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SURR H.;tY
The velocity and temperature coniitions in the space surrounding a
single nozzle discharging hot gas vertically downwards on to a horizontal
surf'ace have begen studied, Lxcept at very low exit velocities, the
amount of recirculetion to an intake situsted on the axis of the jet is
small. %ithin limits, the dynamic head at ground level at a point away °

SN

74, .
from the axis is independent of the neight of the nozzle above theﬁground. I£N
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These limits are decided by 4he spresd of the jet before it reaches-the
\Cb ﬁ§z/

ground, and by the lateral extent ol the jet bcfore 1t separates and rlsea
from the ground.

A perameter including the initial velocity of the jet and its tem-
perature is used to define both the vertical venetration of the jet and
its lateral extent if it striles the ground. The rate of decay of dyna-
mic head in the Jet slong its axls and across the ground has been studied,

In transient expsriments, the rate of progress of the initial spread of

the Jet across the ground has been determinad.

Replaces Y.G,T.F. M.390 ~ ARG, 26605
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1.0 Introduction

The use of direct jet thrust for assisting asircraft to take off
vertically raises a number of problems in operation, one of which is the
possibility that the temmerature of the air into the engine intake may be
increased owing to recirculation of hot gases from the lifting Jets. In
the region near the jet exits, where the gases still have an apprecisble
velocity, the flow of the gases is dependent on geometrical factors, that
is, on the relgtive disposition of the jets and adjacent surfaces. Thus
recourse is of'ten made to model tests' to investigate heating effects on
surfaces of the airecraft, and it is usual to simulate the full-scale velo-
city and temperature of the jet gases.

Temperatures at the engine intake of a few degrees above ambient
can sericusly affect engine performance; for example, a rise of 10°¢C may
cause a loss of up to 5 per cent in thrust. Thus we are concerned in
this respect also with gases which may have recirculated from more distant
parts off the flow field, where velocities are low, and where forces on the
gases due tc their buoyancy become an important factor in establishing the
flow patterns. In this situation it is not c¢lear what the relationships
between the various parameters are which have to be observed vhen simula-
ting full-scale conditions in model tests. The object of the present
experiments was to study the flow from a single jet directed towards the
grounc, particularly in regard to laws of scaling appropriate to the outer
regions of the flow field, and to investigate whether recirculation from
this region, both under steady-state and transient starting conditions,
wes affected by the vresence of an intake situated just above the jet dis-
charging hot gas.

2,0 Apparatus

R The set up Tor the experiments is illustrated in Figure 1. A
aupply of hot gas was provided by an aircraft cembustion chamber burning
kerosine; a simple air-driven ejector was used as a source of sub-
atmespheric pressure. Both these supplies were ducted through concentric
pipes te a point well away from surrounding obsiructicns where the hot gas
was led to & Jet pointing vertically downwards, and the suction pipe ter-
minagted in a rounded inlet located above the Jet. The height of the jet
above the floor could be altered by interposing suitable distance pieces
in the pipes. Both supplies could be turned on or off suddenly by operat-
ing rlate valves in the supply vipes.

The tempersture of the air arcund the jet was measured by a rake of
thermocouples. The couples themselves were made of fine wires about
U.005 in, diameter, and a suction of about 5 in. of water gauge was aspplied
to draw air over the couples to cnsure rapid response. The outputs from
the couples and from a thermocouple located in the gas just upstream of
the Jjet exit were recorded on a sensitive recording galvanometer having
twelve separate channels,

In many cases, it wwas necessary to warm the pipe leading from the
combustion chamber to the jet vefore starting the experiment proper., To
do this, an exhaust pipe was positioned under the jet nozzle, so that the
hot gas was led away from the test area. Having warmed the pipe, the
valves were moved to by-pass the hot gas and the exhaust pipe was removed.
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The floor was smooth cement, but no special preparation of the sur-
facc was made. Usually, the hot gas was not allowed to flow for more
than 30 seconds during a test, and there wes no significant erosion of the
floor.

3.0 Transicnt temperaturcs in the field arcund the jet

The thermocouple raeke was erected at various radial distances from
the Jjet axis and recordings of the temperatures vere made during a
30 second periocd after the Jet and intske flows were turned on suddenly.
4 thermocouple located Jjust inside the intake was monitored to determine
the temperature of the air at this point.

So far as could be determined, the temperatures in the region
around the jet and in the vicinity of the intake were the same whether or
not suction was applied to the intake. There appeared to be a smell
amount of recirculation of hot gas to the intake region, the temperature
rise being about 1 to 2 per cent of the temperature above ambient of the
jet at exit. Observations of temperature close to the nozzle were made
difficult because there was alwsys a small leakage of hot gas from the
nozzle when the valve was closed, and this gas convected upvards and
caused the intake thermocouple readings to fluctuste, "hen the jet was
turned on, the readings at the intake steadied very considerably, but all
the thermocouple readings during the test runs showed fluctuations in
temperature, except when the couples werc directly in the faster moving
parts of the Jjet near the floor.

