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METHOD OF CALCULATION OF GENERATOR CLEARANCE OF 
A LIQUID FUEL INJECTOR 

N. S. Lamekin, Eng. 

(Moscow Aviation Institute) 

In this work is considered the question on determination 
of the length of the first region of instability in a gas 
jet, flowing from a channel under conditions of underexpan¬ 
sion, for the purpose of obtaining recommendations for the 
magnitude of clearance in an ultrasonic generator of a 
low-differential injector. 

The solution of the gas-dynamical problem is made in the 
assumption on the correctness of the equation of gas dynamics 
of a plane potential flow of gas for the case of flow in 
radial clearance. 

Results are given of experiments oh the study of the 
fineness of liquid atomization by an injector with an 
ultrasonic generator, conducted while taking into account 
recommendations of the author related to the length of the 
region of instability. 

Swirl-type injectors operate at différentiel liquid pressures from 

1 to 75 atm. For certain motors in the range of differential 

pressures up to 6 atm (gage), these injectors atomize the liquid 

unsatisfactorily, since the average diameter of the droplet reaches 

300-500 u. It is known that the complete process of combustion is 

observed when the average diameter of the droplet is ái4o Because 

of this, swirl-type injectors operate from differential pressures in 

i 



6 atm (gage), which limits their range of application. 

For breaking up the liquid flowing from the injector at low 

pressures, it is possible to use ultrasonics. The source of ultra¬ 

sonics in the given case 

is the gas generator 

(Fig. 1). Under action of 

ultrasonic vibrations 

‘appearing in the generator 

5 chamber, the liquid jet, 

flowing through clearance 

4, is broken up into drops. 

The generator comprises 

an annular chamber, which 

on the side if the air 

inlet has a sharp edge with 

an angle of q> s JO0. The chamber is braced to the injector casing J 

as shown in the diagram. 

On the basis of operation of the gas generator, there is taken 

the process of outflow of the supersonic gas jet (M è 1) from the 

nozzle with excess pressure in the jet. In connection with the excess 

of speed of gas over the speed of sound propagation in this gas, 

the flow acquires a periodic structure. On sections where the pressure 

increases, the flow is unstable (regions of instability: first, 

second, etc.). 

The resonator-chamber • 0f the gas generator 5, installed in the 

region of instability, gives sound and ultrasonic vibrations. Research 

related to determination of the length of the first region of instabil¬ 

ity was conducted for the first time by Emden [1]; he obtained 

Fig. 1. Diagram of injector with gen¬ 
erator: 1 — generator casing; 2 — 
liquid inlet into chamber; J — injector 
casing; 4 — radial clearance for liq¬ 
uid outlet; 5 — generator chamber with 
rod; 6 - air inlet; 7 - air outlet 
through annular nozzle. 



empirical formula 

A-kDl/P.-l.!», (i) 
[p * r = receiver] 

where A - length of the first region of instability (in the work it 
is called clearance A); 

D — nozzle diameter; 

Pr — air pressure in the receiver; 

k = 0.77-1.02. 

Prandtl attempted to substantiate his experimental data theoreti 

cally. However, the coefficient obtained by Prandtl k = 1.2 is very 

great, and his assumption on the average state of the jet — state of 

the jet on the nozzle outlet, is erroneous. 

Pack [1] offered to take parameters of the jet at the nozzle 

exit in the initial period of expansion at maximum distance from the 

axis of the nozzle. He obtained the formula for the length of the 

first part 

A - 1,220/M' - I , (2) 

where M = Mach number. 

To formula (1) for pressure Pr = 4.5 k^/cm2 « const. Pack recom 

mends k = 1.12; for the second and subsequent periods of a jet with 

pressure Pr = 3.5-7.5 kg/cm2, k = 1.06. 

On the basis of experimental data for M « 1, Hartman [2] reduces 

the emperical formula for determining distance i from the nozzle exit 
* 

to the resonator 

/ = D [H-0,04 (Pp-0,93)*]. (3) 

Hartman does not give the length of the first region of 

instability. 



For the case of small differences of pressures in the jet and 

environment, empirical formulas of the length of the first region of 

instability are given when Pext = P2 = 1 atm (abs.) [3, 4], 

-i«0.89/PFï79, (4) 

— »0,9 l/P,—1,9. (5) 

In 1959 Love and others [5] published a work, in which they 

offered a semiempirical formula for determination of length A. 

In [7], conducted on the basis of the theory of turbulent streams 

[8] under the direction of G. N. Abramovich, an empirical formula for 

determination of the length of the first region of instability (they 

sometimes call it the first "roll") of axisymmetric flow is given 

for il < 2 A * * A, 

for. n> 2 ï-A 

P0 
where n » -r (here P - air pressure at the nozzle outlet: 

ext 0 

Pext “ Pressure of external air); 

Aaa 

'■MX 

[bhx a o = outlet] 

(6) 

(7) 

R0 — radius of nozzle; 

A»3,l Mm [V*nMjlui—1 

t 
0,fi23 

for MMa < 1^¡ 

t ™ 0,451—0,016 M*,, for M„, 1,5. 

