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Summary—Axially-symmetrical, supersonic, fully-expanded jets of diameter about 0-75in. and of Mach number
1-40 issuing into an atmosphere at rest were investigated by schlieren and shadow photography and by pressure-
traversing. The development of the jets was found to depend critically on the strength of the shock waves in the
core of the jet at the nozzle exit. With strong shock waves present the jet spread very rapidly and was very unsteady.
The jet did in some cases break up into large eddies of the same size as the diameter of the jet. When no dis-
turbances were present in the core of the jet the spreading was far more gradual and the jet showed only slight
unsteadiness. The turbulent mixing region of the first part of the jet with strong shock waves was investigated in
detail by pitot tubes. The first inch was found to correspond to a two-dimensional half-jet. The velocity profiles
were similar and well represented by the error integral. The rate of spreading was only half the value for low-speed
flow. By integrations across the mixing region the entrainment and ‘the loss of kinetic energy were determined.
These quantities were found to agree well with the values estimated by assuming an error-integral velocity profile.

1. Introduction.—The flow in supersonic air jets has been the subject of a very large number
of papers. In spite of this extensive literature our knowledge of the details of the flow is still
very limited, mainly because most theoretical and  experimental investigations until very
recently were concerned almost exclusively with the pattern of shock and expansion waves
which occurs in the jets and not with the development of the mixing region between the jet
and the surrounding air.

This paper is a report on the first part of a research programme which was originally planned
to study one of the simplest cases of supersonic jet mixing, namely that in which a uniform
and parallel axially-symmetrical jet with no internal disturbances issues into an atmosphere
at rest. As it happened, the problem of producing such a jet was found to be more difficult
than anticipated, and the first nozzle produced a jet with strong internal shock waves. The
attempts to improve the flow were eventually successful, and a nozzle was obtained which
produced a jet with only very weak disturbances. ' :

In the process of improving the flow it was found that the strength of the internal shock
waves had a very marked effect on the development of the mixing region and thereby on the
spreading of the jet. The jets with internal disturbances spread far more rapidly than did the
uniform jet. The noise from the jet with internal shock waves was far greater than the noise
from the jet with only weak internal disturbances.

* Previously issued as A.R.C. 18,967.



This problem of the effect of the internal disturbances on the mixing process was considered
sufficiently important to warrant a more detailed investigation. This first report describes
photographic investigations of both non-uniform and uniform jets together with a detailed
investigation by pressure traverses of the jet with strong internal shock waves. The detailed
mvestigation of the uniform jet is in progress and will be described later.

When a supersonic jet from an axially-symmetrical nozzle in which there is only a thin
boundary layer issues into an atmosphere at rest, the flow may be divided roughly into three
regions. Near the nozzle exit the mixing region is thin compared with its distance from the
axis, and the flow is essentially that in a two-dimensional half-jet. Farther downstream the
mixing region is no longer thin compared with its distance from the axis, but there is still a core
in the jet unaffected by the mixing. This core eventually disappears and in the third region of
the jet the mixing region extends across the whole of the jet. ‘

Because of the extreme unsteadiness of the flow in this third region of the jet with strong
internal disturbances, the pressure traverses could only be carried out successfully in the first
two regions.

All jets discussed here had the same nominal Mach number of 1-400, and the exit diameters
of the nozzles were all about 0-75 inches. '

2. Experimental Arvangement.—(a) The air-supply system is shown schematically in Fig. 1.
Air enters the two-stage compressor A from the atmosphere. After the compressor it passes
through the oil separator B, the aftercooler C, the water separator D, and the dryer E to the
reservoir G. F is a pressure control valve which keeps the pressure after the compressor at a
constant value of 100 p.s.i. independent of the pressure in the reservoir. About 85 per cent
of the water content is extracted before the air reaches the dryer, after which the dew point
at atmospheric pressure is between —30°C and —50°C, corresponding to specific humidities
between 0-0002 and 0-00002. The reservoir has a volume of 4,500 cu. ft. and supplies air to an
8 in. diameter pipe I whose end is closed by a flange J in which the nozzle K was mounted.
The pipe and the flange were carefully adjusted so that the axis of the issuing jet was horizontal.

The nozzle diameter was chosen so that the capacity of the compressor slightly exceeded
the mass flow through the nozzle for normal working pressures. The excess air escaped through
an adjustable needle valve L. In this way it was possible to run the jet continuously and to
keep the pressure just upstream of the nozzle, as measured on the manometer M, constant
during a run. The practice adopted was to keep the pressure within -5 mm. Hg. of the desired
value. In all the experiments described here, the ratio of stagnation pressure p, to barometric
pressure B was kept at the value corresponding to isentropic expansion to a Mach number
of 1-400, z.e., p,/B = 3-183 4- 0-006, corresponding to a maximum error of --0-2 per cent.

The reservoir is placed in the open air, and the experiiments were carried out in a large room
(a small hangar) with sliding doors which were kept open during the tests. The heat capacity
of the piping and the reservoir (three Lancashire boilers) was large compared with that of the
rate of flow of air, and it could therefore be assumed that the air leaving the reservoir was in
temperature equilibrium with the surroundings so that the stagnation temperature just upstream
of the nozzle was equal to the ambient temperature of the air into which the jet was issuing.

