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Summar

The result of this study is a computer programme vhich can
c~lculate the trajectory ofadroplet or pzrticle in three dimensions

in a three dimensional flow field.

Droplets =re injected into a computer predicted flow field
in a pgas turbine combustor can with initial conditions corresronding
to the point of sheet break-up of fuel leaving the atomiser being
modelled. The fundamental ecuntions of motion are solved numerically
for each droplet size in a statistical distridbution representing the
vhole soray. The angular position of the point of injection is also

varied,

The rate of fuel evaporation in each cell of the finite difference
grid is then calculated so that this can be used for improved flow field
calculations, Droplet trajectories are also presented graphically

to give information on the three~dimensional nature of the spray.
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Cy Bvaporation constant :
Co Drag coefficient
Cp Specific heat capacity at constant pressure
Dy Droplet or particle diameter
D Rosin-Rammler mean diameter
L Latent heat of evaporation
m Hass
m Mass flowrate
n Rosin-Rammler spread par-meter
Nu Nusselt number
Pr Prandtl number
Re Reynolds number
t Time
T Temperature
51 Resultant velocity vector
Wy Vy W velocity components in axial, radial and tangential directions.
Uy Vo W time derivatives of u, v and w
Xy ¥y 2 distance in a2xial, radial and angular directions,
Xy ¥y 2 time derivatives of x, y and z.
/0 Density
’,L Viscosity

Subscripts:

o Initial

o Flow field
9 Gas

( Licuid

P

Thermal conductivity

Particle or droplet




Introduction.,

The availability of large general purpose digital computers
has enabled numerical techniques to be aﬁplied to complex physical
phenomena,, In the field of Combustion Research, mathematical
modelling can be used to predict the behaviour of =211 kinds of
combustion processes and can give information on the chemical and
physical processes taking place (Ref. 1). As a design tool,
mathematical modelling can assist in providing a less empirical
approach to the problems of combustor design, a field of increasing
importance as a result of the present interest in improved fuel

efficiency and reduction of pollutant emissions.

The object of this study is to produce a general algorithm
to calculate the trajectory of a particle in a gas flow in three
dimensions, The ecuations of motion and trajectory are solved
numerically, as an analytical solution is not practicable in three

dimensions with the coordinate system used.

The algorithm is then applied to the specific case of
evaporating fuel droplets in a gas turbine combustor, in order to
model mathematically the spray evaporation taking place and to
provide information on the trajectories and behaviour of individual

droplets and size groups with varying initial conditions.

In order to model the evaporating droplets, equations representing
droplet heating up and evaporation must be included in the trajectory
algorithm.

The computer predicted gas flow field for a Lycoming combustor,
used in the study, was produced at Sheffield (ref. 2), and defines
the geometry of the finite difference grid into which droplets are
injected,

Work in this field has alrerdy produced droplet trajectories
in two dimensions (Ref. 5).
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Having obtained trajectories of individual droplets, the

model is extended to an entire spray by calculating the trejectories

of a range of droplet sizes and initial conditions. The trajectories
are presented graphically to yield information on the behaviour of

!
individual droplets within the spray.

The rate of fuel evaporation in each grid cell can also be
calculated for the fuel spray. This information can theh be used
in the original flow field calculations, replacing the time consuming
method currently used, i.e. representing each droplet size range as a

chemical species and solVing the resulting elliptic eguations.
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Theorx.

Because of the cylindrical nature of coﬁbustion chambers
and the gas flows involved, a cylindrical polar coordinate system
is used to describe the location of the particle or droplet, where
x is the axial distance from the datum, y is the radial position,
and z (radians) is the angular position, Velocities are measured

in the axial (u),radial (v) and tangential (w) directions.

The equations of motion of a particle , neglecting all forces

except drag, in component form are:
1

. o, %
Ve = —ﬁ - F('VP'V‘"’) (2)

i

o, = Y%~ Fuwp- )

yP (3)

where 1Ly,v},‘*5 are the absolute particle velocities in the axial,
radial and tangential directions respectively, and 1@,, Vo 'u&o

are the corresponding gas velocities.

For the general case, F is given Yvy:

F 18 My Co R, - ()
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where D% is the particle dizmeter, Re is the relative Reynold's

number, defined as:

Re = M_ .(7 1? (5)

M9 !
—,
where 1‘? and WU are the resultant velocities of the particle and

gas stream respectively.,.

i The drag coefficient,(:o s 1s given by the folloving eaunations

3 ) ( Ref. 3) :

- 084
Co = 27 Re O 4 Re<80 (¢
0217
Co = 02711 Re 8O<Re$l01f (7)
Co = 2 1044 Re (8)

If Stoke's regime prevails and there is uniform gas flow
( i.e.'tLo,ﬁb,hﬂp are constant ), then the axial component can

be solved analytically.

