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CHAPTER 8



DIESEL FUEL



8.1. INTRODUCTION



Kerosene, diesel fuel, and aviation turbine fuel (jet fuel) are members of the class of petroleum products known as middle distillates (Gruse and Stevens, 1960; Guthrie, 1967; Kite and Pegg, 1973; Weissermel and Arpe, 1978; Francis and Peters, 1980; Hoffman, 1983; Austin, 1984; Chenier, 1992; Hoffman and McKetta, 1993; Hemighaus, 1998; Speight, 1999; Heinrich and Duée, 2000). As the name implies, these products are higher boiling than gasoline but lower boiling than gas oil. Middle distillates cover the boiling range from approximately 175 to 375°C (350–700°F) and the carbon number range from about C8 to C24. These products have similar properties but different specifications as appropriate for their intended use. The broad definition of fuels for land and marine diesel engines and for nonaviation gas turbines covers many possible combinations of volatility, ignition quality, viscosity, gravity, stability, and other properties.Various specifications are used to characterize these fuels (ASTM D-975,ASTM D-2880).



8.2. PRODUCTION AND PROPERTIES



Diesel fuels originally were straight-run products obtained from the distillation of crude oil. Currently, diesel fuel may also contain varying amounts of selected cracked distillates to increase the volume available. The boiling range of diesel fuel is approximately 125–328°C (302–575°F) (Table 8.1). Thus, in terms of carbon number and boiling range, diesel fuel occurs predominantly in the kerosene range (Chapter 7), and thus many of the test methods applied to kerosene can also be applied to diesel fuel. Diesel fuel depends on the nature of the original crude oil, the refining processes by which the fuel is produced, and the additive (if any) used, such as the solvent red dye (ASTM D-6258). Furthermore, the specification for diesel fuel can exist in various combinations of characteristics such as, for example, volatility, ignition quality, viscosity, gravity, and stability. One of the most widely used specifications (ASTM D-975) covers three grades of diesel fuel oils, No. l-D, No. 2-D, and No. 4-D. Grades No. l-D and 177
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diesel fuel Table 8.1. General Summary of Product Types and Distillation Range



Product



Refinery gas Liquefied petroleum gas Naphtha Gasoline Kerosene/diesel fuel Aviation turbine fuel Fuel oil Lubricating oil Wax Asphalt Coke



Lower Upper Lower Upper Carbon Carbon Boiling Boiling Limit Limit Point Point °C °C C1 C3 C5 C4 C8 C8 C12 >C20 C17 >C20 >C50*



C4 C4 C17 C12 C18 C16 >C20 >C20



-161 -42 36 -1 126 126 216 >343 302 >343 >1000*



-1 -1 302 216 258 287 421 >343



Lower Boiling Point °F



Upper Boiling Point °F



-259 -44 97 31 302 302 >343 >649 575 >649 >1832*



31 31 575 421 575 548 >649 >649



* Carbon number and boiling point difficult to assess; inserted for illustrative purposes only.



2-D are distillate fuels (ASTM D-975), the types most commonly used in high-speed engines of the mobile type, in medium speed stationary engines, and in railroad engines. Grade 4-D covers the class of more viscous distillates and, at times, blends of these distillates with residual fuel oils. The marine fuel specifications (ASTM D-2069) have four categories of distillate fuels and fifteen categories of fuels containing residual components. Additives may be used to improve the fuel performance, and additives such as alkyl nitrates and nitrites (ASTM D-1839, ASTM D-4046) can improve ignition quality. Pour point depressants can improve lowtemperature performance. Antismoke additives reduce exhaust smoke, which is of growing concern as more and more attention is paid to atmospheric pollution. Antioxidant and sludge dispersants may also be used, particularly with fuels formulated with cracked components, to prevent the formation of insoluble compounds that could cause line and filter plugging (ASTM D-2068, ASTM D-6371, IP 309).



