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In this article, we report experimental results on the impact of cold conditions on diesel and biodiesel blends injection processes. We focus on cold 

conditions in view of the new Euro VI standards concerning problems related to cold-start. A Bosch CRI 3.1 piezoelectric injector was used on a typical 

diesel engine. Five fuel types were tested: diesel, winter diesel, dieselebiodiesel blends (B50), a winter diesel-biodiesel blend (B50(W)) and pure biodiesel 

(B100). Injection pressures of 30e60 MPa were tested (during start-up of the engine) in order to study the injection flow characteristics at room 

temperature and in cold conditions. Under cold conditions, the discharge coefficients for all fuels were lower than at room temperature. When the 

fraction of biodiesel in the blend increased, the discharge coefficients decreased slightly. Spray penetration increased and spray angle strongly decreased 

in cold conditions. This behavior was particularly clear for the B100 fuel. Winter diesel despite a higher viscosity than diesel showed most interesting 

performance in terms of discharge coefficient both at low temperature than at room tem-perature. These benefits disappear with the blend with 

biodiesel. New correlation coefficients for esti-mating the discharge coefficient and the spray angle are presented for cold conditions.

1. Introduction

Nowadays biodiesel, in particular blends with 2e20% diesel fuel,

is increasingly used to partially replace fossil fuel [1,2]. The reason

for the popularity of biodiesel is that biofuel is an agricultural

product and a sustainable alternative energy source, it is environ-

mentally friendly with reduced GHG emissions according to life

cycle assessments (LCA), and has a higher cetane number and lower

sulfur and aromatic contents [3]. The main disadvantages of bio-

diesel are its higher viscosity, lower energy content, higher cloud

and pour points, higher nitrogen oxide (NOx) emissions, lower

power and high price [1]. It is important to determine the viscosity

evolution of biodiesel blends in cold conditions, especially during

engine start-up. Pollutant emissions from biodiesel fuelled vehicles

have received particular attention as in 2015 they have to respect

Euro VI regulations. The new standards include cold-start prob-

lems, i.e. evaluation of post-treatment strategies and exhaust gas

recirculation (EGR) at low temperature. The quality of the cold start

at �7 �C is an increasingly stringent constraint [4]. While diesel-

biodiesel blends under 5% do not impact cold flow properties [5],

the emissions due to the use of biodiesel may not meet the new

European standards. It is therefore necessary to consider the use of

biodiesel in cold conditions in vehicle engines [5e7], to determine

the physical properties of injection and flow characteristics inside

the injector, the spray tip penetration, spray angle and fuel atom-

ization in order to improve the characteristics of biodiesel, the fuel

injection method and thus achieve the highest engine efficiency

and low emissions.

Under standard temperature conditions, many studies [6e11]

have highlighted the influence of fuel properties on the perfor-

mance of the injector. When the viscosity increases, the flow rate in

the nozzle decreases slightly, favoring the appearance of larger

drops in the spray atomization. However, a decrease in the

discharge coefficient was not observed with biodiesel blends, only

with pure biodiesel (B100) [12,13]. Research shows that it is not
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easy to find a relation between the fuel mass flow rate and tem-

perature. It depends on the type of injector and type of fuel [14,15].

Under cold conditions, the discharge coefficient (Cd) decreases

strongly with an increase in viscosity [4,14]. Kegl [16] studied a

specific configuration (a single injection assembly of inline fuel

injection) and the impact of temperature on biodiesel. He showed

that when the temperature decreased the injection duration, in-

jection timing, mean injection rate and injection pressure

increased. Tinprabath et al. [4] studied the influence of biodiesel

and diesel fuel blends on the injection rate under cold conditions,

and demonstrated that the fuel viscosity changes the injection

duration and hence for the same pulse duration it also changes the

total mass injected. Moreover at low temperature the fuel begins to

gel and then to crystallize. A first wax formation is observed at the

cloud point and then the crystallization leads to clogging of filters

and the malfunction of the pump (CFPP). Specific fuels were made

to be distributed during most winters (Winter or Artic Diesel).

Additives limit the agglomeration of crystals and allow obtaining a

cloud point or CFFP much lower. Beyond this fact, what impact this

type of fuel blended with biofuel on performance of the injector? It

has been shown in a previous study [4] that the Winter Diesel

despite a higher viscosity than Diesel showed most interesting

performance in terms of discharge coefficient both at low tem-

perature than at room temperature.

