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Abstract

The aim of this study is to investigate the effects of the fuel temperature and the ambient gas temperature on the overall spray charac-
teristics. Also, based on the experimental results, a numerical study is performed at more detailed and critical conditions in a high pres-
sure diesel spray using a computational fluid dynamics (CFD) code (AVL, FIRE ver. 2008). Spray tip penetration and spray cone angle
are experimentally measured from spray images obtained using a spray visualization system composed of a high speed camera and fuel
supply system. To calculate and predict the high pressure diesel spray behavior and atomization characteristics, a hybrid breakup model
combining KH (Kelvin-Helmholtz) and RT (Rayleigh-Taylor) breakup theories is used. It was found that an increase in fuel temperature
induces a decrease in spray tip penetration due to a reduction in the spray momentum. The increase of the ambient gas temperature causes
the increase of the spray tip penetration, and the reduction of the spray cone angle. In calculation, when the ambient gas temperature in-
creases above the boiling point, the overall SMD shows the increasing trend. Above the boiling temperature, the diesel droplets rapidly
evaporate immediately after the injection from calculation results. From results and discussions, the KH-RT hybrid breakup model well
describes the effects of the fuel temperature and ambient gas temperature on the overall spray characteristics, although there is a partial

difference between the experimental and the calculation results of the spray tip penetration by the secondary breakup model.
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1. Introduction

Diesel engines have many merits including high thermal ef-
ficiency, superior fuel consumption, and high power perform-
ance. By applying a common rail injection system to a diesel
engine, it is possible to achieve high pressure fuel injection
and control of injection timing and injection quantity for vari-
ous engine speeds and loads by means of an electrical control
system. However, an internal combustion engine must simul-
taneously reduce nitrogen oxides (NO,), hydrocarbon (HC),
carbon monoxide (CO), and particulate matter (P.M.) emis-
sions to meet current and future emissions standards. To de-
velop methods for meeting the increasingly stringent emission
regulations, many studies are ongoing [1, 2].

Fuel spray characteristics play an important role in terms of
combustion characteristics and exhaust emission formation in
diesel engines in which the fuel spray is directly injected into
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the combustion chamber (i.e., direct injection engines). In
addition, the quality of the fuel-air mixture formation is a very
important factor in reducing emissions. Therefore, spray and
atomization characteristics have to be considered to optimize
the design of the combustion chamber to reduce exhaust emis-
sions and improve combustion performance. Diesel spray
characteristics are influenced by the injector characteristics,
injection parameters, the flow characteristics inside the com-
bustion chamber, and whether or not the injected spray im-
pinges upon the cylinder wall. Therefore, experimental inves-
tigations must be performed along with numerical analysis to
develop an accurate method of predicting diesel spray charac-
teristics.

Lee et al. [3] and Park et al. [4] studied the effects of the
split injection on the macroscopic development characteristics
of diesel spray and atomization characteristics using experi-
mental and analytical methods in a diesel engine with a com-
mon rail injection system. They reported that the diesel spray
was mainly affected by variations in ambient conditions and in
the injection pressure. At the same injection pressure and mass,
the spray tip penetration increased and the Sauter mean diame-
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ter (SMD) increased somewhat compared to a single pilot
injection. Andreassi et al. [S] experimentally and numerically
studied the impingement of high pressure diesel spray and
reported the effect of the injection pressure, ambient pressure,
and the temperature of the impinged plate on the diesel spray
behavior after the impingement. Kim et al. [6] presented at-
omization characteristics during the transient process of diesel
spray, and reported that the SMD increased somewhat be-
tween the injection and the ligament breakup, before decreas-
ing during ligament breakup. Besides these works, various
other studies related to diesel spray and combustion are ongo-
ing [7, 8]. However, studies that directly address the effect of
the fuel temperature and ambient gas conditions on the diesel
spray are insufficient within the research on diesel combustion
performance and spray behavior. Therefore, a more systematic
study on this topic is needed.

