
 
 

 

 

 

 

 

 

 

 

 

 

 

ECC - D4 

Advanced Electrostatic Turbine Oil Cleaner Design 

for Heavy-Duty Gas Turbine Applications  

 
 
 

Murat Görür 

 

 

 

 
 

 

 

Master Thesis 

 

 

Division of Applied Thermodynamics and Fluid Mechanics 

Department of Management and Engineering 

 

LIU-IEI-TEK-A—10/00834—SE   



II 
 

ABSTRACT 

The turbine technology improvements from 1980 onwards have considerably increased 

mechanical and thermal stresses on turbine oils which, cause oil oxidation and thereby turbine 

oil degradation (Livingstone et al., 2007; Sasaki & Uchiyama, 2002). If the oil degradation 

problem is ignored, this might result in serious turbine system erratic trips and start-up 

operational problems (Overgaag et al., 2009). Oil oxidation by-products, in other words, 

sludge and varnish contaminants, lead stated turbine operation-tribological problems. Hence, 

sludge and varnish presence in turbine oil become a major reason for declining turbine 

reliability and availability.  

In the power generation industry, heavy-duty gas turbines as well as steam turbines have been 

lubricated with mineral based turbine oils for many decades (Okazaki & Badal, 2005). First, 

generally Group I oils (mineral base oils produced by solvent extraction, dewaxing) were 

used. Nevertheless, this group of oils has lower oxidation resistance. Therefore, modern gas 

turbines demand oils which have better oil oxidation resistance, and lower sludge and varnish 

contaminants tendency (Hannon, 2009).  

Today, there are many turbine lubricants available on the market. Besides Group I oils, more 

and more Group II oils (mineral base oils produced by hydro cracking and hydro treating) are 

selected in service, and having increased oil oxidation resistance. However field inspections 

demonstrate that Group II oils also experience sludge and varnish problems as well as Group I 

oils. Primary reason for these phenomena is the antioxidant additive packages that are used in 

Group II oils (Overgaag et al., 2009). In any case with recent oil formulations, oil degradation 

products still exist in current turbine oils, and will continue to do so in natural process. These 

sludge and varnish contaminants are less than 1 micron in size. Thus, they can pass turbine oil 

system standard mechanical filters without obstruction. With regard to keep the turbine 

systems in best operational conditions, external turbine oil cleaning practices became crucial 

to remove these less than 1 micron size oil degradation products from turbine oils. Current 

effective method for removing the sludge and varnish is to use electrostatic oil cleaners 

(Moehle & Gatto et al., 2007). 

Since the majority of turbine user and operator population have been shifted to use Group II 

based oils to counter the increased sludge and varnish problems, traditional oil cleaners 

became insufficient to remove sludge and varnish from Group II. (Due to Group II oils have 

different oil characteristics such as oil oxidation stability and solvency capability). With this 

awareness, thesis project is looking for ways to introduce and develop an Advanced 

Electrostatic Oil Cleaner to increase the availability and reliability figures of heavy-duty gas 

turbines against the rising amount of oil degradation products in modern formulated turbine 

oils.  

ECC (Electrostatic Cooled Cleaner) is an electrostatic oil cleaner device to clean and cool 

mineral based turbine oils for heavy-duty gas turbine applications by removing the sludge and 

varnish - oil contaminants from turbine oils. The basic principle of the ECC is based on the 

electrostatic force produced by parallel positioned electrodes which are charged with a high 

D.C. voltage. Oil contaminants- sludge and varnish have polar nature. Therefore, they are 

attracted by electrostatic forces whose intensity is proportional to the voltage applied. With 

the oil flowing in parallel to these electrodes, the polar particles in the oil (which is only 

neutral /no polar) are caught by filter media positioned between these electrodes. 

Small investments on advanced oil cleaner result in big savings on turbine system 

performance. Increased turbine availability and reliability predominantly reduce maintenance 
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costs and risks besides, and thus maximizing revenue by extending heavy-duty gas turbine 

operational life.  

An introduced prototype of the ECC-D4 model was tested using two Group II and one Group 

I oils. The amounts of 200 liter (each) test oils were circulated approximately 300 times 

through the ECC-D4. In each 3 oil cleaning test sessions, it is proved that the oil insolubles 

content decreased approximately 40% in tested turbine oils within about 240 ECC-D4 

operating hours.  

With taken base of heavy-duty gas turbine characteristics such as 400 MW power production 

capacity, annually 8000 operating hours, and 15000 liter oil reservoir volume; it is estimated 

that the ECC-D4 can extend the oil service-life from 24000 to 48000 operating hours (which 

is approximately the oil service end-life). In addition to that, assuming the ECC-D4 

investment cost as 30k€, about 15k€ savings per year through the new turbine oil and 

component replacement costs, besides turbine operation profit losses. Moreover, the ECC-D4 

returns on investment with a rate of 39 % for defined heavy-duty gas turbine.  

In general perspective of ECC-D4, it makes heavy-duty gas turbine infrastructure innovative, 

fully integrated and committed to fulfilling the need for clean, efficient, reliable power 

production practices in an environmental manner.  
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NOMENCLATURE 
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1 INTRODUCTION 

Energy is an essential ingredient of our daily lives and becomes the central geopolitical issue 

of 21st century due to rapid increase of demand with uncertain supply (Weinberg, 2001). 

From a sustainability point of view, the availability and reliability are the main drivers of 

power generation systems to meet ever-growing energy demand of an increasing global 

population (Eltawil et al., 2009). As a long-term approach, the stated drivers will contribute 

current power generation systems to maintain supplying demanded energy for long time 

period without trouble. This track may minimize the need of constructing additional power 

generation plants, may reduce the environmental impacts and related costs (such as 

operational, maintenance, turbine components costs etc) since current turbine systems are 

upgraded with innovative and effective solutions to increase their availability and reliability 

figures.  

Globally, one of the major thermoelectric power production systems is heavy-duty gas 

turbines have that will continue to have a significant role in power generation due to their 

high and efficient power production capabilities. With regard to the maintainability of gas 

turbine operation, rising demand of availability and reliability numbers of turbine systems 

force the industrial power plant owners to keep critical turbine system parts (such as turbine 

unit, compressor, generator etc.) in the best possible operational conditions. Turbine oil 

system is one of the turbine system parts which require special care due to any trouble caused 

by turbine oil problems result in serious operational problems. 

Modern heavy-duty gas turbines are considered as continuous (24/7) systems besides dealing 

with high-thermal load operational conditions. Therefore gas turbines require lubricants that 

can handle high temperatures without major effects of oil oxidation, and have at least 48.000 

hours lubricant service life due to gas turbines accepting only limited downtimes for 

inspection and maintenance practices. However, current turbine oil contamination problems 

dramatically decrease the availability and reliability of turbine systems as well as increase of 

operational and maintenance costs. 

The turbine oil system actually consists of several lubricants which are lube, trip/dump, 

hydraulic and occasionally, shaft-journal shift oils. Depending on the turbine design, 

installation or power plant oil management strategy stated lubricants can be same type of oil 

base stocks (generally mineral based oil), or hydraulic oil can be synthetic based oils where 

the lube, control and shift oils are mineral based oils. (The main reason to select synthetic oils 

for hydraulic systems is the synthetic oil fire-resistance property. Depending on the 

installation, any oil leakage case in the hydraulic oil utilized equipments such as servo and 

proportional valves etc may cause to fire happen when the oil drops on the hot temperature 

surface of the turbine unit parts.) Typically, the turbine lubricants consist to more than 90% of 

mineral base oils, and the majority of the modern turbine oil user population selects mineral 

oil for their turbine systems.  

The main functions of Lube Oil are: ‘lubricating’ and ‘cooling’ oil which are about 2 bar. 

Inlet Guide Vane (IGV), Fuel Oil (FO) by-pass valve and gas valves are using high pressure 

hydraulic/control oil for motion control, depending on the equipment and type of turbine, the 

oil pressure may range between 90 and 150 bar. The second oil in turbine system- Trip/Dump 

Oil is connected to the lube oil system and protects gas turbine system against unsafe 

situations (for instance, engine or main control system malfunctions) by closing the fuel 

valves which is about 4 bar. One other oil in turbines is Hydraulic Oil which is used for servo 

and proportional valves motion-controlling in the range of 80 to 120 bar. Finally, Shaft-

journal Lift Oil is required for 150 MW and bigger power generation capacity systems to lift 
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the shaft-journals at the turbine start-up cases whose oil pressure can be between 80 and 200 

bar. (Ansaldo Thomassen- Technical Library, 2010) These variance pressures are provided 

with the use of different capacity pumps which are situated on the oil reservoir. Depending on 

the turbine design and installation, turbine systems can have either a combined (sharing the 

same oil reservoir) or separated oil reservoir. With regard to the turbine oil problem 

occurrences, gas turbines with a combined oil systems have a tendency to experience more oil 

problems than gas turbines with separated turbine oil systems. The reason for this, in the 

combined oil system, same turbine oil is used in different oil systems (stated before) with 

various pressures, and used in different temperature zones. Moreover, the turbine technology 

improvements have even increased mechanical and thermal stresses on mentioned turbine 

oils. Hence, these stresses cause oil oxidation and thereby turbine oil degradation problems. 

Oil oxidation by-products (sludge and varnish contaminants) lead turbine operation-

tribological (such as erratic trips and start-up) problems. 

Contaminants in turbine oils can be considered in two main groups: Hard Contaminants, that 

can be metallic particles, rust, fibers, dust etc, cause to wear of turbine moving parts, and they 

accelerate oil oxidation process as playing a role of catalyst. The other type contaminants in 

turbine oil- Soft contaminants are oil oxidation products (sludge & varnish). In addition to 

Soft and Hard Contaminants, in case of unreasonable water content in turbine oil, water can 

be counted as a contaminant but this water issue is only expected to cause problems in power 

generation systems which have steam turbines. The water content behaves as a catalyst and 

speeds up oil oxidation process as well. Typically, gas turbine process is dry and oil pressure 

in heat exchangers is bigger than cooling water pressure, therefore the water content is not the 

case for sludge and varnish presence in heavy-duty gas turbine oil problems. 

The inspections of heavy-duty gas turbine units demonstrate that soft contaminants (sludge 

and varnish) are the primary reason to stick servo valves and to clog filter strainers besides 

causing bearing clearances problems. The reason for this: the contaminants precipitation on 

metal surfaces (Kellen & Duffy et al., 2005). Moreover, the contaminant precipitation 

accelerates and increases the bearing and gear wear besides causing  wear on moving turbine 

equipments (such as servo valves, bearing liners, pumps, filters, IGV, FO and Gas Valves etc) 

(Okazaki & Badal, 2005; Outage Handbook of 7EA USERS GROUP, 2007; Yano et al. & 

Tsuchiya et al., 2004).  

The thesis project is a part of Ansaldo Thomassen – Turbine Oil R&D Project and this paper 

includes the research on turbine oil problems caused by oil oxidation (sludge and varnish 

presence) besides, the identification of sludge and varnish harmful effects on turbine system 

components. Further to that, includes also all aspects of ECC-D4 Advanced Electrostatic Oil 

Cleaner design and testing practices. Throughout this project, the ECC-D4 intends to increase 

the turbine availability and reliability figures by removing the sludge and varnish more 

effectively than other available commercially products.  
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1.1 Current Situation of Turbine Oils 

Globally, 70-80 % of all heavy-duty gas turbines suffer to certain extends from sludge and 

varnish contaminants in turbine oil (Ansaldo Thomassen- Technical Library, 2010). Sludge 

and varnish problem is not new however, the turbine oil problems were not significant issue 

as is today. As stated before, turbine technology improvements on turbine efficiency, power 

production capacity etc dramatically increased mechanical and thermal stress on turbine oil 

systems. These stresses cause to oil oxidation, oil oxidation lead turbine operational problems 

thus today, turbine operational and maintenance problems can be directly linked to turbine oil 

degradation problems.  

Currently, there is growing international interest regarding the reliability improvement of 

turbine oil systems (lube and hydraulic oil systems) from while the major oil manufacturers 

and turbine service companies not always have an adequate solution. Recent turbine 

lubricants analyses prove that, before Group I older technology mineral based oils Group I 

oils (manufactured by solvent extraction, 

solvent dewaxing and hydro-finishing 

processes) were used however, since more 

than 20 years the majority of heavy-duty 

gas turbine owners and turbine operators 

have shifted using Group II or III
1
 modern 

formulated mineral based oils (hydro-

cracked, hydro- processed) in their turbine 

systems where the fist changes have started 

in the early 1990s (Lok & Kleiser et al. , 2000). (For further details about the oil groups, see 

APPENDIX 1 Turbine Oil Classification) 

 

As seen in table 1, Group I and 

Group II & III oils have 

different amount of sulfur 

content besides, their 

saturation points are relatively 

different. Group II and III oil 

are both mineral based oil 

stocks. The difference between 

the groups is Group III oils 

have larger viscosity index 

number (which means Group 

III oils are more viscous and 

require higher temperature to 

start changing its physical form). However, Group II oils are more commonly selected.  

The reason of the oil group shifting is that Group II and III oils have better oil oxidation (or 

degradation) resistance than Group I oils (see figure 1). In a certain oil service-life period 

(until the red spot marked in the figure 1) Group II and III oils have better degradation 

resistance. Especially, after the spot (which is marked in the figure 1) Group II and III 

oxidation stability falls down rapidly and the amount of sludge and varnish contaminants 

increase dramatically. Furthermore, Group II and III oils have substantially lower impurities 

(solvency capability) than Group I oils which means that Group I oils can keep more oil 

insoluble content in the solution than Group II and III oils. As seen in table 2,  

*VI: Viscosity Index 

* 

Table 1: API Base Stock Categories 

                 Figure 1: Oil Degradation Levels 
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Group I oils contains ‘0.11 m%’ sludge content, however Group II and III oils can only keep 

‘0.05 m%’ sludge at the same test conditions.                        

Since the mentioned oil type shifting, oil degradation problem has appeared more prominent 

than before in turbines, and oil issue experts have then recognized upcoming disaster. Regular 

turbine oil system mechanical in-line filters removes only particulate (hard) contaminations, 

and have no effect on removal of soft contaminants. The reason for this: soft contaminants 

(sludge & varnish) dissolve at the turbine operational temperature and they can pass standard 

turbine standard mechanical filters without obstruction. Both sludge and varnish insolubles 

are far below 1 micron (about 0.005 micron) in size at the turbine operational conditions. On 

the other hand, turbine mechanical filters are only capable to catch about 10-15 micron and 

larger size particles with an efficiency rate of β15=200 
1
. Hence, mechanical filtration, even 

though can filter hard contaminants, became not an ample and effective practice to filter also 

soft contaminations which appear significantly in the body of turbine oils by the oil group 

shifting (Overgaag et al., 2009). 

Apparently, soft contaminants still exist in current modern turbine oils. Therefore, major 

turbine oil manufacturers are continuously revising current oil formulations to manufacture 

turbine oils which have higher oxidation resistance and lower sludge tendency. Besides, 

turbine service companies and OEM’s are continuously working on innovative oil cleaning 

methods in order to remove the sludge and varnish contaminants from turbine oils effectively.  

Sludge is a soft contaminant that is sticky type and high-molecular weight substance of polar 

nature. Sludge tends to agglomerate and grow into lager molecules, and deposits on metal 

surfaces. Moreover, sludge transforms into varnish when the relevant heat is present. 

Apparently, the continuous effect of heat acts to harden the deposit. 

All aspects of sludge and varnish such as what exactly sludge and varnish are, how they 

occur, which are factors encourage to sludge and varnish formation, what are the sludge and 

varnish precursors and even further explanations will be given in Chapter 2 – ‘Sludge & 

Varnish’.  

1.2 The Role of the Heavy-Duty Gas Turbines on the Oil Problems                                  

The simplest model of an industrial gas turbine can be described on the figure 2 and 3, which 

consists of an air compressor, a turbine unit and a generator that are operating on the same 

shaft-journal.  

 

 

1) β15=200 stands for efficiency rate which means that standard mechanical filters with this 

efficiency can filter 15 micron size and larger particles with (200-1)/200=0.995 efficiency 
(VanDerHorn, Wurzbach & ERPI, 2002). 

 

Table 2: Sludge Quantities in Base Oil Stocks 



5 
 

Compressed air and fuel are mixed by special rates to burn in a combustion chamber where 

extremely high temperature flow is generated. The hot gas flow hits turbine rotor blades; lead 

the shaft and armature in the generator to spin simultaneously. The electric current is 

generated in this way.  High temperature flow which is completed its tasks leave the turbine 

from exhaust system (Brandt & Wesoric , 1994).  

 

 

 

 

 

 

 

 

 

 

Depending on the installation, gas turbines can be either a one-shaft design or two-shaft 

design. The followings are some the turbine systems which are in service in power industry.  

          Figure: Idealized Brayton Cycle 

Air inlet 

Air compressor 

blades 

Combustion 

chambers 
Turbine blades 

Exhaust 

                                                      Figure 2: Idealized Brayton Cycle 

                                   Figure 3: General Electric LM 2500 Gas Turbine 

                        Figure 4: Combine and Cogeneration Gas Turbine Systems  
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The turbines such as combined cycle gas 

turbine systems and cogeneration combined 

cycle gas turbines systems (see figure 4), aero-

derived gas turbine systems (see figure 5), and 

some other industrial gas turbines differ with 

their designs and power generation capacities. 

Depending on the turbine type, turbine oil 

temperature and oil service life differs as seen 

in table 3.  

Apparently, turbine type and operating 

conditions affects the turbine oil life. As seen in table3, the turbine system with higher turbine 

oil temperature has shorter oil service-life. As stated before, higher thermal stress on turbine 

oils on turbine oil lead and increase to cause oil degradation.            

1.3 Aim and Objectives 

The project’s purpose is to survey the reasons of current turbine oil problems regarding to the 

oil oxidation by-products (sludge & varnish) oil contaminants, and survey field of lube oil 

cleaning, to identify the future developments regarding the electrostatic oil cleaners, and to 

introduce an advanced electrostatic oil cleaner which removes the polar insoluble materials 

from used turbine oils more effectively than other commercially available products. The 

objectives of the project are: 

 

 To design and develop ECC-D4 Advanced Electrostatic Oil Cleaner  

 To provide proof of the cleaner performance on turbine oil cleaning, and proof of the 

cleaner continuous (24/7) operational reliability 

 To increase the availability and reliability figures of gas turbines through:  

o Extending the service-life (useful-life) of turbine oils  

o Minimizing turbine system operational, maintenance and oil & component 

replacement costs by limiting the harmful effects of sludge & varnish on 

turbine systems components. 

     Figure 5: Aero-derivative Gas Turbine 

   Table 3: Turbine Types- Oil Temperature & Oil Service Life 
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1.4 Scope 

ECC-D4 Advanced Electrostatic Oil Cleaner is able to clean non-conductive (natural/no 

polar) either mineral or synthetic type fluids. However, the project focuses on mineral based 

turbine oils only. Synthetic oils have other specific problems that can be different mineral oil 

problems. Therefore, the issues only related to mineral based turbine oils are discussed.   

Globally, about 70–80 % of all installed gas turbines have oil degradation problems and oil 

oxidation rate in heavy-duty gas turbines is much higher than other power generation systems 

(due to high level mechanical and thermal stress) Therefore, gas turbine operational 

characteristics are taken as basement of this study.  

A simplified form of the oil oxidization chemical processes are given in this paper, however 

detailed description of these chemical processes is out of the project’s scope.  

1.5 Limitations of the ECC-D4 R&D Project 

The ECC-D4 is a developing system with investigated and proven features on the design and 

cleaning effectiveness. The thesis time period allows only the implementation of proven 

features.  

The ECC-D4 is simulated at the real turbine oil system operational conditions (approximately 

70 °C) to demonstrate the cleaning results with taken base of oil contaminant content 

reduction in turbine oils tested. However, in real turbine operation, long time period may be 

entailed (in the range of 48000 operational hours) to be sure that developed electrostatic oil 

cleaner protects turbine components and equipments such as bearing liners, servo valves, 

filters, pumps and etc by removing contaminants from modern turbine oils.    

1.6 Turbine Oil Issues R&D Program by ATH  

As stated before, since Group II based oils are selected by turbine owners and turbine 

operators, oil contamination - sludge and varnish problems have increased dramatically. With 

the international acknowledgement of ATH for solving lube oil issues, ATH has started an 

investigation within Turbine Oil Cleanness Issue R & D Program about 6 years ago. Against 

the servo valve sticking caused by oil contaminants, ATH/AEN joint has introduced ‘CRV 

Plate’. The CRV plate intends to prevent servo valve failures. The plate, which is mounted 

between the base of the hydraulic actuator and the servo valve, stops oil formation in the 

servo valves though creation of a controllable oil flow (Forgeron, 2010). Apparently, it is an 

effective solution for keeping the servo valves stable in operations. This CRV plate is ATH 

patented and works properly in the industry applications. 

Besides CRV plate, first generation electrostatic oil cleaner, ‘ECC-D8’ was introduced by 

Thomassen Turbine Systems in 2006 for general hydraulic system applications. Further to 

ECC-D8, the ‘ECC-D16’ was introduced in 2008 which is hydraulically similar to the target 

cleaner design, however consists of previous generation features on the design and control 

structures. Now, as a continuous development program, ATH/AEN joint intends to introduce 

ECC-D4 Advanced Electrostatic Oil Cleaner which promises capability improved unit design 

using certain features which are not exist in the available market products. The ECC-D4 

project is a part of AEN/ATH joint R & D program, and it contributes to the future 

developments in maximization of the availability and reliability of gas turbines by way of 

reducing turbine oil problems.  
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1.7 Competitors of the ECC-D4 

One of the biggest competitors of ECC-D4 design is Kleentek. However, the ECC-D4 

cleaning chamber design is based on rectangular sides, Kleentek designs have circular 

cleaning chamber. Eventually, the designs of the cleaning cartridge also differ with respect to 

the cleaning chamber. On the other hand, Friess is the manufacturer of ECC series oil cleaner 

and AEN/ATH joint signed an R & D agreement with the Friess for development of the ECC. 

