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a b s t r a c t 

Combustion instabilities occurring in spray combustion fields inside a backward facing step combustor 

have been investigated by performing large-eddy simulations (LES). In this study, the influence of fluc- 

tuations in the incoming oxidizer air velocity (caused by drastic pressure oscillations in the combustor 

during combustion instability) on the droplet diameter distribution (due to atomization) of the injected 

liquid fuel spray, as well as the influence of pressure oscillations on the fuel flow rate have been taken 

into consideration using appropriate models. For the temporal fluctuations in fuel droplet diameter dis- 

tribution, a model for the Sauter Mean Diamter (SMD) of atomized droplets, obtained as a function of 

spray injection parameters and gas/liquid properties, is incorporated in the LES. Additionally, to consider 

the temporal fluctuations in fuel flow rate along with its phase difference with the pressure oscillations, a 

model derived from Bernoullis principle is proposed and employed in the LES. The objective is to examine 

in detail, the impacts of the fluctuations in fuel droplet diameter distribution and the fluctuations in fuel 

injection rate individually, as well as the impact of the mutual interaction of these two fluctuations, on 

the spray combustion instability characteristics. Results of the LES reveal that the temporal fluctuations 

in fuel droplet diameter distribution resulting from combustion instability, lead to a reduction in the in- 

tensity of pressure oscillations and hence the combustion instability’s strength. Additionally, the temporal 

fluctuations in liquid fuel flow rate strongly influence the intensity of spray combustion instability, and 

it is observed that the combustion instability intensity increases with the increase in phase difference 

between the fuel flow rate fluctuations and pressure oscillations. Furthermore, the effect of the tempo- 

ral fluctuations in fuel droplet diameter distribution resulting in the reduction of combustion instability 

intensity, becomes more pronounced as the phase shift between the fuel flow rate fluctuations and pres- 

sure oscillations becomes larger. It is clarified that the above-mentioned behavior of spray combustion 

instability, results from the change in the correlation between heat release rate fluctuations and pressure 

oscillations near the combustor’s dump plane, which is caused by the change in the local residence time 

of fuel droplets and the local fuel droplet evaporation rate. 

© 2020 The Authors. Published by Elsevier Inc. on behalf of The Combustion Institute. 

This is an open access article under the CC BY-NC-ND license. 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

1. Introduction 

The global civil air traffic has grown steadily over the last 

decade, and the demand for passenger and cargo transportation is 

expected to increase even further in the near future. This is evi- 

denced by the International Civil Aviation Organization’s (ICAO) an- 

nual global statistics [1] , according to which 4.1 billion passengers 

were carried on scheduled services in 2017 alone (a 7.2% rise than 

its predecessor year). Therefore, the need for clean and environ- 

mentally friendly gas turbine engines with better combustion effi- 
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ciency has become ever so important. In particular, the regulations 

on toxic nitrogen oxide (NOx) emissions are becoming increasingly 

stringent, making the development of gas turbine engines that pro- 

duce low levels of NOx highly desirable and mandatory [1] . Meth- 

ods such as spraying fuel as a fine mist, pre-mixing air and fuel, 

and lean premixed prevaporized (LPP) combustion have attracted 

attention [2] as NOx regulatory compliance measures. Although the 

reduced combustion temperature of LPP combustion has the ad- 

vantages of lower emissions of NOx and soot, this type of combus- 

tion also has increased unsteadiness, which increases the risk of 

occurrence of combustion instability [3–5] . 

Combustion instability is a form of unstable combustion gen- 

erated inside the combustors of gas turbine engines, and is a 
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primary cause of combustor damage [4,5] and loud combustion 

noise. Hence, accurate prediction and control of this phenomenon 

is crucial for designing and developing efficient next generation 

engines. High amplitude pressure oscillations at discrete frequen- 

cies occur inside a combustor during such unstable combustion. 

Theoretically, combustion instability increases when there is a 

significant correlation between the heat release rate fluctuations 

and the pressure oscillations, i.e., the phase difference between 

the two fluctuations is small [6] , because the energy of acous- 

tic waves propagating in a combustor is increased as a conse- 

quence of the unsteady heat release (which means the pressure 

oscillations are amplified). However, the conditions leading to such 

an occurrence, its amplitude characteristics, and detailed mech- 

anism are yet to be elucidated in depth. Currently, many stud- 

ies are being conducted worldwide to clarify the mechanism of 

combustion instability and for its accurate prediction [e.g., [5] , [7–

11] , [12] . In particular, compared to turbulent gaseous combus- 

tion with fuels such as natural gas, the combustion instabil- 

ity arising in spray combustion fields using liquid fuels such as 

kerosene, exhibits a more sophisticated phenomenon in which the 

dispersion and evaporation of liquid fuel droplets, and mixing of 

the evaporated fuel with the oxidizer followed by chemical re- 

action occur simultaneously and interactively, making the under- 

lying physics very difficult to elucidate. In previous experimen- 

tal studies, Lee et al. [9] determined that combustion instabilities 

can be actively controlled by modifying the properties of liquid 

fuel spray. Moreover, García et al. [10] reported that the evapo- 

ration of liquid fuel affects the frequency of combustion instabil- 

ity generated. However, because the data that can be collected 

from experiments are limited, the various factors affecting com- 

bustion instability characteristics have yet to be comprehensively 

clarified. 

However, the remarkable improvement in computer perfor- 

mance and development of schemes/solvers capable of accurately 

and stably capturing the pressure perturbations in a combustion 

field in recent years, has allowed numerical analysis which can 

provide an abundance of data, to be used in studies on combus- 

tion instabilities [11–15] . Tachibana et al. [11] , applied large-eddy 

simulation (LES) to the turbulent spray combustion field inside a 

liquid-fuel aero-engine combustor, and were the first to success- 

fully reproduce combustion instability in a spray combustion field, 

as observed in their experiment performed at the Japan Aerospace 

Exploration Agency (JAXA). Later, Kitano et al. [12] performed LESs 

of turbulent spray combustion fields in a back-step flow combus- 

tor, to investigate the effect of initial droplet diameter of the liq- 

uid fuel spray injected into the combustor, on the combustion in- 

stability characteristics. It was clarified that the intensity of pres- 

sure oscillations during combustion instability is strongly affected 

by the initial fuel droplet diameter (the average droplet diame- 

ter d avg for a fixed size distribution). However, they did not take 

into consideration the influence of temporal fluctuations in the fuel 

droplet size distribution and fuel flow rate on combustion insta- 

bility. During combustion instability inside a back-step flow com- 

bustor, the velocity of incoming air fluctuates due to the pres- 

sure oscillations, which causes the fuel droplet size distribution to 

fluctuate as well (effect of varying level of atomization). Further- 

more, the pressure oscillations also lead to fluctuations in the fuel 

flow rate. 

Therefore, the purpose of this study is to elucidate the effects 

of temporal fluctuations in the droplet diameter distribution and 

the flow rate of liquid fuel into the combustor, on the spray com- 

bustion instability characteristics. In particular, a model capable of 

accounting for the temporal fluctuations in droplet diameter dis- 

tribution of the injected fuel, due to secondary atomization of the 

liquid fuel is employed, and a model to account for the temporal 

fluctuations in fuel injection rate is proposed. By applying LES in- 

corporating these models to the turbulent spray combustion fields 

in a back-step flow combustor, the effects of the individual models 

as well as the effects of their mutual interaction, on the character- 

istics of combustion instability can be investigated in detail. 

2. Large-eddy simulation 

Combustion instability is a transient phenomenon in which tur- 

bulent flow, combustion reaction and acoustic resonance are in- 

tertwined in a complex manner. Therefore, in order to realize its 

precise prediction, it is necessary to perform computations in a 

large domain that includes not only the targeted combustor re- 

gion, but also the sections upstream and downstream of the com- 

bustor. Moreover, the computational grid must be sufficiently fine 

in the regions where combustion reaction occurs, and the simula- 

tion must be performed over a long time period to acquire time 

series data for analyzing the oscillation frequency. Hence, Large- 

eddy Simulation (LES) is adopted as the computation strategy for 

this work. The effect of liquid fuel atomization on combustion in- 

stability characteristics is investigated in detail, for turbulent spray 

combustion field in a back-step flow combustor. Additionally, the 

influence of temporal fluctuations in liquid fuel mass flow rate due 

to pressure fluctuations inside the combustor (arising from com- 

bustion instability itself) on the combustion instability characteris- 

tics are also examined. Furthermore, the influence on combustion 

instability characteristics is examined when phase differences are 

applied to the temporal fluctuations of the liquid fuel mass flow 

rate. 

2.1. Governing equations 

For LES of the gas-phase, which is treated as an Eulerian con- 

tinuum, the Favre-filtered form of the conservation equations of 

mass, momentum, energy and mass fraction of chemical species 

are solved along with the state equation for ideal gas. Details of 

these governing equations can be found in the previous work [12] . 

For evaluation of the unresolved subgrid-scale (SGS) terms, the dy- 

namic Smagorinsky model [16,17] is employed, and the spatial fil- 

ter function used in the LES is a Gaussian filter. In order to resolve 

the flame-front on the computational grid of the LES [18–22] by 

artificially thickening it, the flame thickening factor F defined be- 

low, is introduced in the Favre-filtered conservation equations of 

enthalpy and species mass fraction [12] 

F = (F max − 1) Ω + 1 . (1) 

where the maximum flame thickening coefficient is F max = 12 . 

The term Ω in the above equation is called the flame sensor 

[18,21,22] which is used to detect the flame-front position. Ω
varies from zero in fully burnt or unburnt regions to unity inside 

the reaction zone and is defined as 

Ω = tanh 

(
α

q 

q max 

)
. (2) 

where, q is the local heat release rate, and q max is the maximum 

heat release rate computed from a one-dimensional laminar flame 

simulation. The thickness of the transition layer between non- 

reacting and reacting zones is regulated by the parameter α, and in 

the present simulations α = 5 is used [12] . Thus, the dynamic ver- 

sion of Thickened Flame Model (TFM) is applied which smoothly 

modulates the thickening factor F from unity in the regions away 

from the flame front to large values inside the flame. Thickening is 

applied only in the vicinity of the reaction zones, and fuel droplet 

evaporation is active in the regions away from the flame front as 

well. As described later in Fig. 8 , high rates of fuel droplet evapo- 

ration occur mainly in regions away from or outside the reaction 

zones. Hence, it is assumed that the influence of dynamically TFM 

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



A.L. Pillai, J. Nagao and R. Awane et al. / Combustion and Flame 220 (2020) 337–356 339 

on fuel droplet evaporation is small enough to warrant any cor- 

rections for heat and mass exchanges between the dispersed- and 

gas-phases in the present LESs. Artificial thickening of the flame- 

front suppresses its interaction with the SGS turbulence, therefore, 

an efficiency function E is also introduced in the transport equa- 

tions of enthalpy and species mass fraction [12] , which serves as a 

correction for the loss of flame surface wrinkling due to artificial 

flame thickening, and is computed using the procedure described 

in [19,21] . 

