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The turbulent diffusion process is investigated for a continuous point source of a
non-buoyant plume in grid-generated water turbulence. Two kinds of biplanar grids
with a mesh length of 10 mm and 20 mm were used. The mesh Reynolds numbers
were 1480 and 2970, respectively. The mean and fluctuating concentration fields of
aqueous dye solution were measured by the light absorption method. Experimental
results for both grids were compared.

For both grids, the mean concentration radial profiles proved to have a similar
Gaussian shape, and the mean concentration on the plume axis obeys the hyperbolic
decay law well. These mean concentration profiles and their decay show an excellent
agreement with the results deduced from the similarity analysis for the mean
concentration field.

Radial profiles of the fluctuation r.m.s. value and relative intensity (i.e. the ratio
of the r.m.s. value to the mean concentration) were found also to be nearly similar,
and the centreline r.m.s. value decays downstream as a hyperbola. The relative
intensity on the centreline tends to increase slightly downstream. All experimental
results obtained were much less scattered and more reliable than those reported
earlier.

The similarity for the concentration fluctuation intensity has been analysed using
a thin-layer approximation. Also, an approximate analysis of the fluctuating
concentration field is given by replacing the fluctuating concentration signal by a
randomly spaced sequence of rectangular waves with various heights and widths.

1. Introduction

The study of the diffusion of passive scalars in turbulent fiows forms a foundation
for understanding various turbulence phenomena, and has practical importance for
dispersions of pollutants, mixing of materials and chemical reactions.
Experimental studies on the diffusion of a scalar quantity in turbulent flow can
be classified broadly into two categories: the study of diffusion in shear flows, or in
a flow field without mean shear. The present experiment belongs to the latter
category. With respect to the type of source or diffusion field, the study of a diffusion
field without mean velocity shear could be divided into the study of a statistically
homogeneous scalar field and that concerning diffusion from an instantaneous or

13 FLM 178



380 1. Nakamura, Y. Sakai and M. Miyata

continuous line or point source. Since Taylor (1921), the homogeneous scalar field has
been studied mainly for its theoretical interest in connection with turbulent statistical
theory (e.g. Hinze 1975, pp. 278-305; Batchelor & Townsend 1956 ; Batchelor 1952).
However, the present study will be somewhat different from those studies in which
the focus is on the statistics of the homogeneous scalar fluctuation field where the
mean spread of a scalar field is immaterial. Since this is surely important for
engineering applications the homogeneous scalar problem will not be mentioned here.

Experimental or theoretical studies on the diffusion of heat from a continuous line
source have long been undertaken for grid-generated turbulence, as in Uberoi &
Corrsin (1953) and Townsend (1954). Uberoi & Corrsin (1953) investigated the spread
of the mean temperature and profiles of the fluctuation intensity downstream of the
heated wire, estimating the Lagrangian velocity correlation for heated fluid particles,
Lagrangian integral and micro scales. Townsend (1954) examined the similarity in
the diffusion process of heat and the effect of the molecular diffusivity on the spread
of heated fluid particles in the downstream area not far from the line source. The
diffusion of heat from a heated line source stretched in a core region of pipe flow was
investigated by Baldwin & Mickelsen (1962) and Crum & Hanratty (1965). Further,
in connection with meteorology, the diffusion of a fluorescent tracer material released
from an aircraft along a predetermined line at right angles to the wind was
investigated by Csanady, Hilst & Bowne (1968).

More recent developments will be given below where appropriate.

Many studies on the diffusion from a continuous point source have been made in
various velocity fields (i.e. uniform mean velocity flow, grid turbulence, pipe flow,
lake and ocean, etc.). Regarding the uniform mean velocity field or grid turbulence,
the experiment by Kampe de Feriet (1938) seems to be the first, in which small soap
bubbles were released from a fixed point source. Kalinske & Pien (1944) performed
diffusion experiments in a water channel by injecting a mixture of carbon tetra-
chloride and benzene with the same density as water, which formed small droplets in
the water. To investigate the contribution of molecular diffusion to the total mean
dispersion at long diffusion times, Mickelsen (1960) compared the lateral dispersion
of helium and carbon dioxide downstream from a continuous point source in the
turbulence produced by a grid in a wind tunnel.

Recent studies on grid turbulence were reported by Yamamoto & Sato (1979),
Gad-el-Hak & Morton (1979) and Britter ef al. (1983). Yamamoto & Sato (1979)
introduced polystyrene particles into grid-generated water turbulence and investi-
gated the trajectory of a tracer particle by pursuing its motion with an optical
method. Gad-el-Hak & Morton (1979) studied the downstream evolution of smoke
released in grid air turbulence by a laser-scattering method. Britter et al. (1983)
studied the diffusion of dye solution from a continuous point source in a stably
stratified saline-water solution.

In the core region of turbulent pipe flow, the mean concentration fields for diffusion
from the continuous point source were investigated by Towle & Sherwood (1939),
Towle, Sherwood & Seder (1939), and MacCarter, Stutzman & Koch (1949). Rela-
tively recently, measurements, including the concentration fluctuations, have been
made by Lee & Brodkey (1964), Nye & Brodkey (1967a) and Becker, Rosensweig
& Gwozdz (1966). In the experiments of Lee & Brodkey (1964) and Nye & Brodkey
(1967a), dye solution was used as the diffusing matter, and the concentration
fluctuations and spectra were measured by the light absorption method. Becker
et al. (1966) examined a plume of oil smoke particles (Coray 55) in pipe air flow by the
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light-scattering method, clarifying the effect of Reynolds number (481000-684000)
on the fluctuation-intensity profile and spectra distributions.

