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Abstract-An experimental investigation of the velocity and temperature fields in an axisymmetric turbulent 
buoyant plume is described. The plume source was a heated air jet with an exit densimetric Froude number of 
1.4. Measurements were carried out with two-wire probes. One wire was maintained at a constant 
temperature and the other wire was operated as a resistance thermometer. The outputs from both wires were 
sampled digitally by an A/D converter and the temperature and velocity were computed from the 
experimentally determined calibration curves. 

The mean temperature and velocity profiles are presented and compared with previous results obtained by 
Yih [17]. The profiles of the RMS fluctuating velocity and temperature are also presented along with the 
velocity-temperature correlations and joint probability distributions. All data show satisfactory agreement 
with the expected similarity scaling, although there is some evidence in the data for the fluctuating quantities 

that the plume had not reached a fully developed state. 

NOMENCLATURE 

acceleration of gravity; 
effective plume half width; 
wire diameter ; 
entrainment rate, = 2crbW; 

source buoyancy parameter ; 
buoyancy, = - LI~AP/P, ; 
thermal conductivity of fluid; 
Nusselt number [see equation (19)] ; 
rate of heat input to constant 
temperature wire; 
Reynolds number of flow, = wd/v, ; 
radial distance from plume axis ; 
local plume temperature; 
excess plume temperature, = T -T, ; 
local radial plume velocity component; 
characteristic plume velocity; 
local vertical plume velocity component; 
vertical height above source. 

Greek symbols 

m, entrainment constant ; 

P3 proportionality constant, = b/z; 

AP, P-Pm; 

PT local plume density; 

r?, r/z ; 
1, wire length ; 
V, kinematic viscosity of fluid. 

Subscripts 

X film condition evaluated at 

(T,,.+ T,)/2; 
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G, gaussian profiles ; 
GT, gaussian temperature profile; 
G W, gaussian velocity profile; 

0, source condition; 
W probe-wire condition ; 
a, ambient condition of plume environment. 

Superscripts 

, time mean ; 
, instantaneous value; 

9 fluctuating component. 

INTRODUCTION 

THE TURBULENT buoyant plume has been a subject of 
investigation for almost forty years (c.f. Zel’dovich [I], 
Schmidt [2], Taylor [3], Rouse, Yih and Humphreys 
[4]). While Zel’dovich and Rouse et (11. proceeded from 
a similarity hypothesis, Schmidt and Taylor made 
assumptions about the basic turbulent flow processes. 
Batchelor [5] independently proposed similarity so- 
lutions for turbulent buoyant plumes in both uniform 
and stratified environments. The similarity solutions 
are* 

W = FA13z- ““f,(r/z) (1) 

Lj = F~‘3z-5/3fz(r/z) (2) 

b = pz (3) 

* Following the usual convection, overbars indicate time 
averages and primes indicate fluctuating components. 

1145 



1146 WILLIAM K. GEORGE, JR.,RONALD L. ALPEa’rand FRANCESC,OTAMANINI 

where Fe is the buoyancy produced per unit time at the 
source and is defined by 

5 

m- 
F, = 2r-t NY/ r dr , (4) 

0 

b is the effective plume width, and 9 is buoyancy 
defined by 

g = -‘,,,P 
P, 

where Ap is the difference between the local density 
and that of the ambient fluid. 

Morton, Taylor and Turner [6] were able to analyze 
non-similar flows by invoking a hypothesis which 
related entrainment rate to local mean velocity. By 
using the entrainment hypothesis, Morton [7] exten- 
ded the analysis to plumes arising from sources of 
buoyancy, mass and momentum and showed that 
these can be related to equivalent point sources of 
buoyancy only. 

There have been a number of qualitative experi- 
ments performed which served to confirm theoretical 
predictions of maximum height and plume growth 
rates [9]. The most cited quantitative experiment was 
by Rouse et crl. [4] who used vane anemometers and 
thermocouples to measure mean velocity and tem- 
perature profiles in both axisymmetric and two- 
dimensional plumes in air. The profiles of velocity and 
buoyancy for the axisymmetric case were given as 

W = 4.7F1’3z-113exp(-96r2/z2) 

y = 11 F;yJ 
(6) 

zM5j3exp( -71 r2/z2). (7) 

The width of the temperature profile was observed to 
be greater than the velocity profile; for the two- 
dimensional plume, the opposite dependence was 
found. 