Cp Re
24

Under Stoke's regime, the term (» is approximated to

Assuming DP remains constant, the term (%)becomes
* ’ constant, whereupon equation (1) is integrabdle.

In a Cartesian coordinate system, the equantions of motion

for all three components would have the form of equation (1), thus

permitting an analytical solution for obtaining the droplet or
particle trajectories, However, in the rectangular polar coordinate
system used, <the interdependence in the expressions for the rrdinl

and tangential components prevents an analytical solution being found,
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Tor the rectangular polsr coordinate -ystem, the ernuztionn

of trajectory are:

Xp = "u-p ] (9)
gr = Y% (10)
z, = % (11)

Ye

Fauations (1) to (11) describe the trajectory of a particle
in a gas stream, For an evaporating droplet, Dy is not constant,
and the rate of chenge of droplet diameter with time is reaquired.

For forced convection this ir siven dby:

0 G

- .23 A (12)
It T (1 + 0 Re )

vhere C‘- is the evanor~tion consteant. Thies is dependant on
the properties of the fuel as well as the surrounding ices,

and is given by Yise nnd Agoston as ( Ref. 4) :

A
Co= 22 (14 2 () 0

1 ey

L] h)
If (1 + 023 Re c'n be nrrumed constant,  then etu~tion (12)

can be inteprnted to rive:

Dt = D0 — C(1+023Re"Nt-t) )
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renrercenting the draplet Ai-meter E? 2t time t, +Vere [%b i-

the droplet di~meter nt time tq.,

. To 21low for droplets "henting un” after entry into the hot
cas strenm it has been assumed that droplets do not begin to evaporate
until they rench their boilings point. The r~te of ch-nre of

temperature vith time is given by:

dTp _ ._G_M_{a_.(’l;~‘l})
dt P DPQCﬂ

where Tp is the droplet temnerature. Assuming (M)
Pc Dp Cp

(15)

is constant, on integration this rives: ’

T o= To- (To-Tp) up*%cia_.(f-tg (16) ‘
{ Pe

1-:here_[;0 is the drop temper~ture at time to.
Equation (14) is suppressed until the droplet temperature,

reaches the boiling point of the 1inuid, The MNusselt nurher, Nu

is given by:

N“ = 2+ 0.6 Rellz Pr',‘s (17)

where the Prandtl number, Pr ic priven by:

Pr = Cpy M (18)
>\9

The above solutions are, of course, wvalid only when
(t-to ) is taken to be sufficiently small.




Aprlicntion,

Fhuations (1) to (18) above describe the motion of an
evaporating droplet in three dimensions in a gas stream.
Numerical integration can now be used to calculate the droplet

trajectory in the given gas flow field,

For the purposes of this investigation a computer
predicted flow field in a gas turdbine combustor was used. This
has been calculated for a Lycoming combustor using a numerical
prediction algorithm to model the physical and chemical processes

taking place ( Ref. 2 ).

The geometry of the Lycoming combustor can, which was designed
as a research combustor, is shown in Fig, 1. Air enters via a
swirler which produces a finite swirl velocity. The fuel spray is
introduced at a point near the centre line in front of a baffle
and is of hollow cone type. Primary, secondary and dilution
air streams are introduced by three sets of injection holes, each
consisting‘six egually spaced circular orifices around the periphery
of the combustor can. This is responsible for the three-dimensionzal

nature of the problem.

For the computer model, the combus*nr can is represented
by a single 60° sector containing one set of air injection holes
to represent the six identical segments, This is then subdivided
into a further 7 sectors; In the axial direction the length of
the combustor is divided into 27 sections, and radinlly into 18
sections, giving a total of 3402 elements in the finite difference

grid. The grid is shown in Fig. 2.

The elements are labelled ( I,J,K ) in the x,y and =

directions, Note that in the angular direction elements with

~ K between 2 and 6 inclusive occupy 10° sectors whereas the K=1

;

and K=7 elements occupy a sector of 5° . In fact the two So

L
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sectors are adjacent and can be considered as one 10° sector, oA
but due to the positioning of the grid and in order to eimplify

calculations they are considered as two separate half sectors. i

For the purposes of this investigqtion the flow parameters
used ( which are the three components of velocity, temperature
and density) are defined for each grid element and are assumed
to be valid throughout this control volume, The complex flow
throughout the combustor can thus be represented by the finite

difference grid.

