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TEMPERATURES IN A HEATED AIR JET DISCHARGED DOWNWARD
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Abstract—Measurements of temperature in a heated turbulent air jet discharged downward into an ambient

air environment show that centerline temperatures and the penetration depth are predicted adequately by

constant property theories for the downward flow alone. The radial temperature profiles and the estimates of

the breadth of the downward jet indicate that the upward flow does influence the downward flow and that the
satisfactory predictions that are obtained may be a coincidence.

NOMENCLATURE
b, radial location where u/u_is 1/e;
b, radial location where AT/AT is 1/e;
g, gravity acceleration ;

inverse of the square of the Froude
number, G, = ro gBAT,/ud;
r, radius from centerline ;
- radius to indicated position of
zero velocity

r,, radius to location where AT = 1°C;
excess of local temperature above
the ambient ;
u, velocity;
average upward and downward velocities

from energy balance;
X, distance measured downward from
nozzle exit plane;

x,, penetration depth of the jet:
Greek symbols
a, entrainment coefficient ;
B, coefficient of cubical expansion ;
A, ratio, b,/b.
Subscripts
c, centreline ;
e, at location of first Gaussian profiles;
m, mean value;
0, at the nozzle outlet.

INTRODUCTION

WHEN a jet of heated fluid is discharged downward
into an ambient region of the same fluid the negative
buoyancy decelerates the jet flow and this ultimately
reverses to produce an upward flow surrounding the
central, downward flow. The specification of the
temperature and velocity distributions, and the depth
of penetration, of such a flow is basically an elliptical
problem which has not yet been solved. Solutions of
the parabolic problem in which the upward, return,
flow is ignored, have been obtained by integral me-
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thods by a number of investigators [1-3] and these
results all indicate that the flow is little affected by
buoyancy until near the termination of the central
flow, when the velocity, being then sufficiently reduced,
approaches zero rapidly. The theories predict a pen-
etration depth in terms of the distance to the point
of zero downward velocity on the jet centerline.

Turner [4, 5] measured the penetration distance of
salt water injected upward into fresh water, and
obtained penetration heights compatible with these
analytical predictions.

As a further appraisal of this situation, centerline
temperatures have been measured for a jet of air
discharged downward into ambient air, and com-
parisons can be made from them that show good
correspondence with the theory up to the point of
maximum penetration as exhibited by the rapid drop
in centerline temperature. Some radial temperature
distributions are also shown ; these disagree with the
theory and imply a substantial influence of the upward,
return flow in a way not yet explained, to the extent
that the degree of correspondence that is obtained with
the theory appears to be coincidental. These results,
which follow, are preceded by a brief review of the
theory.

THEORY

The integral theories take Gaussian distribution
of velocity., u = ue” """ and of temperature AT =
AT,e """ and limit the variation of density to the
buoyant force term, so that the equations of continuity,
momentum, and energy become:
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where
AT. =T.~T,,A=bh/b

Morton solved these equations for initial conditions of
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a point source, for which, at x = 0, the momentum,
(u2b?),, and the energy, (12b%u gBAT ),, are prescribed
and the mass flow rate, (u.b?),, is zero. The velocity is
found to become zero at the point
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This result can be related approximately to the flow
from a small infinite jet with uniform velocity, u,, and
temperature, AT, by balancing the momentum rates,
so that b, = 2'/%r, and the energy rates, so that AT,
= AT,(1+4%)/242. Then
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For the situation of a finite source, for which the
mass flow, momentum rate, and energy rate are
prescribed from the uniform velocity and temperatures
that exist there, there is a region of flow development at
the end of which the profiles are presumed to be
Gaussian, and which region is defined by a separate
and more approximate entrainment specification for
this region. Its specification enables the definition of a
virtual origin which would yield the Gaussian profiles
at the end of the region, and Abraham [3] indicated
that this origin was located upstream of the nozzle
when the buoyancy opposed the flow, and was de-
pendent in distance on the relative buoyancy para-
meter, G,, never being more than 10 radii upstream
even for the greatest buoyancy, and for most practical
cases being much less. Morton [2] matched his result
for the point source with that of a finite source from
which the discharge profiles were Gaussian, and
showed a downstream displacement of the virtual
origin, increasing as G, increased.