Some of the experiments described here were carried out before the dryer was installed, and
the compressor pumped air directly into the reservoir. The air upstream of the nozzle was
therefore saturated with water at room temperature. At the pressure of roughly 3 atm. abs.
and a temperature of 10°C (typical for the experiments) this corresponds to a specific humidity
of about 0-0025. It was expected that this humidity content would have only a small effect
on the flow in the jet. After the dryer had been installed a number of experiments were repeated
with dry air. No detectable differences were found between the results with wet air and those
with dry air.
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() Schilieren Egmpme%zf.—'l“he schlieren photographs were taken with a conventional two-
mirror schlieren system with a 5in. diameter parallel beam passing through the jet. Three
light sources were used : a continuous mercury-vapour source which was used with a mechanical
shutter to give exposure times of the order 1/50 to 1/100 sec., a mercury-vapour flash tube with
effective duration about 10 microseconds, and a spark gap with duration between } £ and 1 micro-
seconds. These light sources are in What follows referred to as continuous, flash, and spark
source, respectively.

By removing the schlieren knife edge the optical set- up could also be used for direct shadow
photography.

(¢) Traversing Arrangement—The jet was traversed at various stations with either a single
pitot tube or a single static tube. Both tubes had outside diameters 0-040 in. and the pitot tube
had an inside diameter of 0-025in. The tubes were placed in a traversing gear which made it
possible to move them across the jet in the horizontal plane of symmetry. The driving screw
had 26 threads per inch, and the smallest steps used were 1/10 of a turn corresponding to
1/260 of an inch. In spite of the extra work involved, a single tube was used in preference
to a rake of several tubes. The reason for this is discussed below. The pitot pressures were
- measured with a U-tube mercury manometer with one end open to the atmosphere, and the
static pressures were measured with a similar water manometer.

In the earlier experiments with wet air considerable trouble was caused by the pitot tube
getting blocked with ice. This made the experimental work almost impossible on very cold
days. No such difficulties were present when dry air was used.

3. Photographs.—(a) Foelsch Nozzles—In the experiments as originally planned it was
intended to study the mixing of a uniform and parallel jet of a Mach number of 1-400 with the
surrounding still air. A nozzle contour which it was hoped would satisfy this requirement
was therefore calculated using the method due to Foelsch®. A boundary-layer displacement
correction (to the radius) which increased linearly from zero at the throat to a, somewhat
arbitrarily chosen, value of 0-009 in. at the exit was added to this contour. The Foelsch method
does not give any information about the subsonic part of the nozzle, but the subsonic contour
was chosen as a circular arc. All the nozzles 1 to 5 listed in Table 1 had the same supersonic
contour. '

TABLE 1
Nozzles
Nozzle Aibroat Aoutlet Inlet radius

No. inches inches inches

1 0-708 0765 3/16

2 0-708 0-765 3/16

3 0-673 0-727 3/16

4 0-720 0-774 3/16

5 0-742 0-796 3-0

6 0-700 0-739 —

Photographs of the jet from Nozzle 1 (Jet 1) showed that the flow at the exit of the nozzle
was far from uniform (see Figs. 2 to 5). In addition to a weak disturbance from the lip of the
nozzle, a strong shock wave was seen to originate inside the nozzle: A similar shock wave
had been observed earlier in the jet from a simple convergent-divergent nozzle with a conical
outlet (see Ref. 7). It was not surprising that such a simple shape should give a flow with strong
disturbances. The supersonic part of Nozzle 1 had, however, been designed to give a uniform
flow without shock waves, and the reason for the occurrence of the strong shock wavewas therefore
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likely to be found in the shape of the subsonic inlet. It is obvious that the flow pattern in the
supersonic part. of the nozzle must depend on the subsonic approach : in particular, the Foelsch
nozzle design method assumes a straight sonic line (a plane sonic surface) whereas in fact the
¢ camber ’ of the sonic line is inversely proportional to the square root of the radius of curvature
of the nozzle contour at the throat (Ref. 13). A small inlet radius will therefore lead to a
strongly-curved sonic line. To make the sonic line flatter the inlet should either have a very
large radius or the inlet should be faired very gradually into a nearly parallel throat.

A few experiments were carried out using Nozzles 2 to 5.  Before discussing these experiments
it is necessary to say a few words about the manufacture of such small nozzles.

The nozzles were of aluminium alloy and turned on a bench centre-lathe fitted with a home-
made profiling attachment. The copying template was made to agree within 0-00025 in. with
the theoretical ordinates, and the making of the template took about two weeks. With the
template available a nozzle could be made in about one day, and the contour was estimated
to be accurate to within 0-0005 in. Some difficulties were, however, experienced in getting the
nozzle diameter right. This is the reason for the diameters of Nozzles 3 to § being as much as
5 per cent different from the correct values of Nozzles 1 and 2. Nozzles 3 to 5 were in fact just
attempted nozzles which, as they were available anyway, were used for a few experiments,
although they would not have been suitable for use in a main experiment. .

Nozzle 2, which. was identical with Nozzle 1, was used to verify that the shock wave did in
fact originate just downstream of the throat, and was not caused by any irregularities in the
supersonic part of the nozzle. The nozzle was shortened in steps from the supersonic end and
photographs were taken at each stage.

In Nozzle 3 the fairing of the subsonic inlet into the throat region was made slightly more
gradual than in Nozzle 1 but the flow in the jet was not visibly different.

In Nozzle 4 the inlet was faired into a short cylindrical throat region about 1/32in. long,
but this modification did not produce any detectable differences in the flow pattern.

However, in the jet from Nozzle 5, which had a large inlet radius of 3-0in., the shock wave
was definitely weaker than in the jets from the other nozzles. The flow patterns downstream
in the jets were also substantially different in the jets from Nozzles 1 and 5. This is discussed
in more detail below.

