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EXPERIMENTAL SIMULATION OF LOW RATE PRIMARY COOLANT LEAKS
For the Case of Vessel Head Penetrations Affected by Through Wall Cracking
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SUMMARY *DE 1 9�

An experimental simulation of primary coolant leaks was carried out to determine how the composition of the
leaking liquid would change. The experiment used the EVA experimental setup, specially designed for
quantitatively investigating concentration phenomena driven by evaporation.
The test showed that the final composition, obtained from a solution representative of the primary coolant at the
beginning of the cycle, is highly concentrated and slightly acid.
The experimental results are compared with those obtained using the MULTEQ software.

BACKGROUND

Damage in the form of stress corrosion cracking (SCC) to pressurized water reactor components containing
subassemblies made from nickel alloys, such as alloy 600, 182 and 82, may be a significant cause of loss of
integrity in the primary cooling system and of primary coolant leaks. Such leaks are often difficult to detect [1 2,
3 4 5], and their consequences require an exhaustive safety evaluation. In particular, longitudinal cracking
caused by stress corrosion in the nominal primary medium underneath the seal weld (Figure 1), initiated on the
inner surface of the vessel head penetration nozzle made from alloy 600, may cause through-wall cracking and
weeping of primary coolant into the very narrow annular space between the ferritic steel vessel head and the
outer surface of the vessel head penetration nozzle.

As has been observed in France in 1991 on the Bugey 3 pressurized water reactor [1 2 and again recently in
the USA on the Oconee reactors 3 4 5], if an initial through-wall leak occurs, a secondary stress corrosion
cracking process, this time circumferential, may be triggered on the outer surface of the 600 alloy vessel head
adapter. Actually, in this configuration, the outer skin is loaded by tensile stress with a preferentially axial
orientation, particularly above the weld, in contact with a corrosive medium which forms in the narrow gap where
the primary coolant can concentrate and slowly release volatile components through loss of pressure.

An analysis of past experience also shows that very low rate primary coolant leaks, usually characterized by
deposits of boric acid on the outside of the vessels, are the cause of corrosion of varying severity on the inner or
outer walls of pressure vessels made from low-alloy steel and may go undetected for a long time, especially
when hidden by insulation.

AIMS OF THE STUDY

The analysis of safety and of risks of loss of structural integrity carried out during the early 1990s by the Institute
for Nuclear Safety and Protection (IPSN) underlined the need to evaluate experimentally the changes in
chemical properties and in corrosiveness of the confined primary coolant when it progressively becomes more
concentrated in temperature conditions representative of vessel head penetration nozzles, and to compare
these data to predictions based solely on the application of chemical software codes such as MULTEQO, the
EPRI chemical code.
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In its initial approach, while other cases of through-wall cracking could be postulated in the early nineties, the
IPSN wished to be able to characterise the chemical properties of a concentrated primary coolant undergoing
low rate leakage, which would most likely escape an early detection, in order to evaluation of the following risks:

- corrosion of low-alloy steel components, as this was done before in the USA, in the case of leaking
pressurizer penetrations while excluding situations involving jets of primary coolant causing large
amounts of damage by erosion or erosion-corrosion;

- re-initiation of a secondary process of stress condition corrosion (SCC) in the outer skin of the
penetration nozzle, with a mainly circumferential orientation, which, if it developed above the weld,
could lead to a risk of control rod assembly ejection.

This preoccupation with safety, which might also meet some needs for service life predictions, lies behind the
experimental work that the Institute for Protection and Nuclear Safety (IPSN) asked the Atomic Energy
Commission (CEA) to carry out, with the following main aims:

- Identify the factors and limitative mechanisms for concentration in liquid phase of boron and lithium
compounds.

- Determine experimentally the composition of the primary coolant during concentration
- Evaluate any limitations of predictive chemical computer codes for this problem of concentration in

confined medium.
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Figure 1: Location of cracking on the vessel head penetration nozzle on Bugey unit 3

EXPERIMENTAL APPROACH

To simulate this type of leak, we have assumed that boiling in the area of the leak occurs under isothermal
conditions close to thermodynamic equilibrium. The temperature is assumed to be constant in the vessel head
penetration nozzle and the liquid-vapor interface is assumed to be stable over time. This means that the
pressure drop in the vessel head penetration nozzle gap is sufficient to maintain a pressure close to the boiling
pressure in the vicinity of the liquid-vapor interface. This last assumption is justified by the fact that the
penetration nozzles are shrunk fit into the vessel head, with a gap estimated at a few micrometers arising from
surface irregularities.

