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ARTICLE INFO ABSTRACT

Keywords: Combustion characteristics of n-heptane dilute sprays in a model supersonic combustor fueled by hydrogen are
n-Heptane spray flame numerically investigated. The two-phase compressible reactive flows are solved by a Eulerian-Lagrangian fra-
Dual fuel

mework. Supersonic air enters the combustor at Mach 2.0, whereas hydrogen is injected sonically at the strut
base. Monodispersed liquid n-heptane droplets are carried by hydrogen jet at different Spray Equivalence Ratios
(SERs), which range from 0 to 0.096. The results show that the varied SERs negligibly influence the time-
averaged length of the recirculation zone (about 50 mm off the rear of the strut). However, the low-speed regions
in the combustor is increased with SER. High droplet evaporation rates are observable in the downstream of the
recirculation zone, and meanwhile continuous evaporation also occurs downstream beyond that due to the local
high temperature. The mixing field of the dual-fuel system shows strong inhomogeneity with various compo-
sitions of hydrogen/n-heptane/air mixtures in both mixture fraction space and physical space. Moreover, the
fraction of heat release rate from hydrogen decreases from 100% to 43.3% due to the increased SERs from 0 to
0.096, and the averaged heat release from hydrogen before blow-off are close, whereas that from n-heptane
increases stably. With increased SER, the hydrogen flame base moves upstream towards the strut base, whereas
that of n-heptane is lifted off the strut gradually. When SER exceeds some critical value, e.g. 0.096 for the current
combustor, the flame blows off, with the two separate reaction zones (upstream hydrogen and downstream n-

Flame stabilization
Droplet evaporation
Reactant mixing
Supersonic combustion

heptane) fully quenched.

1. Introduction

Liquid hydrocarbon fuels (LHCFs) have several advantages over
gaseous fuels, e.g. hydrogen (H,) and ethylene, in terms of easy storage
and the potential of being coolant in supersonic combustion ramjets
(scramjets) or scramjet-based combined-cycle engines [1,2]. However,
generally very complex physical-chemical processes, such as injection,
atomization, droplet breakup, evaporation, mixing, ignition, and flame
stabilization are involved in combustion of LHCFs in practical hy-
personic propulsion systems. Stable combustion is a great challenge in
scramjet-like combustors due to the high-speed incoming flows, in
which case the gas residence time is of the order of milliseconds [3]. In
such a short time, the injected LHCFs have to be atomized, evaporated,
and well mixed before combustion of the fuel vapor can occur in the
high-speed flows [4].

Kumaran et al. [5] investigated the supersonic kerosene combustion
in three model combustors with single-step chemistry using Reynolds-
Averaged Navier-Stokes method. It was found that the mixing process

plays an important role in heat release and thrust generation. Zhang
et al. [6] numerically studied the spray kerosene combustion in a model
supersonic combustor with cavity flame holder using four-step global
mechanism. The flow structures in the cavity were found to be im-
portant for the spray distribution and the resulted combustion perfor-
mance. Tian et al. [7] experimentally and numerically studied the
combustion performance of a kerosene-fueled dual-mode scramjet, in
which the effects of Spray Equivalence Ratio (SER) and fuel distribution
were examined. Flame stabilization of a hydrogen and kerosene fueled
combustor was also investigated by Tian et al. [8], and it was found that
the local SER considerably affects combustion stability. There are also
experimental studies on supersonic spray combustion of LHCFs [9-12].
However, most of these studies focused on the overall indices with
limited measurement data attainable, e.g. combustion efficiency and
engine performance, which is certainly of great importance for practical
engineering applications. Nevertheless, the fundamental aspects of
spray combustion under high-speed flow conditions have not been well
understood. The basic questions in supersonic spray combustion
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Nomenclature Q. convective heat transfer rate of droplet
Ot latent heat of evaporation of droplet

Symbols e mass flux of vapor through droplet surface
k. mass transfer coefficient

Pg density of the gas Cs vapor concentration at droplet surface

P pressure of the gas Cg vapor concentration in the gas

T, temperature of the gas Dsat saturated pressure of the droplet

Ujg velocity of the gas in j-th direction R, universal gas constant

e internal energy of the gas X; mole fraction of vapor in the gas

Cpg heat capacity of the gas Rey droplet Reynolds number

i dynamic viscosity of the gas Ca coefficient of dynamic drag

D, molecular diffusion coefficient A frequency factor of chemical reactions

Sc Schmidt number n temperature exponent

Pr Prandtl number E, activation energy

ky thermal conductivity of the gas ab reaction orders

Ty viscous stress tensor Sm averaged evaporation rate

8 unit tensor function L, vertical line perpendicular to x-axis

q heat flux &5 a parameter set of mixture fraction

Y mass fraction of species m dQ heat release rate per unit volume

Wm reaction rate of species m ¥ stoichiometric mixture fraction

Sm mass source term from droplet Q the volume-integrated heat release from fuel i (Hy/n-

SiF momentum source term from droplet C;H;6)

Se energy source term from droplet facrmie  fraction of heat release from n-heptane

Sy,m species source term from droplet dyfe flame lift-off height

V. volume of the CFD cell £e relative error of C, to the experiment

Ny number of droplets in a CFD cell min minimum function

Pd density of the droplet

my mass of the droplet Acronym

T4 temperature of the droplet

F; drag force acting on the droplet in i-th direction LHCF liquid hydrocarbon fuel

dg diameter of the droplet SER spray equivalence ratio

Aq surface area of the droplet RZ recirculation zone

Ugiip slip velocity between gas and droplet CFD computational fluid dynamics

C, evaporation coefficient 3D three-dimensional

My molecular weight of the vapor 2D two-dimensional

Cp.d heat capacity of the droplet LES large eddy simulation

Ujq velocity component of the droplet CFL Courant-Friedrichs-Lewy

h. convective heat transfer coefficient NTC negative temperature coefficient

mg evaporation rate of a single droplet

include: e.g. (1) how do the droplets evaporate and exchange heat with
the high-speed gas flows? (2) How do the vaporized fuel species mix
with the supersonic oxidizer flows? (3) How would the flame respond to
the varied mass flow rates of liquid and/or gaseous fuels?

In recent years, Ren et al. performed a series of numerical simula-
tions on the interactions of vortex, shock waves, and chemical reactions
in a supersonic planar shear layer laden with liquid kerosene droplets
[1,13,14]. It was concluded that the growth of mixing layer thickness,
flame structure, and reaction intensity are affected by the competition
between cooling from droplet evaporation and heat release from che-
mical reaction. Their work provides significant insights about the spray
combustion under high-speed flow conditions. However, the modeled
planar shear layer in open space is still different from practical super-
sonic combustor configurations. For instance, in the latter, the flow and
combustion occur in a confined space, in which there are probably new
aerodynamic characteristics not present in the simplified geometries.
Furthermore, shock waves may be continuously reflected by the
chamber walls and therefore may interact with the dispersed liquid
droplets and the flame zones. The expansion wave may also influence
the motion and evaporation of the droplets in the combustion chamber.
Therefore, spray flame dynamics relevant to practical supersonic com-
bustion conditions is still not clear.

