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The spray combustion simulation includes the modelling of many physical processes
that interact with each other such as droplet breakup, evaporation, mixing, and
reaction which pose a challenge to the modelling effort. The present study evaluates
the accuracy of an unsteady spray combustion solver based on a benchmark methanol
spray combustion database. Extensive validation has been done to evaluate the
accuracy of the models and improvements to the state-of-the-art of spray combustion
model are proposed. A monocomponent fuel, methanol is chosen due to its well
established physical and chemical properties. A comprehensive boundary condition for
spray is modelled in OpenFOAM to capture the size and velocity of different droplet
groups in the radial direction near the burner. A qualitative validation of the global
spray-combustion characteristics along with a quantitative validation of the gas phase
velocity and droplet size show a good agreement between the simulation and the
experiment. The overpredicted inter-phase momentum transfer is observed in the
velocity prediction of the gas phase and further supported by the overprediction of the
droplet drag. The modified RNG k — & model shows an enhanced capability in
predicting the gas velocity profile in the near-field.

Copyright © 2016 PENERBIT AKADEMIA BARU - All rights reserved

1. Introduction

Improving the accuracy of CFD requires model development and validation based on the
identified weaknesses in the model. Though many simplified cases such as the single droplet breakup
and evaporation have been studied experimentally and numerically, the same phenomena in sprays
need to be addressed. The validation of spray combustion characteristics with a complex swirling
flow is at the current limits of CFD which requires among others, the refinement in the spray
boundary condition, and the turbulence modelling. Validation of the predicted spray characteristics
based on the phase doppler anemometry measurement has to be done using a Lagrangian post-
processor. Due to the complex interaction between different spray-combustion models, the
validation of simplified cases such as the non-evaporating spray and the monocomponent fuel spray
are needed to achieve an overall improvement in the reacting spray simulation [1].
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Three different approaches of modelling turbulent flow are the Direct Numerical Simulation
(DNS), the Large Eddy Simulation (LES), and the Reynolds Averaged Navier Stokes (RANS). Due to a
prohibitively large computational cost of DNS to resolve all time and length scales in a flow, the LES
and RANS become more practical. Several studies have model reacting sprays using LES [2], which
offers useful insights about the unsteady phenomena such as ignition, blow-off, and combustion
instability. RANS which solves the mean velocity field and model the turbulent fluctuation has been
the most widely used for design purposes. Since the present study focuses on steady combustion
processes that requires the implementation of the advanced spray models (breakup and evaporation
models), the RANS approach is chosen. In the present study, a variant of the RANS method called
Unsteady Reynolds Averaged Navier Stokes (URANS) [3, 4] which solve the Reynolds averaged
equations in three dimensions with time dependence is chosen.

The validation of spray combustion simulations has been limited due to the complex interplay
between different physical processes and the scarcity of reliable data. Most of the validation studies
of unsteady spray combustion simulations have been limited to the macro characteristics such as the
spray penetration, spray shape, flame shape, and global droplet size [5, 6]. A satisfactory validation
of the micro characteristics such as local droplet size, droplet flux, and velocity profiles which is more
practically done using a steady spray configuration has been reported in spray of a single component
fuel (methanol) [7, 8]. A previous study has validated the spray-combustion characteristic of a
biodiesel spray in a lab-scale burner using the real properties of biodiesel and discrete
multicomponent model for droplets evaporation [17]. Another study employs the same validation
case using FLUENT® to study the atomisation and the combustion model [9].

In the present study, the spray combustion characteristics of a monocomponent fuel will be
simulated based on detailed boundary conditions using empirical data. A special care is taken in the
specification of spray boundary condition to ensure the statistical accuracy of droplet size and
velocity in the experiment is reproduced. The predictions of the local gas phase velocity and the spray
characteristics will be carefully compared with the experimental data to investigate the accuracy of
spray and turbulence models.

2. Experimental and numerical conditions

A confined swirl-stabilised burner with an injector nozzle and swirler exit near the bottom is used
in the experiment as shown in Figs. (a) and (b)[7]. The exhaust outlet is at the side which is near top
of the burner.

A swirling air flow is produced through a 12 vane swirl cascade and liquid methanol is injected
through a pressure swirl atomiser. The injector is located at the center of the swirler outlet (annulus)
near which the flame is stabilised. Table 1 provides the experimental conditions at atmospheric
pressure. The radial profiles of droplet size, velocity, droplet density, and volume flux are measured
using phase Doppler interferometry at 10 mm intervals from the axial locationz=5 mm to z = 65 mm
from the injector nozzle.