In this study, we explored how the various conditions in-
cluding fuel temperature and state of the ambient gas affected
the overall spray characteristics of diesel fuel through experi-
mental analysis of the spray tip penetration and spray cone
angle. Based on the experimental results, a numerical analysis
on the spray tip penetration, atomization performance, and
evaporation characteristics was conducted under the same
experimental conditions. In addition, the calculated results
were analyzed and compared to the experimental results by
the modification of breakup model constants.

2. Experimental apparatus and procedure

A six-hole injector with nozzle hole diameters of 0.126mm
was used to analyze the effects of the inlet fuel and ambient
gas temperatures on the overall spray characteristics. The
spray images of the fuel injected through the six holes injector
were obtained from a bottom view. The detailed experimental
conditions are listed in Table 1. The test injector was con-
trolled via a solenoid signal from the injector driver (TEMS,
TDA-3200H). Spray images for analyzing the spray tip pene-
tration and spray cone angle were obtained using a high speed
camera (Photron, Fastcam-APX RS) with two metal-halide
lamps (Photron, HVC-SL) as light sources (Fig. 1(a)). The
obtained spray images were processed on a computer using
image processing software. In this work, the injection signal
and the shutter signal of the high speed camera were synchro-
nized by a digital delay/pulse generator (Berkeley Nucleonics
Corp., Model 555).

Parallel linked high pressure pumps (Haskel, HSF-300) and
a common rail injection system supplied stable, high pressure
diesel fuel. A heating coil and nitrogen gas were utilized in
order to control the ambient gas temperature and pressure,
respectively; these values were monitored with a K-type ther-
mocouple and a pressure gauge. Fuel inlet temperature was
adjusted by a fuel heating device as illustrated in Fig. 1(b).
The fuel heating system consisted of a fuel supply line, a du-
plication tube, a high pressure-high temperature steam boiler,
relief and discharge valves, and two thermocouples. The inlet

Table 1. Experimental and calculation conditions.

Experimental conditions

Injection pressure (Piy) 120 MPa
Ambient pressure (Pymb) 2 MPa, 4 MPa
Energizing duration (te,,) 1.0 ms

Fuel temperature (T, 290K, 360K

Ambient temperature (Tamp) 290K, 400K
Calculation conditions

Injection pressure (Piy) 120 MPa
Ambient pressure (Pymb) 2 MPa, 4 MPa
Energizing duration (te,) 1.0 ms

Fuel temperature (T 290K, 360K, 430K, 500K

Ambient temperature (Tamp) 290K, 400K, 600K
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Fig. 1. Schematic of the experimental apparatus and injection rate
profile.
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Table 2. Specifications of the diesel test fuel.

Fuel property Diesel
Fuel standard ASTM D 975
Lower Heating Value, Btu/gal ~ 129,050
Kinematic Viscosity, @ 40 °F 1.3-4.1
Specific gravity, kg/l @ 60°F 0.85
Density, Ib/gal @ 15°F 7.079
Water and sediment, vol% 0.05 max
Carbon, wt% 87
Hydrogen, wt% 13
Oxygen, by dif. wt% 0
Sulfur, wt% 0.05 max
Boiling point, °F 180 to 340
Flash point, °F 60 to 80
Cloud point, °F -15t05
Pour point, °F -35t0-15
Cetane Number 40-55
Lubricity SLBOCLE, grams 2000-5000
Lubricity HFRR, microns 300-600

Source: Biodiesel handling and use guidelines, Energy Efficiency and
Renewable Energy DOE/GO-102006-2358, 3rd edition, September
2006.
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Fig. 2. Effect of the fuel temperature on the fuel properties (fuel den-
sity [9], kinematic viscosity [9]).

fuel line was wrapped with high temperature steam and the
duplication tube was thereby heated to the desired temperature
when the fuel was supplied to the test injector. Temperature
control was achieved using the relief and discharge valves.
The diesel fuel and high pressure steam temperatures were
measured by two K-type thermocouples (Omega, KMTSS-
020G-12) installed in the fuel line and steam line, respectively.

160mm

Fig. 3. Computational grid for the calculation of the diesel sprays.

In addition, Fig. 1(c) shows the injection rate profile of diesel
fuel which applied to the calculation code.