The objective of our work is to investigate the dilute spray com-
bustion characteristics of LHCFs in a model supersonic combustor. This

combustor was experimentally studied at the German Aerospace Center
(DLR) with gaseous hydrogen flames [15]. Hereafter, we term this
burner as DLR combustor. The main aerodynamic and combustion
features of the H-fueled supersonic combustion in this burner include a
long central Recirculation Zone (RZ), a lifted recirculating flame (a
time-averaged lift-off distance of 31 mm off the strut base), and the
shock-flame interactions [16]. The gaseous H, flames in this combustor
have been studied experimentally by Waidmann et al. [15] and nu-
merically by numerous groups, e.g. Huang [17-19], Fureby [20,21],
Menon [22], Gong [23], Li [24], Wang [25], and Wu [26]. Therefore,
we have detailed understanding about them in terms of critical flame
phenomena and numerical set-up. Based on this well-recognized con-
figuration, in our numerical studies, liquid n-heptane (n-C;H;¢) spray
injection is introduced in this combustor. The emphasis is laid on (1)
the interactions between the liquid droplets and the high-speed gas
flow; (2) the mixing between the two fuels (H, and n-C,;H;¢) and air;
and (3) the influence of n-heptane droplets on the critical flame dy-
namics (e.g. lift-off or blow-off). For this purpose, eight numerical ex-
periments with gradually increased spray equivalence ratio are con-
ducted, which ranges from 0 (gaseous H, flame without liquid spray) to
0.096 (the upper limit before flame blow-off occurs). The current in-
vestigation aims to clarify some aspects of our fundamental under-
standing on high-speed, two-phase, and dual-fuel combustion relevant
to practical model supersonic combustor conditions. The rest of the
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paper is structured as below. Governing equations and numerical
models are described in Section 2. Physical models, including the
computational configuration, meshes, and the simulation conditions are
given in Section 3. The results and discussion are provided in Section 4.
Conclusions are drawn in Section 5.

2. Governing equations and numerical models
2.1. Governing equations for gas phase
The governing equations for fully compressible multi-component

reacting flows in gas phase include the conservation laws of mass,
momentum, energy, and species mass fraction [27]. They read

/9 3

Tt ¥ 3 Grte) = S o)
i(10 Uig) + i(ﬁ Uigljg + P05 — Tyj) = Sir,

o ¢ ox; ¢ ¢ 2
2(/o e) + i(p eglljg + P Ujg — §; — UjoT) = S,

ot ¢ ax; ¢ § J i 3)
I+ 5 Yo - a%[png%';) = o + Sy “

where t is time and x is spatial coordinate, p, is the density of the gas
mixture, u;, is the gas velocity component, p, is the pressure, z; is the
viscous tress tensor, §; is the unit tensor function, e, is the internal
energy of the gas, g; is the heat flux, Y, is the mass fraction of species m,
and @,, is the reaction rate of species m. D, is the molecular diffusion
coefficient and D, = pgi,/Sc, where Sc is the Schmidt number, i, is the
dynamic viscosity of the gas. Two-way coupling between the gas phase
and liquid phase is applied, in terms of the inter-phasic exchanges of
mass, momentum, energy and species, which respectively correspond to
the source terms S,,, S; 7, Se, and Sy, in Egs. (1)-(4). These terms can be
estimated on the droplets in the individual CFD cells, which read

1 Ny

Sm=— Hig,
"y e ®)
1 Ng
Sip=—— Eg,
i,F V;‘ Zl i,d ( 6)
1 Ng . .
Se = —— + ,
e v, zl (QL Qlat) (7)
S = Sy for the liquid fuel species,
¥m =10 for other species. 8)

here V, is volume of the CFD cell, N, is the droplet number in the cell,
1y is the evaporation rate of single droplet and is given later in Eq. (14),
F; 4 is the drag force acting on the droplet in i-th direction, Q. is the
convective heat transfer rate between the droplet phase _and gas phase
and the corresponding equation is given in Eq. (22), Qy is the eva-
poration-induced heat transfer, related to latent heat of vaporization for
liquid n-heptane. Note that for Eq. (6), other forces (e.g. gravity and
Magnus lift force) are not taken into consideration in the current work.
Additionally, radiation heat transfer due to the gas and droplet phases is
not included here.

2.2. Governing equations for liquid droplet phase

The dispersed liquid phase is modeled as a large number of spherical
droplets tracked by the Lagrangian method. The interactions between
droplets are neglected since dilute sprays are assumed here, in which
the volume fraction of the dispersed droplet phase is typically less than
0.001 [28]. The shock-induced droplet break-up is not considered here.
The governing equations of mass, momentum and energy for the liquid
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droplet phase respectively take the following form

dmd -1

a ¢ ©)
du,-,d _ ﬂ

dt  mg’ (10)
c ﬂ — Qc + Qlat

P g mg a1

where my is the mass of a single droplet and can be calculated as
my=mp,d;/6 for spherical droplets (ps and d, are the density and dia-
meter of the droplet, respectively). u; 4 is the velocity component of
droplet in i-th direction, c, 4 is the droplet heat capacity, and Tj is the
droplet temperature. Both density and heat capacity of the droplet
phase are functions of droplet temperature to account for the droplet
thermal expansion [29]

- !
Fu (Ej) - a21+(17Td/a3)a4 ’ (12)
Cp.d (’I:i)
b} 1, 1 1,
=— + bz -7 20b1b3 + T b1b4 + 7 §b3 +7 Eb3b4 + gTb4 s
T

a3

where a,, a,, as, a4, and by, by, bs, by, are model constants,
=10 — T/T with T = min(Ty, Ty), where T, is a reference tempera-
ture (540.2 K for n-heptane), min is the minimum function [29].

The evaporation rate, mg, in Egs. (5) and (9) is estimated through

Mg = —mpAq, 14

where A, is the surface area of a single droplet. The mass flux of vapor
evaporating from the droplet into the gas phase, my, is calculated as
[30,31]

ﬁ’lf = chd (Cs - Cg). (15)

It should be highlighted that use of a classical model as above can
reduce the chance to include more ad hoc assumptions and/or constants
for droplet evaporation under complicated flow conditions, thereby
decreasing the uncertainties for our analysis on supersonic spray
flames. In Eq. (15), k. is the mass transfer coefficient, while My is the
molecular weight of the vapor. R; (=8.314 J/molK) is the universal gas
constant, and Ty is the film temperature, which is estimated using the
two-third rule between the gas and droplet temperatures, i.e.
T; = (Tg + 2Ty)/3 [31]. ¢, is the vapor concentration at the droplet
surface, i.e.

_ psat(Td)
TR 16)

where p, is the saturation pressure and is obtained under the as-
sumption that the vapor pressure at the droplet surface is equal to that
of the gas phase. In Eq. (15), the vapor concentration in the surrounding
gas, Cg, is obtained from

co = ngi
§TRTy a7

where X; is the fuel vapor mole fraction. The mass transfer coefficient,
k., in Eq. (15) is calculated from the Sherwood number [32]

keda _ 50 4 0.6Re}/?Scl/3,
Dy (18)

where Dy is the vapor mass diffusivity in the gas phase. The droplet
Reynolds number in Eq. (18), Rey, is defined based on the velocity
difference between two phases, i.e.

Shap =
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- -
Rey = 7%% [ta ugl.
Mg 19)

Only the Stokes drag is taken into consideration in this work, which
is modeled as (assuming that the droplet is spherical) [33]

18u,
i,d = —iCdRed mgy |Lii,d - ui,gl.

padq 24 (20)
The drag coefficient, Cg, is estimated as [33]

0.424, Rey > 1000,
C; =
d ﬁ(l + %Rej“), Rey < 1000.

