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ABSTRACT

The present work introduces a computer model which describes the behaviour of fuel droplet motion and
evaporation in adiabatic diesel engines. The analysis takes into consideration the variations of the physical
properties due to the high temperatures in the adiabatic diesel engine and the resulting influence on the rate
of heat flux and the evaporated mass of the droplet. A correlation has been obtained for the evaporation time
in terms of droplet radius, gas temperature, and initial velocity of fuel droplet.

NOMENCLATURE

Ay Angle between injector axis and z-direction. respectively

Ay Angle between the component of drag force in X Any property
the r-plane and the f-direction. z Axial direction

anag  Accelerations in rz and 6 directions,

respectively. Greek Letters
Cp Drag coefficient.
£ Liquid phase specific heat. Density
D,D,,Dg Distances in r,z and 6 directions, respectively. g ans;ﬁls;:'y direction
Fp Drag force
H Time increment INTRODUCTION
h Average heat transfer coefficient
hyg Latent heat of vaporization Diesel sprays have been the subject of intensive study
k Thermal conductivity over the recent years as a consequence of the wide use of
M Mass diesel engines in trucks, cars, ships and tanks. The
My Initial mass of droplet understanding and reduction of diesel engine performance
my, Mass of liquid fuel is crucially dependent on the knowledge and prediction of
N Average Nusselt number spray penetration, evaporation, mass and heat transfer.
Pr Prandt] fiabis Schweitzer [1] developed a relationship between spray
Q Rate of beat tianiies penetration and the time elapsed from the start of
Re Reynolds number injection. The method of dimensional analysis was used to

Ry Initial droplet radius

t Radial direction

S Distance travelled by a droplet
{ Gas temperature

obtain the relationship for penetration in terms of the
time eiapsed from the start of injection, pressure drop
across nozzle, air density, fuel type, and nozzle diameter.
Lyshevskiy [2] conducted a theoretical investigation on

B Equilibrium temperature injectors with cylmdnca.l noq.le exits. He employed the
T Temperature of liquid droplet concepts of turbulent jets usmg.the coeff'ncients of free
Ty Temperature of liquid droplet at t = 0 turbul_ence. Ogasawara .and Sami [3] studied the droplet
o Time behavior both theoretically and experimentally. They
3 Time of complete evaporation proposed a corrf:lalion for the penectration of a single
Us Initial velocity of droplet droplet at the tip of the spray in terms of the drag

ViV,Vg Velocity components in r,z and ¢ directions,
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coefficient, Reynolds Number, Nusselt Number and the
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properties of fuel. Parks et al. [4] investigated the effect of
gas temperature on both gas viscosity and evaporation rate
to establish a correlation for the penetration of diesel fuel
sprays in gases. The spray penetration was correlated by
an equation based on the standard density of atmospheric
air, a reference orifice diameter, gas temperature and the
pressure drop across nozzle orifice. Burt and Troth [5]
proposed a correlation for spray penetration in terms of
gas density, time and an empirical constant. The tests were
conducted inside a cold bomb, using single injection of

gasoline, kerosene and heavy gas oil into nitrogen. Taylor -

and Walsham [6] conducted cold-bomb tests using single
gas oil injection into nitrogen. Conventional and schlieren
visualization techniques were used to track the spray.
Williams [7] developed a theoretical model to calculate the
penetration results for diesel fuel sprays. The model is
based on the theory of the homogeneous, constant-
momentum, steady jet. The resulting equation for
momentum rate involves jet density, centerline velocity and
the distance from nozzle tip to a point on the jet axis.
Williams used the results of Schweitzer [1], Joachim [24],
Burt and Troth [5], Pischinger [25] and Parks et al. [4] in
order to determine the equation constant. Hiroyasu et al.
[8] used a constant-volume bomb to study spray
penetration. Injection pressures were 7,10 and 15 MPa.
The chamber was supplied with nitrogen at pressures of
1,2 and 3 MPa. Chamber temperatures were 22, 150 and
320° C. Henein and Fragoulis [9] developed an empirical
correlation for calculating spray penetration in which the
concept of "mean penetration diameter” was introduced.
The approach assumed a single droplet undergoing
insignificant evaporation during its trajectory, and the jet
was assumed to be steady. Koo and Martin [10]
experimentally obtained a relation between droplet sizes
and velocities for transient diesel fuel spray. The approach
used a quiescent chamber at atmospheric temperature and
pressure. Arold et al. [11] constructed a DI diesel engine
for the optical investigation of in-cylinder flow fields, spray
combustion and emissions phenomena. Single laser
doppler velocimetry (LDV) and high speed movies
recorded the flow conditions for both square and round
combustion chambers. Singh and Henein [12] developed a
mathematical model for the penetration of a transient fuel
spray in a direct injection diesel engine. Mass and
momentum conservation equations were used to compute
the penetration of fuel spray. They assumed that the spray
was divided into ten concentric spray cones. The calculated
distances of penetration were compared with experimental
data, and reasonable agreement was obtained. Kiichiro et
al. [13] developed an empirical correlation for the droplet
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size distribution as a function of time and displaceme
They used microscopic photography and studied varyi
back pressure and ambient density.