These experiments on the effects of the contours of the inlet and the throat region were not
carried any further, because at that time a report on a similar and more detailed investigation
carried out at the National (ras Turbine Establishment became available (Ref. 6). This report
describes the calibration of a Foelsch design axially-symmetrical nozzle for a Mach number
of 1-400 fitted with one of two different subsonic approach sections. The conclusions of the
report emphasise the importance of choosing a subsonic approach which is designed so that the
shape of the sonic surface at the throat agrees with the one specified in the particular
supersonic-nozzle design method used.

(b) Clippinger Nozzle—Although the jet from Nozzle 5 was far more uniform than the jet
from Nozzle 1, it was felt that the original object of producing a uniform and parallel jet had not
been achieved. A trial and error method of improving the shape of the nozzle was obviously
going to be lengthy and was also unsatisfactory from a theoretical point of view.

It was therefore decided to try an entirely different design method, the one due to Clippinger®.
We were fortunate in receiving from Mr. R. F. Sargent of the Bristol Aeroplane Company a
complete set of isentropic ordinates for an axially-symmetric nozzle of Mach number 1-400
calculated by the Clippinger method. Assuming a laminar boundary layer, an estimate was
made of the displacement thickness at the exit of a nozzle with these ordinates and a throat
diameter of 0-700 in. The estimated value was 0-001in., and as this is only slightly larger
than the estimated maximum error in manufacture, no displacement-thickness correction was
made for this nozzle (No. 6).
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The jet from Nozzle 6 is shown in Figs. 6 to 9 and a comparison with Figs. 2 to 5 leaves no
doubt about the improvement in the flow.

(c) Discussion of Photographs—1In all the schlieren photographs reproduced here the knife
edge was vertical, ¢.c., perpendicular to the axis of the jet and cutting off in such a way that
regions with den51ty 1ncreasmg in the downstream direction appear dark on the photographs.
Photographs were also taken with the schlieren knife edge parallel to the axis but in these the
details of the flow patterns were partly obscured by the strong radial-density gradients in the
mixing region, and they are therefore not reproduced here.

A general point to be noted about this series of photographs is the extreme dependence of the
appearance of the pictures on the duration of the light source. The speed with which eddies
in the flow are carried downstream can be taken te be roughly of the order of that of sound.
For the three light sources used, namely continuous, flash and spark, this corresponds to
displacement values of the order 100, 0-1 and 0-01 in., respectively. This explains the fact
that the spark source appears to ‘ freeze ’ the flow pattern whereas the flash photographs have
a slightly ‘ woolly ~ appearance. The long duration photographs show the mean flow only.

"In Jet 1 a strong conical shock wave is seen to originate inside the nozzle. It forms a Mach
shock at the axis about 0-3 in. downstream of the exit. The continuation of this shock wave
meets the mixing region at x = 0-6in. and is reflected as an expansion fan. This expansion
fan is reflected as a compression fan and the process is repeated farther downstream but becomes
more and more affected by the spreading of the mixing region into the core of the ]et and by the
appearance of shock waves formed as envelopes of compression waves.

In interpreting the photographs it should be remembered that they do not represent a section
through the jet but rather the integrated effects of the densﬂ:y gradients along the whole
lengths of the light rays passing through the jet.

Close to the strong shock wave originating inside the nozzle a weak shock wave springs from
the lip of the nozzle. This shock wave may be present because the boundary-layer allowance
- at the nozzle exit was too large, as will appear from the discussion of the pressure traverses,
so that the air expanded inside the nozzle to a pressure slightly lower than that of the atmosphere.

In addition to these well defined shock waves, the whole flow is covered by a criss-cross
pattern of very weak compression and expansion waves caused by minute irregularities in the
surface of the nozzle.

Looking now at Jet 6, a similar criss-cross pattern will be seen, but the shock wave originating
inside the nozzle and the one springing from the lip appear to be absent.

In the short-duration photographs it is clearly seen how very small irregularities in the mixing
region break up into discrete eddies which grow in size as they are carried downstream. In
Jet 1 these irregularities in the mixing region start almost at the exit of the nozzle, but in Jet 6
there is a short region with laminar flow just downstream of the nozzle. This is particularly
- clearly seen on Fig. 8. The most remarkable difference between the two jets is found in the rate
of growth of the eddies and consequently in the spreading of the jets. It is obvious from the
photographs that the spreading is far more rapid in Jet 1. This was confirmed by the pressure
measurements which will be discussed in the following paragraph.

Photographs of Jet 1 also showed differences on an even larger scale. In some pictures the
jet was seen to break up into what appeared on the photographs as definite eddies of a size of
the same order as the diameter of the jet, but should probably more correctly be interpreted
as a spiral vortex pattern. This breaking up into very large eddies was accompanied by a very
rapid spreading of the jet farther downstream. In other photographs the spreading was more
moderate and no very large eddies were present. This phenomenon is illustrated in Figs. 3 and 4
and is further discussed in the following paragraph.
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4. Pressure Traverses.—(a) Survey of Traverses—The jet from Nozzle 1 was traversed with
the pitot tube in the hotrizontal plane of symmetry at the following values of x : 0, 0-1, 0-2,
0-3,0-4,0-5 0:6,0-8, 1-0, 1-5, 2:0, 2-5, 3-0, 4-0, 5-0, 6-0, 8-0 and 10-0 inches. Because
of the small scale of the jet and because of the presence of shock waves it was not possible to
make reliable static-pressure traverses near the nozzle exit. The static tube was therefore only

. traversed at the stations from % = 3-0in. to x = 10-0 in.

