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Abstract

Spray properties are a subject of interest in both automotive and rocket industry. As the com-
bustion process is desired to be as close as possible to the maximum efficiency, there is an
increasing need for models and experiments in this area. This paper presents droplet diameter,
velocity distribution and spray cone angle measurements together with the methods to achieve
those. The designed setup is using a simple mono-propellant pintle injector to expel water at
different pressures up to 10 bar. The measurements are divided into two experiments: sizing
the droplet diameter and velocity, and determining the spray cone angle. The first experiment
consists of taking pictures of the spray with a field of view of 21 x 15.8 mm in order to closely
view the droplets at different distances from the injector. Shadowgraphy and Particle Image
Velocimetry (PIV) methods were implemented to achieve the required measurements. The sec-
ond experiment was conducted by taking full spray pictures in order to determine the cone
angle. Experiments were performed for Reynolds numbers in range 500 - 3500 and Weber
numbers in range 20 - 200. The results confirm the theory. The droplet mean diameter is
decreasing with both increasing pressure and distance from the injector. The droplet velocity
is increasing together with the pressure and decreasing with the distance from the injector.
Lastly, the cone angle is observed to reduce as the pressure increases. This last statement is
contrary to the results found for other injectors, but is explained for the specific shape of the
injector tested in this work.
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I. Introduction
The injector of a liquid rocket engine (LRE) has the purpose of atomizing the propellant that is being

burned in the combustion chamber in order to produce thrust. In the case of a bi-propellant engine, the
injector also ensures the proper mixture of fuel and oxidizer. The design phase of such an injector is
extremely important for attaining a stable combustion and a highly efficient engine [1].

Showerhead injectors consist of multiple orifices, axially directed and represent one of the most
simplest types of elements. It was used in the German V-2 rocket [2] and it has been replaced later
by coaxial or impinging elements [3] for a better mixing and hence improved combustion efficiency at
shorter chamber lenghts. More recently, pintle elements are being explored for throttlable engines as
these injectors allow to better accommodate for changes in mass flow rate. As a result, research has been
done in order to understand the characteristics of liquid sprays [4]. Results on fuel injection are also
obtained from the automotive industry [5]. Sizing the droplets is also important for medicine [6]. For
instance, in case of a throat spray, the penetration of the droplets is important to heal the targeted area
with the minimum amount of liquid. The analogy can be made with rocket engines. If the droplets are too
small, they do not penetrate in the combustion chamber. If they are too big, the resulting combustion
is inefficient. This is why the goal of the current paper is to understand the principles of a single fluid
injection, through a pintle.

The pintle injector was used in the Lunar Excursion Module (LEM) descend engine and Lance
sustainer engine and due to the irregularities in the upstream feed system geometry, these injectors
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Figure 1. Illustration of a liquid ejected from a 2D nozzle and its sheet breakup. Adapted from [12]

unfortunately suffered face burning and wall streaking causing a reduced performance [1]. The behavior
of a pintle injector with a single expelled liquid is chosen as a study material for this stage of the research.
Avoiding the complexity of the coaxial injectors will enable the reader to understand how a simple injector
works, providing the basics for researching on complex behaviors in the future.

The combustion process in engines represents a very important step in achieving high performance
with the minimum resources. In order to optimize the fuel consumption, nowadays Computational Fluid
Dynamics (CFD) methods are being implemented in order to simulate and design advanced engines.
Recent discoveries in numerical simulations based on CFD [7], [8] are in close agreement with the
experimental data, but the latter still represents a requirement for validating the models. Although these
numerical solutions have the potential to estimate with a rather small error the behaviour of such complex
processes, the CFD algorithms are dependent on boundary conditions.

To simulate the heat dissipation, the produced thrust, the pressure or the efficiency of a combustion
chamber via a CFD method, the spray characteristics of the expelled fuel through the injector are to be set
as boundary conditions. This means that the velocity distributions, the spray angle and the droplet size
need to be given as inputs to the CFD code [8]. In this paper, the latter properties of a spray are presented
starting from the breakup of the liquid sheet to the primary and secondary atomization phenomena.