El-kotb [14] described a numerical procedure capable
predicting the local flow pattern in combustors. The m
solved the Eulerian equation of gas phase and
Lagrangian equations of the droplet motion. The statisti
spray model used by Westbrook [26], Cliffe [27],
Bracco et al. [28] considered a general spray distributi
function originally defined in space by droplet diamete,
location, velocity and time.

Droplet vaporization models have been classified inty
two major categories : Spherical-symmetry models and
axisymmetric models [15]. One of the spherical-symmetry’
models is the famous d-law model which assumes a linca
relationship between the droplet surface arca and time
[16]. Henein [17] applied the same model to iso-octan
and found the results to be in good agreement with
Faeth’s experiments [18]. The second of th
spherical-symmetry models is the conduction limit model
This model neglects the internal circulation within the
droplets, and results in non-uniform temperatur
distribution. Lakshminarayan and Dent [19] studied the
concentration and temperature distribution in transieal
vapourising non-burning and burning fuel sprap
Empirical relations obtained the axial and radial variation
of concentration in the vapourising fuel. Prakash and
Sirignano [20] developed a two-dimensional axisymmelric
model in order to study the cases in which the Reynolds
number is very large compared to unity. Tong and
Sirignano [21] simplified the axisymmetric model, and
found the accuracy of the results still acceptable. Van
Gerpen et al. [22] studied the effect of air swirl, injection
pressure and nozzle geometry on exhaust particulates
Nitrogen Oxides emissions, ignition delay, heat release and
local heat flux measured at two positions on head of
single cylinder open chamber diesel engine of the
TACOM-LBECO type. Megahed et al. [23] developed a
computer model to calculate the transport properties of a
single droplet during vaporization in heterogenous
combustion systems. A fourth-order Runge-Kutta
technique was used to determine the liquid phase
properties and the film properties in terms of time
However, the model was developed for droplets suspendes
statically in hot environment. The cases of droplet motior
were not covered by the model.

The aforementioned review reveals that many research
works were conducted on spray behavior in conventiona
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diesel engines. As for adiabatic diesel engines, most of the
wh aes were dicced lomards dadvane

lopment  (engine components and  systems).
undamental investigations of combustion characteristics
in adiabatic engines are still in the phase of exploring the
various stages of spray development and evaporation.
Therefore, the aim of the present work is to introduce a
model for the penetration and evaporation of fuel droplets
subjected to excessively high temperatures. The model
takes into consideration the variations of the physical
properties due to the high temperatures in the adiabatic
diesel engine as well as the droplet velocity and the
resulting influence on the rate of heat transfer and the
evaporated mass of the droplet.

ANALYSIS

Figure 1. Analysis of Forces acting on a fuel
drop.