Rao and Brzustowski [8] attempted to use a hot 
wire anemometer to measure turbulence quantities in 
the plume above a burning wick heat source. The 
averaged heat-transfer equation for the wire was used 
with an independent measurement of the mean tem- 
perature to calculate both mean and fluctuating 
velocities. Since the technique discriminates against 
the hottest and coldest parts of the flow, which 
correspond to the largest fluctuations in velocity, the 
measurements are of questionable validity. 

In spite of the advances of the past 29 years in flow 
measurement techniques, the data of Rouse er c/l. 
remain the basis for theoretical evaluation (c.f. Turner 
[9], Tennekes and Lumley [lo]). The work reported 
here is a first attempt to use hot wire anemometry in 
conjunction with digital recording techniques to mea- 
sure both mean and fluctuating quantities in buoyant 
plumes. 

REVIEW OF BASIC EQUATIONS 

It will be instructive to look at the integrated 
equations of motion for an axisymmetric buoyant 
plume. We can write (c.f. Turner [9] for a complete 
discussion) for mass, momentum and buoyancy con- 
servation to within the Boussinesq approximation and 

for uniform environment 

(8) 

(9) 

d -‘_. 

dz, s wgrdr = 0 (10) 

where E is the entrainment rate and will be considered 
later. 

It is commonly assumed that profiles of @ and @ are 
Gaussian. That is 

fl = Aexp[-B112] 

f2 = Cexp[-Q2] 

(11) 

(12) 

where TV = r/z and A, B, C, D are constants. If we ignore 
the contributions of the fluctuating w velocity to the 
momentum flux (as is the usual custom) and substitute 
the assumed Gaussian similarity solution into the 
momentum equation (equation 9) we obtain 

A2 3C 
-=---. 
B 20 

(13) 

This will be used later in fitting a Gaussian curve to the 
experimental velocity profile. 

The equation for buoyancy conservation tells us 
that the buoyancy is independent of z; therefore from 
the definition of equation (10) it follows that buoyancy 
is given by F, at all positions in the plume. 

The entrainment rate E is commonly assumed to be 
proportional to the local velocity scale of the plume. A 
convenient local velocity scale W and plume width b 
can be defined from the integrated mass and momen- 
tum fluxes as 

b2 W = 2 
i 

co @(r)r dr (14) 
0 

and 

b2W2 = 2 
s 

mI?i2(r)rdr. (15) 
0 

The entrainment rate E is then defined as 

E = 2abW. (16) 

Substitution of the similarity solution for W into 
equation (8) immediately yields 

b=fiz=&z. (17) 

The parameters b, p and a are unambiguously 
defined by the equations above. It is common, how- 
ever, to define the plume half-width in terms of the 
l/e points of the best Gaussian curve. The relations 
between these definitions and those above are 

b, = blJ2, Bc = Dl J2, c(G = a/ J2. (18) 

EXPERIMENTAL TECHNIQUE 

A two-wire probe (DISA P76) was used to obtain 
“velocity-like” and temperature signals at neighboring 
locations in the flow (wire spacing -5mm). The 
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temperature signal was obtained by a constant current 
anemometer (DISA 55M20) operated as a resistance 
bridge while the “velocity” signal was obtained by a 
constant temperature anemometer (DISA 55MlO). 
The hot probe was operated at a temperature of 284°C 
which corresponds to a minimum overheat of 0.5 for 
the data of this experiment. 

The outputs from both anemometers were sampled 
sequentially with a Hewlett-Packard 2114 computer 
at a rate of 700 readings per second, converted to 
digital signals and stored on magnetic tape. Since the 
sampling rate was approximately an order of magni- 
tude greater than the frequencies corresponding to 
most of the turbulent energy, the readings were 
virtually simultaneous. The velocity-temperature cal- 
ibration curve was then used to calculate the actual 
velocity signal from the “instantaneous” constant 
temperature anemometer output. A block diagram of 
the procedure is shown in Fig. 1. 

DATA ACPUISITION 

WIT0 I Win 2 

DATA REDUCTION 

Calwotlm d 
lndml- wocity 

‘_ 

I 
r*ms+m(urr v#OCI,r 

& 
Statlatlcol cunpulotion 

FIG. 1. Block diagram of data acquisition system and data 
reduction procedure. 