The radial distance between consecutive pressure readings increased from 1/260 in. (1/10 turn)
at x = 01in. to 5/26 in. (5 turns) at x = 10-0 in.

The pitot pressure A and the static pressure p were made non-dimensional by dividing by
the barometric pressure B. H|B and p/B were plotted against distance across the jet with an,
arbitrary zero which, of course, at each station was the same for both pitot and static pressures.

Typical pressure traverses for x = 0-4in. and x = 10-0in. are shown in Figs. 10 and 11.
In these graphs the distance from the axis is given in terms of the nozzle exit radius 7y.

~ The investigation of the jet from Nozzle 6 has not yet been completed, but as a comparison
the traverses at x = 0-4in. and ¥ = 10-0 in. are included in Figs. 10 and 11.

From graphs similar to those in Figs. 10 and 11, but plotted with arbitrary zero for the distance

across the jet, the axis of symmetry of the profiles could be determined. - This method was very
accurate for x << 2-51n. but became less accurate for larger values of x. It is felt that this

method of finding the centre of the jet at each traversing station gives far higher accuracy than
could have been obtained by relating the position of the pitot tube to the axis of the nozzle.
The use of a rake of pitot tubes would also have led to difficulties in determining the relative
positions of the individual pitot tubes with sufficient accuracy. In the method used, the
position of the centre of each traverse could for x# < 2-5in. be determined with an accuracy
of from 0-0001 to 0-0005 in., but this accuracy does not necessarily give a true impression of
the actual accuracy of the experimental results because of the possible pitot-tube displacement
effect. It was felt that insufficient information is available about this effect in supersonic
shear flow, and it was therefore assumed that the reading always corresponded to the geometrical
centre of the pitot tube. '

. An exception was the traverse at x = 0-0in. where the pitot tube was moved in the plane
of the nozzle exit. When the pitot tube was moved towards the centre of the jet the manometer
recorded a pressure as soon as part of the pitot tube opening was inside the circumference of the
nozzle exit although the centre of the pitot tube was still outside the circumference. It was
assumed that the pressure read was that at a point half way across the exposed part of the
pitot-tube opening. This displacement correction was therefore. 0-0125in. at the outer edge
of the jet and decreased to zero in a distance of 0025 in.

The mercury manometer was in all cases read to the nearest millimetre. For the traverses
up to x = 2-5in. the readings were very steady and the readings were repeatable. However,
from x = 3-0 in. and outwards the mercury columns fluctuated. At x = 3-0 in. the fluctuations
were confined to the outer edge of the jet, but as # was increased the fluctuations spread to the
whole of the jet and increased in magnitude. Readings were taken by estimating the mean
values on the manometer, but this procedure became increasingly difficult as x¥ was increased:

As an example Fig. 12 shows the variation of the manometer reading of H/B with time for
four periods each of one minute’s duration. The pitot tube was in each case placed at -
% = 5-01in. and approximately on the axis of the jet. When the pitot tube was moved away -
from the axis the relative fluctuations in the difference H# — B became larger and near the edge
they were several times the mean value.

When the estimated average values obtained at stations from x = 3-0in. and downstream
were used to obtain velocity profiles and to calculate the flow quantities in the jet, the final
results were very erratic. A number of traverses were repeated but the agreement with the
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previous results was poor. It was concluded that the method of measurement was inadequate
and the results for x > 3:0 in. have not been included in the present report. It was felt, however,
that the irrepeatability of the results was not satisfactorily explained by the measuring
difficulties. There was some indication that the flow pattern in the downstream part of the -
jet did in fact change from day to day.

On the records in Fig. 12 it will be noticed that in addition to the small fluctuations there are
“bursts * of large variations in the pressure. On the particular day when these records were
obtained these bursts occurred at intervals of the order of one minute. This indicates that
the structure of the jet was changing with a very low frequency or perhaps rather that periods
of relative calm were followed by short violent oscillations of the flow, a phenomenon not unlike
the intermittency at the edge of a turbulent jet (see Ref. 15). It should be remembered, however,
that these pressure records were taken at the axis of the jet, so that the intermittency in the flow
must have been present in the whole of the jet. When the jet was observed on the schlieren
screen, low frequency changes in the flow pattern could also be observed. They appeared not as
oscillations of the jet as a whole but rather as a series of abrupt changes in the angle of spread
of the jet, as if the jetwas contracting and expanding laterally with its axis remaining fixed.
Such oscillations would of course result in oscillations of the pressure on the axis even if the axis
remained fixed. This phenomenon has already been mentioned in the preceding paragraph
and examples are shown in Figs. 3 and 4. In Fig. 3 two photographs are given of the jet near
the exit, and Fig. 4 shows two photographs of the jet farther away from the nozzle. The
differences in the angle of spread of the jet are clearly visible, and it is also clear that the breaking
up into large eddies is followed by very rapid spreading. o

These phenomena were not investigated in detail, but it seems possible that the rate of
spreading of the jet may have changed not only duting an experiment but also from day to day,
for reasons not fully understood. This would account for the inconsistency of the experimental
results for x greater than 2-5in. It might be mentioned that sudden changes in the manometer
reading were accompanied by changes in the noise of the jet. This noise was most of the time
of no definite pitch, but short periods did occur during which a definite tone was superimposed
on the random noise.

A fuller investigation of the fluctuations in Jet 1 would obviously be very interesting but the
present experimental equipment was not suitable for such work, and we must therefore confine
ourselves to these few qualitative remarks.

Pressure traverses made so far of Jet 6 indicate that even at x = 10 in. the flow is steady
with only very small fluctuations in the pitot-pressure readings. The audible noise from Jet 6
is also very much smaller than that from Jet 1.