The flow data is obtained from the output of the combustor

model described in Ref. 2. The same grid geomeiry is used in L
the latter but the gas velocities are defined for a staggered X

!
gride This is demonstrated by Fig. 3(a) which shows that the ¥

u, v and w velocity control volumes do not coincide with those
for temperature, pressure etc. In order to considerably simplify .

the representation of velocity data the u, v, w velocity control

volumes have been redefined to coincide with the nominal control i

volumes by averaging adjacent velocity values, an example being

shown in Fig. 3(b).

[P SO SN NP

Since the first set of air injection holes occurs at the
primary air inlet it might be expected that the gas flow field would
be essentially two dimensional upstream from this point, It is on
this assumption that the two dimensional model of Ref, 5 is
Justified, To investigate the validity of this assumption a
statistical analysis of u-, v~ and w-velocity, temperanture and
density data was made, For each value of T and each of three
J values, the set of data for all K values was averaged and a sample

standard deviation calculated,

Sample standard deviation, s, is given by:

(%3,

s [ S (=% " (19)
1

n-1

| %

[
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where X,y Xzesees Xp are the values of the data, X 1isn the mean ’
of the data and n is the number of data points., 'ince we are ‘
interested in the amount of angular variation as a pronortion of
the mean of the values rather than the ab.olute variation, the
saﬁple standard deviation is expressed ?s a percent~pge of the mean,

Hence:

| .
Sample Standard _ IOO (Z (1« Dc)z . (20) \

Deviation (Percent) ~

The results of this analysis are shown in Figs. 4(a) to 4(e),

and are discussed below.

A vector plot of the velocity distribution is also given in .
Figs. 5(a) and 5(b). It can be clearly seen that there is a p
recirculation zone in front of the baffle, and that the flow in .
the region of the air injection holes is dominnted by the inward V
flow of air. The flow cross-section of Fig. 5(b) at the point J
of primary air inlet clearly shows how the three-dimensional
nature of the flow field is brought about by the disturbance '

introduced by the air injection.

Once the u-, v-, w-velocity, temperature and density data
is stored as a 27 x 18 x T array, the fundamental eauations of
motion ( ecquations (1), (2) and (3) ) can be solved numerically .
by assuming that the gas velocity, temperature and density remain 1

constant throughout each cell,

These three simultancous differential equations are solved
by using the fourth order Runge-Kutta method. The time step
length is cnlculated to give approximately the sname number of
time steps while the droplet is in each cell. After each time
step the equations of trajectory ( equations (9), (10) and (11) )
are used in finite difference form to calculate the new values of

Xy ¥y and z as follows:

Xpn = Xua + £ot, ( Un + un_,> (21)
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= L. Vo + Yy
‘,n = ‘jnn t+ 2 t"‘f’( " ) (22)

Zn

{

it Wha !ﬁ:ﬂ
Zn-t F+ -i' $ _9; y’\—' (23)

In addition, for an evapornting droplet, either enurtion
(14) or (16) is used, depending on whether the droplet has renched
its boiling point, to cnlculate droplet dinmeter or temperature.
Any auxiliary equations with terms conteining wy, v, w, x, y or 2

or Dp are also calculated after each time step.

A check is also made, after each time step, to establicsh
whether the particle or droplet has passed through the boundary
of the volume cell. If this proves to be the case the new cell

is found and new values for the constants for the cell are obtrined,

Also, [%o of equation (14) and Tp of equation (16) and the corresponding

to are reset, A new time step length is calculated to maintain an
approximately constant number of time steps in each cell. A check

is also made for the following specific cases:

1) Droplet passes into an adjacent 60° sector.
In this case the z value of the droplet is adjusted to
bring it to the corresponding position in the original
sector, i.e. 60° is subtracted from its z value.

The actual angular position is retained for output.

2) Droplet passes through centre-line.
Although there would seem to be a very small chance of
this occurring a provision is incorporated for the droplet
to be reflected from the centre-line if the radial distance, y,

should become less than vero.

3) Droplet hits a wall.
Since the original velocity data is not valid for cells
for vhich J is greater than 17, a droplet is said to

have hit the cdmbustor wall if it enters a cell for which
J is equal to 18,

. N,
I .
_— i sl i AR i
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4) Droplet passes ihrough the exit of the comlmstion chumler,
If a droplet or particle survives to pass through :: cell
for which I = 27 it is reported as havinr left 1he combuction

chamber,

5) Droplet evaporates.
If the diameter of an evaporating droplet falls 1o less
than (|o“)i metres { apvroximately 3 microns ) it is
reported as having evaporated. In practice, droplets
vanish almost immediately as [% becomes very sm~1l, and
droplets smaller than this behave erratically unless the
time step length is reduced greatly. This test is mnde

with each time step,

6) Droplet remains in combustion chamber afiter 500 time steps.
The iteration is halted if more than 500 time steps are
required in order to prevent an excessive use of computer

time.
Any of conditions 3) to 6) above will terminate the iteration
loop, otherwise the next time step is calculated.

