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MIXING AND RADIATION PROPERTIES OF BUOYANT LUMINOUS
FLAME ENVIRONMENTS: 1. SELF-PRESERVING PLUMES

Abstract

An investigation of the structure and mixing properties of buoyant turbulent plumes
is described, motivated by the need to resolve effects of buoyancy/turbulence interactions
and to provide data required to benchmark models of buoyant turbulent flows for fire
environments. The flows considered included round free plumes, plane free plumes and
plane adiabatic wall plumes in an attempt to consider various buoyant flow types
representative of the environment of unwanted fires. Measurements included laser-induced
fluorescence (LIF) to find mixture fraction statistics, laser velocimetry (LV) to find velocity
statistics and combined LIF/LV to find combined mixture-fraction/velocity statistics.
Present measurements emphasized self-preserving conditions far from the source where
effects of source disturbances and momentum have been lost. The results show that earlier
measurements in the literature were not carried out far enough from the source to provide
self-preserving properties and that actual self-preserving plumes are narrower with larger
maximum scaled mean mixture fractions and velocities than previously thought. Mixture
fraction fluctuations in buoyant turbulent plumes are also substantially larger than in
nonbuoyant turbulent flows due to turbulence production by buoyant instabilities combined
with fast rates of streamwise decay of mean mixture fractions in plumes. Free plumes were
found to mix much faster than adiabatic wall plumes because the presence of the wall
inhibits both access to the flow and the development of large turbulent eddies that dominate
turbulent mixing processes in these flows. This induced rate of mixing for turbulent wall
flows is a concern in fires because it extends the length of the flame-containing region and
reduces effects of dilution on reducing temperature levels and toxic gas concentrations in
fire plumes.
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1. Introduction

An investigation of the structure and mixing properties of buoyant turbulent flows,
typical of those found in the environment of unwanted fires, is described. The findings of
the research have applications to modeling unwanted fires, to controlling the emission of
radiant energy, toxic materials and soot from fires, to developing materials test codes for
fire properties, and to developing fire detectors.

The properties of buoyant turbulent flows are a central feature of unwanted fires
and are needed to understand effects of turbulence/radiation interactions. In particular, past
studies have demonstrated the importance of turbulence/radiation interactions with actual
radiant fluxes from turbulent flames being 2-3 times larger than estimates based on mean
properties in the flames, see Faeth et al. (1989) and references cited therein. In addition,
stochastic simulation techniques have been developed to estimate effects of
turbulence/radiation interactions in flames, based on laminar flamelet concepts and a
knowledge of mixture fraction statistics, see Kounalakis et al. (1991) and references cited
therein. In spite of extensive past studies, however, available information about the
properties of buoyant turbulent flows was too limited to allow use of the stochastic
simulation methodology to estimate effects of turbulence/radiation interactions.
Furthermore, earlier work, see Dai et al. (1994) and references cited therein, suggested that
past measurements of buoyant turbulent plumes had not been completed far enough from
the source to observe fully-developed (self-preserving) buoyant turbulent plume behavior,
see Dai et al. (1994) and references cited therein. This shortcoming is problematical due to
uncertain effects of source disturbances and incomplete flow development on
measurements used to assess models of buoyant turbulent flows that are needed to address
problems of practical fire environments. Thus, the objective of the present investigation
was to experimentally determine the mean and turbulent properties of self-preserving
buoyant turbulent plumes in order to help fill this gap in the literature.

The present investigation considered the following three flows, in turn: turbulent
round free plumes, turbulent plane free plumes and turbulent adiabatic wall plumes. The
present discussion of the three phases of the research is brief, more details about the
investigation can be found in the articles, papers, reports and theses describing aspects of
the investigation that are summarized in Table 1 and cited in the list of references. Finally,
key references are included in the appendices to this report, e.g., Dai et al. (1994,1995a,b),
Dai and Faeth (1996) and Sangras et al. (1998a,b) in Appendices A-F, respectively.

Table 1. Summary of Publications

Archival Publications (articles and book chapters):

Sangras, R., Dai, Z. and Faeth, G.M. (1998) Mixture fraction statistics of plane self-
preserving buoyant turbulent adiabatic wall plumes. J. Heat Trans., submitted.

Sangras, R., Dai, Z. and Faeth, G.M. (1998) Mixing structure of plane self-preserving
buoyant turbulent plumes, J. Heat Transfer, in press.

Faeth, G. M. (1997) Combustion fluid dynamics (tools and methods), Proceedings of the
Workshop on Fuels with Improved Fire Safety, National Academy Press, Washington,
DC, pp. 81-96.

Dai, Z., and Faeth, G.M. (1996) Measurements of the structure of self-preserving round
buoyant turbulent plumes. J. Heat Trans. 118, 493-495.




Dai, Z., Tseng, L.-K. and Faeth, G.M. (1995) Velocity/mixture-fraction statistics of
round, self-preserving buoyant turbulent plumes. J, Heat Trans. 117, 918-926.

Dai, Z., Tseng, L.-K. and Faeth, G.M. (1995) Velocity statistics of round, fully-
developed buoyant turbulent plumes, J. Heat Trans. 117, 138-145.

Dai, Z., Tseng, L.-K., and Faeth, G.M. (1994) Structure of round, fully-developed,
buoyant turbulent plumes, J. Heat Trans. 116, 409-417.

Papers:

Sangras, R., Dai, Z. and Faeth, GM. (1998) Structure of self-preserving turbulent
adiabatic wall plumes, Proceedings of Annual Conference on Fire Research, NIST,
Gaithersburg, MD, in press.

Sangras, R., Dai, Z. and Faeth, G.M. (1998) Mixture fraction statistics of plane self-
preserving buoyant turbulent adiabatic wall plumes, Proceedings of the 5th ASME/ISME
Joint Termal Engineering Conference, San Diego, California, in press.

Sangras, R., Dai, Z. and Faeth, G.M. (1998) Mixing structure of plane self-preserving
buoyant turbulent plumes, Proceedings of the 7th AIAA/ASME Joint Thermodynamics and
Heat Transfer Conference, ASME, New York, HTD-357-1, 197-206.

Faeth, G.M. (1996) Self-preserving buoyant turbulent plumes, Proceedings: Fluid
Mechanics of Fires — A Symposium in Honor of Professor Edward Edon Zukoski, 13th
Joint Meeting of UINR Panel in Fire Research and Safety, Gaithersburg, MD, 38-45.

Dai, Z. and Faeth, G.M. (1995) Evaluation of approximate models of buoyant turbulent
flows, Proceedings Intl. Conf. Fire Res. and Engr., Soc. Fire Protection Engrs., Boston,
141-146.

Dai, Z., Tseng, L.-K. and Faeth, G.M. (1995) Velocity/mixture-fraction statistics of
round, self-preserving buoyant turbulent plumes. Proc. 30th National Heat Trans. Conf.
(R.I. Peterson et al., eds.), ASME, New York, HTD-Vol. 304 (Vol. 2), 19-38.

Dai, Z. Tseng, L.-K. and Faeth, G.M., (1994) Properties of self-preserving, round
buoyant turbulent plumes, Bull. Amer. Phys. Soc. 39, 1469 (abstract only).

Z. Dai, Tseng, L.-K. and Faeth, G.M. (1994) Velocity statistics of round, fully-developed
buoyant turbulent plumes, ASME Winter Annual Meeting, Chicago.

Reports and Theses:

Dai, Z., Krishnan, S.S., Lin, K.-C., Sangras, R., Wu, J.-S., and Faeth, G.M. (1996)
Mixing and radiation properties of buoyant luminous flame environments. Report No.
GDL/GMF-96-01, The University of Michigan, Ann Arbor.

Dai, Z., Krishnan, S.S., Lin, K.-C., Sangras, R., Wu, J.-S., and Faeth, G.M. (1995)
Mixing and radiation properties of buoyant luminous flame environments. Report No.
GDL/GMF-95-02, The University of Michigan, Ann Arbor.



Dai, Z. (1995) Structure of self-preserving round buoyant turbulent plumes. Ph.D. Thesis,
The University of Michigan, Ann Arbor.

2. Turbulent Round Free Plumes

2.1 Introduction

Scalar mixing of round buoyant turbulent plumes in still environments is an
important fundamental problem that has attracted significant attention since the classical
study of Rouse et al. (1952). Recent work, however, suggests that more information about
the turbulence properties of scalar quantities within buoyant turbulent flows is needed to
address turbulence/radiation interactions in fire environments (Kounalakis et al., 1991).
Thus, the objective of the present investigation was to measure mixture fraction statistics in
round buoyant turbulent plumes in still environments, noting that mixture fraction statistics
provide information needed to find fluctuations of all scalar properties using conventional
laminar flamelet concepts of turbulent diffusion flames (Faeth et al., 1989). Associated
measurements of mean and fluctuating velocity statistics, as well as combined
velocity/mixture-fraction statistics, were also completed in order to provide insight about
the turbulence properties of these flows. In order to simplify interpretation of the results,
the experiments emphasized fully-developed buoyant turbulent plumes, where effects of the
source have been lost and both mean and fluctuating properties become self-preserving
(Tennekes and Lumley, 1972).

Extensive reviews of earlier studies of round buoyant turbulent plumes can be
found in Kotsovinos (1985), List (1982), Papanicolaou and List (1987,1988), Pivovarov
et al. (1992) and Ramaprian and Chandrasekhara (1985,1989). The earliest work
concentrates on scaling within self-preserving plumes (Rouse et al., 1952; Morton, 1959;
Morton et al., 1956). Subsequent measurements (Abraham, 1960; George et al., 1977,
Kotsovinos, 1985; Nakagome and Hirata, 1977; Ogino et al., 1980; Peterson and
Bayazitoglu, 1992; Shabbir 1987; Shabbir and George, 1992; Zimin and Frik, 1977)
exhibited significant differences when plotted in terms of self-preserving scaling. List
(1982) and Papanicolaou and List (1987,1988) attribute these differences to problems of
reaching self-preserving plume conditions with experimental uncertainties being a
contributing factor.

Two parameters must be considered when evaluating whether a turbulent plume is
self-preserving: (1) the distance from the virtual origin normalized by the source diameter,
(x-x,)/d, as a measure of conditions where source disturbances have been lost; and, the
distance from the virtual origin normalized by the Morton length scale, (x-x)/{,, as a
measure of conditions where buoyancy-induced momentum becomes large compared to
source momentum. The Morton length scale is defined as follows for a round plume having
uniform properties at the source (Morton, 1959; List, 1982):

0y = (A p_ dui(glp,-p.)" (1)

where an absolute value has been used for the density difference to allow for both rising
and falling plumes. By these measures, there is good reason to suspect that self-preserving
conditions were not reached due to inadequate distances of past measurements from the

source. In particular, the early measurements all involved (x-x,)/d < 62 which is relatively
small compared to values of (x-x,)/d > 100 required to reach self-preserving nonbuoyant
round turbulent jets (Tennekes and Lumley, 1972).



The preceding discussion suggests that existing measurements of the properties of
buoyant turbulent plumes probably involve transitional plumes rather than self-preserving
plumes because the measurements were not carried out far enough from the source. Thus,
the objective of the present investigation was to establish conditions where self-preserving
behavior could be observed, and to complete measurements of mixture fraction, velocity
and combined mixture-fraction/velocity statistics for these conditions.

In the following, experimental methods and self-preserving scaling are described
first. The results are then discussed before summarizing conclusions. The following
description of the study is brief, more details can be found in Dai and Faeth (1996) and Dai
et al. (1994,1995a,b) which appear in Appendixes A-D.

2.2 Experimental Methods

The experiments involved source flows of carbon dioxide and sulfur hexafluoride
in still air at atmospheric pressure and normal temperature in order to provide a
straightforward specification of the buoyancy flux within the test plumes. This approach
yielded downward-flowing, negatively buoyant plumes. Measurements of mixture fraction,
velocity and combined mixture-fraction/velocity statistics were carried out using laser-
induced iodine fluorescence (LIF), laser velocimetry (LV) and combined LIF/LV,
respectively.

The plumes were observed in a double enclosure contained in a large, high-bay test
area. The outer enclosure was 3000 x 3000 x 3400 mm high and had plastic side walls and
a screen ceiling to provide air entrained by the plumes. The plume itself was in a 1100 x

1100 x 3200 mm high screened enclosure. The plume sources were rigid round tubes
(inside diameters of 6.4 and 9.7 mm) with flow straighteners and length-to-diameter ratios
of 50:1. The plume flow was removed through 300 mm diameter ducts mounted on the
floor at the four corners of the outer enclosure. The plume and the inner enclosure could be
traversed to accommodate rigidly mounted optical instrumentation.

The source flow was seeded with iodine vapor for LIF by passing a portion of it
through a bed of iodine crystals; the source flow was monitored to account for changes of
iodine concentrations. The ambient air in the enclosure was seeded with oil drops (roughly

1 um nominal diameter) for LV using several multiple jet spray generators located above
the screened ceiling.

The LIF signal was produced by the unfocussed beam at 514 nm wavelength of an
argon-ion laser. This wavelength causes iodine to fluoresce at longer (yellow) wavelengths
which were observed using a detector having a long-pass optical filter with a cut-off
wavelength of 520 nm. The LIF signal was calibrated by measurements of progressively
diluted air/source mixtures at the source exit. Effects of differential diffusion and gradient
broadening were small for present conditions yielding experimental uncertainties (95%
confidence) less than 5 and 10% for mean and fluctuating mixture fractions (except near the
edge of the flow where uncertainties are larger).

Dual-beam frequency-shifted LV was used for the velocity measurements based on
the 514.5 nm line of an argon-ion laser. Various orientations of the plane of the laser beams
were used to find the three components of mean and fluctuating velocities, and the
Reynolds stress. The low-pass filtered output of the signal processor was sampled at equal



time intervals to avoid velocity bias while frequency shifting avoided directional bias and
ambiguity. Experimental uncertainties (95% confidence) were estimated to be less than 5
and 13% for mean and fluctuating velocities, respectively (except near the edge of the flow
where uncertainties are larger). Combined LIF/LV measurements are straightforward with
the present approach. Given all these results conservation checks could be completed and
were satisfactory within experimental uncertainties. Buoyancy fluxes were conserved
within 5% and the balance between plume momentum and buoyancy terms was satisfied
with 18%, which also is comparable to the experimental uncertainties of these properties.
2.3 Self-Preserving Scaling

The state relationship for density as a function of mixture fraction, assuming an
ideal gas mixture, is as follows:

p =p./(1-f(1-p./p,) )

Far from the source in the self-preserving region, f << 1, and Eq. (2) can be linearized as
follows:

p=p.+1p.(1-p./p,) f<<1 3

The measurements of mean mixture fractions and streamwise mean velocities then take the
following forms (List, 1982):

F(r/(x-x))) = T gB2/3(x-x )" Ip_-p,/p, @

Ur/(x-x,)) = T((x-x,)/B./3) (5)
where F(r/(x-x)) and U(r/(x-x,)) are appropriately scaled universal functions of mean

mixture fraction and streamwise velocity in the self-preserving portion of the flow. Other
mean and fluctuating properties of the flow also yield universal functions in terms of r/(x-

X,) when appropriately normalized by f and U in the self-preserving region.

Assuming uniform properties at the source exit, the source momentum and
buoyancy fluxes can be found as follows (List, 1982):

M, = (n/4)d? u2 (6)
B, =(m/4)d’u glp,-p..lp.. @)

In terms of these parameters, the Morton length scale becomes (List):
¢, = M2*/Bl/? (8)

which properly retrieves Eq. (1) for £,,. Other properties such as characteristic Reynolds
numbers, characteristic plume diameters, etc., can be found in Dai et al. (1994,1995a,b).



2.4 Results and Discussion

The development of round buoyant turbulent plumes toward self-preserving
conditions can be seen from the radial profiles of mean mixture fractions for the two plume
sources (CO, and SF) illustrated in Fig. 1. The scaling parameters used in this figure are
such that the ordinate is F(r/(x-x)). The profiles exhibit progressive narrowing as
streamwise distances increase, however, self-preserving conditions are observed when (x-

X,)/d > 87 which corresponds to (x-x )/ £, = 12 and extend to the largest distance from the

source that was accessible, i.e., (x-x))/d = 151 and (x-x,)/¢,, = 43. This range of
conditions corresponds to characteristic plume Reynolds numbers of 2500-4200 which are
large for unconfined turbulent flows.

Present profiles of mean mixture fractions are compared extensively with other
measurements in the literature in Dai and Faeth (1994), e.g., with George et al. (1977),
Shabbir and George (1992), Papanicolaou and List (1987,1988) and Papantoniou and List
(1989). In general, present results for self-preserving conditions had a characteristic plume
radii up to 30% smaller and scaled mean mixture fractions at the axis up to 30% larger, than
earlier results in the literature. In keeping with the trends seen in Fig. 1, this behavior
follows because the earlier results were not obtained far enough from the source to reach
the self-preserving regime.

Radial profiles of mixture fraction fluctuations are plotted in terms of self-
preserving variables in Fig. 2 as a function of distance from the source. Near the source,
the profiles are broad and exhibit a dip near the axis similar to the behavior of nonbuoyant
jets, see Papanicolaou and List (1987,1988). The profiles evolve with increasing
streamwise distance, however, with both the width and the magnitude of the dip

decreasing. Eventually, self-preserving behavior is reached when (x-x.)/d = 87 and (x-
x, ) £,,> 12. This is not surprising because self-preserving conditions for both mean and
fluctuating properties should be observed at the same time. Similar to mean mixture
fractions, the mixture fraction fluctuation profiles of Papanicolaou and List (1987,1988),
Shabbir and George (1992) and George et al. (1977) are similar to transitional plumes and
are broader in terms of 1/(x-x,) than the present measurements.

The gradual disappearance of the dip in mixture fraction fluctuations near the axis is
an interesting feature of the results illustrated in Fig. 2. This behavior is expected near the
jet exit where the flow is similar to a nonbuoyant turbulent jet and has reduced mixture
fraction fluctuations near the axis because turbulence production is small in this region due
to symmetry requirements. In contrast, effects of buoyancy provide turbulence production
near the axis of plumes in spite of symmetry due to buoyant instability in the streamwise

direction. This added production accounts for much larger values of f /f near the axis of
plumes, 0.45, compared to nonbuoyant jets, ca. 0.25, which also implies much stronger
effects of turbulence/radiation interactions for buoyant turbulent plumes than for
nonbuoyant turbulent jets.

Measurements of velocities were limited to the self-preserving portion of the flow in
order to avoid concentration bias because only the ambient air was seeded. Mean
streamwise velocity distributions are illustrated in Fig. 3 for the two sources. In this figure,
the velocities have been scaled so that the ordinate of the plot is U(r/(x-x,)). It is evident
that the mean streamwise velocities satisfy the requirements for self-preserving behavior

quite well for 99 < (x-x,)/d < 151, which essentially corresponds to the self-preserving
region based on mean mixture fraction distributions.
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Present measurements of U(r/(x-x,)) were compared with several earlier
measurements in the literature, e.g., Nakagone and Hirata (1977), Ogino et al. (1980),
George et al. (1977), Shabbir and George (1992) and Papanicolaou and List (1988).
Present characteristic flow radii were up to 40% smaller and present values of U(r/(x-x_))
near the axis were up to 25% larger than these earlier values in the literature.

Measurements of cross stream mean velocities are plotted according to self-
preserving variables in Fig. 4. These results properly exhibit self-preserving behavior and
are also consistent with present measurements of U through the continuity equation. These
results can also be used to find the entrainment constant of the flow, defined as follows
(Dai et al., 1995a):

dQ/dx = E 4,1, 9)

Present measurements of E_ yielded a value of 0.086, which is up to 40% smaller than
earlier results for transitional plumes (based on the same sources as before).

Radial profiles of rms velocity fluctuations within self-preserving round buoyant
turbulent plumes are illustrated in Fig. 5. These profiles are universal within experimental
uncertainties over the present test range. The presence of a dip near the axis is similar to
nonbuoyant jets and is expected because turbulence production is reduced near the axis due
to symmetry (Panchapakesan and Lumley, 1993). Nevertheless, this behavior differs from
the mixture fraction fluctuations illustrated in Fig. 2 which is another unusual feature of
buoyant turbulent plumes. Finally, while the velocity fluctuations are nearly isotropic near
the edge of the flow, streamwise velocity fluctuations are roughly 25% larger than the rest
near the axis, which is not unusual for a turbulent shear flow.

Present measurements of turbulent mass fluxes are illustrated in Fig. 6 for self-
preserving conditions as an example of combined mixture-fraction/velocity measurements.
The tangential turbulent mass flux is properly negligible for an axisymmetric flow, the
remaining components adequately satisfy the requirements for self-preserving flow. The
consistency of present measurements was evaluated as described by Dai et al. (1995b) and
yield excellent results as illustrated in Fig. 6. These results, and corresponding results for
velocity fluctuations, indicate countergradient diffusion in the streamwise direction which is
problematical for simple turbulence models. The results also show that the streamwise
turbulent mass flux is appreciable for self- preserving conditions, comprising roughly 15%
of the total buoyancy flux of the plume. Finally, the turbulent Prandtl/Schmidt number,
which often is assumed to be a constant for simple turbulence models, was found to vary
appreciably for the present classical self- preserving flow (although the value near the axis
is roughly 0.8 which is the value used in most turbulence models).

The final stage of these measurements is reported in Dai and Faeth (1996) which
established that the findings of Dai and Faeth (1994,1995a,b) were not affected by coflow
or by confinement. It should also be noted that results considered here are only a small
sample of the findings of Dai et al. (1994,1995a,b) which should be consulted for full
details.
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2.5 Conclusions

The statistics of mixture fraction, velocity and combined mixture-fraction/velocity
properties were measured for round buoyant turbulent plumes in still air. The test
conditions involved buoyant jet sources of carbon dioxide and sulfur hexafluoride with
measurements extending to (x-x,)/d = 151 and (x-x.)/ ¢, = 43, and emphasizing self-
preserving properties. The major conclusions of the study are as follows:

1. Present measurements indicated self-preserving behavior for (x-x,)/d > 87 and

(x-X,)/ £ 2 12 which is farther from the source than earlier studies where (x-x )/d < 62
and which are probably still in the transitional plume region. As a result of further
development of self-preserving behavior, present plumes were up to 40% narrower, scaled
mean properties near the axis were up to 30% larger, and entrainment coefficients were up
to 40% smaller than earlier measurements in the literature.

2. Radial profiles of mixture fraction fluctuations for self-preserving buoyant
turbulent plumes do not exhibit a dip near the axis similar to nonbuoyant jets due to
additional turbulence production from streamwise instability of the flow. Surprisingly, this
trend does not extend to velocity fluctuations, however, where both preserving buoyant
turbulent plumes and nonbuoyant turbulent jets exhibit a dip in velocity fluctuations near
the axis.

3. Streamwise turbulent fluxes of mass and momentum exhibited countergradient
diffusion near the edge of the flow although the larger radial turbulent fluxes satisfied
gradient diffusion approximations. This observation raises concerns about the use of
simple gradient diffusion hypotheses for the complex buoyant turbulent flows of interest in
practical fire environments.

4, Several other approximations used in simple turbulence models were not
satisfied by the present relatively simple and classical buoyant turbulent flow: the turbulent
Prandtl/Schmidt number was not constant, the ratio of characteristic velocity to mixture
fraction time scales was not constant, and the coefficient of the radial gradient diffusion
approximation for the Reynolds stress is not constant. These difficulties also raise concerns
about the use of simple turbulence models for complex buoyant flame environments.

5. Streamwise turbulent mass fluxes are quite large near the axis of buoyant
turbulent plumes, where corresponding correlation coefficients are unusually large (roughly
0.7). This behavior, combined with the rapid decay of mean mixture fractions in the
streamwise direction is a strong source of production of scalar fluctuations, which probably
is responsible for the large values of mixture fraction fluctuation intensities, roughly 0.45,
near the axis of round buoyant turbulent plumes. Corresponding quantities concerning
velocity fluctuations are more typical of nonbuoyant turbulent flows which probably is
responsible for the much smaller velocity intensities near the axis of round buoyant
turbulent plumes, roughly 0.18-0.25. These differences probably are also responsible for
the absence and presence of the dip near the axis of mixture fraction and velocity fluctuation
profiles, respectively, mentioned earlier for round buoyant turbulent plumes.
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3. Turbulent Plane Free Plumes

3.1 Introduction

Given results for round buoyant turbulent plumes, other flows were addressed that
are more directly relevant to flows encountered during unwanted fires within structures.
The first flow that was considered was the turbulent plane free plume because it is the
simplest configuration similar to plane turbulent flows along surfaces but without the
complication of the actual presence of a surface. This flow is also of great fundamental
importance as the classical buoyant turbulent plane or line plume, analogous to the classical
nonbuoyant turbulent plane or line jet. Similar to the round buoyant turbulent plume study,
fully-developed (self-preserving) flows far from the source were emphasized in order to
avoid the complexities of transitional plumes, even though few practical buoyant turbulent
plumes ever reach the self-preserving region.

In view of the increased generality of the findings, past studies of plane buoyant
turbulent free plumes generally emphasized the properties of the self-preserving region of
the flow. These studies included Rouse et al. (1952), Lee and Emmons (1961), Harris
(1967), Anwar (1967), Kounalakis et al. (1977,1985) and Ramaprian and Chandrasekhara
(1985,1989). These studies are in reasonably good agreement; for example, appropriately
scaled flow widths and mean mixture fractions near the plane of symmetry agree within
13%, which is comparable to estimated experimental uncertainties. Whether these results
still represent self-preserving behavior is questionable, however, because the

measurements generally were limited to the region relatively close to the source, (x-x,)/b <

60, with values of (x-x,)/ £,, as small as 5-6 and with source aspect ratios, as small as 13:1
in some instances. In contrast, Dai and Faeth (1994,1995a,b) only observe self-preserving
behavior for round buoyant turbulent plumes farther from the source, (x-x,)/d > 80 and (x-
x, ) £,, as small as 5-6. Another limitation of past studies of plane buoyant turbulent
plumes is that the measurements of turbulence properties are very limited, and are
nonexistent for the gaseous plumes typical of many practical applications.

In view of these observations, the objective of the present investigation was to
measure mean and fluctuating mixture fraction properties of plane free turbulent plumes in
still gases, emphasizing conditions in the self-preserving portion of the flow.

In the following experimental methods and self-preserving scaling are described
first. Results are then considered before summarizing conclusions. The following
description of the study is brief, more details can be found in Sangras et al. (1998a) which
appears in Appendix E.

3.2 Experimental Methods

The experiments involved source flows of helium/air mixtures in still air at
atmospheric pressure and normal temperature in order to provide straightforward
specification of the buoyancy flux of the test plumes. This approach yielded upward
flowing, positively buoyant plumes. Measurements of mixture fraction statistics were
carried out using LIF.

The plumes were observed in a double enclosure contained in a large, high-bay test

area. The outer enclosure was 3400 x 2000 x 3600 mm high and had porous walls parallel

to the source and a porous ceiling both made of filter material. The filter material controlled
room disturbances and light leakage into the test area while allowing free inflow of air and
outflow of the plume (doubling the filter thickness had no effect on flow properties). After

oty 0 BRI 4125
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leaving the test enclosure, the plume gases were captured in a hood near the ceiling of the
laboratory and subsequently exhausted using a blower.

The test plume was located at the plane of symmetry of the inner enclosure. The
source slot was 9.4 mm wide and 876 mm long and was mounted at the center of a flat
floor 876 mm long and 1220 mm wide. The flow/slot assembly was mounted normal to

1220 x 2440 mm high end walls. The inner enclosure was completed by installing a pair of
screen arrays across the openings between the outer extremities of the two end walls,
similar to the use of screens by Dai et al. (1994,1995a,b) for round plumes and by
Gutmark and Wygnowski (1976) for plane free turbulent jets. Horizontal traversing was
carried out by mounting the floor/wall assembly on linear bearings so that it could be

moved by a stepping motor having 5 im positioning accuracy. Vertical traversing was
carried out by shifting the floor on the end walls. Optical access was provided by windows
in the end walls.

The helium and air flows were mixed, passed through iodine beds and then through
long lines (length-to-diameter ratios of 1200) to insure uniform mixing. This flow then
entered a source manifold, passed through a bed of beads, a section of filter and a
contraction to the final slot exit.

Mixture fractions were measured using iodine LIF based on the 514 nm line of an
argon-ion laser. The same arrangement as Dai et al. (1994) was used except that the laser
was focused at the measuring volume. The LIF signal was calibrated at the source exit by
diverting a portion of the source flow to the LIF measuring volume through a plastic tube.
Effects of preferential diffusion and extinction of the laser and fluorescence signals were
negligible. Experimental uncertainties (95% confidence) were smaller than 6 and 12% for
mean and rms fluctuating mixture fractions (except near the edge of the flow where
uncertainties were larger).

3.3 Self-Preserving Scaling
The state relationships for plume density as a function of mixture fraction are
unchanged from before, e.g., Eq. (2) for general conditions and the approximation of Eq.

(3) for self-preserving conditions where f << 1. Mean mixture fraction and mean
streamwise velocity distributions then take the following forms (List, 1982):

F(y/(x-x)) = FgB*3(x-x)lp,-p..l/p, (10)
U(y/(x-x,)) = u/B? (11)
where F(y/(x-x,)) and U(y/(x-x,)) are appropriately scaled universal fractions of mean

mixture fraction and streamwise velocity in the self-preserving portion of the flow. Other
mean and fluctuating properties of the flow also yield universal functions in terms of y/(x-

Xx,) when appropriately normalized by f and U in the self-preserving region.