Apparently, the ECC-D4 (AEN/ATH joint) design differs with its hydraulic design and 

functionality than the design of other players. The oil cleaning basic principle of the stated 

and other available electrostatic oil cleaners is similar due to electrostatic field force law. 

However, used cleaning materials, range of high voltage applied to cleaner unit and further 

control and remote features make the difference between systems. Nevertheless, the ECC-D4 

differs with better control and data monitoring functions (for instance, high-tech oil quality 

sensor features etc), and with capability improved design (for instance, the presence of air-to-

oil heat exchanger etc) than other competitor designs.   
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2 SLUDGE & VARNISH 

2.1 What is Sludge & Varnish? 

Sludge is a soft, sticky type and high-molecular weight substance of polar nature that tends to 

agglomerate and grow into lager molecules, and deposits on metal surface in the lower 

temperature zones (Overgaag et al., 2009). Sludge has 

ability to change its physical form by temperature, flow and 

time functions (Overgaag et al., 2009). As the oil 

temperature increases from 20 to about 60°C (temperature 

interval differs depending on oil type, some cases requires 

till 70-80°C), most sludge insolubles go back into solution 

instantly. When the temperature drops to about 43°C, 

insoluble agglomeration process starts again which may take 

between 1 and 72 hours unlike the insoluble instant dissolve. As seen in figure 7, cooling 

process takes longer.  

 

Figure 7: Temperature Factor on the State of Turbine Oil 

Varnish, which is also known as ‘lacquer’, is a solid, high-molecular weight substance and 

more dense than sludge.  Actually, sludge is a pre-form of varnish. Sludge is a more liquid, 

sticky substance that transforms into varnish when the 

relevant heat is present (Overgaag et al., 2009). Apparently, 

the effect of heat acts to harden the deposit. Varnish deposits 

on turbine components, and mostly occurs at higher 

temperature zones. For instance, it occurs on the pressure 

point of turbine bearings (highest pressure area in the bearing 

having the highest temperature). Varnish is considered to be a 

thin film deposit and hard to be removed from surfaces. 

Varnish chemical composition may differ case to case due to different chemical break down 

processes. For instance, the varnish produced in a chemical process with oxygen presence 

(generally, called chain initiation processes) is different than the varnish produced in a 

chemical process without oxygen present (can be an ion catalyst reactions).  

Both sludge and varnish insolubles are far below 1 micron in size at turbine operating 

conditions (see figure 9), and they are under lower visibility limit which is 40 micron size 
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  Figure 6: Sludge in Turbine Oil 

  Figure 8: Varnish Formation 
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(Analysts, Inc., 2006; Okazaki & Badal, 2005). Additionally, traditional in-service turbine oil 

tests such as viscosity, acid number, density, water tests 

etc. Besides, detecting methods such as ISO 4406(c) 

particle count cannot provide enough and/or proper 

information on sludge and varnish presence due to these 

oil contaminants less than 1 micron size (Bakker, 2005).  

2.2 Post Processes of the Sludge & Varnish 

All manufactured turbine oils have a neutral composition 

in addition to their ability to generate insoluble particles 

under turbine operational conditions. When the neutral oil 

molecules are subjected to mechanical, thermal stress and 

oxygen; they begin to crack and break apart in the oil body. 

Thereby the damaged oil molecules turn into a new form which is called free-radicals as 

shown in the following chemical processes. (The chemical process detailed explanations are 

out of the project scope. Moreover, even though free radicals can be also produced in the 

‘Copper and Iron Ion Catalyst Reactions’, free-radical generation steps are given on the chain 

initiation processes which produce alkyl radical R
.
) The steps are: 

 

 

 

 

 
The oil antioxidant additives are also involved in this chemical oxidation process as role of 

free radical scavengers; and protect the oil formulation against oil oxidation. As seen in the 

following steps, Free-radicals (ROO.) are counteracted by oil antioxidants and decomposers.  

 

 

 

 

 

 

 

The chain chemical processes continuously produce by-products. However, after a certain 

chemical process and interactions, aromatic group by-products are produced which have un-

oxidized structure and are different than other oil molecules chemically (Gatto et al., 2006). 

The last step of the free-radical counteraction process (shown above), with sulfur presence, 

can be expressed as following which also shows how the insolubles are produced by 

interaction of unoxidized aromatic groups. 

Chain initiation 

free-radicals 

  Figure 9: Size Comparison 
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Consequently, sub-micron insolubles are produced as by-products of shown (last processes) 

oxidation processes. Then, these sub-micron particles agglomerate into large size polymers 

which becomes high molecule weight which can be called soft contaminants in turbine oils 

(Overgaag et al., 2009). With even growing size and weight; turbine oil loses its capability to 

contain sludge and varnish oil oxidation products in its body. As the functions of the 

temperature, time and flow factors, the sludge molecules fall easily out of solution; and cause 

to formation on the available surface of turbine components. 

As an overview of entire processes, the primary concern of the oil oxidation process is the 

formation of radical molecules. Unused oil (or oil that has not been exposed to thermal, 

mechanical or oxidative load) has a neutral polarity. As soon as oil degradation starts the free 

radicals are formed and these radicals are of polar nature because these have broken molecule 

chains. Since metals are also of a polar nature; there is a natural attraction between metals and 

these free radical particles. Apparently, they will stick to each other when coming into 

contact. 

2.3 The Major Reasons to Cause and Increase Oil Degradation 

Heavy-duty gas turbines are operating under high thermal load. Moreover, this thermal load 

in especially in gas turbines is rising rapidly with the demand of larger and efficient power 

plants. For instance, turbine inlet temperature in 1940s was less than 800°C; on the other 

hand, current gas turbine design inlet temperature can exceed 1600°C (Childs, 2006). 

Consequently, harder operation conditions such as increased production-output, increased 

inlet temperature and related increased figures lead to mechanical and thermal stresses on 

turbine oil system which cause and increase oil degradation in turbine oil systems. (See figure 

10) Turbine oil system temperature is the main to factor that speeds up varnish formation.  

Besides these, figure 11 summarizes all other common reasons to cause varnish formation on 

the gas turbine components. Hotter temperatures increase the rate of oxidation (causes to 

increase thermal stress). The thermal stress cause to increase temperature of oil cooler placed 

on outlet of reservoir. The temperature of the cooler encourages varnish formation. Increased 

oil flow and eventually, increased oil filtration rise the risk of spark discharges which 

Figure 10: Major Reasons to Cause Oil Degradation 
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accelerates the oil oxidation. The sparking temperature can reach several 10k °C (Sasaki & 

Uchiyama, 2002). This temperature encourages the varnish formation. Oil formulation is 

another factor and important have higher tolerant of insolubles. New oil formulation has to be 

optimized to prevent varnish with antioxidant additives. Additionally, less dwell time may 

cause air bubbles in oil. The oil returning from the various users in the machine (bearings, 

gearboxes, control system etc) is full of air bubbles which it picked up during it flow through 

these systems. So the oil returning in the tank is full of air. Depending on the oil capability to 

release the air not enough air escapes from the oil surface if the rest time of the oil in the tank 

is shorter than the air release time of the oil. If the oil is flowing faster than air bubbles are 

rising in the oil systems, then there will be an increased contact time of air bubble (Ryan, 

2010). The air bubble presence in oil increases the rate of oxidation. (The air in oil represents 

oxygen presence which causes oil oxidation) (Moehle & Gatto et al., 2007)      

Beside these common reasons, there some factors needed to be considered separately. These 

are ‘Turbine oil system type’, ‘Load gearbox presence’ and ‘Turbine operational type’ which 

have also significant effects on sludge and varnish presence. 

2.3.1 Turbine ‘Oil System’ Type Effect  

Different type of gas turbine systems as shown previous section may require different types of 

turbine oil systems. Namely, depending on the turbine system frame size and installation, the 

turbine oil system may require either ‘combined’ or ‘separated’ control and lube oil systems. 

With regard to the sludge and varnish occurrences, gas turbines with a combined oil systems 

(which means both lube and control oil systems use same oil reservoir, and eventually use 

same oil, as seen in figure 12, have a tendency to experience more substantial sludge and 

varnish problems than gas turbines with separated turbine oil systems (Overgaag et al., 2009). 

 

                                                   Figure 12: Combined Oil Reservoir 

Figure: The simplified presentation of reasons to cause varnish formation in gas turbine systems 

Figure 11: Reasons of Varnish Problem 
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The major reason for this phenomenon might well be the turbine frame sizes; and 

consequently, use of same oil reservoir (same turbine oil) for different temperature and flow 

characteristic systems. As shown in figure 12, same oil is used for various purposes and 

subjects to different operating temperatures, as mentioned before, high enough temperatures 

that cause oxidation of the oil and the oxidized oil which is share can affect complete system 

components.  

2.3.2 Load Gearbox Presence  

Considering a gas turbine unit with combined oil systems; the presence of load gearbox is an 

important issue on turbine oil problems where the unit which is equipped with load gearbox 

has experience sludge and varnish oil contaminant problems than the unit which do not 

require load gearbox. (A gas turbine requires a load gearbox if the gas turbine speed is 

different from the load equipment speed. For instance, a gas turbine whose rotational speed is 

approximately 5100 RPM; and the driving a 2 pole generator in a country with 50 Hz which 

equals a generator speed of 3000 RPM. To match the gas turbine with the generator; a 

reducing gearbox with ratio 5100/3000 is necessary. However, a larger gas turbine which has 

a speed of 3600 RPM and specifically designed for the correct generator speed besides for 60 

Hz market, does not require a load gearbox.)  

 

The post process of sludge and varnish at the presence of the load gearbox can be described 

with a higher load capacity of more than 40 MW systems. The gearbox operates under high 

mechanical and thermal stress where the turbine oil temperature can increase about 50 ˚C 

when the oil leaves from the gearbox (Overgaag et al., 2009). Actually, the oil in gearbox is 

used for two purposes: 25 % oil flow is used for lubricating the bearings and gears; remain 

75% oil flow is sprayed for gearbox cooling purposes. The gearbox is the biggest lube oil 

consumer which is more than half of total oil consumers due to the friction losses in the 

gearbox which corresponds approximately 1.5% of the total power output losses (Peirs & 

Reynaerts et al., 2002). The oil spraying practice accelerates oil oxidation due to the spraying 

the oil with tiny droplets which crashes on the saturated gearbox. The crashing causes to 

expand the oil surface which speeds up the oxidation process at the existing high temperature 

of the gearbox, and with the presence of surrounding turbulent air. (The air acts as oxygen 

presence in the free-radical production chemical processes.) Besides the thermal stress in the 

gearbox, mechanical stress on the oil is also significantly higher in the gearbox. The oil has to 

lubricate and cool the gear teeth under extreme condition when it is squeezed between the fast 

moving teeth flanks. 

              

Besides the combined oil system, the turbine systems which is equipped with separated lube 

and hydraulic systems have reduced the sludge & varnish problem risks due to the use of 

separated oil (for instance, hydraulic and lube oil) systems for turbine units. As stated before, 

turbine oil systems has different operational conditions and different tendency to experience 

sludge and varnish. The oil contamination levels in different oil systems and besides, the 

harmful effects of sludge and varnish on turbine units will be lesser than the gas turbines with 

a combined oil systems. 

2.3.3 Turbine Operational Regime Effect  

In the recent past, gas turbines were considered to be a continuous (24/7) and steady 

operational systems whereas recent turbine operational regime is changed from steady to 

cyclic duty (peaking and stand-by operating modes) due to energy market and ‘start 

production when is required’ approach. Lubrication issues actually have appeared in the mid 
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1990s and still exist in current turbine systems. Present unstable (cyclic duty) gas turbine 

systems operational regime accelerates sludge and varnish problems, which leads to fouling 

of hydraulic systems and equipment start-up problems (Hannon, 2009). Peaking operation 

increases the thermal stress on turbine oil system and eventually, the oil cooler temperatures 

that encourage the varnish formation. Therefore the current regime is more prone to 

experience turbine oil problems.        

2.4 Sludge & Varnish Precursors in Gas Turbine Systems 

 Gold/tan color covered Journal- bearing surface: which leads to loss of hydrodynamic 

fluid film and therefore to wear and vibration. The same case with  gas compressors 

that have gears  

         

                              Figure 14: Varnish formation on Gas 

      Compressor gear 

 Clogged last chance filter for a gas splitter valve and blocked oil orifices such as 

pencil filter; leads to performance and efficiency loss 

         

 

 

 

 

 

 Sticking mechanical moving parts such as servo valve and proportional valves; leads 

to performance and efficiency loss 

                                 

 

 

 

 

Figure 13: Varnish formation on 

Gas turbine bearing 

Figure 15: Last Change Filter Plugging  
Figure 16: Pencil Filter Plugging 

Figure 17: Varnish Formation on 

Inlet Guide Vane 

Figure 18: Varnish Formation 

on Spool Valve 
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 Oil system heat exchanger insulation; leads to loss of heat transfer, to increase oil 

temperature 

 
 

       

 

 

 

 

                              

 

 

                                                                                        Figure 20: Turbine Oil System Heat Exchanger 

 

and further harmful effects can be demonstrated on gas turbine different components which 

are subjected to the sludge and varnish contaminated turbine oils. 

2.5  Detecting and Monitoring the Sludge & Varnish 

Since Group II, III oils are used in power generation industry, typical in-service turbine oil 

tests including viscosity, acid number, density and water tests cannot provide enough or 

proper information on sludge and varnish presence (Bakker, 2005). The reason for this is that 

the Group II and III oils have different degradation and solvency characteristics. Additionally, 

Group II and III may contain substantial quantity of sludge and varnish. (Especially, after the 

mentioned red spot in figure 1) Low TAN (low acid number represents better oil) and high 

RPVOT (higher number represents better oil) numbers do not guarantee that oil has no 

problem with soft contaminants (Overgaag et al., 2009). One example can be given on the 

same red spotted figure 1, the oil sample which is taken just before this red spot may give 

convincing TAN and viscosity numbers. However, after the oil degradation resistance drop 

rapidly, the coming up sludge and varnish phenomena will be inevitable. Additionally, sludge 

and varnish cannot be identified by ISO 4406(c) particle count test due to the sub-micron size 

of sludge & varnish which is smaller than 1 micron size. ISO 4406 (c) particle count test 

detects minimum 4 micron and larger size particles and is not capable to count sub-micron 

sizes.  Hence, with regard to the sludge and varnish detecting, current in-service test methods 

are different than traditional test methods. Most commons are:   

 Membrane Patch Gravimetric (MPG) Test – ASTM D4898 

 Membrane Patch Colorimetric (MPC) Test - ASTM D02.C or ISO 4405 

 RULER (used for the detection of oil additives level) - ASTM D6971-04  

 Color Number - ASTMD1500 or ISO 2049  

 Particle Count - ISO 4406:99 (for unexpected contaminant level increase in oil) 

 Ultra Centrifuge Test (UFC) 

 Microscopic Examination 

 Fourier Transform Infrared Spectroscopy (FTIR) Method - ASTM D02.CS96 

ATH - Oil Issues R&D Project has latest technology equipments and is able to analyze 

current turbine oil problems in-house laboratories regarding sludge & varnish monitoring. 

Stated relevant oil tests are used as method of this R&D thesis project. Further details of tests 

are described in the ‘4 Method’ chapter.          

Figure 19: Oil Transition 

Pipes Clogging 

http://www.wcaslab.com/tech/tbftir.htm
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2.6 Available Removal Methods 

There are severe methods to remove sludge & varnish from turbine oils such as Electrostatic 

Filtration (uses electrostatic field force for filtration), another is Balanced Charge 

Agglomeration method (agglomeration of opposite electrically-charged contaminants, when 

the contaminants grow into large size substance, they are removed by such fine filters). 

Besides, Chemical Cleaning (oil flush-refill processes) method, Centrifuge Cleaning method 

(uses centrifugal force to separate insolubles from the solution), and similar principle methods 

are also available in-service. The literature also support that, one of the current effective 

removal of sludge and varnish method is the use of electrostatic oil cleaners where an 

electrostatic field is generated by high voltage electrodes, and attracts the polarized 

contaminants in turbine oils (Brickford, 2010; Moehle & Gatto et al., 2007).  
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3 ECC-D4 Advanced Electrostatic Oil Cleaner 

3.1 Introduction of the Cleaner Unit 

The ECC-D4 is an electrostatic oil cleaner device to cool 

and clean mineral based turbine oils for heavy-duty gas 

turbine applications by removing process of oil oxidation 

products from turbine oils.  

The ECC-D4 runs in a by-pass operation on the turbine oil 

reservoir (kidney-loop arrangement). It means that ECC-D4 

cleaning operation is fully independent from turbine oil 

system operation; also oil cleaning process does not affect 

turbine oil system operating condition itself. (See figure 22) 

 

Figure 22: The ECC-D4 Cleaning Operation Oil Loop Cycle 

ECC-D4 design is based on 4 lt/min oil flow and 45 lt oil cleaner chamber capacity. The 

pressure in the cleaning chamber is about 1.5 bar and the effective cleaning process requires 

between 20 to 80°C oil temperatures. Further ECC-D4 technical characteristics and hydraulic 

plan are available with Appendix 4 and 5. To remove sludge & varnish completely from the 

entire volume of the turbine oil reservoir, the entire volume of oil has to circulate through 

ECC-D4 between 200 to 300 times. Considering the ECC-D4 oil flow as 4lt/min, the volume 

of 6000 liter is cleaned within 200 to 300 days.    

After electrostatic oil cleaning process, oil additives remain in turbine oils. The cleaning 

process does not affect modern oil formulation and removes only the contaminants from oil 

body which are insoluble polar particles and ranging from 0.05 up to more than 100 micron 

sizes.  

3.2 Operational Principle 

As seen in figure 23, The ECC-D4 unit cleaning operation starts by oil suction from turbine 

oil reservoir with the function of a suction pump which is situated on The ECC-D4 unit, than 

oil passes through a mechanical filter for preliminary contaminant separation. (Large size- 

particulate contaminants are filtered); after oil filtration, flows to an oil air-heat exchanger. At 

the same time, parallel to the suction pump, a free-radical oil quality sensor is positioned to 

Figure 21: The ECC-D4 Prototype 
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detect oil quality and to feed the data into a runtime controller in the PC Panel which is also 

shown in the figure 22). The oil temperature and flow are measured by sensors at the output 

of this air heat exchanger and PLC collects measured data and monitors on the PC Panel. 

After these measurements, the oil flows into a cleaning chamber from lower side situated 

chamber inlet.  

Figure 23: The ECC-D4 Operation Single- line Block Diagram 

 

In the cleaning chamber, there are 

parallel electrodes and cellulose filter 

media cartridges between these parallel 

electrodes are positioned where the oil 

flows from bottom to the top of the 

cleaning chamber. (See figure 24)  

The sludge & varnish are considered as 

insoluble contaminants and they have 

polar nature. Therefore, insoluble 

contaminants in turbine oil are attracted 

by electrostatic field force which is 

generated by 14kV high voltage applied 

parallel electrode plates.  

While turbine oil flows in parallel to the 

electrodes, insoluble polar contaminants 

are caught by cellulose filter media’s 

sharp edges due to the corona effect
1
. 

The cleaned turbine oil discharges to 

turbine oil reservoir from the top side situated outlet of the cleaning chamber. 

   
1) Corona is an electrical discharge occurs by the ionization of a fluid which is subjected to a conductor. Since 

the gradient force (the strength of the electric field) is large enough at the subjected point in the fluid; the fluid 

ionizes and becomes conductive at this point. Especially, at the sharp points of a charged surface, the gradient 

force will be much higher than other points. 

OIL 

FLOW 

INLET 

OUTLET 

Figure 24: Attraction of the Insolubles in the Chamber  
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3.3 What makes the ECC-D4 different than Other Available Products    

ECC-D4 Advanced Electrostatic Oil Cleaner differs than other commercially available oil 

electrostatic cleaners by a number of innovative features some of them are:  

 Window XP supported Touch Screen Panel PC to operate and monitor the run-time;  

 Siemens S7 - SIMATIC PLC as a smart and high-tech device controller;  

 uESR Oil Quality Sensor to measure the free-radicals peroxide content of turbine oil 

and fed the quality data into Panel PC runtime monitor;  

 Capability improved, re-designed Cleaning Cartridges with effective materials for 

optimal insoluble removal from modern turbine oil;   

 Improved Safety Switches to avoid high voltage hazards and also to stop the unit for 

oil spillages  

All aspects regarding to the stated features are treated in ‘3.6.1 Research & Developments’ 

Section.   

3.4 How the ECC-D4 Contributes to the Cost Savings 
Current turbine oil problems reduce the availability and reliability numbers of gas turbine. 

