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INTRODUCTION

In  1998,  the Diesel Engine Oil Advisory Panel (DEOAP), which consists of members from the American Petroleum Institute (API), the Engine Manufacturers Association (EMA), and the American Chemistry Council (ACC), determined that a need existed for the next generation of engine oils to protect heavy duty diesel engines designed to meet the 2002 Environmental Protection Agency (EPA) emissions requirements.  It was anticipated the new engine generation would be equipped with Exhaust Gas Recirculation (EGR) systems, resulting in higher soot contamination levels, increased TBN depletion from contamination with acids that might condense in the intake stream, and an increased thermal loading of the engine. It was judged that the existing CH-4 engine oils would not adequately protect the EGR engines and a proposed PC-9 engine oil category was introduced. Included in this new category was the need for a test to evaluate ring and liner wear protection in an engine equipped with EGR.  A Task Force was formed under the ASTM Heavy Duty Engine Oil Classification Panel, and was given the responsibility of developing a suitable test method using the Mack E-7 E-Tech engine with a prototype EGR system provided by Mack Trucks Inc. The procedure that was developed has been given the designation “Mack T-10”.

TEST DEVELOPMENT

The development of the Mack T-10 engine test was carried out in two phases. A first phase where a small group of companies completed the initial development of a draft test procedure which, in the second phase, was handed over to the ASTM Task Force to finalize the development and to standardize the procedure, the test stands, and the engine hardware. Engine test hardware and the two phases of test development will be discussed separately in the following paragraphs.

Engine Hardware

The test engine is a Mack E7-350 electronically governed engine and is an open chamber, in-line, six cylinder four stroke, turbo-charged, charge air cooled, compression ignition engine. The engine has a displacement of 12L(728 cu. in.) and is rated at 261 kW (350 bhp) at 1800 rpm governed speed (SAE J1995).  The Exhaust Gas Recirculation system features the so-called “high pressure loop” where gas is routed from the exhaust, through a heat exchanger and a flow control device to the intake manifold. EGR flow is controlled by a venturi in the main intake stream and a bypass flow around the venturi. The T-10 test procedure contains additional engine specifications and ordering information and is included as Appendix A.

Prior to each test, a new parts kit is installed which consists of pistons/rings/liners and connecting rod bearings. These have been designated as critical parts for the T-10 test. Under the guidance of the ASTM Standard Guide for Hardware Control,  a Central Parts Distributor (CPD) was set up to handle critical and some non-critical parts for the T-10 test. All of the critical parts are serialized and laser etched for tracking and reporting purposes. The non-critical parts required to be maintained in inventory  by the CPD at this time are the fuel injection pumps and the turbochargers. A detailed list of parts required for each rebuild as well as ordering information is included in the test procedure.

Initial Development

The first EGR engine supplied by Mack, was installed at Southwest Research Institute (SwRI). The configuration of the stand and its instrumentation was developed in close cooperation with Mack. A protocol for the initial test development work was proposed by Chevron Oronite, an additive company with significant experience in the areas of engine test development and radioactive wear measurements. The plan consisted of two phases: 1) defining the operating conditions of the first part of the test, a lubricant degradation phase, and 2) defining the operating conditions of the second test part, the ring and liner wear phase. The three companies: Mack, SwRI, and Chevron Oronite jointly pursued the proposed plan.

Development work for the first phase of the test consisted of running short duration (50 hours) lubricant degradation tests. The used oil from a series of tests was analyzed and it was concluded that the soot input rate and the TBN depletion could be controlled independently by selecting the proper operating conditions. The conditions for the oil degradation phase of the test were chosen such that a soot contamination level of 5% and a TBN depletion of  4 to 5 mg KOH/g would be reached in 75 hours.

Surface Layer Activation (SLA) wear measurements were performed on a statistically designed matrix of operating conditions to enable the selection of the operating conditions for the second phase of the test. This test phase was intended to be the wear phase of the test, stressing piston ring and liner wear. The matrix factors that had the most significant impact on liner wear were engine speed, injection timing, EGR, and intake manifold temperature.

Once a draft version of the Mack T-10 test had been established, a number of actual tests were run which indicated that the test showed some discrimination and that the test was more severe than its predecessor, the Mack T-9 test.

A more detailed description of the initial development work can be found in an SAE Paper (1) that was published at the 2000 Spring SAE Fuels and Lubricants Meeting in Paris.

Completion of Test Development Within ASTM

The draft version of the test procedure was submitted to the ASTM Task Force in the fall of 1999. A membership list of this Task Force is shown in Attachment 1. Over the course of the remainder of 1999, and in 2000, the procedure was further refined, additional engine test stands were built, and standardization was accomplished. The minutes of all the meetings and teleconferences are available on the TMC website (2). 

The number of Mack T-10 test stands was expanded and a total of 5 laboratories built test capacity. A listing of these laboratories is shown in Attachment 2. These laboratories formed an “operations and hardware subgroup” (O&H Subgroup). The members of this subgroup organized lab visitations to make sure the test was run according to the same procedures, and with comparable installations. The protocols used during the lab visitations and the checklists are shown in Attachment 3. The findings of the O&H Subgroup have been summarized in Attachment 4.

The ASTM Task Force initiated a number of test procedure modifications that were targeted to improve the precision and reproducibility. Examples of the most notable changes are an increase in the amount of oil that was added at regular intervals during the test as part of the forced oil top-up strategy from 3 to 5 pounds. This change was made to ensure oil was present in the weighing device used to measure oil consumption, which was deemed an important test parameter by the test sponsor. Another important change was the increase in gallery oil temperature from 220 to 235 °F, which would promote oxidation. All changes made to the test are reflected in the final version of the test procedure which is shown as Appendix 1.