Several publications show that when the percentage of biodiesel

is increased, spray tip penetration also increases and the spray

angle decreases [8,11,13,17,18]. Increasing the viscosity increases the

spray Sauter Mean Diameter (SMD) and reduces the atomization

capacity [14]. According to the literature, biodiesel fuel produced

from vegetable or animal oils can be used with diesel injectors.

Payri et al. [19] observed the effect of fuel properties on diesel spray

development in extreme cold conditions (�18 �C), and found that

the penetration length was clearly increased. Desantes et al. [11]

studied three varieties of biodiesel produced from rapeseed: pure

biodiesel (B100), and two biodiesel blends (5% and 30%). The results

showed that only pure biodiesel had a negative impact on the spray

behavior.

The main objective of this work is to study and to investigate at

nearly -7 �C following Euro VI regulations. In the present study, the

chosen fuels were diesel fuel, winter diesel fuel, biodiesel (rapeseed

biodiesel), diesel fuel 50% rapeseed biodiesel, and winter diesel fuel

blended with 50% rapeseed biodiesel. These mixtures are inter-

esting because they have similar viscosities for different additives

B50/B50W. The fuel properties were measured at the operating

temperature and at 8 �C, 0 �C, �5 �C, and �8�. The novelty of the

investigation is the study of fuel injection processes and the

macroscopic behavior of the spray: opening delay, injection dura-

tion, discharge coefficient, penetration length of penetration and

spray angle. The previously established correlations will be tested

[6], the effect of winter additives will be discussed in the biodiesel

blends.

2. Experimental apparatus

2.1. Experimental setup

Two experimental test rigs were used: an injection rate test rig

and a visualization test rig. For the two experiments a prototype

Bosch CRI 3.1 piezoelectric micro-sac injector with three conver-

gent (an AR of 38% following [20]) orifices 100 mm in diameter with

a pump and a pressure fuel tank were used [6,12,13]. All the in-

jection and visualization equipment was installed in a climatic

chamber to control the temperature in the experiment. Injection

pressures were set at 30e60 MPa so as to be close to start-up

conditions. The fuel injection rate was analyzed with an IAV@

Injection Rate system (model K-025-50) [21]. This system detects

and processes the dynamic pressure generated by injection into

tube loops filled with fuel. The duct is pressurized by an adjusted

nitrogen supply until 2.5 MPa as shown in Fig. 1. The injection rate

is computed by Eq. (1), where _m is themass flow rate, Stube the cross

sectional area of the tube, a the fuel sound velocity and p(t) the

dynamic pressure.

_m ¼
Stube
a

pðtÞ (1)

Macroscopic visualization was accomplished using a constant-

volume vessel with optical access and a constant circulation of air

near the window as shown in Fig. 2. To obtain the desired density

conditions inside the vessel, the pressure was adjusted; the system

is designed for a maximum pressure of 3 MPa. The fuel injector is

located at the top of the vessel. An 8-bit (256 gray levels) high speed

camera (Photron@PowerViewTMHS-2000) recording at 15,000

frames per second was used to capture the three sprays by Mie

scattering. Illumination was provided by a continuous 150 W

halogen lamp. The camera and lamp are outside the climatic

chamber, only a fiber light is inside. The image processing is based

on thework by Tinprabath et al. [6] and Dernotte et al. [13]. For each

operating condition, 50 injections at a frequency of 1 Hz were

recorded to ensure convergence of the results.

2.2. Injection analysis

The injection rate was analyzed following the method of Tin-

prabath et al. [6], Dernotte et al. [12], and Payri et al. [14,21]. The

mean mass flow rate, _mmeasured from the quasi-steady state period

1000e2000 ms after the start of activation (SOA) (Fig. 3) was used to

calculate the discharge coefficient Cd, by Eq. (2). This period avoids

the transient phenomena related to the opening and closing phases

of the injector [6,12]. The theoretical mass flow rate, _mth (Eq. (3))

determined from the continuity equation (Eq. (4)) depends on the

geometrical cross-section and the inlet velocity, Vmean calculated

with Bernoulli's equation (Eq. (5)):

Cd ¼
_mmeasured

_mth
(2)

_mth ¼ norifice $Sc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2DP$rf

q

(3)

_mth ¼ norifice $rf $ScVth (4)

Vth ¼

ffiffiffiffiffiffiffiffiffi

2DP

rf

s

(5)

Re ¼
Vmean$Do

n
(6)

Vmean ¼
_mmeasured

norifice$Sc$rf
(7)

where norifice is the number of orifices on the geometric cross-

sectional area of the orifice outlet, DP the pressure differential

(DP ¼ injection pressure, Pi e back pressure, Pb), rf the fuel density

at the experimental temperature, and Vth the theoretical velocity at

the fuel outlet section. Re the Reynolds number is calculated by Eq.

