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ABSTRACT

An experimental investigation is made of the behavior of an
axisymmetrical turbulent swirling natural convection plume in an
otherwise motionless ambient fluid. The swirling .plu:me is issued
from the exit of a swirling plume generator which couples the hot
gases from a Bunsen burner flame and the swirling mass of air from
a ring of distributed tangential jets. Temperature and velocity fields
of the swirling plume are measured by the use of a temperature-
calibrated, V-shaped hot-wire probe. Measured results of the verti-
cal and swirling velocities, the temperature, and the characteristic
radius of the swirling plume are found to agree closely with the

theoretical predictions of Part I.



INTRODUC TION

The phenomenon of a turbulent swirling natural convection plume
itself is not 2 new one, but only recently, as a result of the current
interest in the further understanding of the behavior of a free-burning
diffusion flame in the atmosphere, has it come under intensive examina-
tion.

A free-burning diffusion flame releases thermal energy due to
chemical reactions which heat up the products of combustion as well as
some amount of the entrained ambient air. The hot gases have smaller
densities than their unheated counterparts and the related buoyancy force
will 1ift them upward in the direction directly above the flame to form a
natural convection plume. The natural convection plume in turn will in-
duct fresh air and fuel into the combustion zone of the flame for further
combustion. The behavior of a free-burning diffusion flame is therefore
closely related to that of a natural convection plume in a very sensitive
way. It is clear that a thorough understanding of the behavior of the re-
lated natural convection plume will most hopefully reveal some of the so
far rather mysterious behavior of a free-burning diffusion flame in the
atmosphere.

In an unobstructed atmosphere, the induced air will move
directly toward the axis of the flame-plume structure while in the mean-

time its direction of motion will be lifted upward when its temperature is
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raised due to either being heated by or mixing with the hotter gases from

the flame-plume structure. The flame will have a familiar appearance

such as that of a candle flame or a nice steady flame from a Bunsen burner.

On the other hand it has just recently come to light that the appearance of
the flame will be changed drastically when some amount of circulation is
introduced in the ambient atmosphere either by employing a ring of direc-
tional vanes to guide the inducted air or by rotating a vertical circular
screen coaxial with the flame as reported by Emmons (1965) [1]. The air
induced into the flame will move toward the flame axis along a spiral path
as viewed from its projection on a horizontal plane while in the meantime
its direction of motion will be lifted upward when its temperature is raised
due to either being heated by or mixing with the hotter gases from the
flame. The flame will shrink in cross-sectional size but will stretch
logitudinally many times its normal length. The appearance of the flame
gives the indication of a sizeable amount of swirl induced in the flame.

Consequently, it becomes evident that the plume above such a flame will

\]

.lso have a certain amount of swirl even though the atmosphere surround-
ing the plume may be set to be unobstructed for the entire length of the
plume.

The axisymmetrical turbulent non-swirling natural convection
plume has been in the past studied quite thoroughly, both theoretically and
experimentally, and the results can be considered as quite satisfactory.
The theoretical analyses are reported separately in the works of Morton,

Taylor and Turner {1956) [2] and Morton (1959) [3, 4], both of which



employ the assumption of the lateral entrainment of the ambient fluid
first introduced by Taylor (1945) [5]. The experimental findings are
reported in the work of Rouse, Yih and Humphreys (1952) [6]. The
agreement between the theoretical analyses and the corresponding
experimental findings is found to be very close.

The axisymmetrical turbulent swirling natural convection plume
has never been analyzed until most recently. Lee (1965) [7] studied the
behavior of such a plume in an otherwise motionless, unobstructed am-
bient atmosphere by the use of the Karman integral method. With the
introduction of the assumption of similar axial and swirling velocity pro-
files and similar buoyancy profile, and the assumption of lateral entrain-
ment of ambient fluid, the complexity of the problem was greatly reduced.
Tl_le behavior of the swirling plume was found to depend solely on two
physical parameters associated with the source characteristics, the
source Froude number and the source swirling velocity parameter. A
series solution developed in the vicinity of the source of the swirling
plume was obtained for any values of these two physical parameters.
Numerical solutions for extended range of axial distance from the source
of the swirling plume and for wide ranges of selected representative
values of these two physical parameters were obtained with the use of a

digital electronic computer.
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EXPERIMENTAL APPARATUS

