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The effects of engine load and speed on the level of degradation of lubricant extracted from the piston top ring zone of a gasoline engine have been examined for a partially formulated Group III base fluid with calcium alkyl sulfonate detergent; higher loads and lower engine speeds give greater levels of degradation. The degree of oxidation of the lubricant was determined by monitoring the concentration of carbonyl containing species using FTIR spectroscopy. Comparison of the level of degradation products in the piston ring pack with the rate of increase of these products in the sump allow rates to be calculated for lubricant flowing through the piston ring pack and returning to the sump; the flow rates varied little with load at 0.6 cm3 s-1 cylinder-1 (over the range 33 – 75 %) but increased proportional to engine speed from approximately 0.4 cm3 s-1 cylinder-1 at 1000 rpm to 0.9 cm3 s-1 at 2000 rpm. The effect of the calcium alkyl sulfonate detergent has also been examined; its presence substantially increases the rate of lubricant flow through the piston assembly and reduces the level of degradation of the lubricant in the piston ring pack. The nature of oxidation products containing the carbonyl group was also examined; approximately half were found to be carboxylic acids.

1. INtroduction


The lubricant that protects the piston assembly of an automotive engine can be very highly oxidised, even if that in the sump is relatively fresh [1], and this can affect its tribological performance. In the work reported here, the effects of engine load and speed on the level of degradation of lubricant, extracted from the piston top ring zone of a gasoline engine, have been examined using partially formulated Group III base fluids with added detergent. 


The rate of degradation of a lubricant in an engine is determined, to an extent, by how fast the lubricant flows through the very hot piston ring pack (where most of the degradation is thought to occur) and returns to the sump. Comparison of the level of degradation products in the piston ring pack oil samples with the rate of increase of these products in the sump allows a flow rate to be calculated for lubricant passing through the piston ring pack and returning to the sump [2]. The degradation levels and flow rates determined here for a range of conditions are compared with those from previous work [1-3].


Measurement of lubricant flow rates through the piston assembly allow the testing of computer simulations of fluid flow in the piston assembly [e.g. 4], and is also necessary for computer models of the chemical degradation in an engine. [e.g. 5, 6]

2. Experimental

2.1. Engine and Lubricant

A Hydra single cylinder gasoline research engine (Ricardo Consulting Engineers Limited) was used for this work. Full details of the engine and of modifications made to it are given in reference [2] and a companion paper in this volume [7]. The key features are that oil samples could be obtained from behind the top piston ring while the engine was running, and that the camshafts and piston assembly were lubricated by two separate systems. This allowed the lubricant for the piston ring pack to be highly degraded without otherwise adversely affecting the wear in the rest of the engine. As a consequence, an anti-oxidant free lubricant could be used for the piston ring pack. This was done to allow the rapid degradation of the lubricant in the engine, as well as for easier chemical analysis of the oxidised oil. The lubricant used for the piston ring pack was a highly refined Group III base oil, Shell Extra High Viscosity Index (XHVITM) 8.2 with 2(% (w/w) detergent additive package consisting of calcium alkyl sulfonate in a Group I base fluid diluent and ppm levels of anti-foaming agent. 

An external sump was used to lubricate the piston assembly, which was well mixed by a stirrer and had a controlled temperature of 70 ( 2 (C. 

2.2. Chemical Analyses

The degree of oxidation of the lubricant in the sump and ring pack was determined by monitoring the concentration of carbonyl containing species using FTIR spectroscopy at wavelengths of 1690 – 1750 cm(1 (indicative of ketones, carboxylic acids and, to a lesser extent, esters [8]). A Nicolet 410 Impact spectrophotometer was used, with a 1 mm path length cell with calcium fluoride windows. The carbonyl concentration was calibrated using authentic samples of nonanone (supplier, Aldrich, 99(% purity).

