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blamed on poor k; estimation, some of the error is undoubtedly
due to the following idealizations in the mathematical model:
treatment as a “quasi’’-steady process; isentropic flow in the
nozzle (which of course means the nozzle has a discharge co-
efficient of unity and a zero over-all loss coeflicient); all flask
temperature and pressure gradients were neglected; use of
the Beattie-Bridgeman equation; and use of the finite differ-
encing scheme. With respect to the experiment, the thermo-
couple must be capable of following a temperature which can
drop at almost 100°F/sec in a relatively stagnant medium.
This is a rather difficult task even for the smallest of thermo-
couples. The manufacturer’s data states that the thermo-
couple used in the tests requires about 13 msec to reach 63.2%,
of an imposed step change in temperature for a flow velocity
of 65 fps. Clearly, as this velocity is diminished, the time
required for the same temperature variation will rise. Thus,
in the early portion of the blowdown, differences can be attrib-
uted to the thermocouple lag. No precaution was taken to
avoid radiation heat-transfer interchange between the ther-
mocouple and the wall; a rough steady-state analysis shows

that the temperature correction for radiation is large enough .

to account for the differences in temperatures toward the end
of the blowdown.

Appendix

The following stems from the work of Johnson,?* let:
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Integrating first along a path of constant T, then along a path
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of constant p and finally along a constant T: we may write
(ss — s)/R = 1.{:2{ (e,T)/(RT) —
[Z + TQZ/3T),ldo/p} =
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furthermore
‘¢c./R = T(Qs/dT),/R = cpo/R — 1 — fo(pT) (Al5)
¢»/R = ¢o/R — T(3s/0p)r(0p/0T),/R = ¢./R +
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where ¢ = A,/A, A, = area of stream tube being
sampled; A; is the area of collection tube; R and r
are the metered-in (over-all) and local values of mass
fraction of oxidizer simulant, respectively; W, and
W, are the metered-in (over-all) and local values of
mass flowrate of fuel and oxidizer simulants; 7 is used
for all r S R; = is the number of samples with 7 <
R; and 7 is the number of samples withr > R

I = included impingement angle

L = length of orifice or jet

Re = Reynolds number

7 = average fluid velocity

We = Weber number

n = efficiency

p = liquid density

¢ = Jet diameter ratio divided by jet momentum ratio, defined
by Eq. (3)

Subscripts

1 = liquid 1 (water)

2 = liquid 2 (n-hexane)

c¢* = characteristic velocity

I, = specific impulse

o = jet and orifice, respectively

Introduction

NE index of the uniformity of mixture ratio in the spray
produced by a liquid-propellant rocket engine injector

is the now widely known mixing factor E,, first introduced
by Rupe in 1953.! This factor is essentially the difference
between unity and a summation of the mass-weighted
differences between local values of mixture ratio and the
over-all, or metered-in, mixture ratio (see Nomenclature).
Hence, it is a measure of the uniformity of an injector’s
mixture ratio distribution; E, = 1.0 corresponds to per-
fectly uniform mixing, while £,, = 0 implies no mixing. For
mixing-limited combustion processes, where the stream-
separation effects described in Ref. 2 do not occur, reasonably
good correlations, such as those of Ref. 3, exist between the

a) LONG L/d CONFIGURATION

0.043 1.D, (d)

Fig. 1 Injection elements (not to scale).

ENGINEERING NOTES 895

Fig. 2 Jet Propulsion Laboratory injector spray collec-
tion apparalus.

engine performance efficiency 7z Or 7.+ (measured under
combustion conditions) and the mixing factor E,, (measured
using nonreactive, propellant simulants).

The problem of maximizing E, has been studied by a
number of workers for a variety of impinging-jet injection
elements, and the experimental results are summarized in
Ref. 4.

