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a b s t r a c t

We study experimentally the dynamics of a back-layering flow developing below the ceiling of a longi-
tudinally ventilated tunnel, and induced by the presence of a steady source of buoyancy at the tunnel
floor. Our aim is to identify the dependence of the longitudinal extent of the back-layering flow upwind
of the source (and therefore against the tunnel ventilation velocity) as a function of the parameters char-
acterising the buoyant release at the source and of those characterising the thermal losses at the tunnel
ceiling. To this end purpose we performed experiments in two different reduced scale models, using
helium and hot air as buoyant fluids. Based on the experimental results, we develop a semi-empirical
model for the prediction of the (non-dimensional) extent of the back-layering flow. This can be expressed
as a function of three non-dimensional parameters. The first one is the tunnel Richardson number Ri,
expressing the ratio between the buoyancy effects induced by the source and the inertia effects of the
tunnel ventilation. The second is its critical value Ric, obtained by imposing the so-called critical ventila-
tion velocity, preventing the formation of a back-layer flow upstream of the source. The third parameter,
referred to as k�

T , characterises the heat losses at the tunnel walls. The variability of the conditions
imposed at the source, namely the momentum flux related to the injection of buoyant fluid, have negli-
gible influence on the critical condition and therefore on the extent of the back-layering flow (which
depends therefore on the buoyancy flux at the source, only). In contrast, the heat losses play instead a
major role, which results in a relevant reduction of the back-layering flow that can be five times shorter
than in the adiabatic case.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The release of light fluid from a ground level source placed
within a longitudinally ventilated tunnel results in the formation
of a bent-over plume [1–3], inclined in the sense of the tunnel ven-
tilation. Depending on the intensity of the ventilation velocity [4],
the buoyant fluid can reach the tunnel ceiling and give rise to a
horizontal gravity current (see Fig. 1a), referred to as back-
layering flow, that develops against the ventilation.

The back-layering flow (Fig. 1b) is driven by the horizontal iner-
tia force and by its buoyancy. The presence of a light fluid gener-
ates a static pressure gradient that tends to push forward the
buoyant fluid, as happens for a gravity current produced by a dense
fluid propagating horizontally against a rigid wall [5]. This occurs

as long as the wall shear stresses, the shear stresses at the
buoyant/non-buoyant fluid interface, and the dynamic pressure
exerted by the ventilation velocity at the front of this current are
not able to balance the force (per unit volume) related to this gra-
dient and to the inertia of the buoyant fluid. The dynamics of this
flow can also be significantly altered by the heat losses to the tun-
nel ceiling, which reduces the buoyancy of this gravity current.

The study of the dynamics of a back-layering flow is of interest
for several engineering applications, related to the need of control-
ling spread of toxic airborne pollutants within enclosed ventilated
spaces. Typical examples are given by the security issues related to
the ventilation of (road and railway) tunnels [6–9], escalators [10]
and mines [11].

In the studies conducted so far and aiming in characterising the
extent of the back-layering length upwind of the source, hereafter
referred to as l, most authors have attempted to define its depen-
dence on a reduced number of control parameters, namely the tun-
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nel ventilation velocity U, a characteristic length scale of the tunnel
(usually its height H or the hydraulic diameter), and the source
heat release rate Qs, or, equivalently the buoyancy flux
Bs ¼ g

CPq0T0
Qs (Cp is the specific heat and q0 and T0 are reference

density and temperature values of the ambient fluid). In this
framework, the back-layering length can therefore be expressed as

l=H ¼ f ðBs;U;HÞ ð1Þ
which according to the Vaschy-Buckingham theorem implies (three
independent parameters and two units) a non-dimensional depen-
dence in the form

l=H ¼ f ðRiÞ ð2Þ
where Ri ¼ Bs

U3H
is referred to here as the ‘tunnel’ Richardson number.

A first model of the length of a back-layering flow was pre-
sented by Thomas [12], who suggested a dependence in the form:

l
H

/ Ri
T0

Ts
ð3Þ

with T0 and Ts the temperature of ambient air and of the buoyant
source, respectively. Note that in his definition of the ‘tunnel’
Richardson number, Thomas [12] used the tunnel width as a char-
acteristic length, instead of the tunnel height.

The experiments by Vantelon et al. [13], performed in a venti-
lated tunnel at the 1/30 scale and equipped with a gas burner,
led to a relevant modification of (3), and to an expression of the
back-layering length in the form:

l
H

/ Ri0:3 ð4Þ

The dependency of l=H on Ri1=3 was subsequently confirmed by
Saito et al. [14], whose results were however significantly different
from those presented by Vantelon et al. [13]. A similar relation was
also indicated by Deberteix [15], based on experiments in a
reduced scale tunnel:

l
H

¼ 7:5 Ri1=3� � 1
� �

ð5Þ

and adopting a different Richardson number defined as
Ri� ¼ Ts�T0

T0
gH
U2.

Finally, based on experiments in a reduced scale tunnel with a
gas burner, Li et al. [16] suggested that the length of the back-
layering flow could be modelled as:

l
H

¼
18:5 ln 0:81Ri

1
3�

� �
for Q � 6 0:15

18:5 ln 0:43
ffiffiffiffi
gH

p
U

� �
for Q � > 0:15

8><
>: ð6Þ

with Q � ¼ Qs

q0CPT0
ffiffiffiffiffiffi
gH5

p a non-dimensional heat release rate, and with a

Richardson number Ri� which is the same adopted by Deberteix
[15].

In order to have a global overview on the results obtained in
previous studies, we have collected these in a single graph, which
is presented in Fig. 2, where we plot the non-dimensional back-
layering length l/H as a function of the tunnel Richardson number
Ri. The plot includes data in a variety of experimental conditions in
which the back-layer flow could be produced by isothermal buoy-
ant plumes [17], gas burners [13,16] as well as smoke plumes due
to burning tires [12].

When considering results obtained with given experimental
conditions, the data suggest a one-to-one dependence l/H = f (Ri).
However, when observing the big picture, it is evident that the plot
shows a significant dispersion of the experimental data. This can be
attributed to two main features. Firstly, the rate at which l/H
increases as a function of Ri, is very different for the different data-
sets. Secondly, the different sets of data are characterised by differ-
ent values for l=H ¼ 0, a condition that we refer here as ‘critical’,
since it corresponds to that imposed by the so-called ‘critical veloc-
ity’ Uc [6,7,18]. Considering the set of data of Vantelon al. [13], the
difference in the critical condition (compared to other set of data)
is likely to be due to a different definition of the reference position
at which the back-layering front is brought to rest by the ventila-
tion. In the case of the set of data of Megret [17], this is instead
likely to be due to conditions (initial momentum, diameter)
imposed at the source.

It is therefore evident that, in a general way, we cannot identify
a clear dependence of l/H on Ri only. It is indeed worth noting that
a direct relation between l/H and Ri implies a description of the
system in which it is implicitly assumed that the source conditions
can be fully characterised by the buoyancy flux Bs only, therefore
neglecting any further information about its radius, temperature
(or density) and velocity. These latter parameters, as well as a gen-

Fig. 1. Back-layering flow visualised on a vertical plane in the ‘isothermal’ model, and produced by a steady source of helium in a longitudinally ventilated tunnel. (a) Bent-
over buoyant plume impinging on the ceiling. (b) Detail of the back-layering front. Tunnel ventilation is directed from left to right.
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Fig. 2. Overview of previous literature results.
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