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A residence time of approximately 60 seconds for lubricant in the piston ring pack of a gasoline engine, running at 1500 rpm, 50% throttle, has been measured by adding a hydrocarbon marker to the oil in the sump and monitoring its build up in oil extracted from the top ring groove. Comparison of the rate of increase of oxidised products in the sump with the level of oxidation in the ring pack allows a rate of flow of oil entering the ring pack from the sump to be calculated as approximately 0.4 cm3 min-1 cylinder-1, with at least 88 % returning to the sump and the remainder lost into the combustion chamber. The volume of oil in the ring pack was determined as approximately 0.4 cm3 cylinder-1, approximately one quarter of the free volume available between the top of the oil control ring and the top piston ring. 
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Introduction
The drive towards engine oils that can resist degradation for ever longer times has led to a great interest in what factors control the rate of lubricant oxidation. [e.g. 1, 2] To help the understanding of this problem, it is necessary to know how much oil is in the very hot piston ring pack assembly (where much of the degradation occurs), how long it stays there, and how rapidly it flows through the ring pack and returns to the sump. However, there is little previously published work that reports any of the piston ring pack flow parameters for diesel engines [3, 4], and none for gasoline engines.

The flow of oil in an engine is very complex [e.g. 5] but a useful approximation, as suggested by Yasutomi et al., [6] is to assume that the oil is degrading in just two well mixed, homogeneous volumes, the sump (with relatively large volume, long residence time and low temperature) and the piston ring pack (relatively small volume, short residence time and high temperature), with a constant flow of fluid between the two volumes. With this approximation, the oil flow through the ring pack can be completely characterised by any two of three properties, the volume of oil in the ring pack (Vringpack), the rate of flow of oil from the sump through the ring pack (F), and the residence time of the oil in the ring pack ((ringpack). These properties are related by the formula:
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Equation 1


Experiments are reported here that establish these flow parameters for a gasoline engine operating at 1500 rpm and 50 % throttle. These results are compared with previous work on lubricant flow in diesel engines. [3, 4, 6]

Experimental 

Engine Set-up


A Hydra single cylinder gasoline research engine (Ricardo Consulting Engineers Limited) was used for this work. The Hydra is based on a General Motors/Vauxhall 2.0 litre, 4-cylinder production engine and uses the production piston (AE Reference 24024) and ring pack (AE Reference R23490) from the design introduced into service in 1988. [7] The ring pack consists of two compression rings and an oil control ring (figure 1).  The top ring is a spheroidal cast iron, barrel faced compression ring with a molybdenum coating across the running face, while the second compression ring is plain grey cast iron of a Napier scraper design.  The oil control ring is a three-piece design using steel rails, chromium coated on the running face.  The engine is a naturally aspirated, fuel injected, 4-valve design, with a bore and stroke of 86 mm.
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Figure 1
Schematic diagram of the piston ring pack used for this study.


Two modifications to the lubrication system normally found on an internal combustion engine were carried out.  Firstly, the lubricant supply to the engine was divided into two entirely independent systems.  The first of these supplied oil to the camshafts (monograde SAE 30 oil (Shell Reference ALP 9931/99)), thus removing any degradation occurring here from that measured for the piston assembly.  The second system supplied oil to the remainder of the engine, consisting of main bearings, connecting rod, big end bearing and piston assembly. The lubricant used was a highly refined base oil with no additive package, Shell Extra High Viscosity Index (XHVI) 8.2.  To allow for the rapid degradation of the lubricant in the engine, and for easier chemical analysis of the oxidised oil, antioxidants were not used. To ensure that there was negligible lubricant degradation occurring in the sump and that therefore only degradation in the piston ring pack was significant, the sump was maintained externally to the engine and controlled at a relatively low temperature (70 (C).


The second modification to the engine was made to allow extraction of samples of oil from the piston ring pack region of the engine, using the technique of Saville et al. [3] A small hole was drilled through from the top ring groove to inside the piston (minimum diameter 1 mm), and connected to the outside of the engine by a 1/8” outside diameter, 1/16” inside diameter PTFE tube. [8] The high gas pressures generated in the vicinity of the piston rings during the compression and combustion strokes forced a rapid flow of gas along the PTFE tube, which carried oil that originated at the piston ring pack along the tube to outside of the engine where it was collected in glass vials. 


