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Abstract
To reduce soot emissions during cold starting, behaviour of spray and the vaporisation process must be more known for low temperature conditions. Indeed, these phenomena are different at cold or ambient temperature and affect the air-fuel mixture inside the combustion chamber. Moreover, the spray propagation is affecting by the fuel itself : therefore the knowledge of viscosities and densities values for different fuels for cold temperatures is also essential. 

The results for n-heptane prove that viscosity increases strongly from -10 to -25°C ; inducing certainly the important variations of the penetration lengths at cold temperatures. At 400 bars, the rail pressure is more stable than at 250 bars inducing less variation of the injected liquid mass as function of time. The experimental results of penetration lengths and angle are compared with theoretical relations validated for classical temperature values: these relations can be used for cold temperatures but with a better adequacy for a rail pressure of 400 bars.  
Introduction                                                        

     The significant increase of Diesel engines number, for automotive power, results since a few years in the introduction of more legislation to limit their pollutant emissions. To improve the high potential of these engines it is necessary to decrease as well as possible the combustion instability and white smoke emissions during cold starting. This is the objective of this work: a better understanding of the problems occurred during Diesel engines cold-start. Many experiments have already done on cold start with truck or agricultural engines, a few with car engines. But, for most of these experiments, a lot of problems have been observed but no real understanding has been done. For example, N. Henein and al [
] have simulated ignition, vaporisation and combustion in diesel engines under cold conditions with experimental and numerical studies. They observed an instability of combustion between 288-293K at 500 RPM for AVL engine operated under one or two furl injection conditions. Their experiments and simulations show a dramatic increase of blow-by with decrease in engine speed.  Z. Han and al. [2] suggested that combustion instability during the cold start of diesel engines is affected by many factors; the most important of them are the ambient temperature, injection timing and the instantaneous engine speed during the cycle. So, a model for the ignition delay was developed and used to develop engine speed-injection timing maps to identify the zones of firing and misfiring at different temperatures and speeds. There are still not experimental studies to compare experimental and numerical results.   
Before performing experiments in a research 4-stroke, high-pressure, direct injection Diesel engine, we chose to study the behaviour of fuel spray thanks to an optical access chamber placed inside a climatic chamber to control the ambient air temperature. The objective of this present work is to determine the effect of the temperature on the spray development characterized by the penetration length and the angle evolutions as function of the time and also to improve the accuracy of classical spray development modelling.
First, it needs to determine a few properties of the fuel in the case of cold conditions such as the density and the viscosity to better understand different phenomena in Diesel cold-starting. In this paper, the results presented are obtained for n-heptane as fuel maintained at cold temperature of -5, -10, -15 and -20°C.  This ‘simple’ fuel, n-heptane, vaporises easily at classical operation conditions so induces less problem during cold experiments. But n-heptane will not represent very well the physical parameters of Diesel fuel for cold-start, called “DAF”. For example, its melting temperature is -26°C. Therefore, some preliminary works are presented also for Diesel fuel and in the future, all the experiments will be done for decane and Diesel fuel, especially developed for cold start conditions.
Experimental Set-up

A cold room was modified to receive an experimental   testing bench. A pneumatic pump, a fuel filter, an injection rail, a six holes Bosch piezoelectric injector and an air dried bottle are placed inside the climatic chamber. An air dried system is used to avert frost formation in the climatic chamber. The fuel tank is outside the cold chamber. The fuel is injected in a bomb at 250 and 400 bar through the pneumatic pump ; a mirror, placed just in front of the window of the bomb in the cold room, permit spray visualisations to be recorded by a camera outside of the cold room. This is a high speed camera (APX photron) who records here 15 000 images/s with a resolution of 256*256 pixels².
Different thermometers are placed in the cold room :  one can read air temperature inside and outside of the cold chamber, others injection rail and in-bomb temperatures. A pressure sensor is placed on the injector rail. 
The viscosity and the density of fuels are necessary elements before beginning injection tests in the cold room. They will help us to understand phenomena observed in future work. The first experimental step was to measure the fuel density at different temperatures. So, we introduced a few quantity of fuel in a testing-tube in the cold room. We placed a densimeter and a thermocouple inside the tube and we noted the density of the tested fuel at 20, -5, -10, -15 and -20°C. The second experimental step was to measure the viscosity of the fuel. The testing tube is full of fuel and is placed inside the cold room during a few hours. A viscosimeter tube was also used.
The first series of experiments are to measure the real quantity of fuel whose is injected inside the bomb. A little container is situated in the cold room ; the fuel is injected at 250 and 400 bar in the container during a number of injections between 1000 and 4000 according to the injection time at a frequency of 6Hz. Then, the mass of fuel is weighted by an electric scale for different  injection times of 500, 800, 1000, 1500, 2000, 2500, 3000 and 3500 µs for different temperatures ( -5, -10, -15 and -20°C).