In the present study, ultra low sulfur diesel (ULSD) was used
as the test fuel to investigate the overall spray characteristics
according to the variation of the fuel temperature and ambient
gas temperature. Detailed physical properties of the ULSD are
listed in Table 2. Fig. 2 shows the effects of the fuel temperature
on the fuel properties of diesel fuel such as a fuel density, kine-
matic viscosity, and surface tension. Data related to fuel density
and kinematic viscosity is cited from the paper of Yoon et al. [9],
and the surface tension was measured using a surface tension
meter (Itoh, 514-B2). As illustrated in Fig. 2, the fuel density
and surface tension linearly decreased and the kinematic viscos-
ity exponentially decreased with increasing temperature.

3. Numerical breakup model and the applied grid for
diesel spray

3.1 Applied computational grid for the analysis of diesel
spray

Fig. 3 shows the 3-D computational grid which was gener-
ated by the mesh generator in FIRE v2008 for the calculation
of the diesel spray behavior. The calculation grid was of cy-
lindrical type with a diameter of 160mm and a height of
40mm to prevent impingement onto the wall. Each individual
cell of the grid was 2mmx2mm, and the total number of cell
was 144,000. The calculated time interval was set to 10us, and
the injected rate profile obtained from the injection rate meter
was applied to calculate the diesel spray performance.

3.2 Numerical analysis model

The Kelvin-Helmholtz (KH) and Rayleigh-Taylor (RT) hy-
brid breakup models were applied to calculate the primary and
secondary droplet breakup of high pressure diesel spray, re-
spectively. In this hybrid model, the first breakup mainly oc-
curs by the instable growth of KH waves growing on the sur-
face of an axisymmetric cylindrical liquid jet, and the secon-
dary breakup occurs by the competition between the instabili-
ties of the KH surface waves and RT disturbances. The KH
instability results from the viscid force by the relative tangent
motion of two different phase on the interface between liquid
and gas. The breakup characteristics are determined by the
maximum growth rate (Qy) and the corresponding wave-
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length (A ku), Which is calculated through curve fits of the
dispersion equation suggested by Reitz [10, 11].

(1+0.450h,%)(1+0.4T"7)
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From the assumption that the droplet radius (#) shrinks to 7,
during the breakup time (zxy), the radius (7,) after the time of
dt can be determined. The r, and 7k are defined as the follow-
ing equations (Eq. (1) and (2)), and the 7, is determined by the
proportional equation (Eq. (5)).
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On the other hand, RT instability can grow if the accelera-
tion normal on the interface between the liquid and ambient
gas is directed into the gas, due to the dense inertia of liquid.
In case of the high pressure injection injector which is widely
applied to diesel engines, the initial injection velocity of drop-
lets is very fast, and the droplets’ velocity rapidly reduces by
the drag force in the engine cylinder. For this reason, the RT
instability plays an important role in the droplet breakup proc-
ess. The disintegration of the drop is induced by the inertia of
the liquid if drops and ligaments leaving the nozzle with high
velocities are strongly decelerated by the aerodynamic drag
force. Dividing the drag force by the mass of the drop, the
acceleration of the interface can be found,

2
a=3e Pelnd (6)
87 2

where c¢p is the drag coefficient of the drop. Using a linear
stability analysis [12] and neglecting liquid viscosity [13], the
growth rate (Qgr ), the corresponding wavelength (£} gt ), and
the wave number (Kgr) of the fastest growing wave is [14-16]:
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The RT breakup time (trt) and the droplet radius (r.) after
breakup are as follows.

! (10)
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Therefore, the droplet breakup by the KH-RT hybrid brea-
kup model is progressing as the following algorithm. If the
droplet breakup calculation starts, the calculated RT wave-
length is compared to the droplet diameter. If the RT wave-
length is smaller than the droplet diameter, it is assumed that
the RT wave grows on the droplet surface. When the growth
of waves is predicted on the droplet surface, the growth period
of waves is calculated and compared to breakup time obtained
from Eq. (10). If the wave growth is longer than the breakup
time, it is assumed that droplet breakup occurs by the RT
breakup model. In addition, it is assumed that the droplet
breakup is not occurring if the inertial force of droplets is
smaller than the surface tension force. The change of the drop-
let velocity is calculated from the assumption that the total
energy (kinetic energy + surface energy) after breakup is the
same with that before breakup.

