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Abstract

Advantages of the large-scale modeling of diesel sprays based on dimensional analysis were studied. Measurements of the spray

tip penetration, spray angle, droplet size and velocity in a diesel spray have been made with a small nozzle and a large-scale model of

the same nozzle. Measurements were made with image analysis, di�raction drop size analyzer and laser Doppler anemometer.

Results show that scaling might give us new possibilities to research diesel sprays. Ó 1999 Elsevier Science Inc. All rights reserved.
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1. Introduction

Diesel sprays are a challenging subject for measurements. In
measurements made with a test rig for Wartsila Vasa 46 en-
gine, Rantanen et al. (1994), it was realized that due to high
concentration it is di�cult or impossible to measure the

droplet size distribution at the inner parts of the spray. The
most obvious solution to the problem is to cut away a part of
the spray, but high velocities in the spray make this di�cult.
Even so, some estimates of the droplet size were measured with
this technique.

According to a study done by Paloposki (1995) it was
shown that experiments made with a large-scale model give
new possibilities to overcome the di�culties in measurements.
With a nozzle larger than the natural size, the velocity of the
spray decreases and droplet size increases. This facilitates the
use of the measurement equipment as the spatial and temporal
resolution of the measurements increases. For LDV and PDA
measurements this is a great help in avoiding multiple droplets
in the measurement volume due to decrease in the number
concentration of the droplets. Most of all the imaging of
droplets and the image analysis of droplet sizes will be easier as
the velocity of the spray decreases. Longer exposure times can
be used and it is easier to implement cutter techniques. In
addition to this, droplet size increases to the range of imaging
techniques and there is an easier range for the measurement of
scattering angles, as longer focal lengths and measurement
distances can be used.

Large-scale modeling has been used successfully in other
areas of spray research. Walzel (1982) used large-scale models
in spray formation studies and small-scale models of black
liquor nozzles of recovery boilers and heavy oil nozzles of blast
furnaces have been used in splash plate nozzle studies. Large-
scale models have been used for the research of the fuel ¯ow
inside the diesel nozzle, the sack and the hole by Soteriou et al.
(1995), but not for spray studies.

Many bene®ts can be achieved directly with experiments
made with scaled models. In addition to this, experiments with
scaled models can give us valuable information about spray
formation and the atomization mechanism even if scaling laws
do not describe the behavior of diesel sprays.
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Notation

D nozzle hole diameter
d droplet diameter
K cavitation number
Oh Ohnesorge number
P pressure
Re Reynolds number
T temperature
t time
S spray tip penetration
g viscosity
q density
r surface tension

Subscripts
f fuel
g gas
i injection

Superscript
� dimensionless
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2. Scaling

Large-scale modeling of diesel fuel injection is based on
dimensional analysis made by Paloposki (1995). Nozzles are
geometrically similar and the diameter of the nozzle hole
represents the geometrical scale. In addition to the geometry,
the independent variables which were considered to be essen-
tial for the spray formation were the pressure di�erence at the
nozzle and injection time and ¯uid properties. The properties
required were density, viscosity and surface tension of the fuel
and density, viscosity and pressure of the gas. The e�ect of the
gas pressure and cavitation was studied separately. Dimen-
sionless variables which should be kept the same in the large-
scale model as in the real case, were:

Reynolds number Re � D
gf

����������
qfDp

p
; �1�

Ohnesorge number Oh � gf�����������
Dqfr
p ; �2�

Dimensionless injection time t� � t
D

������
Dp
qf

s
; �3�

Density ratio q� � qf

qg

; �4�

Viscosity ratio g� � gf

gg

; �5�

Cavitation number K � Dp
pg

: �6�

The dependent variables which we are interested in are as
follows:

