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  Abstract 
Once turbine oil has completed its life cycle, it needs to be replaced. However, 
changing the oil that has been in the system for a prolonged period of time, or 
addition of new oil into the system inevitably brings certain risks. Such risks are 
related to: condition of the turbine system, outdated equipment, lack of know-
ledge about the chemical additives in the formulation of the old lubricant and 
compatibility of the new oil with the old one. In order to meet new, more strin-
gent specifications imposed by turbine manufacturers, whereby such specifica-
tions are in direct correlation with performance improvement and oil longevity, a 
new generation of turbine oil has been formulated using Group II base oils and a 
package of “ashless” additives. Such formulation is not fully compatible with 
standard, traditional types of turbine oils. Incompatibility can cause difficulties in 
operation, as well as a complete breakdown of the turbine system. There are 
many standards that provide compatibility testing guidelines. Compatibility test-
ing methods include preparation of lubricant mixtures. This paper assessed the 
compatibility of the steam turbine oils formulated by using a traditional, standard 
base oil and additive package, as opposed to a new turbine oil formulated with 
the same manufacturer ashless additive package together with the Group II base 
oil. 
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1. Introduction 

The fundamental task of turbine oil is to lubricate turbine plants of hydro, thermal and gas power plants that utilize 
water, coal, heavy fuel oil or gas for their operation. In addition, they are used for lubrication of other machines, such as 
not too heavily loaded gearboxes, screw compressors and other tribological units. However, this segment of turbine oil 
application covers a less significant share in its total consumption. In addition to the role of lubrication, turbine oils are 
tasked with cooling bearings and turbine gears, as well as providing sealing in order to ensure reliable operation of the 
control and regulation system. Mineral-based oils with increased oxidative stability and additives against oxidation, 
corrosion and wear are most often used for the formulation of turbine oils. Oxidative stability is crucial for turbine oils 
due to the catalytic action of copper on these oils during exploitation. As these oils often come into contact with water, 
they must possess exceptional deemulsion properties—the ability to separate water well. In addition, it is very important 
that turbine oils have a reduced tendency towards foaming and a high air extraction capacity. In practice, we normally 
encounter three basic types of turbines: water, steam and gas turbines. Each of these turbines has its own typical oper-
ating modes and conditions, which primarily include a wide range of operating speeds, loads and temperatures. Turbine 
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design, operating conditions, loads, operating temperatures, oil topping and impurities are the key factors that determine 
the performance of turbine oils and their service life [1]. 

Turbine oils are used in enclosed systems where they are continuously and repeatedly heated and cooled, mixed with 
air and volatile oxidation products, absorbing moisture occurring as a result of condensation formed by oil cooling, they 
are mixed with dust and dirt, thus enhancing the oxidation process depending on the catalytic effect of the metallic parts. 
An indicator of the effect of all these factors is the change in physical and chemical properties of the oil: acid number, 
viscosity, increased corrosive effects of components in the oil system, the formation of stable water-in-oil emulsions, 
foaming and sludge formation. The aging process during oil oxidation leads to the formation of organic acids (particu-
larly of aggressive low molecular weight acids), resins, oxyacid precipitates, asphaltogenic acids, asphaltenes, carbons 
and carbonides. The formation of alcohols, phenols, aldehydes, ketones, esters, CO2, CO, H2O and H2 is possible as 
well. The presence of the latter is indicated by the deep oxidative decomposition of hydrocarbon molecules that has 
been found [2]. 

Once the turbine oil has completed its lifecycle, it needs to be replaced. However, changing the oil that has been in 
the system for a prolonged period of time, or addition of new oil into the system inevitably brings certain risks. Such 
risks are related to: condition of the turbine system, outdated equipment, lack of knowledge about the chemical addi-
tives in the formulation of the old lubricant and compatibility of the new oil with the old one. In order to meet new, 
more stringent specifications imposed by turbine manufacturers, whereby such specifications are in direct correlation 
with performance improvement and oil longevity, a new generation of turbine oil has been formulated using Group II 
base oils and a package of “ashless” additives. Such formulation is not fully compatible with standard, traditional types 
of turbine oils. Incompatibility can cause difficulties in operation, as well as a complete breakdown of the turbine sys-
tem. There are many standards that provide compatibility testing guidelines. Compatibility testing methods include 
preparation of lubricant mixtures. This paper assessed the compatibility of the steam turbine oils formulated by using a 
traditional, standard base oil and additive package, as opposed to a new turbine oil formulated with the same manufac-
turer ashless additive package together with the Group II base oil.  

