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Abstract

We present direct numerical simulations (DNS) of a turbulent
line plume in a confined region with adiabatic side, top and
bottom walls. The plume originates from a line heat source of
length, L, located at the centre of the bottom wall (z/H = 0) and
rises until it impinges on the top wall (z/H = 1) and spreads
laterally to produce a buoyant fluid layer. Since the region
is confined, the continuous supply of buoyant fluid forces the
layer downwards, until it reaches the bottom wall, where the
flow is said to be the asymptotic state (Baines and Turner [1]).
Presently, two Reynolds numbers, 3840 and 7680, are selected
for plume lengths, L/H = 1, 2 and 4, where the Reynolds num-
ber of the plume is based on H and the buoyant velocity scale,
F1/3

0 , where F0 is buoyancy flux per unit length. The current
simulations are validated with the analytical model presented
by Baines and Turner [1]. The simulations exhibit a slow flap-
ping motion of the confined line plume in the asymptotic state,
which precludes a straightforward comparison with Baines and
Turner’s [1] analytical model. For the purpose of comparison
with the analytical model, we adapt the shifting method intro-
duced by Hubner [4], which improves agreement with the ana-
lytical model.

Introduction

Baines and Turner [1] first studied the stratification developed
by a turbulent plume originated from a local heat source (point
or line) in a confined region (figure 1), which is commonly re-
ferred to as a ‘filling box’ problem. They considered a plume
generated at the centre of the bottom boundary within the ini-
tially uniform confined environment. The plume rises to the
upper boundary and spread towards the sidewalls, and form a
density interface between the plume outflow and the ambient
fluid. The continuous supply of buoyant fluid causes this den-
sity interface to move downwards towards the source. The ‘fill-
ing box’ problem appears in many industrial and geophysical
fluid flows, for example, in building ventilation (e.g. Hunt et al
[5] ), compartment fires (e.g. Zukoski [11] ) and in the oceans
(e.g. Killworth and Turner [9] ). Most previous studies have
focused mainly on the filling box containing a point source of
buoyancy, plumes from a line source of buoyancy have received
less attention. In this paper, we focus our attention on the di-
rect numerical simulations (DNS) of confined line plumes for
comparing the Baines and Turner’s [1] analytical model. In the
current study, we are interested in investigating the accuracy of
the Baines and Turner’s [1] analytical model with the help of
DNS. We also consider the sensitivity of plume behaviour on
plume length (L) for different Reynolds numbers (ReH ).

The ‘filling box’ Model of Baines and Turner (1969)

In order to validate the ‘filling box’ model with the present DNS
results, we review the theory of Baines and Turner [1]. The
‘filling box’ model is shown schematically in figure 2 where a
line source of buoyancy is located on the bottom wall of a box

g

L

R

x

z

y

R

b0

H

Figure 1: Set up of ‘filling box’ problem with contours of in-
stantaneous temperature (hot, red and cold, blue) showing a tur-
bulent thermal plume emerging from a line heat source at the
centre of the bottom wall. b0 is the initial plume width (the
source width) and g is the acceleration due to gravity.

height H and width 2R. The source generates a buoyancy flux
F0 per unit length and zero fluxes of volume and momentum.
To derive the steady-state solution for turbulent line plume in a
confined region, we begin by considering the volume, momen-
tum and buoyancy fluxes for a line plume, which can be derived
from the Reynolds averaged momentum equations and continu-
ity equation (see Lee and Emmons [6]). The mean velocity in
the vertical direction z is denoted by w, and in the x−direction
is denoted by u. The governing equations for the volume, mo-
mentum and buoyancy flux are given by
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where ue is the entrainment velocity (ue = u|x=±∞), g is the
gravitational acceleration, β is the coefficient of thermal ex-
pansion, T is the mean temperature and T ∞ is the mean en-
vironmental temperature. The temperature gradient in the en-
vironment is taken into account in the buoyancy flux equation
(3), which can be expressed in terms of environmental buoy-
ancy gradient, ∂∆0/∂z = gβ∂T ∞/∂z. Here, the mean verti-
cal velocity (w) and reduced gravity are approximated by a
Gaussian form, i.e. w = wm exp(−x2/b2) and gβ(T − T ∞) =
∆exp(−x2/b2), where b(z) is the Gaussian plume width, wm(z)



and ∆(z) are mean vertical velocity and reduced gravity on the
geometrical plume centreline, respectively. Gaussian profiles
of equal width have been assumed for the vertical velocity and
reduced gravity fields in the plume.

