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Chapter 1

Introduction

1.1 Background and purpose of this study

Gas turbines are a type of internal combustion engine that are used for power generation

and aircraft propulsion. Recently, energy security and environmental protection worries

have driven the development of gas turbines with higher efficiencies and lower emissions.

Pollution legislation pertaining to emissions from gas turbines, such as NOx and soot,

has tightened year by year. For instance, the International Civil Aviation Organization

(ICAO) set a goal of NOx emissions from jet engines in 2026 to 40% of the amount of

NOx emitted in 2010 [1].

Lean-burning gas turbines have been widely developed to meet such emissions regu-

lations. Lean combustion decreases the emissions of NOx and soot because of the lower

combustion temperature, which simultaneously, increases the risk of combustion insta-

bility. Combustion instability is a self-excited, large-amplitude oscillation of a combustor

or a flame that is caused by interactions between pressure oscillations, turbulence, and

heat release that are caused by the combustion process. The combustion instability

enhances the heat flux and thermal stress at the wall of the combustor, and sometimes

the oscillation of the combustor causes low- or high-frequency fatigues. Therefore, the

precise prediction and control of combustion instability are essential, and a number of

studies have been performed. However, many issues remain unresolved and even the
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mechanism of the combustion instability has not yet been well clarified [2–4]. In par-

ticular, combustion instability in spray combustion, which uses a liquid fuel, is hardly

understood [5]. This is because spray combustion is a complex phenomenon that in-

volves the interactions of a number of simultaneous processes, namely, the dispersion,

evaporation, and combustion of the liquid fuel with the oxidizer [6–10].

The studies of combustion instability have been mainly performed experimentally

[5, 11, 12]. However, because the number of measurable data is limited, it is difficult to

investigate the detailed mechanism by experiments alone. Recently, the enhancement

of computer performance has meant that numerical simulations have become major

tools for studying fluid dynamics. High-performance computers (such as “K” computer)

are now able to perform three-dimensional numerical simulations of spray combustion

[13–15].

For numerical simulations of flow fields, three types of methods are used: direct nu-

merical simulation (DNS), Reynolds-averaged Navier–Stokes (RANS) simulation, and

large-eddy simulation (LES). DNS does not employ a turbulence model and makes

it possible to investigate the underlying physics in detail. However, DNS requires huge

computational effort to resolve the minimum scale of eddies [16–18]. This large computa-

tional cost limits the size of the computational domain and makes it difficult to use DNS

for the study of combustion instability, which requires solving for a large domain that

includes the inlet duct and exhaust outlet. Conversely, RANS simulations can simulate

large domains at low computational cost by using large computational grids. Although

widely used to support the development of industrial devices such as gas turbines, the

accuracy of RANS simulations strongly depends on the turbulence model and relatively

poor at describing fields with strong recirculating flows. It is difficult to use RANS

simulations to investigate combustion instability because investigating the phenomenon

involves the precise prediction of flow fields that include recirculation. LES employs

a turbulence model that is basically established based on the theory of scaling law of

turbulence without fitting parameters and makes it possible to perform simulations for

relatively large domains with a higher accuracy than RANS simulations. Therefore LES
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have been used in recent studies for combustion instability.

For calculating of chemical reactions, a number of numerical methods have also been

proposed. The detailed reaction model is the most accurate of the methods as it solves

a large number of elementary reactions including radical reactions. For instance, the

combustion of kerosene (which is often used as a fuel in gas turbines) includes over

one hundred chemical species and around one thousand elementary reactions. There-

fore, the computational cost is extremely high and it is impossible to use the detailed

reaction model for the large computational domains. To decrease the computational

cost, reduced reaction models, of which the simplest are one- or two-step global reaction

models, have been proposed in many researches. These models are often used in DNS,

RANS simulations, and LES, and are developed by fitting parameters to predict flame

characteristics such as the laminar burning velocity and flame temperature. A turbulent

reaction model is also used in LES and RANS simulations to incorporate the effects of

sub-grid scale turbulence on reactions. The Flamelet model proposed by Peters [19, 20]

is often used for non-premixed combustion, and the validity has been assessed in many

previous studies [10, 13, 21, 22]. For premixed combustion, the artificially thickened

flame model [23] has been widely used and validated [24–26].

In addition to calculating a flow field and reactions, motion of evaporating fuel

droplets needs to be solved in spray combustion. Droplet evaporation is one of the

most important factors that affect spray combustion. Miller et al. [27] examined the

validity of various evaporation models by comparing their results with those obtained

from experimental measurements of the evaporation of a single droplet. Miller and Bel-

lan [28] also performed DNS and discussed the effects of the initial liquid mass loading

ratio, the initial Stokes number, and the initial droplet temperature on the evaporation

behavior of a droplet in a turbulent mixing layer. However, the evaporation conditions

were limited in this study, and the effects of other important conditions such as ambient

pressure and a difference in fuel components were not discussed.

Regarding the combustion instability, many numerical studies have been carried out

for gas combustion. Sato et al. [29] performed LES of combustion instability caused
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by an acoustically forced inlet flow. They compared the LES results with experimen-

tally measured data and showed that the LES was able to predict the flame response

to the forcing. Wolf et al. [30] numerically analyzed combustion instability in an annu-

lar combustion chamber by using LES and an acoustic solver. They showed that the

LES was able to predict an azimuthal mode of the combustion instability. Moreover,

it was suggested that a reduction of the time delay of the flame transfer function sta-

bilized the mode. Franzelli et al. [26] developed a two-step global reaction model of

methane combustion that precisely predicts the flame temperature and laminar burning

velocity under various conditions. By using the reaction model, they performed LES

of combustion instability in a laboratory-scale combustor and investigated the effects of

mixing of air and fuel on combustion instability. They showed that insufficient mixing

was probably the source of the unstable mode observed in the simulation. For combus-

tion instability in spray combustion, in contrast, the number of previous studies is very

small. Most recently, Tachibana et al. [15] were the first to perform LES of combustion

instability in spray combustion and showed that the LES could accurately reproduce

combustion instability observed in the experiment. However, the LES was performed

under the single condition, and the effects of differences in the combustion conditions

on combustion instability were not discussed.

The purpose of the present study is, therefore, to investigate the mechanism of droplet

evaporation and combustion instability by means of numerical simulations. First, DNS

of the evaporation and combustion of fuel droplets in a static fluid are performed, and

the effects of ambient pressure, initial gas temperature, and differences in fuel compo-

nents and combustion reaction on the evaporation of single and multiple fuel droplets

are investigated. Second, LES of gas and spray combustion in a back-step flow are

performed, and the mechanism underlying the combustion instability, and the effect of

initial droplet diameter on combustion instability are investigated. In addition, DNS of

flashback, which is a transient upstream propagation of a flame often caused by combus-

tion instability, in a channel flow is performed, and the effect of a pressure oscillation

on flashback characteristics is investigated.
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1.2 Thesis outline

This thesis consists of five chapters.

Chapter 1, the present chapter, describes the background, purpose of the study, and

outline of this thesis.

Chapter 2 describes the characteristics of the evaporation and combustion of fuel

droplets for single- and multi-component fuels in a static fluid. The effects of ambient

pressure, initial gas temperature, and differences in fuel components and combustion

reaction on the evaporation characteristics are investigated using DNS for a single and

multiple fuel droplets. As the single-component fuels, n-heptane and n-decane are used,

and the one-step global reaction model [31] is used for the calculation of the reaction of

n-decane. As the multi-component fuels, the surrogate fuels of Jet-A (one-component

fuel: n-decane, two-component fuel: n-decane and 1,2,4-trimethyl-benzene [32], three-

component fuel: n-dodecane, iso-octane, and toluene [33–35]) are used. For the calcu-

lations of the reactions, the detailed reaction models that consider 113 chemical species

and 891 reactions for the one- and two-component fuels [32], and 273 chemical species

and 2322 reactions for the three-component fuel [33–35] are used, respectively.

Chapter 3 describes the characteristics of combustion instability in a back-step flow.

LES of gas and spray combustion are performed, and the mechanism underlying the

combustion instability and the effect of initial droplet diameter on combustion insta-

bility are investigated. Methane and kerosene are used as the fuel for gas and spray

combustion, respectively. For the calculations of the reactions, the two-step global re-

action models [26, 36] are used with the dynamic thickened flame model [24, 25] to

incorporate the effects of SGS turbulence on the reactions.

Chapter 4 describes the characteristics of flashback in a channel flow. The effect of

a pressure oscillation that is caused by a virtual combustion instability on the flashback

characteristics is investigated using DNS. Hydrogen is used as the fuel, and the detailed

reaction model that considers 9 chemical species and 20 reactions [37] is used for the

calculation of the reaction.

Chapter 5 summarizes this study and suggests future related areas of researches.
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Chapter 2

DNS of droplet evaporation and

combustion

2.1 Introduction

In this chapter, droplet evaporation and combustion are investigated using DNS. Droplet

evaporation is one of the most important factors that changes the spray combustion

behavior, and therefore, it has been studied in various conditions previously.

For the droplet evaporation without combustion, Miller and Bellan [1] performed

DNS and discussed the effects of the initial liquid mass loading ratio, initial Stokes

number, and initial droplet temperature on the droplet evaporation in a turbulent mixing

layer. Also, the effects of the ambient pressure have been investigated for a single droplet

or an array of droplets. Nomura and Ujiie [2] experimentally studied the evaporation rate

of a single droplet at various ambient pressures in the range of 0.1–5.0 MPa and showed

the pressure dependence of droplet lifetime. Yang and Wong [3] performed a numerical

simulation of a flow around a single evaporating droplet under the same conditions as the

Nomura and Ujiie’s experiments and discussed the effects of the heat conduction from a

fiber used in the experiment to suspend the droplet and the radiation from the furnace

wall. On the other hand, for the droplet evaporation with combustion, Mikami et al. [4]

studied the burning lifetime of interacting two droplets at various ambient pressures in
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the range of 0.1–6.0 MPa by experiments, and showed that the pressure dependence of

the burning lifetime for the interacting droplets is similar to that of a single droplet.

In these studies, however, the evaporation characteristics of multiple droplets have not

been discussed.

Fuel components are also the important factors that affect the evaporation behavior

of fuel droplets. Däıf et al. [5] performed an experiment using a single and a few droplets

of a multi-component fuel composed of n-decane and n-heptane, and compared the

evaporation rate and droplet temperature with the results calculated by the evaporation

model of Abramzon and Sirignano [6]. They showed that the evaporation model extended

to multi-component droplet evaporation in forced convection gave good results on the

droplet radius regression and the droplet surface temperature evolution. For multiple

droplets, Le Clercq and Bellan [7] performed a direct numerical simulation of a mixing

layer laden with evaporating droplets of a multi-component fuel and compared the results

with those of the single-component fuel. They pointed out that the single-component

fuel was able to be substituted for the multi-component fuel, but it caused the increased

evaporation time. However, these studies have not mentioned the droplet evaporation

with combustion.

The purpose of this chapter is therefore to investigate the effects of ambient pressure,

initial gas temperature, and differences in fuel components and combustion reaction on

the evaporation characteristics of a single and multiple fuel droplets using DNS. For

the single-component fuels, n-heptane and n-decane are used, and the one-step global

reaction model [8] is used for the calculation of the reaction of n-decane. For the multi-

component fuels, on the other hand, the surrogate fuels of Jet-A (one-component fuel: n-

decane, two-component fuel: n-decane and 1,2,4-trimethyl-benzene [9], three-component

fuel: n-dodecane, iso-octane, and toluene [10–12]) are used. For the calculations of

the reactions, the detailed reaction models that consider 113 chemical species and 891

reactions for the one- and two-component fuels [9], and 273 chemical species and 2322

reactions for the three-component fuel [10–12] are used, respectively.
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2.2 Single-component fuel droplet

2.2.1 Numerical Simulation

2.2.1.1 Governing equations

The governing equations for the gas phase are the conservation equations of mass, mo-

mentum, energy, and mass of chemical species as

∂ρ

∂t
+∇ · (ρu) = Sρ, (2.1)

∂ρu

∂t
+∇ · (ρuu) = −∇P +∇ · τ + Sρu, (2.2)

∂ρh

∂t
+∇ · (ρhu) = ∂P

∂t
+ u · ∇P +∇ · (ρDh∇h) + τ · ∇u+ Sρh, (2.3)

∂ρYk

∂t
+∇ · (ρYku) = ∇ · (ρDk∇Yk) + Scomb,k + SρYk

, (2.4)

and the equation of state for ideal gas [13–16]. Here ρ is the density, u the velocity, P the

pressure, τ the viscous stress tensor, h the enthalpy, and Dh the thermal diffusivity given

as ρDh = λ/cp, respectively. Here λ and cp are the heat conductivity and the specific

heat capacity, respectively. Yk and Dk are the mass fraction and the mass diffusion

coefficient of species k, which is given under the unity Lewis number assumption as

ρDk = λ/cp, respectively.

The phase coupling between the gas and dispersed-droplets phases is calculated using

the Particle-Source-In-Cell (PSI-Cell) method [17]. The source terms, Sρ, Sρu, Sρh, and

SρYk
, are given as

Sρ = − 1

∆V

∑
N

dmd

dt
, (2.5)

Sρu = − 1

∆V

∑
N

dmdud

dt
, (2.6)

Sρh = − 1

∆V

∑
N

dmdhd

dt
, (2.7)

SρYk
= − 1

∆V

∑
N

dmd

dt
for Yk = YF . (2.8)

Here ∆V is the volume of the computational cell for the gas phase calculation, md the

droplet mass, ud the droplet velocity, hd the enthalpy of a fuel droplet, and N the
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number of fuel droplets in the computational cell. Scomb,k is the source term due to the

reaction described later.

Concerning the evaporation of fuel droplets, the non-equilibrium Langmuir–Knudsen

evaporation model [1, 18, 19] is employed. The governing equations for the droplet

position, xd, velocity, ud, temperature, Td, and mass, md, are given as

dxd

dt
= ud, (2.9)

dud

dt
=

fs
τd
(u− ud), (2.10)

dTd

dt
=

Nu

3Pr

(
cp
cp,d

)(
ft
τd

)
(T − Td) +

ṁd

md

LV

cp,d
, (2.11)

dmd

dt
= ṁd. (2.12)

Here T is the gas temperature, cp,d the specific heat capacity of the fuel droplet, LV the

latent heat of evaporation at Td, and τd the particle response time defined as

τd =
ρdd

2

18µ
. (2.13)

Here ρd is the droplet density, µ the viscosity, and d the droplet diameter. The Prandtl

and Nusselt numbers in the gas phase are given as

Pr =
µ

ρDh

, Nu = 2 + 0.552Re
1/2
sl Pr1/3. (2.14)

Here Resl = ρusld/µ is the Reynolds number based on the slip velocity, usl = |u− ud|.

The corrections of the Stokes drag and heat transfer for the evaporating fuel droplet, fs

and ft [13, 19, 20], are given as

fs =
1 + 0.0545Resl + 0.1Re

1/2
sl (1− 0.03Resl)

1 + bRecb
, ft =

β

eβ − 1
, (2.15)

b = 0.06 + 0.077 exp(−0.4Resl), c = 0.4 + 0.77 exp(−0.04Resl).

Here Reb = ρubd/µ is the Reynolds number based on the blowing velocity, ub =

ṁd/(πd
2ρ). β is the non-dimensional evaporation parameter described later.