The experimental apparatus consists of the following items
(A) The swirling plume generator.
The swirling plume generator, as shown in the sketch of

Figure 1, is made of an 1-1/2 inch Bunsen burner fixed near the lower

end of a vertical 11 inch long copper tube of 2 inch inside diameter, with
a ring of evenly spaced horizontal tangential air jet inlets made of

copper tubing 3/16 inch inside diameter coming into the 2 inch tube. The
burner is lined up with the axis of the 2 inch copper tube and its top is
fixed at a level 2 inches from the lower end and 9 inches from the upper
end of the 2 inch copper tube. The bottom of the 2 inch copper tube is
firmly sealed around the burner. The axes of the tangential air jet in-
lets are located in a horizontal plane at the level of the top of the burner.
The primary air and propane gas fuel for combustion are previously
mixed in a mixing chamber and then introduced into the Bunsen burner
through a carefully metered passage. Secondary air for the generation
of swirl is supplied through evenly spaced, horizontal, tangential air

jets which receive compressed air from a distribution tank. Compressed
air is furnished to the distribution tank from a compressed air main
through a carefully metered passage. The vertical 2 inch copper tube
forms a casing guiding the flow passage. A circular cylindrical coil of
1/4 inch copper tubing is wrapped around the vertical flow casing to form
a cooling jacket for it. Cooling water is run through the coil to prevent

the flow casing from being overheated.
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{(Bj The cage.

The cage is a rectangular steel frame structure 6 feet long,
6 feet wide and 12 feet tall, located in the cenfral portion of a large lab-
oratory room. A horizontal asbestos platform with a 2 inch circular
hole for the plume generator is set at a level about 3 feet above the floor
and covers the whole horizontal cross section of the éage. The vertical
surfaces of the cage are covered with a layer of No. 48 aluminum window
screen to reduce the undesirable disturbances to the plume from the
surrounding air. On top of the cage, a tapered metal hood is located to
take away the excessive hot gases through a minimum-draft exhaust duct
extending to the outside of the laboratory. Parallel to but 2 feet away
from each side of the cage, a vertical baffle wall, 10 feet wide and ex-
tending from about 2 feet to about 8 feet above the floor, is set to further
reduce the undesirable disturbances to the plume from the surrounding
air.

A traverse mechanism for carrying the temperature and velocity
measuring hot-wire probe is set on one side of the cage. This mechan-
ism is capable of traveling up and down vertically from the level of the
platform to a level approximately 60 inches above the platform and in
and out horizontally covering the entire length of the cage. A protected
slot is cut in the screen and in the baffle wall on the side of the traverse
mechanism to make possible the motion of the mechanism. A couple
of large observation glass windows are set in the baffle wall, one on
each side of the traverse mechanism. A general view of the experimental

cage is shown in Figure 2.
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(C) The },v"Bt*Wire robe.
N b

e
Fgﬁ the velocity measurement, the conventional hot-wire
A
probe has be;:éln found unreliable in much of the temperature range of the
74

present sxzz,/i‘j;rling plume work. Furthermore, the hot wire will break up
after its/j/g“xposure to the hot gas stream for a relatively short period of
time. ’I/—Icwever, if one is only interested in the measurement of the
time-mean velocity instead of the detailed turbulence information of the
flow, one can use a much heavier piece of wire, which will withstand
the temperature, and require a much simpler accompanying electrical
circuit. The hot-wire probe used in this investigation consists primarily
of 2 V-shaped thin piece of resistance metal wire and a thermocouple.
The hot wire is a piece of pure nickel wire, 0.002 inch in diameter and
about 5/16 inch in total length, soldered to three stainless steel wire
supports in a 60-degree V shape. A copper-constantan thermocouple is
put slightly behind but directly above the hot wire. Since the velocities
involved in the present plume work are extremely small and since the
net radiation heat exchange between the thermocouple and surroundings
is also very small, the thermocouple measures the local static tempera-
ture very closely. Furthermore, since in the temperature range en-
countered the thermocouple voltage is practically linearly related to the
temperature, the local time-mean static temperature can be determined
from the mean voltage reading. The probe can be remotely rotated

