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In this work the fun da men tals of swirl in jec tor cal cu la tion is in ves ti gated and new
de sign pro ce dure is pro posed. The de sign method for dou ble-base liq uid-liq uid in -
jec tors is pre sented based on this the ory and ex per i men tal re sults. Then spe cial
con di tions re lated to dou ble based liq uid-liq uid in jec tors are stud ied and the cor re -
spond ing re sults are ap plied in de sign ma nip u la tion. The be hav ior of in jec tor in
var i ous per form ing con di tions is stud ied, and the de sign pro ce dure is pre sented
based on ob tained re sults. A com puter code for de sign ing the in jec tor is pro posed.
Based on this code, four in jec tors are man u fac tured. A spe cial ized lab o ra tory was
setup for the mea sure ment of mac ro scopic spray char ac ter is tics un der dif fer ent
pres sure such as ho mo ge neous drop let dis tri bu tion, spray an gle, and swirl ef fect.
Fi nally, through phase Dopp ler an a lyzer cold test, the mi cro scopic char ac ter is tics
of in jec tors spray are also ob tained and mea sured. The re sults which will be ex -
plained in de tail are sat is fac tory.

Key words: swirl injector, double-base injector, macroscopic and microscopic
characteristics, atomization, phase Doppler analyzer laboratory

In tro duc tion

The dou ble-based liq uid-liq uid in jec tors have many ad van tages mak ing them ap pli ca -
ble in aero space in dus tries. Fuel and ox i dizer can be mixed more ef fi ciently in such in jec tors,
cre at ing an ideal com bus tion con di tion and re duc ing the prob a bil ity of com bus tion in sta bil ity.
Since fuel and ox i dizer are both ex hausted from one in jec tor, with out any in crease in the di am e -
ter of in jec tor plate, a higher dis charge rate of fuel and ox i dizer can be ob tained. In the same way 
with a fixed dis charge rate, it is pos si ble to de crease com bus tion cham ber di am e ter, and have a
stron ger thrust. This, in turn, gives higher pres sure in the com bus tion cham ber. 
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The in jec tor has been de signed in a way that the fluid may 
swirl around its axis. The swirl ef fect’s ad van tages in clude
pro duc ing mi cro-di am e ter drop lets and de sir able spray an -
gle, which pro vide the per fect com bus tion con di tion.

In the fol low ing de sign pro ce dure, the gov ern ing equa -
tions for an ideal fluid are solved and the re sults are cor rected
us ing cor rec tion fac tors based on ex per i men tal data. The rules
used in the swirl in jec tor the ory are based on the prin ci ples of
mass, an gu lar mo men tum, en ergy con ser va tion (Bernoulli’s
equa tion), max i mum flow rate, and min i mum en ergy laws.

Figure1 shows a sche matic of a swirl in jec tor in which
dBX, LBX, and DK are the en trance hole di am e ter, the length of 
en trance hole, and the ro ta tion ra dius, re spec tively [1].

The geo met ri cal pa ram e ter of a swirl in jec tor has an im -
por tant role in the de sign pro ce dure and is de fined as [1]:

A
Rr

= c

BX
2nr

(1)

where rc is exit hole di am e ter of noz zle.
Ac cord ing to the con ser va tion of an gu lar mo men tum

prin ci ple, pa ram e ter M is con stant:

M V r V R= = =u constint . (2)

The swirl force of the fluid in creases as it passes through the in jec tor. Due to this force, 
a hol low cyl in der shape flow forms at the exit of the in jec tor, this is filled by air. The cross-sec -
tion area of this flow is equal to:

FK r r rc m c c= - =p p( )2 2 2j (3)

where rm, and jc are the in ner ra dius of flow and the outer radius noz zle con trac tion co ef fi cient,
re spec tively, jc is de fined as:

jc = -1
2

2

r

r
m

c

(4)

Ac cord ing the max i mum mass flow rate prin ci ple, for an op ti mal amount of jc the dis -
charge rate of the in jec tor be comes max i mum. The in jec tor flow rate is equal to:

G r pc= p D2 2m r jc
(5)

in which, m is called dis charge rate co ef fi cient which is a func tion of A and jc. Ac cord ing to the
given ex pla na tions and the prin ci pal of max i mum dis charge rate, dm/djc = 0 and from this, the
re la tion ship be tween A and jc is ob tained.