CALIBRATION 

The temperature-velocity calibration of the probe 
was obtained using the device shown in Fig. 2. Air is 
forced through 5 cm of sintered bronze which contains 
resistive heating elements. The air then passes through 
two screens (mesh = 0.85mm, dia = 0.3mm) and a 
15 : 1 contraction. The entire device was sealed in an 
insulated can to minimize temperature gradients due 
to heat loss through the walls. The mean temperature 
variation across the exit was less than 1°C and the 
velocity and temperature fluctuation levels were less 
than 0.1%. Mean velocities were obtained by using a 
total head tube at the exit and by monitoring the bulk 
flow rate into the settling chamber. Total head tube 

42C 

~-356 mm dia.- 
L----l91 mm 

FIG. 2. Schematic of thermal plume generator. 
(1) Container for silica aerogel insulation, sheet steel. (2) 
Cerafelt insulation; 1.27 mm thick. (3) Aluminum exit nozzle. 
(4) Inner aluminum surface machined approximately to: 

y = 31.75+2.42x lo-sX5 

-6.1 x 10ehX4+4.36 x 10-4X3 (mm). 

(5) Gasket; RTV-106 (General Electric). (6) Bearing bronze 
sleeve; approximately 0.6 mm wall thickness; sealed to part 
No. 8 with RTV-106. (7) Three threaded rods spaced 120” 
apart, 0.8mm dia, for sealing exit nozzle and supporting 
entire system in aerogel insulation. (8) Copper pipe. (9) 
Copper screens, sealed to segments of part No. 8 with RTV- 
106; 1.18 wires/mm; wire dia 0.305 mm. (10) Two entry pipes 
threaded into part No. 6 to allow for insertion ofprobes or for 
pressure measurement. (11) Two sintered bronze castings; 
31.8 mm thick, density 4.5-5 g/cm3 ; will allow passage of 
particles smaller than 150~ dia; thermet grade 12 HP. (12) 
Eight copper pipes cast into sintered bronze, sealed with 
RTV-106 to outer surface ofpart No. 8 ; 9.55 mm ID; In upper 
part No. 11, pipes are evenly spaced across sintered bronze 
and aligned paralell to air inlet pipe, No. 15; In lower part, 
No. 11,4 pipes are evenly spaced across sintered bronze and 
aligned perpendicular to air inlet pipe, No. 15. (13) Eight 
electric heaters, one each copper pipe No. 12, adjacent heaters 
facing opposite directions; Watlow Firerod C6A81, llOV, 
4OOW each; 9.55mm dia, 153mm long; brass pipe-thread 
fitting with ceramic bead insulation on lead wires; high 
temperature copper-graphite-lead compound (Kopr-Kote 
by Jet-Lube) fills any space between heater and wail of copper 
pipe No. 12. (14) Two thermocouple probles, one each part 
No. 11, sealed with RTV-106 to outer surface of part No. 8; 
Omega CAIN-116U-12. (15) Air inlet pipe. (16) Phenolic 

plugs. (17) Aluminum base plate on three aluminum feet. 

measurements were corrected for buoyancy effects on 
the tube. Flow velocities could be varied from 10 cm/s 
to 10 m/s and exit temperatures in excess of 300°C were 
obtainable. 

Over the range of velocities of this experiment, a 
logarithmic calibration was found to provide the best 
fit to the experimental data. This is consistent with 
those of Collis and Williams [ll], who showed that a 
logarithmic relation is superior for probe Reynolds 
numbers below 0.5. 



1148 WILLIAM K. GEORGE, JR., RONALD L. ALPERT and FRANCESCO TAMANINI 

,.6 
-2 -I 0 

FIG. 3. Velocity probe calibration curve. 

The calibration curve for the probe used in the 
measurements is shown in Fig. 3. The Nusselt number 
is defined as 

Nu = Y 

nk,-1(7;,.--T) 
(19) 

where q is the resistive heating and k, is the thermal 
conductivity of the fluid at the film temperature. The 
temperature loading factor of Collis and Williams [l l] 
was used in the data shown. A least square tit to the 
data yielded 

= A, -B, IogR (20) 

where A, = 0.99 and B, = 0.56. (Note that these are 
different from the values obtained by Collis and 
Williams because of the shorter length to diameter 
ratio of the wires I/d - 200.) The scatter in the 
calibration is believed to be primarily due to thermal 
effects on the total head tube; the slight roll off ;lt 
lowest velocities could be due to either viscous effects 
on the total head tube or the onset of free convection 
on the wire (cf. Hollasch and Gebhart [12], Warpinski 
et d. [13]). In either case, it is below the range of 
velocities encountered in this experiment. 

