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COEFFICIENTS OF DISCHARGE OF FUEL INJECTION
COMPRESSION-IGNITION

NOZZLES FOR
ENGINES

By A. G. GELALLES

SUMMARY

This report presents the results of an investigaiion fo |

determine the coefficients of discharge of mozzles with
small, round orifices of the sizes used with high-speed
compression-ignition engines. The injection pressures
and chamber back pressures employed were comparable
to those existing in compression-ignition engines during
injection. The construction of the nozzles was varied
to determine the effect of the nozzle design on the coeffi-
cient. Tests were also made with the nozzles assembled
in an aufomatic injection valve, both with a plain and
with a helically groored stem.

It was found that a smooth passage before the orifice
is requisite for high flow efficiency. A bereled leading
edge before the orifice gave a higher coefficient of discharge
than a rounded edge. Varying the length-diameter raiio
from 1 to 8 for one of the orifices having a bereled leading
edge was found to have no effect on the ralue of the coeffi-
cient. The results with the nozzles assembled in an
automatic injection valve having a plain stem duplicated
those with the nozzles assembled at the end of a.straight
tube of constant diameter. Lower coefficients were ob-
tained with the nozzles assembled in an injection valrve
haring a helically grooved stem.

When the coefficients of nozzles of any one geometrical
shape were plotted against values of corresponding
Reynold’s Numbers for the orifice diameters and rates of
flow tested, it was found that experimental poinfs were
distributed along a single curre.

INTRODUCTION

In designing injection valves for high-speed com-
pression-ingition engines using solid injectiom, it is
necessary to know the flow characteristics of several
geometrical shapes of nozzles in order to determine
the most suitable type to be used. The required
performance of the injection valve varies for the dif-
ferent combustion conditions.

To design a valve utilizing all the energy supplied
by the pump to the best advantage and to obtain the
desired type of spray requires a knowledge of the flow
characteristics of a number of geometrical shapes of
nozzles, both open and closed, and combinations of

nozzles and stem shapes. Failure to use & nozzle de-
sign giving the spray features required by the com-
bustion chamber can only result in poor combustion
efficiency.

With the small orifices employed in high-speed com-
pression-ignition engines, the flow conditions through
the orifices are controlled by the coefficients of dis-
charge of the orifices. Some work has been done in
determining these coefficients of discharge. Joachim
(Reference 1) determined the coefficients of discharge
of three nozzles that had sharp entering and exit
edges. He used injection pressures up to 8,000
pounds per square inch and ratios of back pressure to
injection pressure up fo 0.8 for pressures between
1,000 and 2,000 pounds per square inch. Kuehn
(Reference 2) determined the coefficients of discharge
of several nozzle units with small orifices, but the
injection pressures he used were somewhat lower than
those actually employed for solid injection engines.

Numerous other investigations on nozzles of different

gshapes have been made with larger sizes of orifices
and lower injection pressures, but these results are of
limited value when applied to the design of fuel injec-
tion valves for compression-ignition engines.

The purpose of this investigation was to determine
the coefficients of discharge of nozzles with several
geometrical shapes. Injection pressures and air back
pressures comparable to those existing in the combus-
tion chamber of compression-ignition engines were
used. Theinvestigation was conducted at the Langley
Memorial Aeronautical Laboratory at Langley Field,
Ve. '

A brief explanation of the meaning of the coefficient
of discharge, a derivation of the algebraic expression
for the coefficient, and a discussion of the factors
affecting the flow of a liquid through an orifice are
given in the appendix. For a more complete treat-
ment of the subject the reader is referred to & paper
by Hodgson (Reference 3), the report of the American
Society of Mechanical Engineers Research Committee
on Fluid Meters (Reference 4), & paper in the Bureau
of Standards Journal of Research (Reference 5), and
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a more recent publication by the American Society of
Mechanical Engineers on ‘‘Hydraulic Leboratory
Practice’” (Reference 6).

The terms used in the determination of the coeffi-
cients of discharge of the injection valve nozzles are
defined as follows:

1. Orifice—The smallest outside opening of the
nozzle from which the jet of fluid issues.

2. Orifice length.—The depth of the opening or the
length of the cylindrical portion that is of the same
diameter as the orifice.

3. Orifice throati—The cylindrical portion referred
to in the definition for orifice length.

4, Nozzle—In eddition to the throat, that part of
the passage which is beveled or rounded and which is
not of a constant diameter.

APPARATUS AND METHODS

The apparatus used in this investigation (Figure 1)
was similar to that employed by Joachim in his re-
searches on the coefficients of discharge of small round
orifices (Reference 1). It consisted of an air cylinder
and a piston 5 inches in diameter used as a pressure
intensifier for a hydraulic cylinder having a plunger
0.720 inch in diameter. To prevent leakage, the
plunger moved through a closely fitting bushing, both
of which were lapped separately. Two needle valves
located at the bottom of the plunger cylinder per-
mitted oil to be pumped into the cylinder or to be
discharged through the
orifice. The chamber,
into which the oil was
discharged through the
orifice, was 3 inches in
diameter and 18 inches
in length. The back
pressure into which the
discharge took place
was obtained from a
compressed-air bottle
connected to the dis-
charge chamber.