Liquid atomization is extremely nonlinear and complex. Thus, the need for understanding the basics
of liquid brake-up into droplets has became more and more important in the last few years. When issuing
from a nozzle, the liquid is found to be in the form of a relatively thin sheet compared with the radius of
the orifice [9], [10]. This sheet is described by unstable waves that will eventually breakup into ligaments
as shown in Figure 1. Finally, the primary atomization phase is defined when small droplets start to divide
from the ligaments. When the turbulence and collision start to occur, the distribution of the droplets will
be affected, and this phase is known as the secondary breakup zone [11].

II. Theoretical background
A Droplet diameter

Numerous models presented in literature [13],[14],[15],[16] use the terminology of Sauter mean
diameter (SMD), or d32. It is defined to be proportional with the ratio of volume and surface area of
the particle of interest, in this case, the droplet [17]. This is introduced by Equation 1 where Ap and VP

represent the area and the volume respectively of the particle. In the current paper, the droplet is assumed
to be a sphere with the surface area and the volume derived from the same diameter. Therefore, the Sauter
mean diameter will be used for further analysis as it has the same ratio of volume to surface area as the
entire ensemble.

d32 =
d3

v

d2
s

=
6Vp/π

Ap/π
= 6

Vp

Ap
(1)

SMD is governed by surface tension, viscosity, mass flow rate and pressure drop. A decrease in the
latter is found to reduce the SMD, while the other parameters increase with the SMD [18].
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The Reynolds (Re), Weber (We) and Ohnesorge (Oh) numbers are described in Equation 2. The We
number represents the ratio between the inertial force and the surface tension force. When the kinetic
energy of the liquid becomes sufficiently large to overcome the surface energy, i.e. when the velocity
Vj increases, a continuous jet is formed [19]. This is often used in the existing models to describe the
droplets. Lefebvre mentions in his work that the We number must be in excess of a certain threshold, see
Equation 3, in order to disintegrate the liquid jet [20].

The density ρ , the dynamic viscosity µ and the surface tension σ values can be found as a function
of temperature, for the specific liquid and d0 is the initial diameter of the droplet.

Re =
ρd0Vj

µ
We =

ρd0V 2
j

σ
Oh =

√
We

Re
(2)

We > 1.2+3.4Oh0.9 (3)

An example of the droplet dependency on the Re number is illustrated by Muhammad Iqbal et al
[21] in Figure 2a, where d/D ratio represents the droplet diameter over the nozzle diameter. However,
Muhammad did not use a pintle injector, but a hollow cone nozzle (see Figure 2b) for the experiments.

(a) Effect of Reynolds number on dimensionless ratio d/D
(Imported HC/O.8/3 Yellow nozzle)

(b) Schematic of a hollow cone nozzle

Figure 2. Muhammad’s conducted experiments on a hollow cone nozzle [21]

B Droplet velocity

Figure 3. Free body diagram and kinetic diagram of a falling droplet with velocity V j

A theoretical model was developed to determine the expected velocity of the droplet that is expelled
through the pintle injector. The model is not independent as the initial conditions rely on some experiments.
In Figure 3 the free body diagram of a falling droplet at a certain distance from the injector is presented.
The acceleration can be expressed as follows:

ma = D−mg ⇒ a =
1

2m
CDρaV 2

j S−g (4)

Where m represents the mass of the droplet, CD the drag coefficient, ρa the air density, V j the velocity,
S the projected frontal area of the droplet and g is the gravitational constant. The drag coefficient of a
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water droplet can be found in Figure 4 as a function of the Reynolds number [22]. The plot presents
different models, but because the droplet was assumed to be sphere, the first model (CDsphere vs Re) is
considered for the velocity model. As a consequence of this assumption, the mass and area become:

m = ρL
π

6
d3 S =

π

4
d2 (5)

Where ρL is the liquid density and d is the sphere diameter. Substituting back the mass and the area
in Equation 4, the acceleration becomes:

a =
3

ρLπd3CDρaV 2
j

π

4
d2−g (6)

a =
3
4

(
CD

ρa

ρL

)V 2
j

d
−g (7)

After simplifications, the final expression for acceleration depends on the initial velocity of the droplet
and on its diameter which gets smaller as the distance from the injector increases d = f(h). Moreover, using
Torricelli’s Equation 8 [23] for velocity, iterations are to be made in order to find the new acceleration
and the velocity at a distance (h) from the injector.