Assuming uniform properties at the source exit, the source momentum and
buoyancy fluxes can be found as follows (List, 1982):

M, = bu? (12)

(]

B, = buglp,-p.l/p. (13)
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In terms of these parameters, the Morton length scale becomes (List, 1982):
£,,=M /B2 (14)

Other parameters such as characteristic Reynolds numbers, characteristic plume widths,
etc., can be found in Sangras et al. (1998a).

3.4 Results and Discussion

Two source flows were used, having initial density ratios p /p.,= 0.770 and 0.500.

The self-preserving regions were relatively far from the source, (x-x,)/b = 76; therefore,
the locations of virtual origins could not be distinguished from x /b = 0.

Present measurements of cross stream distributions of mean mixture fractions for
the two sources are illustrated in Fig. 7. The scaling parameters of Eq. (10) have been used
when plotting the figure so that the ordinate of the plot is F(y/(x-x_)). Results for z/Z = 0
and 1/4 are the same, confirming that the flow is reasonably two dimensional. The

measurements indicate self-preserving behavior for 76 < (x-x,)/b < 155 and 9 < (x-x,)/ ¢,,

< 21 with the larger dimensional limited to avoid small flow aspect ratios. The range of

conditions corresponded to characteristic plane Reynolds numbers of 3700-7500, which
are large for unconfined turbulent flows.

Measurements of mean mixture fractions due to Rouse et al. (1952). Kounalakis et
al. (1977) and Ramaprian and Chandrasekhara (1989) are also plotted in Fig. 7 for
comparison with the present measurements (results from other past studies will be
considered later). These distributions are up to 30% broader at the e points and up to 30%
larger at the plane of symmetry than the present measurements; reasons for these
differences will be discussed next.

The larger scaled widths of the earlier mean mixture fraction distributions are typical
of developing plumes. This behavior is not surprising because the earlier studies involved

averages of measurements for 6 < (x-x_)/b < 60 (Rouse et al. (1952) may be an exception
but the range of (x-x )/b cannot be specified in this case because the source was a linear
array of combusting jets so that b is not known) whereas Dai et al. (1994) only observed
self-preserving behavior for mean mixture fraction distributions for round plumes at larger
distances from the source. Corresponding flow development behavior for plane buoyant
turbulent plumes can be seen from Table 2 where characteristic plume widths are
summarized as a function of (x-x,)/b. It is evident that £,,/(x-x,) tend to decrease with
increasing (x-x,)/b with present findings serving as a reasonable limit for the rest.

The second issue concerning the distributions of mean mixture fractions seen in
Fig. 7 is that present scaled values are smaller than the rest. It is felt that these differences
are caused by problems of finding B, during the earlier studies. In particular, B, was
known accurately for the present study but had to be found from measurements of velocity
and mixture fraction distributions for the other studies which involves attendant problems
of finding streamwise turbulent transport of B , see Sangras et al. (1998a) for a discussion
of this difficulty.

Comparison of present measurements of mean mixture fraction distributions with
earlier work generally suggests that the earlier results were not found far enough from the
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Table 2. Development of Plane Buoyant Turbulent Plumes®

Source (x-x,)/b £,/(x-x,)
Present (developing region) 13 0.15
50° 0.08

Present (self-preserving region) 76-155 0.08
Ramaprian and Chandrasekhara (1989) 20 0.14
50 0.13

60 0.13

Kotsovinos (1977) 14 0.15
36 0.13

*Plane buoyant turbulent plumes in still and unstratified environments. Entries are ordered
chronologically.

®Not judged to be in the self-preserving region because the mixture fraction fluctuation
intensity at the plane of symmetry was not equal to the self-preserving value of 47%.

source to achieve self-preserving behavior, with excessively small flow aspect ratios being
a contributing factor in some instances. Earlier studies of Lee and Emmons (1961) and to
some extent Harris (1967) and Anwar (1968) were obtained at relatively large distances
from the source where self-preserving behavior should have been approached. In these

cases, broader distributions of f probably resulted from disturbances that tend to increase
flow widths and are difficult to avoid far from the source. Thus, over the measurements
reported by Rouse et al. (1952), Lee and Emmons (1961), Harris (1967), Anwar (1969),
Kotsovinos (1977) and Ramaprian and Chandrasekhara (1989) it is found that
characteristic flow widths (based on €' points) are up to 36% larger and scaled mean
mixture fractions near the plane of symmetry up to 24% larger than the present
measurements.

Measurements of cross stream distributions of rms mixture fraction fluctuations are
plotted in Fig. 8. The measurements of Kotsovinos (1977) and Ramaprian and
Chandrasekhara (1989) are shown on this plot along with the present measurements. The
distributions of Kotsovinos (1977) and Ramaprian and Chandrasekhara (1989) are broad
and exhibit a dip near the plane of symmetry much like developing round plumes seen in
Fig. 2. In contrast, present results reach a maximum near the plane of symmetry, similar to

the self-preserving round plumes seen in Fig. 2. The present value of (f 7f), near the
plane of symmetry, 47%, is also larger than the results of the other studies, 42%. As

discussed earlier, this absence of the dip in the scaled f~ distribution and the unusually

large values of (f /), for buoyant turbulent plumes probably is caused by the streamwise
buoyant instability combined with the relatively rapid decay of mean mixture fractions with
streamwise distance for these flows. Thus, the contribution of buoyancy to turbulence for
both round and plane buoyant turbulent plumes

is seen to be appreciable.
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Some typical temporal power spectral densities of mixture fraction fluctuations for
plane free turbulent plumes are illustrated in Fig. 9. These results are for the case 1 plume

with 76 < (x-x_)/b < 155 with the spectra normalized as described by Hinze (1975). These
results are similar to earlier observations for round plumes due to Dai et al. (1994) and
Papanicolaou and List (1987,1988). The normalized spectra are relatively independent of
cross stream position and the low frequency region is also relatively independent of
streamwise position when plotted in the manner of Fig. 9.

The spectra of Fig. 9 initially decay according to the -5/3 power of frequency,
which is the well known inertial range of the turbulence spectrum which has been called the
inertial-convective region for scalar property fluctuations where effects of molecular
diffusion are small (Tennekes and Lumley, 1972). This is followed by a prominent region
where the spectra decay according to the -3 power of frequency, which has been termed the
inertial-diffusive subrange by Papanicolaou and List (1987). This region is not
observed for nonbuoyant flows and is thought to be caused by variations of the local rate of
dissipation of mixture fraction fluctuations due to buoyancy-generated forces.

3.5 Conclusions

Mixture fraction statistics were measured in plane buoyant turbulent plumes in still
air emphasizing fully-developed (self-preserving) conditions. The test conditions involved

buoyant jet sources of helium and air to give p /p ., of 0.500 and 0.770 with measurements

extending to (x-x,)/b = 155 and (x-x,)/ £; = 21. The major conclusions of the study are as
follows:

1. Present measurements indicated self-preserving behavior for (x-x,)/b = 76 and

(x-x,)/ £,, 2 9. In this region, distributions of mean mixture fractions were up to 36%
narrower with scaled values at the plane of symmetry up to 24% smaller than earlier results
in the literature. Several reasons can be advanced for these differences: many measurements
were not completed far enough from the source to achieve self-preserving behavior, in
some instances there were problems of accurately finding the plume buoyancy flux, in
some instances flow aspect ratios were questionably small, and in some instances control
of flow instabilities (flapping) may be a factor.

2. Cross stream distributions of mixture fraction fluctuations in the self-preserving
region of plane buoyant turbulent plumes do not dip near the plane of symmetry similar to
plane nonbuoyant jets. Instead, effects of buoyancy cause mixture fraction fluctuations to
reach a maximum at the plane of symmetry which is unusually large, 47%. This behavior is
similar to findings for self-preserving round buoyant turbulent plumes, and provides strong
evidence of significant effects of buoyancy/turbulence interactions in both these flows.

3. The low frequency portion of the temporal spectra of mixture fraction
fluctuations scale in a relatively universal manner. The spectra exhibit the well known -5/3
power inertial decay region but this is followed by a prominent -3 power inertial-diffusive
decay region, which is generally observed in buoyant turbulent flows but is not observed in
nonbuoyant turbulent flows.
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4. Turbulent Adiabatic Wall Plumes
4.1 Introduction

Plane turbulent wall plumes are caused by sources of buoyancy along the base of
flat walls. These flows are of interest because they are classical buoyant turbulent flows
with numerous applications for confined natural convection processes and unwanted fires.
Thus, the objective of this phase of the investigation was to extend the measurements of
round buoyant turbulent plumes of Dai et al. (1994,1995a,b) and plane free buoyant
turbulent plumes of Sangras et al. (1998a) to consider plane turbulent wall plumes using
similar methods. Present considerations were limited to turbulent plumes along smooth
plane vertical surfaces for conditions where the streamwise buoyancy flux is conserved,
this implies flow along an adiabatic wall for a thermal plume.

Present measurements emphasize fully-developed conditions far from the source
where effects of source disturbances and momentum have been lost. Free line plumes
become self-preserving at such conditions but adiabatic wall plumes never formally reach
self-preserving behavior because the growth rate of the near-wall boundary layer and the
outer plume-like region are not the same. Nevertheless, the outer plume-like region grows
more rapidly than the near-wall boundary layer and eventually dominates wall plumes far
from the source, where wall plumes approximate self-preserving behavior with scaling
similar to free line plumes (Grella and Faeth, 1975; Liburdy and Faeth, 1978). Thus, self-
preserving behavior of adiabatic wall plumes was sought in this approximate sense during
the present investigation.

Past studies of turbulent adiabatic wall plumes include Grella and Faeth (1975), Lai
et al. (1986), Lai and Faeth (1997) and references cited therein. Grella and Faeth (1975)
used an array of small flames at the base of a smooth vertical insulated wall for their
experiments and completed hot wire probe measurements of temperatures and velocities.
Lai et al. (1986) and Lai and Faeth (1987) reported LIF and LV measurements of adiabatic
wall plumes created by gas mixtures. In both sets of experiments, however, there were
questions about whether self-preserving behavior was actually achieved.

In view of these observations, the objective of the present investigation was to
measure mean and fluctuating scalar properties of adiabatic wall plumes, emphasizing
conditions in the approximate self-preserving region far from the source.

In the following, experimental methods and self-preserving scaling are described
first. Results are then considered before summarizing conclusions. The following
description of the study is brief, more details can be found in Sangras et al. (1998b) which
appears in Appendix F.

4.2 Experimental Methods

The experiments involved source flows of helium/air mixtures in still air along a
smooth vertical wall. This approach provides a straightforward specification of the plume
buoyancy flux and avoids problems of parasitic heat losses associated with thermal plumes.
Measurements of mixture fraction statistics were carried out using LIF.

The experimental arrangement was the same as for the free line plume study of
Sangras et al. (1998a) except for installation of the smooth vertical wall located at the side
of the source slot. The arrangement of the LIF system was also the same as for the free line
plume study except that optical traps were used to intercept the laser beam at the wall in
order to avoid laser beam reflections. Experimental uncertainties were also the same as
before. Two sources were used involving helium/air mixtures with initial density ratios,
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p/P.. = 0.750 and 0.550, which are slightly different from the sources used by Sangras et
al. (1998a).

4.3 Self-Preserving Scaling

The state relationships for density are unchanged from before, Egs. (1) and (2). In
addition, assuming approximate self-preserving behavior for adiabatic wall plumes in the
sense discussed earlier, mean and fluctuating mixture fractions can be scaled in terms of
self-preserving variables in the same manner as for free line plumes, Egs. (10) and (11).
The main difference, however, is that the resulting universal functions, F(y/(x-x_)) and
U(y/(x-x,)), are not the same for wall plumes and for free line plumes. In addition these
functions never reach universal behavior near the wall due to the different growth rate of
the wall boundary layer and the outer plume-like region. Nevertheless, the wall layer grows
more slowly than the plume and it is the latter that dominates flow properties far from the
source. Thus, the self-preserving properties of the outer plume-like region is the main
interest in the following.

4.4 Results and Discussion

Present measurements of cross stream distributions of mean mixture fractions for
the test sources are illustrated in Fig. 10. The scaling parameters of Eq. (10) are used on
the plot so that the value of the ordinate is F(y/(x-x,)). Results for z/Z = 0 and 1/4 are the
same, confirming that the flow is reasonably two dimensional. Present measurements yield

universal distributions for 97 < (x-x_)/b < 155 and 12 < (x-x,)/ £, < 21 which implies self-
preserving flow. These conditions correspond to characteristic Reynolds numbers of 3800-
6700, which are large for unconfined turbulent flow.

Measurements of F(y/(x-x,)) for a variety of plane buoyant turbulent plumes have
been plotted in Fig. 10 for comparison with the present measurements, as follows: results
for adiabatic wall plumes from Grella and Faeth (1975) and Lai and Faeth (1987), results
for isothermal wall plumes from Liburdy and Faeth (1978) and results for free line plumes
from Sangras et al. (1998a). The measurements of Grella and Faeth (1975), Lai and Faeth,
1987) and Liburdy and Faeth (1978) all exhibit streamwise variations of mean mixture
fractions scaled for approximate self-preserving behavior; therefore, results plotted for
these sources in Fig. 10 are for conditions farthest from the source. The results for free line
plumes from Sangras et al. (1998a), however, are best-fit averages over the self-preserving
region.

Considering the three adiabatic wall plume results in Fig. 10, it is evident that the
measurements of Lai and Faeth (1987) are broader than the present results and that the
values of F for both Grella and Faeth (1975) and Lai and Faeth (1987) are considerably
larger than present results near the wall. The larger scaled widths of mean mixture fraction
distributions of the earlier measurements of adiabatic wall plumes are typical of transitional
plumes. This behavior is illustrated by values of £ /(x-x_) summarized in Table 3 for the
measurements of Lai et al. (1986) and the present investigation. The progressive reduction
of £/(x-x,) with increasing distance from the source, tending toward the value observed
during the present investigation, is evident. The results of Grella and Faeth (1975) cannot
be treated the same way because a source width cannot be defined for these measurements,
however, it is encouraging that their measurements farthest from the source tend to
approach the present measurements for self-preserving conditions. Differences between the
magnitudes of F for Grella and Faeth (1975) and the present study follow because B, had
to be found from measurements for the results of Grella and Faeth (1975) but was known



198, (x-x )| 1-2/P,|

25

10 | | I | |
_ ADIABATIC WALL PLUMES 4
o PRESENT MEASUREMENTS _|
_ SYM. CASE ziZ x/b .
sl  ADIABATIC WALL PLUMES —
GRELLA & FAETH (1975) N 0 92
7k-\ ~ ADIABATIC WALL PLUNES o 0 110 —
N /‘ LAl & FAETH (1987)
- ‘\ | 0 155
) v 1/4 110 7]
ISOTHERMAL WALL -
PLUMES, LIBURDY 0 110— -
& FAETH (1978) |
FREE LINE PLUMES T
SANGRAS ET AL (1998) .
0
0.0 0.1 0.2 0.3

yl(x-x,)

Fig. 10 Cross stream profiles of mean mixture fractions in self-preserving plane

turbulent wall and free plumes.



26

directly from the source mixture for the present flows, see Sangras et al. (1998B) for more
discussion of this point.

Table 3. Development of Plane Turbulent Adiabatic Wall Plumes*

Source (x-x,)/b 2:/(X-X,)
Lai et al. (1986) 10.0 0.173
20.0 0.118
37.5 0.093
Present (self-preserving region) 92-155 0.076

*Plane turbulent adiabatic wall plumes along a smooth vertical wall in still and unstratified
environments.

The comparison between F(y/(x-x,)) for adiabatic wall plumes and free line plumes,
plotted in Fig. 10, is also of interest. Both results represent self-preserving behavior and
have the same buoyancy flux but it is evident that the adiabatic wall plumes spread much
slower than the free line plumes, e.g. ¢; is 53% larger for the free line plumes and F(0) is
2.7 times larger for the adiabatic wall plumes. This behavior has undesirable implications
for unwanted fires because the reduced mixing rates of wall plumes compared to free line
plumes imply that fire plumes along surfaces spread much farther from the source than
would be the case for an unconfined fire. This behavior enhances fire spread rates and also
reduces the rate of dilution of toxic substances within fire-caused buoyant flows.

The reduced rates of mixing of adiabatic wall plumes compared to free line plumes
can be attributed to reduced access to the ambient environment, direct effects of wall
friction and inhibition of turbulent mixing due to the presence of the wall. Reduced access
to mixing comes about because adiabatic wall plumes only mix on one side while free line
plumes mix on both sides. This effect might be expected to increase F(0) by a factor of 2;
instead, F(0) increases even more, by a factor of 2.7, which suggests other effects are
influencing the mixing rate. Direct effects of wall friction are small, however, as reported
by Grella and Faeth (1975). Thus, the presence of the wall must reduce mixing rates in its
own right, by inhibiting cross stream motion at the largest scales that significantly
contribute to mixing. The isothermal wall plume results of Liburdy and Faeth (1978) also
support this mechanism, as discussed by Sangras et al. (1998b).

Measurements of cross stream distributions of mixture fraction fluctuations are
plotted in Fig. 11. Results plotted on this figure include findings for adiabatic wall plumes
from Lai and Faeth (1987), for isothermal walls from Liburdy and Faeth (1978) and results
for free line plumes from Sangras et al. (1998a). As before, results for Lai and Faeth
(1987) and Grella and Faeth (1975) do not extend to self-preserving conditions and only
findings farthest from the source are shown while results from the present investigation
represent self-preserving behavior.

Mixture fraction fluctuations for adiabatic wall plumes in Fig. 11 become small as
the wall and free stream are approached and reach a maximum near y/(x-x,) = 0.02. Values

of f’ for adiabatic wall plumes are larger than for free line plumes in this region, mainly
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because values of f are larger. In contrast, mixture fraction fluctuation intensities are
larger for free line plumes than for wall plumes, 42% compared to 37%, which is
consistent with the wall stabilizing turbulent motion.

Typical power spectral densities of mixture fraction fluctuations are illustrated in
Fig. 12. The properties of these results are generally similar to observations made for free
line plumes in connection with the discussion of Fig. 9.

4.5 Conclusions

Mixture fraction statistics were measured in plane turbulent adiabatic wall plumes
rising along flat smooth vertical walls in still air, emphasizing fully-developed (self-
preserving) conditions. The test conditions consisted of buoyant jet sources of helium and

air to give p/p ., of 0.750 and 0.550 with measurements extending to (x-x,)/b = 155 and
(x-x,)/ £y = 21. The major conclusions of the study are as follows:

1. Present measurements yielded distributions of mean mixture fractions that
approximated self-preserving behavior in the outer plume-like region of the flow for (x-

x,)/b 292 and (x-x,)/ £,, 2 12. In this region, distributions of mean mixture fractions were
up to 22% narrower with scaled values at the wall up to 31% smaller than earlier results in
the literature. These differences were caused by past problems of completing measurements
far enough from the source to reach self-preserving conditions and accurately finding the
plume buoyancy flux.

2. Self-preserving turbulent adiabatic wall plumes mix much slower than
comparable free line plumes, e.g., characteristic widths are 58% larger and scaled
maximum mean mixture fractions are 2.7 times smaller for free line plumes than for
comparable adiabatic wall plumes. These differences came about because the wall limits
mixing to one side and inhibits the large-scale turbulent motion that dominates the mixing
process.

3. The stabilizing effect of the wall reduces maximum mean mixture fraction
fluctuation intensities in adiabatic wall plumes compared to free line plumes, e.g., the
maximum intensities for the two flows are 37 and 47%, respectively. Nevertheless,
turbulence/radiation interactions are much larger for adiabatic wall plumes than for free line
plumes because mean mixture fractions are larger for the wall plumes for otherwise
comparable conditions.

4. Temporal power spectra of mixture fraction fluctuations for adiabatic wall
plumes are qualitatively similar to spectra in round and plane free turbulent plumes. Thus,
prominent -5/3 power inertial-convective and -3 power inertial-diffusive decay regions are
seen with the latter region being a characteristic of buoyant flows that is not seen in
nonbuoyant flows.
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in self-preserving plane turbulent adiabatic wall plumes.
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151 source diamerers) than most earlier measurements (up to 62 source diameters)
and indicated that self-preserving turbulent plumes are narrower, with larger mean
and fluctuating mixture fractions (when appropriately scaled) near the axis, than

previously thought. Other mixture fraction measurements reported include proba-
bility density functions, temporal power spectra, radial spatial correlations and
temporal and spatial integral scales.

Introduction

Scalar mixing of round buoyant turbulent plumes in a still
environment is an important fundamental problem that has
artracted significant attention since the classical study of Rouse
et al. (1952). However, recent work suggests that more infor-
mation about the turbulence properties of scalar quantities
within buoyant turbuleatr flows is needed to address turbu-
lence/radiation interactions in fire environments (Kounalakis
et al., 1991). In particular, the response of radiation to tur-
bulent fluctuations is affected by the moments, probability
density functions, and temporal and spatial correlations of
scalar property fluctuations. In turn, scalar property fluctua-
tions can be represented by mixture fraction (defined as the
mass fraction of source fluid) fluctuations, using state rela-
tionships found from conserved-scalar concepts for both non-
reactive and flame environments (Bilger, 1976; Sivathanu and
Faeth, 1990). Thus, the objective of the present investigation
was (o measure mixture fraction statistics in round buoyant
turbulent plumes in still environments. In order to simplify
interpretation of the results, the experiments emphasized fully
developed buoyant turbulent plumes, where effects of the
source have been lost and both mean and fluctuating properties
become self-preserving (Tennekes and Lumley, 1972).

The discussion of previous studies will be brief because sev-
eral reviews of turbulent plumes have appeared recently
(Kotsovinos, 1985; List, 1982; Papanicolaou and List, 1987,
1988). The carliest work concentrated on the scaling of flow
properties within fully developed turbulent plumes (Rouse et
al., 1952; Morton, 1939; Morton et al., 1956). Measurements
of mean properties within plumes generally have satisfied the
resulting scaling relationships; however, there are considerable
differences among various determinations of centerline values,
radial profiles, and flow widths (Abraham, 1960; George et
al., 1977; Kotsovinos, 1985; List, 1982; Ogino et al., 1980;
Peterson and Bayazitoglu, 1992; Shabbir and George, 1992;
Rouse et al., 1952; Zimin and Frik, 1977). Aside from problems
of experimental methods in some instances, List (1982) and
Papanicolaou and List (1987, 1988) attribute these differences
to problems of reaching fully developed plume conditions.

Two parameters are helpful for estimating when turbulent
plumes become self-preserving. The first of these is the distance
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from the virtual origin normalized by the source diameter,
(x—x,)/d. Based on results for nonbuoyant round turbulent
jets, values of (x—x,)/d greater than ca. 40 and 100 should
be required.for self-preserving profiles of mean and fluctuating
properties, respectively (Tennekes and Lumley, 1972). By these
measures, all past measurements over the cross section of
plumes, which invariably used buoyant jets for the plume
source, probably involve transitional plumes, e.g., they gen-
erally are limited to (x - x,)/d=62, aside from some limited
measurements in liquids by Papantoniou and List (1989). The
main reason for not reaching large values of (x-x,)/d for
plumes, similar to jets, is that scalar properties decay much
faster for plumes, e.§.. proportional to (x—x,) "> for plumes
rather than (x—x,)”"' for jets. Thus, it is difficult 10 maintain
reasonable experimental accuracy far from the source within
the plumes. A contributing factor is that plume velocities are
relatively small in comparison to jets so that controlling room
disturbances far from the source is more diffjcult for plumes.

The second parameter useful for assessing conditions for
self-preserving buoyant turbulent plumes is the distance from
the virtwal origin normalized by the Morton length scale,
(x— x,)/l\. The Morton length scale is defined as follows for
a round plume having uniform properties at the source (Mor-
ton, 1959; List, 1982):

b= (5/4)"" "ot/ (g 100 = 1) W

where an absolute value has been used for the density difference
in order to account for both rising and falling plumes. Large
values of {x—x,)/ly are required for buoyancy-induced mo-
mentum to become large in comparison to the source mo-
mentum so that the buoyant features of the flow are dominant.
The ratio of /y to d is proportional to the source Froude
number, defined as follows (List, 1982):

Fro=(d/%)"*lw/d= (Pot2/(g) 00— 0a 1)) @

The source Froude number quantifies the initial degree of
buoyant behavior of the source, e.g., Fr, = 0 for a purely
buoyant source. Papanicolaou and List (1987, 1988) suggest
that buoyancy-dominated conditions for mean and fluctuating
quantities are reached for (x—x,)//\ greater than ca. 6 and
14, respectively. A greater proportion of existing data for mean
properties exceed this criterion; however, the effect of tran-
sitional plume behavior (in terms of (x—x,)/d) on these ob-
servations raises questions about the adequacy of this criterion.

Naturally, in instances where reaching self-preserving con-
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ditions for mean properties is questionable, it is likely that
turbulent properties are transitional. Thus, the turbulence
measurements of Georg- et al. (1977) and Shabbir and George
(1992) for x/dinthe range §-23, normally would not be thought
to represent self-preserving conditions. The turbulence meas-
urements of Papanicolaou and List (1987, 1988) for x/d in the
range 12-62 probably represent transitional plumes as well with
results at larger distances, x/d, of 20-62, subject to additional
uncertainties due to systematic instrument errors (Papanico-
laou and List, 1988). In contrast, the measurements of Pa-
pantoniou and List (1989) were carried out at x/d = 105,
which should be within the self- preservmg reglon‘ nowever
unusually large concentation fluctuations were observed, which
they attribute to the large Schmidt numbers of the liquid plumes
used in these tests, i.¢., molecular mixing was inhibited at small
scales that still could be resolved by their instrument system.
Thus, the relevance of the Papantoniou and List (1988) tur-
bulence measurements to gaseous plumes of interest for ra-
diation processes in flame environments is quesnonablc.

The preceding discussion suggests that existing measure-
ments of mean and fluctuating properties within plumes prob-
ably involve either transitional plumes or liquid plumes
exhibiting large Schmidt number effects that are not typical
of gases. Thus, the objective of the present investigation was
to complete measurements of the mean and fluctuating mixture
fraction properties of buoyant turbulent plumes in gases, em-
phasizing conditions within the self-preserving turbulent plume
region where the specific features of the source have been lost.
The mixture fraction properties considered included mean and
fluctuating values, probability density functions, temporal
power spectra, radial spatial correlations, and temporal and
spatial integral scales. The experiments involved source flows
of carbon dioxide and sulfur hexafluoride in still air at at-
mospheric pressure and temperature, in order to provide a
straightforward specification of the buovancy flux within the
test plumes. This approach yielded downward-flowing, neg-
atively buoyant plumes. Measurements of mixture fraction
properties were undertaken using laser-induced iodine flu-
orescene (LIF).

Experimental Methods

Test Apparatus. A skeich of the experimental apparatus
its shown in Fig. 1. In order to minimize room disturbances
and contamination of adjacent areas by iodine vapor, the
plumes were observed in a double enclosure contained within
a large, high-bay test area. The outer enclosure
(3000 x 3000 x 3400 mm high) had plastic side walls with a
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Fig. 1 Sketch of the buoyant turbulent plume apparatus

screen across the top for air inflow in order 10 compensate for
removal of air entrained by the plume. The plume itself was
within a smaller enclosure (1100 x 1100 x 3200 mm high) with
plastic screen walls (square pattern, 630 wires/m with a wire
diameter of 0.25 mm). The small enclosure was mounted on
linear bearmgs and could be traversed in one direction usmg

a stepping motor driven linear positioner (5 um posxuonmg
accuracy) in order to accommodate rigidly mounted instru-
mentation. The plume flow was removed through 300-mm-dia
ducts that were mounted on the floor at the four corners of
the outer enclosure. The exhaust flow was controlled by a
bypass/damper system in order to match plume entrainment
rates and to minimize flow disturbances. All components that
might contact iodine vapor were plastic, painted, or sealed in
plastic wrap, in order to prevent corrosion.

The plume sources consisted of rigid plastic tubes having
inside diameters of 6.4 and 9.7 mm with flow straighteners at

a, b = parameters in the Frenkiel function
d = source diameter
E/(n) = temporal power spectral density of f
= mixture fraction

scaled radial distribution of f in self-pre-
serving region

source Froude number, Eq. (2)
acceleration of gravity

plume width coefficient, Eq. (8)
characteristic plume radius

= characteristic plume radius based on mean
mixture fraction

Morton length scale, Eq. (1)

= frequency

probability density function of mixture
fraction

radial distance

characteristic plume Reynolds number

=U i/ vy

J
F(r/(x—x,)) =

-
Foa o'
NoHn

o~
[
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Re, = source Reynolds number = u,d/v,
u = streamwise velocity
. x = streamwise distance
Ar = radial distance increment
Ag, = radial spatial integral scale of mixture
fraction fluctuations
v = kinematic viscosity
p = density
7, = temporal integral scale of mixture fraction
fluctuations
Subscripts
¢ = centerline value
o = inital value or virtual origin location
o = ambient value

Superscripts
(") =
™ =

time-averaged mean value
root-mean-squared fluctuating value
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Fig. 2 Mean mixture fractions along the axis

sufficient 10 resolve the smallest scales of the turbulence within
the self-preserving region of the plumes.