The oil problems not only cause to reduce turbine oil useful life but also cause the control 

devices to fail by sticking, component wear etc which leads to serious gas turbine operational 

problems on the long term. The ECC-D4 helps to minimize/ avoid the stated problems by 

cleaning the turbine oil and by extending its service life. The cost analysis consists of 

estimated values and may not reflect the real costs. Basically, the investment costs of the 

ECC-D4 are:      

        Table 4: The ECC-D4 Investment Cost 

       
 

        

  The ECC-D4 Investment Cost   

  Cost Source Unit   Value      Cost Estimation   

  Purchase Price €   25,000   

  Installation Cost €   5,000   

  The ECC-D4 Initial Investment Cost  € 30,000   

  Operating Life Yr 12     

  Non-operating hours/yr hrs/yr 200     

  Operating hours/yr hrs/yr 8,500 

 

  

  Power Consumption kW 0.5     

  Cost per kWh €/kWh 0.3              1,275   

  The ECC-D4 maintenance/operators hrs hrs/yr 60 

 

  

  Maintenance Labor Cost €/hr 60 1,200    

  Parts Replacement Cost €/yr   500   

  Cleaning Elements Replacement per year   4 

 

  

  Cleaning Elements Cost € 250 1,000    

  Total Period Hours hrs 8,760                      

  The ECC-D4 Operating Cost per year €/yr 6,375   

  The ECC-D4 Depreciation Cost per year €/yr 1,042   

  Total ECC-D4 Cost per year €/yr 7,417   
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As shown in table 4, the initial investment cost of the ECC-D4 is € 30000. 

The ECC-D4 Depreciation Cost (EDC) per year is calculated by: 

      EDC = (Purchase Prize / Operating Life) / 2  

              = (25,000 / 12) / 2 

              = 1,042 (€) 

(Here, the rate is also divided by 2 due to get its mean value) 

The ECC-D4 Cost (EC) per year is calculated by:  

      EC = The ECC-D4 Operating Cost per year + EDC 

            = 6,375 + 1,042 

            = 7,414 (€) 

With taken base of a heavy-duty gas turbine characteristic which consists of 400 MW power 

production capacity, 8000 hrs/yr operating period, 15000 lt oil reservoir volume; the costs 

caused by the turbine oil problems are estimated as following tables. Firstly, table 5 

demonstrates the costs of turbine oil system problems:  

         Table 5: Turbine Oil System Costs due to the  Oil Problems 
 

The Costs of Turbine Oil System Problems  

Cost Source Unit   Value Cost Estimation 

Operational Period hrs 96,000   

Number of Gas Turbines   1 

45,000 

Lube Oil Reservoir Volume lt 15,000 

Lube Oil Cost per Liter €/lt 3 

Lube Oil Renewal Interval - Expected hrs 48,000 

  Lube Oil Replacement Interval - Realized hrs 24,000 

Unit Outage per Oil Replacement Event hrs 72   

Oil Replacement Labor Hours hrs 20 

1,200 Main Labor Cost €/hr 60 

Lube Oil Replacement Cost Third Parties €   3,000 

Flushing Time hrs 48   

Flushing Oil Quantity lt 10,000 

15,000 Flush Oil Material Cost €/lt 1.5 

Flush Oil Handling Cost (supply/waste) €   1,500 

Total Costs € 65,700 

Total Turbine Oil Cost in Operational Period € 131,400 

Total Turbine Oil Cost per Year €/yr 10,950 
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Total Turbine Oil Cost in Operational Period (TTOCOP) is calculated by: 

      TTOCOP  =  Total Costs * (Lube Oil Renewal Interval / Lube Oil Realized Interval) 

                      = 65,700 * (48,000 / 24,000) 

                      = 131,400 (€) 

Total Turbine Oil Cost (TTOC) per year is calculated by: 

      TTOC = TTOCOP / (The ECC-D4 Operating Life) 

                 = 131,400 / 12 

                 = 10,950 (€)      

The control devices (servo valves are much affected) problem costs are:  

           Table 6: Replaced Component Cost due to the Oil Problems 
 

The Costs of Component Replacement  

Cost Source Unit   Value Cost Estimation 

Servo Valve Material Cost € 4,000 

8,000 New Servo Valves Required per Year per Unit 

 

2 

Servo Valves Repairs per Year per Unit 

 

2 

4,000 Average Servo Valve Repair Cost € 2,000 

Miscellaneous Material for 2 servo valve and  2 

times changes Costs € 200 800 

Servo Valve Change-Out Time hrs 2 

120 Main Labor Cost €/hr 60 

Total Servo Valve Cost per Year €/yr 12,920 

The oil problems reduce the reliability and availability numbers of gas turbines. The profit 

loss caused the oil problem are: 

Table 7: Gas Turbine Operational Loss Cost due to the Oil Problems 
 

Gas Turbine Profit Loss 

Cost Source Unit Value Cost Estimation 

Number of Units   1   

Start per Year   10   

Trips per Year   1   

Availability (Scheduled + Unscheduled) % 95%   

Scheduled Maintenance Hours hrs 200   

        

Operating Period hrs/yr 8,000   

Power Production MW 400   

Reliability (Unscheduled) % 99.8%   

Loss of Production due to the Oil Problems MWh 6,400   
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Profit Reduction due to Production Losses per Year MWh 6,400 
  

  Loss of Production Cost per Hour €/MWh 0.8 

Total Profit Reduction due to Production Losses per Year € 5,120 

        

Power Production MW 400 
  

  

  

Loss of Production Cost per Hour €/MWh 0.8 

Forced Outage Time from Servo Valve Failure per Year hrs 40 

Profit Loss caused by the Oil Problems €/yr 12,800 

After costs identification, table 8- Cost Analysis response proves the general cost savings in a 

gas turbine system which is:  

                       Table 8: The results of the Cost Analysis 
 

COST ANALYSIS RESPONSE 

Explanation Unit Amount  

Total Cost Savings through the ECC-D4 cleaning € 14,626 

The ECC-D4 Return Rate on Investment   % 39 

The ECC-D4 Payback time  yr 2,56 

The Total Costs Savings (TCS) are calculated by: 

         TCS = (Total Turbine Oil Cost per year + Total Servo Valve Cost per year + Profit Loss 

                    caused by Lube Oil Problems – Total ECC-D4 Cost per year) / 2  

                 = (10950 + 12920 + 12800 - 7417) / 2  

                 = 1,4626 € per year  

(Here, the calculated cost is divided by 2 due to get a mean value) 

The ECC-D4 Return on Investment (ROI) rate is: 

             ROI = (Total Cost Savings through the ECC D4 Cleaning / (The ECC D4 Initial       

                         Investment Cost per year + The ECC D4 Operating Cost per year +  

                         The ECC-D4 Depreciation Cost per year))  

                       = (14,626/ (30,000+6,375+1,042))  

                       = 0.3909  (or 39 %) 

This ROI rate can be also expressed with 2.5 year paybacks (PB) which is calculated by: 

              PB = 1 / ROI  

= 1 / 0.3909 

 = 2.55 years  
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3.5 The ECC-D4 Project Planning & Organization  

ECC-D4 Advanced Electrostatic Oil Cleaner Project consists of the ECC-D4 design through 

research & developments studies; and the ECC-D4 prototype manufacturing and testing 

practices.    

SWOT Analysis 

Figure 25: SWOT Analysis of the ECC-D4 Project 
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Stakeholders 

Figure 26: Stakeholders of the ECC-D4 Project 

In table 9, stated stakeholders have been classified as ‘core’, ‘primary’ and ‘secondary’ 

stakeholders according to their roles and with respect to classification, they  are considered as 

that who affect the initiation or are affected by the initiation in this R&D project.  

                          Table 9: Stakeholders Classification 
 

  Core  Primary Secondary 

Might Affect the  ATH Suppliers Logistics 

Organization AEN     

Will be Affected by  AEN ATH Suppliers 

the Organization       
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Initial Budget for the R&D Practices 

The expenses in table 10 cover the manufacturing, development & upgrades and testing costs. 

The cost investigation is estimation and may not reflect the real costs. Additionally, labor cost 

is excluded in this budget investigation.  

                         Table 10: Initial Budget Investigation 
 

No 

Cost Amount 

(€) Description 

1 30,000 Component Supply  for Manufacturing 

2 1,000 Transportations  

3 800 Test Consumables 

4 1,000 Used Turbine Oil Procurement  

5 2,500 Test Equipments 

6 2,000 Outsourcing Oil Sample Testing 

7 1,000 Disposal Old Oil 

8 1,700 Miscellaneous 

  40,000   

 

 

3.6 The ECC-D4 Design  

3.6.1 Research & Developments 

Since the traditional electrostatic oil cleaners became insufficient to remove substantially 

amount of sludge and varnish, the introduction of an advanced cleaner and thus, a number of 

research and improvements became crucial in a parallel to this phenomena. Therefore, this 

research and development project seeks better solutions to remove sludge and varnish more 

effectively than traditional electrostatic oil cleaners. 

Revised and Improved Operational Strategy 

The regulation flow diagram, below, summarizes the ECC-D4 operating structure. As soon as 

the ECC-D4 cleaning operation starts, the oil quality (particle content number, temperature, 

required current applied, free-radicals content intensity) is measured, and every measured data 

are compared with the their specified borders. According to the comparison, the ECC-D4 

design chooses one operating strategy direction. The ECC-D4 regulation consists of two paths 

and the device choose one operational strategy according to the oil quality measures. The 

measures, in other words, comparison borders are based on the oil cleanliness standards’ 

specifications and boundaries.  The ECC-D4 takes the specific oil cleanliness borders as bases 

to optimize the ECC-D4 cleaning operation, and to maximize the oil purification 

effectiveness. Under continues oil cleaning practice, if the oil quality numbers exceed the 

defined barriers, the cleaner unit PLC, device controller, changes the operation strategy from 

one to another. Since the operations is going on the flow ‘1’, if the oil quality measures 

exceed the defined barriers, the regulation follows on operational conditions of flow ‘0’. 

Otherwise, it continues on flow ‘1’. In the path ‘0’, in order to cool the oil, the PLC starts the 

ventilator, and increase the high-voltage to max till current reduced ≤ 100% beside these, 

pump frequency drop to its half frequency for less oil flow supply.  The ECC-D4 is a self- 

regulating system, and through operational strategy changes, cleaner maximizes the cleaning 

efficiency in any operational conditions.  
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Oil Quality Check 

 
 DELTA ESR ≤ 5% 

 I ≤  100% 

 T=?43 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Revised and Improved Unit Design Features 

The ECC-D4 is an advanced design which consists of innovative features. The unit 

components are selected and applied after a certain research on future developments regarding 

to the effective removal of sludge and varnish oil contaminants. Under the company- turbine 

oils issue R & D program, several capability improved unit components are combined into the 

target design. Reliability of the selected parts is tested on introduced unit prototype. Besides, 

effective solutions on cleaning technology, the ECC-D4 is also equipped with high-tech 

remote and control functions, and with oil quality detector uESR sensor which is a special 

feature of this development project. Also, stated functions combine in the ECC-D4, and they 

are fist time implemented in the electrostatic oil cleaner history.  

The structure of the ECC-D4 target design differs with certain capability improved features. 

Some of the planned features of advanced electrostatic oil cleaner design are:  

 Effective cleaning chamber to maximize the oil cleaning efficiency which consists of  

advanced materials such as: 

 Cellulose type recyclable cleaning elements 

t0 = t0i + 1 hour 

 

t0 = t0i + 1 hour 

  

 

  

 

 Toil = 43°C (fnv) 

 HV d.c.= 100% voltage 

 I = 100% current 

 fnp=100% (pump) 

 t0= t0i 

 

 Toil<43°C; start ventilator (fv= 

fmv =120%) 

 Increase the HV to max till 

the current reduce ≤100 % 

 fp = fmp = 50% (Pump) 

 

Delta ESR = | max. Intensity amplitude of used oil | - | max. Intensity 

amplitude of new oil | 

I = The Cleaner applied current percentage 

HV d.c. = The Celaner applied voltage 

fnv =   frequency nominal ventilator        

fmv =  frequency max ventilator 

fnp =  frequency nominal pump              

fmp =  frequency min pump 

fv =    frequency ventilator  

fp =   frequency pump                          

t0=     operating time 

 

 

 

0 1 

Figure 27: The ECC-D4 Regulation Flow 
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 POM electrically conductive materials in the design of cleaning chamber  and 

high voltage electrodes  

 High-tech remote and control features which include: 

 Integral PLC (Siemens S7)  smart device controller  

 Operator-friendly, multi language, touch screen Panel PC to remote and 

control the cleaning operation   

 Revised and increased security switches for emergencies (such as possible 

high voltage hazards and oil spillages etc.)  

 LAN connection availability for on-line remote and control the cleaning 

operation  

 Advanced free-radical detection oil quality sensor application which is integrated to the 

ECC-D4 unit to monitor the statistical and graphical quality data through Panel PC for 

realization of the cleaning effectiveness 

The followings are the detailed specifications of the developments.  

Cleaning Chamber Developments 

The ECC-D4 cleaning chamber consists of high-voltage electrodes, 

cleaning filter elements and insulation materials (POM- 

Polyoxymethylen materials). In order to maximize 

the operational cleaning efficiency, high-voltage 

which is applied to the cleaning chamber is studied 

to improve its capability. Secondly, environmental-

friendly cleaning elements design for effective 

removal of even smaller than 1 micron size sludge and varnish 

is another concern of the project. On the other hand, 

insulation material selection is important to avoid the possible 

high-voltage hazards, and also important for 

environmental issues.  

High-voltage Capability Improvements   

The traditional electrostatic cleaners are based on fix operating mode cleaning practices  

which means fixed high-voltage applied between the a set of electrodes and a fix electrostatic 

forces are generated. With regard to these fix operating properties, the ECC-D4 intends to 

improve high-voltage supply characteristics. The purpose of the ECC-D4 is to supply a fix 

voltage potential in the range of 10 to 15 kV to the electrodes (electric conductive plates) of 

the cleaner chamber. The reason for the change high-voltage potential in the system is that the 

high-voltage potential has a direct influence on electrostatic field which is generated between 

the electrodes in the cleaning chamber. Hence, the project researches the theoretical 

background of this purpose. 

There are two forms of electric field which are generated between negative and positive 

electrodes. First one is uniform electric field where the charged particles are removed, and the 

second is non-uniform electric field where the uniform electric field is deformed to remove 

neutral particles with the help of a gradient force. 
 

 

 

Cleaning Elements 
Electrodes 

POM Materials 

Figure 28: The Cleaning Chamber 
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MOTION OF CHARGED PARTICLES  

In a uniform electric field, the charged particles are drawn by electric field force which is 

generated by positive and negative electrodes. Such motion is known as electrophoresis. By 

the nature of electricity, electric charge will be on the surface of charged object. When the 

liquid (oil) subjects to the surface of charged object, electric charge may form the electrical 

double layer at the subjection point. As known particulate contaminant is a sphere, the double 

layer thickness (1/κ) can be expressed by Poisson-Boltzmann equation:    

 

1/κ = (εKT/8πe2nz
2
) 

1/2
   ….(1) 

 

The unit of the double layer thickness is Debye length. The concentration of ion ‘n’ is very 

low for oil (due to the mineral oils as well as main part of synthetic lubricants are dielectric). 

Hence, double layer thickness- 1/κ becomes large where the κ small. It implies that, in oil, 

electrical double layer thickness on a sphere is large. After this, the density of electrical 

charge on spherical surface is explained by: 

σ = (εΦ
s 
/ 4πR) (1 + κ R)   . . . (2)  

Besides, the total electric charge ‘Q’ of a spherical particle with a Radius ‘R’ is expressed as:  

 Q = 4πR
2

σ    . . . (3)  

By introducing the equation (2) into the equation (3);  

Q = RεΦ
s 
(1 +κ R)   . . . (4)  

Where the κ is small as defined after getting the equation (1), and equation (4) total electric 

charge of a spherical particle Q can be expressed as:   

Q = RεΦ
s    

. . . (5) 

After defining the total electric charge, the motion of a spherical particle in an electric field 

will can be explain as follows:  

F
i 
+ F

r 
+ F

c 
= 0   . . . . (6)  

The equation (6) can be rewritten as:  

mV
p' 

+ 6πRηV
p 
- QE = 0   . . . . (7)  

where the inertia F
i
 is initially zero, (mV

p'
= 0) hence, the equation can be rewritten as: 

V
p 
= QE / 6πRη   . . . . (8) 

By introducing the equation (5) into the equation (8); 

Vp = RεΦ
s 
E / 6πRη   . . . . (9)  

If the εΦ
s
 is expressed with a constant (α), 

V
p 
= αE / 6πη   . . . . (10)  
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which means that, the migration velocity ‘V
p’ of a charged particle is proportional to electric 

field and to the intensity however, it is regardless of the particle size (defined constant) when 

the intensity of the electric field is fixed.  

By introducing the equation (5), the equation (8) can be given as follows:  

Vp = RεΦ
s 
E / 6πRη   . . . . (11)  

If εΦ
s 
is replaced by α (constant),  

V
p 
= αE / 6πη   . . . . (12)  

The equation (10) means that the migration velocity V
p 

of a charged spherical particle is 

proportional to the intensity of the electric field and that it is constant regardless of the 

particle size, when the intensity of the electric field is fixed.  

MOTION OF NEUTRAL PARTICLES 

The neutral particles in oil, even though they are polarized in a uniform electric field, cannot 

move because they are drawn by equal forces that are generated by positive and negative 

electrodes. In order to remove neutral insoluble particles, the uniform electric field must be 

deformed to make non-uniform electric field. Hence, a gradient force will work to move 

neutral particles to the strongest field region. When two neutral particles come closer, they 

will also agglomerate by the gradient force. This is known as dielectrophoresis. 

The gradient force ‘F
e
’ which works on neural particles is expressed by:  

                  F
e 
= (volume) x (polarizability) x (local field) x (field gradient)  

= (4πR
3

/3) β E ( E)  

= 1/2 (4πR
3

/3) β ( |E| 
2

)  

= 2πR
3

ε
1
 [(ε2 − ε1) / (ε2 + 2ε

1
)) ( |E|)

 2  

 . . . (13)  

According to the equation (13), dielectrophoresis is proportional to the third power of the 

radius of a spherical particle, difference of the dielectric constants of a particle and oil, finally 

the square of the electric field strength. 

As a conclusion of the theoretical background is either charged or neutral particles removal 

practices are proportional to electric field strength besides explained 

factors. The project stress that high -voltage has a direct influence on 

electric field. With taken this as basement, high- voltage unit 

capability improvement has a significant importance on generated 

electric field and optimum cleaning effectiveness. Further to this, 

unlike the traditional cleaners, the ECC-D4 intends to supply a fix 

voltage potential in the range of 10 to 15 kV to the electrodes in order 

to maximize the operational cleaning efficiency with having a direct 

effect on generated electric field. Therefore, there is a high-voltage 

transformer is selected which is capable to supply voltage potential in 

the range of 10 to 15 kV.   

 

Figure 29: Transformer of 

the Design 
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Cleaning Filter Media 

The cleaning elements deform the electric field. Actually, electric field 

draws the particles out of turbine oil, and these particles are collected on 

the surface of the cleaning elements which are positioned between parallel 

electrodes.  After a certain cleaning operation (about 2000 operating 

hours), the cleaning elements becomes conductive due to the collected 

high amount conductive particles. When the cleaning elements become 

conductive, they need to replace. Therefore, the cleaning elements are 

only the parts which are wasted. With regard to the environmental issues 

and operational effectiveness, recyclable cellulose type filters are selected.   

POM (Polyoxymethylen) Material  

Besides POM material is an environmental-friendly 

material which can be also recyclable, and is a non-

conductive, insulation material which is used in the ECC-

D4 cleaning cavity. The reason why the POM material has 

selected in the cartridge design is the apparent polar 

characteristic, which is selectable by way of adding 

specific component material to the POM formulation. 

This polar effect of the POM acts as a catalyst for a more 

intense attraction of insoluble particulates in the oil such as 

sludge and varnish. In the current cleaning chamber design the POM is used as an insulating 

and fastening material for the electrodes.  

POM parts now are the large back plate of the anode of the system, the support rails at the 

bottom of the electrodes and locking bars on top to secure the cleaning elements. In the new 

design the POM is also used as dielectric material between the electrodes. The shape can be 

either a pleated film type or granulate form.  

 

PC Panel 

Another special feature of the ECC-D4 design is use of touch 

screen Panel PC, and Windows database supported. Actually, 

the ECC-D4 based on commercially available components 

and this is may be not a fist time application of such this 

technology in the device control practices. However, 

considering the entire features of ECC-D4, the use of Panel 

PC is a modern and practical component for this project. The 

Panel PC is used for: Process visualization, Command input 

and Data storage purposes. For instance, USB connections 

for external data input, LAN connection availability for run-

time monitoring, and as mentioned before, the ECC-D4 is a 

self regulating unit and does not require hard operating 

practices, with taking this an advantages, the ECC-D4 can be controlled from a distance 

computer.  Figure 33 shows the run-time screen which has an operator-friendly and easy to 

follow structure with multi-language availability. 

 

The run-time screen is based on software which is called WinCC-Flex. The project uses this 

software package to set its basic operating structure in it, and to modify the screen and 

Non-conductive POM  

Figure 30: Cleaning 

Element 

     Figure 31: POM Material 

Figure 32: Panel PC 
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functions according to the ECC-D4 

current developments. (For instance, the 

use of sensor feature in the design 

requires serious software modifications 

due to the different database of the 

sensor and current run-time software. 

The uESR sensor is Lab-View based 

software and it is modified and 

synchronized to the run-time during the 

project.) The run-time screen (shown in 

figure 33) helps to monitor the current 

operation statistical and graphical data in 

separate windows also helps to operate the cleaning practice. In addition to these two 

function, it stores the run-time data as a windows file. 

 

Siemens PLC S7 300 Family 

The project selects PLC as a smart device controller. The use 

of PLC is quite common practice industrial applications. The 

PLC is basically consists of CPU (microprocessor), Data Input 

– Output and a power supply. The PLC is a central station 

which collects all measured data, and controls the components 

according the command or messages from different sensors 

(such as temperature, flow sensors),  and finally displays 

through a monitor (Panel PC). For instance, the flow diagram, 

which is represented beginning of the chapter, is the core logic 

of the PLC which is used in the project. According the 

measures (current %, oil temperature, contaminant particle 

numbers, namely oil quality) it changes the operational strategy 

by, for instance, it increases the applied high voltage current or runs the ventilator etc.         