The second series are to visualise fuel spray injections inside the bomb. The aim of these tests are to obtain penetrations and spray angle temporal evolutions obtained by recording the back Mie diffusion of the droplets with the high speed camera. The injection pressure rail is 250 and 400 bar; the air pressure inside the vessel when the fuel is injected is maintained at 12 bars. This pressure was determined from data of J. Pastor [3]: cold starting experiments were performed in Diesel engines by reducing the compression ratio in order to obtain thermodynamic conditions at top dead centre of 32 bar and 720K with an intake temperature of 30°C.  

These images are recorded with n-heptane and diesel fuels. An image processing software in MATLAB was done to obtain for each case directly penetrations and spray angles according to injection time in µs. 60 consecutive images are recorded for each case with 10 repetability tests, i.e. one image is recorded  every 67 µs.
Results and Discussion

The first results are obtained with the density of n-heptane and diesel fuels. Density varies linearly from 684 kg/m3 at 20°C to 730 kg/m3 for n-heptane fuel and from 803 kg/m3 to 876 kg/m3 for diesel fuel.
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Figure 1 : Density of n-heptane at different cold temperatures.
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Figure 2 : Density of Diesel fuel at different cold temperatures.
All the measurements were repeated twice and the measurements dispersion is about ± 1kg/m3.
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Figure 3 : Viscosity of n-heptane at different cold temperatures.
Viscosities of n-heptane and Diesel fuels are presented in figures 3 and 4 for different cold temperatures. The measurements should be reproducible from 0.2 to 1%. For both cases, viscosity increases strongly with the absolute cold temperature increase form -10°C to -25°C : for n-heptane fuel, the viscosity doubles between -10 and -25°C and for diesel one, the viscosity reaches the value of 250 centipoises (mPa/s) at -23°C. This important viscosity value will have an important influence on the spray (penetration and angle) and its timing evolution.
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Figure 4 : Viscosity of Diesel fuel at different cold temperatures.
All values of these physical parameters are summarized in the table below. With these physical properties of fuel at cold temperature still not well-known today, we can affirm that the injector will not have the same behaviour with a cold temperature and the opening delay of the injector will also be function of this temperature. But the evolution of spray propagation is not so easy to predict: indeed, the spray widens slightly with the increase of the density but decreases with the increase of the viscosity. Therefore the competitiveness of both physical parameters is important. 

	T(°C)
	-5
	-10
	-15
	-20

	air
(kg/m3) 
	15.4
	15.8
	16.2
	16.6

	fuel 
(kg/m3)
	707
	712
	717
	727

	air/fuel
	0.0021
	0.0022
	0.00225
	0.023

	fuel 

(10-4 Pa/s)
	6.5
	7.5
	9.5
	10


Table 1 : Densities and viscosities values for our experimental conditions.

