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Sammanfattning 

 

Utsläppsrätter och energisäkerhetsfrågan har infört förnybart bränsle på marknaden. EU: s 

mål att använda 20% förnybar energi i transportsektorn till 2020 har tvingat 

fordonstillverkarna att göra fordonen mer kompatibla med biobränsle. Biodiesel FAME 

(fettsyrametylestrar) har införts på den europeiska marknaden som alternativ till diesel och 

som för närvarande blandas med diesel. Förutom kvaliteter så som högt cetantal, energitäthet 

och låg svavelhalt är biodiesel mycket benäget att oxidera och korrodera samt att det är 

mycket hygroskopiskt, vilket orsakar problem, särskilt i insprutningssystemet. Beläggningar i 

spridarhålen och i insprutaren samt filterigensättningar har observerats när tester gjorts med 

biodieselblandningar. Experiment har utförts för att studera fällning och dess negativa effekter 

på prestandan hos komponenterna. Fällning i insprutare har studerats ingående, men det har 

inte gjorts omfattande experiment med bränslepumpen. I denna rapport har bränslepumpen 

ingående i ett högtrycks common rail-system körts med B30 blandning av RME dopad med 

zink, koppar, natrium och vatten för att utveckla en testmetod som behandlar fallet där mest 

fällning ges. Fyra olika provcykler utformades och kördes av vilken den längsta testcykeln 

gav mest fällning. Fällningen analyserades med SEM och FTIR för att se 

struktursammansättningen av fällningen. Resultaten visade att fällningen huvudsakligen är 

metallsalter innehållande kolvätepolymer och metalljoner. Kalcium, koppar, zink och en liten 

mängd järn påträffades i fällningen. Beläggningen kunde inte kvantifieras. 
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Abstract 

 

Emission legislations and energy security issue has introduced renewable fuel to the market. 

European Union‟s target to use 20% renewable energy in transport sector till 2020 has forced 

the vehicle manufacturers to make the vehicles more compatible with bio fuel. Biodiesel of 

FAME (fatty acid methyl ester) has been introduced to the European market as the alternative 

of diesel and currently is being used as blend with diesel. Apart from qualities such has high 

Cetane number, energy density and absence of sulfur biodiesel is very prone to oxidation and 

corrosion and also very hygroscopic which is why it causes problem, specifically in diesel 

injection system. Deposits in the nozzle holes, injector body and filter plugging have been 

observed while running with biodiesel blends. Experiments have been carried out to study the 

deposit formation and their adverse effects on the performance of the components. Injector 

deposits have been studied extensively but there has not been much experiment with the fuel 

pump. In this paper, the fuel pump of a high pressure common rail system has been run with 

B30 blend of RME doped with zinc, copper, sodium and water in order to develop a test 

method which gives the worst case of deposit formation. Four different test cycles were 

designed and ran of which the longest test cycle gave most deposits. The deposits found were 

analyzed with SEM and FTIR to see the structure of the deposit compound. The results 

indicated that the deposits are mainly metal salts containing hydrocarbon polymer and metal 

ions. Calcium, copper, zinc and little amount of iron were present in the deposits. Deposits 

couldn‟t be quantified. 
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Introduction  
 

Towards the end of nineteenth century, Rudolph Diesel‟s concept of combustion inside a 

cylinder without spark revolutionized the engines of that time. The system based on this 

concept showed that air can be compressed to such a degree that it gives rise to a very high 

temperature which initiate self ignition of fuel. The engine, now most commonly known as 

Diesel engine after the inventor, has higher efficiency than its spark ignited competitor. 

Though spark ignition (SI) engines has dominated smaller engine size application for its 

higher power density, diesel engine dominates heavy duty applications due to its higher 

efficiency and load capacity.   

 

In the second half of the twentieth century the increased application of Internal Combustion 

engines started to cause environmental concern in certain geographic location as it was 

polluting the air to a great extent. For example, In the 1940s, residents of Los Angeles 

complained of the yellowish haze that hung over the city [1]. This is called "smog" because of 

its appearance as smoke and fog which occurs from auto emissions. These environmental 

hazards and excessive pollution called for some control over the situation thus introducing 

environmental legislations. Initially the legislations were focused only on preventing hazards 

like smog. But as issues like global warming caught eye legislations were introduced to 

control greenhouse gas (GHG) emissions. European Union introduced European emission 

limit EURO 1 at 1992 to control Carbon monoxide (CO), hydrocarbon (HC) and NOx and 

particulate [2]. Growing concern over the climate change and the effect of GHG emissions 

kept forcing on the legislations to become more stringent. Hence EURO limitation has been 

narrowed down to Euro 6 for passenger cars and light commercial vehicle (will be introduced 

in September 2014) and to EURO 6 for heavy duty diesel engines which is going to be 

introduced in 31 December 2013 [Appendix 1, Appendix 2, Appendix 3]. Though legislation 

has forced the engine manufacturers and fuel producer to develop engine performance and 

fuel quality the increasing number of vehicles has counteracted the benefits. Hence, CO2 

emission is increasing over the years in transport sector despite of incredible development. So, 

to slow down the increase in CO2 emission dependency on fossil fuel must be reduced and 

renewable source of energy which is CO2 neutral needs to be introduced.  Renewable energy 

sources and opportunities of energy efficiency exist in wide geographical area and are not 

limited to some specific areas as other deployable energies such as petroleum. Hence, by 

increasing dependency on renewable energy a country can be less dependent on imported 

energy and can ensure long term energy security. Along with CO2 emission, the issue of 

energy security has also fueled the thought of alternative renewable fuel.  

 

European Union has declared legislation to increase renewable energy sources (RES) share in 

energy consumption. By 2020, the target is to use 10% RES (biofuels, electric cars etc.) in 

transport sector [3]. In Europe, ethanol and Fatty acid ethyl ester (FAME) has been already 

introduced for gasoline and diesel engines respectively. To fulfill the target of 2020 the 
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engines need to be more accustomed to biofuels so that their performance remains unaffected 

by using biofuels.  

Rudolph Diesel‟s diesel engine ran with vegetable oil; he envisioned that biomass fuel such as 

vegetable oil could power diesel engines in remote areas where petroleum is unavailable. This 

more than 100 years old concept is brought back to reality in modern days, in the form of 

biodiesel. Biodiesel or mono-alkyl esters are derived from vegetable oil, waste cooking oil or 

animal fats (triglycerides) by transesterification.  

 
Chemical reaction of FAME production 

Excess methanol is used to drive the reaction towards completion and the process is catalyzed 

by sodium hydroxide. The product is water washed or distilled at the end of the reaction to 

remove residual glycerin and catalyst [4]. When the biodiesel contains high levels of 

unconverted or partly converted glycerides, it may exhibit a higher tendency to form deposits 

during operation and storage [4, 5]. 

 

Biodiesel is renewable, biodegradable has chemical similarity with regular diesel; both having 

long chain of hydrocarbon while biodiesel has ester group in addition. The similarity of 

chemical structure to diesel and other qualities such as higher Cetane number and energy 

density, low viscosity, absence of aromatic compound and absence of sulfur makes biodiesel a 

considerable replacement of diesel fuel.   

 

Much research has been carried out with biodiesel to establish this as an alternative fuel and 

these researches has not only marked the pro‟s and con‟s of biodiesel as fuel but also pointed 

the areas to be focused for biodiesel compatible vehicle development. Biodiesel has 

advantages in case of engine wear, cost, availability and lubricity. In addition it has lower 

smoke, particulate, carbon monoxide and hydrocarbon emission than regular diesel. Despite 

these advantages biodiesel has some other characteristics such as oxidation deterioration and 

water containing tendency which causes problems, specifically in fuel injection system [6, 8].  

Due to emission legislations and to improve fuel economy there has been great development 

of the fuel injection system. As a result it has developed from unit injector to common rail 

injection. Advance common rail fuel injection systems include the features like high injection 

pressure, multiple injection strategies, very efficient injectors, smaller nozzle holes etc 

altogether making the fuel injection system more complex and efficient than the previous 

simple designs. The complexity of designs is giving rise to new problems which were 
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insignificant or absent at the previous designs. And introducing a new fuel such as biodiesel 

will obviously bring some new problems for fuel injection systems. 

 

High injection pressure ensures proper mixing of fuel and air in the combustion chamber. 

There have been great achievements in increasing injection pressure in modern injectors. It is 

possible to reach 2500 bar with common rail High Pressure Injection (HPI) which is way 

more than the old injectors. But along with the injector pressure design complexity has also 

increased. Problems like nozzle fouling, coking started to rise. Moreover, high pressure gives 

rise to high temperature at release, hence areas like nozzle tip or others where pressure drop 

occur high temperature is observed. A compact design calls for small clearances necessitating 

of using a very clean fuel. Even a little amount of dirt can stuck the parts and may cause 

failure of the part. This called for improvement of fuel filter. The fuel pump has to work more 

than before as it pumps more fuel than before. Thus the pump design has become more 

complex.  

 

Introduction of biodiesel in diesel engine can give rise problems like fuel oxidation, injector 

deposits, filter clogging etc. as biodiesel is more prone to oxidation due to its unsaturated 

molecules which results in formation of polymer substances which causes deposit adhering 

inside of common rail system. High temperature in the advance injection system will 

accelerate oxidation of biodiesel and thus can lower the fuel quality very quickly. Fuel 

oxidation is the one of the major reasons of deposit formation in the fuel injection system. 

Oxidation stability of pure biodiesel and biodiesel blends are different and Fang and 

McCormick [4] mentioned that for B20 and B30 deposit is much higher than other blends, 

Figure 1.  

 
Figure 1 Antagonizing effect of mixing biodiesel and ultra low sulfur diesel (ULSD) [4] 

They have explained this effect as this- oxidative deposits have high polarity and when 

biodiesel is more than 50% in the blend, the mixture becomes polar and the deposits dissolve. 

When the concentration of biodiesel is too low (<B5) it does not produce sufficient oxygen 
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oligomers. For B20 and B30 blends the mixture is not polar and the oligomers precipitates 

hence more deposits are accumulated [4].   

 

Rheinberg et al.[7] reported that fuel with low FAME level have no or insignificant influence 

on in-tank pump durability, B30 fuel had a strong negative effect on the durability of pumps 

while pure FAME however showed almost no influence on pump operation and durability. 

They have operated different blends of fuel for 2000 hour in hardware-in-the-loop tests and 

presented the following results.  

