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Abstract

This study employs a direct numerical simulation (DNS) technique to study the flow, turbulence structure, and passive scalar plume
transport behind line sources in an unstably stratified open channel flow. The scalar transport behaviors for five emission heights (zs = 0,
0.25H, 0.5H, 0.75H, and H, where H is the channel height) at a Reynolds number of 3000, a Prandtl number and a Schmidt number of
0.72, and a Richardson number of �0.2 are investigated. The vertically meandering mean plume heights and dispersion coefficients cal-
culated by the current DNS model agree well with laboratory results and field measurements in literature. It is found that the plume
meandering is due to the movement of the positive and negative vertical turbulent scalar fluxes above and below the mean plume heights,
respectively. These findings help explaining the plume meandering mechanism in the unstably stratified atmospheric boundary layer.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Transport of passive and inert1 scalar in turbulent flow
exhibits a broad range of spatial and temporal scales gov-
erned by the characteristics of fluid turbulence. The trans-
port is further complicated by the existence of temperature
stratification. Heating at the bottom leads to buoyancy
opposite to the gravitational force and increases turbulence
kinetic energy (TKE). This configuration of turbulent
boundary layer (TBL), also known as unstably stratified
or convective boundary layer (CBL), is commonly
observed in the daytime atmospheric boundary layer
(ABL). The fluid motions in a CBL exhibit a coherent
structure of circulation consisting of updrafts and down-
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1 In this paper, passive means that the physical properties of the scalar
are exactly equal to those of the carrier fluid and the scalar does not affect
the fluid motions. Inert means that the scalar is not involved in any
chemical reaction.
drafts [1] that tremendously affects the plume behaviors
for scalar emitted continuously from point or line sources.
Unlike the cases in neutral stratification, remarkable plume
meandering in the form of ascending and descending scalar
trajectories is observed in CBLs. For example, maximum
ground-level concentration from elevated sources, such as
chimneys, is often encountered in a day-time CBL with
light wind. Under this circumstance, conventional Gauss-
ian plume models no longer calculate the scalar transport
accurately. In fact, our understanding on the mechanism
of scalar transport in CBLs is limited.

Willis and Deardorff [2] constructed a laboratory con-
vective water tank to model the turbulence structure in
CBLs. The experiment was further developed to investigate
the transport of scalar emitted at different heights [3–5].
The characteristic scalar transport behaviors (the plume
ascent and descent) in a CBL were then established
together with the convective mixed-layer scaling velocity
w* = (g/H0hw00h00ijz=0 zi)

1/3 [6]. Recently, Weil et al. [7]
utilized a laboratory convective water tank to study the
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Nomenclature

C the source strength and the reference scalar mix-
ing ratio

c scalar mixing ratio
g gravitational acceleration
H the channel height and the reference length scale
Lxi domain extents (i = 1, 2, and 3 in the streamwise

(Lx), spanwise (Ly), and vertical (Lz) directions,
respectively)

Nxi number of elements (i = 1, 2, and 3 in the
streamwise (Nx), spanwise (Nv), and vertical
(Nx) directions, respectively)

p kinematic pressure
Pr Prandtl number = m/a
R/w correlation coefficient between / and w defined

in Eq. (8)
Re Reynolds number = UH/m
Res Reynolds number based on wall variables =

usH/m
Ri Richardson number = �g(H/H0)(DH/U2)
Sc Schmidt number = m/j
T the reference time scale = H/U
t time
U the mean flow speed at the top of the channel

and the reference velocity scale
ui velocity components (i = 1, 2, and 3 are the

velocity components in the streamwise (u), span-
wise (v), and vertical (w) directions, respectively)

us friction velocity
w* convective mixed-layer scaling velocity =

(g/H0hw00h00ijz=0)1/3

h00w00 vertical heat flux
X* streamwise distance made dimensionless by

the convective mixed-layer scaling velocity =
(w*/U)(x/H)

xi Cartesian coordinates (i = 1, 2, and 3 for the
streamwise x, spanwise y, and vertical z direc-
tions, respectively)

�zðxÞ mean plume height defined in Eq. (6)
zi height of the turbulent boundary layer
zs scalar emission height
a thermal diffusivity
Dt time step increment
DH the mean temperature difference across the

channel and the reference temperature scale
Dxi mesh spacing (i = 1, 2, and 3 for the streamwise

Dx, spanwise Dy, and vertical Dz directions,
respectively)

dij Kronecker symbol
j mass diffusivity
m kinematic viscosity
rz(x) vertical scalar dispersion coefficient defined in

Eq. (7)
H0 reference temperature
h temperature
h i statistical mean, spatial (homogeneous direc-

tions) and temporal average

Superscripts
00 deviation from the statistical mean /00 = / � h/i
+ parameters expressed in wall unit
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transport behavior of passive scalar behind point sources in
which a plume meandering was observed. Apart from
water tank experiments, ascents and descents of scalar tra-
jectories were observed in a modeled CBL in a thermally
stratified wind tunnel [8]. These experiments have built
up our basic knowledge of characteristic scalar transport
in CBLs and have speculated the reliability of conventional
Gaussian plume models. Hence, theoretical analysis by
mathematical modeling is deemed for better understanding
on the detailed scalar transport mechanism underneath.

Second-order closure turbulence models, which parame-
terize the subgrid-scale processes by single-length-scale
models, are commonly adopted in studies of turbulent
transport. Though all the processes in the spanwise direc-
tion were neglected, the two-dimensional (2D) studies by
Sun and Chang [9] and Pai and Tsang [10] calculated the
plume meandering for scalar emitted at different heights in
CBLs. The three-dimensional (3D) study by Liu and Leung
[11] further confirmed this unique plume meandering.

The second-order closure turbulence models assume sin-
gle-length-scale subgrid-scale processes that can rarely
model the broad spectrum of scales in turbulent transport
to good accuracy. The inaccuracy is particularly consider-
able when the turbulence is due to buoyancy and mechani-
cal shear simultaneously. Large-eddy simulation (LES)
calculates explicitly most of the actual transport of momen-
tum and mass while the remaining small amount of
Reynolds stresses and scalar fluxes are modeled by sub-
grid-scale parameterizations. It is thus less sensitive to the
inaccuracy of parameterizations. Numerous LES studies
have been conducted to investigate the turbulence struc-
tures in CBLs [1,12–15]. Based on LES-calculated flow
fields, Lagrangian stochastic particle models have been
employed to investigate the scalar plume transport in CBLs
[16–18] in which the findings agreed well with measure-
ments. Eulerian models have also played important roles
to investigate the scalar plume transport behaviors in differ-
ent buoyancy- and shear-driven CBLs using LES [19,20].
These mathematical modeling studies, using both Lagrang-
ian and Eulerian approaches, have calculated the unique
plume behaviors and elucidate the plume transport mecha-
nisms in CBLs.
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Although LES calculates explicitly most of the large
energy-carrying scales and models only the small subgrid
scales, no agreed subgrid-scale parameterization has been
reached yet. Indeed, the differences among those subgrid-
scale models become significant when the subgrid-scale
kinetic energy and the inter-scale energy transfer are inves-
tigated [21]. Numerous subgrid-scale models, including
Smagorinsky eddy-viscosity model [22], one-equation
eddy-viscosity model [23], dynamic model [24], dynamic
mixed model [25], and dynamic localization model [26], just
name a few, are available in literature. On the other hand,
direct numerical simulation (DNS), which calculates explic-
itly all the significant energy-carrying scales, provides a
more accurate solution to the detailed transport processes
in fluid turbulence. However, because of the highly refined
spatio-temporal resolution required, DNS is restricted to
flow at small Reynolds numbers. It is thus limited to engi-
neering-scale and is hardly extended to the full-scale ABL.
Nonetheless, reduced-scale DNS models are good repre-
sentations of the ABL physics that help explain the actual
transport processes and mechanisms. DNS of horizontally
homogeneous scalar transport inside a turbulent channel
was conducted by Kim and Moin [27] and constructed
the basic correlations between fluid and scalar motions.
The characteristic structure and development of the scalar
wake behind passive scalar line sources placed perpendicu-
lar to the flow in homogeneous turbulence were investi-
gated by Li and Bilger [28] and Livescu et al. [29]. The
mean and root-mean-square (RMS) statistics agreed well
with those obtained from experiments.