The fact that the temperature fluctuations in the outer regioms of
the Jjet field were of a similar magnitude to the temperature differences
being measured, meant that it was difficult to get precise quantitative
measurements. An indication of the steady-state tempereture pattern is
given in Figure 2. Approximately, the maximum value of excess tempera-
ture close to the ground, @, varied inversely with rediel distance from
the axis of the jet and it wa? noted that these indications were similar
to the measurements of Reeoves'.

4.0 Initial rate of spread of the jet

A transient phenomenon which could clearly be detecrmined from the
temperature records was the rate at which the initial boundary of the jet
spread across the floor when the jet was first turned on. The sudden
change in temperature was clearly defined on the record, and by placing
the rake in a horizontal position Just azbove the floor surface the time at
which the jet reached a given radius could be found. Figure 3 shows how
these measurements fall on curves in which distance is proportional to
(time)Z. The curves for the same jet exit velocity, but with the height
of the jet above the ground varying in the range 1 to 36 diameters, are
the same. Rosults for nozzles with diameters of 2 in. and 1 in. are
shown, '

The curves of Figure 3 give the rate of progress of the jet bound-
ary, u, as the slops of the curve at any instant, t. The curves are of
the form
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Values of the velocity u have been obtained from the results in this
way and are -plotted on Figure 4. The velocity is shown relative to V.,
the velocity of the jet at the nozzle and the distance is related to the
diameter of the nozzle. . It is seen that the measurements may be correla-
ted quite well by this form of non-dimensional plotting. :

It was not immediately apparent that the rate of spreading of the
jet should be the same for widely different heights of the nozzle above
the ground, since it was clear that the oressures in the Jjet at the region
of impingement with the ground wers very much reduced as the neozzle height
was increased. Therefore, measurements of the steady state velocity
field were made. : '

5.0 Steady-sfate velocity measurements

* The dynamic head of the jet flow at ground level was mecasured on a
sensitive water menometer using a total head probe which was held at a
small distance above the ground (usually about % to 1 in.} at the height
which was found to give the maximum pressure reading. The pitot pressure
at the exit plane from the nozzlc and the pressure close to the ground at
the point of jet impingement vwere also measured with the same pitot tube.
Generally, the jet air was at ambient temperature, and the jot velocities
ranged from 350 ft/s to 14100 ft/sccond. ‘ :

5;1 Vélocity field at ground level

A non~dimensional plot of the measurements is shown on Figure L;
the square root of the ratio of the dynamic pressure reading to the dyna-
mic pressure at the jet exit, (q/qJ)E, is equivalent to the velocity ratio
E/VJ for isothermal, incompressible conditions. The readings lie close
to a characteristic

L
) 1

(&) - &

for all heights in the range z_ /Dy = 1 to 36, all jet velocities and two
nozzle diameters. That is, within limits the velocity at a point near
the ground away from the jet axis is a fixed proportion of the Jjet exit
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velocily, irrespective of the height of the nozzle asbove the ground.
FNear the axis of the jot, the velocity does vary with the height of the
nozzle above the ground.

If, alternatively, the dynemic pressure g is related to q., the
pressure at ground level on the axis of the jet, and plotted against
radial distance as shown on Figure 5, the vroportionality is different
for each nozzle height so that the straight-line characteristics inter-
cept the axis (q/qo§5 = 41 at values of R/Dy which increase with height,
Yhese distances might be termed "effective" diamcters of the jot at
impingement; that is

[Jl “ _ 1
\\ qO) ) ;; Di;."‘

A few tests were made with the jet heated to about BOOOC, end these
confirmed that the relationship (g/g7)? to (R/DJ) was the same as when the
Jet was et ambient tempcrature.

Referring again to Figure 4 it is secn that the rate of advance of
the initial wave, u, 1is about onec quartcr of the final steady velocity
appropriate to cach iradial station.

5el Velocity along axis of jet

The decay of dynamic pressure along the axis of the jet was
measured with the jet exit at several heights above the ground,
Figure 6. After an initial distancc cover which there is little change,
the veloclty deereases lingarly with distance.

a
'

2

(.315\, _ _k
45/ 2Dy

The valug of k is between & and 6.5 which is similer to that reported by
Squirez’3 and otheras. It also appears that the dynamic pressure at the
point of impingement is the same as the value at that axial distance in
absence of ground effect.