Figure (1) illustrates the forces acting on a fuel droplet
mjected through a gaseous environment of temperature
T. The droplet has an initial injection velocity Uy. The
following assumptions are made:

1. The individual droplet is assumed to have the spherical
shape.

2. The individual droplet is treated as a projectile from
the injector nozzle with initial velocity Us,,.

3. The interaction between neighboring droplets is
neglected.
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4. No concentration or temperature gradients exist within

Lo drgplel

5. The thickness of the vapour film surrounding the
droplet is assumed to be of the order of magnitude of
the droplet radius. :

6. The arithmetic mean temperature is used for
calculating the average properties of the film.

7. The gas used in the model is nitrogen.

It is well known that diesel fuel is a mixture of tens of
pure hydrocarbon compounds of widely different
propertics. The composition of this mixture differs
according to the type of the crude oil and the method of
crude processing. Moreover, different batches of diesel
fuel produced at the same refinery may never have the
very same properties. Therefore, the mathematical
modeling of the evaporation and combustion of diesel fuel
would be extremely cumbersome without a reasonable
approximation according to which a pure substance is
selected as a representative of diesel fuel. It has been
found that dodecane (C;; Hyg) is the hydrocarbon in the
paraffin family with properties closest to those of diesel
fuel (e.g. density, enthalpy of vaporization, heating value,
ignition delay characteristics, etc.). And, therefore,
dodecane is the fuel used in the mathematical modeling of
the present work.

The equation of motion of the fuel droplet may be
written as follows :

F, =Cp.(05.p,.U%).=x.R? 1)

where the drag coefficient changes according to the
Reynolds number [Ref.9].

C, = 24/Re for Resl
Cp = 24/(Re)**  for 1<Re<400

=05 for 400<Re<3x10°

=}

C
C, = 0.000366x(Re)%4?"
for 3x10°<Re<2x10°®

D

where the Reynolds number equation is defined by

Re =2 p, UR/p, @
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The mass of the droplet M is as follows

M =(4/3) = R? p, 3)
The droplet leaves the injector nozzle with initial
conditions R, Uy, M, 1, L, and 6 as shown in Figure (1).
The equation of motion in Z-direction using Newton’s
second low in the Z-direction is,

Ma, = Mg - F, 4
The acceleration in the Z-direction is:

a, = d’zZ/at’ (5)

The velocity equation according to Newton’s second low
is:

v, = f a,.dt + constant (6)

For an infinitesimal increment of time H, the acceleration
az may be assumed constant, and

vV, =V

72 +a . H

Z1 z

The velocity in the differential form is:
V, = djdt @)

The initial velocity component in the Z-direction is given
by:

Vo = U, cosA, (8)
Eqgs. (6),(7) and (8) yield:
Vv, = dZjdt

9
=UocosA2+(g-M)‘H ©)

M

The distance of droplet from the injector nozzle towards
cylinder surface in the Z-direction yields:

D, =V,H +05a, H? (10)
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From Figure (1), the analysis of forces acting on dre
in r-direction yields:

The force Fp, is related to the resultant Fp, by:
F,, = F sinA, cos A, |
And therefore:
Py .
3, A sin A, cos A, [
The velocity V,, after a time increment H is given by
V, =V, + H(d%/dt? (

Substituting equation (13) in equation (14) yields :

)
Vﬂ=vtl+H(-—LTDSinAZOOSA’S 0
+ 1(d 6/dt)?)
The displacement of the droplet is obtained from,
|
D =05 (V, + V) )H (

while the radial distance is :
I, =1 + D,

Using Newton’s second law in the 6-direction, Figure
yields :

Ma, = -F,
The force in direction yields :
Foe = Fp sinA, sin A,

Dividing equation (17) by M and substituting for
thence

8y = -(F/M) sin A,sin A,
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Since the acceleration in f-direction is :
3 = 1 [d?6/dt?] + 2[dr/dt] [d 6/dt] (19)
Therefore,

d8/dt> = [a, - 2(dr/dt)(d 6/dt))/r
(20)

For the first infinitesimal increment of time (H) the
differential equation for the velocity in the #-direction is:

2
L) - (<2) - [ﬂ) H @)
dt 2 dt 1 dt 1
and the velocity Vg, is determined by :
v, -1, (—) 2)
2
The displacement Dy is calculated by :

(%) (€)

2

g - . H (23)

The equations of motion for the second increment of time
H are
the same equations from (1) to (23).

The initial conditions of the second period are the final
conditions of the first period.

The magnitude of the velocity of the second increment
i given by

U= Vf + VF + Vo (24)

-~ Alo the velocity vector direction is calculated from :

o) o e

s=| (-x) + 7,-y) + (-z,) (25)
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where (xq, vy, z;) and (X, yp, Zp) are initial and final
cartesian coordinates, respectively.

