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Abstract

Droplet collision occurs frequently in regions where the droplet number density is high. Even for lean pre-
mixed pre-vaporized (LPP) liquid sprays, the collision effects can be very high on the droplet size distributions,
which will in turn affect the droplet vaporization process. Hence, in conjunction with vaporization modeling,
collision modeling for such spray systems is also essential. The standard O’Rourke’s collision model, usually
implemented in CFD codes, tends to generate unphysical numerical artifact when simulations are performed on
Cartesian grid and the results are not grid independent. Thus, a new collision modeling approach based on no-
time-counter method (NTC) proposed by Schmidt and Rutland is implemented to replace O’Rourke’s collision
algorithm to solve a spray injection problem in a cylindrical coflow premixer. The so called “four-leaf clover”
numerical artifacts are eliminated by the new collision algorithm. Next, the dispersion and vaporization process-
es for liquid fuel sprays are simulated in a coflow premixer. Two liquid fuels under investigation are jet-A and
Rapeseed Methyl Esters (RME). Results show very good grid independence. At relatively low spray cone angle
and injection velocity, we found that the collision effect on the average droplet size and the vaporization perfor-
mance are very high due to relatively high coalescence rate induced by droplet collisions. We also found that the
vaporization performance and the level of homogeneity of fuel-air mixture can be significantly improved when
the dispersion level is high, which can be achieved by increasing the spray cone angle and injection velocity.

Introduction

Lean Premixed and Pre-vaporized (LPP) combustion is a proven alternative technology to achieve better
performance than traditional diffusion mode of combustion. For LPP gas turbine that operates on liquid fuels, a
pre-vaporization chamber, called premixer in which the liquid fuels are sprayed into hot air-stream is needed
prior to combustion. Therefore, clear understanding of the dynamics of the fuel spray and the corresponding
vaporization process in the premixer is very important.

Different liquid fuels normally have very different transport properties which will result in different
vaporization characteristics. This could affect the design of the premixing duct, such as the duct length,
contraction/expansion ratio, and different spray control parameters, such as spray velocity and spray cone angle.
Both single droplet [1-6] and turbulent spray [7-8] vaporization process have been studied extensively in the
literature. Abramzon and Sirignano [5] developed a two-dimensional transient droplet vaporization model based
on the assumption of Hill’s vortex in the liquid phase. Their model included the effects of variable
thermophysical properties, non-unitary Lewis number, effects of Stefan flow, effects of droplet internal
circulation and transient liquid heating with vaporization. The details of the mathematical model are given by
Sirignano [9]. This vaporization model has been shown to be very accurate for predicting single droplet
vaporization [5,10]. Torres et al. [11] developed an efficient one-dimensional multi-component fuel vaporization
model and implemented it into a multi-dimensional CFD code: KIVA-3V. Their efficient computational
algorithm showed very promising computational speed for three-dimensional spray simulations while capturing
the droplet vaporization rate which compared quite well to the experiment.

Barata [8] presented a numerical study on evaporating biofuel droplets injected into a turbulent crossflow of
air. Their model did not consider any heat and mass transfer inside each individual droplet, although the
temperature and species composition gradients inside the droplet are found to play a very significant role on the
droplet vaporization rate during the stage of transient droplet heating [5]. Gu et al. [12] systematically studied the
liquid fuel vaporization process in a crossflow premixer for both cold injections and pre-heated injections and
showed that the influence of transient droplet heating on the droplet vaporization rate is very important.

For any solid cone sprays, the number density of droplets could be very high for some regions where the
collisions between droplets occur very frequently, which will in turn have high impact on the droplet size
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distribution [13]. Thus, along with vaporization modeling, collision modeling is desirable in spray simulation in
order to capture the droplet size distributions accurately. Droplet collision modeling within a spray is a very
challenging problem [14] since collision is a complex physical process, which could lead to different outcomes.
In general, the outcomes maybe bouncing, stable coalescence, reflexive separation, stretching separation and
shattering depending on the operating conditions [15,16].