As suggested by Morton, Taylor and Turner [8], the rate at
which fluid is entrained into the plume is taken as propor-
tional to the mean vertical velocity on the axis of the plume,
ue = αwm, where α is the entrainment coefficient.

The plume equations described above are valid for the line
plumes in unconfined environments. (e.g. Lee and Emmons
[6]; Pillat and Kaminski [7]). In the case of confined plumes,
two other equations are considered for describing the environ-
mental flow parameters. The conservation of mass in the ‘filling
box’ can be written as

√
πbwm =−2RU (4)

where U is the downward velocity of the environment and 2R
is the width of the box (figure 2), and the development of the
buoyancy field in the environment is governed by

∂∆0
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∂∆0

∂z
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When the buoyant fluid first impinges on the upper boundary
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Figure 2: Schematic diagram of the ’filling box’ model.

of the confined box, a horizontal thin buoyant layer is formed
and then proceeding downwards. The dynamics of horizontal
spreading-out flow is ignored. The interface between the buoy-
ant fluid and the ambient fluid is referred as the first front. Af-
ter this layer reaches the bottom wall, the flow is said to be in
the asymptotic state (Baines and Turner [1]). In the asymptotic
state, the buoyancy at every point increases linearly with time
and the velocity fields are statistically steady. The solution of
five equations (three plume equations and two describing the
environment) are non-dimensionalized by
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where, τ = F1/3
0 α2/3 R−1 t. (Note: The above equations are

slightly different from Baines and Turner [1], because they are
not considered 2 in RHS of volume flux equation (1)).

Set-up of Direct Numerical Simulations

We employ direct numerical simulation to solve the equations
of mass, momentum and temperature within the Boussinesq ap-
proximation. The resulting governing equations are:
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where ν is the kinematic viscosity, g is the gravitational accel-
eration, β is the coefficient of thermal expansion and κ is the
thermal diffusivity.

A line temperature flux source ( fw) along the y−direction is
maintained at the bottom wall. The distribution of temperature
flux is set as Gaussian, fw = −κAexp(−x2/b2

0), where κA is
the maximum temperature flux. The buoyancy flux per unit
length (F0) is computed by integrating temperature flux along
the x−direction

F0 =
√

πgβκAb0. (8)

The dimensionless parameters governing the present simula-
tions are Reynolds number,

ReH = F1/3
0 H/ν (9)

and Prandtl number, Pr = ν/κ, which is set as 0.71. We have
selected two different Reynolds numbers, 3840 and 7680 for
plume lengths, L/H = 1,2,and4 (table 1). The asymptotic state
is calculated by measuring the advancement of the temperature
interface near the side wall as a function of time. After the
asymptotic state is reached, mean statistics are computed by
averaging over at least 150 non-dimensional time units at the
interval of 0.9. The governing equations are solved using the
code described in Ng et al. [3].

The bottom, top, left, and right boundaries are no-slip and no-
penetration walls. Periodic boundary conditions are imposed on
velocity(v), pressure (p) and temperature (T ) in the y−direction.
In the present case, we set all initial velocities to zero and added
a random perturbation to the temperature field in a semi-circular
prism region, x2 + z2 < (2b0)

2 located near the plume, in order
to trigger a transition in the rising plume before it reaches the
top wall. The magnitude of perturbations added to the flow is
based on (gβ∆T bT )

1/2 b0/ν = 3.77, and is kept constant for all
simulations.