Self-Preserving Scaling

The state relationship for density as 2 function of mixture
fraction is needed to relate the present measurements to prop-
erties in the self-preserving region. Assuming an ideal gas mix-
ture, the exact state relationship for density becomes:

p=pa/(1 =1 =pa’p,)) (3

Additionally, far from the source in the self-preserving region,
f<< 1, and Eq. (3) can be linearized as follows:

P=Po +fpu(1 —pua/po)v f<<1 (4)

The measurements involved mean and fluctuating mixture
fraction properties at various streamwise positions. Mean
properties were then scaled in terms of the self-preserving vari-
ables of fully developed turbulent plumes, as follows (List,
1982):

T=(xFro/8 0o/ pad(x = X3/ )T OF(r/(x = %))  (5)
F(r/x - x,)) represents the appropriately scaled radial profile
function of mean mixture fraction, which becomes a universal
function in the self-preserving region far from the source where
Eq. (4) applies. Equation (5) was used to extrapolate meas-
urements of mean mixture fractions along the axis in order to
identify the virtual origin that yielded the best fit of the data.
As noted earlier, the location of the virtual origin is controlled
by source properties like turbulence levels, po/pa, and the
initial Froude numbers; however, it was bevond the scope of
the present investigation to quantitatively study these rela-
tionships.

Finally, although velocity measurements were not made dur-
ing the present study, it was of interest to find characteristic
plume Reynolds numbers, Re,=TJ./v.. This was done by
adopting the expressions of Rouse et al. (1952) for 4. and /.
at self-preserving conditions to yield:

Re.=0.43((x — o)/ (d Fr N u d/ ve 6

Results and Discussion

Mean Properties. The variation of mean mixture fractions
along the axis of the two test plumes is illustrated in Fig. 2.
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Fig. 3 Development of radial profiles of mean mixture fractions

The measurements are plotted in terms of the variables of Eq.
(5). In addition, lines showing the asymptotic behavior of the
present measurements at small and at large distances from the
source are shown on the plot. The limiting behavior at small
distances , (x—x,)/d<< 1, is f. = 1 which the measurements
satisfy by definition. The limit at large distances follows from
Eq. (5) for conditions where f. << 1 and Eq. (4) applies. Then
F(0) = 12.6 independent of source flow properties, based on
the best fit of present measurements, and f,~ ((x — x,)/d) ~*">.
This latter condition is reached for values of the abscissa of
Fig. 2 greater than 10, which implies (x—x,)/d and (x-x,)/
{\y on the order of 100 and 10, respectively. Within the inter-
mediate region, where the abscissa of Fig. 2 is in the range
0.1-10, results depend on source properties like Re,, Fr,, and
po/ P SO that the differences in this region seen in Fig. 2 for
the two sources are anricipated. Naturally, this implies that
conditions required to reach self-preserving plume behavior
depend on these variables as well.

A more complete picture of the development of transitional
plumes toward self-preserving conditions can be obtained from
the radial profiles of mean mixture fractions for the two sources
illustrated in Fig. 3. In this case, the scaling parameters of Eq.
(5) are used so that the ordinate is equal to F{r/x~x,)). The
measurements are plotted for various streamwise distances with
(x—x,)/d=7. The radial mean mixture fraction profiles show
progressive narrowing, with scaled values at the axis progres-
sively increasing, as the streamwise distance increases. How-
ever, self-preserving conditions are observed for the present
measurements when (x — x,}/d = 87, which also corresponds to
(x—~x,)/Iy=12. The subsequent variation of the profiles with
streamwise distance is well within experimental uncertainties
over the range that was achieved during the present experi-
ments: 87 < (x—x,)/d=< 151 and 12 <(x—x,)/l\y<43. This re-
gime corresponds to characteristic plume Reynolds numbers
of 2500-4200, which are reasonably high for unconfined tur-
bulent flows. For example, this range is comparable 10 the
highest characteristic wake Reynolds numbers where meas-
urements of turbulent wake properties have been reported,
while turbulent wakes exhibit self-preserving turbulence prop-
erties at characteristic wake Reynolds numbers as low as 70
(Wu and Faeth, 1993). The actual streamwise distance required
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Table 2 Summary of sell-preserving turbulent plume properties®
Source Medium (xexgld (2-gg¥ 0y P 2fizxg) F(0) (/e
Present sudy Faseous §7-151 12.43 jpL1 Q.09 126 0.45
Papantoniou ane
Lisc (1989) Lqud ik 2433 - 0.08-0.09 — 0.64
Papanicolaou and
Last (1938) bguid .62 962 30 0.1t 143 Q.40
Papanicolaou and
List (19%7) iquad 12.20 >S5 80 o1t L 0.50
Shabbir and George (1992)  gaseous 025 &15 [} .12 9.4 0.40
George at ol {1977) gascous &6 &12 &5 0.12 9.1 0.40

*Round trbulent plumes in sall. fied en

Range of di

where quoed self.

e for
Mﬂ(mdm(mﬁhﬂmmkmmcfmplm Enmesmcrdaedmmof

decreasing k¢

to reach self-preserving conditions for mean mixture fractions,
however, is likely to vary with source properties. For example,
larger values of p,/p. and lower source Reynolds numbers
tend to retard development toward self-preserving conditions,
based on present findings during preliminary tests, while larger
source Froude numbers require larger values of (x~x,)/d in
order to achieve values of (x—x,)/ly where buoyancy domi-
nates flow properties.

Within the self-preserving region, present radial profiles of
mean mixture fractions are reasonably approximated by a
Gaussian fit, similar to past work (Rouse et al., 1952; George

et al., 1977; List, 1982; Papanicolaou and List, 1987, 1988;
Shabbir and George, 1992) as follows:
Flr/ (x=xg)) = F(O)exp{ — kHr/(x - x))'} ™
where
ky=(x=x)/l; 8)

Thus, 1/ represents the characteristic plume radius where f7

Je=e"'. The best fit of the present data in the self-preserving
reglon ylelded F(O) = 12.6 and A, 125. This yielded the
correlation illustrated in Fig. 3, which is seen to be a good
representation of the measurements in the self-preserving re-
gion, i.e., (x—x,)/d=87 and (x—x,)/ly=12. This yields a
value of /i/(x - x,) of roughly 0.09, which is in good agreement
with the values of 0.08-0.09 found by Papantoniou and List
(1989) for measurements at large distances from the source,
{(x=—X,)/d= 105 and (x—x,)/Iy of 24 and 33.

The present values of normalized streamnwise distance re-
quired to reach self-preserving conditions within round buoy-
ant turbulent plumes are similar to past observations for round
turbulent jets (Hinze, 1975; Tennekes and Lumley, 1972); how-
ever, they are substantially larger than streamwise distances
reached during past measurements of the self-preserving prop-
erties of turbulent plumes using buoyant jet sources, aside from
the study of Papantoniou and List (1989). This behavior is
quantified in Table 2, where the range of streamwise distances
considered for measurements of radial profiles of self-pre-
serving plume properties, and the corresponding reported val-
ues of &3, I/ (x - x,), and F(0) are summarized for represent-
ative recent studies and associated earlier work from the same
faboratories. Past measurements generally satisfy the criterion
for buoyancy-dominated flow, i.e., (x—x,)/ly>6 (Papani-
colaou and List, 1987, 1988). Aside from the measurements
of Papantoniou and List (1989) and the present study, however,
the other results were obtained at values of (x—x,)/d that
normally are not associated with self-preserving conditions for
jeulike sources. Somewhat like the tendency for transitional
plume conditions to have broader profiles than the self-pre-
serving regime in Fig. 3, the values of k} tend to increase
progressively as the maximum streamwise position is in-
creased—almost doubling over the range of conditions given
in Table 2. This yields a corresponding reduction of charac-
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teristic plume radius of 30 percent, and an increase of the
scaled mean mixture fraction at the axis of 30 percent, when
approachmo self-preserving conditions over the range consid-
ered in Table 2 (ignoring the unusually large value of F(0)
reported by Papanicolaou and List (1988), which is thought
1o be due to 2 systematic instrument error, as noted earlier).
Discrepancies between transitional and self-preserving plumes
of this magnitude have a considerable impact on the empirical
parameters obtained by fitting turbulence models 1o measure-
ments. For example, Pivovarov et al. (1992) suggest that the
standard set of constants used in empirical turbulence models
is inadequate based on the assumption of self-preserving plumes
in conjunction with past measurements for transitional plumes;
however, their predictions using standard constants are in fair
agreement with the present measurements of self-preserving
plume properties under the same assumptions.

Root-Mean-Square Fluctuations. Radial profiles of mix-
ture fraction fluctuations at various streamwise distances are
plotted in Fig. 4 for the two sources. Near the source, the
profiles are rather broad and exhibit a dip as the axis is ap-
proached, much like the behavior of nonbuoyant jets (Becker
et al., 1967; Papanicolaou and List, 1987, 1988). The profiles
evolve, however, with both the width and the magnitude of
the dip near the axis gradually decreasing as the streamwise
distance is increased. Eventually, seli-preserving behavior is
reached at conditions similar to the self-preserving conditions
for mean mixture fractions in Fig. 3, e.g., (x—x,)/d =87 and
(x=x5)/1w=12. This behavior is not surprising because self-
preserving conditions for mean properties are a generally nec-
essary condition for self-preserving conditions for turbulence
properties (Tennekes and Lumley, 1972). Within the self-pre-
serving region, present measurements can be correlated rea-
sonably well by the following empirical relationship:

S /fe=0.45 exp(—40(r/(x — x,))*%) %)
Analogous to mean mixture fractions, the measurements of
rms mixture fraction fluctuations of Papanicolaou and List
(1987, 1988), Shabbir and George (1992), and George et al.
(1977) are similar to transitional plumes in the latter stages of
development. Thus, although these profiles do not exhibit a
dip near the axis, they are broader in terms of r/(x ~x,) than
the present measurements in the self-preserving region. Ad-
ditionally, Papanicolaou and List (1987, 1988), Shabbir and
George (1992), and George et al. (1977) find (7' /f). = 0.40,
rather than 0.45 for the present measurements, as summarized
in Table 2. On the other hand, Papantoniou and List (1989)
measure (/' /7). of roughly 0.64 at conditions that should be
within the self-preserving region; however, as discussed earlier,
this large value probably is caused by the large Schmidt number
of their liquid plumes, which inhibits small-scale mixing in
comparison to plumes in gases.

The gradual disappearance of the dip in mixture fraction
fluctuations is an interesting feature of the results illustrated
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Fig. 4 Development of radial profiles of rms mixture fraction fluctua-
tions

in Fig. 4. The development of the flow from source conditions,
where mixture fraction fluctuations are less than | percent, is
certainly a factor in this behavior. However, the gradual dis-
appearance of nonbuoyant dynamics as (x—x,)//\ becomes
large also ts a factor. la particular, nonbuoyant jers have
reduced mixture fraction fluctuations near the axis because
turbulence production is small in this region in view of sym-
metry requirements (Becker et al., 1967; Papanicolaou and
List, 1987, 1988). In contrast, effects of buoyancy provide
turbulence production near the axis for plumes in spite of
symmetry due (0 buoyant instability in the streamwise direc-
tion, i.e., the density approaches the ambient density in the
streamwise direction. This added turbulence production ac-
counts for increased mixture fraction fluctuation levels near
the axis of plumes in comparison to jets in the self-preserving
region, i.e., (f"/f) ca. 0.45 for plumes in comparsion 10 0.15-
0.18 for jets (Papanicolaou and List, 1987). Even maximum
values of f'/f. in jets, ca. 0.25 at an r/(x—x,) of roughly 0.1,
are substantially less than the maximum plume values (Pa-
panicolaou and List, 1987). Thus, the contribution of buoy-
ancy 1o turbulence is appreciable, with the large mixture fraction
fluctuations of turbulent self-preserving plumes helping to ex-
plain the large radiation fluctuation levels observed in the
plumes above buoyant turbulent diffusion flames (Kounalakis
et al., 1991).

Probability Density Functions. Mean and fluctuating ve-
locities are reasonably descriptive because the probability den-
sity functions of velocities in turbulent flows generally are well
represented by a Gaussian distribution function that only has
two moments. This is not the case for the probability density
functions of mixture fracture, however, because the mixture
fraction is limited to the finite range 0-1 by definition, so that

finite range distribution functions must be used, e.g., the

clipped-Gaussian function or the algebraically more convenient
beta function; see Lockwood and Naguib (1975) for the prop-
erties of these two distributions, Thus, some typical probability
density functions from present measurements are plotted along
with these distribution in Fig. 5. Both distributions are defined
by two moments; thus, the predicated distributions are based
on the measured values of fand f* at each location considered.
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Fig.5 Typical probability density functions of mixture fractions at sell-
preserving conditions: SF¢ soruce at {x— xNd = 151

The measured probability density functions illustrated in
Fig. 5 are qualitatively similar to earlier measurements for
flames, plumes, and jets (Kounalakis et al., 1991; Papanico-
laou and List, 1987, 1988; Becker ¢t al., 1967). At the axis,
the probability density function is nearly Gaussian, although
it still has a small spike at /' = O representing some period
when unmixed ambient fluid reaches the axis. With increasing
radial distance, the spike at f = O increases and eventually
dominates the distribution as the edge of the plume is ap-
proached. There is little to choose between representing the
probability density functions by either clipped-Gaussian or
beta functions although the ease of use of the beta function
is helpful for reducing computation tines during simulations
(Lockwood and Naguib, 1975).

Temporal Power Spectral Densities. Temporal correla-
tions, or temporal power spectral densities, which are their
Fourier transform (Hinze, 1975; Tennekes and Lumley, 1972),
must be known in order to simulate the temporal aspects of
radiation fluctuarions (Kounalakis et al., 1991). Some typical
measurements of temporal power spectra for the sulfur hex-
afluoride plumes are illustrated in Fig. &; results for the carbon
dioxide plumes were similar. Spectra are piotted for (x—x,)/
d in the range 25-151, considering radial positions over the
full width of the flow at each streamwise position. The tem-
poral spectra are relatively independent of radial position at
at particular streamwise location. Similarly, the low-frequency
portion of the specira is relatively independent of streamwise
distance when normalized in the manner of Fig. 6. However,
there are systematic variations in the decaying portion of the
spectra with streamwise distance that will be discussed next.
Spectra of transitional plumes reported by Papanicolaou and
List (1987, 1988) are qualitatively quite similar to the results
illustrated in Fig. 6.

The decay of the spectra with increasing frequency is an
interesting feature of the results iliustrated in Fig. 6. The spec-
tra initially decay according to the — 5/3 power of frequency,
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Fig. 6 Typical temporal power spectral densities of mixture fraction
fluctuations: SF, source

analogous to the well-known inertial region of the turbulence
spectrum of velocity fluctuations which has been called the
intertial-convective region for scalar property fluctuations
(Tennekes and Lumley, 1972). Within this region, mixture
fraction fluctuations simply are convected and effects of mo-
lecular diffusitivies are small. This is followed by a region
where the spectrum decays more rapidly, yielding a slope of
roughly -3, that has been observed during several investi-
gations of highly buoyant flows with molecular Prandtl/
Schmidt numbers in the range 0.7-7, but not in nonbuoyant
flows (Mizushima et al, 1979; Papanicolaou and List, 1987,
1988). Papanicolaou and List (1987) argue that this portion
of the spectrum agrees with the behavior expected for the
inertial-diffusive subrange, where the variation of the local
rate of dissipation of mixture fraction fluctuations in buoyant
flows is due to buoyancy-generated inertial forces rather than
viscous forces. An effect of this type is plausible due to the
progressive increase of the span of the inertial range as (x—-x,)/
dincreases, e.g., the intersections of the ~5/3 and -3 regions
of the spectra occur at roughly nry = 0.4, 0.8, 1.5, and 2.0
for (x—x,)/d = 25,50, 99, and 151, respectively. This behavior
is analogous to the anticipated reductions of microscales with
increasing streamwise distance, which suggests a diffusive ef-
fect. However, understanding of the behavior of the spectra
of buoyant turbulent flows in this region is very limited and
clearly merits additional study. At higher frequencies, the mix-
ture fraction microscale should be approached where the spec-
trum becomes small; unfortunately, existing measurements
have had neither the spatial nor the temporal resolution needed
to resolve this region.

Radial Spatial Correlations. Spatial correlations also must
be known in order to simulate aspects of radiation fluctuations,
due to effects of optical path lengths on radiation intensities
(Kounalakis et al., 1991). Spatial correlations also are impor-
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tant fundamental properties of turbulence that have received
significant attention in the past (Hinze, 1975; Tennekes and
Lumley, 1972). Study of these properties was begun during
the present investigation by measuring radial spatial correla-
tions, which largely control radiation fluctuations in boundary
layer flows, like plumes (Kounalakis et al., 1991).

The general properties of spatial correlations in turbulent
s.hear flows vary depending on whether the two points con-
sidered are on the same or on opposites sides of planes or lines
of symmetry. This orientation will be indicated for the present
rgdial correlations by a coordinate system along the radial
direction extending from — e to o with Ar always greater
than zero and the left-most position denoting the position of
the correlation. Thus, r <0 implies that both points are on the
same side of the axis for Ar<irl and on the opposite side
thereafter. If r>0, then both points are always on the same
side of the axis. Finally, Corrsin and Uberoi (1950) introduced
symmetric lateral spatial correlations for jets, where the two
points are spaced equally on either side of the axis (at —Ar/
2 and Ar/2), thus, there is only one correlation of this type at
each streamwise position.

The present measurements of two-point radial and sym-
metric correlations are illustrated in Fig. 7. These results are
for carbon dioxide plumes at (x-x,)/d = 87, which is within
the self-preserving region. Other measurements within the self-
preserving region were similar. The measurements are pre-
sented in two groups, with results for r>0 at the top, and
results for r <0 and symmetric correlations at the bottom. The
distance increment is normalized by Ay.; however, A, is rel-
atively constant over the range of the measurements. The re-
sults for 7> 0 in Fig. 7 exhibit an exponential decay; however,
this is an artifact of experimental limitations, e.g., the region
near Ar = Oshould have 2 nonexponential (quadratic) behavior
in terms of Ar as the microscale limit is approached (Becker -
et al., 1967; Hinze, 1975; Tennekes and Lumley, 1972). This
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is not seen in Fig. 7 because the present spatial rasolution was
not adequare to resolve the smallest scales. In terms of Ar/
Az the exponential fit of the radial spatial resolution was not
adequate to resolve the smallest scales. In terms of Ar/.\,, the
exponential fit of the radial spatial correction is quite simple:

S r=an 2 J (0 fr+an=exp(-Ar/A;)  (10)
where it should be understood that Ar>0 as defined earlier.
The results in Fig. 7 show that Eq. (10) provides a good fit of
the measurements whenever both points of the correlation are
on the same side of the axis, e.g., r>0 0or Ar< sl when r <
0. This approximation is effective because A, is relatively con-
stant over the range of the measurements, as noted earlier.
Notably, 2 radial spatial correlation at the plume axis in the
self-preserving region, reported by Papantoniou and List
(1989), has essentially the same shape as Eq. (10).

The symmetric spatial correlation provides the other limiting
behavior of the radial spatial correlations seen in Fig. 7. These
correlations exhibit a Frenkiel function shape as follows: sim-
ilar to the exponential fit at small Ar; crossing to a region of
negative correlations at Ar/A,. = 2.1, which corresponds to
Ar/(x—x,) = 0.07; reaching a maximum negative value of
—0.1 near Ar/Ay,. = 4, which corresponds 10 Ar/(x—x,) =
0.13; and finally decaying from the negative side toward zero
as Ar/Ajy. becomes large. This behavior can be represented by
the following empirical fit:

F AN (=~ Ar/2) 7 £ (ar/2)
=(1-0.11(Ar/ApP)exp(~ Ar/Ag) (1)

The present behavior is qualitatively similar to symmetric cor-
relations observed in nonbuoyant jets, except that the negative
correlation region is reached sooner in jets, Ar/(x—x,) in the
range 0.04-0.06, and the maximum negative correlation is larger
in jets, in the range —0.10 to —0.18 (Corrsin and Uberot,
1950; Becker et al., 1967).

The Frenkiel function behavior of the symmetric correlation
is probably caused by the requirement for conservation of
scalar flux. In particular, fluctuations of one sign must be
compensated by fluctuations of the other sign on opposite sides
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of the axis so that the mixture fraction flux is preserved as a
whole. Similar behavior is well known for the lateral spatial
correlations of velocity fluctuations in isotropic turbulence due
to conservation of mass requirement {Hinze, 1973). The rather
slow final decay of the negaiive portion of the symmerric
correlation, in comparison 10 the exponential decay for r> 0,
also tends to support a large-scale requirzment of this type.
Unfortunately, interpreting the Frenkiel function shape of the
symmetric correlation will require information about velocities
(or scalar fluxes) that currently is not available.

The measured spatial correlations for negative r in Fig, 7
generally are intermediate between the exponential and Fren-
kiel function limits. Naturally, the exponential correlation is
retrieved exactly when Ar<lIs| and both points are on the
same side of the axis. On the other hand, when ar=21r] for
r < 0, the symmetric correlation is retrieved. Not surprisingly,
other values of Ar generally represent an interpolation between
these two limits. Most of the complexities of radial spatial
correlations however, involve relatively small values of the
correlations, which should not have a large effect on radiation
fluctuations.

Integral Scales. The properties of the iemporal power spec-
tra and radial spatial correlations are completed by the cor-
responding temporal and spatial integral scales. Present
measurements of the integral scales are plotted as a function
of radial distance in Fig. 8 for both sources. The measurements
extend into the self-preserving region, 25 < (x~x,)/d=151;
however, effects of streamwise distance are relatively small
when plotied in the manner of Fig. 8.

The temporal integral scales at the top of Fig. 8 have been
plotted by adopting Taylor’s hypothesis for the relationship
between spatial and temporal integral scales. Then the temporal
integral scales have been normalized using self-preserving tur-
bulent plume scaling relationships, i.e., length scales are pro-
portional to (x — x,) and the velocity scales of the self-preserving
region (Rouse et al., 1952; List, 1982). This approach seems
robust and provides a good correlation of the temporal integral
scales over the range of the present measurements. The results
show a progressive increase of 1, with radial distance. This
follows from Taylor’s hypothesis because spatial integral scales
are relatively independent of radial position (see the lower part
of Fig. 8) while streamwise mean velocities decrease as the
edges of the plumes are approached.

The radial spatial integral scales for the plumes in the present
self-preserving region, (x — x,)/d =87, are plotted in the lower
part of Fig. 8. These integral scales were found from the cor-
relations for positive values of 7, as discussed previously. They
have been normalized by (x — x,) 10 indicate scaling in the self-
preserving region, similar to the temporal integral scales. The
results indicate relatively little variation of Ay for r/
(x=x,)<0.15, followed by a reduction toward zero at large
radial distances. This behavior follows from the intermittency
of the flow at larger radial distances where the dimensions of
turbulent fluid having mixture fractions greater than zero must
decrease progressively. Present measurements yield A,/ (x — x,)
= 0.033 near the axis (r/(x—x,)<0.09) within the self-pre-
serving region ({x—x,)/d=87). In contrast, Papantoniou and
List (1989) report somewhat scattered and consistently lower
values of A,/(x—x,) at comparable streamwise distances, in
the range 0.011-0.022 for r/(x ~ x,) < 0.044. The large Schmidt
numbers of the liquid plumes considered by Papantoniou and
List (1989) may be responsible for the differences between the
two studies because this allows larger amounts of unmixed
fluid to penetrate the flow than in gaseous plumes. Thus, large
Schmidt numbers would tend to reduce spatial correlations,
whileincreasing concentration fluctutaions as discussed earlier.

Conclusions
Mixture fraction statistics were measured in round buoyant
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turbulent plumes in still air. The test conditions involved buoy-
ant jer sources of carbon dioxide and sulfur haxafluoride to
give po/pw 0f 1.51 and 5.06 and source Froude numbers of
7.80 and 3.73, respectively, with (x-x,)/d in the range 0-131
and (x—x,)/ly, in the range 0~43. The major conclusions are
as follows:

1 The present measurements, supported by earlier findings
of Papanicolaou and List (1989) for similar conditions, vielded
distributions of mean mixture fractions in self-preserving
plumes that were up to 30 percent narrower, with scaled values
at the axis up to 30 percent larger, than other results found
using buoyant jet sources in the literature, e.g., Papanicolaou
and List (1987, 1988), Shabbir and George (1992), George et
al. (1977), and Rouse et al. (1952), among others. Based on
the observation that the earlier results were similar to behavior
within the transitional plume region during the present study,
it appears that the earlier results were not obtained at sufficient
distances from the source 10 reach self-preserving conditions.
In particular, self-preserving conditions were reached for
(x~x,)/d= 87 during the present measurements and those of
Papantoniou and List (1989), while the earlier measurements,
for comparable source Froude numbers, involved (x—x,)/
d=<62. Naturally, distances from the source to reach self-pre-
serving conditions depend on source properties like Re,, Fr,,
and p,/p., and may be much shorter for purely buoyant sources
(Kotsovinos, 1985); quantifying these effects merits additional
study.

2 Radial profiles of mixture fraction fluctuations in the
self-preserving region for plumes do not exhibit reduced values
near the axis similar to jets. Instead, effects of buoyancy cause
mixture fraction fluctuations to be maximum at the axis with
intensities of roughly 435 percent. These large intensities prob-
ably are responsible for the large radiation fluctuation levels
observed in the near-overfire region of fires.

3 Probability density functions of mixture fractions can
be approximated reasonably well by either clipped-Gaussian
or beta functions. Unlike nonbuoyant turbulent jets, finite
levels of intermittency are observed at the axis within the self-
preserving region of turbulent plumes.

4 The low-frequency portion of the temporal spectra of
mixture fraction fluctuations is a robust property of plumes,
which scale in a relatively universal manner even in the tran-
sitional plume region. The spectra exhibit the well-known —5/
3 power inertial decay region followed by 2 ~ 3 power inertial-
diffusive region. The latter region has been observed by others
in buoyant flows but is not observed in nonbuoyant flows;
thus, it is an interesting buoyancy/turbulence interaction that
merits further study.

5§ Radial sparial correlations were limited by correlations
where both points were on the same side of the axis, which
exhibited an exponential decay, and symmetric correlations,
which approximated a Frenkiel function. This behavior prob-
ably follows from conservation of scalar flux considerations,
but more measurements and study are required to understand
the phenomena controlling spatial correlations. Behavior near
microscales was not addressed during the present study due to
the limited spatial resolution of the measurements.

6 Integral scales behaved as anticipated and provisional
scaling relationships have been proposed that merit additional
study. Temporal integral scales were smallest at the axis, which
follows from Taylor’s hypothesis noting than mean velocities
are largest in this region. Radial spatial integral scales were
largest at the axis, which follows from the topography of the
flow, i.c., the streamwise extent of particular sections of par-
tially mixed turbulent fluid must decrease as the ntermitlency
increases toward the edge of the flow.
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An experimental study of the structure of round buoyant turbulent plumes was carricd

out, limited to conditions within the fully developed | self-preserving ) portion of the
flow. Plume conditions were simulated using dense gas sources { carbon dioside and
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over the present test range (87~ 151 source diameters and 12-43 Morton length scales
from the source ), which was farther from the source than most earlier measurements.
Additionally, the new measurements indicated that self-preserving plumes are nar-

rower, with larger mean streamwise velocities near the axis (when appropriaiely
scaled) and with smaller entrainment rates, than previously thought. Velociry statistics
reported include mean and fluctuating velocities, 1emporal power spectra. temporal and
spatial integral scales, and Reynolds stresses.

Introduction

The structure of round buoyant turbulent plumes in still and
unstratified environments is an important fundamental problem
that has attracted significant attention since the classical study of
Rouse et al. (1952). However, recent work has highlighted the
need for more information about buoyant turbulent plumes in
order to address effects of turbulence/radiation interactions
(Kounalakis et al., 1991). and to help benchmark models of
buoyant turbulent flows (Dai et al., 1994 ). Thus, the objective
of the present investigation was (o measure mean and fluctuating
velocity properties in round buoyant turbulent plumes in order to
supplement carlier measurements of mean and fluctuating scalar
properties (mixture fractions) in these flows, due to Dai et al.
(1994). The fully developed region, where effects of the source
have been lost and the propenties of the flow become self pre-
serving, was emphasized due to its fundamental importance for
simplifying both theoretical considerations and the interpretation
of the measurements ( Tennckes and Lumley, 1972), even though
few practical plumes reach these conditions.

Several reviews of turbulent plumes have appeared (Chen and
Rodi, 1980: Kotsovinos, 1985; List. 1982; Papanicolaou and List,
1987, 1988): therefore, the discussion of past studies will be
brief. The earliest work emphasized the development of similar-
ity relationships for flow properties within fully developed (self-
preserving } buoyant turbulent plumes ( Rouse et al., 1952; Mor-
ton et al.. 1956, Morton, 1959). Subsequently, many workers
reported observations of mean propertics at self-preserving con-
ditions; however, the various determinations of centerline values
and flow widths generally were not in good agreement (Abra-
ham, 1960; Chen and Rodi, 1980: Dai ct al., 1994; George et al.,
1977; Kotsovinos, 1985: Kotsovinos and List, 1987: Mizushima
et al.. 1979; Nakagome and Hirata, 1977: Ogino et al.. 1980;
Papanicolaou and List, 1987, 1988; Papantoniou and List. 1989.
Peterson and Bayazitoglu, 1992; Seban and Behnia, 1976: Shab-
bir and George, 1992; Zimin and Frik, 1977). Papanicolaou and
List (1987, 1988), Papanioniou and List (1989), and Dai et al.

