


FLQW REDISTRIBUTION IN RESEARCH REACTORS
Abstract:

The critical heat flux limiting the power of low pressure water cooled
reactors is generally a consequence of the flow rate redistribution.

The mechanism of this phenomenon is developed and a descriptionis
given of the out-of-pile tests in which its characteristic values are
measured. The principle results are presented and the influence of
principie parameters is shown.

The power of water cooled and moderated reactors is limited from the thermal standpoint by
critical phenomena related to boiling. In general, an attempt is made to increase this power to a
maximum while at the same time preserving reasonable margins of safety compatible with the
operating conditions that are imposed. In order to narrow these margins, a better understanding is
reqired ofthethresholds atwhich critical heatingappears. It generallyapparentas asuddenincrease
of the cladding temperature leading to the destruction of the fuel element by melting.

Mostofthe time, critical heating thatlimits the power of reactors water—-cooled atlow pressure
appears as a consequence of the phenomenon of flow redistribution that can take place in the
reactor.

- either during a temporary power increase,

- or during a flow rate drop following a shutdown of the pumps on the primary cooling

circuit, for example,

- or during accidental depressurization of the same circuit.

Therefore, in the context of safety studies, out-of-pile loops for various current research
reactors ~- MELUSINE, PEGASE, SILOE, OSIRIS -- were studied and, most recently, in the
preliminary project for the high flux reactor (HFR), the influence of the various parameters on the
conditions of appearance of flow rate redistribution.

Afier a description of the process giving rise to this phenomenon and the test facilities used

to measure the characteristic parameters, the principle results obtained will be described.
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1. THE FLOW REDISTRIBUTION PHENOMENON

Poweris notdistributed uniformlyinthereactor core andcertainchannels mustevacuate more
heat than others. Flow rate redistribution is essentially related to hydraulic and thermal phenomena
in these channels (hot channels) in which the water can begin to boil much sooner than it does in
paralle! channels (cold channels).

Thereactor operating conditions are defined bythe power, pressure, water entrytemperature
and pressure loss APco!e common to the ends of all of the channels. The operating point of each
channel is then fixed on a chart of pressure loss vs. flow rate by the intersection of its internal
characteristic A P, and the line A Py = CONstant.

Under imposed flux, water entry temperature and pressure conditions, this internal
characteristic has the appearance shown in figure 1. Itis commonly designated by the name of S
curve”. The flow, firstin Sivr‘;\,ﬁle phase with high M values, becomes by gradual decrease of the flow
rate and, after the appearance of the boiling regime, a é;ﬁabie phase flow, characterized by an
increase of the pressure loss, which explains why the characteristic passes through a minimum.

Figure 2 shows the evolution of the internal characteristics atvarious fluxrates ¢ =0, ¢, and
(pa. The operating flow rates take the values Mﬁ’ M,“ and ME'

Operating points AO and A, are stable points. Onthe other hand, AE defined by the tangency
of characteristics AP, and AP__is anunstable operating point. Asmallincrease of the flux or a slight
decrease of the flow rate causes a sudden displacement of A, towards A’. The flow rate decreases
suddenly from the value M but cannot reach the value M’, which is very smail, without intervention of
critical heating of the channel walls. This sudden drop of flow rate in the hot channel related to
intensification of the boiling characterized the phenomenon of flow redistribution, definedinthis case
by: --a redistribution flux: @

--a critical flow rate redistribution: M..

The pressure loss at the minimum of the S curve A F’: is then equal to the imposed pressure

loss AP

007¢
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Actually, the pressure loss along the channel is composed of three terms:

- an entry pgculiarity followed by a non—-heating length in simple liquid phase:

- pressure loss along the heating part;

- an exit peculiarity preceded by a double phase non-heating length.

Calculating the first term is easy with classical fluid mechanics formulas, but the two other
terms are more difficult to reach. In fact, research performed on pressure losses in the area of low
pressure areas is fairly fragmentary and covers only a narrow range of the parameters not always
related to what is needed [1], [2], [3], [4].

This is why an experimental program has been done in order to reach a better understanding
of the phenomenon and of the ways to calculated it.

. EXPERIMENTAL METHODS AND APPARATUS

Two methods can be used to achieve the conditions of flow rate redistribution experimentally.

-— Either by imposing aloss of head atthe ends of the channe! using a well-dimensioned
by-pass and, for example, by very slowly increasing the flux until the phenomenon is triggered, with
the temperature and input (or output) pressure kept constant. inthis way ¢R and initial flow rate MG or
the redistribution flow rate M. are measured.

This method makes it possibie to find the flow rate redistribution point and gives the overall
result for a given channel. This is what is used on our “SUPER BOB” ioop {Fig. 3).