around its axis which remains horizontal but perpendicular to the axis

of the probe carriage of the traverse mechanism. In the V-shaped hot




wire probe a constant current of 0.6 amperes is maintained by a steady
direct current source. The electrical potential changes at the three
terminals are compared by an outside circuit, a sketch of which is shown
in Figure 3. When the readings are properly calibrated against the local
time-mean static temperature, the probe measures the magnitude and
direction of the local time-mean velocity. The calibration of the probe
is carried out with the aid of a calibration tunnel which produces an air
stream of known velocity and temperature. A typical calibration chart

is shown in Figure 4. All electrical potentials are recorded on a Speedo-
max recorder. It should be noted, as seen from the typical calibration
chart, that the response of the hot wire to the velocity of the gas stream
can be considered locally linear over the velocity and temperature
ranges covered by the calibration. Therefore, in the measurement of a
gas stream, if the range of fluctuation is not very large, the mean value
of the recorded electrical potential change will correspond fairly closely

to the time-mean velocity of the gas stream.

EXPERIMENTAL PROCEDURE AND RESULTS

Disturbances in the ambient room air were maintained at a minimum

and the constancy of the temperature of the ambient room air was checked
continuously throughout any one run of the experiment. Essentiallya
steady state situation is achieved before taking temperature readings for
primary air supply, propane gas fuel supply, secondary air supply and

the cooling water exit. In all cases, the swirling flame always stayed




within the length of the vertical flow casing of the swirling plume genera-
tor, the exit of which was set flush with the top of the platform of the cage.
Let x be the vertical distance from the level of the top of the plat-
form and r be the horizontal distance away from the plume axis as shown
in the definition sketch of Figure 5. The hot-wire probe is set at a
selected level X'.!:,, first at a station (x', o) along the axis of the swirling
plume and then, step by step, at stations (%, r) away from the axis of the
swirling plume. At each station (X‘D r) of the hot-wire probe, measure-
ments are made on the local time-mean static temperature T(xg, r) by a
precalibrated potentiometer, on the direction of the local time-~mean
velocity by rotating the probe to an orientation corresponding to a null
reading on a potentiometer comparing electrical potential drops across
the two sections of the V-shaped hot wire, and on the change of the elec-
trical potential difference across the two sections of the hbt wire which
corresponded to the local time-mean velocity. The magnitude of the local
time-mean velocity was then read from the calibration chart of the probe
by using the measured change of the electrical potential difference across
the two sections of the hot wire and the measured local time-mean static

temperature. The magnitudes of the local time-mean vertical velocity,

t ;o
u(x , r), and the local time-mean swirling velocity, wix , r), were computed

from the magnitude and direction of the local time-mean velocity. It
should be added here that the turbulent swirling plume is a strongly
fluctuating fluid motion and therefore some estimate of the accuracy of

the measurements would seem to be in order. In general, the fluctuations
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of both the velocity and the temperature fields are found to have a minimum

at the plume axis, increase monotonically with the radial distance from the

axis, reach a maximum near the edge of the plume, and vanish rapidly from

there toward the ambient air. The level of fluctuations falls in the range of
10 per cent of the total measured value at the plume axis and in the range
of as high as 100 per cent of the total measured value near the edge of the
plume. For regions near the plume axis, the recorded velocity and temp-
erature would be within the locally linear ranges of response of both the
hot wire and the thermocouple. For regions away from the plume axis,
although the fluctuations increase rapidly toward the edge of the plume, the
measured velocity and temperature, on the contrary, both decrease very
rapidly toward the edge of the plume. Hence, even for the most violently
fluctuating region near the edge of the plume, the response of both the hot
wire and the thermocouple still can be considered approximately locally
linear and the mean values of the recorded quantities should correspond
fairly closely to the time-mean velocity and temperature respectively.
Furthermore, in the present plume problem over 80 per cent of either the
total axial linear momentum flux or the total temperature increment flux
across the plume can be estimated to be contributed by the portion of the
gas confined within the region bounded by a radius half the plume radius.
Therefore, in the cofnputation of the total fluxes across the plume, the
large fluctuations of measured quantities near the edge of the plume would

not significantly affect the results.

