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Abstract

Cooling circuits running with distilled water to cool cop-
per structures like magnets or cooling plates are vulnerable
to air leaking in. The leaked-in air contains carbon dioxide
that lowers the pH from 7 to quite acidic distilled water and
makes it possible for the intruded oxygen to react with the
surface of the copper tubing, forming copper oxides that
can grow and mechanically be displaced to clog in loca-
tions where the flowrate is low. The process also reduces
the wall thickness of the tubing, eventually followed by
water leakage. Regular unclogging causes the circuit to be
opened more often and therefore accelerating the destruc-
tive process. A good solution to this problem comes with a
steep price: Degassing by reverse osmosis in every copper
cooling circuit.

PURE WATER TURNING ACIDIC

A Troublesome Copper Cooling Circuit at th
Paul Scherrer Institute

Between 2000 and 2005, several water-cooled t
like in Figure 5 overheated. A muddy resid
cooling water not to flow properly. Flushing
sulted in even faster interruptions and
be seen Fig. 1. An investigation, by t
line scientist and the leader of the m resulted

¢ of oxyge

water, cal acidic cond

/ tubes (due t0'O

vacuum tight. Atmospherlc gases can
stem through tiny leaks and diffusion
tubing. The presence of CO, in the

fixes the pH of the coolant between 5 and 6. Oxygen dis-
solves in water increasing the redox potential. The cuprous
oxide CuyO (reddish in colour like in Fig. 2) is initially
formed at the surface. Upon further oxidation by dissolved
oxygen CuO (blackish in colour as in Fig. 3) forms. In the
absence of other influences this stable surface, non-soluble
in water at these pH-levels, would render this surface stable
to further corrosion. However, the mechanical stress from

*Richard. Kan@psi.ch

the coolant flow removes this oxide
the metal surface unprotected aga
acidic water. This leads to further di
(eventually leaks) and macrosc

12 4

er asa solid, leaving
oxygen-rich
n of the metal
formation.

Temperature increase AT [0C]

=
=
o~

04
174104 —+—

15.12.04
291204 -

Figure e mea
net in a regular patte
allel cooling cir
e deposition pro

emperatur quadrupole mag-
temperature increases AT due
ogging, then recovering after
out of the magnet [1].

/ mulations of corrosion sludge (¢6 mm), con-
10O and/or Cu,O, from behind a flow restrictor. A
0 centime coin is shown in the background [1].

2l

Figure 3: Filtrated deposits of various copper oxides. The
pore size of the filter is 12 um. The dry weight of the resi-
dueis 0.72 g [1].
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Figure 4: Corrosion mechanism at a copper surface due to
dissolved O and CO:; in distilled water [2]. Even small air
leaks promote water leakage and obstructive corrosion.
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Figure 5: A quadrupole magnet with copper coil made of
small diameter tubes with narrow elbows, filled with dis-
tilled water at a low flow rate (to counteract erosion).
Equation 1: Rate of corrosion R [um/y], see Table 2 for
contributing factors
Ry = 1.4 x10° x c(0,) x c(HN) X f(T) x f(V) x f(¥) (1)

8.8
o a \
T 84
54, /
E s Regime 1 Regime 3 . Regime2
78 //
576
576 7 s "N
'796 72 / // \\ Regime 4
£ 7 _/ /" /  Regimes N\ I
§ 68 Regime 4 / \\
8 66
6.4
6.2
6 T T T
1 10 100 1000 10000
C ion of di [ppb]

Figure 6: Corrosion rates under different operating condi-
tions, see Table 1 for values in the regimes.

Table 1: Corrosion Rates in Various Regimes as Displayed
in the Above Fig. 6 [3]

Regime Corrosion Rate
1&2 <0.1 pg/(cm?.y)

3 0.1-0.4 pg/(cm?.y)

4 0.4-1 pg/(cm?.y)

5 >1.0 pg/(cm.y)

Table 2: Contributing Factors to the Rate of Copper Corro-
sion in the Equation 1 Above [3]

Parameter C. Factor Remark
¢(0z2) [mol/1] >200 see Fig. 6
f (v) [m/s] 203 0.5 m/s<v<4m/s (v1/2)
f (T)[0C] 3 20°C<T <50°C
f(y): dD/dt 1.6 1 Gy/h< Dy <900 Gy/h
[Gy/h]

The rate of corrosion shown in Equation 1 depends
strongly on the concentration O, and CO,, and the flow
rate, but much less on temperature and dose rate [4]. The
resulting corrosion rates for specific regimes depending on
dissolved oxygen and the pH-level are found in Table 1.
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Figure 7: the Pourbaix diagram (redox petential/pH dia-

gram) for copper in water at 25°C adopted from [5], with a
red interval shows the pH rafige for carbonated water.

