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Abstract. Between 2004 and 2006, EDF noticed primary / secondary leakages on Steam Generators (SG) of a 
French nuclear plant. Further studies have shown that fouling by iron oxides and clogging of the quatrefoils 
broached holes of the Tubes Support Plates (TSP) are aggravating factors of the risk of cracking by vibration-
induced fatigue of the SG’s tubes. EDF then initiated a program of chemical cleaning of steam generators to 
restore and maintain an acceptable state of cleanliness of the secondary part of SG. This paper presents EDF’s 
strategy to achieve this goal. It is organized as follows : first, fouling and clogging phenomenon and associated 
estimation means are explained. Then the strategy of chemical cleaning and its evolution are presented. The 
implemented processes as well as process monitoring and plants requalification are also described. Finally, the 
operations performed, the continuous improvement process conducted in connection with the French Nuclear 
Safety Authority (ASN) and the control of environmental impact are reviewed. This paper was written with the 
support of AREVA and Westinghouse, the two operators of chemical cleaning in France. 

1. Origin of need 

Continuous monitoring of primary / secondary leakage led to shut down a plant of French nuclear fleet 
by three times between February 2004 and February 2006. These leakages were the result of a crack of 
a tube of Steam Generator (SG). 

Inspections performed on the affected SG showed a significant blockage of the quatrefoil broaches 
holes of the Tube Support Plates (TSP) for the secondary fluid resulting in local increase of steam 
flow causing vibration-induced fatigue of the tubes. The quatrefoil blockage results from the 
combination of two phenomena: 
− Clogging 

It may be significant (total blockage of quatrefoil holes) on all TSP of SG. It consists in a 
progressive conglomeration of deposits in the quatrefoil broached holes between the tubes and 
the TSP for the circulation of steam/water mixture. 

− Fouling 
Fouling of the secondary part of SG results from a regular input of impurities and iron oxides 
from the feed water that accumulate on exposed surfaces (tubes, support plates, envelope of the 
tube bundle, secondary enclosure ...) forming a more or less resistant layer of deposits. 

2. Precursors of clogging and fouling 

Impurities are introduces in SGs as dissolved particles of matter. They mainly (>80%) come from 
metallic circuits of the water station that are made of carbon steel due to erosion-corrosion phenomena 
in operating phase and generalised corrosion in plant shutdown condition if conservation is not 
optimal. When present, copper alloys also contribute to the production of impurities by ammoniacal 
corrosion or by erosion. Other sources (minor) are due to inputs of raw water, to exchangers’ leaks or 
to the quality of additional water. 

The quantities of matter introduces in operating phase vary for each GV depending on applied 
chemistry. It is particularly noticeable that clogging is more important, in terms of speed and of 
quatrefoil blockage, on SG of plants conditioned at low pH AVT in the secondary circuit. 
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3. Estimation of clogging 

3.1. The circulation ratio of operating plants 

Clogging of TSP causes an increase of global pressure drop in the recirculation loop leading to a 
decrease of the Circulation Ratio (CR). SGs’ Circulation Ratio is correlated to the measure of the 
Wide Range Level (WRL) in the backflow of SG during operation phase of plants. Hence, this 
measure permits to estimate the pressure drop in the backflow, and thus the flow passing through it. 
Therefore, for a constant real level in a SG (measured by the narrow range level), a decrease of the CR 
will cause an increase of the WRL. The advantage of WRL measure is its availability on all SG of the 
fleet. 

A monitoring of the CR by the WRL is implemented since August 2007, especially on units 
conditioned at low pH AVT in the secondary circuit. Three alarms thresholds are identified by EDF in 
order to determine the safety risks and, if necessary, to define further actions to initiate or 
compensatory measures to implement. 

3.2. Televisual Inspections of TSP in plants shutdown 

Televisual inspections (TVI) of Tube Support Plates allow: 
− To examine the inside of the visible quatrefoil holes in order to estimate (geometrically) 

quantitatively the reduction rate of the quatrefoil holes in case of blockage by clogging (with or 
without fouling). 

− To estimate qualitatively the reduction rate of the quatrefoil holes according to the significance 
and the location of fouling in a SG, in case of fouling only. 

3.3. Eddy Current Testing (ECT) of tubes of the bundle in plants shutdown 

Eddy Currents measured by axial probe are sensitive to the presence of magnetite if it is sufficiently 
closed from the surface of tubes. Based on this, a method, so called “SAX ratio”, has been developed 
in 2006. It consists in calculating the amplitude ratio between the responses from both sides (Top and 
bottom) of the same TSP. Then one can estimate the state of cleanliness of a TSP with respect to 
another. Hence, if the averaged reduction rate of the quatrefoil holes on a half plate is known 
(generally obtained by TVI on the highest TSP), one can define a max value for the reduction rate of 
the quatrefoil holes on the other TSP of a SG. 