The IR absorption due to carbonyl from carboxylic acid overlaps with that from ketones. Therefore, to find the proportion of carbonyl species that were carboxylic acids, oil samples were washed with aqueous potassium hydroxide solution to remove the acids. Comparison of the absorption due to carbonyl in the oil layer with that of an untreated sample [9, 2] allowed the carboxylic acid concentration to be found. 

2.3. Bench-top Reactor Test

The relative reactivity of XHVI 8.2 with and without the calcium alkyl sulfonate detergent was checked using a bench-top reactor, consisting of a sealed stainless steel vessel of internal volume 4.8 cm3 with a charge of 0.5 cm3 of the lubricant.[10] The reaction was started by introduction of a given pressure of oxygen into the preheated vessel. The extent of reaction was determined by monitoring the pressure in the vessel.

3. Results

To establish the fraction of the carbonyl absorption that was due to carboxylic acid content, selected sump oil samples for one engine run were examined (figure 1). The ratio of carboxylic acid to total carbonyl was found to be 50 ( 10 % early in the reaction, rising slightly after 40 hours. The results given in figure 1 are from engine run 2 as described in more detail in a companion paper in this volume [7]. 
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Figure 1. Ratio of carboxylic acid to total carbonyl (mol/mol) in oxidised sump Oil. Lubricant: XHVITM 8.2 with 2 % (w/w) calcium alkyl sulfonate detergent. Conditions: 2000 rpm, 80 % load.


The high gas pressures generated during the combustion stroke of the engine drive a rapid gas flow along the ring pack sampling tube. This carries small amounts of lubricant from the top ring zone to outside the engine to be collected in glass vials. The rate of lubricant flow along the sampling tube is given for a range of engine loads in figure 2. 
Each sample was collected for between 5 and 20 minutes, with the sample volumes ranging from 0.015 to 0.1 cm3. The small sample volumes precluded the determination of carboxylic acid content by the method used for the results in figure 1. It is assumed that this ratio of carboxylic acid to total carbonyl of 50 ( 10 % is applicable for all the oil samples collected for this work. It is therefore possible to estimate Total Acid Numbers (TAN) for the oil samples, which is the amount of KOH, in mg, necessary to neutralise the acid. 


These TAN numbers will be due to carboxylic acids only; if they were measured by titration (method ASTM D974), they would be higher due to the presence of nitric acids formed from NOX in the blow-by gas. These calculated TAN values are included in the subsequent chemical analyses presented in figures 3 to 6. 
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Figure 2. Variation, with engine load, of the rate of flow of lubricant from the ring pack sampling tube. Lubricant: XHVITM 8.2 with 2 % (w/w) calcium alkyl sulfonate detergent. Conditions: 1500 rpm, 33 - 75 % load.


The degradation of the ring pack oil samples was determined for three engine loads from 33 % to 75 %, and three engine speeds from 1000 rpm to 2000 rpm, shown in figures 3 and 4 respectively. 


Repeat runs of the middle set of conditions (1500 rpm, 50 % load) were performed to test the reproducibility of the system; the results from the two runs were within ca. 15 % of each other.
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Figure 3. Variation, with engine load, of the level of oxidation of lubricant samples extracted from the piston ring pack. Lubricant: XHVITM 8.2 with 2 % (w/w) calcium alkyl sulfonate detergent. Conditions: 1500 rpm, 33 - 75 % load.
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Figure 4. Variation, with engine speed, of the level of oxidation of lubricant samples extracted from the piston ring pack. Lubricant: XHVITM 8.2 with 2 % (w/w) calcium alkyl sulfonate detergent. Conditions: 1000 - 2000 rpm, 50 % load.


During these runs samples were also collected from the sump and analysed (shown in figures 5 and 6). 
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Figure 5. Variation, with engine load, of the level of oxidation of sump lubricant samples. Lubricant: XHVITM 8.2 with 2 % (w/w) calcium alkyl sulfonate detergent. Conditions: 1500 rpm, 33 - 75 % load.
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Figure 6. Variation, with engine speed, of the level of oxidation of sump lubricant samples. Lubricant: XHVITM 8.2 with 2 % (w/w) calcium alkyl sulfonate detergent. Conditions: 1000 - 2000 rpm, 50 % load.