Dimensionless droplet size d� � d
D
; �7�

Dimensionless spray tip penetration S� � S
D
; �8�

Spray angle H � H; �9�
Dimensionless droplet concentration C�N � C�N D3; �10�
Dimensionless injection quantity Dm� � Dm

qf D3
: �11�

For the scaled experiment we have nine variables, which
should be chosen in a way that independent dimensionless
variables in Eqs. (1)±(6) are constant. For practical reasons
experiments were made with hydrocarbon liquids and in ni-
trogen atmosphere. This restricts our options. Firstly, density
and surface tension of hydrocarbons varies in such a small
range that they can be considered to be constant. Secondly,
viscosity of the gas is only a function of the temperature. In
experiments made at ambient temperature we cannot change
viscosity. Thirdly, density and pressure of the gas are not in-
dependent when gas is ®xed. This leaves us ®ve variables to
satisfy six equations. Due to the restrictions all the dimen-
sionless variables can be kept constant only at some special
cases.

However, scaling gives us the possibility to make test at
room temperature where the cavitation number is same as in a
real engine. Variables must be chosen for a large-scale test in a
way that only viscosity ratio is higher than in the real engine.
To achieve this the geometrical scaling must be

wD �
pg

p0g
� TgM 0

g

T 0gMg

: �12�

Since the density of the gas must be same as in normal scale,
the gas pressure in the measurement chamber at large scale is
®xed at ambient temperature by the selection of the gas. In

modeling of fuel injection of a real engine this gives scaling
factor of 3±6 depending on the engine and molecular weight of
the gas used in the experiments.

In a small scale, test variables can be chosen in a way that
only the cavitation number is higher than in the real engine.
The geometrical scaling must be then

wD �
g0g
gg

 !2

; �13�

Viscosity is ®xed by the selection of the gas and the tempera-
ture. Typically this means scaling 1:2 to 1:2.5 at ambient
temperatures.

The diameter of the nozzle hole, D, presents the geometrical
scale of the model, wD. Scale of the other dimensional variables
as a function of geometrical scale is presented in the following
table.

In a large-scale test, droplets will be larger than in the real
engine due to lower injection pressure and larger nozzle.
Moreover, the velocity of the droplets will be lower as in the
real engine. Thus it is expected that measurement of the
droplets will be easier.

One of the objectives for the large-scale modeling was to
make measurement of the droplet sizes easier. The main
problem in the measurements with light scattering techniques
is the high droplet concentration in the middle of the spray and
subsequent high obscuration of the light passing through the
spray. Obscuration is determined by equation

Ob � 1ÿ I=I0; �14�
where I0 is the intensity of the incident beam and I the trans-
mitted intensity. The extinction cross e�ciency is constant for
Fraunhofer di�raction at this size range. Therefore, extinction
of the light is directly proportional to the ratio of projected
area of the droplets to the beam cross section. This ratio re-
mains constant at the scaling. So, we do not expect any change
in the obscuration. However, lower obscuration is achieved
with the large-scale model using cutters. Transmitted intensity
is proportional to the beam length inside the spray according
to Bouguer's law

ln�I=I0� / L: �15�
With the cutters the active beam length, L, will be constant.
Obscuration in the scaled model, Ob/, is

Ob/ � 1ÿ �1ÿOb0�1=/D : �16�
In a large-scale model decrease of obscuration will be signi®-
cant and measurements with cutters are thus easier.

Scaling factor Example
Independent variables
Geometrical scale wD � wD 4
Pressure wDp � 1=wD 1/4
Time wDt � w3=2

D 8
Fuel and gas density wqf

� 1 1
Fuel and gas viscosity wgf

� ������
wD

p
2

Surface tension wr� 1 1

Dependent variables
Droplet size wd � wD 4
Spray tip penetration wS � wD 4
Spray angle wH � 1 1
Droplet concentration wCN

� 1=w3
D 1/64

Injected mass wm � w3
D 64
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3. Equipment

The basis for the measurements was a nozzle with ®ve holes
from a Valmet 620 DS engine. The large-scale nozzle was
based on the Wartsila Vasa 46 engine in which the dimensions
are originally about 4 times the Valmet engine. This scaling
factor also gives us the advantage that the cavitation number is
the same in the real engine and on the large scale at room
temperature in a nitrogen atmosphere. Large-scale measure-
ments were made at Helsinki University of Technology with a
test rig for the Vasa 46. Some changes in the springs of the
injection valve and pump were made. Normal scale measure-
ments were made at the Royal Institute of Technology with a
test facility for small injectors, Hallberg and �Angstr�om (1996).
Parameters in the both measurements are presented in Table 1.