In the light of the uncertainties of subgrid-scale param-
eterizations in LES, this study aims at using a DNS model
to explain the transport behaviors of passive scalar plume
behind line sources in an unstably stratified open channel
flow. Because of the refined spatial resolution required,
the current DNS calculation is limited to an engineering
scale at a small Reynolds number that utilizes an open
channel to represent the ABL. The effects of temperature
stratification on turbulence, scalar mixing ratio, scalar
fluxes, correlation coefficients, scalar mixing ratio budget,
and instantaneous fields are studied to improve our under-
standing on the behaviors and mechanism of scalar plume
transport, as well as to supplement previous findings from
mathematical modeling, laboratory experiments, and field
measurements.
2. Mathematical model

Incompressible flow of Boussinesq fluid is considered in
the current DNS model in which the governing equations
include the following:

(i) conservation of momentum equation:

oui

ot
þ o

oxj
uiuj ¼ �

op
oxi
þ 1

Re
o2ui

oxj oxj
� Riðh�H0Þdi3; ð1Þ
(ii) continuity equation:

oui

oxi
¼ 0; ð2Þ

(iii) conservation of energy equation:

oh
ot
þ o

oxi
hui ¼

1

RePr
o2h

oxi oxi
: ð3Þ

The above equations are expressed in tensor notation
and the usual summation convention on repeated indices
(i and j) is employed. All variables in the equations are
appropriately made dimensionless by the channel height
H, the mean flow speed at the top of channel U, and the
mean temperature difference across the channel DH. The
dimensionless parameters used thus include the Reynolds
number Re, the Prandtl number Pr, and the Richardson
number Ri. The Ri is used to account for the relative con-
tribution from buoyancy and shear that is negative in
unstable stratification. The (passive and inert) scalar trans-
port is calculated by

(iv) mass conservation equation:

oc
ot
þ o

oxi
cui ¼

1

ReSc
o2c

oxi oxi
: ð4Þ

It is made dimensionless by the scalar source strength C

with Re and the Schmidt number Sc to be the dimension-
less parameters.

3. Computational information

3.1. Numerical methodology

The governing equations (1)–(4) are solved by a 3D
finite element method (FEM). The implicit dependence of
velocity and pressure in incompressible flow is decoupled
by a second-order accurate fractional-step method. The
Galerkin method is used to construct the weighted residual
formulation of the mathematical model. The velocity, pres-
sure, temperature, and scalar mixing ratio are approxi-
mated by the same trilinear interpolating polynomials
based on brick elements. The nonlinear advection terms
are solved explicitly by a third-order accurate Runge–
Kutta scheme while the linear diffusion terms are solved
implicitly by a second-order accurate Crank–Nicolson
scheme. The buoyancy term in the momentum equation
is solved explicitly by a first-order accurate Euler scheme.
The aforementioned mathematical procedure leads to sev-
eral systems of linear equations which are solved by the
Conjugate Gradient iteration with Jacobian precondition-
ing [30]. The detailed numerical methodology is discussed
elsewhere [31,32]. The DNS FEM code is parallelized by
domain decomposition for data structure together with
data parallelism for matrix assemblies and operations
[33]. The computation was undertaken on Linux PC clus-
ters consisting of 16 CPUs whose parallel performance is
discussed by Liu et al. [34]. An in prior model validation
has been conducted by simulating turbulent transport in
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a plane Couette flow [35] in addition to the model valida-
tion presented later in this paper.

3.2. Computational domain and boundary conditions

In the current DNS calculation, the computa-
tional domain is a rectangular channel (Fig. 1) of size
12H (streamwise) · 4H (spanwise) · H (vertical). Periodic
boundary conditions are employed in the horizontal direc-
tions for both the flow and temperature calculations. The
mean flow is driven by a constant background pressure
force in the streamwise direction. In the vertical direction,
a non-slip rigid wall boundary condition ui = 0 is assumed
at the bottom of the channel while a shear-free boundary
condition with no deformation and zero vertical flow
(ou/oz = ov/oz = w = 0) is assumed at the top of the open
channel. This configuration is a good representation of a
free surface as long as the vertical deformation is negligible
compared with the channel height and the Reynolds num-
ber is not high [36]. Constant temperature boundary condi-
tions are assumed at the bottom and top of the channel. To
simulate unstable stratification, the wall is heated up such
that the constant temperature difference across the channel
height is DH.

Passive scalar is emitted into the open channel through
hypothetical line sources placed parallel to the spanwise
direction at x = 0. Five emission heights, at zs/H = 0,
0.25, 0.5, 0.75, and 1, are considered. Instead of adding
source terms into Eq. (4), the scalar sources are simulated
in the form of Dirichlet boundary conditions of constant
scalar mixing ratio C at the inlet of the open channel.
The effects are virtually the same as placing lines of con-
stant temperature in the open channel flow. The upstream
inlet is free of scalar while an open boundary condition

oc
ot
þ u

oc
ox
¼ 0 ð5Þ

is assumed at the downstream outlet where the scalar is
removed from the channel without obvious distortion or
16H
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Fig. 1. Schematic diagram of the computational domain for passive scalar
transport behind line sources in an unstably stratified open channel flow
calculated by the current DNS.
reflection. Unlike the conventional zero-gradient boundary
condition, molecular diffusion term is not included in Eq.
(5). Indeed, the zero-gradient boundary condition is not
appropriate in the current turbulent scalar transport be-
cause it would unnecessarily reflect the scalar from the
downstream outlet back into the open channel. The scalar
transport is assumed to be periodic in the spanwise direc-
tion. Zero-gradient boundary conditions for scalar are
assumed at the wall and the top of the channel.

3.3. Simulation parameters

The computational domain is discretized into a mesh
consisting of 448 · 64 · 96 (= 2752512) brick finite ele-
ments in x, y, and z directions, respectively. The mesh in
the spanwise direction is evenly distributed with spacing
Dy = 0.0625H. The vertical mesh spacing Dz is stretched
away from the walls, the shear-free boundary, and the sca-
lar sources so as to better resolve the large spatial variation
of the calculated variables. The minimum and maximum
vertical mesh spacings are 0.004H and 0.0244H, respec-
tively. The streamwise mesh spacing is also stretched away
from the scalar sources to capture the rapid plume develop-
ment in the near field with mesh spacing Dx = 0.011H next
to the sources. It increases gradually in the streamwise
direction with a maximum Dx = 0.065H at the downstream
outlet. The Reynolds numbers based on wall variables Res

(= usH/m) and based on global variables Re (= UH/m) are
180 and 3000, respectively. The Prandtl and Schmidt num-
bers are set equal to 0.72. The convective velocity scale w* is
0.2 based on the channel height and the wall heat flux. The
ratio of friction velocity to convective velocity scale us/w* is
0.22. The corresponding Richardson number is �0.2 that
represents a CBL with almost calm wind. In the previous
convective water channel experiments at higher Reynolds
numbers [2–6], the near-wall heat flux is dominated by the
turbulent heat flux while the (molecular) heat flux on the
wall is difficult to be measured. As a result, the convective
mixed-layer scaling velocity is based on the near-wall heat
flux. However, our DNS is at a lower Reynolds number
and it can calculate the molecular heat flux on the wall.
Thus, the DNS-calculated wall-surface molecular heat flux
is used to define the convective mixing-layer scaling veloc-
ity. The time step increment Dt is 0.01T such that the
Courant–Fredrichs–Lewy (CFL) number is less than 0.7.
Although the Reynolds number is rather low, the flow is
confirmed fully turbulent by previous measurements, LES,
and DNS [37]. The current simulation parameters are tabu-
lated in Table 1. The DNS has been carried out for 50T for
achieving pseudo-steady state. Afterward, the DNS output
for another 50T was collected for subsequent statistical ana-
lyzes that covers about 100 eddy turn-over time.