The friction ef fect on the flow

When the fluid passes through the en trance whole and reaches to swirl cham ber, a
pres sure drop is formed in fluid that is equal to:
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Figure 1. Double base-swirl
injector cross-section [1]



Dp
V

BX BX
BX= z

r 2

2
(6)

where, xBX is the drop co ef fi cient of en trance
hole and is ob tained from ex per i men tal tests.
Fig ure 2 shows the vari a tion di a gram of  xBX as a
func tion of Reynolds num ber, which is de fined
as:

Re BX
BX BX=

V d n

n
(7)

When the fluid en ters to swirl cham ber from
en trance hole, it con tracts in a way that the av er -
age ra dius of ro ta tion in creases and changes
from R to Re. A co ef fi cient e is de fined here and
is found from ex per i men tal tests as fol lows:

e
e

=
R

R
(8)

Fig ure 3 pres ents the vari a tion of e vs. 1/B,
where B = R/rBX. Us ing the co ef fi cient e, the in -
jec tor geo met ri cal char ac ter is tic can be cal cu -
lated from:

A
Rr

nr
D

c

BX

=
e 2

(9)

There is a loss of en ergy in side the swirl
cham ber due to the fric tion be tween the fluid
and the wall. The amount of fric tion is ob tained
us ing the fric tion co ef fi cient lk which is ob -
tained from fig. 4. The pa ram e ter  q is de fined
that shows the amount of the fric tion ef fects and
is equal to [1]:

q
l

= -
æ

è
çç

ö

ø
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k
D

k

c2
1A

R

r
(10)

where, Rk is the ra dius of swirl cham ber.
A hy drau lic jump oc curs be cause of an abrupt 

change in flow path slop, just af ter the noz zle en -
trance cone. This in turns causes an en ergy loss in 
en trance chan nel (DEBX), swirl cham ber.

The shape of spray is a cone with an an gle,
which its cal cu lated value is cor rected us ing the
fol low ing cor rec tion fac tor:

a
a

a
= EXP

T

(11)

where      aEXP and aT are ex per i men tal and the o ret -
i cal val ues of a, re spec tively. Fig ure 5 shows
the di a gram of  a vs. the q col lec tion.
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Figure 2. Diagram of the amount of input
channel resistance  xBx and Reynolds number [1]

Figure 3. Relationship of amount of
 transformation input current e and 1/B

Figure 4. Relationship between value of friction
and the input Reynolds number [1] 
(1) experimental relation, (2) theoretical
relations

Figure 5. Relationship of spray cone relative
angle a with q set



Swirl in jec tor design procedure

The swirl in jec tor should pro vide the nec es sary dis charge rate of the fluid un der a def i -
nite spray cone an gle and the pres sure dif fer ence. It is also rec om mended to have min i mum en -
ergy drop, in or der to face with min i mum re duce of exit flow ve loc ity and in jec tion qual ity.

As men tioned be fore the to tal amount of  q de ter mines the ef fect of fric tion and the
smaller value of q show the smaller ef fects of fluid vis cos ity on the in jec tor hy drau lics. For low
vis cos ity liq uids such as gas o line, oil, and wa ter, the suit able range of in jec tor ex pan sion co ef fi -
cient (Cc = R/rc) is rec om mended within 1.25 £ Cc £ 5. In this state as spray, cone an gle is larger;
the size of Cc should be smaller. As the length of noz zle is not de sir able, since it leads to a de crease
in the spray cone an gle, it is rec om mended to take (Lc = Lc/dc) in the range of 0.25 £ Lc £ 1.0. It is
also, rec om mended to take the in put cone an gle to noz zle in the range of 60 £ y £ 120. If the en try
ca nals do not have suf fi cient length, the cur rent fails in tak ing tan gent di rec tion and in clines to -
wards the ro ta tion cham ber axis and as a re sult, the cone spray an gle be comes smaller and the dis -
charge co ef fi cient be comes big ger. There fore, the length of in put ca nals should not be smaller
than one and a half time of its in ter nal di am e ter. On the other hand, this length should not be too
large since in such sit u a tion, the en ergy loss re sulted from fric tion be comes high.