Evolution of the fuel spray is governed by a set of Lagrangian 

equations describing the dynamics of individual fuel droplets 

which are treated as point masses. These are the governing equa- 

tions for droplet trajectory x d , velocity u d , temperature T d , and 

mass m d , whose details can be found in previous works [12,23,24] . 

A non-equilibrium Langmuir-Knudsen model [25–27] is employed 

for droplet evaporation. Source terms appearing in the governing 

equations of the gas-phase, which represent the interactions be- 

tween dispersed-phase (fuel droplets) and gas-phase [12] are cal- 

culated using the Particle-Source-In-Cell (PSI-Cell) approach [28] , 

thereby realizing two-way coupling. Detailed calculation proce- 

dures of these source terms and the dispersed-phase are described 

in [23,24,29] , and are not repeated here for the sake of brevity. 

2.2. Reaction model 

Fuel for the liquid spray considered in this work is kerosene 

(hereafter referred to as KERO), originally composed of C 10 H 22 

(76.7 wt%), C 9 H 12 (13.2 wt%) and C 9 H 18 (10.1 wt%). However, KERO 

is assumed to be an equivalent single species (C 9.7396 H 20.0542 ) of 

these three species [30] . A two-step reduced chemical scheme pro- 

posed by Franzelli et al. [30] is used to model the combustion of 

gaseous KERO. The reduced chemical scheme takes into account six 

species (KERO, O 2 , H 2 O, CO 2 , CO and N 2 ) and the following two re- 

actions. 

KERO + 10O 2 

˙ ω f, 1 −−→ 10 CO + 10H 2 O , (3) 

CO + 0 . 5O 2 

˙ ω f, 2 
← 

−−−−−−→ 

˙ ω r, 2 

CO 2 . (4) 

Where, ˙ ω f, 1 is the forward reaction rate for the oxidation of KERO 

in Eq. (3) , and ˙ ω f, 2 and ˙ ω r, 2 are the forward and reverse reac- 

tion rates, respectively for the reversible CO oxidation reaction in 

Eq. (4) . Calculation procedure for the reaction rates ˙ ω f, 1 , ˙ ω f, 2 and 

˙ ω r, 2 are described in [30,31] . The local equivalence ratio required 

to calculate these reaction rates are estimated using the standard 

Bilger’s definition, and its calculation method is the same as that 

detailed in a previous work [32] . Furthermore, to estimate the re- 

action rates ˙ ω f, 1 , ˙ ω f, 2 and ˙ ω r, 2 in a given computational cell, the 

temperature and the molar concentration of species corresponding 

to that computational cell are used [30–32] . This reaction model 

is capable of accurately reproducing important combustion quan- 

tities, such as laminar flame speed, adiabatic flame temperature, 

equilibrium CO levels, and ignition delays for a wide range of 

equivalence ratio, fresh gas temperature and pressure [30] . More- 

over, it has also been validated for the accurate prediction of flame 

propagation characteristics of fuel droplet arrays [31] . 

2.3. Atomization model 

One of the objectives of the present study is to analyze the 

influence of combustion instability on the atomization (diameter 

distribution) of liquid fuel spray being injected into the back-step 

combustor. Recently, Lee et al. [33] used the integral from of the 

Fig. 1. Schematic of liquid jet atomization in crossflow. (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version 

of this article.) 

conservation equations of mass, momentum and energy to theoret- 

ically derive a cubic relation for the droplets’ Sauter Mean Diame- 

ter (SMD) post-atomization, for liquid sprays in cross-flows. Hence, 

this approach does not involve any ad-hoc modeling or unphysical 

descriptions of the atomization process [33] . Moreover, this model 

has been extensively validated against experimental data for spray 

atomization in cross-flow configuration [33] , which makes it suit- 

able for application in the present study where fuel spray is in- 

jected into air cross-flow (described later in Section 2.5 ). The ex- 

pression for calculating the SMD (referred to as Lee model or SMD 

modulation hereafter) of injected fuel droplets, which relates the 

SMD to a cubic function of gas-phase velocity ratio is given by 

SMD = 

3 σ+ 
√ 

9 σ 2 + KμL u 
2 
L, 2 

v L,in j A in j 

(
ρL 
2 

(
v 2 L,in j −u 

2 
L, 2 

)
+ Ac 

v L,in j A in j 

ρg, 1 
2 ( u 

3 
g, 1 −u 

3 
g, 2 ) 

)
(

ρL 
2 

(
v 2 L,in j −u 

2 
L, 2 

)
+ Ac 

v L,in j A in j 

ρg, 1 
2 ( u 

3 
g, 1 −u 

3 
g, 2 ) 

) , (5) 

Ac = 

⎡ ⎣ 3 . 44 d in j 

√ 

ρL v 
2 
L,in j 

ρg, 1 u E S g, 1 

2 

⎤ ⎦ 

×

⎡ ⎣ 7 . 86 d in j 

( 

ρL v 
2 
L,in j 

ρg, 1 u 

2 
g, 1 

) 0 . 17 

× 8 . 06 

0 . 33 

⎤ ⎦ , K = 0 . 112 . (6) 

here, ρg ,1 and u g, 1 are the cross-sectional plane averaged gas-phase 

density and velocity, respectively, upstream of the fuel injection 

point (cross-section S 1 in Fig. 1 ). u g, 2 is the downstream cross- 

sectional plane ( S 2 in Fig. 1 ) averaged gas-phase velocity, v L,in j is 

the injection velocity of fuel droplets, and u L, 2 is the mean ve- 

locity of fuel droplets after secondary atomization. The schematic 

in Fig. 1 also illustrates these quantities. Furthermore, σ repre- 

sents the surface tension of liquid fuel, ρL is the liquid fuel den- 

sity, μL is the dynamic viscosity of liquid fuel, A inj is the injector 

exit area, d inj is the injector exit diameter, A c is the cross-sectional 

area of the spray given by Eq. (6) , and K is a proportionality con- 

stant for the viscous dissipation term which is the only adjust- 

ment parameter in this model, and is determined based on the 

flow velocity and the value of SMD. Figure 2 shows the variation of 

SMD of liquid fuel droplets with the cross-sectional plane averaged 

air velocity u g, 1 , calculated using the Lee model. It can be seen 

that as the inflow air velocity increases, the resulting droplet size 

(SMD) decreases and vice-versa. When combustion instability oc- 

curs, the resulting pressure fluctuations inside the combustor cause 

the incoming air flow velocity to fluctuate accordingly, which in 
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Fig. 2. Effect of incoming air-velocity u g,1 on SMD using Lee model [33] . 

Fig. 3. Computational domain and conditions. 

turn produces fluctuations in the SMD of fuel droplets as a conse- 

quence of the varying degree of atomization. In the present simula- 

tions, the SMD computed using Eq. (5) with instantaneous gas- and 

liquid-phase injection parameters and properties, is used to calcu- 

late the size distribution of fuel droplets to be injected (described 

in Section 2.5 ). So, with this atomization model, it is assumed 

that the spray is already established at the fuel injection positions, 

meaning the atomization process is assumed to be instantaneous 

and this is a limitation of the Lee/atomization model. However, 

such an assumption is reasonable in the context of the present 

LESs, since combustion starts occurring after the backward-facing 

step downstream of the fuel injection positions (as will be evi- 

dent later from Figs. 7 and 8 and their accompanying discussion 

in Section 3.1 ). Furthermore, the computational cost of modeling 

primary atomization is still quite prohibitive, hence, the Lee model 

has been chosen for this study. 

2.4. Variable Mass Flow Rate model (VMFR model) 

The influence of pressure fluctuations inside the back-step com- 

bustor (caused by combustion instability) on the incoming air flow, 

and the injected fuel spray is also considered in this study. In the 

LESs, incoming air in the combustor has a sufficiently large inflow 

area (see Fig. 3 ), hence, its velocity fluctuations adjust automati- 

cally to the pressure fluctuations. On the other hand, fluctuations 

in the injection velocity of the liquid fuel spray which is an incom- 

pressible fluid, are considered using the following Variable Mass 

Flow Rate model (hereafter referred to as VMFR model), that can 

be derived from the Bernoulli’s equation. 

v L,in j = 

⎧ ⎪ ⎨ ⎪ ⎩ 

v a v e ×
√ 

P 0 −P 

(
t now −T 

φph 
2 π

)
P 0 −P a v e 

, f or P 0 > P 

(
t now 

− T 
φph 

2 π

)
v min , f or P 0 ≤ P 

(
t now 

− T 
φph 

2 π

)
(7) 

Here v L,in j is the instantaneous fuel injection velocity, v a v e is the 

mean fuel injection velocity ( v a v e = 2 m/s), P ave is the time aver- 

aged pressure at the fuel injection position (represented by point 

P in red color in Fig. 1 , just above the fuel injection port exit), T is 

the period of pressure oscillation, t now 

is the current time, P ( t ) is 

the transient pressure just above the fuel injection position’s exit 

(point P in Fig. 1 at the injection port exit) at time instance t, φph is 

the phase difference between fuel flow rate fluctuations and pres- 

sure oscillations, and P 0 is the fuel injection pressure expressed as 

the summation of pump pressure P pump and P ave . In Eq. (7) above, 

it is assumed that when the instantaneous value of pressure at 

the fuel injection position P (t now 

− T 
φph 

2 π ) becomes greater than or 

equal to P 0 , v L,in j is equal to a small value v min (10% of v a v e ). Ideally, 

the fuel injection should be cut-off when the transient pressure 

P ( t ) exceeds the fuel injection pressure P 0 . However, in the initial 

test runs for the various cases in which VMFR model is applied, 

it was observed that if the fuel injection velocity v L,in j is made 

zero for the duration when P (t now 

− T 
φph 

2 π ) exceeds P 0 , the over- 

all equivalence ratio computed using the fuel and air mass flow 

rates over the time period of one oscillation cycle could not be 

maintained at 1.0. Hence, some initial trial runs of the simulations 

were conducted to optimize the value of v min , and it was found 

that v min = 10% of v a v e worked well to maintain the overall equiv- 

alence ratio close to 1.0 in all cases. The pump pressure P pump is 

obtained from Bernoulli’s equation as 

P pump = 

1 

2 

ρL v 
2 
a v e . (8) 

It has been confirmed in a previous experimental investigation 

conducted by Ghoniem et al. [34] that when combustion instabil- 

ity occurs, the velocity fluctuations of incoming air are 90 ◦ out 

of phase with the pressure fluctuations. Moreover, one can also 

expect fluctuations in the liquid fuel spray’s flow rate, since it 

is susceptible to the pressure fluctuations inside the combustor. 

However, it is difficult to accurately measure the liquid fuel flow 

rate fluctuations due to limitations of measuring equipment. Addi- 

tionally, many experimental studies have been carried out to sup- 

press combustion instabilities in spray combustion fields by ac- 

tively controlling the fuel injection rate [e.g., [9] , [35,36] , [37] . Most 

of the previous studies analyze the fluctuations in pressure, veloc- 

ity and heat release rate, but rarely investigate the influences of 

spatial distributions of liquid fuel droplets, evaporation rate, fuel, 

and their temporal variations on combustion instability. Further- 

more, studies using numerical simulations to explore the afore- 

mentioned physical parameters are also scarce to the best of the 

authors’ knowledge. Therefore, in addition to considering fluctua- 

tions in the flow rate of liquid fuel spray due to combustion insta- 

bility in the present study, the active control of liquid fuel injec- 

tion rate is also considered via. the phase difference φph , and LESs 

of various cases are performed with different values of φph , to in- 

vestigate the impact of temporal variations of fuel injection rate on 

combustion instability. 

