IOURNAL OF ENGINEERING l S
HRAER & oF

FAI'.:I.II.TV OF ENGINEERING HUNEDOARA
TOME VI (year 2008), FASCICULE 3, (ISSN 1584 — 2673)

INCREASING PROPULSIVE FORCE IN JET ENGINE
USING D-B INJECTORS

1920

1. Fathollah OMMI, 2 Koros NEKOFAR, - Ensan MOVAHEDNEJAD

1Faculty of Engineering, Tarbiat Modares University, Tehran, IRAN
2ranian Space Agency (ISA), Tehran, IRAN

ABSTRACT:

In this work the fundamentals of centrifugal injector’s calculation are reviewed and new design
procedure is proposed for liquid-liquid injectors, based on both theory and experimental results.
Then some special conditions related to dual based liquid-liquid injectors are studied and the
corresponding results were considered in design manipulation. The behavior of injector in
various service conditions, such as mutual effects on twin spray envelopes in dual-base injector
is investigated, and then the design procedure is presented based on obtained results. Finally
the computer program for designing this sort of injector is proposed. Using this program, some
injectors were designed and tested. The results were presented in details in this paper.
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1. INTRODUCTION

The dual based liquid-liquid injectors have many advantages which have given
them the capability of many applications in jet industries. Using these injectors, a very
better mixing between fuel and oxidizer can be achieved, which causes better
combustion conditions and reduction in probability of combustion instability. In addition,
since the fuel and oxidizer are both exhausted from one injector, it is possible to have
higher discharge rate of fuel and oxidizer without any increase in the diameter of injector
plate and in the same way, obtain higher trust or in case of having fixed discharge rate,
it is possible to decrease combustion chamber diameter. This, in turn, gives higher
pressure in the combustion chamber.

The centrifugal system is used in designing and manufacturing of liquid-liquid base
injectors. One of the main advantages of these injectors is the capability of producing
spray with desirable spray angle and forming Micro-diameter drops which provide
perfect combustion.

In the presented design procedure, the governing equations for an ideal fluid are
solved and the results are corrected using some correction factors based on
experimental data. The rules used in the centrifugal injector theory are based on the
principles of mass, angular momentum and energy conservation or Bernoulli's Equation
and maximum flow rate and minimum energy laws that are explained below.

Fig.1 shows a schematic of a cenftrifugal injector in which dsx, Lsx and Dk are the
enfrance whole diameter, the length of entrance hole and the rotation radius,
respectively.
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D The geometrical characteristic
parameter of a centrifugal injector has an
TR == important rule in the desi d di
= ._:rf\ important rule in the design procedure and is
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,-/ r > were r, is exit whole diameter of nozzle.
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F According fo the conservation of
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i N — constant.
; R - __;r-_-‘—_‘—_*__:-— M:Vurzvimchonst. (2)
— AN — The centrifugal force of the fluid
== T = . . .
S e e e increases as it passes through the injector. Due
_—:_:,_Ef' — = to this force, a hollow cylinder shape flow
e el e, i s " forms at the exit of the injector which is filed
i w————, i S by air.
N daiis: | The cross section area of this flow is
' ! equal to:
FK =n(rg - r%)chcnrg
Fig.1 Centrifugal injector cross section [l (3)

where r, , r.and ¢, are the inner, outfer radius and nozzle contraction coefficient

respectively.
@, is defined as:

0. =1-2 (4

According the maximum mass flow rate principle, for an optfimal amount of ¢, the
discharge rate of the injector becomes maximum.

The injector flow rate is equal to:
G= nrguJQpAp(p (5)

In which, p is called discharge rate coefficient which is a function of A and¢,.. Where, A
is Geometrical characteristic. According to the explanations given above and the principal
of maximum discharge rate, d iz /d @, = 0 and from this, the relationship between A and ¢, is
obtained.

2. THE FRICTION EFFECT ON THE FLOW

When the fluid passes through the entrance whole and reaches to swirl chamber, a
pressure drop is formed in fluid ( Ap,, ) that is equal to:
2

pV,
Appx = CBx 2BX (6)

where ¢, . is the drop coefficient of entrance hole and is obtained from experimental

tests. Fig.2 shows the variation diagram of ¢, as a function of Reynolds number (Re;, )
which is defined as the following:
_ VaxdpxVn

ReBX v

(7)
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Fig. 4 Relationship between value of friction and the
input Reynolds number ']
1) Experimental relation, 2) Theoretical relations
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When the fluid enters to swirl
chamber from entrance hole, it
contracts in a way that the average
radius of rotafion increases and

changes fromR foR, .