14



2.2.1.2 Evaporation model

For the evaporation of the fuel droplet, the non-equilibrium Langmuir–Knudsen evapo-

ration model is used [1, 18, 19]. The effect of the temperature gradient inside the droplet

is neglected since the effect is small [19]. As the liquid fuel, n-heptane and n-decane are

used. Evaporation rate in Eq. (2.12) is given as

ṁd = −md

τd

(
Sh

3Sc

)
ln(1 +BM), (2.16)

[1, 18, 19], where Sc and Sh are the Schmidt and Sherwood numbers given as

Sc =
µ

ρDk

, Sh = 2 + 0.552Re
1/2
sl Sc1/3, (2.17)

and BM is the mass transfer number given as

BM =
YF,s − YF

1− YF,s

. (2.18)

Here YF is the mass fraction of fuel vapor in the far-field condition for the fuel droplet,

which is represented by the value in the cell where the fuel droplet is located (this

condition is the same for u and T ), and YF,s is the vapor surface mass fraction (i.e.,

saturated vapor mass fraction) given as

YF,s =
XF,s

XF,s + (1−XF,s)W/WF

, (2.19)

XF,s =
Psat

P
−

(
2LK

d

)
β. (2.20)

Here XF,s is the mole fraction of fuel vapor at the droplet surface, Psat the saturated

vapor pressure discussed later, W the averaged molecular weight of the carrier gas,

and WF the molecular weight of the fuel vapor, respectively. In Eq. (2.20), the non-

equilibrium effect is considered using the Langmuir–Knudsen evaporation law, in which

the non-dimensional evaporation parameter, β, is given as

β = −
(
ρdPr

8µ

)
dd2

dt
. (2.21)

The Knudsen layer thickness, LK , is estimated as

LK =
µ {2πTd(R/WF )}1/2

ScP
. (2.22)

Here R is the universal gas constant.
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2.2.1.3 Saturated vapor pressure

In general, the saturated vapor pressure, Psat, in Eq. (2.20) is calculated as

Psat = P exp

{
LVWF

R

(
1

TB

− 1

Td

)}
, (2.23)

where TB is the boiling temperature. This equation is derived from the Clausius–

Clapeyron equation,
dPsat

dT
=

LVWF

T (vg − vl)
, (2.24)

under the assumptions of the constant LV and ideal gas. Here vg and vl are the molar

volumes of the gas and liquid phases, respectively. However, the validities of these

assumptions have not been fully examined.

In order to exactly solve Eq. (2.24), the equation is numerically integrated using the

exact values of LV , vg, and vl. LV is estimated by using the Watson equation [21] as

LV = LV,B,atm

(
Tc − Td

Tc − TB,atm

)0.38

, (2.25)

where TB,atm is the normal boiling temperature, Tc the critical temperature, and LV,B,atm

the latent heat at TB,atm. On the other hand, vg and vl are calculated using the equation

of state for real gas and the equation of the corresponding states correlation, respectively.

As these equations, Peng-Robinson equation [22] and Gunn-Yamada equation [23] are

used, respectively. The Peng-Robinson equation is described as

vg =
RT

P
z. (2.26)

Here z is the compressibility factor given as

z3 − (1− Cz,2)z
2 + (Cz,1 − 3C2

z,2 − 2Cz,2)z − (Cz,1Cz,2 − C2
z,2 − C3

z,2) = 0, (2.27)

Cz,1 =
aP

R2T 2
, Cz,2 =

bP

RT
,

where a and b are calculated as

a = 0.45724
R2T 2

c

Pc

α, b = 0.07780
RTc

Pc

, (2.28)

α1/2 = 1 + (0.37464 + 1.54226ω − 0.26992ω2)(1− T 1/2
r ).
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Here Pc is the critical pressure and Tr = T/Tc the reduced temperature. The values of

the acentric factor, ω, for n-decane and n-heptane are 0.488 and 0.349, respectively [24].

The Gunn-Yamada equation is described as

vl = v(0)r (1− ωΓ )vsc, (2.29)

vsc =
RTc

Pc

(0.2920− 0.0967ω),

where v
(0)
r and Γ are calculated with Tr as

v(0)r =



0.33593− 0.33953Tr + 1.51941T 2
r − 2.02512T 3

r + 1.11422T 4
r

(0.2 ≤ Tr ≤ 0.8)

1.0 + 1.3(1− Tr)
1/2 log10(1− Tr)− 0.50879(1− Tr)− 0.91534(1− Tr)

2

(0.8 < Tr < 1.0),

(2.30)

Γ = 0.29607− 0.09045Tr − 0.04842T 2
r (0.2 ≤ Tr < 1.0). (2.31)

On the other hand, empirical expressions for Psat have been proposed by Antoine [25]

and Sato [26] based on the measurements. The Antoine’s expression [25] is described as

log10 Psat = CA,1 −
CA,2

T + CA,3

, (2.32)

where CA,1, CA,2, and CA,3 are the experimental constants. For n-decane, CA,1 = 4.07857,

CA,2 = 1501.268 and CA,3 = −78.67 are used, and for n-heptane, CA,1 = 4.02832,

CA,2 = 1268.636, and CA,3 = −56.199 are used. It should be noted that the unit of Psat

is [bar] in this expression. The Sato’s expression for non-polar substance [26] is descried

as

P 0.119
sat = 11.9T 0.119 + CS, (2.33)

where CS is the experimental constant. For n-decane and n-heptane, CS = −22.4066

and CS = −21.9011 are used, respectively. It should be noted that the unit of Psat is

[mmHg] in this expression.

Fig. 2.1 shows the comparison of the saturated vapor pressure, Psat, against droplet

surface temperature, Td, calculated by Eqs. (2.23), (2.24), (2.32), and (2.33) for n-decane
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and n-heptane. Here TB in Eq. (2.23) is calculated using Sato’s expression (Eq. (2.33))

as

TB =

(
P 0.119 − CS

11.9

)1/0.119

. (2.34)

The third-order explicit Runge–Kutta method is used for the numerical integration of

Eq. (2.24). While the exact prediction of Psat by Eq. (2.24) is in good agreement with

the empirical expressions by the Antonie [25] and Sato [26], the assumed prediction by

Eq. (2.23) overestimates them. Accordingly, the Sato’s expression [26] is employed in

the present computations.

2.2.1.4 Reaction model

For the calculation of the reaction of n-decane, the following one-step global reaction

model [8] is used.

C10H22 +
31

2
O2

ω̇→ 10CO2 + 11H2O. (2.35)

The reaction rate, ω̇, is given as

ω̇ = A exp

(
− Ea

RT

)
[C10H22]

nC10H22 [O2]
nO2 . (2.36)

Here [ - ] represents the mole concentration of chemical species. A = 3.8 × 1011 is the

frequency factor, Ea = 30 [kcal/mol] the activation energy, and nC10H22 = 0.25 and

nO2 = 1.5 the reaction exponents.

2.2.1.5 Computational details

Fig. 2.2 shows the schematic of the computational domain and the initial droplet dis-

tributions. The computational domain is a cube 5 mm on a side and is divided into

50 uniform computational grid points in the each direction. The staggered grid is used

for the computational grid. The number of grid points was determined by comparing

the computational results obtained by computations with 0.125 million (= 503) and 1

million (= 1003) grid points. The differences in droplet lifetime described later between

them were less than 1.3% for all cases. The computations are performed for the evapo-

ration of a single fuel droplet and for the evaporation/combustion reaction of multiple
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Figure 2.1: Comparison of saturated vapor pressure, Psat, against droplet surface tem-

perature, Td, calculated by Eqs. (2.23), (2.24), (2.32), and (2.33) for n-decane and n-

heptane.
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(a) Computational domain

(b) Random distribution (c) Inhomogeneous distribution

Figure 2.2: Computational domain and initial droplet distributions.
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Table 2.1: Computational conditions.

Cases T0 [K] ML [ - ] (ϕ [ - ])
Ambient

gas

Droplet

distribution
G [ - ]

1 1000 0.027 ( - ) Nitrogen Random 2.8–61.8

2 1500 0.027 ( - ) Nitrogen Random 2.1–46.4

3 2000 0.027 ( - ) Nitrogen Random 1.4–30.9

4∗ 2000 0.054 ( - ) Nitrogen Random 2.8–61.8

5 1000 0.12 ( - ) Nitrogen Random 13.6–276.0

6 1500 0.12 ( - ) Nitrogen Random 10.2–207.0

7 2000 0.12 ( - ) Nitrogen Random 6.8–138.0

8 1000 0.027 (0.411) Air Random 2.8–61.8

9 1500 0.027 (0.411) Air Random 2.1–46.4

10 2000 0.027 (0.411) Air Random 1.4–30.9

11∗ 2000 0.054 (0.822) Air Random 2.8–61.8

12 1000 0.12 (1.85) Air Random 13.6–276.0

13 1500 0.12 (1.85) Air Random 10.2–207.0

14 2000 0.12 (1.85) Air Random 6.8–138.0

15 2000 0.36 (5.55) Air Random 20.4–414.0

16 2000 0.027 ( - ) Nitrogen Inhomogeneous 1.4–30.9

17∗ 2000 0.054 ( - ) Nitrogen Inhomogeneous 2.8–61.8

18 2000 0.027 (0.411) Air Inhomogeneous 1.4–30.9

19∗ 2000 0.054 (0.822) Air Inhomogeneous 2.8–61.8

* Cases using a parcel model in which one parcel represents two fuel droplets.

All cases are performed under the ambient pressure conditions of 0.1, 0.5, 1.0, 1.5, and

2.0 MPa.
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fuel droplets. Initially, the single fuel droplet and multiple fuel droplets are allocated at

the center of the computational domain and in the central region as the spherical shape

with 2 mm diameter, respectively. The initial droplet diameters are set to 700 µm for

the single fuel droplet and 7.5 µm for the multiple fuel droplets. These droplet sizes are

decided to compare with the experiments [2] and to meet the requirements associated

with the grid size from the point of view of numerical accuracy, respectively (the grid

spacing needs to be roughly 10 times larger than the droplet size to get enough accuracy

by using the PSI-Cell method [27]). The initial droplet temperature is 300 K. As the

fuel, n-decane and n-heptane are used for the evaporation of the single fuel droplet,

whereas n-decane is used for the evaporation/combustion reaction of the multiple fuel

droplets.

Table 2.1 lists the computational conditions performed for the evaporation/combustion

reaction of the multiple fuel droplets. The ambient pressure, P , initial gas temperature,

T0, and droplet mass loading ratio, ML, are varied in the ranges of 0.1–2.0 MPa, 1000–

2000 K, and 0.027–0.36, respectively. Here ML is the ratio of the total mass of fuel

droplets to the mass of gas in the spherical region. In order to investigate the effects

of combustion reaction and inhomogeneity of droplet distribution, the computations

are carried out for different mediums of the ambient gas (i.e., nitrogen and air) and

the initial droplet distributions (i.e., random and inhomogeneous). Here the inhomoge-

neous droplet distribution is obtained by the DNS data for the droplet distributions in

an isotropic turbulence in Matsuda et al. [28]. In order to increase ML of inhomoge-

neous droplet distributions, the parcel model [13] in which one parcel represents two fuel

droplets is applied. These cases with the parcel model are indicated using a superscrip-

tion * as 4∗, 11∗, 17∗, and 19∗ in Table 2.1. In the table, G is the Group combustion

number [29] given as

G =
3

4
Le(2 + 0.552Re

1/2
sl Sc1/3)n

2/3
T (d/l). (2.37)

Here Le is the Lewis number, nT the total number of the fuel droplets, and l the mean

distance between the fuel droplets.

For the numerical approximation of the gas phase, discretization of the nonlinear
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terms of the momentum equations is derived from the second-order fully conservative

finite difference scheme [30, 31]. For the convection terms of the energy and mass

fractions of chemical species, the QUICK scheme [32] is employed. Other differentials

are approximated by the second-order finite difference method. The third-order explicit

Runge–Kutta method is used for the time advancement calculation of the convective

terms. The fractional step method [33] is used as the computational algorithm. On all

six boundaries, the free outflow condition is given.

The values of the droplet density, ρd, and the specific heat capacity of the droplet,

cp,d, are calculated by the curve fit data from the NIST web book [24], and other thermo

physical properties and transport coefficients under various pressures are obtained from

CHEMKIN [34, 35]. Here the reference temperature, Tref , and reference mass fraction,

Yk,ref , are calculated by “1/3 rule” [19] as

Tref =
1

3
T +

2

3
Td, Yk,ref =

1

3
Yk +

2

3
Yk,s. (2.38)

Regarding the computations for the evaporation of the single droplet, the droplet diam-

eter of 700 µm is larger than the computational grid, and therefore, PSI-Cell method

cannot be used. Therefore, the evaporation rate of the single droplet is calculated under

the assumption that the variations of the gas temperature and mass fraction of fuel gas

caused by the droplet evaporation are negligibly small.

2.2.2 Results and discussion

2.2.2.1 Single fuel droplet without combustion

In this section, the effects of ambient pressure and initial gas temperature on the evap-

oration of a single fuel droplet are investigated by comparing with the experiments by

Nomura and Ujiie [2]. In the previous numerical study by Yang and Wong [3], they

pointed out that radiation from the furnace wall and heat conduction from a fiber used

for suspending a fuel droplet may enhance the droplet evaporation in the experiments.

In addition, it is speculated that natural convection around the droplet surface affects

the droplet evaporation. This is because the gravity fluctuation with 1/100 of normal
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gravity was measured in the experiments, although the experiments were reported to be

performed in a microgravity condition.

In Fig. 2.3, the comparisons of time variation of the normalized squared droplet di-

ameter, (d/d0)
2, between numerical simulations and experiments [2] with and without

radiation and natural convection is shown for n-heptane. Here both axes are normal-

ized by the square of the initial droplet diameter. The left-hand side and right-hand

side figures show the low-initial-gas-temperature and high-initial-gas-temperature cases,

respectively. The radiative heat absorption, Qrad, is calculated as

Qrad = πd2σα(T 4 − T 4
d ), (2.39)

where σ is the Stephan-Boltzmann coefficient and α = 0.93 the surface absorptance

[3]. In order to take the effect of the natural convection into account, gravity effect is

introduced into the Nusselt and Sherwood numbers as

Nu = 2 + 0.6(Gr1/2 +Resl)
1/2Pr1/3, (2.40)

Sh = 2 + 0.6(Gr1/2 +Resl)
1/2Sc1/3. (2.41)

Here Gr is Grashof number defined as

Gr =
gρ2(T − Td)d

3

Tµ2
, (2.42)

[36, 37], where g is the gravity. The effect of heat conduction of a fiber used for sus-

pending a fuel droplet is neglected here because of the uncertainty of its condition in the

experiments [2]. It is observed that the predictions of (d/d0)
2 monotonously decrease

with increasing t/d20 and that their slopes become gentle at low-initial-gas-temperature

cases and steep at high-initial-gas-temperature cases as the ambient pressure increases,

and become steep as the initial gas temperature increases. Also, the predictions become

to be in better agreement with the experiments [2] by taking the effects of the radiation

and natural convection into account. In the conditions of high ambient pressure and

initial gas temperature (see the right-hand side figure in Fig. 2.3(c)), however, the dif-

ferences between the predictions and the experiments are still marked even if the effects
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of the radiation and natural convection are taken into account. In particular, the effect

of the ambient pressure is quite different. Compared to the experiments [2], the increase

of droplet size due to droplet expansion greatly surpasses the decrease of it due to droplet

evaporation in these conditions in the numerical simulations. It is considered that this

is due to the fact that the effect of heat conduction from a fiber used for suspending a

fuel droplet, which could enhance the droplet evaporation, is neglected in the numerical

simulations. In addition, the difficulties in measuring the droplet size in the experiments

may deteriorate the accuracies of the experimental data. The time variations of normal-

ized squared droplet diameter, (d/d0)
2, for n-decane are also shown in Fig. 2.4. In all

conditions, the droplet expansion is more evident and the droplet evaporation proceeds

slower for n-decane than those for n-heptane.

In the computations for the evaporation and combustion reaction of multiple fuel

droplets, whose results are shown in the following sections, the effects of radiation and

natural convection are neglected. This is because small droplets with diameter of 7.5

µm are used, and therefore, the evaporation time is as short as the order of 10−4 s.

2.2.2.2 Multiple fuel droplets without combustion

Figs. 2.5 and 2.6 show the time variations of total droplet mass, m/m0, in nitrogen

at initial gas temperature of T0 = 1000, 1500, and 2000 K for ML = 0.027 and 0.12,

respectively. As the ambient pressure increases, the start-up of droplet evaporation is

delayed and the evaporation rate is enhanced once the evaporation starts. This is because

as the ambient pressure increases, droplet evaporation is suppressed by higher boiling

temperature because the heat from the ambient gas is used not for the evaporation but for

raising the droplet temperature, whereas it is enhanced by lower latent heat (Eq. (2.25))

and larger droplet surface area due to greater liquid expansion (i.e., lower liquid density)

caused by the increase of droplet temperature. The former and latter factors affect the

droplet evaporation rate in the early and subsequent evaporation periods, respectively.