' Current address School of Mechanical Engineering, Purdue Univernity, West
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(1994) attribute these discrepancies mainly to problems of fully
reaching self-preserving conditions. with conventional expeni-
mental uncertainties serving as a contributing factor.

Self-preserving round buoyant turbuient plume conditions are
reached when streamwise distances from the plume source are
large in comparison to two characteristic length scales, as fol-
lows: (1) the source diameter, as a2 measure of conditions where
cffects of source disturbances have been lost: and (2) the Morton
length scale, as a measure of conditions when the buoyant fea-
tures of the flow are dominant. For general buoyant jet sources.
the Morton length scale is defined as follows (Monon, 1959; List.
1982; Papanicolaou and List, 1988): )

lu = MYIBY (n

For round plumes with uniform properties defined at the source
(similar (o the present experiments ), the source specific momen-
wm flux, My, and the source buoyancy flux, Bg. are defined as
follows (List, 1982; Dai et al., 1994):
My = (m/4)d uj (2)
(3)
where an absolute value of the density difference has been used
in Eq. (3) to account for both rising and falling plumes. Substi-
wting Eqs. (2) and (3) into Eq. () then yiclds the following
expression for {, for round plumes that have uniform properies
at the source:
lw = (=13)""(p.duiliglog = p D' ()

The ratio, /./d. is proportional to the source Froude number.
defined as follows for conditions analogous to those of Eg. (4)
(List, 1982):

Frg = (3/7)"'1/d = (p.ujlglps = puld))'?

By = (7/4)d’usglpe — p-l/p.

(5

The source Froude number is a convenient measure of the dom-
inance of buoyancy at the source, ¢.g.. Fr, = 0 and = for purely
buoyant and for purely nonbuoyant sources, respectively.
Papanicolaou and List (1987, [988) suggest that buoyancy-
dominated conditions for mean and fluctuating quantities are
reached for (x — x40/ 1y greater than roughly 6 and 14, respec-
tively, which has been satisfied by most past measurements seek-
ing results at self-preserving conditions ( Dai et al., 1994). How-
ever, aside from the measurements of Papanioniou and List
(1989} and Dai et al. (1993, to be discussed subsequently . ex-
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isting measurements of radial profiles of mean and fluctuating
properties in buovant turbulent plumes have been limited to (x
~ x./dinthe range 6-62. with most measurements emphasizing
the lower end of this range. see Papanicolaou and List ({987,
1988, Shabbir and George { 19921, George et al. (1977). Ogino
et al. {1980). Nakagome and Hirata (1977). and Peterson and
Bayazutoglu (1992), among others. This range of normalized
streamwise distances is rather small to achieve self-preserving
conditions. based on findings for nonbuoyant round turbulent jets
where values of (.t — x,)/d greater than roughly 40 and 100 are
required to achieve self-preserving profiles of mean and fluctu-
ating properties, respectively ( Hinze, 1975: Tennekes and Lum-
ley. 1972}, Similar behavior for round buoyant turbulent plumes
recently has been established by Papantoniou and List (1989)
and Dai et al. { 1994). These measurements were limited to scalar
properties and found that self-preserving mean and fluctuating
mixture fractions (i.c.. the mass fraction of source material in a
sample ) only were achieved at (x — xq)/d and (x ~ x4 M/ [, greater
than roughly 100 and 10, respectively. These results also showed
that self-preserving buoyant turbulent plumes were narrower,
with larger mean and fluctuating scalar properties at the axis
(when appropriately scaled). than earlier reported measurements
of self-preserving scalar properties made closer 1o the source.
Finally, it seems likely that self-preserving behavior for other
properties only is achieved at comparable conditions.

The preceding discussion suggests that existing measurements
of mean and fluctuating velocities within round buoyant urbulent
plumes probably involve transitional plumes. Thus, the objective
of the present investigation was to extend the scalar propenty
measurements of Papantoniou and List (1989) and Dai ¢t al.
(1994) 1o consider mean and fluctuating velocity properties
within the self-preserving region of round buoyant turbulent
plumes. Present test conditions were identical to those of Dai et
al. (1994). and involved source flows of carbon dioxide and
sulfur hexafluoride in still air at room temperature and atmo-
spheric pressure. This approach yields downwardly flowing neg-
atively buoyant plumes in still and unstratified environments, and
allows straightforward specification of the buoyancy flux within
the 1est plumes.

Experimental Methods

Test Apparatus. Description of the experimental apparatus
will be brief; see Dai et al. (1994) for more details. The test
plumes were within a screened enclosure (which could be tra-
versed to accommodate rigidly mounted instumentation) that
was mounted within an outer enclosure. The plume sources were
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long round tubes that could be traversed in the vertical direction
within the inner enclosure for measurements at various stream-
wise distances from the source. The ambient air within the en-
closures was seeded with oil drops (roughly I um nominal di-
ameter) for laser velocimetry (LV) measurements of velocities,
using several multiple jet spray generators (TSI mode! 93061
that discharged above the screened top of the outer enclosure. In
the self-preserving region where present measurements were
made, maximum mixture fractions wers less than § percent:
therefore, effects of concentration bias ( because only the ambient
air was seeded ) were negligible.

Instrumentation. Dual-beam, frequency-shified LV was
used for the velocity measurements, based on the 514.5 nm line
of an argon-ion laser. The optical axis of the LV passed horizon-
taily through the flow with signal collection at right angles to the
optical axis to yield a measuring volume having a diameter of
400 um and a length of 260 pm. A darkened enclosure as well
as a laser line filter in front of the detector were used to minimize
effects of background light. Various orientations of the plane of
the laser beams were used to find the three components of mean
and fluctuating velocities, as well as the Reynolds siress, as de-
scribed by Lai and Faeth (1987).

The detector output was amplified and processed using a burst
counter signal processor (TSI, model 1980B). The low-pass fil-
tered analog output of the signal processor was sampled at equal
time intervals in order to avoid problems of velocity bias, while
directional ambiguity and bias were controlied by frequency
shifting. The detector output was sampled at rates more than
twice the break frequency of the low-pass filter in order to control
alias signals. Seeding levels were controlled so that effects of
step noise contributed less than 3 percent 10 determinations of
velocity fluctuations, based on measurements of temporal spectra
to be discussed later. Experimental uncertainties (95 percent con-
fidence) were mainly governed by finite sampling time limita-
tions and are estimated 1o be iess than 5 and 13 percent for mean
and fluctuating velocities, respectively: the cormesponding uncer-
uinties for Reynolds suresses are estimaced to be less than 16
percent. ’

Test Conditions. The experiments involved carbon dioxide
and sulfur hexafluoride plumes as summarized in Table 1. For (£
- x)d = 87, where self-preserving conditions were observed,
the Kolmogorov microscales of velocity flucruations were less
than 350 pm: therefore, the spatial resolution of present mea-
surements was not sufficient 1o resolve the smallest scales of
turbulence. Present source conditions were identical to those of
Dai et al. (1994), however, the locations of the virtual origins of

By = source buoyancy flux, .1, = characteristic plume x = streamwise distance
Eq. (3) radii based on fand & n = dimensionless radial distance,
d = source diameter L., = Moroa length scale, Egq. (15)
E,(n} = temporal power spectral Egs. (1) and (4) v = kinematic viscosity
density of velocity com- My = source-specific momen- p = density
ponent i twm flux, Eq.(2) ;. 7, = temporal integral scales of f*
E, = entrainment constant, n = frequency and u’
{19 Q = plume volumetric flow .
= icilxtur: fraction ]:alc Subscripts
F(ri(x = x,)) = scaled radial distnibu- r = radial distance ¢ = centerline value
tion of fin self-preserv- Rey = source Reynolds num- 0 = initial value or vinual origin
ing region ber = ugd/vg location
Fry = source Froude number, u = streamwise velocity x = ambient value
Eq. (5) ) ] Utrilx — 2y = s_caled r-a_c?ial distribu- Superscripts
& = acceleration of gravity tion of & in self-pre- v )
k. k, = plume width coeffi- serving region () = time-averaged mean value
cients based on fand i v = radial velocity () = root-mean-squared fluctuating
w = tangential velocity value
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Tabie 1 Summary of test conditions®
Sowse Properses [as) 5Fy
Densty (kp'mh 175 547
Kunerraac vuscosty (mrmlist 3.5 24
Qnarnesr (o) 9.7 é.4
Average velotuey (mv's) 174 1.89
Reynolds number. Rey 2000 4600
Froude aurbder, Fry 7.30 373
Moron jengh scale. /4 7.34 3.53
Vutual onga, based on T.1/a® 12.7 0.0
Vurual ongu, based on G.1o/d 090 0.0

*Flow durected verocally downward tn sall air with aa ambrent pressure, WIpPCTASIT,
denuiry and lanemanc vissosiry of 99 2 0.5 kP, 297 2 0.5 K. 1. 16 wg/mdand 148
mms. Source passage len guh-o-diarsarer ratios of 30:1.

5Based on U measurements of Dai et al. (1954).

the carbon dioxide plume, based onf from Dai etal. (1994) and
based on I for the present measurements. were not identical. It
was beyond the scope of the present investigation t0 study the
reasons for different locations of these virtual ongins: however,
such behavior is not surprising because the initial conditions and
Prandtl/Schmidt numbers are not the same for mixture fractions
and velocities.

Self-Preserving Scaling

The general state relationship for density as a function of mix-
ture fraction, assuming ideal gas behavior, is given as follows for
the present plume flows (Dai et al., 1994):

p =201 = f(1 = padpg)) (6)

Then. noting that f <¢ | in the self-preserving region. Eq. (6) ¢an
be linearized as follows:

p=ptfoll = pudps) fR1 (N

Under present assumptions, conservation principles and the state
relationship for density imply that the buoyancy flux is conserved
for buoyant turbulent plumes. Then mean sueamwise velocities
and mixture fractions can be scaled as follows in the self-pre-
serving region, where flow properti¢s are independent of source
properties like d and «y (List, 1982):

F((x ~ x)/B)'" = U(rl(x = x)) (8)
f2B5¥ N x = o)V d in pldflpe = F(ri(z - %)) (%)

For present conditions, it can be seen from Eq. (7) that
Idinpldflio = lpo — p=1/po (10)

is a measure of the buoyancy potential with the extent of mixing.
As before, an absolute valuc has been used in Eq. (10) to account
for both rising and falling plumes. The x in Egs. (8) and (9) are
the virtual ongins for @ and f. respectively, as noted in Table 1.
The U(ri{x ~ ty)) and F(r/{x — xs)) are appropriately scaled
radial profile functions of mean sueamwise velocities and mix-
ture fractions. which become universal functions in the self-pre-
serving region far from the source where Eq. (7) 2pplies. Equa-
tions (8) and (9) were used 10 exirapolate present measurements
of mean mixture fractions and velocitics along the axis to find
the corresponding values of the vinual origins, as discussed ear-
ler.

Results and Discussion

Mean Velocities. The evolution of mean and Auctuating mix-
ture fractions from source to self-preserving conditions has been
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considered by Dai et al. ( 1992). Present measurements of veloc-
ity propertics were limited to the region where self-preserving
behavior was observed for mean and fluctuating mixture frac-
tions: namely. (« — ,)/d = 87 and (x = xM/ly = 12 Within
this region. selocity properties also were observed to be self-
preserving. Present measuremenis of mean streamwise velocitie
for the self-preserving region are llustrated in Fig. 1. The scaling
parameters of Eq. (8) are used in the figure so that the ordinate
is equal to U{r/{x — x,)). The variation of U(r/(x - 1)) is
seen (0 be universal within experimental uncenainties over the
range of the measurements, as anticipated for self-preserving
flow. In contrast, results at smaller values of {x - x,¥/d. not
shown in Fig. |. exhibited broader profiles and smaller values of
U(0). analogous to the behavior of f observed by Dai et al.
(1994} in the transitional region of buoyant urbulent plumes.
Within the sclf-preserving region, present radial profiles of
mean streamwise velocities are reasonably approximated by a
Gaussian fit. similar to past work (Rouse et al.. 1952; Papani-
colaou and List. 1988: Ogino et al., 1980; Nakagome and Hirata.
1977: Shabbir and George. 1992: George et al., 1977) as follows:

Ulri(x = x0)) = U(0) exp{ =ki(r/{x = xo))7)  (11)

where
k= (x - )1, 12y

and /, is a characteristic plume radius where &/d, = exp(-1).
The best fit of the present data in the self-preserving region
yielded U(0) = 4.3 and k! = 93, with [,/{(x — 13) = 0.10. The
resulting correlation is seen to be a good representation of the
measurements illustrated in Fig. |.

Present measurements of mean streamwise velocities in the
self-preserving region of turbulent plumes yield narrower profiles
with larger values near the axis ( when appropriately scaled ) than
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Fig. 1 Radial profiles of mean streamwise velocities in self-preserving

buoyant turbulent plumes
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earlier results obtained at smaller distances from the source. This
behavior is quantitied in Table 2. where the range of sireamwise
distances considered for measurements of radial prodles of self-
preserving plume properties. and the corresponding reported val-
ues of &2, U(0), and 1./(x — x,). are summarized for represen-
tative past studies and associated earlier work from the same
laboratories. Past measurements generally satisfy the criterion for
buoyancy-dominated flow. Le.. (x = x4}/l > 6 (Papanicolaoy
and List. 1987, 1988). However. except for the present study,
the measurements were oblained at vilues_of (.t - 15)/d that
normally are not associated with self-preserving conditions for
jetlike sources. Somewhat like the tendency for wvansitional
plumes to have broader profiles than the self-preserving region,
mentioned earlier, the values of k? tend to increase as the maxi-
mum sireamwise position considered is increased, exhibiting an
increase of 40 percent for the range of conditions given in Table
2. This yields a comresponding reduction of the characteristic
plume radius of 40 percent, and an increase of U(0) of 25 per-
cent. when approaching self-preserving conditions over the range
considered in Table 2.

Present measurements of radial profiles of mean radial veloc-
ities are illustrated in Fig. 2. The scaling parameters used in the
figure for T and radial distance provide universal plots within the
self-preserving region as well as a check of the internal consis-
tency of the present measurements of & and . This behavior can
be seen from conservation of mass in the self-preserving region
where the variation of density is small, e.g.:

rdalfz + 8r510r = 0 (13

Integrating Eq. (13). noting that ¥ = 0 at r = 0. then yields:
"
U (x —x)i) = f ((x = W& )(84/3x)ndn  (14)
[}

where

n=rl(x—x) (13)

The integral on the righi-hand side of Eq. (14) can be evaluated
for self-preserving conditions after substituting from Eqs. (8) and
(11) for & and &,. This yields:

FSl{{x ~ 15)T,) = {5/6k3){[(] + 6kin'/5)

X exp(—kin®y = 11 (16)

which demonstrates the universality of the scaled value of rv as
a function of n within the seif-preserving region. Finally, adopt-
ing kI = 93 from present measurements (see Table 2) yields the
piot based on the mean streamwise velocity measurements iltus-
trated in Fig. 2.

The measurements of T illustrated in Fig. 2 exhibit universal
behavior for the two test plumes. as anticipated for the self-pre-
serving region. Additionally, the measurements of T also are con-
sistent with present measurements of &, based on good agreement
with the correlation found from & through the continuity equa-
tion. This check is imponant because U is small. roughly an order

Table 2 Summary of sel-preserving buoyant turbulent plume velocity
properties”
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Fig.2 Radial profiles of mean radial velocities in self-preserving buoyert
turbulent plurries

of magnitude smaller than ¥’, so that it is difficult to measure due
to its rather low signal-to-noise ratios.

The asymptotic values of rU at large absolute values of 5 are
proportional to the entrainment constant of the plumes, which is
important for integral theories of plume scaling and as a measure
of turbulent mixing rates (Morton, 1959: Morton et al., 1956).
Entrainment behavior can be seen by integrating Eq. (13) 10 ob-
1ain an expression for the rate of change of the volumermric flow
rate within the plumes at self-preserving conditions where the
density of the flow is nearly constant:

dld.r.J‘ rudr = dQ/dx = —(rV)a (17)
°

An estimate of (rV). can be found from the measurements of
mean streamwise velocities through Eq. (16), as follows:

= (rt/((x = )a) = 5/(6kD) (18)
In view of the agreement between measurements of r¥ and Eq.
(16), discussed earlier. Eq. (18) provides a reasonable estumate
of enrainment properties. Then, noting that kI = 93, Eq. (18)
yields = (r¥)/{((x = x4)a,) = 0.0050.

Actual entrainment constants have values that depend on the
charactenstic radius and velocity used in their definition { Mor-
ton, 1959). For present purposes, it is convenient to use [, and
&, as the radius and velocity scales so that the entrainment con-
stant, E,. is defined as follows:

dQldr = EJ &, (19
Then. an expression for £, can be found in terms of measure-
ments of mean streamwise velocities from Eqgs. (12).(17).118)
and (19). as follows:

Ey = 5/{6k,) (20)
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Values of £, found from Eq. (20) are summarized in Table 2 for
various existing measurements. The main trend of the data is for
£,y to dzcrease as self-preserving conditions are approached at
large distances from the source, with E; decreasing roughly 40
percent over the range of existing measurements.

Velocity Fluctuations. Radial profiles of streamwise, radial,
and tangental velocity fluctuations for the self-preserving region
of the two sources. (x = xy)/d = 87 and (x — x)/{w = 12, are
illustrated 1n Figs. 3-5. It is seen that over the range of sucam-
wise distances considered, the profiles are universal within ex-
perimental uncentainties. Results at smaller distances ( not shown
in Figs. 3-5), however, exhibited broader profiles, analogous to
the other mean and fluctuating properties within the transitional
region of buoyant turbulent plumes. The magnitude of stream-
wise turbulence intensities near the axis, however, actually de-
creases slightly during the latter stages of development of the
transitional plumes. This behavior appears to be due to the in-
crease of mean velocities near the axis (when appropriately
scaled) as the self-preserving region of the flow is approached.
Thus. present estimates of (&'/a), = 0.22 generally are lower
than values in the range 0.25-0.32 observed earlier for transi-
tonal plumes, see Table 2.

The presence of the dip in streamwise velocity fluctuations
near the aus for the self-preserving region, seen in Figs. 3-5, is
similar to the behavior of nonbuoyant jets, see Papanicolaou and
List 1 19881 and references cited thercin, and is expected because
turbulence production is reduced near the axis due to symmetry.
In contrast, Dar et al. (1994) did not observe a corresponding dip
near the axis for mixture fraction Auctuations, within self-pre-
serving buovant turbulent plumes, which they attribute to buoy-
ancy/turbulence interacuions because such dips are observed in
nonbuovant turbulent jets | Becker etal., 1967). Another unusual
effect of buavancy 1s that streamwise turbulence intensities near
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Fig. 8 Temporal power spectra of strearmwise velocity fluctustions in the
sefl-preserving portion of buoyant turbusient suttur e xafiuoride plumes

the axis of self-preserving plumes are slightly lower than for
nonbuoyant jets. 0.22 in comparison to 0.25. see Papanicolaou
and List (1988) for a discussion of existing turbulent jet data.
Thus. buoyancy/turbulence interactions simultaneously actto re-
duce velocity fluctuation intensities, and to increase mixture frac-
tion fluctuation intensities, near the axis of self-preserving tur-
bulent plumes, in comparison to values found for nonbuoyant
jets. Other propenties of the velocity fluctuations in the self-pre-
serving region of buoyant turbulent plumes are qualitatively sim-
ilar 10 nonbuoyant turbulent jets (List, 1982). For example. ¥°
= ' throughout the self-preserving region. while the outer edge
of the flow is nearly isotropic, ¢.g.. & =V’ = W' for r/(x — z5)
= 0.2. [n conurast, the flow exhibits greater anisotropy near the
axis. e.g. &' = 1.25¥' = 1.25%" for r/(x ~ x5) < 0.1. Finally.
the region of peak values of 7', T’ and w' is nearly the same,
e.g.. rl{x = z9) of roughly 0.05.

Some typical temporal power spectra of streamwise velocity
fluctuations for the self-preserving region of the sulfur hexafluo-
ride plumes are illustrated in Fig. 6. Results for the self-preserv-
ing region of the carbon dioxide plumes are similar. The spectra
are relatively independent of radial position, when normalized in
the manner of Fig. 6. The spectra initially decay according 1o the
-1 power of frequency. analogous 10 the well-known inertial-
convection region for scalar property and velocity fluctuations in
nonbuoyant turbulence ( Tennekes and Lumley, 1972). At higher
frequencies. however, there is a prominent region where the spec-
tra decay according to the -3 power of frequency. which has
been observed before but only in buoyant turbulent flows ( Dai
etal.. 1994; Mizushima eral.,, 1979: Papanicolaou and List. 1987,
1988 1. This region has been called the inenial-diffusive sub-
range, where the variation of the local rate of dissipation of ve-
locity fluctuations in buoyant flows is due to buoyancy-generated
inerual forces rather than viscous forces, This effect is plausible
due 1o the progressive increase in the span of the inerial range
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2s (r — o)/ d. or the plume Revnolds number. increases. For
example, the intersections of the -1 and -J subranges occur at
higher values of n7,. and {1 = x,1/d indreases; similar behavior
has been observed for muxture fraction fluctuations in the self-
preserving region of buoyant turbulent plumes Daietal.. 1994).
Al higher frequencies. power spectral densiues should become
small as the Kolmogoroy scale is approached. However, present
measurements could not resolve this region due to seeding fim-
itations. which introduced effects of step noise.

The measured values of the temporal integral scales are illus-
wrated in Fig. 7 for the self-preserving region of the two plumes.
Additionally, streamwise spatial integral scales have been found
from the temporal integral scale data using Taylor’s hypothesis,
¢.g.. A = &7, and are plotted in Fig. 7 as well. Self-preserving
normalization has been used for both integral scales, similar to
past treatment of integral scales relevant to mixture fraction fluc-
tuations ( Dai et al.. 1993). Both integral scales approximate uni-
versal behavior for self-preserving conditions when plotted in the
manner of Fig. 7. The spatial integral scale for streamwise ve-
locity, A.,. exhibits a slight reduction near the axis, which is not
observed for spatial integral scales associated with mixture frac-
tion fluctuations. The increase of r, near the edge of the flow is
similar to the behavior of 7, observed by Dai et al, (1994): this
increase is caused by smaller mean velocities near the edge of
the flow. combined with relatively uniform spatial integraj scales,
through Taylor’s hypothesis.

Reynolds Stress. Present measurements of Reynolds stress
for the sclf-preserving region of the two plumes are illustrated in
Fig. 8. The measurements are seen to exhibit universal behavior
throughout the self-preserving region, with u'v’ = Q at r = 0,
and then increasing to a maximum value near r/(x — x) = 0.05
(in the absolute sense), before decreasing to zero once again at
Jarge r. Notably, the region of the maximum Reynolds stress in
Fig. 8 roughly corresponds 1o the region of maximum velocity
flucruations in Figs. 3-5.
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Fig. 8 Radial profiles of Reynolds stress in self-preserving buoysnt tur-
bulent plumes

The consistency of measured values of Reynolds stress with
other measurements of mean and fluctuating quantities was eval-
uated. similar to the conservation of mass considerations for T.
discussed earlier. Imposing the approximations of a thin, bound-
ary-layer-like plume flow, self-preserving conditions so that den-
sity variations are small. and neglecting viscous stresses in com-
parison to turbulent stresses, there results:

FOTI0x - TOWlilr = Q13T = 'Y
+g(l - p./po)f— Alor(ru'viilr (21)

Then, integrating Eq. (21), assuming (@'° - T'7)/&° < |, and
using the present correlations for & and T and the correlation for
f from Dai et al. (1994), all for the self-preserving poniion of
the flow, yields the following expression for Reynolds suresses:

$EIE = (FLOM(29kiU(0 (1 = exp(—kjn®))
+ (0~ 13k expl =2kin®) = H(3kin)® = @via?l (22)

Equation (22) also is plotted in Fig. 8. [n general, this relation-
ship is in good agreement with the measurements. implying rea-
sonably good internal consistency of the present data. The main
discrepancies between Ey. (221 and present measurements of
Reynolds stresses are ohserved near the edge of the Aow. This
difficulty is mainly thought to be due to errors in the fits of mean
velocities and mixture fractions by Gaussian functions near the
edge of the flow.

Conclusions

Velocity stanistics were measured in round buasant turbylent
plumes in wall and unstrantied air, in order to supplement eartier
measurements of mixture fraction statistes for these ows due
to D ¢t al. (1993, The test conditions imvolved buoyvane jet
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sources of carbon droxide and sulfur hexafiuornide 1o give o/p.
of 1.31 and 306 and source Froude numbers of 7.80 and 3753,
respecinely with o ~ o/ in the rangz 87=15T and (4 - v/
{y in the range 12-23 The major coaclusions of the sudy are
2~ follows:

I Present measurements Vielded distributions of mean
streamwise velovities in self-preserving plumes that were up o
=0 percent narrower. with larger mean sireamwise velocities near
the axis [when appropriately scaled . and smaller entrainment
rates. than eardier resylts in the literature. The reason for these
differences is that the earlier measurements were limited to (1 -
aMd s 62, which is not a sufticient distance from the source 10
observe self-preserving behuvior. Notably. these observations
confirm the earlier results of Dai et al. (1994) conceming the
requirements for self-preserving buayaat twrbulent plume behav-
ior. based on measurements of mixture fraction statistics.

2 Radial protiles of velocity Auctuations in sell-preserving
buoyant turbulent plumes and nonbuoyant turbulent jets are sim-
tlar: the streamwise component exhibits a dip near the axis with
intensities at the axis of roughly 22 percent for buoyant turbulent
plumes. and there is 2 teadency toward isotropic behavior ncar
the edge of the flow. This behavior is in sharp contrast 10 mixture
fraction statistics where mixture fraction fluctuations within
buoyant turbulent plumes do not exhibit a dip near the axis. un-
like nonbuoyant turbulent jets. Effects of buoyancy/turbulence
inleractions causing this contrasting behavior for velocity and
mixture fraction statistics clearly menit further study.

3 The temporal power spectra of streamwise velocity and
mixture fraction fluctuations are qualitatively similar: The low-
frequency portions scale in 2 robust manner even in the transi.
tional plume region. there is an inenial region where the spectra
decay according to the -1 power of frequency, and there is an
inertial-diffusive region at higher frequencies where the specua
decay according 10 the =3 power of frequency. The inemial-dif-
fusive region has been observed by others for buoyant flows but
is not observed in nonbuoyant flows: thus, the inenial-diffusive
region is an interesting buoyancy/turbulence interaction that
merits further stdy. .

4 Past evaluations of turbulence models for buoyant turbu-
lent fows, based on the assumption of self-preserving behavior
for earlier measurements within buoyant turbulent plumes,
should be reconsidered. In particular, present measurements sug-
gest that such evaluations were compramised by effects of flow
development because past measurements generally involved
transitional plumes.
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Velocity/Mixture Fraction
Statistics of Round,
Self-Preserving, Buoyant
Turbulent Plumes

An experimental study of the structure of round buoyanr wrbulent plumes was carried
out, limited to conditions in the self-preserving portion of the flow. Plume conditions
were simulated using dense gas sources (carbon dioxide and sulfur hexafluoride ) in
a still and unstrarified air environment. Velocity/mixture-fraction statistics, and other
higher-order turbulence quantities, were measured using laser velocimetry and laser-
induced fluorescence. Similar to earlier observations of these plumes, self-preserving
behavior of all properties was observed for the presen: lest range, which involved
streamwise distances of 87-151 source diameters and 12-43 Morton length scales
Jfrom the source. Streamwise turbulent fluxes of mass and momentum exhibited coun-
tergradient diffusion near the edge of the flow, although the much more significant
radial fluxes of these properties satisfied gradient diffusion in the normal manner.
The turbulent Prandil/Schmidt number, the ratio of time scales characterizing velociry
and mixture function fluctuarions and the coefficient of the radial gradient diffusion
approximation for Reynolds stress, all exhibited significant variations across the flow
rather than remaining constant as prescribed by simple rurbulence models. Fourth
moments of velocity and velocity/mixture fraction fluctuarions generally satisfied the
quasi-Gaussian approximation, Consideration of budgets of turbulence quantities
provided information about kinetic energy and scalar variance dissipation rates, and
also indicated that the source of large mixture fraction fluctuations near the axis of
these flows involves interactions between large streamwise turbulent mass fluxes and

the rapid decay of mean mixture fractions in the streamwise direction.

Introduction

The structure of round buoyant turbulent plumes in still and
unstratified environments is a classical problem that has at-
tracted significant attention in order to gain 2 better understand-
ing of buoyancy/turbulence interactions; see Chen and Rodi
(1980), Kotsovinos (1985), List (1982), Papanicolaou and
List (1987, 1988) and references cited therein for summaries
of past turbulent plume studies. In general, most investigations
of this flow have emphasized the fully developed region where
effects of the source have been lost and flow properties become
self-preserving, in order to simplify both theoretical considera-
tions and the interpretation of measurements (Morton, 1959;
Morton et al., 1956; Rouse et al., 1952; Tennekes and Lumley,
1972). Motivated by these observations, measurements of mean
and fluctuating velocities and scalar properties in self-preserving
round buoyant wrbulent plumes were recently completed in this
laboratory (Dai et al., 1994, 1995). The objectives of the pres-
ent investigation were to extend these measurements to consider
additional turbulence properties within round self-preserving
buoyant turbulent plumes— emphasizing combined velocity/
mixture fraction statistics, higher-order correlations, budgets of
turbulence properties and conservation checks, which should
be helpful for developing and evaluating models of buoyant .
wrbulent flows.