 

 
Figure 2 Oxidation stability in the hardware-in-the-loop test rig [7] 

 
Figure 3 Influence of the FAME concentration on the degradation in the hardware-in-the-loop test rig [7] 

Figure 2 shows that B30 and B100 has less oxidation stability than Diesel and B10 blend. 

B100 has the lowest oxidation stability and according to Figure 3 it deteriorates faster than 

other blends. Although B100 shows worst stability and degrades quickly, no deposit 



5 

 

sedimentation was observed while using B100. This is because the presence of the oxidation 

components in B100 which continuously clean the surface.  

 

As biodiesel degrades the total acid number (TAN) increases making biodiesel more 

corrosive. TAN is the amount of potassium hydroxide in milligrams that is needed to 

neutralize the acids in one gram of oil. Figure 4 shows the correlation between TAN and 

water content indicating that both water and acid increases simultaneously during fuel 

degradation [8].  

 

 
Figure 4 Water content vs. TAN relation [8] 

Water containing ability of biodiesel and generation of lower acid due to decomposition gives 

rise of corrosion. The corroding property of biodiesel is very significant in a fuel injection 

system because corrosion will affect injection performance and durability of the system. 

According to Figure 5 oxidation stability of biodiesel is severely affected by metals such as 

copper, tin, iron, zinc and aluminum [9]. Copper has the strongest effect among them which 

states that biodiesel will be more corrosive in presence of copper alloys.  

 
Figure 5 Influence of metal on oxidation stability of PME (palm oil methyl ester) [9] 
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Figure 6 Examples of typical fuel derived deposits [10] 

Deposits have been observed in different locations of fuel injection system. Figure 6 shows 

typical deposits found in fuel injector system with biodiesel in different fuel markets. Three 

types of deposits have been observed in market- nozzle deposit, injector deposits and filter 

deposits. Nozzle deposits are influenced by the presence of metals such as copper, zinc etc. in 

fuel.  

 

Injector deposits are of two types - 

 Metal ion based (soft opaque deposits typically sodium carboxylate soaps)  

  Organic polymer based (hard brown transparent deposits formed of polymeric 

material) [10, 17].  

 

Filter plugging is another issue with biodiesel and in this case biodiesel blends give worse 

result. Two types of deposit –soft soap like and hard dark type has been reported [10]. Filter 

plugging mainly occurs because of fuel precipitate. To observe filter plugging The BIOBUS 

project was conducted in Montreal from March 2002 to March 2003 [11, 12]. Biodiesel from 

vegetable oil, animal fat, and waste cooking oil was tested as B5 and B20 in over 150 buses. 

Engines included primarily mechanically governed 2-stroke and 4-stroke engines 

manufactured by Detroit Diesel Corporation and Cummins, Inc., respectively. In the 100,000-

mile evaluation of transit buses operated on B20, the following operational differences were 

found related to vehicle fuel: April 2005 two buses reported road calls for engine misfiring 

and stalling caused by plugged fuel filters. A brown “grease like” material was found in the 

filter pleats and was the suspected cause of the filter plugging [12, 13].  

 

It has been observed that biodiesel and its blend with diesel can enhance problems such as 

injector coking and fouling by forming deposits in the nozzle orifice [14]. Fuel stored in the 

injector tip gets heated during combustion and then undergoes expansion during expansion 

stroke. Evaporation and degradation of fuel creates deposits and the process is aided by fuel 

contaminates, soot, lubricating oil and combustion products [10]. Brigel et al. [14] observed 

that nozzle deposit increased through the use of B30 and further increased with B100 but in 

both cases the fuel did not meet European standard of FAME EN14214. They also observed 
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that the presence of 3 ppm of zinc has the most severe effect on deposit formation but the 

effect of zinc was reduced when it was added with B30. However, Uitz et al. [16] tested High 

Speed Diesel Injection (HSDI) injector nozzle with B10 and zinc doped B0 fuel and there was 

no measurable injector nozzle fouling in both cases.  

Internal Injector deposit (IID) has been observed in common rail system in increased 

frequency during last couple of years. These deposits forms within the injector body close to 

those area where pressure drop occurs due to internal leakage. These deposits can slow the 

response of the injector or may cause sticking of moving parts. Internal injector deposits are 

found at the armature group, nozzle needle, on the piston and inside the nozzle body as shown 

in Figure 7.  

 
Figure 7 Injector parts with typical deposit formation. [17] 

IID formation can adversely affect the complex injection profiles necessary to assure today‟s 

performance requirements of diesel engines. For example, pilot injection quantity can be 

doubled by internal deposit formation, resulting in a rough running engine and excessive 

emission, and specifically particulate emissions [17].  

 

 
Figure 8 General mechanism of deposit formation and removal [18] 
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Figure 8 shows the general mechanism of deposit formation independent of the location of 

formed deposits. Deposits are attached particle (solid and liquid) and gas [18]. Low wall 

temperature initiates condensation and adsorption of gaseous compounds. Particle sticking, 

impaction and incorporation enhance deposit growth. Chemical reactions such as pyrolysis, 

dehydration and polymerization etc. and adsorption of gaseous components lead to 

compaction of deposits.  

 

The removal of deposit has chemical mechanisms like oxidation, evaporation, desorption and 

physical mechanisms such as abrasion, break off and wash off etc. High temperature is 

responsible for oxidation by which the organic compounds in the coating are destroyed. 

Gaseous fractions dissolved in deposit are reduced by evaporation and desorption. Abrasion is 

caused by strong aerodynamic forces and breaking-off due to high temperature changes 

resulting for example in inhomogeneous extensions of wall and deposit layer [18]. The 

breaking-off process is initiated by the corresponding shearing stress. The soluble fraction of 

the deposits is washed off by solvents. There is a competition between removal and build up. 

When the removal rate is higher the surface remains clean though deposits form. 

 

IID formation defers from the general mechanism to a certain extent as there is no possibility 

of soot to be present inside the injector. IID formation due to FAME is explained in the 

following figure. 

 
Figure 9 Internal Injector Deposit (IID) formation mechanism [6] 

Figure 9 shows the probable mechanism of IID formation. Environmental condition promotes 

oxidation resulting polymerization and decomposition of biodiesel. Decomposition of 

biodiesel produces lower carboxylic acid which causes local corrosion on a sliding section of 

the material surface (iron) and a film of lower carboxylate iron salt is formed. This film of 

carboxylate salt traps the polymers generated due to oxidation degradation and they adhere to 

the surface [6].   
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Figure 10 Schematic diagram of potential reaction process for internal injector deposits [10] 

Figure 10 is the elaboration of the general mechanism showing the chemical reactions during 

the process. It can be observed from the figure that carboxylic acid react with metal ion and 

forms metal salt as deposit. 

 

Metal ion based deposits contain sodium fatty acid soaps. Among the metal ions sodium is 

very influential in forming IID. Most biodiesel contains sodium within the limit 5 mg/kg 

provided in EN14214 standard since sodium hydroxide is used in biodiesel production. Hence 

it is possible to have more IID deposit while using biodiesel. Figure 11 [10] shows a 

comparison of internal injector deposit and nozzle deposits and it is notable that sodium is 

more responsible for creating internal injector deposits. 

 

 
Figure 11 Comparison of deposits found in internal injector deposits and nozzle hole deposits [10] 

Experiments have been performed with both sodium chloride and sodium hydroxide [10] salts 

blended with fuel.  
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Figure 12 Effect of sodium concentration on IID thickness [10] 

Figure 12 shows that effect of sodium in creating IID. Sodium hydroxide added with B10 

blend of FAME shows maximum deposit when added to an amount of 4 mg/kg.  

 

Apart from sodium other metals such as copper, zinc etc. also influence IID. In older inline 

type injection systems these deposits were observed and they were generated by the presence 

of metal ion present in crank case lubricant in conjunction with dimer acids. But advanced 

injection systems are fuel lubricated, hence if crankcase lubricants are no longer a source of 

metal ion [17].  But for the fuel pump, it can be otherwise. 

 

It has been observed that with poor quality biodiesel or diesel with no additives very little 

deposit has been observed even though sodium was present in the fuel [10]. This indicates 

that sodium has more detrimental effect when added with fuel containing high performance 

additives. Ullmann et al. [17] showed that combinations of typical diesel detergents like 

Polyisobutylene Succinimide (PIBSI) and di-fatty acids seem to be the most critical and can 

form gum-like polymeric deposits. This is exacerbated when formic acid is present.  Leedham 

et al. [24] reported that pure diesel meeting CEN standard containing only lubricity additives 

(ester type) can also produce significant amount of deposit in presence of zinc. Figure 10 

shows that 2-Ethylhexyl Nitrate (2-EHN) acts as a catalyst while acidic additives and PIBSI 

possibly forms an absorption layer on the surface increasing deposit accumulation.  

 

They have also observed that PIBSI does not create deposit in absence of 2-EHN and it is 

unlikely to be the primary cause of organic polymer deposits. The worst case it the mixture of 

2-EHN and PIBSI as shown in Figure 13. 
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Figure 13 Effect of 2-EHN and PIBSI on IID [10] 

Quigley et al. [19] also reported that heated mixture of additives does not show the formation 

of high molecular polymeric material which was expected in solid lacquer deposits. They 

mentioned about the formation of ammonium carboxylate salts between PIBSI and dimer and 

monomeric fatty acid and also indicated that as dimer acid which was the most reactive of the 

fatty acid derivatives is no longer used as diesel fuel lubricity additives hence it is unlikely to 

form the viscous mixtures found with dimer acid. 

 

Experiments have been carried on injectors to find the worst case of deposit formation. It has 

been observed from literature that test duration varied greatly for each case. have been 

proceeded with a test period of 48 hours to 1920 hours, some of which gave deposit within 48 

hours and some gave no deposits even after 500 hours [Appendix 4]. The differences between 

the experiments are not only testing procedures but also in deposit measuring techniques. In 

some tests deposit thickness has been measured while in some cases drop in Indicated mean 

effective pressure (IMEP) is used as the indication of presence of deposit [14, 20].  

 

The test patterns followed in different experiment are almost completely different from each 

other. In some experiment start stop method is used to accelerate wear [21]. Some used a long 

run time and a short standstill while others did opposite. In some cases soak period was long 

as two days after running 14 hours every day for consecutive five days [22]. But it has been 

observed that cyclically varying test procedure produce more deposit in the injector nozzle tip 

than constant load test which is most likely because a small amount of fuel is maintained in 

the nozzle hole during low load period of the cycle which encourages further deposit build up 

[14]. 

