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Figure 6. - Observed representations of liquid jet breakup lengths with four
different iniection techniques at constant relative velocity, V,.
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exhausted into the atmosphere. Airflow rate was
determined with an orifice as the airflow control
valve was opened until the desired airflow rate per
unit area_was obtained over the range of 4.6 to

25.2 g/cmé-sec. and an air velocity range of 61 tc
214 m/sec. The brlimouth test section shown in fig-
ure 1 has a total length of 15.2 cm, an inside diame-
ter (of the circular duct) of 7.6 cm and it is mounted
inside of a duct that is 5 m 1n length with an inside-
diameter of 15.2 cm.

Water jets, at 293 K-as determined with an I.C.
thermocouple, were axially injected in the airstream
ty gradually opening 2 water flow control valve until
the desired water flow rate of 68 liters/hour was
obtained as measured with a turbine fiowmeter. This
gave liquid jet velocities of 70, 23, and 5 m/sec. for
the three different injector tubes having inside
diameters of 0.58, 0.102, ard 0.216 cm, respectively.
The tubes were 2.5 cm in length and each was inserted
and centered 1.3 cm inside of a 0.64 cm outside-
diameter tube and silver soldered to that tube. In
tests using swirling airflow, the air swirler was
mounted on the injector tube as shown in figure 2.

When the air and wuter flow rates were set, mean
drop diameter data were obtained with the scanning
raciometer mounted 11.4 cm. downstream of the open-
duct exit. The scanning radiometer optical system
shown in figure 3 consisted of a l-milliwait helium-
neon laser, a 0.003-cm.-diam. aperature, a 7.5-cm-diam
collimating lens, a 10-cm-diam converging lens, a
5-cm-diam collecting lens, a scanning disk with a
0.05- by 0.05-cm slit, a timing light, and 2 photo-
multiplier detector. A more complete description of
the scanning radiometer, the meen drop diameter range,
and the method of determining mean particle diameter
are discussed in references 5 and 6.

EXPERIMENTAL RESULTS

Aerodynamic forces of conventional non-swirling
and swirling airfloss were utilized to breakup water
Jjets and simulate fuel atomization in aircraft gas
turbine combustors with the test facility and auxil-
iary equipment shown in figure 1. Mean drop aiameters
were determined for sprays which were produced by the
three following techniques: (1) downstream injection
in non-swiriing airflow, (Z) downstream injection in
swirling airflows, and (3) upstream injection in nor-
swirling airflows.

Downstream Injection in Non-Swirling Airf low

Mean drop diameter data for sprays produced by
three different injector tubes were obtained with tne
scanning radiometer for downstream injection in non-
swirling airflows. The effect of mass velocity,
oa¥r, (or G) on the reciprocal mean drop diameter,
D!, is useful in characterizing a spray in terms
of surface are? per umt volgme of spray and may be
defined as TnD?/ L nD3, since it re-
presents the recnprocal dlamet.er of a single drop
having the same area to volume ratio as that of the
entire spray of droplets. At the same values of G
or paVy, the injector with the smallest inside
diameter, 0.0584 cm, produced the largest area-to-
volume ratio, Dm*. Thus, as shown in figure 4,
increasing the mass velocity, paVp, from 4.6 to
25 g/cmé-sec increased the spray area per unit
volume as glilen by the following empirical relation;
Orl = (oa¥r)l-?

In a previous study of the mean drop size of
sprays produced by cross stream injection of liquid
Jjets in high velocity airstreams, reference 1, it was
found that the ratio of the inside diameter, Dy, to
the mean drop diameter, Dm, could be correlated with
the product of the Weber number, We, and the Reynolds
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number, Re, as follows; Do/Dy = 0.027 (WeRe)0.4
which was derived for the acceleration wave breakup
regime as defined by WeRe > 108. Thus, values of

/Dp are plotted against values of WeRe as

in figure 5. Data for the three injector tubes
are correlated with sni empirical relation
Do/Dm = 0.023 (WeRe)U-%, which is valid for the
acceleration wave breakup regime since WeRe > 106.
The proportionality constant (Cq = 0.023) is

approximately 15 percent lgwer than that determine for
cross-stream injection (Cc = 0.027). The lower
value of Cq was attributed to an increase in the
liquid jet breakup length, L. Although it was not
measured, L was assumed to vary inversely with the
proportionality constant C, and observed representa-
tions of L for four different injection techniques
are shown in fignre 6. A comparison of figures 6(a)
and (b) shows that Lg > Lc which agrees with the
rezult (g < Ce. Also, uith downstream ipjection,
the aerodynamic force is exerted along the length of
the jet instead of circumferentially as in the case of
cross-stream injection. Thus, more time is allowed
for liquid surface waves to grow in amplitude and
Dm! is correspondingly decreased.