4. Results and discussion

This study focuses on the transport behaviors of scalar
plume in a CBL. The flow field will be discussed briefly



Table 1
Simulation parameters in global and wall units for the current DNS
calculation

Simulation parameters

Global units Wall units

Domain size Lx · Ly · Lz

= 12H · 4H · H

Lþx � Lþy � Lþz
¼ 2160� 720� 180

Reynolds
number

Re = 3000 Res = 180

Number of
elements

Nx · Ny · Nz

= 448 · 64 · 96 = 2752512

Grid spacing 0.011H 6 Dx 6 0.065H 1.98 6 Dx+
6 11.70

Dy = 0.0625H Dy+ = 11.25
0.004H 6 Dz 6 0.0244H 0.72 6 Dz+

6 4.39

Time step
increment

Dt = 0.01T Dt+ = 8.1

CFL number 0.11 6 CFL 6 0.70
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before going into the detailed scalar transport. In the fol-
lowing discussion, statistical means denoted by parenthesis
h i are spatial (in the homogeneous directions) and tempo-
ral average. Hence, the statistical means of flow variables
are averaged in both streamwise and spanwise directions
while the statistical means of scalar variables are averaged
in the spanwise direction only.

4.1. Flow and turbulence properties

The calculated vertical profile of mean streamwise veloc-
ity hui grows quickly to its free-stream value U for z/H P
0.2 (Fig. 2a). The relatively constant mean streamwise
velocity over most of the channel height is caused by the
enhanced turbulent mixing due to the increased vertical
Reynolds stress u00w00 generated by the buoyancy. More-
a b

Fig. 2. Vertical profiles of (a) mean flow speed hui/U and (b) mean
temperature hhi/DH.
over, there is a local minimum of mean streamwise velocity
at z/H = 0.9. It is mainly due to the sharp change in the
RMS streamwise velocity fluctuation together with the
free-surface boundary condition imposed at the top of
the open channel. Fig. 2b shows the calculated vertical pro-
file of mean temperature hhi across the channel height. It is
asymmetric in which the temperature is relatively constant
(hhi/DH � �0.25) at the center core of the channel (0.1 6
z/H 6 0.9). Analogous to the mean streamwise velocity,
the relatively constant mean temperature is due to the
increased vertical heat flux h00w00 at the center core of the
channel. The increased Reynolds stress and heat flux
signify the enhanced mixing due to buoyancy-driven turbu-
lence in addition to shear-driven turbulence in unstably
stratified TBLs. It is worth mentioning that there is a tiny
local maximum of mean temperature at z/H = 0.7. The
formation of this minor peak is mainly due to the buoy-
ancy dominated flow. The hot fluid originated from the
lower part of the open channel moves upward rapidly that
increases the temperature at z/H = 0.7.

The RMS streamwise velocity fluctuation has a near-
wall local maximum hu00u00i1/2/U = 0.22 at z/H = 0.05
(Fig. 3a). It decreases with increasing height until z/H =
0.9 before increases to hu00u00i1/2/U = 0.16 at the top of
the channel. The unstable stratification greatly increases
the RMS spanwise velocity fluctuation hv00v00i1/2 compared
with that in neutral stratification. In particular, the RMS
spanwise velocity fluctuation is greater than the streamwise
one. It has local maxima of hv00v00i1/2/U = 0.24 and 0.3 at
z/H = 0.1 and 1, respectively, together with a local mini-
mum of 0.16 at the channel center. Unlike its streamwise
and spanwise counterparts, the RMS vertical velocity fluc-
tuation hw00w00i1/2 is equal to zero at the top of the channel
because of the velocity boundary conditions. Maximum
a b

Fig. 3. Vertical profiles of (a) root-mean-square velocity fluctuation
(streamwise hu00u00i1/2/U: —, spanwise hv00v00i1/2/U: –––, and vertical
hw00w00i1/2/U: � � �), turbulent kinetic energy 1/2 (hu00u00i + hv00v00i + hw00w00i):
– Æ Æ–, and temperature fluctuation hh00h00i1/2/DH: – Æ–, and (b) vertical
Reynolds stress hu00w00i/U2: — and vertical heat flux hh00w00i/(DHU): � � �.



Fig. 4. Mean plume heights �z=H expressed as functions of the streamwise
distance x/H or X* for emission heights zs/H at 1: – Æ Æ–, 0.75: � � �, 0.5: – Æ–,
0.25: –––, and 0: — calculated by the current DNS. zs/H at 0 measured by
Briggs [41]: h, zs/H at 0.5 CONDORS data appeared in van Haren and
Nieuwstadt [42]: n, zs/H at 0.0 measured by Weil et al. [7]: ·, zs/H at 0.5
measured by Willis and Deardorff [5]: m, zs/H at 0.25 measured by Willis
and Deardorff [4]: r, and zs/H at 0.067 measured by Willis and Deardorff
[3]: j.
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RMS vertical velocity fluctuation (hw00w00i1/2/U = 0.16) is
observed at the center core of the channel whose location
is elevated compared with that in neutral stratification.
Also shown in Fig. 3a is the TKE (= (hu00u00i + hv00v00i +
hw00w00i)/(2U2)) across the vertical extent of the channel.
The redistribution of TKE from the vertical component
to the horizontal components near the shear-free boundary
of an open channel was confirmed numerically [37] and
experimentally [38–40]. The current DNS FEM model also
calculates this unique behavior near the shear-free bound-
ary where the RMS vertical velocity fluctuation decreases
rapidly while the RMS streamwise and spanwise velocity
fluctuations increase (Fig. 3a).

The vertical profile of RMS temperature fluctuation
hh00h00i1/2 is asymmetric in an unstably stratified TBL
(Fig. 3a). Local maxima occur at the near-wall region
(hh00h00i1/2/DH = 0.31 at z/H = 0.06) and near the top of
the channel (hh00h00i1/2/DH = 0.26 at z/H = 0.96). Its mini-
mum locates in the center core of the channel though the
RMS vertical velocity fluctuation is maximum there.

Because of the adopted boundary conditions, both the
mean vertical Reynolds stress hu00w00i and the mean vertical
heat flux hh00w00i are zero at the wall and the top of the chan-
nel (Fig. 3b). The absolute magnitude of the mean vertical
Reynolds stress increases with increasing wall-normal
distance at the near-wall region whose maximum is
hu00w00i/U2 = 0.007 at z/H = 0.1. It decreases linearly there-
after until the top of the channel. The mean vertical heat
flux lies at its maximum (hh00w00i/(DHU) � 0.015) for most
of the channel height (0.1 6 z/H 6 0.95) that signifies the
enhanced mixing and energy transport. It also explains
the broad range of relatively constant temperature at the
center core of the channel.

4.2. Mean plume heights

After reviewing the flow and turbulence structure in an
unstably stratified open channel flow, the scalar plume
transport behaviors will be discussed in this section. The
mean plume heights �zðxÞ and the vertical dispersion coeffi-
cients rz(x) are discussed that also serve as model valida-
tion exercises.

The spatial distribution of the mean scalar mixing ratio
hci is used to derive the mean plume height in accordance
with the following formula:

�zðxÞ ¼
R H

0
hcðx; zÞizdzR H

0
hcðx; zÞidz

: ð6Þ

The plume meandering features in the form of ascending
and descending scalar trajectories for different emission
heights are contrasted in Fig. 4 by their mean plume
heights. Also shown are the laboratory measurements by
Willis and Deardorff [3–5], Briggs [41], and Weil et al. [7]
together with the field measurements CONDORS appeared
in van Haren and Nieuwstadt [42]. The streamwise distance
shown in Fig. 4 is also made dimensionless by the convec-
tive mixed-layer scaling velocity as X* = (w*/U)(x/H) [6].
The scalar emitted at zs/H = 0.5 does not have much
agitation and travels close to the horizontal channel center-
line in the streamwise direction. Its maximum mean plume
rise ð�z� zsÞ is tiny (0.02H) occurring at 3 6 x/H 6 5. More-
over, the maximum mean plume rise locates earlier than
does the scalar emitted from other emission heights. The
laboratory experiment performed by Willis and Deardorff
[5] for an elevated source at the middle of the CBL shows
an initial plume descent to �z=zi ¼ 0:4 at X* = 1. Afterward,
the plume is carried aloft back to the middle of the CBL.
For the same emission height, though the CONDOR field
measurements [42] are sparse, they exhibit plume meander-
ing behaviors similar to those found by Willis and Dear-
dorff [5]. The differences among the current DNS output,
the laboratory measurements, and the field measurements
should be attributed to the different temperature boundary
conditions employed. The current DNS FEM model
adopts a Dirichlet temperature boundary condition at the
top of the channel so that a broad maximum of vertical
heat flux is calculated at the center core of the channel.
On the other hand, the physically modeled CBL [5] adopt
stable stratification over the CBL in which the vertical heat
flux decreases linearly with increasing height until the top
of the CBL.