EXPERIMENTAL ERRORS 

Measurement errors stemmed from two basic cau- 
ses: first, the thermal inertia of the temperature wire. 
and second, the directional ambiguity of the hot wire. 
Statistical error was less than 3% in the velocity and 
even lower for the mean and rms quantities. The 
resolution limitation imposed by the wire separation 
corresponded to a length about twice the Kolmogorov 
microscale and was minimal compared to the cutoff 
due to thermal inertia. 

The frequency response of the temperature wire was 
estimated to be about 300 Hz (from Hinze [14]). For 
comparison, the estimated frequency of the energy 
containing eddies was less than 50 Hz and that of the 
Kolmogorov microscale was about 1 kHz. Since the 
velocity wire was operated at constant temperature, its 
frequency response was orders of magnitude better 
than the cold wire. In order to avoid the possibility of 

measuring rapid velocity changes induced by rapid 
thermal fluctuations which the temperature probe 
could not follow, the velocity signal was low-passed 
electronically at 350 Hz. This was not felt to signi- 
ficantly affect the statistics reported. 

The directional ambiguity of the hot wire presents a 
more serious problem. The wire responds equally to 
both components of velocity perpendicular to it; 
therefore, the effective cooling velocity is 

42 = tz+u‘z (21) 

where _ denotes the instantaneous value. It is 
straightforward to show via a binomial expansion 
that the mean cooling velocity is given by 

y = [(M-+M”)2+(u+u’)2]“* 

(22) 

where third order terms have been neglected. The 
mean square fluctuating velocity, similarly, can be 
calculated as 

-Z 
q ,?_42 

Clearly, these inaccuracies will dominate at the outer 
edge of the plume where the relative velocity fluc- 
tuations are high. 

It should be noted that because of the data con- 
version techniques used, the velocity computed is the 
actual velocity the probe sees and is not subject to the 
usual non-linearities associated with hot wires (c.f. 
Hinze [ 141). 

THE EXPERIMENTS 

The calibrator described earlier was used as a heat 
source for the axisymmetric plume experiment. The 
source temperature was 300°C and the exit velocity 
was 67 cm/s (calculated from measured heat flux). The 
entire apparatus was placed in a square shelter 2.44 
x 2.44 x 2.4Jmm. Air was allowed to enter along a 
5 cm battled gap along the floor and the plume exited 
through a 46cm dia hole in the roof. The laboratory 
was air conditioned and specially designed to elim- 
inate cross drafts in the room. The ambient air 
temperature remained at 29 k 1 “C. 

Flow visualization was achieved by injecting smoke 
into the plenum chamber of the calibrator. There was 
no evidence of plume wandering, either visually or in 
the data reported below. 

The source exit conditions correspond to a Re- 
ynolds number of 870 and a densimetric Froude 
number of 1.4. There was no evidence of laminar 
behavior above a distance of 2 exit diameters. 

EXPERIMENTAL RESULTS 

Measurements of mean and fluctuating quantities 
were taken at distances of 0.508, 0.762 and 1.016m 
above the source. When non-dimensionalized by the 
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FIG 4. Mean buoyancy radial profile. 

W = 3.4 Fh/3Z’/3 exp [ - 55 r2/z2] (25) 

which can be compared with the results of Rouse et ~1. 
in equation (6). Thus the velocity profile is wider than 
the temperature profile by about 10%. Because of the 
dependence of equation (13) on the square of the 

4 centerline velocity, the temperature and velocity pro- 
files could be assumed equal to within experimental 
error. It should be noted that there is no a priori reason 
why the curve should even be Gaussian. 

FIG. 5. Mean vertical velocity radial protile. 

source diameter, 6.35 cm, these correspond to z/D = 8, - 

12, and 16 respectively. The effective origin of the 
(u,‘*)‘/~ = F~/3r-1’3f3(r/r) (26) 

plume was verified to be in the plane of the exit by and 
several means (see Appendix A). 

Mean temperature and velocity profiles are shown 
(T’2)‘/2 

a,---=--- = F$3z-5/3j4(r/z). 
T 

(27 1 
in Figs. 4 and 5. The data have been normalized by the 
buoyancy parameter, F,, which was found to be 1.0 Values of RMS w and T obtained from the dual-wire 
x 106cm4/s3 by integrating the heat flux (including measurements are shown in Figs. 6 and 7, non- 

the turbulent contribution!) across the various axial dimensionalized by the centerline values of U! and dT, 
stations. It is clear that both profiles are self- respectively (AT = T - T,). Except for slight depar- 
preserving. tures from similarity near the center, the predicted 