To try to maximise the degradation of lubricant in the piston assembly, it was attempted to maximise the level of combustion gas flowing through the piston ring pack by optimising the position of the ring gaps during the experiment.  This was achieved by locating a pin in the ring groove.  A matching section was removed from one free end of the ring at the gap.  During operation, the ring gap was located over the pin in the groove, severely limiting ring rotation during engine operation. The location for the pinning of the gaps was selected using gas flow modelling [5].  The model suggested that the greatest gas flow would be obtained with the top ring gap located in the thrust axis, and the second ring gap diametrically opposed at the anti-thrust face.  This ring gap configuration was selected, with the top ring gap increased by 50 % to promote further gas flow into the second land. The sampling hole in the top ring groove was situated 180º opposite the top ring gap.


The engine running conditions of 1500 rpm and 50 % throttle were chosen because the sampling system was prone to failure with the engine running at higher speeds or loads, while at lower loads and speeds lubricant degradation was less, which increased the problems with chemical analysis. The experiment with these engine parameters was repeated, but these runs were not successful, either due to premature breakage of the sampling tube or blockage of the sampling tube due to build up of carbon deposits. The results from the one run presented here represent a preliminary study, and work is ongoing to increase both the reliability of the sampling system and the range of engine conditions studied [9, 10].

Chemical Analyses

The technique of Saville et al. [3] was used to measure the piston ring pack residence time, with a marker added to the sump oil while its concentration was monitored in the ring pack oil samples. The marker chosen was octadecane (supplier, Aldrich Chemicals, 99% purity), as this allowed very small oil samples to be analysed using standard gas chromatography techniques. The unbranched alkane marker, having no tertiary C-H bonds, is less prone to oxidation than the base fluid [11], ensuring that reaction of the marker in the engine was relatively minor and could be ignored. Low concentrations  (5 - 10 % v/v) readily dissolved in the base fluid with little significant change in viscosity of the oil. There is a possibility that a small proportion of the marker could evaporate in piston ring pack due to the relatively high temperatures there, since the boiling point of octadecane is 316 (C [12] while the ring pack temperature is ca. 200 (C. However, it is not thought that this would perturb the measurement of residence time of lubricant in the ring pack, as any octadecane that did evaporate would quickly condense back out into the liquid phase in the sampling tube which was at near ambient temperatures by its exit point.

The flow of oil from the ring pack along the PTFE tube proved to be very low, and potentially erratic. Thus to avoid the need to measure accurately the volume of the very small oil samples collected (the smallest being ca. 0.2 mm3 collected over a 5 second interval), the concentration of the marker was compared with an internal standard that was already present in the sump oil, hexadecane (supplier, Aldrich Chemicals, 99% purity). The engine was run initially with 2.0 litres of XHVI 8.2 + 5 % (v/v) hexadecane. After the engine had warmed up for 30 minutes, another 2.0 litre mixture was added to the sump such that the engine oil then contained 5 % (v/v) hexadecane, 5 % (v/v) octadecane with the balance being XHVI 8.2 and vigorously mixed for a few minutes using a stirrer.

Oil from the top ring groove was collected in glass vials. Two samples of 2 minutes duration were collected before the marked oil was added to the sump, and from the time the marked oil was added, samples were collected with ever increasing durations, starting with 5 seconds and finishing after 90 minutes elapsed time with 10 minute duration samples. 

Hexane (1.0 cm3) was added to the samples and the vials sealed and heated to the boiling point of hexane for a minute to dissolve the oil samples. Weighing of the vial before and after washing with hexane allowed the mass of the oil samples to be determined. The oil samples, dissolved in hexane, were analysed for octadecane and hexadecane using a PU 4500 Pye FID Gas Chromatograph with on-column injection and a HT5 capillary column (Alltech 6 m length, film thickness 0.15 (m, 0.53 mm ID).

The degree of oxidation of the lubricant in the sump and ring pack was determined using infrared absorption of the carbonyl groups (at ca.1710 cm-1, indicative of ketones and carboxylic acids) in the oxidised oil samples using FTIR spectroscopy (Nicolet 410 Impact spectrophotometer, with calcium fluoride windows and 1 mm path length). The fraction of the carbonyl absorption due to carboxylic acid content was determined by washing the oil samples with aqueous potassium hydroxide solution and comparing the absorption with that of an untreated sample. [13, 14] This allowed the calculation of Total Acid Numbers (TAN, method ASTM D974) for the oil samples, the amount of KOH, in mg, necessary to neutralise the acid (due to carboxylic acids only).

Results 
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The time development of the ratio of the octadecane marker to the hexadecane internal standard was measured and is shown in figure 2 as the percentage of the maximum value at 4 minutes (equation 2), along with single exponential and bi-exponential fits as described in the discussion section.
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Figure 2
Time development of the ratio of octadecane marker to hexadecane internal standard, with exponential fits as described in the text.