4. Estimation of fouling 

4.1. Estimation of the corrected steam pressure in upper part of SG 

The presence of deposits due to fouling on the surface of the tubes of SG decreases their primary to 
secondary exchange abilities. Hence, the amount of steam produced is reduced, causing a steam 
pressure drop in the upper part of a SG. When measuring the steam pressure, reference operating 
conditions may not be strictly met so that the measured pressure values must be corrected to be 
compared with predefined thresholds. 

4.2. Estimation of the quantity of deposits accumulated in SG 

The main method used to estimate the quantity of deposits inside a SG along its lifetime is mass 
balance. This estimate is obtained from supposed inputs and outputs (drain, lancing, chemical 
cleaning) of matter in the SG since its commissioning or its last chemical cleaning. 
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5. Initial strategy of chemical cleaning and development 

After the causes of the primary / secondary leakages detected between 2004 and 2006 (see §1) were 
analysed, EDF has begun a program of chemical cleanings so called “curative” (SG Curative 
Cleaning, SGCC) from 2007. These cleanings aim to eliminate as much deposits inside SG as 
possible, particularly those related to clogging. They are implemented in a non-recurring manner on 
the most clogged and fouled units of the fleet. These operations last between 20 and 30 days. 

In parallel of the treatment of the most sensitive plants between 2007 and 2011, EDF has oriented its 
strategy toward cleanings so called “preventive” (SG Preventive Cleaning, SGPC) from 2010. This 
kind of cleaning aims to maintain SG in clean conditions. They periodically are implemented (plants 
conditioned at low pH AVT in the secondary circuit are more often treated) on fouled and slightly 
clogged units of the fleet. Such an operation lasts about 10 days. 

6. Brief presentation of qualified process 

Following the laws, the process of chemical cleaning implemented on the plants of the French nuclear 
fleet are subject to a qualification: 
− of the process itself in order to ensure its efficiency and its innocuousness (definition of key 

parameters, their range of allowable values, check the achievement of goals in terms of 
efficiency and corrosion…), 

− of the main operator to ensure its ability to operate with a quality level compatible with EDF’s 
requirements (audits, in situ supervision of operations by a dedicated team), 

− of the maintenance operation to ensure the adequacy of implemented technical means by 
equipments testing on a mock-up and by validation of the qualification field during the first 
industrial implementation on a plant. 

The first process qualified by EDF was the AREVA HTCC (High Temperature Chemical Cleaning) 
process, implemented by AREVA, in plant shutdown or startup conditions, on 6 units of the fleet 
between 2007 and 2008. Currently, this process is not in use anymore in EDF plants. Thus, it is not 
presented in details (except in the review of efficiency and innocuousness of SGCC and the associated 
graphs) in this paper that describe the set of all other processes, voluntarily used in France during the 
refuel-outage, core unloaded (no impact on safety). 

6.1. EPRI-SGOG (WESTINGHOUSE) 

This is a low temperature process developed by the Electric Power Research Institute and the Steam 
Generator Owners’ Group (EPRI-SGOG), adapted by Dominion Engineering Inc. (DEI) and 
implemented by Westinghouse. The chemical solutions are injected through adapters installed on the 
eyes holes (EH) and hand holes (HH). The EPRI-SGOG process has the distinction of implementing a 
recirculation of the solvent in SG (suction through the EH/HH and reinjection through the Secondary 
ManWay, SMW). Air or nitrogen sparging is carried out during the different phases of the process via 
EH/HH adapters. The dosimetric cost of this process is about 180 H.mSv. It produces about 550m3 of 
effluent per SG. 

The implementation of the EPRI-SGOG process in France consists of several steps: 
− Preliminary equipments testing and full volume check out rinse (~28h). 
− Initial copper removal step (~15h): full volume injection of a solvent composed of EDTA, 

ammonia, EDA and H2O2. Homogenization is carried out by air sparging and recirculation of 
the solvent trough EH/HH/SMW. 

− Low volume rinse (~15h). 
− Iron removal step (~50h): full volume injection of a solvent composed of EDTA, hydrazine, 

ammonia and a corrosion inhibitor (CCI-801). Air sparging and recirculation of the solvent 
trough EH/HH/SMW are provided for better homogenization. 

− Low and full volume rinse (~15h). 
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− Intermediate lancing and global cleanliness televisual inspection (G-TVI) without previous 
drying (see §8.1). 