Also, since only the latter factor is influenced by the ambient gas temperature, the slope

of m/m0 becomes steep with increasing the initial gas temperature, T0. The comparison
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Figure 2.3: Comparisons of time variation of normalized squared droplet diameter,

(d/d0)
2, between numerical simulations and experiments [2] with and without radiation

and natural convection for n-heptane.
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Figure 2.4: Time variations of normalized squared droplet diameter, (d/d0)
2, with and

without radiation and natural convection for n-decane.
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of Figs. 2.5 and 2.6 suggests that this tendency is not influenced by ML.

In order to understand the general effects of the ambient pressure, initial gas temper-

ature, and mass loading ratio, ML, on the droplet evaporation, droplet lifetime, which is

defined as the time when m/m0 becomes 1%, is introduced. Fig. 2.7 shows the effects of

ambient pressure, P , and ML on droplet lifetime in nitrogen at initial gas temperature

of T0 = 1000, 1500, and 2000 K. The droplet lifetime is found to increase with increasing

the ambient pressure at lower initial gas temperature of T0 = 1000 K, but decrease at

higher initial gas temperature of T0 = 1500 and 2000 K. This is attributed to a balance

of the increase and decrease of the droplet evaporation rate in higher ambient pressure

conditions, as mentioned earlier on Figs. 2.5 and 2.6. This tendency is not influenced by

ML, but the droplet lifetime quantitatively becomes longer with increasing ML. This

is explained by Fig. 2.8 in which the time variations of gas temperature, T , and ratio

of mass fraction of evaporated fuel to vapor surface mass fraction, YF/YF,s, in nitrogen

at initial gas temperature of T0 = 2000 K and ambient pressure of P = 2.0 MPa (see

Fig. 2.7(c)) are shown. Compared to in the case of ML = 0.027, the decrease of T and

the increase of YF/YF,s with time in the case of ML = 0.12 are remarkable, which act

to suppress the droplet evaporation, and therefore, enlarge the droplet lifetime.

Fig. 2.9 shows the effect of inhomogeneity of the droplet distribution on droplet

lifetime in nitrogen at initial gas temperature of T0 = 2000 K for ML = 0.027 (without

parcel model) and 0.054 (with parcel model). In both cases ofML = 0.027 and 0.054, the

inhomogeneity of the droplet distribution is found to make the droplet lifetime longer

regardless of the ambient pressure. In order to elucidate the mechanism, probability

density function (PDF) of local mass loading ratio, MLlocal, which is calculated by

counting the number of fuel droplets in a cube 0.5 mm on a side, is evaluated at ambient

pressure of P = 2.0 MPa as shown in Fig. 2.10. Compared to the random droplet

distribution, the PDF of the inhomogeneous droplet distribution widely distributes in

the higherMLlocal region, which is considered to contribute to the longer droplet lifetime.
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Figure 2.5: Time variations of total droplet mass, m/m0, for ML = 0.027 in nitrogen

at initial gas temperature of T0 = 1000, 1500, and 2000 K.
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Figure 2.6: Time variations of total droplet mass, m/m0, for ML = 0.12 in nitrogen at

initial gas temperature of T0 = 1000, 1500, and 2000 K.
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Figure 2.7: Effects of ambient pressure, P , and ML on droplet lifetime in nitrogen at

initial gas temperature of T0 = 1000, 1500, and 2000 K.
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Figure 2.8: Time variations of gas temperature, T , and ratio of mass fraction of evapo-

rated fuel to vapor surface mass fraction, YF/YF,s, in nitrogen at initial gas temperature

of T0 = 2000 K and ambient pressure of P = 2.0 MPa (see Fig. 2.7(c)).
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Figure 2.9: Effect of inhomogeneity of droplet distribution on droplet lifetime in nitrogen

at initial gas temperature of T0 = 2000 K for ML = 0.027 (without parcel model) and

0.054 (with parcel model).
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Figure 2.10: Effect of inhomogeneity of droplet distribution on PDF of local mass loading

ratio,MLlocal, in nitrogen at initial gas temperature of T0 = 2000 K and ambient pressure

of P = 2.0 MPa for ML = 0.027 (without parcel model) and 0.054 (with parcel model).
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2.2.2.3 Multiple fuel droplets with combustion

Figs. 2.11 and 2.12 show the time variations of the distributions of instantaneous gas

temperature, T , mass fraction of O2, YO2 , and mass fraction of fuel gas, YF , in air

at initial gas temperature of T0 = 2000 K, ambient pressure of P = 0.1 MPa, and

ML = 0.12 and 0.36, respectively. These conditions are ones in Cases 14 and 15, and

indicate the Group combustion number (Eq. (2.37)) of G = 6.8 and 20.4, respectively.

It is observed that although the tendencies that YO2 and YF decreases and increases,

respectively, in the central region with time are similar between the cases of ML = 0.12

and 0.36, the distributions of T are considerably different. This difference is considered to

be in the combustion form, as known as “droplet group combustion”. According to Chiu

and Liu [38], and Chiu et al. [39], there are four modes in the droplet group combustion

of spray flames: (1) single droplet combustion mode in which all droplets burn with

envelope flames, (2) internal group combustion mode in which the group flame appears

inside the droplet group (droplets inside the group flame only just evaporate and droplets

outside the group flame burn with envelope flames), (3) external group combustion

mode in which the group flame encloses the whole droplet group, and (4) external

sheath combustion mode in which the nonevaporation region (low-temperature region) is

found inside the evaporation region in the droplet group. These modes change from the

single droplet combustion mode to the external sheath combustion mode, as the group

combustion number, G, increases. Judging from this concept, the combustion behaviors

in both cases of ML = 0.12 and 0.36 for P = 0.1 MPa are considered to be classified into

the mode (3), but they seem to be classified into the modes (2) and (3), respectively,

from the viewpoint of the physical phenomena. The similar discrepancies were observed

in higher ambient pressure conditions, namely the Chiu’s criterion overestimates the

group combustion behavior. This is attributed to the fact that the Chiu’s criterion does

not consider the effect of the initial oxygen concentration in the droplet group [13, 40].

Figs. 2.13, 2.14, and 2.15 show the time variations of total droplet mass, m/m0, in

air at initial gas temperature of T0 = 1000, 1500, and 2000 K for ML = 0.027, 0.12, and

0.36, respectively. Regarding the case of ML = 0.36, only the results at T0 = 2000 K
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are shown because the combustion reaction did not take place at T0 = 1000 and 1500

K. It is observed that the general tendencies of droplet evaporation are the same as

the cases without combustion reaction, namely the start-up of droplet evaporation is

delayed and the evaporation rate is enhanced once the evaporation starts as the ambient

pressure increases, regardless of the value of ML. However, the droplet evaporation with

combustion reaction is faster than that without it. In particular, the droplet evaporation

in the cases of higher ambient pressure of P > 0.1 MPa are much faster than that in

the case of P = 0.1 MPa. This is because the increase of the combustion reaction

rate with the ambient pressure raises the gas temperature, which enhances the droplet

evaporation.

Like the cases without combustion reaction, the effects of ambient pressure, P , and

ML on the droplet lifetime in air at initial gas temperature of T0 = 1000, 1500, and

2000 K are presented in Fig. 2.16. It is verified that the effects of initial gas temperature

and ambient pressure on the droplet lifetime are similar to those without combustion

reaction, such that the droplet lifetime increases with increasing the ambient pressure at

lower initial gas temperature of 1000 K, but decreases at higher initial gas temperature

of 1500 and 2000 K. On the other hand, the effect of ML on the droplet lifetime is

somewhat complicated. That is, the increase of ML increases the droplet lifetime at

T0 = 1000 K, decreases it at T0 = 1500 K, and changes the effect depending on ML

(i.e., decreases the droplet lifetime at moderately high ML and conversely increases it at

higher ML) at T0 = 2000 K. This is explained by Fig. 2.17 in which the time variations

of gas temperature, T , and ratio of mass fraction of evaporated fuel to vapor surface

mass fraction, YF/YF,s, in air at initial gas temperature of T0 = 2000 K and ambient

pressure of P = 2.0 MPa (see Fig. 2.16(c)) are shown. It is found that as ML increases,

T becomes to rise quickly and YF/YF,s monotonously increases. The trend of T , which

is caused by the enhancement of the combustion reaction, is quite different between the

cases with and without combustion reaction while that of YF/YF,s is similar. Here the

increases of T and YF/YF,s act to enhance and suppress the droplet evaporation, namely

shorten and enlarge the droplet lifetime, respectively. Accordingly, it can be said that
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the effect of ML on the droplet lifetime is determined by a balance of the increases of

T and YF/YF,s. Generally speaking, the droplet lifetime tends to be lengthened by the

increase of ML even under the conditions with combustion reaction, but often shortened

at moderately high ML at high ambient pressure.

Fig. 2.18 shows the effect of inhomogeneity of the droplet distribution on droplet

lifetime in air at initial gas temperature of T0 = 2000 K for ML = 0.027 (without parcel

model) and 0.054 (with parcel model). In the cases of ML = 0.054, the inhomogeneity

of the droplet distribution is found to make the droplet lifetime longer regardless of the

ambient pressure. In the cases of ML = 0.027, on the other hand, the inhomogeneity of

the droplet distribution does not always make the droplet lifetime longer. This is due

to the same reasons, as mentioned above, that is, the droplet lifetime is shortened by

moderately high ML.
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Figure 2.11: Time variations of distributions of instantaneous gas temperature, T , mass

fraction of O2, YO2 , and mass fraction of fuel gas, YF , in air at initial gas temperature

of T0 = 2000 K, ambient pressure of P = 0.1 MPa, and ML = 0.12 in Case 14.
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Figure 2.12: Time variations of distributions of instantaneous gas temperature, T , mass

fraction of O2, YO2 , and mass fraction of fuel gas, YF , in air at initial gas temperature

of T0 = 2000 K, ambient pressure of P = 0.1 MPa, and ML = 0.36 in Case 15.
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Figure 2.13: Time variations of total droplet mass, m/m0, for ML = 0.027 in air at

initial gas temperature of T0 = 1000, 1500, and 2000 K.
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Figure 2.14: Time variations of total droplet mass, m/m0, for ML = 0.12 in air at initial

gas temperature of T0 = 1000, 1500, and 2000 K.
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Figure 2.15: Time variations of total droplet mass, m/m0, for ML = 0.36 in air at initial

gas temperature of T0 = 2000 K.
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Figure 2.16: Effects of ambient pressure, P , and ML on droplet lifetime in air at initial

gas temperature of T0 = 1000, 1500, and 2000 K.
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Figure 2.17: Time variations of gas temperature, T , and ratio of mass fraction of evap-

orated fuel to vapor surface mass fraction, YF/YF,s, in air at initial gas temperature of

T0 = 2000 K and ambient pressure of P = 2.0 MPa (see Fig. 2.16(c)).
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Figure 2.18: Effect of inhomogeneity of droplet distribution on droplet lifetime in air

at initial gas temperature of T0 = 2000 K for ML = 0.027 (without parcel model) and

0.054 (with parcel model).
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2.3 Multi-component fuel droplet

2.3.1 Numerical Simulation

2.3.1.1 Evaporation model

The governing equations for the gas and dispersed-droplets phases, and the numerical

procedure are the same as those for the single-component fuel droplet described in the

previous section. Multi-component evaporation is taken into account using the discrete

multi-component method [41, 42], in which each component individually evaporates

according to its volatility. It is assumed that the entire evaporation rate of a multi-

component fuel is calculated in an analogous way to that of a single-component fuel.

The entire evaporation rate of a multi-component fuel, ṁd, is expressed as

ṁd =− md

τd

(
Sh

3Sc

)
ln(1 +BM), (2.43)

BM =

∑
k

YV,s,k −
∑
k

YV,k

1−
∑
k

YV,s,k

, (2.44)

τd =
ρdd

2

18µ
, (2.45)

Sc =
µ

ρ
∑
k

YV,kDk

, Sh = 2 + 0.552Re
1/2
sl Sc1/3. (2.46)

Here Sc is the averaged Schmidt number, Sh the averaged Sherwood number, BM the

mass transfer number, τd the particle response time, YV,k the vapor mass fraction of

species k, ρd the density of a liquid fuel, d the droplet diameter, and µ the viscosity

of gas, respectively. Resl = ρusld/µ is the Reynolds number based on the slip velocity.

YV,s,k is the surface vapor mass fraction of species k calculated as

YV,s,k =
XV,s,k

XV,s,k + (1−XV,s,k)W/WV,k

, (2.47)

XV,s,k = Xk,d
Psat,k

P
−

(
2LK

d

)
β. (2.48)

Here XV,s,k is the surface vapor mole fraction of species k, Xk,d the mole fraction of

the fuel in the liquid phase, P the ambient pressure, W the averaged mole weight, and
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WV,k the mole weight of species k, respectively. Psat,k is the saturated vapor pressure

calculated using Sato’s empirical equation (Eq. (2.33)) [26]. LK and β are the Knudsen

layer thickness of species k and the non-dimensional constant calculated as

LK =
µ {2πTd (R/WV,k)}1/2

ScP
, (2.49)

β = −
(
ρdPr

8µ

)
dd2

dt
, (2.50)

respectively. Here Td is the droplet temperature, Pr the Prandtl number and R the

universal gas constant, respectively.

The evaporation rate of species k, ṁd,k, is calculated as

ṁd,k = εkṁd. (2.51)

Here εk is the non-dimensional partial evaporation rate calculated as follows [41, 42].

The conservation equation of each component around the droplet leads another form of

ṁd, which is expressed by using properties of species k as

ṁd =− md

τd

(
Shk

3Sck

)
ln(1 +BM,k), (2.52)

BM,k =
YV,s,k − YV,k

εk − YV,s,k

, (2.53)

Sck =
µ

ρDk

, Shk = 2 + 0.552Re
1/2
sl Sc

1/3
k . (2.54)

Here BM,k is the mass transfer number of species k, Shk the Sherwood number of species

k, and Sck the Schmidt number of species k. From Eqs. (2.43) and (2.52), the relationship

between BM and BM,k is written as

BM,k = (1 +BM)ηk − 1, ηk =
ShSck
ShkSc

. (2.55)

From Eqs. (2.44), (2.53), and (2.55) with the assumption of ηk = 1 (unity Lewis number

assumption), εk is calculated as

εk = YV,s,k + (YV,s,k − YV,k)

1−
∑
k

YV,s,k∑
k

YV,s,k −
∑
k

YV,k

. (2.56)
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Figure 2.19: Computational domain.

2.3.1.2 Reaction model

As the fuels, the surrogate fuels of Jet-A (one-component fuel: n-decane, two-component

fuel: n-decane and 1,2,4-trimethyl-benzene [9], three-component fuel: n-dodecane, iso-

octane, and toluene [10–12]) are used. For the calculations of the reactions, the detailed

reaction models that consider 113 chemical species and 891 reactions for the one- and

two-component fuels [9], and 273 chemical species and 2322 reactions for the three-

component fuel [10–12] are used, respectively.

2.3.1.3 Computational details

Fig. 2.19 shows the schematic of the computational domain. The computational domain

is a cube 4.8 mm on a side and divided into 48 uniform computational grid points in the

each direction. The staggered grid is used for the computational grid. To remove grid

resolution dependence, source terms for gas phase are calculated for cells surrounding

an each droplet by using a distance function from the droplet position [43].

The computations are performed for the evaporation of the single fuel droplet and

for the evaporation/combustion reaction of multiple fuel droplets. Initially, the single
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fuel droplet and multiple fuel droplets are allocated at the center of the computational

domain and in the central region as the spherical shape with 2 mm diameter, respectively.

The equivalence ratio in the central region is 2.0 for multiple fuel droplets. The initial

droplet diameters are set to 1.33 mm for the single fuel droplet, and 7.5 and 15 µm

for the multiple fuel droplets. These droplet sizes are decided to compare with the

experiments [5] and to meet the requirement associate with the grid size from the point

of view of numerical accuracy, respectively (the grid spacing needs to be roughly 10

times larger than the droplet size [27]). The initial gas and droplet temperature are

1500 and 300 K, respectively.

Table 2.2 lists the computational conditions performed for the evaporation and com-

bustion reaction of the multiple fuel droplets. The ambient pressure, P , is set to 0.1

MPa and 1.0 MPa. In order to investigate the effects of the combustion reaction, the

computations are carried out for different mediums of the ambient gas (i.e., nitrogen and

air). Physical properties of each component are listed in Table 2.3. In this table, the

latent heat, LV , is the value at the normal boiling point and the specific heat capacity,

cp, and density, ρ, are the values in the standard condition.