V 2
j =V 2

0 +2a(h−h0) (8)

Figure 4. Drag coefficient CD of a water droplet as a function of Reynolds number [22]

C Cone angle

According to Lefebvre the cone spray angle is increasing with the liquid pressure, as seen in Figure
5a [18]. The injector used for his experiments was a simplex atomizer with a pressures from 4 to 20 bar.
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(a) Cone spray angle increasing with the pressure (b) Schmatic of a simplex atomizer

Figure 5. Lefebvre’s experiments on a simplex atomizer [18]

III. Methodology
A Experimental Setup

The setup was build to expel water through a pintle injector and collect data about the spray cone
angle, droplet diameter and droplet speed at varying pressures and different distances from the injector.
The flow diagram is illustrated in Figure 6. The water tank was pressurized with air from a constant 10
bar pressure reservoir. The maximum pressure registered at the water tank was p1 = 9.86 bar due to the
upstream pressure drop. Nonetheless, the equivalent maximum pressure at the injector was p2 = 8.9 bar
due to the servo valve pressure drop. The latter was controlled by a Labview control panel which was
also collecting the two pressure gauge values at 10 Hz using a NI 6211 board.

Figure 6. Flow diagram of the experimental setup
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B Injector

In order to visualize the liquid sheet braking up into measurable droplets at pressures under 10 bar, a
pintle injector was used for the experiments. It was set to a fixed position and its geometry is represented
in Figure 7. The discharge coefficient was unknown prior to the experiments, therefore a special set
of measurements was taken to determine the mass flow rate and the pressure while water was expelled
through the pintle injector. The liquid at p2 = 1.7 bar constant pressure (measured at the injector) was
captured in a container throughout the 11.3 s test. As a consequence, 0.5 kg of water (ρ = 1000 kg/m3)
passed through the injector, measured with a 0.05 kg accuracy. This resulted in a mass flow ṁ of 44.4 g/s.
Examining closely the geometry from Figure 7a, the pintle injector has an effective area A of 5.4 mm2

(area of φ4.7 - area of φ3.9). Using Equation 9 [24] the discharge coefficient Cd was calculated for this
specific injector, leading to a value of 0.45.

Typical pintle injectors have a Cd ranging from 0.6 to 0.75 [1] depending on the pintle needle position
(which varies when throttling). As the pintle shrinks the the space where the liquid is discharged, the
effective area reduces leading to an increase in Cd . However, the injector used in the current paper is
meant to simulate the behaviour of a real one, but it was not designed for a real engine. This is why
throttling was not taken into account and thus, the pintle needle was set to a fixed position, forming an
exit area larger than the effective area of 5.4mm2. In this case, the discharge coefficient was calculated
using the smaller area which limits the mass flow.

Cd =
ṁ

A
√

2ρ p2
(9)

(a) Geometric sketch. Tolerance ±0.05mm (b) Isometric view

Figure 7. Representation of the pintle injector

C Data acquisition

The data set was structured in the following way: measurements taken at five different pressures, each
at eleven different heights (see Figure 9) and each with ten samples. A sample is taken with a frequency
of 2 Hz and one represents a .im7 image which contains two frames with 20 µs in between. The image
files were created by the Davis 8.1.5 software tool [25] which controlled the camera and the laser pulse.

In order to achieve the goal of this paper, two different experiments were conducted. The first one was
intended to obtain the droplets mean diameter and velocity by taking close-up pictures. Shadowgraphy
was the method used to create pictures for this experiment. As shown in Figure 8 the laser is facing the
camera. When a droplet passes in between the two, the camera detects a dark area.

The second experiment used a similar setup, but this time the light was behind the camera and the
latter was further away from the water tank. This was because full spray cone pictures were to be taken in
order to determine the cone angle.
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Figure 8. Camera and laser setup for shadowgraphy. The tripods are adjustable for different heights

C.1 Camera specifications

PCO Sensicam was the camera used with Nikon ED 180 mm lenses and 68 mm extension tubes
for the close-ups and 50 mm lenses with 12 mm extension tubes for capturing the entire cone. Because
the lenses were rather far from the image sensor due to the extension tubes in the first experiment, the
aperture could not be opened more than f/4. In the second experiment, this was not the case, therefore
f/2.2 was used. The resolution of one frame was 1376 x 1040 px with a field of view of 21 x 15.8 mm.
Thus, an accuracy of 15 µm per pixel was achieved.