 

Different methodology and equipment has been used to analyze injector deposits. Quigley et 

al. [19] has used Scanning electron microscope (SEM) and energy dispersive Spectroscopy 

(EDS) to examine injector needle and piston deposits. SEM is an electron microscope which 

presents images by scanning with a beam of electrons and EDS is an analytical technique 

which is used for elemental analysis of a sample. They have also employed electroscopy 

ionization-mass spectroscopy (ESI-MS) to find the organic molecule fragments in the injector 

deposits. Fang and McCormick used Fourier transform infrared (FTIR) spectroscopy and 
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Nuclear magnetic resonance (NMR) to analyze biodiesel degradation pathway [4]. In some 

cases deposits have been analyzed with SEM, FTIR etc and deposit thickness was measured 

and results were photographed [6, 8, 10]. 

 

Literature review shows that injectors were much focused than the other components of the 

fuel injection system. There have not been many experiments done to see the deposits formed 

in other components such as the fuel pump. Terry et al [21] tested the fuel system components 

with Rapeseed methyl ester (RME) and Soybean methyl ester (SME) biodiesel blends B5 and 

B20 for 500 hours and studied the durability of the components. They have observed that 

filter blocking occurs with extremely oxidized B20 but it does not cause any abnormal wear 

of the common rail pump which indicates that the test fuel lubricates the pump adequately. 

Rheinberg et al. [7] has tested the in tank pumps with different blends of FAME. There is no 

possibility of the combustion products to be present in the pump hence it can be assessed that 

pump deposits will be different from nozzle deposits. Perhaps it might be similar as internal 

injector deposits since internal injector deposits occur due to the pressure drop caused by 

internal leakage. Hence the parameters influencing internal injector deposits might be more 

significant for pump deposits. 

 

The purpose of thesis is to develop a test method for the Xtreme pressure injection (XPI) 

pump running with biodiesel blend with the target to find the most severe case of deposits so 

that the manufactures get a clear idea about the sustainability of the XPI pump against 

biodiesel. Finding the worst case will help in preventing pump failure and improving the 

pump performance. To develop the test procedure the pump is run with B30 blend of RME in 

different cycles. Pump parts will be analyzed with SEM, EDS and FTIR. Fuel samples will 

also be analyzed to study fuel degradation.     
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Methodology 
 

Experimental Setup 
 

 

Figure 14 Schematic diagram of setup 

The experiment has been carried out in the spray lab of KTH, Sweden. The experimental set-up 

is very simple. The apparatus shown schematically in Figure 14 was developed to replicate real 

conditions under which deposit can form. An electric motor was used to drive the pump. The 

pump provides pressurized fuel to the rails. A continuous flow nozzle is mounted on one of the 

rails instead of an injector. The fuel is re-circulated back to the fuel tank after if passes through 

the nozzle. 
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Figure 15 Test rig  

A 15 liter steel tank is used as the fuel tank which has one outlet for fuel (to the heater), and two 

inlet (fuel return from the nozzle and from the filter). The tank has an opening at the top allowing 

air circulation to enhanced fuel oxidation. 

 

 
Figure 16 Heat exchanger 

Fuel from the tank enters a heat exchanger as shown in Figure 16 which preheats the fuel. The 

heat exchanger is basically a cross flow heat exchanger with water as the working fluid. The 
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maximum temperature of the water that can be reached is 80°C. Two temperature sensors at fuel 

outlet and water inlet of the heat exchanger indicate fuel temperature after heater and water 

temperature. The preheated fuel enters the suction side filter of the Scania XPI pump where it is 

filtered and supplied to the low pressure pump. 

 

Scania XPI is a common rail system developed by Scania in cooperation with Cummins. It can 

produce an average maximum pressure of 1800 bar with a maximum peak pressure of 2400 bar. 

The parts of the XPI system are High pressure pump (HPP), low pressure pump (LPP), 

accumulator, fuel filter, injectors, rail pressure sensors, inlet metering valve (IMV), mechanical 

dump valve. Figure 17 shows the XPI assembly. The 10 micron suction side filters initially clean 

the fuel and supply it to the low pressure pump. The low pressure pump (feed pump) can 

pressurizes the fuel up to 10 bar maximum before supplying to the pressure side filter. The 

pressure side filter (3 micron) is finer than the suction side filter, hence removes much smaller 

particles which escaped the suction side filter. The filtered fuel from the pressure side filter 

enters the High pressure pump. According to the injection pressure the IMV controls the flow to 

the inlet check valves. The IMV venture is provided to prevent unintended fuel at throttle down 

condition if IMV leaks and the IMV air bleed evacuate air from the system.   

 

 
Figure 17 Scania XPI assembly [26] 
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Figure 18 XPI High Pressure Pump and HPP head assembly [26] 

Figure 18 shows the head assembly of the XPI high pressure pump (HPP). Fuel from IMV enters 

through the inlet check valves. Fuel is pressurized during plunger lift and exits through outlet 

check valves.  

A temperature sensor is attached to the HPP head which gives the surface temperature of the 

pump. The high pressure pump provides pressurized fuel to the rails- pump rail and bomb rail (it 

is the name of the rail on spray lab, KTH). Fuel pressure sensors are mounted on both rails. 

As mentioned earlier there is no injector mounted on the rails, instead it a continuous flow nozzle 

is used.  The continuous flow nozzle used for this experiment is specially designed to have 

continuous flow. Figure 19 shows how it is mounted in the bomb rail. 
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Figure 19 Nozzle assembly 

 Figure 20 shows the schematic view of the nozzle. The nozzle consists of two parts- female and 

male. The female part is a concentric pipe with internal taper. The concentric pipe has 30 degree 

taper at one end. The male part has a 30 degree cone at one end. The nozzle opening is controlled 

by rotating the bolt attached at the end of the male part. The welding joints can withstand 

temperature up to 220°C.  

 
Figure 20 Schematic diagram of continuous flow nozzle 
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Figure 21 Flow through continuous flow nozzle 

Figure 21 shows fuel flow through the continuous flow nozzle. Fuel enters through the female 

part and pressure drop occurs at the taper. Fuel flows back through the small hole at the middle 

of the male part and exits nozzle. Water flows outside the aluminum cover which keeps water 

separated from fuel.  

 

Water used for cooling the nozzle is circulated through the cooler. The cold fuel from the cooler 

returns to the fuel tank through the 3 way valve. 

 

The pump is powered by an electric motor. The maximum speed of the motor is 1200 rpm. There 

is a sensor connected to the motor which measures the motor speed.    

 

Motor oil lubricates the motor and pump. The oil circuit consists of a filter, a pump and a tank. 

The oil pressure adjusted manually and is kept around 3 bar. There is a temperature sensor 

attached in the oil tank, showing oil temperature which is logged.  

 

An in-house cell control software, Cell4, is used to control rail pressure and log the data. The 

parameters that are logged in the cell4 program are the rail pressures, fuel inlet temperature, 

pump temperature, speed of the electric motor, and fuel temperature after the nozzle, fuel 

temperature after the cooler, oil temperature, water temperature at the heater, Pulse-width 

modulation (PWM) signal to the IMV.  
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Test Conditions 

In order to develop a test procedure, basic parameters such as fuel and contaminates, rail 

pressure, temperature of fuel, flow rate, run time and test cycle etc needs to be controlled. The 

available options for each parameter were justified according to the literature review and the 

probable favorable one was chosen. 

 

Fuel 

Fuel is the first parameter that is focused. B20 blend of SME and RME has been used to study 

internal injector deposit formation [6, 10]. According to Fang and McCormick [4] B20 and B30 

gives more deposits than other blends. 

 

This experiment was carried on with B30 blend. A quantity of 50 liters additive free rapeseed 

methyl ester meeting the EN14214 specification was used for this study. The fuel is not aged 

more than 4 months. The diesel used for the experiment met European EN590 standard of 

petroleum diesel. The diesel contained lubricating additive and conductivity resistance additives. 

 

Contaminates 

Fuel contaminates that can be important according to literature study are zinc, copper, sodium, 

chlorine and water. 

 

Zinc  

As zinc is mostly responsible for nozzle deposits it might not play the same role in producing 

pump deposits. Still it might be important as it will accelerate fuel oxidation. In most of the 

experiments with zinc contaminate, fuel is doped with zinc by using fuel soluble zinc salt [15, 

16, 20]. The zinc salt that is extensively used to dope fuel is zinc nenodecanoat (C20H38O4Zn) 

[15, 16, 20]. It is a transparent gluey material containing almost 18% zinc. It is soluble in diesel. 

Zinc is added to a very small amount, approximately 2 ppm.  

 

Copper salt 

The most important feature of copper is shown in Figure 5 where it is shown that in presence of 

copper biodiesel degrades faster. Hence the presence of copper might accelerate in deposit 

formation as it will accelerate fuel oxidation and corrosion.  

Copper-2 ethylhexanoat (C16H30O4Cu) is used for doping fuel. It is a green powder material.  

Similar to zinc, 2 ppm copper is added to the fuel.  

Sodium  

As mentioned earlier, pump deposits might be similar to IID; hence sodium which influences IID 

formation most is likely to play a very important role in forming deposits in the pump. Testing 

has been performed with both sodium chloride and sodium hydroxide [10]. After Sodium, 

chlorine is the most influential in producing IID [Figure 11].  

 

From Figure 11 it can be assess that sodium concentration 5 mg/kg might give measurable 

deposits. Fine salt without iodine was used to adulterate the fuel with sodium and chlorine. 
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Water 

There has not been much experiment with biodiesel blend added with water. Basically water 

content of biodiesel increases with time due to degradation hence water is never added 

separately. Since this project aims to accelerate deposit formation, a certain amount of water will 

be added with fuel. Besides, water will work as a solvent for sodium salt. The amount of water 

that can be added depends on the fuel blend type and temperature since different blend has 

different water solubility at different temperature.   

 

 
Figure 22 Water solubility in biodiesel [27] 

The amount of water added to the fuel was determined from above Figure 22 which shows the 

solubility of water in B30. The maximum temperature of the fuel after preheating was decided to 

keep fix at 70°C. At this temperature 1000 ppm of water is soluble in B30. Though the pump 

temperature reaches around 90°C during test run, fuel inlet temperature was used to determine 

amount of water as that remains pretty much constant where the pump temperature varies at the 

beginning. This will ensure that the water dissolves completely in the fuel. 