2. Literature Review 
Any change of lubricant in the system brings both the possibility of an improvement, but a significant risk as well. 

Therefore, a successful oil change should necessarily include risk control. After all, we should never neglect that fam-
ous sentence: “Anything that can go wrong, will go wrong!".   

If lubricant replacement is necessary, then it is very important to consider the possible risks. Experience in imple-
mentation can greatly assist in risk management planning.  

In practice, the most frequently encountered situations that occur at the time of changing oil in turbine systems are as 
follows: 

- the new lubricant is incompatible with the one already being used, whereby their mixing is inevitable. Incom-
patibility results in a decrease in the value of the necessary oil characteristics and, accordingly, in a decrease in 
the reliability of the lubricant, which brings certain consequences in its application, 

- the new lubricant is incompatible with deposits, sludge and varnishes created on metal surfaces, 
- the new lubricant is incompatible with the internal parts of the system (paint, filters, elastomers, seals, adhe-

sives,...), and causes changes on metal surfaces, 
- the new lubricant does not suit the application in the given operating conditions (extreme temperatures, conta-

minants, gases, refrigerants, ...), 
Therefore, a new lubricant can demonstrate weaknesses and shortcomings that the previous lubricant did not. Some 

characteristics of the new lubricant are superior to the previous ones, while some are not.  
The risks involved in changing the lubricant are reduced if: 

- viscosity is the only characteristic that is changed,  
- the compatibility of lubricants has been proven by testing, 
- the equipment operates under normal conditions, 
- refilling the lubricant by using the same one that is already in the system. 

The biggest risks are related to: 
- old equipment, 
- impossibility of complete removal of old oil from the system, 
- unknown additive chemistry that prevents compatibility, 
- complex lubricant formulation, 
- compatibility testing. 

Many tests provide guidelines for testing compatibility. The most commonly used test is ASTM D 7155, which spe-
cifies tests and preparation of samples for testing (mixture ratios 50:50, 95:5, 5:95).  
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Figure 1. Risk Management. 

In recent years, very often have there been operational issues registered once the oils, which have been used in tur-
bine systems for a long period of time, have been replaced with new generation oils. The issues included the following: 
(excessive foaming, valve and filter problems, issues with demulsive properties...). The aforementioned caused frequent 
outages and increased the need for system maintenance. Due to the economic unfeasibility of all the above, efforts were 
made to find a solution to the problem and discover the cause. The following was analyzed: 

- changes made to equipment or application conditions (new or refurbished parts delivered with metal surfaces 
protected by an unknown type of lubricant or corrosion inhibitor), 

- changes in the formulation and characteristics of new oils, 
- compatibility assessment of both new and old oils, 
- assessment of pollution control and recommendations for improvement. 

Therefore, the first step is to determine possible changes that have been made to the equipment in the system itself, as 
the new equipment is often coated with a protective anti-corrosion layer, which even in small concentrations can cause 
deterioration of certain lubricant characteristics (e.g. foaming increase).  

The next step is to determine the changes in the formulation of the new oil and the compatibility of such oil with the 
oils of the previous, “old” generation. New generation turbine oils are oils based on group II base oil and non-metallic 
“ashless” additive packages, while older generation oils are based on Group I base oils and metal-based additives. 

The bottom line is that these two packages of additives cannot be fully compatible. The conclusion is that mixing in-
compatible additives can compromise operation of the turbine system. 

The main indicators that occur as a result of oil incompatibility: 
- reduction of water separation ability - oil is emulsified in contact with water, 
- oil discoloration—turbidity occurs, darkening of the oil as a result of accelerated oxidation and sludge forma-

tion, 
- the occurrence of excessive foaming, 
- reduction of air extraction capacity, 
- increase in oil acidity, 
- increase in the content of mechanical impurities.  