In most in jec tors, 2 to 3 ca nals will be suf fi cient to make the sym met ric spray cone.
When the num ber of ca nals be comes more than three, no con sid er able change is made in the
qual ity of fuel dis tri bu tion; how ever, the in jec tor struc ture be comes more com plex and its pre ci -
sion be comes less. In open in jec tors (low amounts of Cc) the loss of en ergy re veals it self in in put
ca nals; thus, it is nec es sary to take Cc big ger than 1.25 (Cc ³ 1.25).

The hy drau lic de sign of a sim ple swirl in jec tor in cludes de ter min ing di men sions of
noz zle, swirl cham ber, and in put ca nals. The ini tial data con sists of the cone an gle of spray, dis -
charge rate, pres sure dif fer ence of in jec tor, and the en trance an gle to noz zle, num ber of holes to
the swirl cham ber, den sity and fluid vis cos ity. The de sign stages could be de scribed as be low.
– Determine the values of y, n, Cc, V, r, G, D, and a.
– Considering a0 = 0.85 as the first approximation from its range of variation, 0.5 £ a0 £ 1 and

calculating the spray cone angle from:

a
a

1
0

085
=

.
(12)

– Obtaining the values of AD1 and a1 using fig.
6. 

– Determine the value of m1 using fig. 6.
– Obtain the injector nozzle diameter from the

equation:

d
G

p x
c1

1 0

4

2
=

p Dm
(13)

– Determine the swirl radius Rl, using chosen
value of Cc and rcl:

R C r1 1= c c (14)

– Calculating the entrance channel diameter
using the relation [3]:
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Figure 6. Relationship of discharge coefficient
and nozzle contraction coefficient and spray
angle to the geometric characteristic of injector
[2]



d
R r

nA
BX

c

D
1

1 1

0 1

2=
e

(15)

where e0 = 0.8 as the first approximation.
– Calculating the flow Reynolds number [4]:

Re BX

BX

1

1

4
=

G

d Nrnp
(16)

– Determine the friction coefficient using fig. 4.
– Calculate the injector equivalent characteristic length using [5]:

A
A

C
D

1
1

11
=

+ q
(17)

where q sl1 1 1 105 1= -. ( )k D kA c  and c c
r

r
k c

Bx

c
1

1

1

= +

– Obtaining the value of a1 using fig. 5.
– Determine mq1 and   aq1 using fig. 6.
– Calculate the first approximation of spray cone angle [6]:

a a aqp1 1 1= (18)

– Calculate the total energy loss in injector using fig. 2:

DS D DE k CBX1 1 1+ + (19)

– Calculating DEBX1 using the following equation:

DE
A

C
C

R

r
BX BX

c
c

c
1

2

2
= =z , (20)

– Calculating Dkl by the equation [7]:

Dk
C

A A

= -
æ

è
çç

ö

ø
÷÷ +

-
-

æ

è
çç

ö

ø
÷÷ + +

l

s s
l s l sk

k
k

D

k

D

2

1
1

1 2

1

2

2

2

1

2

3

2

2

22

w l

s

s l

-

æ

è
ç

ö

ø
÷ +

+
-

é

ë

ê
ê
ê
ê

ù

û

ú
ú
ú
ú

ì

í
ïï

î
ï

K

A C
ln

( )k D k

ï

ü

ý
ïï

þ
ï
ï

= + =s
l1

2A
C C

R

rD

k
k k

k

c

,

(21)

– Selecting an appropriate value for nozzle resistance coefficient (xc) in the range of 0.11 and
0.16 [1].