On the samc graph, the "effective" diameters of the jet Dg/Dy at
the various nozzle heights determined from Figure 5 have been plotited to
show that Dy has the same but inverse rclationship with nozzle height as
the velocity on the jet axis. That is

N

N qJ ,” B DO

which establishes the compatability of the two equations relating the
velocity of the spreading jet with radial distance given above.
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6.0 Horizontal extent of Jjet flow

As the jet spreads across the ground, the maximum dynamic pressure
of the flow decreases in inverse proportion to the sguare of the radial
distance; _however, the temperature of the gases near the ground decreases
at a much slower rete, the excess temperature varying in inverse propor-
tion to appreximately the first power of the distance. Whilst.at small
radial distances the dynamic pressure of the flow is very great compared
with the forces due to buoyancy of the gases, in the outer regions the
magnitudes of these quantities becoms comperable, and the jet flow will
tend to lift from the ground,

641 Choice of correlating parameter

The non-dimensional parameter usually associated with natural con-

vective processes is the Grashof number, Q—EEQE—. It is formed from the
Vot _ € gBlp H
t " X :

préduq the first term is Reynolds nuwber, the second is

Vu
the non-dimensional paremeter which appears in the generalised anelysis of
velocity and temperaturﬁafields in & fluid. This latter parameter,
rewritten as Gagﬁsp + E%fi is seen to be the ratio between the buoyancy
forces on an element and the viscous shearing‘forces. In the present
instance we are primarily concerned with the relative effects of buoyancy
and the kinetic forces in the flow so that a more suitable paramcter would
be

@ gpop + o = 452

Since velocity and temperature are related to the initial values Vy and 87,
and Dy is a characteristic dimension of the system, a suitesble correlating
parameter for a first attempt at analysing the experimental results is

sz
880 3D

6.2 Experimental results

" The point at which the jet flow leaves the ground was determined by
advancing a sensitive suction thermocouple held close to the floor imwards
towards the jet axis until a point was reached where fluctuations in the
galvanometer indicaetion showed the presence of some hotter gas. Although
the point at which fluctuations commenced was well defined, its redial dis-
tance from the jet axis varied consigerably in & random way with time, so
that the radis) extent of the jet, K, is an estimate based on a series of
observations made over the space of e minute or so.

The cbservations are plotted on Figure 7, with the cxtent of the
jot as the ratio R /Dj in terms of the parameter derived in the previous
paragraph. Results afe shown for two sizes of nozzle 1 in. and 2 in.-
diameter, for jet velocities from 50 to 500 £t/s end temperature at the
nozzle exit from 63°C to 265°C above cmbient; the height of the nozzle
exit above the ground ranged from 6 diameters to 23 Dy
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From the upper graph of Figure 7, where log/log scales are Esed it
is seen that a good approximation to the course of the points is R /DJ

1
proportional to (ng/bgGJDJ)Q; therefore, the horizontal scale has been
chosen accordingly in the lower graph.

6e3 Effect of temperature ratio TJ/Ty

Although Figure 7 shows a fair correlation between the parameters
chosen, the range of temperature used was too small, and the boundary of
the flow toc¢ unsteady for the resultis to show whether there was a factor
involving the temperature ratio (T3/T,) which should be taken into
account. A3 will be indicated later, this term appears in the theoreti-
cal analysis and accordingly a further test was made to attempt to evalu-
ate the temperature (or density) ratio effect.

The apparatus was re-arranged to bring the combustion chamber

nearer to the jet exit, and three suction thermocouples at distances 4O,
51 and 59 DJ were supported just above ground level. Records of the tem-
rerature at these points were taken over pericds of about 30 seconds while
the gas conditions at the nozzle were held constant. Several tests of
this sort were made at different combinations of jet pressure and tempera-
ture. Later, the temperature records were examined to see whether the
trace was steady or fluctuating dencting that the boundary of the exhaust
gases fell short of or extended beyond the fixed pcint. The results are
shown on Figure 8; the jet dynamic pressure has been corrected in each
case to apply to e radial distance R° = 50 Dg.

If for a given horizontal extent of the jet the parameter

V2 Ty
el et = conatant
BgeJDJ Ty

then we can draw characteristics on Figure 8 corresponding to various
constant values of n. Those for n = 0 and n = & are shown; it seems
unlikely that n should lie much outside these limits.

7.0 Vertical extent of the Jjet

Having determined the horizontal extent of spread of the jet after
it touched the ground, it seemed worthwhile to find how high above the
ground the nozzle had to be before the vertical part of the jet just
failed to reach the ground. Similar experiments were, therefore, made by
searching beneath the nozzle, which was raised well from the floor, with
the suction thermocouple so that the lowest point reached by the hot gases
might be determined.

Again the results correlate quite well using the parameter
VUB/BgeJDJ, as shown on Figure 9.

