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Objective

*To develop analytical solutions of the equation describing
droplet heating in the presence of evaporation, taking into
account the moving boundary effect.

*To analyse these solutions by comparing the predictions with
existing models and available experimental data
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Transient heating of an evaporating droplet

Governing equation:
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Previous models

The conventional approach is based on the
assumption that droplet radius remains
constant during each timestep

Rd = Const

Problem: This assumption does not hold true
for rapid evaporation
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Model with Rd=Const

But at the end of the evaporation Rd changes

Everything is alright most of time .
yrhing 8 too fast, to be approximated as a constant
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Model with Rd=Const
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I 1 L L I
1] o4 i} oz 10 12

14

But at the end of the evaporation Rd changes
too fast, to be approximated as a constant
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Obvious solution — “decreasing time step” will lead to increasing a computational time
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Linear model

With
a(t) = Rao(l + at)
The problem at the end of the evaporation time disappeared
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Analytical solution
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Linear model

Assuming that R’d¢=0, the previous expression reduces to the
one predicted by the model with Rd = const.

This means that the improved model includes the previous
one.
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Results
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The plots of T versus time for heated and evaporating droplets using the
conventional (dashed), and new (solid) approaches. The time step 0.008 ms
was used for the conventional approach while the time step 0.01 ms was used
for the new approach (M, = 29 kg/kmole, M; = 170 kg/kmole (C;yHog),
p = 30 atm = 3000 kPa, T, = 1000 K, R4 = 10 pm).
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The plots of R, versus time for heated and evaporating droplets using the
conventional (dashed), and new (solid) approaches. The time step 0.008 ms
was used for the conventional approach while the time step 0.01 ms was used
for the new approach (M, = 29 kg/kmole, M; = 170 kg/kmole (Ci2Hsg),
p =30 atm = 3000 kPa, T, = 1000 K, R4 = 10 pm).
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Integral model

The main concept of the new model is the

assumption that the droplet radius as a function
of time is known in the whole range:

The Rd(t) function is known analytically .
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Transient heating of an evaporating droplet

Let us rewrite boundary condition in the form:
dT h
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and 1ntroduce the new variable v = TR
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Transient heating of an evaporating droplet

The equation under new notations:
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Case Ty, (R) =T,y =const
Let us introduce new variable: v = u — R1
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Integral model
We look for the solution of the problem in the form
t
o(R.t) = / S(F)G (L r. R)dr
0

where

G(t,7,R) = Go(t =7, R — Ry(7)) — Go(t — 7, R+ Rq(7)),
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Integral model

Note that G(t,7,R = 0) = 0. v(t) 1s an unknown continuous function to be
found later from one of the boundary conditions. Function v(R,?) is known
as a single layer heat potential and it has the following properties for any
continuous function () :

1) It satisfies main equation:

2) It satisfies initial conditions;

3) It is continuous at R — Ry — 0;

4) For the derivative dv(R,t)/JR the following limiting formula is valid:
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Integral model
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Arbitrary T 0( R)
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Integral model

Algorithm:

1) Calculate Rd(t) using conventional model
2) Approximate Rd(t) with polynomial approximation
3) Calculate T(R,t) using Rd(t) from 2nd step
4) Calculate Rd(t) using T(R,t) from 3rd step
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Integral model - Results

10th itera\tiOD/,K 15(;?)1 iteration

-

T(K)
670 -

e Conventional

Sth iteration
- = Integral

—— Linear




The Sir Harry Ricardo Laboratories

Integral model - Results
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Integral model - Results
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Integral model - Results

Ry(um) (b)
= Conventional
e= |ntegral
—— Linear t(ms)

0.2 0.4 0.6



The Sir Harry Ricardo Laboratories

Conclusions (effects of moving boundary)

A new analytical solution to the heat conduction equation, describing
transient heating of an evaporating droplet, is suggested. This solution takes
into account the effect of the reduction of the droplet radius due to evapo-
ration, assuming that this radius is a linear function of time. The solution
has been incorporated into the zero dimensional CFD code and applied to
the analysis of Diesel fuel droplet heating and evaporation in typical engine
conditions. The new approach leads to the prediction of lower droplet tem-
peratures and longer evaporation times than the traditional method.
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Next steps

» Results with another models and experimental data

« Take into account droplet movement, thermal dilatation, radiation and

coupling between liguid and gas phases

* Implement solution into a CFD code



The Sir Harry Ricardo Laboratories

References

1]

B. Abramzon, W.A. Sirignano, Droplet vaporization model for spray
combustion calculations. Int. J. Heat and Mass Transfer 32 (1989) 1605-
1168.

S.S. Sazhin, Advanced models of fuel droplet heating and evaporation,

Progress in Energy and Combustion Science 32 (2006) 162-214.

S.S. Sazhin, P.A. Krutitskii, I.G. Gusev, M.R. Heikal, Transient heating
of an evaporating droplet, Int. J. Heat and Mass Transfer 53 (2010)
2826-2836.

B. Abramzon, S.S. Sazhin, Convective vaporization of fuel droplets with
thermal radiation absorption, Fuel 85 (2006), 32-46.

H.S. Carslaw, J.C. Jaeger, Conduction of heat in solids., Oxford: Claren-
don Press, 1986.

E.M. Kartashov, Analytical Methods in the Thermal Conductivity The-
ory of Solids, Vyshaya Shkola (in Russian), 2001.

A.N. Tikhonov, A.A. Samarsky, 1972, Equations of Mathematical
Physics, Nauka Publishing House (in Russian), 1972.



The Sir Harry Ricardo Laboratories

Thank you

lvan Gusev
Centre for Automotive Engineering, University of Brighton

www.brighton.ac.uk/cae

European Union @ jg C
European E:—zgional Development Fund ~£) .

Investing in your future
W University of Brighton