As the discharge
through the orifice took
place, the time for the
plunger to travel the dis-
tance between the two
nofches in the plunger

Orifice dia| 4 k was recorded by a one
Inches _Inches /nches!  one-hundredth second
~020 .060_[.020 ;
“025 2060025 stop watch es shown in

FIGURE 3.—Concave-entrance nozzle assembly the ﬁgm_'.e‘
The timed volume of

the oil discharged was equivalent to the volume of
the plunger between the two notches, minus the leak-
age between the hydraulic plunger and bushing. To
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insure uniformity of fow during the discharge of the
timed volume, the apparatus was designed so that 12
per cent of the total liquid volume was discharged
through the orifice before the watch was started and
3 per cent after the
watch was stopped.

The connection be-
tween the hydraulic cyl-
inder of the apparatus
and the discharge nozzle
holder was a commercial
seamless steel tube of
three-sixteenths inch in-
side diameter and nine
thirty-seconds inch out-
side diameter. The dis-
tance from the hydraulic
cylinder to the nozzle

was 30 tube diameters.
The only sharp edges in
the path of the flow were
at the valve seats at the

bottom of the hydraulic [orifice 1

cylinder. The velocities dia, P
through the tube varied [“hastpeg o o=

from & minimum of 0.4 [ -gl4 1.007..0/%,.027,.04]

to a maximum of 4.5 feet
per second. According
to Gibson (Reference 7), the eritical velocity for the
tube, liquid and maximum pressures used, would be
about 11 feet per second. The flow through the tube
was, therefore, laminar. Computations made accord-
ing to the method given in Reference 6 on the losses
of head for the maximum wvelocity through the tube
used in these tests showed the loss to be less than 1
pound per square inch. Since there were no other
losses possible, the pressure at the hydraulic ¢ylinder
of the apparatus was transmitted virtually undimin-
ished to the discharge orifice.

A special fitting, shown in Figure 2, was used to
determine whether or not any pressure difference
existed in the injection pressure readings taken at the
bottom of the hydraulic cylinder and taken midway in
the tube connection to the nozzle. Various injection
pressures and back pressures representing extreme
conditions were employed for these tests. Within
the experimental error of the test data no difference
in the pressure readings was observed. The pressure
tap in this special fitting was placed about 20 tube
diameters from the nozzle, to avoid the effect of any
disturbance to the flow. This tap could not be used
continueally, as the sudden building up of pressure
caused by the rapid opening of the outlet valve sub-
jected the gage to severe strains.

Three nozzles with concave surfaces connecting the
tube end and the inside edge of the orifice throat,

FIGTRE 4¢.—Bevel-entrance nozzle assembly
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with the inside and outside edges of the throat sharp,
as shown by full lines in Figure 3, were tested. These
nozzles were the same that were tested by Joachim in
his researches on the coefficients of discharge of small

Oischarge
chamber

Hydraulic
cylinder

connection e
) 0 f Ty .
e ra"r,-’ac €| orifice lengih

Incheg Inches

008 1,020

G144 |.007,.014,.028,.041
020 1.080

Ficure §,—Automatic injectlon valve assembly with plain stem

round orifices (Reference 1). The tests with the in-
side edge sharp, therefore, served to check the previous
results with the same nozzles and also to be used as
a starting point for this investigation. Following the
tests with the sharp edges, the inside edge of each
orifice was rounded to approximately one sixty-fourth-
inch radius, then to one thirty-second-inch radius, and
finally was beveled to a 60° angle as shown by the
dotted lines in the figure. A second set of nozzles was
also tested that had the geometrical shape and dimen-
sions shown in Figure 4. The length of the 0.014-
inch orifice was varied from 0.5 to 3 times the diameter,
in order to determine the effect of length-diameter
ratio on the coefficient of discharge. Further tests
were made to determine the coefficients for these noz-
zle assembled in a fuel injection valve with a plain
stem and also with & helically grooved stem, as shown
in Figures 5 and 6. The diameters and lengths of the
orifices tested with each assembly are given in the
tables accompanying the figures.

Injection pressures from 200 to 5,000 pounds per
square inch were used in these tests. The maximum
pressure employed with each orifice depended on the
minimum time permissible for accurately measuring
the oil discharged. Back pressures up to 0.8 of the
injection pressures were employed in testing the
nozzles. The Diesel fuel oil used had a specific grav-
ity of 0.859 and an absolute viscosity of 0.048 poises
at 80° F. and atmospheric pressure.
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The equation from. which the coefficient of discharge
O was computed is

0=a [gﬂﬁﬁif 2_).] " (1)

where

B=actual rate of flow,

a=orifice area,
g=gravitational accelersation,

P, =static pressure at a section of the tube immedi-
ately before the nozzle, the injection pres-
sure,

P;=static pressure into which the discharge took
place, the back pressure,

p=density of the Diesel oil used.

Adapter ----4

—~
O
g
(/]
1]
0
8
‘\.
Sy

Orifice 1
{1=A
Inches Inches
008 1.020
0/4 1.007,.014,.028,,0471
. 020 _|.080
030 |.120
.040 |.160

FiGURE 6.—Automatic Injection valve aozzle assembly with
helleally grooved stemn

PRECISION OF RESULTS

The precision of results obtained in this investi-
gation depended upon the precision of the several
factors included in the coefficient of discharge equa-

tion.. These factors are the volume of the liquid

discharged, the hydraulic pressure before the nozzle,
the chamber back pressure, the time of discharge for

the known oil volume, the orifice area, and the density

and temperature of the oil.
The displacement of the hydraulic plunger for the

.timaed volume discharged was calculated from microm-

eter measurements of the plunger diameter and the
length between the two shallow notches, taking into
account the volume of the notches. The accuracy
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of the micrometer measurements permitted the deter-
mination of the volume within 0.15 per cent. The
leakage past the hydraulic plunger and sleeve was
determined separately for all hydraulic pressures
employed and has been included in the corrections
for the coefficient. Corrections slso were made for
compressibility of the oil.

