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SUMMARY

The spread of the half-velociiy circle in a jet discharging with
‘exeess pressure from o length of parallel pipe inbto still air has becn
examined over the range 40 to 200 diameters from the exit. Jet pressure
ratios {outside static pressure + jet total pressure) were from 0.479 %o
0.042, corresponding to isentropic Mach numbers from 4,08 to 2,72.

It is found that rates of spread are not greatly different from
that for a subsonic jet. The eflective exit of an under—expanded jet is,
however, displaced some distance downstream of 1he actual exit. TFor a
jet of isentropic Mach number 1.51, the effcetive exit position is zbout 8
diamcters downstrcam and the half-velocity circles lie on a cone of scmi-
angle 5.?O from the centre of the effective exit.
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Y Introduction

It is known that the rate of spread of a subsonic jet blowing into
st1ll air is such that, downstream of about 10 diameters from the Jjet
oxit, the "half-velocity circles"¥ 1ie close to a cone of semi-angle 5°,
having its apex at the cemtre of the exit. Further, the presence of an
external stream flowing in the same direction as the jet restricts the
rate of spread to smaller angles. These general results were given by
Squire® in a review and analysis of existing data.

If the jet is sonic or supersonic at exit, the exit pressure may de
different from that in the surrcunding atmosphere. In such a case the
development of the Jet, at lesast in the early stapes, could be expected
to differ appreciably from that of a subsoric jet. It was thought desirable
to obtain some experimental informatlion on this point and in particular
to check vhether marked variations could occur in the size of the jet at
dovmstream distances of the order of 400 diameters, when the jet is
discharging into a rarefied atmosphere yepresentative of conditions at
high altitudes.

2 Mrst experiment

A jel of cold compressed aly was tlown from a straight pipe into a
chamber containing still air. The inside diameter of the pipe was 0.08
inches; the chamber was the working section of a 5% X 53" supersonic
tunnel., The total pressure of the Jet was varied between 20 and 75
1b/sq in. absolute. The pressure in the chamber was maintained elther at
ground level atmospheric value (147 1b/sc in.) or, by bringing the btunnel
suction plant into operation, abt an absolute value of 2.5 1b/sg in., which
corresponds to atmospherie pressure at 48,000 ft.

4 survey of dynamic head in the jet was made at two stations, 62.5
and 100 jet diameters from the exit of the pipe, by means of a pitot-
static rake comnected to a weter mancmeber. To cbiain the jet velooity
profiles from these meagurements, it was assumed that at the measuring
gtations the tempersture in the jot, and hence the density also, were
the same as in the surrounding mediwg.

Velocity profiles at the two staticns, obtained for various total
pressures in the jet with atmospheric pressure in the turnmel, are given in
Pig.l. Corresponding results obtained with the tunnel evacuated to 2.5
1b/sq in. pressure are given in Fig.2. It is seen that, over the range of
pressure ratlo covered, there are no large changes in the amount of
spreading of the jet at a given position dowmstream. In Fig.3 the ratio
x/ %, where r ls the radius of the half-velocity clrcle at distance x from
the exit, is plotted against Jjet pressure ratio and the corresponding
isentropic Mech number. The latter is given merely as an indication of
the Mach mumber atiainable in the jet by expansion to ambient pressure.
Results for the two stations are indicated by different symbols. At all
pressure ratios, Squire’s rule for subsonic jets is seen to £it well as
a mean result for the two stations. There is however, some indication of
curving cutwards, that is to say the equivalent cone angle is consistently
the higher for the station further downstream, and this effect becomes
more pronounced as the jet Mach number increases.

* The “half-velocity cirele" is that elrcle, in a scetion normal to the
axis of the jet, on which the value of veloclty is a mean of ihe valuss
on the axis and in the surrounding medium.
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3 pecond experiment

In order to resolve the problem further, a second test was made in
which the apparatus was rigged on a laboratory bench, away from possible
constraint effects of the twmel walls, and a more complete survey of
the jet was made for one pressure ratio. Profiles were obtained at six
stations ranging from 37.5 to 200 diameters from the exit. The pressure
ratio for this test was necessarily restricted, the isentropic jet Mach

mutber being only 1.51.

The velocity profiles are given in Fig.l,and Fig 5 shows the radius
of the half-velocity circle plotted ageinst distance dowmstream. A comparison
of values of this radius at 62.5 and 100 diameters again shows the effect
observed in the first results and it is seen that a better "fit" then the 5°
cone from the centre of the exit is a cone of half-angle 5.7° from-a point
ont the axis about 8 diameters downstream of the exit. Prom this, two
general results are inferred.

(1) The effective exit position of a jet emerging with an excess
pressure ratio from a sonic nozzle is some distance dowvnstream of the
actual exit, This distance appears to be between 5 and 10 exit diamaters
vwhen the isentropic Mach number of the Jet is 1.5.

(2)  The anple of spread of the half-velocity circle from this
effective exit position is somewhat greater than the 5° given by Squire
for a wholly subsonic jet. Tor a jet of isentropic Mach number 1.5, an
angle of 5.7° holds well up to 200 diameters downstream.

