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Abstract

In this paper, a methodology for Phase Doppler Anemometry (PDPA) measurements
on a multi-hole diesel injector is developed. Several key considerations were taken into
account in this methodology: The windows for PDPA optical access must be clean, since
fuel impregnated in these could preclude the droplets velocity acquisition. Some parts,
including a device for spray isolation, were designed and manufactured to fulfill this goal.
Taking into account that only one spray is measured, the isolation device captures all
except three of the sprays (including the spray of interest). The two plumes accompanying
the main spray were thought to conserve the actual air entrainment and thus the spray
behavior. The spray of interest was aligned horizontally to ease the way that the PDPA
measurements are carried out. The plume was lined up by means of the MIE-Scattering
macroscopic optical technique. Images were acquired for several injection events and spray
contours were detected and processed with a purpose-built Matlab tool. At each time step
a spray axis inclination was estimated using the centroids from instantaneous contours.
Also, preliminary droplet velocity measurements were made to check the effectiveness of
the alignment and spray isolation strategies. Both geometrical characterization and spray
alignment had very low measurement error. Radial velocity profiles show that PDPA
measurements with this set-up configuration preserved the spray behavior.
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1. Introduction1

In the quest of improving the diesel engine performance and efficiency it is clear that2

a great effort should be focus on the injection process. These improvements can only3

be made if there is a fully and detailed understanding of all the processes implicated4

with the fuel mixture, evaporation and the subsequent combustion process. Multi-hole5

injectors have been employed in the present days in order to achieve a more homogeneous6

mixture and to decrease the droplet size and thus increase the liquid-gas contact surface7

[1]. For this reason, the use of multi-hole diesel injectors offers many advantages including8

a significant optimization of the combustion behavior and soot emissions [2]. Despite all9

these benefits, the spray atomization process behavior is not clearly identified for multi-10

hole injectors [3], accordingly, the characterization of these injectors is still a topic of11

interest in the engine community[2, 4, 5] . There are several parameters that help to12

characterize the diesel spray from a macroscopic point of view. The liquid length is an13

indicator of the evaporation of the fuel and it is defined as the distance from the nozzle14

orifice to the point where droplets are fully vaporized. MIE-Scattering imaging technique15

is widely used by the engine community for the visualization of the fuel spray liquid phase.16

This technique consists in illuminating the fuel droplets with a light source and collecting17

the light scattered with a camera [6–8].18

From a microscopic point a view, some techniques quantify spray parameters like droplets19

size and velocities. Phase Doppler Anemometry (PDPA) is usually used to measure these20

parameters, its non-intrusive droplet diameter and velocity measurements in multi-phase21

flows make this technique interesting for diesel spray characterization [9–11]. This system22

emits one beam which is splitted in two components of equal intensity but with different23

phase, these beams are then intersected creating a probe volume where the measures24

will be made, the intersection of these beams form a fringe pattern. When a particle25

traverses the control volume, the amount of light received fluctuates with the fringes and26

this is then collected by another lens and focused onto a photo-detector which converts27

the fluctuations of light intensity into fluctuations of a voltage signal. The frequency of28

this fluctuation is proportional to the velocity of the particle and the spatial frequency is29

inversely proportional to the droplet diameter [12].30

The application of this technique to diesel sprays is not a new idea, however it has always31

been a complicated problem due the extreme droplet concentration typical for these sprays32

and to a lesser degree to their high droplet velocities. The high density of the diesel33

spray is a physical limitation for the PDPA technique that can only be overcome if the34

measurement volume is small enough to allow a single droplet passing through it at the35

time [9–11].36

There are two things that have to be considered when a multi-hole diesel injector is37

analyzed with a PDPA system. First, operating conditions must be established in order to38

obtain reliable results congruent with the physics of the spray at actual engine conditions.39

It is generally accepted that the behavior of the spray mainly depends on ambient density,40

not on ambient pressure [13, 14]. For this reason a test rig able to achieve engine chamber41

2
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densities is enough to carry out this kind of study.42