Typical liquid spray systems usually involve millions of droplets. Thus, stochastic collision modeling is
among the most popular approaches used for spray simulations. O’Rourke’s droplet collision algorithm [13] is
one of the most widely used model in multi-dimensional spray simulations. However, their collision model
cannot achieve grid-independent results due to the use of the gas phase mesh for collision computations.
Subramaniam and O’Rourke [17] did a systematic study on the numerical convergence of KIVA-3 code, and
found that grid-independent results cannot be achieved for diesel injection problems. Schmidt and Rutland have
also reported that the collision results from KIVA can be highly grid-dependent [18]. They also proposed a new
modeling method based on no-time-counter (NTC) method [19], where a separate dynamic collision mesh is
used for spray collision calculations and their approach indeed yields grid-independent results.

In the current proposed work, we have implemented the NTC collision algorithm into KIVA-4 code and
subsequently applied it to spray simulations for coaxial flow injection methods for a typical cylindrical premixer.
It should be noted that the collision modeling is not restricted to cylindrical premixer and can be applied with
appropriate modifications to rectangular geometry as well.

Numerical Methods

Lagrangian-Eulerian approach is implemented in KIVA-4 code, where the liquid phase is treated as a dis-
crete second phase with mass, momentum and energy coupled (two-way) to the continuous gas phase. Thus, the
species mass transport equation, momentum equation and energy equation for the continuous gas phase are
solved with extra source terms originating from the discrete droplet phase. The detailed descriptions of those
source terms can be found in KIVA-II manual [20] and also in Gu et al [12].

For the cases considered in this paper, the droplet Reynolds number is very small [O(10) initially], and
hence the assumption of using only Spalding mass transfer number is generally valid [2].
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where g is the dynamic viscosity of air, which is calculated at the average film temperature defined by
T = (T, +2Ty)/3.

Comparing with the original drag model implemented in KIVA, this drag model incorporated the Stefan
flow correction for regimes where strong evaporation will reduce the drag coefficient for the vaporizing droplet
as proposed by Renksizbulut and Yuen [21]. This drag model is valid for low droplet Reynolds number in the
range of Rey<30 [9]. For current co-axial flow applications, the droplet Reynolds number is very small [O(10)
initially], and hence this modified drag model is applicable.

Experimental data indicate that shattering due to collision will not occur if We.,<40 [13]. However, at high
collision Weber number, fragmentation of droplets during binary collisions can be very important. Georjon and
Reitz [22] implemented a simplified drop-shattering collision model into KIVA-II code for collisions when
We.,>100 based on Rayleigh linear jet breakup theory. For all the premixer simulation cases studied in this pa-
per, the collision Weber numbers were directly recorded and most of the values were found to be less than 40. So
the current modeling of collision outcomes as implemented in KIVA-4 would still be valid. For extremely high
speed injection with Weber number in the range of 100, the current model will overpredict the droplet size due to
the absence of the shattering mechanism in the implemented code.

NTC algorithm is briefly discussed here and details of the model could be found in [18,19].

For each collision cell, the number of candidate pairs, Mcng, is randomly chosen among all possible pairs of
parcels. And a collision will take place between parcel i and parcel j if the normalized probability is larger than
the random deviate, XX in the interval of [0,1):
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Making a proper choice to obtain the value of (nAu)m. is very important. Current implementation loops over
all the parcels in each collision cell to find out the maximum value of nAu, and assigns a coefficient to obtain
(NAU)max: (NAU)max=a*Max(nAu), with a>1. Although this approach requires one additional do-loop in the code
which slows down the simulation a little bit, good numerical accuracy is ensured.

However, in order to use NTC collision scheme, the following criteria must be satisfied:

2
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Since it is not possible that the candidate pairs could exceed the total number of possible pairs, therefore:
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This inequality is a measure of how well the spray is resolved by comparing the swept volume of the collid-
ing parcels to the volume of the collision cell for a specified time step, At. Thus, when At is very large compared
to the actual collision time, this inequality will not be satisfied. Although the satisfaction of this inequality is
highly desirable to ensure a well-resolved collision calculation, a safety switch is implemented from the NTC
collision calculation to direct single-cell collision (DSCC) for those under-resolved regions. The DSCC scheme
is the same as O’Rourke’s model except that it takes the advantage of grouping parcels into collision cells.

