
INTRODUCTION
As the percentage of GDI vehicles continues to increase worldwide, 
in some markets overtaking PFI cars as a percentage of new cars 
manufactured,[1] the industry is becoming increasingly aware of the 
challenges presented by this technology.[2] For example, fouling of 
the injectors of GDI vehicles can lead to a deterioration in fuel 
economy [2a] and an increase in harmful emissions.[2b] The good 
news for the industry is that these problems are, in part, deposit 
related and can be mitigated by the appropriate fuel additive. In many 
cases, however, the appropriate fuel additive for the job may not be 
the conventional PFI detergent system. Thus, in the absence of 
industry standard GDI test methods, the market is largely lacking 
appropriate additives to solve this unique challenge.

In order to understand and address the problems presented by 
emerging GDI technology, Afton has a long history of GDI test 
development [3] and collaborative GDI research ultimately aimed at 
developing solutions that benefit the consumer and the environment. 
Almost twenty years of research has facilitated the development of 
reliable and general methods for GDI vehicle testing, which has 
provided a platform to develop effective additive solutions for this 
critical vehicle platform.

RESULTS & DISCUSSION

Rapid Injector Fouling Test (RIFT) Method Details
The foundation for much of Afton’s GDI research is based on the use 
of a modified Quad-4 drive cycle (Graph 1), [3] which has shown 
considerable generality in encouraging rapid fouling of injectors in 
GDI vehicles when the gasoline used has endogenous dirty-up 
properties. While some studies have attempted to qualitatively 
identify the features of a fouling gasoline [4] (i.e. distillation 
properties, aromatic/olefin content, sulfur levels, etc), there is still not 
a clear understanding of what causes gasoline to reliably cause 
deposit formation in and on the fuel injector of GDI vehicles. 
Consequently, identifying an appropriate fouling test fuel is 
principally the work of trial and error.

In order to measure fouling in vehicle testing under these conditions, 
there are a number of different options available. Direct 
measurements of injector fouling can include visual inspection of the 
injector, fuel flow analysis and fuel spray analysis. These methods, 
however, are invasive and require the injectors to be removed from 
the vehicle/engine either during or after the test is complete. Injector 
removal carries with it the risk of disturbing the deposits and may 
therefore lead to less accurate results regarding the level of deposit 
formation during the test and any subsequent additive response to that 
deposit. These techniques allow for less data over the course of the 
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testing (usually only one data point at SOT, MOT, and EOT), which 
inherently leads to lower statistical confidence in the conclusions that 
are made from the data. However, having the option to corroborate 
real-time data with visual or spray analysis can be a powerful method 
for understanding deposit formation mechanisms.[2c,4] Indirect 
measurements of injector fouling such as injector pulse width (IPW) 
or long term fuel trim (LTFT) are preferable for routine analysis of 
injector fouling because both can be attained from the engine control 
unit (ECU) and provide modal, real-time data as the testing 
progresses. Prior studies of how LTFT and IPW correlate to injector 
deposits (internal and external) have been reported and provide clear 
evidence of the connection.[3] Furthermore, the sheer volume of data 
made available by these measurements consequently leads to higher 
levels of statistical confidence in the data. Of the two, LTFT is 
generally easier to obtain from the ECU and does not require 
additional hardware, which sometimes IPW requires and LTFT 
generally has a higher signal-to-noise ratio than IPW.[3e] In 
comparing these metrics during the described test protocol (Graph 2), 
a strong directional correlation between IPW and LTFT over 
extended test time (>1500 miles) is observed. Furthermore, most 
vehicles are set to trigger a malfunction indicator lamp (MIL) if the 
LTFT reaches 25%, hence, LTFT most closely corresponds to what 
the driving public would ultimately interact with.