‘ 3
The selected levels, x, for the present experiment were 11- /4,
»
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13.3/4, 15-%/4, 19374, 23.3/4, 27-3/4, 31.3/4, 35.3/4, 39.3/4, ana

43=3/4 inches above the platform of the cage. The normalized local
time-mean vertical velocity, u(x', r)/u(x', o), and the normalized local
time-mean temperature increment over ambient temperature,

AT(x', rj/AT(x", o), are plotted against the square of the horizontal
distance, rz, for all selected levels in Figures 6-1 through 6-3. AT(x', T)
is the local time~mean temperature increment [T(x', r) - Tl] where Tl
is the ambient temperature. It is observed that straight lines are obtained
for both the normalized local time-mean vertical velocity profile and the

normalized local time-mean temperature increment profile in such plots.

The profiles can be thus represented by the following Gaussian expressions:

8]
Ty

o {
Al T R S
uix', o) {\ [b(x")]? :3

1

2 1

AT(x , r) r ? i

punrmnail I Sy s:

AT, o) ') )

;%

where 'b((x') is the value of r at which the magnitude of the vertical ‘
velocity, u(xgg r), is ]'/e of that of the axial vertical velocity, u(x‘, o), i
and b’ '\{x'} is the corresponding value of r for the temperature increment A
i
profile. By comparing the magnitudes of b(x’) and b' (x') at different 1
selected levels, it is found that b'(x‘)/b(xt) assumes a value in the neigh-
B

borhood of 1.16, a value obtainable by performing similar comparisons

on the experimental results on non-swirling turbulent plume reported by
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Rouse, Yih, and Humphreys (1952)[6]. We can designate this constant

A = b‘(x')/b(xl) =1.16,

The normalized local time-mean swirling velocity, w(xﬂg r)/ W(Xﬂ)s
is plotted against the normalized horizontal distance, r/b(x'), with b(x')
obtained from the vertical velocity profile, for all selected levels in
Figure 7. w(xﬂ) is the maximum value of w(x“9 r) at a certain selected
level x'. It is quite clear that all the plotted points cluster around a
curve of similar profile designated by f(r/b)c This similar swirling
velocity profile and the aforementioned Gaussian similar vertical velocity
profile and temperature increment profile will give without any doubt the
support to the correctness of the physical model assumed and used in the
theoretical analysis on the axisymmetrical turbulent swirling natural con-
vection plume by Lee (1965)[7]. The results for the maximum axial
velocity u(x'), the maximum swirling velocity w(x'), the maximum temp-=
erature T(X'), and the characteristic radius of the plume b(xn) are plotted
against the vertical distance from the level of the top of the platform in
Figure 8.

In order to compare the present experimental findings with the only
theoretical analysis by Lee (1965) [7] (which will be called Part I from
here on), it is necessary to select one of the selected levels in the experi-
ment as the level of the swirling source for the turbulent swirling plume

v 3/
above. . Since the experimental results at the lowest level, x = 11-/4

inch, already agree with the very physical model adopted in the theoretical

3/,.
analysis, it is only logical to select the level of x' = 11- /4 inches as the
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level of the source, x = 0 in the notation of Part I. For the reasons
given in Part I, AT/"I"1 can be replaced by Ay/yl where Ay = g(p1 -p)
is the local buoyancy and Y] = 8P Py being the density of the ambient
fluid. The value of the entrainment coefficient a can be assigned a value
of 0.08 as supported by the comparison between the theoretical works by
| Morton, Taylor and Turner (1956) [2] and Morton (1959) [3, 4], and the
experimental works by Rouse, Yih and Humphreys (1952) [6] on a turbu-
lent non-swirling plume. The same value of ais also supported by a com-
parison between the theoretical work by Lee (1965) [8] and the experimental
work by Rose (1962) [9] on a turbulent swirling jet.

The source characteristics corresponding to the source located at

/
x = 0{x' = 11-"/4 inches) are as follows:

u, = 34,0 ft/sec.

4,62 ft/sec.

4
1

b = 1.66 inches

AYO/YI = ATO/Tl - 93/(89 + 460) = 0.169

The swirling velocity profile constant k, as defined by Equation (14)

of Part I is
fo'e}
k = I{x/b) * (r/b) d (r/b)
o
oo
where r/b) = L&I_’[Eﬂi d(r/b)
r/b)

i.
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With the functional form of f(r/b) represented graphically as shown in

T L

Figure 7, the value of k is evaluated to be 0. 156 for the present problem.