(b) Velocity Profiles—1f both pitot and static pressures are known, the Mach number can be
found from well known text-book relations which have been tabulated (see, for example, Ref. 12).
If furthermore the stagnation temperature 7, is known, the local temperature 7 is found from
the Mach number as
— 1
2

—1
T:TS(I 17 JW) O 0}
As mentioned above, in the present experiments the stagnation temperature upstream of the
nozzle was always equal to the temperature of the atmosphere into which the jet was issuing.
It was therefore assumed that the stagnation temperature was equal to room temperature
-everywhere. '

The velocity ratio is then
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where suffix 1 refers to the values at the inner edge of the mixing region. We notice that the
velocity ratio is independent of the actual value of T, as long as 7, is assumed constant across
the mixing region.

As the present discussion deals only with the conditions in the jet for values of x less than or
equal to 2-51in., no static pressures were available. This meant that it was not possible to
determine the Mach number or the velocity profiles across the core of the jet where shock waves
were present and obviously caused variations in both static pressure and flow direction. In the
mixing region near the edge of the jet the static-pressure variations are likely to have been very
small, and it was therefore assumed that the static pressure was constant and equal to the
barometric pressure B. This assumption may not be correct at values of x where strong shock
waves interact with the mixing region.

Using the values of H/B found from the pressure traverses, the non-dimensional velocity
profiles were plotted against distance across the jet with the same arbitrary zeros as were used
for plotting H/[B, leaving out the core of the jet. From these graphs the axis of symmetry of
each profile was again determined and as a check the values were compared with those found
from the H/B curves. : '

For use later the absolute value of {7, for each value of ¥ was also determined.

The non-dimensional velocity profiles are shown in Fig. 13. Fig. 14 shows the profiles in the
first inch of the jet on a larger scale. The first three profiles at x = 0-0, 0-1 and 0-2 inches are
shown on a still larger scale in Fig. 15 to demonstrate the rapid change from a boundary-layer
profile to a free mixing-region profile. :

(¢) Similarity of Profiles—In the theoretical solutions of turbulent-mixing problems the
velocity ratio is expressed as a function of a non-dimensional distance across the jet

u v
a—F(O‘;) . . . . .. . . .. (3)

As zero for ' we shall use the value of » at which U/U, = 0-5. The co-ordinate %’ is the
distance from a virtual origin, and ¢ is a scale factor which has to be determined experimentally.
In the theories ¢ is independent of x” and y" but depends on some other parameter such as the
‘ mixing length ’ or the eddy viscosity.

To investigate whether the experimentally determined velocity profiles are similar, the
virtual origin, 7.c., the zero for x’, must first be determined. This was done by plotting
mixing-region width Ay against x, the distance from the exit of the nozzle. It appears that
a number of different definitions of 4y have been used. Three of these were used in the present
investigation, namely

(Ay), the difference between the values of » at which U/U, equals 0-1 and 0-9,
respectively.
(4v), * the difference between the values of » at which (U/U,)* equals 0-1 and 0-9,

respectively. These values of (U/U,)* correspond to values of U/U,; of
0-316 and 0-949, respectively.

(4y), the difference between the values of » at which U/U, equals 0-1 and 0-95,
' respectively.

When these three different measures of the mixing-region width were plotted against x it was
found that the points fell in two distinct groups, within each of which the variation with x was
nearly linear.

' Fig. 16 shows the results for Group I for which x varies from 0-1 to 1-0 in., and Fig. 17 those
for Group II for which x varies from 1-0 to 2-5in. The best straight line was fitted to each
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~ series of points. If the profiles were exactly similar the three lines within each group would
intersect the x-axis at a single point. This is seen to be very nearly the case for Group I, but
for Group II the virtual origin is less well defined.

The average values of the zeros of x" were used They were for Group I, ¥ = —0-23in. and
for Group II, x = +0-31 1in. :

The velocity profiles were compared with the simple expression

‘%:F(%):1[1+erf(al’)} T !

where erf (¢ f e exp (—#*) dt, and with the tabulated function F, given by Gortler® who

calculated the velocity profile for an incompressible turbulent half-jet assuming constant eddy
viscosity. F, was found as a series solution the first term of which is equal to ;. (Our F, and
F, are not the same as F; and F, in Gortler’s notation.)

The best values of o were found as the ratios of the theoretical values of ¢4y/x" to the means
of the experimental values of 4y/x’. Average values of ¢ were used. They were for Group I,
o = 21-9 and for Group 11, ¢ = 11-9. ‘

Figs. 18 and 19 show U/U, plotted against oy’/x" for each of the two groups, and it will be
seen that the velocity profiles exhibit a high degree of similarity. Apart from the values at
% = 1:01in. which fit well into Group I only, the scatter can easily be accounted for by
experimental inaccuracies. The maximum deviation from a mean curve (not shown) is +0-01
in U[U,, except near the outer edge of the mixing region. Fig. 18 is particularly remarkable
in view of the fact that 7,.; — 7., is only 0-028 in. at x = 0-1 in., that is about the same as
the diameter of the pitot-tube opering and considerably smaller than the outside diameter of
the pitot tube. That the profiles are true profiles is supported by the experiments by
Johannesen and Mair® who found that the measured distribution of pitot pressure across a
supersonic wake was independent of pitot-tube size as long as the outside diameter of the pitot

tube was less than about twice the width of the wake.