[image: image14.wmf]min

4

max@

)

/

(

]

[

]

[

  

)

/

(

]

[

]

[

          

          

          

v

v

hexadecane

octadecane

v

v

hexadecane

octadecane

marker(%)

÷

ø

ö

ç

è

æ

÷

ø

ö

ç

è

æ

=
















Equation 2


The mass of the ring pack oil samples was measured, allowing the volume flow rate along the sampling tube to be determined (figure 3) (calculated assuming the lubricant density is equivalent to that of the unoxidised base fluid, 0.834 g cm-3). This therefore allowed the carbonyl concentration to be established (figure 4). The Total Acid Numbers (TAN) of the oil samples (due to carboxylic acids only) is also included in figure 4, based on the determination that approximately 50 % of the carbonyl absorption is due to carboxylic acids [9, 14].
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Figure 3
Rate of flow of lubricant from top ring groove sampling tube.
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Figure 4
Carbonyl concentration and Total Acid Number (TAN) for sump and ring pack oil samples.

Discussion

From the description of lubricant flow of Yasutomi et al. [6] and Saville et al., [3] after adding a marker to the sump oil of an engine, the increase in the concentration of the marked oil in the ring pack samples ([Marked Oil]) would be expected to follow a characteristic exponential rise approaching the level in the sump ([Marked Oil]0), given by equation 3 (where t = time). 
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Equation 3


Closer inspection of the first minute from figure 2 shows however that for an initial short period there is negligible build-up of the marker, which then increases exponentially, this is expressed mathematically by equation 4. The delay time ((delay) and residence time ((ringpack) were varied (using Excel) to give the best fit to the data (up to the maximum value at 4 minutes), with optimal values of 30 and 42 seconds respectively determined; this single exponential fit is shown in figure 2. 
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Equation 4

There are two possible reasons for the 30 second delay in the marked oil arriving in the ring pack oil samples. The first is that it was observed that most of the ring pack oil arriving in the vials travelled along the ca. 60 cm long PTFE sampling tube as small sub-millimetre droplets rolling down the wall of the tube, driven along at a few centimetres per second by the fast gas flow (ca. 40 cm3 s-1). Therefore the delay could represent the time for the oil droplets to travel along the length of the tube. The second possible reason is that the delay could represent the time for the marked oil to travel from the sump through the oil pump and filter and reach the piston ring pack. Preliminary experiments with a reconfigured sampling system and method for introducing the marked oil suggest that the first explanation is more likely.

Another peculiarity of the marker experiment shown in figure 2 is that the concentration of marker did not settle down to an asymptotic limit after 4 minutes, but decreased from the maximum value by ca. 30 %; the likely reason for this is due to the procedure for adding the marker. Before the residence time experiments, the engine was initially drained of oil and the oil filter changed. The sump was then filled with 2.0 litres of XHVITM 8.2 + internal standard. When the engine was turned on approximately half of the oil left the sump, to fill the oil filter, pump, ring pack, etc. After the engine had warmed up for 30 minutes, another 2.0 litres of oil with dissolved marker was added to the sump, and the ring pack oil samples started to show an increase in the marker, reaching a maximum after 4 minutes as the oil in the ring pack was completely replaced by that from the sump. However, the oil that was already in the engine, that did not contain the marker, would now drain back into the sump. This would effectively dilute the marker in the sump, so that when this oil reached the ring pack again, the concentration of the marker would go down from its maximum value, as observed. To try to simulate this phenomenon the ring pack marker results have been fitted to effectively a bi-exponential curve, also shown in figure 2.

Although the ratios of octadecane to hexadecane were measured precisely, the fact that they do not follow a single exponential introduces an increased degree of uncertainty into the determination of the residence time. A bi-exponential curve was fitted to the results in figure 2 while varying both exponential time constants, and the rising exponential (representing the residence time) could take values from 45 to 75 seconds and still have reasonable agreement with experiment. Therefore 60 ( 15 seconds is taken as the most likely range of values consistent with figure 2.