The grid spacing is uniform in the x, y and z−directions.
The resolutions of the present simulations are kept constant
relative to F1/3

0 and ν. We compute the resolutions based
on the Kolmogorov length scale, η = (ν3/ε)1/4, where ε =

15ν(∂w′/∂z)2
x=0 is the turbulent dissipation along the plume

centre line. The initial Gaussian plume width (b0) is calculated
based on the ratio of Gaussian width of temperature gradient
distribution, which we imposed on the bottom wall of the box,
to the grid spacing in the x-direction. The ratio, b0/∆x is fixed
as 3.2 to ensure 6 grid points on both sides of the Gaussian curve
in order to ensure the numerical stability of the code. The value
of b0 is maintained as small as possible to approximate a line
temperature source.

In the present simulation, the domain size, (Lx,Ly,Lz), the num-
ber of grid points in all directions (Nx,Ny,Nz) and the kinematic
viscosity (ν) are arbitrarily chosen as in a physical experiment.
Given the number of grid points, ∆x = ∆y = ∆z is then de-
termined. The value of b0, η and F0 are obtained by setting



ReH H/R L/H nx ny nz ∆xF1/3
0 /ν ∆yF1/3

0 /ν ∆zF1/3
0 /ν tstart F1/3

0 /H tend F1/3
0 /H

3840 1 1 256 128 128 30.0 30.0 30.0 31 256
3840 1 2 256 256 128 30.0 30.0 30.0 30 256
3840 1 4 256 512 128 30.0 30.0 30.0 30 282
7680 1 1 512 256 256 30.0 30.0 30.0 28 203
7680 1 2 512 512 256 30.0 30.0 30.0 27 152
7680 1 4 512 1024 256 30.0 30.0 30.0 26 157

Table 1: Simulation parameters of the present cases.

b0/∆x = 3.2, ∆x/η ≈ 3 and ηF1/3
0 /ν = 10, which can then be

substituted in (8) to obtain gβA.

Plume Centreline Alignment

In the present simulation, we observed that the plume dynam-
ical centreline was deviating from its geometrical centreline in
the asymptotic state (Figure 3(a) and (b)). This centreline devi-
ation is due to the flapping motion of the plume and its mean-
dering along the y−direction. Cetegen et al [2] experimentally
studied the oscillatory behaviour of line plumes in an open en-
vironment. This kind of dynamic behaviour affects the steady-
state characteristics of line plumes, which precludes a straight-
forward comparison with the analytical model. Therefore, we
introduce a shifting technique for the lateral displacement of
dynamical plume centreline (Figure 3(c)), which was originally
developed by Hubner [4]. The flow properties can thus be de-
fined based on dynamical plume centreline coordinate system

(·)s(xs,y,z, t) =(·)(x = xs + s(y,z, t),y,z, t). (10)

Here xs is the horizontal coordinate of plume dynamical cen-
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Figure 3: Flapping motion of confined line plume. (a) Vertical
velocity contour for ReH = 7680 and L/H = 4 at t/(H/F1/3

0 )≈
100 at y/H = 1, (b) y/H = 2 and (c) schematic diagram of the
flapping plume.

treline and s is the deviation of dynamical centre from the geo-
metrical centre (Figure 3(c)). Here, the dynamical centreline is
defined as the location of the maximum vertical velocity (w). In
order to determine the peak location of vertical velocity(w), we
used a low-pass spectral cut-off filter along y−direction with a
cut-off wavelength of λc = 0.5H. In other words, Fourier co-
efficients greater than λc are set to zero, and then performing
an inverse Fourier transformation to obtain the smooth velocity
(w̃). We then identified the deviation of the dynamical plume
centre from the geometrical centre at all vertical locations and
shifted the dynamical plume centre in Fourier space. After that
we calculated the y−line average and temporal, which is defined
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Figure 4: Comparison of Kolmogorov and Taylor micro scale
for non-shifted cases (a, c, e) at the geometrical centreline and
shifted cases (b, d, f) at the dynamical centreline for different
ReH and L/H: ——, ReH = 3840( L/H = 1); ——, ReH =
3840 (L/H = 2); ——, ReH = 3840 (L/H = 4); - - -, ReH =
7680 (L/H = 1); - - -, ReH = 7680 (L/H = 2) ; - - -, ReH = 7680
(L/H = 4).