2.5. Computation details and calculation conditions 

The computational domain of the combustor section is shown 

in Fig. 3 , while the entire computational domain is illustrated in 

Fig. 4 . The computational domain-size and the conditions are set 

in accordance with the previous study by Kitano et al. [12] , ex- 

cept for the combustor length l and the injection velocity of liq- 

uid fuel v L,in j . The combustor length has been increased from l = 

200 mm in the previous study [12] for spray combustion simula- 

tions to l = 290 mm in the present study. The reason for increas- 

ing the combustor length in this study is the modification made 

to the fuel injection configuration. In the LESs performed by Ki- 

tano et al. [12] , fuel droplets were injected 5 mm upstream of the 

back-step similar to the present LESs, however, they were injected 

along a continuous slit (see Fig. 12 in [12] ). In the present config- 

uration, fuel droplets are injected from 7 injection ports arranged 
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Fig. 4. Computational grid. 

at equal intervals as depicted in Fig. 3 . Initial test run with this 

fuel injection configuration and the same combustor length as the 

previous study [12] yielded very weak nonlinear limit cycle os- 

cillation/combustion instability. This was caused by the alteration 

of heat release rate topology due to change in the fuel injection 

configuration, and a consequent weakening of the phase relation- 

ship/coupling between heat release rate fluctuations and pressure 

oscillations. The combustor length was then gradually increased in 

the test runs until a strong enough combustion instability occurred 

for a combustor length of l = 290 mm. 

The computational geometry used in this study as well as that 

of Kitano et al. [12] is similar to the experimental test rig of Smith 

and Zukoski [38] . In Fig. 4 , the section up to location A from the 

left end of the inlet region is the plenum chamber. The left end of 

the plenum chamber has a small inlet area through which air sup- 

ply enters into the domain. Incoming air temperature is T in = 760 

K and the mass flow rate of incoming air ˙ m air is kept constant. 

At the inlet boundary, Neumann condition is applied for the in- 

let pressure P in and inlet density ρ in is calculated using ideal gas 

law as ρin = P in /RT in . Incoming air velocity at the inlet boundary 

u in fluctuates in accordance with the fluctuations of P in . The air 

mass flow rate can be expressed as ˙ m air = ρin A in u in , where A in is 

the inlet area. Using the ideal gas equation, the air mass flow rate 

equation can be recast as follows to yield the solution for u in . 

u in = 

˙ m air 

ρin A in 

= 

˙ m air RT in 
A in P in 

(9) 

Since ˙ m air , R, T in and A in are constant values, u in varies depending 

on the variation of P in as per the above equation. No-slip bound- 

ary condition is applied at the wall surfaces, and the walls are 

assumed to be isothermal with their temperature fixed at 760 K. 

The x, y , and z axes correspond to the main channel/flow direc- 

tion, vertical direction, and span direction, respectively (as shown 

in Fig. 3 ), and the step’s streamwise position is set to x = 0 mm. 

Air is introduced into the combustor through the inflow section, 

and fuel droplets (KERO) are injected vertically upwards with ve- 

locity v L,in j from the position 5 mm upstream of the step. The in- 

jection rate of fuel droplets is adjusted such that, the overall equiv- 

alence ratio is 1.0 over the time period of one oscillation cycle 

(as explained in Section 2.4), and the initial temperature of fuel 

droplets is 300 K. Figure 2 shows an example of the change in SMD 

of injected fuel droplets with respect to the cross-sectional plane 

averaged air velocity u g, 1 . The probability density function (PDF) 

for droplet diameter distribution of the liquid fuel is defined using 

a modified Nukiyama-Tanasawa function [39] . Figure 5 shows the 

Fig. 5. Effect of air-velocity u g, 1 on injected fuel droplet size distribution. 

Table 1 

Cases investigated in this study ( × : Model is not applied, � : Model is applied). 

φph is the phase shift angle by which the fuel mass flow rate fluctuations lag the 

combustor pressure oscillations. 

Case Lee model (SMD modulation) VMFR model Phase shift angle φph 

NA-1 × × - 

NA-2 × � 0 ◦

NA-3 × � 90 ◦

NA-4 × � 180 ◦

NA-5 × � 270 ◦

A-1 � × - 

A-2 � � 0 ◦

A-3 � � 90 ◦

A-4 � � 180 ◦

A-5 � � 270 ◦

droplet size distributions of liquid fuel spray at the time of injec- 

tion, corresponding to various values of the cross-sectional plane 

averaged air velocity u g, 1 . The SMDs required to compute these 

droplet size distributions (since, the modified Nukiyama-Tanasawa 

function [39] uses SMD as a parameter) that vary in time depend- 

ing on the value of u g, 1 , are obtained using the Lee model [ Eq. (5) ]. 

As u g, 1 increases, the SMD decreases, and the droplet size distribu- 

tion gets biased towards smaller size and vice versa. The droplet 

diameter distribution of the injected fuel spray for cases without 

the Lee model, i.e., Cases NA-1 to NA-5 (summarized in Table 1 

and explained below) in which SMD modulation is not applied, is 

based on the measured droplet diameter distribution of a previous 

experiment conducted by Moriai et al. [40] for a real gas turbine 

combustor. Fitting parameters of the modified Nukiyama-Tanasawa 

distribution function are calculated so as to obtain a best fit curve 

to this measured droplet diameter distribution. The average droplet 

diameter d avg corresponding to this droplet size distribution is 18 

μm and the corresponding SMD is 22.5 μm. The reason for choos- 

ing this droplet size distribution with d a v g = 18 μm is that, in the 

previous study by Kitano et al. [12] , the influence of d avg of injected 

fuel spray on the strength of combustion instability (intensity of 

pressure oscillations) was investigated, and it was found that com- 

bustion instability was strongest for a specific value of d avg , and 

that d avg corresponded to this exact droplet size distribution based 

on Moriai et al.’s measurements [40] (with d a v g = 18 μm). 

Table 1 summarizes the cases that have been examined and 

compared in this study. First, in Section 3.1 , Case NA-1 and Case 

A-1 are examined and compared, and the influence of fluctuations 
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in initial droplet size distribution of liquid fuel on the combustion 

instability characteristics is investigated. Next, in Section 3.2 , Cases 

NA-2 to NA-5 (i.e., cases without the Lee model) are compared 

and examined to investigate the effect of fluctuations of liquid fuel 

flow rate (along with the phase difference φph applied in the VMFR 

model) on the combustion instability characteristics. In Cases NA- 

1 to NA-5, the atomization/Lee model is not applied and a pre- 

sumed droplet size distribution with SMD = 22.5 μm as explained 

above is imposed. Hence, Cases NA-1 to NA-5 are referred to as 

cases “without SMD modulation” or cases “without Lee model” for 

the remainder of this article. Finally, in Section 3.3 , the cases with 

Lee model (or cases with SMD modulation), i.e., Cases A-2 to A-5 

are examined and compared against the cases without Lee model 

(i.e., Cases NA-2 to NA-5), in order to investigate the influence of 

temporal fluctuations of both the droplet size distribution and the 

liquid fuel flow rate, and their interaction on the combustion in- 

stability characteristics. The phase difference φph applied between 

the temporal fluctuations of liquid fuel flow rate and the pressure 

oscillations in each case, is set as shown in Table 1 . 

The LESs of all the spray combustion cases listed in Table 1 are 

performed using an in-house thermal flow analysis code FK 

3 

[12,24,29,31,41–47] . This code’s solver employs a pressure-based 

semi-implicit (fractional-step) algorithm for compressible flows 

[48] . The computational domain is discretized using a non-uniform 

staggered Cartesian grid, with fine grid-spacing near the walls. 

There are approximately 2.4 million grid points in the combus- 

tor section, and the total number of grid points in the whole 

computational domain including the outflow is about 21.5 mil- 

lion. The spatial derivatives in the governing equations of the gas- 

phase are approximated using a second-order accurate central dif- 

ference scheme, except for the convection terms in the governing 

equations of the gas-phase enthalpy and chemical species mass 

fractions which are evaluated using the WENO scheme [49] . The 

third-order explicit TVD Runge-Kutta scheme is used for time in- 

tegration of the convection terms. All thermodynamic properties 

and transport coefficients are calculated according to CHEMKIN 

[50,51] taking temperature dependence into account. The validity 

of the present LES for predicting the combustion instabilities has 

been confirmed by comparison with an experiment [38] for gas 

combustion instability in the previous work by Kitano et al. [12] . 

The in-house code FK 

3 has also been successfully applied for sim- 

ulating spray combustion problems in the past and also validated 

[52] . The CPU time required per case of this computation is ap- 

proximately 480,0 0 0 h (about 470 h of real time) by parallel com- 

putation using 1024 cores on a SGI:ICE X supercomputer (with In- 

tel Xeon E5-2670 processor) at the Central Research Institute of 

Electric Power Industry (CRIEPI), Japan. 

3. Results and discussion 

3.1. Influence of time variations of liquid fuel droplet diameter 

distribution on combustion instability 

First, Case NA-1 (without SMD modulation) and Case A-1 (with 

SMD modulation) are considered, and the occurrence of combus- 

tion instability in these Cases is confirmed. Figure 6 shows the 

time variations of pressure P , heat release rate Q , streamwise ve- 

locity ˜ u , fuel droplet evaporation rate ˙ m , and SMD of injected fuel 

droplets, in Case NA-1 and Case A-1. Here, P represents the value 

of pressure measured at a point on the dump plane (i.e., the inter- 

face between the combustor and inlet duct) as shown in Fig. 4 , ˜ u 

represents the cross-sectional ( y − z plane)-averaged value of the 

streamwise velocity at the dump plane, Q and ˙ m represent the to- 

tal values of heat release rate and fuel droplet evaporation rate, 

respectively, inside the combustor, and SMD represents the value 

computed using the Lee model in Eq. (5) (note that the SMD is 

constant in Case NA-1, since the atomization/Lee model is not ap- 

plied and the injected droplet size distribution does not vary in 

time). The inspection cross-section for ˜ u used in the Lee model to 

compute u g, 1 (see Fig. 1 ), is located 8 mm upstream of the fuel 

injection ports. Ideally the inspection cross-section for computing 

u g, 1 should be placed close to the fuel injection ports’ position, 

to get an accurate estimate of the incoming air’s kinetic energy. 