Results and Discussion

First, results from a simple downward spray are compared between O’Rourke’s and NTC collision schemes.
It is known that O’Rourke’s model may generate severe numerical artifact when the simulation is performed on a
Cartesian mesh [19]. For example, Figure 1a shows the so-called “four-leaf clover” numerical artifact when the
collision model is turned on for a simple non-evaporating downward spray. This hnumerical artifact is generated
due to the fact that parcels which are 90° apart have the highest relative velocity, resulting in collision with the
highest probability. If coalescence occurs for those parcel pairs, the resultant parcel will have a flow direction
which is 45° offset from the x-axis or y-axis. This is the reason why the parcel number density becomes lower
near the axis, whereas the spray morphology is supposed to be axisymmetric. By turning off the collision model,
this four-leaf clover effects would disappear, which can be seen from Figure 1b. This numerical artifact is also
not present when the simulation is performed on a polar mesh shown in Figure 1c because the azimuthal direc-
tion is better resolved on a polar mesh where the parcels with the highest relative velocities are separated into
different cells. When the NTC collision scheme is applied with a separate polar collision mesh, the four-leaf clo-
ver artifact is not seen in Figure 1d when the same simulation is performed on a Cartesian mesh.
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Figure 1 Simulations of a hollow-cone downward spray: a) on a Cartesian mesh using KIVA-4’s original colli-
sion algorithm b) on a Cartesian mesh with collision model turned off ¢) on a polar mesh using KIVA-4’s origi-
nal collision algorithm d) on a Cartesian mesh using improved NTC/DSCC collision algorithm

Next, the experimental data of Ddif et al. [1] was used to validate the vaporization model. Figure 2 shows
comparisons between the simulations and the experiments for single droplets of pure heptane and decane. The
result is extracted from one of our numerical experiments [12] and presented here for completeness. The transi-
ent change in diameter of both blended and pure decane droplets shows very good agreement with experiments,
while the temperature data compares fairly well with experiment with a maximum deviation of 8K.

The corrupting influence from the momentum and drag coupling on the discrete droplet phase is relatively
small for larger droplets and this influence is also small even for small droplets when they are away from the
nozzle tip [17]. Thus, for all the subsequent pre-mixer simulations, mono-dispersed spray was adopted with an
initial droplet size of 80 micron diameter, which is relatively large but is still within the range of practical sprays.

Two types of liquid fuels are investigated here: Jet-A and RME. Jet-A is the primary conventional fuel used
in the aviation industry. RME is a biodiesel which can be blended in jet-A. Thus, it is important to study both
fuels and compare their vaporization characteristics. Since the fuel vapor pressure is an important parameter for
the liquid fuel vaporization process, it is plotted versus temperature for both fuels and is shown in Figure 3. The
properties of Jet-A fuel are taken from the tabulated data of KIVA-4 fuel library while RME’s properties are



12" ICLASS 2012 Vaporization and collision modeling for liquid fuel sprays

used from reference [10]. It can be seen that vapor pressure is a monotonically increasing function of tempera-
ture for both fuels. Vapor pressures for both Jet-A and RME are very low at room temperature, indicating that
both of them are non-volatile in nature.
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Figure 2 Comparisons between the model and the experiment data for single droplet vaporization
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Figure 3 Vapor pressure versus Figure 4 Three-dimensional view of co-axial flow
temperature for Jet-A and RME injection with converged gas phase velocity field

The computational domain in Figure 4 represents a typical simplified cylindrical pre-mixer with a length of
300 mm and a radius of 60mm. The pre-mixer has three bounding surfaces with the following set of boundary
conditions: the left side is assigned as velocity inlet boundary condition with fixed co-flow velocity and tempera-
ture and the right side is pressure outlet boundary condition. The cylindrical surface is assigned law-of-wall
boundary conditions. Air is introduced into the pre-mixer at a constant velocity and temperature of 10 m/sec and
800 K respectively. The liquid fuel is injected into the premixer co-axially with the air after the gas phase flow
field reached a steady state in about 0.01 s. Figure 4 also shows the contour plot of the gas phase velocity in the
co-flow direction at two cross-sectional planes of Z=70 mm and Z=230 mm respectively. The two-way coupling
effects can be clearly observed from the velocity contour plot where the velocity near the center of slice de-
creased due to the inter-phase drag from the discrete droplet phase.