The diffusion from a point source in lakes and the atmosphere has come into the
limelight in connection with environmental pollution. Actual flows in the environ-
ment have almost mean shear, and flow without the shear, as in the present experi-
ments, is rather rare. However, as examples akin to diffusion in the no-shear flow
field, the studies by Csanady (1966), Murthy & Csanady (1971) and Ramsdell & Hinds
(1971) can be cited; Csanady (1966) and Murthy & Csanady (1971) have measured
the distributions of mean concentration and mean-square fluctuation for a diffusion
plume of fluorescent dye (Rhodamine B) in Lake Huron, while Ramsdell & Hinds
examined the diffusion process of #Kr in the atmosphere.

The purpose of this study is to present precise data on the mean concentration and
concentration fluctuation in the asymptotic stage of the development (i.e. the
so-called self-preserving region) of the plume from a point source in grid-generated
turbulence. The reliability of the data obtained was ascertained by comparison with
similar solutions on the basis of the gradient type of transport theory and models
for the decay of variance. The reason why the measuring region was limited to the
region far downstream of the source is that, near the source, the diffusion field is
affected by the source size (Durbin 1980 ; Fackrell & Robins 1982), the initial injection
velocity and injection method of diffusion matter, and so cannot be regarded as being
from a ‘point’ source, which is the subject of this study. Thus, our attention will be
directed only to the region where the spread of the plume is much larger than the
source size, and the evolution process of the plume is not subject to the direct influence
of the source conditions. It should be noted here that, when the diffusion matter was
injected into the test section, the flow field was inevitably more or less disturbed
whatever the injection method might be. In this experiment, particular attention will
be given to the injection method so as to reduce the disturbance effect at the source
as much as possible.

Remarkable developments in understanding the diffusion process of heat from a
line source have been accomplished recently from both theory and experiments. In
the following will be presented a summary of this development. In the previously
mentioned studies, experimental investigations had mainly concerned the mean value
and variance of the scalar quantity, but the exact theoretical understanding of how
these properties evolve had not been achieved. However, very recently, such
theoretical tools as two-particle dispersion theory (Durbin 1980; Lundgren 1981;
Lamb 1981; Sawford 1983) and an approach using the joint probability density
function between velocity and temperature (Anand & Pope 1984) have been
developed and have thrown a new light on this problem. Detailed experimental
information on how a thermal field behaves very close to a source has been given
recently by Stapountzis et al. (1986). Further, Warhaft (1984) has examined in detail
the evolution of the mean and variance of the thermal field from the near region to
the region very far downstream of a line source, although the distance from the grid
to the line source varied. In the light of these recent developments regarding the
plume from a line source, the behaviour of the concentration field close to the line
source has been considerably clarified both theoretically and experimentally. Hence,
at the present time, for line sources uncertainties remain in the behaviour of the plume
in the far-downstream region rather than in the near-region (see data of Warhaft
1984). On the other hand, the data on point sources are very scanty, so no comparison
has been made between the above-mentioned theories and experimental results.
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The noteworthy previous study on diffusion from a continuous point source in grid
turbulence by Gad-el-Hak & Morton (1979) is the only one of its kind. However,
owing to the disturbance effect of the source mentioned earlier and the difficulty in
obtaining the concentration fluctuation measurements, the data obtained were very
scattered even in the self-preserving region, so it is difficult to draw quantitative
conclusions from their results. Although for diffusion with a concentration field
similar to the plume in grid turbulence, the diffusion of matter from a continuous
point source in the core region of the turbulent pipe flow has been examined (Lee
& Brodkey 1964; Nye & Brodkey 1967a, Becker et al. 1966), there still exists a
non-uniformity of several percentage points for the mean velocity even in the core
region, and no satisfactory similarity of the concentration-fluctuation-intensity
profile was obtained.

Studies of the concentration fluctuation field have been hindered by a paucity of
suitable instrumentation for a long time. Recently, a light-scattering method
(Gad-el-Hak & Morton 1979; Becker et al. 1966), a laser-Raman scattering method
(Birch et al. 1978) and a heat tagging method (Belorgey, Nguyen & Trinite 1979) have
been developed. In the present work, a modified light probe (Nakamura, Miyata &
Sakai 1983) was used that detects a wider range of concentration than the earlier light
probe (Lee & Brodkey 1963; Nye & Brodkey 1967b5).

The importance of the present work is that, in comparison with the other studies,
more precise and reliable data for the mean and fluctuating concentration fields could
be obtained on the plume from a point source in grid turbulence. Attention should
be, of course, focused on the behaviour of the concentration fluctuations rather than
on the mean concentration properties. The fluctuation results should be of wider
interest, in association with the structure of the plume in other shear flows (for
example, Fackrell & Robins 1982 for the boundary layer, Nakamura el al. 1986 and
Sakai et al. 1986 for the uniform mean shear flow) and practical problems such as
the diffusion of the smoke from a chimney into the atmospheric boundary layer and
the diffusion of pollutants from a river into the sea.

2. Experimental apparatus and conditions

A plume of dye solution from a continuous point source in grid-generated water
turbulence was established in the test section of an open channel designed to measure
the concentration of matter with the light absorption method. An optical method
was used to detect the concentration of matter. In order to shut off the light noise
from the outside, the whole channel was covered by a blackout curtain. The test
section was 250 mm high, 250 mm wide and 1960 mm long. The water depth at the
test section could be adjusted by controlling the heights of two weirs downstream
and upstream of the grid. The end of the contraction part was equipped with suction
boxes to prevent separation of the boundary layer developed on the sidewall. A
three-dimensional traversing mechanism for a laser—Doppler velocimeter, light probe
and hot-film probe covered 600 mm downstream, 180 mm horizontally and 250 mm
vertically.

Figure 1 shows a sketch of the grids used and the coordinate systems. In this study,
two biplanar grids are employed: the rod diameter d and mesh length M are
d=20mm and 4.0 mm, M =10 mm and 20 mm, respectively. For accurate
assembly of grids, straight stainless-steel rods were thrust into grooves which were
cut precisely by a milling machine. Mesh Reynolds numbers, Re,, = U, M /v, were
about 1480 and 2970 for grids with M = 10 mm and 20 mm, respectively (hereafter,
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lHead tank

Ficurk 1. Dimensions of biplanar grids and coordinate system: d, rod diameter; M, mesh
length; Re,;, Reynolds number = U, M/v.