(6), where Vmean is the fuel mean velocity at the orifice exit, Do is the

geometric outlet diameter and n is the kinematic viscosity of the

fuel at the experimental temperature at atmospheric pressure.
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Fig. 1. Injection rate experimental setup (from IAV@ technical specification) [4,6,12].

Fig. 2. Experimental setup for spray injection.
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Vmean, the fuel exit mean velocity (Eq. (7)) can be determined by

measuring the mass flow rate and using the continuity equation.

Assuming that the real cross-section of the injector outlet is equal

to the geometric cross-sectional area (Sc), i.e. that there is no flow

contraction generated by cavitation phenomena [6,11], flow losses

are attributed to losses of flow velocity. This lower velocity is the

effective velocity of the fuel.

2.3. Spray image analysis

Raw images were analyzed using a digital image processing

program to determine the spray tip penetration S and spray angle q

at S/2 [6]. In summary there are three main steps (Fig 4). First, the

background is subtracted from the spray region and then it is

converted to a negative image. Second, the image is binarized by

applying an intensity threshold level according to the Otsu method

[22] to “separate” the spray from the background. Third, from the

digitized images, the spray tip penetration S and spray area on half

length A are measured (A is projected area of the upstream half of

the spray in an image). The spray angle is calculated with equation

(8):

tan

�

q

2

�

¼
A

ðS=2Þ2
(8)

2.4. Experimental test fuels

The five fuels chosen in this studywere as follows: diesel, winter

diesel, B100 (100% biodiesel produced from rapeseed), B50 (diesel

50%, biodiesel 50%) and B50(W) (winter diesel 50%, biodiesel 50%).

The fuel density and viscosity were analyzed with an Anton Paar@

Stabinger Viscosmeter (model SVM 3000/G2) [23]. The fuel prop-

erties are listed in Table 1.

These measurements were correlated with the correlation

proposed by Riazi [24] for density and with new coefficient values

in cold conditions [4] for viscosity. The results from experiment and

correlation are shown in Fig. 5.

Fig. 3. Mean mass flow rate calculation window during the quasi-steady state period;

all fuel, Pi ¼ 40 MPa, Pb ¼ 2.5 MPa, T ¼ �5 �C.

Fig. 4. Processing steps of spray images: (a) Raw image; (b) Noise removed and reversed image; (c) image binarized with the Otsu method (d) Radial rescaled sum of pixels as a

function of axial distance.
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2.5. Operating conditions

For the injection rate experiment the temperature was set at

Troom (20 �C), 8 �C, 0 �C, �5 �C, and �8 �C (±0.5 �C). Minus 8 �C,

Cloud point of winter diesel is the lowest operating temperature.

The injection pressure, Pi, was selected during start-up of the

engine and varied from 30 to 60 MPa. The back-pressure, Pb, varied

from 1 to 2.5 MPa in order to study injection rate behavior. The

duration of electrical activation of the injector was set at 2000 ms

for an effective injection duration of about 4000 ms Each injection

event was reproduced 50 times. The injection frequency was set at

1 Hz to allow the pressure waves in the injection device and in the

Table 1

Fuel matrix in standard conditions.

T(�C) Density, rf, (kg/m
3) Kinematic viscosity, v (mm2/s)

Diesel [4] Winter diesel [4] B50 [4] B50(W) B100 [4] Diesel [4] Winter diesel [4] B50 [4] B50(W) B100 [4]

�8 855.1 853.5 877.4 876.4 900.2 10.38 11.43 15.42 14.36 19.72

�5 852.3 851.4 874.9 874.3 897.7 8.95 9.65 12.64 12.11 16.04

0 848.8 847.4 871.1 870.8 894.1 7.51 8.04 9.95 10.09 13.03

8 843.2 842.4 865.5 865.1 888.3 5.85 6.19 7.68 7.63 9.97

20 834.7 834.1 856.9 856.5 879.6 4.23 4.43 5.49 5.53 7.05

Test method /Fuel B100 Diesel Winter diesel

EN 23015 e CP �3 �C �5 �C �8 �C

EN 116 e CFPP �14 �C �20 �C �28 �C

Fig. 5. Fuels properties experimental data & correlation (a) Density and (b) Kinematic viscosity.