8.3. TEST METHODS



As for all fuels, the properties of a product define the ability to serve a stated purpose. Once the required properties are determined, they are controlled by appropriate tests and analyses. The quality criteria and methods for testing fuels for land and marine diesel engines, such as the cetane number, apply to both fuels.
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8.3.1. Acidity Petroleum products may contain acidic constituents that are present as additives or as degradation products, such as oxidation products. The relative amount of these constituents can be determined by titrating a sample of the product with base, and the acid number is a measure of the amount of acidic substances in the product under the conditions of the test. One of the test methods (ASTM D-664) resolves constituents into groups having weak-acid and strong-acid ionization properties. In this test method, the sample is dissolved in a mixture of toluene and isopropyl alcohol containing a small amount of water and titrated potentiometrically with alcoholic potassium hydroxide by using a glass indicating electrode and a calomel reference electrode. The meter readings are plotted manually or automatically against the respective volumes of titrating solution, and the end points are taken only at well-defined inflections in the resulting curve. The test method may be used to indicate relative changes that occur in diesel fuel under oxidizing conditions regardless of the color or other properties of the resulting oil. There are three other test methods for the determination of acid numbers (ASTM D-974, ASTM D-3339, ASTM D-4739) that are used to measure the inorganic and total acidity of the fuel and indicate its tendency to corrode metals that it may contact. 8.3.2. Appearance and Odor The general appearance, or color, of diesel fuel is a useful indicator against contamination by residual (higher boiling) constituents, water, or fine solid particles. Therefore, it is necessary to make a visual inspection that clear fuel is being delivered (ASTM D-4176). Color, being part of the appearance of diesel fuel, should also be determined because the color of petroleum products is used for manufacturing control purposes. In some cases the color may serve as an indication of the degree of refinement of the material. Several color scales are used for determination (ASTM D-156, ASTM D-1209, ASTM D-1500, ASTM D-1544, IP 196). Typically the methods require a visual determination of color with colored glass disks or reference materials. Similarly, acceptance is important with regard to odor, and it is usually required that diesel fuel is reasonably free of contaminants, such as mercaptans, which impart unpleasant odors to the fuel (ASTM D-4952, IP 30). 8.3.3. Ash Small amounts of unburnable material are found in diesel fuel in the form of soluble metallic soaps and solids, and these materials are designated as
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ash, although “ash-forming constituents” is a more correct term. In the test for the quantitative determination of ash-forming constituents (ASTM D482, IP 4), a small sample of fuel is burned in a weighed container until all of the combustible matter has been consumed as indicated by the residue and container attaining a constant weight. The amount of unburnable residue is the ash content and is reported as percent by weight of the sample. The ash-forming constituents in diesel fuel (ASTM D-2880) are typically so low that they do not adversely affect gas turbine performance, unless such corrosive species as sodium, potassium, lead, or vanadium are present. However, there are recommendations for the storage and handling of these fuels (ASTM D-4418) to minimize potential contamination. Vanadium can form low-melting compounds such as vanadium pentoxide, which melts at 691°C (1275°F) and causes severe corrosive attack on all of the high-temperature alloys used for gas-turbine blades and diesel engine valves. If there is sufficient magnesium in the fuel, it will combine with the vanadium to form compounds with higher melting points and thus reduce the corrosion rate to an acceptable level. The resulting ash will form deposits in the turbine, but the deposits are self-spalling when the turbine is shut down. The use of a silicon-base additive will further reduce the corrosion rate by absorption and dilution of the vanadium compounds. Sodium and potassium can combine with vanadium to form eutectics, which melt at temperatures as low as 565°C (1050°F), and with sulfur in the fuel to yield sulfates with melting points in the operating range of the gas turbine. These compounds produce severe corrosion for turbines operating at gas inlet temperatures above 649°C (1200°F). Thus the amount of sodium plus potassium must be limited. For gas turbines operating below 649°C (1200°F), the corrosion due to sodium compounds is of lesser importance and can be further reduced by silicon-base additive. Calcium is not as harmful and may even serve to inhibit the corrosive action of vanadium. However, the presence of calcium can lead to deposits that are not self-spalling when the gas turbine is shut down and not readily removed by water washing of the turbine. Lead can cause corrosion, and, in addition, it can spoil the beneficial inhibiting effect of magnesium additives on vanadium corrosion. Because lead is only found rarely in significant quantities in crude oils, its presence in the fuel oil is primarily the result of contamination during processing or transportation. 8.3.4. Calorific Value (Heat of Combustion) The heat of combustion (ASTM D-240, ASTM D-1405, ASTM D-2382, ASTM D-2890, ASTM D-3338, ASTM D-4529, ASTM D-4809, ASTM D4868, ASTM D-6446, IP 12) is a direct measure of fuel energy content and
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is determined as the quantity of heat liberated by the combustion of a unit quantity of fuel with oxygen in a standard bomb calorimeter. There are two heats of combustion, or calorific values, for every petroleum fuel, gross and net. When hydrocarbons are burned one of the products of combustion is water vapor, and the difference between the two calorific values is that the gross value includes the heat given off by the water vapor in condensing whereas the net value does not include this heat. When an experimental determination of heat of combustion is not available and cannot be made conveniently, an estimate might be considered satisfactory (ASTM D-6446). In this test method the net heat of combustion is calculated from the density and sulfur and hydrogen content, but this calculation is justifiable only when the fuel belongs to a well-defined class for which a relationship between these quantities has been derived from accurate experimental measurements on representative samples. Thus the hydrogen content (ASTM D-1018, ASTM D-1217, ASTM D-1298, ASTM D-3701, ASTM D-4052, ASTM D-4808, ASTM D-5291 IP 160, IP 365), density (ASTM D-129, ASTM D-1250, ASTM D-1266, ASTM D-2622, ASTM D-3120, IP 61, IP 107), and sulfur content (ASTM D-2622, ASTM D-3120, ASTM D-3246, ASTM D-4294, ASTM D-5453, ASTM D-5623, IP 336, IP 373) of the sample are determined by experimental test methods, and the net heat of combustion is calculated with the values obtained by these test methods based on reported correlations. An alternative criterion of energy content is the aniline gravity product (AGP), which is related to calorific value (ASTM D-1405, IP 193). The aniline gravity product is the product of the API gravity (ASTM D-287, ASTM D-1298) and the aniline point of the fuel (ASTM D-611, IP 2). The aniline point is the lowest temperature at which the fuel is miscible with an equal volume of aniline and is inversely proportional to the aromatic content. The relationship between the aniline gravity product and calorific value is given in the method. In another method (ASTM D-3338), the heat of combustion is calculated from the fuel density, the 10%, 50%, and 90% distillation temperatures, and the aromatic content. However, neither method is legally acceptable, and other methods (ASTM D-240, ASTM D1655, ASTM D-4809) are preferred. 8.3.5. Carbon Residue The carbon residue of a petroleum product serves as an indication of the propensity of the sample to form carbonaceous deposits (thermal coke) under the influence of heat. In the current context, carbon residue test results are widely quoted in diesel fuel specifications. However, distillate diesel fuels that are satisfactory in other respects do not have high Conradson carbon residue values, and the test is chiefly used on residual fuels.
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Figure 8.1. Apparatus for the determination of the Conradson carbon residue (ASTM D-189, IP 13)



