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Abstract—Temperature measurements concerning dispersion of heat downstream of a steady line source

located successively in a boundary layer and in a plane jet are presented and discussed. Temperature

statistics obtained in these two turbulent flows are compared in a satisfactory way using a rescaling scheme

based on the value of the temporal integral Lagrangian scale of the vertical velocity fluctuation at the source

location. A simple diffusion model has been developed and is qualitatively in agreement with experimental
results in the first phase of the diffusion process.

1. INTRODUCTION

THE PREDICTION of the dispersion of a passive con-
taminant in a turbulent flow is a problem of wide-
ranging interest due to the importance of turbulent
diffusion in heat and mass transfer problems and com-
bustion applications. Recent papers have brought a
large amount of experimental results on dispersion of
passive scalars from a line source or point source
located in turbulent flows. These experimental works
have been mainly performed in grid generated iso-
tropic turbulence [1,2] or in the turbulent boundary
layers [3-7]. In parallel the problem of predicting the
dispersion and mixing of a passive scalar has received
considerable attention from researchers using
Lagrangian or Eulerian approaches [8~13].

The purpose of this paper is to present and discuss
some experimental results concerning the dispersion
of heat downstream of a steady line source located
successively in a turbulent boundary layer and a tur-
bulent plane jet. Detailed statistics of the temperature
fluctuations are calculated by means of a simple model
based on Gifford’s fluctuating plume dispersion
model. As shown in similar studies in the initial phase
of the diffusion process the observed behaviour of
temperature statistics is the result of the growth of the
instantaneous plume width relative to the mean plume
width.

2. EXPERIMENTAL PROCEDURE

The dispersion experiments were conducted suc-
cessively in a boundary layer and in a plane jet. A
schematic diagram of the two experiments is shown
in Fig. 1. For the boundary layer the measurements
were performed in a closed circuit wind tunnel already
described in ref. [5] giving a free stream velocity of
6.9ms~'. The boundary layer thickness at the source
location 6, was 98 mm. The floor of the test section was
adiabatic except downstream of the source location

where a copper plate is kept equal to the free stream
temperature 8,. In the present study we are not con-
cerned with the ground absorption phenomenon the
influence of which is limited to the region close to the
wall [5].

The two-dimensional jet was generated by a blower
wind tunnel with a 20: 1.08 contraction ratio leading
to a slot of width b = 10.8 mm and span of 200 mm.
Two confining vertical walls (2 x 0.5 m) were installed
to maintain the two dimensionality of the jet. The jet
velocity at the nozzle exit was maintained at 25.7ms ™'
[15].

The thermal line sources were nichrome or con-
stantan wires 0.09 mm in diameter (and for some
experiments 0.05 mm in diameter) tensioned laterally
across the flow. The electric power was always small
enough to regard heat as a passive contaminant. The
maximum Reynolds number based on the ‘film’ tem-
perature (average of wire and flow temperatures) was
calculated to be less than 40 in all cases.
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F1G. 1. Schematic diagram.
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NOMENCLATURE
d, source wire diameter Yosor Ay, s distance for which 6/6,,,, = 0.5
F, flatness factor of temperature Ymax OF Ay, distance for which 6 = 0,
fluctuations, 0/(67%) Ay distance from the jet axis.
I, intensity of temperature fluctuations,
(612)1 /2 /9 )
L omax —. eek symbols
I vertical length scale, ()T Greek symbo . .
. . Yo thermal intermittency factor
IA instantaneous plume width (standard o .
deviation) 8 99% boundary layer thickness
o £ turbulence dissipation rate
Lm molecular contribution to /;
e n Kolmogoroff scale
I turbulent contribution to /; air densit
L, streamwise length scale, UT), Z (x,y) mean temy erature
L, distance for which U/U,,, = 0.5 oy P
. 0 max peak value
Q line source strength " .
0 temperature fluctuation
Sy skewness factor of temperature
- D N2 0s temperature scale
fluctuations, 6°/(6"%) . .
L 0, instantaneous plume centreline
T, temporal Lagrangian integral scale
. . temperature
U mean streamwise velocity . .
. . . a, turbulent dispersion (standard
v velocity fluctuation component ..
. . deviation).
perpendicular to the source wire and
the mean flow
Ax streamwise distance from the source Subscripts
wire L Lagrangian
y distance from the wall 8 source.