A least squares fit to the temperature profile yields scaling is generally satisfactory. This is particularly 

s = 9.1 FE/3z- 513 exp [ - 65 r2/z2] . (24) 
gratifying in view of the proximity to the source (8 
< z/D -c 16). Nonetheless, there is clear evidence that 

The exponent is close to that observed by Rouse er al. the flow is still developing. Noteworthy by its absence 
[equation (7)]. The difference in the coefticient is in is the strong off-axis peak in the profile of the scalar 
part due to the fact that in this case account was taken fluctuations usually observed in forced convection jets 
of the near 15% turbulent heat transport. (c.f. Becker et al. [15]). 
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A plot of the temperature profile on the velocity data 
reveals that the latter is broader. Thisis contrary to the 
findings of Rouse et al., who found the velocity profile 
to be narrower by 30%. The plus sign at the l/e point in 
Fig. 5 shows the lowest value that the velocity could 
have if the correction of equation (22) is applied using 
the measured value of W”, assuming that f12 < W”, and 
substituting for I? in equation (22) the similarity form 
obtained from mass conservation. It is clear that the 
correction is considerably less than would be necessary 
to substantiate the earlier results. 

The arrows in Fig. 3 denote the velocity range over 
which the data were taken. Since the only parameters 
in the calibration are intercept and slope, the lowest 
values of velocity are subject to proportionally greater 
error. A conservative estimate of this error based on 
the variance of the calibration curve is less than 20% at 
the lowest velocity measurement. Thus, the deviation 
from Rouse’s results cannot be attributed entirely to 
our calibration error. Near the centerline for which the 
calibration is optimal and the directional ambiguity 
low, the estimated error from all sources is less than 

5%. 
In view of the high confidence level of the centerline 

velocity data and of the temperature fit [equation 
(24)], the best estimate of a Gaussian velocity curve is 
obtained from the constraints imposed by the momen- 
tum equation [equation (13)]. Using C = 9.1, D = 65, 
and A = 3.4 we obtain B = 55, and the appropriate 
Gaussian curve is given by 

The appropriate similarity forms for the turbulent 
fluctuations of temperature and vertical velocity are 
given by 



WILLIAM K. GEORGE, JR., RONALD L. ALPERT and FRANVEX o TAMANINI 

: 

X? 

0 
n 
x 

n 8 

A x 
x 

x 

I.-- 0.05 0.0 0.1s 

‘4 
FIG. 6. Radial distribution of intensity of temperature fluc- 

x 

0 

0 
D 
X 

A 

"0 
16 

12 

8 

-_i 
005 

rb 

- 

“g 
no 

0 IS 

1 

FIG. 7. Radial distribution of intensity of vertical velocity 
fluctuations. 

Application of equation (23) using measured values 
of skewness and turbulence intensity indicate a center- 
line overestimate due to directional ambiguity of less 
than 20%. A similar estimate at r/z = 0.1 indicates the 

measured value of (w’~)I’~ may be too high by as much 
as 40%. 

It is interesting to note the values ofrms temperature 
and velocity compared to the mean temperature 
difference (between plume and environment) and 
mean velocity, respectively. At the centerline 

and 

v2 )“2 _ o.40 

E 
(28) 

(29) 
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FIG. 8. The velocity-temperature correlation coefficient. 

Clearly, the relative fluctuations are in no sense small ! 
In a plume dominated by buoyancy, one would 

expect substantial velocity fluctuations to be caused by 
temperature fluctuations, thus resulting in a high 
correlation coefficient. Calculations of the correlation 
coefficient from the data at all measurement locations 
are summarized in Fig. 8. It is clear that 

11,’ T’ 
- 

(,,/2)1/2(T,2)1/2 - o.6-o.7 

Within experimental error, the coefficient may be 
assumed constant at the average value of 0.67. This 
valueis significantly greater than that usually obtained 
for heated forced jets and is evidence of the important 
role of buoyancy in the structure of plume turbulence. 

Figures 9 and 10 show the probability distributions 
of temperature and velocity at the highest location at 
which measurements were made (z = 1.016m). The 
large intermittency at the outer edge is evident from 
the highly skewed distributions for r/z = 0.15. 

Figure 11 shows a contour plot of 
temperature-velocity joint probability density fun- 
ction on the axis of the plume at z = 1.016m. The 
strong influence of buoyancy is evident from the 
diagonal ridge on the map. Also shown is the bivariate 
normal distribution having a correlation coefficient of 
0.67. This appears to adequately model the turbulence 
to within two standard deviations. 