Req (21)
The convective heat transfer rate Q, in Eq. (11) is given by
Q. = heAq (Ty — T) (22)

where h, is the convective heat transfer coefficient, and computed using
the correlation by Ranz and Marshall [32]

= heda _ 50 4 0.6Re} PP,
g @3)

where k, is the gas thermal conductivity, and Pr is the gas Prandtl
number (Pr = pgc, /k,, where c, . is heat capacity of the gas phase).

Nu

2.3. Chemical kinetics

Two-step irreversible reactions, i.e. Reactions I and Il in Table 1, are
used for describing oxidization of n-heptane [34] and hydrogen [35].
The reaction steps with kinetics parameters for H,/O, and n-C;H;6/0-
are listed in Table 1, including frequency factor A, temperature ex-
ponent n, activation energy E,, and reaction orders a and b with respect
to the corresponding reactants. The Arrhenius reaction rates for Reac-
tions I and II are expressed as
@& = AT"exp (—&)[F]ﬂ[o]b,

RT @4
where [F] and [O] are the concentrations of the fuel and oxidizer, re-
spectively.

The global reaction for Hs, i.e. Reaction I, has been validated with
experimental data in terms of laminar flame speed, which shows good
agreement for equivalence ratios ranging from 0.55 to 1.1 [35]. This
mechanism has also been used by Ingenito et al. [36], Gerlinger et al.
[37], and Fureby et al. [38] for modelling supersonic combustion and it
is found that the main combustion characteristics (e.g. wall pressure
and temperature predictions [36], laminar flame speed [37], and flame
stabilization [38]) are captured well. Furthermore, compared with our
previous investigations on this combustor using three-dimensional (3D)
Large Eddy Simulation (LES) with detailed hydrogen chemistry of 9
species and 27 reactions [17-19], this global mechanism well re-
produces the abovementioned main flow and combustion character-
istics observed from experiments.

The one-step mechanism for n-C;H;, i.e. Reaction II, is validated by
Westbrook et al. [34] about the laminar flame speed. The results show
good agreement with the measured data over a range of pressures and
equivalence ratios and also reasonably reproduce the rich and lean
flammability limits [34]. The same mechanism is used, e.g. by Seo and
Huh [39], Owston and Magi [40], Li and Huang [41] for modelling
spray n-heptane flames. It has been found that this mechanism is
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sufficient to capture the general spray combustion characteristics of n-
heptane under different conditions. In addition, it is well-known that
the flame dynamics related to Negative Temperature Coefficient (NTC)
may be important for hydrocarbon fuels (like n-heptane) under proper
temperature ranges (e.g. < 1000 K) [13,42]. However, in the cases
studied here, the significant evaporation of the fuel droplets is observed
to mainly occur at the downstream locations after the hydrogen flames
(as shown later in Section 4), and therefore the fuel vapor combustion
proceeds under high local temperatures (> 2000 K). Therefore, the
NTC effect is assumed to be not important in this work, and the global
chemical reaction in Table 1 is expected to be sufficient.

2.4. Numerical methods

A two-phase multi-component reactive solver,
sprayRhoCentralFoam, is developed based on a fully compressible flow
solver rhoCentralFoam [43], in OpenFOAM 5.0 package. The rhoCen-
tralFoam solver itself is a density-based compressible flow solver. It is
able to capture shock waves with low dissipation by solving the con-
vection-diffusion equations using the semi-discrete Kurganov-Tadmor
central-upwind schemes [44,45]. This rhoCentralFoam solver has been
validated with supersonic flows and detonative combustion [46]. It is
also used by other groups, e.g. by Li et al. [24] and Wu et al. [26], for
the supersonic H, flames in the same DLR combustor, and good ac-
curacies are achieved in terms of the velocity, pressure and overall
flame behaviors.

The governing equations for gas phase (i.e. Egs. (1)—(4)) are solved
by cell-centered finite volume method. Implicit second-order Crank-
Nicolson scheme is applied for the time discretization. Second-order
Gauss integration with linear interpolation scheme is constructed for
the convective fluxes. The diffusive terms are split into orthogonal part
and non-orthogonal part to minimize the non-orthogonality error.
Second-order Gauss scheme with a linear interpolation is used for the
orthogonal part and surface interpolation of variable normal gradients
is applied to the non-orthogonal part [47]. The Lagrangian governing
equations (i.e. Egs. (9)-(11)) for mass, velocity and temperature of each
droplet are numerically integrated with Euler implicit method. The gas
phase quantities at the droplet location (e.g. u; g in Eq. (18) and T, in Eq.
(20)) are linearly interpolated from the gas phase fields solved from
Egs. (1)-(4). Two-way coupling between two phases is performed for
each time to update the source terms in the gas and droplet phase
equations. The maximum CFL numbers are set to be 0.3, which corre-
sponds to the physical time step of about 10~ ° s. The time-averaged
fields shown below are computed in a period of 3.0 ms after the initial
field effects are completely purged in each simulation.

3. Computational details
3.1. Computational configuration and meshes

The schematic of the DLR supersonic combustor is shown in Fig. 1.
Based on the previous work using 3D computational domain with
various combustion models [17-24], it has been found that the inter-
actions between the originally 15 circular sonic fuel injectors (each of
1.0 mm in diameter, and evenly-spaced at a distance of 2.4 mm at the
strut base along the combustor centerline) are relatively small, and the
main flow structures show quasi-two-dimensional characteristics,
which are particularly true for the shocks, expansion fans and shear

Table 1

Chemical kinetics parameters for Hy/O, and n-C;H;4/0> (units in cm-sec-mole-cal-Kelvins).
Index Reaction A n E, a b Reference
I 2H, + O, = > 2H,0 4.74 x 10'2 0.0 10,063.8 1.0 0.5 [35]
il n-C;Hye + 110, = > 7CO, + 8H,0 5.10 x 10" 0.0 30,000.0 0.25 1.5 [34]




Z. Huang, et al.

T
( 77—H,+n-CH,
—150 p— 4 H 30
=) — A_100'\, ----------------- 1P,
E 25 _arr — i
SN S 1)) /e— .
0 100 [m] 200 300

Fig. 1. Schematic of the two-dimensional DLR supersonic combustor [15]. The
domain corresponding to the red dashed box P;-P, behind the strut is used for
visualizations in Figs. 5, 6, 8, 11 and 13.

layers between central recirculation zone and the high-speed incoming
flows. Therefore, the two-dimensional (2D) approximation without
considering turbulence-chemistry interaction is widely adopted in the
simulations of this combustor [25,26,48,49]. The results from these 2D
[25,26,48,49] or quasi-2D (narrow in the third direction with only one
or three injectors) [17-24] calculations well reproduce the main flow
and combustion characteristics observed from experiments [15], in-
cluding various zones of the recirculating flames as well as the lift-off
distances. We also use the 2D domain with high mesh resolution to
investigate the droplet-laden supersonic combustion, which is expected
to considerably reduce the computational overhead and hence renders
parametric studies affordable.