Buoyant jets were used as the source of the present round
buoyant turbulent plumes, similar to most past studies of this

' Currcnt address: School of Mech
Lafayene, IN.

Contributed by the Heat Transfer Division for publication in the JOURNAL OF
HEAT TRANSFER. Manuscript received by the Heat Transfer Division December
1994; revision received July 1995. Keywords: Natural Convection, Plumes, Tur-
bul Associate Technical Editor: Y. Jalurda,

ical Engineering, Purdue University, West
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flow. Then, all scalar properties are conveniently represented
as functions of the mixture fraction (which corresponds to the
mass fraction of source material in a sample) called state rela-
tionships (Dai et al., 1994, 1995). Additonally, reaching self-
preserving conditions for buoyant jet sources requires stream-
wise distances that are large in comparison to both the source
diameter, d, as a measure of conditions where source distur-
bances have been lost, and the Morton length scale, Iy, as a
measure of conditions where the buoyant features of the flow
are dominant (Morton, 1959; List, 1982; Papanicolaou and List,
1988). When these requirements are satisfied, f < 1 so that the
state relationship giving the density as a function of mixture
fraction can be linearized as follows (Dai et al., 1994, 1995):

f<1 (1

Noting that the buoyancy fiux of the plume, B,, is conserved,
mean streamwise velocities and mixture fractions can be scaled
as follows for self-preserving conditions (Dai et al., 1995; List,
1982):

= pa +fp-(1 - pslpo)-

F((x — x,)B,)'" = U(n) : 2)
FaB(x = x,)*?|d (In p)dflso = F(n) . (3)

where from Eq. (1)
[d(ln p)ldfljo = lp, = pullp, (C))
The functions U(n) and F(n) generally are approximated by
Gaussian fits, as follows (Rouse et al., 1952; Papanicolaou and

List, 1988; Mizushima et al., 1979; Ogino et al., 1980; Shabbir
and George, 1992; George et al., 1977):
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U(n) = U(O) exp(~—(k7)?),

F(n) = F(0) exp(~(k7)%) (5y

where

ko= (x = x),, k= (x -z (6)
and /, and [, are characteristic plume radii where @a, = f17,
= exp(—1), respectively.

Following the classical experimental study of round buoyant
turbulent plumes of Rouse et al. (1952), where source proper-
ties and thus estimates of (x — x,)/d and (x — x,)/[,, are difficult
to define, attempts generally have been made to carry out mea-
surements at increasing distances from the source in order to
approach self-preserving conditions more closely; see Abraham
(1960). Seban and Behnia (1976), Nagagome and Hirata
(1977). Zimin and Frik (1977), Mizushima et al. (1579),
Ogino et al. {1980), Shabbir and George (1992), Peterson
and Bayazitoglu (1992). Papanicolaou and List (1987, 1988),
Papantoniou and List (1989), and Dai et al. (1994, 1995).
Except for the measurements of Papantoniou and List (1989)
and Dai et al. (1994, 19935), 10 be discussed subsequently,
however, these measurements were limited to (x ~ x,)/d <62,
which seems rather small 1o achieve self-preserving behavior
compared (0 nonbuoyant jets where recent work suggests that
(x = x,)/d = 70 is required to reach self-preserving behavior
for both mean and fluctuating properties; see Panchapakesan
and Lumley (19932, b). Thus, not surprisingly, recent measure-
ments of round buoyant turbulent plumes from Papantoniou and
List (1989) and Dai et al. (1994, 1995) found that self-preserv-
ing behavior of mean and fluctuating velocities and mixture
fractions only was achieved when (x - x,)/d and (x = x,}/Iu
were greater than roughly 90 and 12, respectively. These results
also showed that self-preserving round buoyant turbulent
plumes were narrower, with Jarger values of mean velocities
and both mean and fluctuating mixture fractions near the axis

" (when appropriately scaled), than earlier reporied measure-
ments of self-preserving properties made closer to the source.
For example, values of characteristic plume radii were reduced
up to 40 percent, and corresponding values of U(0) and F(O_)
were increased up to 40 percent, over the range of the experi-
ments mentioned earlier (Dai et al.,, 1994, 1995). It seems
likely that self-preserving behavior for other properties is only
achieved at comparable conditions.

54

In view of the previous discussion, additional measurements
within the self-preserving region of round buovant turbulent
plumes clearly are needed in order to supplement the results
available from Papantoniou and List (1989) and Dai er al.
(1994, 1995). Thus. the present objectives were to carTy out a
study along these lines, involving new measurements of veloc-
ity /mixtwure function statistics and other higher-order turbulence
quantities, using the experimental conditions of Dai et al. (1994,
1995). These results were also exploited to complete conserva-
tion checks of the experiments of Dai et al. (1994, 1993), 1o
compute budgets of turbulence quantities, and to begin assess-
ment of contemporary models of buoyant rurbulent flows. The
test conditions of Dai et al. (1994, 1995) were considered,
which involved round source flows of carbon dioxide and sulfur
hexafluoride in still air at room temperature and atmospheric
pressure. Thus, these conditions yield downward-flowing round
buoyant turbulent plumes in still and unstratified environments,
while providing a straightforward specification of plume buoy-
ancy fluxes. Instrumentation involved laser velocimery (LV)
10 measure velocities and laser-induced iodine fluorescence
(LIF) to measure mixture fractions, similar to Dai et al. (1994,

1995).

Experimental Methods

Test Apparatus. Descriptions of the experimental appara-
tus, instrumentation, and test conditions will be brief; see Dai
et al. (1994, 1995) for more details. The test plumes were
observed in a screened enclosure that could be traversed to
accommeodate rigidly mounted instrumentation, which was
mounted within an outer enclosure. The outer enclosure had
plastic side walls with a screen across the top for air inflow in
order to compensale for the removal of air entrained by the
plume. The plume flow was removed through ducts located at
the lower corners of the outer enclosure using a bypass/damper
system to match plume entrainment rates. Effects of cofiow and
confinement on flow properties were evaluated and found to be
negligible. All components that might contact'iodine vapor were
plastic, painted, or scaled in plastic wrap, in order to prevent
corrosion.

The plume sources consisted of long rigid round plastic tubes
that could be traversed in the vertical direction to accommodate
measurements at various streamwise distances from the source.
Gas flows 1o the sources were controlled and measured using

Nomenclature

v = molecular kinematic viscosity

a = acceleration of gravity
B, = source buoyancy flux
C,2 = turbulence modeling constant,
Eq. (20)
C,. = trbulence modeling constant,
Eq. (21)

d = source diameter

D, D, = wrbulent diffusion of k and g, -

Egs. (13) and (18)
f = mixuwre fraction
F(n) = scaled radial distribution of f,
Eqgs. (3) and (5)
Fr, = source Froude number =
(4/7)"1,1d
g = variance of mixture fraction
fluctuations = 2
G = buoyant production of k,
Eq. (16)
k = wrbulence kinetic energy
ks, k, = plume width coefficients based
on f and 7, Eq. (6)

Joumnal of Heat Transfer

Iy, I, = characteristic plume radii based
onf and @, Eq. (6)
Iy = Morton length scale =
Mf,“/Bl”

M, = source-specific momenturn flux
P, P, = mechanical production of k and
£, Eqs. (15) and (19)

r = radial distance
Re, = source Reynolds number =
u,dlv,
T = pressure diffusion of &, Eq. (14)
u = streamwise velocity
U(n) = scaled radial distribution of &,
Eqgs. (2) and (5)
v = radial velocity
w = tangential velocity
x = streamwise distance
€, €, = rate of dissipation of k and g
7 = dimensionless radial distance =
rl(x — x)

v, = effective turbulence kinematic
viscosity
p = density
or = effective turbulence Prandtl/
Schmidt number
@, = generic variable

Subscripts

¢ = centerline value

o = initial value or viral origin
location

o = ambient value

Superscripts
() = time-averaged mean value
( )’ = root mean-squared fluctuating
value
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pressure regulators in conjunction with critcal flow orifices.
The source flows were seeded with iodine vapor for LIF mea-
surements. The ambient air was seeded with oil drops (roughly
! um nominal diameter) for LV measurements using several
multiple jet seeders that discharged above the screened top of
the ourter enclosure. Maximum mixture fractions in the self-
preserving region were less than 6 percent: therefore, effects of
concentration bias, because only the ambient air was seeded.
were negligible.

Instrumentation. The combined LV/LIF measuring sys-
tern was similar to the arrangement described by Lai and Faeth
(1987). A dual-beam, frequency-shifted LV was used for veloc-
ity measurements. The arrangement was based on the 514.5 nm
line of an argon-ion laser. and had a horizonal optical axis and
a measuring volume diameter and length of 400 and 260 um,
respectively. Different orientations of the plane of the laser
beams, the direction of the optical axis, and the direction of
horizontal traverse of the plumes were used to resolve various
correlations of velocity and mixwre fraction fluctuations, as
described by Lai and Faeth (1987). The detector output was
processed using a burst-counter signal processor. The low-pass-
filtered analog outpurt of the signal processor was sampled at
equal time intervals in order to avoid problems of velociry
bias, while directional bias and ambiguity were controlied by
frequency shifting. The processor output was sampled at rates
more than twice the break frequency of the low-pass-filter in
order to control alias signals. Seeding levels were controlled so
that effects of step noise contributed less than 3 percent to
determinations of velocity fluctuations (Dai et al., 1995). Ex-
perimental uncertainties (95 percent confidence) are estimated
to be less than 5, 10, 15. and 20 percent, for first, second. third,
and fourth-order moments of particular components of velocity
fluctuations, respectively; uncertainties of corresponding mo-
ments involving several components of velocity fluctuations are
generally larger, up to twice as large. These uncertainties were
maintained up to r/{x = x,) = 0.15 but increased at larger
radial distances, roughly inversely proportional to Z.

The LIF signal was produced by the fluorescence of iodine
in the 514.5 nm laser beams used for LV. The detector was
positioned at right angles to the optical axis to yield a measuring
volume diameter and length of 260 and 1000 um, respectively.
The LIF signal was separated from the light scatiered at the laser
line using a long-pass optical filter with 2 cut-off wavelength of
530 nm. The detector output was amplified and low-pass filtered
to control alias signals using a sixth-order Chebychev filer
having a break frequency of 500 Hz. The absorption and LIF
signals were calibrated based on measurements across the
source exit by mixing the source flow with air to simulate
various mixture fractions. These calibrations showed that iodine
seeding level fluctuations were less than 1 percent, that the LIF
signal varied linearly with laser power and iodine concentration,
and that reabsorption of scattered light was negligible. Differen-
ual diffusion effects between the source gas {carbon dioxide or
sulfur hexaftuoride) and iodine also are negligible, as discussed
by Dai et al. (1994). Analysis of experimenial uncertainties
indicated values less than 5, 10, 15, and 20 percent for first,
second, third, and fourth-order moments of mixture-fraction
fluctuations, respectively. These uncertainties were maintained
up 1o r/(x ~ x,) = 0.15 but increased at larger radial distances,
roughly inversely proportional to f. As before, uncertainties of
moments involving several components of velocity and mixture-
fraction fluctuations are larger, up to 50 percent larger.

Test Conditions. The test conditions for the carbon dioxide
and sulfur hexafluoride plumes are summarized in detail by Dai
et al. (1994, 1995). Major parameters for the carbon dioxide
and sulfur hexaftuoride sources, respectively, are as follows: d
= 9.7 and 6.4 mm, p,/p= = 1.5] and 5.06. Re, = 2000 and
4600, Fr, = 7.80 and 3.75, and I, /d = 7.34 and 3.53. The
virual origins of the two flows were found by extrapolating
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measurements of mean velocites and mixwre fractons along
the axis of the self-preserving region according to Eqs. (2) and
(3); see Dai et al. (1994) for a plot of this extrapolation for
mean mixture fractions; the resulting virtwal origins of the two
flows were reladvely small, i.e.. x,/d = 12.7. Finally, measure-
ments within the self-preserving regions of these plumes yielded
flow width parameters, as follows: kI = 93. , = 125, I./(x -
x,) = 0.10. and [//(x - z,) = 0.09.

The present measurements and those of Dai et al. (1994,
1995) were used to complete conservation checks along the
lines of Shabbir and Taulbee (1990). The results showed that
the present measurements satisfied the governing equations
within experimental uncertainties. In addition. buoyancy fluxes
were conserved within 3 percent and the balance between the
plume momentum and buoyancy terms in the integrated form
of the governing equation for conservation of momentum was
satisfied within an average of 18 percent, which is compatible
with the experimental uncertainties of these properties.

Results and Discussion

Results will be presented by considering second, third, and
fourth moments of fluctuating quantities, in turn, before con-
cluding with a discussion of budgets of trbulence quantities.
[t should be noted at the outset that all properties measured
during the present investigation exhibited self-preserving be-
havior over the test range, e.g., 87 = (x — x,)/d = 151 and
12 < (x - x,)/1y = 43, which agrees with the carlier observa-
tions of Dai et al. (1994, 1995).

Second Moments. Mean quantities (e.g.,f, . and T), some
second moments of fluctuating quantities (e.g., f '3, a"%, ¢'%,
w'? and u'v’) and associated quantities (e.g., probability den-
sity functions, spatial correlations, temporal power spectra, and
temporal and spatial integral scales) can be found in Dai et al.
(1994, 1993). Other similar parameters at this level (e.g.. W,
w'y’, and w'u’) are formally zero. Thus, the present measure-
ments of second moments concentrated on combined mixture
fraction/velocity correlations (e.g., the turbulent mass fluxes,
fru'y f'v', and f'w’, and the turbulent Prandi/Schmidt
number). '

The_present measurements of the turbulent mass fluxes,
fru’', f'v'.and f'w’; are illustrated in Fig. 1. The tangential
turbulent mass flux f'w’ = 0, for an axisymmetric flow, which
was adequately represented by present measurements. The ra-
dial wurbulent mass flux, £ 'v’, is the most important turbulent
mass diffusion parameter in the present boundary-layer-like
flow. Similar to u'v’ discussed by Dai et al. (1995), f'v' =
0 at r = 0 due to symmeuy, and then increases to a maximum
near r/(x — x,) = 0.06 (in the absolute sense ) before decreasing
10 zero once again at large r. Finally, f’u’ exhibits rather large
values in the present flows, somewhat analogous to @' *and f '*
discussed by Dai et al. (1994, 1995). In fact, the correlation
coefficient (f'u'/(f'@’)). = 0.7, which is unusually large.
This behavior is caused by the intrinsic instability of plumes,
where large values of f provide a corresponding potential to
generate large values of u through effects of buoyancy (George
et al,, 1977). Another aspect of the large values of f u” is that
the turbulent mass flux contribution to the total buoyancy flux
of the plume is appreciable (roughly 15 percent) and must be
considered in conservation checks. R

The consistency of present measured values of f'v’ was
evaluated similar to earlier considerations of Uand ¥’v” by Dai
etal. (1995). Imposing the approximations of 2 boundary-layer-
like flow, seif-preserving conditions so that density variations
are small, and neglecting molecular mass diffusion in compari-
son to turbulent mass diffusion, the governing equation for mean
mixture fracuon becomes:

#0f18x + 9Of18r = —8/8x(f'u") — 818r(r f'v")r (7)
Then, integrating Eq. (7). both ignoring and considering the
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swearmwise wrbulent mass Jux. 7 a’, and using correlations
of 7. 7. and [ in the self-preserving porton of the fow from
Dai et ai. (1994, 1995), yields the two predicdons of j'v’
illustrated in Fig. 1. Includiag f'«’ in the integration does not
have a large effect on predictions of f v’ because even though
JSu’ is large near the axis, f'v’ is small in this region due to
the rzquirements of symmewry. Thus, both predictions are in
good agreement with the present measurements of j'v’, which
helps to confirm the internal consistency of the measurements.

The gradient diffusion approximation is commonly made for
simplified models of turbulent mixing, which implies the fol-
lowing relationships for the radial and stweamwise turbulent
mass fluxes:

f79" = =(urlor)af10r, 0" = ~(vrlor)8f 18z (8)

This approach is generally acceptable for the radial direction,
based on present measurements of f ‘v’ illustrated in Fig. 1 and
the correlation for f given by Eqgs. (3) and (5). Unforunately,
the approach yields estimates of countergradient diffusion in
the sreamwise direction, e.g., f’u’ > 0 from Fig. 1 but §f/
Bx = 0 when r/(x — x.,) = (3)"*/k; = 0.082, which implies
an unphysical negative value of vy near the edge of the flow as
well as a clear absence of the isotropy of vy implied by Eq.
(8). Analogous considerations for turbulent stresses, based on
the measurements of Dai et al. (1995), again yield acceptable
behavior for the radial direction; however, countergradient dif-
fusion is encountered for the streamwise direction when r/(x
- z,) = (})"*/k, = 0.042. Nawrally, these countergradient
diffusion effects in the sireamwise direction are not very im-
portant for boundary layer flows like the present plumes, where
swearnwise turbulent transport is ignored in any event; neverthe-
less, this deficiency raises concerns about the use of simple
gradient diffusion hypotheses for more complex buoyant turbu-
lent flows of interest in practice.

Simple gradient diffusion hypotheses, with constant turbulent
Prandd/Schmidt numbers, are even problematical for transport
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Fig. 1 Radial distributions of turbulent mass fluxes within round self-
preserving buoyant turbulent plumes
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Fig. 2 Radial distribution of turbulent Prandtl/Schmidt numbers within
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in the radial direction within self-preserving buoyant turbulent
plumes. For example, introducing the gradient diffusion hypoth-
esis for the Reynolds suess, as follows:

u'v' = -y 88/0r

(%)

and climinating vy between Eq. (9) and the expression for
f'v’ in Eq. (8). yields the following expression for the turbu-
lent Prandtl/Schmidt number:

or = (u v/ f v W8F18r)(8aldr) (10)

The available measurements of u“v’, f'v’, f, and 7 from Dai
et al. (1994, 1995) and the present study were used to find o
as a funcuon of radial position in the self-preserving region
of the flow as illustrated in Fig. 2. The measurements exhibit
significant scatter, which is unavoidable because finding o7 in-
volves four measurements including two determinations of gra-
dients. Keeping this limitaton in mind, the results indicate crude
self-preserving behavior for o, with oy near 0.8 at r = 0 and
then decreasing progressively with increasing radial distance
toward or = 0.1 near the edge of the flow (except for a few
outlying points at the flow edge where present experimental
unceriaintes are large). Clearly, this behavior departs signifi-
cantly from assumptions of ¢y = 0.7 or 0.9 across the width of
the flow that are made in simple turbulence models; see Lock-
wood and Naguib (1975), Lumley (1978). Shabbir and
Taulbee (1990), Taulbee (1992), and references cited therein.
Thus, the difficulty with oy also suggests that higher-order tur-
bulent closures are needed to treat flow development effects
reliably in buoyant wrbulent flows.

Third Moments. Gradients of third moments of velocity
fluctuations determine the turbulent diffusion of turbulence ki-
netic energy and turbulent stresses, and are important for est-
mating the turbulence kinetic energy budget and developing
higher-order models of turbulence (Malin and Younis, 1990;
Panchapakesan and Lumley, 19932, b: Shih et al.. 1987). For
the present flows, several of these correlations are zero due to
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Faet = =’ ¢ < +
w'u'T =" = 0 of these, the

axial symmeny, e.g.. w'u’"
last was observed and was found to be properly equal 10 zzro
as a check of the measurements.

Measurements of all other third moments of velocity fluctua-

. wrd e} T, T T, o7 7 y
uons—a T 7, w v v w7, and u'w’ T——wers com-
pleted and are illuszated in Fig. 3, after normalizing in 2 manner
appropriatz for round self-preserving buoyant turbulent plumes.
As noted earlier, these correlations are self-preserving within
experimental uncertainties, and have been approximated by lo-
cal least-squares fits in preparation for the calculation of budgets
to be discussed later. Panchapakesan and Lumley (1993a) re-
port recent measurements of these moments, and discuss earlier
measurements as well. for round nonbuoyant turbulent jets; they
find maximum values of > and t"% at ~r/(x — x,) = 0.1 with
amaximum value of U3/ 7} are somewhat larger for nonbuovant
than buoyant turbulent flows, 0.0055 compared to 0.0040; this
behavior corresponds to the somewhat larger second moments
of velociry fluctuations for nonbuovant than for buoyant flows
observed by Dai et al. (1995). The other moments illustrated
in Fig. 3 are qualitatively similar to the results measured by
Panchapakesan and Lumley (1993a) for round nonbuoyant tur-
bulent jets.

Gradients of third moments of combined velocity/mixture
fraction fluctuations determine the turbulent diffusion of scalar
variance and scalar fluxes, and hence are important for estimat-
ing the scalar variance budget and developing higher-order
models of wrbulence. Terms of this type also appear at lower
order when the governing equations are forrulated using mass-
weighted (Favre) averages, as advocated by Bilger (1976) for
flame environments. Several of these correlations are zero due
to axial symmeuy, e.g., f'u'w’ = f'v'w’ = 0; of these, the
last was measured and found to be properly equal to zero as a
check of the present measurements.

Measurements of the nonzero third moments of velocity/
mixture fraction fluctuations— f'u’*, f'v*. f'w', fu'v’,
f'ru’,and "=’ —are illustrated in Fig. 4. after normalization
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Fig. 3 Radial distribution of triple moments of velocity fluctuations
within round self-preserving buoyant turbulent plumes
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in 2 manner appropriate for round self-preserving buoyant tur-
bulent plumes. Similar to other correlations, these results exhibit
self-preserving behavior and least-squares fits have been found
for them for later use in computing budgers. Other measure-
ments of these properties are rare; therefore, about all that can
be said is that there are qualitative similarities between present
measurements and those of Panchapakesan and Lumley
(1993b) for a transitional buoyant plume.

Fourth Moments. The fourth moments of velocity and ve-
locity/mixwre fraction fluctuations are needed to find appro-
priate expressions for the diffusion terms of triple-moment mod-
els. One approach for modeling fourth moments is to use the
quasi-Gaussian approximation where fourth moments are ap-
proximated by products of second moments. as follows (Pan-
chapakesan and Lumley, 1993a):

Sid/dld, = (d/¢/Ndndl)
+ (6jdL)(did)) + (did2)(djdr) (11)

where ¢/, etc.. are generic vector or scalar fluctuating quant-
ties. This approximation is exact if each of the fluctuating vari-
ables sausfies 2 Gaussian probability density function (PDF),
e.g.. 7' =3(a'?)*, etc., implies a kurtosis of 3, which is correct
for a Gaussian PDF of u'. In the present instance, velocity
fluctuations mainly satisfy Gaussian PDFs, but modifications
due to intermitiency must be anticipated near the edge of the
flow. In addition, the mixture fraction exhibits additional effects
of intermittency because it has a finite range, 0 = f= 1, and
cannot fundamentally satisfy a Gaussian PDF, although past
work suggests that a clipped-Gaussian PDF is a reasonably good
approximation for its behavior (Dai et al., 1994). Thus, effects
of intermittency, which penetrate clear to the axis for self-pre-
serving round buoyant turbulent plumes (Dai et al., 1994) are
an issue for present flows: therefore, efforts were made to evalu-
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ate the effectiveness of the Gaussian approximaton for estimat-
ing the fourth moments of fluctuating quantities.

The fourth moments of velocity fluctuations considered dur-
ing the present investigation, along with corresponding quasi-
Gaussian approximations using the measurements of Dai et al.
(1993) for second moments of velocity fluctuations, are illus-
trated in Fig. 5. Cormrelations considered include 7%, 7°, w**,
RV, w w e, v w'S, and the sum (FTF + u'v?), which
could not be separated using the present test and LV configura-
tion. Typical of other properties, these correlations exhibit self-
preserving behavior within experimental uncertaintes. Similar
to the observations of Panchapakesan and Lumley (19932) for
round nonbuoyant wrbulent jets, the quasi-Gaussian approxima-
tion is reasonable even though present flows exhibit significant
intermittency for r/(x — x,) > 0.1. Corresponding to the some-
what lower second moments of velocity fluctuations seen for
buoyant turbulent plumes in comparison to nonbuoyant wrbu-
lent jets. correlations like ¥ -w’° have somewhat lower maxi-
mum values in the present buoyant turbulent plumes than in
the nonbuoyant turbulent jets observed by Panchapakesan and
Lumley (1993a). .-

The fourth moments of combined velocity/mixture fraction
fluctuations considered during the present investigation, along
with corresponding quasi-Gaussian approximations using both
present measurements and those of Dai et al. (1994, 1995) for
second moments, are illustrated in Figs. 6 and 7. Correlations
considered include the first moments of £’ in Fig. 6 (e.g.,
Fu e T w s, f w3, and 7 v '), and the higher
moments of f' in Fig. 7 (e.g.. f u =, F 3=, Fwo,
f’su', 77", and 7 *u'v’). These correlations also exhibit
self-preserving behavior and are in reasonably good agreement
with the quasi-Gaussian approximation, within experimental un-
cerainties, in spite of anticipated effects of intermittency for r/
(x = x,) > 0.1. Finally, several fourth-order moments that
should be zero due to symmeuy, eg., f'w', flu'w’,

“u'w’, and f'’w’ were measured, and were all properly
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found to be equal to zero within experimental uncertainties as
a check of the measurements.

Budgets. Budgets of turbulence kinetic energy and scalar
variance were considered in order to provide estimates of the
rates of dissipation, which were not measured directly during
the experiments, and to highlight the mechanisms of turbulent
mixing in buoyant turbulent flows. Properties needed to com-
pute budgets were found from Dai et al. (1994, 1995) and
the present study. The procedure involved using the general
expressions of Eqs. (2) ~(6) for 7 and f, along with the local
least-squares fits illustrated on the plots of other properties.

The governing equations for the turbulence kinetic energy, &
= (&% + v + w'7)/2, and the scalar vanance, g = f°7,
were found at the high Reynolds number limits appropriate for
present experimental conditions where direct effects of molecu-
lar diffusion can be ignored. In order to simplify the following
discussion, it was assumed that T'° = w’?, which is a good
approximation for the present flows based on the measurements
of Dai et al. (1995). Under these approximations, the governing
equation for turbulence kinetic energy can be written as follows
(Panchapakesan and Lumley, 1993b):

aokl!ox +Wkior=D + T+ P+ G —¢ (12)

where
D = —8/8x(u'k) - 818r(rv'k)/r (13)
T=-38/8x(pa’) = 818r(rp'v )T (14)

P=—(a'?—v'*)daldx — u'v’'(8a/8r + dulBx) (15)
G = (1~ ppyafu’ (16)

The terms on the left-hand side (LHS) of Eq. (12) represent
advection while the terms on the right-hand side (RHS) repre-
sent turbulent diffusion (diffusion ), pressure diffusion, mechan-
ical production (production}, buoyancy production, and dissi-
pation, respectively. .

The present determinations of the terms in the equadon of
conservation of turbulence kinetic energy for the self-preserving
region are plotted in Fig. 8. Each term in the plots has been
made dimensionless by multiplying it by (x — x,)/@}, which
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is consistent with seli-preserving scaling. In this case, the radial
producton. the towl producton (production), the buoyancy
producton. the advection, the tota! diffusion (diffusion). and
the radial diffusion tertns have been found directy from the
measurements. In conwrast, the sum of dissipation plus prassure
diffusion (which is labeled dissipation in the figure) has been
found from the budget as a balance. In the following. the pres-
sure diffusion effzct will be ignored 2ad the sum will be treated
as dissipation alone. similar to other treatments of turbulent
flows having nearly coastant density (Panchapakesan and Lum-
ley. 1993a, b: Shih et al.. 1987). The radial and total production
terms, and the radial and total diffusion terms, are nearly the
same as expected for a boundary laver flow. Near the axis,
advection, radial diffusion, and buovancy production are all
roughly the same, and their sum is balanced by dissipation. The
profiles of production, diffusion. and dissipation are qualita-
tively similar to the results reported by Panchapakesan and
Lumley (1993a) for nonbuoyant turbuleat jets; however, advec-
uon near the axis is much smaller for plumes than for jets (by
a factor of 2-3), which is compensated by contributions from
buoyancy production and diffusion for the plumes.

Under the same approximations as the & equation, the govemn-
ing equations for the scalar variance can be written as follows
(Panchapakesan and Lumley, 1993b):

a0g/0x + Tdg/8r = D, + P, — ¢, (17
where

D, = —8/8x(u'g) ~ 813r(rv g)lr (18)

P, = =2fudf10x — 2f v 8F16r (19)

The term on the LHS of Eq. (17) is the advection while the
terms on the RHS are the turbulent diffusion (diffusion), me-
chanical producton (production), and dissipation. respectively.