DISCUSSION 

Profiles of the mean and RMS fluctuating tempera- 
ture and axial velocity were measured in a turbulent 
plume generated by rising hot air. The measured mean 
temperature profile showed good agreement with 
Gaussian profiles obtained by Rouse et cd. [4]. The 
velocity profile was found to be wider than the 
temperature profile and the centerline value lower, 
contrary to the earlier results. The difference could not 
be attributed to our experimental error. 

The data can be used to evaluate the constants in 
equations (16)-(18). From the Gaussian curve fits we 
obtain 

bGT = O.l24z, b,, = 0.135~. (30) 
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FIG. 9. Normalized probability density distribution of tem- 
perature fluctuations at three radial locations for z = 1.016 m. 

9oL 
.BI . ‘1. 1 
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FIG. 10. Normalized probability density distribution of 
vertical velocity fluctuations at three radial locations for z 

= 1.016m. 

Thus to within experimental error 

bG z 0.132, or b=O.l8z. (31) 

We can immediately obtain the entrainment constant 
as 

c(c = 0.108, or a = 0.153. (32) 

The value of o! = 0.15 obtained here is considerably 
higher than that used by Morton [7] who adopted a 

FIG. 11. Temperature-velocity joint probability density fun- 
ction on the axis of the plume at z = 1.016 m. 

value of 0.116 based on the available literature. Ricou 
and Spalding [16], used a direct method of measuring 
entrainment to obtain a value of 0.08 in forced jets. 
Turner [9] suggests that the entrainment rate in 
plumes is probably greater than in jets but less than the 
value of 0.12 previously used. Thus, these measure- 
ments are at considerable variance with the previous 
results. 

A careful analysis of the hot wire calibration errors 
and experimental procedures does not reveal the 
reasons for these discrepancies. The collapse of the 
data at large r/z indicates the absence of systematic 
errors. The large scale meandering of the plume often 
present in plume experiments was not detectable from 
smoke injection studies nor was there evidence of 
plume wandering in the temperature measurements. 

The previous measurements reported by Yih [17] 
and Rouse et ul. [4], on the other hand, could be in 
error, both because of the experimental techniques and 
the manner in which the flow was generated. Tempera- 
ture difference measurements were made with a ther- 
mocouple, normally considered satisfactory for such 
flows. It is not surprising then that these measurements 
show the least discrepancy with those reported here. 
The velocity measurements were made with a vane 
anemometer (3cm dia) which had a lower velocity 
limit of about 6cm/s. The accuracy of such an 
instrument in highly turbulent flows is certainly con- 
siderably less than those used in the present measure- 
ments. A final source of discrepancy could result from 
the manner in which Yih’s flow was generated; namely, 
a gas burner. Since the burner is primarily a heat 
source it could require considerable distance to de- 
velop the necessary momentum to achieve a fully 
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developed state. The flow used in this investigation, on 
the other hand, was generated by forced hot air with 
source densimetric Froude number near unity. Thus 
the momentum and heat flux appropriate to a fully 

developed plume were provided and only a readjust- 
ment of the profiles and intensities was necessary to 
achieve the asymptotic state. These observations on 
source difference are consistent with the fact that both 
Yih’s centerline temperature and velocity are larger 
than those reported here, and the velocity profile is 
considerably narrower. 

Townsend [ 1 S] argues that the temperature profile 

should be narrower than the velocity profile since the 
excess temperature is found only in the turbulent fluid 
and will therefore behave as the velocity gradient 
which is wider. Lumley [19] shows that because of a 

stable temperature gradient at the outer edge of the 
turbulent plume, the large eddies are compressed 
vertically and extended laterally. It follows that the 
mean velocity gradient in the radial direction is 

reduced, the mean velocity profile is broadened and 
the flow spreads more rapidly than the non-buoyant 
jet. Thus Townsend’s argument can still be valid; only 
the conclusion is different. 

Measurements have also been reported of the RMS 

temperature and vertical velocity fluctuations as well 
as their correlation (Figs. 6 and 7). Both temperature 

and velocity fluctuations exhibit a reasonably constant 

value over the center portion of the plume. It is 
interesting to compare these results with those ob- 
tained in isothermal axisymmetric jets by Wygnanski 
and Fiedler [20] and Becker et ul. [15]. 

