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The impact of natural convection and turbulent
mixing on mechanical ventilation
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We explore the interaction of natural convection and mechanical ventilation in a room
where fresh air is supplied at low level and stale air is extracted at high level. Turbulent
buoyant plumes rising from heat sources interact with this upward airflow and establish
a steady-state stratification with a warm upper layer above a layer of the cold supply air.
Adapting the volume balance model used in natural ventilation (Linden et al., J. Fluid
Mech., vol. 212, 1990, pp. 309-335) leads to the prediction that the upper layer will
vent from the room when the ventilation volume flux exceeds the volume flux in the
plumes at the ceiling. However, our new laboratory experiments establish that there is
still a stable two-layer stratification beyond this point of critical ventilation. Motivated by
our observations, we propose that the kinetic energy flux supplied by the plume leads
to turbulent mixing in the upper layer. We propose a new model of this mixing which
is consistent with our experiments in both the over- and under-ventilated regimes. This
has important implications for air recirculation in buildings with large ventilation flows,
particularly hospital operating theatres and clean rooms.
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1. Introduction

The air quality in the built environment is intricately linked to our comfort, health and
productivity. As a result, ventilation is a necessity in all types of buildings, from offices
and auditoriums to factories and operating theatres, supplying fresh air and removing
contaminants. In one arrangement, called underfloor air distribution, fresh air is supplied
through an underfloor plenum to low-level vents, and stale air is extracted through
high-level vents. The resulting upward displacement flow then interacts with turbulent
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Figure 1. Schematic of the steady-state stratification (a) in the under-ventilated regime where the interface is
sharp and only crossed by fluid in the plume and (b) in the over-ventilated regime where a significant flux of
fluid is entrained from the lower layer into the upper layer, which then mixes with fluid from the plume.

buoyant plumes rising from heat sources, including people and electrical equipment,
leading to thermal stratification. This establishes a steady state with a warmer upper layer
above a layer of the cold supply air. The interface depth between these layers depends on
a dynamic equilibrium between the ventilation flow, which raises the interface, and the
plume, which works to lower the interface. This is shown schematically in figure 1.

With well-designed ventilation, the interface is above the occupied zone, the occupants
are surrounded by fresh air and heat and contaminants are transported into the upper
layer before extraction. This leads to improved thermal comfort, and the air the
occupant breathes will have a lower concentration of contaminants compared with mixing
ventilation schemes.

Models for ventilation have evolved over the last several decades, drawing from work on
turbulent buoyant plumes mixing in a confined space (Baines & Turner 1969; Linden,
Lane-Serff & Smeed 1990). In their work on natural ventilation, Linden ef al. (1990)
proposed a volume balance model, where the net upward volume flux through any
horizontal cross-section is equal to the ventilation volume flux. If there is a depth, A,
at which the plume volume flux matches the ventilation volume flux, this model would
suggest that vertical velocity in the fluid outside the plume is zero and an interface forms
between the upper and lower layers. To estimate the depth of this interface, we introduce
a model for the volume flux in a plume. For a pure plume rising through a uniform
environment from a source of buoyancy flux, ¥y, Morton, Taylor & Turner (1956) showed
that the specific volume flux, (), a distance z above the source is

0,(2) = AFy 2P, (11)

Here, A is an empirical constant related to entrainment into the plume (see § 3.1). In a
mechanically ventilated system with total ventilation volume flux, tQy, then at the depth
of the interface, h,

Qv = AF) 1. (1.2)

If we scale the depth of the interface, &, by the total height of the room, H, giving § = h/H,
and introduce the dimensionless parameter

/1F(1)/3H5/3
=——", (1.3)
Qv
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which represents the ratio of the volume flux in a pure plume at height H to the ventilation
volume flux, then we find that

E=pP. (1.4)

This suggests that the interface depth, &, only depends on the dimensionless parameter
© and is independent of the cross-sectional area of the room. Provided that y > 1, then
& < 1. We refer to this as the under-ventilated regime. Decreasing the volume flux in the
plume or increasing the ventilation rate will decrease the value of pu and, from (1.4), this
volume balance model predicts that, when u = 1, the interface reaches the top of the room.
We call this critical ventilation. The model breaks down for 0 < u < 1 because it predicts
that the interface is above the ceiling. This over-ventilated regime arises when the total
ventilation volume flux exceeds the volume flux in the plume at the ceiling.