- Or by slowly lowering the flow rate so as to trace the internal characteristic of the
channel for an imposed flux, input temperature and input or output pressure. Taking the coordinates
of the minimum of the curve supplies to pair of values MF‘. and APR.

This second method, which is more flexible and has a more general application, allows a
systematic study of theloss of head in double phase. In orderto applyit. loops mustbe usedthathave
a highhead height so as to have, using avalve placed in series, an external characteristic with alarge
negative slope in order to eliminate any phenomencn of instability and redistributionintherange of the

parameters being studied. 1tis used on our “BOB”, "OSIRIS” and” CASIRMIR” iuops (Fiy. 4).
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This latter facility has served in particular to study the influence of the dissolved gas content
of the water on the pressure loss at the flow rate redistribution point, as well as the influence of the
shape of the flux.

The specifics of the two facility types, SUPER BOB and CASIMIR, should be detailed.

The SUPER BOB loop has a vessel with 2 constant level that makes it possible te maintain
constant pressure of 1.70 kg/c:m2 absolute in the large volume that tops the channel. On the other
hand, another device makes it possible to impose any pressure between 1.5 and 5 kg/cm2 absolute
inthis volume inordertosetaconstantreference pressure atthe output {ar input) of the charine!. The
fiuid :_:sle-H is permuted water whose dissolved gas content is clese to saturation under the pressurs
and temperature conditions that exist at the channel entry. Finally, the direction of flow i~ the test
section is descending.

The CASIMIR loop has the peculiarity of being able to use a degassed water thanks 1o the

¢

cm

I

presence of avapor pressurizer that also operations as a degasser. It aliowstestsupto 11 kg/
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absolute.

Water flow in thg test channelis ascending.

We can also work with a water with a known gas content that changes very little during a test
by using a membrane pressurizer (not shown on the figure). In this latter case, we are limited to 5
kg/cmz.

The channels used have one section with rectangular geometry. They simulate two fuel
element half-plates, with nuclear heating beingreplaced by electricheating. Theyare stainless steel
and the thickness of the heating walls is:

-- either constant: which produces a uniform distribution of the flux longitudinally and

transversely;

-- or variable along one of the two directions, in order to allow study of the influence of

the flux shape on the flow rate redistribution conditions.

Figure 5 shows atransversal cross-section of the various test channels used. They have the

following values as common dimensions:

Hydraulic width: 2a=38mm
Hydraulic iength of plate: 2c=35mm
Heating thickness of edges: ¢’ =0.5mm
Heating iength: LC =600 mm generally

Total length: L. =675 mm
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. TESTRESULTS

For fluxes upto 700 W/cm2 andvarious water thicknesses (2b) between 1.8 mmand 3.6 mm,
the influence of the follov&ing parameters on flow rate redistribution has been studied:

- input water temperature between 20 and 70° C;

-- the pressure imposed either atthe input or the output of the channel, varying from 1.5

to 11 kg/cmz;

- the longitudinal and transversat distribution of the flux;

- the dissolved gas content of the cooling water;

-- finally, theinfluence of vaporrecondensationthattakes place atthe exit of the heating

length of the channel.

It needs to be pointed out that the flow rate redistribution conditions have beenreachedin a
permanent regime, that is, during a sufficiently siow variation of one of the operating parameters.
A) Influence of the Input Temperature and Hydraulic Diameter

Tests were performed on the “SUPER BOB” circuit imposing:

-- the pressure of 1.75 kg/cr\r.2 al the channe! entry, with descending flow;

- loss of head at its ends so as to obtain velocities varying from several cm/s to

700 cmi/s.

Results are presented for a channel with a given water thickness in the form of a network of
curves showing the evolution of the flow rate redistribution flux ¢ asa function of the initial velocity
V,, or of the velocity at the time of redistribution Ve. Parametering is done at the inputtemperature TE'

Figures 6 and 7 showing this evoiution are related to a channel with an average gap of
2.76 mm.

It can be noted that, generally, at a given velocity and input pressure, the flow rate
redistribution flux is inversely related to the water temperature at the channel entry.

As forthe effectof the hydraulic diameter on theredisiribution flux, examination of the network

of curves obtained for various gaps makes it possible te see the foliowing trend: the increase of flux
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withthe gapisinversely proportionalto the entry temperature and directly proportional tothe flow rate
(Fig. 8).

B) Behavior at Low Flow Rates

It is interesting to note the peculiarity that these curves present at low velocities. Figure 7
shows that there is a limiting velocity, specifically related to the value of Tg below which two diétinct
phenomena are detected experimentally.