as,

(·) = 1
N

N

∑
n=1

1
L

∫ L

0
(·)(y, tn)dy. (11)

To find the mean vertical velocity variance (w′2), we decompose
the vertical velocity into a mean part and a fluctuating part in
time and space,

ws(xs,y,z, t) =ws(xs,z)+w′s(xs,y,z, t), (12)

ws(xs,y,z, t) = w̃s(xs,y,z, t)+w′′s (xs,y,z, t), (13)

where w′s and w′′s are the fluctuations in time and space (y-
direction), respectively. From the above two equations, we can
calculate the mean w variance as,

w′2s = [w̃s−ws]2 +w′′2s . (14)



Similarly we can define the straight forward (non-shifted) equa-
tion for finding the mean variance as,

w′2 = [w̃−w]2 +w′′2. (15)

Results and Discussion

Figure 4 shows the variation of Kolmogorov and Taylor micro
scale for the shifted cases at the dynamical centreline (xs =
0) and non-shifted cases at the geometrical centreline(x = 0)
for different ReH . The Kolmogorov length scales are non-
dimensionalised by using the inner (Figures 4 (a) and (b)) and
outer (Figures 4 (c) and (d)) plume length scales for non-shifted
and shifted cases. In figure 4 (b), the Kolmogorov length pro-
files collapse better in the region below z/H = 0.2 for shifted
case for L/H = 2 and 4. Similarly, in figure 4 (d), we can ob-
serve that the profiles collapse in the region above z/H = 0.2
when non-dimensionalised by using the outer plume length
scale.

The Baines and Turner’s analytical solutions are compared with
both shifted and non-shifted DNS results. Figures 5 (a) and (b)
show the centreline vertical velocity profiles, and figures 5 (c)
and (d) show the plume width calculated from the mean vertical
velocity profile for shifted and non-shifted cases. The analyt-
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Figure 5: Comparison of vertical velocity, plume half width and
reduced gravity profiles for non-shifted (a, c, e) at the geomet-
rical centreline and shifted (b, d, f) at the dynamical centre-
line for different ReH and L/H cases.; -·-·-·, BT (1969); ——,
ReH = 3840( L/H = 1); ——, ReH = 3840 (L/H = 2); ——,
ReH = 3840 (L/H = 4); - - -, ReH = 7680 (L/H = 1); - - -,
ReH = 7680 (L/H = 2) ; - - -, ReH = 7680 (L/H = 4).

ical solutions are obtained by using an entrainment coefficient
α = 0.1, which was found experimentally by Baines and Turner
(1969) . In order to study the sensitivity of plume behaviour to
plume length (L), we carried out simulations for three different

length (L/H = 1, L/H = 2 and L/H = 4) for each Reynolds
number (ReH ). The steady state results suggest that the plume
lengths L/H = 2 and L/H = 4 are insensitive for the shifted
case. Therefore, we fixed L/H = 2 for higher ReH simulations.
However, in non-shifted statistics for reduced gravity and ver-
tical velocity profiles for L/H = 2 and L/H = 4, do not suc-
cessfully collapsed at higher ReH . The reduced gravity profiles
( figures 5 (e) and (f)) show better agreement with the analytical
results.

Conclusions

We have compared the Baines and Turner’s analytical model
with DNS for both shifted and non-shifted cases for two
Reynolds numbers, 3840 and 7680; with plume lengths, L/H =
1, 2 and 4. The plume lengths L/H = 2 and L/H = 4 are found
to be insensitive for the shifted cases. Overall, the reduced
gravity profiles show good agreement with the theoretical pre-
dictions, although the maximum vertical velocity (wm) is away
from the analytical model.
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