A coefficient named ¢ is
defined here and is found from
experimental tests as follows:

= — 8
t= R, 8
Fig.3 presents the variation of

g versus 1/B, whereB = R .
'BX
Using the coefficient €, the
injector geometrical characteristic

(A, ) can be calculated from:

ch
AD = enr2 7

BX
There is a loss of energy inside
the swirl chamber due to the friction
between the fluid and the wall. The
amount of friction is obtained using

the friction coefficient )\kwhich is

obtained from fig.4.

The parameter 6 is defined that
shows the amount of the friction effects
and is equal to:

A R
k k
0=—Ap(—/-1 10
> A=) 10)

where Rk is the radius of swirl chamber.

A hydraulic jump occurs because
of an abrupt change of flow path slop,
just after the nozzle entrance cone. This
in furns causes an energy loss in
entrance channel (ABx) swirl chamber
and the nozzle plays an important role
in the design of injector.
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o The shape of spray is a cone with
10 an angle of which its calculated value is
2842, corrected using the following correction
o 00 factor:

075 Pg\m--__ ol _a -,

o 0 = o= EXP (-l 2)
oT

qsa qa Where a,,, and «a, are experimental
L G ar ¥ B F and theoretical values of « respectively.
Fig. 5 Relationship of spray cone relative Fig.5 shows the diagram of «

angle a with © set versus the 6 collection.

3. CENTRIFUGAL INJECTOR DESIGN PROCEDURE

The centrifugal injector should provide the necessary discharge rate of the fluid under a
definite spray cone angle and the pressure difference. It is also recommended to have
minimum energy drop, in order fo face with minimum reduce of exit flow velocity and
injection quality.

As mentioned before the total amount of 6 determines the effect of friction and the
smaller value of 6 show the smaller effects of fluid viscosity on the injector hydraulics.

For low viscosity liquids such as gasoline, oil and water, if the suitable rang of injector

expansion coefficient (C¢ = r&) recommend within 1.25< Cc <5°. In this state as spray cone
C

angle is larger; the size of Cc should be smaller. As the length of nozzle is not desirable, since it

leads to a decrease in the spray cone angle, it is recommended to take (L, = Lc/dc) in the

range of0.25< L. <1.0. It is also recommended to take the input cone angle to nozzle (y ) in

the range of 60 < i <120 range. If the entry canals do not have sufficient length, the current

fails in taking fangent direction and inclines towards the rotation chamber axis and as a
result, the cone spray angle becomes smaller and the discharge coefficient becomes bigger.
Therefore, the length of input canals should not be smaller than one and a half time of its
internal diameter. On the other hand, this length should not be too large since in such
sifuation, the energy loss resulted from friction becomes high.

In most injectors, 2 to 3 canals will be sufficient o make the symmetric spray cone
becomes same with diffusion. When the number of canals becomes more than 3, no
considerable change is made in the quality of fuel distribution; however, the injector structure
becomes more complex and its precision becomes less. In open injectors (low amounts of C¢)
the loss of energy reveals itself in input canals; thus, it is necessary to take Cc bigger than 1.25
(Cc21.25).

The hydraulic design of a simple centrifugal injector includes determining dimensions of
nozzle, swirl chamber and input canals. The initial data consists of: the cone angle of spray,
discharge rate, pressure difference of injector, and the entrance angle to nozzle, number of
holes to the swirl chamber, density and fluid viscosity.

The design stages could be described:

1. Determine the values of y, n, Ce¢, V, p, G (Injector flow rate) Ap(/,onda .
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2. Considering ag=0.85as the first approximation from its range of variation, 0.5<«a <1.and