ESR Sensor 

Special feature of the ECC project is the uESR oil quality sensor. The 

sensor is a micro electron spin resonance spectrometer that detects the 

free radicals concentration in the oil. (For the chemical processes of 

the free radicals, see Section 2.2) These radicals are the precursors of 

sludge and varnish formation in turbine oil, and these free-radicals are 

generated at the process of oil oxidation and oil degradation in turbine 

oil. The sensor operating principle is: turbine oil passes through a 

high-frequency resonant cavity where a slowly varying uniform 

magnetic field applied. The electrons which are unpaired diffused 

with microwave radiation at a constant frequency. At a characteristic 

magnetic field, these electrons will experience resonant transitions within the spin-up and 

spin-down state (see figure 36) which is explained as following 

equation: 

 

 
NOTE: The g - factors is a dimensionless quantity number, and often closes to 
2.0000 

 

hv = gBH 
 

 Figure 33: Run-time Screen of the ECC-D4 

Figure 34: The device PLC 

Figure 35: uESR Sensor 
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The magnetic field at resonance can be expressed as a function of the g-factor and the height 

of the resonant peak which represents the concentration of the free radicals in the oil. The 

project incorporates the sensor to 

measure the oil quality, in other words, 

free radicals content, and to feed the 

data into the PLC where the PLC adjusts 

the oil flow, oil temperature and high 

voltage to optimize ECC cleaning 

efficiency. In addition to that, PLC 

displays the data through the Panel PC, 

and it also saves the data as windows 

file. 

Heat Exchanger  

The oil temperature and flow are two important factors on the physical statement changes of 

the degraded / oxidized turbine oils. The 

oil temperature is very much depending on 

the system connected. Generally, at a temperature of 60 to 80 

°C (which is turbine system normal operating conditions) oil 

contaminant will be dissolved and electrostatic oil cleaner 

effectiveness eventually will be lesser. Therefore, specific oil 

condition (low temperature, low velocity) required for the 

agglomeration of sludge and varnish particles to suitably large 

dimensions to remove more effectively than the turbine oil is 

warm enough to dissolve oil contaminants. For this reason, the 

ECC-D4 is developed with integral oil- to- air heat exchanger 

which intends to cool the oil before fed into the electrostatic 

cleaning chamber. Oil temperature in the cleaning chamber, by 

frequency controlled electric motor driven cooling fan, is 

variable between 50 and 100% speed depending on the oil 

quality condition mentioned at the beginning of the chapter. (See figure 27) 

Oil Pump  

In traditional way, an oil pump that pumps the contaminated oil out of the oil reservoir and 

discharges it after cleaning back into the same oil reservoir. Oil pump in traditional cleaners is 

usually driven by fixed speed, single phase electric motor which implies that the oil flow is 

also fixed. With regard to the ECC-D4 operational strategy improvement (explained with a 

regulation flow diagram before), the oil flow of the design is variable between 50 and 100 % 

speed by frequency controlled electric motor driven oil pump which facilitates the cleaner unit 

to operate at the optimum cleaning conditions. When the oil temperature is too high, it needs 

to cool and it requires time cool in the heat exchanger. Therefore, depending on the ECC-D4 

operational strategy, the pump located on the design is capable to adjust operational speed. 

(See figure 38) 

Heat 

Exchanger 

Oil Quality 

Sensor 

Oil Pump 

Figure 36: The sensor Operating Principle 

Figure 37: The Prototype 

Parts 
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 Auxiliary Equipments  

Temperature & Flow sensor  

The temperature and flow sensors are measure the actual flow oil 

temperature and flow before the oil fed into the cleaning chamber. 

Both sensors are controlled by the PLC which displays the data 

through the Panel PC.  According to the message from sensors PLC 

controls the unit components. Such these sensors are also used in the 

market products however; the temperature and flow in the design are 

selected with considering the overall design components 

compatibility. 

 

Smoke Detector & Security Switches 

Another feature which is treated in the design is the 

use of operational security equipments such as smoke 

sensor /detector, leak stop switch which is situated at 

the certain height of the device leakage tab. In case of 

spillages, the switch shuts off the unit. 

The other switches are cover switches 

which protects from high voltage harm 

effects. It is considered due to 

unauthorized operating / operator safety  

issues when the run-time still continues.   

3.6.2 One Prototype of the Cleaner Unit   

After a detailed research and design studies, the assembly/manufacturing of the ECC-D4 

prototype was completed by Friess. (AEN/ATH has signed a R&D agreement between Friess 

to develop ECC series electrostatic oil cleaners). The intellectual property of the ECC-D4 

belongs to AEN, however the ECC-D4 is an AEN/ATH joint R&D project, the prototype 

testing, conditional monitoring, troubleshooting and developments (which were came after 

manufacturing) were executed by ATH in-house service. Apparently, ATH, in this project, 

have a role of primary developer of the system.     

 

 

  

Smoke  

Detector 

Door 
Switch 

Cover  
Switch 

Leakage 
Tab & Switch 

Figure 38: Temperature 

and Flow Sensors 

Figure 39: 

Smoke Detector 
Figure 40: Security Switches 
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3.7 Prototype Testing & Cleaning Effect Monitoring 

After the ECC-D4 prototype manufacturing; it is required to test the prototype in order to 

check its functionality whether the unit meets the design requirements. Testing of ECC-D4 in-

house has significant importance to realize the cleaner performance and cleaning process 

effectiveness. Moreover this practice assists to identify malfunction(s) and regarding upgrades 

before the closure and commercialization the project.  

3.7.1 Preparation for Testing 

Material Supply 

The equipment used in this development project is based on proven technology and 

commercially available products in the market.  

Particularly: 

1. For the design and manufacturing; Siemens S7 PLC, PC Panel, Oil pump, Oil heat 

exchanger etc (as hardware of the design) and WinCC Flex Manager and PLC 

Simatic Manager (as software of the control system) are supplied by Friess, German 

Company  

2. The online free radial oil quality sensor is supplied by uESR Sensor, The US 

Company 

3. To test the prototype in-house; External Oil Drum Heaters and Miscellaneous are 

supplied by ATH  

4. Used oils for testing are supplied by various gas turbine operators  

The ECC-D4 cleaner unit design, manufacturing, developments and prototype testing are 

carried out under this R&D project.  

The equipments such as drum heaters, external oil pumps were supplied from the market. 

Besides the prototype, all electric devices (which are used for the prototype testing) were 

situated to a test area after an electrical insulation- functionally tests. A free-radical detection 

oil quality sensor was supplied by uESR, The US Company to integrate into manufactured 

unit after a certain software modifications. (The quality sensor application is one of the most 

important corner-stones of this project due to the first implementation in an electrostatic oil 

cleaner). All other test equipment was available at the company.    

Three different used and degraded oils denoted A, B, C (described below) where obtained 

from various gas turbine operators. The amounts of 200, 200 and 150 liters A, B, C Type Test 

Oils (respectively) were used to circulate through the ECC-D4 Cleaner at approximately 

normal oil operating temperature as is usual in gas turbines. (Approximately 70°C)  

The selection of the test oils is important to be aware of the cleaning effectiveness on different 

property of oils (which are allowable for the cleaning in the ECC-D4 such as Group I, II and 

III oils). Besides the oil group variances, additive package and the level of depletion is 

another concern, and finally, sludge and varnish presence and level of contamination is also 

important factor to select test oil for the ECC-D4 testing. 

‘A’ Type Lubricant  

The A Type Lubricant test run was executed using Group II mineral based oil which was 

containing only amines type antioxidant additive package (PANA type). The chosen A type of 

oil has already completed approximately 15,500 hours in service on GE Frame 6B type of gas 
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turbine. As a detailed look into the oil; the oil was a discontinued lubricant and replaced in 

2005. The reason for the replacement in 2005 was the oil drained had extremely high content 

of sludge and varnish. The amount of 200 liter A Type lubricant was circulated through the 

ECC-D4 cleaner.     

‘B’ Type Lubricant 

The B Type Lubricant test was executed using a Group I based oil which was also used & 

degraded- turbine oil. The oil was replaced when it had only completed approximately 20,000 

hours oil service-life. The reason for the drain was also high content of sludge and varnish 

problems in the turbine oil. Additionally, the oil antioxidant additives were almost completely 

depleted. The amount of 200 liter of the B type of turbine was tested through the ECC-D4 

cleaner.   

‘C’ Type Lubricant 

The C Type Lubricant test was executed using Group II based oil which has already 

approximately 10,000 hours oil service life. Apparently, this C type of turbine oil also shows 

sludge and varnish content in its body. The amount of 150 liter Type C Lubricant was 

circulated through the ECC-D4 cleaner.  

 

Test Field Arrangement  

Risk analysis survey was required before testing practice. Therefore, a risk assessment was 

carried out by ATH Quality department to determine adequate test area for safe operation; and 

also to identify and get familiar with chemicals which may be used during ECC-D4 Advanced 

Electrostatic Oil Cleaner test-run ATH in-house in Rheden. (See Appendix 7 - Risk 

Assessment)  

According to the assessment conducted, the ECC-D4 testing restricted location was estimated 

in the ATH workshop. With the equipments and materials which were supplied, the test area 

was prepared for the ECC-D4 cleaning test-run. (See Appendix 6 – The picture of test area 

and Area Layout)  

3.7.2 Prototype Testing  

The ECC-D4 prototype testing program based on 3 sessions of oil cleaning and monitoring 

practices. The major aim of the test program is to monitor and evaluate the ECC-D4 cleaning 

performance on used A, B, C different type oils using qualitative (quality sensor data, the 

ECC-D4 current data) and 

quantitative (mainly laboratory 

tests data) methods. The other 

aim of the test program is to 

identify possible malfunctions 

of the ECC-D4 prototype 

during the cleaning operations.  

In order to achieve stated aims; 

every test practice was 

inspected within regular time 

intervals during the continuous 

cleaning operation. Data 

gathered through the operations were registered besides the device malfunctions which were 

faced under the test program. 

Figure 41: The ECC-D4 Test-run Oil Loop 
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The oil testing program was executed based on continuous cleaning operation mode (24 hours 

per day). An ordinary oil drum of 200 liter simulated for the turbine oil reservoir is used for 

testing. Additionally, two electrical belt heaters were installed on the outside of the drum to 

provide the necessary heating power to warm the turbine oil tested. (See figure 41) The A, B 

and C type oils with the amount of 200, 200, 150 liters (respectively) used and degraded 

turbine oils were circulated about 300 test loop oil cycles through the ECC-D4 within the 240; 

240; 192 cleaner operating hours (respectively) which took 10 days each.  

The ECC-D4 is a self regulation system. Hence, the cleaning operation does not require an 

operator unless it is necessary. Moreover, the installed software – TeamViewer to easy 

accessible and reliable distance remote control assisted to follow the cleaning operation via 

distance remote computer. During the test program, every test-run was between 9.00 and 

17.00 hours; and the operational data were recorded in table 11, which assists to evaluate the 

cleaning process, and to make decisions on operation strategy. Additionally, the data log 

assists to identify the source of malfunctions regarding the cleaning operations and the device 

control. The following inspection table consists of different parameters which are observed 

such as high-voltage application, applied current and voltage; pump frequency (oil flow), 

sensor connectivity, and cleaning elements remaining life, oil temperature in the unit and also 

in the oil drum, the belt oil drum temperature and some comments regarding the operations. 

As stated, this data log helps to follow cleaning operation and also helps to identify the source 

of the malfunctions. With regard to sludge and varnish removal, the applied current 

percentage observation has major importance for cleaning effectiveness monitoring.  

 

There are two operational modes available with the ECC-D4 design: Auto and Manual 

Modes. Both modes are controlled by device PLC. Depending on the operator authorization 

level, the Manual Mode lets the ECC-D4 operator to be involved actively in the cleaning 

operation processes. (Run-time operation control is password protected) The stated three test-

runs were executed by manually controlled Manual operational mode to conquer the cleaning 

operation processes by an operator, and to try all kind off operational variances. The other 

reason for that, oil cleaning at higher temperature is more difficult than at lower temperatures. 

(Due to the soft contaminants dissolve as the temperature increases as stated before) 

Therefore, the oil cooler on the ECC-D4 was not in operation during the tests. However, Auto 

Table 11: The ECC-D4 Operation Inspection Data 
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mode was also tried for its reliable functionality detection. Regarding the Auto mode data log, 

see table above, between 11.00 and 13.00 hours (the orange color data).  

The volume approximately 126,000 liters oil (in total) was handled by the ECC-D4 cleaner at 

the end of 3rd session. At the end of the second session (after the 480 ECC-D4 operational 

hours), the ECC-D4 prototype cleaning elements were dissembled for inspection. (See 

pictures 42)  

 

 

          

      The ECC-D4 Cleaning Chamber  

 

 

 

 

The ECC-D4 is equipped with proper sampling points to permit sampling of representative oil 

at the discharge of the cleaner unit. In every test session, representative oil samples were 

taken every 24 hours to evaluate oil cleaning process through quantitative test methods- 

mostly in laboratory conditions. Special feature of the ECC-D4 in these tests is the use of the 

uESR oil quality sensor which claims to measure peroxide radicals content in the oil. These 

radicals are the precursors for the formation of sludge and varnish which are formed as a 

result of the oxidation and degrading process of the lube oil. The use of uESR sensor assisted 

to make further analysis on the ECC-D4 operational cleaning. Besides, free-radical content 

detecting, the test program intended to test uESR sensor in the ECC-D4 operations to seek the 

correlation between the sensor data and the ECC-D4 control; and then to select useful peak 

information for further processing. On the other hand, the ECC-D4 is a continuous operating 

system and the sensor continuous operational reliability was another concern during the test 

sessions.  

Beginning of the test; cold 

oil flushed without high 

voltage application 

After 480 hours oil loop through the ECC-D4   

with High Voltage Application 

before 

after 

Figure 42: The Inspection of the Cleaning Elements  
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4 METHODOLOGY OF CLEANLINESS MONITORING 

The methodology of the research and development project is based on understanding the 

sludge and varnish characteristics of the modern turbine oils (especially Group I and II base 

stocks); and getting detailed insight into the turbine oil oxidation issues to investigate their 

harmful effects on the gas turbine system; and finally finding out the best practice to remove, 

monitor and control the sludge and varnish effectively by the ECC-D4 cleaner unit.  The 

research is supported by reasonable and reliable published reports, library files, the company 

archive and also interviews with senior maintenance specialists from the company. The 

information gathered is analyzed by using a top-down approach. The top-down technique is 

an approach to a problem that begins at the highest conceptual level and works down to the 

details. The research is initiated with the overview on sludge and varnish problems in turbine 

oils and is accomplished with a conceptual design of the ECC-D4 Advanced Electrostatic Oil 

Cleaner.  

The ECC-D4 unit operational reliability and cleaning effectiveness of modern turbine oils are 

corroborated through empirically demonstrations by using realistic testing methods. ATH 

company in-house turbine oil issue monitoring and lubricant analysis service already applies 

the latest technology detecting and monitoring methods; and is also capable for the ECC-D4 

prototype test cleaning operation program. The thesis & ATH Oil Issues R&D project takes 

the in-house service opportunities as bases. The ECC-D4 Advanced Electrostatic Oil Cleaner 

performance on three different types of turbine oil is monitored using following quantitative 

methods: 

 Membrane Patch Gravimetric (MPG) Test  

 Membrane Patch Colorimetric (MPC) Test  

 Microscopic Examination 

 RULER  

 Color Scale  

 Particle Count  

Beside the sludge and varnish substances quantity detecting methods, the ECC-D4 features 

also oil quality detecting methods which are software based; and measure the free- radicals in 

turbine oils and feed the data into the ECC-D4 Panel PC. The stated quality detecting methods 

are: 

 uESR Oil Quality Sensor Data Log 

 The ECC-D4 PLC Data Log  
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4.1 Quantitative Methods 

Membrane Patch Gravimetric Test  

Membrane patch gravimetric (MPG) test is the most effective detection method of oil 

oxidation and can be specified as per ASTM D4898 Standard. A certain amount of turbine oil 

sample is forced to pass through patch membrane by 

vacuum.  The membrane has quite small pore size and is 

about 0.45 micron; 47 mm diam. (See figure 43) Before 

using the membrane for the test, it is weighted and the 

data recorded; then the membrane which is going to be 

used in test, is cleaned by petroleum-ether solvent. The 

membrane patch is cleaned before the test because the 

petroleum-ether solution dissolves the even small particles 

and cleans them from the membrane patch and. The 

membrane patch now has lesser weight / mass. After an air-drying process, finally the cleaned 

membrane is ready to be used for membrane patch test. The test procedure is clarified in the 

following figures:  

The cleaned membrane patch is weighted again and the data is recorded. After the oil passes 

through the membrane patch, only sub-micron sludge and varnish particles which are bigger 

than 0.45 micron size remain on the membrane. (See the test step 7 in figure 44) When the 

membrane patch is dried, it is weighted again and the data is recorded also. For weighing, a 

precision scale is used. After defining the dirt quantity (as grams), the dirt quantity is 

expressed in mg/L by calculating the rate of the dirt quantity in the volume of the sample 

used. (A typical warning limit for insolubles in turbine oil is about 20mg/L) The difference 

between the initial (cleaned) weight of the membrane and final weight of the membrane patch 

Figure 43: The Membrane Patch 

                                                             Figure 44: The practices of the MPG Test 
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represents the contaminant quantity. The practices described are repeated for the same oil 

sample with variety of conditions. 

As stated in previous chapters, the sludge & varnish change their physical form by 

temperature, flow and time factors. Therefore, varieties of oil sample conditions are tested for 

further analysis. This test is called revised gravimetric patch test which follows completely 

same practice with membrane patch test. Further to the existing test, different physical 

conditions (especially different temperatures) of oil are monitoring in revised gravimetric test. 

The test consists of two different patch tests 

for two different temperatures of the same 

oil sample. First test uses low temperature 

(mainly about 20°C) oil from a sample 

which is stored at a cool and dark place; 

and the second test uses heated  (for at least 

3 hours depends on oil base stock; however, 

up till about 70°C) oil from the same oil 

sample. As an example, figure 45 represents 

how the same oil sample response to 

different oil temperature conditions. The 

fist patch represents the test which is carried out at 20°C oil temperature; the second patch 

represents the other test which is carried out at 70°C oil from the same oil sample. The 

differences between the tests proof that sludge and varnish changes their forms by 

temperature. The quantity (weight) analyses of both tests demonstrate the sludge and varnish 

contamination level. Besides, a visual inspection on both results can also give a clue on 

sludge and varnish problems. For instance, if the sludge and varnish insolubles remain hardly 

on the both membrane patches and both of them have closed (light) color; it may indicate that 

the oil has not enough sludge and varnish contaminants which leads to serious oil problems.   

These membrane patches are not only used for identifying contaminant quantity; but also used 

for further analysis methods such as Colorimetric Patch Test and Microscopic Examinations 

which are also used as a method of this investigation.  

Membrane Patch Colorimetric Test & Spectrometer Analysis  

The membrane patches which are gathered in 20°C (cold) and 70°C 

(warm) MPG test are now used for colorimetric patch test.  

 

The spectrometer which is shown in the figure 

46 is used for identifying a color index number 

which indicates the state of insolubles and 

oxidant in the oil sample. This method is 

specified as per ‘ISO 4405’. The procedure of 

the test consists of two practices. The first one is 

the device calibration with using a new 

membrane patch; just after calibration, at 20°C 

and 70°C tested membrane patches are replaced 

to the new membrane patch to identify the 

index number of the replaced membrane patches as a second step of the 

colorimetric test as seen in the figure 47. This method is also effectively 

used for monitoring the sludge and varnish problems. 

Figure 45: Cold and Warm Tested Membrane Patches  

Figure 46: The Color 

Spectrometer 

Figure 47: The MPC 

Test Practice 
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Microscopic Examination 

Sub-micron sludge and varnish insolubles have less than 

1 micron size which is far below the visibility limit. 

(About 40 micron size can be seen by naked eyes) For 

visual inspections; the sub-micron size sludge and varnish 

insolubles are detected by microscopic methods; the same 

membrane patches gathered by membrane patch test are 

examined under microscope that is capable from 50X to 

200X magnification; and are monitored by a camera 

which feeds the data into a computer. (See figure 49). 

As the oil temperature increases, the sub-micron 

insolubles go back into the solution instantly at 

about 50°C; and with the temperature drop, they 

agglomerate and grow into the bigger size 

insolubles. (See figure 48)  This method apparently 

proves that current internal filters in gas turbine oil 

system are not capable to catch micron size 

particles.  

Additionally, the microscopic test also can be done on actual oil sample directly and also this 

method assists to identify the presence of metal chips and other possible particulate dirt in 

turbine oil.   

Color Number    

This method can be specified as per ASTM D1500 or ISO 2049 standards which are used for 

visual quality examination of the oil sample. According to the color number test, the oil 

sample has a color classification number. However this method is not a reliable method for 

determining the contamination level; on the other hand, it provides a general impression on 

oil degradation. Oxidation normally causes oil to get darker. Some oils remain lighter during 

operations; some get very dark early in the service life caused by base stock and additive 

selection. Therefore, this method has minor importance in this investigation.  

  

  

Figure 49: Microscopic Examination  

                                            Figure 50: The Oil Sample Color Number 

ASTM D1500;  ISO 2049 

2049 

Figure 48: Membrane Patches from Cold and 

Warm Tests, 50X Magnified Pictures 
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RULER  

The RULER is a diagnostic tool and can be used for turbine oil useful life monitoring as well 

as other industrial oil system applications. The RULER diagnostic are based on ASTM 

D6971-04 standard, and it is a linear swing volt metric testing method.  