Actually, the type of stress corrosion cracking (SCC) that affects vessel head penetration nozzles may lead to
low rate leaks of primary coolant in the space between the vessel head and the penetration nozzle (Figure 1).
For their reference value, the tests used the leak rate evaluated for Bugey 3 less than I kg/h 2, or 3 4 The
boiling of the primary coolant in the gap may lead to the accumulation of less volatile compounds such as
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lithium hydroxide and to a reduced volatility of boron species in the concentrated medium. Depending on the
chemical composition of this confined medium, the medium may become locally corrosive to the ferritic steel of
the vessel head or may have characteristics which would promote a faster re-initiation of the circumferential
SCC on the outside of the penetration nozzle.

Because it is not easy to determine the change in the composition of the medium reliably, we have tried to
determine it directly by experimentally simulating a low rate primary coolant leak in order to determine the
chemical composition of the liquid likely to exist in the gap between the vessel head and the penetration nozzle.

In order to carry out this experimental study, we have developed a system called EVA (Figure 2 specially
designed to study quantitatively the concentration phenomena in solutions by evaporation. This system can be
used to monitor the change in composition of a constant volume of liquid in equilibrium with its vapor.

The EVA system is isothermal and isochoric with respect to the liquid phase. The temperature in the vapor and
liquid phase is kept constant by using a temperature-regulated autoclave heat output. The volume of the liquid
phase is kept constant by using the liquid level in the autoclave to govern the supply pump pressure. When the
vapor is sampled, the loss of material is compensated by adding liquid. In this two-phase system, the pressure
is free and corresponds to the equilibrium pressure between the concentrated liquid and its vapor.
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Figure 2 EVA system for studying concentration by evaporation processes

TEST METHOD USING EVA

EVA is an isothermal system containing at least two phases (liquid and vapor). The Gibbs phase rule tells us
that the variance of the system is N if the system has two phases and contains N compounds which do not react
with each other. This means that we can set arbitrarily N intensive variables, for example, temperature T and
the N - molar fractions of contaminants. The pressure P and the molar volumes V of the two phases cannot be
fixed arbitrarily and are thus expressed as functions of T and of the N - molar fractions.

In the EVA system, when a small volume of liquid 6TO,,t is sampled, either by vapor extraction or by direct

sampling in the liquid phase, a small volume 5TI, of the feed solution is then injected to keep the total volume

of the liquid phase constant. This is reflected in the following equation:

1 5 VT, O.t = VT, 1"
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Note here that even if we impose a constant volume for the liquid phase, this does not mean that we impose a
constraint on the molar volumes of the liquid-vapor system. The molar volumes are free, since the quantity of
material is not constant in the system.

In the sequestration phase, the test system is supplied by a solution of known composition. The compositions
and quantities of material leaving the system in the vapor samples are determined using appropriate methods
and weighed.

To establish the material balance of the process, given that equation (1) must apply at all times, we need to
know the quantities of material entering and leaving the system. All we can measure are the molalities of the
solutes entering the system, the mass of the solution and the modalities of the solutes leaving the system. To
establish the material balance, we therefore need to evaluate the mass of solution entering the system. We can
express the density of the solution in the following form:

Y n, Mi

2 P - VT - -i2ni VTj
i=1

where Mi, VTj and ni represent respectively the molar mass and molar volume at temperature T and the number
of moles of the i-th species. We assume here that the molar volume of each species does not vary much with
the composition of the medium, that is to say Vi(TfN -11);z� Vi(T). Assigning the subscript to the solvent and

introducing the molalities,
3 [j, = n _ ni

ml nj -Ml

equation 2) becomes:

1+21ii-Mi-
4 P7 1+PTJ-21i1-Vi

The mass entering the system is therefore related to the mass leaving the system as follows:

1 + Bn Mi � 1 + PT1 iflib.t Vi)
PT,1n i=2

5 5MI = MO.t 8MOut
PT, Out 1 +llib.t M +-if1iIn-Vi)

For very dilute solutions, we can see that TI, tends towards TOt . Equation (5) allows us to determine the

mass of solution entering the system using measurable values: 8VTOut, n and [ibut I