Mass Conservation of the Fuel Droplet:

The rate of decrease in liquid droplet mass is equal to
the rate of increase of mass surrounding vapour film; i.c.

g - _S‘_mi =0 (26)
dt dt
where:
dm, d (4
e QUL R3
-4 (3 % by ) @

Upon the study of orders of magnitudes, it is indicated
that

dp drR
B [T) <3R e (]

then equation (27) may be rewritten as :

dm dR
?L=4upLR2(dt) (28)

Energy Conservation of the Fuel Droplet:

— T ——
-~ \\

~7 GAS-VAPOUR >~
£ FILM L

LiQuIiD
DROPLET

T ——

HOT GASES AT Tg

Figure 2. Liquid droplet and surroundings.
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Figure (2) shows that the heat flow rate absorbed
through the droplet surface is equal to the rate of change
of internal energy plus the rate of energy used for
evaporating an incremental volume of the liquid phase.
The radiative terms are neglected in the absence of flames
because of their small value, i.e.

- p
4 L
4nR*h(Tg-T,) = 5 =R’ pLCLda
29)
dR
-4nR? —
PLb8 dt
Equation (29) is true as long as :

R(dX/dt) < X (dR/dt)

where X is any liquid-phase property (pr, Cp, Ty or hg).

The mean heat transfer coefficient h is given by Ranz and
Marshall [42] as :

Nu - D2R) _ 5, 0.6 Re¥? Pr® (30)
k

Substituting equation (30) in (29) gives:

dR 1 & 9T
t 3 dt
_h" (31)
12p 13
_k(1+0.3Re™Pr )(Tc'TL)
Rpthg

Equation (31) is the differential equation to be solved to
give the change of the liquid droplet radius with respect to
evaporation time.

Solution Technique:

Assuming constant-pressure surroundings, the physical
properties of both the droplet and the surrounding film
depend mainly on the liquid temperature. The history of
the droplet temperature may be described by the following
equation which was introduced by Henein [17].

T, = Ty~ (T T )l (32)

The equilibrium temperature Teq is defined as the
temperature of the liquid at which all the energy reaching
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the droplet surface is used for evaporating the liqu
phase. In other words, it is the temperature at whi
dTy /dt = 0. For atmospheric pressure Teg will correspor
to the normal boiling point of the liquid fuel.

Since the properties k, pr, hgg and Cp in equation (3
are temperature-dependent, and since the temperature]
(according to equation (32) is time-dependent, therefor
the rate of change of droplet radius dR/dt of equali
(31) can be expressed in the general form by:

R _
I = FRY m

which is a first-order ordinary differential equation
can be solved numerically by using a fourth-or

Runge-Kutta technique. The constant B in equation (
is calculated by :

B - 3k (TQ‘TL )
R?p, C \Tq-To
LSNPt | TR }

RC (T, -T,) dt

t=0

Knowing the values of Teq and B the history of
liquid droplet temperature Ty can be determined
equation (32). For momentum conservation, the droplel
assumed as a homogeneous sphere of fuel, to be inj
from the injector with initial conditions R, U_. Whe
droplet is released from the injector, it passes throughl
gas in the cylinder. The droplet properties change w
time, and this affects the motion of droplet. The Re
number, the coefficient of drag and the drag force
calculated. The Runge-Kutta technique determines
liquid and vapour phase properties in terms of time.
instantaneous rate of change of the droplet radius dRf
is calculated from equation (31). This rate is used
determining the radius after an incremental time H.
equations used to calculate the physical properties of
the liquid and vapour phases in terms of the temper
are based on refs. [30-41].

A computer program was developed and run using;
suitable time increment for computations. The pr
was then rerun using a smaller time increment (
50% of the first increment). The values of dM/dt

5Q/dt for both runs were compared. When the error
less than 3%, computations were terminated. Othervi

a smaller time increment was used, and a new history
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vaporization was calculated. The reason for selecting
- dM/dt and 6Q/dt to verify the accuracy of computations
is that the mass rate of vaporization and the rate of heat
transfer depend on the droplet size, the properties of both
the liquid and vapour phases and initial velocity of droplet.
Therefore, by setting the error in computing dM/dt and

0Q/dt at 3%, the computational error for the properties
must be less than 3%. The end of vaporization was fixed

by the time when over 98% of the initial droplets mass
was evaporated.