For the special case of the widely used unlike doublet
element, it can be expected from dimensional analysis that
for conditions of invariable jet alignment, geometrically
similar collection devices and geometrically similar spatial
relationships between injector and collector, E,, may depend
on as many as twelve independent variables:

E. = f{Re,Res,Wey,Wes,(Lo/d)1,(Lo/d)s,(Li/d)1,(L;/d)2, X
(p1/ p2),@1/52),(dr/do), [} (1)

However, Rupe introduced experimental evidence!*® to re-
duce the number of first-order degrees of freedom, and was
led to the functional relation

E, = flo; (Lo/d)s; (Lo/d)s; (Li/d)y; (Li/d)es I} (2)

where

@ = (p1/ p2) (B:/02) *(dh/ o) 3

So far as is known, the effects on E,, of changing the ve-
locity profiles of the impinging jets by decreasing the values
of the L/d terms have never been experimentally deter-
mined. The brief experimental program described herein was
conducted to determine the Lo/d effects, if any, at constant
¢ and I,

Apparatus and Procedures

Tigure 1 shows the two unlike impinging-jet elements
tested. For both, I = 60°, and L;/d = 5.0; also, d; = d»
for each, and orifice alignment was rigidly fixed to hold con-
stant any misalignment effects® on the measured values of
E... The first element consisted of two stainless-steel tubes
brazed into corresponding holes drilled into a mild-steel
plate; Lo/d was varied from an initial value of 100 to a
minimum of 25 by progressively cutting off the upstream
ends of the tubes, reradiusing the entrances, and re-silver-
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ORIFICE LENGTH-TO-DIAMETER RATIO, (L/d)o’ DIMENSIONLESS

SYMBOL ReHzo Rep oy WeH2 o e ¢
A 60,000 149,500  217.0 438.0 1.0
[o} 35,600 88,500  149.0 298.0 1.0
A 25,000 62,100 104.6 210.0 1.0
[ 35,600 88,500  128.0 261.0 1.0
® 14,600 36,300 53.5 106.0 1.0
(] 14,600 36,300 61.2 123.0 1.0

Fig. 3 Effect of orifice length-to-diameter ratio on the
mixing factor.

soldering the inlet fittings in place. The second element
comprised two holes drilled in an aluminum block; L,/d
was varied from 30 to 6.7 by progressively lengthening the
counterbored inlet manifolds. The inlets of all orifices were
contoured with a radius equal to their inside diameter. All
orifices were fed by long, straight lengths of supply tubing,
free from elbows, fittings, or other sources of gross flow
disturbances. There were no cross-flow velocity components.
A constant weight mixture ratio of 1.23 (¢ = 1.0) was
used, because this value was predicted by the work of Ref. 5
to yield maximum values of E,, in an unlike doublet element
with water (liquid 1) and n-hexane (2). The Reynolds
number ranges were 14,600 < Re; < 60,000, and 36,300 <
Re, < 149,500. The resulting sprays were collected in the
Jet Propulsion Laboratory injector spray collection apparatus
(Fig. 2) at a constant distance of 2.5 in. between the im-
pingement point and the collector, and the data were elec-
tronically processed to calculate corresponding values of E,..

Results and Discussion

Figure 3 shows that E,, was essentially constant (0.65 =+
0.10), regardless of Lo/d or Re. The spread of the data is
within the estimated accuracy of the combined flow measure-
ment and spray collection processes. Thus, over the range
of Ly/d studied, the efficiency of mixing in the spray from a
pair of immisecible, nonreactive, unlike impinging jets is ap-
parently independent of the degree of development of the
jet velocity profiles at the orifice exit. High values of Lo/d
are not prerequisite to good mixing. To some extent, E,
must also be independent of the relaxation of the velocity

VOL. 7, NO. 7

profile with distance in the freejets, and, therefore, of L;/d.
Tentatively, then, Eq. (2) may be written as

En = fled} )

The average absolute value of E,, found in the present
work (0.65) differs from those reported by Rupe (0.75) in
Ref. 5 and Gerbracht (0.76) in Ref. 6 at identical values of
¢(1.0) and I(60°) and with orifices of comparable diameters.
Both Rupe and Gerbracht collected their sprays at a distance
of 6 in. from the impingement point, in contrast to the 2.5 in.
used here. It has been widely observed that E,, increases
with the collection distance, probably because of air entrain-
ment under the nonreactive conditions. When a collection
distance of 6 in. was used with the present apparatus (Fig.
1b), E,, rose to 0.77, in agreement with Refs. 5 and 6.

It should be borne in mind that the values of %,, reported
are time-averaged values. It is possible that these results
may not apply in certain production injectors, where en-
trance geometry and hydraulics cannot be controlled to the
same degree.- Finally, although most injectors currently
used in the industry do not have orifices with values of Ly/d
less than about 5, it would be of interest to construct an
apparatus to investigate mixing behavior in the specific
range 0 < Ly/d < 7, which was not covered here.
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