3.1. Normal-scale test rig

In the test rig, diesel fuel is injected into a pressurized vessel
with optical access. The optical access is achieved by means of
two glass windows, one for the light from the ¯ash, the other
for the camera. The injection vessel is equipped with pressure
and temperature transducers to monitor the internal condi-
tions. Electric heaters and solenoid valves are added to allow
the computer to regulate the pressure and temperature in the
vessel. It has turned out that the optical resolution of the
system is very sensitive to diesel droplets on the windows, and
therefore a special purge nozzle is included inside the vessel to
blow away any diesel mist from the windows only a few
milliseconds after the exposure of the picture.

The injector uses an internal hydraulic pressure booster and
allows injection pressures up to 200 MPa to be used. The
computer manages the entire system and thereby allows sys-
tematic photographic studies in prede®ned ambient conditions
to be performed. The temperature in the vessel can be varied

between 30°C and 100°C and the gas pressure between 0.1 and
5 MPa. The computer ®rst adjusts temperatures and pressures
in the system according to the prede®ned values. Then the
injector is activated and the picture exposed. Between each
picture the vessel is purged with hot air. As each picture is
exposed, the computer stores the corresponding actual values
for the regulated parameters together with the injection se-
quence.

3.2. Large-scale 4:1 test rig

The large-scale test rig is based on the test rig for the Vasa
46 engine with some modi®cations. The test rig consists of an
injection bench, a measurement chamber and instrumentation.
The injection bench consists of an electric motor driven by a
frequency converter, ¯ywheels, camshaft and injection pump
with fuel and lubrication systems. The fuel is injected into a
pressurized measurement chamber, which is equipped with
windows for observations and measurements, as well as gas
circulation and ®ltering. The instrumentation includes control
measurements for oil, fuel and gas pressures and temperatures,
and fast measurements for injection pressure, needle lift and
timing.

For the large-scale tests, the injection pipe was changed to a
longer one. The springs of the main ¯ow valve and return valve
in the injection pump were changed to correspond to lower
pressures. The spring in the injection valve was changed as well
to obtain a lower opening pressure of 6 Mpa. The pressure
curves of the real engine and scaled rig are similar as can be
seen from Fig. 1. Nozzle for the large-scale tests was from W46
engine with ori®ces drilled to the scaled size of 0.98 mm.
Length to diameter ratio was 3.265 at both scales. Diameter of
the sack was 4 mm at large scale and 1.025 mm at small scale.

In the large-scale test rig some of the measurements were
made with a part of the spray de¯ected away to decrease the

Table 1

Dimensions for the large-scale tests (scale 4:1). Basis is Valmet 620 DS-diesel engine

Engine Ambient test rig Model 4:1

Nozzle

Number of the holes 5 5 5

Diameter of the holes d (mm) 0.245 0.245 0.98

Injection

Pressure Pi (MPa) 70 63 18

Pressure di�erence DP (MPa) 59.5 60 15

Injection duration Dt (ms) 1.4 1.2 7

Fuel properties

Density qf (kg/m3) 837 848 847

Viscosity gf (kg/m s) 2:6� 10ÿ3 2:87� 10ÿ3 5:55� 10ÿ3

Surface tension r (mN/m) 30 30 30

Gas in the cylinder

Pressure Pg (MPa) 10.5 3.00 3.00

Temperature Tg (�C) 930 20 20

Density qg (kg/m3) 30.5 34.5 34.5

Viscosity gg (kg/m s) 48� 10ÿ6 18� 10ÿ6 18� 10ÿ6

Dimensionless variables

Reynolds number Re 21 000 19 256 19 900

Ohnesorge number Oh 0.0331 0.0364 0.0352

Injection duration Dt� 1520 1303 951

Density ratio q� 27.4 24.6 24.6

Viscosity ratio g� 54.2 160 308

Cavitation number K 5.67 20 5
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extinction of light. This was done with cutter blades inserted
just in front of the measurement volume. Cutters are repre-
sented in Fig. 2.