The validity of the present model was checked by
comparing it with Megahed’s model [23,43] for the initial
velocity U, equal to zero. The comparison showed a close
agreement. It should be pointed out that Megahed’s model
was based on the assumption of suspended droplets,
meanwhile the dynamic behaviour of the droplet is taken
into account according to the present model.

RESULTS AND DISCUSSION

The history of droplet velocity is shown in Figure (3) for
three values of initial velocity U, of 100, 200, and 400
m/s. The Figure shows that the higher the initial velocity
the higher would be the deceleration due to the increase
~ in the drag forces (Egs. 1,4). It is pointed out here that
the droplet velocity decays for U, =400 m/s faster than for
. U,=100 m/s due to the effect of the Reynolds number on
. increasing the rates of heat transfer and evaporation of the
liquid phase. This would result in reducing the droplet
mass at a high rate; this means a smaller droplet
momentum and a shorter time of penetration.

400
C Ro* § mm
o = 1000 K
mE“
+
E o go'
s_F @
" 32
%‘ B *
B %.,oo
o
C Qs
1005
C Zor100 m/g
o'nu_uulullxunlluuux NIT TITh T
0 19 20 3 40
Tt (ps)

Figure 3. History of droplet velocity.

The history of droplet penetration is shown in Figures
(4), (5) and (6). The effect of the initial radius R, is
shown in Figure (4) for the values of Ro=1, 5, and 10

m.

#The Figure shows that the larger the droplet, the further
would be the penetration distance S. Figure (5) shows that
higher gas temperatures shorten the evaporation time and,
consequently, causes the droplet to disappear before it
travels a long distance. The Figure shows that the
penetration distance is 1.8 mm for Tg = 1200 K and 3.2
mm for Tg = 800 K. The effect of the initial velocity U,
of the droplet on the history of penetration distance is
shown in Figure (6). The Figure shows that faster droplets
travel more distance than slower ones.

Distance S, mm

0 %0 00 150
Time (ms)
Figure 4. Effect of droplet radius R; on the
history of penetration. '
&
g
g
5 g =900k
ek
g
-
2 E Tg = W000K
e
2 F -
8
B e
C ‘q.-mun
° ]llllllllllllllllllllllllllllullljll
0 20 [ 0 80
Time ( us)

Figure 5. Effect of gas temperature Tg on the
history of penetration.
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Distance , S, mm

Roe § pm
G = 000 K

Figure 6. Effect of droplet velocity U, on the

history of penetration.

A droplet having an initial velocity U, = 400 m/s would
travel 6.3 mm in 28 us while mother droplet having U, =
50 m/s would travel 1.4 mm in 43 us.

The effects of the droplet size and gas temperature on
the history of droplet temperature are shown in Figure

.
450 W
Ug=100 m/s
w— Roz | UM
——RozSum
Seenee noxnnn
L00
‘él-
<
- F A ]
5s /-"".“f
2 %9 VAR eo"?
- II/. .'_. "'.’
& ”.,-‘ ,/ A%
3 .’/ .d’ ,/
ease’
8 300
-
o
’se l.l lllllll L L llAllAL &
1 10 100 300

. Yime (us)

Figure 7. History of droplet temperature.
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The Figure shows that the temperature rises fasterf
the droplet initial radius R, gets smaller or as the
temperature Tg is higher. The heat capacity for sm
droplets allows faster rates of temperature rise meanvii
the extremely high gas temperatures accelerate the raief
heat transfer due to the increase in the temperl :
differential (Tg-Tr). Figure (8) shows that sm
droplets are associated with higher rates of temper
rise dTy /dt. The rate are higher at Tg = 1200 K tha

|
}R.ﬂp- [
10
"
=
S L. _Jermook
- TS m————
5 -—-_'l'mlﬂl___ =i
"] -~\\ 4
2 Tgusoox_ ]" -
L SR s $ bt st e g &.:_'_&“;'\
- e T621009
[ L e
S 2800 x
0.1 i1 lljlll o1 ol 1
1 0 100 00
Time (ps)

Figure 8. History of rate of temperature chax;ge.