The first of these results is as could be expected from the fact
that the jet is under-expanded at the sonic nozzle, The point can be
followed up through an examination of schlieren pictures of the jet
discharging into atmosphere at four values of internal pressure (Fig.6).
At the first pressure the jet is only just sonic, hence the corz is not
visible, but at the other three pressures the length of the core can be
Judged approximately by the ilstance over which the chain of supersenic
expansion and compression is visible. These distances are plotted in
Pig.7, where it is seen that they form a plausible extension of Squire!s
result that the core of the subsonic jet extends for about 5 dismeters.

We may interpret the results in Fig.7 as an effective downstream
shift of the nozzle exit when the jet is supersonic, compared with the
subsonic jet. For the jet at 55 1b/sg in. pressure (Pw%oj = 0.268)
this downstream shift would be about 8 diameters (a core length, super—
sonic of 13 diameters, compaved with 5 dismeters subsonic): +this agrees
well with the previous suggestion that the effective exit position is 8
diameters dovwnstream.

Using the subsonic core length of 5 diameters as a datum, the position
of the effective exit, supersonically is as shown by the dotted curve in Fig.7.
Although it is not possible %o extrapolate this curve to really low pressure
ratios (high Mach number jets) it seems probable that in such cases the
downstream displacement of effective exit would be very considerable,

This result is of interest because some recent results of measurements

in the wake of a rocket jet,* tested at ground level, suggested thal at a
dommnetream distance of the order of 100 diameters the radius of the half-
velocily circle corresponded to a cone seri-angle of only sbout 4° from
the jet exit. It is seen that the result can probably be explained in
terms of dowmstream displacement of the effective exit of an under-
cxpanded jet.

* Tegts by R.P.D. Westcott, not yet published.
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As regards the mean angle of spread downstream of an effective exit,
the reason for the discrepancy between Squire's rule and the 5.7° of the
present tests is not clear, particularly as the supersonic jet, oubside
and beyond the core repidly becomes subsonie. It is suggested that the
second corclusion above should be regarded as provisional only, umbil
further experimental evidence for supersonic jebs, particularly at higher
Mach numbers than apply to the present tests, becomes available.

4 Additional features of the results

ko1 Jet momenbum

In the development of a jet by mixing it is nommally assumed that
the total momentum of the jet is constant. A% a downstream station the

total momentum is

At the jet exit the total momentum (assuming uniform conditions) is:

2
{psV57 + 2y = D) By
which, for a sonic exit, may be written

[(r + 1) p5 = B,] Ay

Thus, with y = 1.4 and since ps = 0.528 Poj

P
Momentum 1,269 = _ (4)
AJ' Poj Poj

Using results from the first experiment, the jet momerntum at the two
downstrean stations was determined by graphical integration of the
measured profiles. This was done for one Jjet total pressure at each of
the two external pressures. The results are shown in Flg.8 where they
arc also compared with values caleulated for the jet exit by means of
equation (1). It is seen that good agreement between the two stations
is obtained and that, at both pressure ratios, the downstream values
agree with the exit value provided that the effective exit area of the
jet pipe is taken to be 93% of the actual area. This is thought to be
a plausibly correct value for the particular jet pipe used, which was a
long parallel pipe with mo final contracting nozzle.

k.2 Axial velocity

From the result of the gecornd experiment, the variation of welocity
on the axis of the jet is as showm in Fig.9. The curve is approximately
hyperbolic in form. Squire shows that for a subsonic jet VaX/Vid is
constant, vwhere V, is the velocity on the axis at disbance %/d,"and Vj
is the jet exit velocity. For a supersonic jet we substitute Vp, the
maximun velocity correspording to the jet pressure ratio Pno/Poj , for Vi
and allow for the fact that with a sonic exit followed by free e:ggansign,
the effective exit position is, as discussed in section 3 above, scme
distance downstream of the actual exit = about 8 diameters in the present
case. PFPig.9 shows that the value of the expression:

Vo fx
== = = 8
=G0
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is constant over the whole range of the test. If the value of V_ is
calculated on the assurption that the stagnetion temperature of bhe
Jet is equal to laboratory temperature, the constant value of this
expression is 8.2 which is in agreement with Rolls Royce and previous
R.A.B. data quoted by Squire.

LIST OF SYMBQLS

p = strean density

V = sgtream wvelooity

M = Mach rmumber

P = pressure

A = coross sectional area of jet at relevant station
d = inbternal diameter of Jjet pipe

x = distance along jet from pipe exit

¥y = distance out from Jet axs
r = radius of half-velocity circle
- refers to outside atmosphere
J refers to Jet exdit
0 refers to stagnabion condition
a refers to axis of jJet
m maximmm velocity on Jjet axis
REFERENCES
HNo. Author Title, etc.
g H. B. Squire et flow and its effects on aircraft.

R.A.E. Report No. Aero.2471, September, 1946,
AR.C.10489
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