Graph 1. Quad 4 Drive Cycle, Set Points, & Transitions

Graph 2. Comparing LTFT to IPW as Measures of Injector Plugging during a 
Single Test Run

The data in Graph 2 was collected on a 2013 Kia Optima (naturally 
aspirated 2.4 L GDI vehicle on a mileage accumulation 
dynamometer). The Kia Optima has proven to be an effective test 

platform due to the vehicle’s current global market relevance, the 
ease with which the vehicle can be turned around between tests and 
maintained, and the high repeatability of its response to injector 
fouling conditions. The injectors are easy to remove for middle-of-
test (MOT) or end-of-test (EOT) analysis (if desired) and the vehicle 
has provided very reliable data over different model years. Over the 
course of testing fuels/additives by this method, the condition of the 
injectors cannot be overlooked. New injectors are broken in for 2000 
miles before testing and an injector set is reused by cleaning the 
injectors in a sonication bath with a cleaning solution between tests. 
Due to the increase wear and tear of turning over and cleaning the test 
hardware for multiple tests, the maximum recommend lifetime of a 
set of test injectors for this method is ∼60,000 miles because, beyond 
that point, injectors may begin shifting mild and thus the data beyond 
60,000 miles under RIFT conditions do not always correlate to earlier 
data points.

Table 1. Kia Optima Engine Specifications

Chemical Fouling Accelerants
Due to the sporadic fouling ability of test fuels in GDI vehicles, a 
program was initiated to screen readily available chemicals that could 
be added to gasoline to accelerate the dirty-up of injectors and 
shorten overall test times to reasonable and economical durations. 
The result of that study was the development of the “acceleration 
cocktail” discussed herein that can be added to severe fuels to reliably 
increase the rate of dirty-up in GDI vehicles/engines. While screening 
for appropriate accelerants, chemical streams that met the following 
criteria were prioritized: 

1.	 Represented naturally occurring chemical components in fuels 
2.	 Did not significantly affect the chemical nature of the final 

injector deposit relative to those that were produced directly by 
market fuels 

3.	 Were capable of accelerating the deposit formation of fuels that 
were already capable themselves of dirty-up 

4.	 Were non-metallic 
5.	 Were commercially and readily available for continued use if chosen.

In previous studies, it was shown that elevated sulfur and certain 
nitrogen-containing molecules may lead to increased rates of injector 
fouling (Graph 3 - red dotted line) and thus numerous organic olefin, 
aromatic, heteroaromatic, and sulfur-containing compounds that 
represented constituents in gasoline were evaluated for commercial 
and economic viability, and di-tert-butyl disulfide (DTBDS), 
2-methylindole (MI), and 4-methylbenzenethiol were chosen as 
strong candidates to be used as fouling accelerants. Fuel aging is also 
known to lead to higher levels of severity and thus peroxides were 
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evaluated in order to mimic fuel ageing affects. The base fuel 
consistently used for GDI testing is a Gulf Coast refinery gasoline 
that is capable of fouling injectors to about 6 % LTFT in 6000 miles 
(Graph 3 - black dotted line), which has approximately four times 
less fouling ability than a comparative high-sulfur 65th percentile fuel.

The base fuel result with the refinery E0 gasoline helps to define the 
upper limit of the real-world problem of injector fouling for which an 
accelerated test can be compared to. While not all fuels and/or 
vehicles in the field will be problematic with respect to injector 
fouling, in certain scenarios the correct combination of fuel and 
hardware could lead to significant fouling of the injector and potential 
loss in fuel economy, power or increases in harmful emissions. The 
refinery E0 gasoline case (Graph 3 - black dotted line) would 
represent such a scenario and is helpful for defining the real-world 
problem consumer’s face. The most rapid injector fouling in the field 
is therefore likely to be a 10,000-15,000 mile problem, but certainly 
this is well within the lifetime of the injector hardware. While 
valuable to quantify the field problem associated with injector 
fouling, a 10,000-15,000 mile dirty-up is not economically viable 
when it comes to evaluating and developing next-generation fuel 
additives. It is for this reason that a method for accelerating the native 
fouling properties of base gasolines is needed.