Heat and mass transfer processes between droplets and the
ambient are described by a model originally derived by Du-
kowicz [17]. This model is based on the following assump-
tions: spherical symmetry, quasi gas-film around the droplet,
uniform droplet temperature along the drop diameter, uniform
physical properties of the surrounding fluid, and liquid-vapor
thermal equilibrium on the droplet surface. Under the assump-
tion of uniform droplet temperature, the rate of droplet tem-
perature change is determined by the energy balance equation,
which states that the energy conducted to the droplet either
increases the temperature of the droplet or supplies heat for
vaporization.

dT, . dm, (12)
—d _pd
< dt dt 0

myc,

The convective heat flux Q supplied from the gas to the
droplet surface is Q=aAg(T,.-Tg), where a is the convective
heat transfer coefficient through the film surrounding the
droplet in the absence of mass transfer, and A, is the droplet
surface area.

Turbulent dispersion of the spray was described by the
models suggested by O’Rourke [18]. This approach sets the
fluctuating components to zero but calculates a new particle
location and velocity, instead of reducing the spray integration
time step. For each component the velocity and position dis-
tribution are Gaussian. In addition, a model of droplet interac-
tion by O’Rourke and Bracco [19], which accounts for coales-
cence and collision, was applied to the calculation code.

4. Results and discussion

4.1 Effects of the fuel temperature on the overall spray char-
acteristics

The experimental and numerical spray images for variations
in diesel fuel temperature are represented in Fig. 4. The color
bar index indicates the droplet velocity. Externally, the spray
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Fig. 4. Comparison between the experimental and calculation results
according to the variation of the diesel fuel temperature (P;,=120 MPa,
Pumy=4 MPa, teng=1.0 ms).

images of Fig. 4(a) and Fig. 4(b) have a similar spray shape
and developing pattern. Also, the calculated droplet velocity
distribution showed a similar trend for all fuel temperature
cases. The velocity shows the highest value near the nozzle tip,
and it shows a low value at a faraway distance from the spray
core. This is the reason why the mass and momentum transfer
between the droplets and ambient gas are actively occurring.
The experimental spray images were well described by the
calculated spray images. From the experimental and numerical
results, it seems that the macroscopic spray characteristics
were such as the spray developing pattern and spray shape
hardly affected by fuel temperature. A quantitative analysis of
spray characteristics is shown in detail in Fig. 5 and Fig. 6.

Fig. 5 shows the quantitative spray characteristics such as
the spray tip penetration and spray cone angle in various fuel
temperature conditions through the analysis of the spray im-
ages. Especially, the comparison between the experimental
and numerical spray tip penetration is illustrated in Fig. 5(a).
The error bar included in the figure represents the experimen-
tal error range. Test conditions were an injection pressure of
120 MPa, an ambient gas pressure of 4 MPa, and a 1.0ms of
an energizing duration. Spray tip penetration is defined as the
maximum distance between the injected spray end and the
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Fig. 5. Effect of the fuel temperature on the spray tip penetration and
spray cone angle (Pi,=120 MPa, P,,=4 MPa, t.ne=1.0 ms).

nozzle tip when the diesel spray is injected into the stagnant
gas in the high pressure chamber. The spray cone angle is
defined as the angle between the two lines formed by the noz-
zle tip and two maximum radial distance points. As illustrated
in Fig. 5(a), the experimental spray tip penetration decreased
with the increase of the fuel temperature, because the increase
of the fuel temperature induces the reduction of density, and it
results in a decrease in the spray momentum. In the calcula-
tion results, the spray tip penetration also decreased with the
increase of the fuel temperature. In both experimental and
calculation results, the reduction level of the spray tip penetra-
tion became large with elapsed time after the start of energiz-
ing. It is the reason why the spray behavior during the energiz-
ing is affected by the injection pressure and initial spray mo-
mentum, while the spray tip penetration is mainly affected by
the ambient gas conditions after the end of energizing [20].
Therefore, spray tip penetration decelerated because high fuel
temperature diesel spray has a low kinematic viscosity and a
low surface tension; therefore, the spray momentum of drop-
lets was quickly lost. On the other hand, the spray cone angle
increases when fuel temperature increases. This result shows
that the spray cone angle is inversely proportional to the fuel
density [21]. It can be postulated that the spray momentum
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largely resulted in a decrease in spray momentum in the axial
direction compared to the radial spray momentum. In addition,
the spray cone angle suddenly decreased after the injection
due to a rapid increase in axial spray distance, and then subse-
quently gradually increased or converged.