The present determinations of the terms in the equation for
scalar varjance for the self-preserving region are plotted in Fig.
9. Each term in the plots has been made dimensionless by
multiplying it by (x = x,)/(F:g.). which is consistent with
self-preserving scaling. In this case, the advection, the total
production {production), the radial production, the total diffu-
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Fig. 9 Mixture fraction fluctuation budget within round self-preserving
buoyant turbulent plumes
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Table 1 Summary of turbulence model parameters for round self-pre-
serving buoyant turbulent plumes

Hx-zo) 0.00 0.05 0.10 0.15 020
Ce 2.56 1.96 3.70 455 417
c® 0.10 011 0.043 0.031 0.040

AR50 of cheracserisic velodity w sixarr-fracion Sme scales, Cpr = 24 K(eg).
PTurbulenes modcling coasant, G, = € o vV X230 /3 ).

sion (diffusion), and the radial diffusion have been found di-
recuy from the measurements. In contrast, the dissipation has
been found from the budget as a balance. Radial and total diffu-
sion are nearly the same, which is typical of a boundary-layer
flow. In contrast, streamwise and radial production are only
comparable near the edge of the flow, while streamwise produc-
tion dominates near the axis, as discussed earlier, due to the
large sireamwise gradient of §” and large values of f'u’ in this
region. It is Likely that this large level of streamwise production
near the axis is responsible for the large values of scalar variance
in this region: see Dai et al. (1994). Near the axis, advection
(with smaller contributions from production and diffusion) is
balanced by dissipation. Near the edge of the flow. however,
advection becomes small and radial production balances diffu-
sion. These wends are similar to the observations of Pancha-
pakesan and Lumley (1993b) for a transitional buoyant turbu-
lent jet, except that the present flows have larger contributions
to advection, balanced by increased dissipation, near the axis.

Present estimates of ¢ and ¢, from Figs. 8 and 9 are helpful
for studying approximations used in wrbulence models. Two
parameters of interest that will be considered are the ratio of
the characteristic velocity to mixwre-fraction time scales, C,s.
and the constant in the gradient diffusion approximation for the
Reynolds suress, C,. These two propenties can be evaluated, as
follows:

Ciz = ekl (eg) (20}

and

C, = —eu'v'/(k*8a/dr) (21)

Continuing the approximation that the pressure diffusion terms
can be ignored when evaluating ¢, the present measurements
and those of Dai et al. (1994, 1995) provide all the properties
on the RHS of Eqs. (20) and (21), which allows C,2and C,
to be evaluated. The resulting measured values of C,; and C, are
summarized as a function of r/(x —~ x,) in Table 1. Analogous 1o
the turbulent Prandd/Schmidt number illustrated in Fig. 2, the
values of C,. and C, vary considerably as r/(x — x,) varies,
possibly due to intermitiency, rather than remaining constant in
accord with the approximations of simple turbulence models.
Near the axis, however, C,. is in the range 1.96-2.56, which
is comparable to the value of this constant used in simple turbu-
lence models where C,; is in the range 1.87-1.92; see Lock-
wood and Naguib (1975). Similarly, values of C, near the axis
are 0.10-0.11, which also is comparable to the widely used
value, C, = 0.09; see Lockwood and Naguib (1975). In any
event, these deficiencies of C,: and C, in simple turbulence
models support the need for higher-order closures to treat effects
of flow development reliably within buoyant turbulent flows.

Conclusions

Velocity/mixwre fraction statistics and other higher-order
turbulence quantities were measured within self-preserving of
round buoyant turbulent plumes in stll and unstratified air, in
order to supplement earlier measurements of mixture fraction
and velocity statistics for these flows due to Dai et al. (1994,
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1995). Test conditons involved buovant jet sources of carbon
dioxide and sulfur hexafluoride to give p,/p. of 1.51 and 5.06
and source Froude numbers of 7.80 and 3.73. respectively. with
(x — x,)/d in the range §7-151 and (x - x,)/l. in the rangs
12-43. The major conclusions of the study are as follows:

I All moments observed during the present investigation.
which extended up to fourth moments of combined velocity/
mixture fraction fluctuations, exhibited self-preserving behavior
within experimental uncertainties over the test range. similar to
the earlier observatdons of Dai et al. (1994, 1993).

2 Sweamwise turbulent fluxes of mass and momentum ex-
hibited countergradient diffusion for /(x — x,) = 0.082 and
0.042, respectively, although the much more significant radial
fluxes of these properties satisfied gradient diffusion in the nor-
mal manner for the present boundary layer flows, Nevertheless,
even though the countergradient diffusion deficiency is not very
important for self-preserving round turbulent plumes, the pres-
ent observations raise concerns about the use of simple gradieat
diffusion hypotheses for more complex buoyant turbulent flows
of interest in practice.

3 The turbulent Prandtl/Schmidt number, the ratio of char-
acteristic velocity to mixture fraction time scales and the coeffi-
cient of the radial gradient diffusion approximation for Reyn-
olds stress, all exhibited significant variations across the flow
rather than remaining constant as prescribed by simple turbu-
lence models. These variations tend to paralle! the variation of
intermittency 50 that the presence of nonturbulent fluid may be
responsible for the behavior. These variations of flow properties
also suggest that higher-order model closures are needed to trear
effects of flow development reliably within buoyant turbulent
flows.

4 Fourth moments of velocity and velocity/mixture fraction
flucruations generally sadsfied the quasi-Gaussian approxima-
ton across the flow width. This behavior also has been observed
by Panchapakesan and Lumley (1993a, b) for nonbuoyant and
buoyant jets, but it still was surprising in view of potential
cffects of intermittency and the departure of the PDF of mixture
fraction from Gaussian behavior near the edge of the flow.

5 Stweamwise turbulent mass fluxes are quite large near
the axis in buoyant turbulent plumes, where the comresponding
correlation coefficients are roughly 0.7. This behavior. com-
bined with the rapid decay of mean mixture fraction in the
streamwise direction, is a strong source of production of scalar
fluctuations, which probably is responsible for the large values
of mixwre fraction fluctuation intensites, roughly 0.45, ob-
served near the axis of round self-preserving buoyant turbulent
plumes. :
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Appendix D: Dai and Faeth (1996)
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Measurements of the Structure of
Self-Preserving Round Buoyant
Turbulent Plumes

Z. Dai! and G. M. Faeth'

Nomenclature
a = acceleration of gravity
8, = source buoyancy flux
d = source diameter
f = mixture fraction
F(rl{x - x,)) = scaled radial distibution of /, Eq. (1)
Fr, = source Froude number = (3/7)" I /d
k. k., = plume width coefficients based on fand @
v = Moron length scale = M)“/8L*
M, = source specifi¢ momentum flux
r = radial distance
u = suweamwise velocity
U(ri(x = x,)) = scaled radial distribution of @, Eq. (2)
X = streamuwise distance
p = density
Subscripts
¢ = centerline value
o = initial value or virual origin location
= = ambient value
Superscripts
{7) = time-averaged mean value
(") = root-mean-squared fluctuating value
Introduction

Round buoyant turbulent plumes in still and unstratifizd envi-
ronments are classical flows that are imponant for evaluating
concepts and models of buoyancy/turbulence interactions. Fully
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developed buoyant wrbulent plumes ass

cause theyv have lost extranzous source !
structure is seli-preserving, which simplifies both theory and
the intzrpretation of measurements (Moron, 1959). These ob-
servations have prompted many studies of seli-preserving buoy-
ant turbulent plumes: see. for example, Dai et al. (1994, 19932
b). Papanicolaou and List (1938). Papantoniou and Lisc
(1989). Shabbir and Georgs (1992). and rsierences cited
therein. In contrast to most earlier swdies. which were carmed
out nearer to the source, however, the recent measurements of
Dai et al. (1994, 1993a, b) showed that self-preserving round
buoyant turbulent plumes were narrower, and had larger mean
mixture fractions and streamwise velocities near the axis. than
previously thought. The objective of the present investigation
was (o extend earlier evaluations of these measurements. em-
phasizing potential problems due to flow confinement. to help
insure that an artifact of the experiments was not responsible
for these somewhat startling findings.

Consistent with most swdies of round buoyant turbulent
plumes, self-preserving plume propenies will be defined for
conditions where buoyant jets are used as plume sources and all
scalar properties can be represented conveniently as functions of
the mixtwre fraction. Reaching self-preserving conditions for
buoyanl jet sources requires that (x — x,)/d and (x—x )1y >
1. to insure that effects of both source disturbances and source
momentum have been lost (Morton, 1959; List, 1982); then,
self-preserving behavior implies that £ < 1, that the buoyancy
flux is conserved, and that £ and &7 scale as follows:

JaBI(x = )" 1d(ln p)df o = F(rl(x = 5,)) (1)
aG((x = x)/8,)'" = U(ri(z = ) (2)

where F(r/(x - x,)) and U(+/(x — z,)) are universal functions
that generally are approximated by Gaussian fits; in addition,
various other flow statistics can be represented as universal
functions of #/(x - .,) after normalizing mixtre fraction and
velocity properties by f. and &,. respectively (Dai et al.. 1994,
1995a, b).

The controversy concerning the properties of self-preserving
round buoyant turbulent plumes involves both the conditions
needed to observe them and their structure. In panticular, most
carlier measurements (o establish the self-preserving structure
of round buoyant twrbulent plumes were limitzd to (x — x.)/
d = 62, which seems small for self-preserving behavior. For
cxample, Panchapakesan and Lumley (1993) only observed
self-preserving behavior for round nonbuoyant turbulent jets
when (x — x,)/d = 70, which is consisient with the observations
of Dai et al. (1994, 1995a. b). that sell-preserving behavior for
round buoyant turbulent plumes required (x ~ x,)/d = 87 and
(x = x )/l = 12, In addition, Dai e al. (1994, 1993a) found
that characteristic flow widths were up to 40 percent smaller,
and F(Q) and U(0) were up 1o 30 percent larger, than earlier
results in the literature. Notably, this behavior is consistent
with the development of plume structure toward self-prescrving
conditions for buoyant jet sources, where normalized flow
widths progressively decrease, and F(0) and U{0) progres-
sively increase, with increasing streamwise distance until the
flow becomes self-preserving (Dai ¢t al., 1994). Finally, the
self-preserving plume properies of § observed by Dai et al.
(1994) were in good agreement with measurements of Papan-
toniou and List (1989), which were carried out at comparable
distances from the source.

Dai et al. (1994, 1995a. b) completed several typical checks
of their measurements. including evaluating the measurements
using the governing equations for mean quantities, establishing
that the measurements satisfied conservation of buoyancy
fluxes, and showing that the measurements were relatively inde-
peadent of the rate of removal of plume gases from the test
enclosure. Nevertheless. observing narrower self-preserving
plumes than numerous earlier studies raises new concermns about
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2ifects of removal raies of exhaust gases from the test enclosurs
because this fow places the plumes in a codow. which would
tead o make them narower than wuly unconined seli-presery-
ing round buoyant turbulent plumes (sez Shadbir and Georgs
(1992) for a deailed discussion of this and other potzatial error
sources for measurements of buoyant turbulenat plumes). Thus,
in ordzr to resolve these concerns about the measurements ol
Dai et al. (1994, 19932, b). the objzctive of the preseat investi-
gation was to quantify the effects of plume exhaust rates on
their reported self-preserving distributions of J. &, J' and @

Experimental Methods

Test Apparatus. Experimental methods were identical to
those of Dai et al. (1994, 1993a. b) and will only be described
. briefly. Present considerations were limited to downward-fiow-
ing plumes from a source flow of sulfur hexafluoride in still air
at atmospheric pressure and temperature, aad involved laser-
induced iodine fluorescence (LIF) to measure mixtuce fractioas
and laser velocimetry (LV) to measure streamwise velocities.
The plumes were observed in a 3000 X 3000 x 3400 mm high
plastic enclosure within a large high-bay test area. which had
a screen across the top for air inflow, to compensate for the
removal of air entrained by the plume. The plume flow was
removed by 300-mm-dia ducts mounted on the floor at the four
comers of the outer enclosure, with the exhaust flow controlled
by a bypass/damper system. Probe measurements showed that
exhaust flows through the four exhaust duct inlets were essen-
tally the same, and provided measurements of exhaust Aow
raies (95 percent confidence) within 10 percent. The test plume
was within a smaller enclosure (1100 X 1100 X 3200 mm high)
with plastic screen walls: however, this enclosure had no effect
on flow propenies, i.c., measutements with and without these
screens present were identical. The plume sources were
mouated on the inner enclosurz, which could be traversed o
accommodate rigidly mounted instrumentation. The plume
sources consisted of rigid plastic wbes with flow straighteners
at the inlet and length-to-diameter ratios of 50:1. The source
flows were seeded with iodine vapor for LIF measurements.
while the ambient air was seeded with oil drops for LV measure-
ments. Maximum mean mixture {ractions in the self-preserving
region were less than 6 percent; therefore, effects of concentra-
tion bias of LV measurements, because only the ambient air
was seeded. were negligible.

Instrumentation. The LIF signal was produced by the
fluorescence of iodine at the 514.5 nm line of an argon-ion
laser, separating the LIF emission from light scattered at the
laser line using a long-pass optical filter. The detector output
was amplified and low-pass filtered to control alias signals to
provide roughly four decades of power spectral densities in
the present flow. Calibration showed that iodine seeding levels
varied less than 1 percent, that the LIF signal varied linearly
with laser power and iodine concéntration, that reabsorption of
the LIF emission was negligible, and that differental diffusion
elizcts between the source gases and iodine were negligible
(Dai et al., 1994). Finally, experimental uncerainties (95 per-
cent confidence) were less than 5 and 10 percent for f and
5 up to of{x — x,) = 0.15 but increased roughly inversely
proportional to f at larger radial distances.

A dual-beam, frequency-shified LV was used for velocity
measurements, based on the 514.5 nm line of an argon-ton laser.
The detector output was processed using a burst-counter signal
processor with the low-pass-filtzred analog output of the signal
processor sampled at equal times to avoid problems of velocity
bias. while directional bias and ambiguity were controlied by
frequency shifting. The processor output was sampled at races
more than twice the break frequency of the low-pass filter (0
control alias signals. Effects of siep noise coniributed less than
3 perceat to the determination of velocity fluctuations, while the
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Fig. 1 Radial profiles of mean mixture fractions and streamwise veloci-

ties for self-preserving round buoyant turbulent plumes

measurements yielded roughly four decades of power spectral
densities similar 1o the mixture fraction Auctuations (Dat et al.,
1995a). Experimental uncenainties of 7 and & were similar to

Fand /"

Test Conditions. Major parameters of the present measure-
ments of SF plumes were as follows: d = §.4 mm, «, = 1890
mm/s, p,/p. = 3.06. Fr, = 3.75, [,/d = 3.53. and x,/d = 0.0.
The measuring station farthest from the source was at (x — 1, )/
d = 151, while the edge of the plume is at roughly r/(x ~ £}
= 0.2, which yields plume diameters and sireamwise distancss
less than 360 and 900 mm. This implies that the maximum
plume cross-ssctional area is less than 1.2 percent of the enclo-
surz cross-sectional area. Exhaust volume flow rates were
roughly half, equal to. and twice the nominal flow rates used
earlier, or 0.052. 0.090. and 0.22 m’/s. Assuming uniform con-
ditions over the cross section of the enclosure, thesé exhaust
flows imply coflow velocities of roughly 6, 10, and 24 mnvs
at the plane of the source exit. which are less than 1.3 percent
of the source velocity.

Resuits and Discussion

Present measurements at the nominal exhaust flow rate agreed
with Dai et al. (1994, 19935a. b) within experimental uncertain-
ties: therefore, these results will be represented by their earlier
correlations. Present measurements of fand @ in the self-pre-
serving region of buoyant wrbulent plumes are plotted in Fig.
I for the various flow rates according to the self-preserving
scaling parameters of Egs. (1) and (2). The present measure-
ments were limited 10 (r = x,}/d = |31 because this was the
most critical condition with respect (o potential coflow effects.
The effect of varving plume exhaust rates, and thus coflow
velocities, is seen (0 be negligible over the present range, with
profiles of fand  for all coflow rates agreeing within experi-
mental uncenainties. Thus, including the new measurements
with the carlier results of Dai et al. (1994, 19952, b) yields the
same universal fitting parameters as before: F(0) = 12.6 and
k,’ = 123, U(0) = 4.3 and k2 = 93. The main effect of increased
coflow velocitiss was evidence of a slight increase of siream-
wise velocity near the edge of the plume, which can be sezn
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Fig. 2 Radial profiles of rms mixture fraction and streamwise velocity
fluctuations for selt-preserving round buoyant turbulent plumes

most clzarly at the outmost points of @ at an exhaust How rate
of 0.22 m/s.

Radial profiles of fluctuating mixture {ractions and sueam-
wise velocities are illustrated in Fig. 2 for the various exhaust
flow rates. The values of 7 and & are plotted according to the
self-preserving scaling observed by Dai et al. (1994, 19953).
Similar to the results for mean properties in Fig. 1, the fluctuat-
ing properties illustrated in Fig. 2 exhibit variations with exhaust
rate within experimental uncemainties. Thus. present estimates
of mixture fraction and streamwise velocity intensities at the
axis are not changed significantly from the findings of Dai et
al. (1994, 19952), i.e.. (F/f). = 0.45 and (&*/a), = 0.22,

Taking the findings illustrated in Figs. | and 2 together, it
appears that the measurements of flow properties within the
self-preserving region of round buoyant turbulent plumes due
to Dai er al, (1994, 1993a) were not affected by coflow caused
by effects of confinement within their stated experimental un-
ceqtainties. Thus, the fact that the measured profiles of Dai et
al. (1994, 19932, b) are narrower, and have larger scaled mean
values of mixture fractions and velocities near the axis, than
previously thought, is due to additional flow development 1o
reach truly self-preserving behavior compared to most earlier
measurements, rather than due to an effect of coflow.
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A Calculation and Experimental
Verification of the Infrared
Transmission Coefficient of Straight
Cylindrical Metal Tubes

P. Cavaleiro Miranda'

Introduction

An accurate figure for the infrared (IR) transmission coeffi-
cient of a stainless stezl guide tube that transports ultra-cold
aeutrons (UCN) from a cryostat at 0.5 K 1o a room temperature
apparatus is required in order (o estimate the reduction in the
heat load on the cryostat’s UCN window achieved by cooling
down the guide twbe from 300 K 10 77 K. The heat emitted by
the cooled guide tube is negligible compared 10 the heat input
from the room temperature apparatus. which behaves approxi-
mately like a blackbody at 300 K. and so the reduction in heat
load is given by the transmission coefticient of the guide tube
for 300 K blackbody radiation.

It was shown by Ohlmana et al. (1958 ) chat the transmission
of infrared (IR) radiation by cylindrical metal pipes decreases
exponeatially with length. for u monochromatic point source
located on-axis and taking into account oaly rays making small
grazing angles with the wall. In the case of an IR source cov-
ering the whole cross section of the tube and providing 2=
steradians illumination a significaat part of the emitted energy
is carried by skew rays. As these rays undergo more reflections
the attenuation will be significantly higher than that predicied
by Ohimann’s formula.

Calculation of the IR Transmission Coefficient of a
Straight Cylindrical Metal Pipe

[n the case of 300 K blackbody radiation traveling in a vac-
vum -and incident on stainless steel. the low-frequency limit
expressions for the reflection coefficients apply. The coefficients
for both polarizations. p1 and pll. depend essentially on the
wavelength A, the cosine of the angle of incidence ¢, and the
DC electrical conductivity &, ot the metal (e.g.. Stratton, 1941).
For one particular ray of unpolarized "“light’’ traveling down
the tube and making a total of ¥ identical reflections, the fraction
r of energy transmitted will be
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Appendix E: Sangras et al. (1998a)



MIXING STRUCTURE OF PLANE SELF-PRESERVING
BUOYANT TURBULENT PLUMES

R. Sangras,” Z. Dai' and G.M. Faeth™

Abstract

Measurements of the structure of plane buoyant turbulent plumes are described,
emphasizing conditions in the fully-developed (self-preserving) portion of the flow.
Plumes were simulated using helium/air sources in a still and unstratified air environment.
Mean and fluctuating mixture fractions were measured using laser-induced iodine
fluorescence. Present measurements extended farther from the source (up to 155 source
widths) and had more accurate specifications of plume buoyancy fluxes than past
measurements and yielded narrower plume widths and different scaled mean and
fluctuating mixture fractions near the plane of symmetry than previously thought.
Measurements of probability density functions, temporal power spectra and temporal

integral scales of mixture fraction fluctuations are also reported.

Nomenclature

b = source width

B, = source buoyancy flux

d = source diameter

E{n) = temporal power spectral density of f

f = mixture fraction

F(y/(x-x,)) = scaled cross stream distribution of f in the self-preserving region
Fr, = source Froude number, Eq. (2)°

g = acceleration of gravity

ke = plume width coefficient based on f, Eq. (9)

k = plume width coefficient based onu

Keywords: Natural Convection, Nonintrusive Diagnostics, Plumes, Turbulence
“Graduate Student Research Assistant

"Research Fellow
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Z; = characteristic plume half-width based on f, Eq. (10)
£y = Morton length scale, Eq. (10)

¢, = charactenistic plume half-width based on T, analogous to Eq. (10)
£ = characteristic plume halfwidth where f= f /2

n = frequency

PDF(f) = probability density function of mixture fraction

Re, = characteristic plume Reynolds number, Eq. (8)

Re, = source Reynolds number, 2u,b/v,

u = streamwise velocity

U(y/(x-x,)) = scaled cross stream distribution of U in the self-preserving region
X = streamwise distance

y = cross stream distance

vA = distance along slot from its midplane location

Z = slotlength

v = kinematic viscosity

p = density

T = temporal integral scale of mixture fraction fluctuations
Subscripts

c = centerline value

0 = Initial value or virtual origin location

oo = ambient value

Superscripts

) = time-averaged mean value

) = root-mean-squared fluctuating value

Introduction

The structure and mixing properties of buoyant turbulent plumes in still and
unstratified air environments are important fundamental problems that have attracted
significant attention since the classical study of Rouse et al. (1952). Recent work has
highlighted the need for a better understanding of buoyant turbulent plumes, however, in

order to address turbulence/radiation and turbulence/buoyancy interactions (Faeth et al.,
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1989; Panchapakesan and Lumley, 1993). Thus, the overall objective of the present
investigation was to extend recent measurements of round buoyant turbulent plumes (Dai
and Faeth, 1996; Dai et al., 1994; 1995a,b) to consider plane buoyant turbulent plumes
using similar methods. The fully-developed region, where effects of the source have been
lost and the properties of the flow become self-preserving, was emphasized because these
conditions simplify reporting and interpreting measurements (Tennekes and Lumley,
1972), even though few practical buoyant turbulent plumes ever reach the self-preserving

region.

Self-preserving buoyant turbulent plumes are reached when streamwise distances
from the plume source are large compared to the characteristic source size (typically the
source width and diameter for plane and round plumes, respectively) as a measure of
conditions where effects of source disturbances have been lost. Another requirement is that
streamwise distances must be large compared to the Morton length scale, ¢,,, as a measure
of conditions where effects of source momentum have been lost and effects of buoyancy
are dominant. The Morton length scale can be defined as follows for plane plumes having

uniform source properties (List, 1982):

£ufb = (pJ/p.) ug/(bu,glp-p.lip.)™ (1)
In Eq. (1), an absolute value has been used for the density difference in order to account
for both rising and falling plumes; this practice will be adopted for the remainder of the
article. A related parameter used to define source properties is the source Froud number,

Fr, defined as follows:
Fr* = p,ul/(2bgl p.- p,) 2)
The final requirements for self-preserving flow are that f << 1, so that there is a linear

relationship between mixture fraction and fluid density, and that the characteristic plume

Reynolds number (Re,, which will be defined later) is sufficiently large so that transport is
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dominated by turbulent rather than molecular effects. Once the flow satisfies these criteria,
both mean and fluctuating properties satisfy the relatively simple scaling relationships of

self-preserving behavior (List, 1982; Rouse et al., 1952).

In view of the increased generality of the findings, past studies of plane buoyant
turbulent plumes emphasized the properties of the self-preserving region of the flow.
These studies included Rouse et al. (1952), Lee and Emmons (1961), Harris (1967),
Anwar (1967), Kotsovinos (1977,1985) and Ramaprian and Chandrasekhara (1985,1989).
The results of these studies are in reasonably good agreement; for example, appropriately
scaled flow widths and mean mixture fractions near the plane of symmetry agree within
13%, which is comparable to anticipated experimental uncertainties. Whether these results

actually represent self-preserving behavior still is questionable, however, because the

measurements generally were limited to the region relatively close to the source (x-x_)/b <

60 with values of (x-x.)/ £,, as small as 2-3, aside from two exceptions to be discussed
later. In contrast, Dai et al. (1994,1995a,b) and Dai and Faeth (1996), only observe self-

preserving behavior for round buoyant turbulent plumes farther from the source, (x-x,)/d >

80 and (x-x,)/ £,,> 12, and found that flow widths were significantly smaller than earlier

observations that were limited to the near source region with(x-x_)/d < 60 and (x-x_,)/ { M as

small as 5-6. Another limitation of past studies of plane buoyant turbulent plumes is that
measurements of turbulence properties are very limited for all these flows, and are

nonexistent for gaseous plumes typical of many practical applications.

In view of these observations, the objective of the present investigation was to
complete measurements of the mean and fluctuating mixture fraction properties of plane
buoyant turbulent gaseous plumes in still gases, emphasizing conditions within the self-
preserving region where the specific features of the source have been lost. Mixture fraction

properties that were considered included mean and fluctuating values, probability density
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functions, temporal power spectra and temporal integral scales. The experiments consisted
of helium/air source flows in still air at normal temperature and pressure, in order to
provide a straightforward specification of the buoyancy flux within the test plumes.
Measurements of mixture fraction properties were carried out using laser-induced iodine

fluorescence (LIF).

Experimental Methods

Apparatus. A sketch of the experimental apparatus appears in Fig. 1. In order to

minimize room disturbances, the plumes were observed within a double enclosure

contained within a large high-bay test area. The outer enclosure (3400 x 2000 x 3600 mm

high) had porous side walls (the walls parallel to the source) and a porous ceiling made of
filter material (Americal Air Filter, filter media pads, 102 mm thick). The filter material
prevented flapping of the plume due to room disturbances as well as leakage of background
light into the test enclosure. At the same time, the filter material allowed free inflow of air
entrained by the plumes which controlled entrained air coflow effects, and free exhaust of
the plume itself from the test enclosure. Varying the thickness of the filter material (by a
factor of two) had negligible effect on plume properties. After leaving the test enclosure,
the plume gases were captured in an upper hood near the ceiling of the laboratory, and were
subsequently exhausted by a variable-flow blower. The upper hood was separated from
the ceiling area of the plume enclosure so that there was no feedback between blower flow
rates and plume properties, i.e., varying blower flow rates also had negligible effect on

plume properties.

The test plume was centered at the plane of symmetry of the smaller inner

enclosure. The source slot (876 mm long X 9.4 mm wide) was mounted at the center of the

flat floor (876 mm long X 1220 mm wide) of the inner enclosure. The floor/slot assembly
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was mounted normal to end walls (1220 X 2440 mm high). The inner enclosure was

completed by installing screen arrays (a pair of screens, 16 mesh x 0.28 mm wire diameter,

separated by a distance of 38 mm) across the openings between the outer extremities of the
two end walls. The use of screens to control room disturbances in this way was based on
successful past use of similar methods by Gutmark and Wygnanski (1976) for plane free
turbulent jets and Dai et al. (1994,1995a,b) and Dai and Faeth (1996) for round buoyant
turbulent plumes. Other modifications of the inner enclosure were studied as follows:
extended end walls, rounded contractions at the outer edge of the end walls and the floor to
smooth the flow of entrained fluid, and various screen and honeycomb arrangements
across the openings at the extremities of the end walls. None of these changes had an
appreciable effect on plume properties, however, and they were eliminated in favor of the

simplest effective approach for controlling room disturbances, as described earlier.

Optical access for measurements of plume properties was provided by fixed

windows (914 mm wide x 203 mm high, mounted flush to the inner surfaces of the end

walls), centered on the optical axis (nominally passing halfway between the end walls,
roughly 2080 mm above the floor of the test enclosure). Various distances from the source
were considered by mounting the source at different heights along the end walls.
Horizontal traversing in the cross stream direction was provided by mounting the entire

floor/wall assembly on linear bearings so that it could be moved by a stepping-motor-
driven linear positioner (5 pm positioning accuracy) in order to accommodate rigidly-
mounted instrumentation. Finally, various positions along the slot could be considered, to

check for two-dimensionality, by shifting the floor/wall assembly along the linear bearing

mount.



73

The gas supply system of the plume source involved mixing helium (commercial
grade, 99.995 percent purity) and air (laboratory supply having a dewpoint less than 240
K). These flows were controlled by pressure regulators and metered using critical flow
orifices in conjunction with absolute pressure gages (Heisse, Model CC, 0-2000 kPa
range, 0.15 percent full-scale accuracy). The critical flow orifices were calibrated in turn
by either wet test meters or a standard turbine flow meter (EG&G, Flow Technology,
Model FT68AENAG615A 1). After mixing, the source flows passed through beds of iodine
flakes to provide iodine seeding for LIF measurements. The source flow then passed
through four parallel lines having length-to-diameter ratios greater than 1200 to ensure

uniform mixing. These flows subsequently entered the source manifold, passed through a

bed of glass beads ( 0.5 mm bead diameter with bed dimensions of 876 mm long X 32 mm
wide X 120 mm deep), a filter (3M, OCELLO, scouring pad, 876 mm long X 32 mm wide

X 5 mm thick), and a contraction to a final slot width of 9.4 mm. All components in

contact with the flow after seeding with iodine were either plastic or painted to avoid
corrosion. The final plume flow in the exhaust blower was an exception because iodine

concentrations at this point were less than 100 ppb and caused no corrosion problems.