First, whenthe fluxreaches avalue ? by graduatincrease, aflowrateinstability thatinstantly
gives rise to an expulsion regime of a sialeperiodic nature accompanied by a Jocal/and temporaryburn-up
of the wall at the hot point of the channel (the wallis periodically dried up, then rewet). The frequency
of expulsions then increases with the flux untilthe latter reaches a critical value corresponding to the
totaland definitive burn-up of the wall leading to critical heating. The critical heat fiux @ . appears to

be independent of the input temperature and velocity for any given gap.
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Beyond the limiting velocity (60 to 80 cm/s along Te for the channel with a 2.76 mm gap,
definitive burn-up takes place starting with the first instability which, in this case, causes a sudden
drop of flow rate in the channel. The flux at which the flow rate redistribution appears is then
measured directly. The evolution of the latter as a function of velocity prolongs the one marking the
instability threshold. |

Finally, for tests atvery low velocity (below 15 cm/s), flow rate reversal is obtained at fluxes

®n approximately three times lower than those at which the instabilities appear.
Q) Influence of Pressure

Tests were performed onthe OSIRIS circuit {paragraph 2)on a channelwitha 2 mmgap. The
pressure imposed at the channel exit varies in the range of 1.5t0 5 kg/cm2 absolute.

Theresults presented on Figure @ showthe evolution of the pressurelossinthechannel atthe
time of the flow rate redistribution as a function of the output pressure for three flux values (250, 35C
and 450 W/cmz) and an input temperature of 40°C.

Atagivenflux, apressureincrease causes adecreasinglylarge decrease ofthe pressureloss
at redistributior,. This should be compared to the evolution of the saturation temperature with the
pressure.

To this end it has been shown from experimental results that there exists a certain degree of

correlation between the temperature increase 7., T, and the difference Taye- g For all of the points

it has been found that the ratio
Ts-Te W/CpA,

Re= = ———

TsareTe Tenre-Ty varies between 0.64 and 0.282.

7. = Water exit temperature

T

= Water input temperature
Ts:‘.i = saturation temperature calculated at exit pressure
C,. = Specific heat of the water

W = power released in the channel
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If tests at low velocity are ignored for which the flow directicn can have aninfluence atlow pressure
with descending flow, there is a still a certain dispersion because of the non-negligible influence on
input temperature, flux, output pressure and the ratio of length to hydraulic diameter (L/D)
characterizing the geometry. The ratio varies between C.78 and 0.80 and allows as @ mean value P‘H
= 0.80 which is also the value found by other researchers [5]in a more limited range of parameters.
D) Influence of Flux Shape

All of the experiments previously described were performed on channels with a uniform heat
flux surface density. Now, thatis notthe case in a reactor. In addition to the overall cosine shape at
the core level, the flux density undergoes considerable rises on the scale of each fuel element.
Therefore, itis necessary to determine what influencze the fiur shape has on flow rate redistribution.

This influence has been revealed by studyingthe case of the longitudinally variable flux in the

direction of flow of the water and the case of a flux varying transversely in a direction perpendicular
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to the flow.

Non-uniform heat fluxes are easily achieved on test sections heated directly by Joule effect.
It is sufficient for the met‘al heating walls to have a variable thickness.
1. Channels with a longitudinally non-uniform heat flux

A 51.7 cmlongrectangular test channel with a 3.6 mm gap was constructed whose he‘ating
plates have athickness ethatvaries linearly with length. This makes it possible to have a heat fiux with
a hyperbolic variation (proportional to |/e) that is still fairly close to linear variation (see figure 10).

Thus, from one end to the other the flux goes from the value of @ to 1.37 @.

A
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Figure 10 -- Influence of a longitudinal fiux variation on pressure losses
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Depending on the direction of flow of the water in the test channel, there is an increasing or
a decreasing flux.,

For these two configurations, the characteristic and pressure loss AP curves were drawn as
a function of the flow rate M in the following parameter range:

200 W/em? < @, <400 W/cm,

25°¢T . <65'C

2 absolute

Outlet pressure PS =3 kg/cm

Results related to two of these curves have been drawn on figure 10. Note that the direction
of evolution of the fiux along the flow has a slightinfluence on the pressure losses at the limits of the
channel. This influence is due to the fact that, in the two configurations, the appearance of local
boiling does nottake place for the same fiowrate and the lengths boiling are, therefore, very different.

The difference on pressure loss at the curve minimum governing the flow rate redistribution
remained below 11% during these tests, with the increasing flux configuration producing higher
pressure iosses,

Calculations made from classical corraiations of pressure [oss atlocal boiling established for

uniform fluxes and using local variables take into account the differences observad experimentally.

2. Channels with transversely non-uniform heat flux

Two configurations were studied:
a) Alinear flux ramp

This prefile was achieved on 2 60 cm long channel with a 3.6 mm gap. From one side to the
other the flux evolves from ¢ to 1.37 ¢ (fig. 11).
b) & flux profile that will be called “profile with double hot generatrix.”