The quantity of injected fuel was also weighted. In figures 5 and 6, the injected fuel quantity is plotted as function of time for different temperatures and injection pressures. One can note that at 400 bars, there is no temperature effect for n-heptane fuel. But at 250 bars, from 2500µs, the injected fuel quantity is more important with higher temperature. For Diesel fuel, fuel mass increases as function of the temperature for both, 250 and 400 bars, with more dispersion for each injection time at 250 bars. This is due to the injection pressure instability: indeed, the rail pressure signal was sinusoidal and can vary between ± 20 bars.  
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Figure 5 : Mass weighted of n-heptane at different cold temperatures as function of time.
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Figure 6. Mass weighted of n-heptane at different cold temperatures as function of time.
After all the data on fuel physical parameters at cold conditions, spray visualisations are recorded for different injection durations, to simulate pilot and main injections. In this paper, only spray results for n-heptane as fuel are presented. Figure 7 shows an example of instantaneous spray visualisation at 1474 µs for n-heptane as fuel at 250 bars, with an injection duration of 1200µs (a) and 800µs (b), the rail and ambient temperature were fixed at -14°C.
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Figure 7 : N-heptane spray visualisation Prail = 250 bars, T =-14°C. (a) injection duration : 1200µs, (b) injection duration : 800µs. Visualisation time : 1474 µs.
With the same initial light, first one can see that in (b), the spray is less visible and a less fuel quantity is injected. From these images, sprays penetrations and angles are determined as function of time in µs for four temperatures of -5, -10, -15 and -20°C. In Figures 8 and 9, the evolution of the penetration length as function of time is plotted for the jet ‘6’. The red line corresponds to the edge of the window, limiting the spray development visualization. The penetration lengths are the most important at -5°C, and the effect of the temperature is more visible at 250 bars than at 400 bars. This could be due to the injected fuel mass: indeed at 400 bars, no effect of the temperature on the injected mass was observed. 
In Figures 10 and 11, spray angles evolution versus time is plotted: more the temperature is cold, smaller the angle is. The spray is narrower when the temperature conditions are colder, i.e that the viscosity has more impact on spray development when the fuel and the air are cold.
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Figure 8 : Temporal evolution of penetration length  of jet ‘6’ at 250 bars for different temperatures.
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Figure 9 : Temporal evolution of penetration length  of jet ‘6’ at 400 bars for different temperatures.
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Figure 10 : Temporal evolution of angle of jet ‘6’ at 250 bars for different temperatures.


[image: image12.wmf]400

800

1200

1600

2000

t

i

m

e

 

(

µ

s

)

8

12

16

20

24

a

n

g

l

e

 

(

d

e

g

r

e

e

)

-5°C

-9°C

-14°C

-19°C

Figure 11 : Temporal evolution of angle of jet 6 at 400 bars for different temperatures.

Results analysis:

In order to quantify as well as possible, the effect of ambient temperature on spray development, theoretical relations, available in literature for ambient initial conditions are improved for the case of cold conditions in order to validate their possible using.
Siebers and al. [4] and Lefebvre [5] worked a lot on penetration and dispersion of diesel sprays, atomisation and vaporisation and they suggested few relations between angles and penetrations as function of cylinder and injection pressure, orifice diameter injector [6], fuel density [7] and viscosity…
One angle theoretical relation from [4] is:
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(1)
The values of constants,  = 0.31 and  = 0.19, were determined for their experimental conditions, i.e.:
Injection pressure: 140 MPa

Orifice diameter: 0.257 mm

Tair: 1001 K
Air density: 13.9 kg/m3
A good correlation between this relation and the experimental results at cold temperatures is obtained with the same value of the coefficient ß. To evaluate the best accurate value of , this coefficient, determined from the relation (1) and the experimental values of /2, is plotted, in Figures 13 and 14, as function of the temperature and also for five injection durations: 600, 800, 1000, 1200 and 1400µs. 
For a rail pressure of 250 bars, whatever the duration of injection,  is not constant with the temperature and its value increases for lowest injection durations. Lower fuel quantity injected penetrates less than a bigger quantity but induces a larger angle spray. In the other hand, for 400 bars,  is relatively constant due to the more stable pressure in the rail itself. It could be assume than approximately,  is not so far from the value 0.31 at 250 bars and 0.29 at 400 bars.
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Figure 13: Evolution of  as function of temperature for different injection durations, at 250 bars.