Bourdon spring pressure gauges, suitable to the
pressure range to be investigated, were used to indi-
cate the hydraulic pressures in the plunger cylinder,
in the tube before the nozzle, and the air pressure in
the discharge chamber. These gauges were calibrated
frequently during the period of the investigation by
means of a high-pressure and a low-pressure dead-
weight gauge tester. As the timed volume was dis-
charged through the orifice the pressure fluctuated
slightly. These fluctuations were not more than 10
pounds per square inch for the gauges measuring the
oil pressures, and not more than 5 pounds per square
inch for the gauges measuring the back pressures.
Hence, the results obtained with the lower injection
pressures contsin a relatively higher error.

Any errors in the one-hundredths second stop watch
were determined by comparison with a stop watch
that had been calibrated by the United States Bureau
of Standards for running, starting, and stopping errors.
In the many hundreds of observations that were made
during these tests with this stop watch, the maximum
deviation from the mean was never more than 0.5
per cent.

The mean diameter of each orifice was measured
with & dividing engine consisting of a microscope with
miecrometer attachment. The maximum deviation of
the readings from the mean was not more than 0.3 per
cent, so the error in the computed orifice area was
not more than 0.6 per cent.

The specific gravity of the fuel oil was determined
with & Westphal balance with an error of less than 0.1
per cent. The temperature of the oil during the period
of the tests varied between 68° and 74° F. As the
tests were conducted during the winter, no difficulty
was experienced in maintaining the temperature of the
room within these limits. The effect of this variation
on the coefficient of discharge was negligible, for the
Reynolds Numbers in nearly all of these tests were
such that the viscosity, which is sensibly affected by
small changes of temperatures in this range (Reference
8), had little or no effect on the rate of flow.

- The precision of the results from the csalculated
deviations and estimated residual errors varies from
1.8 to 2.3 per cent. The error is greater in the results
with the lower hydraulic injection pressures.

RESULTS AND DISCUSSION
CONCAVE-ENTRANCE NOZZLE TESTS

Jet discharges into air at atmospheric pressure.—
Figures 7, 8, and 9 give the coefficients obtained with
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the discharges were made into the chamber containing
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air at atmospheric pressure. The characteristics of
the curves for each geometrical shape tested are the
same for all three nozzles. ¥ith but few exceptions,

the concave entrance nozzles shown in Figure 3 when

1000 .
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the coefficient remained constant for injection pres-
gures above 500 pounds per square inch. A rounding
of the leading edge to approximately one sixty-fourth
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FioURE 9.—Eflect of infection pressure on coeficlent of discharge. 0.02&
inch digmeter orifice. Atmeospheric back pressure

inch radius increased the values of the coefficient 0.15
for the 0.015 inch, 0.12 for the 0.020 inch, and 0.09 for
the 0.025 inch diameter orifice. By increasing the
roundness to about one thirty-second inch radius, a
further increase in the values of the coefficients was
realized, 0.07 for the 0.015 inch, 0.04 for the 0.020
inch, and 0.17 for the 0.025 inch diameter orifice.
Beveling tbe leading edge 60°, making the length of
the orifice equal to the diameter and leaving the
corners of the bevel sharp, gave coefficients several
per cent lower than when the leading edge was rounded
to one thirty-second inch radius. Slightly rounding
corner b of the bevel again increased the coefficient by
about 0.03 for both 0.015 and 0.020 inch diameter
orifices. By slightly rounding all corners, b, ¢, and d,
the coefficient was increased 0.09 for the 0.015 inch,
0.10 for the 0.020 inch, and 0.10 for the 0.025 inch
diameter orifice. Thus, by altering the leading edge
of the orifice from approximately sharp edges to a bevel
of 60° with corners slightly rounded, the coefficients
were increased from 0.66 to 0.94 for the 0.015 and
0.025 inch diameter orifices, and from 0.72 to 0.94 for
the 0.020 inch orifice for all pressures tested above
500 pounds per square inch. The presence of sharp
corners or rough surfaces between the upstream pas-
sage and throat of the orifice apparently decreased the
efficiency of flow through the nozzle. The principal
conclusion that can be drawn from these tests is that
as the passage between the upstream side of the nozzle

Coefficient of discharge
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and the orifice throat is made smoother the coeflicient
of discharge approaches unity.

When examined, at the start of the tests under a
microscope with & magnification of fifty diameters,
the inside edge of the 0.020 inch orifice was scen to be
pitted and slightly rounded as compared to those of
the other two orifices, which were sharp. This was
probably caused by the passage of unmstrained oil
through the orifice in previous experiments con-
ducted at the Laboratory (Reference 1). It was
probably due to the effect of this pitting and slight
rounding of the leading edge that cocfHicients 0.06
higher were obtained in the first tests with the 0.020
than with the 0.015 and 0.025 inch orifices, curves
No. 1 of Figures 7, 8, and 9.