Instrumentation. Mixture fractions were measured using laser-induced iodine

fluorescence, similar to Dai et al. (1994). The LIF signal was produced by a focused
argon-ion laser beam at 514.5 nm (measuring volume diameter at the e points of 0.16 mm
with a maximum optical power of roughly 1800 mW). This wavelength is absorbed by
iodine and causes it to fluoresce at longer wavelengths in the visible. The laser beam was
horizontal and directed normal to the plume source slot near its midpoint and roughly 2080
mm above the floor of the enclosure. The operation of the laser beam was monitored using
two laser power meters that measured laser power before and after passing through the

flow. Absorption of the laser beam was less than 1 percent and was even smaller for the
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fluorescence emissions, thus, it was not necessary to correct the LIF signal for effects of

absorption.

The fluorescence signals were observed at right angles to the laser beam using f5:1
collecting lenses having diameters of 100 mm. The LIF signal was separated from light
scattered at the laser line using long-pass optical filers (cut off wavelength of 530 nm). The
resulting signal was measured with a detector (Hamamatsu, Model R269) with the detector
aperture selected to provide a measuring volume length of 2 mm. The detector outputs
were amplified and then low-pass filtered using sixth-order Chebychev filters to control
alias signals. The detector signals were sampled using an a/d converter and then
transferred to a computer for processing and storage. The detector signals were also

monitored using a digital oscilloscope.

The LIF signals were calibrated based on measurements at the source exit by
mixing the source flow with air to vary the mixture fraction. These tests showed that
fluctuations of iodine seeding levels were less than 1 percent. The LIF signal was not
saturated for present conditions and varied linearly with laser power. The LIF signals also
varied linearly with the mixture fraction. These calibrations were checked periodically by
diverting a portion of the source flow through a plastic tube whose exit was mounted
temporarily just below the measurement location. Final processing of the data accounted

for both absorption of the laser beam by iodine vapor and laser power variations.

Differential diffusion between the source of buoyancy in the source gas (helium)
and the iodine vapor can be a significant source of error for LIF measurements. Effects of
differential diffusion were evaluated using the approach of Stdrner and Bilger (1983),
noting that the binary diffusivities of helium and iodine in air at normal temperature and
pressure are 70 and 8 mm?s (Bird et al., 1960). For conditions of present interest in the
self-preserving region of the flows, local Reynolds numbers are reasonably large; (Rec >

3700 in the self-preserving portions of the flow, as discussed later); therefore, maximum
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errors of mean and fluctuating mixture fractions due to effects of differential diffusion were

estimated to be less than 0.1 percent.

Experimental uncertainties (95 percent confidence) were found following Moffat
(1982). Gradient broadening errors were small (less than 1 percent) at the locations where
the measurements were made. Experimental uncertainties of source properties and
distances from the source were also small (less than 1 percent). Signal sampling times were
chosen to maintain experimental uncertainties near the plane of symmetry less than 6 and 10
percent for mean and fluctuating mixture fractions, respectively, with both properties being

repeatable well within these ranges. Corresponding experimental uncertainties of other

flow properties reported here are as follows: 6 percent for F(y/(x-x,)), 12 percent for /¥,

10 percent for PDF(f), 40 percent for the low frequency region of E(n)/(t,f'*) and 35

percent for BY/3t; /(x—x,). These uncertainties were maintained at these values up to half
the maximum value of the parameter (excluding the spike region of the PDF) but increased

at smaller values roughly inversely proportional to the value of the parameter.

Test Conditions. The test conditions are summarized in Table 1. Two source

flows were considered, having initial density ratios, p /p.. = 0.770 and 0.500. Source

Froude numbers were kept near current estimates of asymptotic plane plume Froude
numbers in order to enhance the development of the flow toward self-preserving conditions

(Grella and Faeth, 1975; Liburdy and Faeth, 1978). In view of the large source flow rates

of line plumes from a source having dimensions of 9.4 X 876 mm, it was difficult to

maintain a large source Reynolds number, Re,, at the same time. Thus, source Reynolds

numbers were roughly equal to 800. The self-preserving regions were relatively far from

the source, (x-x,)/b 2= 76; therefore, locations of the virtual origins could not be

distinguished from x /b = O within present experimental uncertainties.
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Self-Preserving Scaling

The state relationship for density as a function of mixture fraction, assuming an

ideal gas mixture, is as follows (Dai et al., 1994):

p =pJ(1- f(1-p./p,)) 3)
Far from the source where the flow becomes self-preserving, Eq. (3) can be linearized as

follows:

p =p.+Ip. (1 -pJp,) f<<1 4)
Present measurements consisted of mean and fluctuating mixture fraction properties
at various streamwise positions. Mean mixture fractions were then scaled in terms of self-

preserving variables as follows (List, 1982):

Fy/(x-x))) = fgB2(x-x )1 - p_/p,| (5)
where F(y/(x-x,)) represents an appropriately scaled cross stream profile function of mean
mixture fraction, which becomes a universal function far from the source where Eq. (4)
applies. The source buoyancy flux, B, is a conserved scalar of the flow which can be

written as follows for plane plumes having uniform source properties (List, 1982):

B, = bu, glp, -p.l/p.. (6)

The self-preserving relationship for streamwise mean velocity was not studied
during the present investigation but velocity properties are useful to help define the
turbulence properties of the plume. Thus, it should be noted that mean streamwise

velocities within self-preserving plane buoyant turbulent plumes can be scaled as follows

(List, 1982):

U(y/(x-x)) = u/BY? (7)

10
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where U(y/(x-x,)) is an appropriately-scaled cross stream profile function. The
corresponding characteristic plume Reynolds number can be written as follows for self-

preserving conditions:
Re, = T, £,/v., = U(0) B’ (x-x )/(k,V.) )

c

where for present purposes, values of k and U(0) were taken from Rouse et al. (1952).

Results and Discussion

Mean Mixture Fractions. Distributions of mean mixture fractions in the self-

preserving region of the flow will be considered first. Present measurements of cross
stream distributions of mean mixture fractions for the two sources are illustrated in Fig. 2.
The scaling parameters of Eq. (5) have been used when plotting the figure so that the
ordinate of the plot is equal to F(y/(x-x,)). The results are plotted for zZ = 0 and 1/4 in
order to evaluate the two dimensionality of the flow; it is evident that there is little variation
of flow properties with position along the source (in the z direction) confirming that flow
properties are reasonably two dimensional. Present measurements also yield the universal

distributions within experiment uncertainties that are required for self-preserving flow, for
76 < (x-x,)b < 155 and 9 < (x-x,)/ ¢y < 21 with flow aspect ratios Z/(2¢,) 2 2.6.

Measurements nearer to the source yielded broader distributions of scaled mean mixture
fractions as will be discussed subsequently. Measurements were not undertaken farther

from the source in order to avoid flow aspect ratios near unity that are affected by the

presence of the end walls. Present conditions correspond to 3700 < Re_ < 7500, which are

reasonably large for unconfined turbulent flows; for example, the companion study of self-

preserving round buoyant turbulent plumes due to Dai et al. (1994, 1995a,b) achieved

2500 <Re, <£4200.

Measurements of mean mixture fractions due to Rouse et al. (1952), Kotsovinos

(1977) and Ramaprian and Chandrasekhara (1989) are also plotted in Fig. 2, for

11
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comparison with the present measurements (results from other past studies have not been
plotted in order to avoid cluttering the figure but will be considered later). These
distributions are seen to be significantly broader (up to 30 percent broader at the e points
of the distributions) and significantly larger near the plane of symmetry (up to 30 percent
larger), than the present measurements. Reasons for these differences between past and
present measurements will be discussed next, considering scaled widths and magnitudes of
scaled mean mixture fraction distributions, in turn.

The larger scaled widths of the mean mixture fraction distributions of the earlier
studies plotted in Fig. 2 than the present study are typical of conditions in the developing
plume region before self-preserving behavior is achieved. As discussed earlier, this

behavior is expected because the results of earlier studies involved averages of

measurements for 6 < (x-x,)/b < 60 (possibly except for the classical findings of Rouse et

al. (1952) where the range of the measurements in terms of (x-x,)/b cannot be specified
because the sources used were a linear array of combusting jets) whereas Dai et al. (1994)
only observed self-preserving behavior in round buoyant turbulent plumes farther from the
source at (x-x_)/d > 80. Corresponding flow development behavior for plane buoyant
turbulent plumes can be quantified from the results given in Table 2. In this table,
characteristic plume half widths, ¢,,,/(x-x,), are summarized as a function of scaled
distance from the source, (x-x_)/b, for the measurements of Kotsovinos (1977), Ramaprian
and Chandrasekhara (1989) and the present investigation. Present scaled flow widths are
similar to the other studies near the source, in spite of significant differences in source
properties, and characteristic plume half widths tend to decrease with increasing distance
from the source for all three studies. Present measurements, however, extend farther from

the source with half widths eventually reaching smaller asymptotic values than the rest. In

fact, ¢,,,/(x-x,) = 0.08 for 50 < (x-x,)/b < 155 for the present measurement s providing

rather strong evidence for the invariance of this property with streamwise distance. As

12
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noted in the table, however, self-preserving behavior is deferred until (x-x_)/b = 76 for

present test conditions because the distributions of mixture fraction fluctuations was still
developing in the region 50 < (x-x_))/b < 76. Considering all this evidence, it seems

reasonable to conclude that flow widths observed during the earlier studies plotted in Fig. 2
are larger than observed during the present study because they were not obtained far
enough from the source to achieve fully self-preserving behavior.

The second issue concerning the mean mixture fraction distributions plotted in Fig.
2 is that present scaled values of mixture fractions are generally smaller than the rest. It is
felt that these differences are caused by problems of finding B during the earlier studies,
which all involved thermal plumes. In particular, B, was accurately prescribed by the gas
mixture at the source exit for the present study but had to be obtained by measurements of
distributions of plume velocity and temperature properties for the other studies due to the
difficulties of determining energy losses from the thermal plumes near the source.
Measuring B, from property distributions in plumes involves considerable uncertainties
compared to the present approach, particularly because a significant portion of B, is
transported by the streamwise turbulent flux of species or energy (for composition and
thermal plumes, respectively) which is difficult to measure accurately, e.g., Dai et al.
(1995b) and George et al. (1977) find that the streamwise turbulent flux contributes 15-16
percent of B, for round buoyant turbulent plumes with similar levels anticipated for plane
buoyant turbulent plumes. Thus, it is not surprising that the measured scaled values of
mean mixture fractions due to Rouse et al. (1952), where B, is probably underestimated
because the turbulent contribution to it was not measured and had to be ignored, are
generally larger than the present measurements. In contrast, Ramaprian and
Chandrasekhara (1989) and Kotsovinos (1977) report turbulence contributions to B of 6
and 38 percent, respectively, which differ considerably from each other and from the

findings for round buoyant turbulent plumes. These differences clearly demonstrate the

13
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problems of accurately finding the turbulent flux of B, and thus the correct value of B

0’
needed to scale self-preserving flow properties, uncertainties of the determination of the
mean flow contribution to B, from distributions of mean properties aside. Taken together,

these observations provide a reasonable explanation why present measurements of scaled

mean mixture fractions in Fig.2 are smaller than the rest.

Additional comparisons between present and earlier measurements will involve
properties found from fits of the scaled mean mixture fraction distributions. Within the
self-preserving region, present cross stream distributions of mean mixture fractions in Fig.
2 are reasonably approximated by a Gaussian fit, similar to the results of Rouse et al.
(1952), Kotsovinos (1977) and Ramaprian and Chandrasekhara (1989) also shown on the

plot. This type of correlation can be expressed as follows:

F(y/(x-x,)) = F(O)exp(-ki (y/(x-x.))’} )

where
k = (x-x)/ £ (10)
Thus, £ represents the characteristic plume radius where [/f, = e"'. The best fit of the

present data in the self-preserving region yielded F(0) = 2.10, k? =70 and, thus, £./(x-x_)
= 0.120. These parameters yielded the correlation of present observations illustrated in

Fig. 2, which is seen to be a good representation of the measurements.

The present values of normalized streamwise distance required to reach self-
preserving conditions within plane buoyant turbulent plumes are similar to the observations
of Dai et al. (1994,1995a,b) and Dai and Faeth (1996) for round buoyant turbulent plumes;
however, they are generally larger than streamwise distances reached during past
measurements of the self-preserving properties of plane buoyant turbulent plumes using a
variety of sources. This behavior is quantified in Table 3, where the aspect ratio of the

slot, Z/b, the range of streamwise distances, (x-x,)/b, the smallest flow aspect ratio,

14
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(Z/(24,)),,,, the streamwise distance in terms of the Morton length scale, (x-x.)/ ¢,,, and

the corresponding reported values of k%, £:/(x-x,) and F(0) are summarized to the extent
that they are known for the studies of Rouse et al. (1952), Lee and Emmons (1961), Harris
(1967), Anwar (1968) and Kotsovinos (1977), Ramaprian and Chandrasekhara (1989) and
the present investigation. The data summary of Table 3 shows that the most recent
measurements of Ramaprian and Chandrasekhara (1989), Kotsovinos (1977), Anwar
(1968) and Harris (1967) all involve relatively small values of (x-x,)/b, and in some cases
small (x-x,)/ ¢,, and aspect ratios as well, so that broader flows in these instances, typical
of flows developing toward self-preserving conditions, are not unexpected, as already
discussed. The earlier studies of Lee and Emmons (1961) and to some extent Harris
(1967), and Anwar (1968), however, were obtained at reasonably large distances from the

source where self-preserving behavior should have been approached. Thus, in these cases,

broader distributions of fprobably resulted from plume disturbances, that invariably
increase plume widths and are difficult to avoid far from the source for plane plumes due to
their large source flows and extensive flow fields. The results of Rouse et al. (1952),
where streamwise distances in terms of source widths and Morton length scales cannot be

specified, may also be broad for similar reasons. Taken together, the studies summarized

in Table 3 exhibit flow widths (based on #; at conditions where f/f_ = ¢e') up to 36
percent larger, and scaled mean mixture fractions near the plane of symmetry up to 24
percent larger, than the present measurements. Such differences can have a significant
impact on evaluation of turbulence models of buoyant turbulent plumes (Dai et al.
(1994,1995a,b) as well as on the interpretation of the stabilizing effects of surfaces on the
mixing properties of buoyant turbulent wall plumes (Grella and Faeth, 1975; Liburdy and

Faeth, 1978; Liburdy et al., 1979; Lai et al., 1986; Lai and Faeth, 1987a).

Mixture Fraction Fluctuations. Measurements of cross stream distributions of rms

mixture fraction fluctuations are plotted in Fig. 3. These results are plotted as f/f asa

15
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function of y/(x-x,), which corresponds to self-preserving scaling for buoyant turbulent

plumes(Dai et al., 1994,1995a,b). In addition to present measurements, for the same

conditions as the results for fin Fig. 2, the measurements of Kotsovinos (1977) and
Ramaprian and Chandrasekhara (1989) are also shown in this plot. The distributions of
Kotsovinos (1977) and Ramaprian and Chandrasekhara (1989) are rather broad and exhibit
a dip near the plane of symmetry much like the behavior of round buoyant turbulent plumes
near the source (Dai et al., 1994) and the behavior of nonbuoyant round jets (Becker et al.,
1967; Papanicolaou and List, 1987,1988). Present results generally reach a maximum near
the plane of symmetry, with no dip, which is similar to the behavior observed by Dai et al.
(1994) for self-preserving round buoyant turbulent plumes. The differences between
present findings concerning mixture fraction fluctuations and earlier results nearer to the
source are not surprising because self-preserving behavior for turbulence properties
generally requires self-preserving behavior for mean properties (Tennekes and Lumley,
1972). Present measurements within the self-preserving region can be correlated

reasonably well by the following expression which is also illustrated in Fig. 3:

f/f, = 0.47 exp{-25(y/(x-x,))**} (11)

The values of (f7/ f)c for Kotsovinos (1977), Ramaprian and Chandrasekhara
(1985,1989) and the present study, which are the only values available, are summarized in
Table 3. The present value of 47 percent is significantly larger than the results of the other
two studies, 42 percent, probably due to effects of flow development from relatively
nonturbulent sources for the earlier studies. Present turbulence intensities of mixture
fraction fluctuations near the plane of symmetry are also slightly larger than the value of 45
percent observed by Dai et al. (1994) at the axis of self-preserving round buoyant turbulent

plumes but this difference is comparable to experimental uncertainties.

The absence of the dip near the center of mixture fraction fluctuation distributions

for plane and round buoyant turbulent plumes is an interesting feature of free buoyant

16
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turbulent flows. In contrast, round and plane nonbuoyant turbulent jets have reduced
mixture fraction fluctuations near the axis and plane of symmetry because turbulence
production is small in this region because the mean mixture fraction gradient is smaller due
to symmetry requirements (Becker et al., 1967; Papanicolaou and List, 1987,1988). In
spite of symmetry, however, effects of buoyancy provide a mechanism of turbulence
production near the axis and plane of symmetry of round and plane plumes due to buoyant
instability in the streamwise direction, i.e., the density always approaches the ambient
density in the streamwise direction. As discussed by Dai et al. (1994), for round buoyant
turbulent plumes, this instability is also responsible for larger mixture fraction fluctuations
near the axis and plane of symmetry of round and plane plumes compared to nonbuoyant
jets. Thus, the contribution of buoyancy to turbulence is appreciable in both round and

plane buoyant turbulent plumes.

Probability Density Functions. Mixture fractions are limited to the finite range, 0-1,
and cannot exhibit the simple Gaussian behavior typical of velocity probability density
functions in turbulent flows. Representative plots of the PDF(f) of the present self-
preserving plane buoyant turbulent plumes are illustrated in Fig. 4. These results are for
the case 1 source at various cross stream distances and x/b = 110. The measurements are
compared with predictions of the clipped-Gaussian and beta function distributions which

are frequently used to represent PDF(f) for modeling purposes (Lockwood and Naguib,

1975). Both these distributions are defined by two moments, f and f ”: therefore, the
predicted distributions are based on the measured values of these moments at each

condition considered.

The measured PDF(f) illustrated in Fig. 4 are similar to earlier measurements in
flames, round plumes and jets (Kounalakis et al., 1991; Papanicolaou and List, 1987,1988;
Dai et al., 1994; Becker et al., 1967). At the axis, the PDF(f) is nearly Gaussian, although

the distribution is truncated while having a finite value at f=0 indicating the presence of
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conditions where unmixed ambient fluid reaches the plane of symmetry. Finite values of
PDF(0) near the axis or plane of symmetry are typical of self-preserving buoyant turbulent
plumes but this behavior for nonbuoyant turbulent mixing processes is much less
prominant than the results illustrated in Fig. 4 (Dat et al., 1994). The value of PDF(0)
increases in magnitude with increasing cross stream distance and becomes spike-like and
eventually dominates the mixture fraction distribution as the edge of the flow is approached
where the observation point is mainly in ambient fluid. Similar to past observations of the
PDF(f) in self-preserving round buoyant turbulent plumes due to Dai et al. (1994), both the
clipped-Gaussian and beta function PDF’s provide reasonably good fits of the
measurements. The beta function distribution probably will be preferred for most practical
calculations of scalar plume properties, however, because it is easier to use than the

clipped-Gaussian function (Lockwood and Naguib, 1975).

Temporal Power Spectral Densities. Temporal power spectral densities are of
interest to illustrate the signal-to-noise ratios of the present mixture fraction measurements,
to study aspects of buoyancy/turbulence interactions, and to provide information needed to
understand the temporal properties of radiation fluctuations in buoyant turbulent plumes.
Some typical measurements of temporal power spectra for the present self-preserving plane

buoyant turbulent plumes are illustrated in Fig. 5. These results are for the case 1 plume
with 76 < (x-x_)/b < 155, considering cross stream positions over the full width of the flow
at each streamwise position. The measurements are normalized by local turbulence
properties, T, and f°, in the usual manner as described by Hinze (1975). The present

spectra are qualitatively similar to earlier results for round plumes reported by Dai et al.
(1994) and Papanicolaou and List (1987,1988). The normalized spectra are relatively
independent of cross stream position at each streamwise location when scaled in the manner

of Fig. 5, which provides a convenient summary of the data. Similarly, the low-frequency
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portion of the spectra are relatively independent of streamwise position when normalized in

the manner of Fig. 5.

The spectra illustrated in Fig 5 initially decay according to the -5/3 power of
frequency; this behavior is typical of the inertial region of the turbulence spectrum of
velocity fluctuations which has been called the inertial-convective region for scalar property
fluctuations where effects of molecular diffusion are small (Tennekes and Lumley, 1972).
This is followed by a prominent region where the spectrum decays roughly according to the
-3 power of frequency, which has been termed the inertial-diffusive subrange by
Papanicolaou and List (1987). This region is not observed in nonbuoyant flows and is
thought to be caused by variations of the local rate of dissipation of mixture fraction
fluctuations due to buoyancy-generated inertial forces. Thus, the -3 decay region of the
temporal spectra merits additional study as an important buoyancy/turbulence interaction.
The mixture fraction microscale, where temporal power spectral densities rapidly become
small, should be observed at larger frequencies than the -3 decay region. Unfortunately,
present measurements did not have the spatial and temporal resolution needed for
observations at these conditions. Present measurements were able to resolve nearly five
decades of the temporal power spectra, however, which provides the good signal-to-noise
ratios needed to resolve mixture fraction fluctuations with the experimental uncertainties

mentioned earlier.

Temporal Integral Scales. The properties of the temporal power spectra are

completed by the temporal integral scales. Present measurements of the temporal integral

scales are plotted as a function of cross stream distance in Fig. 6. The measurements are

limited to the self-preserving region, 76 < (x-x_)/b < 155, for the case 1 source; however,

effects of streamwise distance are relatively small when plotted in the manner of Fig. 6.
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The temporal integral scales in Fig. 6 have been plotted by combining Taylor’s

hypothesis and the requirements of a self-preserving streamwise velocity field for plane

buoyant turbulent jets. This implies that T, @/ ¢, should be a universal function of y/(x-x )

within the self-preserving region of the flow, yielding the normalized variables of Fig. 6

after adopting the self-preserving velocity scale for plane buoyant turbulent plumes from

Eq. (6). This approach provides a somewhat scattered but reasonable correlation of 1, for

self-preserving plane plumes, similar to earlier findings for self-preserving round turbulent
plumes (Dai et al., 1994). The similarities of the behavior of 1, for round and plane
buoyant turbulent plumes suggest that streamwise spatial integral scales of mixture fraction
fluctuations are relatively constant over the flow cross section for the present plane buoyant
turbulent plumes. Then the increase of 1; as the edge of the flow is approached results from
the reduced values of u in this region through Taylor’s hypothesis. Measurements of the

velocity properties of the present plumes are needed, however, in order to properly

establish the behavior of spatial integral scales for these flows.

Conclusions
Mixture fraction statistics were measured in plane buoyant turbulent plumes in still
air, emphasizing fully-developed (self-preserving) conditions where effects of source

disturbances are lost and flow properties scale in a relatively simple manner. The test

conditions consisted of buoyant jet sources of helium and air to give p /p_ of 0.500 and

0.770 and source Froude numbers of 3.39 and 3.78, respectively, with (x-x,)/b in the
range 76-155 and (x-x,)/ £, in the range 9-21. The major conclusions of the study are as

follows:

1. The present measurements yielded distributions of mean mixture fractions that were

self-preserving for (x-x_)/b = 76. In this region, distributions of mean mixture
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fractions were up to 36 percent narrower, with scaled values at the plane of

symmetry up to 24 percent smaller, than earlier results using buoyant jet sources in

the literature. The earlier measurements generally were obtained for (x-x)/b < 60

which does not appear to be sufficiently far from the source to reach self-preserving
conditions for the conditions of the earlier measurements, while also involving
problems of accurately determining the value of the buoyancy flux needed to scale

self-preserving properties, in some instances.

Cross stream distributions of mixture fraction fluctuations in the self-preserving
region of plane buoyant turbulent plumes do not exhibit reduced values near the
plane of symmetry, similar to plane nonbuoyant jets. Instead, effects of buoyancy
cause mixture fraction fluctuations to reach a maximum at the plane of symmetry, to
yield intensities of roughly 47 percent. These values are comparable to results
observed in the self-preserving round buoyant turbulent plumes, 45 percent, and
provide strong evidence of significant effects of buoyancy/turbulence interactions in

both of these flows.

The probability density functions of mixture fractions in self-preserving plane
buoyant turbulent plumes can be approximated reasonably well by either clipped-
Gaussian and beta function distributions, and exhibit finite levels of intermittency at

the plane of symmetry, similar to self-preserving round buoyant turbulent plumes.

The low frequency portion of the temporal spectra of mixture fraction fluctuations
scale in a relatively universal manner. The spectra exhibit the well known -5/3
power inertial decay region but this is followed by a prominent -3 power inertial-
diffusive decay region. These properties are very similar to observations in self-
preserving round buoyant turbulent plumes. The -3 power inertial-diffusive

region has been observed by others in buoyant turbulent flows but is not observed
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in nonbuoyant turbulent flows; therefore, this spectral region represents an

interesting buoyancy/turbulence interaction that merits further study.

5. Temporal integral scales could be correlated in a relatively universal manner in
terms of self-preserving parameters. The temporal integral scales were smallest at
the plane of symmetry. This behavior follows (based on similar behavior for round

buoyant turbulent plumes) according to Taylor’s hypothesis, noting that mean

streamwise velocities reach a maximum at the plane of symmetry.
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Table 1. Summary of plane buoyant turbulent plume test conditions®

Source Properties Case 1 Case 2
Helium concentration (percent by volume) 26.7 58.1
Density (kg/m’) 0.894 0.581
Kinematic viscosity (mm®/s) 21.5 34.7
Average velocity (mm/s) 887 1455
Buoyancy flux, B (m/s’) 0.0188 0.0670
Density ratio, p,/p.. 0.770 0.500
Reynolds number, Re, 780 790
Froude number, Fr, 3.78 3.39
Morton length scale, ¢,,/b 8.6 6.4

*Helium/air source flow directed vertically upward in still air with an ambient pressure of

99 + 0.5 kPa and temperature of 297 £ 0.5 K. Pure gas properties as follows: air density
of 1.161 kg/m’, air kinematic viscosity of 15.9 mm?s, helium density of 0.163 kg/m® and
helium kinematic viscosity of 122.5 mm?*s. Source slot width and length of 9.4 and 876

mm. Virtual origin based on f of x /b = 0 determined from present measurements in the

range (x-x,)/b =76-155 and (x-x )/ £ = 9-21.
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Table 2. Development of plane buoyant turbulent plumes®

Source (X=x )b Ll I(x=%4)
Present (developing region) 13 0.15
50° 0.08

Present (self-preserving region) 76-155 0.08
Ramaprian and Chandrasekhara (1989) 20 0.14
50 0.13

60 0.13

Kotsovinos (1977) 14 0.15
36 0.13

*Plane buoyant turbulent plumes in still and unstratified environments. Entries are ordered
chronologically.

*Not judged to be in self-preserving region because mixture fraction fluctuation intensity at
the plane of symmetry was not equal to the self-preserving value of 47 percent.
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Table 3. Summary of self-preserving properties of plane buoyant turbulent plumes®

Source Medium Z/b (x-x )/b (224, (XXM Ly k? £/(x-x)  F(0) (f'/1),
Present gas 93 76-155 2.6 9-21 70 0.120 2.10 0.47
Ramaprian

and Chandra-

sekhara (1989) liquid 50 20-60 2.6 3-15 39 0.160 2.56 0.42
Kotsovinos

(1977) liquid 13 6-30 1.0 2-122 47 0.146 2.38 0.42
Anwar (1969) liquid 60 50 39 - 41 0.156 2.57 -
Harris (1967) liquid - 70 --- - 38 0.163 2.30 ---
Lee and

Emmons (1961) gas 138 140 - - - 0.156 - =
Rouse et al.

(1952)° gas --- -—- - 41 0.156 2.60 ---

*Plane buoyant turbulent plumes in still and unstratified environments. Range of streamwise distances are for conditions where quoted
self-preserving properties were found from measurements over the cross section of the plumes. The entries are ordered chronologically.

*Source was a linear array of combusting round jets so that slot properties cannot be defined.
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Appendix F: Sangras et al. (1998b)
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MIXTURE FRACTION STATISTICS OF PLANE SELF-
PRESERVING BUOYANT TURBULENT ADIABATIC WALL
PLUMES
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Abstract

Measurements of the mixture fraction properties of plane buoyant turbulent
adiabatic wall plumes (adiabatic wall plumes) are described, emphasizing conditions far
from the source where self-preserving behavior is approximated. The experiments involved
helium/air mixtures rising along a smooth, plane and vertical wall. Mean and fluctuating
mixture fractions were measured using laser-induced iodine fluorescence. Self-preserving
behavior was observed 92-155 source widths above the source, yielding smaller
normalized plume widths and near-wall mean mixture fractions than earlier measurements.
Self-preserving adiabatic wall plumes mix slower than comparable free line plumes (which
have 58 percent larger normalized widths) because the wall prevents mixing on one side

and inhibits large-scale turbulent motion. Measurements of probability density functions,

temporal power spectra and temporal integral scales of mixture fraction fluctuations are also

reported.