calculating the spray con angle from: A,
gp o
(o75) c @
=— 13 k
17085 13) a8 \\ 150
3. Obtaining the value of Ap; using Fig.6 and the value of ¢ . 06 &Y N _—
4. Determine the value of 1 using Fig.6. & o =1 [ w0
5. Obtain the injector nozzle diameter from the following 0.4 o =
equation BI: o %\\ [ ——50
d 4G ng TN
(o Y I P
|y 2PAXg 0 2 4 6 8 4
6. Determine the swirl radius R, using chosen value of Cc and Fig.6 Relationship of discharge
Rei (Injector nozzle radius): coefficient and nozzle contraction
RI = CCRCI (15) coefficient and spray cone angle o
7. Calculating the entrance channel diameter using the fhe geome;:]rj'gccfrg%(fCTer'ST'c of
following relation:
Rirg
dpxL =2 - 16
BXL conApr (16)
€ = 0.8 as the first approximation.
8. Calculating the flow Reynolds number [41:
4G
ReBx] = (] 7)
pvndgygvn
9. Determine the friction coefficient using Fig.4.
10. Calculate the injector equivalent characteristic length using 151:
- ADL (18)
c 1+ 9|
where 07 = 0.560,;ApL (i — 1) and Ck1=Ce + Bx1 o= AL+KTKC|‘ where G surface tension.
Fel D
11. Determine uer and aer using Fig.é.
12. Obtaining the value of a; using Fig.5.
13. Calculate the first approximation of spray cone angle 1.
Opy = 0L0Lg (19)
14. Calculate the total energy loss in injector using Fig.2:
AEABX] + Ak] + AC] (20)
15. Calculating ABx using the following equation:
2
A R
ABX| =gy —.,Cc =— (21)
| = 5Bx Cg e
16. Calculating AK by the following equation 1.
Ap 1 .2 Ap 1
e |1, 1 2 206 2 T2ek
AK:? ;(]—a)ﬁ—Kk iln(QG—Xk)ADCk (22)
262 2
RIS _Ry
G—AD+2Ck Ck—rc

17. Selecting an appropriate value for nozzle resistance coefficient (¢, ) in the range of 0.11
and 0.16 1,

18. Obtaining ¢, using Fig.6 and considering A= Aci.

19. Calculating AC, using the following equation:
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Ac = =€ (23)
Pc

20. Obtaining a first approximate value for,upl (8l;

n
ol = (24)
1+ AE]MG]

21. Calculating the coefficient of transformation, ¢, via Fig.3.
22. Updating the values of &1, u,,and a1 by comparing the calculated values of €, x4 and
Qo, Where ao is spray angle of oxidizer. 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 ao and amount of ar obtained from the first approximation is obtained to be as
Qo= ao/ ar.
23. Considering the value of a2 and using Fig.6 the values of u2 and Apz are calculated.
24. Calculating pz using the obtained coefficient of energy loss (g, ), by the following

expression.
o H2 (25)

Ry =
VI+AZ 3
25. Calculating the nozzle injector diameter using the following formula:
4G

dep = |—p—
TG A/ 2pAPD

26. Obtaining the swirl radius by: R2= Cecrc
27. Calculating the inlet channel diameter using the following expression [91:

Ror, A Ror
de2=2\/ 2c2 _SKZZe2(c ) (28)
S]I"IADQ 2 €1n

(2¢)

Where, n is determined before and the amount of 1, Cx and & will obtain in the first

k1l
approximation.
28. Reynolds number is calculated [101;
4G
ReBX2 = (29)
pvrdpyovn
29. The friction coefficient is determined using Fig.5.
30. Obtaining the injector equivalent characteristic using:
R
Aeg=—2€2 (30)

8]ﬂl‘§x2“ + 62)
Where, Ck2=cc+rB_><2 and QQZM Rofeo .
' 2 gnie
31. Determining the amounts of pe2 and a ez using Fig.6.

32. Obtaining the value of a2 by using Fig.5.
33. By using formulaap, =aragy , the magnitude of the spray cone in second approximation

is obtained.
34. Calculating the energy loss coefficient using the same procedure in the first stage.
35. The discharge coefficient in second approximation is obtained from following relations:

_ Ho2 (31)

Hpo =
P NEWS ST

36. Obtaining the value of €2 using the values of B2 and 1 (Fig.3).
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37. Comparing the calculated values of €2, apz and u,,, with the previous values of €1, ao and

M, in order to calculate their approximation. If a good convergence can not be obtained,

one has to select a smaller value for cc and repeat the appropriate stages.
38. After calculation of dc, R and dsx, other geometrical sizes of injector are calculated. The
diameter of swirl enclosure is obtained in the next step by using this formula 111:
Dy = 2R +rgy)

Then the nozzle length (Lc), inlet channel length (Lex) and swirl enclosure length (Lk) are
selected, considering the aforementioned comments.
39. The proposed procedure has an extensive application and its results are precise within
+10%.