According to the principles of similitude, when
nozzles of similar geometrical shape are tested under
gimilar working conditions, regardless of scale, liquid,
or rate of flow, the data obtained may be represented
by a single curve of coefficients of discharge plotted
against corresponding values of Reynolds Numbers.
Geometrically similar nozzles existed when the inside
edge of the orifices was beveled to an included angle
of 60° and the length was made equal to the diameter.
Figure 10 shows the coefficients for the geometrically
similar nozzles plotted against corresponding Reynolds
Numbers. The points from all three nozzles for esch

" geometrical shape lie on the same curve within the

limits of experimentel error. As can be reasonably
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pherie back pressure

expected for such small differences in scale, the curves
show the existence of hydraulic similitude in the flow
through the nozzles. Following the explanation
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given in the Appendix, the shapes of the curves of
Figures 7, 8, and 9 indicate that, except for pressure
below 500 pounds per square inch, the flow through
the orifices was turbulent. The rising of the curve
at the lower injection pressures is due to the presence
of a semiturbulent motion in the orifice for which the
viscosity effect becomes noticeable.

Information on the critical velocities of flow through
the small orifices and nozzles of these tests is lacking.
The following equation (Reference 7), however, was
found to be true for tubes of larger diameters and
lengths:
2,000y

T"g= d ) (2)
and in gravitational units
o

v, =200, ®

where, in English units
Vi =critical velocity of flow, feet per second.
u =viscosity of the liquid, pounds-second per
foot.?
¢ =gravitational acceleration, feet per second.?
=density of the liquid, pounds per foot.?
= orifice diameter, feet.
=kinematic viscosity, feet? per second.

,®
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0.015inch dismeter orifice. Curves1,2,ard3, Injection pressure
1,000 pounds per squarsinch. Curves 4, 5, and 6, injection pres
sare 1,000, 2,000, 8,000, ard 4,000 pounds per square inch

By assuming the ecritical velocities through these
orifices to be similar to those in & parallel tube of the
same diameter, and the above equation to be appli-
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cable to these sizes of orifices, the values given in
Table I are obtained for the range of diameters be-
tween 0.008 and 0.040 inch. It will be seen from
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FiGURE 12.—Effact of back pressure on coefficfent of discharge. 0.020
inch diameter orifice. Injection pressure 1,000 pounds per square
inch
this table that the critical velocities approach the
region of velocities through the orifices corresponding
to the Jower pressure differences employed in these
tests.

Strictly similar geometrical shapes did not exist
between the nozzles having the leading edge of the
orifice rounded, as is apparent from the differences in
the values of the coefficients with each nozzle for sup-
posedly the same geometrical shape. This was prob-
ably due to the inexact rounding of the leading edge in
proportion to the diameter, because of the difficulty of
machining so small radii with satisfactory tolerances.
Slightly rounding the corners of the bevel or the down-
stream edge of the orifices, however, did not so readily
destroy the geometrical similarity between the nozzles.

Jet discharges info air at different pressures.—Fig-
ures 11, 12, and 13 show the coefficients with the same
set of nozzles and geometrical shapes, but with the dis-
charges made into the chamber containing air under
pressure. 'The coefficients are plotted against the ratio
of air back pressure to injection pressure. Excepting
for the nozzles with the leading edge of the orifice
beveled and with smooth corners, the coefficients of
the nozzles for the same head differential did not agree
with the values obtained when discharges were made
into air at atmospheric pressure. This is in agreement
with Joachim’s results with the same nozzles (Refer-
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ence 1).
without back pressure suggests the possibility that the
actual pressure at the throat of the orifice was different
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FIGURE 13.—Eflect of back pressure on coefficlent of discharge.
0.025 inch diameter orifice. Injection pressure 1,000 pounds per
square inch,

for the two conditions. The air under pressure in the
discharge chamber apparently was the cause of a dis-
turbance to the motion through the nozzle that resulted
in the creation of abnormal flow conditions.

The disparity between the values of the coefficient
with the jet discharging into atmospheric &ir and those
with the jet discharging into air at different pressures
was greatest when the leading edge was sharp. The
date show that when the nozzles had the leading edge
sharp (Curves 1) the coefficients reached the maximum
values of 0.85 for the 0.015 and 0.025 inch orifices and
0.89 for the 0.020 inch diameter orifice between the
pressure ratios of 0.3 and 0.4. As the back-pressure
ratio increased beyond these points, the coefficient
ultimstely decreased to about 0.82 at the pressure
ratio of 0.8. By successively rounding the leading
edge to one sixty-fourth and to one thirty-second inch
radii (Curves 2 and 8), the pressure ratia at which the
maximum coefficients were reached became lower. As
the pressure ratio was increased, however, the coeffi-
cient again decressed to the minimum value of 0.82,
regardless of the degree of roundness.

The coefficient characteristics of the nozzles having
the leading edge beveled to 60° differed from those
with the nozzles having the rounded edge. With the
nozzles having the leading edge beveled and the
corners of the bevel sharp (Curves 4), a maximum
coefficient of about 0.96 was reached at the back

A comparison of the set of curves with and !
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pressure ratio of 0.25.
to beyond this ratio had no eflect on the value of the

coefficient for the injection pressures and pressure

ratios tested. Slightly rounding the leading cormer
b of the bevel (Curves 5) decreased the ratio at which
the maximum value was reached, and the coeflicient
beyond this ratio was virtually the same as for the

| nozzles having all corners of the bevel sharp. By

shghtly rounding corners h, ¢ and d (Curves 6) the
coefficients obtained were equal for all pressure ratios
and, within the error of the observation, were equal
to the maximum coefficients with the nozzles having

.the corners of the bevel sharp or the leading corner

slightly rounded.

In comparing the set of curves shown in Figures 7,
8, and 9 with the set of curves in Figures 11,12, and 13,
two conclusions can be drawn which indicate tho
advantages of the nozzles with the beveled leading
edges and corners in the flow passage slightly rounded.

First, higher coefficients are obtained by beveling
the leading edge of the orifice and slightly rounding
any sharp corners in the flow passage than by beveling
the leading edge, but leaving the corners sharp, or by
simply rounding the leading edge of the orifice.