The radial distribution of the axial component ofthe - 
turbulence intensity, (M~‘~)‘~‘/CI,,., measured by Wyg- 
nanski and Fiedler is similar to the one shown in Fig. 7, 
both qualitatively and quantitatively. This result 
might appear rather surprising. One possible explana- 
tion is that in the thermal plume, the additional genera- 
tion of turbulence due to the action of buoyancy 

[tr,(ljT,)w’T’] is partially balanced by a smaller (than 
in the forced jet) contribution from the secondary 

,2 components of strain [-IV (iX/&)-P(&/&)]. 
Note, that, while I? decays as z-’ in a forced jet, the 
mean velocity in the plume decays as z- li3. 

By assuming that small temperature differences 

behave in the same way as species concentrations, the 
data in Fig. 6 can be compared directly with the 

measurements of the mean and fluctuating con- 
centration of a marker fluid in an axisymmetric 
isothermal air jet reported by Becker et rtl. [ 151. They 
show that the radial profile of :he intensity of the 
concentration fluctuations has an off-axis maximum 
(for rl N 0.08) which is about 15% higher than the axis 
value. Furthermore, the asymptotic value of the fluc- 
tuation intensity referred to the local mean con- 
centration was measured by Becker et al. to be 0.22 at 
17 = 0. This is a much lower value than the0.37-0.38 of 
Fig. 6. 

A tentative explanation of this difference can be 
given by considering the role of the secondary com- 
ponents of the spatial gradient in the generation of 

fluctuations. The term representing production of 7” 
can be written as 

-d 1 -6 1 
p,. = -2\\,‘7-__ _ &,‘T’-_. 

dz ar 
(33) 

In a forced jet the first term is probably negligible with 
respect to the second (which has an off-axis maximum). 
The situation is different in a thermal plume for two 

reasons. First, the longitudinal heat flux w’T’ is larger, 
because of the high correlation of the two variables 11,’ 

and T’ caused by buoyancy. Second, the longitudinal 
gradient a qaz becomes important since A Tdecreases 

as ze513 instead of the z- ’ dependence of the forced jet. 
The lack of an off-axis peak in the data in Fig. 6 is 

therefore attributed to increased contribution from the 
first term of equation (33). All these considerations 
need to be confirmed by additional measurements. A 
more detailed investigation of the turbulent energy 
balance is currently being carried out by one of the 
authors (WKG). 

Finally, it is worth noting the effect of the turbulent 
quantities on the vertical transport of momentum and 
buoyancy. While less than 8% of the vertical momen- 
tum transport is due to the turbulent fluctuations, 
nearly 15’/, of the vertical heat transport is due to the 
turbulent contribution. Clearly, this can hardly be 
considered negligible. 
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APPENDIX A 

Choice of Origin for Plume Dato 

The similarity relations for velocity and temperature yield 

*cc (z-z0)-“3 
and - 

AT cc (z-z~)-~‘~ 

where z0 is the effective origin and z is measured from the 
source. It follows that 

w3z = K, fW32, 
and 

- - 
AT315z = K z +AT315z 0 

where K,, K2 are constants. The origin z0 is thus seen to be - - 
the slope of a plot of AT3’5~ vs AT3j5 or W’z vs W3. The 
temperature version should yield more reliable results since 
measurement errors are reduced by the radical whereas for 
the velocity they are magnified threefold. A plot of the center 
line temperature data yielded z0 = 0 k 5 cm. Since the nearest 
axial point was 50cm, the origin was chosen at the level of the 
exit plane. 

Morton [7] has shown that a forced plume can be treated 
as a virtual point source of buoyancy located at some distance 
below the actual source position. Application ofequation (11) 
of Morton [7] to the data at the three axial positions yields a 
virtual origin position within the limits determined experim- 
entally, thus, providing additional confirmation for the 
choice. 

MESURES DE TURBULENCE DANS UN PANACHE AXISYMETRIQUE 

RbumC-On d&it une ttude exptrimentale des champs de vitesse et de temp&rature dans un panache 
axisymttrique et turbulent. La source est un jet d’air chaud avec un nombre de Froude de 1,4. Les mesures 
sont effect&es avec des sondes & deux fils. Un fil est maintenu g temptrature constante et l’autre 
fonctionne en thermomktre g rCsistance. Les signaux de sortie des fils sont trait& digitalement par un 
convertisseur A/D et les temptratures et les vitesses sont calcultes g partir des courbes expt?rimentales 
d’ttalonnage. 

Les profils de tempkrature et de vitesse moyennes sont pr&ent&s et comparirs avec des rCsultats 
antirrieurs obtenus par Yih [17]. Les profils des moyennes quadratiques des vitesses et des temtiratures 
sont donnCs avec les corrClations et les distributions de probabilitt. Tous les rksultats donnent un accord 
satisfaisant avec la reprCsentation en similitude bien que les quantitts fluctuantes montrent que le panache 

n’a pas atteint un ittat pleinement ttabli. 