Tests for Conradson carbon residue (ASTM D-189, IP 13) (Fig. 8.1), the Ramsbottom carbon residue (ASTM D-524, IP 14), and the microcarbon carbon residue (ASTM D-4530, IP 398) are often included in specification data for diesel fuel. The data give an indication of the amount of coke that will be formed during thermal processes as well as an indication of the amount of high-boiling constituents in petroleum. 8.3.6. Cetane Number and Cetane Index The cetane number is an important property of diesel fuel. In the majority of diesel engines, the ignition delay period is shorter than the duration of injection. Under such circumstances, the total combustion period can be considered to be divided into the following four stages: (1) ignition delay, (2) rapid pressure rise, (3) constant pressure or controlled pressure rise, and (4) burning on the expansion stroke. The cetane number of a diesel fuel is the numerical result of an engine test designed to evaluate fuel ignition delay. To establish the cetane number
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scale, two reference fuels were selected. One, normal cetane, has excellent ignition qualities and, consequently, a very short ignition delay. A cetane number of 100 was arbitrarily assigned to this fuel. The second fuel, amethylnaphthalene, has poor ignition qualities and was assigned a cetane number of 0. a-Methylnaphthalene has been replaced as a primary reference fuel by heptamethylnonane, which has a cetane number of 15 as determined by use of the two original primary reference fuels. To determine the cetane number of any fuel, its ignition delay is compared in a standard test engine with a blend of reference fuels (ASTM D-613, IP 41). The cetane number of a diesel fuel is defined as the whole number nearest to the value determined by calculation from the percentage by volume of normal cetane (cetane No. 100) in a blend with heptamethylnonane (cetane No. = 15) which matches the ignition quality of the test fuel when compared by this method. The matching blend percentages to the first decimal are inserted in the following equation to obtain the cetane number: cetane number = % n-cetane + 0.15 (% heptamethylnonane) The shorter the ignition delay period, the higher the cetane number of the fuel and the smaller the amount of fuel in the combustion chamber when the fuel ignites. Consequently, high-cetane-number fuels generally cause lower rates of pressure rise and lower peak pressures, both of which tend to lessen combustion noise and to permit improved control of combustion, resulting in increased engine efficiency and power output. In addition to the above, higher-cetane-number fuels tend to result in easier starting, particularly in cold weather, and faster warm-up. The higher-cetane-number fuels also usually form softer and hence more readily purged combustion chamber deposits and result in reduced exhaust smoke and odor. High-speed diesel engines normally are supplied with fuels in the range of 45–55 cetane number. Because the determination of cetane number by engine testing requires special equipment, as well as being time-consuming and costly, alternative methods have been developed for calculating estimates of cetane number. The calculations are based on equations involving values of other known characteristics of the fuel. One of the most widely used methods is based on the calculated cetane index formula. This formula represents a method for estimating the cetane number of distillate fuels from API gravity and mid-boiling point. The index value as computed from the formula is designated as a calculated cetane index (ASTM D-976, IP 218). Because the formula is complicated in its manipulation, a nomograph based on the equation has been developed for its solution.
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Under low-temperature conditions, paraffinic constituents of diesel fuel may be precipitated as a wax. This settles out and blocks the fuel system lines and filters, causing malfunctioning or stalling of the engine. The temperature at which the precipitation occurs depends on the origin, type, and boiling range of the fuel. The more paraffinic the fuel, the higher the precipitation temperature and the less suitable the fuel for low-temperature operation. The temperature at which wax is first precipitated from solution can be measured by the cloud point test (ASTM D-2500, ASTM D-5771, ASTM D-5772, ASTM D-5773, IP 219). The cloud point of a diesel fuel is a guide to the temperature at which it may clog filter systems and restrict flow. Cloud point is becoming increasingly important for fuels used in high-speed diesel engines, especially because of the tendency to equip such engines with finer filters. The finer the filter, the more readily it will become clogged by small quantities of precipitated wax. Larger fuel lines and filters of greater capacity reduce the effect of deposits from the fuel and therefore widen the cloud point range of fuels that can be used. In the simple cloud point test method (ASTM D-2500), the sample is first heated to a temperature above the expected cloud point and then cooled at a specified rate and examined periodically. The temperature at which haziness is first observed at the bottom of the test jar is recorded as the cloud point. 8.3.8. Composition The chemical composition of diesel fuel is extremely complex, with an enormous number of compounds normally present (Table 8.2). For this reason, it usually is not practical to analyze diesel fuel for individual compounds but it is often advantageous to define the compounds present as broad classifications of compound types, such as aromatics, paraffins, naphthenes and olefins. One of the most important physical parameters defining diesel fuel, and other middle distillate products, is the boiling range distribution (ASTM D-86, ASTM D-2887, ASTM D-2892). However, the first major level of compositional information is group-type totals as deduced by adsorption chromatography (ASTM D-1319) (Fig. 8.2) to give volume percent saturates, olefins, and aromatics in materials that boil below 315°C (600°F). Following from this separation, the compositional analysis of diesel fuel and other middle distillates is then determined by a mass spectral Z series on which Z in the empirical formula CnH2n+Z is a measure of the hydrogen deficiency of the compound (ASTM D-2425, ASTM D-2786, ASTM D-3239,
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Table 8.2. Increase in Number of Isomers with Carbon Number Carbon Atoms