Second, the coefficients for the nozzles with the
bevel and the corners slightly rounded are unaffected
by changes in the injection pressure or back pressure,

Different bevel angles were not tried, as this was
beyond the scope of the present investigation. How-
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“"Fieurk 14—Effect of back pressure on coeficient of discharge.
. Orifice slze, 0,015 inch dlameter X 0.015 Inch length

ever, recent experiments by Zucrow (Reference 9)

on the coefficient of discharge of submerged nozzles
having the leading edge beveled and using small

Increasing the back pressure
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differential heads, showed the values of the coefficient
to vary but slightly for angles between 20° and 90°.
The distribution of the experimental points in a plot
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Ficuns 15.—Effect of back pressure on coefficlent of discharge.
Orifice size, 0.015 Inch diamater X 0.015 inch length

of coefficient against bevel angle indicated the angle

giving the highest coefficient to be not far from 60°.

Tests were also made with the injection pressures of

400, 600, and 800 pounds per square inch. (Figures
A %
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Ficure 16,—Effect of back pressure on coefficfent of discharge.
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14 t0 17.) The coefficients obtained with the injection

pressures of 400 and 600 pounds per square inch, when

back pressures wers used, differed from those with the
89800—82—14

injection pressures above 800 pounds per square inch
for the same ratio, excepting the nozzles having the
leading edge beveled and sll corners of the flow passage
smooth. Figure 14 gives the results with the 0.015
inch diameter orifice, having only the leadihg corner
of the bevel slightly rounded. Similar results were
obtained with the 0.020 inch diawmeter orifice. It will
be observed that the coefficient was different with the
lower injection pressures for the pressure ratios above
0.2. The greatest variation was 0.07 at & pressure
ratio of 0.75 for the injection pressure of 400 pounds per
square inch. Figures 15, 16, and 17 give the data
obtained with the nozzles having the 60° bevel and
smooth corners, and for varying injection pressures.
YWithin the errors of the observation, the coefficients
were equal for all three nozzles and ell injection
pressures tested, regardless of the back pressure fo
injection pressure ratio.
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FI1GURE 17.—Eflect of back pressure on coefficfent of discharge.
Orifice size, 0.026 inch diameter X 0.025 inch length

BEVEL-ENTRANCE NOZZLE TESTS

Jet discharges into air af atmospheric pressure.—
Figures 18, 19, and 20 show the coefficients with the
nozzles having the beveled entrance (Figure 4) when
the discharges were made into the chamber containing
air at atmospheric pressure. It will be observed that
the coefficients were virfually the same for the three
nozzles and with the 0.014 inch diameter orifice for all
length to diameter ratios tested, except for the ratio
of 0.5. Excepting this smallest ratio, the efficiency of
the flow was apparently unaffected by the magnitude
of the orifice length or diameter for the conditions of
these tests. Larger length-diameter ratios and differ-
ent rates and type of flow would possibly give greater
deviation. That this is possible was shown by
Zucrow’s tests (Reference 9) on submerged nozzles in
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a type of flow that appeared to have ranged between
turbulent and semiturbulent.

The decrease in the values of the coefficients for the
ratio of 0.5 at pressures above 1,000 pounds per square

Leading edge of orifice beveled 60 corners “b" and “d”
slightly rounded, corner “c* sharp.
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Fi1GuRreE 18.—Effect of inlection pressure on coefficlent of discharge. Orifice
size, 0.008 inch diameter X 0.020 inch length., Atmospheric back
pressure

inch was possibly due to the increase of jet contraction.
As the jet passes the inner edge of the orifice, it con-
tracts and forms what is known as the vena-confracta.
The amount of the contraction depends on the differ-
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ameter orifice. Atmospherio back pressure

4000

ence of head, the properties of the fluid and, to & large
extent, on the form of the leading edge of the orifice.
High differences in head, low viscosity or sharp leading
edges tend to increase the contraction. Low differ-
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ences in head, high viscosity, and properly smoothed
out passages immediately before the brifice tend to
eliminate contraction. It is known that .the jet ex-
pands immediately after contraction and, if sufficient
length is provided, quickly fills the throat of the orifice
again.

The distance from the entrance of the throat at
which the contraction occurs depends to a large extent
on the form of the leading edge of the orifice. The
momentum given to the oil particles flowing past the
wall of the passage for the nozzles of these tests was in
& direction of 30° to the jet axis, The contraction of
the jet, therefore, should have been at a distance of

not more than \/ % times the orifice diameter from the

inner edge of the orifice. With the sufficient length
provided when the higher length-diameter ratios were
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F16URE 20.—Eflect of injestion pressare on coeflicient of discharge. Orifica
glze, 0,0201nch dfameter0.080inch Jength., Atmospherleback pressure

used, the jet reexpanded and filled the throat of the
orifice, so that the contraction coefficient became unity.
In that event, the loss in efficiency to the flow was
chiefly due to the loss of head in the eddying during
the contraction and the following expansion, and the
gkin friction on the walls. When the length of the
orifice was made so small that it did not provide
sufficient interference to the jet reexpansion, the
discharge coefficient became dependent on the con-
traction coefficient. As was explained previously, a
high difference in head favors contraction, for then the
centrifugal force urging the liquid particles toward
the axis of the jet is increased. Thus the contraction
of the jet, which was possibly small at the pressures
below 1,000 pounds per square inch, with the smooth
passage used before the orifice, increased as the in-
jection pressure was increased end, consequently,
decreased the coefficient of contraction. The result of
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this contraction was the decrease of the coefficient of

discharge.
Figure 21 shows the coefficients plotted as a funection
of corresponding Reynolds Number for the ¢.008, 0.014,