When a droplet is evaporating the amount of fuel evaporated

per unit time in each cell is calculated as it leaves the cell,

given by:
3 3
a ( DM - DU\ .
Memp = « My (24)
\ b}
EL 7Y
where [%A = droplet diameter on entry into cell
Dt = droplet diameter on exit from cell
D-'».‘&.l = droplel diameter on start of trajectory
’hﬁd = total mass flowrate of fuel reprecented by the

droplet, e.g. the mass flowrate of fuel in the =irze range teing

represented by a single droplet.

t



- 13 -

If the droplet hits a wnll as in  3) ~bove, the rem ining |
fuel contzined in the droplet is "evaporated" into the cell
adjacent to the wall, representing droplets adhering to the wall
of the combustion chimber. It vould be possible to extend the
model to include droplets rebounding off the wall, shattering etc.

i

To extend the model to predict the behaviour of a thole cpray,
a statistical size distribution is used to represent the spray ar a
number of size ranges, each represented in turn by a single droplet

diameter, the mean of the size range.

It is assumed that after sheet break-up, the fuel spray
leaving the atomiser obeys a Rosin-Rammler size distribution, é
In this model, the mass fraction of fuel having a droplet diameter

greater than D is given as: r

n '
m, = expf{ - £ (25)

B f

where D is the Rosin-Rarmler mean dizmeter and n is the spread

parameter, For this study a value 50 microns was chosen for D
and the spread parameter is taken as 2, The mass fraction of

fuel in a given size range is found by subtraction:

o |} -or )|

where the size range lies between D, and Dy .

The size ranges are chosen to be of eaual length and cover
droplet diameters from zero to a diameter below which 99 of the

mass of fuel falls. A total of 20 size ranges was chosen to

adequately model the complete spray.
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single droplets vith dinmeters equal to the mern of ench rive
range are injected into the gns flow field with initinl x and ¥y

coordinates corresponding to the point of rbeet break-up of the rproy.

In addition, for each size range, drovlets mre injected from =iy

different anpular lociations differines by HOO. Conrerucntly the

trojectories of a total of 120 fuel dropletr nre calculited,

The atomirer chioritcterintics are specified by soray cane anple,veloc oy,

dict~nce from norzle to sheet break-u and the Nogin-Rimmler me n
14

and sprecd pareometer. PFProm this and gener:l phyrictl d.ta the

entire spray cone i~ constructed.

The amount of fuel evarornted in each cell i~ cummed for the
vhole =prnyv, The moee flovrrte of fuel revrecented by oo ch ieanlet

trojectory in:

Moy = Mrese My (~1)

6

vwhere rn,’, i~ defined in ecu-tion (26), Since ech rice ringre is

reprecented by six droplets of different initi=l ~nmulnr rorition, the

frctor of 1/6 ocenrs, The total mass flowrate of fuel is Meeu *
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Results and Discusrion,

The werulte of the st -tictic») ~rm"Yveje of the ~n—Yne

vorintion of the flov narameters ir precented in Pi~~, /A(-)
to A(e). Percentare ~tand-=d devi-tionk rre piven for J v-lues
of 3, 9 and 16 s indieted in the ver ( Fie, 2(1) ). Tt
can be seen that nmpulnr vorintion of 211 five parometers i
~enerally lecs than 20 urstrenm of the rrimary ~ir injection,
~t which roint it terine to incre~se very rapidly, It rould

| therefore appenr that in the region dotmstrenm of the grid

| ‘ location at wvhich I is erunl to 10 the flow field can be

| concidered to be three-Aimencion~l and to be tvo-dimensional

upstre~m from thirs noint,

‘Phe results of cnlecul~tions for fuel eprrys of evoporating

droplets are ~hom rrorhicnlly in Firures 5 to 9 as follows:-

incluied cone anrle spray velocity
(degrees) (m/s)
Fig. 5 45 20
Fig. 6 45 10
Fige T 45 50
Fig. 8 30 20
Fig. 9 80 20

Distance from atomiser nozzle to sheet break-up is taken as
S5mm, The number of size ranges is 20 except for Fig. 8 where
it wns reduced to 12 to reduce the amount of computer time required.

Other relevant data can be found in the programme listing of Appendix 1.