Saville et al. [3] measured the residence time of oil in the ring pack of a Caterpillar, single cylinder, 2.2 litre, diesel engine (CAT 1Y73) to be 3 minutes at 1200 rpm, which is three times longer than measured in this work for a gasoline engine. There are likely to be many factors that affect the residence time of lubricant in the piston assembly. One factor is the volume of the piston assembly, which is much larger in the Caterpillar diesel engine than the Hydra gasoline engine used for this work, so the diesel would be more likely to have a much larger amount of lubricant in the piston ring pack and this would very likely affect the residence time. Another difference between diesel and gasoline engines is the much higher peak pressures generated by the combustion process for the former; this is also likely to affect the flow of lubricant through the piston assembly. The factors that control the lubricant residence time will only become apparent with future work that examines its variation with engine design and operating conditions.


The flow rate of oil returning from the ring pack to the sump was determined for the Hydra by comparing the rate of increase of oxidised products in the sump (d[P]sump/dt), with the concentration of these products in oil extracted from the ring pack ([P]ringpack). This relies on the sump being well mixed and there being no oxidation in the sump itself, with oxidised products in the sump only arising from oil returning from the ring pack, a reasonable assumption as the sump was kept relatively cool at 70 (C. The ratio of these two properties is a measure of the time taken for sump oil to pass through the ring pack and return to the sump (τsump, the sump residence time).
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Equation 5


Since the sump volume (Vsump) is known, the flow rate of oil through the ring pack (F) is readily determined as:
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Equation 6


Use of equations 4 and 5 gives a sump residence time of 185 ( 8 hours and a flow rate for oil returning from the ring pack to the sump of 0.36 (0.02 cm3 min-1 cylinder-1. The error bars represent standard errors as calculated from the data set given in figure 4. However, this error only represents the one experiment, and there is likely to be run-to-run variations of a larger magnitude that cannot be quantified from this data set alone. Reproducibility is being investigated in subsequent work, which indicates a run-to-run variation of the order of 20 % [9].

It is possible that a proportion of the carbonyl concentration measured for the sump and ring pack oil samples is due to partially oxidised fuel, and not just oxidised lubricant molecules. However, so long as both the ring pack and sump oil samples contain the same proportion of partially oxidised fuel then the flow rate determined will be valid. This assumption will be investigated further in subsequent work, and preliminary analysis of the volatile fraction of the lubricant by gas chromatography indicates that carbonyl containing species are very minor in comparison with other species such as polyaromatic hydrocarbons.


If there were no loss of oil from the piston ring pack, then the flow into the ring pack would equal the value measured here for the return flow. However oil loss can be potentially significant; this has also been measured for the Hydra engine (by weighing the sump with time) as 0.05 cm3 min-1 cylinder-1, for the slightly different conditions of 2000 rpm and full throttle. It is likely that this loss would represent an upper limit for loss at the less severe conditions of 1500 rpm and 50 % throttle for which the flow rate measurements were made. Therefore, at most 0.41 ( 0.02 cm3 min-1 cylinder-1 enters the ring pack and at most 12 % is lost into the combustion chamber and does not return to the sump. 

Comparison can be made with the lubricant flow data of Yasutomi et al. [4] for a light commercial diesel engine (4 cylinder, 2.16 litre) operating at 4000 rpm. They demonstrated that all of the antioxidant that flows through the ring pack is consumed, and that under some circumstances its loss due to oxidation in the sump is minimal. This allowed a lifetime of 17.5 hours to be established for the oil to flow through the piston ring packs and return to the sump. A flow rate can be inferred from their data for oil returning from the four piston ring packs of the engine to the sump of 1.54 cm3 min-1 cylinder-1. This can be compared with the much lower value measured here of 0.36 ( 0.02 cm3 min-1 cylinder-1. 

Comparison of the sump residence time of 17.5 hours found by Yasutomi et al. [4] with the value of 185 ( 8 hours measured here is complicated by the fact that the sump residence time will be proportional to the sump volume, and inversely proportional to the number of cylinders. A more useful comparison is the sump residence time ( number of cylinders / sump volume, which is 10.8 hours cylinder litre-1 for the diesel of Yasutomi et al. [4] and 46 ( 2 hours cylinder litre-1 for the Hydra. The latter value is equivalent to the sump residence time that the Hydra piston assembly would have if it were part of a production gasoline engine with four cylinders and a 4.0 litre charge of lubricant. The light diesel of Yasutomi et al. [4] clearly has much faster oil flows through the ring pack, by a factor of 4.2, than the Hydra gasoline engine. One possible reason for this could be because a diesel has higher peak pressures during the power stroke, so has greater blow-by gas flows, which can remove lubricant from the ring pack more rapidly. Alternatively, the differences in measured flow rates could be due to different designs of the piston ring pack.