− Tube sheet Copper removal (~6h). 
− Final full volume copper removal step (~15h). 
− Final lancing (see §6.4), drying ang TVI (see §8.1). 
− Eddy Current Testing, 100% of the tubes (cf. §8.2). 

6.2. ASCA (WESTINGHOUSE) 

This is a low temperature process developed and implemented by Westinghouse and DEI. The ASCA 
(Advanced Scale Conditioning Agent) process is implemented using an external heat source by 
injecting steam in SG. On 900MWe units (only kind of plants where this process has been 
implemented), the three SG are cleaned, in parallel with a 8 hours time-lag between each SG, by 
soaking (without recirculation) said “combined” is to say without totally draining the solvents between 
iron removal steps and copper removal step. Chemical solutions are injected and drained through the 
Steam Generator Blowdown circuit. Adapters are placed on the EH/HH for heating of solvents by 
steam injection and for sampling of solutions in SG. The dosimetric cost of this process is about 
60 H.mSv. It produces about 370m3 of effluent per SG. 

The ASCA process can be decomposed of the following steps: 
− Leak testing (~25h), partial SG filling with auxiliary feed water. 
− Full volume SG filling with auxiliary feed water and hydrazine. 
− First iron removal step (~26h): injection of concentrated solvent composed of EDTA, hydrazine, 

ammonia. A nitrogen sparging is performed during soaking time, then partial draining. 
− Second iron removal step (~26h, optional), then partial draining. 
− Copper removal step (~28h): injection of concentrated solvent composed of EDTA, ammonium 

bicarbonate and ammonia. Air sparging is performed during soaking time, then complete 
draining. 

− Low and full volume rinse (~8h), with nitrogen sparging. 
− Clean-up activities: lancing (see §6.4), drying and G-TVI (see §8.1). 
− Eddy Current Testing, 100% of the tubes (see §8.2). 

6.3. DMT (AREVA) 

The DMT (Deposit Minimization Treatment) process has been developed and implemented by 
AREVA for the first time in France in 2011. It consists of soaking steps (no recirculation of the 
injected solvents). SG are treated in series. The heating of injected solutions is performed by an 
external heat source, outside the reactor building. The solvents are injected through the SMW and 
drained through the EH/HH. The dosimetric cost of this process is about 50 H.mSv. It produces about 
500 m3 of effluent per SG. 

The DMT process consists of the following steps : 
− Functional tests of the injection, heating and draining system. 
− First magnetite dissolution step (~8 to 10h/GV): SG filling with a solution containing 

oxalic acid. 
− Second magnetite dissolution step (~8h/GV). 
− Conversion step (~8h/GV): SG filling with a solution containing hydrogen peroxide and 

oxalic acid. 
− Full volume rinse (~10h), SG filling with hot demineralised water, possibly with addition of 

EDA (option). 
− Rinse of the tube sheet with demineralised water (~2h). 
− Full volume rinse with cold demineralised water (~11h). 
− Clean-up activities: lancing (see §6.4), drying and G-TVI (see §8.1). 
− Eddy Current Testing, 100% of the tubes (see §8.2). 
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6.4. Lancing 

Lances are installed on the EH ant HH to inject demineralised water at pressure of 200 to 300 bar. 
Sludge (pulverulent and adhesive deposits of magnetite) is displaced to the periphery of tube bundle. 
Several peripheral water jets recover this sludge to guide them towards the aspirations in order to 
extract them from SG. The sludge / water mix recovered is filtered. The water is reused for lancing. 
The collecting sludge is dried a few minutes before being collected, weighted and stocked. 

7. Monitoring of chemical process 

In order to follow the progress of the phases of the process, the key parameters of the process are 
monitored by physicochemical analysis. For each chemical phase of the implemented process, the 
solvent is periodic sampled at the SG. The main parameters monitored are: pH AVT, temperature, 
dissolved iron and copper concentration and chemical reagent concentration (free EDTA, oxalic acid, 
hydrogen peroxide, hydrazine… according to the process). 

Monitoring of chemical parameters is supplemented by an online Corrosion Monitoring System 
(CMS) which allows to react in case of drift. This online monitoring is achieved though 4 probes, each 
consisting of 3 electrodes, installed on the HH adapter of each SG, that measure the Linear 
Polarization Resistance LPR (representative of free corrosion) and the Zero Resistance Ammetry 
ZRA (representative of galvanic corrosion). 

8. Requalification of plants after chemical cleaning 

8.1. Requalification of the secondary cooling system 

The requalification of the main secondary circuit consists in: 
− Checking the innocuousness of the process.  