We can also determine for each species j the quantity accumulated in the system by considering the difference

6min, j - 6motj , that is:

( 6 8mi = 5inj -5mout = 1j1n5M1n,1 - 1jbut6MOut,1*j
The term 51n,1 can be expressed as a function of the extensive variable 5min and the N - intensive variables

Uln; similarly, 5mout', can be expressed as a fnction of 8mout and the N - variables [jbut, thus:

8mi = MInl 2 14A
7 1 +1(1 + i�N[ibuMi)

16MOut = out, i

Finally, using equation (5) and introducing the mass flow out of the system:

8 qOut = Out
6t

equation 6) becomes:

_ ' + PT1i21'1Out'VTJ An 1 + PTlif Hn YTjibut
9 5Mj -Ioutmj8t

1 + PT121iln VTij1+i21ibut Mi)
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and for the solvent:

PT,,tiib. - lil'ov,
(10 6= + PTj 2[il. Till +,2[ib.t. Mi) qot5t

The mass accumulated in the system for each species j, 5j , can be expressed as a function of the N - input

variables [ij,, the N - output variables [ib.t, and q.t , 8 = 5mj(ffil, , ffibtj, qo.t(t)). The change over time

in the composition of the liquid phase is obtained by summing the elemental balances 5rnj over time:

11 ) Mj(t) 6mj(j[ij,,), jib t), qo.t(t))

In fact, the variable used to track the accumulation process is the concentration factor CF, defined by:

12 CF(t) 6MOP)
Minit

where minit represents the mass of water present in the system at the start of the accumulation process. The
variable CF represents the number of times this initial mass has been renewed during the accumulation
process. We preferred this variable rather than time firstly because during certain tests the sampling rate did not
necessarily remain constant and secondly because the initial volume of liquid in the system was not the same
for each test. Using CF allowed us to "normalize" the accumulation process progress variable. The test results
can then also be directly compared with the results from the MULTEQ software, which uses this variable to track
the sequestration of chemical species in a confined zone.

Based on the mathematical model developed to evaluate j in equation 9), we can calculate the combined

standard uncertainty u5mj) using the following equation:

06mi 2 2(p I") +iq ,Mj 2 U2([ibu,) + iq,,Mj )2 U2(V ( ,Mj )2

13 u,2(6m,) ig U Y av i)+ aqout U2(q..t)
i=2 ATV i=2

where u[ij,) and t�[ibut) designate the standard uncertainty in the concentration measurement for species i

in the input and output solution, ) designates the standard uncertainty in the molar volume of species i and

4qout) the standard uncertainty in the output mass flow. This equation is not developed, given the large

number of terms that it engenders. The uncertainty band calculated using this equation is however shown in the
experimental results.

TEST CARRIED OUT

The test carried out, at a temperature of 573 K, corresponds to a solution which is representative of the primary
coolant of a PWR at the beginning of the cycle. The composition of the solution used was as follows:

139. 10-3 mol.kg-' of boron (1 500 mg/kg) introduced in the form of boric acid (purity > 99.8 %);
0.302.10-3 mol.kg-1 of lithium 2.1 mg/kg) introduced in the form of lithium hydroxide (purity > 98

The solution was prepared with water de-ionized using ion-exchange resins (conductivity < 5 pS.m-1).

The concentration factor reached 890 after 1,080 hours of operation. The average vapor sampling rate was
about 45 g.h-1. Figure 3 shows the change in the composition in terms of boron and lithium entering and leaving
the system as a function of the concentration factor. The boron was determined using colorimetry (complexing
of the boron by carminic acid in concentrated sulfuric medium) and the lithium was determined by furnace
atomic absorption spectrometry.