Group I base oil is by itself an oil that contains a higher percentage of aromatic, unsaturated hydrocarbons. The 
amount of aromatics present in the oil determines the solubility level of the base oil. Aromatics are reactive by their 
nature. They tend to oxidize in the presence of oxygen, which shortens the service life of the oil. The temperature rise is 
accompanied by the oxidation rate increase. Once the temperature exceeds 80OC, the oil starts degrading thermally, 
leading to an increase in viscosity above the acceptable limit. The use of newer oil refining technologies (hydrocracking, 
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hydrofinishing, dewaxing, isomerization, ...) has led to a reduction in the content of unstable compounds in the base oil, 
primarily aromatics. The primary task is to determine the compatibility of new and old oils. This has resulted in greater 
resistance of the oil to oxidation, meaning that these oils are more suitable for higher temperatures. However, the reduc-
tion in aromatic compounds greatly affects the solvency of the base oil. Efforts are made in researching the most relia-
ble method for assessing compatibility. Nowadays, only the Group II base oil is used in the turbine oil formulations 
available on the market [3]. As far as additives are concerned, previous formulations were based on metal-based an-
ti-corrosion and anti-oxidation additives, as well as on silicon-based antifoaming additives. Due to the good solvency of 
the group I base oil, these additives are well dissolved therein. There is a great danger involved if oils that contain a 
zinc-based anti-wear additive are used. Such danger is primarily derived from the fact that the polar nature of this addi-
tive will affect foaming and create poor deemulsion properties. It also hydrolyzes into SO2 and H2SO4 in case of water 
presence and can cause corrosion on metal surfaces.  

Modern formulations based on group II base oil are made with a different package of additives: 
- such additives are primarily non-metallic (i.e. “ashless additives”), 
- there is a possibility of their incompatibility with the additives contained in the oil being used 
- such “incompatibility” causes the development of suspended impurities, sludge, sediment, increased foaming 

and reduced ability to separate air from the oil, which creates further problems in the application. 
The primary task is to determine the compatibility of new and old oils. Efforts are made in researching the most reli-

able method for assessing compatibility. Many lubricant manufacturers’ laboratories have their own internal methods 
that are primarily based on actual application experience.    

3. Context 

3.1. Turbine Oil ISO VG 32 

In the experimental segment of the paper, the compatibility of steam turbine oil formulated with a standard base and 
additive package was tested against a new turbine oil of the same manufacturer formulated with ashless additive pack-
age and group II base oil. An ashless multifunctional additive package was used in the process of formulating new tur-
bine oils from base oil (base oil group II) of ISO VG 32 viscosity grade. The basic composition of this multifunctional 
additive is a combination of antioxidant, corrosive, inhibitor and metal deactivator. The application of this additive 
package in the lubricant formulation provides very high performance, such as: thermal-oxidative stability, hydrolytic 
stability, high oxidative stability, good demulsive properties and protection against rust and corrosion. The basic physi-
cochemical characteristics of the oil specified by the ISO 8068 specification for new turbine oils have been prepared.  

3.2. Base Oil 

According to the API, the American Petroleum Institute classifies base oils into six basic groups depending on the 
viscosity index, the content of saturated hydrocarbons and sulfur [4]. Table 1 demonstrates the classification of base oils 
by API. 

Table 1. Classification of Base Oils 

Group Manufacturing Process Viscosity  
Index Saturated compounds, %m/m Sulfur content, %m/m 

Group I Solvent Refining 80-120 < 90 > 0.03 

Group II Hydro-processing (Hydrocracking) 80-120 ≥ 90 ≤ 0.03 

Group III Severe Hydrocracking (CatalyticDe-waxing) 120+ ≥ 90 ≤ 0.03 

Group IV Chemical Reactions (Synthesizing) PAO (polyalphaolefins) 

Group V As Indicated All base oils not included in the above groups 

Group VI  Polyolefins with internal double bond 

In addition to the classification of base oils according to the API, some global manufacturers of base oils have pro-
posed the classification of base oils based on their viscosity index.  

Thus, for example, Chevron proposes the following classification: 
- High-viscosity index (HVI) base oils, from 95 to 110, 
- Very high-viscosity index (VHVI) base oils, from 110 to 130, 
- Ultra high-viscosity index (UHVI) base oils, above 130. 
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Table 2 shows the characteristics of group I and group II base oils, which will be used in the formulations of ISO VG 
32 viscosity grade turbine oils. 

Table 2. The Physicochemical characteristics of Group I and Group II Base Oils 

Physical and chemical 
characteristics 

Sample Codes 

Method SN 150 HC-6 

Viscosity at 40°C ISO 3104 34.41 32.77 

Viscosity at 100°C ISO 3104 5.34 5.93 

Viscosity Index ISO 2909 102 127 

Sulfur content, %m/m ISO 8754 0.334 0.0026 

Pour point, °C ISO 3016 -9 -7 

Flash point: open cup, °C ISO 2592 226 244 

Coke, (%m/m) ISO 6615 <0.01 <0.01 

Oxide ash, (%m/m) ISO 6245 <0.001 <0.001 

Colour, (ASTM) ISO 2049 L 0.5 0.5 

Acid number (AN), (mgKOH/g) ISO 6618 0.01 0.006 

NOACK test, (%m/m) DIN 51581 14 5.07 

Refractive index at 20°C ASTM D 1218 1.483 1.485 

Deemulsivity, min. ISO 6614 40:40:0 (2) 240:40:0 (2) 