During all chemical steps of the cleaning process, test coupons representative of the different 
materials constituting a SG, single or coupled with inconel, are placed in the SG. The weighing 
of these coupons before and after chemical cleaning allows to estimate the thickness loss 
suffered by the coupons which is supposed representative of the thickness loss suffered by the 
different parts of the SG. By this way, one can check that values of thickness losses are inferior 
to maximal allowable values defined in the qualification of the process (see §6). 

− At the end of chemical cleaning, including lancing, a televisual inspection is achieved at the 
tube sheet of SG to ensure the global cleanliness of the plate (no pulverulent deposits) and the 
absence of foreign bodies. 

8.2. Requalification of the primary cooling system: Eddy Current Testing with axial probe 
(SAX) of all tubes 

The goal of this control is the search of some disorder in the bundle after a chemical cleaning. The 
main vigilance points are: 
− The absence of external corrosion of the tubes, 
− The absence of conductive deposit (presence of copper) on the outer side of the tubes. 

9. Continuous improvement 

Chemical cleaning operations are heavy maintenance operations, so EDF take advantage of the 
feedback of the different operations in order to ensure the safety of the plants and the security of the 
operators. This feedback is shared periodically (treatment of anomalies and inspections) and annually 
(Review of feedback) with the Nuclear Safety Authority (NSA). 
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9.1. Control of the chemical process 

All singular events encountered especially in the early implementations of processes in France are 
thoroughly analysed in order to improve industrial control of the processes. Thus the EPRI-SGOG 
process was modified by: 
− Adjunction of a tube sheet copper removal step (low volume), 
− Air sparging during copper removal steps in order to maintain oxidizing conditions and to 

facilitate the copper complexation by EDTA. 

In addition, during the implementation of this process on a 1300MWe unit, at the time of the iron 
solvent injection, the solution reached the level of the feedwater ring (instead of stopping at the top of 
the tube bundle). Moreover, the solvent foamed which led to an overflow into the auxiliary feed water 
pipe. Subsequently, the iron solvent has been injected in two steps in order to prevent this kind of 
incident. 

During the first implementation of the ASCA process, the level reached by the chemical solution was 
measured via the WRL sensor of the SG. However, due to a design error in the reading desk, the 
density variations of solutions due to temperature was not properly taken into account which resulted 
in an overestimation of the real level reached by the solvent (the highest TSP was not wet). Moreover, 
as the chemical solvent are injected in a concentrated form (see §6.2), this error also led to an 
overconcentration of chemical reagent in the solution. Subsequently, the level measuring system has 
been reinforced by the use of two redundant measuring devices, based on the measure of the 
difference between the fluid pressure at the bottom of SG and the pressure of the gaseous atmosphere 
in high part of SG (similar to what is done for the EPRI-SGOG process). 

In the DMT  process, solvents are injected directly at the desired temperature (no recirculation or 
steam injection to heat solution in SG). This leads to important thermal transients for the SG, 
especially in the first magnetite dissolution step (see §6.3). Thus, during the first implementation, an 
initial injection of demineralised water at intermediate temperature was performed in order to reduce 
the thermal transient. This water should have been reused in the final full volume rinse (see §6.3). 
After draining, this water contained traces of radioactive contamination which led to not reuse it. So 
this thermal conditioning step turned out to be an additional source of effluents. For the next 
implementations, the injection temperature of the first magnetite dissolution step was decreased so as 
to reduce the thermal transient and to remove the thermal conditioning step and then reduce the 
produced effluents. 

9.2. Worksite security 

One of the main risks encountered in SG chemical cleaning operations is the risk of chemical solutions 
leakages at pipe connections. In order to better manage this source of danger, the risks of leakage were 
extensively analysed (reliability of the connection points) and measured has been taken to ensure 
better containment of possible leakages at valve station in the reactor building. 

9.3. Extension of the field of qualification of processes 

In order to consolidate the qualification field of the different processes in the conditions actually 
encountered on the various treated plants, EDF has updated them: 
− For the EPRI-SGOG process, additional qualification tests were performed to extend the 

process qualification to: 
(i) Different sequencing of iron and copper removal step, 
(ii)  Hard sludge treatment. 

− For the ASCA process, additional qualification tests were preformed to extend the process 
qualification to new ranges of initial deposits load. 

− For the DMT process, additional qualification tests were performed to evaluate the behaviour of 
residual chemical species in plant startup. 
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10. Review of efficiency and innocuousness of the processes 

Figure 1 illustrate the efficiency of SG curative cleaning by showing for each intervention the 
quantities estimate of sludge present in SG (High and low estimate, see §4.2) and the quantities of 
extracted sludge. Figures 2 and 3 show the results in terms of innocuousness for HTCC and EPRI-
SGOG processes respectively. 