Moreover, based on a posterior comparisons with our previous in-
vestigations on this DLR combustor with gaseous H, flames using 3D
LES with one-equation eddy viscosity turbulence model and Partially
Stirred Reactor (PaSR) combustion model [17-19], the 2D simulations
in this study reproduce quite well for most features, e.g. temperature,
pressure and Mach number, both instantaneously and statistically. The
shock waves, expansion fans, and central combustion zones do not
show fundamental differences compared qualitatively with those from
other 3D works, e.g. by Berglund [20] (three injectors with one-equa-
tion flamelet model), Fureby [21] (three injectors with mixed model for
turbulence and PaSR model for combustion), Menon [22] (one injector
with a localized dynamic closure for turbulence and eddy dissipation
concept for combustion), Gong [23] (one injector with one-equation
eddy model for turbulence and Eulerian stochastic fields method for
combustion), and Li [24] (three injectors with one-equation eddy model
for turbulence and PaSR model for combustion). The limitation of 2D
simulations mainly lies in the upstream of the recirculation zone (ap-
proximately from x = 109 mm to 130 mm), which is highly unsteady
due to vortex shedding at the strut base [21,22]. However, the effect of
the two-dimensional approximation on the droplet dynamics is limited.
No significant dispersion of droplets is seen before x = 142 mm as
shown later in Fig. 7 and the evaporation rate is relatively low before
x = 130 mm (see Fig. 9). Hence, the results obtained from 2D ap-
proximation in this study would not cause obvious discrepancy with
those in 3D simulations for the droplet-laden cases.

In our computational domain in Fig. 1, the combustor is 50 mm in
height (i.e. y-direction) at the entrance and 340 mm in length (i.e. x-
direction) [15]. The upper combustor wall has a divergence angle of 3°
since x = 100 mm (indicated in Fig. 1) to compensate for the boundary
layer expansion, which also leads to flow asymmetry after the strut as
has been widely observed [16-25]. The wedge-shaped strut is 32 mm in
length and 6 mm in height. It is placed along the centerline of the
combustor at 77 mm downstream to the entrance and the location for
the strut base is x = 109 mm. In particular, in the 2D case, the fuel
injector at the strut base (i.e. at x = 109 mm) is simplified into a slot
(see the elliptical inset of Fig. 1) from the original 15 circular injectors
in the experiments, through which the gaseous hydrogen and liquid n-
heptane are injected into the combustor. This similar treatment is also
adopted by Wu et al. [26]. To make the global equivalence ratio of H,
and velocity consistent with the experimental counterparts, the slot
width is adjusted to be 0.3 mm.

Three meshes with 55,800, 220,925, and 491,700 structured cells

Fuel 264 (2020) 116809

are generated for grid-dependence analysis (results presented in Section
4.1) and hereafter are denoted as M1, M2, and M3, respectively. Since
the zones with combustion and/or strong gas-droplet interaction mostly
exist in the downstream region of the combustor after the strut, the
grids there are locally refined. The minimum grid size of the three
meshes is 0.15 mm, 0.06 mm, and 0.03 mm in y-direction, and
0.18 mm, 0.14 mm, and 0.10 mm in x-direction, respectively. The grid
resolution of mesh M2 is comparable with the LES work of the same
DLR combustor, e.g. by Wang et al. (with a finest resolution of
0.03 mm) [25] and Wu et al. (with an averaged resolution of 0.08 mm)
[26]. In their work, the detailed flow and flame structures are predicted
reasonably well. Meanwhile, the minimum grid size of mesh M2 are
approximately 3 and 7 times larger than the initial droplet diameter
(20 pum) in y-direction and x-direction, respectively. This is expected to
be sufficient to predict the source terms (i.e. Egs. (5)-(8)) in the two-
way coupling between the gas phase and the liquid phase and the in-
terpolated gas properties around the droplet surface.

3.2. Simulation conditions

Among a series of experimental studies of the DLR combustor with
gaseous flames fueled only by H, [15], a base case is selected, and its
operation conditions of air and H, are used in our subsequent studies on
supersonic spray flames. The inlet conditions of this case are detailed in
Table 2. Specifically, air enters the combustor at Ma = 2.0 with a
temperature of 340 K and a pressure of 0.1 MPa, respectively. Hydrogen
is injected sonically at a temperature of 250 K and a pressure of
0.1 MPa. The global equivalence ratio of hydrogen for this experimental
case is 0.034. The existence of H,O in the air stream is due to the vi-
tiated heating of a H,/O, pre-combustion heater used to obtain the
desired stagnation temperature of the air inflow [15].

Monodispersed liquid n-heptane droplets are additionally injected
in the foregoing base case (carried by H, stream) through the simplified
fuel slot (longitudinally at x = 109 mm) as shown in Fig. 1. Eight cases
are studied in this work, in which air and hydrogen inlet conditions
from the base case (see Table 2), droplet initial properties and injection
velocity are kept constant. Hence, the global equivalence ratio of H,
(here defined as the value without considering n-heptane) is also kept
constant. Specifically, the droplet injection velocity is the same as that
of hydrogen, i.e. at 1200 m/s. The initial temperature and diameter of
all droplets are assumed to be uniform at 298.15 K and 20 pm, re-
spectively. The normal boiling temperature of n-heptane is 371.65 K.
The initial density and heat capacity of n-heptane are 680 kg/m® and
2233 J/kgK, respectively.

The eight cases shown in Table 3 are differentiated with spray
equivalence ratios, which directly leads to the variable initial numbers
of droplets in our work. The SER is defined as the global equivalence
ratio of n-C;H;¢/air (neglect Hy) when the injected liquid droplets are
completely vaporized in the combustor. The base case with SER = 0
(i.e. gaseous H, flame) is denoted as Case O in Table 3, which corre-
sponds to the foregoing experimental base case [15]. For Case 1, the
SER is ¢ = 0.0384, whereas for other cases the SERs are gradually
increased based on ¢; as tabulated in Table 3. When SER > 2.5¢,
flame blow-off occurs. Therefore, SER = 2.5¢, is regarded as the upper
limit of SER for flame stabilization under the studied operating condi-
tions for this supersonic combustor fueled by hydrogen and liquid n-
heptane sprays.

Table 2
Inflow conditions of air and hydrogen [15].

inlet u.[m/s] T[K] p[MPa] Ma Yoo Yno Yh20 Yo
air 730 340 0.1 2.0 0232 0736 0.032 0.0
hydrogen 1200 250 0.1 1.0 0.0 0.0 0.0 1.0
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Table 3

Global spray equivalence ratios of n-heptane in Cases 0-7.
Case # 0 1 2 3 4 5 6 7
SER 0  ¢1* 1254, 1541 17541 2.0 2254, 254

* The global spray equivalence ratio ¢ in Case 1 is 0.0384.
4. Results and discussion
4.1. Mesh sensitivity analysis and model validation

Fig. 2 shows the distributions of time-averaged axial velocity at
different cross-sections for the non-reactive case (the operating condi-
tions tabulated in Table 2, but with combustion deactivated). They are
computed with three meshes, i.e. M1, M2 and M3. Meshes M2 and M3
give similar results, and both are better than those with mesh M1. This
is particularly true in the strut wake zone as shown in x = 120 mm,
indicating the insufficient grid resolution of mesh M1 in the wake.

Fig. 3 shows the profiles of time-averaged axial velocity and tem-
perature with meshes M1, M2 and M3 at three spanwise locations for
the reactive case (i.e. Case 0 in Table 3). Overall, the results from
meshes M2 and M3 are closer to the experimental data than those from
M1 in most shown locations. The overshoot of the computed axial ve-
locity behind the strut at x = 120 and 167 mm is also seen in the LES
work with detailed chemistry, e.g. in Refs. [20,22,23,38]. The tem-
perature over-predictions behind the strut at x = 120 and 167 mm can
be attributed to the one-step chemistry for hydrogen oxidation (men-
tioned in Section 2.3). Overall, mesh M2 is acceptable in terms of
computational accuracy and speed, and hence is used for the following
analyses on the two-phase supersonic flames.