Because (1.4) breaks down for u < 1, we have conducted new laboratory experiments
to explore the transition from the under-ventilated (i > 1) to the over-ventilated (u < 1)
regime. These new experiments establish that there is, in fact, still a stable two-layer
stratification in the over-ventilated regime and that the volume balance model significantly
overpredicts the measured interface depths above the base of the room when the flow is
close to critical ventilation (i &~ 1). Our observations suggest that turbulent mixing in the
upper layer associated with the kinetic energy flux supplied by the plume entrains fluid
from the lower layer into the upper layer. We propose a new model for this mixing, which
is consistent with the interface height in our experiments across both regimes.

The structure of this paper is as follows. In §2, we describe our new laboratory
experiments and observations for the over- and under-ventilated regimes. We propose a
new model for the mixing in § 3 and compare the theoretical predictions of this model
with our experiments in § 4. We apply this model to natural ventilation in § 5. We examine
the implications for the design of ventilation systems in § 6 and draw some conclusions in

§7.

2. Experimental model of over- and under-ventilation

We performed a series of systematic laboratory experiments to investigate the flow
structure and density stratification in both over- and under-ventilated regimes. We describe
the experimental apparatus and then present qualitative results. These observations are
then used in § 3 to inform model development.

2.1. Experimental method

For ease, the experiments were performed in an inverted geometry with a dense descending
saline plume modelling a real heat source. Due to the small magnitude of the density
differences, the Boussinesq approximation is valid and inverting the geometry has no
significant impact on the dynamics of the experiment.

An open-topped tank, with internal dimensions 0.25 by 0.25 by 0.30 m or 0.75 by 0.75
by 0.50 m, was submerged in a larger tank that acted as a reservoir of fresh water. Fluid
was withdrawn through pipes at the base of the smaller tank using a peristaltic pump,
while the open top allowed for a uniform inflow.

A plume was created by supplying a dense salt solution to a nozzle designed to produce
a turbulent plume with a relatively small source volume and momentum flux. The room
height, H, was taken to be the distance from the source to the base of the tank plus the
distance from the source to the virtual origin, zo, of the plume (see § 3). Throughout the
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Figure 2. Schematic illustrating the experimental set-up. A small open-topped tank is submerged in a larger
tank of fresh water. Fluid is withdrawn from the base of the tank through multiple openings using a pump,
while the open top allows for uniform inflow. A suspended plume source is supplied with a dense saltwater
solution that has been dyed red, and a two-layer stratification is established and photographed using a DSLR
camera placed approximately 5 m from the tank.

experiment, the outer tank of fresh water was refilled using a third peristaltic pump so that
the depth of water above the model room remained constant.

The flow was examined using a dye attenuation technique. A light sheet was placed
behind the tank to provide uniform illumination, red dye was added to the plume fluid
and the experiment was recorded using a DSLR camera. This is shown schematically in
figure 2. To minimise the parallax error, the camera was positioned far back from the tank
(=5 m) and focused on the centre of the model room close to the interface. This means
the line-of-sight average dye concentration will be close to the horizontal depth-averaged
concentration.

The principle of the dye attenuation technique is that light passing through the tank will
be partially absorbed by regions of dyed fluid, which changes the pixel intensity measured
by the sensor in the camera. When dyed fluid mixes with clear fluid, the dye is diluted
and will absorb less light. We can convert the measured pixel intensity to the line-of-sight
average dye concentration using a set of empirical calibration curves. Then, assuming that
the same processes mix dye and salt, the density distribution in the tank can be calculated.