An evaluation of the volume of oil in the piston ring pack can be made by multiplying the rate of oil flow through the ring pack by the residence time for oil in the ring pack of 60 ( 15 seconds. Using the average of the flow in and the flow out of the ring pack, this would give the volume of oil in the ring pack as 0.39 ( 0.10 cm3. The total free volume available below the top of the oil control ring and above the top compression ring (see figure 1) is 1.40 cm3, so 28 ( 7 % of this space is filled with lubricant. There is 0.62 cm3 between the 2nd and 3rd lands and the cylinder wall and 0.78 cm3 in the top two ring grooves not taken up by the piston rings; these values were based on dimensions measured at ambient temperature, so will be slightly different at operating temperatures. A summary of the lubricant flow parameters for the Hydra engine is given in Table 1.

	Sump Residence Time / Volume
	46 ( 2 
	hours litre-1

	Flow Rate Into Ring Pack
	0.41 ( 0.02 
	cm3 min-1

	Flow Rate Returning to Sump
	0.36 ( 0.02 
	cm3 min-1

	Loss Rate From Ring Pack*
	0.05 
	cm3 min-1

	Ring Pack Residence Time
	60 ( 15 
	seconds

	Ring Pack Volume of Oil
	0.39 ( 0.10 
	cm3


Table 1
Summary of lubricant flow parameters for the Hydra gasoline engine running at 1500 rpm, 50% throttle (* full throttle, 2000 rpm).

Descriptions of the oil flow in the piston ring pack assembly have the lubricant largely trapped between the top of the oil control ring and the top compression ring, with the oil recirculating within this volume much more rapidly than it is lost, either up into the combustion chamber, or back down into the sump [5]. If a volume of oil of 0.39 cm3 were evenly distributed in a film on the liner between the top of the oil control ring and the top compression ring, the film thickness would be on average 180 μm. This value is over an order of magnitude larger than the 5 to 10 μm that is sometimes considered to be the case [5]. It is therefore likely that most of the oil is not on the liner or piston lands, as it would be removed too rapidly by blow-by gas. Thus the implication is that there could be an order of magnitude more oil behind the piston rings than on the piston lands or the liner. Again, further work will aim to clarify this question. 

Saville et al. [3] expressed the concern that sampling oil from the ring pack might perturb the oil flow through the ring pack if the sampling rate was too high. For the test performed here, the highest rate of oil flow down the tube was 0.003 cm3 min-1, low enough to have little effect on ring pack lubrication in comparison with the flow of oil into the ring pack of 0.41 ( 0.01 cm3 min-1.

The rate of flow of oil along the sampling tube, approximately 3 mm3 min-1, is at the lower end of the range of values observed by Saville et al. [3] for sampling from a 2.0 litre, single cylinder caterpillar diesel engine of 2 to 20 mm3 min-1. The flow was fairly consistent until approximately 80 minutes after the start of the engine run, when a noticeable drop in flow occurred. This is most likely due to the build up of carbon deposit in the top ring groove blocking the sampling hole. The rapid formation of deposit is because the lubricant is an unformulated base fluid and hence does not have any detergent or dispersant. Future work will examine the rate and mechanism of the oxidation of unformulated base fluid and the build up of deposits in the engine. Sampling lubricant from the piston assembly of the engine under motored conditions would prevent the build-up of carbon deposits in the top ring groove, but, since the lubricant transport in the piston assembly is in part driven by the high pressures of the combustion process, the lubricant flow rates measured would not necessarily represent those of a fired engine.

Conclusions 
The volume, residence time and flow rates of oil in the ring pack region have been determined for a gasoline engine. The residence time at 1500 rpm, 50% throttle was measured as 60 ( 15 seconds, the rate of flow of oil entering the piston ring pack was 0.41 ( 0.02 cm3 min-1 cylinder-1 while the rate of flow of oil returning from the ring back to sump was 0.36 (0.02 cm3 min-1 with approximately 12 % loss into the combustion chamber. The volume of oil in the ring pack is 0.39( 0.10 cm3, which is approximately one quarter of the free space available between the top of the oil control ring and the top piston ring. The measurement of these physical parameters allows a better understanding of the conditions that a lubricant should be subjected to when examining its degradation, and also provides a test for detailed models of flow models of the oil in the ring pack assembly. 
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Figure 1
Schematic diagram of the piston ring pack used for this study.
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Figure 2
Time development of the ratio of octadecane marker to hexadecane internal standard, with exponential fits as described in the text.
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Figure 3
Rate of flow of lubricant from top ring groove sampling tube.


Figure 4
Carbonyl concentration and Total Acid Number (TAN) for sump and ring pack oil samples.
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