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SUMMARY

The elbow approach to the inner circle of nitric acid orifices in
an impinging jet type nitric acid = kerosene burner was thought to be
responsible for the poor spray characteristics and consequent rough cam-
bustion, Water flow tests with a test piece shewed that the actual cause
lay in the inclination of the entry face of each individual orifice to
the axis of the orifice This caused dispersion and deflection of the
issuing Jets and impingement was impaired,

Further tests spotlighted the importance of the contour of the entry
to the "shart tube" type of orifice - this should be radiused for best
results, In addition, the approach to the entry should bc as direct as
possible The existence of a discantinuity in the curve of discharge
coefficient against injection pressure was observed for all forms of
entry contour other than fully radiused. A method of calculating the
transition pressure for any liquid injected through an orifice of any
diameter is suggested.
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i Introduction

During water flow testing of two rocket motor burners of the two to
one impinging jet type of generally similar design, a marked difference
was noticed in the spray pattems, The jets from the orifices in burner
NA7, Fig,la, were clean and impinged accurately, producing a well atomized
and wniformly distributed spray, With burner NA12, Fig,1b, the jets from
the inner circle of orifices were disperse, impingement was impaired,
and the resultant spray was indifferently atomized and unevenly distribu-
ted, In firings with nitric acid and kerosefe as propellants, burner NA7
gave smooth ignition and combustion witi. the flame front stable at a
short distance from the face of the burner, whereas with bumer NA12 the
reverse was the case, ignition and combustion being noticeably rough,

Inspection of the orifices in burner NA12 for drilling defects,
for example burrs on entry or exil edges, revealed no reason for the poor
injection characteristics. Comparison of the designs shewed that the
only difference of significance lay in the approach Ppassages to the inner
oircle of orifices. In burner NA7 these orifices were drilled into an
amular channel normally; in burner NA12 they were fed through individual
drilled passages with elbow approach to the orifice,

In order to ascertain the precise reason for the difference in spray
prerformance, a single orifice flow test piece, Fig.2, was made up,
reproducing the elbow approach condition as to the inner circle of
orifices of burner NA12 and also allowing straight approach to the
orifice, The observations on water flow through this test piece proved
rather interesting and certain points that should be considered in the
design of impinging jet type burmers were underlined, An explanation
of the difference in spray performance be’ween the burners was found,
Although perhaps, in general, nothing previously unknown was discovered,
1t was considered worthwhile to rccord the findings of this investigation
for the benefit, specifically, of rocket motor designers.

2 Experimental procedure

For straight approach the water inlet to the test piece was at A,
Fig.2, and the pressure gauge was screwed in at B, For elbow approach
. the positions of the water inlet and the pressure gauge were reversed,
In all cases the jet was directed vertically downwards.

Flow rates were mcasured over a wide range of injection pressures
and the jet was photographed at pressures of 10, 50, 100 and 400 1b/sq in
(gauge). Note that the injection presswres used on rocket burners of
this type are usually of the order 100 to 140 1b/sq in (gauge). The
cxit temperatures of the water were recarded,

_ The diameter of the orifice was 0,073 in (Drill No.49), The size
and finish were examined by means of a microscope The tests were
repeated for length to diameter ratios of 10, 5 and 2,5, the last being
of the same order as the ratios in the burners, In order to reduce the
ratio, the surface C of the test picce was machined away.

3 Results and obsecrvations

3.1 TFlow rates and discharpge coefficients

'These are related by the expression

L 8w

x D2 [2g.p AP

~ly -

Cb:
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where Cp = discharge coefficient
w = weight flow rate ia 1b/sec
D = diameter of orifice in inches
g = acceleration due to gravity in i“q"secz
= density of liquid in 1b/cu £t
AP = injection pressure in 1b/sq ia (gauge)

The results are rccorded in Appendix I, The curves of flow rates
and, therefore, of discharge coefficients against injection pressures were
similar for all the tests, Figs,3a and 3b, They shewed an initial sharp
rige, followed by a drop of some 15 to 18% to constant values of discharge
coefficient between 0,63 and 0,68, The discharge coefficients increased
slightly with decrecse of the L/D ratio, owing to the reduction in
frictional loss in the shorter orifices, The lower discharge coefficients
for elbow apprcach were ascribed to the elbow loss,

3,2 Jet deflection

In all the tests, the Jjet made an angle with the axls of the orifice
in the plane of the orifice and approach passage, but was in line with
the axis in the pvlane normal to the former plane, Th¢ angles for I/D
ratios of 10, 5 and 2,5 were respectively about 1°, 2°, and between 5°and
60 . As can be seen from Fig,4 and 5; thesc angles were not affected by
the method of apuroach and very little by the injection pressure, the
angle increasing slightly in each case with increasing injection pressure
from a minimun at the transition point, Fig,6.