The sludge and varnish cannot be measured by the RULER diagnostic method however it is 

quite useful method for oil life-time monitoring that assists to decide on proper oil as turbine 

oil and assists also to make better oil system maintenance plans. Almost every turbine oils 

contain antioxidant 

additives which are mainly 

‘phenols’ and ‘amines’ in 

modern turbine oils.  

This method is used for this 

investigation to prove that 

these antioxidants remain in 

the oil after the ECC-D4 cleaning operation. As stated, the ECC-D4 cleans mainly polarized 

insoluble contaminants from the body of turbine oil.    

The RULER compares the measured data with standard data which are done on a new sample 

of oil; and already exist in the RULER library, and identifying the additives type besides 

measuring the additive concentration in turbine oil. The RULER test identifies the remaining 

life of the oil and also indicates how much additives are still left in the oil. (See pink arrows 

which are marked in figure 

52, at the bottom)   

The RULER may indicate 

the sludge and varnish 

presence at the end of the 

graph by rapid increased 

curve tail unlike the 

standard data. (See yellow 

circles marked in figure 52, 

at the end of the curves)   

The table 12 stands for the 

RULER test solution 

selections. The example 

figure that is given above is 

marked with rectangular 

orange box which shows 

400ul green solution is used 

for the test. For every test 

practice, the RULER shall run a calibration swing for accurate results.   

Amines- Additive #1 

Phenols- Additive #2 

                                 Figure 51: The Ruler Test Practices 

                      Figure 52: The Ruler Test Example Result 

 Table 12: The Ruler Test Solution Selection 
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Particle Count  

The particle count is another test method used in this investigation. Most particle count 

practices follow ISO 4406:99 or AS4059 standards. These practices however detect minimum 

4 micron size particles and do not response to 

smaller particles like less than one micron size oil 

insolubles. However, the investigation proposes to 

use this method in the event of substantial quantities 

of sludge and varnish in the oil. In this case, the 

small particles will increase in size. As the increases 

in size and exceeding 4 micron size level; ISO 

4406:99 is used to accumulate the particle amounts 

in the sample oil. The particle count device, which 

is shown in figure 53, is simplified as a sample oil inlet, particle count body and a discharge. 

The device calibrates itself before particle count practice. After particle counting test, it 

provides the particle size & amount data results as a recipe.  

According to the ISO 4406:99; the particle sizes can be classified as following: 

   

Figure 54: ISO 4406(c) Particle Count Code Labeling 

The particle sizes and their amounts data is expressed by ISO 4406:99 with a code of ISO 

XX/ YY/ ZZ where the XX is the particle number that are larger than 4 micron sizes; the YY 

is the particle number that are larger than 6 micron sizes; and finally, the ZZ is the particles 

that are larger than 14 micron sizes. For the given ‘Example Particle Count’ table in figure 54, 

the table given can be expressed as ISO 18/16/13 code. 

 

  

  

1,752  

517 

55 

Figure 53: PANA Device - Particle 

Count Practice 
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4.2 Quantitative Methods 

uESR Oil Quality Sensor Data Log 

Micro ESR (Electron Spin Resonance) spectrometer sensor is a part of the ECC-D4 

Electrostatic Oil Cleaner unit and measures the free radicals intensity that eventually 

transforms into sludge & varnish content. The sensor measures the oil quality in a parallel 

flow to the cleaner actual flow due to pressure differences over the oil pump. As seen in 

figure 55, the oil quality sensor is a device with an oil inlet, oil outlet and a data signal output. 

When the oil flows through the sensor; the quality data is measured by the sensor and the 

data, which is shown under the sensor picture, fed into the Panel PC simultaneously. In the 

Panel PC, the function of uESR Sensor - Labview database supported software plots the data 

which is displayed on the Panel PC during oil the cleaning operation; and also the statistical 

data is saved as a windows file in order to archive the quality detection and to make precise 

interpretation on cleaning effectiveness.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The sensor operational principle was explained in the ‘Research and Developments’ section in 

addition to this, the green figure (above) summarizes the operational principle. The oil fed 

into high resonant frequency cavity. There, slowly varying magnetic field is applied. 

Unpaired electrons hits the insolubles (free- radicals) when in the processes of spin-up and 

spin-down. When the electrons hits, they create vibrations. The peak of these vibrations 

represents the intensity of free-radicals. The magnetic field applied is explained with the 

function of the g-factor which is a dimensionless number, and it is close to 2.0. The following 

formula explains the relations between the measures:  

 

 

 

 

The data gathered from sensor is used to monitor the cleaning effectiveness.  

                                  Figure 55: The Oil Quality Sensor Data Feedback 

         

  Oil Inlet 

Oil Outlet 

QUALITY 

DATA 

hv = gBH 
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The Cleaner - PLC Data on the Panel PC  

Besides oil quality sensor function, the device PLC smart controller also measures oil quality 

and displays on the Panel PC run-time screen which is shown in figure 56. There are several 

operational data are available on the run-time screen such as pump speed, oil temperature, 

applied voltage, cleaning elements remain life etc. The PLC also measures and displays the 

current percentage which is applied to the electrodes in the cleaning chamber.  

The D.C high-voltage max 

capacity is 14000 Volt and 99% 

voltage corresponds to 13860 Volt 

which is applied to the cleaning 

chamber. 

 ‘1597’ index number represents 

the remaining service life of 

cleaning elements which are used 

in the cleaning operations.  

 

 

 

 

 

 

 

The ‘Moments of Operation’ table is based on the cleaning operational data which are 

inspected and recorded within in a certain time intervals. (Basically, operation is inspected 

every day, from 09.00 till 17.00 hours within half hour intervals as seen in the table above)  

With regard to oil contaminants monitoring, the PLC current percentage data (marked with 

red circles in the same figure) represents the contaminant intensity in the cleaning chamber.  

In principle, the current percentage applied to the cleaning cavity very much depending on the 

contaminant intensity, and it decreases with the function of removing the oil insolubles from 

the oil. Less current percentage index implies more clean oil due to contaminant intensity 

reduction. The project intends to use this method to seek if there is close relation between the 

device current data and the results of quantitative tests (such as explained MPC, MPG tests) 

which are also used as methods of this project.  

  

                       Figure 56: The ECC-D4 Current Percentage Data 
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5 RESULTS 

After the three testing periods using the defined test oils; the tests results are gathered through 

the methods which are described in previous chapter. This chapter demonstrates the test 

results which consists of three parts with respect to the turbine oils used (Test Oil A, B and C) 

in the testing program.  

At the first test sessions, during 240 ECC-D4 operating hours, the amounts of 200 liter used 

and degraded Test Oil A (Group II oil) was circulated 300 times through the ECC-D4 Cleaner 

at approximately normal oil operating temperature as is usual in gas turbines. (Approximately 

70°C) At the second test session, during the 240 ECC-D4 operating hours, the amount of 200 

liters used and degraded Test Oil B (Group I oil) was circulated 300 times through the ECC-

D4 Cleaner at about 70°C oil temperature.  At the third test session, during the 192 ECC-D4 

operating hours, the amount of 150 liters used and degraded Test Oil C (Group II oil) was 

circulated 300 times through the ECC-D4 Cleaner at about 70°C oil temperature.    

Each test results are classified into two parts. The first one is oil contaminant quantity data- 

determined using test methods, mainly in laboratory conditions. The second is oil quality 

data- gathered from data achieve of the software based oil quality sensor and the PLC which 

are both parts of the designed unit itself.  

Oil contaminant quantity data are collected in a table which demonstrates the results that are 

based on oil contaminant quantity numbers which are gathered from MPG (gravimetric), 

MPC (colorimetric), Color Rate, RULER, and Particle Count Tests. Representative oil 

samples- taken within regular time intervals during the oil cleaning practice are tested 

through, mainly, laboratory test methods (which are detailed before) to monitor the oil 

cleaning effect. The tests used and their specified standards are shown as first two columns of 

this result table. In addition to that, same result table covers an introduction of the oil sample 

with a specific ID number. (For instance, A101001, which provides information on the oil 

sample as ‘where it is tested’ (location code, ATH is represented as A), ‘when it is taken’ 

(2010 - week 10), and ‘the number of the test sample’ (oil sample 01)). Moreover, result table 

provides also cleaner operating hours using the concerning oil, oil loop cycle number, the 

temperature of the sample oil when it is drained from the unit, and finally, the exact date 

when the sample oil is taken. Although result table includes all steps results of the test, main 

results are bolted in order to follow easily, and to see the differences in consequent order 

during the continuous testing. Additionally, microscopic pictures of the membrane patches 

used in the tests are attached under the stated table in order to demonstrate the cleaning effect 

visually.             

The uESR oil quality sensor measures the peroxy-radicals intensity at a g-factor (the magnetic 

field applied in the cavity of sensor is expressed with the function of the g-factor), and it 

measures the intensity at the g-factors which are ranging between 1.7 and 2.0328. This means 

that intensity is measured at different g-factors. uESR sensor software database provides 

intensity and g-factor data. A sensor oil quality graph is plotted using these intensity & g-

factor data. The intensity in proposed graph represents the subtracted intensity which is the 

difference between the full time cleaning hour’s peroxy-radicals intensity and initial cleaning 

hour’s intensity.      

Finally, the current, which is applied in the cleaning chamber of the ECC-D4 and represents 

the oil contaminant intensity, is displayed by the PLC which is the device controller of the 

ECC-D4. A current percentage data table shows the applied current percentages during the 

cleaning operations. The current data are extracted from the device data log. Besides this, they 

are also recorded within the regular inspections of the oil cleaning operation.   
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5.1 Test Oil ‘A’ Test Results 

Test Oil A - Contaminant Quantity Data   

During the continuous ECC-D4 cleaning operation using Test Oil A, 10 representative sample 

oils which were taken within regular inspection intervals (every 24 hours) were tested using 

the described test methods. The results of the quantitative tests are shown in tables 13, 14, 15 

and 16. As stated in introduction of ‘Result’ chapter (previous page), the table of contaminant 

quantity data table provides the results of MPG, MPC, Color rate, RULER, Particle Count 

Tests.  

Legend:  

 

 

Table 13: Test Oil A- Data from the Oil Samples 1, 2, 3 

    Sample Number 1 2      3 

    Sample ID  A101001 A101002 A101003  

    ECC-D4 operation hrs 0 24 48 

    Loop Volume Cycles total 0 30 60 

    Sample date y-m-d 2010-03-04 2010-03-10 2010-03-11 

Test Standard 
Test loop oil temp. °C 15 45 60 

Color 

Rate 

 

ASTM 

 D1500 

  

Color Index Number   4.5 4.5 4.4 

Appearance   Clear Clear Clear 

MPG 

 

 

 

 

 

 

ASTM 
 D4898 

 

 

 

 

 

 

Patch Pore Size, 

Diameter   0,45µ/47mm 0,45µ/47mm 0,45µ/47mm 

Patch Test Temp  °C 20 70 20 70 20 70 

After test g 0.0758 0.0736 0.0745 0.0758 0.0752 0.0741 

Before test un-flushed g 0.0744 0.0734 0.0742 0.0744 0.0734 0.0742 

Before test flushed g 0.0740 0.07325 0.0737 0.0740 0.0732 0.0737 

Insolubles g 0.0018 0.00035 0.0008 0.0018 0.0020 0.0004 

Test volume ml 50 44 50 50 44 50 

MPG test mg/lt 36 7 16 6 46 8 

MPG ratio   5.2 2.7 5.7  

MPC ISO 

 4405  

MPC test MPC ΔE 47.81 26.71 15.80 12.98 22.7 11.8 

MPC ratio   1.8 1.2 1.9  

RULER  ASTM  Test Solution 

 

Green 
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6971-4 

 

  

Sample volume µL 200   

  
RUL  % 80.3 

Additive #1 % 47.1 

Additive #2 % 0.7 

Particle 

Count 

ISO 

4406:99 ISO Code   22/22/21  

 

 

Membrane Patch Microscopic Pictures: 

The membrane patches shown in below figure were obtained at the practice of the MPG test 

method, and these membrane patches were used in MPG, MPC test and also used for 

microscopic examination as seen in figure 57. As explained in ‘4.1 Quantitative Methods’, 

same oil sample is tested at 20 C and 70 C. The figure 57 shows that, oil temperature is an 

important factor on sludge and varnish physical form. On the other hand, consequent oil 

samples pictures proof the effectiveness of the cleaner which removes sludge and varnish oil 

contaminants.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Legend-2:  

 

                      Figure 57: Membrane Patches for Oil Sample 1, 2, 3 Respectively 

            Sample 1                                 Sample 2      Sample 3 

 

Sample 1  
 

  Cold Test  

   (20°C) 
 

 

 

 

 

Warm Test 

   (70°C) 

 

GENERAL NOTE for the Test Results of A, B, C Type Test Oils: 
As explained in the ‘4 Method’ Chapter, the RULER Test method is used for the realization of oil 

additive levels whether they are affected by the electrostatic oil cleaning. Secondly, the Particle Count 
Test method is used in the cases of unexpected oil contaminant level increase; and also used for general 

awareness on size & amount of the oil insolubles which are however bigger than 4 micron in size. 

Therefore, in this investigation, the RULER Test method as well as the Particle Count Test method is 

the only used methods for the oil contaminant monitoring of ‘initial’ and ‘final’ oil samples.  

 

(see ‘General Note’ 
under Microscopic 

Pictures) 
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 Table 14: Test Oil A- Data from the Oil Samples 4, 5, 6 

    Sample Number 4 5       6 

    Sample ID  A101004 A101101 A101102  

    ECC-D4 operation hrs 72 120 144 

    Loop Volume Cycles total 90 180 210 

    Sample date y-m-d 2010-03-12 2010-03-15 2010-03-16 

Test Standard 
Test loop oil temp °C 70 70 70 

Color 

Rate 

 

 ASTM 

 D1500 

 

Color Index Number   4.3 4.4 4.4 

Appearance   Clear Clear Clear 

MPG 
ASTM 

 D4898 

 

 

 

 

 

 

Patch Pore Size, 

Diameter   0,45µ/47mm 0,45µ/47mm 0,45µ/47mm 

Patch Test Temp  °C 20 70 20 70 20 70  

After test g 0.0770 0.0752 0.0779 0.0744 0.0783 0.0762 

Before test un-flushed g 0.0764 0.0750 0.0763 0.0742 0.0764 0.0748 

Before test flushed g 0.0750 0.0748 0.0758 0.0740 0.0757 0.0746 

Insolubles g 0.0020 0.0004 0.0021 0.0004 0.0026 0.0016 

Test volume ml 50  50 50 50 50  50 

MPG test mg/lt 40 8 42 8 52 8 

MPG ratio   5 5.25  6.5 

MPC 
ISO 

 4405 
 

MPC test MPC ΔE 21.71 10 22.8 7.78 31.68 10  

MPC ratio   2.1 2.93  3.16 

 

 

Membrane Patch Microscopic Pictures-2: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

Figure 58: Membrane Patches for Oil Sample 4, 5, 6 Respectively 

  Cold Test  

   (20°C) 

 

 
 

 

 

Warm Test 

   (70°C) 

 

            Sample 4                              Sample 5                   Sample 6 

 

Sample 1  
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Legend-3:  

 
 
Table 15: Test Oil A- Data from the Oil Samples 7, 8, 9 

    Sample Number 7 8       9 

    Sample ID  A101103 A101104 A101105  

    ECC-D4 operation hrs 168 192 216 

    Loop Volume Cycles total 210 240 270 

    Sample date y-m-d 2010-03-17 2010-03-18 2010-03-19 

Test Standard 
Test loop oil temp °C 70 70 70 

Color 

Rate 

 

ASTM 

 D1500 

  

Color Index Number   4.3 4.35 4.3 

Appearance   Clear Clear Clear 

MPG 

 

ASTM 

 D4898 

 
 

 

 

 

 

Patch Pore Size, 

Diameter   0,45µ/47mm 0,45µ/47mm 0,45µ/47mm 

Patch Test Temp  °C 20 70 20 70 20 70 

After test g 0.0783 0.0752 0.0784 0.0744 0.0783 0.0758 

Before test un-flushed g 0.0762 0.0750 0.0763 0.0742 0.0765 0.0760 

Before test flushed g 0.07585 0.0748 0.0758 0.07405 0.0762 0.0755 

Insolubles g 0.00245 0.0004 0.0023 0.00035 0.0021 0.0003 

Test volume ml 50  50 50 50 50 50 

MPG test mg/lt 49 8 46 7 42 6 

MPG ratio   6.1 6.5  7 

MPC ISO 

  4405   

MPC test MPC ΔE 29.78 11.98 25 12.7 29.56 11.92 

MPC ratio   2.4 1.96  2.48 

 

Membrane Patch Microscopic Pictures-3: 

 

 

 

 

 

 

 

 

 

 

 
  Figure 59: Membrane Patches for the Oil Samples 7, 8, 9 Respectively 

  Cold Test  
   (20°C) 

 

 

 

 

 

Warm Test 

   (70°C) 

 

           Sample 7                         Sample 8           Sample 9 

 

Sample 1  
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Legend-4:  

 

 
                      Table 16: Test Oil A- Data from the Oil Samples 10 

    Sample Number 10 

    Sample ID  A101203 

    ECC-D4 operation hrs 241 

    Loop Volume Cycles total 290 

    Sample date y-m-d 2010-03-23 

Test Standard Test loop oil temp °C 70 

Color Rate 

 
 

ASTM 

 D1500 
  

Color Index Number   4.3 

Appearance   Clear 

MPG 

 

ASTM 

 D4898 

 

 

 

 

 

 

Patch Pore Size, 
Diameter   0,45µ/47mm 

Patch Test Temp  °C 20 70 

After test g 0.0773 0.0759 

Before test un-flushed g 0.0765 0.0758 

Before test flushed g 0.0764 0.0756 

Insolubles g 0.0009 0.0003 

Test volume ml 30  50 

MPG test mg/lt 30 6 

MPG ratio   5 

MPC ISO 
  4405   

MPC test 
MPC 

ΔE 16.68 12.66 

MPC ratio   1.31 

RULER  ASTM  

6971-4 
 

  

Test Solution   Green 

Sample volume µL 200 

RUL  % 69,7 

Additive #1 % 44.6 

Additive #2 % 0.8 

Particle 

Count 

ISO 

4406:99 ISO Code   22/22/19 
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Membrane Patch Microscopic Pictures-4: 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 60: Membrane Patch for the Oil 

Sample 10 

  Cold Test  

   (20°C) 

 

 

 

 

 

Warm Test 

   (70°C) 

 

     Sample 10 
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Test Oil A - Oil Quality Data  

The PLC Data 

The PLC (device controller) of the ECC-D4 unit measures the current percentage that is 

required to apply between the high-voltage electrodes. Less contaminant intensity requires 

lesser current to apply. Therefore, less current requirement under the continuous cleaning 

represents contaminant reduction in the Test Oil A. The current percentage at the beginning of 

the cleaning was 174% and it reduced to 52% after 240 cleaning operational hours.  

 

                                             Table 17: Test Oil A – Device PLC Data 

The ECC-D4 Applied Current Data Log 

Sample Number Applied Current % 

1 174 

2 135 

3 143 

4 113 

5 75  

6 71 

7 75 

8  56  

9 56 

10 52 

 

 

 

uESR Sensor Data 

 

 

 

 

 

‘hv’ is high resonant frequency of oil which is fed into uESR Oil Quality Sensor cavity. ‘hv’ 

is a constant measure therefore, the intensity of the insolubles can be expressed with the 

function of the applied magnetic field ‘H’ or G-Factor ‘g’. G-factor is an experimental 

gathered dimensionless number which is about 2.0.  

Here, G-factor is chancing with slow varying magnetic field that is applied into the cavity of 

sensor where the contaminated oil fed into the sensor cavity. The intensity of same oil sample 

is measured at different g-factors. (In the range of 1.7 and 2.05)   Following figure 61 shows 

the subtracted intensity which is the difference between the start intensity data and final 

intensity data. The subtracted intensity is plotted with the function of the g-factors. The aim of 

measuring the intensity at different g-factors is to determine the useful peaks where the 

maximum intensity reduction is measured. This will help to find out a g-factor range that 

provides accurate data measured. For instance, as seen in figure 61, subtracted intensity is 

maximum at about 1.75 g-factor, and there is a minimum reduction of intensity is observed at 

about 1.95 g-factor. In the analysis of the peroxy radicals in the Test Oil A, it is proofed that 

at 1.75 and ± 0.05 g-factor range, the sensor measures maximum reduction. The data obtained 

within this g-factor range can be used for further analysis of peroxy radicals’ intensity.   

hv = gBH 
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Figure 61: Test Oil A - Subtracted Intensity 

 

The table below summarizes the results of both qualitative and quantitative tests, except the 

sensor data which was explained above.  
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5.2 Test Oil ‘B’ Test Results 

Test Oil B - Contaminant Quantity Data 

During the continuous ECC-D4 cleaning operation using Test Oil B, 12 representative sample 

oils which were taken within regular inspection intervals (almost every 24 hours) were tested 

using the described test methods. The results of the quantitative tests are shown in tables 18, 

19, 20 and 21. As mentioned before, the quantitative result table covers the results of MPG, 

MPC, Color rate, RULER, Particle Count Tests.  