For a numerical approximation of the gas phase, discretization of the nonlinear terms

of the momentum equations is derived from the second-order fully conservative finite dif-

ference scheme [30, 31]. For the convection terms of the energy and mass fractions of

chemical species, the QUICK scheme [32] is employed. Other differentials are approx-

imated by the second-order finite difference method. The third-order explicit Runge–

Kutta method is used for the time advancement calculation of the convective terms.

The fractional step method [33] is used as the computational algorithm. The Variable-

coefficient ODE solver (VODE) [44] is applied to the calculation of the chemical reactions

described above. On all six boundaries, the free outflow condition is given.

The values of the droplet density, ρd, and the specific heat capacity of the droplet,

cp,d, are calculated by the curve fit data from the NIST web book [24], and the other

thermophysical properties and transport coefficients under various pressures are obtained

from CHEMKIN [34, 35].
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The CPU time for the heaviest case (Case 9) is about 6400 h (100 h on the wall-clock

time) on SGI Altix ICE (Intel Xeon X5560 processor, 64 cores).

2.3.2 Results and discussion

2.3.2.1 Single fuel droplet without combustion

In this section, the present evaporation model is validated by comparing with the exper-

iment by Däıf et al. [5]. In this experiment [5], an n-decane (C10H22)/n-heptane (C7H16)

multi-component droplet is suspended in a hot air flow whose average velocity is 3.1 m/s

and the temperature is 348 K. The initial droplet diameter is 1.33 mm and the initial

droplet temperature is equal to the room temperature. In the calculation, the compo-

sition of the droplet is changed. Namely, the compositions of the droplets of Cases A

and D, Case B, and Case C are n-decane/n-heptane (26%/74%), n-heptane (100%) and

n-decane (100%), receptively. In addition, the physical properties of individual compo-

nents are considered in Case A, whereas the droplet is treated as a one-component fuel

in which averaged physical properties are used in Case D.

Fig. 2.20 shows the comparison of the predicted time variations of the squared droplet

diameter, d2, with the experiment [5]. It is shown that the decreasing rate in the

experiment [5] changes at around t = 7.0 s. This is because n-heptane mainly evaporates

before at around t = 7.0 s and n-decane mainly evaporates after that. It is found that

Case A correctly predicts this change of the decreasing rate, and the curve trend agrees

well with the experiment [5]. On the other hand, Case D cannot predict this change of

the decreasing rate especially after at around t = 7.0 s, and Cases B and C fail to predict

the experiment [5]. Therefore, the model in Case A is employed for the computations

in the following sections.

2.3.2.2 Multiple fuel droplets without combustion

Fig. 2.21 shows the time variations of the normalized masses of gas and liquid fuels,

mg/m0 and ml/m0, in nitrogen for P = 0.1 MPa and d0 = 15.0 µm for the one-, two-,
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Table 2.2: Computational conditions.

Cases P [MPa] d0 [µm] Ambient gas Fuel

1 0.1 15.0 Nitrogen One-component fuel

2 0.1 15.0 Nitrogen Two-component fuel

3 0.1 15.0 Nitrogen Three-component fuel

4 0.1 15.0 Air One-component fuel

5 0.1 15.0 Air Two-component fuel

6 0.1 15.0 Air Three-component fuel

7 1.0 15.0 Air One-component fuel

8 1.0 15.0 Air Two-component fuel

9 1.0 15.0 Air Three-component fuel

10 0.1 7.5 Air One-component fuel

11 0.1 7.5 Air Two-component fuel

12 0.1 7.5 Air Three-component fuel

Table 2.3: Physical properties.

Components Tc Tnb LV,nb cp ρ W

[K] [K] [kJ/kg] [J/(K kg)] [kg/m3] [g/mol]

n-Decane 619.0 447.3 279.7 2199.8 724.7 142.3

n-Heptane 540.0 371.6 317.1 2232.5 679.4 100.2

1,2,4-Trimethyl-benzene 654.7 442.6 398.8 1773.0 872.2 120.2

n-Dodecane 658.2 489.0 256.5 2218.3 744.4 170.3

iso-Octane 543.9 372.4 269.5 2045.9 690.0 114.2

Toluene 593.0 383.8 360.1 1707.0 860.51 92.1
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Figure 2.20: Comparison of predicted time variations of squared droplet diameter, d2,

with experiment.

and three-component fuels (Cases 1–3). In these cases, the evaporation and pyrolysis

occur without combustion reaction. It is found that the evaporation rate in Case 3

(three-component fuel) is higher and lower than those in the other cases before and after

at t = 0.1 ms, respectively. This is due to the fact that compared to n-decane and

1,2,4-trimethyl-benzene, iso-octane and toluene included in the three-component fuel

have higher volatilities, whereas n-dodecane included in the three-component fuel has

lower volatility. In all cases, the amount of gas fuel decreases after around 0.5 ms. This

is because the pyrolysis rate overcomes the evaporation rate. Fig. 2.22 shows the radial

distributions of the space-averaged gas temperature, T , in nitrogen for P = 0.1 MPa and

d0 = 15.0 µm for the one-, two-, and three-component fuels (Cases 1–3). In all cases,

the gas temperature decrease with time due to the latent heat of evaporation and heat

transferred into the droplets. The gas temperature in Case 3 (three-component fuel) is

found to be lower than those in the other cases at earlier periods of t = 0.125 and 0.200

ms. This is due to the facts that evaporation in Case 3 (three-component fuel) is faster

than those in the other cases as shown in Fig. 2.21, and that iso-octane and toluene of

the three-component fuel have larger latent heat than that of n-decane.
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Figure 2.21: Time variations of normalized masses of gas and liquid fuels, mg/m0 and

ml/m0, in nitrogen for P = 0.1 MPa and d0 = 15.0 µm for one-, two-, and three-

component fuels (Cases 1–3).
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Figure 2.22: Radial distributions of space-averaged gas temperature, T , in nitrogen for

P = 0.1 MPa and d0 = 15.0 µm for one-, two-, and three-component fuels (Cases 1–3).
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2.3.2.3 Multiple fuel droplets with combustion

Fig. 2.23 shows the typical behavior of the droplet evaporation and combustion, namely,

the instantaneous distributions of gas temperature, T , and mass fractions of chemical

species, YO2 , YCO, YCO2 , and YOH, in air for P = 0.1 MPa and d0 = 15.0 µm at t =

0.125, 0.200, and 0.400 ms for the one-component fuel (Case 4). It is observed that the

gas temperature increases with time by combustion and O2 is consumed, and that the

combustion products and radicals such as CO, CO2, and OH are generated.

Fig. 2.24 shows the time variations of the normalized masses of gas and liquid fuels,

mg/m0 and ml/m0, in air for the one-, two-, and three-component fuels for P = 0.1 MPa

and d0 = 15.0 µm (Cases 4–6), P = 1.0 MPa and d0 = 15.0 µm (Cases 7–9), and P = 0.1

MPa and d0 = 7.5 µm (Cases 10–12). In Fig. 2.24(a), it is found that the evaporation

rate in Case 6 (three-component fuel) is higher and lower than those in Cases 4 (one-

component fuel) and 5 (two-component fuel) before and after at t = 0.1 ms, respectively.

This is due to the same reason as mentioned earlier. Namely, compared to n-decane and

1,2,4-trimethyl-benzene, iso-octane, and toluene included in the three-component fuel

have higher volatilities, whereas n-dodecane included in the three-component fuel has

lower volatility.

The comparisons of Fig. 2.24(a) with (b) and (c) show that the differences in the

evaporation rate observed between the three-component fuel, and the one- and two-

component fuels for P = 0.1 MPa and d0 = 15.0 µm still exist for P = 1.0 MPa, but

disappear for d0 = 7.5 µm. This suggests that the effects of the droplet composition on

the evaporation rate do not depend on the ambient pressure very much, but the effects

become remarkable with increasing the droplet size.

Fig. 2.25 shows the radial distributions of the space-averaged gas temperature, T ,

in air for the one-, two-, and three-component fuels for P = 0.1 MPa and d0 = 15.0

µm (Cases 4–6), P = 1.0 MPa and d0 = 15.0 µm (Cases 7–9), and P = 0.1 MPa and

d0 = 7.5 µm (Cases 10–12). For all pressure and initial-droplet-diameter conditions, the

differences in the gas temperature among the one-, two-, and three-component fuels are

observed to be marked initially and become small with time. Also, the trends of the
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differences in the gas temperature among the one-, two-, and three-component fuels are

found to be different for the each pressure and initial-droplet-diameter condition. In

Fig. 2.25(b), the gas temperature in Case 9 (three-component fuel) is higher than those

in Cases 7 (one-component fuel) and 8 (two-component fuel) at t = 0.125 ms. This

is due to the fact that the evaporation rate in Case 9 (three-component fuel) is higher

than those in Cases 7 (one-component fuel) and 8 (two-component fuel) as shown in

Fig. 2.24(b), and therefore, the higher concentration of the evaporated fuel accelerates

the combustion reaction.

On the other hand, in Fig. 2.25(a), the gas temperature not only in Case 6 (three-

component fuel) but also in Case 4 (one-component fuel) indicates the higher value than

that in Case 5 (two-component fuel) at t = 0.125 ms. This is because the ignition delay

time of the one-component fuel is shorter than that of the two-component fuel. The

reason why the gas temperature of the one-component fuel is not higher than that of

the two-component fuel in the case of P = 1.0 MPa (Fig. 2.25(b)) is considered to be

that since the ignition delay time becomes much shorter due to the higher combustion

reaction rate, the difference in the ignition delay time does not affect the difference in

the time variation of the gas temperature very much.

It is found in Fig. 2.25(c) that the trend of the differences in the gas temperature

among the one-, two-, and three-component fuels is different from those in the other

pressure and initial-droplet-diameter conditions. Namely, the gas temperature in Case

10 (one-component fuel) and Case 12 (three-component fuel) are highest and lowest at

t = 0.125 ms, respectively. This is due to the fact that in the cases of small droplets, the

time variation of the gas temperature mainly depends on the ignition delay time because

the evaporation of the small droplets is fast and the difference in the evaporation rate

is small as shown in Fig. 2.24(c).
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Figure 2.24: Time variations of normalized masses of gas and liquid fuels, mg/m0 and

ml/m0, in air for one-, two-, and three-component fuels for P = 0.1 MPa and d0 = 15.0

µm (Cases 4–6), P = 1.0 MPa and d0 = 15.0 µm (Cases 7–9), and P = 0.1 MPa and

d0 = 7.5 µm (Cases 10–12).

57



0.0 0.5 1.0 1.5 2.0 2.5
1000

1500

2000

2500

3000

T a
vg

 [K
]

r [mm]

Case 4 (One-component fuel)
 0.125 ms 
 0.200 ms 
 0.400 ms 

Case 5 (Two-component fuel)
 0.125 ms 
 0.200 ms 
 0.400 ms 

Case 6 (Three-component fuel)
 0.125 ms 
 0.200 ms 
 0.400 ms 

(a) P = 0.1 MPa, d0 = 15.0 µm

(Cases 4–6)

0.0 0.5 1.0 1.5 2.0 2.5
1000

1500

2000

2500

3000

Case 7 (One-component fuel)
 0.125 ms 
 0.200 ms 
 0.400 ms 

Case 8 (Two-component fuel)
 0.125 ms 
 0.200 ms 
 0.400 ms 

Case 9 (Three-component fuel)
 0.125 ms 
 0.200 ms 
 0.400 ms T a

vg
 [K

]

r [mm]

(b) P = 1.0 MPa, d0 = 15.0 µm

(Cases 7–9)

0.0 0.5 1.0 1.5 2.0 2.5
1000

1500

2000

2500

3000

Case 10 (One-component fuel)
 0.125 ms 
 0.200 ms 
 0.400 ms 

Case 11 (Two-component fuel)
 0.125 ms 
 0.200 ms 
 0.400 ms 

Case 12 (Three-component fuel)
 0.125 ms 
 0.200 ms 
 0.400 ms T a

vg
 [K

]

r [mm]

(c) P = 0.1 MPa, d0 = 7.5 µm

(Cases 10–12)

Figure 2.25: Radial distributions of space-averaged gas temperature, T , in air for one-,

two-, and three-component fuels for P = 0.1 MPa and d0 = 15.0 µm (Cases 4–6), P = 1.0

MPa and d0 = 15.0 µm (Cases 7–9), and P = 0.1 MPa and d0 = 7.5 µm (Cases 10–12).
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2.4 Conclusions

In this study, the effects of ambient pressure, initial gas temperature, and differences in

fuel components and combustion reaction on the evaporation of a single and multiple

fuel droplets were investigated using DNS. The main results obtained in this study can

be summarized as follows.

1. Natural convection accelerates droplet evaporation, and the effect becomes remark-

able with increasing the ambient pressure.

2. Under the conditions without combustion reaction, droplet lifetime increases with

increasing the ambient pressure at lower initial gas temperature but decreases at

higher initial gas temperature. This is attributed to a balance of the increase

and decrease of droplet evaporation rate in higher ambient pressure conditions.

Namely, as the ambient pressure increases, droplet evaporation is suppressed by

higher boiling temperature, whereas it is enhanced by lower latent heat and larger

droplet surface due to greater liquid expansion caused by the increase of droplet

temperature. This tendency is not influenced by ML, but the droplet lifetime

quantitatively becomes longer with increasing ML because of the decrease of gas

temperature and the increase of the evaporated fuel mass fraction toward the vapor

surface mass fraction.

3. The effects of ambient pressure, initial gas temperature, and ML on the droplet

lifetime under the condition with combustion reaction are similar to those under

the conditions without combustion reaction, although the droplet lifetime becomes

shorter due to the combustion reaction. However, the droplet lifetime is often

shortened by enhanced combustion reaction in the conditions of high ambient

pressure and moderately high ML.

4. Both for the conditions with and without combustion reaction, inhomogeneity of

droplet distribution caused by turbulence makes the droplet lifetime longer because

local ML increases in some locations.
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5. The multi-component droplet evaporation model which considers each component’s

physical properties such as the boiling point and saturated vapor pressure indi-

vidually precisely predicts the change in the decreasing rate of droplet diameter,

compared to the evaporation model that uses the averaged values of the compo-

nents.

6. Evaporation of the three-component surrogate fuel of Jet-A becomes faster and

slower than those of the one- and two-component surrogate fuels in the initial and

subsequent evaporating periods, respectively. This is due to the fact that com-

pared to n-decane and 1,2,4-trimethyl-benzene, iso-octane and toluene included

in the three-component surrogate fuel have higher volatilities, whereas n-dodecane

included in the three-component fuel has lower volatility. Differences in the gas

temperature evolution among three different surrogate fuels are remarkable right

after the ignition, but they become small with time.
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Nomenclature

A : Pre-exponential factor β : Evaporation parameter [ - ]

BM : Mass transfer number [ - ] ε : Partial evaporation rate [ - ]

cp : Specific heat capacity [ J/(K kg) ] λ : Thermal conductivity [ W/(m K) ]

D : Diffusion coefficient [ m2/s ] µ : Viscosity [ Pa s ]

d : Droplet diameter [ m ] ρ : Density [ kg/m3 ]

Ea : Activation energy [ J/mol ] τ : Response time [ s ]

fs : Correction of Stokes drag [ - ] τ : Stress tensor [ N/m2 ]

ft : Correction of heat transfer [ - ] ω̇ : Reaction rate [ mol/s ]

G : Group combustion number [ - ]

Gr : Grashof number [ - ] Subscripts

h : Enthalpy [ J/kg ] 0 : Initial value

LK : Knudsen layer thickness [ m ] avg : Averaged value

LV : Latent heat [ J/kg ] c : Critical point

m : Mass [ kg ] comb : Combustion

n : Reaction exponent [ - ] d : Droplet’s value

Nu : Nusselt number [ - ] F : Fuel

P : Pressure [ Pa ] k : Species k

Pr : Prandtl number [ - ] nb : Normal boiling point

R : Gas constant [ J/(K mol) ] ref : Reference value

S : Source term s : Droplet surface

Sc : Schmidt number [ - ] sat : Saturated value

Sh : Sherwood number [ - ] V : Vapor’s value

T : Temperature [ K ]

u : Velocity [ m/s ]

v : Molar volume [ m3/mol ]

W : Mole weight [ kg/mol ]

X : Mole fraction [ - ]

x : Position [ m ]

Y : Mass fraction [ - ]
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Chapter 3

LES of combustion instability in a

back-step flow

3.1 Introduction

In this chapter, effects of combustion conditions on combustion instability in a back-

step flow are investigated using LES for gas and spray combustion. For the LES of

spray combustion, the droplet evaporation model proposed in the previous chapter is

employed.