M =10 mm and M = 20 mm will be abbreviated to M10 and M20), where Re,, was
evaluated with a mean velocity U, of 14.7 ecm/s and kinematic viscosity v of
1.004 x 107® m?/s for water. These mesh Reynolds numbers seem rather low. The
decay of turbulent fluctuations in this grid turbulence will be investigated later and,
using an empirical decay law, the downstream variation of the longitudinal dis-
sipation length and Reynolds number of turbulence will also be predicted. The water
level in the working section was precisely adjusted to 169+0.2 mm from the bottom
by detecting the height of the water surface with sensing elements.

In the earlier experiments (Mickelsen 1960; Yamamoto & Sato 1979; Gad-el-Hak
& Morton 1979), diffusion materials were released from an injection pipe inserted
directly from the outside into the flow field, either upstream or just downstream of
a grid. To obtain a better axisymmetric concentration field in the present study, two
methods for releasing diffusing matter were employed: from a nozzle or an injection
pipe. The nozzle was soldered to a pipe, which replaced one of the vertical rods for
each grid (see Figure 1). The two nozzles used have the same exit diameter, 2 mm,
and their exits are located 20 mm and 30 mm downstream of grids M10 and M20,
respectively. The outer diameters of the nozzles are 4 and 6 mm for M10 and M20,
and their outer shapes are streamlined. The injection pipe has an ‘L’ shape, and was
made by bending a stainless-steel pipe with outer and inner diameters of 5 and 4 mm,
respectively. At the end of the pipe, other pipes with smaller outer diameters were
conjointed. The distance between the corner and exit is 120 mm. As with previous
studies, the injection pipe was inserted vertically into the flow field and its exit
location positioned 16 mm upstream of the grid. The dye solution is poured into the
pipe through a rubber tube from the head tank.

As shown in figure 1, the coordinate system z, y, 2, 7 is used. For an injection pipe,
the coordinate origin was an intersecting point of the grid plane and the plume axis.

Figure 2 shows the injection system for the diffusion material. An aqueous solution
of D.F. Orange (direct dye) was used (Nakamura et al. 1983) as the diffusing matter.
The exact value of diffusivity for this dye solution is unknown, but it is expected
to be of order 1071° m?/s (Lee & Brodkey 1964).
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Ficure 2. Injection system for diffusion material.

Figure 3 shows a schematic of the light probe. The diameter bundle of the optical
glass is 0.5 mm and the sampling length is adjusted to about 0.7 mm. Therefore, the
sampling volume is 1.37 x 1074 c.c. (see Nakamura et al. 1983). The output signals of
the concentration-measuring circuit were recorded over 150 s using a data recorder
(SONEY, Type FR-3215W; the high cut-off frequency is 10 kHz). The time averages
of the output were taken, in parallel with measurements with a mean-voltage meter
mainly composed of a VF-converter (BURR-BROWN, VFC32KP) and a frequency-
counting circuit. The average time is 120 s, and the mean concentrations were
obtained by subtracting the mean value of zero-levels at the start and the end of each
measurement from the output of the mean-voltage meter. R.m.s. values were
measured with a HAYAKAWA Model HC-29 r.m.s. voltmeter with a response of at
least 100 kHz (3 dB down frequency), the output of which were averaged with the
mean-voltage meter over 120 s.

In the experiments, a uniform mean velocity field is indispensable to obtain a good
axisymmetric concentration field. The mean velocity fields were measured for both
M10 and M20 by a laser-Doppler velocimeter at a location of z = 400 mm. The
outputs of the tracker-type signal processor (KANOMAX, Model 27-1090A) were
averaged with the mean-voltage meter over 80s. A wide region of uniform mean
velocity was found in a central part of the channel.

The downstream variation in the velocity fluctuation intensity u2 was measured
by a cylinder type of hot-film probe (TSI, Model 1212-60W; nominal frequency
response 10 kHz; the diameter and length of the sensing part are ¢$152 pm and 2 mm,
respectively) in conjunction with a constant-temperature velocity anemometer
(HAYAKAWA, Model HC-30). The output of the anemometer was directly processed
by a computer (NEC, PC9801) with a 2 ms sampling time, and the total number of
discrete data points for one record was 20480.

Figure 4 shows the decay of the turbulent fluctuations for both the M10 and M20
grids. Also shown are other researcher’s results for comparison. The present data can
be adequately represented for both grids by the following power law:

— s x —1.45
5.66 x 10 (M_3) . (1)

:% |R§N‘|
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Dimensions
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FiaUre 3. Schematic sketch of the light probe.
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Ficure 4. Downstream variation of u_g/U(‘,. O, M=10mm; A, M=20mm; s
0.0566(x/ M —3)~1-48; - , Batchelor & Townsend (1948) 0.0208(x/M —8)71-2*, which is given by
Comte-Bellot & Corrsin (1966); —-—, Yeh & Van Atta (1973); ——, Sreenivasan et al. (1980)
0.04(x/M—3)~1-2%; —-— Warhaft (1984) 0.121(z/M)1:4.
Assuming the decay of isotropic turbulence, the energy dissipation rate can be
estimated as € = —3U (duZ/dz), so from (1) we have
B/ z \ 245
< a0 B2 :
€ 23 x 10 w\r—3 2)
The lateral dissipation scale A, calculated from (1) and (2) and e & 15vul/AZ, is
.,
A ~ 6.90M*Reyy w—3 (3)
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The Reynolds number of turbulence Re, varies downstream as follows:

—\ % x —0.225
Re, = (u2): A;/v = 0.625Re}, (ﬂ) , 4)
which is obtained from (1) and (3).