The streamwise and vertical components were mea-
sured with a constant temperature cross wire anem-
ometer using platinum wires of diameter 5 um and
length 1.4mm at an overheat ratio of 0.8 by T.S.I.
1050 hot-wire bridges.

Temperature fluctuations were measured with a
platinum-rhodium 10% cold wire 0.7 ym in diameter
operated at 0.19mA in order to minimize the sen-
sitivity of the wire to velocity fluctuations.

At each measurement position velocity and tem-
perature data were stored on magnetic tape (EMI 300)
for later processing on a microcomputer.

Temperature measurements were carefully cor-
rected accounting for the thermal prong-wire inter-
action. This was achieved after dynamic calibration
of the probe using the method proposed by Lecordier

et al. [16]. With the selected probe (1/d ~ 500) the
correction to the r.m.s. temperature could reach 11%
at 10ms™".

The characteristics of the two flows at the source
location are both presented in Table 1 and in Fig. 2.

3. EXPERIMENTAL RESULTS

Mean temperature profiles are plotted in Fig. 3 for
the two dispersion measurements. For the boundary
layer experiment the source wire is successively
located at y /é, = 0.075, 0.2 and 0.4. For the plane jet
experiment the source wire is located on the jet axis
at a distance of 30b from the nozzle.

In the initial stage of the diffusion process for both

Table 1

Boundary layer BALA U/U, CRLA R./5,

0.05 0.6 0.042

0.75 0.63 0.042
U =69ms™! 0.12 0.68 0.042 45 400
d,=9.8cm 0.20 0.73 0.040

0.4 0.83 0.034

0.6 0.91 0.028
Plane jet Ay/b UlUpax ()1 Urpx R,
Upe, = 11.5ms™" 0 1 0.198
b=1.08cm 18 600
x, = 30b 1 0.98 0.198
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Fi1G. 2. Velocity measurements: 1, boundary layer; 2, plane jet.
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FIG. 3. Mean temperature profiles: 1, boundary layer y./8, = 0.075; 2, boundary layer y,/6, = 0.2; 3,
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experiments mean temperature profiles are found to
be fairly symmetrical and approximately Gaussian.
For the boundary layer experiment further down-
stream these profiles become skewed as dispersion is
limited by the wall. As already mentioned in previous
studies [3, 4] the characteristics of mean temperature
profiles (peak value and width) are found to be very
sensitive to the source location. When power laws
are fitted to the 6,,, results presented in Fig. 4, the
exponent n characterizing the fall-off, ranges from —1
to —0.7 for the boundary layer experiments. For the
plane jet experiment the exponent n is about —1.
Results obtained in the boundary layer experiment
put in evidence the difficulty of finding a unique value
of n over the whole range of the diffusion process.

Profiles of the intensity of temperature fluctuations
I, = (0'%'%0,,,, are shown in Fig. 5 for three selected
experiments (boundary layer y/d, = 0.075 and 0.2,
plane jet Ay,=0). I, is plotted vs y, where
Yo = (V= Ymax)Yos and 0(yo5) = O,nas/2.

It is worth noting the high level of I,(~100%) in
comparison with the results obtained in classical heat
transfer problems in turbulent flows, wall heated
boundary layers [, ~ 0.05-0.10 [17], heated grid
I, ~ 0.05 [18], heated plane or round jets [, ~ 0.25~
0.35 [19]. The streamwise evolution of the maximum
value of I is presented in Fig. 6. A similar trend is
observed for the two cases. At first (079420,
increases, reaches a maximum value and thereafter
decreases. In our experiments the streamwise extent
of measurements is not sufficient to conclude about
the asymptotic behaviour of 7, .

Additional information concerning the temperature
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FIG. 4. Peak temperatures: |, boundary layer; 2, plane jet.

statistics of the plane jet experiment is given in Fig. 7
where profiles of 8, ()2, S,, and F,, are plotted at
two selected sections: Ax = 5 and 20 mm.