X 0.008dia.x 0020 length

203

10) in which the coefficient increases. If previous
experimental results with larger sizes of orifices by -
Hodgson and others are considered, as explained in the
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and 0.020 inch orifices with the length-diameter ratios
between 1 and 4 and conditions given in Figures 18,
19, and 20. At the lower injection pressures the
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coefficient decreases with the decrease of Reynolds
Number. This is contrary to the results obtained
with the nozzles of the other geometrical shape (Figure
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Fiaure 23.—Effect of back pressure on coefficlent of dis-
charge. Orifica siza, 0.014 inch diameter X 0.014 inch langth

Appendix, this means that the region of semiturbulent
flow for the orifices having the coneave entrance is
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longer than for those having the bevel entrance. With
the nozzles having the concave entrance the coefficient
curve must attain a certain maximum value befors it
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drops to zero at zero injection pressure, as the Reynolds
Number is further lowered.

Jet discharges into air at varying pressures.—Fig-
ures 22, 23, and 24 give the data obtained with the same
nozzles when the discharges were made into the cham-
ber containing air at different pressures. The variation
in the values of the coefficients between the three
orifices was not more than 2 per cent from the mean
for each test condition. The points for injection
pressures above 1,000 pounds per square inch lie along
the same curve for each orifice. It will be observed
that there is a slight increase in coefficients for pressurs
ratios up to 0.1, this being especially noticeable with
the 0.008 inch diameter orifice.. The reason that these
curves do not have the same shape as those obtained
with the nozzles having a concave entrance from the
upstream side (Figures 15, 16, and 17) was probably
because corner ¢ was left sharp and only b and d
slightly reliesved. The remarks made, therefore,
regarding the disturbance created to the flow through
the nozzles for Figures 11, 12, and 13 apply also to
Figures 22, 23, and 24. The decrease in the value of
the coefficient with the increase of back-pressure ratio
for pressures below 1,000 pounds per square inch, is
due to the influence of viscosity of the liquid at these
low throat velocities.

TESTS WITH THE INJECTION VALVE ASSEMBLY

The results obtained with the nozzles sssembled in
an automatic injection valve having a plain stem,
illustrated in Figure 5, duplicated those obtained with |
the assembly in Figure 4 for the same conditions. The
data given in Figures 18 to 24, therefore, also represent
the results with the nozzles assembled in the injection
valve. The upstream passage, as will be noted in
Figure 5, has both sharp corners and an elbow within
8 comparatively short distance fromn the nozzle, as
compared to the nozzle holder illustrated in Figure 1
that was used with the assemblies of Figures 3 and 4.
The valve shown in Figure 5 is of a type commonly
used for high-speed compression-ignition engines. The
lift of the stem for these tests was limited to 0.030 inch.

Additional tests were also made with lifts as low as
0.005 inch, which gave an area equivalent to a 0.043- |
inch orifice. No appreciable difference was observed |
in the values of the coefficients with the smaller lifts.
An analysis of the approach velocities of the liquid past
any section at the upstream passage, even at the stem
lift of 0.005 inch, showed this velocity head to be
negligible as compared to the pressure head.

Since there was no difference in the values of the
coefficients with the nozzles assembled in the valve
as compared to those that had & smoother upstream
passage, the head losses from skin friction and eddy-
ing, due to presence of sharp corners, and the loss due
to the restrictions on the upstream passage were

negligible.
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TESTS WITH A VALVE HAVING A STEM WITH HELICAL
GROOVES

The results obtained with the nozzles assembled
in the automatic injection valve when a helically-
grooved stem was used are shown in Figures 25, 26,
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Fiourr 25—Coefficients of discharge of a valve having a stem
with helical grooves, Atmosphericback pressare. Coefficlents
computed on the basis that the area of efiux equals the cross-
sectionel area of the orifice
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and 27. The nozzles listed in the table accompany-
ing Figure 6 were used. The combined cross-sectional
ares of the four grooves was equivalent to that of a
0.025 inch diameter orifice.

Figure 25 gives the coefficients of the nozzles plotted
against injection pressures for the range between 400
and 4,000 pounds per square inch. The coefficients
given in Figure 25 were computed on the basis that
the value of e of equation (1) was equal to the cross-
sectional area of the orifice. The magnitude of the

t. Computed on fthe basis that the orea of the efflux
uals the area of the orifice.
2. Computed on the basis that the area of the efflux
eguals rthe combined areg of the grooves.
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per square Inch

energy loss can also be shown if the coefficients are
computed on the basis that ¢ equals the combined area
of the helical grooves, and then compared with the
coefficients obtained when the valve was assembled
with the cenirifugal stem and adapter without the
nozzle. The results with the coefficients thus com-
puted, together with the coefficients without the
nozzle are given in Figure 26.