3.3 Jet dispersion

On gradually increasing the injection jressure from zero, it was
observed that the jet became more dispersed,until at a certain pressure
it suddenly contracted into a smooth rod of liquid, Further increase of
pressure caused the jet again to become more ragged, wntil finally
disintegration was occurring at or very close to the exit from the orifice.
The spray was not, however, a cone of circular section but was elliptiecal
in section, the major axis being in the plane of the orifice and approach
passage, see Fig L and 5, The transition to a rod-like jet was associa-
ted with the abrupt drop in the discharge coefficient mentioned in para,3,1.
When reducing the pressure in the region of the transition pressure, the
reverse change in the Jjet was not seen to occuwr and there was no discon-
tinuity in the discharge coefficient curve, see Fig,6, Thus, at pressures
below the transition pressure, the discharge coefficient curves for
inereasing and decreasing injection presswes did not coincide, see Fig, 3b.

L Discussion

L.1 Jet deflection

As there was no difference in deflection for the two different
methods of apvroach, straight or elbow, it was deduced that the deflection
of the jet was due to the entry face not being normal to the axis of the
orifice, The probable pattern of flow in the orifice is shewn in Fig,7a.
Corroborative examples from Hauschildtl are reproduced in Fig,7b. With
the larger I/D ratios, the deflection might be expected to be reduced
because of the increased directive effect of the orifice walls,

—~H=
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In check tests with the entry face cut normal to the orifice axis,
the jet was not deflected from the line of the orifice axis; this verified
the deduction above, see para,b.

4.2 Jet dispersion

Since the entry face was not normal to the orifice axis, the sharp
edge where the orifice was drilled through that face was elliptical, not
circular. The centre line of the jet stream through the entry section
would not be either along the line of the orifice axis or normal to the
entry seotion, but at some intermediate angle, as in Fig,7a. The Jet
stream, in addition.to making an angle with the orifice axis, would also
be to some extent elliptical in section, The edges of the jet across the
major axis would, therefore, first contact the walls of the orifice, It
was considered that this was the reason for the uneven dispersion of the
emergent jet,

4.3 Discharge coefficients

Although the injection passage has been referred to as an "orifice",
in actual fact it should more correctly be termed a "short tube", At low
injeotion pressures, the ghort tube runs full with discharge coefficients
of the order of 0,80 or more, i,e, discharge coefficient is the product
of velocity and contraction coefficients, the latter having its maximum
value of unity in the case of a short tube running full?, Abowe a certain
pressure, the jet springs away from the walls of the tube and when there
is a sharp edged entry the tube then discharges as a sharp edged orifice,
with a contraction coefficient less than wnity. It is generally stated
that the maximum pressure at which a short tube runs full is equal to the
atmospheric pressure divided by the velocity coefficient, The transition
pressures in the present tests were higher than this value, as also were
the values reported by Wardd, Bird¥, and Kuettner?, The values of
Reynolds number at which transition occurred in the present work and as
given by Ward and Bird are shewn respectively in Figs.8a, 8b and 8e.
Adopting Ohnesorge‘SG method of plotting Reynolds number against another
dimensionless parameter Z, see Appendix II and Fig.9, it was found that
the transition points recorded by the above workers and the authors of
this paper lay on a straight line, which in fact almost coincided with
Ohnesorge's line marking the initiation of the final stage of jet dis-
integration, It should be noted that the dimensionless parameters
Reynolds number and Z characterise the flow and the physical properties
of the liquid respectively., The transition point appears to be that at
which the inertia forces in the stream overcome the restraining forces
of viscosity and surface tension.

From the straight line plot of Fig.9, it should be allowable to
predict the transition pressure for any given combination of liquid and
orifice diameter. This has been done, see Appendix II, for water and
some liquid rocket propellants with the results plotted in Fig,10. 2
was calculated for different values of orifice diameter and liquid
properties, and the corresponding values of Reynolds number taken from
Fig.9; injection pressures were then calculated assuming a discharge
coefficient of 0,65, From the available references, it would appear
that the validity of the plot in Fig,9 may be limited to orifices with
I/D ratios of less than 1 and between about 2,5 and 6.5.

5 Further tests and discussion
The orifice in the test piece was drilled out to about z in, diameter,

in order that plugs with drilled orifices could be ingserted for test., Flow
tests were carried out with the orifices shewn in Fig,1l. These orifices

s
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had a common diameter of 0,073 in, and I/D ratio of 2.5. In every case,
the entry face was normal to the orifice axis and differed only in the
treatment of the entry cdge.