Similarly, figures 4 and 5 respectively show the efficiency and innocuousness of SG preventive 
cleaning. Note that for this kind of cleaning, only one implementation has been performed. 
Particularly, during the first ASCA operation, the error on level reading led to an overconcentration in 
chemical reagent in the solution (see §9.1) that partly explain that thickness losses are more important 
than expected. 

Nota Bene about thickness losses evaluation:  
For HTCC process, thickness losses are measures on EH and HH in lower part of SG. Note that this 
process had a more important corrosion in lower part of SG than in higher part.  
For other processes, the thickness losses are evaluated by single and coupled test coupons in carbon 
steel.  
Also note that a SGCC with hard sludge treatment step was performed on the plant n°14 (maximal 
allowable corrosion value qualified: 300 µm for carbon steels). 

11. Control of environmental impacts of chemical cleanings 

The implementation of chemical cleanings leads to a significant production of effluents. First, these 
wastes are temporarily stocked in dual envelope tanks on the plant area. For curative cleanings, they 
were incinerated by CENTRACO (the nuclear centre for treatment and conditioning) of SOCODEI 
(the company for wastes and industrial effluents conditioning). For preventive cleanings, EDF requires 
its operators to develop an in situ treatment of the effluents: the FENTON process (AREVA) and the 
HydroThermal Oxidation process (Westinghouse-Veolia). 

By treating the effluents in the continuity of chemical cleaning operations, the objectives are to reduce 
the stocking time of the effluents on plant area and to produce “solid waste” residues acceptable in the 
CSTFA (the stocking center of very low activity wastes) of the ANDRA (the National Agency for the 
management of radioactive wastes). After treatment, the final wastes for the considered processes are: 
− effluent that can be discharged in the environment,  
− used resins evacuated by the classical path of the plant, 
− Solid waste (sludge mainly composed of metal oxides) evacuated by CSTFA. 

12. Conclusion 

The risk of primary/secondary leakages, generated by vibratory phenomena in high part of the tube 
bundle, related to clogging of the quatrefoil holes of the Tube Support Plates of the Steam Generators 
led EDF to massively invest in an industrial strategy of Chemical Cleaning since 2006. This strategy is 
based on qualified processes whose results as well as the experience feedback of industrial 
implementations are periodically presented to the French Nuclear Safety Authority (NSA) within the 
framework of a shared continuous improvement process. 

The 16 most clogged units were cleaned using so called “curative” process. First, the HTCC process of 
AREVA, implemented between 2007 and 2008 on six 900 and 1300MWe plants. Thereafter, EDF 
wished to increase its industrial capacities by qualifying a second process (EPRI-SGOG) implemented 
by Westinghouse assisted in chemistry by Dominion Engineering Incorporation (DEI). This process 
has proven to be more secure with respect to the corrosion of carbon steels constituting the secondary 
vessel under pressure of the SG. The EPRI-SGOG process allows to treat ten 900 and 1300MWe 
plants between 2008 and 2011. 
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In parallel, the industrial strategy was oriented towards processes in a preventive way to maintain the 
units in acceptable cleanliness conditions, without impacting outage durations (~10 days instead of 20 
to 30 days for the SGCC). For this purpose, two new processes (ASCA of Westinghouse and DMT of 
AREVA) have been qualified and implemented to meet the needs for EDF in terms of preventive 
cleaning on the PWR units. It should be noted that a third process, not presented in this paper, is in 
qualification state (PACCO process developed by the COMEX-LAINSA group) for a first 
implementation in 2013. From 2012, EDF schedules the implementation of 4 to 5 operations of SGPC 
per year. 

Chemical cleaning processes generate significant volumes of effluent. Processes for in situ treatment 
of these wastes, achievable in the continuity of cleaning operations, are being developed to 
significantly reduce processing times and help eliminate liquid wastes. Ultimate solid wastes are 
stocked in the CSTFA (ANDRA). 

 

Figure 1. efficiency of SGCC 
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Figure 2. Corrosion of HTCC process 
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Figure 3. Corrosion of EPRI-SGOG process 
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Figure 4. efficiency of SGPC 

0

0,2

0,4

0,6

0,8

1

1,2

de
po

si
ts

 q
u

an
tit

ie
s 

(T
/G

V
)

Objectif nominal0,5

ASCA (900 MWe) DMT (1300 MWe)
 

 

Figure 5. Corrosion of SGPC 
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