Legend:  

 
 

 

Table 18: Test Oil B- Data from the Oil Sample 1, 2, 3 

    Sample Number 1 2      3 

    Sample ID A101204 A101206 A101207 

    ECC-D4 operation hrs 0 20 44 

    Loop Volume Cycles total 0 30 60 

    Sample date y-m-d 2010-03-22 2010-03-24 2010-03-25 

Test Standard 
Test loop oil temp °C 15 45 60 

Color 

Rate 

 

ASTM 

 D1500 

  

Color Index Number   4.0 4.0 3.8 

Appearance   Clear Clear Clear 

MPG 
 

ASTM 
 D4898 

 

 

 

 

 

 

Patch Pore Size, 

Diameter   0,45µ/47mm 0,45µ/47mm 0,45µ/47mm 

Patch Test Temp  °C 20 70 20 70 20 70 

After test g 0.0762 0.0737 0.0773 0.0772 0.0741 0.0740 

Before test un-flushed g 0.0759 0.0734 0.0772 0.0771 0.0735 0.0738 

Before test flushed g 0.0753 0.0732 0.0765 0.0767 0.0733 0.0736 

Insolubles g 0.0009 0.0005 0.0008 0.0005 0.0008 0.0004 

Test volume ml 50 50 50 50 50 50 

MPG test mg/lt 18 10 16 10 16 8 

MPG ratio   1.8 1.6 2.0  

MPC ISO 

  4405   

MPC test MPC ΔE 30.84 4.47 39.8 5.6 42 5.5 

MPC ratio   6.9 7.1 7.6  

RULER  ASTM  Test Solution 

 

Yellow 
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6971-4 

 

  

Sample volume µL 400 

 
  

RUL  % 26.6 

 
  

Additive #1 % 0 

 

  

Additive #2 % - 

  Particle 

Count 

ISO 

4406:99 ISO Code   23/21/14 

   

 

Membrane Patch Microscopic Pictures: 

 

 

 

 

 

 

 

 

 

 
 

 

Legend-2: 

 

 
Table 19: Test Oil B- Data from the Oil Sample 4, 5, 6 

    Sample Number 4 5       6 

    Sample ID  A101208 A101209 A101210 

    ECC-D4 operation hrs 68 92 116 

    Loop Volume Cycles total 90 120 150 

    Sample date y-m-d 2010-03-26 2010-03-27 2010-03-28 

Test Standard 
Test loop oil temp °C 70 70 70 

Color 
Rate 

 

ASTM 
 D1500 

  

Color Index Number   3.9 4.0 3.9 

Appearance   Clear Clear Clear 

MPG 

 

ASTM 

 D4898 

 

 

Patch Pore Size, 

Diameter   0,45µ/47mm 0,45µ/47mm 0,45µ/47mm 

Patch Test Temp  °C 20 70 20 70 20 70 

After test g 0.0754 0.0750 0.0784 0.0783 0.0777 0.0790 

 Figure 62: Membrane Patches for the Oil Sample 1, 2, 3 Respectively 

  Cold Test  

   (20°C) 

 

 

 
 

 

Warm Test 

   (70°C) 

 

               Sample 1                      Sample 2                    Sample 3 

 

Sample 1  
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Before test un-flushed g 0.0750 0.0746 0.0782 0.0783 0.0775 0.0791 

Before test flushed g 0.0749 0.0744 0.0777 0.0778 0.0772 0.0786 

Insolubles g 0.0005 0.0006 0.0007 0.0005 0.0005 0.0004 

Test volume ml 50  50 50 50 50 50 

MPG test mg/lt 10 12 14 10 10 8 

MPG ratio   0.8 1.4  1.25 

MPC ISO 

  4405   

MPC test MPC ΔE 38 5.3 36 5.4 34 6.8 

MPC ratio   7.1 6.6  5 

 

 

Membrane Patch Microscopic Pictures-2: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Legend-3: 

 

 
Table 20: Test Oil B- Data from the Oil Sample 7, 8, 9 

    Sample Number 7 8       9 

    Sample ID A101304 A101305 A101306  

    ECC-D4 operation hrs 140 164 188 

    Loop Volume Cycles total 180 210 240 

    Sample date y-m-d 2010-03-29 2010-03-30 2010-03-31 

Test Standard 
Test loop oil temp °C 70 70 70 

Color 
Rate 

 

ASTM 
 D1500 

  

Color Index Number   4.0 4.0 4.0 

Appearance   Clear Clear Clear 

  Figure 63: Membrane Patches for the Oil Sample 4, 5, 6 Respectively 

  Cold Test  

   (20°C) 

 

 

 

 

 

Warm Test 

   (70°C) 

 

            Sample 4                        Sample 5           Sample 6 

 

Sample 1  
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MPG 

 

ASTM 

 D4898 

 

 

 
 

 

 

Patch Pore Size, 

Diameter   0,45µ/47mm 0,45µ/47mm 0,45µ/47mm 

Patch Test Temp  °C 20 70 20 70 20 70 

After test g 0.0775 0.0772 0.0742 0.0764 0.0790 0.0746 

Before test un-flushed g 0.0771 0.0771 0.0738 0.0764 0.0787 0.0747 

Before test flushed g 0.0766 0.0768 0.0735 0.0760 0.0784 0.0742 

Insolubles g 0.0009 0.0004 0.0007 0.0004 0.0006 0.0004 

Test volume ml 50 50 50 50 50 50 

MPG test mg/lt 18 8 14 8 12 8 

MPG ratio   2.25 1.75  1.5 

MPC ISO 

  4405   

MPC test MPC ΔE 35 4.5 32.4 6.7 28.8 4.2 

MPC ratio   7.7 4.8  6.8 

 
 

Membrane Patch Microscopic Pictures-3: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Legend-4: 

 

 

 Figure 64: Membrane Patches for the Oil Sample 7, 8, 9 Respectively 

Cold Test  

   (20°C) 
 

 

 

 

Warm Test 

   (70°C) 

 

              Sample 7                             Sample 8                   Sample 9 

 

Sample 1  
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Table 21: Test Oil B- Data from the Oil Sample 10, 11, 12 

 

  Sample Number 10 11       12 

    Sample ID A101307 A101308 A101401 

    ECC-D4 operation hrs 212 236 240 

    Loop Volume Cycles total 270 300 310 

    Sample date y-m-d 2010-04-01 2010-04-02 2010-04-06 

Test Standard 
Test loop oil temp °C 70 70 70 

Color 

Rate 

 

ASTM 

 D1500 

  

Color Index Number   3.8 3.9 3.9 

Appearance   Clear Clear Clear 

MPG 

 

ASTM 

 D4898 

 
 

 

 

 

 

Patch Pore Size, 

Diameter   0,45µ/47mm 0,45µ/47mm 0,45µ/47mm 

Patch Test Temp  °C 20 70 20 70 20 70 

After test g 0.0788 0.0736 0.0781 0.0749 0.0740 0.0764 

Before test un-flushed g 0.0784 0.0737 0.0778 0.0747 0.0739 0.0763 

Before test flushed g 0.0779 0.0731 0.0773 0.0746 0.0736 0.0760 

Insolubles g 0.0009 0.0005 0.0008 0.0003 0.0004 0.0004 

Test volume ml 50 50 50 50 50 50 

MPG test mg/lt 18 10 16 6 8 8 

MPG ratio   1.8 2.6 1 

MPC ISO 

  4405   

MPC test MPC ΔE 24 5.7 25.1 4.5 27.8 4.4 

MPC ratio   4.21 5.57 6.31 

RULER  ASTM  

6971-4 

 

  

Test Solution 

   

Yellow 

Sample volume µL 

  

400 

RUL  % 

  

24.2 

Additive #1 % 

  

0 

Additive #2 % 

  

- 

Particle 

Count 

ISO 

4406:99 ISO Code   

  

21/19/15 

 

 

Membrane Patch Microscopic Pictures-4: 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
 Figure 65: Membrane Patches for the Oil Sample 10, 11, 12 Respectively 

  Cold Test  
   (20°C) 

 

 

 

 

 

Warm Test 

   (70°C) 

 

            Sample 10                            Sample 11                          Sample 12 

 

Sample 1  
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Test Oil B - Oil Quality Data 

The PLC Data 

Similar to the PLC data results of Test Oil A, the PLC measures the current percentage that is 

required to apply between the high-voltage electrodes. The current percentage is depending on 

the contaminant intensity. The ECC-D4 operation using Test Oil B, the current percentage 

required at the beginning was 59%, and it reduced to 52% after 240 cleaning operational 

hours as seen in table 22. 
                                                      Table 22: Test Oil B - Sensor Data 

  The ECC-D4 Applied Current Data Log 

  Sample Number Applied Current % 

  1 59 

  2 56 

  3 52 

  4 61 

  5 56 

  6 56 

  7 56 

  8 54 

  9 54 

  10 53 

  11 53 

                           12 52 

  

uESR Sensor 

As stated in Test Oil A- Qualitative Results, the intensity of the insolubles is expressed with 

the function of G-Factor where the G-factor is chancing between 1.7 and 2.05. The G-factor 

changes are heavily depending on the applied magnetic field in the cavity of sensor. The 

intensity of same oil sample is measured at different g-factors within stated g-factor range 

(above).  Following figure 66 is based on the subtracted intensity which is the difference 

between the start intensity data and final intensity data. The subtracted intensity data is plotted 

with the function of the g-factors that is varying between about 1.7 and 2.05. Similar to the 

Test Oil A, in the cleaning of the Test Oil B, the subtracted intensity is maximum at about 

1.75 g-factor, and it is minimum at 1.7 and smaller g-factors.(See figure 66) Therefore, the 

data obtained within 1.75 and ± 0.05 g-factor range  can be used for further analysis of peroxy 

radicals intensity.    
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Figure 66: Test Oil B - Subtracted Intensity 

The table below summarizes the results of both qualitative and quantitative tests, except the 

sensor data which was explained above.  
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5.3 Test Oil ‘C’ Test Results 

Test Oil C - Contaminant Quantity Data 

With regard to the oil cleaning operation using Test Oil C, 8 representative sample oils were 

taken within regular inspection intervals (every 24 ECC-D4 continuous operating hours). The 

results of the quantitative tests are shown in tables 23, 24 and 25. The quantitative result table 

(below) covers the results of MPG, MPC, Color rate, RULER, Particle Count Tests.  

Legend:  

 
 
Table 23: Test Oil C- Data from the Oil Sample 1, 2, 3 

    Sample Number 1 2      3 

    Sample ID A101601 A101602 A101603 

    ECC-D4 operation hrs 0 24 48 

    Loop Volume Cycles total 0 30 60 

    Sample date y-m-d 2010-04-20 2010-04-21 2010-04-22 

Test Standard 
Test loop oil temp °C 15 45 60 

Color 

Rate 

 

ASTM 

 D1500 

  

Color Index Number   3.5 3.3 3.4 

Appearance   Clear Clear Clear 

MPG 

 

ASTM 

 D4898 

 

 

 

 

 

 

Patch Pore Size, 

Diameter   0,45µ/47mm 0,45µ/47mm 0,45µ/47mm 

Patch Test Temp  °C 20 70 20 70 20 70 

After test g 0.0762 0.0738 0.0790 0.0770 0.0763 0.0741 

Before test un-flushed g 0.0759 0.0734 0.0775 0.0768 0.0747 0.0738 

Before test flushed g 0.0753 0.07325 0.0772 0.07665 0.0746 0.0736 

Insolubles g 0.0028 0.00055 0.0018 0.00035 0.0017 0.0004 

Test volume ml 50 50 50 50 50 50 

MPG test mg/lt 56 11 36 7 34 9 

MPG ratio   5.1 5.14 3.8  

MPC ISO 

  4405   

MPC test MPC ΔE 6.23 3.5 2.68 1.8 3.78 3.3 

MPC ratio   1.78 1.48 1.14  

RULER  ASTM  Test Solution 

 

Green 
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6971-4 

 

  

Sample volume µL 400 

 
  

RUL  % 77.1 

 
  

Additive #1 % 93.7 

 

  

Additive #2 % 18.6 

  Particle 

Count 

ISO 

4406:99 ISO Code   18/16/12 

   

 

Membrane Patch Microscopic Pictures: 

 

 

 

 

 

 

 

 

 

 
 

IMPORTANT:  Warm Test for Test Oil C is not significant due to the test oil type and also cold test 

between start and final oil sample results are quite similar. Therefore initial cold and final cold test 

results are shown in Figure 67.  

 

Legend-2: 

 
Table 24: Test Oil C- Data from the Oil Sample 4, 5, 6 

    Sample Number 4 5       6 

    Sample ID  A101604 A101605 A101606 

    ECC-D4 operation hrs 72 120 144 

    Loop Volume Cycles total 90 180 210 

    Sample date y-m-d 2010-04-23 2010-04-25 2010-04-26 

Test Standard 
Test loop oil temp °C 70 70 70 

Color 

Rate 

 

ASTM 

 D1500 

  

Color Index Number   3.3 3.3 3.3 

Appearance   Clear Clear Clear 

MPG 

 

ASTM 

 D4898 

Patch Pore Size, 

Diameter   0,45µ/47mm 0,45µ/47mm 0,45µ/47mm 

       Figure 67: Membrane Patches for the Oil Sample 1 and 8 Tests Respectively 

Cold Test  

   (20°C) 

 

 

 

 
 

Warm Test 

   (70°C) 

 

               Sample 1 (initial)                     Sample 8 (final) 

page)  

 

Sample 1  

 
(see ‘Important’ note) 
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Patch Test Temp  °C 20 70 20 70 20 70 

After test g 0.0768 0.0747 0.0791 0.0781 0.0789 0.0785 

Before test un-flushed g 0.0752 0.0745 0.0778 0.0780 0.0775 0.0783 

Before test flushed g 0.0749 0.0744 0.0776 0.0779 0.0772 0.0782 

Insolubles g 0.0019 0.0003 0.0015 0.0002 0.0017 0.0003 

Test volume ml 50  50 50 50 50 50 

MPG test mg/lt 38 6 30 4 34 6 

MPG ratio   6.3 7.5  5.66 

MPC ISO 

  4405   

MPC test MPC ΔE 4.66 2.9 2.8 2.2 6.01 2.65 

MPC ratio   1.6 1.27  2.26 

 
Legend-3: 

 

 
      Table 25:  Test Oil C- Data from the Oil Sample 7, 8 

    Sample Number 7 8 

    Sample ID A101607 A101608 

    ECC-D4 operation hrs 168 192 

    Loop Volume Cycles total 240 260 

    Sample date 

y-m-

d 2010-04-27 2010-04-28 

Test Standard Test loop oil temp °C 70 70 

Color Rate 

 

 

ASTM 

 D1500 

  

Color Index Number   3.27 3.3 

Appearance   Clear Clear 

MPG 

 

ASTM 

 D4898 

 

 

 

 

 

 

Patch Pore Size, 

Diameter   0,45µ/47mm 0,45µ/47mm 

Patch Test Temp  °C 20 70 20 70 

After test g 0.0783 0.0769 0.0750 0.0764 

Before test un-flushed g 0.0769 0.0766 0.0738 0.0762 

Before test flushed g 0.0767 0.07645 0.0735 0.0761 

Insolubles g 0.0016 0.00035 0.0015 0.0003 
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Test volume ml 50 50 50 50 

MPG test mg/lt 32 7 30 6 

MPG ratio   4.7 5 

MPC ISO 

  4405   

MPC test 
MPC 

ΔE 4.2 3.38 5.32 2.65 

MPC ratio   1.24 2 

RULER  ASTM  
6971-4 

 

  

Test Solution   
 

Green 

Sample volume µL 

 

400 

RUL  % 

 

87.6 

Additive #1 % 

 

94 

Additive #2 % 

 

18.1 

Particle 

Count 

ISO 

4406:99 ISO Code   

 
 15/14/10 
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Test Oil C - Oil Quality Data 

The PLC Data 

As stated before, the PLC measures the required current percentage. The current percentage is 

depending on the contaminant intensity. The ECC-D4 operation using Test Oil C, the current 

percentage required at the beginning was 48%, and it reduced to 39% after 192 cleaning 

operational hours as seen in table 26. 

 
                                             Table 26: Test Oil C - Sensor Data 

The ECC-D4 Applied Current Data Log 

Sample Number Applied Current % 

1 48 

2 48 

3 45 

4 43 

5 43 

6 43 

7 43 

8 39 

 

uESR Sensor 

The intensity of the same oil sample is measured at different g-factors within 1.7 and 2.05.  

Following figure 68 is based on the subtracted intensity which is the difference between the 

start intensity data and final intensity data. This intensity data is plotted with the function of 

the g-factors. In the cleaning of the Test Oil C, it is observed that at 1.7 and ± 0.05 g-factor 

range, the sensor measures maximum reduction. The data obtained within this g-factor range 

can be used for further analysis of peroxy radicals’ intensity. (See figure 68)   

 
Figure 68: Test Oil C - Subtracted Intensity 

 

The overview table (below) summarizes the results of both qualitative and quantitative tests, 

except the sensor data which was explained above.  
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6 ANALYSIS & DISCUSSION 

This chapter intends to introduce and/or remember some measures that were used for the data 

analysis. As known, 3 different Test Oils (A, B, C) were used for the monitoring of the ECC-

D4 cleaner effectiveness. This chapter consists of three parts - respect to the test oil used. 

Every part covers comments and analysis on:  

 Intensity graph of peroxy radicals,  

 The graph of quantitative test data with the ECC-D4 current percentage data,  

 Particle count bar chart,  

 Oil color rate graph, 

 The RULER graph. 

 

General Notes on the Graphs of Analysis & Discussion Chapter: 

The graph of the Intensity of Peroxy radicals: 

All manufactured turbine oils have a neutral composition, and all oil additives (anti-oxidants) 

and oil decomposers are soluble in the oil. Mechanical and thermal stresses on turbine oil 

cause to oil oxidation, and this oxidation (chemical) process produces insolubles in the oil 

body. The insolubles, in fact, can be both soft contaminants (such as sludge and varnish) and 

hard contaminants (such as metal chips, rust, rubber etc). However, particulate (hard) 

contaminants are filtered mechanically. The main concern of the analysis is the monitoring of 

sub-micron size soft contaminants because they remain in the oil after mechanical filtration 

(insoluble sizes). Therefore the intensity of peroxy radicals represents the sludge and varnish 

presence.  

The graph of quantitative test (MPG & MPC): 

The graph of quantitative tests is based on contaminant quantity numbers which were mainly 

determined in the laboratory test conditions using Membrane Patch Gravimetric (MPG) and 

Membrane Patch Color (MPC) test methods. In addition to the MPC and MPG curves, same 

graph covers also the ECC-D4 unit current percentage curve that shows the applied current 

against the contaminant intensity in the device cleaning chamber.  

The aim of including the current percentage into the graph is to monitor the ECC-D4 cleaning 

effectiveness in a collaborative manner, and to realize whether the quality and quantity data 

support each other. Unlike the sensor peroxy radicals intensity plotting (previous peroxy 

radicals graph), the graph of the insoluble quantity curves shows the insoluble quantity 

changes from start (0 hours ECC-D4 cleaning operation) to end (240 or 192 hours the ECC-

D4 cleaning operation, depending on test oil type A, B, C). As an overview of the quantitative 

test graph, the graph summarizes the entire removal process of insolubles in the used test oil. 

At the MPG and MPC tests, 10, 12, 8 representatives oil samples of Test Oils A, B, C 

respectively were used for data monitoring. For one Test Oil, every oil sample was tested 

same oil sample was tested at 20˚C and 70˚C oil temperatures. Hence, same oil sample has 4 

different data which includes MPC20, MPC70 and MPG20, MPG70 tests results. These tests 

were repeated for all oil samples which were taken in a certain time periods (approximately 

every 24 hours) in the selected Test Oil type. The test results were plotted collectively in the 

same graph which covers data swings of MPC20, MPC70, MPG20, MPG70 and the ECC-D4 

applied current percentage in addition to the MPG/C data. They were plotted with the 

function of the ECC-D4 Operating Hours (from 0 Hours to 240 Hours).   
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Particle count bar chart: 

The Particle Size & Amount graph is based on ISO 4406:99 standard code principle which 

counts 4 micron, 6 micron, 14 micron in size particles, and it expresses these particle amounts 

with a class number. (For instance, ISO 22/22/19 as shown in figure 71)  

The graph of the oil color rate:  

The color rate test is based on color visual quality examination. According to the ISO 2049 

(and/or ASTM 1500) standard, every oil color is classified and expressed with a class number. 

Hence, every representative oil sample taken during the operations had a color number to 

follow the oil color under the cleaning operations. Oxidation normally causes oil to get 

darker. Some oils remain lighter during operations, and some get very dark early in the 

service life caused by base stock and additive selection. In fact, color rate method is not 

reliable method to identify oil oxidation level. However, it gives a general impression on the 

oil clearness during the ECC-D4 continuous cleaning operations. In the case of oil color get 

darker unexpectedly, this method may assist to identify oil oxidation presence.  

The RULER graph:  

Beside the removal practice of the oil insolubles, the remain levels of the oil additives (amines 

and phenols) is another concern to proof that, the ECC-D4 electrostatic oil cleaner removes 

only insolubles - not oil additives.    
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6.1 Test Oil ‘A’  

The uESR oil quality sensor measures peroxy-radicals intensity of oil at g-factors where the 

g-factors are ranging between 1.7 and 2.03. (As explained before, magnetic field applied in 

the cavity of the sensor is expressed with the function of g-factor. For further details, see Test 

Oil A – Qualitative Results in page 53). Peroxy radical intensity was plotted with the function 

of g-factor as seen in figure 69. The graph of peroxy radical intensity consists of the sweeps 

of initial time (0 operating hour –curve number 1), half time (120 operating hours – curve 

number 2) and full time (240 operating hours – curve number 3) data which were shown in 

this figure.  