The present study begins with a standard URANS spray combustion solver implemented within
the OpenFOAM-1.6 library. The standard solver includes an Eulerian-Lagrangian two phase
formulation in which the continuous phase is treated using the mesh-based Eulerian method while
the dispersed phase is tracked over time using the Lagrangian method. An Euler implicit time
integration method is employed together with the Pressure Implicit Split Operator (PISO) velocity-
pressure coupling procedure [10].
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Fig. 1. Schematic diagrams of the confined swirl stabilised burner. All dimensions are in mm.
Adapted from [7].

In the present simulation, 100000 structured hexahedral cells are clustered near the injector
where the swirler is treated as the inlet in the simulation. A cell size of 2.5 mm is deemed adequate
based on a separate mesh independence study. A cylindrical geometry with 300 mm length and 180
mm diameter is considered suitable to capture the 300 mm height and 50 mm radial width of the
experimental flame [80]. The truncated geometry provides an affordable computation time for the
present simulation of a reacting flow. The pressure at the outlet of the computational domain is
assumed to be atmospheric. The boundary conditions of the gas phase inlet in the non-reacting and
reacting cases are taken from two measurement sets of the three component velocities at z = 1.4
mm in the respective cases. The turbulence length scale is assumed to be 10% of the vane height.
The turbulence intensity profiles are observed to have high gradient near the wall due to the velocity
fluctuation induced by the wall.

The spray boundary condition is set at z = 5 mm which is the most upstream location of the
droplet size measurement. At the location of the spray boundary condition, 10 initial spray
distributions corresponding to the 10 radial locations of the PDI measurement are implemented.
Based on two PDI point measurements, the characteristic diameter § and spread parameter n of the
droplet size pdf are calculated. A profile of mean injection velocity is implemented based on 10
measured mean axial and radial velocities of the droplets at respective locations of the initial spray.
The cone angle of each injector is determined based on the assumption that the droplets follow
straight line trajectories from the injector nozzle location at z = 0 mm to the spray boundary
condition. The measured volume flux profile is then used to determine the number of injected
computational parcels per time step and the mass flow rates of each initial spray distribution. The
integral mass flow rate of all initial spray distributions is fixed to conserve the fuel mass flow rate of
the experiment. The spray is represented by 70000 computational parcels at steady state and
requires 36 hours average CPU time with 8 processors on an Intel Xeon® E5620 (2.4GHz processor).

A 2-step reaction mechanism of methanol that includes CO species [10] with respective Arrhenius
reaction rate parameters as shown in Table 2. The baseline case implements the renormalisation
group method (RNG) model for the turbulent flow and the Partially Stirred Reactor Model (PaSR)
model for turbulence-chemistry interaction [11]. A standard d? model and a rigid sphere drag model
[12] are implemented to simulate droplet evaporation and drag respectively.
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Table 1
The experimental conditions of the methanol spray flame [7]
where v,;,-the volume flow rate of air is

Mryel (kg/hr) 3

Vair (M3/hr) 56.7
fuel temperature (K) 293
air temperature (K) 293
equivalence ratio 0.3
vane angle 50°
swirl number 0.58

Table 2

CH;OH Rate constants as implemented in the present simulation where k = AT™ exp(—E /RT) where
A,n,E,Rand T are pre-exponential factor, temperature exponent, activation energy, universal gas
constant, and temperature respectively. Units are in cm, mole, and sec [11].

Reaction A n E (kcal/mole)
CH;O0H + 0, - CO + 2H,0 3.70x 102 0.0 30000.0
CO + 0.50, + H,0 & CO, + H,0 3.98x 10 0.0 40000.0

3. Results and analysis

Fig. 1(a) and (b) show the experimental flame image and the predicted temperature field
respectively with the swirler outlet annulus included in each figure. The experimental flame image
visualises the line of sight flame image and a cross section visualisation of the spray that is made
visible through a laser sheet illumination [7].

f

(a) Experimental flame image (b) Predicted temperature
overlapped with the spray structure

Fig. 1. Comparison between the simulated methanol spray flame (baseline)
and that of the experiment

The height of experimental flame is not specifically mentioned in the respective literature though
a 300 mm flame height is reported elsewhere [8] through a visual observation in the experiment.
Referring to Fig. 1(b) both the predicted temperature field and spray structure lie on a cross section
plane which is parallel to the direction of the flow with a height of 300 mm.
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The weak swirling air from the annulus at the bottom promotes the mixing between the fuel and
oxidiser and stabilises the candle-like flame near the injector nozzle. The expansion of the flame
brush to about the size of the swirler outlet in the experiment is reproduced in the simulation with
the spray cone angle located within the high temperature region. Due to a rapid evaporation within
the spray core, a low temperature fuel-rich region is produced in the lower part of the predicted
temperature field and the flame front is stabilised within the shear layer of the spray a few
millimeters downstream of the nozzle. The visual observation in the experiment indicates a flame lift
between 5 mm to 10 mm [7]. A high temperature region is predicted towards the top of the flame
brush where the evaporation of fuel droplets is already completed.