4. Results

4.1. Spray angle

The spray tip penetration and spray angles were measured
from images taken with a CCD camera. A stroboscope with a
¯ash duration of 1 ls was used for background illumination.
The stroboscope was triggered after a preset delay by the signal
coming from the needle lift sensor and the camera was trig-
gered from the ¯ash by a photodiode, Fig. 3.

Scatter in the spray angles was fairly high. The opening
angle was analyzed from 20 images at each measurement
point. The standard deviation was 5%. Analysis was based on
subjective estimates of the mean edges of the spray. Accuracy
of the measurement of the spray angle was 1.5�. The spray
angle was 20� in the large-scale model with a gas density of 23
kg=m3 and an injection pressure di�erence of 100 bar. In the

normal scale test in corresponding conditions, the spray angle
was 23�. The spray was broader in the normal-scale test rig.
This might be a result of the fact that the cavitation number in
the ambient test rig was higher than in the large-scale rig. This
means that in the real engine spray angles are lower than those
measured in the ambient test rig, where cavitation is more
intense.

4.2. Spray tip penetration

In the measurements made before, Rantanen et al. (1994) it
has been observed that the correlation proposed by Hiroyasu
and Arai (1990) represents quite well the spray tip penetration.
The correlation is presented by the equation

S �
0:39

������
2DP
qf

q
; t < tb;

2:95 DP
qg

� �0:25

d0:5t0:5; t > tb;

8<: �17�

where tb is the time for the breakup,

tb � 28:65
qld�����������
qgDP

p : �18�

As the correlation is dimensionally correct, it was expected
that it would predict the spray tip penetration in the scaled
model. With the large-scale model it was possible to measure
the spray tip penetration at distances longer than 75 mm from
the nozzle tip. At these distances, spray tip penetrations of the
two test cases were the same within the measurement accuracy
as can be seen in Fig. 4. The same ®gure shows spray tip
penetrations calculated from Eq. (18) with an e�ective pressure
di�erence of 320 bar (80 bar for the 4:1 model). Calculation
and measurements gave the same penetration up to half of the
injection period. From then on calculation gave higher pene-
trations than measured. Spray tip penetrations measured at
both scales gave results which are then the same as in the real
engine except for the in¯uence of vaporization and burning of
the droplets.

4.3. Droplet size

Droplet sizes were measured with image analysis in both
test rigs and with a Malvern particle size analyzer in the large-
scale model. In the normal-scale test rig, it was not possible to
use the Malvern due to the construction of the windows. The

Fig. 2. Schematic representation of the cutters.

Fig. 1. Injection pressure curves of the real engine and the scaled

model.
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windows in that test rig were designed only for photographing
of the spray.

With the Malvern, the droplet size at each measurement
point was measured as the mean of 20 individual sprays with
30 s intervals. Droplet size was measured at distances of 0, 6,
11 and 16 mm from the centerline of the spray and 125 mm
from the nozzle, as were all other measurements in the large-
scale rig. Obscuration was high in the large-scale model
without cutters, and droplet size could be measured reliably at
the edges only. With cutters, obscuration decreased to an ac-
ceptable level even in the center of the spray as can be seen
from Fig. 5.

Measurements made without cutters at the distances of 0
and 6 mm from the centerline of the spray are also reported in
Figs. 6 and 7. Severe multiple scattering ruined the measure-
ments as can be concluded from the high values of the

Fig. 5. Obscuration in the measurements with the large-scale model,

35 rpm, gas density 23 kg/m3.

Fig. 6. Sauter mean diameters in the spray of the large-scale model, 35

rpm, gas density 23 kg/m3.

Fig. 7. Droplet size distributions measured with image analysis. Con-

tinuous line from the large-scale model, broken line from the normal-

scale nozzle.