The output boron concentration quickly reaches a stationary level at a concentration factor of 200. Above this
value, as much boron leaves the system as enters it. However, no such stationary state is reached for the
lithium. The output lithium hydroxide concentration remains 103 times less than the input value. This allows us to
confirm that the system does work correctly, that is to say that no mechanical entrainment occurs. Because
lithium hydroxide is not volatile, the presence of lithium hydroxide in the output samples would be a good
indicator of the liquid being mechanically entrained into the vapor.
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Figure 3 boron (a) and lithium (b) molalities measured entering and leaving the EVA system during the test of
concentration by evaporation of a solution representative of a beginning of cycle primary coolant

At the end of the test, the autoclave was cooled (for 6 hours) then opened to recover the phases present in the
autoclave A large amount of crystallized boric acid was present. X-ray diffraction analysis revealed the
presence of poorly-crystallized boric acid (Sassolite, B(OH)3) and very small quantities of a well-crystallized
lithium and boron compound, Diomignite (Li2B407). The overall quantity of boron recovered in the system after
the test was 04 mol. This value is probably understated as it was not easy to recover all the liquid and solids
present in the autoclave at the end of the test. Most of the crystallized boric acid probably formed during cooling,
since the solubility of B(OH)3 reduces with temperature. The presence of poorly-crystallized Sassolite confirms
this hypothesis.

The change in the boiling pressure during the test is shown in Figure 3 The boiling pressure, initially 86 MPa,
decreased quickly by 1.5 MPa, then stabilized at around 70 MPa. This stabilization of the boiling pressure may
reveal the precipitation of a solid from species present in the liquid phase. It is not however possible to conclude
that precipitation really existed since the restriction on boiling pressure may be caused by mechanical
entrainment of a very small fraction of highly concentrated liquid. The concentration factor at the end of the test
was about 103 and the mechanical entrainment was estimated to be 10-3, so what enters the system may leave
it just by mechanical entrainment.
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Figure 4: Change in boiling pressure measured during the concentration test
Results of the concentration process simulation using the MULTEQ software
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The exploitation of the measurements in Figure 3 using equations 9 and (10) enables us to calculate the
quantity of boron, lithium and water present in EVA as a function of the concentration factor. The molar volumes
used for the calculations are taken from 6 The molar volume of B(OH)3 at 573 K is taken to be
6.25xl 0-5 M3.Mol-1 , and that of iOH at 573 K is taken to be -1.23xl 0-4 M3.Mol -1.

The results of integrating the data using equations (1 1) and ( 3 are shown in Figure 5. The quantity of lithium
increases linearly, while the quantity of boron progressively flattens out and the quantity of water decreases
significantly. The quantity of boron calculated at the end of the test 0.45 mol) is similar to that obtained by direct
determination after opening the autoclave 04 mol). This result confirms the method of exploiting the
experimental results described above.
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Figure 5: experimental results of the EVA test for sequestered quantities calculated using (1 1) and 13)

(a) quantity of sequestered lithium, (b) quantity of sequestered boron and (c) quantity of residual water

While the boron is mostly in the form of B(OH)3 and the lithium in the form of UOH, variations in composition of

the liquid phase are accompanied by a significant increase in density of the medium. The gain in mass at

constant volume is about 20 % at the end of the test (Figure 4 The water is progressively replaced by boric

acid. The viscosity of this concentrated medium probably changes significantly. This aspect may be very

important when modeling primary coolant leaks, particularly in calculating pressure loss and hence in calculating

the position of the boiling zone in the vessel head-penetration nozzle space.
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Figure 6: Change in density of the confined medium as a function of the concentration factor

(boron accounted for in the form B(OH)3 and lithium as LiOH)

Using molar mass balance values, it is simple to calculate the change in morality for the boron and lithium in the

confined medium. Figure 7 shows the change in these two molalities as a function of the concentration factor.

The boron molality increases rapidly at the start of the test, then progressively flattens out, whereas the lithium
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molality increases faster towards the end of the test. This more rapid increase of the lithium at the end of the
test is closely linked to the reduction in the quantity of water present in the concentrated medium.
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Figure 7: experimental results of the EVA test for boron (a) and lithium (b) molalities
(- - ) results of the concentration process simulation using the MULTEQ software

COMPARISON WITH THE MULTEQ SOFTWARE

Figure 4 and Figure 7 show the results obtained by simulating the concentration process using the MULTEQ
software. For this simulation we used the option "closed system in which the relative mass of the liquid and
vapor phases is varied, while keeping the total mass constant, and removed steam as it evolves". This
configuration corresponds to the situation in the EVA test. The data, temperature and initial composition of the
solution are all identical to those for the EVA test.

These two diagrams illustrate the differences between the measurements and the MULTEQ computation.