8.0 Discussion of choice of parameters

From the data presented we can gain an assessment of the factors
on which the velocity and temperature patterns in the field arocund a sin-
gle jet depend. The dynamic pressure of thes spreading flow is
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proportional to the exit ‘dynamic pressure at the nozzle and varies
inversdely with the squdre of the radius; similar dynamic pressure ratios
occur at points having the same ratio.of radial distance to nozzle dia-
meter, Near the axis of the jet, the dynamic pressures depend on the
height of the jet nozzle above the ground; the pressures in this region
and their extent can be decided from considerations of the decay of dyna-
mic pressure and the growth of a jet discharging axzially from a nozzle,

The rate at wnlch the boundary of the jet spreads slong the ground )
is given approximately as ohe quarter of the steady-state veloclty at each
radial position. -

Ths, extent of the radial spread of the Jet ACT 0SS the ground is
found to correlate with a non-dimensional parameter Vj /EgBJDJ, which
relates the jet dynamlo pressure to the initial buoyancy forces on the
Jet.

) The. several ‘parameters used in these relationships will now be dis-
cussed, with reference particulerly to extending the application of the
results to higher velocities and temperatures than those used in the tests.

8.1 Vélocity and temperature ratios

In most of the tests, the Mach number of the Jet flow was too low
for there to be a great dlfferencu between the quantities dynamic. pressure
(total pressure - static pressure) and kinetic pressure ($pV®) or between
total and static temperature. In any case, in regions of flow more than
a few jet diesmeters away from the point of impingement, these differences
will always be negligible. However, in many practicel cases, where hot
gases at choking pressure ratios are invelved, the choice whether the
operative parameter is (Pt - Pg)/(Py - Pg)g or 2pV?/(pVv®)g can alter
estimates of velocity in the spreading jet by an important fraction. In
cases where the velocity decay curves for the -same system have been com-
pared over a range of jet pressure ratios, we have noted that the correla-
tion between tests at different pressures wgs better when dynamic pres-
sures vwere used. An examination of Tuhn data shows a similar tendency
for the correlation to be worse if kinetic pressure ratios are used instead
of ratios of dynemic pressure. Anderson and Johnsh studied jets at Mach
numbers up to 3.5, and concluded that linearity of the axial decay para-
meters when plotted to logarithmic scales was obtained when the pressure
ratio was formed from pitot tube readings, related to a pitot pressure
measurement made immediately downstream of the nozzle exit. Therefore,
in the present tests, the quantity g is teken to be. the diff'erence between
the pressurc meesured on a pitot tube aligned with the flow, and the sur-
rounding ambient static pressure, and it is proposed that this relationship
should be used when extending present uata to pressure lovels beyond those-
actually tested.

The same authorst report measurements of the temperature decay along
the axis of high velocity jets from which it is concluded that total tem-
peratures should be used in forming non-dimensional ratios between tempera--
ture differences in order to correlate measurcments.

8.2 The buoyancy parameter, horizontal extent of flow

' In an initial correlation of the experlmental data the parameter
V% /340D was used ‘to express the interaction between buoyancy and kinetic
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forces in the flow field. TWhile it is clearly possible that the interac-
tion of these forces can decide the path of a freely-moving buoyant ele~
ment of fluid, it is not so clear that they are relevant when the flow is
bounded on one side by a surface, Dr., B. S. Stratford suggested that the
separation of the buoyant flow from the ground might be analogous to the
separation of isothermal flows which occurred in many cases when the rise
in static pressure at the surface exceeded s fraction (usually between
0.3 and O, 55) of the dynamic head of the msain stream. In the present
instance the pressure rise at separation may be equated to a defect in
pressure of the jet flow at the surface due to the buoyancy of the heated
gas above (Figure 108). It might be anticipated that separation wiil
occur when the pressure rise exceeds a certain fraction of the local maxi-
mum dynamic head in the spreading jet, ;pv '

A theoretical analysis of the buoyancy effect has been made in
Appendix II. It has becn assumcd that the distributions of velocity and
temperature transverse to the direction of flow follow a normal error law,
and that the ratio between the rates at which temperature and velocity
effects spread across the flow is characterised by a factor 'b', the value
of which is not much different from 1. It is shown that the pressure
defect at the surface due to buoyancy is

) V32505 /( + b§5

bp = B&8* gy

Since, approximately, V/Vy and R/Dy are in inverse relationship, Ap is
constant within the region of the apreading flow and, for a given Jet
temperature, is proportional to nozzle diameter. It is further shown
that the ratio of this pressure dcfect to the local maximum dynamic pres=-
sure of the flow is

I.;

SINNAER DI N (Ee) (ﬁ.)ﬂ
q a

8 95 Tyf \Dg

Where compressibility effects in the jet at the nozzle exit are small,
this relationship may be written

1

(1 + %) 7y )
- 5wy

Since this expression contains a temperature ratio term, and the results

shown on Figure B are compatible alse with a factor (TJ/T )§ the results
of horizontal extent have becn replotted to include this on Figure 14.
The straight line which best fits the observations is given by
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L
2

R V3 Ta
= = 0.62] = | A
Dy " | B=ODg (TJ

—

So that when separation ocours

A : 3 J.(1 + b2)
g = (0627 =7 —
= 0.4 (8 =1)

e 0.7 (b = 14)

The value of b is probably within the limits indicated; if b =1,
then temperature effects are spreading across the flow at the seme rate as
momentum. Usually in mixing systems, temperature cffects spread slightly
the faster, so that b is probably rather greater than unity. It may be
said that qualitatively the extent of the jet to the point of separation
follows the present analysis, but that the vressure coefficient Ap/%pv2 is
about-% to ¥ of the valuc found in other types of separating flow.