The recults are shown as an orthographic projection of the
droplet trajectories consisting of a side elevition of the combustor

and an end elevation looking along the axis of the combustion chamber,

The air injection locations are indicated by arrows. Droplet
burn-out locations are encircled. Droplets whose loci do not end

l
in a circle have hit the combustor wall. {
|

[ Y
2 acae . aiin e, - " N T o . . ! ) .
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The conbustor dimensions are chowm in Fige 1s Purt of the nection
of the combustor can downstream of the primary air injection oler

is not showm in Figs. 5 to 9 .

Figure 5 chows the predicted cpray obteined for an included
nominal cone angle of 450 and initial snray velocity of 20 m/“,
these charocteristics being typice»l of the presrure-jet type of
atomiser, It can be seen that a lnrge number of droplets
penetrate into the three-dimensional region. Those droplets
passing within the vicinity of the primary air ctream are deflected
and some pass right across the combustion chmber and impinge on
the opposite wall, Similar behaviour is obrserved in Fig, 6 vhere
the spray velocity is only 10 m/s s as a recult of which the
droplets have evaporated after travelling a rchorter distnnce rlong
the chamber, Figure 7T shows a higher velocity spray ( 50 m/s
which has resulted in a spray which remains in licuid form further
along the combustion chamber, some droplets prssing beyond the

secondary air injection holes.

Figure 8 shows the behaviour of a spray with a narrower
cone angle, The spray has been broken up to a greater extent
than for the 45° cone angle because the majority of the droplets
have entered the recirculation zone where there are greater
velocity gradients. It can be seen that some droplets show nn
apparently erratic behaviour as they are repeatedly deflected

by several primary and secondary air strerms,

Figure 9 shows a spray with a large cone angle ( 800).
In this case no droplets have penetrnted into the three-dimencsionnl
zone and a large proportion of the dronletr have collided with the

combustor wnll upstream of the primary air injection holes,

Firure 10 is n historram Yovine the mass flouw rate of
fuel (area on graph) against distance nlong the x—-vis of the
combustor. This has been calculnted for the 300 cone nrle ciane
of Fipg, 8, It rchows that a significnt proportion of the furl

evaporates in the three-dimensional region of the comtu-tor cun,
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In view of the fact that some droplets show a very atrupt
deviation from their orieinal pnth in the vicinity of the nir
injection streims, a checr was considered necessary to cenrure that
this was not due to inaccuracies in the solution procedure arising L.
from too large a time step length, Thé time step length vas
therefore reduced by a factor of four, and several sets of
trajectory calculations were performed to verify the original

results, There was no simificant change in the results.

B T

¢ e —
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Conclusions,

It has been demonsirated that, according to the compuier-
rredicted flow data, the conditions in the region of the primary
air injection holes and dowvnstream from this point are three-dimensionnl
in nature. It has also been shown that it is possible to produce a
three-dimensional mathematical model of individunl droplet trajectories
within a fuel spray and thus to model the spray as a whole. In the
absence of any experimental data it has not been possible to perform
a comparison between the predicted and actual observed spray bhehaviour,

Experimental data to verify the predictions is still recuired,

It can be scen, howvever, that the technicues developed
could be of use in combustor desigm. It is clearly undesirable
to have droplets impinging on combustor wrlls crusins 'vet'! snots,
or to have un-evanorated fuel surviving as far as the lower temperature
regions of the combustor where it mny lend to incomplete comtustion
and consecuently poor fuel efficiency and the presence of pollutants
in the exhaust gases., The effect of cone angle and spray velocity
on these phenomena has been shown. Further study along these lines
might enable 2 more suitable atomiser desism to be found or lead to
improvements in combustion chamber design with particular regard to

the positioning of the air injection ports.

It must be noted that although the droplet/particle trajectory
algorithm has been applied to the specific case of evaporating
droplets in gas turbine combustors, it remnins a general procedure
and is capable of being used to model the motion of any particle

or droplet in a three-dimensional flow field. Bxamples of applications

include diesel engines and cyclone separctors,
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FIGIRE §
Droplet trajedtories

for Spray:
cone angle = 45°
velocity = 20 m/s ’ )




FIGURE 6

Droplet trajectories

for Spray:

o

oone angle = 45
velocity = 10

n/s




FIGURE 7

Droplet trajectories

for Spray _
cone angle = 45 , velocity = 50 m/a.~
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Droplet trijectories

for Jpray 1t
cone angle = B0, velocity = 20 m/s.
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Pirure 10; Histogram of mass flovw—rate of fuel v pour ve. dirtance along
TX= xi8,