However, when combustion instability occurs, the pressure oscilla- 

tions induce fluctuations in the velocity of incoming air/gas-phase 

which in turn induces fluctuations in the velocity of injected fuel 

droplets. As a result of the pressure oscillations, some droplets are 

pushed backwards and get displaced upstream of the fuel injec- 

tion ports. Therefore, the rationale for placing the inspection cross- 

section for computing u g, 1 8 mm upstream of the fuel injection 

ports, is to ensure that no fuel droplets cross or are present at this 

cross-section, otherwise the estimate for u g, 1 will not be correct, 

since it will include the effect of momentum exchange between 

the gas- and dispersed-phases. 

The phase φ shown in Fig. 6 (a) is defined using the time vari- 

ation of pressure P as a reference. φ = 0 ◦ is defined as the in- 

stance when P reaches atmospheric pressure value P atm 

as it in- 

creases during its oscillations, φ = 90 ◦ is defined as the instance 

when P reaches its maximum value P max , φ = 180 ◦ is defined as 

the instance when P reaches the atmospheric pressure P atm 

as it 

decreases during its oscillations, and φ = 270 ◦ is defined as the in- 

stance when P reaches its minimum value P min . The figure shows 

that the various physical quantities oscillate with a period that is 

approximately constant in both Case NA-1 and Case A-1. It can be 

seen that the phase difference between the variations of P and ˜ u 

is approximately 90 ◦. This phase difference was also observed in 

a previous experiment [34] , and is caused by classical air column 

vibration mechanism (where fluid acceleration is governed by the 

pressure gradient). Moreover, in Case A-1, the SMD varies in time 

and corresponds to the fluctuations of ˜ u . This is apparent from 

Fig. 6 (b) as well as Fig. 6 (c). In Fig. 6 (c), ˜ u represents the stream- 

wise air velocity computed 8 mm upstream of the fuel injection 

position (which is the inspection cross-section used for computing 

u g, 1 , required for the Lee/atomization model), and at the center of 

the inlet duct. The phase difference between the variations of SMD 

and ˜ u in both Fig. 6 (b) and (c) is 180 ◦, and in accordance with the 

Lee model (SMD decreases with increasing air inflow velocity and 

vice-versa, see Fig. 2 ). Additionally, the phase of the variations of ˙ m 

lags that of ˜ u by approximately 90 ◦ in Case NA-1, and 120 ◦ in Case 

A-1. The phase difference between ˙ m and ˜ u depends on the dis- 

tance from the fuel injection location to the combustion reaction 

region, the evaporation properties of the fuel, and the combustion 

properties. 

To understand more about the flow-fields and the nature of 

the flames obtained from the LESs, instantaneous distributions 

of gas-phase temperature and Flame Index ( FI ), on the central 

x − y plane of Case NA-1 are illustrated in Fig. 7 , at various time 

instances/phases ranging from φ = 0 ◦ − 270 ◦. The left column 

shows the instantaneous distributions of gas-phase temperature 

along with the dispersed fuel droplets (represented by grey 

entities), while the right column shows the instantaneous dis- 

tributions of FI . Here, the standard definition of FI is used, i.e. 

F I = ∇ Y F · ∇ Y O , where Y F and Y O are the mass fractions of fuel 

and oxidiser, respectively. Furthermore, FI distributions shown in 

Fig. 7 have been weighted by the heat release rate, in order to 

avoid the influence of regions with pure droplet evaporation and 

pure mixing (i.e., regions without reactions). The instantaneous 

distributions of gas-phase temperature and fuel droplets indicate 

that, as the injected fuel droplets convect downstream with the 

flow, they disperse and evaporate. Subsequent combustion of the 

evaporated fuel occurs and flame is formed behind the back-step. 

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



A.L. Pillai, J. Nagao and R. Awane et al. / Combustion and Flame 220 (2020) 337–356 343 

Fig. 6. Comparisons of time variations of pressure P , heat release rate Q , streamwise velocity ˜ u , droplet evaporation rate ˙ m , and droplet Sauter Mean Diameter (SMD), 

between cases without (Case NA-1) and with (Case A-1) SMD modulation. 

Droplet count reduces with increasing downstream distance from 

the dump plane as a consequence of evaporation and combustion. 

For Cases NA-1, the droplet relaxation time τ d is in the range of 

τd = 5 . 53 × 10 −8 − 8 . 48 × 10 −4 s (depending upon the instanta- 

neous droplet size and properties of the gas-phase surrounding it). 

The droplet relaxation time values presented this study, include 

the correction to Stokes drag for droplet motion and evapora- 

tion as explained in [24,27,29] . The turbulent time scale τ t is 

approximately 7 . 44 × 10 −3 s. Here, τ t is defined as the ratio of the 

streamwise integral length scale value computed at the location 40 

mm downstream of the back-step (at the center of the combustor’s 

cross-section), to the standard deviation of gas-phase streamwise 

velocity at that location. Stokes number St, based on the above- 

defined droplet relaxation time τ d and turbulent time scale τ t 

is thus, St = τd /τt and is in the range of 7 . 42 × 10 −6 − 0 . 114 . 

Therefore, fuel droplets get entrained into the large vortical struc- 

tures that are periodically generated behind the back-step (due 

to oscillations of ˜ u ), and this is more clearly visible in Fig. 7 (a) 

and (b). Judging from the distributions of fuel droplets, gas-phase 

temperature and FI at different phases φ, it is evident that the dis- 

persed droplet clusters and the gas-phase experience periodically 

pulsating motion due to the influence of combustion instability 

(i.e., pressure oscillations). As for the nature of flame generated, 

the distributions of FI shown in the right column of Fig. 7 at dif- 

ferent phases φ are predominantly positive (although some small 

regions with negative FI do exist). This indicates that premixed 

combustion is dominant in Case NA-1, with the exception of some 

minor zones with non-premixed combustion. Similar tendencies 
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Fig. 7. Instantaneous distributions of gas-phase temperature along with dispersed fuel droplets (left column), and Flame Index (right column), on the central x − y plane for 

Case NA-1 at different values of phase φ. 

Fig. 8. Instantaneous distributions of gas-phase temperature along with dispersed fuel droplets (left column), and heat release rate and fuel droplet evaporation rate (right 

column), on the central x − y plane for Case NA-1. 
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were observed for all the other cases investigated in this study, 

and hence their results are not shown for the sake of brevity. 

Moreover, the temporal variations of total heat release rate Q 

inside the combustor, depicted in Fig. 6 have a double peak feature. 

The general trend observed in Fig. 6 (a) for Case NA-1 is that, the 

first peak of Q (smaller in magnitude) occurs during the time pe- 

riod when pressure rises from P min to P max (i.e. during φ = 270 ◦ −
90 ◦), soon after the phase φ = 0 ◦ ( P = P atm 

), and the second peak 

of Q (larger in magnitude) occurs during the time period when 

pressure falls from P max to P min (i.e., during φ = 90 ◦ − 270 ◦), right 

before the phase φ = 180 ◦ ( P = P atm 

). To analyze the mechanism 

responsible for this double peak behavior of Q , Fig. 8 illustrates the 

instantaneous distributions of gas-phase temperature (along with 

fuel droplets) on the left column, and those of fuel droplet evap- 

oration rate and heat release rate on the right column, for Case 

NA-1 at different phases/time instances. The temperature and fuel 

droplet distributions shown in Fig. 8 (a) at the phase φ = 0 ◦, cor- 

respond to the instance when the streamwise velocity ˜ u of incom- 

ing air is maximum, and the vortex shedding process is occurring. 

Consequently, during the period φ = 270 ◦ − 90 ◦, fuel droplets get 

entrained into this large vortex near the back-step, and they have 

sufficient residence time to evaporate. As a result, the evapora- 

tion rate in the vortex region becomes large, as shown in Fig. 8 (a) 

(right) which subsequently leads to ignition of the fuel-air mixture, 

thereby causing an increase in the heat release rate (around x ≈ 25 

mm) as depicted in Fig. 8 (b), which corresponds to the phase when 

the first smaller peak of Q occurs. After the first peak of Q occurs, 

the vortex that is periodically shed during φ = 270 ◦ − 90 ◦ is con- 

veyed downstream as depicted by the temperature and fuel droplet 

distributions at the phase φ = 90 ◦ in Fig. 8 (c), all the while fuel 

droplets have been evaporating ( Fig. 8 (c) right). The fuel that has 

evaporated during the period φ = 270 ◦ − 90 ◦ and convected down- 

stream of the dump plane without reacting, suddenly ignites and 

leads to a rise in the heat release rate just prior to the phase 

φ = 180 ◦ (during the period φ = 90 ◦ − 270 ◦), as shown in Fig. 8 (d) 

(right) and thus, the second larger peak of Q occurs. The temporal 

variation of Q in Case A-1 also has a similar double peak feature 

(see Fig. 6 (b)), but, the magnitude of the second peak is nearly 

the same as that of the first peak. The reason for this reduction 

in magnitude of the second peak of Q compared to that in Case 

NA-1, is the consideration of varying degree of fuel spray atomiza- 

tion via. the Lee model in Case A-1. The influence of this model on 

fuel droplet evaporation, heat release rate and combustion instabil- 

ity is clarified later in the discussion that follows. It is also worth 

noting that interaction of flame with the wall is present, which 

is discernable from the FI distributions in Fig. 7 and the heat re- 

lease rate distribution in Fig. 8 (d). Flame-wall interaction occurs in 

all the cases investigated in this study. As mentioned previously 

in Section 2.5 , the walls are assumed to be isothermal and their 

temperature is fixed at 760 K (same as the inlet air temperature). 

Therefore, as in any practical combustor, heat loss to the walls is 

considered in the present LESs, even though the isothermal wall 

boundary condition is a simplification. 

Figures 9 and 10 show the spectra of pressure oscillations and 

the streamwise distributions of the amplitude of peak frequency 

components of pressure oscillations, respectively, for Case NA-1 

and Case A-1. The locations A, B, and C shown in Fig. 10 correspond 

to the same locations shown in Fig. 4 . The sampling time and 

period for calculating the statistics are approximately 0.05 s and 

0.02 ms, respectively. Figure 9 shows that the spectra of pressure 

oscillations for Cases NA-1 and A-1 have a clear peak at 699 Hz, 

and that the peak amplitude is larger for Case NA-1. Moreover, 

Fig. 10 shows that the oscillation mode of the pressure variations’ 

peak frequency component occurring in Case NA-1 and Case A- 

1, consists of the combustion chamber’s fundamental oscillation 

mode (1/4 wavelength mode), with the oscillation antinode occur- 

Fig. 9. Comparison of the spectra of pressure oscillations between cases without 

(Case NA-1) and with (Case A-1) SMD modulation. 

Fig. 10. Comparison of the streamwise profiles of amplitude of peak frequency 

components of pressure oscillations, between cases without (Case NA-1) and with 

(Case A-1) SMD modulation. 

Fig. 11. Comparison of the intensities of pressure oscillations P ′ rms , between cases 

without (Case NA-1) and with (Case A-1) SMD modulation. 

ring at B and the oscillation node occurring at C. These results in- 

dicate that combustion instabilities indeed occur in both Case NA-1 

and Case A-1. Next, the effect of time variations of the liquid fuel 

droplet diameter distribution upon injection, which are considered 

via. the Lee model, on the intensity of the pressure oscillations 

caused by combustion instability is investigated. Figure 11 presents 

the root mean square (RMS) values of pressure fluctuations in Case 

NA-1 and Case A-1. The figure shows that the RMS value of pres- 
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Fig. 12. Comparison of distributions of the spanwise-averaged local Rayleigh Index 

RI on the x − y plane, between cases without (Case NA-1) and with (Case A-1) SMD 

modulation. 