A remarkable plume ascent is observed for emission
heights situated at the lower part of the channel. As calcu-
lated by the current DNS FEM model, the maximum mean
plume height for emission heights at zs/H = 0.25 is
�z=H ¼ 0:6 locating at x/H = 8.5, then it gradually descends
toward the middle of the channel. The mean plume height
measured by Willis and Deardorff [4] for the same emission
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height also shows an initial plume ascent for x/H 6 9
which is then followed by an overshoot at x/H = 10. The
overshoot, whose maximum is 0.52zi, is about 20% smaller
compared with that of the current DNS output. In addi-
tion, Willis and Deardorff [4] shows a farther distance for
the plume ascent than does the current DNS FEM model.

In the current DNS calculation, the scalar from wall-
level emission (zs/H = 0) is carried aloft once being emitted
into the channel. Its mean plume height passes through the
middle altitude of the channel at x/H = 5 which is then fol-
lowed by an overshoot of maximum mean plume height
�z=H ¼ 0:68 at x/H = 8. This maximum mean plume height
is about 10% higher than that for the scalar emitted at
zs/H = 0.25. The DNS-calculated mean plume height is
very close to that of the laboratory measurements [3] within
its early development (0 6 X* 6 1). However, the plume
overshoot measured by Willis and Deardorff [3] is almost
15% lower than the present calculated value. It is worth
mentioning that the wall-level emission height adopted by
Willis and Deardorff [3] is not exactly at the bottom of
the CBL but is elevated slightly at zs/zi = 0.067. The labo-
ratory experiments performed by Briggs [41] and Weil et al.
[7] also show initial plume ascents in CBLs. In particular,
the maximum mean plume rise measured by Briggs [41]
occurs earlier (�z=zi ¼ 0:62 at X* = 1) than that determined
by the current DNS output or Willis and Deardorff [3]. The
mean plume height measured by Briggs [41], though its
data points are sparse and scattering, passes through the
middle of the CBL ð�z=zi ¼ 0:5Þ at X* � 0.5. Afterward,
the plume continuously ascends and attains the maximum
mean plume height �z=zi ¼ 0:62 at X* = 1. The mean plume
height eventually converges to the center of CBL thereafter
because of thorough scalar mixing. The initial plume ascent
of wall-level emission measured by Weil et al. [7] is close to
that measured by Briggs [41]. It is thus higher as compared
with that found by the current DNS FEM model or Willis
and Deardorff [3].

Unlike the scalar emitted at the lower part of the chan-
nel, the current DNS output shows that the scalar emitted
at a higher altitude (zs/H > 0.5) descends rapidly after
emission. The mean plume height for the scalar emitted
at zs/H = 0.75 passes through the channel center at
x/H = 5 which is then followed by an overshoot downward
to the minimum mean plume height �z=H ¼ 0:4 at x/H =
8.5. The scalar emitted at zs/H = 1 descends even faster
to �z=H ¼ 0:32 at x/H = 8. Eventually, the mean plume
heights for both emissions converge gradually toward the
center of the channel in the streamwise direction.
Fig. 5. Vertical dispersion coefficients rz/H expressed as functions of the
streamwise distance x/H or X* for emission heights zs/H at 1: – Æ Æ–, 0.75:
� � �, 0.5: – Æ–, 0.25: –––, and 0: — calculated by the current DNS. zs/H at 0
measured by Briggs [41]: h, zs/H at 0.5 CONDORS data appeared in van
Haren and Nieuwstadt [42]: n, and zs/H at 0.5 measured by Willis and
Deardorff [5]: m.
4.3. Vertical scalar dispersion coefficient

The vertical mean plume coverage can be measured by
the vertical scalar dispersion coefficient rz(x) defined as

r2
z ðxÞ ¼

R H
0 hcðx; zÞiðz� �zðxÞÞ2 dzR H

0 hcðx; zÞidz
: ð7Þ
The current DNS-calculated dispersion coefficients for dif-
ferent emission heights are expressed as functions of
streamwise distance in Fig. 5. Also shown are the measure-
ments collected by Willis and Deardorff [5], Briggs [41], and
van Haren and Nieuwstadt [42]. For the emission heights
tested, the dispersion coefficients exhibit similar behaviors
that develop rapidly to values of 0.25 6 rz/H 6 0.3 within
0 6 x/H 6 4 followed by slight overshoots. These rapidly
increasing dispersion coefficients in the vicinity of the
sources represent the fast plume development in the near
field. The maximum dispersion coefficients (0.25 6
rz/H 6 0.3) locate around the maximum plume meander-
ing (3 6 x/H 6 6). Afterward, the dispersion coefficients
converge gradually to 0.27 6 rz/H 6 0.29 until the down-
stream outlet. For the scalars emitted at the center core
of the channel (zs/H = 0.25, 0.5, and 0.75), their dispersion
coefficients are close to each other throughout the stream-
wise extent. These similar values are mainly due to the
broad range of relatively constant vertical velocity fluctua-
tion w00w00 throughout the center core of the channel. The
current DNS-calculated dispersion coefficients are close
to the laboratory results [5] and the field measurements
[42] for zs/zi = 0.5. In particular, they fall within and agree
reasonably well with the scattered data points collected in
CBL experiments.

For the scalar emitted at zs/H = 0, the dispersion coeffi-
cient in the near field (x/H 6 4) is smaller than that of the
higher emission heights discussed above. The reduced dis-
persion coefficient is mainly due to the smaller vertical
velocity fluctuation at the near-wall region of the channel.
The current DNS-calculated dispersion coefficient also
lies within the sparse data points measured by Briggs [41]
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throughout the streamwise extent. In the early plume devel-
opment regions, the DNS-calculated dispersion coefficient
for the scalar emitted at zs/H = 1 is smaller than that for
the scalar emitted at zs/H = 0. It is mainly due to the higher
mean flow at the top of the channel, that enhances the sca-
lar transport in the streamwise direction by advection but
suppresses the crosswind vertical turbulent scalar trans-
port. Eventually, behind the plume meandering range, the
dispersion coefficients for the scalar emitted at zs/H = 0
and 1 are similar to those emitted at the center core of
the channel.

4.4. Spatial distribution of scalar mixing ratio

Fig. 6 depicts the spatial distributions of the mean scalar
mixing ratio hci on the x–z plane. The buoyancy effect due
to vertical temperature gradient across the channel height
leads to different scalar plume transport and meandering
characteristics for different emission heights. This plume
meandering poses tremendous impact on the assumption
adopted in the conventional Gaussian plume models which
assume no vertical plume meandering. The current DNS
output shows plume descents for emission heights at
zs/H = 1 (Fig. 6a) and 0.75 (Fig. 6b). The plume reaches
the channel bottom at 3 6 x/H 6 5 that eventually devel-
ops local maximum scalar mixing ratio traveling near the
wall until the downstream outlet. On the contrary, no
noticeable plume meandering is determined for the scalar
emitted at zs/H = 0.5 (Fig. 6c). The scalar travels horizon-
Fig. 6. Spatial contours of the mean scalar mixing ratio hci/C for emission he
mean plume height �z=H : ––– and the mean plume width defined in terms of the
is equal to 2rz/H.
tally in the streamwise direction whose scalar mixing ratio
is fairly even across the vertical extent of the channel for
x/H P 3. In fact, the scalar emitted at the channel center
exhibits the best mixing among the emission heights tested
that is mainly due to the large vertical velocity fluctuation
around its emission height. In contrast, remarkable plume
rises are observed for the scalar emitted at the lower part of
the channel at zs/H = 0.25 (Fig. 6d) and 0 (Fig. 6e). The
plume travels close to the wall until 4 6 x/H 6 5 that leads
to high wall-level scalar mixing ratio in the near field. It
then ascends to the upper part of the channel that shifts
the local maximum scalar mixing ratio from the lower to
the upper parts of the channel. Finally, the plume travels
horizontally in the streamwise direction at the upper part
of the channel until leaving the downstream outlet.