To validate the droplet evaporation model presented in Section 2.2,
we simulate the evaporation process of a single n-C;H;¢ droplet in an
inert environment filling with nitrogen. The initial pressure and tem-
perature of the environmental nitrogen are 0.1 MPa and 973.15 K, re-
spectively. The gas temperature is kept nearly constant using a hot
furnace, whereas the gas pressure may change slightly with evaporation
of the droplet in the experiment [50]. The initial droplet diameter is
do = 1.285 mm. Four cases differentiated with initial slip velocity be-
tween the gas and droplet (Uy;,) are simulated, which are detailed in
Table 4. Case C1 with Ug;, = 0 m/s is the experimental case. In Cases
C2-C4, the slip velocity decays naturally due to drag force, and hence,
their evaporation profiles do not show strict linearity but decrease with
the decrease of Ug;,. Fig. 4(a) shows the comparisons of the temporal
evolution of the square of n-heptane droplet diameter between the
numerical results and experimental data [50]. The averaged relative
error (¢,) of the evaporation coefficient C, (in mm?/s, the dashed lines)
to the experimental value for each case is indicated in Fig. 4(a) as well.

The numerical prediction of d? in Case C1 in Fig. 4(a) well re-
produces the initial increase of the droplet diameter. This period is the
heat-up process of the droplet due to thermal conduction from gas,
which leads to droplet thermal expansion [50]. For the second stage,
linear variations of d* with respect to time is captured in Case C1, but
the slope magnitude, i.e. C,, is under-calculated (about 31%) than the
experimental data. This difference may be caused by three major
sources of error in the measurements, which however are not con-
sidered in the numerical simulations. The first two are the heat con-
duction from the quartz fiber holding the vaporizing droplet and the
radiative heat transfer from the walls of the experimental facilities [50].
A combination of heat conduction through the fiber and radiative effect
can decrease the lifetime of the droplet by about 15% for the specific
case of using n-heptane droplet in a nitrogen-filled environment at
773.15 K and 3.0 MPa [50]. The third one is the free falling of the hot
furnace in the experiment, which may cause gas turbulence in the en-
closed test facility and relative motion between the gas and droplet.
This may remarkably increase the evaporation rate as demonstrated in
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Fig. 4(a). Hence, under-estimation of single droplet evaporation espe-
cially at high temperatures may be due to the above three major factors,
which would enhance the droplet evaporation rate in the experiments
but are not considered in the numerical simulations.

Based on Fig. 4(b) (the initial pressure of environmental nitrogen is
0.1 MPa and the initial droplet diameter is 1.285 mm, respectively),
when the initial temperature of the gas phase is decreased, the agree-
ments are improved (see the relative errors indicated in Fig. 4b). In
general, the evaporation model detailed in Section 2.2 can predict the
droplet evaporation with reasonable accuracy under different gas and
droplet conditions. Furthermore, the three major error sources except
the radiative heat transfer does not exist in the simulations of the DLR
combustor. The relative error of the evaporation model is expected to
be minimized to that at lower temperatures, e.g. 7.9% at 673.15 K and
7.3% at 773.15 K.

4.2. Phenomenological analysis of flow and flame behaviors under two-
phase conditions

Fig. 5 shows the contours of instantaneous gas phase axial velocity
for Cases 0-7. Overall, the regions with relatively low and even nega-
tive axial velocities (corresponding to the recirculation zones and the
blue regions beyond them) are longitudinally lengthened from Case 0 to
7 with increased SER. Meanwhile, those regions also become radially
broader with larger SER. With droplet injection, the gas axial velocity is
positive along the centerline, and the recirculating zone becomes dis-
connected. This RZ disconnection phenomenon is not found in the
droplet-free case, Case 0, and may result from the momentum exchange
between the high-speed injected droplets and the surrounding gas in the
RZ. Furthermore, based on the time-averaged axial gas velocity fields
(not shown here), the maximum mean RZ lengths are about 50 mm off
the rear of the strut (i.e. approximately 160 mm in Fig. 5) in all the
simulated two-phase cases, which is close to that of Case 0. This implies
that the addition of the droplets has small influences on the mean RZ
length. Nevertheless, the low-speed zones (i.e. the dark blue regions in
Fig. 5) are lengthened in the streamwise direction with increased SER,
which indicates the considerable reduction of the local Mach number in
the combustor center. This may considerably enhance the mass and
heat exchange between the gas phase and droplet phase, which may
cause local cold bubbles (see Fig. 6) and increase the probability of
local flame extinction.

Likewise, Fig. 6 shows the contours of instantaneous gas phase
temperature for Cases 0-7. The maximum RZ lengths are denoted by
the red line (i.e. x = 160 mm). Compared to that of Case 0, the tem-
perature of the recirculation zones in Cases 1-4 considerably decreases
due to the presence of liquid n-heptane droplets (see some locations in
Fig. 6 indicated by the white arrows). This can be attributed to the
droplet evaporative cooling and convective heat transfer between the

—MI — M2 —M3 ® Exp

40t

y [mm)]

20+

0 1 1 1 1 1 1 1 1
0 500 0 500 0 500 0 500

x=120 mm

x=167 mm x=199 mm x=275 mm

Fig. 2. Comparisons of time-averaged axial velocity (in m/s) for Case 0 with
combustion deactivated with the experimental data [15].
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Fig. 3. Comparisons of time-averaged (a) axial velocity (in m/s) and (b) tem-

perature (in K) for Case 0 with combustion activated with the experimental data
[15].

Table 4

Initial slip velocities between the gas and droplet in Cases C1-C4.
Case # Cl c2 C3 C4
Ugyp [m/s] 0 1 2 5

two phases. However, with further increased SER (say Cases 5-7), close
to the strut, two pronounced branches of the flame base with similar gas
temperature are observable, different from the single-side high-tem-
perature zone in, e.g. Case 0. Their effects on flame stabilization are
further discussed in Section 4.5. As mentioned earlier, higher SER
corresponds to more droplets injected and the availability of more n-

Case C1
Case C4

® Experiment
Case C3

Case C2

d’ld

(a) .t/doz [s/mmz]
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u (m/s] T T

-250 100 450 800 1150

120 160 x [mm] 200
Fig. 5. Contours of instantaneous gas phase axial velocity for Cases 0-7 (la-
belled by the numbers). The domain corresponds to the red dashed box P;-P,
behind the strut. The iso-lines indicate zero gas phase axial velocity (i.e.

u, = 0 m/s).

heptane vapor vaporized from the liquid phase, and therefore more
heat can be released from the dual fuel combustion process, which
dominates the foregoing cooling effects in these scenarios. Beyond the
recirculation zone (x > 160 mm), in Cases 1-3, the peak temperature
(i.e. over 2500 K) becomes higher than that of the gaseous H, flame,
Case 0. Moreover, as SER increases (e.g. Cases 4-7), the hot regions are
more extensive, although the peak temperature distributions are more
localized. This can justify the expansion of the low-speed region of the
corresponding cases as shown in Fig. 5. Expanded hot regions towards
the combustor exit may finally lead to thermal choking of the com-
bustor [51], which should be avoided practically to prevent the dete-
rioration of the scramjet overall performance and even sudden misfire
during operational mode.