Foaming (tendency/stability): 
phase I at 24°C 

phase II at 93.5°C 
phase III at 24°C after 93.5°C, (ml/ml) 

ISO 6247 

 
340/0 
50/0 

430/0 

 
130/0 
30/0 

140/0 

Infra-Red, 

Ca (%m/m) IEC 590 6.59 4.34 

Cp (% m/m) IEC 590 63.43 68.18 

Cn (% m/m) IEC 590 29.98 27.48 

Corrosion, (3h, 100°C) ASTM D 130 1a 1a 

Air ralease time at 50°C, (min.) ISO 9120 2.0 1.5 

TOP I, (%m/m) IP 306 0.10 0.18 

TOP K, (%m/m) IP 306 0.97 1.35 

IP 48, viscosity at 40°C IP 48 55.20 95.54 

IP 48, coke (%m/m) IP 48 1.27 1.07 

IP 48, AN (mgKOH/g) IP 48 4.31 10.15 

IP 48, A171 0cm-1 IP 48 0.563 1.548 

IP 48, ∆ν - change viscosity at 40°C IP 48 1.76 2.64 

IP 48, ∆c - change coke IP 48 1.26 1.07 

Saturated compounds, %m/m ASTM D 7419 <90 87 

Based on the obtained results of testing the physicochemical characteristics of base oils, it is evident that the sample 
marked as HC 6 has a high viscosity index, good deemulsive properties, good foaming properties, good air separation 
ability, low sulfur and aromatics content. However, the oxidative stability according to the TOP I and TOP K tests is 
somewhat worse compared to the SN 150 base oil (group I base oil). The IP 48 test also shows a high change in viscos-
ity as well as a relatively high coke content. These are typical characteristics for group II base oils, but their superiority 
is demonstrated when combined with appropriate additives, which is to be shown in this paper, in the process of formu-
lating new turbine oils. 
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4. Methodology—Formulation of new turbine oil made of base oil (group I and II) and addi-
tive packages 

Samples of new turbine oils were prepared from base oil (group I and II base oil) and additive packages under unique 
conditions, i.e. the base oil was first heated to 60°C while being stirred (1200 rpm, 60 min.), followed by adding an ad-
ditive in the appropriate ratio.  

Thus, three samples of turbine oils were prepared, as follows: 
- sample TU KF-1 (sample of turbine oil from the system - steam turbines), standard formulation; 
- sample TU NG (prepared from Group II base oil and the adequate additive - new generation); and 
- sample STU-K (prepared from 50% m/m of TU KF-1 sample and 50% m/m of TU NG sample);  

Physicochemical tests were performed soon thereafter, and the obtained results are shown in Table 3. 

Table 3. Physicochemical characteristics of turbine oils with viscosity grade ISO VG 32 

Physical and chemical 
characteristics Methods 

Sample Codes 

TU NG TU KF-1 STU-K, (1:1) 

Viscosity na 40°C, (mm2/s) ISO 3104 30.91 31.13 30.94 

Viscosity na 100°C, (mm2/s) ISO 3104 5.42 5.57 5.50 

Viscosity Index ISO 2909 126 119 119 

Colour, (ASTM) ISO 2049 L1.5 L2.5 L2.5 

Copper strip corrosion, 3h at 100°C, ASTM D 130 1a 1b 1a 

Determination of Water per Karl Fischer, (ppm) ISO 12937 157 1800 120 

Total Acid Number, (mgKOH/g) ISO 6618 0.20 0.04 0.12 

Deemulsivity,  (min.) ISO 6614 40:40:0 (5) 40:40:0 (16) 39:33:8 (60) 

Foaming (tendency/stability): 
phase I at 24°C 

phase II at 93.5°C 
phase III at 24°C after 93.5°C, (ml/ml) 