Number of Isomers



1 2 3 4 5 6 7 8 9 10 15 20 25 30 40



1 1 1 2 3 5 9 18 35 75 4,347 366,319 36,797,588 4,111,846,763 62,491,178,805,831



ASTM D-6379). Mass spectrometry can provide more compositional detail than chromatographic analysis. However, this method requires that the sample be separated into saturate and aromatic fractions (ASTM D-2549) before mass spectrometric analysis. This separation is applicable to diesel fuel but not to jet fuel, because it is impossible to evaporate the solvent used in the separation without also losing the light ends of the jet fuel. The aromatic hydrocarbon content of diesel fuel affects the cetane number and exhaust emissions. One test method (ASTM D-5186) is applicable to diesel fuel and is unaffected by fuel coloration. Aromatics concentration in the range 1–75 mass% and polynuclear aromatic hydrocarbons in the range 0.5–50 mass% can be determined by this test method. In the method, a small aliquot of the fuel sample is injected onto a packed silica adsorption column and eluted with supercritical carbon dioxide mobile phase. Mono- and polynuclear aromatics in the sample are separated from nonaromatics and detected with a flame ionization detector. The detector response to hydrocarbons is recorded throughout the analysis time. The chromatographic areas corresponding to the mononuclear aromatic constituents, polynuclear aromatic constituents, and nonaromatic constituents are determined ,and the mass-percent content of each of these groups is calculated by area normalization. Whereas nuclear magnetic resonance can be used to determine masspercent hydrogen in diesel fuel (ASTM D-3701, ASTM D-4808), the percentage of aromatic hydrogen atoms and aromatic carbon atoms can be
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Figure 8.2. Apparatus for adsorption chromatography