Figure 27 gives the coefficient as a function of the
ratio of the orifice area o the groove area for the
hydraulic injection pressures of 4,000 pounds per
square inch when the coefficients were computed by
both methods. As the ratio of areas becomes smaller

the efficiency of the flow through the orifice isincreased,
and the coefficients approach the values obtained
with the valve assembly having a stem with no helical
grooves. Apparently, large energy losses occur as
the liquid passes through the restricted groove pas-
sages.
CONCLUSIONS
This investigation has shown that for the small
sizes of nozzles employed for high-speed compression-
ignition engines a smooth entrance passage to the
throat of the orifice is necessary for a high efficiency of
flow. A beveled leading edge to the orifice gives
higher coefficient than & rounded leading edge. The
coefficient of discharge depends upon the geometrical
shape of the nozzle and not upon the size of the orifice.
For the nozzles having the leading edge of the
orifice beveled and all corpers in the flow passage
slightly rounded, the coefficients were identical, re-
gardless of the effective head or the back pressure that
was employed. For the nozzles having the leading
edge beveled and corners in the flow passage sharp, or
the leading edge only rounded, the coefficients were

" different for the conditions with and without back

pressure when the same effective head was used.

Varying the length-diameter ration from 1 to 3 fqr
a 0.014-inch diameter orifice having a beveled leading
edge was found to have no effect on the values of the
coefficient. However, for a ratio of 0.5 the coeffi-
cient decreased with the increase of pressure above
1,000 pounds per square inch.

Tests with the nozzles assembled in an automatic
injection valve, with sufficient stem lift fo give no
throttling, gave the same coefficient as those with the
nozzles at the end of & straight tube. Low coeffi-
cients were obtained when fests were made with the
nozzles in an injection valve containing a stem with
helical grooves.

The result of experiments from nozzles of any one
geometrical shape for the orifice dismeters and rates
of flow tested were represented by a single curve of
coefficients ot discharge versus Reynolds Numbers.

LangLEY MEMORIAL AERONAUTICAL LABORA-
TORY,
NaTioNaL ApvisorY CoMurrTEE for AERONAT-
TICS,
Laneery Fiewp, Va., September 11, 1930.






APPENDIX

DEFINITION AND DERIVATION OF THE ALGEBRAIC
EXPRESSION FOR THE COEFFICIENT OF DISCHARGE

The algebraic expression for the ideal rate of flow of
a liquid through an orifice is at best an approximate
statement of & physical phenomenon which is so com-
plicated that it is quite impossible to construct & com-
plete mathematical theory for what actually occurs.
It is conventionally used because it is amenable to
treatment by simple mechanical principles. This
statement is based on the assumption that several
important conditions are satisfied. These are:

First, at a transverse section immediately before
the nozzle, the static pressure is uniform across the
section and the velocity of flow is parallel to the axis
perpendicular to the section and uniform throughout.

Second, at the orifice, the static pressure is uniform
throughout the section and equal to the pressure exist-
ing in the chamber into which the liquid is discharged,
and the velocity of flow is parallel to the axis and uni-
form throughout.

Third, between the upstream section and orifics,
there are no energy losses due to turbulence, viscosity,
or skin friction.

The expression for the ideel rate of flow of a liquid
through an orifice based on these conditions is ob-
tained as follows:

Let

@=ideal rate of discharge, pounds per second.

A =area of the section before the nozzle, square feef.

a=area of the orifice, square feet.

D=diameter of upstream section or tube, feet.

d=diameter of orifice, feet.

Vy=velocity dt A, feet per second.

Vs=velocity at a, feet per second.

p1=density of liquid at .4, pounds per cubic foot.

ps=density of liquid at @, pounds per cubic foot:

P, =gtafic pressure at A, pounds per square foot.

P;=static pressure at ¢, pounds per square foot.

n=A/a=€:-

For the liquids and the pressures used in these tests
it may be assumed that p;=ps=p. The error intro-
duced by this assumption in the calculations for the
coefficient of discharge is less than 0.5 per cent for an
injection pressure of 5,000 pounds per square inch.

Since the rate of flow at sections 4 and ¢ is the same,

Q=AVi;=aVp,, 1)
from which
_ GVzp: _ Kg
Vl - APl - n (2)

By hypothesis there is no energy loss between sec-
tions A and a. Therefore, equating the loss in poten-
tial energy between the two sections to the kinetic
energy gained at the throat,

Px"Pz“Vf—Vf

e 2g ®
Substituting (2} in (3),
Va2
Px—'Pz_sz—<;) _Vzi(’nz_l)
o 2g T 2gnd
and
v-[e-R ¥ F @
Substituting (4) in (1),
- P-P(E)FED]F ©

This is the ideal rate of flow for a lquid. The
actuel rate of flow @’, is, by definition, @ multiplied
by the coefficient of discharge, O, or

-eef s ()G
0a[2gp<1;1:i’>]% ' (8)

d
DA
and the coefficient of discha.rge-,
4 Q'
C=%= — (7)
¢ a<2gP B gz)u
1=

Dividing both numerator and denominator by p,
equation (7) becomes

o "

where B is the actual rate of flow in cubic feet per

4
second. When %—4 issmall, thisequation maybe further

) modified to the form

B
TREEr
207
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If any or all of the conditions assumed in deriving
the expression for the ideal rate of flow of & liquid
through an orifice are not satisfied, the coefficient of
discharge may be different from unity. For the fuel
injection systems of oil engines where small orifice
diemeters and orifice. lengths, high throat velocities,
and high cylinder pressures are used, the conditions
for an ideal state of flow are far from satisfied.

DISCUSSION OF FACTORS AFFECTING THE FLOW OF |

A LIQUID THROUGH AN ORIFICE

The most important properties of a liquid that affect
its flow are its density and viscosity. These two prop-
erties, for a given liquid, normally give rise to three
types of flow which succeed one another as the speed
of the flow across the throat of an orifice increases.
At low speeds the influence of viscosity on the flow
is so large, as compared to that of the density, that the
effect of the latter may be considered negligible. As
the speed of the flow is increased, however, the kinetic
energy and the accompanying inertia reactions of the
liquid against acceleration, which are proportional to
the density, increase as the square of the speed,
whereas the viscosity effects increase directly as the
speed. Hence, as the speed of the flow increases a
point is reached beyond which the influence of viscos-
ity becomes negligible as compared to the influence of
density. It follows that there may be:

First, streamline or viscous flow which depends on
the viscosity only and is proportional to the difference
of pressure across the orifice.