 

Rail pressure 

As discussed earlier high injection pressure increases the fuel temperature, which accelerates 

many chemical reactions and might be favorable in creating deposits. But it has been also 

observed that high injection pressure provides more cavitation resulting less deposits. Birgel et 

al. [14] have found that lower rail pressure results in less cavitation and shear stress in the nozzle 

holes, results in more deposits. It might be favorable to have high load in the pump because it 

may result higher temperature in the pump parts which can accelerate deposit formation. 

Moreover there will be less chance to clog the nozzle. 

 

So, the rail pressure is set to the maximum pressure for XPI pump which is 2500 bar. 

 



21 

 

Pre- heating of fuel 

It is most likely that higher temperature will accelerate deposit formation. It is not possible to get 

as high temperature as in the injector tip inside the pump. But the pump temperature can be 

further increased by pre- heating the fuel. In some successful experiments which produced 

deposits, the test fuel was pre-heated to 60°C before it enters the pump [6, 14]. 

 

For this experiment the fuel is pre-heated to 70°C.  

 

Pump speed 

Pump speed is another parameter which is important. In most of the experiment pump speed is 

kept around 2000 rpm [6, 21]. On the engine, the high pressure pump and the engine speed has 

1:1 ratio. In this case the pump is run by an electric motor. So, it is approximated that the motor 

speed also presents the pump speed. The motor used in the test rig has a maximum speed of 1200 

rpm. In most of the experiments, the pump speed was kept at list maximum. It is not possible to 

go beyond this motor speed in this test rig without replacing the oil tank with a larger one and 

without providing the oil cooler because the oil temperature becomes really high.  

 

Fuel flow rate 

The flow rate of fuel through the nozzle is kept to maximum achievable value at 2500 bar. The 

initial obtained flow rate is 9.81 g/s (Figure 23). The reason to keep the flow at the maximum is 

to load the pump as much as possible at a certain pressure. In this specific setup the electric 

motor limits the nozzle opening as it cannot keep up with higher demand of the XPI pump. 

 

 
Figure 23 Initial Flow rate 
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Test procedure 
 

Fuel mixing 

The fuel used for developing the test method is B30 blend which is prepared by mixing 100 % 

RME with 100 % petroleum diesel at 3:7 proportions. In each test run 15 liter of fuel is used, 

mixing 4.5 liter of 100 % RME with 10.5 liter of diesel. Fuel is prepared 3 days prior to the 

experiment.  

 

Contaminates are measured and mixed with the fuel just after preparing the blend. Zinc 

nenodecanoat is measured and mixed with a small amount of fuel and is stirred continuously for 

some minutes. It dissolves quickly to B30. The copper salt takes time to dissolve. To dissolve it 

faster the concentrated mixture of copper salt and fuel is put in a hot bath. After some hours it 

dissolves completely and the mixture is poured to the freshly prepared B30. Sodium chloride is 

measured and dissolved in the amount of water that should be added. The brine solution is mixed 

to the prepared fuel blend. 

 

Flush cycle 

Between each test run the fuel is changed and the system is flushed with the new fuel in order to 

clean the system. The flush cycle is run with a low pressure of 500 bars with the maximum 

nozzle opening and it is continued for two minutes. Since a lot of fuel drains from the system 

during disassembling the pump parts and filters, there remains very little amount of fuel in the 

system which is easily drained in such a short span of time. 

 

Start Up 

The startup procedure is very simple. All the connections are checked to ensure no leakage. The 

cooling water supply and the fuel heater are turned on. The motor is started with a negative 

pressure. The pressure is then increased gradually. It has been observed that when the pump 

temperature is low the PWM signal becomes quite high and the control is not very good. But as 

the fuel is heated up and the pump temperature increases to 70°C, the control works very well.  

 

When the rail pressure reaches 2500 bar the fuel flow is measured. The pump is turned off after 

measuring the fuel flow. A pressure cycle is created in cell4 program and it is loaded and run. A 

log file is also created which logs value after every 30 seconds.   

 

Test cycle 

Since the purpose of this project is to develop a test procedure, the test cycle is the most critical 

part of the project. The Literature review has shown that it is difficult to find the run period 

which will give deposits. The test pattern is also very difficult to choose. A constant load pattern 

with added soak pauses was chosen for this experiment. 
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There is a high degree of freedom in choosing the run time and test cycle pattern as it is difficult 

to say when deposit will start to build up since no generally accepted mechanism for internal 

pump deposit build up exists. Addition of various contaminates, higher rail pressure with a high 

flow rate, pre-heating of fuel might accelerate the mechanism of deposit formation and probably 

could decrease the test period. Determining the test cycle will be the most important part of this 

project. In Table 1, the test cycles that have been tested are presented. 

 

Table 1 Test cycles 

Parameters Test cycle 1 Test cycle 2 Test cycle 3 Test cycle 4 

Fuel temperature 70 70 70 70 

Pump speed 1200 1200 1200 1200 

Pressure 2500 2500 2500 2500 

Fuel flow maximum maximum maximum maximum 

Water flow 

through cooler 
Full flow full flow Full flow Full flow 

Time (cumulative) 21hr 35hr 
 

35hr 100hr 

Cycle pattern 
3hr-1hr-3hr 

(each day) 
2hr-20min-2hr- 2hr-20min-2hr- 

10hr (each 

day with no 

standstill) 

Contaminates Zinc, Copper Zinc, Copper 

Zinc, copper, 

(2ppm each), 

water (1000ppm), 

sodium (5mg/kg)  

Zinc, 

Copper, 

Water, 

Sodium 

Days 3 5 5 10 

 

 

The varying parameter was the test duration. The first test cycle was run with zinc and copper 

contaminated fuel. It was run in the pattern shown in Figure 24 for 3 days. The pump parts were 

checked for deposits after that. A new pump was installed for the next run and test cycle 2 was 

resumed with a different test pattern shown in Figure 24 this time the test duration was increased 

to 35 hours. 
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Figure 24 Test pattern for cycle 1 and 2 

When cycle 3 didn‟t give desirable result, the fuel was further contaminated with sodium and 

water to accelerate deposit build up. It was ran with the same pattern as the test cycle 2 so that 

the cycles can be compared and the effect of new contaminates can be observed. The test pattern 

used in cycle one was not followed because in one hour standstill time the pump temperature 

reduces rapidly and the PWM signal starts behaving strange, resulting in bad control of the rail 

pressure. This pattern could have been good to follow if the pressure was increased gradually 

after standstill.  

 

Test cycle 3 gave slightly better result than the previous cycles and trace of deposits were 

noticed in the pump plungers. To see if deposit increases with time test cycle 4 was continued for 

100 hours. Test cycle 4 varies from test cycle 3 in cycle pattern as it had no standstill time during 

its 10 hour long run period during each day. The standstill pattern was removed as previous test 

cycles didn‟t give very promising result. 

 

Flow measurement 

In order to maintain the same flow rate for all the test cycles the flow rate is measured. It is 

necessary to keep the same flow rate so that the load on the pump remains constant. Besides if 

deposit sedimentation occurs in the nozzle the flow rate will give an indication. If the flow 

reduces significantly the nozzle opening needs to be adjusted to get a higher flow. It might not be 

possible to get the same flow as before due to nozzle clogging or pump deposits which can 

constrict the flow. 

 

The flow rate is measured at the beginning of each test cycle at a pressure of 2500 bar with the 

help of the electronic scale. For this purpose the three way valve is opened to the drain and the 

fuel is collected in a return tank placed on the scale for some time. The weight of the return tank 

is logged in the cell4 program. After some time the valve is opened to the fuel tank and the log is 

stopped.  

 

In case of test cycle 4 flow was measured during 0 hour, 64 hour, 76 hours, 88 hours and at 100 

hours. The nozzle was adjusted for once during 76 hours when the flow was significantly lower 

than before.  
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Disassembling of pump parts 

Deposits are likely to be formed close to the area where pressure drop occurs (internal leakage 

etc.) and probably to the area exposed to high temperature. Considering this, the components of 

the XPI pump where deposits can form are the high pressure pump plungers, Inlet metering 

valves, Inlet and Outlet check valves (OCV and ICV) and the pressure regulator of the low 

pressure pump. The high pressure pump plungers experience the highest temperature making 

them most prone to deposit formation.  

 

After every test run the high pressure pump head and the feed pump are replaced by a new one. 

The used parts are further disassembled and the parts, which will be examined for deposits are 

cleaned with 100 % ethanol. The parts are once again cleaned with ethanol and acetone before 

they are analyzed with SEM and FTIR.  

 

Fuel sample collection 

For test cycle 4, fuel samples were collected for analysis. It is only done for the last test cycle 

because the other cycles are much shorter than the last cycle and the fuel will not be that much 

oxidized in 35 hours. 5 fuel samples are collected. One is at the start of the cycle and then in 50 

hours, 75 hours, 90 hours and 100 hours respectively. The fuel samples are analyzed to see the 

change in TAN, metal ion content, density etc. All the samples are photographed and 

documented. 

 

Deposit analysis 

All the parts are checked visually for deposits. If any of it shows any change in color that part is 

examined with SEM to ensure if there is any deposit. The part is photographed by SEM. EDS 

analysis of the part will give the idea of the elements present in the deposit.  

Another equipment that has been used for deposit thickness measurement is Mahr surf LD 120 

with which surface profile of the parts can be measured. 

After EDS analysis FTIR analysis of the part is done. FTIR shows the bonds present in the 

deposit thus giving an idea of the structure.  
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Results  
 

Pump part analysis 
 

Test cycle 1 was run with B30 doped with zinc and copper for 21 hours. It was run 3 hours 

continuously, 1 hour standstill and 3 hours run again. The pump parts were cleaned with ethanol 

and acetone and examined for deposits. 

 

The pump plungers used in test cycle 1 were examined with SEM for deposits and analyzed with 

EDS.  The results of SEM and EDS analysis are presented in Figure 25 and in Figure 26. 

 

 
Figure 25 Plunger surface image with SEM 

Figure 25 shows the electron image of the plunger surface. The black dots are the carbon 

deposits and they are in a very little amount. The white area which is flashing is enlightened 

since the plunger has low electrical conductivity and is charged by the electron beam. 
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Figure 26 EDS analysis of the plunger surface for test cycle 1 

Figure 26 shows the element analysis of the plunger surface. It can be seen that there is mainly 

carbon, oxygen and zirconium. The plunger material is zirconium oxide hence it shows 

zirconium and oxygen. The carbon is mainly fuel deposit. There are little peaks of sodium and 

calcium which indicates presence of both in deposit. In test cycle one sodium was not mixed 

with fuel, hence it might be present in the biodiesel in a little amount or it is a ghost image of 

zinc since zinc and sodium shows peak almost at the same place. The source of calcium is 

probably lubricating oil.     