Combustion instability in gas combustion has been studied for many types of com-

bustors [1–5]. A back-step flow combustor is one of the simplest combustors and has

been used in many previous studies. Altay et al. [6] performed experiments of combus-

tion instability in a back-step flow and investigated the effects of equivalence ratio, inlet

temperature, and fuel composition on the combustion instability. They showed that

the consumption rate of strained flames can be used for determination of transitions of

dynamic mode. Hong et al. [7] also performed experiments of combustion instability in

a back-step flow and reported that the dynamic mode transition was observed by chang-

ing the equivalent ratio. In addition, it was found that the phase difference between the

oscillations of pressure and heat release rate becomes almost zero at the onset of a dy-

namic mode, they mentioned that the critical value of the phase can be predicted based
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on a linear acoustic energy balance analysis. Manoharan and Hemchandra [8] performed

a stability analysis of absolute/convective instability transition in a back-step flow, and

found that the interaction between the flow vorticity and density gradients affects the

hydrodynamic instability characteristics when the flow velocity and density gradients

are collocated. However, since they treated the flow as an inviscid and incompressible

flow, it is difficult to apply the same discussions to real combustors directly.

In contrast to gas combustion, the number of previous studies on the combustion

instability in spray combustion is very limited [9, 10]. Most recently, Tachibana et

al. [10] performed LES of combustion instability in spray combustion and showed the

feasibility of LES. However, the effects of differences in the combustion conditions on

combustion instability were not discussed.

In this chapter, LES of combustion instability in a back-step flow are performed for

gas and spray combustion, and the mechanism underlying combustion instability and the

effect of initial droplet diameter distributions on combustion instability are investigated.

Methane and kerosene are used as the fuel for gas and spray combustion, respectively.

For the calculations of the reactions, the two-step global reaction models [3, 11] are used,

and the dynamic thickened flame model [12–14] is used to incorporate the effects of SGS

turbulence on the reactions.
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3.2 Gas combustion

3.2.1 Numerical Simulation

3.2.1.1 Governing equations

The governing equations are the conservation equations of mass, momentum, energy,

and mass of chemical species as

∂ρ

∂t
+∇ · (ρũ) = 0, (3.1)

∂ρũ

∂t
+∇ · (ρũũ) = −∇P +∇ · t, (3.2)

∂ρh̃

∂t
+∇ · (ρh̃ũ) =∂P

∂t
+ ũ · ∇P +∇ ·

[
ρ {EFDh + (1−Ω)Dt}∇h̃

]
+ t · ∇ũ, (3.3)

∂ρỸk

∂t
+∇ · (ρỸkũ) = ∇ ·

[
ρ {EFDk + (1−Ω)Dt}∇Ỹk

]
+

E

F
Scomb,k, (3.4)

and the equation of state for ideal gas. Here the overbar, ¯, donates the filtered mean

value of the physical quantity in GS for LES, and the tilde, ˜, donates the Favre-averaged
value. ρ is the density, P the pressure, h the enthalpy, Yk the mass fraction of species

k, and u the velocity. t is the stress tensor including SGS stress. Dh is the thermal

diffusivity given as ρDh = λ/cp. Here λ and cp are the heat conductivity and the specific

heat capacity, respectively. Dk is the mass diffusion coefficient of species k which is

given under the unity Lewis number assumption as ρDk = λ/cp. Dt is the turbulent

diffusion coefficient. These SGS terms are calculated using the dynamic Smagorinsky

model [15, 16]. Scomb,k is the source term due to the reaction described later. Ω is the

flame sensor [12–14] defined as

Ω = tanh

(
α

q

qmax

)
. (3.5)

Here q is the local heat release rate, and qmax is the maximum heat release rate calculated

with the one-dimensional laminar flame simulation. α = 10 is the parameter controlling

the thickness of the transition layer between reacting and non-reacting zones. E is the

Efficiency function which represents the effects of SGS turbulence on the reaction, and F
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the Flame thickening factor which thickens the flame to resolve it by the computational

grids of LES [12–14, 17, 18]. The E and F are calculated as below.

F = (Fmax − 1)Ω + 1, (3.6)

E = (Emax − 1)Ω + 1, (3.7)

Emax =

{
1 + min

(
∆

δ0l
− 1, Γ

u′
∆

s0l

)}
, (3.8)

Γ =

[{(
f−a
u + f−a

∆

)−1/a
}−b

+ f−b
Re

]−1/b

, (3.9)

fu = 4

(
27Ck

110

)1/2(
18Ck

55

)(
u′
∆

s0l

)2

, (3.10)

f∆ =

[
27Ckπ

4/3

110

{(
∆

δ0l

)4/3

− 1

}]1/2

, (3.11)

fRe =

{
9

55
exp

(
−3

2
Ckπ

4/3Re−1
∆

)}1/2

Re
1/2
∆ , (3.12)

a = 0.60 + 0.20 exp

{
−0.1

(
u′
∆

s0l

)}
− 0.20 exp

{
−0.01

(
∆

δ0l

)}
, (3.13)

b = 1.4 . (3.14)

Here Fmax = 12 is the maximum flame thickening coefficient. ∆ is the filter size. δ0l and

s0l are the laminar flame thickness and the laminar flame speed, respectively. u′
∆ and

Re∆ are the SGS turbulent velocity and SGS Reynolds number, respectively. Ck is the

Kolmogorov constant [12–14, 17, 18].

3.2.1.2 Reaction model

Methane (CH4) is used as the fuel, and for the calculation of the reaction, the following

two-step global reaction model [3] is used.

CH4 +
3

2
O2

ω̇f,1→ CO+ 2H2O, (3.15)

CO +
1

2
O2

ω̇f,2

⇄
ω̇r,2

CO2. (3.16)
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Here the forward reaction rates, ω̇f,1 and ω̇f,2, are calculated as

ω̇f,1 = A1f1(ϕ)T
β1 exp

(
−Ea,1

RT

)
[CH4]

nCH4 [O2]
nO2,1 , (3.17)

ω̇f,2 = A2f2(ϕ)T
β2 exp

(
−Ea,2

RT

)
[CO]nCO [O2]

nO2,2 . (3.18)

Here [ - ] represents the mole concentration of chemical species. A is the pre-exponential

factor, Ea the activation energy, β the temperature exponent, and n the reaction ex-

ponent. The values of these constants are shown in Table 3.1. f(ϕ) is the correction

function depending on the local equivalence ratio, ϕ. f1(ϕ) and f2(ϕ) are given as

f1(ϕ) =
2{

1 + tanh
(

ϕ0,1−ϕ

σ0,1

)}
+B1

{
1 + tanh

(
ϕ−ϕ1,1

σ1,1

)}
+ C1

{
1 + tanh

(
ϕ−ϕ2,1

σ2,1

)} ,

(3.19)

f2(ϕ) =
1

2

{
1 + tanh

(
ϕ0,2 − ϕ

σ0,2

)}
+

B2

2

{
1 + tanh

(
ϕ− ϕ1,2

σ1,2

)}
+

C2

2

{
1 + tanh

(
ϕ− ϕ2,2

σ2,2

)}{
1 + tanh

(
ϕ3,2 − ϕ

σ3,2

)}
. (3.20)

The values of the coefficients are shown in Table 3.2.

The reverse reaction rate, ω̇r,2, is calculated using the equilibrium constant, Kc, as

ω̇2,r = A2f2(ϕ)T
β2 exp

(
−Ea,2

RT

)
1

Kc

[CO2]

= A2f2(ϕ)T
β2 exp

(
−Ea,2

RT

)
C−∆ν exp

(
∆G◦

RT

)
[CO2] , (3.21)

Here C is the total mole concentration and ∆ν = 1/2 the mole number change. ∆G◦

the change in the Gibbs free energy in the reaction calculated as

∆G◦ = ∆H − T∆S. (3.22)

Here, ∆H and ∆S are the changes in the enthalpy and the entropy in the reaction,

respectively.

71



Table 3.1: Pre-exponential factor, Ai, activation energy, Ea,i, temperature exponent, βi,

and reaction exponent, n, in Eqs. (3.17) and (3.18).

i = 1 i = 2

Ai 4.9× 109 2.0× 108

Ea,i 3.55× 104 1.20× 104

βi 0.0 0.8

n nCH4 = 0.50 nCO = 1.00

nO2,1 = 0.65 nO2,2 = 0.50

Table 3.2: Coefficients for correction functions of f1 and f2 in Eqs. (3.19) and (3.20).

ϕ0,j σ0,j Bj ϕ1,j σ1,j Cj ϕ2,j σ2,j ϕ3,j σ3,j

j = 1 1.1 0.09 0.37 1.13 0.03 6.7 1.6 0.22 - -

j = 2 0.95 0.08 2.5× 10−5 1.3 0.04 0.0087 1.2 0.04 1.2 0.05
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Figure 3.1: Computational grid and conditions (Gas combustion).
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Figure 3.2: Instantaneous isosurface of gas temperature at 1400 K (Gas combustion).
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Figure 3.3: Time variations of pressure, P , heat release rate, Q, and streamwise velocity,

ũ (Gas combustion).
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Figure 3.4: Spectrum of pressure oscillation (Gas combustion). Arrows indicate the

peak frequencies obtained in a previous experiment by Smith and Zukoski [19].
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Figure 3.5: Streamwise profiles of amplitude of peak frequency components of pressure

oscillation (Gas combustion). A, B, and C correspond to those indicated in Fig. 3.1(a),

respectively.
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3.2.1.3 Computational details

Fig. 3.1 shows the computational grid and conditions for gas combustion. Premixed gas

of air and fuel (methane) is injected. The initial temperature of the gas mixture is 300

K and the equivalence ratio is 1.0. The domain and conditions for gas combustion are

the same as those in the previous experimental study by Smith and Zukoski [19]. The

temperature of the combustor wall touched by the flame is set to 1000 K.

The staggered grid is used for the computation, and the grid spacing is stretched to

make the grid fine near the wall. The number of the total computational grids is 21.5

million. The pressure perturbation is captured by employing the pressure-based semi-

implicit algorithm for compressible flows [20]. For the calculations of the convection

terms of the energy and mass fractions of chemical species, the WENO scheme [21] is

employed. The second-order accurate central difference scheme is used for the other

terms. The third-order explicit Runge–Kutta method is used for the time advancement

computation of the convection terms. The thermo physical properties and transport

coefficients are obtained from CHEMKIN [22, 23].

The CPU time is about 1.3 million h (1270 h on the wall-clock time) on SGI ICE X

(Intel Xeon E5-2670 processor, 1024 cores).

3.2.2 Results and Discussion

3.2.2.1 Feature of combustion instability

Figs. 3.2 and 3.3 show the instantaneous isosurface of gas temperature at 1400 K, and

the time variations of pressure, P , heat release rate, Q, and streamwise velocity, ũ,

respectively. Here P and ũ are the values at the point on the dump plane (i.e., the

interface between the inlet duct and combustor), and Q is the total value calculated in

the whole combustor. The injected premixed gas is found to react, and a flame is formed

behind the dump plane (Fig. 3.2), and oscillations in P , Q, and ũ are observed (Fig. 3.3).

This signals that combustion instability is excited explicitly in the combustor.

Fig. 3.4 shows the spectrum of the pressure oscillation. The sampling time and
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period are about 0.1 s and 0.02 ms, respectively. The same sampling time is used for

other statistics of gas combustion to be discussed below. In this figure, the arrows

mark the peak frequencies (460 and 520 Hz) obtained in the previous experiment [19].

The predicted spectrum has two peaks at around 500 Hz (480 and 570 Hz), and these

frequencies agree well with those of the previous experiment [19]. This confirms that

the LES is capable of capturing precisely the characteristics of combustion instability.

Fig. 3.5 shows the streamwise profiles of the amplitude of the peak frequency components

of the pressure oscillation. Here A, B, and C in the figure correspond to those indicated

in Fig. 3.1(a), respectively. The two frequency components are found to have different

oscillation modes, namely, the higher frequency mode is the first harmonic mode (1/4-

wave mode) of the combustor which has an antinode and node at B and C, respectively,

and the other is the second harmonic mode of the domain including the inlet duct which

has nodes at A and C.

3.2.2.2 Mechanism of combustion instability

Fig. 3.6 shows the time variations of pressure, P , heat release rate, Q, and streamwise

velocity, ũ, which are rescaled from Fig. 3.3, and the instantaneous distributions of gas

temperature and integrand of local Rayleigh Index, ri, on the x–y plane at the center

(z = 0) at each time step of t = t1–t7. Here, the local Rayleigh Index, RI, and integrand

of RI are defined as

RI =
1

ts

∫
ri dt, ri =

(P − Pavg)q

P0Qavg

, (3.23)

where ts is the sampling time, Pavg the time-averaged local pressure, q the local heat

release rate, P0 the ambient pressure, Qavg the time-averaged total heat release rate on

the x–y plane at the center (z = 0). The positive and negative values of ri indicate that

the heat release drives and damps the pressure oscillation, respectively. It is observed

in Fig. 3.6(a) that there exist phase differences between the oscillations of P , ũ, and Q.

The phase of ũ leads that of P by π/2. This phase difference is also seen in a previous

experiment [24], and is caused by a similar mechanism typical of air-column vibrations,
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in which a pressure gradient controls a velocity acceleration. In contrast, the phase of

Q lags that of ũ. This is because there exists a time lag between the increase in mass

flow rate of mixture gas and the reaction. Consequently, the phase difference between

P and Q becomes small, and the combustion instability is excited.

It is found in Figs. 3.6(b) and (c) that the oscillation of ũ periodically generates a large

vortex near the dump plane and conveys it downstream, and that when the large vortex

exists near the dump plane, P and Q become large (t = t1–t2 and t6–t7) (Fig. 3.6(a)),

and ri becomes positive. Further, the values of ri in these periods (t = t1–t2 and t6–t7)

are larger than the absolute values of the negative ri in the other periods (t = t3–t5).

As results, RI becomes large near the dump plane of x < 50 mm, as shown in Figs. 3.7

and 3.8, which show the distribution of spanwise-averaged RI in the x–y plane and the

streamwise distribution of cross-sectional (y–z)-averaged RI, RIx, respectively. These

results suggest that the large vortex near the dump plane drives combustion instability.

The reason why RI attains large values near the dump plane can be explained also

using Fig. 3.9, which shows the streamwise distributions of phase- and cross-sectional

(y–z)-averaged heat release rate, Qx, at the phases of θ = 0 (P = Pmax) and θ = π

(P = Pmin). When pressure is at the maximum (θ = 0), Qx near the dump plane at

around x < 50 mm becomes large, whereas when pressure is at the minimum (θ = π),

Qx near the dump plane at around x < 50 mm becomes small.
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(a) Time variations of P , Q, and ũ
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Figure 3.6: Time variations of pressure, P , heat release rate, Q, and streamwise velocity,

ũ, and instantaneous distributions of gas temperature and integrand of local Rayleigh

Index, ri, on the x–y plane at the center (z = 0) at each time step (Gas combustion).
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Figure 3.7: Distribution of spanwise-averaged local Rayleigh Index on the x–y plane

(Gas combustion).

0 50 100 150 200 250
-50

0

50

100

RI
x [

1/
m

3 ]

x [mm]

Figure 3.8: Streamwise distribution of cross-sectional (y–z)-averaged local Rayleigh In-

dex, RIx (Gas combustion).
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Figure 3.9: Streamwise distributions of phase- and cross-sectional (y–z)-averaged heat

release rate, Qx, at phases of θ = 0 (P = Pmax) and θ = π (P = Pmin) (Gas combustion).