Standard errors for the data in figures 3 to 6 are approximately ± 6 % of signal; error bars have been omitted from the figures for clarity.

4. Discussion


The rate of oil flow along the sampling tube shown in figure 2 varied by a factor of two over the three hours of the engine run, and generally showed a greater variation than the carbonyl content of the samples. The reason for this variation in flow rates could possibly be due to rotation of the piston rings during the run giving a varying environment at the hole behind the top piston ring. Future work will aim to resolve the cause of this variation in flow rate.

The extent of oxidation in the ring pack samples (figures 3, 4) all share some common features, in that they peak at between 30 and 50 minutes after the start of the run. The extent of oxidation prior to 30 minutes is lower, most likely due to ring pack assembly being relatively cool when the engine first starts firing. Subsequent to the peak at approximately 30 minutes, oxidation levels decrease gradually for some time. Indeed some of the runs appear to take up to two hours for the oxidation level to stabilise. This is perhaps surprising, considering that all the monitored temperatures for the engine stabilised within 45 minutes of the start of engine firing.  

Higher loads give higher levels of oxidation of the ring pack lubricant. There are many factors that will control how the extent of oxidation varies with load, such as residence time of oil in the ring pack or NOX levels in the blow-by exhaust gas. However, one factor that is likely to have a strong effect is the temperature that the lubricant experiences in the ring pack, and this will tend to increase with load. It is well known that higher temperatures increase the rate of oxidation.[8] Future work will measure the temperature of the piston assembly during use and how this varies with load and speed.

The variation of degradation in the piston ring pack with engine speed is less clear, although lower speeds do tend to give higher levels of degradation. 

Since an external sump was used for lubrication of the piston assembly, and its temperature was kept relatively cool at 70 (C, no noticeable oxidation of the lubricant will have occurred in the sump. The build-up of oxidation products in the sump oil will have been due to the return of oxidised oil from the piston assembly to the sump, as shown in figures 5 and 6. The intercepts at time zero are all non-zero, particularly for the 75 % load run. It is currently being investigated whether this is due to the difficulty in analysing the very low concentrations of oxidised products in the sump early in the runs, or whether there is an input of a small concentration of carbonyl containing compound at the very start of the runs. Thereafter the level of oxidation increases approximately linearly

By comparison of the rate of build-up of oxidation products in the sump (d[P]Sump/dt), with the concentration of these products in the ring pack  samples ([P]RingPack), it is possible to obtain a characteristic time (τSump) for the oil to flow from the sump through the ring pack and return again to the sump (equation 1).
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Since both the lubricant in the sump and ring pack will be well mixed, the fraction of oil that has not been through the ring pack ([Oil]/[Oil]0) will decrease exponentially with time, [11] with the time constant, τSump defining a residence time for the sump (equation 2). 
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         Equation 2


The sump residence time for the experiments described in figures 3 to 6 are given in table 1, found using carbonyl concentrations after the engine has had time (45 minutes) to reach thermal equilibrium. These values for τSump have been normalised by dividing by the volume of the sump (2.6 litres), so represent the sump residence time if the piston assembly had been part of a production engine with a charge of oil of 1 litre per cylinder. The errors quoted in tables 1 and 2 represent 65 % confidence limits.


Although the ring pack carbonyl concentrations were not constant during the runs, an arithmetic mean value was found for each run, therefore the sump residence times present in table 1 (and flow rates in table 2) represent averages over the duration of the runs.

Table 1. 

Sump residence time (hours litre-1) (as defined in the text) and its dependence on engine load and speed. Conditions: 1000 - 2000 rpm, 33 - 75 % load.