Under continuous testing operation using Group II based - Test Oil A, until the half-time of 

the testing period (120 cleaning hours – sweep number 2), about 41% (max.) intensity 

reduction of peroxy-radicals was observed which means 41 percent of total oil peroxy-

radicals were removed by the ECC-D4 electrostatic oil cleaner. After 240 continuous cleaning 

hours, which is plotted as sweep number 3, the uESR Sensor measured about 46 % (max.) 

intensity reduction of peroxy radicals at the full-time of the operational period. Moreover, as 

remembered from the subtracted intensity graph in ‘5 Result’ chapter, the uESR sensor 

measured (max.) 0.36 intensity reduction at around 1.75 g-factor. In addition to these, in 

figure 69, oil purity level can be observed on the intensity amplitudes of the sweeps. As seen 

at beginning intensity - sweep number is much dense than the intensity after 240 cleaning 

hours - sweep number 3. 

 

 

At the result analysis of quantitative tests (Membrane Patch Colorimetric, Membrane Patch 

Gravimetric Test Methods), 10 representative oil samples of Test Oils A were used for data 

monitoring where the oil samples were taken in a certain time periods (approximately every 

24 hours). Every single oil sample was tested at 20˚C and 70˚C oil temperatures. Therefore, 

every single oil sample has 4 different data which are MPC20, MPC70 and MPG20, MPG70 

tests results. These 20 -70 ˚C tests were repeated for Test Oil A – 10 oil samples. The test 

Figure 69: Test Oil A - Peroxide Radicals 
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results were plotted collectively in a graph (shown in figure 70) which covers data swings of 

MPG20 – swing number 1, MPG70 – swing number 2, MPC20 – swing number 3, and 

MPC70 – swing number 4. In the same graph, in addition to the MPG and MPC data, the 

ECC-D4 applied current percentage data – swing number 5 was also plotted. All data (MPCs, 

MPGs and the ECC-D4 current percentage) were plotted with the function of the ECC-D4 

Operating Hours. (From 0 Hours to 240 Hours, see figure 70) 

The ECC-D4 cleaning operation using Group II base - Test Oil A experienced that, from start 

to end, approximately (approx.) 65 % color index number reductions at MPC20 tests, and 

approx. 52 % reductions at MPC70 tests. Test Oil A experienced also approx. 17 % insoluble 

gravimetric reductions at MPG20 tests, and approx. 15 % reductions at MPG70 tests. All 

stated reductions proofed that the ECC-D4 removes sludge and varnish contaminants without 

problem. These reductions took place within only 240 ECC-D4 Cleaning Operation. The 

current percentage from the beginning to full-time of the test reduced with a rate of 70 % 

within the 240 ECC-D4 continuous cleaning operation.  

Major reasons of up and down swings, for instance, after the 48 operating hours in the cold (at 

20 °C tests) of MPG and MPC tests are explained with autodegradation and/or malfunctions 

faced during the tests (such as suction pump, turning gear wear that increased insolubles in 

oil). Actually, there are several reasons to cause the up and down swings in the test readings 

which is in figure 70, especially MPG/C 20 test data curve (number 1 and 3).  

                                                   Figure 70: Test Oil A - Insoluble Quantity  

The test oils selected were a bit of a special products because they were highly contaminated 

with insolubles. Not so much an oils that were troubled with an excessive oxidation 

characteristic as well as a very poor antioxidant additive selection and chemistry. The major 

process that caused massive formation of sludge and varnish was not caused by oil oxidation 

but a result of the clash between the additives and consequential breakdown. It is a used oil 

that has been stationary in a drum for more than 4 years and where through progressing 

‘autodegradation’ (further deterioration of the additives) of the oil, the insolubles had 

transferred into heavier material (see first picture of MPG/MPC 20°C test membranes in 

figure 57, 62 and 67). By introducing this oil into the ECC test loop and circulating and 

simultaneously heating it, this causes a process of bringing these heavier insoluble materials 

into the oil again. This is a major cause of the up and down swings in the test readings.  
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Beside the autodegradation, next reason was some instability issues with the ECC in the test 

begin (such as suction pump – caused a massive increase in wear particles in the oil that 

forced to treat the pump to solve the clearance issue, another was instant temperature drops 

when the unit was stopped for a short maintenance period due to the malfunction faced – for 

instance sensor data connectivity etc).  

Previous test methods (quantitative test methods - MPC, MPG and the current percentage) 

intended to monitor the reductions of the oil insolubles (sizes larger than sub-micron sizes). 

Conversely, the particle count test method is capable to monitor the larger size particles 

(which are 4 micron and larger size particles).  

During the cleaning test using Group II based - Test Oil A, there was a significant reduction 

on especially 14 and larger size insolubles, which implies that the ECC-D4 removes not only 

less than 1 micron size insolubles, but also removes even larger size particles from turbine 

oils. (See figure 71) Even though figure 71 shows only reduction of larger than 14 micron size 

particles besides micron size particles, larger than 14 micron size particles turns into smaller 

particles with the functions of temperature (dissolving of insolubles), autodegradation and etc 

which means smaller than 14 micron size particles  shows an increase where the larger than 

14 micron size particles decrease. At the same time,  

In the cleaning of Test Oil A, the amount of 75000 particles of 14 micron and larger size 

particles removed within the 240 ECC-D4 cleaning hours as seen figure 71. Larger than 4 and 

6 micron sizes did not show visual and/or amount difference. However smaller particles (for 

instance 4 and 6 size oil insolubles) increase with the breakdown of the larger than 14 micron 

size particles. At the same time, the ECC-D4 removes the particles - even larger and smaller 

than 14 micron sizes without problem. 

As mentioned before Group II base oils has lower solvency, and they are not as capable as 

Group I oils to keep insolubles which agglomerated and grew into larger sizes in the oil body. 

Therefore, larger size insolubles in Group II base oils can easily fall out of the oil body. (See 

figure 71) 

 
Figure 71: Test Oil A - Particle Size & Amount  

From start to end of the test, it was observed that Test Oil A color rate showed a slight 

changes. Color index number of 0.2 reductions (which means became lighter, but not so 

much) within the 240 ECC-D4 operating hours was observed.    
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Figure 72: Test Oil A - The Oil Color Index Number  

The aim using RULER was to provide proof of the oil additives remain in oil after ECC-D4 

operations. There are two significant peaks throughout curves. First peak represents additive 

number one (Amines), the second peak represents additive number two (Phenols) (See figure 

73) The RULER graph in the figure below is based on three curves which are standard curve 

(see curve number 1 in figure 73) where the standard is gathered from same but not used oil 

characteristics, it is library info; second curve - number 2 is the initial curve of the oil 

characteristics; finally, curve number 3 belongs to final characteristics of same oil. The 

RULER graph, in figure 73, demonstrated that the oil additives remained in the Test Oil A 

after 240 cleaner operating hours, and the ‘peaks’ of the curves were not affected by the 

cleaning practices
1
.    

 
Figure 73: Test Oil A - the Ruler Curves  

 

 

 

 

 
 
1) The difference between the start (curve number 2) and final (curve number 3) is reasonable within 

±5 RULER measurement accuracy, and the difference is explained by regeneration and few other 

factors. Further information can be gathered from ASTM D6971 – 4 Standard concepts.    
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Additives were not 
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6.2 Test Oil ‘B’  

As stated in the analysis of Test Oil A peroxy radicals, the uESR oil quality sensor measures 

the peroxy-radicals intensity at g-factors which are ranging between 1.7 and 2.03. Peroxy 

radical intensity was plotted with the function of g-factor as seen in figure 74. Similar to the 

previous analysis, the graph of peroxy radical intensity consists of the sweeps of initial time 

(0 operating hour –curve number 1), half time (120 operating hours – curve number 2) and 

full time (240 operating hours – curve number 3) data which were shown in figure 74.  

Unlike the Test Oil A, Test Oil B is a Group I base oils. Under the ECC-D4 continuous 

cleaning operation, using Group I based - Test Oil B, until the half-time of the testing period 

(120 cleaning hours – sweep number 2), about 40 % (max.) intensity reduction of peroxy 

radicals was observed.  Same as Group II oils; Group I base - Test Oil B oil also met the main 

peroxy-radical removals until the half-time of the test period. At the final hours of the test 

(after 240 final cleaning hours - sweep number 3), the uESR Sensor measured about 42 % 

(max.) intensity reduction of peroxy radicals. Moreover, as remembered in the subtracted 

intensity graph that was shown in ‘5 Result’ chapter, the uESR sensor measured (max.) 0.38 

intensity reduction at around 1.75 g-factor. In addition to these, in figure 74, beginning 

intensity - sweep number 1 is much dense than the intensity after 240 cleaning hours - sweep 

number 3. This can be observed on the amplitudes of the sweeps. 

 
   Figure 74: Test Oil B - Peroxide Radicals  

 

At the result analysis of quantitative tests (Membrane Patch Colorimetric, Membrane Patch 

Gravimetric Test Methods), 12 representative oil samples of Test Oils B were used for data 

monitoring where the oil samples were taken in a certain time periods (approximately every 

24 hours). Every single oil sample was tested at 20˚C and 70˚C oil temperatures. Therefore, 

every single oil sample has 4 different data which are MPC20, MPC70 and MPG20, MPG70 

tests results. These 20-70 ˚C tests were repeated for Test Oil B – 12 oil samples. The test 

results were plotted collectively in a graph (shown in figure 75) which covers data swings of 
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MPG20 – swing number 1, MPG70 – swing number 2, MPC20 – swing number 3, and 

MPC70 – swing number 4. In the same graph, in addition to the MPG and MPC data, the 

ECC-D4 applied current percentage data – swing number 5 was also plotted. All data (MPCs, 

MPGs and the ECC-D4 current percentage) were plotted with the function of the ECC-D4 

Operating Hours. (From 0 Hours to 240 Hours, see figure 75) 

The ECC-D4 cleaning operation using Group I base - Test Oil B experienced that, from start 

to end, approximately (approx.) 17 % color index number reductions at MPC20 tests, and 

approx. 4 % reductions at MPC70 tests. Test Oil B experienced also approx. 55 % insoluble 

gravimetric reductions at MPG20 tests, and approx. 20 % reductions at MPG70 tests. These 

reductions took place within only 240 ECC-D4 Cleaning Operation. All observed reductions 

proofed that the ECC-D4 removes sludge and varnish contaminants from not only Group II 

base oils but also removes from Group I base oils. 

Figure 75 demonstrates that the current percentage from the beginning to full-time of the test 

reduced with a rate of 12 % within the 240 ECC-D4 continuous cleaning operation.                               

Major reasons of up and down swings on especially MPC/G 20 tests during the 240 cleaning 

hours are explained with autodegradation and some other factors which were detailed before 

in the analysis of Test Oil A.  

 
Figure 75: Test Oil B - Insoluble Quantity 

Previous test methods (quantitative test methods - MPC, MPG and the current percentage) 

intended to monitor the reductions of the oil insolubles (sizes larger than sub-micron sizes). 

Conversely, the particle count test method is capable to monitor the larger size particles 

(which are 4 micron and larger size particles).  
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During the cleaning test using Group I based - Test Oil B (unlike the Group II base – Test 

Oils A and C), it is realized that the ECC-D4 removes not only less than 1 micron size 

insolubles, but also removes even bigger particles - especially less than 14 micron size 

particles without problem. (See figure 76) The amount of 7500 larger than 6, and the amount 

of 30000 larger than 4 micron size particles were removed by the ECC-D4 within the 240 

cleaning hours.  

Group I oils has different characteristics such as higher solvency capability to keep the 

insolubles for longer time in oil body. As seen in figure 76, larger than 14 micron size particle 

amount increased from 80 to 160. (Actually this amount is considerable lesser where the 

larger than 4 and 6 micron size particle reductions, see figure 76) Major reasons to cause this 

increase (particle agglomeration) might be autodegradation, sample temperature, lack of (or 

high depleted) antioxidant additives and etc.     

 
Figure 76: Test Oil B - Particle Size & Amount  

 

The color rate test is based on Test Oil B visual oil quality examination. According to the ISO 

2049 (or ASTM 1500) standards, 12 representative sample oils taken (Test Oil B) colors did 

not change significantly during the continuous operation. As mentioned, color rate method 

gives only general impression on the oil cleanliness level during the cleaning operation. Even 

though the color of oil was changed (get darker – lighter especially between 24 and 144 

operating hours – see figure 77). From start to finish, it was observed that Test Oil B color 

rate showed a number of 0.1 color index number reduction within the 240 ECC-D4 operating 

hours.   
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Figure 77: Test Oil B - The Oil Color Index Number  

As mentioned, the RULER provides the remaining useful life of oil and oil additives. The 

purpose of the analysis is to provide proof of oil soluble (anti-oxidants) remain in oil after 

ECC-D4 operations. There are two significant peaks throughout curves of the RULER. First 

peak represents additive number one (Amines), the second peak represents additive number 

two (Phenols). The RULER graph is based on three curves which are standard curve -number 

1, curve number 2 is sample oil initial characteristics, and finally curve number 3 is the same 

sample final cleaning hour characteristics curve. (See figure 78) 

Actually, the oil antioxidant additives of Group I – Test Oil B were highly depleted. The 

RULER graph demonstrated that the oil additives (amines and phenols) remained in the Test 

Oil B after 240 cleaner operating hours, and the peaks of the curves were not affected by the 

cleaning practices
1
. (See in figure 78) 

 
Figure 78: Test Oil B - the Ruler Test Curves  

 
 
 

 

1) The difference between the start (curve number 2) and final (curve number 3) is reasonable within 

±5 RULER measurement accuracy, and the difference is explained by regeneration and few other 
factors. Further information can be gathered from ASTM D6971 – 4 Standard concepts.   
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As known from the analysis of Test Oils A and B peroxy radicals, the uESR oil quality sensor 

measures the peroxy-radicals intensity at g-factors which are ranging between 1.7 and 2.03. 

Peroxy radical intensity was plotted with the function of g-factor as seen in figure 79.  Similar 

to the previous intensity & g-factor graphs, the intensity graph of peroxy radicals, in figure 

79, consists of the sweeps of initial time (0 operating hour –curve number 1), half time (96 

operating hours – curve number 2) and full time (192 operating hours – curve number 3) data 

which were shown in figure 79.  

Test Oil C is a Group II oils, same as Test Oil A. Unlike Test Oil A, Test Oil C contains 

extremely high level of sludge and varnish contents beside the extremely high depleted 

antioxidant additives. The aim is to use the Test Oil C is to monitor ECC-D4 effectiveness on 

different conditions of Group II oils. Under the ECC-D4 continuous cleaning operation using 

Test Oil C, until the half-time of the testing period (96 cleaning hours – sweep number 2), 

about 2.7 % (max.) intensity reduction of peroxy radicals was observed. At the final hours of 

the test (after 192 final cleaning hours – sweep number 3), the uESR Sensor measured about 

3.8 % (max.) intensity reduction of peroxy radicals. The stated extreme conditions require 

much cleaning hours to remove substantial amount of sludge and varnish from the Test Oil C. 

Moreover, as remembered in the subtracted intensity graph that was shown in ‘5 Result’ 

chapter, the uESR sensor measured (max.) 0.05 intensity index reduction at around 1.71 g-

factor within the cleaning operation using Test Oil C.  

 
Figure 79: Test Oil C- Peroxide Radicals 

 

At the result analysis of quantitative tests (Membrane Patch Colorimetric, Membrane Patch 

Gravimetric Test Methods), 8 representative oil samples of Test Oils C were used for data 

monitoring where the oil samples were taken in a certain time periods (approximately every 

24 hours). Every single oil sample was tested at 20˚C and 70˚C oil temperatures. Therefore, 
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every oil sample has 4 different data that are MPC20, MPC70 and MPG20, MPG70 tests 

results. These tests were repeated for 8 oil samples which were taken in a certain time periods 

(approximately every 24 hours). These 20-70 ˚C tests were repeated for Test Oil C – 8 oil 

samples. The test results were plotted collectively in a graph (shown in figure 80) which 

covers data swings of MPG70 – swing number 1, MPG20 – swing number 2, MPC20 – swing 

number 3, and MPC70 – swing number 4. In the same graph, in addition to the MPG and 

MPC data, the ECC-D4 applied current percentage data – swing number 5 was also plotted. 

All data (MPCs, MPGs and the ECC-D4 current percentage) were plotted with the function of 

the ECC-D4 Operating Hours. (From 0 Hours to 192 Hours, see figure 80) 

Group II base - Test Oil C experienced, from start to end, approximately (approx.) 28 % color 

index number reductions at MPC20 tests, and approx. 16 % reductions at MPC70 tests. Test 

Oil B experienced also approx. 23 % insoluble gravimetric reductions at MPG20 tests, and 

approx. 20 % reductions at MPG70 tests within 192 ECC-D4 Cleaning Operation.  

During the cleaning using the Test Oil C, the current percentage from the beginning to full-

time of the test reduced with a rate of 20 %. (Within the 192 ECC-D4 continuous cleaning 

operation)                              

 
Figure 80: Test Oil C - Insoluble Quantity 

As explained before, the particle count test method monitors the larger size particles (which 

are 4 micron and larger size particles).  

According to figure 81, the ECC-D4 removes not only less than 1 micron size insolubles, but 

also removes even bigger particles such larger than 4, 6 and 14 size particles.  

During the cleaning test using Group II based - Test Oil C, same as Test Oil A showed also 

reductions on larger size particles as seen in figure 81. The ECC-D4 removes also larger size 

insolubles from Group II oil – Test Oil C without problem. The amount of 1140 particles of 4 

micron and larger size particles removed as seen figure 81. Larger than 6 micron sizes showed 

the amount of 240 particle reduction, larger than 14 micron sizes showed only the amount of 
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15 particles removed within the 192 ECC-D4 cleaning hour. The reduction amounts in Test 

Oil C are lesser than previous reductions of Test Oil A and B due to the Test Oil C extreme 

conditions (high depletion of antioxidants, and having extremely high content sludge and 

varnish in oil body. In addition to this, Test Oil C was cleaned only 192 hours at the ECC-D4 

Cleaner, see figure 81). This can be also compared on the peroxy radicals graphs of Test Oils.  

More cleaning hours may be needed to remove substantial quantity of sludge and varnish in 

the Test Oil C. 

 

Figure 81: Test Oil C - Particle Size & Amount  

According to the ISO 2049 (or ASTM 1500) standards, the color of the 8 representative 

sample oils taken (Test Oil C) showed 0.2 color index number reduction within the 192 ECC-

D4 operating hours. (See figure 82) The color of the Test Oil did not change considerably. As 

stated, color rate method gives only general impression on the oil cleanliness level during the 

cleaning operation. The peak between 24 and 72 hours can be explained with the 

autodegradation and stated factors in the quantitative data graphs. (See the caption of figure 

70)  

 
Figure 82: Test Oil C - The Oil Color Index Number  
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As stated, the RULER provides the remaining useful life of oil and oil additives. The purpose 

of the analysis is to provide proof of anti-oxidants remain in oil after ECC-D4 operations. 

Amines and Phenols are two peaks throughout curves of the RULER. (See figure 83). The 

RULER provides the remaining useful life of oil and oil additives. The purpose of the analysis 

is to provide proof of oil soluble (anti-oxidants) remain in oil after ECC-D4 operations. The 

RULER graph in figure 83 is based on three curves which are standard curve -number 1, in 

other word, it is library info; the curve number 2 is sample oil initial characteristics, and 

finally curve number 3 is sample oil final cleaning hour characteristics curve. 

Test Oil C - oil additives (amines and phenols) were not affected by the ECC-D4 cleaning 

operations
1
. This can be seen in figure 83. The oil antioxidant additives of Group II base – 

Test Oil C were also highly depleted. RULER graph demonstrated that the oil additives (the 

peaks of the curves) were not affected by the cleaning operation, and they remained in the 

Test Oil C after 192 cleaner operating hours.  

 
     Figure 83: Test Oil C - Ruler Test Curves  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
1) The difference between the start (curve number 2) and final (curve number 3) is reasonable within 

±5 RULER measurement accuracy, and the difference is explained by regeneration and few other 
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6.4 Overview of the Tests Executed 

With taken base of 240 cleaning operational hours, Group II base - Test Oil A and Group I 

base - Test Oil B turbine oils met the main free-radical removals until the half-time of the test 

period. (Within 120 operational hours) At the second half of the cleaning experienced slow 

intensity reductions. About 40 % intensity reduction of Test Oil A and B was observed where 

the Test Oil A is a Group II, and Test Oil B is Group I base oils. Test Oil C - Group II base oil 

had extreme conditions such as extremely high content sludge and varnish, lack of 

antioxidants, and only 192 cleaning hours showed lesser percentage (about 4 %) intensity 

content of peroxy radicals reductions unlike the Test Oils A and B. As a general perspective 

of peroxy radicals monitoring, the oil quality sensor is capable to monitor oil cleanliness level 

with a higher accuracy and reliability due to sensor data supports quantitative test methods 

results. According to the g-factors against intensity plots indicated that maximum intensity 

reduction were gathered in the range of 1.7 and 1.75 g-factor equivalent magnetic fields. 

Therefore approximately 1.75 g-factor data can be picked as useful peak data for both Group 

II and I oils. (Test Oil A, B and C) 

Besides the intensity reductions of peroxy radicals, in Group II base oils – Test Oils A and C, 

approximately (approx.) 46% Colorimetric reduction at 20°C test (MPC20), and approx. 34% 

Colorimetric reduction at 70°C test (MPC70). In addition to this, approx. 20% Gravimetric 

reduction at 20°C test (MPG20) and 18% Gravimetric reduction at 70°C test (MPG70) is 

observed within 300 test oil loop cycles (takes 240 and 192 hours respectively) through the 

ECC-D4 cleaner. In Group I base – Test Oil B, approx 17% Colorimetric reduction at 20°C 

test (MPC20), and approx. 4% Colorimetric reduction at 70°C test (MPC70). In addition to 

this, approx. 55% Gravimetric reduction at 20°C test (MPG20) and 20% Gravimetric 

reduction at 70°C test (MPG70) is observed within 300 test oil loop cycles (takes 240 hours) 

through the ECC-D4 cleaner.  Moreover, device current percentages are also reduce with the 

function of the oil insolubles removals. 70%, 20% current percentage reduction in Group II 

base – Test Oils A and C; and 12% reduction in Group I base – Test Oil B is observed. 