STt e,

With the above values of Uy W bog AYO/“{'lg a, X and k used, the

e T

values of the source Froude number F and the source swirling velocity

parameter G as defined in Part I can be evaluated to be

T

r 11 1
2 2 2 : 2

A = 9,
a uo/ (A g bo ( Yo/vl) ]=9.5

M
I

1
2
G=2k w_ /u =0.107
(o] (o]

T R T P O,

The following transformation formula are obtained for the various depend-

ent variables and the independent variable x following Equation (22) of

Part I:
4 3
oy 7 7
X:Z:a,.x/(bop G')=0.0911 x
2 3
7 7
B:b/({boF G )=0.57b
6 1
U:uF7G7/uo=o,135u
6 8
7 1
W=wF G /wo=o,1054w
-2 -3

1/P = (AY_/Y)) F e 7/(AY/Y1) = 243/AT

where x and b are in inches, uand w are in feet per second, and AT is

e T T R S T T T T S e e

in degrees Fahrenheit. |
The experimental results made non-dimensional by the above trans-

formations are plotted in Figure 9 against the corresponding theoretical i
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results of Part I with FF = 9.5 and G = 0.107 used. Close agreement

between the theoretical and the experimental results is obtained.

For another plume, measurements were made of the velocity and
temperature distributions for various levels, starting from x' =6 inches,
from the top of the platform of the cage. If the level of x' = 6 inches is

selected as the level of the source (x = 0), the source characteristics can

be evaluated to be the following:

u = 5.3 ft/sec.
w = 0.72 ft/sec.
bo = 2.49 inches
A = 0..
Y /Y, = 0.169

The associated swirling velocity profile constant k is, for this case,

evaluated to be 0.162., And, then, the values of F and G are computed

as followss

F=1.4

G =0.109

The corresponding comparison between the experimental and the theo-

retical results is shown in Figure 10. Close agreement is again obtained.
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FIGURE 7. THE SWIRLING VELOCITY DISTRIBUTION
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FIGURE 8. SUMMARIZED EXPERIMENTAL RESULTS




X

(I 1yvd

s X = S
'30MN0S IWNTd ONITYIMS TVNLYIA Q3LIT T3S IA0EY JONVLSIA TWIXY SSIINOISNINIA =
o'¢ G2 02 Sl o'l S0 0 & o
— Zz £

i ‘ [
v v - M Ol o

v v/7(dn) 4 »
z 5
_ _ = ol > X
O 0 v X 5 0 m M
S Y. 2 cC
© o x.\t m <
‘ (€))
n 5 1, &=
q u\ _M m
. <
. G 5
_ X . oM
= g LOI0 =9 e o w.
6 =4 2 3

| v/(d v\ _
SLINS3Y TVLN3IWINIIXT lzm__v M o/ i w
— R
n— —0_0O W
WOY4) S17INnS3y AVOILIYOIHL :SIAYND QI70S \

D G mm
iy —
m
o<
=5
>

SLINS3Y TVINIWIYIIXA ANV TWDILINOIHL 40 NOSI¥VdWOD -6 3ynold

‘d4N0d4 A8 Q3QIAIQ AONVAONS WNIWIXYW 40 TvI0¥dIO3d SSITINOISNIWIA

g8 ‘sniavd 3IWNTd JILSIYILIVHVHI SSITINOISNIWIA




DIMENSIONLESS. CHARACTERISTIC PLUME RADIUS, B

)

DIMENSIONLESS RECIPROCAL OF MAXIMUM BUOYANCY DIVIDED BY FIVE (/p

.

DIMENSIONLESS MAXIMUM SWIRLING VELOCITY MULTIPLIED BY FIFTY

50w 5.

- DIMENSIONLESS MAXIMUM AXIAL VELOCITY MULTIPLIED BY FIVE,

3

5U

. B
(1/P)/5 |
 EXPERIMENTAL
| RESULTS
‘ X
. O—5U
> \a—sow
N X — (1/P)/5
5U o—8
50 W
_ iy S
SOLID CURVES THEORETICAL
RESULTS (FROM PART I) |
0 | | | | | |
0 . 2 3 4 5 6.

DIMENSIONLESS AXIAL DISTANCE ABOVE SELECTED Sw

FIGURE 10. COMPARISON OF THEORETICAL AND EXPE
FOR AN ADDITIONAL PLUME,

IRLING PLUME SOURCE ,
RIMENTAL RESULTS