® Experiment

m Case Cl
6, =-31.0%
[ J
i 6=73% e ]
| | [ |
' 6, =-16.6%
& =7.9%
673 773 873 973
(b) T[K]

Fig. 4. Comparisons with the experimental data [50] about (a) the temporal variation of the square of droplet diameter and (b) evaporation rate constant under

different initial temperatures.
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Fig. 6. Contours of instantaneous gas phase temperature for Cases 0-7 (labelled
by the numbers). The domain corresponds to the red dashed box P;-P, behind
the strut. The red line indicates the approximate streamwise location

(x = 160 mm) of the recirculation zones.
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4.3. Droplet evaporation

The typical instantaneous distribution of the liquid n-heptane dro-
plets from Case 1 are presented in Fig. 7(a) and the background contour
denotes the instantaneous mass fraction of the n-heptane vapor in gas
phase. After the droplets are injected from the base of the wedge-shaped
strut (i.e. x = 109 mm), limited dispersions are observed due to the
high droplet velocity (i.e. 1200 m/s) and therefore their diameters
change little (close to the initial size, i.e. 20 pm). Visually, these dro-
plets form a straight red line approximately from x = 109 mm to
x = 142 mm, which is indicated as the main droplet stream in Fig. 7(b).
Nevertheless, around the downstream edge of the RZ (for clarity, its
streamwise location is denoted by the vertical dash-dotted white lines
in both Fig. 7a and b), the diameters show considerable variations,
ranging from its initial values to small ones close to zero. This implies
that significant droplet evaporation occurs there. Meanwhile, the ve-
locities of the droplets near RZ edge (dash-dotted lines) are relatively
low due to the stagnant gas velocity fields there. The details in this
region are further enlarged in Fig. 7(b). Besides the main droplet stream
from the injector (as indicated in Fig. 7), large amount of the dispersed
droplets is observable, which are caused by the local recirculating
flows. Some of them are trapped in the RZ, which have long residence
time (as long as 0.38 ms, which is much longer than the droplet nom-
inal flow-through time in the RZ, i.e. 0.034 ms) and continuously va-
porize with boiling temperature (371.65 K), thereby leading to high n-
heptane concentrations in the downstream of the hot recirculation zone
(see Fig. 7b). However, these dispersed droplets cannot be transported
towards more upstream locations, since most of them have been fully
evaporated about around x = 130 mm. In addition, based on Fig. 7(a),
considerable droplets can penetrate through the RZ due to their high
velocity, and are seen downstream beyond the RZ. Their diameters
continuously decrease due to the evaporation. However, the local mass
fraction of n-heptane vapor is much smaller than that in the RZ due to
the combustion there.

The spatial distributions of time-averaged n-heptane vapor mass
fraction for Cases 1-7 are shown in Fig. 8. As SER increases, the lengths
of the zones with considerable mass fraction of vaporized n-heptane gas
are monotonically increased, indicated by Line A in Fig. 8. In Case 1,

240 mm

0 S5e-06 1e-05

o) [ =

1.5e-05 2e-5

V,conns |

Fig. 7. (a) Instantaneous n-C,;H; mass fraction with droplet distribution from Case 1, and (b) The enlarged domain indicated with the green dashed box in (a). The
droplets are colored by their respective diameters. The dash-dotted lines in (a) and (b) denote the averaged maximum streamwise location of the recirculation zone.
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Fig. 8. Contours of time-averaged mass fraction of n-heptane vapor for Cases
1-7. Line A incidcates the maximum time-averaged streamwise distance of
stoichiometric n-heptane vapor, Line B for that of recirculation zones, Line C for
that of finite n-heptane vapor mass fraction.

150 200 250
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Fig. 9. Longitudial profiles of averaged droplet evaporation rates for Cases 1-7.
The starting point of x-axis lie at the rear edge of the strut (i.e. x = 109 mm). I:
reaction induction zone; II: transitional zone; III: the fully developed zone.

the RZ is almost full of n-C;H;¢ gas, due to the local evaporation and
also the transport by the recirculating flows, as we discuss in Fig. 7.
More and more n-C;H;¢ gas is seen beyond the RZs (loosely denoted by
Line B in Fig. 8) behind the strut wake from Case 2 to Case 7. In Cases
1-3, the peak n-C;H;¢ mass fractions increase (exceed 40% in Cases 2
and 3), whilst since Case 4, the peak gradually decreases due to the
increased SER. Furthermore, in Cases 4-7, the n-heptane vapor exists at
a distance downstream the strut, as denoted with Line C in Fig. 8.

The spatial availability of n-heptane vapor is directly affected by the
local droplet evaporation rate in the combustor. To quantitatively
compare the evaporation rates in the different cases, the averaged
evaporation rate S,,, is introduced

S = fLy Sdy/ jL’ ; dy, 25

where L, is the distance along y-direction of the DLR combustor. It is a
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measure of the evaporation rate per unit cell volume on a certain plane
normal to the streamwise direction in the DLR combustor. Fig. 9 shows
the averaged evaporation rate along the streamwise direction (x-di-
rection) for the seven cases. Two dashed lines correspond to the
boundaries of the reaction induction zone (Zone I in Fig. 9), the tran-
sitional zone (Zone II), and the fully developed zone (Zone III), which
are found from the earlier modelling work on gaseous H, flames in this
combustor [17,21]. Generally, S,, is initially small, and then increases
rapidly in Zone I. The peak values for all cases are present in Zone II,
which locates around x = 150 mm. This location is close to the stag-
nation point of the RZ and also the intersection points of the two wall-
reflected shocks and the shear layers. Therefore, in Zone II the droplet
evaporation is considerably facilitated. The evaporation is almost fin-
ished in Zone I1I. Furthermore, the distributions of S,, get longitudinally
broader with increased SER. Therefore, from the viewpoint of liquid
fuel efficient utilization, the injection scheme in a supersonic combustor
should be carefully designed in order to have optimal evaporation
process. For instance, one can inject LHCF at several separated locations
(e.g. at the strut base, on the combustor walls [52,53]), shift the in-
jection of LHCF towards upstream at high SERs [54,55].

4.4. Mixing and combustion characteristics of dual-fuel supersonic flames

To study the reactant mixing in this three-stream system (H,/n-
C,H;¢/air), two mixture fractions, &, and &,, are introduced respectively:

2W; We 2W;
2Wi + Wo We + 2W, Wy + Wo
0
YHzO
29 Y
YNz (26)
We TWe
£ = We+ 2WO'YCO2 + 7Wc+16WH'YC7H16
2 TWe 2Wy We ’
TWe + 16Wy '(YHZ + You, + 2Wi + Wo Y0 + We +2Wo 'YCOZ) 27

where W; is the molecular weight of element i (i.e. C, H, N and O), Y}}zo
and Y}}z are the mass fractions of H,O and N, in the air stream, re-
spectively. It is obvious that for the air stream, & = 0, &, = 0; for the
hydrogen stream, & = 1, &, = 0; and for the n-heptane stream, & =1,
&, = 1. It means that & ranges from 0 in the oxidizer stream to 1 in the
fuel stream, while &, ranges from 0 if the fuel originates only from the
hydrogen stream to 1 if the fuel originates only from the n-heptane
stream for every composition &,. Therefore, the parameter set & — &, can
describe every possible composition in the local mixture.