4.5. Spatial distribution of root-mean-square scalar mixing

ratio fluctuation

One of the merits of DNS is the accumulation of statis-
tics from the database. The spatial distributions of the
calculated RMS scalar mixing ratio fluctuation hc00c00i1/2

for different emission heights are contrasted in Fig. 7. Gen-
erally, the RMS scalar mixing ratio fluctuation is high near
the sources (because of the high scalar mixing ratio there)
and decreases with increasing distance from the sources.
Unlike the spatial distribution of the mean scalar mixing
ratio, neither significant ascent nor significant descent of
RMS scalar mixing ratio fluctuation is observed except
ight zs/H at (a) 1, (b) 0.75, (c) 0.5, (d) 0.25, and (e) 0. Also shown are the
mean vertical dispersion coefficient rz/H: white bars. The length of the bars
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for the scalar emitted at zs/H = 1. For this case, the trajec-
tory of RMS scalar mixing ratio fluctuation follows the
mean plume height that descends to the lower part of the
channel (Fig. 7a). Along the mean plume height, high
RMS scalar mixing ratio fluctuation (hc00c00i1/2 P 10�5) is
observed for x/H 6 5. The RMS scalar mixing ratio fluctu-
ation is less than 10�6 C thereafter until leaving the down-
stream outlet. For the scalar emitted at the center core of
the channel (zs/H = 0.25, 0.5, and 0.75), the spatial distri-
butions of the RMS scalar mixing ratio fluctuation exhibit
comparable structures and values (Fig. 7b–d). For the sca-
lar emitted at zs/H = 0, the high RMS scalar mixing ratio
fluctuation is close to the wall for x/H < 2 then extends
toward the center core of the channel for x/H 6 4 (Fig. 7e).

4.6. Spatial distribution of mean scalar fluxes

Turbulent scalar transport is represented mathemati-
cally by scalar flux c00u00i . Analysis of scalar fluxes helps to
enrich our understanding on the turbulent scalar transport
behavior and the underneath mixing mechanism. Due to
the periodic boundary condition adopted in the spanwise
direction, the net turbulent scalar transport occurs only
in the streamwise and vertical directions (vertical plane).
In fact, because of the mean flow, the diffusive transport
is negligible and the turbulent transport is tiny, compared
with the scalar transport by advection in the streamwise
direction.
Fig. 7. Spatial contours of the root-mean-square scalar mixing ratio fluctuation
(e) 0. Also shown are the mean plume height �z=H : ––– and the mean plume wi
bars. The length of the bars is equal to 2rz/H.
4.6.1. Streamwise scalar flux

The spatial distributions of the mean streamwise scalar
flux hc00u00i for different emission heights are illustrated in
Fig. 8. The magnitude of the mean streamwise scalar flux
is high near the source because of the large scalar mixing
ratio there. For the scalar emitted at zs/H = 1, the positive
mean streamwise scalar flux descends from the source
height to the lower part of the channel (Fig. 8a). As such,
a local maximum of mean streamwise scalar flux (hc00u00i/
(CU) P 10�5) is developed at 4 6 x/H 6 10. On the other
hand, the negative mean streamwise scalar flux also des-
cends right after emission but no noticeable local minimum
is developed until the downstream outlet. The mean
streamwise scalar flux for the scalar emitted at the center
core of the channel (zs/H = 0.75, 0.5, and 0.25) exhibits
similar spatial characteristics (Fig. 8b–d). It is positive
and negative, respectively, below and above the emission
height in the near field (x/H 6 3). However, it shows differ-
ent spatial characteristics in the far field. For the scalar
emitted at zs/H = 0.75, local positive maxima are devel-
oped at the top and bottom of the channel at 3 6
x/H 6 7 (Fig. 8b) that signifies increasing streamwise veloc-
ity (u00 > 0) leading to increasing scalar mixing ratio
(c00 > 0), and vice versa. For the scalar emitted at zs/H =
0.5, the negative mean streamwise scalar flux ascends to
the top of the channel at 1.5 6 x/H 6 4 while the positive
mean streamwise scalar flux descends from the emission
height to the lower part of the channel and develops a
hc00c00i1/2/C for emission heights zs/H at (a) 1, (b) 0.75, (c) 0.5, (d) 0.25, and
dth defined in terms of the mean vertical dispersion coefficient rz/H: white



Fig. 8. Spatial contours of the mean streamwise scalar flux hc00u00i/(CU) for emission heights zs/H at (a) 1, (b) 0.75, (c) 0.5, (d) 0.25, and (e) 0. Also shown
are the mean plume height �z=H : ––– and the mean plume width defined in terms of the mean vertical dispersion coefficient rz/H: white bars. The length of
the bars is equal to 2rz/H.
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broad area of local maximum (hc00u00i/(CU) P 2.0 · 10�5)
at 2 6 x/H 6 4 covering almost 75% of the channel height
(Fig. 8c). This positive mean streamwise scalar flux then
ascends and develops a smaller area of local maximum at
the top of the channel at 5.5 6 x/H 6 7.5. Meanwhile, a
small area of local minimum of negative mean streamwise
scalar flux develops at the bottom of the channel at 6 6
x/H 6 8. Though obvious spatial variation of mean
streamwise scalar flux is observed, no noticeable plume
meandering is observed from the spatial distribution
of mean scalar mixing ratio for the emission height at
zs/H = 0.5 (Fig. 6c). For the scalar emitted at zs/H =
0.25, the positive mean streamwise scalar flux descends
and reaches the wall at 1 6 x/H 6 2.6 while the negative
mean streamwise scalar flux ascends and develops an
extended local minimum (2.3 6 x/H 6 7) at the top of the
channel (Fig. 8d). In addition, a wall-level local minimum
of negative streamwise mean scalar flux is developed at fur-
ther downstream (3.5 6 x/H 6 8). For the scalar emitted at
zs/H = 0, a broad area of minimum negative mean stream-
wise scalar flux is developed behind the source at the lower
part of the channel at x/H 6 5.5 (Fig. 8e). The negative
mean streamwise scalar flux gradually changes to positive
passing through the downstream outlet.

4.6.2. Vertical scalar flux

As shown in Fig. 9, the mean vertical scalar flux hc00w00i
is generally positive and negative, respectively, above and
below the mean plume heights for the emission heights
tested. Hence, upward flow (w00 > 0) increases the scalar
mixing ratio (c00 > 0), and vice versa, for regions over the
mean plume height whilst upward flow (w00 > 0) decreases
the scalar mixing ratio (c00 < 0) and vice versa, for regions
below the mean plume heights. This characteristic structure
of vertical scalar flux signifies the cross-stream turbulent
scalar transport as well as the plume development and
widening.

For the scalar emitted at zs/H = 1, the negative mean
vertical scalar flux descends from the emission height to
the lower part of the channel as far as x/H = 5 (Fig. 9a).
This descending negative mean vertical scalar flux brings
scalar downward by turbulent transport. In fact, this struc-
ture of negative vertical scalar flux signifies the downward
scalar transport even above the mean plume height that
explains the rapid plume descent for the scalar emitted at
zs/H = 1. The scalar emitted at zs/H = 0, however, shows
the opposite phenomena. It exhibits a rapidly ascending
positive mean vertical scalar flux right after emission until
x/H = 5 (Fig. 9e). This ascent brings scalar upward from
the wall to the upper part of the channel by vertical turbu-
lent scalar transport that eventually raises the mean plume
height from the lower to the upper parts of the channel.
Moreover, only positive mean vertical scalar flux is calcu-
lated throughout the channel. As a result, the turbulent
scalar transport is solely upward regardless of the regions
that further supports the rapid plume rise.