1 



This formula will better agree with experimental data obtained 

in Moscow Aviation Institute (MAI) and NASA than the formula offered 

by Love [5], 

As it is known, theoretical works on the determination of the 

length of the first region of instability is not published. The case 

[3] of application of the theory of small perturbations for small 

angles 0, is considered, so, for plane flow 

for axisymmetric flow 

D 
2 

tgl‘ 

A«i,30fil/MCT-ig5. (9) 

Works on the determination of this length for the outflow of a 

supersonic gas jet from the annular nozzle with excess pressure in 

the jet are not published. 

The author calculated the length of the first region at ratio 

(D - d)/D, equal to 10-20$. 

Change of pressure and speed are presented in Fig. 2a and b. 

This flow, directed into the generator chamber, causes the appearance 

of a shock wave, which starts to vibrate with a definite frequency 

(Fig. 3). Under the influence of excess pressure, appearing after 

the shock, the latter will start to shift into the area of high 

speeds. Excess pressure (dotted line A, Fig. 2c) appears due to the 

outflow of gas from the resonator into the wind. Then the shock moves 

to the oposite side due to its drop of pressure (dotted line B, Fig. 

2c), since in this case air pressure in the resonator will drop. 

In case of the outflow of gas through the annular nozzle,we 

will assume the gas pressure in the stream Pa to be larger than the 



Fig. 2. Mean parameters of supersonic 
flow: a) change of relative speed along 
the axis on a section of the nozzle 
exit; b) change of relative pressure; 
c) change of relative pressure after 
the shock. 
[ np = m = maximum, OK a sh « shock]. 



«i 
fraxîîomîOTDti, 

ext. Foreign gas is 

i • 

i i ' ".» t :f 

Fig. 3. Oscillo¬ 
gram of vibrations 
of air pressure in 
generator chamber. 

ambient pressure P( 

motionless; mixing with it is not considered, 

since the examined portion and time of inter¬ 

action are small. Viscosity is not taken into 

account. Then plane-parallel flow along the 

solid wall acquires a structure as shown on 

the diagram of Fig. 4. Since along line AC 

the pressure should be equal to Pext, then at point A are formed rare 

¡faction waves, reflecting from the solid wall at points a, o. Rare- 

jfaction waves are reflected from the boundary as compression waves. 
i 

Angle 0 is determined from the condition of expansion of flow M fc 1 

o P for sharp edge from P0 u 
ci ext* 

Fig. 4. Diagram of plane-parallel flow. 
[h = ext = external] 

Clearance A of the gas generator for a plane-parallel flow is 

determined through available values of \i, 0 by the following formulas 

/, 
D-d 

ctKI‘. (10) 
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»I* (11) h Ctg(l‘ — 20). 

Determining triangles 1, 2, and 5 consecutively, we obtain 

/ D —d sin (|* H" Q) sin8 (n — 0) 
* 2 sln(|i—0)slnnsln(|i — 20) 

(12) 

Lowering the simple trigonometric transformations, finally for 

+ lg + 1, we obtain 

D —cl tg(|i —0) — t^O. (13) 

The axisymmetric flow in the meridian section is possible to 

consider as plane-parallel, if the outflow of gas occurs through 

the annular nozzle with a small ratio of clearance to radius. 

It is known [6] that for the potential flow of gas, the equation 

for plane-parallel flow will be recorded 

axisymmetric flow 

,., OU . . f)V , rtl. OM 11 H- L *~r— 4- 2 K --— 0, 
<?x dy dx 

where H—l- U5» * 

n~- +l-^+2k4^-+n~o, 
àx Oy dx 

L ~ 1—■ Vi 
ii2 

K« — 
UV 
/i2 

N 
V . 

• 
y 

(14) 

(15) 

U and V - components of the speed of W along axes X, Y; a 

sound. 

Characteristics of equation (14) have the form 

speed of 

dy „ v (1W, 
—-- 
dx W 

"P ±d0tjrji »» 0, 
••i» 

(16) 
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and equation (15) 

dy 4_/f., ,, dW....... dx sin s n 0 ti; ik «. tg (fj ±|t); .|. t| 0 [\i |i-1——, 
dx WMJI y cos(0:j:ji) (17) 

where Wm — ratio of rate of flow to maximum velocity during the 
expansion of gas Pext = 0; 

U — Mach angle. 

A solution of equation (17) in analytic form is not found. 

In plane-parallel flow during expansion at the sharp edge the 

rate along each characteristic remains constant with respect to 

magnitude and direction. 

On the sharp edge of the nozzle in plane Y, parameters of flow 

are determined from equation (16). Characteristics (17) can be 

replaced by their tangents. We determine parameters of flow along 

these tangents by equation (16). 