Fig. 13. Comparison of streamwise distributions of the cross-sectional ( y − z)- 

averaged local Rayleigh Index RI x , between cases without (Case NA-1) and with 

(Case A-1) SMD modulation. 

sure fluctuations in Case NA-1 is approximately 10% larger in com- 

parison with that in Case A-1. It is apparent that the time varia- 

tions of the liquid fuel droplet diameter distribution upon injection 

(considered using the Lee model), influence the intensity of com- 

bustion instability. To identify the factors causing the difference in 

the RMS values of pressure fluctuations, the Rayleigh Index ( RI ) has 

been computed for each case. Here, the RI is defined as follows 

RI = 

1 

t s 

∫ 
P ′ q ′ 

P ′ rms Q a v e 
dt. (10) 

where P ′ and q ′ represent the fluctuations in pressure P and heat 

release rate Q , respectively, Q ave represents the time-averaged value 

of total heat release rate inside the combustor, t s represents the 

sampling time, and P ′ rms represents the RMS value of pressure fluc- 

tuations. In the regions where RI is positive, the pressure oscilla- 

tions are driven by the heat release, whereas, in the regions where 

RI is negative, the pressure oscillations are damped by the heat 

release. The x − y planar distributions of spanwise-averaged ( z - 

direction) value of local RI for Case NA-1 and Case A-1 are shown 

in Fig. 12 , while the streamwise ( x -direction) distributions of the 

cross-sectional ( y − z)-averaged value of Rayleigh Index RI x are 

shown in Fig. 13 . Figure 12 shows that the value of RI is posi- 

tive in the region near the combustion chamber’s dump plane, for 

both Case NA-1 and Case A-1. This indicates that the pressure os- 

cillations are driven by the heat release in this region. Addition- 

ally, Fig. 13 shows that RI x is smaller in the vicinity of the position 

at a distance of x = 25 mm from the combustion chamber’s dump 

plane, for Case A-1 in comparison with Case NA-1. This is the rea- 

Fig. 14. Comparison of the streamwise distributions of phase- and cross-sectional 

( y − z plane) averaged heat release rate Q x , at phase of φ = 90 ◦ (when P = P max ) 

between cases without (Case NA-1) and with (Case A-1) SMD modulation. 

Fig. 15. Comparison of the streamwise distributions of phase- and cross-sectional 

( y − z plane)-averaged evaporation rate ˙ m x , at phase of φ = 0 ◦ between cases with- 

out (Case NA-1) and with (Case A-1) SMD modulation. 

son for the RMS value of pressure oscillations in Case NA-1 being 

larger than that in Case A-1. 

Next, the reason for the difference in the distributions of RI x 
is investigated in further detail. The positive RI x distributions are 

strongly influenced by the heat release rate at the phase when 

pressure reaches its maximum value i.e., φ = 90 ◦. The streamwise 

distributions of the y − z cross-sectional-averaged heat release rate 

Q x with phase averaging at the phase φ = 90 ◦ when pressure 

reaches its maximum value ( P = P max ), are shown in Fig. 14 for 

Case NA-1 and Case A-1. The figure shows that the heat release 

rate at the phase when pressure is at its maxima, is greater in Case 

NA-1. The distribution of heat release rate at a particular phase 

is influenced by the distribution of evaporation rate of the fuel 

droplets immediately beforehand. Therefore, the streamwise distri- 

butions of the y − z cross-sectional-averaged evaporation rate ˙ m x , 

with phase averaging at φ = 0 ◦ are shown in Fig. 15 for Cases NA-1 

and A-1. 

Figure 15 shows that the evaporation rate at the phase be- 

fore the phase when pressure reaches its maximum value (see 

Fig. 6 (a)), is higher for Case NA-1 in comparison with Case A-1. 

Moreover, the figure also shows that the fuel droplets evaporate 

mostly in the vicinity of the dump plane above the step (near x = 0 

mm). The behavior of fuel droplets after being injected was inves- 

tigated in detail by post-processing the LES data. The results re- 

vealed that the fuel droplets required approximately one half of a 
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Fig. 16. Comparison of phase-averaged fuel droplet size distributions at the phase 

of φ = 180 ◦, between cases without (Case NA-1) and with (Case A-1) SMD modula- 

tion. 

period (i.e., phase difference of 180 ◦) to traverse from the fuel in- 

jection ports to the location directly above the step/dump plane 

(distance of 5 mm). Therefore, the decrease in the evaporation rate 

at phase φ = 0 ◦ in Case A-1 is influenced by the droplet diame- 

ter distribution of the injected liquid fuel, at the phase that oc- 

curs approximately one half of a period earlier (in other words, at 

φ = 180 ◦). 

Figure 16 shows the Probability Density Functions (PDF) of 

droplet diameter distribution of the injected liquid fuel droplets, 

with phase averaging at φ = 180 ◦ for Case NA-1 and Case A-1. The 

figure shows that the number of fuel droplets with large diame- 

ters at φ = 180 ◦ increased in Case A-1 in comparison with Case 

NA-1. As mentioned previously, the SMD and hence, the size dis- 

tribution of injected fuel droplets are fixed in time for Case NA-1, 

while they vary in time for Case A-1. The fuel injection rate at any 

given phase is the same in both cases, meaning the volume of fuel 

injected is the same. However, the total droplet surface area avail- 

able for evaporation is different between these two cases, which 

follows from the fundamental definition of Sauter Mean Diameter. 

For a fixed volume of fuel spray injected, its total surface area is 

inversely proportional to the SMD. Therefore, a shift to larger SMD 

implies a decrease in the total surface area available for evapo- 

ration. Therefore, the injection of relatively larger fuel droplets at 

phase φ = 180 ◦ in Case A-1, leads to a reduction in the peak evapo- 

ration rate near the dump plane at the subsequent phase of φ = 0 ◦

(see Fig. 15 ). 

These results reveal that the temporal fluctuations of liquid 

fuel droplet size distribution (considered using the atomization/Lee 

model in Case A-1), which are caused by the velocity fluctuations 

of incoming air that accompanies the combustion instability, lead 

to the injection of fuel droplets with larger diameters in Case A- 

1, even though the mass/volume of fuel injected is the same in 

both cases. This leads to a decrease in the evaporation rate locally, 

which in turn decreases the heat release rate near the dump plane 

at the phase when pressure reaches its maximum value. Conse- 

quently, the correlation between heat release rate fluctuations and 

pressure oscillations is weakened (as indicated by the difference in 

the RI x distributions in Fig. 13 ), which decreases the intensity of 

combustion instability. 

3.2. Influence of temporal variations of liquid fuel flow rate on 

combustion instability 

First, it is confirmed whether or not combustion instabilities are 

excited in the cases where the time variations of liquid fuel flow 

rate are considered, but the time variations of droplet size distri- 

bution are not (i.e., without SMD modulation). The phase shift φph 

between the fuel flow rate variations and the pressure oscillations 

(used in the VMFR model) in Cases NA-2, NA-3, NA-4, and NA-5 

is set to 0 ◦, 90 ◦, 180 ◦, and 270 ◦, respectively. Figure 17 shows the 

time variations of pressure P , heat release rate Q , streamwise ve- 

locity ˜ u , fuel droplet evaporation rate ˙ m , and Fuel Mass Flow Rate 

(Fuel M.F.R) for Cases NA-2, NA-3, NA-4, and NA-5. The quantities 

P , ˜ u , Q and ˙ m shown in the figure are defined the same way as 

those in Fig. 6 (a) and (b) of Section 3.1 . The new quantity appear- 

ing in Fig. 17 is Fuel M.F.R (Mass Flow Rate) which represents the 

total value of fuel injection rate from all 7 ports. Figure 17 shows 

that these various physical quantities clearly oscillate with a pe- 

riod that is approximately constant in each case, except for Case 

NA-2. The phase difference between the variations of P and ˜ u is 

approximately 90 ◦ in all cases except for Case NA-2. Moreover, the 

figure also shows that in all cases, the peaks in the variations of 

Fuel M.F.R occur approximately at 180 ◦ ~ 270 ◦ after the peaks in 

the variations of ˙ m . Additionally, the phase shift between the vari- 

ations of fuel flow rate and that of pressure, matches the value of 

phase difference φph set for all the cases (see Table 1 ). 

Figures 18 and 19 illustrate the pressure oscillation spectra and 

the streamwise distributions of the peak frequency component am- 

plitudes of the pressure oscillations, respectively, for all the cases. 

The locations A, B, and C in Fig. 19 correspond to the same loca- 

tions as shown in Fig. 4 . The sampling time and period for cal- 

culating the statistics are approximately 0.05 s and 0.02 ms, re- 

spectively. Figure 18 shows that for all cases, the spectra of pres- 

sure oscillations have clear peaks within the frequency range of 

600 Hz–750 Hz, and that the frequency corresponding to peak am- 

plitude becomes smaller, as the phase shift φph applied to the fuel 

flow rate variations becomes larger. Additionally, Fig. 19 shows that 

the oscillation mode of the peak frequency component of the pres- 

sure variations occurring in all cases, consists of the fundamental 

oscillation mode (1/4-wavelength mode) of the combustion cham- 

ber, with the oscillation antinode occurring at B and the oscillation 

node occurring at C. These results reveal that combustion instabil- 

ities occur in the cases that consider the temporal fluctuations in 

liquid fuel flow rate. 

The effect of liquid fuel flow rate fluctuations accounted for 

by the VMFR (Variable Mass Flow Rate) model, on the intensity 

of pressure oscillations arising from combustion instabilities is in- 

vestigated next. In Case NA-5, flashback (a phenomenon wherein 

flames and fuel droplets flow upstream) and a particularly unsta- 

ble combustion instability phenomenon occurred. Therefore, only 

Case NA-2, Case NA-3, and Case NA-4 are primarily discussed in 

this section. Figure 20 shows the RMS values of the pressure os- 

cillations for all cases. The RMS value of pressure oscillations for 

Case NA-1, wherein the VMFR model is not applied, is also plotted 

for comparison. The figure shows that the phase shift φph applied 

between the fluctuations in liquid fuel flow rate and the pressure 

oscillations using the VMFR model, influences the RMS value of 

the pressure oscillations (and hence, the intensity of combustion 

instabilities). It is evident that, as the phase shift φph applied to 

the fuel flow rate fluctuations increases, the RMS value of pres- 

sure oscillations also increases. It is also apparent from Fig. 17 that, 

as the value of phase shift φph increases, the amplitude of fuel 

mass flow rate (Fuel M. F. R) fluctuations also increases, which 

would influence the local fuel droplet evaporation rate. This would 

in turn influence the heat release rate, and consequently the cou- 

pling between heat release rate fluctuations and pressure oscilla- 

tions, which would ultimately dictate the intensity of combustion 

instabilities. These factors are discussed in detail in the following. 