It should be noted here that the measured concentration fields are greatly
influenced by the wake of the injection pipe or nozzles. First we investigated the
horizontal profiles of the mean velocity downstream of the conduit part of the
injection pipe and nozzle exits for both grids at a location of 2 = 30M, when the
dye solution was injected into the flow field. Consequently, the mean velocity deficits
caused by the wakes of each nozzle could be controlled easily to within 2.09%, of the
main mean velocity by adjusting the injection velocity of dye solution, but in the
case of an injection pipe an unavoidable maximum velocity deficit of about 5 %, was
observed in the wake of the conduit pipe, because the pipe was inserted directly into
the flow field.

Next, to select a more appropriate method of introducing dye solution, the
horizontal and vertical mean concentration profiles at various locations of
26.5 < z/M < 60 downstream of the M10 grid for both an injection pipe and nozzles
were measured and compared. The results for an injection pipe showed that at any
downstream location, the vertical profiles have about a 1.4 times greater half-width
than those of the horizontal profiles, so an axisymmetric diffusion state could not be
realized. This non-axisymmetric concentration field has appeared because three-
dimensional disturbances were added to the flow field at the conduit and bending
parts of the injection pipe, generating substantial inhomogeneity of turbulence.
According to the diffusion theory of a fluid particle in three-dimensional space by
Batchelor (1949), the degree of this inhomogeneity can be estimated as follows (see
Sakai 1984 for details): —3\1

@) by

(v3)2 br, ’
where v, and v, are Lagrangian velocities of a fluid particle in the y- and z-directions,
respectively. Therefore, assuming that the difference in the mean concentration
spread between the y- and z-directions was mainly caused by the inhomogeneity of
the Lagrangian velocity field, the degree of inhomogeneity can be roughly estimated
as (v2)}/vi)i ~ 1.43. On the other hand, for nozzles, the difference in the spreads
between the vertical and horizontal profiles were almost imperceptible, and good
axisymmetric profiles were realized. Hence, it can be expected that the inhomogeneity
of turbulence in the (y, z)-plane for nozzles is much smaller than for an injection pipe.
It should be noted here that, although the sample matter was injected through a pipe
inserted from the outside in the previous studies (Yamamoto & Sato 1979;
Gad-el-Hak & Morton 1979), no comments were made on the axisymmetric
characteristic of the mean-concentration field.

To estimate the turbulence production caused by the disturbance effect of nozzles
on the velocity field, the representative term for the turbulent production in the
turbulent energy equation is w u,(0U,/0r) because of axisymmetry of the velocity
field downstream of the nozzle. If we represent the characteristic lengthscale of the
disturbed area by ! and the characteristic deficit velocity by AU, the production term
may be estimated as %, 4, (0U,/dr) ~ AUuZ/l. From the actual data at /M = 30 in
the case of the M10 grid, ! = 30 mm and AU = 0.02U,, and we also assume that uZ
is comparable with the turbulence intensity out of the disturbed flow field. We can
then estimate the value of the production term as %, %,/(0U,/0r) = 2.02 mm?/s?,
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whereas from (2) the surrounding dissipation is ¢ = 12.2 mm?/s®. Thus, the turbu-
lence production is fairly small compared with the dissipation in the surrounding
flow field. Although it is very difficult to estimate accurately how this turbulence
production has an influence on the diffusion process, since a self-propelled wake with
no net momentum defect decays so much faster than a wake with a finite momentum
defect (Tennekes & Lumley 1979, pp. 124-127), it can be expected that there is
almost no serious disturbance by the nozzle wake of the present diffusion field in the
region downstream of 13.5 < z/dy.

On the basis of the above discussions, the method of introducing dye solution by
nozzles was adopted here. The injection velocity of dye solution from the nozzle was
about 1-1.5 times that of the main mean velocity; these velocities were selected so
as to cancel the momentum loss due to the wakes of the nozzles. We could not avoid
some variation of the injection velocity in each experiment owing to the change in
the connecting rubber tube. But the degree of disturbance for the mean velocity by
the wakes of the nozzles was always restricted to within 2.0 % of the main velocity
at /M = 3. It should be noted that without an appropriate injection velocity,
measurements precise enough to detect a stable concentration field are almost
impossible. In the experiment by Gad-el-Hak & Morton (1979), the release velocity
was 2.5 times as large as the main velocity.

3. Experimental results and discussion of the mean concentration field
3.1. Experimental results

The radial profile of the mean concentration for each grid is shown in figure 5, where
I, is the mean concentration on the plume axis and b is the half-width of the mean
concentration profiles in the (z, z)-cross-section (hereafter b, always indicates the
half-width in the z-direction). In the figure, experimental data obtained at various
downstream locations (x/M = 26.5, 30, 40, 50, 60, 70, 80 for the M10 grid and
x/M = 13.25, 20, 25, 30, 35, 40 for the M20 grid) are plotted. It can be seen from
this figure that, at 26.5 < z/M < 80 and 13.25 < /M < 40 for the M10 and M20
grids, respectively, the mean concentration profiles have a similar shape described
in terms of the following Gaussian function:

r
r=oxp{-(M2, 7=p (6)

The solid lines in figure 5 represent Gaussian profiles from (5). Experimental results
obtained are much less scattered and more reliable than other experimental data (for
example, Gad-el-Hak & Morton 1979). Further, it should be noted here that the
locations of the present sources (x/M = 2 and 1.5 for the M10 and M20 grids) are
still in the inhomogeneous and developing region of turbulence just behind the grids.
Hence, it could be supposed that the diffusion process of the plume at /M < 10 has
been influenced by the inhomogeneous turbulent field. However, the measuring
regions of the present experiments (26.5 < /M < 80 for M10 and 13.25 < z/M < 40
for M20) are quite far downstream of the grids, and in these regions the turbulent
statistics can be expected to be almost those for typical grid turbulence. Further,
since the actual experimental results show a very good similarity, the diffusion
mechanism of the plume in the far-downstream regions can be considered to have
not been directly influenced by the developing stage of the plume just behind the
grids.
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FicUre 5. Radial profiles of non-dimensional mean concentration I'/I,. O, M = 10 mm; A,
M = 20 mm; ——, Gaussian curve.