When taking a sample, the shutter of the camera was open for 30 µs. The first frame was exposed to
a 5 µs light pulse from the laser, followed by delay of 20 µs in darkness, and another 5 µs of light pulse
to suffuse the second frame into the image sensor of the camera. Because the 20 µs delay in between the
frames was not in 100% complete darkness, even though the water tank was covered by black covers,
the second frame was observed to be brighter than the first one. This issue was solved later in the image
pre-processing.

C.2 Calibration

Before acquiring data at different heights from the injector, calibration pictures were taken to a
millimetric grid board (accuracy of 0.5 mm) in order to keep a spacial representation of the close-ups
with respect to the full cone. This helped not only in establishing the field of view, but also to create an
overview of the measurements as in Figure 9.

There are 2D limitations of the shadowgraphy method. Even if the cone is hollow, in order to observe
the droplets without intersecting multiple planes, the pictures were taken at the edge, tangential to the
cone. Eleven different sets of data, at distances from 0 to 160 mm from the injector at every 15 mm were
taken, each set being composed of ten samples for 5 different pressures.

D Image processing

During the experiments, changes in the background were noticed due to the water droplets clinging on
the glass walls of the tank, as shown in Figure 10a. The results are not affected by these stationary drplets
as they are not in focus. Moreover, because ten samples were taken at every change of variable, the servo
valve was opened by the control panel with a small delay such that the first sample was always empty
i.e. no droplets, only background (the glass walls). Therefore the rest of nine samples are cleared by
subtracting the first one (the background) from samples two to ten. An example of the resulted subtraction
can be seen in Figure 10b.

As a second step, in order to enhance contrast, Otsu’s threshold algorithm [26] was used to create a
binary image, where only the droplets are black and the background becomes white, example in Figure
10c. The droplet detection algorithm was developed in Python using OpenCV [27]. First, the contours of
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Figure 9. Representation of the eleven close-ups of the first experiment on a full cone picture at p2 = 5.1 bar.
For h = 100 mm a sample is displayed (h is measured from the injector outlet plane)

the binary image were found and their coordinates were stored in an array. Secondly, a circle function
was used to approximate contours into circles, and their centroids and diameters were stored in arrays.
Thirdly, based on the closest centroids, pairs were found between the first and the second frame of each
sample, aiming to track each droplet. The pairs found are illustrated in Figure 10d.

By keeping the x and y coordinates of the circles from each pair, the distance between the two was
found. Using the known delay of 20 µs between the frames i.e between the pairs, the velocity of each
droplet was computed, assuming 2D motion only.

(a) Original frame (b) Background cleared (c) Otsu threshold (d) Pairs detected

Figure 10. Sample 7, p2 = 5.1 bar, h = 100 mm. a) - c) : Different stages of the image pre-processing.
d) : Droplet detection algorithm. The pairs between frame 1 and 2 are illustrated in red thick
circles. The blue thin circles are the detected droplets without pair

IV. Results
Because the setup had to suffer minor changes to acquire all the data, the measurements were separated

and two different experiments were conducted. The first one focuses on taking close-up pictures at the
edge of the cone in order to determine the droplet mean diameter and its velocity after image processing,
while the second one follows to determine the spray cone angle.

The spray cone was expelled by the pintle injector into a glass walled tank in order to isolate the
water from the electronic equipment. The temperature of the air inside the tank was registered to be 22oC
and the pressure was 1 bar (the atmospheric conditions of the laboratory). This was because small vents
were opened after each set of measurements, which lasted for 5 s, in order to clean the tank walls, drain
the tank and take out the moisture produced by the droplets.
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A Experiment 1: Droplet mean diameter and velocity

The first experiment aimed to detect as many droplets as possible within one plane without overlapping
droplets from different planes. However, this could not be avoided all the time as the droplet density
was observed to be very high close to the injector. A total of 55 sets of measurements were acquired
during this experiment. There were chosen eleven different heights from 10 to 160 mm at every 15 mm
i.e. the distance from the injector (0 mm being the closest to it). At each height five sets were taken at the
pressures 2 to 10 bar at every 2 bar. These pressures were set at the air regulator mentioned in Figure 6,
but because of the pressure drops in the setup, the following values were registered next to the injector
and taken into account for processing: 1.6, 3.3, 5.1, 6.9 and 8.9 bar respectively.