80



3.3 Spray combustion

3.3.1 Numerical Simulation

3.3.1.1 Governing equations

The governing equations for the gas phase are the conservation equations of mass, mo-

mentum, energy, and mass of chemical species as

∂ρ

∂t
+∇ · (ρũ) = Sρ, (3.24)

∂ρũ

∂t
+∇ · (ρũũ) = −∇P +∇ · t+ Sρu, (3.25)

∂ρh̃

∂t
+∇ · (ρh̃ũ) =∂P

∂t
+ ũ · ∇P +∇ ·

[
ρ {EFDh + (1−Ω)Dt}∇h̃

]
+ t · ∇ũ+ Sρh,

(3.26)

∂ρỸk

∂t
+∇ · (ρỸkũ) = ∇ ·

[
ρ {EFDk + (1−Ω)Dt}∇Ỹk

]
+

E

F
Scomb,k + SρYk

, (3.27)

and the equation of state for ideal gas. Here the overbar, ¯, donates the filtered mean

value of the physical quantity in GS for LES, and the tilde, ˜, donates the Favre-averaged
value. ρ is the density, P the pressure, h the enthalpy, Yk the mass fraction of species

k, and u the velocity. t is the stress tensor including SGS stress. Dh is the thermal

diffusivity given as ρDh = λ/cp. Here λ and cp are the heat conductivity and the specific

heat capacity, respectively. Dk is the mass diffusion coefficient of species k which is

given under the unity Lewis number assumption as ρDk = λ/cp. Dt is the turbulent

diffusion coefficient. These SGS terms are calculated using the dynamic Smagorinsky

model [15, 16]. Scomb,k is the source term due to the reaction described later. E is the

Efficiency function which represents the effects of SGS turbulence on the reaction, and F

the Flame thickening factor which thickens the flame to resolve it by the computational

grids of LES [12–14]. The Ω, E, and F are calculated using the method described in

the previous section with α = 5 and Fmax = 12 in Eqs. (3.5) and (3.6).

The source terms for the phase coupling between the gas and dispersed-droplets

phases, Sρ, Sρu, Sρh, and SρYk
, are calculated using the Particle-Source-In-Cell (PSI-

Cell) method [25] as described in Chapter 2.
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Table 3.3: Pre-exponential factor, Ai, activation energy, Ea,i, temperature exponent, βi,

and reaction exponent, n, in Eqs. (3.30) and (3.31).

i = 1 i = 2

Ai 4.15× 104 2.0× 104

Ea,i 8.0× 1011 4.5× 1010

βi 0.0 0.0

n nKERO = 0.55 nCO = 1.00

nO2,1 = 0.90 nO2,2 = 0.50

Table 3.4: Coefficients for correction functions of f1 and f2 in Eqs. (3.32) and (3.33).

ϕ0,j σ0,j Bj ϕ1,j σ1,j Cj ϕ2,j σ2,j ϕ3,j σ3,j

j = 1 1.173 0.04 0.29 1.2 0.02 7.1 1.8 0.18 - -

j = 2 1.146 0.045 1.5× 10−4 1.2 0.04 0.035 1.215 0.03 1.32 0.09
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Figure 3.10: Computational grid and conditions (Spray combustion).
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Figure 3.11: PDF distributions of initial droplet diameter (Spray combustion).
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3.3.1.2 Reaction model

Kerosene (KERO) that is composed of C10H22 (76.7 wt%), C9H12 (13.2 wt%), and C9H18

(10.1 wt%) is used as the fuel, and for the calculation of the reaction, the following two-

step global reaction model [11] is used.

KERO+ 10O2

ω̇f,1→ CO+ 10H2O, (3.28)

CO +
1

2
O2

ω̇f,2

⇄
ω̇r,2

CO2. (3.29)

Here the forward reaction rates, ω̇f,1 and ω̇f,2, are calculated as

ω̇f,1 = A1f1(ϕ)T
β1 exp

(
−Ea,1

RT

)
[KERO]nKERO [O2]

nO2,1 , (3.30)

ω̇f,2 = A2f2(ϕ)T
β2 exp

(
−Ea,2

RT

)
[CO]nCO [O2]

nO2,2 . (3.31)

Here [ - ] represents the mole concentration of chemical species. A is the pre-exponential

factor, Ea the activation energy, β the temperature exponent, and n the reaction ex-

ponent. The values of these constants are shown in Table 3.3. f(ϕ) is the correction

function depending on the local equivalence ratio, ϕ. f1(ϕ) and f2(ϕ) are given as

f1(ϕ) =
2{

1 + tanh
(

ϕ0,1−ϕ

σ0,1

)}
+B1

{
1 + tanh

(
ϕ−ϕ1,1

σ1,1

)}
+ C1

{
1 + tanh

(
ϕ−ϕ2,1

σ2,1

)} ,

(3.32)

f2(ϕ) =
1

2

{
1 + tanh

(
ϕ0,2 − ϕ

σ0,2

)}
+

B2

2

{
1 + tanh

(
ϕ− ϕ1,2

σ1,2

)}
+

C2

2

{
1 + tanh

(
ϕ− ϕ2,2

σ2,2

)}{
1 + tanh

(
ϕ3,2 − ϕ

σ3,2

)}
. (3.33)

The values of the coefficients are shown in Table 3.4.

The reverse reaction rate, ω̇r,2, is calculated using the equilibrium constant, Kc, as

ω̇2,r = A2f2(ϕ)T
β2 exp

(
−Ea,2

RT

)
1

Kc

[CO2]

= A2f2(ϕ)T
β2 exp

(
−Ea,2

RT

)
C−∆ν exp

(
∆G◦

RT

)
[CO2] , (3.34)

Here C is the total mole concentration and ∆ν = 1/2 the mole number change. ∆G◦

the change in the Gibbs free energy in the reaction calculated as

∆G◦ = ∆H − T∆S. (3.35)
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Here, ∆H and ∆S are the changes in the enthalpy and the entropy in the reaction,

respectively.

3.3.1.3 Computational details

Fig. 3.10 shows the computational grid and conditions for spray combustion. The do-

main is the same as those in gas combustion, except for the combustor length, which

is about half that for gas combustion. Air is injected from the inlet, and fuel droplets

(kerosene) are injected with vertical velocity from 5 mm just before the step. The initial

air temperature is 760 K and the equivalence ratio is 1.0. Fig. 3.11 shows the initial

droplet diameter distributions. The averaged diameters, davg, are 10.8, 14.6, 18.1, 21.9,

and 26.1 µm, and the probability density function (PDF) of the droplet diameter, f(d),

is given by a log-normal function,

f(d) =
1√
2πσd

exp

{
− ln(d/d0)

2

2σ2

}
. (3.36)

Here d is the droplet diameter, and σ and d0 the parameters of the function. The values of

σ and d0 for davg= 18.1 µm are determined by fitting the curve to previous measurements

obtained by Moriai et al. [26]. For the other droplet diameter conditions, the PDF are

given using the same value of σ and changing the value of d0. The temperature of the

combustor wall touched by the flame is set to 1000 K.

The staggered grid is used for the computation, and the grid spacing is stretched to

make the grid fine near the wall. The number of the total computational grids is 21.5

million. The pressure perturbation is captured by employing the pressure-based semi-

implicit algorithm for compressible flows [20]. For the calculations of the convection

terms of the energy and mass fractions of chemical species, the WENO scheme [21] is

employed. The second-order accurate central difference scheme is used for the other

terms. The third-order explicit Runge–Kutta method is used for the time advancement

computation of the convection terms. The thermo physical properties and transport

coefficients are obtained from CHEMKIN [22, 23].

The CPU time is about 0.48 million h (470 h on the wall-clock time) on SGI ICE X

(Intel Xeon E5-2670 processor, 1024 cores).
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Figure 3.12: Instantaneous isosurface of gas temperature at 1600 K and fuel droplets

(Spray combustion, davg = 18.1 µm).
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Figure 3.13: Time variations of pressure, P , heat release rate, Q, streamwise velocity,

ũ, and droplet evaporation rate, ṁ (Spray combustion, davg = 18.1 µm).
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Figure 3.14: Spectrum of pressure oscillation (Spray combustion, davg = 18.1 µm).
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Figure 3.15: Streamwise profiles of amplitude of peak frequency components of pressure

oscillation (Spray combustion, davg = 18.1 µm). A, B, and C correspond to those in

Fig. 3.10(a), respectively.
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Figure 3.16: Time variations of pressure, P , heat release rate, Q, and streamwise velocity,

ũ, and droplet evaporation rate, ṁ, and instantaneous distributions of gas temperature

and fuel droplets, and integrand of local Rayleigh Index, ri, on the x–y plane at the

center (z = 0) at each time step (Spray combustion, davg = 18.1 µm).
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Figure 3.17: Distribution of spanwise-averaged local Rayleigh Index on the x–y plane

(Spray combustion, davg = 18.1 µm).
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Figure 3.18: Streamwise distribution of cross-sectional (y–z)-averaged local Rayleigh

Index, RIx (Spray combustion, davg = 18.1 µm).
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Figure 3.19: Streamwise distributions of phase- and cross-sectional (y–z)-averaged heat

release rate, Qx, at phases of θ = 0 (P = Pmax) and θ = π (P = Pmin) (Spray combus-

tion, davg = 18.1 µm).
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3.3.2 Results and discussion

3.3.2.1 Feature of combustion instability

Figs. 3.12 and 3.13 show the instantaneous isosurface for gas temperature of 1600 K

and fuel droplets in the case of davg = 18.1 µm, and the time variations of pressure,

P , heat release rate, Q, streamwise velocity, ũ, and droplet evaporation rate, ṁ, in the

case of davg = 18.1 µm, respectively. Here P and ũ are the values at the point on the

dump plane of the combustor (Fig. 3.10), and Q and ṁ are the total values calculated

in the whole combustor. The injected fuel droplets are found to flow downstream while

dispersing as clusters and evaporating, the evaporated gas subsequently reacts with air,

and a flame is formed behind the dump plane (Fig. 3.12). An oscillation in ṁ is also

observed in addition to oscillations in P , Q, and ũ, which are also observed in the gas

combustion (Figs. 3.3 and 3.13). This implies that combustion instability is excited in

the combustor, similar to the gas combustion, described above.

Figs. 3.14 and 3.15 show the spectrum of the pressure oscillation and the streamwise

profiles of the amplitude of the peak frequency components of the pressure oscillation in

the case of davg = 18.1 µm, respectively. Here, A, B, and C in Fig. 3.15 correspond to

those indicated in Fig. 3.10(a), respectively. The sampling time and period are about

0.05 s and 0.02 ms, respectively. The same sampling time is used for other statistics of

spray combustion discussed below. The spectrum has two peaks at around 1000 Hz (820

and 1060 Hz), and the peak of 1060 Hz is much larger than that of 820 Hz (Fig. 3.14).

Further, the oscillation modes are the same as those in the gas combustion, namely, the

higher frequency mode is the first harmonic mode (1/4-wave mode) of the combustor

which has an antinode and node at B and C, respectively, and the other is the second

harmonic mode of the domain including the inlet duct which has nodes at A and C.

3.3.2.2 Mechanism of combustion instability

Fig. 3.16 shows the time variations of pressure, P , heat release rate, Q, and streamwise

velocity, ũ, and droplet evaporation rate, ṁ, which are rescaled from Fig. 3.13, and the
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instantaneous distributions of gas temperature and fuel droplets, and integrand of local

Rayleigh Index, ri, at each time step of t = t1–t7 in the case of davg = 18.1 µm. From

Fig. 3.16(a), the relationship between the phases of the oscillations of P , Q, and ũ is

found to be the same as that in the gas combustion (Fig. 3.6(a)), namely, the phase

of ũ leads that of P , and the phase of Q lags that of P . Further, the phase of ṁ is

observed to lag that of Q. This is because a time lag exists between the increase in

gas temperature surrounding the fuel droplets as a consequence of heat release and the

increase in droplet evaporation rate. The behavior is different from that in the previous

study [10], in which the phase of ṁ led that of Q. This is considered to be due to

the fact that the equivalence ratio, ϕ, in the previous study (ϕ ∼ 0.57) [10] was much

lower than that in the present study (ϕ = 1.0). Whereas the reaction rate for a low

equivalence ratio is dominated by droplet evaporation, for a high equivalence ratio, the

rate is dominated by turbulent mixing of the evaporated fuel and oxygen. In addition,

the differences in the conditions of the combustor (e.g., with or without a swirling flow

and pilot burners) may cause the difference from the previous study [10]. It is found

in Figs. 3.16(b) and (c) that the gas temperature and ri oscillate periodically similar

to those in the gas combustion, and that the fuel droplets involved in a large vortex

which is periodically generated. This periodical motion of the fuel droplets causes the

oscillation of ṁ in Fig. 3.16(a).

Figs. 3.17, 3.18, and 3.19 show the distribution of spanwise-averaged RI in the x–y

plane, the streamwise distribution of cross-sectional (y–z)-averaged RI, RIx, and the

streamwise distributions of phase- and cross-sectional (y–z)-averaged heat release rate,

Qx, at the phases of θ = 0 (P = Pmax) and θ = π (P = Pmin) in the case of davg = 18.1

µm, respectively. RI becomes large near the dump plane at around x < 25 mm, where

Qx at the phases of θ = 0 and θ = π become large and small, respectively. These results

are the same as those in the gas combustion (Figs. 3.7, 3.8, and 3.9). Furthermore,

the decrease in Qx at the phase of θ = π is more remarkable than that in the gas

combustion (Fig. 3.9). The reason is considered that, at the phase of θ = π, the mass

concentration of the fuel becomes too high to react due to the small mass flow rate of
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air (Fig. 3.16(a), note that the phase of Q lags that of ũ). These results suggest that

combustion instability in spray combustion is also driven by the generation of the large

vortex near the dump plane as similar to that in the gas combustion, and is enhanced

by the large difference in Qx due to droplet evaporation.

3.3.2.3 Effect of initial droplet diameter

Figs. 3.20 and 3.21 show the spectra of the pressure oscillations and the streamwise

profiles of the amplitude of the peak frequency components of the pressure oscillations

in the cases of davg = 10.8, 14.6, 21.9, and 26.1 µm, respectively. Here, A, B, and C in

Fig. 3.21 correspond to those indicated in Fig. 3.10(a), respectively. The spectra for all

cases have peaks at around 1000 Hz, although the number of peaks differs for each (i.e.,

one–three peaks). The pressure oscillations in the all cases have oscillation modes of

the first harmonic mode (1/4-wave mode) of the combustor which has an antinode and

node at B and C, respectively, and the second harmonic mode of the domain including

the inlet duct which has nodes at A and C, which are the same as those for the gas

combustion. Fig. 3.22 shows the effect of the initial droplet diameter, davg, on the

intensity of the pressure oscillations, P ′
rms. It is found that P ′

rms becomes the maximum

in the case of davg = 18.1 µm. This result is consistent with the results of the RI

analysis. Figs. 3.23 and 3.24 show the distribution of spanwise-averaged RI in the x–y

plane and the streamwise distribution of cross-sectional (y–z)-averaged RI, RIx, in the

cases of davg = 10.8, 14.6, 21.9, and 26.1 µm, respectively. RI near the dump plane at

around x < 25 mm is the largest in the case of davg = 18.1µm.