Second, to have the proper optical access in the test rig is essential. In this manner, laser43

beams from the PDPA system are allowed to get into the chamber and create a control44

volume in the spray that will be measured.45

In this paper a methodology for PDPA measurements on a multi-hole diesel injector is46

presented. Since only one of the sprays was planned to be measured, a device for spray47

isolation has been designed. A preliminary lined up of the spray of interest was made by48

means of the MIE-Scattering optical technique. The image processing has been performed49

through a purpose-built Matlab code. Preliminary measurements are shown as well. The50

methodology presented here can be applied to any PDPA measurement for a multi-hole51

diesel injector.52

2. Experimental facilities53

2.1. High density test rig and optical set-up54

The main facility used in this work consists of an purpose-built test rig manufactured55

mainly in steel and used in a previous work [7], featuring an optical access which allows56

the laser beams from PDPA system to get into the chamber. The test rig offers better57

optical access than a normal engine but can still reproduce the ambient density from58

the combustion chamber at the moment of injection. As the behavior of non-evaporative59

sprays manly depends on chamber density [13, 14], ambient conditions are achieved with60

a gas with high molecular mass (Sulphur hexafluoride-SF6) and varying ambient pressure.61

Due to its high molecular mass, this gas can reach the density values that normally occur62

in a diesel engine at the moment of the injection (10 to 40 kg/m3) at much lower ambient63

pressures (0.2 to 0.5 MPa). Temperature was kept constant at 25 ◦C.64

The gas is continuously circulated, passing through filters that remove the injected fuel65

and then through the roots compressor that sends it back to the testing section. The flow66

velocity next to the injector is lower than 2 m/s [7], so that it does not affect the diesel67

spray.68

For the injector alignment procedure that will be described in detail in following sections,69

the spray was illuminated by a light source. A fast camera imaged the scattered light70

from the fuel droplets . Images were taken with a high speed CMOS camera Phantom71

V12, equipped with a 100 mm focal length ZEISS lens, an image resolution of 680 x72

304 pixels was used. The illumination used was a continuous light source provided by a73

150 W quartz-halogen illuminator (Dolan-Jenner PL800), supplied by 8 mm optic fiber74

bundles positioned at ∼200 mm from the spray, sharply collimated and focused on the75

studied area. Each picture pixel corresponds to 3.1 mm. A picture of the test rig and76

MIE-Scattering set-up is shown in fig. 1.77
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Figure 1: MIE Scattering configuration and test rig

2.2. Fuel injection system78

The feeding system of fuel consists in a high pressure volumetric pump driven by an79

electric motor and a common-rail with pressure regulator controlled by a PID system.80

This system allows injections at high pressures up to 270 MPa. The injector employed is81

a 8-nozzle Bosch second generation solenoid type, with a nominal nozzle outlet diameter82

of 135 µm.83

Moreover, a special injector holder has been designed specifically for this work: this device84

maintains the injector in direct contact with a liquid flowing at controlled temperature.85

The liquid temperature is controlled by means of a PID system able to feed the liquid at86

temperatures ranging from 15 to 90 ◦C. This temperature was kept constant at 60 ◦C for87

all measurements.88

2.3. PDPA system and assembly of the injector with the test rig89

The first step to assemble the diesel injector with the test rig was to carry out a geometrical90

characterization. The diesel injector used in this work has an angle among all sprays (β)91

of 153.9◦ (fig. 2b), this opening angle was obtained injecting diesel at 900 bar over several92

paper sheets as shown in fig. 2a. These injections were made at atmospheric conditions,93

accordingly, sprays have a needle like shape provoked by the low transfer of momentum94

between the spray and the atmosphere. The sprays perforate the paper sheet. With the95

axial and radial distance between these holes and the nozzle tip position the angle among96

sprays can be estimated by applying simple trigonometry. This strategy was repeated97

with five paper sheets, consequently, the obtained angles were averaged. The standard98

deviation of this angle calculation was 0.43◦.99
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(a) (b)

Figure 2: Strategy for opening angle estimation (a) Technique description (b) Opening angle.

