. We have seen just
how variable k is under tube rupture conditions. In addition, the Reynolds num-
ber varies by a factor of 6 and the Prandtl number by a factor of Z under these
conditions. We again defer precise treatment of the complex reality, since it is
more appropriate to an extensive calculational program, and allow for these
effects as best we can by a judicious choice of parameters in the conventional
analysis.,

For definiteness we will assume that the rupture occurs in a tube in average
position in the tube bundle of a Westinghouse Steam Generator. We will take rea-
sonable values for the 1.ow resistance and determine the system dimensions and

55
parameters from a description of the Westinghouse Steam Generator. Specifical~-

ly we take
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f = 0.013 (tube wall friction factor)

‘1 = 0.5 (entrance point resistance)

D= 1.97 cm (tube diameter)

L = 2200 cm (average tube length)

To = 585.5 K (hot side plenum temperature)

Tfinll = 550 K (cold side plenum temperature)

" 153 bar (hot side plenum pressure)

Pfinal ™ 150 bar (cold side plenum pressure)

- 50 bar (secondary pressure)

ve1l.25 x 10"3 cnz otc-l (hot side plenum viscosity)

Pr = 1.02 (hot side plenum Prandtl number)
1

N, 427 cm sec (unruptured downstream flow velocity)

We initially treat the heat transfer as though it were the simple T' = con-
stant, fully developed velocity profile, constant fluid transport properties pro-
blem tresated by Sleicher and Tribun.‘7
complex thermal environment through the choice of T', the temperature the circul-

This still permits some reflection of the

ating water would cool to if the tube were infinitely long. This captures the
dominant feature of the turbulent transfer process: that for the mixed mean tem-

perature

12/2 dr ru T

T =
m D/2
Jo

dr ru

nearly all the heat is in the lowest eigenmode, and the remaining heat is dumped
to the wall within about ten tube diameters of the entrance to the tube. The
subsequent heat transfer process is represented by the decay of heat in the low-
est eigenmode. The extremely complex thermal environment for the water in the
tube, even prior to rupture, may thus be thought of as primarily altering the
lowest eigenvalue of the idealized problem, and .s treated that way here when we
find ti.at the {idealized problem leads to unreasonable heat transfer rates.

The Sleicher and Tribus calculations utilize a fully developed velocity pro-
file, employ the Jenkins correction, normalized to air data, for Prandtl number
effects, but also utilize an eddy diffusivity that {s discontinuous at the edge
of the viscous boundary layer and incorrectly approaches zero at the tube axis.

In view of the complex relation between this idealized problem and the actual
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heat transfer process we will not correct or improve these calculations, but we
will need to extrapolate the Sleicher and Tribus eigenvalues to cover the
Reynolds numbers of interest to a SGTR accident. Specifically, we introduce the

dimensionless temperature

+(B%)

retain only the dominant n = 0 contribution to the exact expansions

nZO C R (r) exp (- kn ..Pr D) , (2-7)
and
T =T, 48T, - T,) n§0 Al e (-2 2, (2-8)
where
A C R (7) ’

and determine Ao and A: from extrapolation of the Sleicher and Tribun‘7 graphs to

the range of Re and Pr of interest to us as

x: . 4.4 x 10 2pe0 8pe0+3 (2-9)

and

A, = 5.9 x 10" IRe?+8p 043 | (2-10)

This introduces some error into the fitting of initial conditions for Tn' due to

the extrapolation process. To resolve this, we retain Eq. (2-9) for k§ and re-
quire that 98% of the temperature difference (T° - Tv) be initially present in
the lowest eigenmode for T.. a property shared by the exact solution.

In applying this formalism to the undisturbed flow before the SGTR we must
take T' = 550 K, because of the efficient heat transfer implied by the Sleicher
and Tribus formalism. Using the Westinghouse SC parameters quoted earlier, the
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undisturbed Reynolds number Rno = 6.7 x lO5 and we represent the mixed mean tem-
perature in the bulk of the tube by

T' = 550 + 35 exp [- O(2)] |, (2-11)

where

8.8 x 1022

Z) = =557
Re °2Pr0'7b

. (2-12)

We note that $(2200) = 6.58 and exp [=$(2200)] = 0.00139, which implies that ac~-
cording to this model less than 4% of the excess heat carried by Tm upon entry to
the tube is transferred to the secondary circuit in the last half of the tube and
only 11% of this heat is transferred in the last 2/3 of the tube. In short, this
model implies that virtually all the heat is transferred in the first 1/3 of the
2200 em (average) length of the tube bundle. This would be a very inefficient
way to design a tube bundle and surely cannot be characteristic of the Westing-
house steam generator, which is thought to be a very well-designed system. In
the more complex reality, we have seen that the primary effect of the total ther-
mal environment is to alter (and mostly reduce) the lowest eigenvalue %:, which
also becomes a function of Z. This effect is, in principle, measurable, though
it has not been so measured for the Westinghouse or other relevant SG design.
Thus, in lieu of measurements, we are at present forced to determine the effec~
tive eigenvalue by making an assumption of the efficiency of heat transfer per-
formance that would be demanded in a well-engineered system. We make the specif~-
fc demand that roughly 90% of the available heat energy be transferred to the
secondary circuit by the end of the tube at Z = 2200 em. Since Tm(2200) = 550 K,
the present mod2l then forces the choice Tw = 546 K and a modified Ag which we
display in the equation for the mixed mean temperature, valid over most of the

tube length,

-2
3.06 x 10 z) : (2-13)

T = 546 + 38.5 exp (-
m ReO'ZPr0'7b

which we use to analyze the possibility of upstream flashing under SGTR condi-
tions. In principle, the numerical coefficient of Eq. (2-13), which depends on
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the total thermal environment but which has been determined from undisturbed con-
ditions prior to tube rupture, should change under SGTR conditions. However, we
see no practical way to incorp,rate this effect at present.

We carry out the evaluation of ps(Z) and of K2 from Eq. (2-13) for T(Z) for
various assumed points Z of the tube rupture using Westinghouse steam generator
parameters and making use of the Steam Tables for saturation and superheat condi-
tion., The required exit impedance Kz is dominated by the flow from the hot side
plenum to the site of the tube rupture, which may be specified in Table II-l. It
is seen that an exit impedance of Kz = 3,0 is more than sufficient to suppress
upstream flashing.

Only the most preliminary estimate can be made for the value of KZ actually
produced by a SGTR event due to the very wide variety of possible tube ruptures,
the very small number of actual SGTR occurrences, and the complete absence of
measurements of or of detailed three-dimensional hydrodynamic calculations of Kz
for any of the actual SGTR events. However, diagrams of the tube rupture at the

R. E. Ginna Nuclear Power Plant exist35 and will be used as the basis for the

very crude models for K2 that will be presented here.
Two highly idealized models of the exit flow impedance will be discussed.

In the first we represent the exit Kz as the sum of three independent standard

point impedances, a tee followed by a contraction followed by an expansion. As

TABLE TI-1
EXIT IMPEDANCE VERSUS RUPTURE LOCATION

Downstream Location Exit Impedance Required
of Tube Rupture to Suppress Boiling

Z(cm)
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we discuss later, this evaluation will terd to cverestimate KZ’ since we simply

add the individual K's of the point imp-.dances, whereas each of these standard
impedance elements requires a completr upstre