ISO 6247 

 
50/0 
25/0 
60/0 

 
660/5 
110/0 
600/5 

 
300/0 
50/0 

150/0 

Infra-Red, 

Ca (%m/m) IEC 590 7.67 8.84 8.20 

Cp (% m/m) IEC 590 66.86 56.63 61.15 

Cn (% m/m) IEC 590 25.47 34.53 30.65 

Air ralease time at 50 (°C), (min.) ISO 9120 1.4 4.8 4.3 

Rust test, 24 (h) ASTM D 665 passed passed passed 

TOST test, hours passed until value of 2 (mgKOH/g) ASTM D 943 7800 660 - 

CIGRE, (mgKOH/g) IP 280 0.25 3.99 1.85 

CIGRE, (%m/m) IP 280 0.08 2.26 1.15 

RPVOT, (min.) ASTM D 2272 1100 145 640 

Cleanliness level: ISO 4406 - - - 

ISO ≥ 4 ISO 4406 16 17 17 

ISO ≥ 6 ISO 4406 13 14 14 

ISO ≥ 14 ISO 4406 9 10 10 

Zn, (ppm) ASTM D 6481 - 59 24.3 

Cu, (ppm) ASTM D 6481 - 29 14 

Al, (ppm) ASTM D 6481 - 87 43.6 

Fe, (ppm) ASTM D 6481 - 17 8.3 
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The table shows the incompatibility of the oils, primarily in terms of demulsivity, i.e., in the absolute inability of the 
oil mixture to separate water according to the ISO 6614 method.  

As lubricant manufacturers, we tried to respond to the possible request of a customer to deliver oil of the standard 
formulation to order, i.e. the oil that will be compatible with the oil the customer already has in the system (provided 
that it is impossible to switch completely to new oil, thus, the oils must be mixed). 

Group II base oil was mixed with a suitable additive package comprised of individual “standard (traditional) type” 
corrosion, oxidation and foaming inhibitors. Therefore, two samples of turbine oils were prepared, as follows: 

- sample coded “TU KF-2” (prepared using 99.2%m/m of Group II base oil and standard additive), standard for-
mulation; 

- sample coded “STU-K” (prepared using 50%m/m of TU KF-1 sample and 50 %m/m of TU KF-2 sample); 
Physicochemical tests were then performed, and the results obtained are shown in Table 4. 

Table 4. Physicochemical characteristics of formulated turbine oils with respect to ISO 8068 standard requirements 

Physical and chemical 
characteristics 

Requirement 
ISO 8068 

Sample Codes 

TU KF-1 TU KF-2 STU-K, (1:1) 

Kinematic viscosity at 40 °C, (mm2/s) 28.8 
35.2 31.13 30.03 30.45 

Kinematic viscosity at 100 °C, (mm2/s) - 5.42 5.92 5.50 

Viscosity Index Min.90 109 127 118 

Pour point, (°C) ≤- 6 -26 -8 -15 

Density at 15°C, (kg/m3) noted 859.9 850.3 853.1 

Flash point: open cup, (°C) ≥170 214.3 244.5 224.2 

Total Acid Number, (mgKOH/g) noted 0.036 0.05 0.05 

Foaming (tendency/stability): 
phase I at 24°C 

phase II at 93.5°C 
phase III at 24°C after 93.5°C, (ml/ml) 

 
450/0 
50/0 
450/0 

 
660/5 
140/0 
600/5 

 
50/0 
10/0 
40/0 

 
230/0 
40/0 
310/0 

Air ralease time at 50°C (min.) ≤5 4.8 1.2 4.4 

Water separation: 
at 54°C up to 3 ml (min.) 

≤30 
40:40:0 

(16) 
40:40:0 

(4) 
40:40:0 

(12) 
40:40:0 

Rust protection, 24 (h) passed passed passed passed 

Copper strip corrosion, 3h at 100°C, category 1 1b 1a 1a 

Oxidative stability, 
- total acids, (mgKOH/g) 

- sludge, (% m/m) 

0.4 
0.25 

 
3.99 
2.26 

 
0.41 
0.23 

 
2.36 
1.15 

TOST test, hours passed until value of 2 (mgKOH/g) ≥ 2000 660 4210 x 

RPVOT, min. - 145 740 540 

Colour, (ASTM) - L 2.5 L 1.5 2.0 

Cleanliness level 

ISO ≥ 4 - 17 15 17 

ISO ≥ 6 17 14 13 14 

ISO ≥ 14 14 10 8 10 
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The Table 4 shows that the oil compatibility (standard oil from the system and laboratory developed standard formu-
lation) (TU KF-2) has been demonstrated in all of the physicochemical characteristics required.  

Compatibility analyzes of the two turbine oils shown in Table 3 (old and new oil types) show the necessity of per-
forming such tests at each oil change or when adding oil to the system. Due to the deterioration of certain physical and 
chemical characteristics of the oil, which are a consequence of the incompatibility of two differently formulated oils, the 
possibility of system failure is high. In addition to the compatibility test of two new oils, it is necessary to perform a 
compatibility test of the oil from the system with the new oil that is added or changed, since often the oil in the system 
is a mixture of various oils from different manufacturers (as a consequence of frequent, uncontrolled refilling of the 
system, i.e. technical impossibility of completely discharging the old oil from the system) By analysing the obtained 
results (Table 4), it is evident that the new turbine oil (TU KF-2) with standard additives meets all the conditions de-
fined by the ISO 8068 specification.  