Downstream Injection in Swirling Airflow

Acceleration wave irﬁkw data were obtained for
downstrean injection with a 70" blade angle axiai air-
swirle- mounted on the injector tube as shown in fig-
ure 2. The reciprocal mean drop diameter plotted
against mass vel ity, as fhgvn in figure 7, gives the
relationship, Da, ~ (eaVr) for the three
different injector tubes. The relationship is the
same as that obtained with axial downstream injection
in non-smrhng airflow. To determine the relation-
ship of Di. to the product of the Weber and
Reynolds numbers, the data are plotted as show in fig-
ure 8 and fall close tx the empirical expression,
Do/Dp = 0.027 (wWeRe)0 which was obtained for
cross-stream injection. Thus, Cgx = Cc and as
shown in figure 6, Lg+ = Lc.

The she ter liquid jet breakup iength, Lg=,
obtained with swirling airflow as compared with Lg
for non-swi: ling airflow was attributed to the high
cegree of turbulent mixing produced by the airswirler
which terdec to shorten the liquid jet breakup length
and tou: Jrocuce smaller droplets in the spray. Also,
due to ai-flow blockage of the airswirler, the rela-
tive vielocity Vp was approximately 30 percent
higher witn the airswirler than without it for the
same airstream approach velocity. However, at the
same value of Vp, swirling airflow increased the
value of the proportionality constant 15 percent above
that obtained with non-swirling airflow.

Upstream Injection in Non-Swirling Airflows

When a Tiquid Jet is injected upstream in non-
swirling airflows, it is atomized and then the spray
is blown back downstream so that some of the droplets
are unavoidably collected on the injector surface.
The collected liquid will then be re-atomized and pro-
duced a bimodal distribution of drop sice that may
appreciably affect the mean drop diameter measured for
the total spray. With this in mind, mean drop diame-
ters were determined and defined as Dgx for up-
stream injection in non-swirling airflows. As Shown
in figure 9, values or mean drop diameter Dy are
plotted against mass velocity for the two injectors

give the folloumg linear relationship

e (pdv'-) Thus, in the case of
upstream injection the effect of mass velocity on
reciprocal mean drop diameter is somewhat greater than
in the case of downstream injection. This effect on
the upstream injection breakup length L, 15 Shown
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in figure 6(c) by comparing it with L4 shown in
figure 6(a).

In figure 10, the plot of Dy/0pe against
WeRe gives the empirical expression
Do/Ope = 0.0045 (WeRe)0-5. Figure 10 also shows
that values of Dg/Dm were not greatly different
from those determined for cross stream injection in
non-swirling airflows. This small difference could be
caused by secondary atomization of the liquid and
indicates the need of minimizing the frontal area of
fuel injectors designed for upstream injection,

SUMMARY OF RESULTS

Injector performance was improved fur downstream
injection as characterized by a 15 percent reduction
of mean drop diameter when swirling instead of non-
swirling airflow was used at the same airflow rate per
unit area, This was attributed to a reduction in the
Y1quid-jet breakup length due to the high degree of
turbulent mixing encountered 'n a swirling airflow as
compared with tnat of non-swirling airflow and normal
pipe turbulence. The correlations derived in this
investigation of acceleration wave breakup of water
jets, as aefined by values of WeRe > 105, were as
fcllows:

1. Downstream injection 1n non-swirling airflows
gave the empirical relationship,

Do/Dm = 0.023 (WeRe)C-4,

¢. Downstream injection in swirling airflows gave
the empirical relationship,
Do/Dp = 0.027 {weRke)0.4.

3. Upstream injection in non-swirling airflows
gave the empirical relstgonship.
Do/Om* = 0.0045 (WeRe)U-3.
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Figure 4. - Variation of reciprocal mean drop
diameter with mass velocity. Axial down-
stream injection in axial airflow.
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Figure 5. - Variation of orifice to mean drop diameter ratio with
product of the Weber and Reynolds number, Axial down-
stream injection in axial airflow.
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Figure 6. - Observed representations of liquid jet breakup lengths with four
different injection techniques at constant relative velocity, V.
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Figure 7. - Variation of reciprocal mean drop
diameter with mass velocity. Axial down-
stream injection in swirling airflow with
the 70° blade-angle air swirler.
20 TUBE INSIDE-
a E DIAM., O
< 10— D
80 o
oo - cm
SE ek & 0.0%8
=z 0 102
2o X o a6
s >
= N . 0.4
x 5:5 10 Do/ = 0.027 (WeRe)
8 AT I B WA AT B A e
6 100 107 108 10°
Weke

Figure 8. - Variation of orifice to mean drop diameter ratio with
product of the Weber and Reynolds number. Axial downstream
injection in swirling uirflow with the 700 blade-angle swirler.
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