When looking at the pictures taken at different heights and pressures, one can immediately observe
that at lower pressures the liquid sheet is braking up later (with increasing height) into droplets compared
to the higher pressures which brake up the sheet closer to the injector. This is summarized in Table 1. As
far as the droplet detection algorithm is concerned, the liquid sheet and ligaments pictures were ignored.
A comparison between the three different types of measurements is illustrated by Figure 11.

A closer look at Table 1 highlights the importance of forming the droplets at a certain distance from
the injector. The liquid spray penetration distance is very important when designing an engine. The
combustion has to take place where the fuel is fully atomized i.e. when the droplets are formed in order
to achieve maximum efficiency [28]. It was noticed that droplets start to take shape at 70 mm away from
the pintle injector, or even at 55 mm away from it in case of higher pressures (more than 6.9 bar).

Table 1. Liquid spray penetration distance. N = 10 samples

Height

Pressure (p2) 10 - 25 mm 40 mm 55 mm 70 - 160 mm

1.6 bar liquid sheet liquid sheet ligaments droplets
3.3 bar liquid sheet liquid sheet ligaments droplets
5.1 bar liquid sheet ligaments ligaments droplets
6.9 bar liquid sheet ligaments droplets droplets
8.9 bar liquid sheet ligaments droplets droplets

(a) Liquid sheet h = 25 mm (b) Ligaments h = 40 mm (c) Droplets h = 130 mm

Figure 11. Droplet formation from liquid sheet and ligaments at p2 = 3.3 bar. Example at different distances
from the injector

Droplet mean diameter was expected to reduce as the drop travels away from the injector, as explained
in Section II. and it is confirmed by the results in Figure 12, where the Sauter mean diameter is used. This
is because of the air friction that causes further breaking into smaller droplets which eventually leads to
evaporation. The results are plotted with five different pressure lines resulted from a quadratic regression
of the available data points. A data point represents the average of the measurements of the nine samples.
A sample consists of 50 to 300 detected pairs and their corresponding diameters (from both frames) are
averaged out. Their normal distribution is given in Figure 13 which is positively skewed. This is because
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Figure 12. Droplet mean diameter reducing its size as the distance from the injector increases. Multiple
pressure lines are plotted showing that mean diameter is proportional to the inverse of pressure

Figure 13. Probability distribution function of the droplet diameter at h = 90 mm from the injector. Differ-
ent presure lines are illustrated

droplets smaller than 10 µm could not be detected due to the limitations in resolution. Moreover, it was
noticed that with decreasing pressure, the spread increases. At lower pressures the large volume droplets
tend to collide and merge with others forming a wider spread in their size distribution. The variation of
the Re, We and Oh numbers as a function of the distance from the injector can be seen in Appendix A.

It is worth mentioning that the accuracy of the droplet detection algorithm is within 85% measured by
manually inspecting the image files, a common method in computer vision [29]. As it can be observed in
Figure 12 some regression lines are reaching a local minimum. For instance p2 = 1.6 bar and p2 = 3.3 bar
lines are raising after a distance of 140 mm from the injector. This is certainly an error of the detection
algorithm which measured droplets at 140 mm and 160 mm away from the injector as being larger in
diameter than the previous ones. This was caused by an overlap in droplets from different planes.
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The velocity of the droplets is expected to reduce as the distance from the injector increases. On one
hand, this is caused by the drag, the model being presented in Section II. B. On the other hand, this is
also correlated to the previous result on the mean diameter. As the droplet size shrinks, its mass lowers
with a rate higher than the action of the gravitational acceleration. The theory is confirmed by the results
in Figure 14, where the data is expressed by five different pressure lines resulted from linear regression
analysis, which, as expected, show that velocity is proportional to increasing pressure.