If this oil is to be mixed with the oil already in the system (TU KF-1) in the 1:1 ratio, it becomes clear that such a 
mixture has good deemulsive characteristics, good air separation ability, good foaming properties, good hydrolytic 
properties, as well as relatively good oxidative stability as per RPVOT and CIGRE test. Therefore, based on the ob-
tained test results, it can be said that these oils are compatible.  

5. Rezults Oxidative stability of turbine oils 
The following test methods were used to test the efficiency of the additives used and the type of base oil in the tur-

bine oil formulation: IP 280 (CIGRE test), IP 280 (modified method), ASTM D 943 (TOST test) and ASTM D 2272 
(RPVOT). 

5.1. CIGRE TEST  

The CIGRE test is intended to measure the tendency of mineral oils to age under specific oxidation conditions. The 
principle of the method is based on the following: 

- copper and iron naphthenate are added to the oil sample (25 g) as a catalyst,  
- dry oxygen passes through the reaction tubes filled with oil over the period of 164 (h) - oxygen flow is 1 ± 0.1 

(L/h), 
- test temperature is 120 ± 0.5 (°C). 

The level of deterioration is expressed as Total Oxidation Products (TOP), (%m/m). 
Total oxidation products (TOP) consist of volatile acids (VA), soluble acids (SA) and sludge content (S), (Determi-

nation of oxidation stability, IP 280) [5]. 
Volatile acids: water which was used for the absorption of volatile acids, is together with the indicator phenolph-

thalein titrated using an alcoholic solution of 0.1 M KOH after the test completion, whereas the formula used for the 
calculation is:  

5,61( / )
25

Ax xMVA mgKOH g =                                 (1) 

Soluble acids (SA): the n-heptane solution remaining after filtering the sludge is collected in 500 ml metering vessel 
and filled up with n-heptane to the marked point. Then 3 (three) acid numbers are determined using 100 ml of this solu-
tion, and the formula used for the calculation is:   

5,61( / )
5

Ax xMSA mgKOH g =                                 (2) 

Sludge: A mixture of 25 g of aged oil and 300 ml of n-heptane is left to sit for 24 hours. Then, it is to be filtered 
through a pre-weighed Gooch crucible. Rinse with 150 ml of n-heptane.  

The sludge should be dried until a constant mass is obtained (a). 
The sludge left on the walls of the tube should be dissolved in chloroform, dried and weighed (b). 
Total sludge (S) is calculated using the following formula: 

( )(% / ) 100
25

a bS m m x+
=                                     (3) 

The following formula is used to calculate TOP: 
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180( )(% / )
561
SA VATOP m m S+

= +                              (4) 

Table 5. CIGRE test for used (TU KF-1) and formulated turbine oils (TU NG, S TU 1 and S TU K)   

Parameter TU KF-1 
Sample Codes 

S TU 1 TU NG S TU K 

- Volatile Acids, VA (mgKOH/g):     

- volatile acids, VAI 0.104 0.041 0.043 0.080 

- volatile acids, VAK 0.77 0.482 0.097 0.44 

- Soluble Acids, SA (mgKOH/g):     

- soluble acids, SAI 0.56 0.43 0.277 0.43 

- soluble acids, SAK 3.22 1.37 0.411 1.94 

- Total Sludge S (% m/m):     

- total sludge, SI 0.082 0.06 0.035 0.076 

- total sludge, SK 2.26 1.15 0.08 1.15 

- Total Oxidation Products, TOP (% m/m):     

- Total Oxidation Products, TOP I 0.30 0.21 0.14 0.24 

- Total Oxidation Products, TOP IK 3.54 1.74 0.25 1.91 

A modified IP 280 method was used in this paper, i.e. the samples were tested without the presence of catalysts 
(Cu-naftenates and Fe-naftenates), while other test conditions were unchanged.  

5.2. TOST TEST 

The TOST test is used to assess the oxidative stability of inhibited turbine oils in the presence of oxygen, water, met-
als (Cu and Fe) at elevated temperatures. The principle of the method is as follows: an oil sample of 300 (ml) with 60 
(ml) of distilled water reacts with oxygen whose flow is 3 ± 0.1 (L/h) in the presence of Cu-Fe catalyst (double coil) at a 
temperature of 95 ± 0.2 (°C), whereas the test lasts until the TAN value reaches 2 (mg KOH/g) or more, while the 
number of hours required to reach 2 (mg KOH/g) represents the oxidation time.  