Fig. 6 shows the overall Sauter mean diameter (SMD) dis-
tribution at various fuel temperatures. The fuel temperature of
diesel varied from 290K to 500K as an interval of 70K. The
overall SMD is indicative of the time-dependent average drop-
let size at a specific time when evaluating the group of drop-
lets as whole. The droplet diameter suddenly decreased im-
mediately after injection due to a fast velocity at the nozzle
exit, where it reached a uniform value. The increased fuel
temperature induced a decrease in the overall SMD, because
considering the boiling point of diesel fuel, the increased fuel
temperature induces the change of the fuel properties such as
the decrease of the kinematic viscosity and the surface tension,
and simultaneously it causes an active droplet breakup.

4.2 Effects of the ambient gas conditions on the overall spray
characteristics

Fig. 7 shows a comparison between the experimental and
calculated results according to a variation of the ambient gas
temperature for the following test conditions: 120 MPa injec-
tion pressure, 2 MPa ambient gas pressure, 1.0 ms energizing
duration, and 290K diesel fuel temperature. The color index
on the right side of Fig. 7(b) indicates the droplet temperature.
The experimental spray images are well described by the cal-
culated results. In addition, it can be seen that the spray devel-
opment is more active at high ambient gas temperatures. In
terms of the calculated results, the droplet temperature of the
injected diesel spray increased with the ambient gas tempera-
ture, and the increasing droplet temperature affected the drop-
let properties [9]. From this result, it is expected that the at-
omization and evaporation characteristics were changed due
to the change in droplet properties. At 1.5ms of the time after
the energizing, the droplet concentration of the injected spray
is low. It is believed the high ambient gas temperature induces
active droplet evaporation. The quantitative effects of the am-

(a) Experimental results

tasoe — 0.6ms 1.5ms

amb

290K

400K

Droplet
temperature (K)
566,36
A30104
.72
a4

600K

(b) Calculation results

Fig. 7. Comparison between the experimental and calculation results
according to the variation of the ambient gas temperature (P;,=120
MPa, Puny=2 MPa, teng=1.0 ms, Tg,e=290 K).

bient gas temperature on the atomization and evaporation
characteristics are minutely explained in Fig. 8 and Fig. 9.

The comparison between the experimental and numerical
results of spray tip penetration for the variation of the ambient
gas temperatures is shown in Fig. 8(a). The numerical analysis
method predicted the trends of the experimental results for the
effect of the ambient gas temperature on the spray tip penetra-
tion quite well. An increase in the ambient gas temperature
causes a decrease in the ambient gas density according to the
ideal gas law. Low ambient gas density leads to the active
development of the spray tip penetration. As illustrated in Fig.
8(a), the spray tip penetration increased with the increase of
the ambient gas temperature, and it can be also confirmed the
same tendency in the calculation results. At an ambient gas
temperature of 290K, the gap between the experimental and
numerical results became large from 1.3 ms after the start of
energizing. This is the reason why the droplets after the end of
injection start the quick momentum loss by the aerodynamic
drag force in experiments. However, it is believed that in the
calculation process, the various factors which are influencing
the spray characteristics in the RT model for the secondary
breakup are not perfectly reflecting the change of the ambient
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Fig. 8. Effect of the ambient gas temperature on the spray tip penetra-
tion and spray cone angle (P;,=120 MPa, P,,,=2 MPa, te,;=1.0 ms).

gas temperature. Fig. 8(b) shows how the variation of the am-
bient gas temperature affects the behavior of the spray cone
angle. The spray cone angle gradually decreased with increas-
ing ambient gas temperature. This is the reason why the small
droplets in the outer region of the injected spray quickly eva-
porated, and the spray cone angle had a tendency to be propor-
tional to the ambient gas density.