However, when using equation (16) instead of (I7) (which is of 

interest for engineering calculations), it is necessary to estimate 

the greatest possible error appearing with this. For this we use 

equation (I7) in finite differences for the right characteristics 

related to flow 

ix.—iilL., 
; tufo-M) 

then the last term of equation (17) will be expressed 

in 
Ay slnusinOtm* 
y tg(|» + 0)cos(0-|-|i) 

Converting equation (l8), we will obtain 

(18) 

m ÍM tgi> 
tgG 

1 + 
lg(l 

1+. 
tgO 

tßl* 



we will designate 

ItfO 

1+- 
tgO A. 

H- 
tgO 

tifi* 

As can be seen during the change 6 < u < 90°; A £ tg 0 

us replace A tg u = Z, then 

K. Let 

IT) (19) 

The relative error in the determination of rate 

1*1- 7-7— 100"/,. 
I “r in 

Assigning; 6 5 5$* we obtain m « 0,05; ^ = 0,1, we receive 
y 

z = 0.5; 0^ = 20° we have A ã tg 20° = O.3697. Then 

tgl 
Z 

i tÆM — ■ HB 
0,5 

1,35 
A 0,3697 

11.¾ 50° 30'; M»l,25. 

Thus, with sufficient accuracy for practice, axisymmetric flow-in 

the meridian section can be considered as plane-parallel when air 

pressure is Pa^r £ 2.5 atm (abs.) and the pressure of external air 

Pext = 1 atm- 

We find the functional dependence of A through ¢. For this we 

will designate 

<|»* tg(|i —0)-tgO. (20) 

Having the function, expressed by equation (20), we construct 

dependence; 

Í (|‘), iI) Í (p) and <I> =s f (A), 

[b = air] 

10 



which are presented in Figs. 5 and 6. 

Using known [9] relations i_ = D 

and X = 4(lc + 0.3D), we obtain the 

geometric dimensions of the chamber of 

the generator (where X — frequency of 

oscillations; i — length of chamber). 

In Fig. 6 for comparison, we 

plotted dependences given by equations 

(3), (4), (5), (8), (9). On the basis 

of equation (15) and dependences given 

in Figs. 5 and 6, the following diagram 

of calculation of clearance A is offered; 

1) by the specified expenditure and total pressure of gas, having 

selected M s 1, we define D and at the nozzle exit; 
a 

2) by M ë 1 and P& > Pex1_ we find 0; 

5) we determine the ratio of p ^ ^ and magnitude A. 

0 

/« O.g/F.-I.O,e»0; «- -0P * 1,300 Vm»- l,e * 0; 3—-¡y’- 2/M>~. 

11 

Fig. 5. Dependence of M 
and 6 at the nozzle exit 
on the pressure in the re¬ 
ceiver when Pext = 1 atm. 



Example of Calculation of the Clearance of a 
Generator with an Annular Nozzle 

1. On the graph presented in Fig. 5, we draw the vertical for 

p. « 60, which corresponds to M - 1.144. 
i 

2. On the same graph we draw the horizontal, corresponding to a 

gas pressure of 4 atm (abs.). The point of intersection determines 

e * 10°. 

3. On the graph of Fig. 6 we draw the vertical, corresponding 

to ^ = 60 until intersection with 0 = 10°. 

4. By obtained value $ = 1, we find -j ^ = I.38. 

5. By given 52.5 kg/hr and M = 1.144, we determine D-d 

at the nozzle exit, then A = 1.38 (D-d). 

Since D = 12 mm, and d = 11.5 mm, then 

A « 1,38(12,0—11,ft) mm. 

By this method, the injector generator was calculated, prepared 

and tested at differential water pressures up to 6 atm (gage). We 

received the mean diameter 

Fig. 7. Dependence of mean diameter 
of drops on the pressure of liquid 
on entrance into the injector: 1 - 
casing No. 1; 2 — casing No. 3. 
[cp = mea = mean] 

of drops within limits of 

I3O-80 [i. The dependence 

of dmea = f(Pair) 18 Presented 

in Fig. 7. 

Conducted analysis 

shows that the annular flow 

with small radial clearance 

(10-20$ with respect to radius) approaches the plane flow. 

For the plane flow we obtained equation (I3) 

_A_ _2 
I) — d tg (|i — 0) ~ tg 0 ’ 

wmsaemHmmm 



which coincides with the equation of Pai Shih-i (curve 3, Fig. 6). 
of/ 

The presented method of calculating the clearance A/”ãh injector 

generator makes it possible to obtain qualitative atomization of liquid 

and to achieve a reduction of liquid pressure on entrance into the 

injector. 

Theoretical and experimental data concerning this question were 

partially published [10, 11], 

The clearance, determined by Hartman*s empirical formula (3), 

reaches great magnitudes (curve 5, Fig. 6), which eliminates the 

source of sound from the flowing liquid and worsens the quality of 

liquid atomization, since the dissipation of sound energy is observed 

Hartman*s formula is correct for M = 1. 
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