determined by high-resolution nuclear magnetic resonance (ASTM D5292). However, the results from this test are not equivalent to mass- or volume-percent aromatics determined by the chromatographic methods. The chromatographic methods determine the mass or volume percentage of molecules that have one or more aromatic rings. Any alkyl substituents on the rings contribute to the percentage of aromatics determined by chromatographic techniques. The significance of the total sulfur content of diesel fuel cannot be overestimated and is of great importance because of the production of sulfur oxides that contaminate the surroundings. Generally, only slight amounts of sulfur compounds remain in diesel fuel after refining, and the diesel fuel must meet sulfur specification. However, with the planned reduc-
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tion of sulfur in future specifications, sulfur detection becomes even more important. Refining treatment includes among its objects the removal of such undesirable products as hydrogen sulfide, mercaptan sulfur, and free or corrosive sulfur. Hydrogen sulfide and mercaptans cause objectionable odors, and both are corrosive. The presence of such compounds can be determined by the Doctor test (ASTM D-484, ASTM D-4952, IP 30). The Doctor test (which is pertinent for petroleum product specifications; ASTM D-235) ensures that the concentration of these compounds is insufficient to cause such problems in normal use. In the test, the sample is shaken with sodium plumbite solution, a small quantity of sulfur is added, and the mixture is shaken again. The presence of mercaptans, hydrogen sulfide, or both is indicated by discoloration of the sulfur floating at the oil-water interface or by discoloration of either of the phases. Free, or corrosive, sulfur in appreciable amount could result in corrosive action on the metallic components of an appliance. Corrosive action is of particular significance in the case of pressure burner vaporizing tubes that operate at high temperatures. The usual test applied in this connection is the corrosion (copper strip) test (ASTM D-130, ASTM D-849, IP 154). The copper strip test methods are used to determine the corrosiveness to copper of diesel fuel and are a measure of the relative degree of corrosivity of diesel fuel. Most sulfur compounds in petroleum are removed during refining. However, some residual sulfur compounds can have a corroding action on various metals, and the effect is dependent on the types of sulfur compounds present. One method (ASTM D-130, IP 154) uses a polished copper strip immersed in a given quantity of sample and heated at a temperature for a time period characteristic of the material being tested. At the end of this period the copper strip is removed, washed, and compared with the copper strip corrosion standards (ASTM, 2000). This is a pass/fail test. In another method (ASTM D-849) a polished copper strip is immersed in 200 ml of specimen in a flask with a condenser and placed in boiling water for 30 min. At the end of this period, the copper strip is removed and compared with the ASTM copper strip corrosion standards. This is also a pass/fail test. Nitrogen compounds in diesel fuel and middle distillates can be selectively detected by chemiluminescence. Individual nitrogen compounds can be detected down to 100 ppb nitrogen. Sulfur can cause wear, resulting from the corrosive nature of its combustion by -products and from an increase in the amount of deposits in the combustion chamber and on the pistons. The sulfur content of a diesel fuel (ASTM D-129, ASTM D-1266, ASTM D-l551, ASTM D-1552, ASTM D2622, ASTM D-4294, IP 61, IP 63) depends on the origin of the crude oil from which it is made and on the refining methods. Sulfur can be present