Second, mixed streamline and turbulent flow which
depends on both viscosity and density.

Third, turbulent flow which depends on the density
alone and is proportional to the square root of the
difference of pressure across the orifice.

Another factor affecting the flow is the diameter of
the orifice. Reducing the diameter of the orifice,
without changing the magnitude of the liquid prop-
erties and the rate of flow, increases the transverse
gradients of speed to which the viscous forces are pro-
portional. The effect on the flow and, therefore,
on the coefficient of discharge, is the same as though
the viscosity of the liquid was increased.

There are no other factors or properties of a liquid
that affect the flow through an orifice to an extent
that merits consideration in this discussion. The
nature of flow, therefore, can be completely deter-
mined by the speed of flow, V, the diameter of the
orifice, D, the viscosity of the liquid, g, and density, p.
Since the rate of flow depends on the relative magni-
tude of the viscous foreces, in compsrison to the
inertia forces which are due to the density of the
liquid, the last two factors can be considered as one,
%g=v, which is the kinematic viscosity of the liquid.
In this ratio the dimension of u are pounds-second
per foot,? and of p pounds per foot.?
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It follows from the foregoing that there is some rela-
tion connecting the coefficient of discharge with the
factors affecting the flow through an orifice, or

C=f (D, V, ») (10}

The form of the functional symbol f depends on the
particular geometrical shape of the orifice, and can
be determined only by experiment for any one shape.

By the principles of dimensional homogeneity it is
known that the coefficient, being a pure number, or
dimensionless, must depend not on any one of the
factors of equation (10) separately, but on & dimension-
less product of these factors. The product DV7e,
better known as Reynolds Number, satisfies this
requirement, so that

C=f DVp)=f (R) an

Although nothing may be known as to the function
f, much useful information can be obtained from even
incomplete experimental data by the application of
this equation. It may be noted that there is only one
independent variable to be considered in equation (11)
instead of three in equation (10). The results of
experiments from a nozzle of any one geometrical
shape with any liquid whatever, with any orifice
diameter, or with any rate of flow, can be represented
within the errors of observation by a single curve of
O versus (DV/v). When such a curve is obtained for
any nozzle, to determine the coefficient of discharge
for a nozzle of the same geometrical shape and the
same flow conditions, it will only be necessary to com-
pute the value of (VD/») for the particular conditions,
and then obtain the coefficient from the curve.

Previous experiments by Hodgson (Reference 3)
and others on the form of curve representing equation
(11) for nozzles of one geometrical shape, gave curves
of the form illus- ¢
trated in Figure 28.
A clear understand-

: . C.b--f~==
ing concerning the
effect of varying the [~
factors V, D, and ¥
separately would sug.
gest a similar curve.
If, by reason of high
kinematic viscosity, L R
low discharge veloci- & R,

ties or small diam- Fiocee 28

eters, or all of these combined, R [alls below
R,, at which region the value of C/R becomes
constant, the flow is streamline or laminar. In
the absence of turbulence the coefficient depends
for its value largely on the resistance of the
walls and the internal dissipation of energy, which
are proportional to the viscosity and virtuelly inde-
pendent of the demsity. Hence, any changes in the
viscosity would sensibly affect the coefficient. If by
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reason of higher velocity, lower kinematic viscosity or
larger diameter, the value of R falls between R, and
R;, the flow is mixed turbulent and laminar. The
coefficient now depends for its value not only on the
internal dissipation of energy and friction of the walls,
but also on the turbulence which is known to depend
on the density. The nearer the value of R, is ap-
proached the higher the turbulence, and the less the
coefficient depends on the viscosity. If R is above R,
the flow may be termed turbulent. The coefficient
then becomes virtually independent of viscosity and is
practically constant. The type of flow that exists in
practice in injection nozzles of high-speed compression-
ignition engines is nearly always turbulent.
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TABLE I
CRITICAL VELOCITIES OF FLOW
2,000
V= od L
. - -
Pressure differ- |Corresponding  Critlcal ve-
Orifice diameter ence fdeal velocity |  loeity
Inches Lbs. per ag. iu. | F¥. per aec. Ft. % sec.
0.008 200 187
015 200 187 118
.020 200 187 80
.25 200 187 71
. 040 200 187 45
.008 500 285 234
.015 500 295 125
.020 500 205 %
.025 500 25 75
. 040 500 296 47
.008 1,000 48 U7
.015 1,000 418 132
.020 1,000 418 99
.25 1,000 418 )
' 040 1,00 418 50
i -008 2,000 592 ]
) .015 2,000 582 148
020 2,000 532 111
.025 2, 000 582 e
.00 2,000 582 55
.08 3, 000 25 316
. 005 3, 000 725 168
[ .20 3, 000 25 128
025 8,000 25 101
.40 3.000 725 63
.008 4,000 836 358
.015 4,000 836 181
.020 B 4,000 836 144
. 026 4,000 836 115
. 040 © 4,000 836 2
. 008 5,000 934 413
" -0i5 5,000 s34 290
H .020 5, 600 934 185
: .25 5,000 o34 132
| 040 5,000 034 83
'