Turner [4] made measurements of the penetration
height of salt water injected upward into fresh water
and deduced the height as
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This is the form of equation (3) and implies a virtual
origin close to the discharge location. For the small
values of G, this is indicated by both Abraham and by
Morton. For G, as large as 0.64, Abraham indicates
an origin at about x/r, = —5, and Morton a larger
positive value. Turner’s penetration depths scatter
substantially, but indicate a trend like that indicated
by Abraham. However, the error in using equation 4 is
small and equation (3) is therefore indicated to be
appropriate; for a = 0.055, 1= 1.1, it indicates a
coefficient of 2.52, and for A = 1.0 a coefficient of 2.60.
The former, associated with values considered to be
typical of a non-buoyant jet, is close to Turner’s
experimental value.
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The centerline temperature given by the Morton
analysis varies almost linearly, as for the non-buoyant
jet, to a distance that is about 86% of that given by
equation (3). Thereafter the jet begins to broaden
rapidly and the centerline temperature remains aimost
constant. In the non-buoyant jet, with A =1, be-
ginning with a Gaussian profile at x,/r,, the tempera-
ture ratio is AT, = AT,[1+2"%x(x—x,/r,)] ! and
the width b is b = 2'2[ 1+ 2" 2a(x — x,/ry))-

In the present experiments the temperature of the air
issuing from the jet was high enough to make the
density variation substantial and this affects com-
parisons with the foregoing theory which, for Gaussian
profiles, cannot readily account for variable density.
Density changes can be accounted for if the profiles of
velocity and temperatures are taken to be uniform (the
“top hat” profiles). If this is done, neglecting buoyancy,
the consequent jet result for the largest density differ-
ence of the present experiments gives value of AT,/AT,
at a given distance that are no more than 10 different
from the result for constant density. This implies that
the present results can be compared to the foregoing
theory in which the variable density is accounted for
only in the buoyancy term.

Equation (1) can, of course, also be solved numeri-
cally, beginning with Gaussian profiles as they are
realized from uniform jet outlet conditions via a
postulate about the entrainment conditions in the
region in which the Gaussian profiles develop. This
permits the prescription of a variable entrainment
coefficient, if desired. With a constant coefficient, the
result is essentially the same as that of Morton, giving a
region in which the temperature decreases as for the
non-buoyant jet, followed by a short region in which
the profiles broaden rapidly and the temperature
remains essentially constant.

MEASUREMENTS

Hot air jets, produced by the heater-plenum unit
described previously in [6] issued downward from
either 1.15 or 0.5cm radius nozzles located approxi-
mately centrally in a 1.2 m square enclosure, the level
of the outlet being 1.5 m above the floor, where there
was a circumferential ventilation slot 8 cm high. The
enclosure rose 1.7m from the floot. A top closure,
0.64 m high, could be placed above this enclosure, with
a 4 cm ventilation slot at the joint.

The mean flow was metered but the energy addition
to the air was unknown, and was inferred from
temperature traverses made across the nozzle exit.
Neither the velocity or temperature profiles across the
exit plane were uniform, decreasing at the edges from
relatively uniform values across the central region.
Thus the energy rate, taken as the product of the mass
flow and the average exit temperature, AT,,,, was high,
but this excess was estimated to be no more than 5%,

Temperatures were obtained both on the centerline
and radially, and were indicated on a chart recorder.
Particularly in the region away from the centerline, the
temperature fluctuations were large and mean values
were obtained by averaging the record.
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FiG. 1. Centerline temperatures. Operating conditions are in Table 1. Curve A is the prediction for a non-buoyant jet, Curve B
is that reduced by 30%.