[image: image15.wmf]-20

-16

-12

-8

-4

t

e

m

p

e

r

a

t

u

r

e

 

(

°

C

)

0.28

0.282

0.284

0.286

0.288

0.29

0.292

c

o

e

f

f

i

c

i

e

n

t

 

a

l

p

h

a

600 µs

800 µs

1000 µs

Figure 14: Evolution of  as function of temperature for different injection durations, at 400 bars. 
One theoretical relation for the penetration length is from [6]:
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This first penetration length, l1, is valuable for short time after the beginning of injection before the break-up of the spray, when it is still a dense liquid core. According to [8], this penetration length is proportional to the product of the velocity of the liquid exiting from the injector hole by the time. During this time, the fuel is still liquid. Then, the liquid is broken in filaments, themselves broken in droplets and droplets begin to break themselves to allow the fuel vaporization. At the beginning of the break-up process, a second penetration length, l2, could be evaluated. The beginning of the break-up is linked to the time b, the break-up time. 
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From [9] and [10] 
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And 
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The penetration length is function of Cv, Ca, the air and injection pressures (Pair and Pfuel), the air density (air), Re number (=fuelUexitdo/fuel), orifice exit diameter do, and the holes length lo. There are also two constants: ‘a’ depends on the experimental conditions and an atomisation constant K. By replacing the different terms in the relation (3), it is possible to write:
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 That is to say B = 
[image: image23.wmf]a

K

145

.

0


First, it needs to verify if the term B is depend or not as function of temperature at one pressure and one injection time. In Figures 15 and 16, the values of this term determined at 250 and 400 bars are plotted as function of temperature. As it can be seen, no real evolution is founded but a kind of rupture can be observed at -5°C for a rail pressure of 250 bars and at -20°C for 400 bars. This is maybe due to the highest penetration length obtained for the case of -5°C and 250 bars, and at -20°C and 400 bars (see Figures 6 and 7). 
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 Figure 15: B coefficient at 250 bars as function of temperature at different times of the spray development - Injection duration : 1200 µs. 
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Figure 16: B coefficient at 400 bars as function of temperature at different times of the spray development - Injection duration: 1200 µs. 

Moreover, for classical conditions, the coefficient B is near the unity value: indeed, a is between 0.6 to 0.8, and K between 0.1 to 0.4. Even, the relations used in (3) by Siebers and al. [4] are validated for this range of temperature, more measurements are needed to estimate better the discharge coefficient and the penetration length after break-up time.

Conclusion
Cold conditions imply change in spray development. The measurements of fuel properties at cold temperature show the strong effect of temperature on the density and viscosity parameters. The evolution of the density is linear and increases with colder temperature. The viscosity of n-heptane fuel doubles between -10 and -20°C ; viscosity of Diesel fuel reaches the value of 250 centipoises at -23°C. Then, fuel mass was weighted also at different temperatures : at 400 bars, no temperature effect for n-heptane as fuel, at 250 bars, for injection duration of 2500µs, the injected fuel quantity becomes more important with the increase of the temperature. For diesel fuel, the evolution is different: the fuel mass increases as function of the temperature for 250 and 400 bars. Then, spray visualisations were recorded to obtain temporal evolutions of penetration length and spray angle, only for n-heptane as fuel. Not apparent evolution was determined at the injection pressure of 250 bars, but at 400 bars, one can note that no effect of temperature was observed on penetration lengths. To compare those experimental results to those obtained in more classical conditions, we used classical relations of penetrations lengths and angles as function of ambiant and injection pressure, holes diameter, viscosities and densities obtained in literature by [4] and [8]. The classical relation for the angle was validated with only some small changes on the constant values. For penetrations, by expressing all terms as function of temperature, it was difficult to improve very well the classical theory of spray development: it proves than the measurement of the discharge coefficient for example is necessary for these conditions to better describe what’s happened. 
In future work, visualisation sprays will be done with diesel and decane as fuel. This last fuel will be used to compare experimental results with numerical ones thanks to CFD simulation code, named ‘FIRE’.
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