In Group I the flow is essentially that in a half-jet, and Fig. 18 may therefore be compared
with Fig. 13 in the paper by Liepmann and Laufer® who investigated the incompressible half-jet.
It will be seen that the relative scatter is of the same order in the two cases although the width
of the mixing region in our case is only about one fiftieth of that in the low-speed results of
Liepmann and Laufer.

The experimental values in Fig. 18 approximate rather better to Gértler’s curve, I, than to F,
but in Fig. 19 the points for x = 1-5, 2:0 and 2-5 inches are very closely approximated by £,
except at the outer edge of the mixing region. We shall see later, however, that the simple
function F, is a fully adequate representation of the velocity proﬁles in Group I when it is used
to calculate the flow quantmes in the mixing region.

The value of ¢ = 21-9 for the points in Group I should be compared with the value of ¢ = 11-0
found by Liepmann and Laufer for incompressible flow. For the first part of the jet where the
flow is very nearly that in a half-jet we have thus found that at a Mach number of 1-4 the rate
of spreading is almost exactly half the value in incompressible flow.

The fact that the points in Group I fit I, rather better than F, is not considered to be of any
great significance. It is important, however, that an increase in speed from a low subsonic
Mach number to a Mach number of 1-4 changes the value of ¢ only, but leaves the velocity
profile unchanged within the experimental accuracy.

Two expenmental investigations of mixing in a supersonic half-jet have been published.
In both cases density profiles were measured by an interferometer and the experimental scatter
was considerably larger than in the present experiments.
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Gooderum, Wood and Brevoort* found a value of ¢ = 15 for a Mach number of '1-60 when
comparing their experimental velocity profiles with the theoretical curve for incompressible
flow due to Tollmien™.

Bershader and Pai' found ¢ = 17 when their experimental density profiles were compared
with a theoretical curve calculated using the theory of supersonic mixing developed by Pai'®,

No experimental values are available for comparison with the value of ¢ = 119 found for
Group II. In this region the jet is neither of the half-jet type nor of the fully-developed
axially-symmetric type. The fact that o changes very rapidly in the neighbourhood of x = 1-0in.
is no doubt caused by the interactions between the mixing region and the disturbances in the
core of the jet.

(@) The Ideal Jet—Before we proceed with the treatment of the experimental results it is
necessary to discuss the effect of day-to-day variations in the experimental conditions.

The non-dimensional flow quantities in the jet, such as velocity ratios, mixing-region width
in terms of nozzle exit radius, etc., will depend on two non-dimensional parameters, a Mach
number taken, for example, on the axis of the jet in the exit plane of the nozzle, and a Reynolds
number defined, for example, by the velocity and kinematic viscosity at the same point together
with the radius of the nozzle outlet.

In the experiments the reference Mach number was always the same because the pressure
ratio across the nozzle was always that corresponding to isentropic expansion to a Mach number
of 1-400. The reference Reynolds number did, however, vary from day to day because of the
variations in atmospheric pressure and temperature. The variation in Reynolds number was
small, the maximum deviation from the mean value being +3 per cent. It is well known that
the non-dimensional quantities, such as for example pressure ratios, vary very slowly with
Reynolds number, and it therefore seems fully justified to assume that the non-dimensional
pressure profiles were independent of the day-to-day variations in atmospheric conditions.

This was in fact already assumed in the preceding paragraph where the velocity profiles
obtained for different values of x and on different days were all assumed to belong to the same jet.

In what follows it will throughcut be assumed that the non-dimensional quantities are typical
for a jet from Nozzle 1 with correct pressure ratio and issuing into an atmosphere with pressure

and temperature at values within those occurring during the experiments, .e., 750 to 770 mam. Hg
and 10 to 20°C.

To make quantities such as velocity, mass flux, momentum flux, and kinetic-energy flux
non-dimensional they are divided by the corresponding values in the exit plane of Nozzle 1
assuming isentropic flow and the atmospheric conditions prevailing at the time of the experiments.
These ‘ideal * quantities are indicated by a suffix 1.

When, however, actual numerical values are quoted they refer to a jet issuing into an
atmosphere at normal pressure and temperature, ¢.e., 760 mm. Hg and 0°C. :

(e) Velocity at Inner Edge of Mixing Region.—Although the experimental scatter was found
to be large for x greater than 2-5in. it is of some interest to compare the axial variations of
velocity for Jets 1 and 6. These are shown in Fig. 20, where the ratio U,/U, is plotted against
distance from the exit measured in nozzle outlet radii. U, is the ideal velocity at the exit and U,
is the velocity at the inner edge of the mixing region, or, when the core has disappeared, the
velocity on the axis. We notice the large difference between the two jets. A composite curve
including several low-speed experiments on turbulent round jets was given by Townsend' and
this curve is also shown in Fig. 20.

(f) Integrations Across the Mixing Region.—Let us first consider the two-dimensional case
of a half-jet, Fig. 21. At a certain value of x, let y, and y, be the values of y for which the
experimentally determined values of U/U, are 0 and 1, respectively. The position of the x-axis
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is not important, but we shall assume that v, and y, are both positive. For a fixed value of #,
the rate of mass flow Q, the momentum flux R, and the kinetic-energy flux K through the mixing

region are, per unit width

QZJPU@ N ()
YL
Yo
Rprm@ U ()
Y1
Yo :
K:%fpm@.” O )

¥1

Because mass is continuously being added to the mixing region the displacement thickness
does not seem to be a significant parameter. We may, however, define a momentum thickness
é, and an energy thickness ¢, by the equations

% U\ pU |
5, — 1--) y .. .. .. ...
fyl ( U/ p:Us 4 _ ( )
Yo U\ pU
by = ¢~_4 dy. .. .. ...
: fg,l ( Ul2 P1U1 Y ( )