CENTERLINE TEMPERATURES

Centerline temperatures were obtained primarily
with the top of the enclosure in place and these
are shown by the open symbols on Fig. 1 as the
ratio of the excess over ambient at a location x/r,
to that at the nozzle exit. Three runs are shown
for both the large and the small nozzles, and the
operating conditions are given on Table 1. The
temperature ratio shown on Fig. 1 is constant in the
immediate region downstream of the nozzle, then
begins to decrease as the influence of the shear layer
reaches the centerline. Then there is an almost linear
decrease in the temperature ratio to a point at which,
depending upon the value of G, it falls rapidly. This is
the terminal region of the downward flow. For re-
ference, there is shown a prediction for a non-buoyant
jetfor A = 1.1 and a = 0.55 with first Gaussian profiles
at x,/r = 9. This is 30% higher than a line through the
data, and this is of the order of the effect of the actual
value of AT, /AT,,, and of the error in the energy rate.
This confirms the theoretical indication of an initial

region of performance that is like that of a non-
buoyant jet.

When the top of the enclosure was removed the
temperature ratios increased. For this condition only a
few points were obtained and these are shown as solid
points, which are about 15% higher than the values
indicated for the situation with the top in place. As
noted for the upward jet as described in [6], there is an
effect of the enclosure, but it is for the downward jet
opposite to that for the upward jet.

MAXIMUM DEPTH

The temperature ratio decreases rapidly at the
maximum depth and it becomes practically asymp-
totic to a line of given x/rq and this distance is shown
by the square points on Fig. 2, as a function of the
buoyancy parameter G,.

It is hard to judge, from the experimental data, the
location of the initiation of the significant departure of
the centerline temperatures from the expectation for a
non-buoyant jet. Estimates of a 109, departure from

Table 1. Operating conditions

UgT r, Ugm ATy, AT,
e ? ¢ T,.°C —%x Go x 10*
Vo cm cm/s °C ATy,
IS—I 1770 0.5 9.33 240 180 1.33 35
2 1033 0.5 6.1 320 243 1.32 10.7
3 1923 0.5 57 321 267 1.20 140
IL—1 1130 1.15 2.1 117 97 1.21 97
2 894 115 203 209 182 1.15 116
3 770 115 1.78 235 191 1.23 227
IS—1A 1778 0.5 9.85 238 211 1.13 36
IS—3A 922 0.5 5.78 320 278 115 14.0

T,, was about 26°C.
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FIG.2. Penetrationdistances. Squares are experimental distances, circles are distances to 109 temperature departure, Curve A
is equation (3).

the prior trend of the temperatures give the circle
points shown on Fig. 2. It is between these locations
and the maximum depth that the central flow is
decelerated to turn upward again.

A line on Fig. 2 shows Turner’s result, in good
accordance with the present estimate of maximum
depth. As already indicated, this is near the indication
of equation (3) with «=0.055 and A= 1.1. If Turner’s
result is reduced to 0.86 of that value, the prior estimate
for the region of departure from buoyant jet perfor-
mance, it is substantially above the circles on Fig. 2
which are of the order of 0.75 of the terminal value.
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F1G. 3. Radial temperatures for run IS—1A. The triangles
indicate abscissas for the limit of downward flow.

RADIAL TEMPERATURE PROFILES

Radial temperature profiles were taken mainly with
the top of the enclosure removed, and the solid points
on Fig. 1 correspond to this condition. They were
obtained only with smaller nozzle, for Runs IS-1A and
IS-3A, with the results that are shown in Figs. 3 and 4.
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Fi1G. 4. Radial temperatures for run IS—3A.

The symbols of the circle and the plus refer to the two
directions from the centerline in the single vertical
traverse plane that was used, and the profiles reveal
considerable asymmetry, consistent in that the plus
side always gave lower temperatures, but not con-
sistent as to the degree of asymmetry at the various
depths below the nozzle. The profiles on each side
could be fitted fairly to a Gaussian curve, defining b, at
AT/AT, = 1/e, but on the figures there are shown the
curves corresponding to the average value of b,
obtained from the fit of the separate sides of the
profiles. These values of b, are contained in Table 2 and
are compared there to the values associated with the
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H
Table 2.
IS—~I1A IS—3A

ol 0 2 50 75 0 12 25 37

To
b, expt cm 25 7 8.35 33 4.5
b, jet cm 1.75 324 5.1 1.8 26
r; cm 35 5.6 6.5 2.5 3.0 4.0
T cm 23 25 32 20 25 35 35
uy cm/s 985 90 38 34 578 42 29
u, cm/s 28 30 12 28 11 6 10

non-buoyant jet with a Gaussian profile beginning at
x,/ro =9, which corresponds to what has been con-
sidered as a basis for reasonable prediction of the
temperatures. There is no correspondence at all, for the
values of b, far exceed the values associated with the jet,
which was presumed to approximate reasonably the
flow for x/r, < 80 for IS-1A and x/r, <45 for IS-3A.