The Figure shows that as the evaporation progresses, (
value of dT/dt decreases because of the slower hed
transfer rate due to the decrease in the temperatur
differential (Tg-Ty). The effect of the droplet velocity U,
on the history of droplet temperature Ty is shown i
Figure (9). Five cases ranging between Uy=0 and U, -
400 m/s are shown for Ro=5um and Tg = 1000 K.

The Figure shows that increasing the initial velocity o
droplet would enhance the heat transfer rate due to th
increase in the Reynolds number and the subsequer
increase in the Nusselt number (Eq.30). This would resu
in increasing the droplet temperature at faster rates. Tt
present work was compared to Megahed’s [43.] for U, =
and was found to be in agreement with it.
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400
-

380} &
- ‘\~
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&
: ¥/
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K]
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320 T¢ =1000K
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0O 10 20 30 40 SO0 60 70
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Figure 9. Effect of droplet velocity U, on the
history of droplet temperature Ty .
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Figure 10. History of droplet radius.

The history of droplet radius is shown in Figure (10) for
; =1000 K. Two droplet sizes (Ry=1, 10 pm) and three
oplet velocities (Uy,=0, 100, 400 m/s) are presented.
1¢ Figure shows that higher velocities cause higher rates

droplet shrinking due to the higher rates of heat
insfer. The results were compared to those by Megahed
3] for Up=0, and were found to be in agreement with
em. The Figure also shows that small droplets evaporate
ster than larger ones.

%
Ug =100 m/s
. — TG 800 K
E - 16-1000 K
- e TG 21200 K
ne
wiE
13 -
] RostMm e
z 8 — —— * ]
- - i I z l
3 Eliuai te 1
- = ! '
5 F J Pl
3 pemeg i
A== : :
e | i
- : '
SRR I
'."_ ______ B S ’/
0 Vi O e B 1 3 aaannl i
1 10 100 300
Time (us) y
Figure 11. Effects of Tg and R, on the history ol
heat flux.

Figure (11) shows the effects of gas temperature Tg and
droplet radius R, on the history of heat flux (kW/m?)
through the droplet surface. The Figure indicates that the
heat flux is higher for small droplets than for large ones
due to the reduced area for the same rate of heat transfer.
The Figure also shows that higher gas temperatures are
accompanied by higher values of heat flux due to the
increasing temperature differential (Tg-Ty) and the
resulting increase in heat transfer rate. The shooting trend
of the heat flux is because of the diminishing area of the
droplet surface near the end of the evaporation process.
Figure (12) shows that higher velocities U, are
accompanied by a higher heat fluxes due to the
enhancement of the heat transfer rate.

Figure (13) shows that small droplets have higher rates
of heat transfer than larger droplets because the heat

transfer coefficient h is inversely proportional to the
droplet radius (Eq.30). The Figure also shows that higher
gas temperatures Tg are associated with higher rates of
heat transfer because of the increase in the temperature
differential (Tg-Ty). Moreover, Figure (13) shows a
gradual decline in the rate of heat transfer as the time of
evaporation is clapsed due to the increase in the droplet
temperature Ty and the subsequent decrease in (Tg-Tp).
Figure (4) shows that the initial heat transfer rate is the
highest for U,=400 m/s and the lowest for stationary or
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suspended droplets (U,=0) due to the effect of the
increasing Reynolds number on increasing the heat

transfer coefficient h. However, as the evaporation rate
goes on, the rate of heat transfer for high-velocity droplets
decreases faster than that for low-velocity droplets.

vvv'IiVIVﬁrri

~ 3
IE :
. c
N
-
2 -
»n
F)
<
g
b 4
-
'
=] RozS um
E TG = 1000 K
0 ’11111111111111AnxlllunlnAAlll;lxlilxli
0 20 &0 60 80

Time ( ps)

Figure 12. Effect of U, on the history of heat flux.
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Figure 13. Effects of Tg and R, on the history of
heat transfer rate per unit mass of liquid droplet.

The effects of the gas temperature Tg and the droplet

size R, on the evaporation rate are shown in Figure (
The Figure shows that larger droplets develop higher r
of evaporation than small droplets because dM
increases with the increase in the surface area. The Fig
also shows that higher gas temperatures cause higher r
of evaporation due to the faster rates of heat tran
associated with high values of Tg.

