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INVESTIGATION ON THE RELATION BETWEEN PRESSURE DROPS AND FLUID
CHEMICAL TREATMENT

C. BRUN, N. ENGLER, G. BERTHOLLON, T. MULLER, B. SALA
P. COMBRADE (ramatome-ANP), G. TURLUER (IPSN-DES)

Variations of primary coolant flow rate were sometimes observed on some plants some years ago. These
variations come from variations of pressure drops in the various zones of the primary system. After many
investigations, these changes were attributed to variations of physical and chemical conditions. One specific
difficulty was to explain the level of head loss variations with the low amount of oxide present in a primary
circuit. Another one was to account for the formation of deposits under high water velocity conditions.

Therefore, Framatome-ANP launched laboratory tests to reproduce the observed head loss variations, identify
the conditions of their occurrence and try to identify the root mechanisms. A small loop - called EMILIE - was
implemented in the laboratories of the Technical Centre of Framatome-ANP in Le Creusot. It allows us to study
the effect of the water chemistry and velocity, as well as the nature of the circuit surfaces on the occurrence of
head loss variations and their relation with the amount, nature and morphology of oxide deposits.

This paper summarizes the first results obtained and briefly discusses a possible mechanism.

I - DESCRIPTION OF THE "EMILIE" TEST LOOP

The "EMILIE" loop is designed to measure the pressure drops variations through calibrated test tubes, under
relatively high water velocity (typically from 3 to 30 m/s) as a function of the water chemistry at temperatures up
to 290' C.

The objective of the tests presented hereafter is to perform parametric studies to describe and try to understand
the phenomena and not to reproduce the exact operating and design conditions of a real plant.

The loop is composed of three parallel circuits:

- the main circuit which contains the test section. It is composed of a control valve to control the flow rate two
flow rate measuring devices - a venturi and an orifice plate - one heating device and the test section. Up to 
test tubes can be tested simultaneously. Each one is composed of a constant diameter length between two
zones with a diameter variation which can be a step or a cone. It is worth noting that the test tubes are
electrically insulated from the loop.

- the by-pass circuit (flow rate balanced by an orifice plate): it allows the circulating pump to operate at the
nominal flow-rate and ensures the required flow-rate through the test section.

- the autoclaves circuit which consists of one 18 litre autoclave used as pressurizer and safety system and one
12 litre autoclave used for the injection of solution to change the concentration of the chemicals in the loop.

This loop is made of stainless steel small diameter piping (ID -14 mm).

The following parameters can be measured during the tests:

- the main flow-rate using the two different devices: the venturi and the orifice plate in order to detect an
eventual fouling of the measuring devices (the response of the 2 devices being obviously different in case of
fouling),

- the temperature with thermocouples,

- the pressure drops at the ends of each test tube through the use of differential pressure sensors,

- absolute pressure using also differential pressure sensors,

- the hydrogen partial pressure through a Pd-Ag diffusion membrane.



Sampling of water can be performed from the 18 1 autoclave to check the chemistry in the loop.
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Figurell - Test loop schematic diagram

2-TESTS DESCRIPTION

Several series of tests were performed to check the following points

- the ability of the device to reproduce significant head loss variation in the test sections,

- the effect of the material Alloy 690, 308 SS, Zircaloy 4 Alloy 800 and in one instance Alloy 600 were tested

- the effect of water chemistry and particularly the effect of pH

- the effect of water velocity.

Each test included parametric variations. When possible, the parameters were changed with no shut down of
the test. In some instance, particularly when large dilution of the environment was required, the loop was shut

down, emptied and refilled with the new solution. In this case, the shut down and restart procedures were
designed to avoid the loss of the deposits formed on the tube surfaces. Indeed, in most cases the head loss

(thus, the amount of deposits) were only slightly changed by the shut down operations.

After tests, the loop was emptied when hot in order to avoid (or at least to minimize) the loss of deposits. Then
the test sections were carefully sectioned with no lubricant and the deposit characterized by optical microscope

and SEM/EDS.

3- TEST RESULTS

In order to enable comparisons between tests performed with different flow rate and water velocity, the head

losses reported in all data plots and discussions are normalized by using the parameter K = Ap/(PV2 /2). 1 n

addition, the variations of K are normalized to the K value at the beginning of the test.

Head loss variations and oxide deposits.

The device immediately proved to be able to produce pressure drop variations much higher than expected
since, in the first test (figure 2 variations up to 50 % were obtained on alloy 690 surfaces. Correlatively, the
examination of the test surfaces showed that the pressure drop variations can be attributed to the formation of

magnetite deposits.

In all instances these deposits exhibited common features, i.e. they are made of discrete annuli grown
perpendicular to the water flow (figure 3 Depending on the conditions these annuli may be complete or

discontinuous. In several instances, this leads to the formation of magnetite walls separated by surface

completely free of deposits (figure 4) "Wall" heights up to 1 00 pm were obtained.