Fig. 9 shows the calculated overall SMD and the fuel eva-
poration mass at three ambient gas temperatures. The ambient
gas pressure and energizing duration are 2 MPa and 1.0ms,
respectively. As illustrated in Fig. 9(a), when the ambient gas
temperature increases from 290K to 400K, the overall SMD
shows little difference, and it starts to decrease lately. This is
because at conditions below the boiling temperature (around
580K~700K), the diesel droplets experience much breakup
and little evaporation on the droplet surface. However, at a
condition above the boiling temperature, diesel droplets
quickly evaporated, leaving only the large droplets remaining
in the calculation region. Therefore, it is believed that this
phenomenon and coalescence among droplets results in the
increase of the overall SMD at 600K of the ambient gas tem-
perature. In the ambient gas temperature conditions of below
and above the boiling temperature, the evaporation character-
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Fig. 9. Calculated overall Sauter mean diameter and fuel evaporation
characteristics at various ambient gas temperature (P;,=120 MPa,
P.m=2 MPa, t.,,=1.0 ms).

istics of diesel droplets are shown in Fig. 9(b). As shown in
Fig. 9(b), the diesel fuel quickly evaporated after the end of
the injection (t.,e=1.0ms) at 600K, compared to the other
cases. In addition, the fuel evaporated mass increased when
the injected fuel droplets approached the diesel boiling point.
It is believed that these evaporation characteristics of diesel
fuel affect the atomization characteristics as illustrated in Fig.
9(a).

5. Conclusions

An experimental and analytical investigation on the overall
spray characteristics of diesel fuel was conducted at various
fuel temperatures and ambient gas conditions. Based on the
experimental results, a numerical study was performed at
more detailed conditions. From the results and discussion in
this paper, the conclusions are summarized as follows.

(1) The increase of the fuel temperature induced a decrease
of the spray tip penetration due to the reduction of the spray
momentum by the decrease of the fuel density, while the spray
cone angle showed an increasing trend in the experiments and
calculations. The numerical analysis using KH-RT hybrid
breakup model well predicted the experimental spray patterns
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according to the variation of the fuel temperature.

(2) The calculated droplet size decreases by the increase of
the fuel temperature due to the decrease of the kinematic vis-
cosity and surface tension. Another reason is that the increased
fuel temperature induces the short breakup length and active
droplet breakup.

(3) The increase of the ambient gas temperature causes the
increase of the spray tip penetration, and the reduction of the
spray cone angle. In calculation, when the ambient gas tem-
perature increases above the boiling point, the overall SMD
shows the increasing trend. This is due to the quick evapora-
tion of diesel droplets and the remains of the large droplets in
the calculation region. Above the boiling temperature, the
diesel droplets rapidly evaporate immediately after the injec-
tion from calculation results.

(4) The KH-RT hybrid breakup model well describes the ef-
fects of the fuel temperature and ambient gas temperature on
the overall spray characteristics, although there is a partial
difference between the experimental and the calculation re-
sults of the spray tip penetration by the secondary breakup
model.
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Nomenclature

Ay : Particle surface area (m®)

C, C, G; C, Cs:Breakup constants according to atomiza-

tion model

Coa : Specific heat of a liquid droplet (J/kg K)

g : Deceleration coefficient

L : Breakup length (m)

my : Particle mass (kg)

Oh, : Ohnesorge number for the droplets

P Py Ambient pressure, injection pressure (MPa)

0 : Convective heat flux (W)

R : Droplet radius (m)

T : Taylor number (= Oh, We'"?)

T, T, T : Droplet, droplet surface, particle far-field tempera-
ture (K)

Toum» The © Ambient gas temperature, fuel temperature (K)

We, : Weber number for the ambient gas

p : Density (kg/m")

o : Surface tension (dyne/cm)

T : Breakup time (s)

Y : Wavelength of fastest growing wave (m)

Q - Growth rate of most unstable wave (s")
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