Fig. 10 shows the scatter plots of £, versus & for Cases 1, 3, 5, and 7.
For the full range of £ in the shown cases, significant stratified com-
bustion characteristics are presented and various compositions of fuels
are available with &, roughly being from 0 to 0.9. The fact that the &,
cannot reach 1.0 or 0 means that no local mixtures in the combustor
only has H, or n-C;H;e. The hydrogen-dominant mixtures, para-
meterized by low &,, are more difficult to exist with larger SER (like
Cases 5 and 7, less scatters below the red lines), especially at the fuel-
lean side (i.e. when low §). Moreover, the n-heptane-dominant mix-
tures (high &) are seen from low to moderate & (roughly
0 < & < 0.5). It means that the n-heptane vapor from droplet eva-
poration can exist from fuel-lean to fuel-rich mixtures. At fuel-rich side
with high &, H, in the mixture becomes significant, which corresponds
to the upstream of the RZ close to the strut base. Furthermore, the lower
critical values of &, corresponding to high temperature regions increase,
e.g. which is 0.2 in Cases 1 and 3, whereas 0.4 in Cases 5 and 7. This
implies that with increased SER, n-heptane combustion may have a
more important contribution towards the heat release, thereby leading
more high temperature regions in the downstream as indicated in
Fig. 6.

Fig. 11 shows the contours of ¢, and &, in physical space for Case 1. It
is seen from Fig. 11(a) that & is considerable mainly in the RZ (ap-
proximately x < 160 mm), indicating the local fuel-rich composition.
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Fig. 10. Scatter plots of &, versus & colored by gas temperature in Cases (a) 1, (b) 3, (c¢) 5 and (d) 7. The red dashed lines denote the lower range of &,.
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Fig. 11. Contours of (a) & with iso-lines of &, = 0.5 and (b) &, with iso-lines of
& = 0.05 for Case 1. Note that &, = 0.5 denotes the mixture with equal mass
mixed Hp/n-C;H;6 while & = 0.05 is chosen as a typical intermediate value from
28, < & <2Zycimg> Where z, =0.0282 and z, (. ~ 0.0618 are the stoi-

chiometric mixture fractions of H, and n-C;H;, respectively.
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This high fuel concentration may result from upstream fuel injection
and local droplet evaporation, as well as recirculating flow transport.
Beyond the RZ, & decays quickly, probably because of the fast mixing
with the supersonic oxidizer stream and chemical reactions. In
Fig. 11(b), high values of &, are pervasive from the strut base to the
downstream zone. Therefore, in most locations of the combustor, n-
C;H;¢ is the major fuel compared with H, in terms of their respective
compositions. Furthermore, a large fraction of H, is consumed shortly
after injection (e.g. before x 130 mm for Case 1 as indicated in
Fig. 11a), while it takes a much longer distance for the liquid droplets to
vaporize (beyond the scope x = 220 mm shown in Fig. 11b), mix with
the surrounding gas and react. With increased SER, the fuel-rich zone
indicated by high values of & grows broader transversely and longer
longitudinally as the more droplets injected, the higher evaporation
rate and the longer distance are encountered for droplet complete
evaporation, which has been demonstrated in Fig. 9. Moreover, with
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increased SER from Cases 1 to 7, the zone with high values of &, also
grows larger and n-C,H;¢ gets more dominant in the H,/n-C,H;¢ dual
fuel system.

Fig. 12(a)-(d) shows the scatters of the heat release rate per unit
volume (dQ) versus &, for Case 1, 3, 5, and 7, respectively. As a com-
parison, the results of dQ versus &, for droplet-free case 0 is also shown
in Fig. 12(e). The stoichiometric mixture fraction of H, when neglecting
n-C;Hy¢ in this case is zf, ~ 0.0282, while this value for n-C;H;¢ (ne-
glecting the presence of Hp) is z," ¢, ~ 0.0618. Therefore, the stoi-
chiometric mixture fraction (z3) for this dual-fuel system should range
from zj}, to 2" g, It is seen that in Cases 1 and 3, almost all the
highest values of dQ correspond to comparatively low &,, which means
that the heat release rate of hydrogen is stronger than that of n-heptane.
However, with increased SER (e.g. Cases 5 and 7 in Fig. 12), the peaks
of dQ are characterized by the intermediate values of &, (about 0.5)
instead, indicating the almost equal contributions from both fuels.
Meanwhile, in Cases 5 and 7, at small ¢ close to zf,, extra maxima of
heat release can be observed with low &,. This may result from the
hydrogen combustion closer to the strut, where droplet evaporation is
still limited.

Table 5 presents the averaged heat release rate (temporally aver-
aged and spatially integrated in the domain) of the eight cases. The heat
release from hydrogen combustion Q- shows limited variations, due to
the fixed mass flow rate. However, with increased SER, n-heptane in-
duced heat release Q,.c7u16 increases gradually, and in Cases 5-7, more
than 50% of heat release results from the n-heptane combustion. As
mentioned in Section 3.2, SER = 2.5¢; in Case 7 is the limiting con-
dition for stable combustion prior to blow-off. Therefore, the total heat
release from Case 7 can be regarded as the maximum under the stable
operation mode of this combustor. It is therefore demonstrated that
liquid n-heptane dilute spray flames can be well stabilized with sig-
nificant heat release in a wide range of spray equivalence ratios under
supersonic combustion conditions. This is significant for the practical
use of liquid hydrocarbon fuels in hypersonic propulsion systems.
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Table 5
Averaged heat release from chemical reactions of hydrogen and n-heptane.
Case # 0 1 2 3 4 5 6 7
Quz [10* J/s] 3.393 3.371 3.497 3.431 3.393 3.395 3.452 3.386
Qucraie [10YJ/ 0 1.772 2217 2596 2918 3.398 3.876 4.437
s]
fo-crie [%]1F 0 345 388 431 473 50.1 529 56.7

* facrme is the fraction of heat release from n-heptane.
4.5. Flame stability analysis

Flame stabilization in supersonic flows is of great importance for
practical propulsion systems, which may be influenced by the fuel
properties and aerodynamics in the combustor [8,16,26,56]. In the
current dual-fuel two-phase system, how the different flames of H, and
n-C,H;¢ affect the supersonic combustion stability are examined here.
Fig. 13(a) and 13(b) show the spatial distributions of the instantaneous
reaction rates of Hy and n-C;H;6 (0p, and dg ;) from Case 1, respec-
tively. It is clearly seen that the reaction zone of H, is less spatially
extensive than those of n-C,H;¢. Also, overall, the H, reactions occur in
the relatively upstream locations. For individual fuels as in Fig. 13(a) or
(b), the reaction fronts have two branches, i.e. the upper (arrows 1 and
3 in Fig. 13) and lower (arrows 2 and 4) branches. This asymmetrical
distribution of the combustion field may be caused by the 3° expansion
of the upper combustor wall since x = 100 mm as indicated in Fig. 1,
which also has been widely observed in other works [17-26].

To identify the reaction fronts of individual fuels, the iso-surfaces of
@, = —80kg/m?/s and ¢, = — 50 kg/m®/s are used to denote the
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H, and the n-C;H;¢ flame fronts, respectively. Based on our tests,
choosing other threshold values of @y, and wew,,, or other quantities
(e.g. gas phase temperature) would not cause obvious change of the
identified flame front locations. The locus of the base of flame fronts
based on two fuels is defined as the axial location at the first occurrence
where the respective fuel reaction rates exceed the foregoing critical
values. Accordingly, the flame lift-off distance dyy is identified as the
streamwise distance between the flame base location and the strut base

oy, [kgm¥s] [0 1

-600 -450 -300 -150 0
Tt sy l
H A
- 20 [ RS
(a) 120 160 B [mm] 200
B [kg/ms]
-400 =300 -200 -100 0
Ege——B——>r =
£ o= v
N 20 —{4)—> i
(b) 120 160 [pm] 200

Fig. 13. Instantaneous reaction rates of (a) H, and (b) n-C;H;¢ for Case 1. The
starting point of x-axis lie at the rear edge of the strut (i.e. x = 109 mm). The
arrows with numbers 1-4 denote the lift-off distance between the strut and
different flame bases.
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(i.e. x = 109 mm). Pronounced lift-off behaviors of the reaction fronts
can be found based on the results in Fig. 13 for Case 1, which is also
seen from the droplet-free Case 0. Based on Fig. 13, in the current Hy/n-
C7H;¢ system, the upper branches (arrows 1 and 3) are mostly lifted
farther off the strut base than the lower ones (arrows 2 and 4). Mean-
while, for the corresponding branches, the upper (lower) branch of H,
are found to show smaller d than the counterparts of n-G;H;¢. Based
on our transient data analysis, the flame base also demonstrates the
strong unsteadiness and moves off and approaching the strut base,
which was also observed in the other numerical simulation of the same
DLR burner [17,26].