The spatial distributions of the mean vertical scalar
flux for the scalar emitted at the center core of the channel



Fig. 9. Spatial contours of the mean vertical scalar flux hc00w00i/(CU) for emission heights zs/H at (a) 1, (b) 0.75, (c) 0.5, (d) 0.25, and (e) 0. Also shown are
the mean plume height �z=H : ––– and the mean plume width defined in terms of the mean vertical dispersion coefficient rz/H: white bars. The length of the
bars is equal to 2rz/H.
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(zs/H = 0.75, 0.5, and 0.25) exhibit similar behaviors
(Fig. 9b–d). Unlike that emitted at the top and the bottom
of the channel, the scalar emitted at the center core shows
both positive and negative mean vertical scalar fluxes so
that the cross-stream turbulent scalar transport is not in
a single direction. Their mean vertical scalar fluxes are
positive and negative, respectively, above and below the
mean plume heights. Hence, the scalar is brought away
by turbulent scalar transport from the mean plume heights
in the cross-stream direction. This cross-stream turbulent
scalar transport also explains the widening of mean
plume coverage and the plume development (as illustrated
as 2rz/H in Fig. 6). The differences of the sizes and magni-
tudes between the positive and negative mean vertical sca-
lar fluxes then contribute to the plume meandering. For the
scalar emitted at zs/H = 0.5, the size and magnitude of the
positive vertical scalar flux is only slightly greater than its
negative counterpart (Fig. 9c). Moreover, the mean vertical
scalar flux along the mean plume height is negligible. Thus,
the plume meandering is not noticeable as indicated in
Fig. 6c. For the scalar emitted at zs/H = 0.25, the positive
mean vertical scalar flux ascends and develops a broad area
of maximum almost covering the whole vertical extent of
the channel until x/H = 6, whose size is much greater than
that of the descending negative mean vertical scalar flux
below the mean plume height (Fig. 9d). As a result, the
plume is carried aloft (Fig. 6d). On the other hand, for
the scalar emitted at zs/H = 0.75, the negative mean verti-
cal scalar flux descends right after emission until x/H = 2
then rebounds slightly at the center core of the channel
(Fig. 9b). Eventually, it develops a broad area of negative
minimum at 2 6 x/H 6 6 covering the mean plume height
whose size is greater than the maximum developed by its
positive counterpart above the mean plume height
(x/H < 2). The differences in sizes and magnitudes between
the positive and negative mean vertical scalar fluxes signify
the domination of downward turbulent scalar transport
and thus explains the plume descent phenomenon (as illus-
trated in Fig. 6b). Conclusively, the negative (positive)
mean vertical scalar flux covering the mean plume height
at 1 6 x/H 6 6 for an emission height at xs/H = 0.75
(0.25) shows that the turbulent scalar transport is not away
from the mean plume height but is solely downward
(upward). These characteristic uni-directional mean verti-
cal scalar fluxes explain the rapid plume descent (ascent)
observed in unstably stratified TBLs.

4.7. Spatial distribution of correlation coefficients

The plume transport behaviors in CBLs can also be
studied through the analysis of the correlation coefficient
between the calculated variables / and w which is defined
as

R/w ¼
h/00w00i

h/00/00i1=2hw00w00i1=2
: ð8Þ

This section discusses the spatial distribution of the corre-
lation coefficients among the streamwise and vertical
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velocities, temperature, and scalar mixing ratio calculated
by the current DNS FEM model.

4.7.1. Correlation coefficient between streamwise velocity

and scalar mixing ratio Rcu

The spatial distributions of Rcu for different emission
heights exhibit a wide range of values (Fig. 10). Generally,
the scalar emitted at zs/H = 0.5 has the smallest Rcu

(�0.3 6 Rcu 6 0.3) indicating that the streamwise velocity
and the scalar mixing ratio are least correlated. On the con-
trary, the scalar emitted at zs/H = 0 has the largest Rcu

(�1.0 6 Rcu 6 1.0) and thus the streamwise fluid flow and
the scalar transport are closely coupled. For the scalar
emitted at the upper part of the channel at zs/H = 1.0
(Fig. 10a) and 0.75 (Fig. 10b), a broad range of positive
Rcu covering the vertical extent of the channel is observed
at 3 6 x/H 6 9 in which local positive maxima are devel-
oped at the top and bottom of the channel. Lowering the
emission height to zs/H = 0.5 shifts the wall-level positive
local maximum Rcu slightly upstream (2 6 x/H 6 4,
Fig. 10c). Meanwhile, another positive local maximum
Rcu occurring at the upper part of the channel at 6 6
x/H 6 8 reduces in size and value to Rcu = 0.2. On the
other hand, the negative Rcu ascending from the emission
height to the top of the channel becomes more noticeable.
In addition, another wall-level negative local minimum Rcu

is initialized at 6 6 x/H 6 8. The positive local maxi-
mum Rcu at the top of the channel no longer exists when
Fig. 10. Spatial contours of the correlation coefficient between streamwise ve
heights zs/H at (a) 1, (b) 0.75, (c) 0.5, (d) 0.25, and (e) 0. Also shown are the mea
mean vertical dispersion coefficient rz/H: white bars. The length of the bars is
the emission height is further lowered to zs/H = 0.25
(Fig. 10d). The range of the wall-level negative local mini-
mum Rcu is enlarged and shifts slightly upstream (4 6
x/H 6 9). In the near field (1 6 x/H 6 3), the descending
positive Rcu shifts upstream while the ascending negative
Rcu is enlarged and develops a broad area of local mini-
mum at 3 6 x/H 6 8 at the top of the channel. For the sca-
lar emitted at zs/H = 0, no positive Rcu is observed while a
prolonged wall-level negative Rcu is developed at 0 6
x/H 6 7 (Fig. 10e).

4.7.2. Correlation coefficient between vertical velocity and

scalar mixing ratio Rcw

Fig. 11 depicts the spatial distribution of Rcw for the sca-
lar emitted at different heights. As there is no vertical mean
flow in the channel (hwi = 0), most of the scalar is trans-
ported vertically by turbulence while negligible amount is
by molecular diffusion. The vertical turbulent scalar trans-
port, which is represented mathematically by the vertical
scalar flux c00w00, dominates the mechanism of cross-stream
scalar transport. Thus, the Rcw structure signifies the nature
of vertical turbulent scalar transport and helps explaining
the scalar plume meandering commonly observed in CBLs.
Analogous to the nature of positive and negative mean ver-
tical scalar fluxes hc00w00i, positive Rcw above and negative
Rcw below the mean plume height signify, respectively,
the upward and downward turbulent scalar transport.
The spatial distribution of Rcw for the scalar emitted at
locity and scalar mixing ratio Rcu = hc00u00i/hc00c00i1/2/hu00u00i1/2 for emission
n plume height �z=H : ––– and the mean plume width defined in terms of the
equal to 2rz/H.



Fig. 11. Spatial contours of the correlation coefficient between vertical velocity and scalar mixing ratio Rcw = hc00w00i/hc00c00i1/2/hw00w00i1/2 for emission
heights zs/H at (a) 1, (b) 0.75, (c) 0.5, (d) 0.25, and (e) 0. Also shown are the mean plume height �z=H : ––– and the mean plume width defined in terms of the
mean vertical dispersion coefficient rz/H: white bars. The length of the bars is equal to 2rz/H.
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zs/H = 1 shows that the fluid and scalar motions are closely
coupled for x/H 6 6 (�0.7 6 Rcw 6 �0.6, Fig. 11a). The
calculated broad area of negative Rcw helps explaining
the remarkable plume descent phenomenon as depicted in
Fig. 6a. Lowering the emission height to zs/H = 0.75 then
the Rcw above the mean plume height is positive for
x/H 6 2 (Fig. 11b). Meanwhile, the negative Rcw descends
to the lower channel after emission until x/H = 3 which is
then followed by a slight overshoot at the center core of the
channel at x/H = 5. The negative local minimum Rcw at
3 6 x/H 6 8, which covers the mean plume height and even
most of the vertical extent of the channel, helps explaining
the plume descent for the scalar emitted at zs/H = 0.75.
The scalar emitted at zs/H = 0.5 shows a quite symmetric
spatial distribution of Rcw above and below the mean
plume height (Fig. 11c). Neither domination of positive
nor negative Rcw is found. This finding supports the
cross-stream turbulent scalar transport and the enlarging
plume coverage with minor plume meandering. The scalar
emitted at zs/H = 0.25 exhibits a broad positive maximum
Rcw at the center core of the channel for x/H 6 6
(Fig. 11d), whose coverage over the mean plume height sig-
nifies the solely upward mean scalar turbulent transport
and thus explains the plume rise from the lower to the
upper parts of the channel. No negative Rcw is calculated
for the scalar emitted at zs/H = 0 (Fig. 11e). Instead, a
broad area of positive maximum (Rcw P 0.6), covering
almost the whole vertical extent of the channel for
x/H 6 6, is calculated. Hence, the (vertical) fluid and scalar
motions are closely coupled. Based on these characteristics,
the mean turbulent scalar transport is solely upward that
explains the remarkable plume ascent for the scalar emitted
at zs/H = 0.

Conclusively, as determined by the current DNS FEM
model, the negative (positive) Rcw for emission heights at
the upper (lower) part of the channel covers the regions
both above and below the mean plume height. This finding
signifies that the vertical turbulent scalar transport is in a
single direction regardless of its position and thus contrib-
utes to the plume meandering in unstably stratified TBLs.