The swings in the quantitative test result graph were explained with ‘autodegradation’ (further 

deterioration of the additives) of the oil, by introducing this oil into the ECC test loop and 

circulating and simultaneously heating it, this causes a process of bringing these heavier 

insoluble materials into the oil again. Another reason might well be case of instability issues 

with the ECC in the test begin. (Such as suction pump – caused a massive increase in wear 

particles in the oil that forced to treat the pump to solve the clearance issue, another was 

instant temperature drops when the unit was stopped for a short maintenance period due to the 

malfunction faced – for instance sensor data connectivity etc)  

Group II mineral based - Test Oils A and C experienced reduction on larger than 4, 6 and 14 

micron size insolubles besides the micron size sludge and varnish removals. This proved that 

the ECC-D4 not only removes less than 1 micron size insolubles but also removes even larger 

than 14 micron size particles from turbine oils without problem. However, Group I base – 

Test Oil B experienced different results on larger size particle removals. At the cleaning 

operation using Test Oil B, the ECC-D4 removed sub-micron size particles without problem. 

In fact larger than 4 and 6 micron size particles were removed as well. On the other hand, 

larger than 14 micron size particles were increased in the Test Oil B. This might be explained 

with two reasons, first is Group I base oils has better solvency capability that means these oils 

keep the larger size particles for long time in the oil body. Therefore larger size particles were 

hold by the solution. The second reason might be high level depleted oil antioxidants. The 

minor reasons might be autodegradation and some other exclusive conditions which effect the 
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operation. (For instance, the sensor connectivity issues require stopping the unit which causes 

to cool down the oil in the test system.)  

The Oil Color Rate test result gave general impression on the oil clearness during the ECC-

D4 continuous cleaning operations. In the case of oil color get darker unexpectedly, this 

method may assist to identify oil oxidation presence. However, entire cleaning processes, the 

color of Group II and Group I base oils did not show a serious oil color changes – oil color 

remain at more or less same color.     

The RULER was used to proof that the oil additive levels (amines and phenols) remain after 

the ECC-D4 electrostatic oil cleaning. Using Group II and Group I base oils, it was proofed 

that the cleaner removed only insolubles - not oil additives.   
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7 CONCLUSION & FUTURE WORKS 

The ECC-D4 is an Advanced Electrostatic Oil Cleaner which removes even less than 1 

micron size of oil insoluble contaminants (sludge and varnish) without problem. The cleaning 

effectiveness of the ECC-D4 is proven on especially Group II and also on Group I oil base 

stocks. With regard to the removal of sub-micron sizes sludge and varnish, the ECC-D4 has 

almost same affect (effectiveness) on Group II and Group I oils. The ECC-D4 removes only 

insolubles, and it does not damage the oil and the oil soluble additives (antioxidant additives).  

Moreover, the ECC-D4 removed larger size (even larger than 14 micron sizes) particles from 

Group II based oils without problem. However, Group I oils keep the larger size particles in 

solutions for longer time. (Due to its solvency capability) Therefore, it may take longer the 

process of the larger size particle fall outs from solution, and eventually, it may take longer to 

remove larger size particles from Group I oils. Some other factors (extreme conditions of 

selected test oil, for instance, depleted antioxidants, high content sludge  & varnish and etc) 

could also cause to keep (or increase in a certain period) larger particles in Group I oils. 

The ECC-D4 experienced approximately 40% substantial intensity reduction of peroxy 

radicals (sludge and varnish) & insoluble quantity (MPC, MPG and the ECC-D4 device 

current percentage) in Group II base - Test Oils A and B within each approximately 240 

cleaning operation hours. On the other hand, Test Oil C was a special case due to the 

extremely high content sludge and varnish contents and extremely high depleted antioxidant 

additive level. Therefore, only 4% intensity & insoluble quantity (MPC, MPG and the ECC-

D4 device current percentage) reduction in Group II base – Test Oil C was observed within 

192 cleaning operation hours.  

One important issue during the test was to see if the oil quality sensor provides useful data 

that can be used for further advanced ECC-D4 control. Preliminary review of the sensor data 

revealed that the measured peroxide radical concentration correlates with the MPG-MPC data 

which shows stated reductions. 

The ECC-D4 with the reliability improved operational and control functions promises to 

minimize the content of sludge and varnish insoluble contaminants in the modern turbine oils 

besides extending the turbine oil service life, and reducing the new turbine oil demand and 

also the waste oil streams.      

The ECC-D4 is a developing system with reliable features. The basic ECC-D4 operation and 

control was without problems. The manufacturing of the ECC-D4 includes necessary 

provisions such as power supply, software and data storage capability etc, however numerous 

malfunctions were encountered during the prototype testing. Most of them were improved and 

some of them are still in progress. The oil quality sensor reliable-connectivity is also an issue. 

Sometimes the sensor data transmission crashed for unknown reason. Current sensor is of the 

first generation; and can be improved with a new version sensor which is currently in progress 

by the sensor manufacturer. Patent application is the next step of the development project.    

The ECC-D4 Advanced Electrostatic Oil Cleaner is a new and may be most effective cleaner 

for oil management which is introduced with certain features that are implementing first time 

in the electrostatic oil cleaner history.  

  



85 
 

 

8 REFERENCES 
 

 

Moehle, W., Gatto, V., Rouge, B., Livingstone, G., & Wooton, D., 2007. Practical 

Approaches to Controlling Sludge and Varnish in Turbine Oils. Lubrication Excellence 2007 

Conference & Exhibition, Lousville, KY 

 

Yano, A., Watanabe, S., Miyazaki, Y., Tsuchiya, M. & Yamamoto, Y., 2004. Study on 

Sludge Formation during the Oxidation Process of Turbine Oils, Tribology Transactions, Vol. 

47, No. 1, pp. 111-112  Available at: http//dx.doi.org/10.1080/05698190490278985 [accessed 

06 April 2010]. 

 

Overgaag, J. A. M. & D'Agostino, F., 2009. Up To Date Turbine Oil System Management, 

Applied Practices, Where, How and When. POWERGEN EUROPE 2009, Cologne, Germany 

 

Sasaki, A., & Uchiyama, S., 2002. A New Technology For Oil Management: Electrostatic Oil 

Cleaner. KLEENTEK Industrial Co. Ltd., Tokyo, Japan 

 

Livingstone, G. J., Thompson, B. T. & Okazaki, M. E., 2007. Physical, Performance, and 

Chemical Changes in Turbine Oils from Oxidation. Journal of ASTM International [online], 

Vol. 4, No. 1 Paper ID: JAI100495. Available at: http://www.astm.org [accessed 08 March 

2010] 

 

Bakker, R., 2005. Turbine Oils Oxidation & Varnish Formation. Shell Global Soultions, 

United Kingdom 

 

Forgeron, C., 2010. CRV Plate Helps to Protect Sevo-valve Components Against Varnish. 

Combine Cycle Journal, First quarter 2010, pp. 96-97. 

 

Eltawil, M. A., Zhengming, Z. & Yuan, L., 2009. Renewable and Sustainable Energy 

Reviews: A review of renewable energy technologies integrated with desalination systems. 

ELSEVIER, Reviews 13 (2009), pp. 2245-2262. 

 

Peirs, J., Reynaerts, D., Verplaetsen, F., Poesen, M. & Renier, P., 2002. A Microturbine Made 

by Micro-Electro-Discharge Machining. EUROSENSORS XVI, The 16th European 

Conference on Solid-State Transducers, Prague, Czech Republic 

 

Brandt, D. E. & Wesoric, R. R., 1994. GE Gas Turbine Design Philosophy. GE Industrial & 

Power Systems Schenectady, New York 

 

Lok, B. K., Sztenderowicz, M. L. & Kleiser,  W. M., 2000. Global Base Oil Product Trends. 

ICIS LOR World Base Oils Conference 2000, London  

 

Hannon, J. B., ExxonMobil Corporation, 2009. How to Select and Service Turbine Oils. 

Machinery Lubrication Magazine, July 2001 [online], Available at: 

http://www.machinerylubrication.com/Read/210/turbine-oils [accessed 23 May 2010]. 



86 
 

  

 

Weinberg, C. J., 2001. Sustainable Scenarios for the Future. Royal Institute of International 

Affairs Keeping the lights on Conference, London, UK 

 

Okazaki, M. E. & Badal, L., 2005. Turbine Oil System Varnish. Chevron Industrial & 

Reliability Solutions, Richmond, CA 

 

Childs, P. R. N., 2006. Gas Turbine Engine Internal Air Systems. University of Sussex 

[online], UK Available at: http://www.rapidshareindex.com/Free-PDF-Gas-Turbine-Engine-

Internal-Air-Systems_514086.html [accessed 07 Mach 2010]. 

 

Kellen, D., Cournoyer, M., Duffy, P., Jelly, B. & Wardlow A., 2005. Gas Turbine 

Lubrication: Filter Plugging & Valve Sticking (Cause, Effect, and Prevention).ExxonMobile 

Lubricants & Specialties, Fairfax, VA 

 

Opstal, T., 2006. Steam and Gas Turbine Lubricants. Chevron Ghent Technology Center, 

Ghent, Belgium  

 

Gatto, V. J., Moehle, W. E., Cobb, T. W. & Schneller, E. R., 2006. Oxidation Fundamentals 

and Its Application to Turbine Oil Testing. Journal of ASTM International [online], Vol. 3, 

No. 4, Paper ID: JAI13498 Available at: http://www.astm.org/DIGITAL_LIBRARY/ 

JOURNALS/JAI/PAGES/JAI13498.htm [accessed 19 May 2010]. 

 

Ansaldo Thomassen, 2010. Training Documents, Company Technical Library.  

 

Brickford, D. M., 2010. Electrostatic Filter Helps Control Sludge and Varnish. Machinery 

Lubrication Journal [online] April 2010, Available at: http://www.machinerylubrication.com/ 

Articles/Print/544 [accessed 23 May 2010] 

 

VanDerHorn, G., Wurzbach, R., ERPI Solutions, 2002. Lube Oil Predictive Maintenance, 

Handling, and Quality Assurance Guideline. EPRI, No. 1004384, Palo Alto, California 

 

7EA Users Group, 2007. Detailed Presentations on DLN-1 Troubleshooting, ZLD Solutions, 

Varnish Prevention Identify Outage Actions to Improve Plant Performance. Special Issue: 

Outage Handbook, Combine Cycle Journal, Third Quarter 2007 pp.45-46 

 

US Department of the Interior Bureau of Reclamation, 2004. Technical Report on Lubrication 

of Powerplant Equipment: Facilities, Instructions, Standards, and Techniques. Reclamtion 

Managing Water in the West Program, Denver, Colorado Vol.2, No.4 pp. 17-18  

 

Analysts, Inc., 2006. Technical Analysis report on Monitoring and Optimizing Turbine Oil 

Life. Turbine Lube Analysis Programs, Torrance, CA 

 

Koiphen, 2010. The Official Chat board of the WWKC, Current vs. Counter Current FF 

Design Using Air Diffusers. [online] Available at: 

http://www.koiphen.com/forums/showthread.php?p=1041715 [accessed 11 June 2010] 

 

 

 



87 
 

 

 

9 APPENDIX  
 

APPENDIX 1 Turbine Oil Classification 

The American Petroleum Institute (API) Base Stock Categories were established in 1990’s to 

classify the available lubricant blenders with their properties. The major 5 different lubricant 

groups were identified on the base lubricants (Opstal, 2005).  

Group I oils: older technology mineral base oils; manufactured by solvent extraction and 

solvent dewaxing processes. 

Group II and III: more modern mineral oils; and are hydro-processed (hydro-cracked) oils. 

Group III oils differ with higher viscosity index- oxidation stability as seen in the attached 

table. 

Group IV: Polyalphaolefins (PAO’s); manufactured from olefins- a special type of chemical 

stock.  

Group V: Every other oil base stocks are collected in this group which can be either a high 

quality base oil such as esters or low quality base oil such as naphthenic base oil.  

Additionally,  

Group VI: This group has recently been established which group oils are called as 

polyinternalolefins, non-PAO synthetics such as esters; however, they are somewhat similar 

to Group V oils. 

  

*VI: Viscosity Index 

Table1: API Base Stock Categories 

* 
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APPENDIX 2   ANSALDO THOMASSEN  

Company History 

Ansaldo Thomassen (before named Thomassen Turbine Systems and Thomassen 

International) was established 1906. Since 1968, with nearly half a century of accumulated 

knowledge and experience on all aspects of building and maintaining GE heavy-duty gas 

turbines, they continue to meet their customer satisfaction. 

Ansaldo Thomassen (ATH) is an independent leader in power generation systems industry in 

the servicing of high-quality heavy-duty gas turbines and components within an 

environmentally responsible manner. 

ATH is continuously looking for powerful solutions for owners of industrial gas turbine 

systems worldwide.  

ATH’s knowledge and experience enable them to offer full service solutions on especially on: 

 Increasing performance and reliability 

 Minimizing maintenance and operational costs and risks 

 Optimizing unit efficiency and availability 

 Lowering environmental impacts (lowering NOx emission level) 

 Increasing operational safety for GE heavy gas turbines 

by providing a global cover regarding: field service, repair, spare parts, upgrades, training 

within Long Term Service Agreement (contact between service providers and clients such as 

industrial turbine owners and turbine operators). Research, technology, innovation, 

sustainability are some of the ATH’s successes in competitive edge.  

ATH Service and Sales centers are spread all over the world. The headquarter of ATH is 

situated in The Netherlands, and the other service and sales centers are located in Italy, United 

Kingdom, India, Venezuela, Austria, Indonesia and The United Arab Emirates besides they 

provides products and service at the customer’s sites worldwide. 

ATH’s chronological history can be summed up as following: 

2008     Thomassen Turbine Systems company name is changed to Ansaldo Thomassen 

2006      Thomassen Turbine systems is purchased by Ansaldo Energia, a Finmeccanica Company   

1999      Ending business agreement with GE  

1996      New business agreement with GE for manufacturing steam turbines with the rate of 150MW 

1994      Start of take-over of Thomassen International by Deutsche Babcock AG 

1989      Start of manufacturing GE-type aero-derivative gas turbines in the range 13-50 MW 

1968      Start of building GE design gas turbines 

1896      Thomassen started the production of his own designed gas engines 

1883      The founder, Geurt Thomassen started a small workshop to produce windmill equipments 
              in Arnhem in Netherlands.  

ATH is taken over by Ansaldo Energia (AEN) in September 2006 and is controlled by AEN 

which are both Finmeccanica Companies. AE is the leading of manufacturing thermoelectric 

power plant components such as gas and steam turbines and generators. Advanced technology 

is used in their design to satisfy customer’s requirements in terms of efficiency, reliability and 

environmental impacts. This ECC Electrostatic Oil Cleaner Development Program is 
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managing within AEN and ATH collaboration. Besides ATH, AEN controls also some other 

energy service companies which are shown in following figure; 

 

Figure 84: Ansaldo Energia Business Organization & Ansaldo Thomassen 

  

AEN, ATH and the companies shown above are Finmeccanica Companies. Finmeccanica is 

Italy leading industrial group which is operating globally in the design and manufacturing of 

helicopters, defense electronics and security systems, aircrafts, aero-structures, satellites, 

space infrastructures, energy and transportation systems, and missiles. Following picture is 

the organization of Finmeccanica Group; 

 
Figure 85: Finmeccanica Group 

Workforces of over 73000 people are working altogether proudly to serve customers 

throughout the world. They have €18.17 billion (2010) revenues and have over €2 billion 

budget for R&D activities. 

  



90 
 

APPENDIX 3   The Picture 

of the ECC-D4 Prototype 
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Figure 86: The ECC-D4 Prototype 
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APPENDIX 4   The ECC-D4 Hydraulic Plan 
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Figure 87: The Prototype Hydraulic Plan 
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The ECC-D4 Hydraulic Plan Single-Line Diagram  

Figure 88: Hydraulic Plan Single-line Plan 
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APPENDIX 5   The ECC-D4 Technical Data Sheet  

   Table 27: The Prototype Technical Details 

Oil Temperature  max. 80 °C 

Viscosity max.100 cst. (mm²/sec.) at working temperature  

Pressure in the Cleaner  max. 1.5 bar  

Oil Pump Capacity  4 l/min.  

Volume of the Cleaning Cell  45 l 

Capacity of Cleaning Elements  about 1 kg 

Surface of Cleaning Elements  27,45 m² 

Electrical Connection 230 V, 50 Hz 

Power Consumption 500 W  

Water Content in Oil max. 0,05 ppm  

Electrostatic High Voltage 11-14kV (capable of continuous regulation) 

Dimensions (L x W x H) 1056 x 610 x 1006 cm 

Weight (empty cleaner container) ±150 kg 

Operating Life 12 years 

Cleaning Elements Replacement  4 times per year 

Cooler Air - oil cooler 

Temperature Control PLC controlled temperature sensor 

Oil Flow Control PLC controlled oil flow indication 

Data Logger Oil temperature, oil flow, current %, voltage % 

Allowable Types of Oil  Non conductive Group I, II & III mineral based lube 

  and hydraulic oils 

Safety Features Oil collecting pan with leak-stop system 

  Switchbox with cylinder lock  

  Operating display password protected  

  Leakage detector 
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APPENDIX 6   The ECC-D4 Test Location Picture 

 

 

The Area Measurement   

 
Figure 90: Test Area Lay out 

 

Figure 89: ECC-D4 Test Location in ATH 
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APPENDIX 7   Risk Assessment of In-house Prototype Testing 

 

Table 28: Risk Assessment 

Date of assessment:      28-January-2010 

Machine common name: ECC-D4 Electrostatic Oil Cleaner 

Describe the purpose and location of the machine:        

Purpose: Perform tests on effectiveness of oil cleaning. 

Location: Workshop Rheden, exact location to be determined. 

Identifying details e.g. Serial number: Serial: 74/09 

Does the machine need to be registered/ certified externally, e.g. some pressure vessels, forklifts, etc?          Yes                 No                                      

 

LIKELIHOOD 

CONSEQUENCES 

Catastrophic 

5 

Major 

4 

Moderate 

3 

Minor 

2 

Insignificant 

1 

Almost certain 5 10 9 8 7 6 

Likely 

4 
9 8 7 6 5 

Possible 

3 
8 7 6 5 4 

Unlikely 

2 
7 6 5 4 3 

Rare 

1 
6 5 4 3 2 

Table 1:  Risk Estimate Matrix 
 

CONSEQUENCES How severely could it hurt someone/cause damage? LIKELIHOOD How likely is it to happen? 

Catastrophic Death or large number of serious injuries, environmental disaster – HUGE 

COST 
Almost Certain Expected to occur in most circumstances 

Major Serious injury, extensive injuries, severe environmental damage – MAJOR 

COST 
Likely Will probably occur in most circumstances 

Moderate Medical treatment required, contained environmental impact – HIGH COST Possible Might possibly occur at some time 

Minor First aid treatment required, some environment and/or financial impact Unlikely Could occur at some time 

Insignificant No injuries, low financial/environmental impact Rare May occur only in exceptional circumstances 

Risk 
Score 

 What should I do? 

9-10 Extreme Immediate Action Required 

7-8 High 
Action plan required, senior 
management attention needed 

5-6 Moderate 

Specific monitoring or 
procedures required, 
management responsibility must 
be specified 

2-4 Low 
Manage through routine 
procedures 
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Develop and implement a risk control plan as follows.  N.B refer to complete Risk Assessment to capture all identified hazards as only higher level 

hazards are expanded upon here. 

Hazard  

Number 

Current estimate of 

risk (Sec 3) 

Actions required 

(Short, Medium and Long Term) 

Person Responsible Due Date 

2.3.2 

2.4.1 

4 Before operation make sure wheels are in locked position Operator n/a 

2.6.9 8 Machine to be Electrical certified by facility department Murat Asap 

2.9.8 

2.9.9 

6 Operation & Maintenance to be carried out by trained personell Operator n/a 

2.11.1 

2.11.2 

5 Provide training for emplyees in close perimiter Murat asap 

2.13.10 6 Provide training for emplyees in close perimiter Murat asap 

2.14.3 6 Provide training for emplyees in close perimiter Murat asap 

2.17.1 

2.17.2 

2.17.3 

7 All legal requirements regarding handling, storage and disposal of Oil should be met. 

Operator to be trained on legal requirements. 

QSHE asap 

Table 2:  Risk Control Plan 
 

SUMMARY OF RISK ASSESSMENT  
(After filling out sections 1-4 mark one of the following boxes only) 

 After conducting this Risk Assessment in my opinion the reasonably foreseeable risks associated with the current or proposed use of this 

machine are: 

 Low- The machine can be operated by appropriate persons. 

 Moderate- The machine can be operated provided the controls indicated within the risk control plan are implemented within the agreed timeframe. 

 High- However there are no immediate risks and the machine can be operated only by competent persons who are made aware of the current risks. In 

addition, short-term controls indicated within the risk control plan are to be implemented in a timely manner and a review risk assessment is to be 

conducted. 

 Extreme- The machine cannot be operated until the short-term controls indicated within the risk control plan are implemented and a review risk 

assessment has occurred. 

 

 

Details of Risk Assessment  Mgt Rep: Name: Pepijn Meekels Signature: Ext: 5815 

Details of Employee, Machine Operator: Name: Murat Gorur Signature: Ext: 5965 

 

 