The streamwise evolution of the skewness factor S
and the flatness factor F, determined on the source
axis and shown in Fig. 8 presents a similar trend to
that of J, (x) with a maximum value located at the
same position that the extremum of 7, . The inter-
mittency factor y, defined as the proportion of time
where 0 is larger than 0. has been obtained from
pdf using the method proposed by Bilger er al. [20].
Results of y,(0) determined on the source axis pre-
sented also in Fig. 8 are in agreement with the obser-
vations of Fackrell and Robins [6] and Paranthoén
[21]. We can note the correspondence between the
location of the maximum of /; (0) and the minimum
of 74(0).

4. RESCALING SCHEME

The need to compare results obtained for various
locations of the source within the boundary layer and
extend this comparison to the plane jet results have
led the authors to look for a rescaling scheme.

For this purpose several schemes have been pre-
viously suggested in order to rescale data obtained in
turbulent boundary layer diffusion experiments.

In their pioneering work concerning the diffusion
downstream of a ground level line source Poreh and
Cermak [22] point to the fact that in the intermediate
zone where the diffusing plume is submerged in the
boundary layer the mean concentration profiles can
be renormalized using the peak value 6,,,, and y, s the
distance for which §/8,,,, = 0.5. However, for the case
of elevated sources the longitudinal evolution of 0,
and y, s is found to be very dependent on the source
distance from the wall [3,4]. Consistent with surface
layer similarity Raupach and Legg [7] use the tem-
perature scale 0, defined by

-2
* P CP U(y s)y s
and the source height p, to rescale the streamwise
distance from the source location.

The need to compare dispersion measurements
issued from several turbulent flows has led the authors
to look for a more general rescaling scheme based on
the value of the Lagrangian time scale of the vertical
velocity fluctuations 7 at the source location.

This rescaling scheme is linked to a simple model
of the temperature field downstream of the line source.
Close to the source as shown in Fig. 9 the temperature
field consists of an instantaneous thin waving plume.
As in the fluctuating plume model of Gifford [23] the
temperature profile within the instantaneous plume is
assumed to have a Gaussian shape characterized by
its peak value 6, and its standard deviation /. Now if
the dispersion process is averaged over a time large in
comparison with the integral time scale of the flow we
obtain a mean plume. The temperature profile within
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the mean plume is assumed also to have a Gaussian
shape characterized by its centreline value 0., and
its standard deviation (67+/2,)'. o, is the standard
deviation characterizing the turbulent dispersion and
. is an additional term due to molecular diffusion. It
is worth noting that except close to the source wire
we always have o, » [,.

Close to the source wire the direction of the instan-
taneous plume is almost exclusively dependent on the
value of the vertical velocity fluctuation at the source
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F1G. 7. Temperature statistics (plane jet y, = 0).
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FiG. 8. Temperature statistics profiles (plane jet y, = 0):
1, Ax = 5mm; 2, Ax = 20mm.

location. Thus the instantaneous plume keeps on aver-
age the same direction over a distance /, = Ut, where
7, is the Bulerian temporal integral scale of the vertical
velocity fluctuation at the source location. Now if we
take a small part of the instantaneous plume and
adopt a Lagrangian point of view this element keeps
on average the same direction over a distance
Ly = UT, where T, is the Lagrangian time-scale of
the vertical velocity fluctuation.

The behaviour of the mean plume width o, is given
by Taylor’s theory [24]

A A
j(( 1, a, :[LZ:C. (1)
L L
Ax Axy?
iy [ -
I » 1, o,=.2 (LL) 2)
where
I = (@7)""T,. 3)

If we are interested in the behaviour of the mean
plume we can write at any section downstream of the
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FiG. 9. Mean and instantaneous plume.

line source a heat conservation relation

g= pCPJ

— o0

U dy

= pCpBax (AX)G,(AX) r U@e d (/o). 4

If the mean plume width is small regardless of the
homogeneity length of the mean velocity profile
(o/U)(@U/dy) « 1) and if the mean temperature
profiles are self similar with a Gaussian shape, relation
(4) leads to

0 = /C1)pCrbnan(Ax)a, (AU (ys, Ax).  (5)

By selecting the particular section where Ax = L; we
can define a temperature scale 0,

_ 0
o= Jempchvo =ty

From these considerations we can expect a better pres-
entation of the experimental results relative to the
mean temperature field by means of a length scale L,
and a temperature scale 0.