4.7.3. Correlation coefficient between temperature and scalar

mixing ratio Rch

As the vertical plume meandering in unstably stratified
TBLs is caused by the vertical temperature gradient and
the buoyancy-generated turbulence of the ambient air,
looking into the structure of Rch helps gaining more insight
into the mechanism of plume meandering. As positive
(negative) temperature fluctuation h00 > 0 (h00 < 0) leads to
upward x00 > 0 (downward x00 < 0) fluid motions and so
does turbulent scalar transport, the spatial distribution of
Rch (Fig. 12) is similar to its Rcw counterpart (Fig. 11). In
fact, the values of Rch (�1 6 Rch 6 1) are comparable to
those of Rcw so that the scalar motions follow closely the
temperature fluctuation, and supports that the plume
meandering is driven by buoyancy.

As shown in Fig. 12a for the scalar emitted at zs/H = 1,
the negative local minimum Rch follows the descending
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mean plume height in which the magnitude of the (negative)
Rch is high (�1.0 6 Rch 6 �0.6). Showing in Fig. 12b is the
spatial distribution of Rch for the scalar emitted at zs/H =
0.75. In the near field (x/H 6 3), an ascending positive
and a descending negative Rch are shown, respectively,
above and below the mean plume height. Moreover, follow-
ing the rebound of the descending negative Rch, a broad
area of negative local minimum (�0.6 6 Rch 6 �0.5) is
developed at 5 6 x/H 6 8 covering nearly the full vertical
extent of the channel. This broad area of negative minimum
Rch shows that an increase in temperature (h00 > 0) leads to a
decrease in scalar mixing ratio (c00 < 0), and vice versa, for
the scalar emitted at the upper part of the channel. The
scalar emitted at the channel center (zs/H = 0.5) shows an
ascending positive Rch above the mean plume height and
a descending negative Rch below (Fig. 12c). The positive
and negative Rch are of comparable sizes and magnitudes
that signify the cross-stream scalar transport in the near
field (x/H 6 4). In the far field (6 6 x/H 6 9), local extrem-
ities of positive and negative Rch reside at the bottom and
the top of the channel, respectively. The value of Rch is small
(almost zero) along the mean plume height (at the center
core of the channel), thus, the scalar motions are not
affected much by the buoyancy and no noticeable plume
meandering is observed (Fig. 6c). The scalar emitted at
zs/H = 0.25 (Fig. 12d) and 0 (Fig. 12e) shows a broad range
of positive Rch almost fully covering the vertical extent of
the channel. In particular, the value of Rch is positive and
Fig. 12. Spatial contours of the correlation coefficient between temperature a
zs/H at (a) 1, (b) 0.75, (c) 0.5, (d) 0.25, and (e) 0. Also shown are the mean plum
vertical dispersion coefficient rz/H: white bars. The length of the bars is equa
high (0.7 6 Rch 6 0.8) so the scalar motions closely follow
the temperature fluctuation in the ascending plume. These
findings are opposite to the Rch structures for the scalar
emitted at the upper part of the channel that increase in
temperature (h00 > 0) leads to increase in scalar mixing ratio
(c00 > 0), and vice versa. It is worth mentioning that the local
maximum (minimum) positive (negative) Rch for the scalar
emitted at zs/H = 0.75 and 0.25 is closer to the wall than
that of Rwc.

4.8. Scalar mixing ratio budget

Taking the ensemble average of conservation of mass
expressed by Eq. (4) yields the budget equation of scalar
mixing ratio transport

ohci
ot
¼ �huiohci
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ð9Þ

The assumption of periodic scalar boundary condition in
the spanwise direction makes all the terms in the y-direc-
tion vanish. The term on the left-hand-side of Eq. (9) is
the temporal derivation of the mean scalar mixing ratio
whose ensemble average is equal to zero in quasi-steady
state. The first and second terms on the right-hand-side
nd scalar mixing ratio Rch = hc00h00i/hc00c00i1/2/hh00h00i1/2 for emission heights
e height �z=H : ––– and the mean plume width defined in terms of the mean

l to 2rz/H.
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are the scalar transport in the streamwise direction by
mean flow and turbulence, respectively. The third term rep-
resents the turbulent scalar transport in the vertical (cross-
stream) direction. The fourth and fifth term represent the
diffusive scalar transport in the streamwise and vertical
directions, respectively. The relative contributions of the
terms in Eq. (9) help investigating the mechanism of the
scalar transport and mixing in CBLs.

The spatial distributions of the terms defined in Eq. (9)
are depicted in Figs. 13 and 14, respectively, for the scalar
emitted at zs/H = 1 and zs/H = 0. Not shown in the figures
are the contributions by molecular diffusion which are at
least an order of magnitude smaller than those of the other
terms. The unsmooth patterns shown in Fig. 13 and 14 are
mainly due to the small scales of the derived variables espe-
cially at region of changing sign. Nevertheless, the results
are able to illustrate the characteristic structure of the con-
Fig. 13. Spatial contours of the terms in the mean scalar mixing ratio budge
�huiohci/ox, (b) streamwise turbulent transport �ohu00c00i/ox, and (c) vertical
�z=H : ––– and the mean plume width defined in terms of the mean vertical dispe

Fig. 14. Spatial contours of the terms in the mean scalar mixing ratio budge
�huiohci/ox, (b) streamwise turbulent transport �ohu00c00i/ox, and (c) vertical
�z=H : ––– and the mean plume width defined in terms of the mean vertical dispe
tribution from different terms in the mass conservation
equation. Most of the scalar transport is due to streamwise
advection �huiohci/ox and vertical turbulent scalar
transport �ohw00c00i/oz. The scalar transport in the stream-
wise direction by horizontal turbulent scalar transport
�ohu00c00i/ox is small that is about 1/4 of that by streamwise
advection. Hence, The streamwise advection and vertical
turbulent scalar transport terms generally counter-balance
each other. As a result, the scalar transport mechanism
can be explained by the interaction between the advection
in the streamwise direction and the turbulent transport in
the vertical direction.

For the scalar emitted at zs/H = 1, the mean plume
height is around the trajectory of zero streamwise scalar
advection or zero vertical turbulent diffusion (Fig. 13).
The streamwise advection is positive and negative, respec-
tively, above and below the mean plume height. The spatial
t balance Eq. (9) for emission height zs/H at 1. (a) streamwise advection
turbulent transport �ohw00c00i/oz. Also shown are the mean plume height
rsion coefficient rz/H: white bars. The length of the bars is equal to 2rz/H.

t balance Eq. (9) for emission height zs/H at 0. (a) streamwise advection
turbulent transport �ohw00c00i/oz. Also shown are the mean plume height
rsion coefficient rz/H: white bars. The length of the bars is equal to 2rz/H.
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distribution of the vertical turbulent scalar transport exhib-
its the opposite behaviors. This finding further supports the
counter-balancing behaviors between the streamwise scalar
advection and the vertical turbulent scalar transport in sca-
lar plume. The region of positive streamwise advection is
hereby defined as the core region of the plume where the
scalar is transported from the upstream by streamwise
advection. The scalar is then removed from the core region
in the vertical (cross-stream) direction by vertical turbulent
scalar transport. The scalar emitted at the wall (Fig. 14)
and the center core of the channel (not shown here) also
exhibits the similar plume transport characteristics. Hence,
the basic scalar movement in plume scalar transport is
established.

The mean plume height for the scalar emitted at zs/H = 0
follows closely the trajectories of zero streamwise scalar
advection and zero vertical turbulent scalar transport
(Fig. 14). The characteristic of scalar mixing ratio budget
generally follows the basic one discussed previously for
emission height at zs/H = 1. As shown in Fig. 14, the
streamwise advection brings scalar from upstream to the
wall-level core region. The broad negative vertical turbu-
lent scalar transport below the mean plume height, which
coincides with the core region of the plume, contributes
to the upward turbulent scalar transport and the plume
ascent. The locations of positive and negative vertical tur-
Fig. 15. Perspective views of the isosurfaces of constant instantaneous vertical fl
are the spatial contours of instantaneous temperature h/DH on the isosurface
bulent scalar transport reverse in the far field (x/H P 8)
that signifies the thorough scalar mixing near the down-
stream outlet.