20

Re3 5 pm
T = %00 X

-
o

0% Heat wancter , xw /ug

w

10 B F . 57 R 3 |

3
° lllll\llllllllsllll‘lllljj‘udlll‘lIlll
0 20 & (] [ ]
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Figure 14. Effect of U, on the history of he:
transfer rate per unit mass of liquid droplet.
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Figure 15. Effects of T and R, on the history
evaporation rate.
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The evaporation time t for various droplet sizes is
plotted vs. the gas temperature Tg in Figure (17). The

results are shown for the same initial velocity U,=100
m/s. The Figure shows that the evaporation period is
§ shortened at higher gas temperatures and for smaller
: droplet sizes.
i
° ——
2 Present wert
2 'F
£ Uo*100 m/s
; 800
': < ¥
= ¥ = Ros S um
C Ygoboo |
i L Ldihod ljl A 2 o e K
! 10 )

Time(us )
Figure 16. Effects of U, on the history of
evaporation rate.

8

Total time of evaporation 1t (us)

250
L|°:\OO mjs l
Ezoo By
1]
Figure 18. Evaporation time vs. droplet radius
s R
s
o
:
;100 Figure (18) shows the evaporation time of fuel droplets
. vs. the initial droplet radius for Tg =800, 1000, and 1200
= K. The results are shown for the same initial velocity
g'_, P\"o. U,=100 m/s. The Figure shows a parabolic relationship
\{l?, in which the evaporation time increases with the droplet
S radius. Finally, the evaporation time is plotted vs. the
ok-Rex wm : : initial droplet velocity in Figure (19.a) where t’ decreases
800 000 1200 1400 1 (k) with the increase in U, The velocity effect is more
S influential for large droplets than for smaller ones, and at
Figure 17. [Evaporation time vs. gas low gas temperatures than at higher temperatures. The
temperature Tg. Figure also shows that most of the velocity effect is

obtained within the range of 0<U,<100 m/s. Any further

increase in the initial velocity U, would slightly reduce the

Figure (16) shows that the increase in the initial velocity  evaporation time. The logarithmic plot of this relationship
U, of the droplet causes and increase in the evaporation is shown in Figure (19.b).

rate due to the associated increase in the mass transfer According to the present results and the logarithmic

coefficient. plots of Figures (17), (18), and (19), the following
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relationships have been deduced:

In t* = (2.385+0.045)(1000/T;) + B, (35)
provided that

5<R_ <20 pm, 800<T;<1200K, U =100m/s

Int* = (1.755:£0.105) nR_ + B, (36)
provided that

800<T,<1200K, 5<R_<20 pm, U, =100 m/s

In t* = (0.025:0.005)(1000/U) + B, (37

provided that

5<R <10 pm, 800<T;<1200K,
50U _<400m/s

3
37400

$ —Ro*10 ym

E - Ro =5 Mum

--Ro = 1uom

§ 0

:

s

[

£

“ 200

3

K}

R
g S M S S AT T v == ay
hoscosvivs saskasasaaesce w1900y £l O, vovacs il
4] S0 100 200 400
uo(mn)

Figure 19. Evaporation time vs. droplet velocity U,

The values of the constants By, By, and By are givent
tables (1), (2), and (3), respectively.

Table 1. Values of constant, By of Eq. (35).

|| Ro 5 10 20
B, | 1243 | 2437 | 363

Table 2. Values of constant B, of Eq. (36).

|| Tc | 800 | 1000 | 1200
|| B, | 1.1208 | 0.6986 | 06373

Table 3. Values of constant B3 of eq. (37).

Ro, pm 5 10

Tg, K | 800 | 1000 | 1200 | 800 | 1000 | 120

B3 [3.905| 3.311 | 2.813 | 5.020 | 4.542 | 4.0%

CONCLUSIONS

Out of the theoretical model results, the foﬂm’T
conclusions can be stated:
1;

Increasing the gas temperature the rate of evaporali
increases.

Decreasing the droplet size increases the evaporl
rate.

The initial velocity of droplet has a great effed
evaporation period. Increasing the initial velod
decreases the total time of evaporation.
Correlations have been obtained for the total time
evaporation in terms of droplet radius, gas temperay
and initial velocity of droplet.
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