 

An attempt was made to measure the deposit thickness by measuring the surface profile of the 

plunger by using Mahr surf LD 120 equipment. In this method one plunger from each test cycle 

was measured in five different lines on different side along its length. For test cycle 1 there was 

no measurable elevation on the plunger surface. 

 

Other parts of the pump such as OCV, ICV and IMV were checked for deposit but they were 

clean. 
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Test cycle 2 was run for 35 hours with the same fuel used in test cycle 1 which contained copper 

and zinc. The SEM image and EDS analysis of the pump plungers are presented below.  

 

 
Figure 27 SEM image of plunger from test cycle 2 

 
Figure 28 EDS analysis of the plunger surface for test cycle 2 

Figure 27 and Figure 28 shows the electron image and EDS analysis of the plungers used in test 

cycle two. The electron image shows that there is a little more deposit than observed in test cycle 
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one. The element analysis shows the same elements shown in test cycle one. The height of the 

peaks gives an idea of how much it is present, though the quantitative analysis that EDS gives is 

not reliable. However, it reveals which element that is present in bigger percentage. The element 

analysis shown in Figure 28 was done on a small area over the black area of the plunger surface 

to see the elements of the deposit. It can be observed from the figure, that the deposit mainly 

consists of carbon. Magnesium, aluminum and zirconium are the plunger material. Sodium, as 

explained before, can either be a ghost of zinc or already present in fuel. Calcium originates from 

lubricating oil. One interesting thing here is that the first calcium peak is situated in the same 

place as the carbon and it is a very high peak. It might look like there is a lot of calcium as well 

in the deposit but actually it is not. In EDS analysis, if there is a trace of calcium found, it adds to 

the carbon peak and shows a much higher peak.    

 

The plunger surface profile measurement did not show any elevation on the surface. Other parts 

of the pump do not show any trace of deposit.
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In test cycle 3, the fuel was contaminated with zinc, copper, sodium and water and it was run for 

35 hours. As previous plungers these are examined with SEM and deposits are analyzed with 

EDS and the results are presented in Figure 29 and in Figure 30. 

 

 
 Figure 29 Scanning electron image of the plunger surface for test cycle 3 

The scanning electron image in Figure 29 of the plunger surface shows the deposit accumulated. 

The small bumps (showed with arrows in above figure) are the accumulated deposit on the 

smooth surface of the plunger. The deposits here show slightly thicker deposits than two 

previous cases (Figure 25 and Figure 27). 
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Figure 30 EDS plot showing elements present in a small deposit containing area  

The EDS analysis was done on a small area over the bumps and it shows the same elements 

present in the previous analysis. The presence of zinc can be observed in Figure 30 which 

indicates that in the previous cases the sodium peak was probably zinc peak as zinc was also 

present in fuel at previous cycles.  

 

 
Figure 31 Plunger surface deposit thickness measurement  

For test cycle 3 as shown in Figure 31, 2 micron elevation was found in one profile line while 

others gave no difference in elevation.  
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Test cycle 4 was the longest cycle which was run with fuel doped with all of the contaminates 

(zinc, copper, sodium and water). After 100 hours of running it gave some interesting results, 

which are presented below. The plungers, outlet check valve, inlet check valve parts and Inlet 

metering valve all contained some deposits. The fuel samples also contained some deposit which 

was analyzed with FTIR.  

 

 
Figure 32 Image of the plunger surface taken in SEM for test cycle 4 

Figure 32 shows the scanning electron image of the plunger surface. The black area is the 

deposit.  

 

 
Figure 33 Spectrum analysis of a small area on the plunger surface 
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The EDS analysis in Figure 33 shows the same result as previous except there is no sodium 

peak. Hence it can be concluded that the previous sodium peaks were probably zinc peaks. And 

the deposit mostly contains carbon and oxygen which occurred due to fuel degradation. 

 

 
Figure 34 Surface profile measurement of plunger  

Plunger profile measurement, Figure 34 showed 1 micron elevation in one profile while the 

others showed nothing. It can be noticed from above figure that deposit formation is uneven over 

the surface.  

 

         
Figure 35 Outlet check valve photo before and after ultrasonic bath 

Figure 35 shows the outlet check valve before and after ultrasonic bath. Ultrasonic bath was 

used to clean one part before SEM and EDS analysis. There were also small lumps of deposit 

inside the valve but it is very difficult to take SEM image of inside of the valve. 
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Figure 36 Magnified view of the deposits on OCV surface  

 
Figure 37 Analysis of deposit elements by EDS 

The scanning electron image, Figure 36 shows OCV plunger surface containing deposits. The 

element analysis on a small area over the deposit lump shows that it contains mainly carbon and 

oxygen. Though it looks like corrosion product but it is actually fuel deposit. EDS analysis, 
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Figure 37 shows small peak of copper which is probably coming from fuel as the fuel was doped 

with copper salt. The plunger is made of steel hence iron peak can be observed.   

 

 
  Figure 38 FTIR analysis of OCV surface deposits 

Some deposits were scratched over the surface of OCV and were analyzed in FTIR. Figure 38 

shows the spectrum obtained from FTIR analysis. The spectrum shows the presence of O-H bond 

in some amount, which indicates there can be some water. Two big peaks, one around 3000 cm
-1

 

is probably C-H bond and the other peak at 1737cm
-1

 is possibly strong double bond of carbon 

with oxygen. The small peak around 1600 cm
-1

 is possibly carboxylic acid C-O stretch. Figure 

39 shows the RME spectra along with deposit spectra and they are quite similar. This indicates 

that the deposits are mainly fuel deposits rather than corrosion by-products or dirt.  
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Figure 39 Comparison of RME and OCV deposit spectra 
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Figure 40 Inlet check valve (right) and SEM image of the stain (deposit) on ICV surface (left) 

Figure 40 shows the image of the inlet check valve part. The stains that can be observed on the 

valve surface are deposits. One of the stains was examined with SEM which is shown in the 

same figure. The EDS analysis of the spot, Figure 41 shows that it contains mainly carbon and 

oxygen, indicating same kind of deposit as found in the plungers and OCV. 

 

 
Figure 41 Spectrum analysis of ICV deposit 
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Figure 42 IMV before and after test run 

Figure 42 shows the inlet metering valve before test run and after test cycle 4. It is clear that the 

surface contains deposits. The SEM image in Figure 43 shows that the deposits are all over the 

surface. But more deposits are observed just outside the black circle (the orange circle in above 

figure). Spectrum analysis was done on one black spot and the result is presented in Figure 44.  

 

 
Figure 43 Electron image of IMV 
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Figure 44 Spectrum analysis of deposit on IMV surface 

The spectrum analysis, Figure 44 showed two high peaks, one of carbon and one of iron. The 

carbon peak indicates deposit element is mainly carbon. The iron peak is due to valve material as 

it is made of steel. Some chlorin and sodium peaks can be observed which is probably present as 

the fuel was doped with sodium chloride. Potassium and calcium can come from lubricating oil. 

Presence of sulfur is little strange as it was not observed in previous cases which means it is not 

from fuel; the source can be something else, maybe oil. Or it might not be present, it can be a 

ghost image of some other element such as Molybdenum. 

 
Figure 45 IMV deposit spectra  
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Figure 46 Comparison of spectra of IMV deposit with RME spectra 

To figure out the deposit compounds the FTIR analysis of the deposit was done. Some of the 

deposits were scratched from the surface and were analyzed with FTIR. Figure 45 shows the 

IMV deposit spectra and Figure 46 shows the comparison with RME spectra. The deposits from 

OCV and IMV are quite similar and are fuel derived. The little difference is that the IMV deposit 

is containing more O-H bond than OCV deposits. 
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Fuel Analysis 
 

Fuel samples were collected at 0 hours, 50 hours, 75 hours, 90 hours and 100 hours of run time. 

Figure 47 shows the fuel samples and it can be noticed there are some precipitated parts at 

bottom of each bottle, except the one at right which is the fresh sample (Figure 47). The 100 

hours sample is different in color than the fresh sample. The 90 hour sample shows less 

precipitates than the 75 hours sample which can be because in the 90 hours sample precipitates 

are somehow accumulated in one side (may be due to movement during carrying). Some of these 

precipitates are collected for FTIR and EDS analysis. 

 

 
Figure 47 Fuel samples collected for analysis 

The collected precipitates are washed with heptanes to remove fuel from them and dried. It 

becomes little gluey after washing. A very little amount of it is taken on a small aluminum plate 

and EDS analysis is done. The EDS analysis, Figure 48 shows that the main element is carbon 

and oxygen. The aluminum peak is for the plate on which the sample is kept. It also shows a 

little trace of copper, zinc and calcium.   
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Figure 48 Fuel deposit element analysis by EDS 

Oxidation Stability and TAN 

The oxidation stability and TAN was measured for the fuel samples. Figure 49 shows that the 

oxidation stability decreases over time while TAN increases. This was expected as fuel degraded 

with time. After 75 hours there is a little increase in oxidation stability and little decrease in TAN 

and after that again there is a reduction of oxidation stability and increase in acid number. This 

behavior is little strange but it could be due to disruption of oxidation during the process. This 

will be discussed further in discussion part. 

 

 
Figure 49 Oxidation stability and TAN values of the collected fuel samples 
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Figure 50 Presence of metal ions in the fuel samples 

The fuel was analyzed to find the metal ion contents in the samples and the results are presented 

in Figure 50 and in Appendix 5. There is a continuous increase of phosphorus with time which is 

probably coming from engine oil. Calcium and copper shows similar trend, they increase till 50 

hours of run time and then decreased. Zinc has reduced with time till 75 hours but the reduction 

rate increased rapidly after 50 hours. After 75 hours it almost levels out and then almost 

increases. The metals are probably consumed during deposit formation; it will be further 

discussed in the discussion part. 