In an effort to define the limit of the downward flow
a direction indicator made of a thin paper rectangle
2.5cm long in the radial direction and 1 cm wide was
attached to a transverse rod by a slender paper section
and supported by wire from below, so that in the
downward flow the paper would be held against the
support and in upward flow the paper would rise
above the support. The large area of the indicator was
necessary to get a consistent response, but that re-
sponse was made intrinsically undefinable because of
the unknown nature of the velocity variation near the
edge of the central flow. However, by traversing the
indicator, positive indications of upward or downward
flow were obtained within an interval of about 1 cm,
and the mean of these values is shown on Figs. 3 and 4
for the plus and minus sides of the flow, a high radius
usually being indicated for the plus side. The average of
these values is indicated as r; in Table 2. It is in this
region also that there occur the maximum fluctuations
in the temperature.

If these values of ; indicate even approximately the
radial distances to which the downward flow extends,
then there is a coincidence in the prediction of the
centerline temperature and the penetration depth by
the analysis which ignores the upward flow and uses an
entrainment coefficient associated with a non-buoyant
jet.

No adequate definition is possible for the outer
extent of the upward flow, though a radius specified on
the basis of a given temperature ratio might be
appropriate. The data does not allow this appraisal,
and it would be insensitive in any case, for the
temperature profiles are flat and extend far beyond the
maximum radii that are shown on Figs. 3 and 4. To give
some kind of indication, there are contained in Table 1
the average distances, r, to the point at which the
excess temperature over ambient was about 1°C. These
are greater at greater depth, and are smaller toward the
nozzle plane, where the indication for both runs was
for r,, about 25 cm.

Turner [4, 5] presented a sketch, which is a com-

posite of photographs showing the radial extent of the
(ostensibly dyed) salt water, for one case of his
experiments, which by scaling from the sketch, cor-
responds to a relative penetration x,/r, of about 56,
and this is somewhat similar to run IS-3A. The
visibility of the flow in Turner’s experiment must have
corresponded to some fixed excess concentration, so
that this might be consistent with the excess tempera-
ture that was used to define r in the present experi-
ments.

For his run, Turner indicates an almost constant
value of r , /r, = 13 and this is far less than the values
of 50<r/ro <70 that are indicated in Table 2 for IL-
3A. In this respect, the value of temperature difference
at r/ry = 13 gives, for run IL-3A, the values 11°, 10°,
13° at x/rq =0, 25 and 37. These values too are
relatively constant, and it might be inferred that
Turner’s photography did not reveal concentrations
sufficiently low to define the true extent of his down-
ward flow. (This would not be so important in the
specification of x,/r,, in view of the steep gradients
that exist there.)

Turner’s picture reveals a rounded top extending
downward from x,/r, = 56 to x/r, = 40, this being
0.67x,/ro. Run IS-3 indicates x,/r, = 60 and the
location of 109, temperature departure at x/r, = 46,
this being 0.71 x, /r,, so that a location of this order is
indicated as the beginning of the turning of the flow.

A few measurements of radial temperatures and
radius r; were made for the situation with the top of the
enclosure in place, the condition for which the detailed
centerline temperatures were obtained. The aspects of
the results are the same as those shown on Figs. 3 and 4,
with temperatures on the negative side being higher
than those on the positive side but, in what appears to
be inconsistent, the values of b, were slightly lower
while those for , were greater. The increased width is
consistent, at least, with the slightly lower centerline
temperatures that were observed for this mode of
operation.