Fig. 6. Mean mass flow rate and Pline e Pi, Pi ¼ 30 MPa when (a) winter diesel and (b) B100.
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duct upstream of the injector to be completely dampened [6,12].

Spray injection visualization was also conducted at room tem-

perature and �8 �C ( ±0.5 �C). The injection pressure, Pi, varied from

30 to 60 MPa and the back-pressure, Pb, from 1.2 to 1.7 MPa for a

variation in density of 14.3e20.13 kg/m3 representing the gas den-

sity at the Top Dead Centre (TDC) of conventional diesel engines. The

duration of electrical activation of the injector was set at 2000 ms.

3. Results and discussion

3.1. Effect of cold temperature and blended fuel properties during

injector opening and closing

With piezoelectric technology, involving strong activation of the

needle, a change of fuel or of temperature only slightlymodifies the

opening of the injector. The delay depends on the valve and needle

displacement. Fig. 6 shows the mean mass flow rate and variation

of pressure upstream of the injector for winter diesel and B100 at

Pi ¼ 30 MPa. The pressure drop is caused by the opening of the

valve. The acoustic pressure waves are perturbed again (local

maximum pressure around 300 ms) by now the lifting of the needle.

With B100 at low temperature, the pressure decrease is slower and

the lifting of the needle is slightly delayed which explains the 15 ms

increase in hydraulic delay. This shift is greater on closing than on

opening, as shown on Fig. 6(b) (injection rate). However, changing

the fuel and temperature has a strong impact on the closing delay

as can be seen in Fig. 3. The closing delay of injection increases with

the biodiesel content, with the B100 fuel showing the most delayed

closing. This behavior is typical for this technology. With solenoid

activation, the movement of the needle at a higher viscous fluid is

Fig. 7. Impact of fuel blends and temperature on the discharge coefficient e Pi ¼ 30e60 MPa at (a) Troom and (b) T ¼ �8 �C.

Fig. 8. Impact of fuel kinematic viscosity on the injection duration e Pi ¼ 60 MPa,

T ¼ Troom, 8 �C, �5 �C and �8 �C.

Fig. 9. Impact of fuel kinematic viscosity on the discharge coefficient e Pi ¼ 30,

60 MPa, T ¼ Troom, 8 �C, �5 �C and �8 �C.
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more difficult during the opening and closing of the injector [25].

The needle displacement due of pressure drop inside injector de-

pends on frictional forces so on the viscosity of fuel B50/B50(W)

with the same viscosity and a different additives show the same

closing delay (The curves Fig. 3 for these fuel are perfectly com-

bined). The additives don't modify the opening or closing delay.

Only the viscosity pilots these aspects for all injection pressure.

With decrease in temperature the viscosity of fuel increases. So the

closing delay increases and leads to an increase of injection dura-

tion, like observed Fig. 8. The results are similar to the findings of

Kegl [16].

3.2. Discharge coefficient

The data were analyzed according to Eq. (2). The results are

given in Fig. 7(a) which shows the discharge coefficient versus the

pressure difference for different fuels at room temperature. The

discharge coefficient is affected by the biodiesel blend or increase in

viscosity at room temperature. These decreases are greater for

small injection pressures: 2.6% for Pi ¼ 30 MPa and 0.6% for

Pi ¼ 60 MPa. The results are similar to the findings of Seykens et al.

[9], Desantes et al. [11], Park et al. [15] and Tinprabath et al. [6]. This

behavior is confirmed even down to 0 �C. On Fig. 9 the Cd decreases

linearly with viscosity at an injection pressure of 30 MPa. Likewise,

Fig. 7(b) shows the discharge coefficient versus the pressure dif-

ference for different fuels at a temperature of �8 �C, which is Cloud

Point of winter diesel. The results show that the discharge coeffi-

cient of winter diesel fuel is the highest. No significant difference

between the discharge coefficients of diesel or biodiesel blends was

observed in the test range of injection pressures. However, the

Fig. 10. Discharge coefficient: experimental results compared with the correlation as (a) function pressure difference and (b) function Reynolds number.