– Obtaining jc using fig. 6 and considering A = Acl.
– Calculating DCl using the following equation:

DC
c

=
x

r
c

2
(22)

– Obtaining a first approximate value for mp1 [8]:

m
m

m

q

q

p1
1

1 1
21

=
+ DS

(23)
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– Calculating the coefficient of transformation, el, via fig. 3.
– Updating the values of e1, mp1, and a1 by comparing the calculated values of e0, m1, and a0. If

the difference exceeds the permitted quantity, the second approximation is obtained. In  this
case, with respect to the given amount, the spray cone angle a0 and amount of a1 obtained
from the first approximation is obtained to be as a0 =  a0/a1. 

– Considering the value of a2 and using fig. 6 the values of m2 and  AD2 are calculated.
– Calculating m2 using the obtained coefficient of energy loss, by the expression:

¢ =
+ å

m
m

m
2

2

1 2
21 D

(24)

– Calculating the nozzle injector diameter using the formula:

d
G

p
c2

2

4

2
=

¢p Dm r j

(25)

– Obtaining the swirl radius by R2 = Ccrc.
– Calculating the inlet channel diameter using the expression [9]:

d
R r

nA

R r
CBX

c

D

kl c

n
k12

2 2

1 2

2 2

1

2
2

1= - -
e

l

e
( ) (26)

where n is determined before and the amount of lk1, Ck1, and e1 will obtain in the first
approximation.

– Reynolds number is calculated as [10]:

Re BX

BX

2

2

4
=

G

d nrnp
(27)

– The friction coefficient is determined using fig. 5.
– Obtaining the injector equivalent characteristic using:

A
R r

nr
c

c

BX2
22

2 2

1 21
=

+e q( )
(28)

where C C r rk c BX c2 2 2= + /  and  q l e2 2 2 2 12= ( / )( / )k c BX2
2R r nr .

– Determining the amounts of mq2 and aq2 using fig. 6.
– Obtaining the value of a2 by using fig. 5.
– By us ing for mula a a aqp2 2 2= , the mag ni tude of the spray cone an gle in sec ond ap prox i ma -

tion is ob tained.
– Calculating the energy loss coefficient using the same procedure in the first stage.
– The discharge coefficient in second approximation is obtained from the relation [10]:

m
m

m

q

q

p2
2

2 2
21

=
+ DS

(29)

– Obtaining the value of e2 using the values of B2 and e1 (fig. 3).
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– Comparing the calculated values of e2,  ap2, and mp2 with the previous values of e1, a0, and mp1

in order to calculate their approximation. If a good convergence cannot be obtained, a
smaller value for cc should be selected and the appropriate stages have to repeat.

– After calculation of dc, R, and dBX, other geometrical sizes of injector are calculated. The
diameter of swirl enclosure is obtained in the next step by using the formula [11] Dk = 2(R +
+ rBX). Then the nozzle length (Lc), the length of entrance hole (LBX), and swirl enclosure
length (Lk) are selected, considering the aforementioned comments.

The pro posed pro ce dure has an ex ten sive ap pli ca tion and its re sults are pre cise within
±10%.

The dou ble-base swirl in jec tor cal cu la tion re sults

Fig ure 7 shows a dou ble-base in jec tor. In 
this in jec tor, fuel and ox i dizer are mixed out -
side the noz zle. The in jec tor pa ram e ters
should be se lected in a way that the fuel and
ox i dizer spray cones do not cut each other
near noz zle out let. af and a0 show the spray
an gle of fuel and the an gle of ox i dizer, re -
spec tively. The de sign pro ce dure of sin gle
in jec tor is ap plied for de sign ing the dou -
ble-base in jec tor. An im por tant point in de -
sign ing this type of in jec tor is that the gas
vor tex ra dius of the outer in jec tor should be
more than ex ter nal ra dius of cen tral in jec tor
noz zle. One should also con sider that for the
con tact of two-spray um brella, the spray
cone an gle in the in ner in jec tor should be
more than outer one.