To investigate the factors causing this increase in the RMS value 

of pressure oscillations, the Rayleigh Index RI for each case is 

calculated. Figure 21 shows the x − y planar distributions of the 

spanwise-averaged ( z -direction) value of RI for each case. The fig- 
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Fig. 17. Comparisons of time variations of pressure P, heat release rate Q, stream- 

wise velocity ̃  u , droplet evaporation rate ˙ m , and fuel mass flow rate (Fuel M.F.R), 

among cases with different phase shift angle φph and without SMD modulation 

(Cases NA-2 to NA-5). 

Fig. 18. Comparison of the spectra of pressure oscillations among cases with differ- 

ent phase shift angle φph and without SMD modulation (Cases NA-2 to NA-5). 

Fig. 19. Comparison of the streamwise profiles of amplitude of peak frequency 

components of pressure oscillations, among cases with different phase shift angle 

φph and without SMD modulation (Cases NA-2 to NA-5). 

Fig. 20. Comparison of the intensities of pressure oscillations P ′ rms , among cases 

with different phase shift angle φph and without SMD modulation (Cases NA-1 to 

NA-5). 

ure shows that as the phase shift φph increases, the region in 

which the RI is positive becomes larger, and the region wherein 

RI is negative becomes smaller. Figure 22 shows the streamwise 

distributions of RI x , which is the cross-sectional ( y − z)-averaged 

value of the RI , for each case. The figure shows that in Case NA-2, 

Case NA-3, and Case NA-4, the positive peak position of RI x ap- 

proaches the vicinity of the combustion chamber’s dump plane 

(upstream side) as the phase shift φph increases. The antinodes 
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Fig. 21. Comparison of distributions of the spanwise-averaged local Rayleigh Index 

on the x − y plane, among cases with different phase shift angle φph and without 

SMD modulation (Cases NA-2 to NA-5). 

Fig. 22. Comparison of the streamwise distributions of cross-sectional ( y − z)- 

averaged local Rayleigh Index RI x , among cases with different phase shift angle φph 

and without SMD modulation (Cases NA-2 to NA-5). 

of pressure oscillations corresponding to the peak frequency com- 

ponents of Cases NA-2 to NA-5 are located near the combustor’s 

dump plane, as shown in Fig. 19 . Therefore, the positive peak of 

RI x shifting upstream, closer to the dump plane would enhance the 

pressure oscillation amplitude. Hence, the difference in the RI x dis- 

tributions among Cases NA-2 to NA-5 is the reason behind the in- 

creasing RMS value of pressure oscillations, with increasing phase 

shift φph applied to the temporal fluctuations of liquid fuel flow 

rate. 

Next, the reasons for the differences in the distributions of 

RI x are investigated in further detail. The positive RI x distribu- 

tions are strongly influenced by the heat release rate at the phase 

when pressure reaches its maximum value ( φ = 90 ◦). The stream- 

wise distributions of the cross-sectional ( y − z)-averaged heat re- 

lease rate Q x , with phase averaging at the phase φ = 90 ◦ (when 

P = P max ), are shown in Fig. 23 for Case NA-2, Case NA-3, and Case 

NA-4. The figure shows that as the phase shift φph increases, the 

peak value of Q x distribution also increases and its position moves 

Fig. 23. Comparison of the streamwise distributions of phase- and cross-sectional 

( y − z)-averaged local heat release rate Q x , at the phase of φ = 90 ◦ among cases 

with different phase shift angle φph and without SMD modulation (Cases NA-2 to 

NA-4). 

Fig. 24. Comparison of the streamwise distributions of phase-averaged local fuel 

mass M x , at the phase of φ = 0 ◦ among cases with different phase shift angle φph 

and without SMD modulation (Cases NA-2 to NA-4). 

upstream. Moreover, the position of the peak in Q x distribution ap- 

proximately coincides with the position of positive peak in the RI x 
distribution for each case (see Fig. 22 ). Therefore, the fact that the 

position of peak in the heat release rate at the phase when pres- 

sure reaches its maximum value, is moving upstream as the phase 

shift φph applied to the fluctuations of liquid fuel flow rate in- 

creases, is the reason for the difference in the RI x distributions. 

In the following, reasons for the upstream shift in the position 

of peak heat release rate (i.e., peak values of Q x distributions in 

Fig. 23 ) at the phase when pressure reaches its maximum value 

(i.e., φ = 90 ◦), with increasing phase shift φph are investigated fur- 

ther. The spatial distribution of heat release rate at a particular 

phase (or time instance) is strongly influenced by the spatial dis- 

tribution of gaseous fuel at the phase occurring immediately be- 

forehand. Therefore, the streamwise distributions of the gaseous 

fuel mass M x with phase averaging at φ = 0 ◦, which will dictate 

the distributions of Q x at phase φ = 90 ◦, are shown in Fig. 24 for 

Case NA-2, Case NA-3, and Case NA-4. The figure shows that as 

the phase shift φph increases, the peak value of M x also increases 

and its position moves upstream. The distribution of the gaseous 

fuel at a particular phase is also strongly influenced by the distri- 

bution of fuel droplet evaporation rate at the phase occurring im- 

mediately beforehand. Hence, the streamwise distributions of the 

cross-sectional ( y − z)-averaged evaporation rate ˙ m x with phase 
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Fig. 25. Comparison of the streamwise distributions of phase- and cross-sectional 

( y − z)-averaged local evaporation rate ˙ m x , at the phase of φ = 270 ◦ among cases 

with different phase shift angle φph and without SMD modulation (Cases NA-2 to 

NA-4). 

averaging at φ = 270 ◦, which will govern the distributions of M x 

at φ = 0 ◦, are shown in Fig. 25 for Case NA-2, Case NA-3, and Case 

NA-4. Similar to the trends in the distributions of Q x and M x , the 

figure shows that as the phase shift φph that is applied to the time 

variations of the liquid fuel flow rate increases, the peak value of 

˙ m x increases, its position moves upstream, and becomes more lo- 

calized. Therefore, the reason for the position of peak heat release 

rate moving towards the upstream side of the combustor with in- 

creasing phase shift φph , is the change in the relationship between 

the phase of temporal fluctuations of the liquid fuel flow rate, and 

the phase of time variations of the incoming oxidizing air’s stream- 

wise velocity, that leads to an increase in the residence time of the 

fuel droplets in the vicinity of the combustor’s dump plane, caus- 

ing an increase in the supply of gaseous fuel at the phase when 

pressure reaches its maximum value. 

The results presented above indicate that the flow rate time 

variations of the liquid fuel injected into the combustion cham- 

ber, have a strong influence on the intensity of combustion insta- 

bility. Moreover, as the phase shift φph between the fuel flow rate 

variations and the pressure oscillations increases, the intensity of 

combustion instability also increases. This is due to the fact that 

the residence time and local evaporation rate of the fuel droplets 

increase as the phase shift φph increases, which causes an increase 

in the heat release rate in the vicinity of the combustion cham- 

ber’s dump plane, and also increases the strength of the correla- 

tion between the heat release rate fluctuations and the pressure 

oscillations. 

3.3. Influences of temporal variations of droplet diameter distribution 

and liquid fuel flow rate on combustion instability 

The excitation of combustion instabilities in the cases where 

temporal variations of both the fuel droplet diameter distribution 

(atomization/Lee model) and the fuel flow rate (VMFR model) are 

considered, is first confirmed. The phase shift φph between the 

fuel flow rate variations and the pressure oscillations in Cases A- 

2, A-3, A-4, and A-5 is set to 0 ◦, 90 ◦, 180 ◦, and 270 ◦, respec- 

tively. Figure 26 shows the time variations of pressure P , heat re- 

lease rate Q , streamwise velocity ˜ u , fuel droplet evaporation rate 

˙ m , SMD (Sauter Mean Diameter), and Fuel M.F.R for Cases A-2, A- 

3, A-4, and A-5. Once again, these quantities bear the same defi- 

nitions as those in Figs. 6 and 17 of Sections 3.1 and 3.2 , respec- 

tively. Figure 26 shows that these various physical quantities oscil- 

late with a period that is approximately constant in each case, and 

Fig. 26. Comparisons of time variations of pressure P, heat release rate Q, stream- 

wise velocity ̃  u , droplet evaporation rate ˙ m , droplet Sauter Mean Diameter (SMD), 

and fuel mass flow rate (Fuel M.F.R), among cases with different phase shift angle 

φph and with SMD modulation (Cases A-2 to A-5). 
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Fig. 27. Comparison of the spectra of pressure oscillations among cases with differ- 

ent phase shift angle φph , and with SMD modulation (Cases A-2 to A-5). 

Fig. 28. Comparison of streamwise profiles of the amplitude of peak frequency 

components of pressure oscillations, among cases with different phase shift angle 

φph and with SMD modulation (Cases A-2 to A-5). 

that combustion instabilities are excited in all cases. Moreover, the 

phase difference between the variations of P and ˜ u is 90 ◦. Addi- 

tionally, the phase shifts φph between the variations of fuel flow 

rate and the pressure oscillations match the settings in Table 1 . 

Figures 27 , 28 , and 29 show the spectra of pressure oscilla- 

tions, the streamwise distributions of the amplitude of peak fre- 

quency components of the pressure oscillations, and the intensity 

of pressure oscillations P ′ rms , respectively, for Cases A-2, A-3, A- 

4, and A-5 ( Fig. 29 also shows the comparison of P ′ rms with Case 

A-1 and the cases without SMD modulation i.e., Cases NA-1 to 

NA-5). Locations A, B, and C shown in Fig. 28 correspond to the 

same locations depicted in Fig. 4 . The sampling time and period 

are approximately 0.05 s and 0.02 ms, respectively, for calculation 

of statistics. Figure 27 shows that the spectra of pressure oscilla- 

tions have clear peaks in the frequency range of 600 Hz to 750 Hz 

for all cases. Additionally, Fig. 28 shows that the oscillation mode 

of the peak frequency component of pressure variations that oc- 

curs in all cases, consists of the fundamental oscillation mode (1/4- 

wavelength mode) of the combustion chamber, with the oscillation 

antinode and node occurring at B and C, respectively. These results 

indicate that combustion instabilities occur in the cases consider- 

ing the time variations of both liquid fuel flow rate and fuel droplet 

diameter distribution (i.e., Cases A-2 to A-5). 

Next, the effects of time variations of droplet diameter dis- 

tribution and liquid fuel flow rate (i.e., when both variations 

Fig. 29. Comparison of the intensities of pressure oscillations P ′ rms , among cases 

with different phase shift angle φph , without (Cases NA-1 to NA-5) and with (Cases 

A-1 to A-5) SMD modulation. 

are considered simultaneously), on the intensity of pressure os- 

cillations caused by the combustion instabilities are investigated. 

Figure 29 shows the RMS values of pressure oscillations P ′ rms for 

all cases (including the ones in which the Lee model is not used). 