Thic profile was done on g 60 cmiong channelwithz 1.8 mm gap (fig. 12)witharatioof 1.57
between the minimum flux and the hot generiatrix flux,

In both zzsec the iect channels have their twe identical heating plates.
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Theresultsconcerningthe S curves obtainedonthese channels have beencomparedtothose
obtained on channels with uniform flux with the same geometric characteristics releasing the same
electrical power under th;a same flow conditions.

It was noted that the flow rate and the pressure losses at the redistribution point were higher
than those in the channel with uniform flux. The average flux is, therefore, not representative 6f the
redistribution phenomenon and, more seriously, it is not a conservative parameter.

By drawing the APH curves for the uniform flux channels as a function of the flux, one can find
in anetwork [of curves] of this sort to which equivalent uniform flux the redistribution conditions of the
non-uniform flux channel correspond.

This equivalent flux is shown on figures 11 and 12, located in relation to the average flux and
the maximum flux. In the range of parameters studied, it is practically independent of the entry

temperature and pressure conditions.
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In both configurations, the following relationship exists: ¢ =0.94 ¢ This figure of

equivalent maimum’

0.94 can obviously not be applied to all the flux shapes. However, it can be seen that a conservative
and not too stringent ap;;roximation consists of considering a channel with a non-uniform flux as
having a constant flux equal to the maximum flux.

In the case of a non-uniform longitudinal flux, the redistribution conditions can be fouﬁd by
calculation using codes involving equations applied in one dimension only. Onthe other hand, forthe
case of transversely non—uniform flux, codes with bidimensional equations that involve interactions
between adjacent fluid streams mustbe used. The experimental points obtained onthe channels with
non-uniform flux could then be used to adjust these codes.

E) Influence of Dissolved Gases

In the majority of cases, for reasons of reproducibility and purity of the phenomena, the
experimenters use degassed water in their test facilities.

Now, in certain nuclear reactors, especially in pool type reactors, the presence of a gas
plenum and release of radiolysis gas means that the cooling water can contain a certain quantity of
dissolved gas. ltis known [6]that, inthe case of cooling by gassed water there will be degassing prior
to the appearance of local boiling. This degassing is reflected by the formation of non-condensable
bubbles anditis interesting to know whether this presence of bubbles will have repercussions on the
pressure lcsses and, consequently, on the flow rate redistribution.

Many experiments have been performed on rectangular channels with a 3.5 mm gap with
gassed and degassed water. Gassing the water in the test loop is done by circulating the water in a
tank with an air plenum. The dissolved air contentis determined by measuring the dissolved oxygen
content with a Beckman oxygen analyzer.

Various characteristic curves have been drawn in the following parameter ranges:

200 < @ < 400 W/em’ 25°C < T.<65°C

Exit pressure: 3 kg/c:m2 Oxygen content: 200y /1 <& <24 000v/!

"
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What s important is not the absolute value of the oxygen content but its relative value
compared to saturation, evaluated for example uncer the input conditions of the test section. Thus
24 00C v/l corresponds to saturated water at 3 kg/cm'2 at 25°C.

During the tests it was noticed that degassing contributaed to slightly increasing pressure
losses slightly, but this increase still remained below 5% at a minimum of the S curve, that is, to the

redistribution point.

F) Exit Peculiarity - Effect of a Non-heating Length

In reactor fuel elements, for reasons of construction, the radioactive portion containing the
uranium generally ends several centimeters from the ends of the plates.

When the flow is in simple phase, it is possible to evaluate the influence of this non-heating
length. However, when there is local boiling in the channel {near the minimum of the S curve),

calculation is more difficult given the fact that there can be vapor condensation in this zone and that,
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under certain conditions, itis accompanied by a pressure recovery {see fig. 13).

Comparison of the characteristics (AP, M) of a channel with or without a non-heating length
at the exit, shows that thé influence of pressure recovery is slight on the coordinate of the minimum
(difference of several %) and that the results of the S curves obtained with a channel without non-
heating length are conservative (see figure 14).

This pressure recovery has been studied systematically: conditions of appearance,
amplitude, recovery length. The information obtained on the conditions of appearance of the vapor

in local boiling are used in the up-dating of the calculation codes for the pressure losses in local

boiling at low pressure,

V. CONCLUSION

The tests undertaken to determine the conditions of flow rate redistribution have made it
possible to study the influence of many parameters on this phenomenon which thermally limits the
power of low pressure water cooled reactors.

The results obtained have been used to set the safety margins with a good approximation for
several research reactors. In addition, they have produced a lot of information on local boiling.

The experimental resuits are currently being used for up-dating a calculation ccde for
pressure loss along the channel un boiling with a view to applying it to channels with any longitucinal

distribution of heat flux.
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