For turbulent flows, values of U and (v'2)'? are usu-
ally known and 7T, is the only unknown quantity
variable in relation (6).

Previous measurements realized in turbulent
boundary layers [21,25] have shown that T (y,) can
be reasonably approximated by the relation given by
Picart [26]

0.20”(y,)

) @

T.(y) =
where &(y,) is the turbulence dissipation rate at the
source location.

For an example values of L, and /; are presented
in dimensionless form in Fig. 10. For the boundary
layer case Dupont et al. [27] have shown that L can

be given by
LL Vs " : Ys

It is worth noting that the experimental value of
T, deduced from the streamwise evolution of
(y—7)*(Ax) can be assimilated to a pseudo-Lagrang-
ian characteristic of the flow.

At this point, measurements of the Lagrangian
time-scale 7 are not available for the turbulent plane
jet. Under these circumstances our strategy for this
flow is to calculate T from relation (7) by using
velocity dissipation measurements performed by Gut-
mark and Wygnanski [28] in a similar flow. Longi-
tudinal evolution of calculated values of L; and /; is
presented in Fig. 11 for the case of the turbulent
plane jet. It is worth noting that L, is approximately
constant for this flow when Ax/b > 30 and is about
15b on the jet axis.

As for the turbulent boundary layer, L, and /,

025 05

F16. 10. Evolution of L and /; (boundary layer).
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Fi1G. 11. Evolution of L, and /; (plane jet).

are found to be slightly dependent on the streamwise
position allowing a simple rescaling scheme of the
diffusion process with constant length scales cal-
culated at the source location.

By using the scheme described above, the tem-
perature peak 0, normalized with the temperature
scale 0y has been plotted in Fig. 12 as a function of
Ax/L, . The data issued from experiments performed
in the two turbulent flows gather approximately on a
single curve regardless of the source location. Results
from similar dispersion experiments have been plotted
in the same figure. A power law can be fitted to 6,,,./65
data as a function of Ax/L, when Ax/L; < 0.5a —1
powerfall is observed while when Ax/L, > 5 the
power is about —0.5 in agreement with Taylor’s
theory. This good agreement is satisfactory con-
sidering the large sensitivity of the longitudinal evol-
ution of the peak temperature with the source location
mentioned in the previous section. However, this good
agreement is not obtained when this rescaling scheme
is applied to the relative intensity (0"%)Y2,/0 ..

Asshown in Fig. 13 significant differences are found
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FiG. 13. Dimensionless evolution of 7, .

between results issued from experiments realized in
various kinds of turbulent flow.

5. MODEL

In order to explain these discrepancies the diffusion
model presented in the previous section has been used
in order to calculate the temperature signal detected
by the temperature probe.

A crude approximation of actual temperature sig-
nals in the first part of the diffusion process can be
achieved by considering (Fig. 14) Gaussian tem-
perature pulses of amplitude 8, [29]. The thermal inter-
mittency factor of such signals is defined as y, = t,/T
where ¢, is the width and T'is the period of temperature
signals. The definition of vy, is linked to a threshold
level 6; which can be characterized for Gaussian

_pulses by n = /(2 In (6,/67)).
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F1G. 12. Dimensioniess evolution of peak temperatures.
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Fi6. 14. Example of temperature fluctuations.

The temperature statistics can then be calculated as
a function of 6, y, and n

Ve n
5 Yo erf(n) ,
0’ = » \/(27t)—~\/2 0; (10)
gpz‘%\/(zn)wgf. (11)

N/

Use of the heat conservation equation for the
instantaneous plume and for the mean plume leads to

6515 = emax(o-sz+lszm)]/2 ~ 01’1’13)(0-5' (12)

In particular y, and 7, on the source axis can be
calculated from expressions (9), (10) and (12) and can
be written as

©=— 2 L (13)

P et () y2) @) o,

[t 1a )
IG(O)_{erf(n/\/z) 21 1}' (14

Hence the evolution of statistics of the plume in the
initial stage of the diffusion process is the result of the
growth of the instantaneous plume width relative to
the mean plume width.