Next we investigate the downstream evolution of the mean concentration field.
According to Taylor’s diffusion theory (for example, Hinze 1975, p. 435), the variation
of variance of the mean concentration profile ¢ for long diffusion times can be given
as follows:

2D
ot = U: (x—x,), (6)

where z, is the z-coordinate of virtual origin for the spread of o}. Assuming that the
mean concentration profiles have a similar Gaussian distribution to (5), b% can be

1 2
related to o} by b = 1.390%. ™

Figure 6 shows the downstream variation of the squared half-width b} calculated by
fitting the mean concentration profiles in the (x, z)-plane to Gaussian curves. Data
are plotted on a logarithmic scale. The chain and solid lines in the figure are
approximate lines obtained by assuming that the variation of b% obeys the 1-power
law in the downstream direction for both grids. It can be seen that both lines represent
well the variations of b} for both grids. This means that the present plume develops
as a long-time dispersion. The values of turbulent diffusivity D, calculated from the
slopes of the spreads of o3 or b% are 6.50 mm?/s and 15.6 mm?/s for the M10 and M20
grids, respectively.

The downstream variation of b% normalized by Dy, M, U, on the basis of (6) and
(7) are shown in figure 7, where the data are plotted on a linear scale. In adopting
this normalization, the b} data can be rearranged on common straight lines.

The downstream variation of the reciprocal of the centreline mean concentration
I',, normalized by the mean concentration I'; at the nozzle exit, is shown in
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F1GURE 6. Downstream variation of the squared half-width b} for the mean concentration profile.

O, M=10mm; , b} = 5.80(x/M+3.61); A, M =20 mm; ——, bt =1.21(x/ M+15.5).
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FiGURE 7. Downstream variation of Uyb}/2D: M. O, M = 10 mm; A, M = 20 mm; ——,
U, b%/(2Dy M) = 1.39(z—,)/ M.

figure 8. It is found that I', obeys well the hyperbolic decay law for both grids. The
data can be fitted to the following function:

I"c_k1 M—a,)’ ®)
as shown on the figure.

These experimental results, especially the variations of b% and I', in figures 7 and
8, suggest that the effects of the disturbances induced by a nozzle body on the
concentration field are not serious.
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FiaurE 8. Downstream variation of non-dimensional reciprocal mean concentration I'y/I", on the
plume axis. O, M = 10 mm; —, (8) with k, = 1.19, ¢, = —12.9; A, M = 20 mm; —-—, (8) with
k, =8.59, a, = 1.72.

3.2. Similarity of the mean concentration field

An analysis of the mean concentration field for the present case can be given by
superposition of the solution for an instantaneous point source (see Carslaw & Jaeger
1959, p. 266). Here, a more concise method will be used, applying a thin-layer
approximation to the mean concentration equation and the turbulent-diffusivity
concept of matter. Neglecting the effect of molecular diffusivity, the fundamental
equation for the problem is as follows:

ol 10
Uog; = ;5;[7(—7%)], 9)

where u, is the velocity fluctuation in the r-direction. Using the non-dimensional
coordinates defined by § = x/M, y = r/b, the following similar functions f(z), ¢(7)

are assumed:
I ) = To&)fn), =74, = ag(£) 9(n)-
Also assumed is the gradient type of diffusion model

or
YU, = Dmg- (10)

Integration of (9) with respect to r gives 2r _f3° rI'U,dr = const. = H. From the
similarity assumption, this equation reduces to
H*
Fc b% = 70 s

H (1)

=z
21tj nfdy |.
(1]

where
H *
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From the above discussion, (9) becomes

1 U, dbt df
s @Vt Prg, =

The condition of similarity requires that the coefficient multiplied by #fin (12) should
be a constant, if Dy is a function of 5 alone. Consequently,
2
%%%— const, sob%oc£. (13)
Equation (13) means that b% increases linearly in the downstream direction. It can
be found from (11) and (13) that I', obeys a hyperbolic decay law.
When Dy = constant, the solution of (12) can be expressed as follows:

U,(db%/d
s =exp(~Pyt), P=HGHE inz, (14)

=0. (12)

where the boundary condition f(0) = 1 was used. Equation (14) means that a similar
solution is a Gaussian distribution. The result obtained is the same as an approximate
solution (Hinze 1975, p. 428) for the three-dimensional diffusion problem from a
continuous point source in a uniform flow. From (14), the turbulent diffusivity Dy
is given by

v, db%
4MIn2 d¢ -

The value of Dy in the discussion of figure 6 were calculated by (15). By substituting
b2 obtained by integrating (15) and H = ind% U; Iy into (11) and using (14) for f(y)
concerning the decay of I,, (8) can be obtained. In (8), the constant k, is
k, = 16Dy /d3% U;, and the location of the virtual origin z, was adjusted for the
variation of (8) to fit the data of I,.

Assuming a similar mean concentration profile, integration of (9) yields

I, Uy(db,/d
7, = @) gtn) = — Lo D) g (16)

Dy = (15)

It is easy to predict the profile of —7yu, by substituting the Gaussian curve (14) for
f(n). Although the experimental results for yu, were given by Gad-el-Hak & Morton
(1979), their data are too scattered to compare with the above predicted profile.
Further, the profile of the advection term in the mean-concentration equation (9) can
be also predicted by assuming the Gaussian curve for f(7). As a result, it could be
shown that in the core region of the concentration field, the advection term gives the
gain of the mean concentration, and in the outer region it indicates the loss. The
diffusion term always counterbalances the advection term.