Con sid er ing an ideal fluid and same pres -
sure dif fer ence for fuel and ox i dizer paths,
the fol low ing ex pres sions are de rived for
these types of in jec tors [12]:

v

v
BX0

BXF F

=
r

r
0 (30)

in which r0 and rf  are ox i dizer and fuel den si ties, re spec tively. 
The ox i dizer to fuel mass flow rate ra tio is [13]:

K
m

m

n d

n d
m

F

BX

F BXF F

= =
j

j

r

r

0 0 0
2

2

0 (31)

where mr0 and mrF are the ox i dizer and fuel mass flow rates, re spec tively. The to tal flow rate is
equal to [14]:

m m m n r Vj j j r= + =0 0
2

0F BX BX0p (32)
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Figure 7. Double-base external mixing injector [2]



in which rBX = rBX0[(Km + 1)/Km]1/2 Con sid er ing the law of an gu lar mo men tum con ser va tion one 
may write:

M RV RV= =BX BX0 (33)

R R R R R

K

K
F R R

m R
F

m

= = =

+

+
0

0

1
g g

g
r

r
, (34)

V V
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K
BX BX

m R
F

m

=

+

+
0

0

1

g
r

r
(35)

Accord ing to the afore men tioned re la tions, the geo met ric char ac ter is tic of a dou -
ble-based swirl in jec tor could be writ ten as:
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K K

K K n r
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r

0

0
0 0

21( )

(36)

Ex pres sion for mj and a are the same as those for sin gle-base in jec tor with sub sti tu tion
of A by A. There fore, one may write:

m F Pj j j jm r= c r2 D (37)

in which rr = r0 r(1 + Km)/(r0 + Km rF) and mj is the pas sage ef fi ciency  or to tal dis charge rate
co ef fi cient and Fcj is the cross-sec tion area of flux in noz zle.

De pend ing on the value of Cc = R/rc,
some cor rec tions in dis charge co ef fi cient
might be nec es sary. The re la tion ship be -
tween ex per i men tal and the o ret i cal dis -
charge rate co ef fi cient (mjexp and mj) as a
func tion of R/rc is pre sented graph i cally in
fig. 8 [15].

Based on the pre sented de sign pro ce -
dure, a com puter code is de vel oped, which
per forms the de sign and nec es sary cal cu la -
tions of dif fer ent di men sions of in jec tor.
This pro gram de signs in jec tor based on de sign data and cal cu lates its di men sions. To de sign a
dou ble-base in jec tor, the data of in ter nal and ex ter nal noz zle should be in put in the pro gram sep -
a rately to ob tain its ge om e try. How ever, as men tioned, the ra dius of ex ter nal noz zle should be
more than the ex ter nal ra dius of noz zle in the in ner in jec tor. At the same time, the spray cone an -
gle of in ner in jec tor should be more than outer in jec tor, there fore both spray cones would con -
tact to each other af ter dis charg ing form in jec tor. Ac cord ing to the de sign con di tion, the in ter nal
noz zle must in ject flow of 20 cm3/s in de fined pres sure of 10 bar. The ex ter nal noz zle must also
in ject 120 cm3/s in 4 bar. The spray an gles for the in ter nal and ex ter nal noz zles ob tained 85° and
75°, re spec tively.
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Figure 8. Correction factor of coefficient flow vs.
swirl radius



Man u fac tur ing the in jec tors

Four in jec tors are man u fac tured
based on de sign cal cu la tions. The
dou ble-based swirl in jec tor has three
parts in clud ing in ter nal noz zle, ex ter -
nal noz zle and lid. Brass metal was
cho sen due to its spe cial char ac ter is -
tics for ac cu rate ma chin ing and min -
ute drill ing. De tailed draw ings of in -
ter nal and ex ter nal noz zle are shown
in figs. 9 and 10. These three parts are
brazed and as sem bled pre cisely as
shown in fig. 11. 