Another situation where separation of the spreading flow occcurs is
shown in Figure 10b, where a wind of velocity U opposes the jet flow along
the ground. The pressure rise which the jet flow is seeking to overcome
will be near to %pUa. Therefore, the pressure coefficient is

Ap - _ zpV?
%sz %’pVa

For the values 8.14 to 0.17 found previously, wc have

U .
-v = 0.37 to O-i{-‘l

In thz present tests we have the velocity of advance of the initial
wave, u, is 0.25V. _ However, the two cases are not strictly comparable as
the initial waveé is a transient phenomenon. If we assume that the pres-
surc rise to be accomplished in the transient case is about twice that in
the equivalent stcady-state where a cross-wind of velocity u is opposing
the flow, then ' ‘

e
<%
n
[ Y
ALY
.¥}
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u
v = 0.26 to 0.29_

which is not far from the experimental value,

8.3 The buoyancy parameter, vertical penetration of Jjet

A theoreticel approach to the interaction of kinetic and buoyancy
forces in a downwardly-directed hot jet 1s given in Appendix ITI. This
leads to & huoyancy parameter of the form used initially to correlate the
experimental results, but a temperature rstioc term is now included. Thus

+3

2 3
(i) I SRS
DJ T k' T BebgDy T T3

Agein there is rcasonable quelitetive agrecment between theory and
experiment, although the theoretical line showm on Figure 13 overestimates
the penetration by a factor of about 1.4, indicating some shortcomings in
the theorctical analysis. Therc are certain similarities between this
problem and that of the penetration of a column of heated air upwards into
the atmospherc which has been studied by Taylor and others5, but in their
case the buoyesncy forces at the starting condition were of the same magni-
tude =5 the dynamic forces in the plumc. It may be that the analysis
could be improved by considering the momentum of the system, starting from
a point on the axis of thc jet where mixing has reduced the dynamic pres-
sures to the same order of magnitude as the buoysnecy forces. However, a
satisfactory result along these lines has not becn found.

9.0 Conclusions

The velocity and temperatuire conditions in the space surrounding a
single nozzle discharging hot gas vertically downwards have becn studied.

Yhen the jet strikes the ground it spreads radially outwards: and
the smount of recirculation of hot gas to the region of the nozzle appears
to be small.

The dynamic head of the flow at ground level decreases inversely as
the square of the distance from the jet axis and is proportionsl to the
dynamic head at the nozzle exit. To a close approximation, the dynamic
head at ground level at any point outside the region of dircet impingement
of the jet is indepcndent of the height of the nozzle above the ground.

The lateral cxtent of the flow at ground level has been correlated
in terms of a perameteor relating the jet dynamic head to its buoyesncy due
to excess tcemperature above ambicnt. A similer parametcr has been used
to correlate the vertical cxtent of a joct discharging well above grourd
level.

The evidence of the tosts supports the view that in model experi-

ments wherc the flow ficld around jets directed towards the ground is of
VS

importancc, the value of the psrameteor ggéL——

T
7 X (-;f-%j‘ should be the same
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in model and full-scale cases. The value of the index n should be 0.5
where the jet strikes the ground, and 1.0 if the jet deoes not reach the
ground. These valuas for n are based on a theoretical approach, and
while the experiments do not establish absolutely that they are correct,
the experimental results and thcoretical values are nevertheless compati-
ble. A slightly altered form of the parameter is recommended for cases
where compressibility effects in the Jet flow at the nczzle exit must be
taken into account.

In tests where the jot was suddenly switched on, the rate at which
the initial boundary of the jet advances across the ground has been found
to be sbout one quarter of the final steady velccity of the gases at each
radius.
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© APFENDIX I

List of symbols .

factoﬁ) ha/hl,‘defining relative rates at which temperature
and momentum effects penetrate transversely to the flow

constant
specific heat

dismeter of jet

-équivalent diameter of jet at ground level

_acceleration dﬁe'to.gravity

heigﬁt above'ground in field away from jet axis

height, moving away from surface, at which v and (T -~ Tj)
have decreased to 1/e of the maximum locel values, V and ©

-
kD 7

L at limit y = 0

a ghgracterisﬁip length’

defect in pressure at surface

dynemic heed in jet flow

radial distance from jet axis

limit of radial extent of jet across ground
absolute temperature, Ty = jet total temperature
time

velocity of advance of initisl jet wave
velocity of cross-wind

velocity of flow above ground level

maximum velocity in jet flow at given radial distance
1
2y2 , b
(1 + %)%«
L along axis of jet
ki