The instrument used in this work is a PDPA system with an FSA4000 digital processor100

manufactured by TSI Inc. Its main parameters were studied in a previous work [12].101

In that study the angle between emitter and the receiver from the PDPA system was102

optimized and then settled in 110o (fig. 3a). The experimental set-up was adapted to103

satisfy this requirement.104

(a) (b)

Figure 3: Multi-hole diesel injector assembled in the test rig

Considering the diesel injector geometry and the way that the spray of interest will105

be measured, some parts were designed and manufactured in order to adapt its geometry106

with the test rig and based on the following requirements: the injector has 8 orifices,107

however only one of these sprays will be analyzed (any of these sprays can be selected108

for measurements). The probe volume generated by the PDPA system must be able to109

be located at any section across the spray of interest to acquire data of droplet velocities110

and diameters in these locations. Windows must be clean during PDPA measurements.111

Also, the spray to be measured was thought to come out from the nozzle horizontally 3b112

to ease the way that the probe volume is located across the spray.113

The soiling of the test rig windows with diesel is a big problem in PDPA measurements114

for multi-hole injectors, as the sprays are usually directed towards them. These windows115

5
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provide the optical access needed for the laser beams, to get into the chamber and create116

the probe volume. Impregnated diesel in the windows could preclude the measurements.117

For this reason it was also thought to obstruct all the orifices of the injector except for118

three of them, in order to avoid sudden changes in the structure of the spray of interest.119

But considering that the obstruction of some holes changes the internal nozzle flow and120

thereby the spray structure [15], it was decided to collect them instead. Hence, a device121

for isolate sprays was designed, to collect mainly those who have no direct effect on the122

spray of interest (figs. 4a to 4c ). The device was dimensioned taking into account the123

number of orifices that the injector had. In fig. 4c the device dimensions for the injector124

used in this work can be observed. The sprays are collected in a small chamber where the125

residual diesel is evacuated through several holes in the top cover of the device.126

(a) (b)

(c)

Figure 4: Device for spray isolation (a) Device 3d view (b) Upper view with sprays (c) Upper view
without the top cover.

PDPA laser beams enter into the test rig through the top window of the test rig127

generating the control volume probe, the photo-detector receiver captures light frequency128

of the droplets passing through the probe. Therefore, both the top and lateral (in front129

of the receiver) windows shall be kept clean. The bottom cover of the test rig, where the130

injector is placed, has been designed so that the sprays will not impinge the most crucial131
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windows for these measurements (figs. 5a to 5c). In fig. 5a, the bottom cover is shown132

assembled with the diesel injector, it can be seen that the sprays are far enough from the133

lateral window near the receiver. The injector is also connected with a holder (fig. 5d)134

provided with several internal ducts used to keep the temperature of the injector constant135

during the measurements.136

(a) (b)

(c) (d)

Figure 5: Designed bottom cover of the test rig. (a) Bottom cover of the test rig assembled with the
injector (b) Bottom cover dimensions (c) Bottom cover dimensions, D-D View (d) Test rig assemble with
the injector.

3. Methodology for spray of interest alignment137

The alignment of the spray of interest was made by means of MIE-Scattering visualization.138

The main idea was to find the spray axis by detecting the spray contour. For contour139

detection, an image segmentation was done first [16]. A fixed threshold method has140

been used, which corresponds to 3% of the maximum digital level obtained in the core141

of the spray. Then this threshold is employed for image binarization after a background142

arithmetical subtraction. This method is extensively used in MIE-Scattering imaging143

since it scales the sensitivity to the illumination intensity [7, 16, 17] .144
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With the PDPA system off, 10 injections were recorded using 18000 fps and an exposure145

time of 55 µs, for each injection event 60 images were acquired. For each time step146

a centroid was calculated using the contoured area of the spray (fig. 7b), the angle147

formed by the junction centroid-spray origin and a horizontal line at each time step can148

be estimated. In fig. 6, it can be seen these calculated angles for each injection event.149

Afterwards, centroid angles between 1 ms and 3 ms are averaged, since angle variations in150

this range are minimized. In this example the angle was -0.13◦ and the standard deviation151

was 0.22◦.152

Figure 6: Centroid-Origin angle calculation for each repetition

In the test rig, the injector is then gently rotated until this inclination vanishes. Since153

PDPA measurements for velocities has been reported in some cases to be up to 5% [9], an154

uncertainty of ±1◦ has been defined as the acceptable to consider the spray ”horizontal”.155

After the alignment, the PDPA system is turned on. A single picture is taken at 1100 µs156

after start of injection, using 4000 fps and an exposure time of 400 µs (fig. 7a), images at157

this high exposure time are more saturated and thereby the laser beams from PDPA can158

be clearly seen. In this image the probe volume created by the interference of the laser159

beams from the PDPA system can be located. The pixel/mm and the image resolution160

was preserved for all measurements, consequently the perpendicular distance between the161

probe volume and the spray axis can be also known. From this point any position of the162

PDPA control volume can be referenced with the spray axis.163
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(a) (b)

Figure 7: MIE- Scattering images acquired with the fast camera (a) Image at high exposure time of the
spray and laser beams (b) Instantaneous contours used to calculate centroids.