4. Experimental results on the fluctuating concentration field

A detailed discussion of the characteristics of the fluctuating concentration field
will be given in §§5 and 6. Figure 9 shows a record of the output signal near the central
part (z/b, = 0.102) of the concentration field at 2/ M = 26.5 for the M10 grid. In the
figure, one can distinguish clearly the detecting part (part 4) and non-detecting part
(part B) of the concentration, showing that the signal obtained is fairly intermittent
even in the core region of the concentration field. This result is remarkably different
from the data by Gad-el-Hak & Morton (1979) which showed that the intermittency
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B

F1GUuRE 9. An example of output signal of the concentration measuring system for /M = 26.5,
M =10 mm, z/by = 0.102 and I'; = 3.0 g/l. A4, periods in the fluctuating concentration field; B,
periods without the concentration fluctuation.

factor for the concentration field takes an almost constant value of 1.0 in the core
region.

The radial profiles of the non-dimensional concentration fluctuation r.m.s. values
¥’ /v, for the grids of M10 and M20 are shown in figure 10, where 7y, indicates the
r.m.s. value on the centreline. In the figure, experimental data obtained at various
locations are plotted as for the mean concentration profiles in figure 5, with the same
measuring locations. As shown in the figure, the radial profiles of y’/y, are nearly
similar for both grids. The solid and chain lines in figure 10 indicate similar solutions
for the respective grids M10 and M20, which will be discussed in §5.

Figure 11 shows the radial profiles of the ratio of the concentration fluctuation
r.m.s. value ¥’ to the mean concentration I". The meaning of the symbols in the figure
are the same as in figure 10. It can be seen that as a whole, the profiles for both grids
seem to be nearly similar. Here, it should be noted that the values of y'/I" on the
centreline are over 1.0, since the concentration-fluctuation signals are rather
intermittent as shown in figure 9.

Figure 12 shows the downstream variation of U, b2, /2Dy M, which was obtained
by non-dimensionalizing the half-width &,. for the radial profiles of y’/y, by using
Dy, U, and M. The values of U,b3, /2Dy M for both grids collapse on a common
straight line described by

U b2 r—1x,
b 0

where x, = —15.4 M for M10 and z, = 3.61.M for M20, and these values are the same
as the virtual origins for the spread of b%. Calculatlng the ratio of b, to b from (6),
(7) and (17), we obtain b_./b = (2.86/1. 39)2 = 1.43.

Figure 13 shows the "downstream variations of I’ K /ve, where Iy is the mean
concentration at the release source. The variation of v, for both grids obeys well the
hyperbolic decay law described by

I x
2= k(5-a). (18)

c
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7
Fieure 10. Comparison between experimental results and calculated profile for v'/y,. O,
experimental results (M = 10 mm); ——, similar solution (y,/I, = 1.6, Dp/Ay = 1.0); A, exper-
imental results (M = 20 mm); —-—, similar solution (y./I', = 1.3, Dp/A1 = 1.0).
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Figure 11. Comparison between experimental results and calculated radial profile, for y'/I". O,
experimental results (M = 10 mm); , similar solution (y,/I', =16, Dp/Ar=1.0); A,
experimental results (M = 20 mm); —-—, similar solution (y,/I', = 1.3, Dp/ Ay = 1.0).

as shown on the figure. It should be noted here that a rather large difference between
the values of k, for the M10 and M20 grids has appeared. The reasons for this will
be discussed later in connection with the downstream variation of the relative
intensity shown in the next figure.

Figure 14 shows the variation of the ratio of y, to I, on the centreline of the
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Ficure 12. Downstream variation of squared half-width b2, for the radial profile of y'/y,. O,
M=10mm; A, M = 20, mm; ——, U, b2,/2D; M = 2.86(z—z,)/ M.
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Fieure 13. Downstream variation of non-dimensional reciprocal r.m.s. value I';/y. on the plume
axis. Q, M =10mm; A, M = 20 mm; , (18) with k, = 0.546, a, = —35.1; ——, (18) with

k, = 6.08, a, = 0.470.

concentration fields. y, /1", shows a gradual increase downstream for both grids. These
variations of y,/I", can be predicted from (8) and (18), which becomes as follows:

e o))

The prediction using (19) are shown on figure 14.

Here, the difference of the values of k, between the M10 and M20 grids will be
examined by considering the relationship among k,, k, and v, /T,. k, is related to k,
and vy,/I’, through the empirical equation (19). y,/I", had values of 1.4-1.7 and
1.3-1.4 for M10 and M20, respectively. These values seem to be reasonable on account
of the intermittency in the core region of the concentration field (see figure 9). On
the other hand, the values of k£, were 1.19 for the M10 grid and 8.59 for M20 grid,
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F16URE 14. Downstream variation of y./I, on the centreline. O, M = 10 mm; ——, (19) with

ky = 1.19,a, = —12.9, k, = 0.546,a, = —35.1; A, M = 20 mm;—-—, (19) with k, = 8.59, a, = 1.72,
k, = 6.08, a, = 0.470.

which is a significant difference. However, since k, is determined by the experimental
conditions of Dy, M, dyy and Uy through the equation &k, = 16Dy M/dy U given in
§3.2, it is not surprising that this degree of difference between the values of &, for
both grids has appeared. From (19), it is easily understood that these experimental
values of y,/I', and k, lead to the rather large difference of £, mentioned earlier. It
is worth noting that the experimental condition have a great influence on the
quantitative decay rate of the concentration-fluctuation r.m.s. value in this way.