4. THE DOUBLE-BASE CENTRIFUGAL INJECTOR CALCULATION

Fig.7 shows a Double-base injector 12, In this injector, fuel and oxidizer are mixed
outside the injector. The injector parameters should be selected in a way that the fuel and
oxidizer spray cones do not cut each other near nozzle outlet. ar and ao show the spray angle
of fuel and the angle of oxidizer, respectively. The design procedure of single injectors is
applied for designing the double-base injector. An important point in designing this type of
injector is that the gas vortex radius of the outer injector should be more than external radius
of cenftral injector nozzle. One should also consider that for the contact of two spray
umbrella, the spray cone angle in the inner injector should be more than outer one.

Considering an ideal fluid and same pressure difference
for both fuel and oxidizer paths the following expressions are
derived for these types of injectors [131:

Vixo _ [P0 (32)

VBxF | PF
In which, p,. p, are oxidizer and fuel densities, respectively.

The oxidizer to fuel mass flow rate ratio is:

2
K, = 40 _Nodsx0 Jpo (33)
MyF anéxF PF

Where, m,,and my. are the oxidizer and fuel mass flow

rates, respectively. The total flow rate is equal to:

Fig.7 Dual-base external mixing .,

injector 12 My =myo+ My =Nomley PoVBx0o (34)
inwhich - _ ray o[ Km * 1 Considering the law of angular momentum conservation one may
Bx X
Km
write 14
M = RVpy =RVByx0 (35)
K +~/R\/%) (36)
Rf =Rgyg =R s R:RW
P
W
PF
VBx = VBx0 (37)
Kp +1

According to the aforementioned relations, the geometric characteristic of a double-
based centrifugal injector could be written as:
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(Km+])(Km+E—:) Nor2.o
Expression for,u¢, @ and a, are the same as those for single-base injector with

substitution of 4 by A . Therefore, one may write:

in which or = por(1+Km) and 4, is the passage efficiency or total discharge rate coefficient and

Po + Kmpr
F,, is the cross section area of flux in nozzle.
Depending on the value of ¢ = 5, some corrections in discharge coefficient might be
rC
p necessary. The relationship between
i./.;““/'ue-—— s 5 experimental and theorefical discharge
J rate coefficient (u, & u,.,,) as a function
o ¢
W = - 55/ = of & is presented graphically in Fig.8 131,
&
(-] rc
a5

T Y I v R Y R 7 Ry 7

Fig.8 Correction factor of coefficient flow versus swirl
radius

5. RESULTS OF DESIGNING A DOUBLE-BASE INJECTOR

Based on the presented design procedure, a computer code is developed, which
performs the design and necessary calculations of different dimensions of injector. This
program designs injector based on design data and calculates its dimensions.

To design a double-base injector, the data of internal and external injector should be
input in the program separately to obtain its geometry.

However, as mentioned, the radius of air vortex in the external injector should be more
than the external radius of nozzle in the inner injector. At the same time, the spray cone angle
of inner injector should be more than outer injector therefore both spray cones would
contact after discharging form injector. Fig.9 and 10 present the results and comparison
between the experimental and calculated values for a specific set of design conditions.
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Fig. 10 Discharge rate of outer injector versus pressure

The experimental relation of maximum discharge rate is as the following:

A
[AGJ _1338c g 3,2%Bx , g ¢72R (40)
Max dc dBx R

Based on the production process precision, the maximum design error is around 16%
which adds up to 26% with considering the design error. Fig. ? shows the variation of inner
injectors mass flow rate versus the pressure difference. The average discharge rate of 3
injectors in 10 bar pressure is 2356 cc/sec. Therefore, the discharge rate error will be
17.8%; however, this error has been predicted less than the maximum predicted error of
26%. By decreasing the design and production inaccuracy, one could decrease
discharge rate error.
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Fig.10 shows the variation of outer injectors discharge rate per pressure difference;
that is 4 bars, is 118.5 cc/sec. Therefore, the error in the discharge rate is 18.5% and it is
less than maximum error predicted; that is, 26%. The spray umbrella of these injectors in
0.16 bar pressure is changed from fulip shape to cone shape.

We performed another test to study the effect of existing an internal injector,
particularly its nozzle on the discharge rate of external injector/ First, we made a part
that could replace internal injector but lack its lower parts (nozzle) and this part was
assembled in the external injector, instead of the internal injector. The external injector
was then tested. According to this test, it was revealed that there would be not much
variation in discharge rate; in another word, the existence of nozzle of internal injector
would leave no effects on the path and movement of flux in outer injector.

6. CONCLUSION

A theorefical design procedure for double-base liquid-liquid centrifugal injectors is
presented. A computer code is developed for the proposed method and the results are
compared with experimental data. According to these comparisons one has to develop
more precise manufacturing procedures in order to decrease the amount of errors.
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