Numerical study on kerosene spray in supersonic flow
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Abstract. Numerical simulation was conducted to study the kerosene spray characteristics
injecting into supersonic cross flow. The verification of the simulation was carried out by exper-
imental Schlieren image. Furthermore, the aerodynamic secondary breakup effect of the super-
sonic cross flow on the initial droplets was investigated. It was revealed that the initial parent
drops were broken up into small drops whose diameter is about O(10) micrometers soon after
they entered into the supersonic cross flow. During the appropriate range of initial drep size,
the parent droplets would be broken up into small drops witii the same mazricunde dizmeter no
matter how large the initial drops size was.

1 Nomeuciature

ca  Liquid specific heat @ Fluid velocity
Cp  Aerodynamic drag coefficient of @' Gas turbulence velocity
liquid drop Tp Droplet velocity
Cps Drag coefficient of rigid sphere V- Initial relative velocity
D Diffusion coefficient Y  Kerosene vapor mass fraction at
g Gravitational acceleration droplet’s surface
L(Td) Latent heat of vaporization v Distortion parameter of drop
Qs Rate of the heat conduction to the surface oscillation
drop surface per unit area p Gas density
T Droplet radius pd Liquid density
We Weber number k Turbulence kinetic energy
8;;  Mean stress rate tensor € Turbulence kinetic energy dissipation
Shy Sherwood number for mass transfer p Gas viscosity
tow  Drop breakup time w Viscosity of the liquid fuel
Ta Droplet temperature o Surface tension

2 Introduction

As compared to hydrogen, liquid hydrocarbons, such as kerosene, are attractive candidates for
fueling the scramjet in the lower hypersonic flight regime of M < 8[1]. However, up to now, the
complex spray phenomena can’t be understood well due to the limit of experimental measure-
ment technique. Additionally, numerical simulations were seldom found in the literatures.

A modified code was developed by the author based on KIVA-3 to simulate liquid spray
in supersonic flow[2]. KIVA is a code written for internal combustion engine, which can ana-
lyze transient, three-dimensional, multiphase, and multi-component flow including chemically
reaction with spray[3]. Although spray models, the boundary conditions, special specifications
and mesh generation are designed for IC engine, its equations and solution procedure possess
generality, and the range of validity of the code can extends from low speeds to supersonic flows
with laminar and turbulent regimes. So some necessary modifications can be made to simulate
the spray in supersonic flow.
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The objective of present research is to study spray characteristics and the secondary breakup
effect of the supersonic cross flow on the initial droplets based on the modified code.

3 Numerical models and methods

A stochastic particle method is used to calculate the liquid sprays, in which transport of the
dispersed phase is calculated by tracking the trajectories of a certain number of representative
parcels. Various sub-models account for the effects of turbulent dispersion, droplet collisions,
evaporation and aerodynamic breakup. The mass, momentum, and energy exchange between
the spray and the gas is also taken into account by adding source terms into the gas equations.

3.1 Turbulence model

In order to account for the effects of compressibility, RNG k — ¢ model was used, ard a new
term Sk was introduced in the € equation.
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Where, 9 = 4.38, 8 = 0.012 [4].

3.2 Motion of droplets

The effect of aerodynamic drag and gravitational force on droplet acceleration was considered,
as shown in Eq.(2).
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3.3 TAB breakup model

The TAB breakup model considers a liquid drop to be analogous to a spring-mass system
(Taylor’s analogy)(5]. The oscillation of the drop surface is described by a second order ordinary
differential equation: ) o
¥
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In which, y is proportional to the displacement of the equator of the droplet from its equilibrium
position, divided by half droplet radius. The drop breakup is due to an increase in the amplitude
of the drop oscillation. Breakup occur if and only if y > 1.