TURBULENZMESSUNGEN IN EINER ROTATIONSSYMMETRISCHEN 
AUFTRIEBSSTROMUNG 

Zusammenfaswng-Es wird die experimentelle Untersuchung des Geschwindigkeits- und Temperatur- 
feldes in einem turbulenten, rotationssymmetrischen Auftriebsstrahl beschrieben. Als Auftriebsquelle 
diente ein beheizter Luftstrahl mit einer mit den Dichten gebildeten Austritts-Froude-Zahl von 1,4. Die 
Messungen wurden mit Doppeldrahtsonden durchgefdhrt. Ein Draht wurde auf konstanter Temperatur 
gehalten, der andere diente als Widerstandsthermometer. Die MeDwerte wurden iiber einen Analog- 
Digital-Umsetzer digital aufgenommen; Temperatur und Geschwindigkeit wurden aus den experimentell 
ermittelten Eichkurven berechnet. Die Profile der mittleren Temperaturen und Geschwindigkeiten werden 
angegeben und mit friiheren Ergebnissen von Yih [17] verglichen. Die Profile der mittleren Schwankungs- 
geschwindigkeiten und -temperaturen werden zusammen mit den Geschwindigkeits-Temperatur- 
Korrelationen und der Verbund-Wahrscheinlichkeitsdichte ebenfalls angegeben. Alle Werte zeigen 
befriedigende Obereinstimmung mit der erwarteten Aehnlichkeitsdarstellung, obwohl die Daten Wr die 
SchwankungsgrSBen andeuten, da13 die AuftriebsstrGmung noch nicht den voll ausgebildeten Zustand 

erreicht hatte. 

W3MEPEHHE TYPBYJIEHTHOCT’M B OCEaMMETPWYHOn 
CBOBOflHOKOHBEKTI4BHOfi CTPYE 

~QIIH - Ormcbmaerca 3KcnepHMeHTanbrioe HccnenoaaHHe CKopocTHbIx H TebmepaTypHbuc 
nonea B OCem~~~mOti ryp6ynenTnofi CBO~O~~I~OKOHB~KTUBHO~~ CTpye. &TOWiHKOM CnyxEJIa 

CTpySl HarpeTOrO BO3.4yXa C ‘IHCJIOM @pyjlli HiI BblXOLIe, PaBHOM 1.4. t’i3MepHHI npOBOllHJlHCb C 
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nohiowbw ABYxI~HTOYH~IX AaTwKoB. OAHa w3 HHTeR cnyxctana AarwKoM TepMoaweMoMeTpa no- 
CTOJIHIiOti TeMnepaTypbI,a BTOpaSI - AQTSUKOM TepMOMeTpa COnpOTkiB~eIiHR.BbIXOAHbIe CHI-HaJIb 
060nxnp~6opo~ n~O6pa30Bb~Ba~UCbcIIOMO~bK)aHa~O~0-uH~pOBO~0n~06pa30BaTenRBuU~pO- 
ByEO,a TeMnepaTypa li CKOpOCTb paCCYHTbIBaJIWCb II0 KaJIH6pOBOYIibIM KpHBbIM,nOCTpOeIiHbIM Ha 
OCHOBaHHH3KCnepHMeHTaJIbHbIXAaHHblX. ~p~BOASlTCanpO&fJIJiC~AHei%TeMnepaTypbIEICKOpOCTH 
B AaeTca CpaBHeHse c pe3ynbTaTaMq nonyveHHbIMw Yaih [171. Tame IIpHBeAeHbI npo@Hne cpen- 
HeKBaApaTEYHbIX 3HareHwi-4 nynbcaual CKO~OCTH H TeMnepaTypbI, a TaKme Koppenrrwa CKO~~CTH 
H TeMnepaTypbI H CoBMecTHbIe pacnpeAeneaw3 B~~~IITH~CTH. Bee AaHHbIe yAOBneTBOpATeJIbH0 
COrJIaCyEOTCa C paCC'iBT%IBaeMbIMW aBTOMOAeJIbHbIMH XapaKTepHCTHKaMH, XOTIl HeKOTOpbIe H3 
AaHHbIXA~~ny~bcau~OHHbIXBe~HY~HCBaAeTe~bcTBy~TOTOM,~TOCTpyIlHeAOCTIi~aeT~O~HOCT6H) 

pa3BHTOrO COCTORHHR. 