 

 
Figure 51 FTIR spectra of precipitates of fuel sample 

Figure 51 shows the FTIR analysis result of the precipitates of one of the sample (75 hours). The 

spectrum is almost exactly similar to the OCV deposit spectrum with a little difference in the O-

H bond peak indicating this sample has more O-H bond which can be probably be water.  
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Flow Rate Reduction 

 
Figure 52 variation of flow rate and fuel temperature over test duration 

A change in flow rate was observed over the run duration for test cycle 4. It was observed that 

flow rate dropped to almost half after running 76 hours. The flow rate was adjusted to a higher 

value 8.47 g/s by opening the nozzle a little more before continuing test run. Probably there were 

some deposits in the nozzle. It was not possible to reach the 9.81 g/s, so the test was continued 

with the maximum achievable flow rate at that point. Figure 52 shows the drop in flow rate 

during the test cycle. The red line at 76 hour is the adjusted flow rate. The flow rate again 

dropped rapidly at last 12 hours from 8.34 g/s to 5.39 g/s.  

 

The green line is the fuel temperatures observed after the nozzle. It can be seen that the 

temperature dropped to the lowest value of 111°C during 76
th

 hour which is because of less fuel 

passage through the nozzle. 
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Figure 53 Fuel temperature after pressure release through the nozzle 

 

 
Figure 54 Motor speed over the duration of the test cycle 

Figure 53 and Figure 54 shows the logged data of fuel temperature after the nozzle and the 

motor speed for the 100 hours test cycle. The straight lines indicated the stop point of each day. 

One remark here is that the temperature is lowest during the run period of 64
th

 hour to 76
th

 hour 

while the motor speed is maximum during this period. 
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   Discussion 
 

It was observed that during test cycle 1 which was ran for 21 hours only, very little amount of 

deposits were found on the pump plungers. Deposit formation increased in next test cycles which 

had 14 hours (cycle 2 and 3) and 79 hours (cycle 4) longer test duration than test cycle 1. 

 

The pump plungers showed deposits in every test cycle but it was difficult to make a quantitative 

comparison between them since the amount of deposit was below the detection limit of the 

equipment. It was observed that deposit formation was not uniform over the surface. From 

Figure 25, random black spots which are deposits, can be observed all over the surface. Deposits 

do not seem to accumulate at the same speed at all these spots but in a faster rate in some of 

these. This thought is encouraged by the surface profile measurement results. The surface profile 

measurement of plungers, Figure 31 and Figure 34 showed elevation in one line among 5 profile 

lines for the plungers used in test cycle 3 and 4 and the plunger for test cycle 3 showed higher 

deposit thickness than test cycle 4 though, while in test cycle 4 deposits were observed on other 

moving parts of the pump. This means, either there were less deposits in test cycle 4 than test 

cycle 3 or for test cycle 4 the profile lines taken over the plunger length missed the exact location 

or spot where more deposits were accumulated.  

 

The profile measurement done for test cycle 1 and 2 showed that there were no elevations over 

the five profile lines for each sample. This can mean that either they had fewer deposits than the 

plungers used in test cycle 3 and 4 or the profile lines did not cross over the points where 

deposits were located. In other words, it couldn‟t find the exact location where the deposits got 

stuck. But it can be assumed that test cycle 1 will have fewer deposits as it had a very short run 

time. But it is not possible to make a comparison between test cycle 2 and 3 as they had similar 

run time. The only difference between them is the fuel contaminates as in test cycle 3 fuel was 

further doped with sodium and water. But it is not be possible to comment on their effect in 

creating deposits as it was not possible to quantify the amount of deposits on the plungers. 

Besides, fuel analysis was not done for test cycle 3 hence it is not possible to ensure if sodium 

was present in the fuel during test run although it was added to the fuel.  

 

For test cycle 1, 2 and 3, no deposits were observed at other moving parts of the pump. Test 

cycle 4 on the other hand was successful in forming deposit in OCV, ICV and IMV along with 

the plungers. Hence, one conclusion can be made that test cycle 4 will definitely give deposits 

and is the most severe case but there was no problem running the pump during this test cycle. 

 

The deposits observed in OCV surface in test cycle 4 were small lumps randomly distributed on 

the outside and inside surface of the plunger. Figure 35 and Figure 36 strengthen the previous 

discussion on deposit location on the plunger surface. It was not possible to quantify the deposit 

accumulated at any parts. 

 

The SEM photos showed how the deposits look like on the surface but they do not give any 

quantification. The photos cannot be compared with each other as the magnification is different 

from each other. Besides, it was difficult to find the spot with more deposits even with SEM as it 
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is not possible to rotate the plunger or other parts once it is inside the microscope. So, only one 

side of the plunger was examined and an image was taken of one of the largest spots. 

 

EDS analysis showed that deposits contain mainly carbon which indicates that fuel degradation 

is the main reason for creating deposits. It also showed the presence of calcium in deposit and 

this probably came from the lubricating oil which got mixed with the fuel during the run. The 

presence of zinc in the deposit is also indicated for all case. Deposits found in pump parts used in 

test cycle 4 showed the presence of copper along with zinc. In some cases (test cycle 1 and test 

cycle 4) presence of sodium was also indicated but that is unlikely as sodium was not added with 

fuel during test cycle 1 and for test cycle 4 fuel analysis [Appendix 5] showed that sodium is 

present in negligible amount though fuel was doped with 5 mg/kg sodium at the beginning. So, it 

is most probably zinc which is misinterpreted by EDS as sodium as they show emitted energy 

peak almost at the same place.  

 

Fuel analysis explained more about the deposit elements. As it can be seen in Figure 47 all the 

samples except the fresh sample to the right have some precipitates. This means deposits started 

forming even before 50 hours of run. Copper and zinc has probably accelerated the degradation. 

Besides, the fuel tank is not closed, which accelerates the fuel oxidation. And fuel oxidation is 

most possibly the main reason for creating deposits. 

 

One interesting thing has been noticed while collecting the fuel samples that there is no trace of 

deposits while the fuel is little warm, around 32°C to 35°C. But after keeping the sample in room 

temperature for some times deposits starts to precipitate. This indicates that the deposits are fuel 

soluble in high temperature. This calls for Fang and McCormick‟s [4] explanation of B30 

forming polar oxygen oligomer which precipitates in low temperature. 

 

Fuel analysis gave some interesting results. Figure 49 shows that the oxidation stability 

decreases till 80
th

 hour and then reaches sort of platform. The little increase that can be noticed is 

not the indication of improvement of oxidation stability; either it says that the fuel did not 

degrade more during that time. In other words there was a halt of oxidation process. A break of 

24 hours were taken before running the next 10 hours run, which can be one reason to disturb the 

aging procedure. This is because fuel oxidation rate is higher while the pump runs as the fuel 

heats up and there is a good mixing of air and fuel at the tank as there is a continuous circulation 

of fuel inside the tank. This 1 day break might have reduced the rate of oxidation and disrupted 

the trend of oxidation stability curve. Heat being the most influential parameter has halted 

oxidation during this soak period as fuel remained cold. Another reason could be that the fuel 

was completely oxidized at that time. 

 

Acidity of the fuel also increased with time but followed the same trend as oxidation stability 

after 80
th

 hour and is probably due to the same reason as explained above. It looks like from the 

80
th

 hour to 90
th

 hour there was a halt of aging of fuel and then again the total acid number 

increased indicating further degradation of fuel. This discussion concludes that if the test pattern 

was kept same during the whole cycle the TAN may probably follow the trend of gradual 

increase while the oxidation stability would possibly show a gradual decrease trend.   
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The metal ion test of the samples pointed out some interesting results. Figure 50 shows that the 

amount of zinc reduces gradually with time. The reduction rate of zinc is pretty slow after 50 

hours and then there is a sharp fall in the amount of zinc ions. This could be because of deposits 

which form in a great amount during that period. Zinc has probably settled as deposits forming 

salts with carboxylic acid. The amount of zinc ions showed a slight increase for the 90 hour and 

100 hour sample which could be due to the disruption of aging process of the fuel which might 

have slowed down deposit formation.  

 

The behavior of the presence of copper ion is a bit jittery. The copper ion increased with time till 

sometimes after 50 hours. This could be because of the presence of copper in the system (brass 

adaptors, heater, cooler). The fuel has probably corroded copper surfaces and enriched itself with 

copper. But copper ions have reduced to a great extent sometimes after 50 hours and fell to the 

lowest value in around 80
th

 hour. As mentioned in above paragraph deposit formation rate 

probably increased rapidly during this period and like zinc copper as well formed salt and settled 

as deposit.     

 

Calcium ion follows the same trend that can be seen in copper. But the fuel didn‟t contain any 

calcium at the beginning as the fresh fuel sample showed negligible amount of calcium. But a 

gradual increase of calcium can be noticed in Figure 50 till almost the same time as copper ion. 

And similarly it dropped at a faster rate till 80
th

 hour pointing out its probable contribution in 

deposit formation. 

 

Phosphorus also kept increasing gradually with time till the last hour. This means it has remained 

in the fuel and did not sit as deposits. The source of phosphorus and calcium is most probably 

lubricating oil. The trends for phosphorus and calcium ions state that small amounts of oil mixes 

continuously with fuel over the test period. Some oil mixing occurs just after assembling new 

pump parts but most of them are washed away during the flush cycle. But most probably oil 

mixing occurs at the high pressure pump during operation as the camshaft and bearings of the 

high pressure pump is oil lubricated and some oil can be transferred to the fuel through the 

plungers which are in contact with the lubricating oil. 

 

Iron increases a little following the same trend of copper and it probably came from the iron 

tank. But it is not very significant amount and some of it might have settled as deposit.  

 

The EDS analysis justifies the metal ion analysis and strengthens the thought that zinc copper 

and calcium form deposits. Iron can also form deposits if it is present. It is not possible to say 

when the deposits starts forming as no data points were taken between 0 to 50 hours. But one 

conclusion can be made that deposit formation is rapid from sometimes around 50 hour till 

around 75 hours because calcium, zinc and copper amount falls rapidly during this period. As 

fuel oxidation was disrupted after 80
th

 hour, deposit formation rate become slower for some time 

which may be because of less availability of metal ions. This could be another reason for having 

less precipitates at the 90 hour run sample than 75 hour sample. As the aging of fuel halted after 

80
th

 hour and TAN value remained almost same while less metal ion was available, less deposit 

were formed. It can be seen from Figure 47 the 75
 
hour sample have more precipitates than the 

90 hour sample. But in 100 hour sample there are more precipitates than 90 hour sample which 

means presence of metal ion increased in the fuel during this period. From Figure 50 it can be 
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seen that metal ions increased during this period. This could be because the increase of TAN. 

The fuel became more acidic and corroded metal surfaces thus increasing the metal ion content 

in the fuel and creating more deposits. 