Before the main experiments, we produced calibration curves for the particular
combination of camera settings, tanks, dyes and light sheets. The outer tank was filled
with fresh water, and the inner tank was filled with a known dye concentration. The pixel
intensity was measured, and this process was repeated for a range of dye concentrations.
In the present experiments, we used the blue channel, which had the largest change
in pixel intensity as the dye concentration increased and, therefore, minimised any
error. Furthermore, care was taken to ensure the highest concentration was within the
approximately linear portion of the curve relating dye concentration to pixel intensity to
avoid issues related to signal saturation.

A typical experiment consisted of the following steps: first, we prepared the plume fluid
by adding salt and dye to fresh water. Next, all three peristaltic pumps were turned on and
balanced to avoid net accumulation or loss of fluid in the experimental tanks. The system
was then run for a sufficiently long time to reach a steady state and examined using the
light attenuation technique.

Before presenting the results, we note that it is possible for the extraction rate through the
outflow pipes to be so large that the upper layer of fresh water is drawn directly down to the
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Figure 3. Typical experimental results for the under-ventilated regime showing the horizontally averaged dye
concentration of five experiments and a false colour image showing the instantaneous dye distribution in the
tank for (a) © = 3.41 and (b) i = 1.75. The black horizontal line shows the measured interface depth, and the
grey shaded region indicates the variation in the measurement. The green horizontal line shows the interface
depth predicted by the volume balance model.

outflow, bypassing the lower layer of saline fluid. However, in the present experiments, the
flow rates were chosen to avoid this phenomenon. This is discussed further in Appendix B.

2.2. Experimental observations

In the remainder of the paper, for convenience, we present the experimental results rotated
by 180° so that they correspond to the schematic diagram of a building ventilation system
(figure 1). As such, the text refers to an ascending plume and a mixed layer at the top of
the ventilated space.

Figures 3-5 illustrate typical experimental results. In these experiments, the height
of the tank, H, and buoyancy flux, Fy, from the plume source were fixed, while the
ventilation volume flux, ntQy, was adjusted so that the ratio of the volume flux in the
plume to the ventilation volume flux, u, varied between 3.41 and 0.34. This allowed us
to investigate the flow and density stratification in the under-ventilated regime (u > 1)
through critical ventilation (4 = 1) and into the over-ventilated regime (u < 1).

The left-hand plot in every pair of figures shows the average vertical concentration
profile (solid line) and standard deviation (shaded region) of five experiments at the
same value of . The profile has been rescaled using the maximum concentration, which
is the concentration extracted by the ventilation. This profile is obtained by excluding
the centre of the frame so that the plume does not obstruct the measurement of the
surrounding stratification. The black horizontal lines show the interface depth obtained
by a thresholding routine (see Appendix A). The solid line is the time-averaged interface
location, and the grey-shaded region indicates the variation in the measured depth. In the
under-ventilated regime, before the volume balance model breaks down, (1.4) is used to
predict the interface depth. This prediction is plotted with a green horizontal line. The
right-hand figure in each pair is a snapshot of the steady state converted into a false colour
image. A consistent colour scale was applied across the images.

In all of the steady states, the system establishes a two-layer stratification: an upper layer
with a high dye concentration and a lower layer with zero concentration. We observe that
as the ratio of the volume fluxes, wu, decreases, the interface between the layers rises.
Qualitatively, this is consistent with the volumetric model presented in § 1. However,
based on that model, we would expect the interface to reach the top of the room between
figures 4(a) and 4(b) when the system passes critical ventilation. This is not the case.
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Figure 4. Typical experimental results spanning the critically ventilated regime showing the horizontally
averaged dye concentration of five experiments and a false colour image showing the instantaneous dye
distribution in the tank for (a) u = 1.20 and (b) u = 0.92. The black horizontal line shows the measured
interface depth, and the grey shaded region indicates the variation in the measurement. The green horizontal
line shows the interface depth predicted by the volume balance model.
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Figure 5. Typical experimental results in the over-ventilated regime showing the horizontally averaged dye
concentration of five experiments and a false colour image showing the instantaneous dye distribution in the
tank for (a) u = 0.57 and (b) © = 0.34. The black horizontal line shows the measured interface depth, and the
grey shaded region indicates the variation in the measurement.