188



diesel fuel



in a number of forms, for example, as mercaptans, sulfides, disulfides, or heterocyclic compounds such as thiophenes, all of which will affect wear and deposits. Sulfur is measured on the basis of both quantity and potential corrosivity. The quantitative measurements can be made by means of a combustion bomb (ASTM D-129, IP 61). The measurement of potential corrosivity can be determined by means of a copper strip procedure (ASTM D-l3, IP 154). The quantitative determination is an indication of the corrosive tendencies of the fuel combustion products, whereas the potential corrosivity indicates the extent of corrosion to be anticipated from the unburned fuel, particularly in the fuel injection system. In gas turbine fuel, sulfur compounds (ASTM D-2880; notably hydrogen sulfide, elemental sulfur, and polysulfides) can be corrosive (ASTM D-130, IP 30) in the fuel handling systems and mercaptans can attack any elastomers present. Thus mercaptan sulfur content (ASTM D-235, ASTM D3227, IP 30, IP 104 ) is limited to low levels because of objectionable odor, adverse effects on certain fuel system elastomers, and corrosiveness toward fuel system metals. 8.3.9. Density (Specific Gravity) Density (or specific gravity) is an indication of the density or weight per unit volume of the diesel fuel. The principal use of specific gravity (ASTM D-l298, IP 160) is to convert weights of oil to volumes or volumes to weights. Specific gravity also is required when calculating the volume of petroleum or a petroleum product at a temperature different from that at which the original volume was measured. Although specific gravity by itself is not a significant measure of quality, it may give useful information when considered with other tests. For a given volatility range, high specific gravity is associated with aromatic or naphthenic hydrocarbons and low specific gravity with paraffinic hydrocarbons. The heat energy potentially available from the fuel decreases with an increase in density or specific gravity. API gravity (ASTM D-1298, IP 160) is an arbitrary figure related to the specific gravity in accordance with the following formula: °API = 141.5/(specific gravity @ 60/60°F)/131.5 When a fuel requires centrifuging, density is a critical property and as the density of the fuel approaches the density of water (API gravity = 10°C) the efficiency of centrifuging decreases (ASTM D-2069). When separation of water from the fuel is not required, density is not a significant measure of fuel quality but it may give useful information when used in conjunction with other tests.
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For example, for a given volatility range, high specific gravity is associated with aromatic or naphthenic hydrocarbons and low specific gravity with paraffinic hydrocarbons. Furthermore, calorific value (heat of combustion) decreases with an increase in density or specific gravity. However, calorific value expressed per volume of fuel increases with an increase in density or specific gravity. 8.3.10. Diesel Index The diesel index is derived from the API gravity and aniline point (ASTM D-611, IP 2), the lowest temperature at which the fuel is completely miscible with an equal volume of aniline: diesel index = aniline point (°F) ¥ API gravity/100 The above equation is seldom used because the results can be misleading, especially when applied to blended fuels. 8.3.11. Flash Point The flash point of a diesel fuel is the temperature to which the fuel must be heated to produce an ignitable vapor-air mixture above the liquid fuel when exposed to an open flame. The flash point test is a guide to the fire hazard associated with the use of the fuel and can be determined by several test methods, but the results are not always strictly comparable. The minimum flash point is usually defined by the Abel method (IP 170), although the Pensky–Martens method (ASTM D-93, IP 34) may also be specified. The TAG method (ASTM D-56) is used for both the minimum and maximum limits, whereas certain military specifications also give minimum limits by the Pensky–Martens method (ASTM D-93, IP 34). The Abel method (IP 170) can give results up to 2–3°C (3–5°F) lower than the TAG method (ASTM D-56). Similarly, for diesel fuel the flash point is a guide to the fire hazard associated with the fuel and can be determined by the same test methods as noted above (ASTM D-56, ASTM D-93, ASTM D-3828, IP 34, IP 170, IP 303). It should be noted that the various flash point methods can yield different numerical results, and in the case of the two most commonly used methods (Abel and TAG) it has been found that the former (IP 170) can give results up to 1–2°C lower than the latter method (ASTM D-56). Setaflash (ASTM D-3828, IP 303) results are generally very close to Abel values. In practice, flash point is important primarily for fuel handling. A flash point that is too low will cause fuel to be a fire hazard, subject to flashing
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and possible continued ignition and explosion. In addition, a low flash point may indicate contamination by more volatile and explosive fuels, such as gasoline. 8.3.12. Freezing Point Three test methods are available for determination of the freezing point. All three methods have been found to give equivalent results. However, when a specification calls for a specific test, only that test must be used. In the first test (ASTM D-2386, IP 16), a measured fuel sample is placed in a jacketed sample tube also holding a thermometer and a stirrer. The tube is placed in a vacuum flask containing the cooling medium. Various coolants used are acetone, methyl alcohol, ethyl alcohol, or isopropyl alcohol, solid carbon dioxide, or liquid nitrogen. As the sample cools, it is continuously stirred. The temperature at which the hydrocarbon crystals appear is recorded. The jacketed sample is removed from the coolant and allowed to warm, under continuous stirring. The temperature at which the crystals completely disappear is recorded. In the second test (ASTM D-5901, IP 434), an automated optical method is used for the temperature range to –70°C (–94°F). In this method, a 25-min portion of the fuel is placed in a test chamber that is cooled while continuously being stirred and monitored by an optical system. The temperature of the specimen is measured with an electronic measuring device, and the temperatures when crystals first appear and then, on warming, disappear are recorded. In the third method (ASTM D-5972, IP 435), an automated phase transition method is used in the temperature range –80 to 20°C (–112°F to 68°F). In this test, a specimen is cooled at a rate of 15 ± 5°C/min while continuously being illuminated by a light source. The specimen is continuously monitored by an array of optical detectors for the first formation of solid hydrocarbon crystals. After that the specimen is warmed at the rate of 10 ± 0.5°C/min until all crystals return to the liquid phase, and that temperature is also recorded. The freezing point should not be confused with the pour point, which is an index of the lowest temperature at which the crude oil will flow under specified conditions. An analogous property, the cold filter plugging point is suitable for estimating the lowest temperature at which diesel fuel will give trouble-free flow in certain fuel systems (ASTM D-6371, IP 309). In this test, either manual or automated apparatus may be used, which is cooled under specified conditions and, at intervals of 1°C, sample is drawn into a pipette under a controlled vacuum through a standardized wire mesh filter. As the sample continues to cool, the procedure is repeated for each 1°C below the first