First, we established a baseline set of parameters with a fairly large spray angle of 90° and 3 m/s injection
velocity such that the spraying droplets are well dispersed within the premixer while not impacting the wall. All
the simulation cases were run at atmospheric pressure. In order to achieve better droplet dispersion and vaporiza-
tion performance, a high value of turbulent intensity (20% of the mean crossflow Kinetic energy) was used for all
the simulations reported here. The average number of parcels per collision cell is fixed around 2 since the real
collision volume is approximately one third of total volume generated by the polar collision mesh. Thus, the real
average number of parcels per collision cell is actually around 6. This is verified by recording both the total
number of collision cells that contain at least one pair of parcels and the total number of parcels contained within
the simulation volume.

The spray simulations results are presented for both jet-A and RME with the same initial injection tempera-
ture of 293 K. Three different mesh resolutions are used. First of all, to show that the results are grid independ-
ent, the Sauter-mean-diameters (SMD) of the spray are calculated and plotted versus Z-axis by equally dividing
the pre-mixer into 30 zones. The SMD is then normalized by the initial injection SMD, which is Do. The jet-A
spray simulations for three different meshes are presented in Figure 5. Figure 5a shows that the SMD variation

4



SMD/Do

ICLASS 2012, 12" Triennial International Conference on Liquid Atomization and Spray Systems, Heidelberg, Germany, September 2-6, 2012

along the z-direction for all three grids. The initial increase of SMD is probably due to the high coalescence rate
and low vaporization rate near the injection port where the number density of the droplets is relatively high and
the surface temperature of the droplets is relatively low. Meantime, the total number of droplets within each zone
is also plotted since it is a good indicator of the spray vaporization performance, and the results for all grids are
shown in Figure 5b. The variations of both SMD and total number of droplets along z-axis show very good grid-
independence, except that the SMD of coarse grid shows slightly deviation from the other two grids, which is
probably because the gas phase is not well resolved. Thus, for the rest of the simulation, the medium mesh reso-
lution is adopted to ensure that the gas phase flow field is well resolved.
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Figure 5 Premixer simulation resolution independence study: a) Normalized SMD vs Z b) total number of
droplets vs Z c¢) Fuel vapor mass flow rate at the premixer exit
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Figure 6 Simulation results of jet-A and RME: a) Fuel vapor mass flow rate at the premixer exit b) normalized
SMD plotted along z-axis. Comparisions between simulations without collision model and with collision
model for spray cone angle of 90° and injection velocity of 3m/s

Next, quantification of the vaporization performance for each fuel for the current configuration of the pre-
mixer is very important. To achieve this, the fuel vapor mass flow rate at the outlet is calculated since it indicates
how much percentage of the liquid fuel has been vaporized through the pre-mixer chamber. The jet-A fuel vapor
mass flow rates for all grid resolutions are plotted versus simulation time in Figure 5c. Results also show very
good grid-independence. The final steady-state jet-A fuel vapor mass flow rate is around 2.2 gram/second for all
resolutions. Since the liquid fuel is injected at a rate of 2.7 gram/second, 2.2 gram/second vapor mass flow rate at
the outlet indicates that 81.5% of liquid jet-A fuel has been vaporized from the injection point to the outlet of the
pre-mixer. The RME fuel vapor mass flow rate (for medium mesh resolution) is also presented in Figure 5c,
which shows an average value around 1.6 gram/second, implying that 59.3% of liquid RME has been vaporized
through the pre-mixer. There is 22.2% difference in vaporization performance between jet-A and RME, which is
obvious from the vapor pressure plot for each fuel as shown in Figure 3. We can see that vapor pressure of jet-A
is much higher compared to RME at the same temperature, indicating that jet-A would indeed have a higher va-
porization rate.