Q, R and K are insensitive to small variations in y,. They do, however, depend critically
on the choice of y,, and we have '
AQ = —p, U4y,
AR = —p, Upldy, } .. .. e .. .. (10)
AR = —1p,Udy,

8, and &, are insensitive to small variations in either y, or y,.
§, and &, are related to Q, R and K by the expressions

5 OU, — R) L

B /-71(]12

5 thmm.z.~” O 1)

2 P1U13

As @, R and K depend on the values of the integration limits and therefore on the experimental
accuracy, they are not suitable characteristics of the mixing region. &, and 8, do not, on the
other hand, depend critically on v, and y,, and they are therefore characteristics of the mixing
region. To see their physical significance, we define the quantities £ and D, where

E=pUsb, .. .. .. .. .. .. oo (18)
D =1p, U2 (8, — 8, .. .. .. .o (14)
we see that
E = R 15
=@ U, .. .. .. .. .. (15)
and
D=30—-EKU— K. .. .. .. .. .. (16)

R|U, is that part of the mass flow in the mixing region which originates from the core of the jet,
and E is therefore the total mass entrained per unit time between the nozzle exit and the station
considered. Similarly, $(Q — E)U,* is the kinetic energy supplied to the mixing region from
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the core. D is therefore the loss in kinetic energy in the mixing region at the station considered.
This is not in practice equal to the total kinetic energy dissipated because some of the kinetic
energy will be present in the form of turbulent energy.

In the axially-symmetric case we have (Fig. 22)

Q::%ar%mwa O V.
1

Z?zanmmU%h Ly
lZ:nfmmU%h... 9

1

In analogy with the two-dimensional case we may define a momentum area 4, and an energy
area 4, by the equations

);0 U U .
zl:2f (L——)P & ..
? i ;'17/ Ul P1U1' g ( )
"o U\ oU
A, =2 j 1~——yi—d. @
’ " r 4 ( U/ p U, ! ( )

Q, R and K are insensitive to small variation in #,, They depend critically on 7,, and we have

A4Q = —2ar,p,U, A7,
AR == —ZnylplU]_ZAyl
AK = —ar,p, U4y, .. .. .. .. .. (22)

A, and 4, are insensitive to small variation in either , or7,. 4, and 4; are related toQ, R and K
by the expressions

1 |
fa=oaQU-R L L L@
A?:;%?@QE—ZKy R 71

In analogy with the two-dimensional case we define

E:plUIAZ .. .. .« .« . “. . (25)
D=1p,Udy— A). .. . . . .. (26)
As in the two-dimensional case it is possible to define momentum and energy thickness with

reference to a characteristic length such as, for example, 7,.;, the value of » at which U/U, = 0-5.
We then have

4
8y = m—im
BT Qargs

and a similar expression for d;. In axially-symmetrical flow it is, however, more convenient
to use the areas except in cases where 6, and d; are very small compared with 7,.;.
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Using the two-dimensional equations, 8, and §; were found for the velocity profiles given by
F, and F, using numerical integration (Simpson’s rule). The results were '

For F,: 8, = 0-317x'[o (27)
5, = 0-483x’ [0 28)

83 — 6, = 0-166%'[o . . . e .. (29)

For F, : 5, = 0-3214')o (30)
8y = 0-471x'jo | (31)

By — 6y =0-150x")c . .. .. .. .. .. .. (32

The last figure in these values is of doubtful significance because of the inaccuracy of the
numerical integration method, and the difference between the results for F, and those for F,
is therefore hardly significant. It should be noted that é, and 8, are functions of M, and the
values given here are therefore only correct for M, = 1-4.

Using the three-dimensional equations, Q, R, K, E and D were determined by numerical
integration of the experimental values for each value of ¥, but only the values of £ and D are
given here, because ; R and K depend critically on the experimental values of 7,.

The integrations could be carried out directly. U/U, had already been determined, and from
the equation of state we have, assuming that the pressure was constant across the mixing region,

T, T,

P/pl == TI/T: Ts T

where T[T is given by equation (1).

The non-dimensional values E/Q; are shown in Figs. 23 and 24. The best straight lines are
fitted to the points in each of the two groups. For the points in Group I it is a reasonable
approximation to assume that the flow is two-dimensional, and we therefore have

E = 2ar.:6,0,.U,. .. .. .. .. .. (383)

Using the mean values of 7,5, p;, and U, and substituting the value of ¢, from equation (27) or
equation (30) we get the theoretical line shown dashed in Fig. 23. The difference between the
results obtained from F, and F, is so small that it does not show up on the graph.

The non-dimensional values of D/K; are shown in Figs. 25 and 26. The best straight lines are
fitted to the points in each of the two groups. For the points in Group I we have

= a¥.5(0; — 6,)p Ul. .. .. .. .. .. (34)

The line corresponding to°F, is shown dashed, and the one corresponding to F, is shown dotted.

It will be seen that both the entrainment and the loss of kinetic energy, for the part of the jet
in which the flow is/ nearly two-dimensional, can be calculated with sufficient accuracy using
the simple velocityf profile given by F;. The value of ¢ must, however, be determined
experimentally.

From the calculated values of the entrainment, the rate of entrainment and hence the radial
inflow velocity can be‘calculated/ At a distance of one nozzle exit radius from the axis the
velocity was found to be, first inch of the jet, 37 ft/sec.

The velocity profile at x = 0-0in. was used to determine the displacement thickness of the
boundary layer at the exit of the nozzle. It was found to be 0-006 in.