In many instances these deposits are higher and denser at one end of the test sections (figure 3 and they may
also preferentially grow on surface scratches (for example machining grooves)
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Figure 2 - Variation of the normalized pressure drop coefficient K during the first test

Note the first ring growing out of the test specimen towards the entering flow (white arrow)

Figure 3 - Example of annular deposit morphology obtained on Alloy 600 surface in "pure" water at 245' C

This distribution of well separated deposits annuli accounts for the observed head loss variations if they are
calculated by considering that the deposits behave as a succession of diaphragms rather than as an increased
surface roughness. Thus, this morphology of deposits allows a small amount of oxide to cause large head loss
variations, and thus may account for the changes observed in plants.

The deposits are made of two kinds of magnetite crystallites (figure 4)

- crystallites (at times very elongated) which are obviously grown by precipitation from dissolved cations,
resulting in hard and adherent part of the deposits, and

- more isotropic crystallites which could be colloids deposited on the surfaces.

Depending of the test conditions, these deposits may be loose and poorly adherent or, at least for part of them,
hard and very adherent to the surfaces. This is the case of the elongated crystallites grown by precipitation.

Effect of water chemistry

Because the iron content of the water in the loop ranges from 20 to 200 pg/kg, i.e. much higher than the content
of primary coolant in a plant and much than the iron solubility, a specific experiment was performed to check the
possible effect of iron content on the kinetic of deposit formation. This test was a replicate of a test performed by
Woolsey et al. [1] in a loop with a well controlled iron content of about pg/kg. The test section design, the
temperature 245' C) and the water chemistry (pure water + ammonia) and velocity 30 m/s) were the same as
in the experiments of Woolsey. Indeed, for the same water chemistry, head loss variations lower than in



Woolsey test were obtained, indicating that the total content of iron is not necessarily a controlling parameter for
the formation of deposits.
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Figure 4 Morphology of the deposits:
walls" separated by surfaces with no deposit, hard deposits grown by precipitation and deposited colloids,

It is clear from the figure 2 that the water chemistry has a strong effect on the head loss variations. Specific tests
(figure 5) performed in boric acid - lithium hydroxide solutions showed that the head loss variations may occur
on alloy 690 below a critical pH located between 5.5 and 5.8 at 290'C. Test performed in pure water 
ammonia solutions are consistent with the same pH threshold, on alloy 600 at 245 C.
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Figure - Variations of normalized pressure drop versus pH and material
in boric acid-lithium hydroxide solutions at 290' C

The third important point is that the head loss variations are reversible, i.e. when the pH is increased from
below to above the threshold, the head loss recovers its initial value. This appears quite clearly on the figure 6
which shows the head loss increase in pure water at 245' C followed by a decrease when the pH is increased
by addition of ammonia. In a quite general way, the head loss recover occurs in two steps: a sudden drop of
head loss immediately after the pH change and a slow decrease which may last several days or weeks. This is
consistent with the observed morphology of deposits assuming that, after the pH change, the loose part of the
deposits may be removed from the surface, while the hard part of the deposits are slowly dissolved.
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Figure 6 Pressure drop recover after pH increase. Alloy 600 in "pure" water.
Note the immediate partial recovery after each ammonia injection and the slow recovery in the next days.

Effect of the nature of the material

All the tests showed a strong effect of the material on the pressure drop variations. This appears in the figures 2
and 5. When tested simultaneously, the higher pressure drop variations occur on alloy 690 while lower
variations are observed on alloy 800 and 308 SS. Correlatively, the amount of deposits is definitely higher on
alloy 690. However, form the available data, a difference in the critical pH for deposit formation cannot be
ascertained for these alloys. The data obtained in pure water ammonia also indicate that alloy 600 can be
very sensitive to the formation of deposits.

At the opposite, Zircaloy 4 appeared to be quite insensitive to pressure drop variations and almost no deposit
were observed for this material.

Effect of water velocity

The effect of water velocity has been studied from 3 to 15 m/s during a single test on two Inconel 690 test tubes.

We did not observe any correlation between velocity and the kinetic of the pressure drop change except for a
progressive decrease of deposit formation kinetic for a velocity increasing up to m/s followed by an increase of
deposit formation for a higher fluid velocity.

Moreover, each sharp increase of velocity was followed by a sudden decrease in K factor leading to the
assumption that this was due to the loss of some loose part of the deposit due to increased shear effect of the
flow.

4 - DEPOSIT FORMATION PROCESS

Following the original ideas of Woolsey [1 2 a mechanism based on the role of electrokinetic phenomena, and
more precisely of streaming currents, in low conductivity environments can be postulated to account for the
above observations.