Furthermore, within the under-ventilated regime, the measured depth (black lines) is
significantly lower than the prediction using the volume balance (green lines).

Between the experiments, there are differences in the detailed structure of the vertical
stratification. In figure 3(a), showing an under-ventilated steady state, there is little
variation in the concentration outside of a narrow adjustment zone between layers.
However, as u decreases, the adjustment zone expands, and a gradient develops close
to the ceiling, producing a kink in the profile. This can be seen in figures 4(a) and 4(b).
In figure 5(b), the system is significantly over-ventilated, and the concentration continually
adjusts over the full depth of the upper layer. These changes to the mean profile are also
accompanied by larger concentration fluctuations as i decreased.

Generally, there was increased fluid motion close to the interface as p decreased. For
example, at large 1, there were only some small, low-frequency oscillations close to where
the plume crossed into the upper layer. As a result, there was little variation in the measured
interface depth in figures 3(a) and 3(b). Close to critical ventilation, we observed rapid,
small-amplitude oscillations over the entire surface area of the interface. This resulted in
a larger variation in the measured depth of the interface in figures 4(a) and 4(b). Finally,
in the over-ventilated regime, we observed large-scale fluid motion resulting in significant
variation in the measured interface depth in figures 5(a) and 5(b). This behaviour appears
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to be correlated with the intermittent arrival of eddies in the plume, and a zone of strong
mixing close to where the plume impacts the upper boundary. In the case of a small inner
tank, the laterally spreading eddies may reach the side walls and reflect. By repeating the
experiments in tanks of different cross-sectional area, we show, later in the paper, that any
secondary mixing produced by this overturning is less significant than the central mixing
zone.

Based on these observations, we infer that there is an additional flux of fluid from the
lower layer mixed into the upper layer to balance the ventilation volume flux. We propose
that this results from the turbulent mixing as the plume reaches the upper boundary and
spreads laterally, which is associated with the kinetic energy flux supplied by the plume.
This leads to entrainment of fluid from the lower layer into the upper layer, which then
mixes with fluid supplied by the plume. In the under-ventilated regime, the interface is
low, so the plume supplies relatively little kinetic energy. As a result, there is minimal
entrainment. In the over-ventilated regime, the interface is higher, so the plume supplies
more kinetic energy; furthermore, with the same source of buoyancy, the density contrast
is reduced. Both of these factors facilitate the mixing.

3. The model

To model the steady flow, we consider a turbulent plume that develops from a maintained
localised source of buoyancy flux wFp in a room of total height H and uniform
cross-sectional area wA. Letting z denote the vertical distance above the floor, the buoyancy
source is at z = 0, and the upper and lower vents are at z = H and z = 0, respectively. The
ventilation volume flux is mQy, and incoming air has density p,. At a steady state, the
depth of the lower layer is 4. This is shown schematically in figure 1.