In all cases, the issuing jet wag clean for straight approach and
digpersed but not deflected for elbow approach, Flotting discharge
coefficients against injection pressures, as in Fig.l1ll, the discharge
coefficients for elbow approach were slightly higher than for straight
approach, the curves converging at increased pressures and actually
crossing in the case of the orifice with rounded entry. The latter
orifice gave the highest values of discharge ‘coefficients and the graph
of discharge coefficient against pressurce showed no discontinuity, The
other entry forms in order of descending discharge coefficients were:-
countersunk by centre drill (angle 60°), countersunk by twist drill
(angle 110°) and sharp-edged, The discontinuity bccame more marked in
the same order, It should be noted that no accurate measurements were
made of the contouring of the entry edges; the operations were carried
out as they might be in the manufacturc of a rocket burner, the con-
touring being judged visually.

6 Conclusions

The original purpose of this work was to investigate the reasons for
the poor zpray characteristics and consequent rough combustion with an
. impinging jet tyre rocket burner, The tests described demonstrated that
the cause lay in the inclination of the entry face of each individual
orifice %o the axis of the orifice, This led to dispersion and deflection
of the individual jets, resulting in poor 1mpmgement and hence poor
atomization and mixing,

Jome obgervations of interest in the design of rocket burners with
"short tube" injection orifices were made, The design points underlined
are not new, but it was considered useful to restate them for the parti-
oular benefit of rocket designers:- b

(a) The entry and cxit faces of the individual orifices should be normal
to the axis of the orifice. . ;

(b) The treatment of the entry edge of the orifice is critical, Preferably
this should be carefully radiused, If this is not possible for practical
reasons, the treatment of the entry cdge, in order of preference, should

be, either countersunk by centre drill, or countersunk by twist drill or
sharp edged, Clean finish to the bore of the orifice and freecdom of the
edges from burrs are regarded as absolute essentials,

(¢) With any but the rounded entry, there will be a discontinuity in the
plot of discharge cocefficient against injection pressure., The orifice
diameter chould be selected so that the required throughput is obtained
at an injection pressure remote from the transition pressure, otherwise
there is the possibility of pulsating injection,  In a rocket motor this
would become evident as combustion vibrations..

(d) The method of approach to the orifice proper is also of importance,
This should be as dircct as possible and of reasonable cross-sectional
area compared with the orifice area,

H
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APPEIDIX T

Tabulated Test Results

For the figures tabulated below three measurements were normally
made for each set of conditions, With a few explainable exceptions,
the consistency in the results was good, The spray times varied from
10 to 60 sec depending on the throughput, The water temperatures as
measured were between 14.6 and 15,2° throughout the tests, A tempera-
. ture of 15,09 was assumed when taking values of the physical properties
of water for purposes of calculation, ' '

Discharge coefficients were calculated from the following equation:=

LBw

Cp
% D2 J 2g.p. AP

It

where w = weight flow rate, 1h/sec
D = diameter of orifice, 0,073 in.
g = acceleration due to gravity, 32.2 ft/sec?
p = density of liquid, 62,4 1b/ou £t
AP = injection pressure, 1b/sq in (gauge)
o w Oy = 5N

Vap

TABLE I

Test results for orifice with ratio L/D = 10 (Fig,3a)

Central approach Elbow approach
AP W AP w
1L)/sq in, 1b/sec Cp 1b/sq in. 1b/sec D
5 0,036 0.720 7 0,047 0.792
10 0.05, 0..772 10 0.056 0.798
20 0.075 0,761 20 0.079 0,797
25 0.083 0.751 30 0, 094 0.770
32 0,090 0,735 50 0,101 0.645
L5 0,106 0.710 75 0.120 0.640
71 0.126 0.673 125 0,167 0,638
77 0.129 0,662 200 0.199 0,635
118 0,156 0,648 300 0,241 0,628
150 0.175 0.645 L00 0.275 0,622
214 0.208 0,645
300 0.247 0.643
400 0. 283 0,640
...9...
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TABLE II

Test results for orifice with ratio IL/D = 5 (Fig.3a)

Test results for orifice with ratio L/D = 5 (Fig.3b)

AP w ]
1b/sq in 1b/sec Cp Re
4,8 0,027 0,565 7340
9.0 0.047 0.715 | 12860
F2 0,056 0,730 15320
20 0,077 0.775 21070
30.5 0, 094 0,765 25440
40 0,104 0,743 28200
48 0,109 0,712 29600
56 0,117 0,653 31750
80 0,130 0,558 35500
LO.5 0,091 0,64l 21,700
30 | 0,078 0, 64 21330
20 0, 06l 0,642 17520
15 0,055 0.637 15050
9.5 0. 043 0,632 11770
|