For the purpose of monitoring the test, an oil sample of 3 (ml) is taken from the oxidation cell with a condenser every 
week, and distilled water is added if necessary to maintain the oil level (Oxidation Characteristics of Inhibited Mineral 
Oils, ASTM 943) [6].  

Table 6. TOST test for used (TU KF-1) and formulated turbine oil (TU KF-2)    

Sample Codes 

TU  KF-1 TU KF-2 

Time, (h) AN, (mgKOH/g) Time, (h) AN, (mgKOH/g) Time, (h) AN, (mgKOH/g) 

0 0.044 0 0.05 1752 0.14 

144 0.09 216 0.06 1920 0.20 

216 0.17 384 0.05 2088 0.40 

312 0.25 648 0.06 2328 0.66 

384 0.33 720 0.06 2496 0.98 

480 0.41 888 0.05 2664 1.11 

648 0.61 1080 0.06 2832 1.20 
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660 1248 2.00 0.06 4210 2.00 

720 17.60 1416 0.07 4368 2.41 

816 20.00 1584 0.07 - - 
 

 
Figure 2. Oxidation curves for turbine oil (TU KF-2) and turbine oil used (TU KF-1) according to TOST test 

5.3. RPVOT 

This test method uses a pressurized oxygen vessel to assess the oxidative stability of new turbine oils or turbine oils 
in use, which have the same composition, i.e. (base oils and additives) in the presence of water and copper catalyst coil, 
at a temperature of 150ºC. The test oil, water and copper catalyst coil, placed in a covered glass vessel, are placed in a 
“bomb” equipped with a pressure measuring device. The bomb is filled with oxygen so that the pressure on the meter 
shows 620 kPa (6.2 bar), is placed in a constant temperature oil bath set at 150 ± 0.1ºC or on a metal plate set at 150 ± 
0.1ºC, and is rotated axially at a speed of 100 rpm at an angle of 30º relative to the ground. The number of minutes re-
quired to reach a certain pressure drop on the meter represents the oxidative stability of the test sample. The test is com-
pleted once a pressure drop greater than 175 kPa (1.75 bar) below the maximum pressure is registered. A pressure drop 
of 175 kPa normally, but not always, indicates a period of rapid pressure drop of the induction type (Oxidation stability 
of steam turbine oils by rotating pressure vessel, ASTM D 2272) [7].  

The results of the conducted Rotating Pressure Vessel Oxidation Test (RPVOT) are graphically presented in Figure 3. 

 
Figure 3. Oxidation curves for used turbine oil (TU KF-1) and formulated turbine oils (TU NG, TU KF 2 and S TU 1) ac-

cording to RPVOT. 

5.4. Hydrolytic stability 

The term “hydrolytic stability” denotes the ability of oils and additives to resist entering into chemical reactions with 
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water. If that is to happen, they start to decompose, bind with water and settle. Hydrolysis of additives is accompanied 
by a decrease in their concentration in the oil itself, thus decreasing its ability to perform the required functions. The 
principle of performing this method is as follows: a sample of 25 g of oil is mixed with 25 g of distilled water and, to-
gether with a copper test strip placed in a sealed beverage bottle. The bottle is rotated for 48 h in a thermostat at a tem-
perature of 93± 0.5 (°C). Once the test is completed, the sludge is separated and the insoluble part is weighed. The 
change in copper strip is then measured.  

The change in viscosity and acid number of the sample is determined, as well as the change in the acidity of the water 
layer Hydrolytic Stability of Hydraulic Fluids - Beverage Bottle Method, ASTM D 2619) [8].  

Table 7 shows the obtained results of hydrolytic stability of the tested turbine oil samples.   

Table 7. Hydrolitic stability for used (TU KF-1) and formulated turbine oils (TU NG, TU KF-1, TU KF-2, S TU-1 and S TU 
K) 

Parameter 
Sample Codes 

TU NG TU KF-1 TU KF-2 S TU-1 S TU K 

Viscosity at 40ºC, (mm2/s) 

0 h 30.52 31.13 30.03 30.94 30.45 

after 48h 30.47 29.43 29.99 33.05 31.12 

change 0.05 1.7 0.04 2.11 0.33 

Oil TAN, (mgKOH/g) 