 

An idea of deposit formation rate can be obtained by observing the fuel flow rate. Figure 52 

shows the variation of fuel flow rate with time. It can be observed that the flow rate dropped 

slowly in first 50 hours. But the drop is rapid during 54
th

 hour to 76
th

 hour. Flow rate dropped 

almost 1.83 g/s in 12 hours while the flow rate dropped 2 g/s at first 50 hours. This indicates that 

deposits accumulated at the nozzle opening and constrict the flow at a faster rate during this 

period. It can be due to the deposits accumulated at IMV reducing fuel flow to the inlet check 

valve. The metal ion analysis, TAN and oxidation stability test results (Figure 49 and Figure 50) 

also indicates the period of 50
th

 hour to 80
th

 hour to be the most crucial as deposit formation rate 

is very high during this period. Hence, flow rate can be a valuable parameter indicating the rate 

of deposit formation as well as it can possibly indicate the time where significant amount of 

deposit starts to form.  

 

Though the graph shows gradual decrease of flow rate during the period of first 50 hours it might 

not be true. Deposit formation probably started after some hours of run time and flow rate might 

start decreasing after that. If flow rate was measured every 10 hours, it might give a better 

indication on when the nozzle started clogging, in other words when actually deposits started to 

accumulate. 

 

The flow rate was adjusted back to a higher value before continuing the test run. Till 88
th

 hour 

the flow rate was almost constant which supports previous hypothesis of deposit formation being 

in a halt. The flow rate reduced more rapidly during next 10 hours meaning more deposits has 

been created during this period. It is possibly so because as mentioned before TAN increases 

rapidly and forms more deposit.   

 

Figure 53 which gives the temperature of fuel after nozzle can give some indication of nozzle 

clogging. As it can be observed from Figure 53 fuel temperature reached its maximum value at 

51 hour and then it started decreasing. Hence, likely the nozzle started clogging after this period 

resulting a reduction in flow. Fuel temperature was lowest during the period within 64 hour to 76 

hour. This was probably because the nozzle was clogged enough and the fuel flow rate was very 

low during this period resulting low temperature. It is most probable that maximum deposit 

formation occurred during the period within 51 to 64 hour approximately. 

 

Another indication of low flow was the motor speed. Figure 54 shows that the motor speed was 

higher during the low flow period which is expected as the load on the pump decreased. 

 

The fuel deposit compound can be confirmed by FTIR analysis. The deposits found in OCV, 

IMV surface and the precipitates at the bottom of the fuel sample bottle were analyzed with 

FTIR. Figure 38, Figure 45 and Figure 51 show that the deposits contain O-H bond, C-H bond, 

strong carbon double bond to oxygen and carboxylic acid C-O stretch in common. The rest of the 

spectra are quite difficult to analyze due to the presence of metal ions and just looking at the 

spectra it is difficult to say which metal ions are present. But EDS analysis and metal ion test of 
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fuel has indicated the presence of calcium, zinc, copper and iron. Hence it can be concluded that 

carboxylic acid forms zinc, copper, calcium and iron salt which falls out as deposits.  

 

Another interesting thing can be noticed when comparing three spectra of OCV, IMV and fuel 

sample deposit. IMV deposit contains more O-H bond than the other two. This can be because 

IMV was not washed with ethanol and acetone as the OCV to get rid of fuel. Hence it contained 

some fuel and as the part was kept in ambient condition for one day before FTIR analysis the 

fuel might have absorbed some moisture during this period. Due to the presence of fuel it shows 

larger peak for carboxylic acid than the other two. The fuel sample deposit though cleaned with 

hepthane still contained some fuel, hence showed a medium carboxylic acid peak while the OCV 

showed a very small one as it contained almost no fuel.  

 

Figure 39 and Figure 46 shows the comparison of pure RME with OCV deposit and IMV 

deposit respectively. The presence of O-H bond and carboxylic acid indicates fuel degradation. 

But it confirms fuel as the main deposit compound. While EDS analysis shows carbon is the 

main element of these deposits, FTIR analysis justifies it. FTIR also confirms the presence of 

metal ion while metal ion analysis and EDS confirms the metals as calcium, copper, zinc and 

iron. 

 

The test method is not full proof as there were not enough deposits. The target was to accelerate 

fuel degradation and increase deposit formation. The test cycle that gave maximum deposit was 

run for a long period of 100 hours even after that there was no problem running the pump with 

some deposits. But the results indicate that deposit started forming and the longer the running 

period higher the deposit formation. Following this test method it will take more time for the 

pump to stop functioning properly. 

 

There can be several reasons why there were not more deposits. One reason could be the fuel 

that has been used had not high performance additives except lubricating additive and 

conductance resistance additive. According to literature study the detrimental effect of sodium is 

much more when high performance additives are present. Hence, if fuel with more additives and 

detergents is used test duration can be reduced. 

Sodium concentration is another factor that influences deposit formation. The deposit that has 

been found contains no sodium though sodium is the most important contaminate if forming 

soap like deposits. This was because the concentration of sodium was less than 0.10 mg/kg in the 

fresh fuel sample even though 5 mg/kg sodium was added with fuel. One explanation of this 

circumstance could be that the sodium was washed away during flush cycle. A brine solution 

was made and added with fuel to dope it with sodium. It was assumed that the pump will mix the 

fuel and brine. But maybe the brine solution got flushed away during the flush cycle as it didn‟t 

dissolve to the fuel quickly. Another reason could be that the water evaporated during the flush 

cycle and sodium chloride precipitated somewhere inside the system, maybe in the fuel tank. 

And as it is not soluble to B30 it might have been filtered away along with dirt in the filters.    

Another reason could be the high pressure of the rail. The rail pressure was kept high to form a 

high temperature at the pump so that the fuel gets more oxidized. But maybe due to cavitation 

deposits were driven away. On the other hand high pressure gives rise to high temperature, 
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though high temperature accelerates fuel oxidation it has also been observed that the deposits are 

soluble in fuel at high temperature. Hence even though more degradation products are created 

they are not sticking to the surface as they do not precipitate at high temperature. 

Fuel temperature is a critical factor. It was not possible to cool the fuel to lower than 30°C and 

the deposits were dissolved even in that temperature. They start to settle down around 25°C 

hence it can be assumed that they settled on the surfaces during the break between two 

consecutive run as the pump cools down to room temperature. This is the reason why there was 

problem starting the pump around 60 hours. The deposits settled in the nozzle and IMV of the 

pump which is why there was very low flow and bad control of rail pressure. As the pump 

temperature increased the control became better. 

Fuel flow required adjustment once during 76
th

 hour as it fell very low. The nozzle was opened 

more to get more flow. It was not possible to recover flow completely because with a higher 

opening the flow rate became high but the pressure regulation became extremely bad which is 

why the nozzle was closed back to the previous position. But even in the previous position 

higher flow was obtained. This is probably because as the nozzle was opened more, a higher fuel 

mass probably have driven away some deposits and as the temperature increased in the nozzle 

some of the deposits dissolved and cleaned the nozzle. But still there were some deposits stuck at 

the nozzle tip due to which the starting flow cannot be regained.  

The flow rate should have been measured every 10 hours. Then it would have been possible to 

find when deposits start affecting the flow. Flow adjustment should have been done every time if 

it falls more than 1 g/s. It would have helped the nozzle stay clean and a steady flow over the test 

duration.   

The test cycle 4 was run for 100 hours. But the test pattern was not even. The cumulative run 

time at 2500 bar was 100 hours but it always took 1 hour to start the test run. During this starting 

period pressure was gradually increased. So, if this time is counted then the total run time will be 

110 hours as the test was continued for 10 days. And as mentioned before a 24 hours break was 

taken after 80 hours test run which had a negative effect on the oxidation process. It would have 

been best to keep the breaks exactly the same in between the runs.  

It would have been best to test the fresh fuel sample before starting the test run and to see how 

much zinc, copper and sodium is present in the fuel. This would have confirmed the quantity of 

the metals present and will provide scope for correction before the test continued, because, most 

probably, the calculation of required zinc salt and copper salt were not correct. As Figure 50 

shows the initial sample had almost 7 mg/kg zinc and 3 mg/kg copper although both were added 

in an amount of 2 ppm. There might be some error in sodium salt calculation as well.    

Quantifying deposits has been a real challenge. It was not possible to quantify the deposits. If it 

was then it might have been possible to come to a conclusion about the test patterns used in test 

cycle 1, 2 and 3. Attempts were taken to quantify the deposits in the plunger by using confocal 

microscope which gives an idea of the surface roughness and topography. But the attempt was 

futile as the deposit thickness was very low and uneven. Besides as the plunger surface is convex 

it was pretty difficult to have an exact surface profile.  

 

Another attempt was taken to measure the deposit thickness by measuring the surface profile of 

the plunger by using Mahr surf LD 120 equipment. In this method one plunger from each test 



51 

 

cycle was measured in five different lines on different side along its length. The results from this 

test (Figure 31 Figure 34) have been explained earlier. 

 

The FTIR analysis was a difficult section. It was not possible to analyze the whole spectrum due 

to the shortage of time. 
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Future work 
 

Test Rig development 

There is a huge scope of development in the test rig as it is in primary level. There have been a 

lot of factors that have affected the test method and a lot of them are directly connected to the 

test rig. First of all, the fuel tank that has been used is made of iron, which might have increased 

the iron content in the fuel. Biodiesel is oxidized in the presence of ferrous alloy; hence it might 

have played a detrimental effect on fuel stability. Due to presence of iron it cannot be concluded 

that only zinc and copper have accelerated the fuel oxidation. The tank that has been used in this 

experiment was very old and it had some rust inside which can be the reason for the dirt inside 

the filter housings. The fuel analysis result (Figure 50 and Appendix 5) also shows that there is 

an increase of concentration of iron in the fuel which is probably mainly due to the iron tank. If 

the tank can be replaced with a Teflon made or stainless steel tank then it might have been better.  

The heat exchanger that was used takes almost 45 minutes to heat up the fuel to 70°C. A faster 

heater will serve better. 

 

The cooler used for cooling the fluid is copper made. If it is replaced with a cooler made of some 

other metal it will result in reduction of copper surfaces exposed to the fuel. All the brass made 

adaptors can be replaced with stainless steel made adaptors. 