The data points used in the linear fitting represent an average of the nine samples from the specific
data set. The distance between two drops of one pair was averaged out with the distances provided by the
other pairs of one sample. Before plotting, the distances values are divided by the delay time of 20 µs
between the frames to obtain the velocity. An example of the data points distribution at h = 90 mm from
the injector is given in Figure 15. Here, the spread of the normal distributions increases with the raise in
pressure. This is caused by droplet collisions which decrease the speed of the small droplets from higher
pressures, forming a tail in the distribution.

The paring algorithm is optimal and it has showed no error, therefore the results of the velocity
measurement have a high accuracy. The latter was not perturbed by the errors in the detection algorithm,
even though this was used to import the centroids of the circles. If two overlapping droplets were detected
as one with a bigger diameter, 20 µs later, they were detected again as an almost identical circle forming
a pair with the previous one. The only difference is highlighted by the centroid having traveled a path.
Therefore the distance between two drops of one pair is dependent on the detection algorithm, but the
diameter error of the last is not influencing the distance function, thus is not influencing the velocity.

Figure 14. Droplet velocity reducing its speed as the distance from the injector increases. Multiple pressure
lines are plotted showing that velocity increases with increasing pressure drop

Droplet velocity results are plotted side by side with the theoretical model presented in Section II. B.
This is illustrated in Figure 16. The drag coefficient used in the model was taken from Figure 4 based on
the Re number in Figure 4.

One could observe the large difference in measurements and the model after a certain distance from
the injector. The model was expected to have a lower accuracy due to the assumptions made. In Section
II. B it was stated that both the volume, which influences the mass, and the surface area of the droplet,
with impact on the drag, were calculated based on the Sauter mean diameter. This assumption was made
because of the available data gathered from the experiments. In reality, the droplet is not a sphere, but
rather an ellipsoid with a vertical major axis. Therefore, the surface area which influences the drag should
be smaller, while the volume does not stay proportional with it as in Equation 1. Thus the drag should be
lower and the weight larger.
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Figure 15. Probability distribution function of the droplet velocity at h = 90 mm from the injector

Figure 16. Comparison between the experiments data and the dependent theoretical model

To conclude this section, two regressions were computed for droplet diameter and velocity measure-
ments. The second order polynomial output function in both cases takes as inputs the distance from the
injector (h) and the pressure (p2) as shown in Equation 10. The coefficients used here are listed in Table 2
together with the coefficient of determination for each function.

f (p2,h) = c00 + c10h+ c01 p2 + c20h2 + c11hp2 + c02 p2
2 (10)

Table 2. The polynomial regression coefficients of the droplet velocity and mean diameter measurements

Coefficients
Output variable c00 c10 c01 c20 c11 c02 R2

Velocity [m/s] 1.419 -1.605e-3 0.6865 -6.966e-7 -7.923e-4 -2.855e-2 0.955
SMD [µm] 2314 -20.18 -118 5.205e-2 0.6733 -0.9882 0.933
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B Experiment 2: Spray cone angle

The second experiment used the same conditions and setup except from the lenses and the distance
between the camera and the tank as described in Section C. Only five sets of data were gathered at
different pressures, each with nine valid samples. These are plotted in Figure 18. The exponential line
θ = 30.86p−0.0322

2 was fitted to match the average of each set of data. The averaged data points are
summarized in Table 3.

Figure 17. Representation of the measured angle of the full cone at p2 = 5.1 bar

Figure 18. Spray cone angle reducing as the pressure increases

Pressure (p2) Mean θ STD

1.6 bar 31o 0.2
3.3 bar 30.1o 0.3
5.1 bar 29.8o 0.5
6.9 bar 29.7o 0.4
8.9 bar 29.5o 0.3

Table 3. The mean and STD.
N = 10 samples

The results found in this experiment differ from what was expected based on the results presented by
Lefebvre [18]. He presents measurements from a simplex atomizer which show that the spray angle is
increasing with pressure ranging from 4 to 20 bar. In the current paper a pintle injector was used and the
decrease in the spray angle can be explained by the geometry of the injector. As illustrated in Figure 7
the pintle and the diverging part of the injector house have a different angle, 80o and 60o respectively.
The results presented above show that at lower pressures the pintle has a greater impact on the cone angle
than at higher pressures where the diverging part of the injector house drives and constraints the angle
of the spray. Also the reproducibility of the method shall be investigated by comparing to the results
presented in this paper.
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V. Conclusion
Pintle injectors are important for realizing good combustion in LRE under widely varying conditions.