0 h 0.18 0.036 0.05 0.12 0.05 

after 48h 0.12 0.030 0.023 0.50 0.16 

change 0.06 0.06 0.018 0.38 0.11 

Water layer acid number, (mgKOH/25g) 0.019 0.476 0.12 0.75 0.25 

Weight loss of copper, (mg/cm2) 0.0003 0.009 0.004 0.006 0.005 

Sludge content, (%m/m) 0 0 0 0.25 0 

Copper strip test 
(ASTM D 130), class 

0 h 1a 1a 1a 1a 1a 

After 48 h 1a 1b 1b 1b 1b 

5.5 Rust test 

The method principle is as follows: the oil sample of 300 (ml) to be tested is mixed with distilled water 30 (ml) if a 
method A is used, or with synthetic seawater, for a method B. A steel test rod, the composition of which is defined by 
this standard, is then immersed in the mixture. The test is performed with stirring at 1000 ± 50 (rpm) at a temperature of 
60 ± 1 (°C) for 4 (h). The changes registered on the rod upon the completion of the test are seen as “signs of rust” to a 
“certain degree”. This test is performed in parallel on two identical samples to determine if an oil is adequate or not 
(Rust-Preventing Characteristics of Inhibited Mineral Oils in the presence of Water, ASTM D 665) [9]. This “method 
A” was used in this paper. As demonstrated in Table IV, all the formulated samples of ISO VG 32 viscosity grade tur-
bine oils passed the rust test. 

6. Discussion 
Based on the obtained results of testing the physicochemical characteristics of ISO VG 32 viscosity grade turbine oil 

(TU KF-1) used, it can be seen that the oil does not meet the requirements specified in turbine oil specifications and can 
be treated as used oil (see Table 3). 

By applying the standard laboratory test, i.e. the CIGRE test, a high content of total acids is perceived, as well as a 
high content of sludge. 

By monitoring the oxidative stability test by the IP 280 method, it can be seen that the new generation turbine oil par-
tially improves the oxidative stability of oils from the system once they are in the (1:1) ratio mixture. 

The standard TOST test shows that the sample of used turbine oil (TU KF-1) reaches an acid value of 2 (mg KOH/g) 
in 660 (h), which indicates a low oxidation reserve (see Figure 2). 

Likewise, the TOST test shows that the formulated turbine oil (TU NG - a new generation oil and TU KF - standard 
formulation oil) has high oxidative stability, as the time of reaching the acid number value of 2 (mg KOH/g) is above 
the relevant specifications, e.g. according to ISO 8068 (see Figure 1). 

Based on the RPVOT oxidation test results, it can be stated that in the defined test conditions, the time required to 
record a pressure drop of 175 kPa ranges from 540 to 808 minutes. It is also evident that the formulated turbine oil (TU 
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NG - a new generation oil) possesses a good oxidative stability according to the RPVOT test.   
The results of hydrolytic stability testing of new turbine oils (TU NG) by ASTM D 2619 show that the new turbine 

oil formulated from base oil of group II and the corresponding (new generation) additive, has a very small change in 
viscosity, lower acid value of aqueous solution, shows no tendency to sludge formation, demonstrates a relatively minor 
degradation on the Cu strip, whereas the appearance of the strip remained unchanged.  

However, if this (TU NG) oil is mixed with (TU KF-1) oil from the system (produced by standard technology), the 
change in viscosity is observed to be high, the acid value of the aqueous solution is high, there is a relatively minor de-
gradation on the Cu strip, and the appearance of the strip has changed. In addition to the above characteristics for this (S 
TU-1) mixture, one more to be noted is the occurrence of sludge.   

Rust test conducted (by ASTM D 665 method A) on formulated turbine oils, it was concluded that there are no traces 
of rust on both test rods, i.e. no color changes were observed, no cavities or bumps were formed. Thus, all of the for-
mulated turbine oils (produced by standard technology, new technology as well as their mixtures) have passed the rust 
test.  

7. Conclusive Remarks 
1) Changing the oil in the turbine system, as well as refilling the oil, brings certain risks. 
2) Defining possible risks, proper management and control over them is necessary for the success of the opera-

tion. 
3) The compatibility test of oil mixtures becomes a necessary analysis that contributes to the correct decision 

making. 
4) Standard formulations of turbine oils in a mixture with new generation turbine oils show incompatibility and 

irreversibly negatively affect the important physicochemical characteristics of turbine oil. 
5) If the oil in the system and the new oil are compatible, in practice there should be no issues if a new oil is add-

ed into the system. 
6) If the tests show incompatibility, prior to switching to a new oil fluid, it is necessary to drain the old oil, flush 

the system and then fill it with the new oil. 
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