Nomenclature
b = source width
B, = source buoyancy flux
d = source diameter
E{n) = temporal power spectral density of f
f = mixture fraction

Keywords: Natural Convection, Nonintrusive Diagnostics, Plumes, Turbulence
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normalized self-preserving cross stream distribution of f

normalized self-preserving cross-stream distributions of f”
source Froude number, Eq. (2)

acceleration of gravity

characteristic plume width based on f, Eq. (5)

Morton length scale, Eq. (1)

characteristic plume width based on U, Eqg. (8)
frequency

probability density function of mixture fraction

characteristic plume Reynolds number, Eq. (9)
source Reynolds number, 2U,b/v,

streamwise velocity

normalized self-preserving cross stream distribution of u
streamwise distance

cross stream distance

distance along source from its midplane location

source length

kinematic viscosity
density

temporal integral scale of mixture fraction fluctuations
condition where the property reaches a maximum value

initial value or virtual origin location

ambient value

time-averaged mean value

root-mean-squared fluctuating value

Introduction

Plane turbulent wall plumes are caused by line sources of buoyancy along the base

of flat walls. These flows are of interest because they are a classical buoyant turbulent flow
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with numerous applications for confined natural convection processes and unwanted fires.
Thus, the objective of the present investigation was to extend recent measurements of
turbulent round and free line plumes (Dai and Faeth, 1996; Dai et al.,, 1994, 1995a,b;
Sangras et al., 1998) to consider plane turbulent wall plumes using similar methods.
Present observations were limited to tufbulent wall plumes along smooth plane vertical
surfaces for conditions where the streamwise buoyancy flux is conserved, which implies

flow along an adiabatic wall for a thermal plume.

Present measurements emphasize fully-developed conditions far from the source
where effects of source disturbances and momentum have been lost. Free line plumes
become self-preserving at these conditions which simplifies reporting and interpreting
measurements (Tennekes and Lumley, 1972). Adiabatic wall plumes never formally
approach self-preserving behavior, however, because the streamwise growth rates of the
near-wall boundary layer and the outer plume-like region are not the same. Nevertheless,
the outer plume-like region grows more rapidly than the near-wall boundary layer and
eventually dominates wall plumes far from the source, where wall plumes approximate
self-preserving behavior with scaling similar to free line plumes (Grella and Faeth, 1975;
Liburdy and Faeth, 1978). Thus, self-preserving behavior of adiabatic wall plumes was

sought in this approximate sense during the present investigation.

Ellison and Turner (1959) and Turner (1973) describe some of the earliest studies
of wall plumes, considering adiabatic wall plumes involving saline solutions in still water.
The entrainment rates that they observed for wall plumes were much smaller than those
observed for turbulent free line plumes by Rouse et al. (1952) and Lee and Emmons
(1961). This behavior was attributed to both the wall preventing mixing on one side and

inhibiting cross stream turbulent motion needed for effective mixing.




107

Grella and Faeth (1975) report hot-wire probe measurements of velocities and
temperatures in weakly-buoyant turbulent adiabatic wall plumes along smooth vertical
surfaces. A linear array of small flames was used for the buoyant source; therefore, source
dimensions are hard to define and plume buoyancy fluxes are difficult to quantify due to
near-source heat losses. The measurerﬂents suggest that approximate self-preserving
behavior was approached but could not be achieved due to the limited dynamic range of
hot-wire probes. Ljuboja and Rodi (1981) subsequently predicted the properties of these
flows using a turbulence model that included effects of buoyancy/turbulence interactions.
The agreement between predictions and measurements was reasonably good for conditions

farthest from the source which best approached approximate self-preserving behavior.

Lai et al. (1986) and Lai and Faeth (1987) reported laser velocimetry (LV) and
laser-induced fluorescence (LIF) measurements of mean and fluctuating and concentrations
in weakly-buoyant adiabatic wall plumes. Gas mixtures leaving a slot provided the
buoyancy source so that source dimensions and buoyancy fluxes were well defined. These
measurements were used to evaluate predictions based on simplified mixing length and
turbulence models, finding good predictions of mean properties but considerable

deficiencies for predictions of turbulence properties. These measurements were limited to
flow development at near-source conditions, 0 £ (x-x,)/b £ 37.5, so that self-preserving
behavior was not achieved. This behavior is consistent with recent measurements of

turbulent free line plumes where self-preserving behavior was only observed for (x-x_)/b >

76 (Sangras et al., 1998).

In addition to large values of (x-x,)/b to avoid effects of source disturbances,
approximate self-preserving behavior also requires large values of (x-x,)/{yto avoid

effects of source momentum (Turner, 1973). Noting that plume behavior dominates
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adiabatic wall plumes at self-preserving conditions, £y can be defined by analogy to free

line plumes having uniform source properties, as follows (List, 1982):

£y/o = (p/p.) ug/(bug Ip,-p_lip ) (1)
where the absolute value of the initial de‘n'sity difference is used to account for both rising
and falling plumes. A related parameter used to characterize source momentum properties is
the source Froude number, Fr, defined for adiabatic wall plumes by analogy to free line

plumes, as follows:

Fr* = p,ug/(2bglp..-p,) @
Using these parameters, the measurements of Lai et al. (1986) and Lai and Faeth

(1987)were limited to (x-x_)/ £, <5 which is small compared to the values on the order of

10 required for buoyancy-dominated self-preserving behavior for free line plumes (Sangras

et al., 1998).

In view of these observations, the objective of the present investigation was to
measure the mean and fluctuating scalar properties of adiabatic wall plumes, emphasizing
conditions within the approximate self-preserving region far from the source. The
experiments consisted of helium/air source flows, along a smooth plane and vertical wall in
still air at standard temperature and pressure, which provides straightforward specifications
of source dimensions and plume buoyancy fluxes. Scalar properties were characterized by
mixture fractions, defined as the mass fraction of source gas in a sample (Sangras et al.,
1998). Measurements of mixture fractions were carried out using iodine vapor LIF in order

to provide the dynamic range needed to reach approximate self-preserving conditions.
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Experimental Methods

Apparatus. Experimental methods were similar to the free line plume study of

Sangras et al. (1998). The plumes were observed in an enclosure (3400 x 2000 x 3600

mm high) that had porous side walls (parallel to the source) and a porous ceiling made of
filter material. This approach controlled room disturbances and ambient light leakage into

the test enclosure while allowing free inflow of entrained air and free exhaust of the plume.

The source slot (876 mm long X 9.4 mm wide) was mounted flush to a flat floor (876 mm
long x 610 mm wide) with the vertical wall mounted adjacent to one edge of the slot. The
floor/slot/wall assembly was mounted in turn normal to end walls (2440 mm high x 610

mm wide). A screen array (2 screens, 16 mesh x 0.20 mm wire diameter, separated by a

distance of 38 mm) was installed across the outer edge of the end walls (facing the vertical
wall) to further control room disturbances, following Gutmark and Wygnanski (1976),
Sangras et al. (1998) and references cited therein. The entire floor/slot/wall assembly was
traversed to accommodate rigid optical instruments in the same manner as Sangras et al.

(1998)

Gas supplies to the source were metered and measured using critical flow orifices in
conjunction with pressure regulators. These flow rates were calibrated using either wet test
or turbine flow meters. After mixing, the source flows passed through beds of iodine
flakes and feed lines having length-to-diameter ratios of 1200 to ensure uniformly seeded
mixtures. Uniform source flow properties were provided by a bed of beads, a filter and a

3.4:1 contraction at the slot exit.

Instrumentation. The LIF signal was produced by an argon-ion laser operating at

514.5 nm (measuring volume diameter at e points of 0.16 mm with a maximum optical
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power of 1800 mW). The laser beam was horizontal and directed normal to the wall. The
beam passed through an opening in the wall and was captured by a horn trap. Laser power
was monitored to correct for power fluctuations. Absorption of the laser beam in the flow
was less than one percent, and was even smaller for fluorescence emissions, so that it was

not necessary to account for effects of absbrption when data was processed.

LIF observations were made through windows (457 mm wide X 203 mm high)

mounted flush to the inner surface of the end walls and centered on the laser beam height.
Collecting optics were £5.1 with a diameter of 100 mm. The LIF signal was separated from
light scattered at the laser line using long-pass optical filters having a cutoff wavelength of
530 nm. The detector aperture provided a measuring volume length of 2 mm. Signal

detection, processing and calibration were the same as Sangras et al. (1998).

Effects of differential diffusion of helium and iodine vapor were small, less than
0.1 percent, based on binary diffusivity estimates from Bird et al. (1960) and the analysis
of Starner and Bilger (1983). Gradient broadening errors were also small, less than one
percent. Experimental uncertainties (95 percent confidence) were found following Moffat
(1982) as discussed by Sangras et al. (1998), yielding maximum experimental uncertainties

of the flow properties, as follows: 6 percent for F(y/(x-x,)),10 percent for F'(y/(x-x,)), 10

percent for PDF(f), 40 percent for the low frequency region of Ef(n)/('cfi_”z) and 35 percent

for BLB’C,J(X-XO). These uncertainties were maintained up to half the maximum value of

each measured parameter (excluding the spike region of the PDF) but increased at smaller

values roughly inversely proportional to the value of the parameter.

Test Conditions. The test conditions are summarized in Table 1. Two source

flows were considered in order to test scaling of source properties in the region of self-

preserving behavior. Approximate self-preserving behavior for adiabatic wall plumes
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plumes was only observed relatively far from the source (x-x,)/b = 92; therefore, the

locations of virtual origin could not be distinguished from x /b = O within present

experimental uncertainties.

Self—Presérving Scaling
The state relationship for density as a function of mixture fraction, assuming an
ideal gas mixture, can be found in Dai et al. (1994). Far from the source where the flow

becomes self-preserving, this expression can be approximated as follows:

p=p.+fp. (1-p./p,), f<<1 3

Assuming approximate self-preserving behavior for adiabatic wall plumes, in the sense
discussed earlier, mean and fluctuating mixture fractions can be scaled in terms of self-

preserving variables, as follows (List, 1982):

F(y/(x-x,)) or F'(y/(x-x.)) = (for £7)gB"(x-x )l -p./p,| (4)
where F(y/(x-x,)) and F'(y/(x-x,)) are appropriately scaled cross stream profile functions
of mean and fluctuating mixture fractions, which approximate universal functions far from
the source where Eq. (3) applies. A characteristic plume width, £;, based on f is also

defined, similar to turbulent free line plumes, as follows (Dai et al., 1994):

F(£i/(x-x))/F(0) = ¢ 5)
For plane turbulent adiabatic wall plumes, F decreases monotonically as y increases and
there is only one location where Eq. (5) is satisfied. The source buoyancy flux, B, is a
conserved scalar of the flow which can be found as follows for plane plumes having

uniform source properties (List, 1982):

B, = bu, glp, -p.I/p.. (6)
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The corresponding approximate self-preserving relationship for mean streamwise
velocities was not studied here but these properties are useful for defining the turbulence
properties of the wall plumes. Thus, mean streamwise velocities within approximate self-
preserving turbulent adiabatic wall plumes can be scaled in terms of self-preserving

variables, as follows (List, 1982):

U(y/(x-x.)) = TBY? O
where U(y/(x-x,)) is an appropriately scaled cross stream profile function. A characteristic
plume width based on U, ¢, is also defined, similar to turbulent free line plumes, as

follows (Dai et al., 1995a):

U4, /(x-x )U,_, =¢€’ (8)
where £, is the largest value of cross stream distance where Eq. (8) is satisfied, noting that
U is a double-valued function of y. The corresponding characteristic plume Reynolds

number can be written as follows for approximate self-preserving conditions (Sangras et

al., 1998):

Re, = §, ¢/, =U_ B3¢ v, 9)

[

For present purposes, values of U_, and £, were taken as averages of the measurements

farthest from the source reported by Grella and Faeth (1975).

Results and Discussion

Mean Mixture Fractions. Distributions of mean mixture fractions in the approximate
self-preserving region of the flow will be considered first. Present measurements of cross
stream distributions of mean mixture fractions for the two sources are illustrated in Fig. 1.
The scaling parameters of Eq. (4) have been used when plotting the figure so that the value
of the ordinate is F(y/(x-x,)). Result for zZZ = 0 and 1/4 (where z is measured from a

position halfway between the end walls), are in good agreement with each other which
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confirms the two-dimensionality of the flow. The present measurements also yield

universal distributions within experimental uncertainties for 92 < (x-x,)/b < 155 and 12 <
(x-x )/ £y <21 with flow aspect ratios of Z/ £; 2 7.9, as required for self-preserving flow.

Present conditions within the self-preserving region of the flow correspond to 3800 < Re <

6700 which is comparable to conditions within the self-preserving region of round and

plane free turbulent plumes of 2500 < Re_ < 7500 observed by Dai et al. (1994,1995a,b)

and Sangras et al. (1998). These are reasonably large values of characteristic Reynolds
numbers for turbulent plume-like flows. For example, this range is comparable to the
largest values of Re_ where measurements of turbulent wake properties have been reported,
while turbulent wakes exhibit self-preserving turbulence properties at values of Re, as

small as 70 (Wu and Faeth, 1993).

Measurements of F for a varety of plane turbulent plumes have been plotted in Fig.
1 for comparison with the present measurements, as follows: results for adiabatic wall
plumes from Grella and Faeth (1975) and Lai and Faeth (1987), results for isothermal wall
plumes from Liburdy and Faeth (1978) and results for free line plumes from Sangras et al.
(1998). The measurements of Grella and Faeth (1975), Lai and Faeth (1987) and Liburdy
and Faeth (1978) all exhibit streamwise variations of mean mixture fractions scaled for
approximate self-preserving behavior; thus, the distributions plotted in Fig. 1 for these
measurements are for conditions farthest from the source. The remaining results from
Sangras et al. (1998) and the present study represent scaled mean mixture fractions

averaged over the self-preserving portions of the plumes.

Considering the three adiabatic wall plume results in Fig. 2, it is evident that the
measurements of Lai and Faeth (1987) are considerably broader than present results (22

percent broader at the e points of the distributions) and that the values of F for both Grella

10
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and Faeth (1975), and Lai and Faeth (1987) are considerably larger than the present results
near the wall (up to 31 percent larger). The larger scaled widths of the mean mixture
fraction distributions of the earlier adiabatic wall plumes are typical of conditions in the
developing plume region before self-preserving behavior is achieved. Developing flow was

especially evident for the measurements of Lai and Faeth (1987) which were limited to (x-

x,)/b £ 37.5 while self-preserving behavior was only observed much farthér from the

source (x-x,)/b 2 92, during the present investigation. This behavior is illustrated by the

values of £;/(x-x,) summarized in Table 2 for the measurements of Lai et al. (1986) and the
present investigation. The progressive reduction of £;/(x-x,) with increasing distance from
the source, tending toward the value observed during the present investigation, is quite
evident. The corresponding streamwise locations of the measurements of Grella and Faeth
(1975) cannot be stated in terms of (x-x,)/b because their source dimensions are not well
defined; nevertheless, it is encouraging that the characteristic width of these measurements

at the largest distance from the source is in good agreement with the present measurements.

Differences between the magnitudes of the scaled mean mixture fraction
measurements of Grella and Faeth (1975) and the present investigation can be attributed to
problems of specifying the buoyancy flux, B, for the measurements of of Grella and Faeth
(1975). In particular, B , was accurately prescribed by the gas mixture at the source exit for
the present study but B, had to be obtained from measurements of plume velocity and
temperature properties for the study of Grella and Faeth (1975) due to the difﬁcultics of
determining energy losses from thermal plumes near the source. This approach introduces
significant uncertainties in B_, particularly because a significant portion of B is transported
by streamwise turbulent motion, e.g., Dai et al. (1995b) and George et al. (1977) find that
streamwise turbulent transport contributes 15-16 percent of B, for round buoyant turbulent
plumes with similar levels anticipated for plane turbulent plumes. The streamwise transport

contribution to B, was not measured by Grella and Faeth (1975) and had to be ignored so

11
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that the corresponding underestimation of B, tends to increase values of F compared to

present results as seen in Fig. 1.

The comparison between the distributions of F for adiabatic wall plumes and free
line plumes, plotted in Fig. 1, is also of interest. Both sets of results represent self-
preserving behavior and have the same buoyancy flux. Comparing the two flows, it is
evident that the adiabatic wall plumes spread much slower than the free line plumes. For
example, the characteristic widths, £, are 58 percent larger for the free line plumes than
the adiabatic wall plumes whereas the maximum scaled mean mixture fraction, F(0), is 2.7
times larger for adiabatic wall plumes than for the free line plumes. This behavior has
unfortunate implications for the environment of unwanted fires within structures where the
reduced mixing rates of fire plumes along surfaces allow heated regions to extend much
farther from the source than would be the case for unconfined fires; this behavior tends to
enhance fire spread rates. These effects also tend to reduce dilution rates of pollutants and
other hazardous substances within buoyant flows along surfaces compared to unconfined

buoyant flows.

Reduced rates of mixing of adiabatic wall plumes compared to free line plumes can
be attributed to reduced access to the ambient environment, the direct effects of wall friction
and inhibition of turbulent mixing by the presence of the wall. The reduced access to the
ambient environment comes about because adiabatic wall plumes can only mix on one side
while free line plumes can mix on both sides. This effect might be expected to increase the
maximum scaled mean mixture fraction, F(0), by a factor of 2; instead, F(0) increases even
more, by a factor of 2.7, which suggests that other effects are influencing mixing rates as
well. The direct effect of wall friction, however, does not explain any significant tendency
to retard mixing rates for adiabatic wall plumes. For example, earlier studies of adiabatic

wall plumes show the direct effects of wall friction on plume structure are small because the

12
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wall boundary layer is much thinner than the outer plume-like region as self-preserving
conditions are approached (Grella and Faeth, 1975; Lai et al., 1986; Lai and Faeth, 1987).
Thus, the presence of the wall must reduce mixing in its own right, probably by inhibiting
cross stream turbulent motion at the largest scales that significantly contribute to the mixing

of free line plumes.

Results for isothermal wall plumes due to Liburdy and Faeth (1978) plotted in Fig.
1 also support the idea that the main functions of the wall are to limit mixing to just one side
of the plume and to inhibit turbulent motion at the largest scales which tends to reduce
mixing rates. In particular, Liburdy and Faeth (1978) find little effect of direct transport to
the wall on reducing values of F as self-preserving conditions are approached (although
wall heat losses near the source are very important for these thermal plumes). On the other
hand, wall heat losses shift the maximum value of F away from the wall, tending to
increase the thickness of the flow. This increased thickness accommodates larger scales of
turbulence which increases mixing rates as evidenced by the smaller F_ for isothermal

wall plumes than for adiabatic wall plumes.

The differences between the various flows plotted in Fig. 1 are quantified in Table

3, where the aspect ratio of the slot, Z/b, the range of streamwise distances studied (x-

x,)/b, the smallest flow aspect ratios, (Z/ £ e the streamwise distance in terms of Morton

min®

length scale, (x-x,)/ 14 v» and the corresponding values of 14 J(x-x),F__and £° /f__ are
summarized to the extent they are known for adiabatic wall plumes, isothermal wall plumes
and free line plumes. Earlier results for wall plumes exhibit some evolution of F with
distance from the source over the range of the measurements; therefore, only findings
farthest from the source are shown in the table in these cases. The measurements of Grella

and Faeth (1975), Liburdy and Faeth (1978) and Liburdy et al. (1979) employed linear

arrays of small flames as thermal sources for the plumes so that source dimensions cannot

13
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be prescribed for these results. Variations of flow widths and values of F between the
various flows have already been discussed in connection with Fig. 1; the properties of

mixture fraction fluctuations will be taken up next.

Mixture Fraction Fluctuations. Measurements of cross stream distributions of

mixture fraction fluctuations are plotted in Fig. 2. In addition to the present measurements

for the same conditions as f in Fig. 1, other measurements have been plotted in the figure,
as follows: adiabatic wall plumes from Lai and Faeth (1987), isothermal wall plumes from
Liburdy and Faeth (1978) and free line plumes from Sangras et al. (1998). As before, the
measurements of Lai and Faeth (1987) and Liburdy and Faeth (1978) do not extend to fully
self-preserving conditions so that only their results farthest from the source are shown. The
remaining results from Sangras et al. (1998) and the present study represent scaled mixture

fraction fluctuations in the self-preserving portions of the flow.

Present measurements of F” exhibit self-preserving behavior within experimental

uncertainties over the test range. F” becomes small as the wall and the free stream are

approached and reaches a maximum near y/(x-x) = 0.02. The values of f’ are actually

larger for adiabatic wall plumes near this maximum than the values observed in free line

plumes at similar conditions because the values of f in this region are larger for adiabatic

wall plumes than for free line plumes. The values of mixture fraction fluctuation intensities

near the maximum f condition, however, are actually smaller for adiabatic wall plumes
than for free line plumes, e.g., 37 percent as opposed to 47 percent, see Table 3, which is
consistent with the wall stabilizing turbulent motion. The adiabatic wall plume results of Lai

and Faeth (1987) are similar to present results in terms of magnitudes, e.g., the values of

£ /f . forthe two studies are 34 and 37 percent, respectively. The distribution of F~ is

max

considerably broader for the measurements of Lai and Faeth (1987) than the present study,

14
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however, which follows because self-preserving conditions were not reached, as noted
earlier. The measurements of Liburdy et al. (1979) for isothermal wall plumes are

considerably smaller than the other wall plumes for reasons that have yet to be explained;

values of f~_/f __ for this flow are also lower than for all the other plumes, e.g., 25

percent, see Table 3.

Probability Density Functions. The measured PDF(f) are illustrated in Fig. 3 for

self-preserving adiabatic wall plumes. These results are for the case 1 source at various
cross stream distances and (x-x,)/b = 110 but results at other self-preserving conditions
were similar. The measurements are compared with predictions of clipped-Gaussian and
beta function distributions which frequently are used to represent PDF(f) for modeling

purposes (Lockwood and Naguib, 1975). These distributions are prescribed by the values

of f and f~ at each position.

The PDF(f) illustrated in Fig. 3 exhibit progressively increasing spikes at f=0 as
y/(x-x,) increases, representative of increasing time periods spent in ambient fluid as the
outer edge of the flow is approached. Both distributions provide a reasonably good
representation of the measured PDF’s. All these properties are similar to earlier findings for

free line plumes (Sangras et al., 1998).

Temporal Power Spectral Densities. Typical temporal power spectra are illustrated

in Fig. 4 for self-preserving adiabatic wall plumes. These results are for 92 < (x-x_)/b <

155 with the case 1 plume but results for other self-preserving conditions are similar. These
measurements are normalized by local turbulence properties as described by Hinze (1975).
These spectra are qualitatively similar to earlier results for round plumes reported by Dai et

al. (1994) and for free line plumes reported by Sangras et al. (1998). The normalized

15
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spectra are relatively independent of cross stream position at each streamwise location. The
spectra exhibit a prominent -5/3 power decay in an inertial-convective subrange for scalar
property fluctuations where effects of molecular diffusion are small (Tennekes and Lumley,
1972) followed by a prominent -3 power decay in an inertial-diffusion subrange for scalar
property fluctuations where effects of molecular diffusion are significant (Papanicolaou and
List, 1987). The latter region is not observed in nonbuoyant flows and represents an

important buoyancy/turbulence interaction.

The properties of the temporal power spectra are completed by temporal integral

scales, which are plotted as a function of cross stream distance in Fig. 5. These

measurements are limited to the case 1 source for 92 < (x-x,)/b £ 155, however, results at

other self-preserving conditions are similar. The correlation for the temporal integral scales
of self-preserving free line plumes from Sangras et al. (1998) is also shown in the plot for
comparison with the present results. The present results provide a scattered correlation
when plotted in the manner of Fig. 5; nevertheless, these results agree with the free line
plume results within experimental uncertainties in spite of increased width of free line
plumes. The shape of the plot generally agrees with expectations for temporal integral

scales based on Taylor’s hypothesis, as discussed by Sangras et al. (1998).

Conclusions
Mixture fraction statistics were measured in plane turbulent adiabatic wall plumes
rising along flat smooth vertical walls in still air. Conditions far from the source were
emphasized where effects of source disturbances are lost and the outer plume-like region of
the flow approximates self-preserving behavior with scaling similar to self-preserving free
line plumes. The test conditions consisted of buoyant jet sources of helium and air to obtain

the source properties summarized in Table 1 with measurements involving (x-x,)/b in the

16
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range 92-155 and (x-x_)/ £, 1n the range 12-21. The major conclusions of the study are as

follows:

1. The present measurements yielded distributions of mean mixture fractions that

approximated self-preserving behavior in the outer plume-like region of the flow for

(x-x,)/b 2 92. In this region distributions of mean mixture fractions were up to 22

percent narrower, with scaled values at the wall up to 31 percent smaller than earlier
results using buoyant jet sources in the literature. These differences were caused by
past difficulties in achieving adequate distances from the source to reach self-
preserving conditions and accurately determining the value of the buoyancy flux

needed to scale self-preserving properties during the earlier studies.

2. Self-preserving turbulent adiabatic wall plumes mix much slower than comparable
free line plumes with characteristic plume widths 58 percent larger and scaled
maximum mean mixture fractions 2.7 times smaller for free line plumes than for
comparable adiabatic wall plumes mainly because the wall limits mixing to one side
of the flow and inhibits large-scale turbulent motion that is mainly responsible for

mixing.

3. Cross stream distributions of mixture fraction fluctuations exhibit reduced values
near the wall as expected. The stabilizing effect of the wall also reduces maximum
mean mixture fraction fluctuation intensities in the self-preserving plane turbulent
adiabatic wall plumes compared to corresponding turbulent free line plumes, e.g.,

the maximum intensities for the two flows are 37 and 47 percent, respectively.

17
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The probability density functions of mixture fractions in self-preserving adiabatic
wall plumes are approximated reasonably well by either clipped Gaussian or beta

function distributions similar to corresponding free line plumes.

The low frequency portion of thé Spectra of mixture fraction fluctuations scale in a
relatively universal manner while the spectra exhibit -5/3 power inertial-convective
and -3 power inertial-diffusive decay regions. This behavior is typical of other
turbulent plumes with the prominent -3 power inertial-diffusive decay region being

a characteristic of buoyant flows that is not seen in nonbuoyant flows.

Temporal integral scales could be correlated in a relatively universal manner in
terms of self-preserving parameters, with results for adiabatic wall plumes in

qualitative agreement with the behavior of corresponding free line plumes.
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Table 1. Summary of plane buoyant turbulent adiabatic wall plume test conditions®

Source Properties Case ] Case 2
Helium concentration (percent by volume) 29.0 52.3
Density (kg/m’) o 0.871 0.639
Kinematic viscosity (mm?%s) 22.1 31.3
Average velocity (mm/s) 868 1240
Buoyancy flux, B_(m*s?) 0.0200 0.0514
Density ratio, p /p.. 0.750 0.550
Reynolds number, Re, 740 745
Froude number, Fr, 3.50 3.20
Morton length scale, ¢,,/b 7.7 6.1

‘Helium/air sources directed vertically upward at the base of a vertical smooth plane wall in

still air with an ambient pressure of 99 + 0.5 kPa and temperature of 297 + 0.5 K. Pure
gas zpropertles as follows: air density of 1.161 kg/m’®, air kinematic viscosity of 15.9

m®/s, helium density of 0.163 kg/m® and helium kinematic viscosity of 122.5 mm?%s.
Source slot width and length of 9.4 and 876 mm. Virtual origin based on f of x /b = 0
determined from present measurements in the range (x-x_)/b —92 155 and (x-x,)/ £, = 12-
21.
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Table 2. Development of plane turbulent adiabatic wall plumes®

Source (x=x,)/b £/(x-x,)
Lai et al. (1986) 10.0 0.173
' 20.0 0.118

37.5 0.093

Present (self-preserving region) 92-155 0.076

“Plane turbulent adiabatic wall plumes in still and unstratified environments.




Table 3. Summary of self-preserving properties of plane buoyant turbulent plumes®

Source Plume Type Zb  (x-x )b (Z/ ), (x-x MLl £i/(x-x,) F o £ T
Present Adiabatic Wall 93 92-155 7.9 12-21 0.076 5.71 0.37
Lai et al.

(1986)° Adiabatic Wall 38 10-38 10.8 1-5 0.093 6.80 0.34
Grella & Faeth

(1973)°* Adiabatic Wall - - 13.0 -- 0.077 7.50 --
Liburdy & Faeth

(1978) and

Liburdzl et al.

(1979)>¢ Isothermal Wall - -- 5.9 -- 0.112 5.20 0.25
Sangras et al.

(1998) Free Line 93  76-155 2.6¢ 9-21 0.120 2.10 0.47

*Plane buoyant turbulent plumes in still and unstratified environments. Wall plumes are along vertical smooth surfaces. Range of
streamwise distances are for conditions where measurements were made over the cross section of the plumes. Adiabatic wall plume
entries are ordered chronologically.

*These flows were evolving over the range of the measurements so that the values of £/(x-x ), F
obtained farthest from the source.

‘Source was a linear array of round jets so that slot properties cannot be defined.

“This value is (Z/(2 £,)),;, which is the full characteristic width of the flow, similar to the other entries in this column.

and [ /f, .. pertain to results

max

min

L2l
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