3.4 Turbulent dispersion of droplets

The dispersion of droplets due to gas phase turbulence is modeled by adding to the gas velocity
a fluctuating velocity %', each component %’ follows a Gaussian distribution with mean square
deviation 2/3 k,

G(W') = (4/3mk)"/? exp{~3|W"|* /4k} )
The sampled fluctuating velocity is applied over the turbulence correlation time, which is the
minimum of the eddy breakup time and a time for the droplet to traverse the eddy.
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3.5 Droplet evaporation

The rate of droplet radius change is given by the Frossling correction

dr _ (pD)air(T) Y]‘ - Y1
dt 2par 1-Y? Sha (5)
The temperature of the droplet can be determined by the energy balance equation
4 3 de 2 d'l' _ 2
pazmr Ca T padmr 7 L(Ty) = 4nr°Qa (6)

3.6 Droplet drag coefficient

In compressible flows, the drag coefficient of the rigid sphere CDS was calculated based on the
local relative Mach number[6).

However, the drops undergo significant flattening and no longer spherical as soon as they
enter the air flow. Therefore, the drag coefficient of a distorting drop should be a function of
distortion parameter and lie between that of a rigid sphere and that of a disk. It was feund
that the drag coefficient of sphere in a compressible flow is about 1 and is npproximeate 1.5 for
rigid disk([7]. By using the distortion parameter y in the TAB model, a simple axpression was
proposed.

Co = Cps{L +0.53) ()

Furthermeore, the frontal arca of the drop exposed to the flow is also changed due to its
distortion, which is expressed below.

Ay =mr®« (1 +y/2)? (8)

3.7 Droplet collision and coalescence

The basic assumptions are that the number of droplets associated with each drop particle is
distributed in the computational cell, and the collision calculation is performed for the pair
of particles only if they are in the same computational cell. The collision frequency can be
calculated, and then be used to solve the probability that a droplet will undergo a collision with
a drop in the other particles.

3.8 Numerical technique

The solution procedure was based on ALE method. In the Lagrangian phase, the mesh vertices
move with the gas velocity, and there is no convection across cell boundaries. Spray droplet col-
lision, evaporation and breakup terms are calculated. Meanwhile, mass and energy source terms
due to spray are treated by explicit scheme. Implicit differencing is then used for all the diffusion
terms and the terms associated with pressure wave propagation of the gas equations as well as
the spray momentum source term. The coupled implicit equations are solved by a method sim-
ilar to the SIMPLE algorithm, with individual equation being solved by the conjugate residual
method. In the rezone phase, the flow field is frozen and remapped onto new computational
mesh. Explicit methods are used to calculate convection, which is subcycled several times due
to the restriction of Courant stability condition.

3.9 Boundary conditions

All the parameters at the entrance of computational domain were given. The combustor wall
was considered to be adiabatic and a wall function was employed. The flow variables at outflow
boundaries were determined by 1st-order extrapolation from the computational domain.

The dispersed phase may be introduced anywhere within the flow domain, at which droplet
mass flow rate and distribution of droplet sizes, velocity, temperature, cone angle and oscillation
parameters were specified.
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4 Results and discussions

Simulation was conducted to study the kerosene spray injecting through the 0.8mm wall orifice
into the Mach 2.5 croes flow with the static temperature of 430K and static pressure of 0.043MPa.
Fuel was injected at 2.2MPa, 300K. In present work, the surrogate fuel model C;2Hzs was
proposed as a generic representation for kerosene(8].

4.1 Analysis and comparison with Schlieren image

In the calculation, the initial Sauter Mean Radius (SMR) of the drops was given 35mm based on
the measurement at the 70mm downstream of the injecting orifice by PDA in case of kerosene
injecting into quiescent atmosphere.

Fig.1(a) and (b) demonstrate the numerical spray structure and pressure contour. In Fig.1(a),
the color denotes the droplet size. It is found that a bow shock wave appears upstream of the
injector due to the obstruction of the liquid jet. Meanwhile, Spray is severely bent by the
gas flow. Smaller droplets have lower inertia and more quickly follow with the gas flow, thus
larger droplets are at the periphery of spray. Furthermore, the criraped spray plume reveals the
influence of the turbulent diffusion.
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(a) Spray structure and drop size distribution (a) Initial SMR of 35um
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(c) Schlieren image of spray structure (c) Initial SMR of 100um

Fig. 2. Spray structure and drop size distribu-
tion with different initial drop SMR,
(P; = 2.2MPa dp = 0.8mm)

Fig. 1. Numerical and experimental kerosene
spray, Py = 2.2MPa dp = 0.8mm

In order to verify the numerical simulation, the corresponding visualization images of the
kerosene spray was taken by schlieren, as shown in Fig.1(c). Through the comparison, the nu-
merical and experimental kerosene spray plumes showed good agreement.