3.1. Plume theory

The theory of turbulent buoyant plumes builds on the seminal work of Morton et al.
(1956) and is discussed in detail elsewhere, (e.g. List 1982; Linden 2003; Woods 2010;
Hunt & Van Den Bremer 2011). In an unstratified environment, the specific volume 1Q,,
momentum 1M and buoyancy wF fluxes in a plume are

2/3

0, = AR+ 2007, M) = (%) FPe+w*?. F@ =F. (.lac)
where o = 0.127 is the entrainment coefficient (Morton et al. 1956) and we have defined
the related constant A = (6a/5)(9«/10)!/3 for convenience in our solutions. The value of
o was determined from a series of separate filling box experiments using our experimental
apparatus and is within the range of existing experimental and numerical data for plumes.
Here, zp is the distance of the virtual origin behind the source. This is the location where
a pure source of buoyancy flux wFy, with zero volume flux and zero specific momentum
flux, would produce an identical flow in the far field after a zone of flow establishment
close to the source. These solutions assume that the plume is unconfined. Still, they apply
to a confined plume if it occupies a small fraction of the total cross-sectional area (Baines

& Turner 1969). This requires that
H? 5\?
"« (—) | (32)

A 6a

As seen in table 1, this is true for all our experiments. The distance of the virtual
origin behind the actual source, zg, scales with the source radius but also depends on
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Series Q,/cm®s~! Fy/em*s™3 Qp/em®s~! zp/em  H/cm H?/A nw Symbol
1 4.8-51.5 27.5 0.385 1.4 30.1 4.55 1.30-13.78 o
2 4.8-51.5 41.8 0.385 1.2 30.0 452 148-1576 <
3 5.0-51.8 8.11 0.385 1.7 16.9 1.44 0.34-3.40 O
4 21.5 40.4 0.373 1.2 12.2-36.7 0.75-6.77 0.79-4.93 A
5 13.0-50.7 40.1 0.371 1.2 18.7 0.18 0.68-2.66 *
6 18.5-49.3 13.0 0.371 1.5 19.0 1.54 0.49-1.32 X

Table 1. Experimental conditions for the experiment series presented in figure 6. In each series, the area of the
tank was fixed while the ventilation rate (series 1-3, 5 and 6) or height (series 4) was adjusted to vary p. These
were adjusted in equal steps between the minimum and maximum values presented in the table. The values for
H include the virtual origin correction.

the dimensionless source parameter, I, given by
_ 505Fo

r=->=v2 (3.3)
daM)?

In our experiments, I is of order one, indicating that the source is close to a pure plume
balance. So, approximately
_ 3/5 . —1/5
w0 =170 Fy'”. (3.4)

In our experiments, this leads to a virtual origin correction of the order zg ~ 0.01 m.

3.2. Energy balance

The kinetic energy flux, mEg, associated with the mean upward flow in a plume at a
distance z from the origin, is

* W)

Ex(z) = 2p0 / r dr. (3.5)
0 2

We model the velocity distribution across the plume using a Gaussian profile of the form

2
w(r) = wg exp (_r_) , 3.6)

2
bG

where wg(z) = 2M/Q is the centreline velocity and bg(z) = Q/+/2M is the effective
plume radius. Then (3.5) can be evaluated at the depth of the interface, leading to

Ex = Lpobgwg; = %poFoh. (3.7)

From dimensional arguments, we expect that the turbulent kinetic energy flux scales with
the kinetic energy flux of the mean flow. However, this contribution is small, typically less
than 7 % of that of the mean flow (Cardoso & Woods 1993). Therefore, for simplicity, we
assume that the total kinetic energy flux supplied to the upper layer is given by (3.7).
Next, we calculate the rate of work done to entrain fluid from the lower layer into
the upper layer. At this stage, we do not restrict the system to a particular mechanism
for turbulent entrainment. Rather, we consider a general entrainment flux, Q.. From the
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conservation of volume over the upper layer, the volume flux in the plume plus the rate of
turbulent entrainment into the upper layer balances the ventilation volume flux so that the
mean interface depth is constant. Therefore, when there is no short circuiting of the flow,
the rate of turbulent entrainment is given by

Q. = Qv — AF," W, (3.8)

This fluid is transported through the upper layer and extracted by the ventilation, with the
work involved in the process being

H
Wzm@ﬁgkma (3.9)