Fig. 11. Comparison of spray development: average image 52 ms, 160 ms, 346 ms and 748 ms after injection e T ¼ �8 �C, Pi ¼ 30 MPa, Pb ¼ 1.2 MPa.
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Fig. 12. Mean penetration length on the 3 sprays e Pi ¼ 30, 60 MPa, Pb ¼ 1.2 MPa when (a) winter diesel and (b) B100.

Fig. 13. Mean penetration length all fuel at (a) Troom, Pi ¼ 30 MPa, Pb ¼ 1.2 MPa, (b) T ¼ �8 �C, Pi ¼ 30 MPa, Pb ¼ 1.2 MPa, (c) Troom, Pi ¼ 60 MPa, Pb ¼ 1.2 MPa and (d) T ¼ �8 �C,

Pi ¼ 60 MPa, Pb ¼ 1.2 MPa.
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discharge coefficient of the B100 fuel decreases strongly. At �5 �C

and�8 �C the Cd for fuel blends is not determined only by viscosity.

In Fig. 9 (cold temperature), the points are more widely scattered;

this dispersion can be explained by the fact that fuel additives for

winter diesel and diesel improve the discharge coefficient.

The fuel properties (density and viscosity) of B50(W), which is

produced from biodiesel 50% andwinter diesel 50%, are the same as

those of B50, produced from biodiesel 50% and diesel 50% (Fig. 5).

The injection rate behavior at Troom and cold temperature is the

same as that of B50 (Fig. 3). Concerning the discharge coefficient,

Cd, in quasi steady state period, Fig. 7(a, b) shows that at Troom the

values of Cd fall between those of diesel and B50, and decrease

when the viscosity increases. At cold or positive temperatures the

values of Cd for B50(W) are slightly higher than those of the other

diesel fuels and biodiesel blends.

Using the correlation based on the work by Soteriou et al. [26]

and developed by Tinprabath et al. [6], the discharge coefficients

were compared with the correlation in cold conditions. It applies

the generalized Bernoulli principle: the flow rate is estimated by

taking the friction loss into account. Rearranging Eqs. (2) and (3),

the expression of the discharge coefficient becomes:

Cd ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

DP � DPc
DP

r

(9)

The Cd drop is assimilated as a pressure loss. If Cd ¼ 1, it means

that there is no pressure loss (DPc ¼ 0). The pressure loss is deter-

mined by the following empirical correlation, where A and B are

parameters for orifice type loss and C and D for viscous type loss:

DPc ¼ A:vD$ _m
ðC:vþBÞ
th

(10)

The coefficient values of A, B, C, D are obtained by minimizing

the sum of square errors between the correlation and experiment

(all temperatures): A ¼ 40.70, B ¼ 0.22, C ¼ �0.0042, D ¼ 0.43,

R2 ¼ 0.9577. Fig. 10(a) compares the discharge coefficient correla-

tion from Eq. (9) at pressure differences of 30e e 60 MPa, with

Fig. 14. The spray angle eTroom at (a) Pi ¼ 30 MPa and (b) Pi ¼ 60 MPa.

Fig. 15. The spray angle e T ¼ �8 �C at (a) Pi ¼ 30 MPa and (b) Pi ¼ 60 MPa.
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experimental data for diesel and B100. The average error is ± 1.7%.

Fig. 10(b) compares the discharge coefficient correlation for all

fuels. The correlation predicts the discharge coefficient for the CRI

3.1 injector well.

3.3. Spray penetration

The raw images were analyzed with a digital image processing

program to determine the spray tip penetration S and spray angle q.

Fig. 11 shows the average image 52, 160, 346 and 748 ms after in-

jection when Pi ¼ 30 MPa, and Pb ¼ 1.2 MPa. It can be noted that

diesel fuel and biodiesel-blended fuel have a similar spray pene-

tration but that the penetration length with B100 is longer than

that of other fuels at the start of injection. These results are similar

to those of Chen et al. [18]. At cold temperatures, the spray pene-

tration increases strongly (Fig. 12(b)) but the spray penetration of

winter diesel appears to be less sensitive to temperature (Fig.12(a)).