Fig.3 further quantitatively shows the variation of the average SMR of droplets at the cross
section with axial location. It is clear that initial parent drops are broken up into small drops
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whose diameter is about O(10) micrometers soon after they enter into the supersonic cross flow.
It may be attributed to the effect of secondary breakup. Because the Weber number of the
droplet issued from the injector into the supersonic cross flow is over 1000, then the so-call
‘catastrophic’ breakup phenomenon will occur[9].
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Fig. 3. Variation of average SMR. uf droplets ac the crose section with avial location

Pilch had deeply investigated the breakup of a liquid drop in the gas flow[10]. Total breakup
time for low-viscosity drops are given by:

tow = T/ pa/p2r/V: (9)

Here, T is a dimensionless time characteristic of drop breskup by Rayleigh-Taylor or Kelvin-
Helmholtz instability.

T = 0.766(We — 12)%2% 351 < We < 2670 (10)
T =5.5, We > 2670

For this case, T can be estimated to be between 4.3 and 5.5, while the breakup time should be
about O(107%)s. Which verifies the numerical results: initial parent drops are broken up into
small drops soon after they enter into the supersonic cross flow.

4.2 Effect of the initial drops size on secondary breakup

In order to further study the secondary breakup effect of the supersonic cross flow on the
initial parent droplets, the cases with different initial droplet sizes were investigated, while other
conditions were the same as above case.

Fig.2 demonstrates the spray structures with three different initial drops SMR, 35um, 60um
and 100um respectively. Fig.4 further shows the quantitative comparison of average spray pa-
rameter of three cases, including droplets SMR, velocity, and temperature. It can be found that
drop size and penetration of the spray are insensitive to initial drop SMR.

Based on Ref[10], the breakup is envisioned as a multistage process in which fragments will
be subject to further breakup as long as the fragments have Weber number exceeding the critical
value. A fragment whose Weber number equals the critical Weber number has a diameter equal
to the maximum stable diameter. An estimate of the maximum stable diameter was given(10]:

1- Yay2 (11)

g
dstable = Wecrm( V.
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Fig. 4. Variation of average spray parameter at the cross section with axial location

Here, Vd is the velocity of the fragment cloud when all breakup processes cease.

Ya _ [23 2
V= pd(4C¢T+SBT) (12)

From Eq.(10), the dimensionless time T is from 4.3 to 5.5. Then it can be derived that the
maximum stable drop diameters with different initial drop size are nearly same magnitude with
their relative difference less than 20%.

In summary, the numerical simulation agree with the pilch’s experimental and analytical
results.

Subsequently, the small drops with same size would almost move in the same manner. As
shown in Fig.4(b)-(d), the small drops with different initial drop size have the same variation in
the drops temperature and drops velocity. It is further demonstrated in Fig.2 that three kerosene
spray plumes have nearly the same penetration.

5 Conclusions

Numerical simulation was conducted to study the kerosene spray characteristics injecting into
supersonic cross flow. A stochastic particle method is used to calculate the liquid sprays, in which
various sub-models account for the effects of turbulent dispersion, droplet collisions, evaporation
and aerodynamic breakup. The corresponding visualization images of the kerosene spray in
supersonic combustor were also taken by schlieren to verify the numerical results. It was found
that:

1. A bow shock wave was captured upstream of the injector when spray was injected into
supersonic cross flow. Meanwhile, Spray is severely bent by the gas flow.
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2. During the appropriate range of initial drop size, the parent droplets will be instanta-

neously broken up into small drops with the same magnitude diameter O(10) micrometers no
matter how large the initial drops SMD is. Then the small drops move almost in the same
manner.

3. The numerical and experimental kerosene spray plumes showed good agreement.
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