Little more can be done with these radial profiles of
temperatures in the absence of knowledge about the
velocity profiles, but, as an indication of magnitudes,
uniform velocities were assumed for the downward and
upward flows and with this assumption, and the actual
temperature profiles, and the assumption of constant
and equal energy flow in the downward and upward
flows, the velocities were calculated as u, and u,. These
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are indicated in Table 2. Because r; is indicated to be
larger than would be expected from any appraisal
related to a jet, the values of u; are much smaller than
the average velocity for a jet flow. The upward velocity
is significant, but its magnitude is undertain because of
the error in ascertaining the outer radius r .. The effect
of buoyancy would be to accelerate this flow, but the
results for u, are somewhat inconclusive in this respect,
they show a minimum in u, in the region in which the
thermal behavior departs from the jet-like behavior, as
shown on Fig. 1, and then the velocity u, does show
higher values near the nozzle exit plane,

With this model, there should be, at r;, gradient
transport of heat into the upward flow, and convection
of heat into the downward flow. Unless these balance
exactly, the energy in the streams will not be constant
at the value that emerges from the jet, and the values of
4 and u; will be different than those in Table 2.

CONCLUSIONS

Measured centerline temperatures in a heated air jet
discharged downward into ambient air support the
analytical deduction that these are predictable from
the theory for a non-buoyant jet up to a final region for
which the theory indicates a relatively constant final
temperature but where actually the temperature de-
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creases rapidly as the flow is reversed. This same
theory gives appropriate values of the penetration
depth.

Radial temperature measurements reveal wide pro-
files that extend significantly into the region of upward
flow, and it is probable that the width of the downward
flow is greater than that implied theoretically. This
implies a substantial interaction between the down-
ward and upward flow and suggests as a possible
coincidence the predictability of centerline tempera-
ture and jet penetration by the simple theory that
neglects the outer flow.
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TEMPERATURE DANS UN JET DESCENDANT D’AIR CHAUD

Résumé—Des mesures de température dans un jet turbulent d’air chaud débouchant dans un

environnement d’air ambiant montrent que les températures sur ’axe et la profondeur de pénétration

sont estimées correctement par des théories & propriétés constantes seulement pour Pécoulement

descendant. Les profils radiaux de température et I'estimation de la largeur du jet descendant montrent

que le jet ascendant influence le premier et que les prévisions satisfaisantes obtenues peuvent étre une
coincidence.

TEMPERATUREN IN EINEM BEHEIZTEN, NACH UNTEN
AUSGEBLASENEN LUFTSTROM

Zusammenfassung—Messungen der Temperatur einer beheizten turbulenten Luftstromung aus einer nach
unten in die Umgebungsluft gerichteten Diise zeigen, daB die Temperatur in der Stromungs-Mittelachse
und die Eindringtiefe sich fiir konstante Eigenschaften fiir die Abwirtsstromung allein theoretisch
berechnen lassen. Das radiale Temperaturprofil und die geschitzte Breite des abwirts gerichteten
Luftstrahls weisen daraufhin, daB die Aufwirtsstromung die Abwirtsstrdmung beeinfluBt und daB die
zufriedenstellende Ubereinstimmung mit Rechenergebnissen zufillig sein konnte.

TEMITEPATYPHOE T1OJIE HATPETO UCTEKAIOUIENA BHM3 CTPYU BO3JYXA

AnnoTaims — V3MepeHHbIE 3HAYEHMA TeMmepaTyphl Harperoil TypOynewTHod cTpyH BO3ayxa,
McTexaroiel BHH3 B OKpyXawowmil 06béM BO3AyXa, MOKA3BIBAIOT, YTO TEMIEPATypa MO OCH CTPYM
H ry6HHA NPOHHKHOBEHHMs! XOPOLIO DACCYHTHIBAIOTCH C MOMOIILIC TEOPHH NMOCTOSHCTBA CBOHCTB
TONBKO B CJ/lyYae HanpaBeHHON BHU3 CTpyH. PaguanbHble TPOQUIH TeMNEPaTyphbl M OLCHKH IUHPHHLI
Majaomell CTpyM CBHAECTENBCTBYIOT O BIHSHHH BCTPEYHOIO MOTOKA BO3JAyXa, & TAKKe O TOM, 4TO
YIOBNETBOPUTEILHOE COBIALEHHE C PaCYETHBIMM 3HAYEHUAMH MOTJIO OK23aThCH C1yYaHHBIM.