Fig. 4. Spray tip penetration in normal scale and 4:1 scaled test rig.

Fig. 3. Imaging equipment.
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obscuration. Droplet sizes and concentrations at these dis-
tances are not correct but are given only to give a view of the
error associated with the multiple scattering. Sauter mean di-
ameter was 50 lm at the outer part of the spray and 30 lm in
the center of the spray, Fig. 6.

Drop size was analyzed from images taken with a fast
shutter CCD-camera and a long distance microscope. The

CCD-camera had a 1280� 1024 pixel sensor and the shortest
exposure time of the camera was 0.1 ls. The long distance
microscope was designed for droplet imaging. The image area
was 1:7� 1:3±2:1� 1:7 mm and the best resolution 3.5 lm.
Analysis of the droplet sizes was made with a procedure de-
veloped for measurement of drop sizes of black liquor. In the
analysis, the droplet size range was 10±500 lm. The lower limit
was high for the small-scale measurements, as quite many of
the droplets were smaller than 10 lm and Sauter mean diam-
eters are not fully comparable. Droplet size was analyzed from
50 images at each measurement point. At the center of the
spray, the quality of the images was not good enough to obtain
a su�cient sample.

At the edge of the spray, 16 mm/4 mm from the spray axis
in the large scale and normal scale accordingly, Sauter mean
diameter was 58 lm / 21 lm. This gives a scale factor of 3 as
the geometrical scale factor was actually 4. However, in the
small scale the true Sauter mean diameter is smaller than 21
lm as we could not measure the smallest droplets. Fig. 7
presents the volume distribution of the droplets on the small
and large scale. It can be seen that droplet size on the large
scale is smaller than the scaling by about 20%.

This di�erence was not possible to explain with the di�er-
ence in the scaling, which was in the viscosity ratio and the
cavitation number. Cavitation number in the large-scale rig
was lower than in the ambient test rig. This should lead to
bigger droplet size, not smaller. Viscosity ratio is higher in the
large-scale rig than in the ambient test rig and this should lead
to bigger droplet size as well.

In the real engine this means that droplet sizes measured in
the ambient test rig are too high and the real droplet size is

Fig. 8. Maximum velocities in large- and small-scale sprays.

Fig. 9. Triple exposure image of a diesel spray at 31 mm from the nozzle and 4 mm from the centerline.
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actually 20% lower. In this case that means droplet size of 15
lm at the edge of the spray.

4.4. Droplet velocity

Velocities in the small-scale spray were measured from
multiple exposure images as in Fig. 8. Two-dimensional Fou-
rier transform was calculated twice and image analysis used to
®nd the most prominent wavelength. As the ¯ash duration was
only a few microseconds, only velocities over 20 m/s could be
measured. Velocities in large-scale sprays were measured with
a laser Doppler anemometer. Measured velocities are pre-
sented in Fig. 8. The velocity at the center of the spray was 36
m/s in the normal scale and 16.5 m/s on the large scale. This
matches quite well the scaling factor, which is 2 for velocity. At
the edges of the spray, scaling did not match as well as at the
center but the velocity in the normal scale was higher there
than on the large scale.

5. Conclusions

Measurements of properties of a diesel spray were made in
two test rigs which were scaled 4:1 based on dimensional
analysis (Fig. 9). The spray tip penetration was scaled ac-
cordingly. The spray angle was 15% higher in the normal scale.
The droplet size was scaled up about 80% of the actual scaling.
Droplet velocities were scaled correctly at the center of the
spray. However, at the outer parts of the spray, the velocity
was higher on the small scale than was expected according to
scaling.

Di�erences between small and large scale were about the
same as measurement accuracy. Some di�erences were ob-
served and more thorough research should be done to verify
whether the diesel sprays are suitable application for scaling.
Although scaling might prove to be inaccurate in diesel sprays,

it will give us valuable information about the break up and
atomization mechanisms. According to these measurements,
the essential mechanisms are of scalable nature.
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