Not shown here are the spatial distributions of the terms
of scalar mixing ratio budget for emission heights at the
center core of the channel (zs/H = 0.75, 0.5, and 0.25).
Their behaviors generally follows those for emission
heights discussed above (zs/H = 0.0 and 1.0) and thus the
discussion is not repeated again.

4.9. Instantaneous fields

The previous sections discuss the behaviors of mean
quantities that explain the mechanism of characteristic
scalar plume meandering in an unstably stratified open
channel flow. Additional perspective of turbulent scalar
transport and plume meandering mechanism can be
obtained by looking into the snapshot of instantaneous
fields. The snapshots calculated by the current DNS
FEM model are considered as typical flow and scalar trans-
port structures.

The perspective views of isosurfaces of fluctuating verti-
cal velocity w00 are shown in Fig. 15. Also shown are the
spatial distributions of the temperature h on these isosur-
faces. As shown by the current DNS output, the vertical
fluid motions are generally driven by buoyancy such that
uctuating velocity w00/U. (a) w00/U = 0.1 and (b) w00/U = �0.1. Also shown
s.
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upward flow are due to higher temperature while down-
ward flow are due to lower temperature. Similar to the find-
ing by Schmidt and Schumann [1], the current DNS FEM
model calculates large scale updraft of hot fluid (h/DH > 0)
moving upward (Fig. 15a) which is surrounded by small
scale downdraft of cold fluid (h/DH < 0) moving down-
ward (Fig. 15b). The plume meandering in unstably strati-
fied TBLs is generally due to buoyancy such that hot
updraft and cold downdraft drive the scalar upward and
downward, respectively.
Fig. 16. Perspective views of the isosurfaces of constant instantaneous sca
(b) c/C = 0.001, and (c) c/C = 0.005. Also shown are the spatial contours of i
More perspective of the plume meandering behavior and
mechanism is depicted in the instantaneous plume trans-
port behavior in unstably stratified TBLs. Figs. 16 and 17
depict the perspective views of isosurfaces of instantaneous
scalar mixing ratio for emission heights at zs/H = 1 and 0,
respectively. Also shown are the spatial distributions of the
temperature on these isosurfaces. Partly because of the
angle of views, most of the scalar shown in the figures is
cold. Actually, the scalar temperature is generally cold
above the plume at the upper part of the channel and is
lar mixing ratio c/C for emission height zs/H at 1. (a) c/C = 0.0001,
nstantaneous temperature h/DH on the isosurfaces.
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generally hot below the plume at the lower part of the
channel. Not shown here are the instantaneous fields of
scalar mixing ratio and temperature for emission heights
at the center core of the channel. Nonetheless, the discus-
sion in this section is also applicable to the scalar emitted
at these emission heights.

For the scalar emitted at zs/H = 1, the plume of smaller
scalar mixing ratio, as illustrated by the isosurfaces, travels
horizontally in the streamwise direction with a minor part
of the plume descends to the lower part of the channel
Fig. 17. Perspective views of the isosurfaces of constant instantaneous sca
(b) c/C = 0.001, and (c) c/C = 0.002. Also shown are the spatial contours of i
(Fig. 16a and b), while the plume of high scalar mixing
ratio shows a more remarkable descent (Fig. 16c). This
plume behavior leads to the overall plume descent as
described previously. The scalar motions follow closely
the fluctuating vertical velocity because the plume descends
more rapidly near the side (y/H 6 1 or y/H P 3) of the
open channel (Fig. 16c).

In contrast, a rapid plume rise is illustrated in Fig. 17 for
the scalar emitted at zs/H = 0 in the form of isosurfaces of
constant scalar mixing ratio. Analogous to the behavior of
lar mixing ratio c/C for emission height zs/H at 0. (a) c/C = 0.0001,
nstantaneous temperature h/DH on the isosurfaces.
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the scalar emitted at zs/H = 1, the temperature above the
plume is cold while below is hot. The vertical scalar trans-
port generally follows the fluctuating vertical velocity so
that the plume rises faster at the center of the channel
(1 6 y/H 6 3). After the rapid plume rise, the plume of
smaller scalar mixing ratio descends slightly back to the
center core of the channel following the downward fluctu-
ating vertical velocity at the side of the channel (Fig. 17a).
On the other hand, the plume of higher scalar mixing ratio
continue to travel to the upper part of the channel until the
downstream outlet (Fig. 17b and c). The overall plume
behavior then makes up the plume rise.

5. Conclusions

In this study, the turbulent transport of passive and inert
scalar emitted from line sources at different heights in an
unstably stratified open channel flow (heating at the bot-
tom) is investigated. DNS is employed to model the fluid
turbulence, temperature, and scalar mixing ratio by consid-
ering the incompressible Navier–Stokes and continuity,
energy conservation, and mass conservation, respectively.
Line sources are placed parallel to the spanwise direction
at zs/H = 0, 0.25, 0.5, 0.75, and 1 to investigate the scalar
transport behaviors and the underneath plume meandering
mechanisms.

The vertical profiles of mean streamwise velocity and
mean temperature exhibit a broad range of relatively con-
stant value at the center core of the channel which is mainly
attributed to the enhanced mixing due to buoyancy-gener-
ated turbulence. Increased RMS velocity and temperature
fluctuations, vertical Reynolds stress, and vertical heat flux
also support the increased TKE in an unstably stratified
TBLs.

Also serving as the model validation exercises, the cur-
rent DNS-calculated mean plume heights and dispersion
coefficients agree reasonably well with other laboratory
and field measurements available in literature. Except the
scalar emitted at the channel center (zs/H = 0.5), which
shows an unnoticeable plume meandering, a remarkable
plume meandering in the form of plume ascent and descent
is calculated for the emission heights tested. The plume
ascends (descends) rapidly from the lower (upper) part of
the channel that brings scalar upward (downward) to the
upper (lower) part of the channel. The plume ascent
(descent) is followed by an overshoot above (below) the
channel center before converging to the channel center.
The current DNS-calculated dispersion coefficients also
agree reasonably well with laboratory and field measure-
ments. The plume meandering is also depicted by the spatial
distributions of the mean scalar mixing ratio together with
its RMS fluctuation on the x–z plane for different emission
heights that illustrates the switches of the plume trajectory
between the upper and lower parts of the channel.

Because of the mean flow, most of the scalar transported
in the streamwise direction is handled by advection rather
than turbulent scalar transport. Whilst, because there is
no mean flow in the vertical direction, the vertical turbulent
scalar transport plays an essential role in the plume mean-
dering behaviors in CBLs. For the scalar emitted at
zs/H = 0.5, the positive and negative vertical scalar fluxes,
respectively, above and below the mean plume height sig-
nify that the cross-stream turbulent scalar transport brings
scalar away from the mean plume height for plume devel-
opment and widening. For the scalar emitted at the lower
part of the channel at zs/H = 0.25 and 0, sizes and magni-
tudes of the positive vertical scalar flux are larger than
those of its negative counterpart. Hence, the vertical turbu-
lent scalar transport is solely upward regardless of the posi-
tion and it explains the plume rise in CBLs. A similar
rationale applies to explain the plume descent for scalar
emitted at the upper part of the channel.

By looking into the scalar mixing ratio budget balance,
the contribution from molecular diffusion is found negligi-
ble. Whereas, the contribution from turbulent streamwise
scalar transport is about 25% of that from streamwise
advection. The contribution from streamwise advection
and turbulent vertical scalar transport counter-balance each
other. Based on the structure of the contribution from
streamwise advection and turbulent vertical scalar trans-
port, the region of positive streamwise advection is hereby
defined as the core region of plume transport. We then estab-
lish the basic transport mechanism in scalar plume. The
scalar in the core region is supplied from upstream by
streamwise advection. It is then removed from the core
region by cross-stream turbulent scalar transport that devel-
ops and widens the plume coverage.

Instantaneous snapshots are also employed to investi-
gate the plume meandering mechanisms. A coherent struc-
ture consisting of updraft and downdraft are calculated by
the current DNS FEM model. Snapshots of spatial distri-
bution of scalar mixing ratio, similar to its mean proper-
ties, also show vertical plume meandering. In particular,
the plume of higher scalar mixing ratio exhibits a more
rapid ascent or descent as compared with that of the lower
scalar mixing ratio.
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