Hence it is highly important to consider the liquid spray properties from an early stage of the design. In
that way, the efficiency of the engine would be maximized. The presented method offered observations
on droplet formation, measurements about its mean diameter and its velocity along the downstream
expelled spray, and also the cone angle of the latter. These measurements were taken at variable upstream
pressures (p2 = 1.6 - 8.9 bar) and different distances from the pintle injector (0 - 160 mm).

Data showed that droplet mean diameter decreases with pressure and distance from the injector. The
velocity increases with pressure, but decreases when going along the downstream formed spray. Lastly,
the cone angle measurements showed a small variation from 31 to 29o as the pressure increases to 8.9 bar.

In the future, more focus should be invested in determining the droplet diameter. The current paper
presented results with 85% accuracy, but this can be further improved. The errors came from the droplets
detection algorithm which could not differentiate between a large droplet and two smaller droplets
overlapped on the image from different planes. Reconstructing a 3D model with pictures from different
angles could reduce the errors in the detection algorithm. Another possible solution for preventing this
problem could be the usage of a slot through which only a thin sheet of droplets could pass.

To conclude, the focus of this paper was on the method used to measure droplet diameter, velocity
and the formed cone angle. Some experiments were made using a pintle injector to verify the trends of
the gathered data points, but no comparison with other results was made due to the lack of literature on
the specific pintle geometry. Therefore the current method, having the advantage of low cost equipment
compared to laser diffraction, should be validated before use with injectors from the literature.
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Additional files

The raw measurements and calibration files can be requested at petrescv@gmail.com
The source code can be found at the following repository:

https://github.com/petrescv/Droplet.git
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Appendix A

Table 4. Reynolds number (Re) [-] reducing as the distance from the injector increases

Distance from the injector (h) [mm]
Pressure (p2) [bar] h = 56 h = 72 h = 86 h = 100 h = 116 h = 131 h = 161
p2 = 1.6 2360.98 1691.02 1203.26 1277.39 862.69 1008.51
p2 = 3.3 3186.01 2665.28 1921.50 1618.93 1223.99 1057.4
p2 = 5.1 3289.90 2587.33 2370.63 1835.95 1290.61 1104.82 973.74
p2 = 6.9 3044.93 2909.51 2331.94 1780.92 1319.53 1288.83 1092.58
p2 = 8.9 2243.91 2058.71 1539.11 1427.37 1111.82 1079.33 767.05

Table 5. Weber number (We) [-] reducing as the distance from the injector increases

Distance from the injector (h) [mm]
Pressure (p2) [bar] h = 56 h = 72 h = 86 h = 100 h = 116 h = 131 h = 161
p2 = 1.6 70.25 50.09 33.7 36.26 21.07 28.47
p2 = 3.3 137.35 117.1 80.55 78.42 47.42 39.14
p2 = 5.1 170.64 134.93 124.46 91.93 55.41 51.15 42.6
p2 = 6.9 177.78 173.62 132.69 99.32 66.86 68.78 55.62
p2 = 8.9 145.63 138.88 96.72 86.63 61.16 64.25 40.96

Table 6. Ohnesorge number (Oh) · 10−3 [-] increasing as the distance from the injector increases

Distance from the injector (h) [mm]
Pressure (p2) [bar] h = 56 h = 72 h = 86 h = 100 h = 116 h = 131 h = 161
p2 = 1.6 3.55 4.19 4.82 4.71 5.32 5.29
p2 = 3.3 3.68 4.06 4.67 5.47 5.63 5.92
p2 = 5.1 3.97 4.49 4.71 5.22 5.77 6.47 6.7
p2 = 6.9 4.38 4.53 4.94 5.6 6.2 6.43 6.83
p2 = 8.9 5.38 5.72 6.39 6.52 7.03 7.43 8.34
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