The RMS values of pressure oscillations for Case NA-1 and Case 

A-1, wherein the VMFR model is not applied, are also plotted for 

comparison. The figure shows that, contrary to the trend for the 

cases in which only the time variations of fuel flow rate are consid- 

ered (i.e., Cases NA-2 to NA-5 wherein only the VMFR model is ap- 

plied, but not the Lee model), Cases A-4 and A-5 show an opposite 

trend in the intensity of pressure oscillations ( P ′ rms ) with increasing 

φph . In these cases, the temporal fluctuations of fuel droplet di- 

ameter distribution (considered using the Lee/atomization model) 

have the effect of decreasing the pressure oscillation intensity P ′ rms 

(and hence the intensity of combustion instabilities), upon its mu- 

tual interaction with the fluctuations in liquid fuel flow rate (VMFR 

model). Additionally, as the phase shift φph between the temporal 

fluctuations in fuel flow rate and the pressure oscillations becomes 

larger, the effect of the temporal fluctuations of fuel droplet diam- 

eter distribution on reducing P ′ rms becomes more pronounced. 

In the following, reasons for the reduction in the values of P ′ rms 

at larger values of phase shift φph , due to the influence of fluc- 

tuations in fuel droplet diameter distribution, and its interaction 

with the fluctuations in fuel flow rate are investigated. Figure 30 

shows the x − y planar distributions of the spanwise-averaged ( z - 

direction) value of the Rayleigh Index RI for each case. By com- 

paring Figs. 21 and 30 , it can be seen that for the cases in which 

the phase shift φph is large, i.e., Case A-4 ( φph = 180 ◦) and Case A- 

5 ( φph = 270 ◦), the region wherein RI is positive becomes smaller 

compared to that in the planar distributions of spanwise-averaged 

RI of the corresponding cases in Fig. 21 (i.e., Case NA-4 and Case 

NA-5, respectively, with corresponding phase shifts φph ). This dif- 

ference in the RI distributions causes the pressure oscillations’ RMS 

value to become smaller in Case A-4 and Case A-5. However, from 

Figs. 21 and 30 , it is evident that the distributions of RI in Case A-2 

and Case A-3 are virtually the same as those in Case NA-2 and Case 

NA-3, respectively. But, the intensity of pressure oscillations P ′ rms 

of Case A-2 and Case A-3 are marginally higher than those of the 

corresponding cases without the Lee model (without SMD modula- 

tion), i.e., Case NA-2 and Case NA-3 as shown in Fig. 29 . The phase 

shift φph applied to Cases NA-2 and A-2 is φph = 0 ◦, and that ap- 

plied to Cases NA-3 and A-3 is a relatively small value of φph = 90 ◦. 

Figure 31 illustrates the comparison of streamwise distributions of 

cross-sectional ( y − z)-averaged local Rayleigh Index RI x between 

Cases NA-2 and A-2, and between Cases NA-3 and A-3. The RI x dis- 
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Fig. 30. Comparison of distributions of the spanwise-averaged local Rayleigh Index 

on the x-y plane, among cases with different phase shift angle φph , and with SMD 

modulation (Cases A-2 to A-5). 

tributions of Cases NA-2 and A-2 in Fig. 31 (a) are similar in shape, 

but the positive RI x distribution of Case A-2 has slightly larger val- 

ues at certain streamwise locations, especially close to the dump 

plane. Similar tendency is observed in the RI x distributions of Cases 

NA-3 and A-3 in Fig. 31 (b). In the vicinity of the dump plane, the 

positive RI x distribution of Case A-3 also has slightly larger values 

compared to that of Case NA-3. Therefore, the P ′ rms values of Case 

A-2 and Case A-3 are marginally higher (although the difference is 

virtually insignificant) than those of the corresponding cases with- 

out the Lee model (without SMD modulation), i.e., Case NA-2 and 

Case NA-3, respectively. 

The cause for the RMS value of pressure oscillations in Case A- 

4 being smaller than that in Case NA-4 is examined next. Since 

the positive RI spatial distributions are strongly influenced by the 

heat release rate at the phase when pressure reaches its maximum 

value (i.e., φ = 90 ◦), the streamwise distributions of the cross- 

sectional ( y − z)-averaged heat release rate Q x with phase aver- 

aging at the phase φ = 90 ◦ are shown in Fig. 32 for Cases NA- 

Fig. 32. Comparison of the streamwise distributions of phase- and cross-sectional 

( y-z )-averaged heat release rate Q x , at the phase of φ = 90 ◦ (when P = P max ), be- 

tween cases without (Case NA-4) and with (Case A-4) SMD modulation. 

4 and A-4. The figure shows that the value of Q x in the vicin- 

ity of the combustion chamber’s dump plane is smaller in Case 

A-4 compared to Case NA-4. The distribution of heat release rate 

at φ = 90 ◦ is governed by the distribution of fuel droplet evap- 

oration rate at the phase occurring previously. Hence, the x − y 

planar distributions of phase- and spanwise-averaged ( z -direction) 

fuel droplet evaporation rate ˙ m x at various phases are examined in 

Fig. 33 for Cases NA-4 and A-4. The figure shows that the evapora- 

tion rate in the vicinity of the combustor’s dump plane is smaller 

for Case A-4 in comparison with Case NA-4 during φ = 270 ◦ − 0 ◦. 

Therefore, the decrease in heat release rate at phase φ = 90 ◦ in 

Case A-4 is caused by the decrease in its evaporation rate during 

φ = 270 ◦ − 0 ◦. 

The behavior of fuel droplets after being injected was analyzed 

in detail by post-processing the LES data, to investigate the rea- 

son behind the decrease in evaporation rate during φ = 270 ◦ − 0 ◦

in Case A-4. The results revealed that many of the droplets in 

the region where the evaporation rate for Case A-4 was lower in 

comparison with Case NA-4 during φ = 270 ◦ − 0 ◦, were injected 

at phase φ ≈ 90 ◦ when the fuel mass flow rate is largest (this 

can be confirmed from Figs. 17 (c) and 26 (c)). In Cases NA-4 and 

A-4, fuel injection starts around φ = 0 ◦ and lasts up to φ = 180 ◦, 
with the fuel injection rate peaking at φ ≈ 90 ◦ (see Figs. 17 (c) 

and 26 (c), respectively). Furthermore, the inlet air mass flow rate is 

fixed in both cases and the overall equivalence ratio is also main- 

tained at 1.0 in both cases. From Fig. 26 (c), it is evident that the 

Fig. 31. Comparison of the streamwise distributions of cross-sectional ( y − z)-averaged local Rayleigh Index RI x between (a) Cases NA-2 and A-2, and (b) Cases NA-3 and 

A-3. 
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Fig. 33. Comparison of the distributions of phase- and spanwise-averaged evapora- 

tion rate, between cases without (Case NA-4) and with (Case A-4) SMD modulation. 

SMD of injected fuel spray in Case A-4 is mostly large compared 

to the constant SMD value of 22.5 μm of the injected fuel spray 

in Case NA-4, during the fuel injection period of φ = 0 ◦ − 180 ◦. 

The total mass/volume of fuel spray injected during the period 

φ = 0 ◦ − 180 ◦ is nearly the same in both Cases NA-4 and A-4, 

but in Case A-4, the injected spray comprises of larger diame- 

ter droplets compared to Case NA-4. For the same volume of fuel 

spray injected, the total droplet surface area available for evapo- 

ration is inversely proportional to the SMD. The droplet relaxation 

time τ d and the turbulent time scale τ t (defined in Section 3.1 ) 

estimates for Case NA-4 are, τd = 5 . 72 × 10 −8 − 7 . 89 × 10 −4 s and 

τt = 6 . 04 × 10 −3 s, yielding Stokes number (defined here as the 

ratio τ d / τ t ) in the range St = 9 . 47 × 10 −6 − 0 . 131 . Similarly, for 

Case A-4, τd = 5 . 69 × 10 −8 − 8 . 78 × 10 −4 s and τt = 4 . 46 × 10 −3 s, 

which implies St ranges from 1 . 28 × 10 −5 to 0.197. A lot of the 

fuel droplets injected during φ = 0 ◦ − 180 ◦ reside in the vicinity 

of the dump plane in both cases (due to the application of phase 

shift φph = 180 ◦ between the fuel flow rate fluctuations and the 

pressure oscillations), which can be qualitatively discerned from 

the distributions of evaporation rate at the corresponding phases 

φ in Fig. 33 (although there will be some time delay between 

fuel spray injection and evaporation). Since the fuel mass flow 

rate is maximum at φ = 90 ◦, the decrease in fuel droplet evapo- 

ration rate in the vicinity of combustor’s dump plane in Case A- 

4, will be influenced by the droplet diameter distribution of liq- 

uid fuel at φ ≈ 90 ◦. Figure 34 shows the size distributions of fuel 

droplets with phase averaging at φ = 90 ◦ for Cases NA-4 and A-4. 

The droplet size distribution PDFs shown in this figure are com- 

puted at the phase φ = 90 ◦, using all the droplets within the con- 

trol volume ranging from the fuel injection ports’ location to the 

combustor’s dump plane. This implies that the fuel droplets that 

were injected starting at the phase φ = 0 ◦ till the phase φ = 90 ◦, 

Fig. 34. Comparison of phase-averaged droplet size distributions, at the phase of 

φ = 90 ◦ (when P = P max ), between cases without (Case NA-4) and with (Case A-4) 

SMD modulation. 

Fig. 35. Comparison of the streamwise distributions of phase- and cross-sectional 

( y-z )-averaged heat release rate Q x , at the phase of φ = 90 ◦ (when P = P max ), be- 

tween cases without (Case NA-5) and with (Case A-5) SMD modulation. 

and that are still residing within the aforementioned control vol- 

ume, are included in the droplet size distribution PDFs depicted 

in Fig. 34 . This figure shows that the droplet diameter distribu- 

tion becomes wider in Case A-4 at phase φ = 90 ◦, resulting in a 

larger SMD of the fuel spray for Case A-4. Hence, the evaporation 

rate near the dump plane is lower in Case A-4 compared to Case 

NA-4 during φ = 270 ◦ − 0 ◦. These results reveal that the reason for 

the RMS value of pressure oscillations becoming smaller in Case A- 

4, is the mean droplet diameter of the fuel spray becoming larger 

(owing to the application of Lee/atomization model), which subse- 

quently causes the evaporation rate to decrease. This in turn leads 

to a reduction in the heat release rate in the vicinity of the com- 

bustion chamber’s dump plane, that ultimately weakens the corre- 

lation between the heat release rate fluctuations and the pressure 

oscillations. 

The reason for P ′ rms becoming smaller for Case A-5 in compar- 

ison with Case NA-5 is also investigated. Similar to the situation 

between Cases A-4 and NA-4, the region wherein RI is positive 

becomes smaller in Case A-5 (see Fig. 30 ) compared to Case NA- 

5 (see Fig. 21 ), which causes the decrease in its pressure oscilla- 

tion intensity P ′ rms . Therefore, the heat release rate at the phase 

when pressure reaches its maximum value ( φ = 90 ◦) is examined. 