IR OXIDATION METHOD DEVELOPMENT

One of the first EGR engines that was supplied by Mack was installed at PerkinElmer Automotive Research in San Antonio. Their extensive cooperation with an additive company,  Infineum, led to important findings in the area of engine oil oxidation. A significant observation of their work was that measuring oxidation using the peak height at a fixed wavelength in the Infrared Spectrum did not always reveal the full extent of oxidation. Instead a method using the integration of an area under the curve would yield a more representative picture of the oxidation state of the lubricant. When the Heavy Duty Engine Oil Classification Panel (HDEOCP) decided to use the Mack T-10 test as a tool to evaluate used oil oxidation in addition to the parameters described in the preceding paragraphs, a subgroup was formed to further define a method for “Integrated IR Oxidation Measurements”. The subgroup first defined a number of possible methods for the interpretation of IR spectra. They then sampled used oils from diesel engine tests, conducted a Round Robin, and narrowed down the number of possible IR spectrum interpretation methods to 2. These 2 methods were reported to the Task Force and the final decision for one of these methods was taken by the Task Force based on the results obtained with the two methods during the Industry Matrix.. The final method was made part of the Mack T-10 test procedure, which is given as Appendix 2.

USED OIL MRV EVALUATION : MACK T-10A

One of the requirements defined by the Engine Manufacturers Association (EMA) for the PC-9 lubricant specification was a need to evaluate low temperature viscometrics of soot laden oils. Since the Mack T-10 has a narrow soot target at the end of the first phase of the test, after 75 hours of operation, it was decided by the HDEOCP to use the Mack T-10 test for the evaluation of low temperature used oil rheology. The measurement technique that is prescribed for the evaluation of the used oil is a version of the ASTM D-4684 MRV TP-1 method. If there is a need for a used oil MRV evaluation of a candidate oil, without the need for a full Mack T-10 test, a shorter version of the Mack T-10 test can be used which is called the Mack T-10A test. This is a 75 hour test, run according to the Mack T-10 phase 1 test procedure, with the sole purpose of  providing the sooted oil sample for the MRV measurement. The details of the Mack T-10A procedure have been included as an attachment to the Mack T-10 test procedure. 

INDUSTRY MATRIX

Design

A critical step in the process of obtaining the industry’s approval for a new engine test involves establishing the precision, base oil interchange guidelines, and viscosity grade read-across guidelines of the test. A Task Force, reporting to the Heavy Duty Engine Oil Classification Panel, designed a test plan that would provide input on precision and base oil interchange. It was assumed that the viscosity grade read-across guidelines could be adopted from the predecessor test, the Mack T-9. The design of the engine test matrix, using three additive chemistries and three different base oils for a total of nine matrix oils, is explained in the “Statistical Summary of the Mack T-10 Precision / BOI Matrix”, given as Attachment 5. The matrix design called for a total number of 28 engine tests in 7 engine test stands, spread over 5 participating laboratories. 

Results

The engine testing was started in December of 2000 and was completed in July of 2001. A detailed listing of the engine test results is provided as Attachment 6 and the IR oxidation measurements can be found in Attachment 7. The engine testing that was done as part of the Industry Matrix proved that the test, in terms of operation, was stable and dependable. However, the test results indicated an inconsistency in how the test was run in the various participating laboratories. As it turned out, the amount of EGR, being controlled using an oxygen measurement, was not the same for all tests. After completion of the matrix, it was decided to implement another test procedure change to overcome this problem. Instead of controlling the amount of EGR using an oxygen measurement, it was decided to use a carbon-dioxide (CO2) measurement. The industry matrix results and post-matrix reference testing  indicated that this test procedure modification greatly improved the reproducibility of the test, evidenced by the absence of laboratory severity adjustments. 

Statistical Evaluation

The statistical evaluation of the industry matrix is provided in Attachment 5. Several important conclusions can be drawn from the matrix data.

· Delta lead benefits from a natural log transformation, no other transformations were necessary.
· There was a significant positive correlation between delta lead from beginning to end of test and delta lead from 250 to 300 hours, between top ring weight loss and cylinder liner wear, and between method 5 IR and each of the delta lead measures.
· “Labs” had significant effects for both delta lead measures and IR. They were marginally significant for cylinder liner wear.
· “Stand within Lab” was significant for IR and marginally significant for both delta lead measures.
· The interaction between “Technology” and “Base Oil” was significant for cylinder liner wear and marginally significant for top ring weight loss.

· “Technology” had a significant effect for the delta lead measures and IR.

· “Base Oil” was significant for cylinder liner wear and marginally significant for top ring weight loss.

CALIBRATION AND REFERENCING

The statistical evaluation of the results of the industry matrix indicated that two out of the seven matrix test stands gave results that were significantly different from the other stands. The application of LTMS guidelines confirmed this observation and consequently these stands did not qualify to receive the “calibrated” status at the end of the matrix. The Task Force decided that these two stands would have to run at least one reference test to become calibrated. Once these stands were calibrated, they will have to re-reference once every 6 months. The matrix stands that received the “calibrates status” based on the matrix results will have to re-reference after completion of 5 operationally valid non-reference tests, and from then on they will have to be re-referenced once every 6 months. All test stands that were not involved in the matrix will have to run at least one reference test to become calibrated and will have to be re-referenced once every 6 months.   

SUMMARY AND CONCLUSIONS

An engine test has been developed to measure piston ring and cylinder wear, bearing corrosion, oxidation, and oil consumption. An engine test matrix has been conducted and the results of this matrix indicate that the test has acceptable reproducibility, and is able to discriminate between candidate oils. Based on all the work that has been done and has been presented to the Heavy Duty Engine Oil Classification Panel, it was decided to accept the Mack T-10 engine test for inclusion in the new PC-9 engine oil specification.
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