
The EPA began regulating diesel fuel sulfur levels in 1993 [3]. 
Before regulations began to take place, diesel fuel contained as 
much as 5,000 parts per million (ppm) of sulfur. In 2006, the 
EPA began to phase in more stringent regulations to lower the 
amount of sulfur in diesel fuel to 15 ppm [3], where this fuel is 
known as ultra-low sulfur diesel (ULSD). Diesel fuel is obtained 
from crude oil, which contains a considerable percentage of 
sulfur compounds, like sulfur gases such as SO2 that when 
emitted can affect the environment, where its refining cannot 
assure the complete removal of sulfur in the final fuel [4]. After 
combustion in the engine, the sulfur in fuel forms particulates 
that are the primary contributor to air pollution and the cause of 
harmful corrosion in the engine [5]. Global efforts to improve air 
quality have dramatically reduced the allowable sulfur content 
in diesel fuel, which helps reduce climate change but in doing 
so also means that the composition of the fuel must change. 
Refineries removing large amounts of sulfur from diesel through 
hydrotreating methods have shown that any significant reduction 
in sulfur content would result in a significant reduction in fuel 
lubricity as well [6].  

 The lubricity of a substance cannot be measured directly as it is 
not a material property, rather tests can be performed to quantify 
a lubricant’s performance for a specific system. Generally, the 
tests used to evaluate diesel fuel lubricity try to create conditions 
of boundary lubrication. Several bench tests that try to recreate 
boundary lubrication conditions, like those found in fuel injection 
equipment, have been developed to allow rapid and relatively 
inexpensive measurements of fuel lubricity. The Ball-on-Cylinder 
Lubricity Evaluator (BOCLE) has emerged as the most significant 
test to measure the lubrication properties of aviation turbine fuels 
in the 1980s when it was first used as a lubricant research device 
modified for low viscosity jet fuel when the Air Force encountered 
fuel control problems in 1965 with JP-4 [7]. It is particularly useful 
for measuring the effects of fuels and additives on oxidative wear, 
an important wear mechanism in aviation fuel systems. In the 

mid-1990s, the Scuffing Load Ball-on-Cylinder Lubricity Evaluator 
(SLBOCLE) [8] was developed as a reaction to fuel system failures 
due to the introduction of reduced sulfur content in diesel fuels. 
This testing method holds similarities to the BOCLE test but with 
modifications to make it less sensitive to oxidative wear and 
more sensitive to adhesive scuffing. In 1997, the SLBOCLE test 
was standardized by ASTM D6078, however, this testing method 
has been withdrawn in 2021 [9]. Lastly, the High-Frequency 
Reciprocating Rig (HFRR) was also developed in the 1990s to make 
it useful for evaluating diesel fuel, where a wide range of wear 
mechanisms depending on the fuel being tested can be produced. 
This testing method was standardized by ASTM D6079, which was 
first published in 1999.  

 In 2005, the ASTM D975 lubricity specification [10] went into 
effect after concerns over the loss of lubricity with the new ULSD 
fuel, where lubricity was determined by rubbing a metal ball 
on a flat disc submerged in the fuel being tested to determine 
scarring and wear [11]. Among all testing methods mentioned 
prior, the HFRR has shown to be more commonly used to assess 
the lubricity of diesel fuels, as the SLBOCLE became less popular 
when the ASTM D975 diesel specification set a standardized value 
for lubricity. The Standard Test Method for Evaluating Lubricity of 
Diesel Fuels by the High-Frequency Reciprocating Rig (HFRR) [12] 
may be used to evaluate the relative effectiveness of diesel fuels 
for preventing wear under the prescribed test conditions [13,14]. 
This test method is designed to evaluate boundary lubrication 
properties as diesel fuel injections equipment has some reliance 
on lubricating properties of the diesel fuel, where shortened life 
of engine components has sometimes been ascribed to lack of 
lubricity in diesel fuel. Due to the compositional changes to fuels 
and the need to introduce lubricity improvement agents into fuels, 
ASTM D6079 has proven to be a robust and reliable test method 
to measure and monitor the lubricity of diesel fuel.

The HFRR by Koehler Instrument Company, Inc. is a versatile 

computer-controlled apparatus for evaluating the lubricity of 
diesel fuels conforming to ASTM D6079 and related specifications 
[15]. Reciprocation motion occurs between the fixed stationary 
counter surface material mounted on a small lubricant bath and 
reciprocating (ball) frequency, displacement, and normal load is 
selected according to test equipment. Figure 1 showcases a HFRR 
unit developed by Koehler. One of the advancements of Koehler’s 
HFRR is the development of the closed-loop PID controller. 
Currently underutilized by most of the market, the closed-loop 
PID controller consists of a micro-controlled based controller 
module and application software. This controller is responsible for 
monitoring the vibrational and reciprocating motion of the upper 
specimen. Koehler’s HFRR system response is also improved to 
reduce system harmonics, which influence many of the friction 
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Figure 1: A High-Frequency Reciprocating Rig (HFRR) [15].



force measurement systems of other HFRR units. The system 
reduces this effect by applying filtering to the raw frictional forces 
data which allows for a more accurate and effective understanding 
of the frictional forces. These advancements allow for a 
deeper understanding of the test system and can lead to more 
comprehensive conclusions drawn from lubricity testing.   

Diesel fuel injection pumps are known to be lubricated primarily 
by the fuel itself, where the fuel viscosity is used as a rough 
indicator of a fuel’s ability to provide wear protection [16]. Since 
the introduction of the EPA’s diesel standards to reduce harmful 
emissions from both on-road and nonroad diesel sources by more 
than 90% and the advent of low sulfur diesel, even some fuels 
of higher viscosity have been found capable of producing wear. 
Lubricity is of great importance due to the fine tolerances of the 
components within the fuel-injection system, some of which 
are measured in ten-thousands of an inch. If a fuel’s lubricity is 
too low, improper lubrication will shorten the service life of fuel 
injectors and high-pressure pumps. Through the introduction of 
different tests to efficiently monitor lubricity performance the HFRR 
has shown to be a good indicator of diesel lubricity performance. 
Recent advancements in equipment using HFRR to test for the 
lubricity of diesel have shown to improve results and data that 
can help avoid engine failure, minimize the number of expensive 
repairs performed, and ensure the quality of the diesel fuel.  
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