	Load

(%)
	1000
	Speed (rpm)

1500
	2000

	33
	-
	26 ± 3
	-

	50
	40 ± 4
	25 ± 3
	19 ± 2

	75
	-
	33 ± 3
	-



The sump residence time allows an estimation of how many times the lubricant would pass through the ring pack between oil changes; assuming that 2,000 rpm corresponds to a speed of approximately 80 kph, a sump residence time of 19 hours litre-1 is equivalent to approximately nine times for an assumed 15,000 km drain interval.

Since the sump volume (VSump) is known, the flow rate of oil through the ring pack and returning to the sump (F) is readily determined as:
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Flow rates for experiments described in figures 3 to 6 are given in table 2. 

Table 2. 

Flow rate of lubricant through piston ring pack (cm3 min-1) and its dependence on engine load and speed. Conditions: 1000 - 2000 rpm, 33 - 75 % load.

	Load

(%)
	1000
	Speed (rpm)

1500
	2000

	33
	-
	0.63 ± 0.09
	-

	50
	0.41 ± 0.04
	0.66 ± 0.08
	0.89 ± 0.08

	75
	-
	0.50 ± 0.05
	-



The analysis given here ignores any oil loss from the engine, as this was not monitored in the present experiments. However, previous work on the Hydra engine suggests that the rate of loss of the lubricant into the combustion chamber is approximately 0.05(cm3 min-1 at 2000 rpm, which is ca. 6 % of that entering the piston ring pack. [2]


The flow rates through the piston ring pack given in table 2 vary approximately proportionally to engine speed, but appear to be little affected by load. Therefore, the volume of oil returning to the sump is essentially invariant at 0.83 ± 0.09 mm3 per engine cycle over the range of conditions examined here (1000 – 2000 rpm and 33 % - 75 % load). 


One concern to be addressed was that the sampling of lubricant from the piston ring pack might perturb the normal operation of the engine. However, this was not a problem in the work reported here, as the flow of lubricant along the sampling tube was approximately 0.005 cm3 min-1 which is approximately two orders of magnitude smaller than the 0.4 – 0.8 cm3 min-1 flowing through the ring pack.


The level of oxidation in the ring pack, flow rates and sump residence times can be compared with earlier work. The Ricardo Hydra gasoline engine has been used previously [2] to examine degradation in ring pack oil with the same conditions as used here (1500 rpm, 50 % load), but with unformulated XHVITM 8.2 as the lubricant, as shown in figure 7. The striking feature is that the degradation levels with no detergent present are approximately eight times higher than the equivalent run reported here, with the only significant difference in conditions being the absence of the sulfonate detergent. 
In the earlier work the lack of detergent led to a rapid build up of carbon deposit around the piston rings, and this had a noticeable effect in inhibiting the flow rate through the piston ring pack, 0.27 ± 0.03 cm3 min-1 in comparison with 0.66 ± 0.08 cm3 min-1 in the present study where detergent was used. The faster flow of lubricant through the ring pack when detergent is used is likely to be one reason for the levels of oxidation being lower in the present study.

[image: image10.wmf]0

50

100

150

200

0

200

400

600

Time (mins)

Carbonyl (10

-3

 mol / litre)

0.0

2.0

4.0

6.0

TAN (Calculated)

This Work, 50 % load, 1500 rpm

Saville et al. 1988 [1] Oil A

Saville et al. 1988 [1] Oil B

Stark et al. 2004 [2]


Figure 7. Comparison with previous work on lubricant degradation in the piston ring pack. This work:  lubricant: XHVITM 8.2 with 2 % (w/w) calcium alkyl sulfonate detergent, conditions: 1500 rpm, 50 % load. Stark et al. 2004 [2], lubricant: XHVITM 8.2 only, engine and conditions, as this work. Saville et al. 1988 [1]: engine, Caterpillar diesel (1Y73), Oils A and B, fully formulated commercial lubricants, Conditions, 1200 rpm.