Graph 3. Base Fuel Dirty-Up versus Base Fuel with Accelerants

In order to accelerate the dirty-up of the refinery base fuel (Graph 3, 
black line), a combination of di-tert-butyl disulfide (DTBDS, 409 
ppmw, contributing 147 ppmw active sulfur to the fuel) and tert-butyl 
hydrogen peroxide (TBHP, 286 ppmw) were added to the base fuel and 
the dirty-up was accelerated to provide almost twice the rate of dirty-up 
relative to the base fuel alone (Graph 3 - blue solid line). Addition of 
this In fact, by comparing the accelerated dirty-up to the base fuel case, 
a 10% dirty-up in the accelerated case would correspond to a ∼11000 
mile problem in the base fuel case (calculated from the extrapolated 
linear trend-line, Graph 3), which ultimately cuts overall test time by 
almost 7000 miles (∼155 test hours). Shortening the overall test time 
not only lowers vehicle wear and tear during fuel/additive development 
programs, but decreases the likelihood of environmental changes that 
can influence test outcomes.

The chemical dopant blend was developed by systematic studies of 
the effects of the individual chemical accelerants on the dirty-up rate 
of the base fuel. In development studies, DTBDS alone provided a 
∼44 % increase in fouling relative to base fuel and TBHP provided 
∼21% increase in fouling relative to base fuel. Various other 

accelerants (i.e. indoles, benzethiols, etc.) were also screened, 
however only DTBDS and TBHP provided statistically significant 
increases in base fuel fouling rates. In order to validate the results 
from this accelerated fouling method, it was important to scrutinize 
the chemical nature of the deposits that were formed from the doped 
and non-doped case. The rationale for adding these accelerants was 
that high sulfur fuels have been shown to naturally accumulate in the 
nozzle deposits of the injector of even low-sulfur base fuels 
(according to SEM-EDX of the injector deposit, see Appendix), thus 
suggesting that organosulfur compounds/aggregates are in some way 
associated with deposit formation or deposit initiation. When the base 
fuel is doped with extra sulfur (as described above) the final deposit 
(compared to base fuel after 2000 miles) does not contain 
disproportionately more sulfur contribution to the deposit than is seen 
in the base fuel (see supporting information); therefore, DTBDS 
doping of the fuel appears to lead only to an acceleration of the 
deposit formation and not a fundamental change in the nature of the 
deposit. Concurrently, the addition of TBHP is meant to accelerate 
fuel aging effects, which are also known to lead to increased fuel 
severity. The combination of both accelerants in the final fuel blend 
leads to reliably fast formation of carbonaceous injector deposits that 
represent real-world deposits formed under reasonable driving 
conditions. Therefore, the RIFT method presented is a realistic and 
economical tool for fuel and/or additive evaluation.

To further bolster the notion that the deposits formed from the 
accelerated fuel blend are representative of the real-world, the 
stability of the deposits formed in the injectors over the course of the 
test were analyzed. A weak deposit would ultimately be capable of 
being washed away by fuel alone and would not represent a real-
world deposit. As demonstrated in Graph 4, when the acceleration 
cocktail was removed from the fuel following a dirty-up, and the 
vehicle was allowed to continue operation for an addition 1000 miles, 
the vehicle did not begin to clean-up on the base fuel alone. Without 
the accelerants present, the deposit formation either stabilized or 
deposits continued to form. This provides further evidence that 
DTBDS and TBHP are not the cause of the deposit formation, but act 
solely as a catalyst to increase the rate of deposit formation in the test 
by possibly providing more of the binding elements of the deposit or 
by helping seed initial deposit formation.