‘vertical distance downwards from nozzle exdt
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APPENDIX I (cont'd)

z limit of vertical penstration of hot jet
B expansion coefficlent of gas éL
a
P density
9 temperature difference (T - T,), maximum velue in jet flow

at given radial distance

Suffices
a ambient conditions
J conditions at exit plane of nozzle

o conditions at ground on axis of jJet
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APPENDIX IT

The buoyancy effect in flow spreading
from an impinging, heated Jjet

The flow outwards from the point of impingement is assumed to
be symmetric about the vertical axis of the jet. Let us consider the con-
diticns where the flow crosses a surface defined by a vertical cylinder
radius R, and suppose that the variations of temperature and horizontal
velocity with height h follow normal error distributions; that is that

2
b
)

Ve

T-Ta—_-ﬁe

V and 6 are the values of velocity and temperature difference at ground
level, that is they ere maximum values, and 6 is small compared with T,.

The buoyancy force acting on an element of the flowing gas height

dh and unit cross-section due to its density p being different from
ambient is

(pg = p) * g ¢ dh

It
o
e
I—o
o
i
—
—
0
&

p8 (T -1,) gdn

Therefore, the defect in pressure at ground level due to the buoy-
ancy of the gas above is

bp = /OOPB (0 -7,) g dn
= pBgd /°° e‘G-l;)dh caeol(l)

Because the change in absolute value of p is small, it is regarded as
constant in this integration.
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The total quantity heat passing the cylindrical surface in unit
time is

£ 2xRpv (T - Ty) Cp » dh
[r.2]

= 2meCp/v (T -1,) dn

© 3 2
o (hY)_[h
by hg
= 2nRpVOCp e dh
)
2
~(1+0° lL)
P (i
= 2anVE)Cp e dh
0
where
hja
b = H;
Put h‘ﬂ
(o) () - e
hga
h
dh = —2— .+ ax
v/(1 + ba)
oo
VoCph ~x?
»» Total quantity of heat = ZrRpVoCph, ‘/ e * ax
. J(1 o+ b?) _

This muat equal the total heat discharged from the nozzle

i
= 7 D5 Vap B aCe
o0
2rRo Vel -
. 2xRpVOCph, / e
\/(1 + ba) &

2
Dy Vyp 0 500

1A
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Pe * v

~ DSV [
nge ¢ h2 / e“xa dx = J JpJeJ * /(1 gbﬁ nooo(2>
o

But we have from Equation (1) that

oo ( h
Ap ngﬁ/ AL

g 4]

it

o
a
" &)
h h \
= nge'hQ/ g V2 d(Kz-/
o
o0 o0 2
(_13_)
and since /e—xadx = / e \D3 d(i%]-)
2
o] [a]

it follews, by substitution in Equation (2), that

D Vips0r /(1 + b)

bp = Bgr g eeee(3)

Tt has been observed (Pigure 4) that

s . () @

If we consider first flow conditions where compressibility effects are
absent then
DJ ‘" pVa
"“ﬁ“ -
Tos vy

_ .‘L.(.EL
Vs Pr

\_-/'\”'L



\
/)
&p = B 05 Dypy oy (;95) ! 5" ceas(5)

Thus the pressure defect due to buoyancy varies very little with radius
and is independent of Jjet velocity., At the radius of separation, R*, the
meximum dynamic head of the flow, is :

and the ratio of the buoyancy pressure defect to this is

1

Ap _ Bgbg DJ(_p_f/—ﬁ + b%) .(R*

z pV? "~ VﬁJ PJ. b Dy

eesa(6)

Y

In the present experiments, (p/pJ) can be replaced by (TJ/Ta) so that

AP _ ' (R*/DJ)‘3 . (1 + -bB
Fov@ 3 z 4
Pg 97 Dy kTJ

The proportionality shown by the straight line drawn through the
results on Figure 11 is that .

e 1 1
2 z |z
Bf.. = O 62 ___Y._L_ (35_')
Dy Pg 05 By \Ty
So that, at separation
Ap v+ b2
= 0062
= pV2 ( F 4
= 0.4 (b =1)
= 0,7 (b = 1.4)
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This analysis would seem to indicate, therefore, that separation
occurs when the difference between ambient pressure and local surface
static pressure has a value of about 15 per cent of the local maximum
dynamic pressure of the flow. This critical condition for separation
might be compared with the critical pressure rise coefficient found in
other types of sepsarating flow. For example, when detachment of a semi=-
infinite flow from a surface occurs, Ap/—pV2 is of'ten found to be between
0.3 and 0.55, V in this case being the flow velocity of the main stream
outside the boundary layer. Clearly, however, it is invalid to expect a
direct quantitative comparison between a semi-infinite flow on the cne
hand and a wall-jet flow on the other, and it might be expected that the
latter is incapsble of overcoming a static pressure rise of as large a
proportion of the maximum local dynamic pressure as the former.