Another reason is that although a calcium alkyl sulfonate detergent would not normally be considered to act as an anti-oxidant, in practice it did have a noticeable inhibiting effect. This was established by examining the rate of oxidation of the XHVI 8.2 base fluid with and without the detergent. A sealed bomb test was used at 200 (C, typical of ring pack temperatures. An initial charge of 1 barA of oxygen was introduced, with the pressure dropping as the reaction proceeded and the oxygen was consumed (figure 8). The time until the pressure minimum, which is when the oxygen runs out, was used as a measure of the rate of reaction; the rate of reaction was found to be 40(% slower when the detergent was present.
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Figure 8. Comparison of rate of oxidation of lubricant base fluid (XHVITM 8.2) with and without 2 % (w/w) calcium alkyl sulfonate detergent. Conditions: 1 bar oxygen initial pressure; temperature, 200 (C.


The detergent package used consisted of active ingredient (calcium alkyl sulfonate) in Group I base fluid diluent. It has recently been suggested [12] that small concentrations of Group I base fluids can have a noticeable effect on the oxidative stability of Group III base fluids, due to sulfur contain species or aromatics. Therefore it is possible that the inhibiting effect observed for the detergent additive package is due to the diluent and not the sulfonate. Further work will aim to clarify the situation.


Saville et al. [1] examined the level of degradation of lubricant from the top ring zone of a Caterpillar diesel engine (1Y73), and the oil samples were analysed for carbonyl content, with the results presented in terms of absorption per cm for the peak at 1720 cm-1. These results were converted to concentrations using the calibration factors found for the present work, and are also shown on figure 7. Due to the indirect method of calibration, there is a possibility of a larger error for the results of Saville et al., as presented in figure 7; they do however give an indication of oxidation levels and allow a comparison between the present tests and those conducted in the diesel engine.


Saville et al. [1] used two fully formulated lubricants of differing qualities in the Caterpillar diesel engine, both 10W40 grade but differing in that Oil B had a higher anti-oxidancy than Oil A, resulting in the former having a lower level of oxidation. 


One of the interesting features of the comparison between the oxidation of fully formulated lubricants in a diesel engine and the present study of anti-oxidant free lubricants in a gasoline engine is that the levels of oxidation observed are actually comparable. This is probably because, although the lubricant in the diesel experiments of Saville et al. [1] had an anti-oxidant, the conditions that a lubricant experiences in the piston assembly are much more severe in diesel engines than gasoline engines, with the former having considerably higher temperatures. 

5. Conclusions

Sampling of lubricant from the top ring zone of the piston assembly of a gasoline engine has allowed the level of degradation of the lubricant there to be determined for various engine conditions; higher loads and lower engine speeds give greater levels of degradation.

The rate of flow of lubricant passing through the piston ring pack assembly and returning to the sump was also determined. The flow rates varied little with load at 0.6 cm3 s-1 cylinder-1 but increased in proportion to engine speed from approximately 0.4 cm3 s-1 cylinder-1 at 1000 rpm to 0.9 cm3 s-1 at 2000 rpm. This allows a calculation of how long it takes for lubricant to flow through the piston ring pack, and return, degraded, to the sump; at 2000 rpm it is approximately 20 hours per litre of sump.

The extent of lubricant degradation was determined via measurement of the concentration of carbonyl containing compounds by infrared spectroscopy, and it was established that approximately half of the carbonyls were carboxylic acids. 

The lubricant used for this work consisted of a Group III base fluid with calcium alkyl sulfonte detergent. Comparison with previous work on the engine used here, where the lubricant was just the Group III base fluid, allowed the effect of the detergent to be examined; its presence substantially increased the rate of lubricant flow through the piston assembly and reduced the level of degradation of the lubricant in the piston ring pack. 

The data on lubricant flow and degradation in a gasoline engine will be used to construct and validate tribological models of the piston assembly, and chemical models describing oxidation of the lubricant.
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