It can be seen that the spray penetration of B100 is the highest of all

the fuels. Fig. 13(a, c) shows that the penetration lengths of all fuels

at room temperature are not different from the spray penetration

behavior.

Fig. 13(b, d) shows that at a temperature �8 �C, the spray

penetration of B100 is stronger and higher than that of the other

fuels, the spray penetration of winter diesel is the lowest, and the

spray penetrations of diesel, B50 and B50(W) fall in between. In

cold conditions, the spray penetration behavior depends on vis-

cosity: when the viscosity increases strongly due to the cold tem-

perature, the spray penetration also increases strongly. The

experimental results show that when winter diesel is used the

spray penetration is lower than that of the other fuels although the

viscosity is not lower. In the case of B50(W), the spray penetration

behavior is similar to that of diesel and B50 (Fig. 13(b, d)).

3.4. Spray angle

The spray angle results are shown in Figs. 14 and 15. At room

temperature (Fig. 14) the spray angles are almost the same for all

fuels, except for B100 which tends to be slightly lower. At cold

temperature (�8 �C), the spray angles differ (Fig. 15(a)), with B100

having the lowest spray angle and winter diesel the highest, while

diesel fuel lies between B100 and winter diesel. As the injection

pressure increases, it can be noted in Fig. 15(b) that the spray angles

of diesel, B50 and B50(W) are similar and slightly higher than at

Pi ¼ 30 MPa but that the spray angle of B100 remains the lowest.

The fact that spray angle behaviors differ under cold conditions is

significant, because the spray angle directly affects the combustion

[2]. B50(W), which has the same additive as winter diesel, cannot

produce as width spray angle as winter diesel. During engine start-

up, the fact that spray angle behaviors differ under cold conditions

for different fuel is significant, because the spray angle directly

affects the air-fuel ratio [27], the only fuel that has a larger spray

angle behavior is winter diesel.

Fig. 16 shows the average spray angle. The cold temperature

reduces atomization of the spray. The spray angle does not depend

only on density; it is in fact more sensitive to variations in viscosity.

We compared the experimental data with a correlation from Der-

notte et al. [13] using Eq. (11). The spray angle versus viscosity is

shown in Fig. 16, with the coefficient values A, B, C, D and E. They

were obtained byminimizing the sum of square errors between the

correlation and experiment; A¼ 0.30, B¼ 0.11, C¼�0.13, D¼�0.15

and E ¼ �0.46,R2 ¼ 0.9219. While several authors (Siebers [27],

Hiroyasu [28], Payri et al. [29], Reitz & Bracco [30]) have proposed

correlations to estimate the spray angle based on the injector ge-

ometry or injection conditions, only the correlation proposed by

Dernotte et al. is in agreement with our results, with a maximum

error of ± 13.2%.

tan

�

q

2

�

¼ A$
ra

rf

!

$DPC$f ðvÞ (11)

When; f ðvÞ ¼ expðD$PE$vÞ and v is in mm2/s, DP in MPa.

4. Conclusions

The results are compared with data available in the literature.

The conclusions of this study are summarized as follows:

(a) Only the fuel viscosity changes the injection duration and

hence for the same pulse duration, it also changes the total

mass injected. Even if at cold temperature the different ad-

ditives don't modify the closing delay.

(b) Concerning the performance of the injector shown by the

value of the discharge coefficient, two behaviors were

observed:

� at positive temperatures or for fuels without additives

(B100), the discharge coefficient decreases linearly with

increasing viscosity;

� at negative temperatures for fuels with additives (winter

diesel, diesel or blends), the viscosity measured at atmo-

spheric pressure is not the only property which modifies the

discharge coefficient. The effect of additives cancels out the

impact of viscosity and the diesel and fuel blends then have

the same discharge coefficient. For winter diesel with other

additives the discharge coefficients are better. But when

using B50(W) which is produced from biodiesel 50% and

winter diesel 50%, the injection rate are similar to those of

diesel and biodiesel blends.

(c) The spray angle is smaller when the temperature decreases

or when the viscosity increases.

(d) The spray penetration is longer when the temperature de-

creases or when the viscosity increases. The sensitivity is

different with winter diesel.

Fig. 16. The average spray angle versus viscosity, experimental data and Dernotte

correlation e Pi ¼ 30, 60 MPa.
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(f) The spray performance (discharge coefficient, length and

angle) is better with winter diesel but these benefits are no

more visible with B50(W).
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