 

Even though the return fuel is cooled to very low temperature it will not have a large effect on 

the temperature of fuel present in the fuel tank as long the return fuel from the filter is not cooled 

before it enters the fuel tank. One solution is to connect the return line from the filter at the 

cooler entrance along with the return flow. But then flow measurement will be problematic as 

the return fuel from the cooler will not be the actual flow through the nozzle as it will include the 

return fuel from the filters. One way could be to use a 3 way valve at the return fuel (from the 

nozzle) line just before it is connected to the cooler entrance. Fuel can be bled in to a separate 

small tank by opening the valve towards the tank and the flow rate can be measure. One problem 

will be the temperature of the fuel as it is not cooled. Hence, a Teflon hose will be better to use 

for this drain line and probably a steal tank. It still can be problematic for the scale on which the 

tank will be mounted on so probably it is better to use a small water cooler to cool the fuel first 

before it goes to the small tank.  

 

The nozzle used in the system is a homemade one. There is scope of improvement in the design 

of nozzle. It will be good if the nozzle can be marked according to the flow rate to make it easy 

to get an idea of how much the nozzle needs to be opened to get the required flow rate.  

 

It will be interesting to see what will happen if a real injector is used in the system instead of the 

continuous flow nozzle. It will be more realistic and the slight deposit in the injector nozzle will 

affect the injection rate greatly and it will be easier to detect the reduction in flow rate.  

 

The electric motor that has been used for running the pump can be replaced with a bigger one of 

high capacity. With a higher capacity motor the pump will be able to cope with high load and the 
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system can operate with a higher flow rate. This will make the experiment results more realistic 

and comparable to real life situations. Besides, with a high capacity motor it will be possible to 

have a higher pump speed as the pump speed is proportional to the motor speed. A frequency 

transducer can be used to vary the motor speed and study the effect of pump speed on deposit 

formation.  

 

If the motor is replaced with a bigger one, oil cooling will be mandatory. It has been observed 

that the oil temperature reaches to 90°C while running. So it is obvious oil will be more heated if 

the pump speed, motor speed increases. For safe running of the motor and pump oil cooling is 

very necessary. An oil cooler can be installed for this purpose or a bigger oil tank can be used. 

 

One problem was faced during the experiment was varying oil pressure during start up. The oil 

pressure became very high at the start of the pump and it reduces as the rail pressure increases. 

The adjustment of oil pressure was done manually every time. It will be good to use an oil 

pressure sensor instead of the pressure gauge and an automatic control of oil pressure will be 

very helpful. 

 

Alarms will ensure safe running of the test rig. Alarms have been set on the PWM signal so that 

if it exceeds the maximum value the pump stops. This has been done for safe running of the 

pump. There were alarms set on the temperature of the return fuel as well which just gives 

warning. But there are several other parameters on which alarm is necessary and it has been 

proved during the experiment. There have been leakage problems twice during the experiment. 

The leakages were quite severe as the hose connecting two rails leaked and pressurized fuel 

(2500 bar) formed a spray with high temperature and wetted the ceiling. It is very important to 

set an alarm on the rail pressure so that if the rail pressure drops that the required pressure 

suddenly, the system can be stopped at once. It is also a good idea to put an alarm on the oil 

pressure and oil temperature parameters for proper control. 

   
Test Method development 

As mentioned before, the fuel doping was not done completely correctly. Maybe the error was in 

calculation or maybe measurement error. It is most likely to be measurement error as weighting 

of such a little amount of salts was tricky. Besides the zinc salt was gluey making it very difficult 

to weight exactly. It will be better to use some sophisticated measurement and mixing technique. 

Mixing the salts has been as well problematic. The zinc salt dissolved to the fuel quickly but the 

copper salt took a lot of time. Copper mixed fuel was kept in hot water bath to dissolve quickly 

but still it took some hours.  

 

The sodium salt was mixed with water and added with fuel. The fuel mixture should have been 

stirred for sometimes until the water dissolve in fuel. Another way of mixing sodium salt could 

be using sodium hydroxide with some ethanol to dissolve. But to be sure about the amount of 

metal present in the fuel it is better to analyze the fuel before running test cycles. 

 

The startup took almost 1 hour every day. One of the main reasons is the slow heater. Besides 

the control of the rail pressure was quite bad at low pump temperature, probably due to presence 

of air in the pump. It was observed that after 70°C the control is very good.   
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If the fuel is cooled to 10°C then a faster heater is mandatory as otherwise it will not be possible 

to maintain fuel temperature at the pump inlet to be 70°C. Low fuel temperature will slow down 

oxidation which is not wanted.  

 

It has been noticed that the deposits formed mainly due to fuel oxidation. At high pressure high 

temperature is obtained at the pump increasing fuel degradation. But it has also been observed 

that the degradation products are soluble at high temperature. Besides high pressure can result in 

cavitation which may drive away the deposit from the surfaces. It will be interesting to vary the 

rail pressure during the test run. For instance, running the test cycle in two pressures like 500 bar 

and 2500 bar for the same or different time intervals. This might give interesting result because 

at high pressure the fuel will degrade and form degradation products and at low pressure the 

pump will cool down and the degradation products will have time settling to the surfaces. A test 

pattern can be made by having soak time of some hours after running for some hours and then 

gradually reaching the pressure, for instance running with 500, 1500 and 2500 bar for first, 

second and third hour and then gradually decreasing to 500 bar and keeping standstill for 2-3 

hours till the pump temperature drops significantly and then continuing at the same pattern of 

gradual increase of pressure. In this way the degradation products will have time to settle down 

during soak period. The control will remain good if the pressure is increased gradually. The run 

time for each pressure can be varied and the effect can be studied.  

 

Varying the pump speed can be very interesting. This way the load on the pump can be varied 

for a constant pressure which may have great influence in deposit formation. 

 

Cleaning of the parts has been very tricky as the pump parts are really small and with deposits on 

them were difficult to clean. Though ethanol and acetone was used in cleaning it is possible that 

some deposits were washed away. OCV, ICV and IMV were cleaned using ultrasonic bath but 

most of the deposits were washed away during the process. Hence, there is a great scope of work 

in cleaning pump parts. 

 

The area that needs a lot to do is quantifying the deposits. Finding a reliable method to quantify 

the deposits is one hard job. Due to shortage of time it was not possible to focus on this much but 

it is extremely important to quantify the deposit amount before making a right conclusion about a 

test cycle.   
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   Conclusions 
 

 

The main goal of the project was to develop a test method which gives the worst case of deposit 

formation. The experiment was performed with B30 blend of biodiesel and four test cycles were 

formulated and ran. Among the test cycles, test cycle 4 which was ran with a fuel doped with 

zinc, sodium, copper and water gave most deposits. The results observed are summarized below. 

 

Test cycle 4, which was run with a continuous rail pressure of 2500 bar for total 100 hours, gave 

deposits in pump plungers, OCV, ICV and IMV. The test cycle was run for 10 hours at a 

constant pressure of 2500 bar per day and was continued for 10 days.  

 

It couldn‟t be decided if start-stop pattern is more beneficial than continuous cycle.  

 

The fuel was doped with 2 ppm of zinc and copper though the test result shows more in the fuel 

indicating some faulty calculation or measurement for zinc and copper. The increase of copper 

during the test was probably because of the exposure of fuel to brass equipments such as cooler, 

adaptor etc. Sodium and water was also mixed with fuel but fuel analysis showed negligible 

amount of sodium present in all the samples. 

 

Deposits obtained in the pump parts were mainly metal salts containing carbon, oxygen, zinc, 

copper, calcium and a very little amount of iron. The fuel precipitates also contained similar 

elements. It is possible that the fuel precipitates stick to the surface to large amount and form 

deposits but it cannot be ensured because the FTIR analysis of the deposit and fuel precipitate 

were not completed. 

 

Fuel degradation was the main reason of deposit formation and heat is the major influence 

behind it.  

 

It was not possible to see the effect of sodium salt as fuel analysis showed sodium was present in 

a negligible amount (<0.1 mg/kg) even in the fresh sample though it was added.  

 

FTIR analysis spectra showed the deposit contained hydrocarbon polymer with metal ion. The 

exact chemical formula of the deposit compound cannot be decided due to shortage of time to 

study the FTIR spectra. 

 

It was not possible to quantify the deposits. 
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Appendix 4 
 

No. SAE Paper  

Author & no. 

Test cycle Result 

1 Uitz et al. 

2009-01-2640 

44hours (8hr-4hr-8hr-), load and speed varied 

CEC test cycle B10 blend and B0 

No fouling 

2 Lacey et al. 

2011-01-1925 

100hr IID deposits 

3 Terry et al. 

2006-01-3279 

500hr (B0, B5, B20, fresh and aged) No deposits except 

aged oxidized B20 

4 Caprotti et al. 

2007-01-3982 

48hr Drop in torque 

5 Lacey et al. 

2011-01-1924 

48hr (B30) Drop in 

IMEP(nozzle 

deposits) 

6 Bouilly et al. 

2012-01-0860 

100hr (B20)  

7 Omori et al. 

2011-01-1935 

750hr (500hr run time, SME20%) IID occurs at 

400hr 

8 Kono et al. 

2011-01-1944 

8 month (8hr each day) SME 20% aged and fresh Fuel pump failure 
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Appendix 5 
 

Fuel analysis result 
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Abbreviations 
 

B0: Reference diesel which contains no biodiesel or additives 

B20: Fuel blend of bio diesel/reference diesel fuel in which biodiesel is 20% by volume 

B30: Fuel blend of bio diesel/reference diesel fuel in which biodiesel is 30% by volume 

B100: 100% biodiesel  

SI: Spark Ignition 

GHG: Greenhouse Gas 

RES: Renewable Energy Sources  

FAME: Fatty Acid Methyl Ester 

TAN: Total Acid Number  

ULSD: Ultra Low Sulfur Diesel 

PME: Palm oil Methyl Ester 

RME: Rapeseed Methyl Ester 

SME: Soybean Methyl Ester 

HSDI: High Speed Diesel Injection  

IID: Internal Injector Deposit 

PIBSI: Polyisobutylene Succinimide 

2-EHN: 2-Ethylhexyl Nitrate  

IMEP: Indicated Mean Effective pressure  

SEM: Scanning Electron Microscope  

EDS: Energy Dispersive Spectroscopy 

ESI-MS: Electroscopy Ionization-Mass Spectroscopy  

FTIR: Fourier Transform Infrared  

NMR: Nuclear Magnetic Resonance 

XPI: Xtreme Pressure Injection 

HPP: High Pressure pump  

LPP: Low Pressure pump  

IMV: Inlet Metering Valve  

PWM: Pulse-Width Modulation  

OCV: Outlet Check Valve 

ICV: Inlet Check Valve 

 

 