To understand the reason for the difference in RI near the dump plane, Fig. 3.25

shows the streamwise distributions of phase- and cross-sectional (y–z)-averaged heat

release rate, Qx, at the phases of θ = 0 (P = Pmax) and θ = π (P = Pmin) in the cases

of davg = 10.8, 14.6, 21.9, and 26.1 µm. The differences in Qx near the dump plane at

around x < 25 mm between the phases of θ = 0 and θ = π are found to be small in

the cases of small and large initial droplet diameter than that in the case of davg = 18.1

µm. This can be explained as follows. In the large initial droplet diameter cases, near
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the dump plane, the small evaporation rate due to the small total droplet surface area

keeps mass concentration of fuel moderate even when the mass flow rate of air is small

at the phase of θ = π, and therefore, the heat release rate remains large at the phase of

θ = π. On the other hand, in the small initial droplet diameter cases, near the dump

plane, the large evaporation rate due to the large total droplet surface area makes mass

concentration of fuel too high to react even when the mass flow rate of air is large at

the phase of θ = 0, and therefore, the heat release rate remains small at the phase of

θ = 0. For these reasons, the difference in the heat release rate between the moments

corresponding to maxima (θ = 0) and minima (θ = π) of the pressure oscillation becomes

the largest in the case of davg = 18.1 µm, and the intensity of the combustion instability

becomes the largest.
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Figure 3.20: Spectra of pressure oscillations (Spray combustion, davg = 10.8, 14.6, 21.9,

and 26.1 µm).
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Figure 3.21: Streamwise profiles of amplitude of peak frequency components of pres-

sure oscillation (Spray combustion, davg = 10.8, 14.6, 21.9, and 26.1 µm). A, B, and C

correspond to those indicated in Fig. 3.10(a), respectively.
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Figure 3.23: Distribution of spanwise-averaged local Rayleigh Index on the x–y plane

(Spray combustion, davg = 10.8, 14.6, 21.9, and 26.1 µm).
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Figure 3.24: Streamwise distribution of cross-sectional (y–z)-averaged local Rayleigh

Index, RIx (Spray combustion, davg = 10.8, 14.6, 21.9, and 26.1 µm).
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Figure 3.25: Streamwise distributions of phase- and cross-sectional (y–z)-averaged heat

release rate, Qx, at phases of θ = 0 (P = Pmax) and θ = π (P = Pmin) (Spray combus-

tion, davg = 10.8, 14.6, 21.9, and 26.1 µm).
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3.4 Conclusions

In this chapter, LES of combustion instability in a back-step flow were performed for gas

and spray combustion, and the mechanism underlying combustion instability and the ef-

fect of initial droplet diameter distributions on combustion instability were investigated.

The main results obtained in this study can be summarized as follows.

1. In gas combustion, oscillations of pressure, heat release rate, and streamwise ve-

locity with the same frequency but different phase are observed, and the spectrum

of the pressure oscillation has two peaks whose frequencies agree well with those

from a previous experimental study. This confirms that the present LES is capa-

ble of capturing precisely the characteristics of combustion instability. The inlet

velocity oscillation periodically generates a large vortex near the dump plane and

conveys it downstream, and when the large vortex exists near the dump plane,

the integrand of the local Rayleigh Index becomes positive. This suggests that

combustion instability is driven by the large vortex near the dump plane.

2. In spray combustion, an oscillation in droplet evaporation rate is also observed

in addition to the oscillations in pressure, heat release rate, streamwise velocity,

and the integrand of the local Rayleigh Index. The difference in the initial droplet

diameter hardly affects the pressure oscillation mode, but strongly affects the in-

tensity of the pressure oscillation, and the intensity of the pressure oscillation

becomes the maximum for a specific initial droplet diameter. This is because, for

this specific initial droplet diameter, the difference in the heat release rate near

the dump plane at moments corresponding to maxima and minima in the pressure

oscillation becomes the largest. The reason for this change of the behavior in the

heat release rate against the pressure oscillation is that the difference in the initial

droplet diameter causes the difference in the droplet evaporation rate.
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Nomenclature

A : Pre-exponential factor β : Temperature exponent [ - ]

cp : Specific heat capacity [ J/(K kg) ] θ : Phase [ rad ]

D : Diffusion coefficient [ m2/s ] λ : Thermal conductivity [ W/(m K) ]

E : Efficiency function [ - ] ρ : Density [ kg/m3 ]

Ea : Activation energy [ J/mol ] ϕ : Equivalence ratio [ - ]

F : Flame thickening factor [ - ] ω̇ : Reaction rate [ mol/s ]

f : Correction function [ - ]

G◦ : Gibbs free energy [ J/kg ] Subscripts

h : Enthalpy [ J/kg ] avg : Averaged value

n : Reaction exponent [ - ] comb : Combustion

P : Pressure [ Pa ] k : Species k

Q : Heat release rate [ J/s ] t : Turbulent diffusion

q : Local heat release rate [ J/(m3 s) ]

R : Gas constant [ J/(K mol) ]

ri : Integrand of

local Rayleigh Index [ 1/m3 ]

RI : Local Rayleigh Index [ 1/m3 ]

S : Source term

T : Temperature [ K ]

t : Stress tensor

including SGS stress [ N/m2 ]

u : Velocity [ m/s ]

W : Mole weight [ kg/mol ]

Y : Mass fraction [ - ]
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Chapter 4

DNS of flashback in a channel flow

4.1 Introduction

In the previous chapter, the mechanism underlying combustion instability and the effect

of the combustion condition on combustion instability were investigated. In this chap-

ter, the effect of a pressure oscillation caused by combustion instability on flashback

characteristics in a channel flow is investigated using DNS.

Flashback is a transient upstream propagation of a flame and often occurs in com-

bustors using fuels that have high burning velocity such as hydrogen. Flashback has a

risk of causing a serious accident, and therefore, has been studied experimentally and

numerically [1–5].

Mayer et al. [1] performed experiments of flashback in a swirl burner using CH4,

CH4/H2 mixtures, and pure H2, and investigated the conditions such as fuel components

and equivalence ratio in which the flashback occurs. Eichler et al. [2] also performed

experiments of flashback in a wall boundary layer and investigated the flame structures.

However, it is difficult to measure a number of physical characteristics simultaneously,

and detail mechanisms of flashback such as the relationship between flame and turbulence

have not been sufficiently investigated. Similarly, the computational cost of numerical

simulations considering detailed reactions are very high, and therefore, the underlying

mechanism is still not well examined numerically, neither. Recently, Gruber et al. [3] per-
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formed DNS of flashback. They discussed the flame structure in detail and investigated

the effect of ambient pressure on flashback speed. In addition, they proposed a mean

flame shape model by using the DNS results [4]. However, since the ambient pressure

was static, the effect of a pressure oscillation often caused by combustion instability [6],

which sometimes induces the flashback, was not considered.

In this chapter, the effect of a pressure oscillation that is caused by a virtual combus-

tion instability on the flashback characteristics in a turbulent channel flow is investigated

using DNS. In addition, the interaction of the flame with the turbulent flow structure

is examined in detail. Hydrogen is used as the fuel, and the detailed reaction model

that considers 9 chemical species and 20 reactions [7] is used for the calculation of the

reaction.
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4.2 Numerical simulation

4.2.1 Governing equations

The governing equations are the conservation equations of mass, momentum, energy,

and mass of chemical species as

∂ρ

∂t
+∇ · (ρu) = 0, (4.1)

∂ρu

∂t
+∇ · (ρuu) = −∇P +∇ · τ , (4.2)

∂ρh

∂t
+∇ · (ρhu) =∇ ·

[
ρDh

{
∇h−

∑
k

(hk∇Yk)

}
− ρ

∑
k

hkYkV k

]
+ τ · ∇u, (4.3)

∂ρYk

∂t
+∇ · (ρYku) = −∇ · (ρYkV k) + Scomb,k, (4.4)

and the equation of state for ideal gas. Here ρ is the density, u the velocity, P the

pressure, h the enthalpy, and Yk the mass fraction of species k. Dh is the thermal

diffusivity given by ρDh = λ/cp. Here λ and cp are the heat conductivity and the

specific heat capacity, respectively. τ the stress tensor. V k is the diffusion velocity of

species k calculated as

∇Xk =
∑
j

(
XkXj

Dkj

)
(V j − V k). (4.5)

Here Xk is the mole fraction of species k and Dkj the diffusion coefficient between species

k and j. Scomb,k is the source term due to the reaction described later.

4.2.2 Reaction model

Hydrogen is used as the fuel, and for the reaction, the detailed reaction model that

considers 9 chemical species and 20 reactions [7] is used.

4.2.3 Computational details

Fig. 4.1(a) shows the computational grid. The domain consists of two regions, “Channel

flow region” and “Buffer region”. The flashback phenomenon is reproduced in the “Chan-

nel flow region”, and the “Buffer region” is introduced to remove the effects of outlet
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boundary conditions on flashback phenomenon. As the inlet boundary of the “Channel

flow region” and outlet boundary condition of the “Buffer region”, NSCBC [8, 9] is used.

Fig. 4.1(b) shows the computational conditions of “Channel flow region”. In order to

reproduce a realistic flashback flame in a fully-developed wall-bounded turbulent flow,

two computations using two computational domains are combined in this region. In the

upstream computational domain for one computation, a fully-developed wall-bounded

turbulent flow is generated by imposing a periodic boundary condition in the x–direction.

In the downstream computational domain for the other computation, on the other hand,

the flashback phenomenon in the fully-developed wall-bounded turbulent flow is simu-

lated by giving the outflow characteristics of the upstream computational domain as the

inflow characteristics. The no-slip iso-thermal (750 K) boundary condition is applied

in the y–direction and the periodic boundary condition is applied in the z–direction.

The flame is ignited at the y–z plane at the downstream end of the flashback region

by imposing an artificial reaction 100 ms after the initiation of turbulent production.

The Reynolds numbers based on the channel width and the mean streamwise velocity is

approximately 3500, and that based on the channel half width and the friction velocity

is approximately 120. The initial gas temperature, pressure, and equivalence ratio are

750 K, 0.1 MPa, and 1.5, respectively. The laminar burning velocity in this condition

is estimated to be 14.0 m/s [10]. All these flow conditions are set to close to those of

the previous work by Gruber et al. [3]. Table 4.1 shows the computational conditions.

In this study, computations are performed for three cases: Case 1: without a pressure

oscillation using fine grids, Case 2: without a pressure oscillation using coarse grids, and

Case 3: with a pressure oscillation (given by a sine-wave from the outlet side) using

coarse grids. The intensity of the pressure oscillation is 1.5 kPa (1.5% of the average

pressure). This magnitude is chosen based on that caused by combustion instability in a

real combustor [11], and the sine-wave is given as a fundamental wave, which is generally

used in previous studies of combustion instability [12].

The staggered grid is used for the computational grid. The grid resolutions of the

flashback region for Case 1 are 50 µm in the x–, y–, and z–directions (∆x+, ∆y+, ∆z+ =
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Table 4.1: Computational conditions.

Cases Number of computational grids Pressure oscillation

1 0.4 billion –

2 0.1 billion –

3 0.1 billion 1.5 %, 1000 Hz

0.6), while those for Cases 2 and 3 are 100 µm in the x– and z–directions (∆x+, ∆z+ =

1.2), and 50–100 µm from the wall to the center of the channel in the y–direction

(∆y+ = 0.6–1.2). The wall-unit lengths in the flashback region in the x–, y–, and z–

directions are approximately 800×320×480 for all cases. For the turbulence generation

region, the grid resolution in the x–direction is 700 µm (∆x+ = 8) for all cases. The

total number of grid points for Case 1 is approximately 0.4 billion, and for Cases 2 and 3

is approximately 0.1 billion. The time resolution for Case 1 is approximately 4.5 ×10−8,

and for Cases 2 and 3 is approximately 9 ×10−8 s. The chemical reactions are calculated

by using Multi-timescale (MTS) method [13] in every time step with a minimum time

resolution of 1×10−9 s for all cases.

The spatial derivatives of the momentum equation are approximated by the fourth-

order accurate central difference scheme. For the convection terms of energy and mass

fractions of chemical species, the QUICK scheme is employed. The second-order accurate

central difference scheme is used for the other terms. The fractional-step method for

compressible flows is used as the computational algorithm [14], and the third-order

explicit Runge–Kutta method is used for the time-advancement computation of the

convection terms. The thermo physical properties and transport coefficients are obtained

from CHEMKIN [15, 16].

The CPU time for Case 1 is about 5.3 million h (520 h on the wall-clock time) on K

computer (Fujitsu SPARC64TM VIIIfx processor, 10240 cores).
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Channel flow region Buffer region

(a) Computational grid

U=20 m/s

T=750 K

P=0.1 MPa

Equivalence ratio: 1.5

z
x

y

70 mm

20 mm
30 mm

Periodic boundary condition

Flashback regionTurbulence generation region

Ignition

Pressure oscillation (Case 3)

Frequency: 1000 Hz

Amplitude: 1.5 kPa

103 mm

20 mm

(b) Computational conditions (Channel flow region)

Figure 4.1: Computational grid and conditions.
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Figure 4.2: Instantaneous distributions of iso-surfaces of temperature at 1200 K and

second invariant of velocity gradient tensor, and streamwise flow velocity on the x–z

plane at y+ = 2.5, Uwall (t = 1.75 ms, Case 2).

4.3 Results and discussion

4.3.1 Effect of a pressure oscillation

Fig. 4.2 shows the instantaneous distributions of iso-surfaces of temperature at 1200 K

and second invariant of velocity gradient tensor, and streamwise flow velocity on the x–z

plane at y+ = 2.5, Uwall, for Case 2. It is observed that the flame surface is wrinkled by

the streak structure in the wall turbulence, and flame bulge and cusp have formed. This

feature of the flashback was also observed in the previous study [3]. It was confirmed

that the approaching value of the flashback speed for Case 2 (coarse grids) agreed well

with those for Case 1 (fine grids) and the previous study [3] (see Fig. 4.3 described

below). Therefore, the discussion below is conducted with the results for Cases 2 and

3 (coarse grids) to save the computational cost. Here the flashback speed is defined by

the propagation speed of flame at y+ = 2.5. This value is calculated by detecting the
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Figure 4.3: Time variations of pressure, P , central streamwise flow velocity, UC , and

flashback speed, SFB, for Case 3, mean flashback speeds, SFB, for Cases 1–3, and heat

release rate, Q, and mean heat release rate, Q, for Cases 2 and 3.
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Figure 4.4: Time variation of instantaneous temperature distribution on the x–y plane

at z = 15 mm at t = t1–t12 in Fig .3 (Case 3).

spanwise (z–direction) mean position of the iso-surface of gas temperature (1200 K) at

y+ = 2.5 in each time step.

Fig. 4.3 shows the time variations of pressure, P , central streamwise flow velocity,

UC , and flashback speed evaluated at y+ = 2.5, SFB, for Case 3, mean flashback speeds,

SFB, for Cases 1–3 and heat release rate, Q, and mean heat release rate, Q, for Cases 2

and 3. In this figure, the time variation of flame speed at an upper location of y+ = 20,

Sy+20, for Case 3 is also shown. Here the flame speed is defined by the propagation speed

of flame at y+ = 20. This value is calculated by detecting the spanwise (z–direction)

mean position of the iso-surface of gas temperature (1200 K) at y+ = 20 in each time

step. The heat release rate is the global value of the whole domain. Mean values are

calculated by taking an average over one cycle of the pressure oscillation (1.0 ms) at

each time step (e.g., the value at t = 1.0 ms is calculated by taking the average from

t = 0.5 to 1.5 ms, and the value at t = 1.1 ms is calculated by taking the average from

t = 0.6 to 1.6 ms). P and UC are the values at the center of the inlet plane of the
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Figure 4.5: Time variation of instantaneous heat flux, q, on the x–y plane at z = 15 mm

at t = 1.00, 1.25, and 1.50 ms (Cases 2 and 3).
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flashback region. It is found that the pressure oscillation generates the oscillations of

UC , SFB, and Q, and tends to increase SFB and Q. This increase in SFB is due to the

fact that, in the region close to the wall at y+ = 2.5, SFB is easily accelerated by the rise

in pressure, but largely unaffected by the subsequent fall in pressure. This phenomenon

is explained as follows. In the flashback deceleration period (t = t1–t6), SFB is clearly

higher than Sy+20. This is due to the fact that the increase in Uwall caused by the drop

in pressure is smaller than that of UC . This is because the change of the velocity near

the wall is suppressed by the viscous friction drag, and therefore, SFB in the flashback

deceleration period is unaffected by UC . In the flashback acceleration period (t = t7–t12),

in contrast, the difference between SFB and Sy+20 is smaller than that in the flashback

deceleration period (t = t1–t6), though Sy+20 is a little higher than SFB. This is because

the flame close to the wall is accelerated by the heat diffused from the flame much more

accelerated in the upper region. The above analysis of deceleration period is supported

by Fig. 4.4, which shows the time variation of instantaneous temperature distribution

on the x–y plane. As shown by the red circle markers, the flame top away from the wall

at t = t1–t2 comes to touch the wall at t = t3–t4 as the pressure decreases.