If the apnrox1mat10n qy ® 3 pJ VQJ is not valid, Equations (4) and
(3) can be combined to give

B 1 2
N ce=- | FRSRS QNS | NEY
1 8 EN) s K P y J

' ki
rs/(1l§'b“) LR (.&f(iﬁ PJVQJ\)z (R)z

a7 eJ az Dy

Ds

Thus we see that if we wish to preserve similarity in those parts
of the flow field where bucyancy effects are significant, then we have to
ensure similarity between values of the parameter represented by the
expressions in the square brackets.

In most practical cases where the gas is air and for nozzle pressure
ratios up to choking valuc, the substitution

(% <—sf

may be made, where Ty is the total temperature of the jet at the nozzle
exit; the error is less than L per cent. Furthermore, temperatures in
the spreading flow at points where buoyancy is becoming relatively import-
ant are not far from ambient, so the buoyancy parameter becomes

1
(Eeataf,
/

\"—/ml "

T

1
2

4 2, (TJ
&

Pe 085Dy Pa

For cases where compressibility effects at the nozzle exit are small, this
parameter has the form discussed in Section 6¢3 viz:-

2

s
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APENDIX TTI

The buoyancy effect in a hot jci
directed vertically downwards

One line of apsroacl to the wroblem of calculating the point of
errest of a jet of heated zir directed downwards into quiescent surround-
ings is to consider the rate at which the initial energy of the jet is
dissipated by mixing and by the buoyancy forces on the heated gases.

If we consider the conditions on the axis of the Jjet, we have from
measurements in the absence of buoyuncy effects that

1
2

(é%,) = E%%E (where k is a constant)

% 5 XDy
Q¢ = q5° 5

a3

_Eg i . 2k2DJ
i - W T

3
_/fav. 2y
KqJ ) kD,

This term is taken to represent the rate of decrease of Snergy per unit
volume of the flow at the axis of the jet. TFrom Squire® we have the
temperature decay along the axis as

1
éi = ;%5- (where k' is a constant)
J J

#e may now relate the temperature and dynamic pressure in the core of the
jet by

,
7
8 _ kK, /9
GJ k (quf
d _ 1k, 8 | At
dz -~ % k 5 E P
(az)
k' % g
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For temperature, the initial condition is that & = BJ at z = k'Dy
so that o

k'Dy

'We have seen that the upthrust, or buoyancy per unit voluzie of gas
is ®Bgp so that over a distance dz, the loss of energy of the jet is
6pgpdz. ' :

Therefore, the total decrease in energy of the jet over a distance
dz is

2 z:
i 9y

6
k' °J 9
dz - Pep eJ-/ & By + dz | dz
k'Dy |

For energy at the axis, the initial condition is that g = qy when
z = kDy so that .

2 3 2z 2
ot (&) e wools-]
T () a k'  dz
= - = —1 az - | g7t - < .5 a
q ar kD3 &hpdg / g ¥ 43
5 KD k'Dy
Put
2 . yadl = 2, dz = KDy +dl
Qg Ky * J
L, L L
2 &Bp% ykD '
y=1-2/y2dL-/——f-'1——J 1-/'%‘ydeL
. . 1 1 qJ_l'c-T-
K

1

1

3 I P
3 3p6 yk'D
1_2/Lyde_/Lg_P‘.J-___J. 1../LydeL
1 1 QJ

A way has not been found of integrating this expression to obtain
the value of L when y = O, but it can be done in a step-by-step fashion,
A few hand calculations were made and it is clear that in the region of
greatest interest, © is small when buoyancy begins to have an effect, so
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that we may take the density p to be the ambient velue. The buoyancy
paremeter is then

Bpa050;
Q7

ki

A computer programmé% was used to find values of L vwhen y = O for
several values of the buoyancy parameter. These values are shown on
Figure 12, and the relationship indicated between the variables is

9

® Y2 _ " ———
W)= 20 g 855

The distance L*, the point where no kinetic energy rumains in the gases at
the Jet axis is taken to be the point of arrest of the jet, so

\2
<_z’°i.‘ _ 2.0, __%
2
(E:.\ - z2 O lc.—a. » —.—.—.—q...g........—-
Dy / k' gf8Dyp,

a
k" g0 Dy Ty

in the present tests where the Jjet velocity was low.
On Figure 13 the experimental observations have been plotted
against the parameter given above, and the calculated line has beoB added,

taking k = 6,5 and k' = 4,8, which are the values quoted by Squire® for
velocity and temperature decay along the axis of a Jet.

fP. W, H, Howe programmed this cperation and obtained the results guoted,






To suction

ST

pump
[ @ 1 v m—
Thermocouple wires
Hot gas supply
. copper constantan
from combustion 40 SWG (Ooosf.d, )
chamber Q- a3
4/7///://: AAARAALLLARER ]
= I
N7 27
<P Ceramic bush
v Detail of thermocouple
]
Thermocouple
rake Bft high
]
o+ 1 S—
Distance
pieces
7
[ ——— | 12
- Int
/n akKe o
Suction ” o
line ! e @ 14
l Lo 7 1 m— |
g _1
L —
* Nozzle = |