Figure 35 shows the streamwise distributions of the cross-sectional 

( y − z)-averaged heat release rate Q x , with phase averaging at φ = 

90 ◦ for Cases NA-5 and A-5. The figure shows that the value of 
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Fig. 36. Comparison of the distributions of phase- and spanwise-averaged evapora- 

tion rate, between cases without (Case NA-5) and with (Case A-5) SMD modulation. 

Q x in the vicinity of the dump plane is smaller in Case A-5 com- 

pared to Case NA-5. Since the distribution of heat release rate at 

φ = 90 ◦ is influenced by the distribution of fuel droplet evapora- 

tion rate at the previous phase, the x − y planar distributions of 

the phase- and spanwise-averaged ( z -direction) fuel droplet evap- 

oration rate ˙ m x at various phases of Case NA-5 and Case A-5 are 

shown in Fig. 36 . The figure shows that the evaporation rate in 

the vicinity of the combustor’s dump plane is smaller for Case A- 

5 in comparison with Case NA-5 during φ = 270 ◦ − 0 ◦. Therefore, 

the decrease in the heat release rate at φ = 90 ◦ is caused by the 

decrease in the evaporation rate during φ = 270 ◦ − 0 ◦. 

Upon examining the behavior of fuel droplets after being in- 

jected in both the cases, using their post-processed LES data, it 

was observed that many of the droplets in the region wherein the 

evaporation rate was lower for Case A-5 in comparison with Case 

NA-5 during φ = 270 ◦ − 0 ◦, were injected at φ ≈ 180 ◦ when the 

fuel mass flow rate is maximum (which can be confirmed from 

Figs. 26 (d) and 17 (d)). Fuel injection starts around φ = 90 ◦ and 

ends at φ = 270 ◦, with the peak fuel mass flow rate occurring 

at φ ≈ 180 ◦ in Cases NA-5 and A-5 (see Figs. 17 (d) and 26 (d)). 

The SMD of injected fuel spray in Case A-5 increases rapidly dur- 

ing φ = 90 ◦ − 180 ◦, and attains maxima around phase φ = 180 ◦, 
as apparent from Fig. 26 (d). Therefore, the injected fuel spray in 

Case A-5 is mostly comprised of large diameter fuel droplets com- 

pared to Case NA-5 in which the injected fuel spray’s SMD (or 

droplet size distribution) is constant in time (SMD = 22.5 μm). 

For Case NA-5, droplet relaxation time is in the range of τd = 

5 . 6 × 10 −8 − 8 . 34 × 10 −4 s, and turbulent time scale τt = 5 . 18 ×
10 −3 s, hence St = 1 . 08 × 10 −5 − 0 . 161 . Similarly, for Case A-5, τd = 

5 . 53 × 10 −8 − 8 . 5 × 10 −4 s and τt = 7 . 44 × 10 −3 s, which means 

St = 7 . 44 × 10 −6 − 0 . 114 . Additionally, due to the application of 

phase shift φph = 270 ◦ in Cases NA-5 and A-5, the phase relation- 

Fig. 37. Comparison of phase-averaged droplet size distributions, at the phase of 

φ = 180 ◦ (when P = P atm ), between cases without (Case NA-5) and with (Case A-5) 

SMD modulation. 

ship between the fluctuations of incoming air’s streamwise veloc- 

ity ˜ u and fuel flow rate is altered ( Figs. 17 (d) and 26 (d)), and most 

of the fuel droplets injected during φ = 90 ◦ − 270 ◦ reside near the 

dump plane, as indicated by the distributions of evaporation rate 

in Fig. 36 . Moreover, in both Case NA-5 and Case A-5, the air mass 

flow rates are the same and the overall equivalence ratio is main- 

tained at 1.0. So once again, following the same reasoning applied 

to Cases NA-4 and A-4 using the aforementioned details, the total 

droplet surface area of the injected fuel spray available for evapo- 

ration should be smaller in Case A-5 compared to Case NA-5, since 

it is inversely proportional to the SMD. Hence, the evaporation rate 

near the dump plane becomes smaller for Case A-5 compared to 

Case NA-5 during the subsequent phases, i.e., φ = 270 ◦ − 0 ◦. 

To get an idea of the droplet sizes encountered in Cases NA- 

5 and A-5, the phase-averaged droplet size distributions of the 

fuel sprays calculated at φ = 180 ◦ (maximum fuel injection rate) 

are shown in Fig. 37 . Similar to Cases NA-4 and A-4, the phase- 

averaged droplet size distribution PDFs in Fig. 37 have been com- 

puted using all the droplets within the control volume ranging 

from the injection ports’ position to the dump plane. As men- 

tioned before, the application of the phase shift φph = 270 ◦ us- 

ing the VMFR model to Cases NA-5 and A-5, will result in many 

of the fuel droplets injected during φ = 90 ◦ − 180 ◦ to still reside 

within this control volume at the phase φ = 180 ◦, and they are 

also included in the droplet size distribution PDFs in Fig. 37 . The 

figure indicates that the droplet diameter distribution at φ = 180 ◦

becomes much wider for Case A-5, implying that its correspond- 

ing SMD also becomes larger. Since this droplet size distribution 

of fuel spray will influence the evaporation rate near the dump 

plane, Case A-5 has lower evaporation rate compared to Case NA- 

5. These results reveal that the reason for the pressure oscillations’ 

RMS value becoming smaller for Case A-5 in comparison with Case 

NA-5, is the same as that for Cases A-4 and NA-4 discussed above. 

The droplet size distribution PDF of Case A-5 in Fig. 37 is much 

wider or flatter than that of Case A-4 in Fig. 34 . In Case A-5 

the injected fuel spray consists mostly of large droplets owing to 

the generally large SMD values during the fuel injection period 

(see Fig. 26 (d)). But, these injected droplets will simultaneously 

undergo evaporation as well and reduce in diameter during φ = 

90 ◦ − 180 ◦. Therefore, when this cluster of fuel droplets is used to 

calculate the size distribution PDF at phase φ = 180 ◦, a flatter PDF 

shape is obtained for Case A-5 due to some of the previously in- 

jected (during φ = 90 ◦ − 180 ◦) large droplets having already evap- 

orated to some extent and reduced in size. This is made possible 

by the longer residence time of fuel droplets in Case A-5 compared 

to that in Case A-4 within the above-mentioned control volume, 
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as a consequence of the larger value of phase shift φph = 270 ◦ ap- 

plied in Case A-5. The residence time of fuel droplets will be longer 

in Case A-5 compared to that in Case A-4, because the peak fuel 

injection rate in Case A-5 occurs around the phase when the in- 

coming air’s streamwise velocity is minimum (see Fig. 26 (d)). Such 

tendency is not observed in the droplet size distribution PDF of 

Case NA-5 (even though droplet evaporation is active during the 

residence period), since the Lee model (SMD modulation) is not 

applied and the fuel droplets are injected with a size distribution 

PDF that remains fixed in time (corresponding to a constant SMD 

of 22.5 μm). The above results reveal that the effect of temporal 

variations in the droplet diameter distribution of liquid fuel on the 

intensity of combustion instability, becomes more significant as the 

phase shift φph between the fuel flow rate fluctuations and the 

pressure oscillations increases. This happens because the droplet 

diameter distribution of the injected fuel spray becomes wider as 

the phase shift φph increases, which enhances the strength of its 

effect on suppressing the increase in local evaporation rate and the 

accompanying increase in heat release rate, owing to the time vari- 

ations of liquid fuel flow rate as discussed in Section 3.2 . 

4. Conclusions 

In this study, LES was applied to the turbulent spray combus- 

tion field inside a back-step flow combustor to investigate the ef- 

fects of temporal fluctuations in droplet diameter distribution and 

the flow rate of liquid fuel entering the combustor, on the spray 

combustion instability characteristics. For the LESs performed in 

this study, the average Reynolds number at the inlet of the com- 

bustor was kept constant at 40 0 0, the initial pressure inside the 

combustor was 0.1 MPa, the length of the combustor was 290 mm, 

the overall equivalence ratio was 1.0, and the average fuel droplet 

diameter for the cases without SMD modulation (i.e., without Lee 

model) was kept constant at 18 μm (SMD = 22.5 μm). A total of 

10 cases were setup and investigated in a systematic manner, by 

changing the conditions in the models to take into consideration 

the influences of fuel spray atomization (Lee model), and fuel flow 

rate fluctuations along with its phase difference φph with the pres- 

sure oscillations (VMFR model). The following conclusions were 

drawn from this study: 

(1) Cases NA-1 and A-1 are first considered to investigate the in- 

fluence of temporal fluctuations in droplet size distribution 

of injected fuel spray alone, on combustion instability. With 

the application of the Lee model in Case A-1, the droplet 

diameter distribution of liquid fuel entering the combus- 

tor varies in time, depending on the fluctuations in incom- 

ing oxidizing air velocity caused by combustion instability. 

Moreover, this temporal fluctuation in the droplet diameter 

distribution tends to lower the intensity of combustion in- 

stability. The reason for this is a weakening of the correla- 

tion between heat release rate fluctuations and pressure os- 

cillations. This results from the reduction in heat release rate 

near the dump plane of the combustor, caused by the broad- 

ening of droplet size distribution of liquid fuel (in Case A- 

1) due to the temporal fluctuations in the SMD (considered 

via. the Lee/atomization model). Consequently, larger diam- 

eter fuel droplets are injected which leads to a localized re- 

duction in the evaporation rate. 

(2) For the cases in which only the VMFR model is applied, but 

not the Lee model (i.e., Cases NA-2 to NA-5), the tempo- 

ral fluctuations in the flow rate of liquid fuel injected into 

the combustor strongly influence the combustion instabil- 

ity intensity. Moreover, the combustion instability intensity 

increases with increasing phase shift φph between the fuel 

flow rate fluctuations and pressure oscillations. The reason 

for this is the strengthening of the correlation between the 

heat release rate fluctuations and the pressure oscillations. 

As the phase shift φph increases, the heat release rate near 

the dump plane also increases as a consequence of increased 

fuel droplet residence time, and the subsequent localized in- 

crease in fuel droplet evaporation rate. 

(3) For the cases in which both the VMFR model and the Lee 

model are applied simultaneously (i.e., Cases A-2 to A-5), 

the effect of temporal fluctuations in the liquid fuel droplet 

diameter distribution on reducing the combustion instabil- 

ity intensity, becomes more significant with increasing phase 

shift φph between the liquid fuel flow rate fluctuations and 

the pressure oscillations. This is caused by a localized reduc- 

tion in the fuel droplet evaporation rate (even though the 

fuel droplet residence time increases with increase in φph as 

mentioned above), as a result of the widening in the droplet 

diameter distribution of the injected fuel spray (increased 

SMD and hence injection of larger diameter droplets) with 

increasing phase difference φph . Hence, a localized decrease 

in the heat release rate is observed near the dump plane, 

which leads to the weakening of the correlation between 

heat release rate fluctuations and pressure oscillations. 

The results in this study, were obtained using LES under limited 

conditions (mentioned above), and it is likely that the combustion 

instability behavior will change upon varying said conditions. This 

warrants further studies in the future, to investigate the effects of 

varying those conditions on the spray combustion instability char- 

acteristics. 
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