Fig. 4.5 shows the comparison of the time variation of instantaneous heat flux, q, on

the x–y pane at z = 15 mm at t = 1.00, 1.25, and 1.50 ms between Cases 2 and 3. The

heat flux is defined as

q = −λ
∂T

∂y

∣∣∣∣
wall

. (4.6)

Here λ is the thermal conductivity. The temperature gradient at the wall is obtained

by using the values of the grid points at the wall and their immediate neighbors in

the vertical (y–) direction. Independent of the time, q dramatically increases towards

the flame front, where it reaches the maximum value, and then gradually decreases

towards downstream end. Furthermore, compared to Case 2, the maximum value of q

at the flame front tends to markedly oscillate in time for Case 3. In order to clarify the

interaction between the q and pressure oscillations, the time variation of the heat flux

averaged along the flame front indicating the peak heat flux, qflame, for Cases 2 and 3 are

compared in Fig. 4.6. In the figure, the mean heat flux at flame front, qflame, calculated
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by the same method with mean flashback speed in Fig. 4.3 is also shown. It is evident

that qflame for Case 3 is strongly affected by the pressure oscillation, but qflame is almost

the same as that of Case 2. The comparison of Figs. 4.3 and 4.6 shows that qflame, P ,

and SFB become the maxima in the same time period (see at t = 1.5 ms in Fig. 4.3).

This is considered to be due to the fact that at this time, the flame temperature close

to the wall is increased by the heat diffused from the flame in the upper region (see at

t = t10 in Fig. 4.4), as described above.

4.3.2 Interaction of flame with turbulent flow structure

Fig. 4.7 shows the instantaneous distributions of iso-surfaces of temperature at 1200 K

and secondary invariant of velocity gradient tensor in side and bottom views at t = 1.75

ms for Case 2. Here in the bottom view, the iso-surfaces of temperature close to the wall

are removed to show more clearly the secondary invariant of velocity gradient tensor.

The instantaneous distributions of streamlines (black line) and iso-lines of temperature

at 1200 K (red line) on the x–y plane at z = 21 mm, the y–z plane at x = 26 mm,

and the x–z plane at y = 4.5 mm at the same time as Fig. 4.7 are shown in Fig. 4.8.

The x–y plane is located at the top of a bulge. In front of the flame surfaces in the

unburned region, the turbulent eddies and streamlines are observed to be bent along

the flame surfaces. This is attributed to the fact that the thermal expansion in the

flame induces a flow towards the center of the channel. Furthermore, it is found that

whereas most of the turbulent eddies are suppressed and vanished behind the flame

as reported in previous studies for turbulent premixed flame [17, 18], other turbulent

eddies are generated again in a form of longitudinal eddies behind the flame only at the

cusps and center of the channel where the upper and lower flames meet. In order to

clarify the mechanism, following transport equation for the turbulent kinetic energy is

introduced [19].

∂ρK̃

∂t
= − ∂

∂xj

ρũjK̃ − u′′
k

∂p

∂xk

− ρũ′′
ju

′′
k

∂ũk

∂xj

− 1

2

∂

∂xj

ρũ′′
ju

′′2
k + u′′

k

∂τkj
∂xj

. (4.7)
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Figure 4.7: Instantaneous distributions of iso-surfaces of temperature at 1200 K and

second invariant of velocity gradient tensor in side and bottom views (t = 1.75 ms,

Case 2).
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Flow Flame

(a) On the x–y plane at z = 21 mm

(b) On the y–z plane at x = 26 mm

(c) On the x–z plane at y = 4.5 mm

Figure 4.8: Instantaneous distributions of streamlines (black line) and iso-lines of tem-

perature at 1200 K (red line) (t = 1.75 ms, Case 2).
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Here the overbar, ¯, and, ,̃ donate the Reynolds- and Favre-averaged values, respectively,

and ′′ indicates the variation from the Favre-averaged value. K is the turbulent kinetic

energy given as

K =
∑
j

1

2
ũ′′2
j . (4.8)

The third term on the right-hand side,

k̇ = −ρũ′′
ju

′′
k

∂ũk

∂xj

=− ρũ′′u′′∂ũ

∂x
− ρṽ′′u′′ ∂ṽ

∂x
− ρw̃′′u′′∂w̃

∂x

− ρũ′′v′′
∂ũ

∂y
− ρṽ′′v′′

∂ṽ

∂y
− ρw̃′′v′′

∂w̃

∂y

− ρũ′′w′′∂ũ

∂z
− ρṽ′′w′′∂ṽ

∂z
− ρw̃′′w′′∂w̃

∂z
, (4.9)

represents the turbulent production term.

Fig. 4.9 shows the distribution of magnitude of the turbulent production term on the

x–y plane at z = 21 mm, and Fig. 4.10 shows the distributions of magnitudes of each term

in the turbulent production term on the same x–y plane. Here the black lines indicate the

iso-lines of averaged temperature at 1200 K. The Favre- and Reynolds-averaged terms

are calculated by taking time-average for 0.2 ms and space-average for 1 mm in spanwise

(z–) direction at each position. The turbulent production is negative in the wide region

behind the flame but is locally positive at the center of the channel where the upper and

lower flames meet (the circle A in Fig. 4.9). These negative and positive regions appear

to correspond, respectively, to the regions where the turbulent eddies are suppressed

and generated in Fig. 4.7(a). Furthermore, it is clear that the negative and positive

turbulent productions are attributed to the variations of the −ρũ′′u′′ ∂ũ
∂x

and −ρũ′′v′′ ∂ũ
∂y

in k̇, respectively. Fig. 4.11, which shows the distributions of Favre-averaged velocities

in the x–, y–, and z–directions, suggests that the acceleration of the streamwise velocity

owing to the thermal expansion is extremely remarkable. Therefore, it is considered that

the negative and positive values for the k̇ are attributed to the remarkable acceleration

of the streamwise velocity (i.e., the increase in ∂ũ
∂x
) and the strong fluid shear on the x–y

plane caused by this accelerated streamwise velocity (i.e., the increase in the absolute

value of −ρũ′′v′′) , respectively.
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On the other hand, the generation of the turbulent eddies behind the cusps are

similarly explained by the distributions of magnitudes of the turbulent production term,

and each term in the turbulent production term on the x–z plane at y = 4.5 mm in

Figs. 4.12 and 4.13. Here the black lines indicate the iso-lines of averaged temperature

at 1200 K. The comparison to Fig. 4.7(b) illustrates that the locations of the generated

turbulent eddies behind the cusps roughly correspond to those of the high values of the

−ρũ′′v′′ ∂ũ
∂y

in k̇ (the circle B in Fig. 4.13), suggesting that similar to the turbulent eddies

generated behind the flame at the center of the channel where the upper and lower

flames meet, the turbulent eddies behind flame at the cusps are generated by the strong

fluid shear on the x–y plane caused by the thermal expansion.

This interaction of the flame with the turbulent flow structure was also observed for

the case with the pressure oscillation (Case 3).
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−5.0× 103 kg/(m·s3) 5.0× 103 kg/(m·s3)

Figure 4.9: Distribution of magnitude of turbulent production term (third term on right-

hand side in Eq. (4.7)) on the x–y plane at z = 21 mm (t = 1.75 ms, Case 2). Black

lines indicate iso-lines of averaged temperature at 1200 K.

−ρũ′′u′′ ∂ũ
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Figure 4.10: Distributions of magnitudes of each term in turbulent production term on

the x–y plane at z = 21 mm (t = 1.75 ms, Case 2). Black lines indicate iso-lines of

averaged temperature at 1200 K.
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Flow Flame

0 m/s 100 m/s

(a) x–direction

−15 m/s 15 m/s

(b) y–direction

−5 m/s 5 m/s

(c) z–direction

Figure 4.11: Distributions of Favre-averaged velocities in the x–, y–, and z–directions

on the x–y plane at z = 21 mm (t = 1.75 ms, Case 2). Black lines indicate iso-lines of

averaged temperature at 1200 K.
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Flow Flame

B

−5.0× 103 kg/(m·s3) 5.0× 103 kg/(m·s3)

Figure 4.12: Distribution of magnitude of turbulent production term (third term on

right-hand side in Eq. (4.7)) on the x–z plane at y = 4.5 mm (t = 1.75 ms, Case 2).

Black lines indicate iso-lines of averaged temperature at 1200 K.
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−5.0× 103 kg/(m·s3) 5.0× 103 kg/(m·s3)

Figure 4.13: Distributions of magnitudes of each term in turbulent production term on

the x–z plane at y = 4.5 mm (t = 1.75 ms, Case 2). Black lines indicate iso-lines of

averaged temperature at 1200 K.
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4.4 Conclusions

In this chapter, a flashback phenomenon in a turbulent channel flow was reproduced

using DNS, and the effect of the pressure oscillation that was caused by a virtual com-

bustion instability on the flashback characteristics was investigated. In addition, the

interaction of the flame and the turbulent flow structure was examined in detail. The

main results obtained in this study can be summarized as follows.

1. The pressure oscillation strongly affects the flashback characteristics such as flash-

back speed and heat transfer on the wall, and increases the mean flashback speed

because the acceleration of the flashback speed due to the pressure oscillation is

greater than its deceleration. This fact indicates that the combustion instability,

which often generates a large pressure oscillation in combustors, increases the risk

of flashback.

2. Independent of the pressure oscillation, the turbulent eddies passing through the

flame tends to be suppressed and vanish due to the acceleration of the streamwise

flow caused by thermal expansion. However, other turbulent eddies are generated

again in the form of longitudinal eddies behind the flame only at the cusps and

the center of the channel where the upper and lower flames meet, because of the

strong fluid shear owing to the thermal expansion.
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Nomenclature

cp : Specific heat capacity [ J/(K kg) ] λ : Thermal conductivity [ W/(m K) ]

D : Diffusion coefficient [ m2/s ] ρ : Density [ kg/m3 ]

h : Enthalpy [ J/kg ] τ : Stress tensor [ N/m2 ]

K : Turbulent kinetic energy [ J/kg ]

k̇ : Source term of K [ J/(m3 s) ] Subscripts

P : Pressure [ N/m2 ] C : Center of channel

q : Heat flux [ W/m2 ] comb : Combustion

Q : Heat release rate [ J/s ] FB : Flashback

S : Flashback or flame speed [ m/s ] k : Species k

T : Temperature [ K ] y+20 : Vertical position of y+ = 20

u : Velocity [ m/s ]

V : Diffusion velocity [ m/s ]

X : Mole fraction [ - ]

Y : Mass fraction [ - ]
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Chapter 5

Conclusions

5.1 Summary and conclusions

To investigate the mechanism of droplet evaporation and combustion instability, DNS of

the evaporation and combustion of fuel droplets, and LES of gas and spray combustion

in a back-step flow were performed. In addition, DNS of flashback, which is a transient

upstream propagation of a flame often caused by combustion instability, was performed.

In Chapter 2, the characteristics of the evaporation and combustion of fuel droplets

for single- and multi-component fuels in a static fluid were described. The effects of ambi-

ent pressure, initial gas temperature, and differences in fuel components and combustion

reaction on the evaporation characteristics were investigated using DNS for a single and

multiple fuel droplets. For the single-component fuels, n-heptane and n-decane were

used, and the one-step global reaction model was used for the calculation of the reaction

of n-decane. For the multi-component fuels, on the other hand, surrogate fuels of Jet-

A (one-component fuel: n-decane, two-component fuel: n-decane and 1,2,4-trimethyl-

benzene, three-component fuel: n-dodecane, iso-octane and toluene) were used. For the

calculations of the reactions, the detailed reaction models that considered 113 chemical

species and 891 reactions for the one- and two-component fuels, and 273 chemical species

and 2322 reactions for the three-component fuel were used, respectively.

In Chapter 3, the characteristics of combustion instability in a back-step flow were
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described. LES of gas and spray combustion were performed, and the mechanism un-

derlying combustion instability and the effect of initial droplet diameter on combustion

instability were investigated. Methane and kerosene were used as the fuel for gas and

spray combustion, respectively. For the calculations of the reactions, the two-step global

reaction models were used with the dynamic thickened flame model to incorporate the

effects of SGS turbulence on the reactions.

In Chapter 4, the characteristics of flashback in a channel flow were described. The

effect of a pressure oscillation that was caused by a virtual combustion instability on the

flashback characteristics was investigated using DNS. Hydrogen was used as the fuel,

and the detailed reaction model that considered 9 chemical species and 20 reactions was

used for the calculation of the reaction.

The main results obtained in this study can be summarized as follows.

1. For droplet evaporation in a static fluid, under the conditions without combustion

reaction, the droplet lifetime increases with increasing ambient pressure at lower

initial gas temperature but decreases at higher initial gas temperature. This is

attributed to a balance of the increase and decrease in droplet evaporation rate

in higher ambient pressure conditions. On the other hand, under the conditions

with combustion reaction, the effects of ambient pressure, initial gas temperature

and the droplet mass loading ratio on the droplet lifetime are similar to those

under the conditions without combustion reaction, although the droplet lifetime

becomes shorter due to the combustion reaction. However, the droplet lifetime is

often shortened by enhanced combustion reaction in the conditions of high ambient

pressure and moderately high droplet mass loading ratio.

2. For droplet evaporation and combustion in the static fluid, evaporation of the

three-component surrogate fuel of Jet-A becomes faster and slower than those of

the one- and two-component surrogate fuels in the initial and subsequent evapo-

rating periods, respectively. This is due to the fact that compared to n-decane and

1,2,4-trimethyl-benzene, iso-octane and toluene included in the three-component
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surrogate fuel have higher volatilities, whereas n-dodecane included in the three-

component fuel has lower volatility. Differences in the gas temperature evolution

among three different surrogate fuels are remarkable right after the ignition, but

they become small with time.

3. For gas combustion in the back-step flow, oscillations of pressure, heat release rate

and streamwise velocity with the same frequency but different phase are observed,

and the spectrum of the pressure oscillation has two peaks whose frequencies agree

well with those from a previous experimental study. This confirms that the present

LES is capable of capturing precisely the characteristics of combustion instability.

The inlet velocity oscillation periodically generates a large vortex near the dump

plane and conveys it downstream, and when the large vortex exists near the dump

plane, the integrand of the local Rayleigh Index becomes positive. This suggests

that combustion instability is driven by the large vortex near the dump plane.

4. For spray combustion in the back-step flow, an oscillation of droplet evaporation

rate is also observed in addition to the oscillations in pressure, heat release rate,

streamwise velocity and the integrand of the local Rayleigh Index. The difference

in the initial droplet diameter hardly affects the pressure oscillation mode, but

strongly affects the intensity of the pressure oscillation, and the intensity of the

pressure oscillation becomes the maximum for a specific initial droplet diameter.

This arises from the difference in the initial droplet diameter causing a difference in

the droplet evaporation rate, which alters the relationship between the oscillations

of the heat release rate and pressure near the dump plane.

5. For gas combustion in the channel flow, the pressure oscillation strongly affects

the flashback characteristics such as flashback speed and heat transfer on the wall,

and increases the mean flashback speed. This is because the acceleration of the

flashback speed due to the pressure oscillation is greater than its deceleration.

This fact indicates that the combustion instability, which often generates a large

pressure oscillations in combustors, increases the risk of flashback.
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5.2 Suggestions for future research

Conducting research into the following areas could extend the progress made in the

current study.

1. In Chapter 2, droplet evaporation and combustion were investigated in various

conditions using DNS with laminar flow field and flame conditions. For a further

understanding of droplet evaporation in an actual combustor, it is important to

investigate the interactions between droplet evaporation and a turbulent flame

including phenomena such as the propagation and extinctions of the flame.

2. In Chapter 3, the effect of initial droplet diameter on combustion instability was

investigated using LES, and it was shown that the intensity of the combustion in-

stability became largest for a specific initial droplet diameter. However, LES were

performed only in the conditions in which combustion instability was clearly ex-

cited. Therefore, the critical conditions that trigger combustion instability remain

unclear. Further investigations focusing on the transitions from stable to unstable

combustion are essential for predicting and controlling combustion instability. In

addition, the geometry of combustor was limited to a simple back-step flow; this

meant that a number of factors important in actual combustors, such as swirling

flow and interactions between multiple burners, were not discussed. Numerical

simulations for complex geometries of actual combustors are important to support

the development and design of combustors across industrial fields.

3. In Chapter 4, the effect of combustion instability on flashback characteristics was

investigated using DNS by employing an artificial pressure oscillation. It was

shown that the flashback speed and heat flux at the wall were strongly affected

by combustion instability. However, only a few conditions were studied. To fully

develop discussions around the effects of combustion instability on flashback char-

acteristics requires further investigations for different fuels, equivalence ratios and

pressure oscillations of different intensities and frequencies.
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