Furthermore, to show the importance of the collision modeling and its influence in determining the vaporiza-
tion performance, we turned off the collision model and compared the no-collision simulation results to the re-
sults with the collision model activated. From Figure 6a, we can see that the final steady-state jet-A and RME
fuel vapor mass flow rates without collision is around 2.4 gram/second and 1.9 gram/second, respectively. This
indicated that the vaporization performance is lowered by 7.4% for jet-A and by 11.1% for RME when the colli-
sion model is activated. This is primarily due to the coalescence induced by collision leads to surface area de-
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struction producing larger droplets that have lower vaporization rate. This can be proved unambiguously from
Figure 6b, which shows that the SMD distribution along z-axis for all cases. We can see that the SMD for both
fuels will continuously decrease along the z-axis if there is no collision. However in reality SMD for RME in-
creased up to 1.3 times of its original injection size and slowly decreased to 1.2 times of its initial injection size
along z-axis when the collision model is activated. Thus, the results show that droplet collisions have high im-
pact on the droplet size distribution which will in turn influence the vaporization performance.

It was shown in the previous section that the vaporization performance for either fuel is not ideal, especially
for RME. To explore the possibility of improving the vaporization performance within the current premixer con-
figuration, we tested a series of combinations of spray cone angle and injection velocity since larger spray cone
angle and higher injection velocity will improve the dispersion of the injected droplets which will in turn im-
prove the vaporization performance.
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Several spray cone angles and injection velocity combinations were attempted for the simulation. Beyond
129° and 5 m/s, part of the spray was seen to impact the wall and hence higher combinations were not desired.
Including this combination of cone angle and injection velocity, four combinations are presented: 1) 90° and 3
m/s (baseline), 2) 90° and 5 m/s, 3) 129° and 3 m/s and 4) 129° and 5 m/s. Figure 7 shows the RME vapor mass
flow rate for all combinations. We can see that the RME vapor mass flow rate exhibits the highest value of 2.3
g/s for 129° of spray angle and 5 m/s of injection velocity, implying that 85.2% of the injected RME fuel has
vaporized. Compared to the baseline case, there is 25.9% improvement in vaporization performance for RME.
Thus, 129° of spray angle and 5m/s injection velocity serves as an optimum combination to efficiently vaporize
the liquid fuels for current premixer configuration.

As done in the previous section, results on the vaporization performance and droplet size distributions are
compared between the collision model deactivated and activated (Figure 8). Surprisingly, Figure 8a shows that
the vaporization performance is almost identical for both fuels with and without the collision model: jet-A
achieved 96.3% in vaporization performance while it is 85.2% for RME. However, the SMD distribution (ob-
tained with collision model) along z-axis as seen in Figure 8b, shows consistently higher value than that obtained
without the collision model. Large droplets are expected to have lower vaporization rate, which seems to be con-
tradictory to the identical vaporization performances in Figure 8a. This can be explained as follows: with the
collision model activated, the average droplet size could increase due to coalescence; However, the drag equa-
tion in conjunction with the droplet acceleration equation (Newton's second law), suggests that the droplet accel-
eration is inversely proportional to the square of the droplet diameter, i.e., it is smaller for larger droplets. Lower
acceleration will result over a longer residence time and vaporization time for the larger droplet in the premixer.
Thus, smaller droplet vaporizes faster but also travels faster through the premixer, larger droplet vaporizes slow-
er but also travels slower. Under certain conditions, these two opposing effects can cancel each other in a cu-
mulative sense, leading to approximately similar vaporization performances as obtained without incorporating
the collision model. The balance is only achieved in the case of higher spray cone angle and injection velocity,
while the baseline results still show lower vaporization performance for results using the collision model. This is
because the spray occupies less space at lower spray cone angle and injection velocity, resulting in higher droplet
number density, which in turn, promotes droplet collision probability. Figure 6b shows relatively higher SMD
along the premixer length for lower spray cone angle and injection velocity.