Hy dro dy namic test
lab o ra tory

To check the qual ity of the man u -
fac tured in jec tors, a pre lim i nary lab o -
ra tory set-up is needed. This set-up will 
mea sure the mac ro scopic char ac ter is -
tics of in jec tors spray such as ho mo ge -
neous spray dis tri bu tion, spray an gle
and swirl ef fect on the spray for ma tion
un der dif fer ent pres sure. This test rig
was set up with the fol low ing parts as,
in jec tor stand, pres sur ized liq uid tanks, 
high pres sure ni tro gen cap sule, ma -
nom e ter and reg u la tor, ra dial and sec -
tional col lec tor, stro bo scope, and high
speed cam era. The liq uid emit ted by
the in jec tors are col lected in two dif fer -
ent col lec tors made of flexi glass ma te -
rial as shown in figs. 12 and 13. The
level of fluid in the ra dial and sec tional 
col lec tors dis play spray dis tri bu tion
qual ity in r and q di rec tion, re spec -
tively. Sec tional col lec tor di vided into
six 60° sec tion and the ra dial one di -
vided into three co-centric cyl in ders.
Fur ther more, a high-speed cam era is
used to cap ture the spray cone an gle
and at om ized spray dis tri bu tion of
both in ter nal and ex ter nal noz zle.
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Figure 9. Manufacturing diagram of the internal nozzle

Figure. 10 Manufacturing diagram external nozzle

Figure 11. Assembled and disassembled of manufactured
injector



Test re sults of in jec tors

Flow-pres sure test

This test is con ducted to mea sure the
flow changes un der dif fer ent work ing pres -
sure for both in ter nal and ex ter nal noz zle.
Fig ures 14 and 15 pres ent the re sults of the
ex per i men tal flow for a spe cific set of de -
sign con di tions.

Spray an gle test

To show the spray for ma tion of in ter nal and
ex ter nal noz zle clearly a stro bo scope and a
high-speed cam era are used. Fig ure 16 dis plays
the spray cir cu la tion of in jec tor. As fluid pres sure
in creases from zero to ten bar, the spray cone
grad u ally opens to be come fully de vel oped as
seen in fig. 17.

In figs. 18 and 19 the spray cone an gle of both
in ter nal and ex ter nal noz zle are ap prox i mately
70° and 80°, re spec tively, un der de sign con di tion
(P0 = 4 , Pf = 10 bar) which are sat is fac tory in the
light of the o ret i cal cal cu la tions.
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Figure 14. Flow rate of internal nozzle vs.
pressure

Figure 15. Flow rate of external nozzle vs.
pressure

Figure 16. Spray formation stages with
regarding to fluid swirl

Figure 17. Fully opened spray cone under
design condition (Pf = 10, P0 = 4 bar)

Figure 18. Spray cone
angle of internal nozzle

Figure 19. Spray cone
angle of external nozzle

Figures 12 and 13. Radial (left) and angular (right) 
collector



Spray sym me try and ho mo ge ne ity test

Sec tional and ra dial col lec tors are used to check the sym me try of the fluid spray. To
ob tain a sym met ri cal dis tri bu tion of in jec tion, the ma chin ing and drill ing pro cesses must be pre -
cise and ac cu rate. Fig ures 20 and 21 shows, the spray dis tri bu tion in each com part ment of the
col lec tor.

Mi cro scopic spray drop let test

Us ing phase Dopp ler par ti cle an a lyzer
(PDPA) la ser lab o ra tory, the mi cro scopic
char ac ter is tics of the in jec tor spray have been
iden ti fied. This in stru ment works with Dopp -
ler fre quency dif fer ence phe nom e non. As
shown in fig. 22 PDPA sys tem con sists of a la -
ser light source, op ti cal ar range ments, a trans -
mit ter, and a data ac qui si tion sys tem. The vi -
su al iza tion sys tem used in this ex per i ment
con sists of a la ser source, lenses and mir rors, a
high-pres sure spray cham ber, and CCD cam -
era.