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test temperature. The testing is continued until the amount of wax crystals that have separated out of the solution is sufficient to stop or slow down the flow so that the time taken to fill the pipette exceeds 60 s or the fuel fails to return completely to the test jar before the fuel has cooled by a further 1°C. The indicated temperature at which the last filtration was commenced is recorded as the cold filter plugging point. Alternatively, low-temperature flow test (ASTM D-4539) results are indicative of the low-temperature flow performance of fuel in some diesel vehicles. This test method is especially useful for the evaluation of fuels containing flow improver additives. In this test method, the temperature of a series of test specimens of fuel is lowered at a prescribed cooling rate. At the commencing temperature and at each 1°C interval thereafter, a separate specimen from the series is filtered through a 17-mm screen until a minimum low-temperature flow test pass temperature is obtained. The minimum low-temperature flow test pass temperature is the lowest temperature, expressed as a multiple of 1°C, at which a test specimen can be filtered in 60 s or less. In another test (ASTM D-2068), which was originally designed for distillate fuel oil (Chapter 9), the filter-plugging tendency of diesel fuel can be determined by passing a sample at a constant flow rate (20 ml/min) through a glass fiber filter medium. The pressure drop across the filter is monitored during the passage of a fixed volume of test fuel. If a prescribed maximum pressure drop is reached before the total volume of fuel is filtered, the actual volume of fuel filtered at the time of maximum pressure drop is recorded. The apparatus is required to be calibrated at intervals. 8.3.13. Neutralization Number Neutralization number (ASTM D-974, IP 139; IP 182) is a measure of the inorganic and total acidity of the unused fuel and indicates its tendency to corrode metals with which it may come into contact. Corrosivity is also determined by a variety of copper corrosion text methods (ASTM D-130, ASTM D-849, IP 154). 8.3.14. Pour Point The pour point (ASTM D-97, IP 15) of a fuel is an indication of the lowest temperature at which the fuel can be pumped. Pour points often occur 8–10°F below the cloud points, and differences of 15–20°F are not uncommon. Fuels, and in particular those fuels that contain wax, will in some circumstances flow below their tested pour point. However, the pour point does give a useful guide to the lowest temperature to which a fuel can be cooled without setting.
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The maximum and minimum pour point temperatures provide a temperature window where petroleum, depending on its thermal history, might appear in the liquid as well as the solid state. Pour point data can be used to supplement other measurements of cold flow behavior, and the data are particularly useful for the screening of the effect of wax interaction modifiers on the flow behavior of petroleum. In the original (and still widely used) test for pour point (ASTM D-97, IP 15), a sample is cooled at a specified rate and examined at intervals of 3°C (5.4°F) for flow characteristics. The lowest temperature at which the movement of the oil is observed is recorded as the pour point. A later test method (ASTM D-5853) covers two procedures for the determination of the pour point of crude oils down to –36°C. One method provides a measure of the maximum (upper) pour point temperature. The second method measures the minimum (lower) pour point temperature. In these methods, the test specimen is cooled (after preliminary heating) at a specified rate and examined at intervals of 3°C (5.4°F) for flow characteristics. Again, the lowest temperature at which movement of the test specimen is observed is recorded as the pour point. In any determination of the pour point, petroleum that contains wax produces an irregular flow behavior when the wax begins to separate. Such petroleum possesses viscosity relationships that are difficult to predict in pipeline operations. In addition, some waxy petroleum is sensitive to heat treatment that can also affect the viscosity characteristics. This complex behavior limits the value of viscosity and pour point tests on waxy petroleum. However, laboratory pumpability tests (ASTM D-3245, IP 230) are available that give an estimate of minimum handling temperature and minimum line or storage temperature. Sometimes additives are used to improve the low-temperature fluidity of diesel fuels. Such additives usually work by modifying the wax crystals so that they are less likely to form a rigid structure. Thus, although there is no alteration of the cloud point, the pour point may be lowered dramatically. Unfortunately, the improvement in engine performance as a rule is less than the improvement in pour point. Consequently, the cloud and pour point temperatures cannot be used to indicate engine performance with any accuracy. 8.3.15. Stability On leaving the refinery, the fuel will inevitably come into contact with air and water. If the fuel includes unstable components, which may be the case with fuels containing cracked products, storage in the presence of air can lead to the formation of gums and sediments. Instability can cause filter plugging, combustion chamber deposit formation, and
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gumming or lacquering of injection system components with resultant sticking and wear. An accelerated stability test (ASTM D-2274) is often applied to fuels to measure their stability. A sample of fuel is heated for a fixed period at a given temperature, sometimes in the presence of a catalyst metal, and the amount of sediment and gum formed is taken as a measure of the stability. In addition, the extent of oxidation of diesel fuel is determined by measurement of the hydroperoxide number (ASTM D-6447) and the peroxide number (ASTM D-3703). Deterioration of diesel fuel results in the formation of the peroxides as well as other oxygen-containing compounds, and these numbers are indications of the quantity of oxidizing constituents present in the sample as determined by measurement of the compounds that will oxidize potassium iodide. The determination of hydroperoxide number is significant because of the adverse effect of hydroperoxides on certain elastomers in the fuel systems. This method (ASTM D-6447) measures the same peroxide species, primarily the hydroperoxides in diesel fuel. This test method does not use the ozone-depleting substance 1,1,2-trichloro-1,2,2-trifluoroethane (ASTM D3703) and is applicable to any water-insoluble, organic fluid, particularly gasoline, kerosene, and diesel fuel. In this method, a quantity of sample is contacted with aqueous potassium iodide (KI) solution in the presence of acid. The hydroperoxides present are reduced by potassium iodide, liberating an equivalent amount of iodine, which is quantified by voltammetric analysis. The determination of peroxide number of diesel fuel is important because of the adverse effects of peroxides on certain elastomers in the fuel system. In the test, the sample is dissolved (unlike ASTM D-6447) in 1,1,2-trichloro-l,2,2-trifluoroethane and is contacted within an aqueous potassium iodide solution. The peroxides present are reduced by the potassium iodide whereupon an equivalent amount of iodine is released that is titrated with standard sodium thiosulfate solution and a starch indicator. Other tests for storage stability include determination of color formation and sediment (ASTM D-4625, ASTM D-5304) in which reactivity to oxygen at high temperatures is determined by the amount of sediment formation as well as any color changes. 