4. Preliminary measurements164

In order to confirm the effectiveness of the alignment methodology, some velocity mea-165

surements with the PDPA system has been carried out at several axial distances using166

an ambient density of 25 kg/m3. The graph reported in fig. 8 shows the test plan used167

for the preliminary measurements. Due to the high droplets concentration common for168

these sprays, measurements at axial distances below 20 mm are almost impossible [18],169

therefore, three axial locations were studied (30, 40 and 50 mm from the nozzle tip),170

moving the measuring probe volume across the spray and along the radial direction at171

-45◦ in the Y-Z plane. The injection pressure was settled in 900 bar.172

The cone angle of the spray θu was estimated with the spray contours obtained in the173

previous section. It was defined as the angle included between the two lines that fit the174

points on the spray contour in a specific region, and are forced to go through the outlet175

orifice. The region of the spray contour that is fitted goes from a 25% to 60% of the liquid176

spray penetration.177

Figure 8: Test plan for preliminary measurements
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Fig. 9a shows a typical time-resolved evolution of the axial velocity and droplet178

diameter over time after start of energizing. The energizing time was set to 1.5 ms. The179

evolution of each measurement can be divided in 4 phases: (1) The spray tip, (2) the180

quasi-stationary phase at the fully open nozzle, (3) quasi-stationary phase at the fully181

open nozzle with coalescence, (4) and the spray tail. A brief description of each of them182

is presented in [19]. The average velocity is obtained on data from the spray tip and183

both quasi-steady parts, therefore, only velocities within 1 and 3 ms are included in this184

average.185

Radial velocity profiles were compared with a theoretical trend in order to check if the186

spray of interest was measured properly. Several equations that describe these profiles187

can be encountered in literature [20–23]. Desantes et al [21] emphasize that despite of all188

these profiles are very accurate, the following equation would be the best option in terms189

of MSD (Mean Squared Deviation):190

U(x, r) = Uaxis(x)exp

(
−α

( r
R

)2
)

(1)

191

Where R can be defined as:192

193

R = x tan

(
θu
2

)
(2)

194

Desantes et al. [24] have estimated that α value is equal to 4.6. Fig. 9b shows the axial195

mean velocity profiles, U/Uaxis, normalized with the axial velocity of the spray centerline.196

The dotted line is the theoretical radial velocity profile obtained with 900 bar, an ambient197

density of 25 kg/m3 and a spray angle θu of 23◦.198

(a) (b)

Figure 9: Preliminary measurements. (a) Time-resolved evolution of the axial velocity (b) Axial mean
radial velocity profiles.
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The R2 factor that correlates the theoretical profile with the measured mean velocities199

was 96.6 %. Consequently, the spray of interest was well aligned and presents a typical200

behavior.201

5. Conclusions202

In this work, a methodology for PDPA velocity measurements on multi-hole injectors has203

been presented, the following goals were overcome:204

1. A geometrical characterization of the diesel injector was carried out. The opening205

angle was estimated with a standard deviation of 0.43◦
206

207

2. The injector was successfully installed in the test rig and the manufactured parts.208

The device for spray isolation kept both emitter front and top windows clean and209

measurements were made without any issue.210

211

3. A methodology of spray alignment was presented as well. MIE-Scattering technique212

was used to achieve this goal. Liquid contours were captured with a fast camera.213

Spray axis inclination was estimated by means of centroids which were calculated214

at each time step using the detected contours. The standard deviation of this cal-215

culation was 0.22◦.216

217

4. Preliminary PDPA velocity measurements were made, results were compared with218

theoretical approaches. It can be concluded that the spray isolation device was ef-219

fective since the spray of interest had a typical behavior.220

221
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