Ac cord ing to fig. 23 mount ing the in jec tor
on the ap pa ra tus and set ting the fluid tanks
pres sure on the de sign con di tion drop let nor -
mal ve loc ity [ms–1] and sautre mean di am e ter
(SMD) [mm] dis tri bu tion at 100 mm down -
stream, for P0 = 4 and Pf = 10 bar and T = 25 °C, 
is shown in figs. 24 and 25, re spec tively. There
is a high ve loc ity zone around the in jec tor axis
that rep re sents ex is tence of the spray liq uid
sheet as it is seen in fig. 24. Drop lets nor mal ve -
loc i ties are ob tained in the range of 11 m/s. Ac -
cord ing the fig. 25, drop lets with less mean di -
am e ter are placed in cen ter of the spray cone
and the di am e ter in creases along ra dius.
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Figure 20. Spray distribution of the injector in 
each 60° section

Figure 21. Spray distribution of the injector in
each cylinder

Figure 22. Phase Doppler analysis system

Figure 23. View of laser beams emitted to the
 spray



Con clu sions

A the o ret i cal de sign pro ce dure for dou ble-base liq uid-liq uid swirl in jec tors is de -
scribed. A com puter code is de vel oped for the pro posed method and the re sults are com pared
with ex per i men tal data. Ac cord ing to de sign cal cu la tions, four swirl in jec tors have been man u -
fac tured pre cisely. To check the qual ity of the in jec tors, a pre lim i nary lab o ra tory was set up to
mea sure the mac ro scopic char ac ter is tics of sprays such as spray an gle and dis tri bu tion qual ity.
In or der to ob tain mi cro scopic char ac ter is tics such as drop lets ve loc i ties and SMD PDA la ser
lab o ra tory was used. Ex per i men tal re sults show that the man u fac tured in jec tors based on the de -
sign pro ce dure are flaw less.
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Figure 24. Velocity distribution of spray in a normal 
plan (color image see on our web site)

Figure 25. SMD distribution of spray in a normal
plan (color image see on our web site)

No men cla ture

AD –  geometrical characteristic
CC –  injector expansion coefficient
DK –  rotation radius
D (R) –  diameter (radius), [cm]
dBX (rBX) –  entrance whole diameter (radius),

–  [cm]
dc (rc) –  exit hole diameter (radius) of nozzle, [cm]
DEBX –  energy loss in entrance channel, [J]
Fcj –  cross-section area of flux in nozzle
G –  injector flow rate
Km –  oxidizer to fuel mass flow rate ratio
LBX –  length of entrance hole, [cm]
Lc –  nozzle length, [cm]
Lk –  Swirl enclosure length, [cm]
mjF –  fuel mass flow rates
mj0 –  oxidizer mass flow rates
n –  number of each collector sector
rm –  inner radius of flow, [cm]

DpBX –  pressure drop, [N/m2]
Re –  Reynolds number
Rk –  radius of swirl chamber, [cm]
T –  temperature, [°C]

Greek let ters

a –  spray cone angle
aEXP –  experimental values of a
aT –  theoretical values of a
e –  coefficient
zBX –  drop coefficient of entrance hole
q –  the amount of the friction effects
lk –  friction coefficient
µ –  discharge rate coefficient
mj –  passage efficiency (total discharge rate

–  coefficient)
xc –  resistance coefficient
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rf –  fuel densities, [kgm–3]
r0 –  oxidizer densities, [kgm–3]
jc –  outer radius nozzle, [cm]
y –  ratio cone angle to nozzle

Ac ro nyms

CCD –  charge coupled device
PDPA –  phase doppler particle analyzer
SMD –  sartre mean diameter