For n > 2 [erf (n)/erf (n/\/ 2)] ~ 1 and relation (15)
given by Lumley and Van Cruyningen [30] is found
again

1 o

1/2
15(0) = <ﬁl —1) :

The streamwise evolution of g, is given by Taylor’s
theory while the increase of the instantaneous plume
width results from three effects.

(15

(1) The size of the source characterized by the wire
diameter d;.

(2) The effect of molecular diffusion characterized
by [, with

(16)

(3) The effect of turbulence when the instantaneous
plume width / is larger than the Kolmogoroff scale 5.
This effect is characterized by /.

By simply assuming independence between the
molecular and turbulent contribution in the first phase

I = 2a,At.

HMT 31:1-K

of the dispersion process, where o, grows as Ax, the
temperature intensity /, is given by

I = 1 Ax/L; 1 172 (17
TR (4, 2 Ax BV
B Pe, Ly I}
where
’721/21
PeD=(i—)—£
a

g

is the diffusion Peclet number. As already mentioned
by Durbin [8] this relation puts in evidence the strong
influence of the ratio d/I; on the initial behaviour of
I,.

When /; « n [, = 0 and relation (17) can be written
as

=L Ax/L, 1 (18)
TNV (2 Ax\7 ’
5 + Pep L,

It is worth noting that the dashed lines cor-
responding to relation (18), plotted in Fig. 13 appear
as the asymptotic initial behaviour of 7,. Charac-
teristics of the diffusion experiments (d,//,, Pep, dy/n, .. .)
have been gathered in Table 2 and show that in our
experiments the condition /; « # is never satisfied.

Further prediction concerning the behaviour of I,
requires the knowledge of evolution of /;, whatever
time. Unfortunately our knowledge of the properties
of I, is only confined to a limited phase of the diffusion
process. When relative diffusion is dominated by
eddies in the inertial subrange (assuming that the tur-
bulence Reynolds number is high enough) the instan-
taneous plume width will grow according to Rich-
ardson’s law [31)

12 = ageAt’? (19)
where At is the time elapsed from an effective time
origin for this inertial subrange dominated phase.

The lack of information concerning the behaviour
of [, for the whole phase of the diffusion process
leads us to a qualitative explanation of the streamwise
evolution of I, in line with equation (17).

As shown in Fig. 15 the initial increase of I and
decrease of y, are related to the molecular dominated
phase of /. In a second phase where / is larger than
the Kolmogoroff scale, /, increases at the same rate as
6, and I and y, present an extremum. Then the strong
increase of /, due to turbulence leads to a decrease
of the ratio o,//,. In this phase I, decreases and 7,
increases.

This description is in agreement with measurements
presented in Fig. 6.

Finally we have calculated from thermal inter-
mittency factor measurements realized in the plane jet
experiment, the values of [/l and [/ using relation
(13) [35].
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F1G. 15. Relation between o,, /, and I.

Results presented in Fig. 16 show that in a first
phase /I, grows as (Ax/L.)¥*. The value of the
exponent proves that this phase is not dominated by
the molecular diffusion phenomenon in relation with
the value of d,/n ~ 10 in this zone. Then, when [, ~ [,
we find an inertial subrange dominated phase where
I, grows as (Ax/L,)*”. This phase ranges from //n = 10
up to at least ///; = 0.2. Within this phase we have 5
« [, « I and this situation can be related to the large
value of the diffusion Reynolds number Rep =
()"l fv, of approximately 4500 in the plane jet
experiment. Furthermore, in this phase 7=
apiAr’® with ag; ~ 0.3 in agreement with the value
given by Larcheveque [32].

Following Csanady [37] relation (19) can be rewrit-

ten as
Iy 12 Ax 2
I = (0.06) L)

The condition [, « /. can only hold as long as
Ax/L, is small compared to 2.5. Experimentally the
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FiG. 16. Evolution of the instantaneous plume width (plane
jety,=0).

total length of this ‘explosive’ phase is about 0.8L, in
good agreement with the above prediction.