The modelling of swirl flow is affected by the implementation of different turbulence models.
Three turbulence models are investigated: the modified RNG (baseline), the standard RNG, and the
standard k — € models. The C, constant that occurs in the transport equation of dissipation rate is
one of the empirically derived constants in the standard k — & model [13]. In the standard RNG
model, the same constant is analytically derived based on the RNG theory [14]. In
the modified RNG model, the value of C, is chosen based on the validation of the velocity profiles in
the non-reacting flow as will be discussed in subsequent paragraphs. For both RNG models, the
turbulent Prandtl number for the thermal diffusivity calculation is assumed to be 0.6 while the
standard k — & model maintains the original value of 1.0. Other constants of the RNG and
k - € models follow the standard form stated in the original references [13,14]. A comparison of the
turbulence model C, constant is included in Table 3.

Table 3
Comparison of the C, constants of different turbulence model

modified RNG standard RNG standard k—&
C, 3.5 1.68 1.92

Figure3(a) to (f) shows the validation against the experimental data for the three-component
velocity profile in the radial direction where the radial location 7, is normalised with respect to the
maximum radial location where the droplet is detected in the experiment. Fig. 3(a) and (b) show that
a uniform profile of the far field (7,;, > 0.4) axial velocity due to the thermal expansion is reproduced
quite well in the baseline case using the modified RNG k — & model. The shift in the maximum
tangential velocity locations of the reacting case (Fig. 3 (c) and (d)) towards the near field (7., < 0.4)
region due to the change in the far field axial velocity region of the two cases is predicted. Based on
the measured velocity profiles, the spray dynamics show visible effects on the gas velocity
components. However, the same effect is over predicted as can be seen in all the three component
velocities in the near field region. Large discrepancies between the predicted and measured velocity
in that region can be seen in the axial and radial velocity profiles. In contrast, the trend of the
tangential velocity prediction in the near field region agrees quite well with that of the experiment.
This is partly because the velocity vectors of the injected droplet at the spray boundary condition do
not include the tangential components. After the injection, droplets are influenced by the tangential
velocity of the swirling air due to the inter-phase momentum coupling. The over predicted effect of
the spray dynamics on the gas velocity is due to the over predicted inter-phase momentum transfer
which is coupled to the momentum transport equation of the gas phase through the respective
source term. The issue of the mesh dependence of the inter-phase point source term that is
highlighted elsewhere [15] may not cause the over predicted spray dynamics effect on the gas phase
because the issue is only observed in the momentum transport equation with no similar observation
in the mass and energy transport equations.
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Fig. 2. Validation of reacting gas phase velocity atz=9.5 mmand z=17.6 mm

When the k — € and standard RNG models are implemented, the far field velocity prediction is
similarly accurate to that of the modified RNG model as seen in the coloured curves in Fig. 3(a) to (f).
The most apparent effect can be seen in the near field tangential velocity predictions in Fig. 3(c) and
(d) where the modified RNG model produces the tangential velocity trend as seen in the experiment
whereas the other two models over predict the spray momentum effects even though the droplets
do not carry tangential momentum at the time of injection. The variable effects of the spray dynamics
on the gas phase flow field using different turbulence models may not be taken as a direct effect of
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the spray on turbulence since k and ¢ transport equations in the present OpenFOAM version do not
include the spray source term. However, the increase in the C, constant that leads to the increase in
the rate of destruction of € in the modified RNG model may reduce the spray momentum effect on
the gas velocity.

The measured volume flux V and the droplet density D which are based on the droplet size and
velocity measurement are compared with the predictions of the normalised volume flux V and the
normalised droplet density D respectively. The number of parcels in the reacting case simulation is
allowed to converge before the Lagrangian sampling is started to ensure the consistency of a steady
spray characteristics prediction. In order to collect enough samples at each radial location, the
sampling is done at a rate of 10 kHz for 0.03 s real time. The duration of sampling is considered long

enough as the average injection velocity is 20 m/s which allow enough parcels to pass through the
probe volume during the sampling duration.
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Fig. 3. Spray characteristics validation of the reacting methanol spray.

Figure 4(a) shows the validation of the Sauter mean diameter (SMD) prediction at various axial
locations of the baseline case. The prediction reproduces the expansion of the hollow cone spray as
seen in the experiment with an increasing SMD in the radial direction. In general, the agreement with
the data is satisfactory at z = 55 mm where a maximum of 12% error is seen between the
measurement and the simulation. A higher degree of under prediction is seen in the near-nozzle
region (z = 15 mm) which could be due to the over predicted droplet evaporation rate.