13



(g) Integrations acvoss the [et—Although the conditions across the core of the jet are not
known accurately, they may be approximated by assuming that they are on the average equal
to the conditions at the inner edge of the mixing region. With this assumption, the total values
Q., R, and K, of the rate of mass flow, momentum flux, and kinetic-energy flux were calculated
at each value of x. TFig. 27 shows the ratios Q,/Q;, R,/R; and K,/K; where, Q;, R; and K, are the
values for the ideal jet. The mass flow increases and the kinetic energy decreases with x
increasing whereas R remains nearly constant. All curves show a kink at ¥ = 0-61in. Thisis
probably due to errors in the pitot pressure caused by the interaction of the shock wave with
the mixing region.

5. General Discussion and Conclusions—Two main problems have been investigated in detail,
namely the effect of the strength of the internal disturbances on the development of the jet,
and the detailed structure of the mixing region immediately downstream of the nozzle exit.

All the jets investigated were of a nominal Mach number of 1-400, and the nozzle area
ratios were approximately at the correct value for isentropic expansion to this Mach number.
The disturbances in the jet originated inside the nozzle and were not, as is more often the case,
caused by the pressure at the exit of the nozzle being different from that in the atmosphere.

Strong internal shock waves, as in Jet 1, were found to cause a very rapid increase in the rate
of spreading of the jet. In some cases the jet broke up into what appeared as large eddies of
about the same size as the diameter of the jet. The mechanism of this eddy formation is not
understood. It may, however, be a phenomenon similar to that observed by Powell" in two-
dimensional jets for which the exit pressure was higher than the atmospheric pressure.

The present series of experiments shows that a certain strength of the shock waves in the jet
is necessary for the formation of the large eddies. They were present in-all the jets from the
Foelsch design nozzles except from Nozzle 5 in which the shock waves were reduced in strength.

The first part of the mixing region of Jet 1 was investigated by pitot traversing. The results
show a surprisingly small scatter in view of the small scale of the flow. This consistency of
the results does not, however, necessarily mean that the results are highly accurate. There are
a number of possible sources of errors which would cause systematic deviations from the true
values without necessarily giving random scatter in the experimental results. Firstly, the
static pressure was assumed constant across the mixing region. This is likely to be nearly correct,
and the effect of the possible errors on the non-dimensional velocity profiles is likely to be small.
Secondly, no pitot-tube displacement correction was applied to the results. If there were such
a correction it would seem likely that its effect would have been dependent on the width of the
mixing region and it should therefore have shown up on the graphs (Figs. 18 and 19) on which
the velocity profiles are plotted with the same non-dimensional width. No systematic variation
with mixing-region width is detectable, and it is therefore likely that the correction, if any, is
smaller than the experimental scatter. Thirdly, no correction was made for the effect of
turbulence on the reading of the pitot tube. This correction is likely to be small over the major
part of the mixing region, but is no doubt significant near the outer edge. In this region the
scatter of the experimental results is large, anyway, and the correction, if it had been known,
would not have altered the over-all picture significantly. In low-speed flow Liepmann and
Laufer® found that mean-velocity distributions measured with pitot tubes and with hot wires
were in excellent agreement for values of U/U, greater than 0-2.

The velocity profiles between x = 0-1in. and 2-5in. were found to fall into two distinct
groups within each of which the spread was linear. In both groups the velocity profiles were
well approximated by the simple expression of equation (4). The scale factor o was 21-9 for
Group I (0-1in. < » < 1-01in.) and 11-9 for Group II (1-0in. < x < 2-5in.).
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The flow in the first inch of the mixing region was approximately that in a two-dimensional
half-jet and the value of 21-9 for ¢ could therefore be compared with the low-speed value which
lies between 11 and 12. This shows that the rate of spreading at a Mach number of 1-4 is only
about half of what it is in low-speed flow.

For the first inch of the jet the experimentally determined values of the entrainment and the
loss in kinetic energy were shown to be sufficiently accurately represented by assuming the simple
velocity profile of equation (4).

The investigation of the uniform jet (Jet 6) had not yet been completed but a later report will
deal with this jet in more detail. :

Acknowledgements.—The photographic investigations described in this re;port were started by
Dr. I. M. Hall who also designed the Foelsch nozzles. Mr. G. Artingstall assisted with the
photographic work and the pressure measurements.




NOTATION

B Barometric pressure
D Loss of kinetic energy
E Mass entrained
F, Function defined by equation (4)
F, Gortler’s velocity profile
H Pitot pressure
K Kinetic-energy flux
M Mach number
' Q Rate of mass flow
R Momentum flux
T Absolute temperature
U Velocity
a Diameter
P Static pressure ’
4 Radius (distance from axis of jet)
% Distance from nozzle exit
%’ Distance from virtual origin
v Distance across jet
' Distance from point where U/U, = 0-5
y Ratio of specific heats
8y Momentum thickness
4 Energy thickness
Density
o Scale factor {equation (3)}
A, Momentum area
A Energy area
Suffixes
N Nozzle exit
7 Ideal values
s Stagnation values
¢ Total values
0 Values at U/U, =0
0-5 Values at U/U, =05
1 Values at UJU, = 1-0
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Fic. 1. Air-supply arrangement.
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Fi1c. 2. Jet 1. Schlieren. Continuous.
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oLl 2] 3] 4] xIN.

Fi1G. 3. Jet 1. Schlieren. Flash,
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F1G. 4. Jet 1. Schlieren. Spark.
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Fi1G. 8. Jet 6. Schlieren. Spark.
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