5. Similarity of the fluctuating concentration field

The equation for the concentration fluctuation intensity ¥?, using a thin-layer
approximation, can be described as follows (Csanady 1980):

a'y ol 10 ——

Uo o —2yu rar_;g(ry Uy)— X (20)

where y is the dissipation term of y* due to the molecular diffusion (= 2D,,(0y/0%,)?).
—yu,, —y*u,, and x are assumed to be of the forms

— or dy?
_'yur=DTa’ —Y*u, = Ay g;

o —
x=2D (a;’t) = 12D, 7%/22,
where Dy, Ay are the eddy diffusivities for the mean concentration and fluctuation
intensity, and A, represents the dissipation scale for the ¥® field. As usual, the
following similar forms of I' and y® are assumed: I(E,n)= I,(§)f(n),
YHE, ) = b(E) h(n), where § = /M, 5 = r/b;. With the above assumptions and (11),
(14) and (15) for the mean concentration field, the following ordinary differential
equation for (%) can be obtained from (20):

dzh /1 dhr _ DT c \ .
d?]+( +CAT)d (4CAT )‘ 45 O exp (=0, @)

c
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where C = In4, a = 12D,,b}/A] Ay. The parameters are Ay/Dy, b,/I'y and a. The
boundary conditions are

dh

n=0; d_'r]=0’ n—>00; h->0. (22a, b)

Equation (21) has the following series solution;

hn) = X a,, 7", (23)
n=0
where
1 D
%=1, “2=Z{“_Cﬁ}a°’ (24)
a—2(n+1)CDy/A (Dg/Ag)(T'%/b,) C*(—C)n~
%an = 4n? 2 4y " onin—2)] (n2>2).

Equation (23) has only even powers of  because of the evident symmetry. Although
the similarity equation (21) is essentially equivalent to that derived by Csanady
(1967), the latter investigator did not make a comparison with any grid-turbulence
experiments.

The condition of similarity requires the constancy of coefficients in (21). When Dy,
and Aq are constant, the following decay laws concerning b,(£), A> are obtained:

bc(g) oC 5_2’ A/z\ o g» (25(1, b)

since b2 oc &, I oc £ (see §3.2). Consequently, the r.m.s. value of fluctuating con-
centration on the axis y, decays as a hyperbola in the downstream direction, while
A? develops linearly. The experimental results show this property of y,, unnoticed
by Csanady (1967), as shown in figure 13.

In the actual calculations, D/ A and b,/I'2 are fixed and the remaining parameter
« is selected for the solution to satisfy the outer boundary condition by a shooting
method.

In figures 10 and 11, similar profiles calculated for y’ /v, and 7’/ I are included with
the experimental data. For the radial profile of the mean concentration, the Gaussian
curve of (14) was used. In the figures, parameters for the calculation are y,/I', = 1.6,
Dy/Ar = 1.0, and « = 3.29 for the M10 flow and y,/I, = 1.3, Dp/Ay = 1.0 and
a = 3.53 for the M20 flow. Although there is excellent agreement between the
theoretical similar profiles and experiments for both v’/y, and y’/TI’, it should be
noted that two different groups of parameters are needed to obtain a coincidence each
of M10 and M20. The exact similarity indicates that these parameters must
constitute only one group. The present results suggest that the fluctuating concen-
tration field has only an approximate similarity. A plausible explanation of this
approximate similarity will be ascribed to the difference of grid Reynolds number
for each mesh. The agreement between the theory and experiment was obtained by
putting Dyp/Ay = 1.0, which means the equivalence of each coefficient for two
gradient diffusion models of transport terms —7yu, and —y%u,. Csanady (1967)
assumed this equivalence and compared his calculation with the experiment of Becker
et al. (1966), in which oil smoke was released in a fully developed pipe flow. Agreement
was not sufficient for that comparison.
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6. Consideration of the fluctuating concentration signal by a random
rectangular-wave model

In order to investigate the diffusion process of the scalar quantity in turbulent
flows, Uberoi & Corrsin (1953) conducted an analysis of the thermal diffusion from
a heated line source in grid-generated turbulent flow, assuming that the fluctuating
temperature signal is represented by a randomly spaced sequence of rectangular
pulses of constant height and width. This study is an extension of their investigation,
providing an analysis of the fluctuating concentration field by approximating the
fluctuating concentration signal to a randomly spaced sequence of rectangular waves
with various heights and widths.

Figure 15 shows a conceptual diagram of the diffusion process in the grid-generated
turbulence and an example of the approximated fluctuating concentration signal.
The transport of the diffusing matter released from the continuous point source by
the moving fluid particles leads to the situation in which a substantial volume first
occupied by diffusing matter is elongated in one direction and compressed in another
to form highly distorted layers, twisted lines and deformed lumps. In the case of
negligible molecular diffusion, the fluctuating concentration signal observed at a fixed
point Q can be expected to become a randomly spaced sequence of rectangular waves,
which have a constant concentration during the passage of the layers, lines or lumps
through the point Q and zero concentration after passing. But the larger the effect
of molecular diffusion, the more variable the concentration; the concentration signals
detected are no longer rectangular. Hereupon, it is assumed that each concentration
signal does not have a constant height but still remains rectangular. This assumption
corresponds to the partial modelling of molecular diffusion. It should be noticed here
that the variation in the height of each concentration signal can be caused not only
by the effect of molecular diffusion but also by the inevitable situation in which a
sampling volume of the light probe is not small enough compared with the size of
a marked particle of diffusion matter.

Considering the above assumptions, it can be expected that the variation process
of the concentration signal detected at a point Q becomes like figure 15(b). As shown
in figure 15(b), ¢, is the time when the ith jump in the height of rectangular waves
counted from ¢ = 0 has occurred. 4, is the height of the rectangular wave at that time
and }J,| is the length of time during which the height 4, is maintained. (Here, a symbol
| | does not indicate an absolute value but a duration of the height 4,.) Further, ¢,,,
denotes the time when the next jump of the height has occurred. Defining J; as

follows: (1 f<ES iy,

0 for all other ¢,

the whole process of the concentration signals can be described by
Fity= A, J,(t)+ A, Jy(t)+ ...+ A, J () + ... : (27)

For an observing time 7, long enough, the mean concentration I is given by

Jit) = (26)

1 (® 1
r= ﬁ-fo ey de = Ft}{:A,|J,|. (28)

Therefore, the mean-square value for the concentration fluctuation y? becomes

X AJ)| - I,

?f=Hw«zAfJf(t»<2A,J,<t>>—2r>:AiJ4(t>+F*} dt = +—7 > (29)
tdo 1 ] i ¢
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Source Q U,
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Q (observation
point)

Diffusing matter

I (concentration) ~

A

> ¢ (time)
4 l i} fin

(b) Concentration signal at the point Q

FieURE 15. (a) Diagram of the diffusion state of matter in the grid-generated turbulence and (b)
an example of the approximated fluctuating concentration signal.

where J; J; = 0 for ¢ # j, and J; J; = 1. Since I'T; = X Ay|J}, y’/I" should be given by
i

. (AN =TT, [E Al I 1 | 2 A
1:[‘ ] ] =(—CP—1)’, P=—i
r T T r TS WA

i

For the model of Uberoi & Corrsin (1953), 4, is constant. From (30) with 4, =
const = 4, we can obtain P = A/I,, which means that P is the ratio of the height
of the rectangular wave to the mean concentration on the plume axis.