8.3.16. Viscosity Viscosity (ASTM D-445, IP 71) is a measure of the resistance to flow by a liquid and usually is measured by recording the time required for a given volume of fuel at a constant temperature to flow through a small orifice of standard dimensions. The viscosity of diesel fuel is important primarily
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because of its effect on the handling of the fuel by the pump and injector system. Fuel viscosity also exerts a strong influence on the shape of the fuel spray insofar as a high viscosity can result in poor atomization, large droplets, and high spray jet penetration. The jet tends to be almost a solid stream instead of forming a spray pattern of small droplets. As a result, the fuel is not distributed in, or mixed with, the air required for burning. Poor combustion is a result, accompanied by loss of power and economy. Moreover, and particularly in the smaller engines, the overly penetrating fuel stream can impinge upon the cylinder walls, thereby washing away the lubricating oil film and causing dilution of the crankcase oil. Such a condition contributes to excessive wear. On the other hand, fuels with a low viscosity can produce a spray that is too soft and thus does not penetrate sufficiently. Combustion is impaired, and power output and economy are decreased. Fuel viscosities for high-speed engines range from 32 SUS to 45 SUS (2 cSt to 6 cSt) at 37.8°C (100°F). Usually the lower viscosity limit is established to prevent leakage in worn fuel injection equipment as well as to supply lubrication for injection system components in certain types of engines. During operation at low atmospheric temperature, the viscosity limit sometimes is reduced to 30 SUS (4 cSt) at 100°F to obtain increased volatility and sufficiently low pour point. Fuels having viscosities greater than 45 SUS (6 cSt) usually are limited in application to the slower-speed engines. The very viscous fuels, such as are often used in large stationary and marine engines, usually require preheating for proper pumping, injection, and atomization. 8.3.17. Volatility Distillation (or volatility) characteristics of a diesel fuel exert a great influence on its performance, particularly in medium- and high-speed engines. Distillation characteristics are measured with a procedure (ASTM D-86, IP 123) in which a sample of the fuel is distilled and the vapor temperatures are recorded for the percentages of evaporation or distillation throughout the range. Other procedures are also available that are applicable to kerosene (Chapter 7). The volatility requirement of diesel fuel varies with engine speed, size and design. However, fuels having too low volatility tend to reduce power output and fuel economy through poor atomization, and those having too high volatility may reduce power output and fuel economy through vapor lock in the fuel system or inadequate droplet penetration from the nozzle. In general, the distillation range should be as low as possible without adversely affecting the flash point, burning quality, heat content, or viscosity of the fuel. If the 10% point is too high, poor starting may result. An
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excessive boiling range from 10% to 50% evaporated may increase warmup time. A low 50% point is desirable in preventing smoke and odor. Low 90% and end points tend to ensure low carbon residuals and minimum crankcase dilution. The temperature for 50% evaporated, known as the mid-boiling point, usually is taken as an overall indication of the fuel distillation characteristics where a single numerical value is used alone. For example, in high-speed engines, a 50% point above 575°F (302°C) probably would cause smoke formation, give rise to objectionable odor, cause lubricating oil contamination, and promote engine deposits. At the other extreme, a fuel with excessively low 50% point would have too low a viscosity and too low a heat content per unit volume. Thus a 50% point in the range of 450–535 F (232–280°C) is most desirable for the majority of automotive-type diesel engines. This average range usually is raised to a higher temperature spread for larger, slower-speed engines. The vapor pressure of diesel fuel at various vapor-to-liquid ratios is an important physical property for shipping, storage, and use. Although determining the volatility of diesel fuel is usually accomplished through a boiling range distribution (ASTM D-86, IP 123), determination of the Reid vapor pressure (ASTM D-323, IP 69) can also be used along with several other methods (ASTM D-5190, ASTM D-5482, ASTM D-6378). 8.3.18. Water and Sediment Water can contribute to filter blocking and cause corrosion of the injection system components. In addition to clogging of the filters, sediment can cause wear and create deposits both in the injection system and in the engine itself. Thus one of the most important characteristics of a diesel fuel, the water and sediment content (ASTM D-1796, IP 75), is the result of handling and storage practices from the time the fuel leaves the refinery until the time it is delivered to the engine injection system. Instability and resultant degradation of the fuel in contact with air contribute to the formation of organic sediment, particularly during storage and handling at elevated temperatures. Sediment generally consists of carbonaceous material, metals, or other inorganic matter. There are several causes of this type of contamination: (1) rust or dirt present in tanks and lines, (2) dirt introduced through careless handling practices, and (3) dirt present in the air breathed into the storage facilities with fluctuating atmospheric temperature. Sediment can be determined individually (ASTM D-2276, ASTM D6217) or by a test method that determines water simultaneously (ASTM D2709. In the test method, a sample is centrifuged at a rcf of 800 for 10 min at 21–32°C in a centrifuge tube readable to 0.005 ml and measurable to



196



diesel fuel



0.01 ml. After centrifugation, the volume of water and sediment that has settled into the tip of the centrifuge tube is read to the nearest 0.005 ml.
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