To quantitatively describe the dispersion level of the spray at different combinations of spray cone angle and
injection velocity and show the influence of the collision modeling on the spray dispersions, maximum radial
extent of the spray in each zone is calculated along the premixer and normalized by the premixer radius to clear-
ly show how well the spray is dispersed at each condition. RME is used to show these effects in Figure 9. For
baseline tests, the collision activated results show relatively higher dispersion level than collision deactivated
results. From the previous analysis, we understand that the coalescence rate induced by collision is pretty high
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for baseline cases such that the average droplet size is much higher when the collision model is activated. Thus,
larger droplets would travel farther in radial direction compared to smaller droplets due to smaller deceleration
rates. Therefore, the dispersion level is relatively higher when collision is activated. From Figure 9, it can be
seen that the dispersion level for 129° of spray cone angle and 5 m/s of injection velocity is much higher than the
baseline tests. This also quantitatively supports our previous analysis where the spray is better dispersed at high-
er spray cone angle and injection velocity, and improves the vaporization performance significantly.

3r 16
b A r Jet-A (no-collision)
sk \‘ 14F 0 == Jet-A (collision)
~F s et ——r F RME (no-collision)
r 12F - RME (collision)

N
T

Jet-A (no-collision)
----- Jet-A (collision)
RME (no-collision)
----- RME (collision)

Mass flow rate (g/s)
b
—r

o
2,
T

1 L L L L 1 L L L L 1 L L L L 1 L o b bl
50 100 150 200 0 5 10 15 20 25 30
Time (msec) Z (cm)
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To avoid droplet collision on the walls, swirl is not introduced at the inlet of the pre-mixer. Therefore, in the
current configuration, the vapor concentration at the exit is expected to deviate from homogeneity. To quantify
the homogeneity of the fuel vapor mass fractions, the so-called “unmixedness” parameter is calculated at the pre-
mixer exit [12]. The unmixedness parameter is defined as the standard deviation of the fuel vapor mass fraction
divided by the averaged fuel vapor mass fraction within the zone of interest. The ideal value of unmixedness
should be zero, meaning perfect homogeneity. For the baseline tests, the values of unmixedness for jet-A and
RME are 0.81 and 0.77, respectively. This shows that the extent of inhomogeneity for both fuels is very similar.
For the tests at 129° of spray cone angle and 5m/s of injection velocity, the values of unmixedness for jet-A and
RME are 0.33 and 0.25, respectively. These low values of unmixedness suggest that the fuel-air mixture is much
more homogeneous when the dispersion level of the spray is high.

Summary and Conclusions

In this paper, the numerical code, KIVA-4, has been used with modified collision algorithm based on the
NTC/DSCC method. This improved collision algorithm eliminated the “four-leaf clover” numerical artifacts
which could appear when using the original collision algorithm implemented in KIVA-4.

The collision algorithm was then subsequently used to simulate the spray and vaporization process in a
premixer for both jet-A and RME fuels. The liquid fuels are injected into the premixer co-axially with the air
flow. SMD results for a mono-dispersed spray with an initial SMD of 80 um show very good grid independence
for a spray cone angle of 90° and injection velocity of 3 m/s. By comparing the fuel vapor mass flow at the outlet
to the liquid fuel injection mass flow rate, it was found that 81.5% of jet-A fuel was vaporized through the
premixer and 59.3% for RME. The large difference in vaporization performance between jet-A and RME is due
to RME’s low vapor pressure. In order to improve the vaporization performance, a series of tests were done for
several combinations of spray cone angle and injection velocity. Larger spray cone angle and higher injection
velocity expectedly showed improvement in dispersion and vaporization performance. The vaporization perfor-
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mance for jet-A for an optimum combination of spray cone angle at 129° and injection velocity at 5 m/s in-
creased to 96.3% and 85.2% for RME. This major improvement in vaporization performance is also partially due
to the relatively smaller average droplet diameter which has a higher vaporization rate. Comparisons were also
made between collision model deactivated and collision model activated. It was found that the vaporization per-
formance decreased due to high droplet coalescence rate induced by collisions for the baseline tests, while the
vaporization performance was not affected at the optimum combination of spray cone angle and injection veloci-
ty. For all the above tests, the spray dispersion level was also quantified by calculating the maximum radial ex-
tent of the spray in each zone along the premixer. Results show that dispersion level is much higher at larger
spray cone angle and injection velocity compared to baseline cases. In order to quantify the homogeneity of the
fuel vapor-air mixture, the unmixedness parameter was calculated at the exit of the premixer, which showed that
the homogeneity of the fuel-air mixture is significantly improved when the dispersion level of the spray is high.
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