The measured and calculated boiling pressure (Figure 4 follow roughly the same development at the beginning
of the concentration process, but then an increasing difference is observed. As mentioned earlier, this might
result from either a measurement bias introduced by mechanical entrainment of liquid in the vapor, or a faster
precipitation of boric acid than that anticipated by the software, or an inadequate modeling of an extremely
concentrated medium by MULTEQ.

The molalities measured on the EVA system and those calculated using MULTEQ (Figure 7 also differ. For the
lithium hydroxide molality, the measurements agree with the MULTEQ computation at the start of the
concentration process (same tangent at the origin). For higher concentration factors however, the difference
increases between the measurements and the MULTEQ values. This is because the quantity of water in the
confined zone is not constant when the medium increases in its boron and lithium content. The software
therefore overstates the quantity of water in the confined zone. This difference arises from the failure of
MULTEQ to allow for molar volumes of the sequestered species, in other words the increase in the molality of
boron and lithium in the liquid phase does not alter its total volume. The EVA measurements and the MULTEQ
values show good agreement for boric acid at low concentration factors. For higher concentration factors
however, the software overstates the boron molality. This overstatement is exaggerated because the real
quantity of water in the confined medium is also overstated by the software.

This comparison between the MULTEQ code and the EVA test shows that it is not easy to predict the
composition of the medium in the gap between the vessel head and the penetration nozzle. Modeling the
confined medium is not entirely satisfactory in that differences ranging between nothing and a factor of two have
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been observed: experimentally, the lithium molality is twice the calculated value, while the boron molality is half
the calculated value. The pH of the concentrated medium, calculated by reintroducing the composition
determined experimentally into the MULTEQ software, is a pH573K in the range 43 to 47 allowing for
uncertainty. In reality, this value is of little interest: the interpretation of the pH in a medium where water is no
longer the largest component by a wide margin is a very delicate area.

CONCLUSIONS

The EVA test has enabled us to obtain a quantitative evaluation of the liquid medium likely to form in the gap
between the vessel head and the penetration nozzle. The concentrated medium which forms by evaporation of
the primary coolant does not become caustic after a concentration factor of about 1 03.

Significant differences have been observed between the experimental values and the simulation of the
concentration phenomenon using the MULTEQ computer code. These differences are probably caused by the
code neglecting the effect of molar volumes of sequestered species in the material balance. For low
concentration factors however, the composition of the sequestered solution is correctly evaluated by the
software.

The chemical conditions which would result from the slow concentration process at low rate leakage in the
vessel head/penetration nozzle gap would not be a priori extremely damaging with regard to general corrosion
("wastage") of the ferritic steel in the vessel head gap, if one excludes any consideration on the risks of
corrosion on free external parts exposed to condensates rich in hot concentrated boric acid.

It does seem difficult however to come to any conclusion on the possible increase in risks of external SCC of
penetration nozzles in alloy 600 and deposited metals in alloy 182 or 82 which are exposed in the gap to
solutions with varying concentrations and ratios of lithium to boron, given the limited experience of stress
condition corrosion of alloy 600, 182, or even 82 in these types of non-nominal concentrated "primary"
mediums.

Regarding the French experience to date of treating vessel head penetration cracking, it should be borne in
mind that only Bugey 3 suffered through-wall cracking. In accordance with the strategy adopted by Electricit de
France (EDF), the preventive maintenance program (100% periodic inspection by NDT) and the progressive
replacement of the vessel heads comprising the most conspicuously cracked penetrations (maximum allowable
crack depth be left in service < 6 mm) have efficiently helped eliminate the risk of occurrence of any through-
wall cracking and leakage and hence any chance of re-initiating a secondary process of external circumferential
SCC with the consequent potential for control rod ejection.

While the problems arising from the consequences of a through-wall leak in the vessel head penetration nozzles
have only arisen once in France, for Bugey unit 3, such serious events have occurred, notably in the USA 3 4,
5], where the policy for maintaining and inspecting sensitive components is largely based on the detection of
leaks by visual checks for deposits of boric acid on components external surfaces.

This research program was initiated and funded by the IPSN in order to assess the issues arising from low rate
leaks of primary coolant. The study was carried out by the CEA, which designed the EVA test system for the
purposes of these tests. This test system and the concept of the experimental simulation of the concentration
process have subsequently undergone further modifications to help improve knowledge of phenomena involving
the concentration and sequestration of chemical species typical of secondary cooling system, particularly in
confined zones of steam generators.
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