Central approach Elbow approach

QP w C AP w G
1b/sq in, 1b/sec D 1b/sq in. 1b/sec D
5 0,030 0,605 7.5 0,042 0.690
10 0.050 0.715 10 0.049 0,705
20 0,077 0.780 20 0,078 0.785
30 0.097 0.795 35 0,101 0. 770
50 0,104 0.665 75 0,124 0,650
100 0.145 0.655 100 0,144 0.650
200 0,207 0,660 200 0,202 0.647
300 0,253 0,660 300 0.248 0.648
400 0,292 0,665 400 0.285 0,645

TAELE III

The last colum (Reynolds number) is required for Fig,8a and is
calculated fraom

where VvV =

vo=

kinematic viscosity, 1.225 x 10~ ft2/sec for water at 15°C

Jet velocity

L

(=
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Now as
v o= el
p D% %
then
Re = ———iL—w— W
p.D. Ty
= 2,745 x 10° w
TABLE IV
Test results for orifice with ratio I/D = 2,5 (Fig.3a)
Central approach Elbow approach
Ap w G AP w
1b/sq in. 1b/sec D 14/sq in. 1/seo Cp
5 0.029 0. 585 5 0,038 0.765
10 0.Q49 0.705 12 0,054 0,705
15 0,065 0.757 15 0,056 0.652
30 0, 083 0.685 30 0.079 0.653
50 0,108 0,690 L7 0,098 0,648
70 0.129 0.695 100 0,142 0,643
100 0,154 |';'_)_69}+ 200 0,199 0, 638
150 0,183 0,678 300 0. 244 0,637
200 0,213 0,680 400 0.281 0.635
300 0,261 0,681
400 0,300 0.677
-111_
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Calculations for Fig.8, 9 and 10

TABLE V

'baiqulationé of Reynolds number and number Z (Fig,8; 9 and 10)

Ward Bird Kuettner YD, E
1IFfr KC - . - A
Sekte (Re£.3) | (Rer,h) | (Ref,5) |(Re,7) | A0™hors
2 H "~ | Light |
Liquid eavy Diesel Water Water Water
! Kerosene 0il
DI mm 2,5 0.33 1,5 : 50 1,854
‘ 'in_f : 0,099 0.013 0,059 1. 97 0.073
&y % | 15 15 14.5 15 15
: . k.
104, 5= 12,605 | 490 1,17 137 | 237
3 ;2
106y, B2 3,10 1,15 1.15 | 1.15
- - sé0
10%-,%% 27.0 32,1 74.5 .5 | 4.5
0, X& 825 860 1000 1000 | 1000
m
107 Re 1.0 0.3 2.3 10.0 2,96
16°.2 ' 1.10 50,8 3..07 0.50 | 6.67
D = diameter of orifice
t; = temperature of liquid
N = Jdynamic viscosity of liquid
v ‘= kinematic viscosity of liquid
0 = surface tension of liquid
o = density of liquid
Re = 3%2- = Reynolds number
where v = mean jet velocity,
Co7 T G
\/a.gq.
z D
where g = acceleration due to gravity.
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Example: Liguid: Water

Orifice Dia,: 1 m.m,
Liquid Temp,: 20%C

(1) Calculate Z from values of physical properties of liquid

=l
z 1.025 x 10 = 3.7% x 1073
V s \/735x10"*+ ;.OOOX:LO}
(2) Take Rg for transition point for number Z from Fig.9
AP
2g XD
Rg = 2.25x101+ = V;'D = 2 P

v

(3) Calculate AP from Re, assuming Cp = 0,65

2
fie (Re.u>2£_ ) (.25 x 10k x 1,006 X 106\" 1000 _ ¢ 00 ke
Cp D/ 2g 0,65 x 10=3 19,62 m2

= 6.16 X& = 88 1b/in®

am?

<ll=
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FIG.I

KEROSENE

4 A. BURNER N.A.7
|

| L/D RATIO 23
e _ (30 ORIFICES No.55 DRILL (-052 DIA)
" | KEROSENE QL‘/D i

DISTANCE TO POINT OF IMPINGEMENT -55 IN.

NITRIC ACID

NITRIC ACID

B. BURNER N.A.12

89 ORIFICES No.49 DRILL (-073 DIA)
NITRI J
RCACD {L/D RATIO 2:5
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FIG.4
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FIG.6
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