Besides Case 1 in Fig. 13, the above flame lift-off characteristics are
also observed in other cases. The time-averaged flame lift-off distance
dys, from Cases 0-7 are presented in Fig. 14, which is computed based
on the time-averaged reaction rates. Overall, the values of djy of H, are
lower (below 100 mm, which corresponding to x = 209 mm) than
those of n-C;H6. For larger SER, the dyy difference between the flame
base of two fuels gradually increases, e.g. 150 mm or so for Case 7. It is
also interesting to see that with increased SER from Cases 1 to 7, the
flame lift-off distance of H, generally decreases at the upper branches
and increases at the lower branches, which are close to each other in
Case 7. However, that of n-heptane increases at both upper and lower
branches from Cases 1 to 7. This indicates that when more liquid dro-
plets are injected, the upper branch of H, flame base moves closer to the
wedge-shaped strut and therefore stays in the more upstream location
of the RZ. Conversely, the n-C;H;¢ flames tend to stabilize further
downstream. This different behavior of the two flames can be justified
by the earlier ignition of H, by the hot vitiated recirculating flows from
the downstream of the RZ, where stronger n-C,H;4 combustion can be
expected due to the availability of more n-C;H;¢ vapor with increased
SER. Nevertheless, for n-C;H,¢ flame stabilization locations, more
droplets would also reduce the local temperature because of the eva-
porative cooling and hence weaken the local n-C;H; ¢ reactions, thereby
lifting the flame farther off the strut. Therefore, the interactions be-
tween two reactions fronts play a significant role in flame stabilization
of the studied dual-fuel two phase combustor.

Interestingly, the composite of reaction fronts from two fuels also
demonstrates novel behaviors about blow-off dynamics. We perform
the numerical experiments (results not shown here) based on an in-
stantaneous field with stable combustion from Case 7, through further
increasing SER to 2.75¢;. In this case, the H, flame does not burn
stably; instead, it gradually becomes shrinking and localized, and only
some islands of H, reactions can be found near the strut base (i.e. very
upstream in the RZ). Conversely, the n-heptane reaction zones shrink as
well, but gradually transported downstream beyond x = 300 mm,
which is close to the exit of our computational domain. Therefore, two
reaction zones from H, and n-C,H;¢ becomes almost disconnected and
their interactions are limited, but from time to time some small pockets
with hot burned gas are transported from the upstream H, reaction
zones to stabilize the n-heptane ones. This transient blow-off process
takes finitely long time, i.e. about 2 ms. Ultimate global extinction
occurs when the two reaction zones are completely separated. The re-
sidual H, reactions are quickly quenched, probably due to the local
droplets still injected from the fuel slot, whereas n-C;H;¢ is ex-
tinguished by the insufficient fuel vapor due to reduced evaporation
and the cooling caused by the droplets. Therefore, from perspective of
blow-off modes, the H, flames here blow off like what we observed
from other recirculating flames (e.g. in gas turbine flames [57,58]),
whereas the n-heptane ones are fully quenched through lift-off (similar
to what is seen from Refs. [59,60] in jet flames). Further systematic
numerical studies are desired to understand the blow-off dynamics in
two-phase supersonic combustion systems, which is relevant to design
and development of practical high-speed propulsion devices.

12

Fuel 264 (2020) 116809

5. Conclusions

Dilute n-heptane spray flames in a model supersonic combustor
originally fueled by hydrogen are studied numerically based on a two-
dimensional configuration. Through the grid sensitivity analysis, vali-
dations with experimental data, and a posterior comparisons with other
three-dimensional simulations on this same combustor [20-24], the
two-dimensional approximation can well reproduce most features of
the gaseous hydrogen flames, e.g. temperature, pressure, Mach number,
shocks, expansion fans and central combustion zones. This may cause
an overshoot of axial velocity in the upstream of the recirculation zone,
which is highly unsteady short after the strut. However, it would neg-
ligibly affect the droplet motion and evaporation due to the high initial
velocity of the droplets (1200 m/s). Moreover, the two-phase com-
pressible multi-component reacting system is described by a hybrid
Eulerian-Lagrangian method. The emphasis is laid on the effects of n-
heptane spray equivalence ratio on droplet evaporation, reactant
mixing and combustion, as well as flame stability.

The varied spray equivalence ratios from 0 to 0.096 before flame
blow-off are found to have small influences on the time-averaged length
of the recirculation zone behind the strut, which is about 50 mm.
However, the low-speed regions in the combustor is increased with
them. Meanwhile, the injection of the liquid droplets considerably re-
duces the gas temperature in the recirculation zone, particularly for
small or intermediate spray equivalence ratios, e.g. from 0.0384 to
0.0672. Relatively high evaporation rate of the liquid droplets generally
lies in the downstream of the recirculation zone, and continuous eva-
poration is observable beyond that due to the local high temperature
from gas phase combustion.

The mixing field of the dual-fuel system (i.e. liquid n-heptane and
gaseous hydrogen) shows strong inhomogeneity with various compo-
sitions of hydrogen/n-heptane/air mixtures in both mixture fraction
space and physical space. The hydrogen-dominant mixture can only
exist in the upstream of the recirculation zone (e.g. before x = 130 mm
for Case 1). However, the n-heptane-dominant mixture can exist in a
much broader range, i.e. from fuel-lean to fuel-rich conditions in mix-
ture fraction space and from upstream to downstream of the combustor
in physical space (expands after x = 220 mm for Case 1). The results
also show pronounced stratified combustion features due to the in-
homogeneous mixing field and distributed droplet evaporation. In ad-
dition, the averaged fraction of heat release rate from hydrogen de-
creases from 100% to 43.3% due to the increased spray equivalence
ratio from O to 0.096. However, before blow-off the averaged heat re-
lease from hydrogen is little affected by the increased spray equivalence
ratios, whereas that from n-heptane increases stably.
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Fig. 14. Time-averaged flame lift-off distance predicted based on H, and n-
C7H;¢ reaction rates with increased spray equivalance ratio. The numbers from
0 to 7 indicate the case indices.
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It is also found that the flame stability characteristics are strongly
affected by the increased liquid droplet injection conditions. The re-
action front base of hydrogen flame moves upstream towards the strut
base, whereas that of n-heptane is gradually lifted towards the burner
exit, when the spray equivalence ratio increases from 0 to 0.096. If it
exceeds some critical value (e.g. 0.096 for the current combustor), the
flame blows off with the two disconnected reaction zones (upstream
hydrogen and downstream n-heptane) being fully distinguished. It is
demonstrated that the liquid n-heptane dilute spray flames can be well
stabilized in a wide range of spray equivalence ratios, which is of
practical significance for the use of liquid hydrocarbon fuels under
supersonic combustion conditions.
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