Graph 4. Fuel Batch Variability and Deposit Stability (Accelerated Market E0 
Gasoline, Batch 1 and 2)
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Test Fuel Severity & Treatability
Over the course of hundreds of GDI vehicle/engine tests on various 
different base fuels, considerable swings in severity have been 
observed of the fouling ability of the final fuel blend as well as the 
apparent treatability of the fuels, which often are not mutually 
exclusive. Batch to batch variation of the base fuel severity and 
treatability on the same refinery stream (Graph 4) can lead to levels 
of fouling as low as 4-5% LTFT to levels over 15% LTFT in fewer 
than 6000 miles. For this reason, an assessment of base fuel severity 
(BFS) and base fuel treatability (BFT) is essential in order to properly 
compare fuel and additive performance when switching to a new 
batch of test fuel. Without this analysis, two samples cannot easily be 
compared. For example, Graph 5 shows the result of two subsequent 
dirty-up/clean-up tests on the same Mannich-based DCA, at the same 
treat rate, in the same vehicle, but on two different fuels (see 
supporting information for comparative fuel analysis). Using the 
RIFT method with the accelerated fuel blend, a ∼13% dirty-up and 
about 52% clean-up in 2964 miles is achieved, whereas using the 
RIFT protocol with RF-83 you see ∼6% dirty-up and 100% clean-up 
in less than 1000 miles. In this case, the bulk fuel specifications of 
RF-83 and the accelerated fuel blend are very similar, and it is not 
immediately obvious that there should be such a dramatic difference 
in severity and treatability. If two additives were being compared, 
each tested in a different fuel; one would naturally conclude that the 
result in the RF-83 case is that of a higher performing additive. In this 
case, however, the additives are the exact same, which is why it is 
recommended that additives are compared using a standard method 
on the same batch of test fuel for the most precise appraisal possible.

Graph 5. Comparing Test Fuel Severity and Treatability by Mannich-Based 
DCA (Accelerated Refinery Gasoline, Batch 2 versus RF-83)

Test Method Repeatability and Statistical Analysis
Using a 2014 Kia Optima vehicle and the accelerated fuel blend on 
the Quad 4 drive cycle, the RIFT method’s overall repeatability in 
dirty-up mode was evaluated. Graph 6 shows five subsequent dirty-up 
runs on the same set of injectors (cleaned between each test), as well 
as the average of all five runs (solid orange line). On average the 
dirty-up exceeds 10% LTFT in ∼4000 miles of testing. Comparing 
these data to that in Graph 3, this batch of test fuel has about the same 
level of dirty-up severity as in the prior analysis; therefore the results 
in Graph 6 could be said to reliably simulate an 11000-12000 mile 
problem in this vehicle in under four days of test time.

Graph 6. Test Method Repeatability with Accelerated Fuel Blend (Market E0 
Gasoline, Batch 2)

Statistical analysis of this dataset (Graph 7) clearly shows that at 
>1400 miles of testing (or >2.5% LTFT) one can be 99% confident 
that the injectors have fouled to a point that is statistically above the 
baseline. This means that keep-clean testing can be done with very 
short test times in order to assess an additive’s performance relative 
to the base fuel. Furthermore, clean-up testing can be confidently 
begun any time after this point, however, longer test durations allow 
for more discrimination of additive performance in clean-up mode.

Graph 7. Statistical Analysis of Test Repeatability applying a 99% Confidence 
Interval

Fleet Response to RIFT Method
One of the powerful aspects of this RIFT method is not just the 
reliability and repeatability, but the generality of this approach as it 
applies to multiple vehicle makes and models. This method has been 
applied to a large variety of different GDI vehicle makes/models with 
good success. Not every vehicle make/model tested responded in a 
reliable way; however, most GDI vehicles will respond in some 
fashion but to varying degrees depending on vehicle make/model. 
Some vehicles, however, are better test platforms than others and 
Graph 8 (below) shows the response of three different test vehicles to 
this RIFT protocol using the accelerated fuel blend method. All three 
vehicles responded similarly to the 2014 Kia Optima providing ≥8% 
dirty-up in ∼4000 miles of testing. This fleet well represents modern 
GDI vehicles by including engines containing hardware from two of 
the major fuel-system management suppliers.
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