FIG. I Test apparatus




Nozzle diameter D;=2in
Nozzle height Z,=2 in.
T Jet velocity Vy=1350 ft/sec >
Jet temperature 6J=240° Cc
above ambient.
3 Temperatures are °C 6
ft above ambient
7 5 5
7 6 5
7 3 7
6 8 5 7 9 6 6 5 8
7 7 10
7 T 6 6 10 Il 13 10 12 1t 13 |2 |10 12
55 37 28 23 23 2 17 14 I 10 1 1 10 8 9
cale of feet

FIG.2 Temperature field

——




200

J/ —
R / ]
inches /T/ *
[ )
100 ;
Dy=2"9,=225C
VJ==5351‘tIs¢c )
0 =1350ft/sec +
200
| ]
-//
R / ®
- [ ]
100 - P
D,=2 OJ =240 C
ZoIDJ =4
0 VJ=535 ft [sec
200 —
R . / *
L 4 [ ]
1 00
.. DJ-Z.' 9J‘240°C
ZOIDJ =36
0 V) =550 ft[sec
200 /
/ .
I 00
f O,=1" 6,=215"c
Z,/Dj=23
V,;=1010 ft/sec
0 l 2 3 4 5 6
Time — seconds
FIG.3 Initiaol progress of jet across ground




I+0 i-0
Steady state
e Nozzie heightZo = I
+ ” »” DJ 6
x " 1290
0.25 ° » ” Ia 2
_ 5 v o . 36
v L. » 7 23, DJ
" -lll
H~D;=1,08, =275
0-1 NH T 0 0-1
\ H
.\§H
v, N (CI_) f2
J ol
X ¥
H
®
+ + . ™ ¥
0-01 A 0-01
Transient XQ". .H
D, =2" V,=550 ft/sec - %
° &0 o
X } Z,/ Dy =36 »
Dy = 2" Vy=1350 ft/sec ’ xx?%\»
v ZQIDJ = | &A
Dy=1" V, =100 ft/sec %
0'00' s szD" =?3l L 1 1 i [ T 0-001
| 2 5 lo 20 50 100 200
R/D

FIG.4 Relation between velocity at ground leve! and

distance from axis of vertical jet in transient
and steady state conditions




- 25 -

that we may take the density p to be the ambient velue. The buoyancy
pargmeter is then

Bp,0505
Q

kf

A computer prOgrammé# was uscd to find values of L when y = O for
several values of the buoyancy parameter. These values are shovm on
Figure 12, and the relationship indicated between the variables is

9

)2 = 2.0 ¢
(&) k'gBp,05D5

The distance L*, the point where no kinetic energy rumains in the gases at
the jet axis is taken to be the point of arrest of the jet, so

2
(L*-‘ _ 2.0, %
a
(_Z_:*_\ _ 2 O l:_?. »* __.E.g.._.__
DJ/ k' g381D5p,

a
k2, Y5 T
k' gpoD; Ty

in the present tests whers the Jet velocity was low.

On Figure 13 the experimental observations have been plotted
against the parameter given above, and the calculated line has beog added,
taking k = 6.5 and k' = 4.8, which are the values quoted by Squire® for
velocity and temperature decay along the axis of a Jet.

.............................................................................................................................................................................

fP. W, H, Howe programmed this operation and obtained the results quoted,
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A parameter Including the initial velocity of the
jet and 1ts temperature is -i1sed to deffne both the vertical
penetration of the jet and i{ts lateral extent If it strikes
the ground. The rate of decay of dynamic head in the jet
along its axis and across the ground has been studied, In
transient experiments, the rate of progress of the initial
spread of the jet across the ground has been determined.

A parzmeter including the initial velocity of the
jet and its temperature is used to define both the vertical
penetration of the jet and its lateral extent if it strikes
the ground, The rate of decay of dynamic head in the Jet
along its axis and across the ground has been studied. In
transient experiments, the rate of progress of the inltial
spread of the jet across the ground has been determined.

A parameter including the Initial velocity of the
jet and fts tenperature is used to define both the vertical
penetration of the jet and its lateral extent if it strikes
the ground. The rate of decay of dynamic head in the jet
aleng its axis and across the ground has heen studied. In
transient experiments, the rate of progress of the initial
spread of the jet across the ground has been determined.

- A parameter including the Initial velocity of the
jet and 1ts temperature Is used to define both the vertieal
penetration of the jet and {ts lateral extent {f it strikes
the ground. The rate of decay of dynamic head in the Jet
along its axls and across the ground has been studied. In
transient experiments, the rate of progress of the initisl
spread of the jet across the ground has been determined.
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