Figure 4(b) shows the validation of the mean axial velocity of droplets where a significant under
prediction is seen though the parabolic trend of the measured axial velocity is reproduced in the
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simulation. The mean injection velocity based on empirical input is implemented at the spray
boundary condition, which has been proven to predict the mean axial velocity of a Jet-Al non-
evaporating spray successfully [16]. The drag model of a rigid sphere [12] might over predict the drag
in the present simulation which has three times larger droplet size at the spray boundary condition
compared to that of the previous non-evaporating spray simulation [16]. The drag model remains in
its standard form [10] in the present simulation.

Referring to Fig. 4(c), the prediction of 1715 is compared with that of the measurement. The
normalised volume flux V;s = V /Vinax1s where Vand V4,15 are the local volume flux and the
maximum volume flux at z = 15 mm respectively. The value of V;,,4, 15 is different in the experiment
and the simulation. The prediction of V5 agrees quite well with the data where the ¥, profile with
a maximum value is observed. The maximum V;s magnitude reduces due to the evaporation
downstream. Given that the normalisations of the radial position 7, are identical in the simulation
and the experiment, the volume flux prediction shows that the cone angle based on the maximum
volume flux location is reproduced quite well. Based on the 30% under prediction of the maximum ¥
at z = 35 mm, it can be inferred that the rate of evaporation is overpredicted which supports the
same argument that explains the underprediction of the SMD.

Figure 4(d) shows that the simulation reproduces the droplet density D;s profile that follows a
similar trend to the V< profile as seen in the experiment. The normalised droplet density D, =
D /Dpax1s Where D and Dy, 15 are the local droplet density and the maximum droplet density at
z = 15 mm respectively. The value of D,y 15 is different in the experiment and the simulation.
However, the D reduction rate is over predicted by more than 50% which supports the same
argument about the over predicted evaporation rate. The large discrepancy with the experimental
data in the peak D prediction at z = 35 mm signifies the large influence of the small droplets that
evaporate at a much higher rate compared to the large ones.

On comparing the profiles of the measured spray characteristics in Fig. 4(a) and (c), the locations
of maximum and minimum SMD correspond to the spray region which has low local volume flux. The
high and low local volume regions correspond to the linear and non-linear SMD regions respectively.
As the spray travels further into the hot region of the flame front, the droplets within the region with
low volume flux evaporates rapidly and the SMD profile becomes more linear as seen in Fig. 4(a).

Figures 4 (a) and (c) show the resulting temperature field of the baseline and that of the high
reaction rate cases respectively. The general shape of the temperature field remains the same at high
reaction rate but the high temperature region is shifted further downstream which can be seen at
the top flame brush. A more significant effect of increasing the reaction rate can be seen at the
bottom of the flame where the flame lift is shifted downstream, which is quite counter intuitive. The
reason for the observed change can be seen in Figs. 4 (b) and (d) where the reverse velocity region
produced behind the bluff body at the swirler outlet is weakened and shifted further downstream as
the reaction rate is increased. The minor change in the reverse velocity region is enough to cause a
change in the spatial temperature distribution near the bottom of the flame. The increase in reaction
rate produces an increase in the axial velocity magnitude due to the thermal expansion which
weakens the swirl and the reverse velocities. The presence of swirl is seen to produce a more complex
response of the combustion solution towards the change in reaction rate.

Another computational study [8] found the same effect on the temperature field by reducing A4
from the baseline case which is the opposite modification to the present study. The study uses the
CFD-ACE code with one-step chemistry [8] which could be the cause of discrepancy. Another cause
of discrepancy could be due to the use of a different turbulence model (standard RNG model) which
might induce a different response of the flow field towards the change in the local heat release rate.
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(a) Temperature field of the (b) Axial velocity of the baseline
baseline case case”

(c) Temperature field of the high (d) Axial velocity of the baseline
reaction rate case case*

Fig. 4. Effect of reaction rate on the predicted temperature and the flow
field. *The axial velocity scale is modified to highlight the reverse velocity
region

4. Conclusions

A validation case of a benchmark methanol spray flame has been done to evaluate the accuracy
of the OpenFOAM spray combustion solver. Overall, good agreement between the predictions and
the measurements in terms of the global flame shape, global spray structure, gas phase velocity, and
spray characteristics is achieved by implementing the empirical spray and gas phase boundary
conditions. By increasing C, constant in the destruction rate term of ¢ transport equation in the RNG
turbulence model, a better prediction of the tangential gas velocity in the near field region is
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achieved. Due to the over predicted momentum transfer between the dispersed phase and the gas
phase, a large discrepancy is found between the measurement and the prediction of the near field
velocity. The variable SMD radial profile is reproduced in the simulation with a maximum error of
12% at z = 55 mm. The cone angle based on the location of maximum volume flux is predicted well
in the simulation though the rate of droplet reduction is over predicted.
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