Assuming (5), the following equations can be obtained from (30):

(30)

Y Y exp(—p?

T Fexp( 7% In 2), (31a)
Y/ I-'c 7/ .

—=—FZexp(—7%%In2), 31b
AT e A (319)
—7} = [Pexp (72 In2)— 1}, (31¢)

From the variation of radial profiles for y'/I',, v’ /vy, and y’/I" with the parameter
P, it can be found that for P < 2, the peaks for the profiles of y'/I', and y’/y, have
not appeared on the centreline. For P < 2, which corresponds to & > 4(Dy/Ay) In4,
the peaks have appeared in the similar solution of y’/y, at radial locations 5 + 0.
The condition for this peak shift can be obtained easily from (23) and (24) by requiring
d*h/dy?|, _ , > 0. Next, the physical significance of @ and the relationship between
P and a will be considered qualitatively.

Since a = 12Dy, b}/ A3 Ay, situations with large a-values arise when A, Ay are small
in comparison with D_, %, that is when the dissipation lengthscale A, for the
concentration fluctuation has a small value and the turbulent diffusion of the
concentration fluctuation intensity % is weak. In this case, it can be expected that
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Fiaure 16. Comparison between radial profiles of y'/I" calculated by a random rectangular wave
model and experimental results: O, experimental results (M = 10 mm); A, (31) with P =,
y'/T, = 2.24; B, (31) with P =4, y'/T, = 1.13; C, (31) with P=3, y'/T, = 1.41; D, (31) with
P=2 /I, =1.00.
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Fiaure 17. Radial profiles of parameter P (M = 10 mm: Q, /M = 26.5; A, 30; x, 40; (1, 50;
Vv, 60; +,70; &, 80.

diffusing matter is not so extensive, but is distorted finely in a relatively narrow space,
so that the fluctuating concentration signals become those with relatively small |7,|
at short time intervals. Then the values of P will become smaller than the case in
which the time intervals between rectangular waves are large. It should be noted that
the radial profiles for y’/I'; and ¥’ /y, with P < 1 cannot exist because of the relation
between y’/I, and P (i.e. v./I, = (P—1}). In figure 16, a comparison is given
between the experimental results for y’/I" and theoretical curves calculated using
(31¢) for grid M10. It can be seen from this figure that the calculated curves with
P =34 are in good agreement with the experimental results, although the
assumptions used are very simple.

The profiles of P are shown in figures 17 and 18, for /10 and M20 respectively,
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Ficure 18. Radial profiles of parameter P (M = 20 mm): O, x/M = 13.25; x, 20; [, 25; V,
30; +, 35; O, 40.

where the values of P are calculated from (31¢) using the experimental results for
v’/T. 1t is found from these figures that in the case of M10, the parameter P tends
to increase in the downstream direction. The values are estimated as follows: P = 3.3
for 26.5 < x/M < 50 and P = 4.0 for 60 < x/ M < 80, whereas in the case of M20,
P does not change so much for 13.25 < /M < 40 and can be estimated to be about
2.6. Because there is a one-to-one correspondence between P and vy, /I, the increase
of P for the M10 grid corresponds to the increase of the relative intensity y,/I, in
figure 14.

7. Conclusions

The turbulent diffusion process has been examined in the case of a non-buoyant
plume in grid-generated water turbulence. The grids used were biplane circular rods
with mesh sizes 10 and 20 mm. The diffusing matter was dye solution, and the mean
and fluctuating concentration fields were detected by the light-absorption method.
Measurements have been made up to 800 mm downstream of the grids. When
diffusion experiments from a continuous point source are actually conducted in
grid-generated turbulence, a difficulty derives from the fact that the method of
injecting dye solution into the flow field has a large influence on the concentration
field. In this study, by using nozzles which were designed to disturb the flow field
as little as possible, an almost axisymmetric concentration field could be realized.
Experimental results obtained for the mean concentration and concentration fluc-
tuation field were much less scattered and more reliable than previous data. From
considerations of similarity for the thin-layer-approximated diffusion equation of the
mean concentration I, the linear increase law of b% and the hyperbolic decay law of
I, were deduced, and they have been confirmed by the present experimental results.
Concerning the radial mean concentration profiles, a Gaussian distribution could be
obtained as a similar solution of the thin-layer-approximated diffusion equation for
I, and it showed very good agreement with the experimental data. For both grids
M10 and M?20, radial profiles of the fluctuation r.m.s. value ¥’ and the ratio of ' to
mean concentration I become almost similar. The downstream variation of the
centreline r.m.s. values vy, is in good conformity with a hyperbolic decay law, and
Yo/ T, on the centreline tends to increase slightly in the downstream direction. In the
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fluctuating concentration field, the similarity was found to be only approximately
valid, and was derived on the basis of a gradient-type diffusion model for y?u«, and
yu, and an isotropic dissipation model. By selecting proper parameters of a, y,/I,
and D;/Aq for each M10 and M20 experiment, it is possible to make the similar
solution of y’/y, agree with experimental data. Further, the fluctuating concen-
tration field can be well described by approximating the fluctuating concentration
signal with a randomly spaced sequence of rectangular waves having various heights
and widths.
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