In low conductivity environments the Gouy-Chapman diffuse layer at a metal/liquid interface is relatively thick
since it roughly varies as the inverse of the square root of the ionic strength (at least for single charge ions).
Thus, in high flow rate conditions, for the same surface charge, the streaming currents increases as the ionic
strength decreases.

On surface singularities, the fluid velocity, and thus the streaming current, may sharply change. If the liquid
has a significant ionic strength (and conductivity), the charge carried by the streaming current may be eliminated
by a current loop through the bulk liquid. However, in low conductivity liquids, these electrical charges carried by
the streaming current tends to accumulate close to the surface singularity. On insulating materials, it is known
that this may create huge potential differences. On metallic materials this may create current loops (figure 7)
with anodic and cathodic components respectively on both sides of the current loop. If the polarization
resistance is not negligible, as it is the case on passive materials, the corrosion potential may locally change
around the surface singularity. In our particular environment, this will change the local solubility of iron. Changes



in corrosion potential also result in changes in Zeta (electrokinetic) potential and thus in the interaction forces
between the surface and the particles suspended in the liquid.
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Figure 7 Currents of evacuation of the charge carried by the streaming current on a surface singularity
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These considerations show that, in a low conductivity fluid flowing in a metallic passive metal, a surface
singularity may locally change both the iron solubility and the tendency to colloid adhesion to the surface. These
two factors may explain the build up on surface singularities of deposit made both of precipitated oxides (related
to iron solubility variation) and to deposited particles (related to changes of Zeta potential). The fact that the
formation of deposit is dependent on pH and not significantly on the particle content of the liquid suggest that, in
our test conditions, the first steps of the deposit formation are due to a precipitation process.

In this mechanism, the water pH would play a role on two parameters. Firstly, the Zeta potential and the
streaming currents are pH dependent and no oxide precipitation should occur near the Zero Charge pH.
Secondly, the oxide solubility is pH dependent. Below pHs of about 7 (around 300' C), the iron solubility
(magnetite) increases as the pH decreases and this can account for an increased amount of available iron to
be precipitated around the surface singularities.

It must be noted that the formation of an oxide wall on a surface singularity results in an evolution of the nature
and size of the singularity. This can additionally modify fluid behaviour and surface charges. It may occur that
the oxide deposit process could be self accelerated if it contributes to increase the local changes of potential.
Additionally, it cannot be excluded that the presence of an oxide wall causes the flow rate to be disturbed
downstream (and upstream ?) and triggers the build up of current loops and subsequent oxide wall deposits on
initially smooth surfaces close to the initial singularity.

- CONCLUSIONS AND PERSPECTIVES

The main result of this study is that, in flowing high temperature water typical of light water reactors, there are
water chemistry conditions which can promote the formation of oxide deposits on metal surfaces. These
deposits exhibit a discontinuous character. They are distributed in discrete annuli perpendicular to the fluid flow
and this specific morphology may explain that large pressure drop variations may be caused by low mass of
deposits as it may be the case in actual plants.

The key observations on these deposits may be summarized as follows:

- the deposits seem to be preferentially formed on surface singularities, namely the ends on the test sections
and surfaces scratches,

- they include hard walls probably made of precipitated oxides and loose accumulation of small deposited
colloids,

- the oxide walls are separated by surfaces completely free of deposits,

- the deposits are only built up below a critical pH located between 5.5 and 5.8 at 2900 C for alloy 690. Their
formation does not seem very dependent on the amount of iron particles in the flowing water,



- the formation of deposits is reversible and they disappear when the pH is raised above the critical value,

- the alloys 690 and 600 are very sensitive to this phenomenon. It also occurs at lower rate on alloy 800 and
308 SS, but no deposit formation occurred on Zircaloy 4 in the range of water chemistry used in this
program,

No effect of water velocity was clearly demonstrated but this point deserves additional work.

Thus it can be considered that the observations performed in this work exhibit many features which can account
for the pressure drop observed in several plants. However, several important points are still not answered:

- the occurrence of pressure drop in plants seems to be quite infrequent and this, as well as some
observations on EMILIE loop tests such as the difference observed between nickel base alloys and stainless
steels, suggests a strong effect of the chemical history of the surfaces,

- The deposits seem to occur preferentially on surfaces singularities but nothing is known about the critical
size of these defects. This may be of importance particularly regarding a possible critical roughness of the
surfaces which can promote the formation of deposits,

- Finally, in the EMILIE loop, the main species carried in the fluid is iron even though some nickel is also
present. As the deposits are mainly made of magnetite it would be interesting to check the effect of nickel on
the formation and the removal of the deposits.

Finally, most of the observations may be accounted for by a process based on streaming current effects in low
conductivity environment. Indeed measurements of streaming current are currently underway on EMILIE loop to
try to check this assumption.
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