How This Problem Was Countered at Eirst

In 2004)a cooling cireuit (nr.9) with troubled magnets
was monitored and temporarilysconnected to a self-devel-
oped setup that pushed out the gases after it had flushed out
the residue. However, every time the,water circuit had to
be openéd,(a lot of) oxygen and carbomdioxide were able
to enter, also the pH'levelhs.6-6.65 wasmeasured [1], which
puts the system into the orange band where Cu reacts with
O, into CupO (see Fig. 7).~ Weekly flushing was necessary
until this cooling was coupled to an online degassing sys-
tem based on the reverse osmosis principle in 2005. A total
of >85 g (dry. weight) metal oxide was flushed out in
12 months’\time.. Without this intervention the corrosion
rate can be calculated by Equation 1, with the use of the
Table 2 for the contribution factors of the parameter [3].

A Costly, But Effective Solution

Adegassing system (see Figure 8) continuously removes
oxygen and carbon dioxide, working on the principle of re-
verse 0smosis. It is connected in series with ion exchange
filters on a bypass of the water circuit (Fig. 9).

Figure 8: The degassing system

With roughly €200k plus yearly maintenance of about
€15k, it is costly, and it needs to be installed in many dif-
ferent water-cooled circuits, depending on the possible
containment of radioactive particles and on the metal (Cu /
Fe) walled structures. The pH-value measurement is not
necessary, as this is difficult, costly and it rejects much wa-
ter. Most distilled water circuits at PSI are equipped with
such degassing systems (10 circuits in total with Cu or Fe
walled structures — circuits with Al are not degassed). A



one-week failure of the degassing system in cooling circuit
nr.9 in 2021 abruptly caused a cooling-water blocking of
the deflection magnet AWD. One of the last cooling cir-
cuits (PROSCAN PS5 for inactive power supplies (pH6.9)),
is still without a degassing system, and recently heat ex-
changers in power supplies needed to be replaced.
PROSCAN P6 for components in the vault, has a degassing
system and pH7.2 was measured). P5 & P6 are relatively
small circuits and measures are taken to ensure they are
kept free of both air and water leaks, as they are part of the
medical proton facility.
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Figure 9: The diagram of the degassing system, as seen in
Figure 8 above the yellow box

The Current Application of Degassing Systenis
at Paul Scherrer Institute

PSI has chosen a system that reduces the oxygen content
from <50 ppm to <5 ppb and carbon dioxidet0<3%., while
the water resistivity is reduced from 1 pS/emto 0.1 pS/cm
-0.2 uS/cm. The exchange of the resin of the deionization
is done every two years about. The pH level isdkept this
way between pH 6.8 and pH 7.2. The system.generates no
water reject stream or liquid gxhaust, but itdoes produce a
gas exhaust with oxygen, carbon dioxide, nittogen and at-
gon includinggtheir fadioactive isotopes and needspa’con-
nection toshe controlled'and protected exhaust air system
monitoréd by the PSl-radiation protection. The typical
flowsrates in cooling circuits at PSI are 1.5 m/s — 1.8 m/s
with the resistivity of 0.1 pS/cm -0.2 pS/cm. Cooling cir-
cuits forwater that caf become radioactive have a separate
degassing system.than cooling circuits where the water is
not exposed towadiation (in case of power supplies cooling
circuits). Also, cooling circuits for aluminium structures
should never be mixed with copper cooling circuits due to
galvanic corrosionenhancement facilitating the dissolution
of aluminium. Although, aluminium is highly susceptible
to acidic attack in water cooling systems, at PSI cooling
circuits for aluminium structures are not degassed. Alumin-
ium’s corrosion mechanism with air leaks is different but
equally detrimental to system longevity. Aluminium relies
on a thin, natural passivation layer of Aluminium oxide
(ALLO3) for protection. Aluminium forms "white rust" (al-
uminium oxide/hydroxide deposits) at intermediate pH
levels, which can clog tubes and reduce thermal perfor-
mance. Otherwise, the amphoteric aluminium is very sen-
sitive to pH levels; its protective oxide layer is only stable

between pH 4.0 and pH 8.5. If the pH drops below this
range due to CO: content in the water, general acid corro-
sion can occur. At high pH levels Aluminium will also dis-
solve forming various hydroxy-complexes AI(OH)x -x+3
with x=2-4, see Fig. 10 and Fig. 11. Since the pH level in
Al cooling circuits has been around pH 6.8, these problems
did not arise. The cooling circuits for groundwater at PSI
are also not degassed.
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Figure 10: The calculated speculation diagram for mono-
meric Al aqueous speciesat 298 K and 1 bar [6]
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Figure 11: The Pourbaix-diagram of Al in an aqueous en-
vironment at 298 K, 1 bar and a[Al]=10-8 m [6]

CONCLUSION

Airleakage into a cooling circuit cannot be prohibited
and all copper cooling circuits corrode (even OFE copper)
and'should therefore have a degassing system to prevent
water leakages and clogging of the circuit due to oxidation.
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