6. CONCLUSION

Measurement of mean and fluctuating tem-
peratures have been performed downstream of the
same line source located successively in two turbulent
flows (boundary layer and plane jet).

Temperature statistics obtained in these experi-
ments can be compared in a satisfactory way using a
rescaling scheme based on the value of the temporal
integral Lagrangian scale of the vertical velocity fluc-
tuation at the source location. By using this scheme
mean temperature data can be collapsed satisfactorily
onto a simple curve.

Differences found between the evolution of inten-
sity of temperature fluctuation measurements in the
two experiments have been related to the effect of the
source size characterized by the ratio d,//, and to the
effect of turbulence on the width of the instantaneous
plume.

A simple model deduced from Gifford’s model has
been developed and is qualitatively in agreement with
experiment results in the first phase of the diffusion
process.
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MESURES DE DIFFUSION DANS DES ECOULEMENTS TURBULENTS
(COUCHE LIMITE ET JET PLAN)

Résumé—Des mesures de température ont €té réalisées en aval d’une source linéaire de chaleur placée
successivement dans une couche limite turbulente et dans un jet plan turbulent. Les caractéristiques
statistiques du champ thermique obtenues dans ces deux écoulements sont comparées de fagon
satisfaisante en utilisant un schéma de normation lié & la valeur de I'échelle intégrale temporelle Lagran-
gienne de la fluctuation verticale de vitesse au niveau de la source. Un modéle de diffusion a été développé
et est en bon accord avec les résultats expérimentaux dans la premiére phase du processus de diffusion.

DISPERSIONS-MESSUNGEN IN TURBULENTEN STROMUNGEN
(GRENZSCHICHT UND EBENER STRAHL)

Zusammenfassung—Es werden Temperaturmessungen vorgestellt und diskutiert, die sich mit dem
Wirmeiibergang stromab einer feststehenden Linienquelle beschiftigen, welche sich nacheinander in
einer Grenzschicht und in einem ebenen Strahl befindet. Das statistische Verhaiten der Temperatur in
diesen beiden turbulenten Strémungen wird in befriedigender Weise unter Benutzung eines Verfahrens ver-
glichen, das auf dem Wert der zeitlich integrierten Lagrange-Skala fiir die vertikalen Geschwindig-
keitsschwankungen am Quellpunkt beruht. Es wurde ¢in einfaches Diffusionsmodell entwickelt, welches
qualitativ gute Ubereinstimmung mit experimentellen Ergebnissen der ersten Phase der Diffusions-
prozesse erzielt.
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U3MEPEHUA JUCIIEPCHHM B TYPBVJEHTHBIX MTOTOKAX (ITOT'PAHUYHBIA CJION
H TINNOCKASA CTPYA)

Annorauma—PaccMaTpuBalOTCA pe3ybTaThl HIMEPEHHH TeMNepaTypsl BHH3 MO MOTOKY OT CTALMOHAp-

HOrO JIHHeHHOr0 HCTOYHMKA TeIUla, TOMEIIAEMOr0 B NOTPaHHYHBIH CJIOH, a 3aTeM B ILUIOCKYto cTpyio. C

HCTIONIb30BaHHEM MEPEHOPMHPOBKH MacmTtaba, OCHOBaHHOH Ha HHTerpanbHOM MacmrtaGe Jlarpanxka

IUIsi BEPTHKANbHON QUIYKTYallHH CKOPOCTH B MECTE PACIIOJIOKEHHS HCTOYHHMKA, MPOBEACHO CPABHEHHE

TEeMIEPaTYPHLIX CTATHCTHYECKHX PAcIpe/ie/IeHHH B 3THX ABYX TYpOyJeHTHHIX MOTOKaX H MOJYYEHO HMX

YAOBIETBOPHTEIbHOE COOTBETCTBHE. PazpaGoTanHasa npocras Mozens Aubdy3uu KavyeCTBEHHO corna-
CYeTCA C IKCIEPHMEHTAILHBIMHA pe3ybTaTaMu B nepBoif dase npouecca nuddysun.

165