As described in § 2.2, the buoyancy of fluid in the lower layer is zero, but the upper layer
has a buoyancy profile g’(z) that depends on the ventilation regime. From the conservation
of buoyancy over the upper layer, the buoyancy of fluid extracted by the ventilation is
g = Fy/Qy. So, introducing a change of variables

z—h . &0y
= d o= , 3.10a,b
(=g, and g Fy (3.10a.b)
we can rewrite equation (3.9) as
. /1F1/3h5/3 1
Wzmmw—m1——%7—ﬁgﬁmo (3.11)

To complete the model, we need a final relation which constrains the rate of mixing across
the interface. In § 2, we observed three important turbulent mixing processes in the upper
layer: a mixing zone surrounding the plume where it hits the interface or ceiling, eddies
in the radial flow which spreads across the ceiling and any overturning at the edge of the
box. In the present experiments, visual observations suggest the mixing near the ceiling
and then the eddies in the radial flow seem to dominate: the mixing leads to a stratified
region above the lower layer. There are different approaches for quantifying such turbulent
mixing (cf. Turner 1986). In the present work, we explore the hypothesis that the total rate
of work done by this turbulent mixing is proportional to the rate of input of kinetic energy
by the plume, and in the next section, we compare the predictions of this model with our
new experimental data. By combining equations (3.7) and (3.11), we then obtain

I (3.12)

h AFMBHS3 7 p\3/3

¢——:1~4L——(>,
H—h Ov

where ¢ is a parameter that quantifies the fraction of kinetic energy used for entrainment

and accounts for the dimensionless shape factor associated with the vertical stratification in

the upper layer. Scaling the interface depth, £, by the height of the room, H, and identifying

the parameter , we can write

<¢>L =1—ug’3 (3.13)

1-¢§

This model suggests that the interface, &, is independent of the cross-sectional area and
increases monotonically as u decreases, eventually saturating to a fraction of the total
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Figure 6. A comparison of measured interface depths (symbols) and theoretical predictions of the volume
balance model (dotted line) and energy balance model with ¢ = 0.15 &= 0.05 (solid line and shaded region).

room height for very over-ventilated systems (i — 0)

1
= ) 3.14
fo=1 s (3.14)
Otherwise, in the limit of very weak ventilation, (3.13) approaches
£=p (3.15)

Thus recovering the expression for the interface depth derived in § 1 using the volume
balance model.

4. Comparison of model and experiment

Experiments were performed to compare the measured interface heights with the
prediction of the energy balance model developed in § 3. These experiments were
conducted with different room heights, cross-sectional areas, source buoyancy fluxes and
ventilation rates, as listed in table 1, to establish steady states in the range 0.34 < p <
15.76.

The distance of the interface from the virtual origin was obtained for each experiment,
rescaled by the distance to the base of the model room and is plotted as a function of u
in figure 6. The six series of experiments are consistent and, within the accuracy of the
experimental measurements, collapse onto a single curve. Given the large range of tank
aspect ratios, 0.18 < H>/A < 6.77, this is strong support for the model prediction that the
interface depth is independent of the cross-sectional area.
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We compare these measured interface depths with the theoretical predictions using the
volume balance (dotted line) and the new energy balance model (solid line). The scatter
in the experiments suggests that there may be some variation in ¢ but that it only appears
to be a very weak function of the experimental conditions. As such, we assume that ¢ is
constant across our experiments, and comparison with the data suggests that the optimal fit
is obtained by setting ¢ = 0.15. The sensitivity of our model to the numerical value of ¢ is
indicated by the grey-shaded region, which shows the range of predicted interface heights
bounded by ¢ = 0.10 and ¢ = 0.20. This suggests that our hypothesis that a fraction of
kinetic energy is converted to potential energy through mixing is not inconsistent with the
data.

The turbulent intensity of mixed fluid in the upper layer is related to the turbulent
intensity of the fluid supplied by the plume; this suggests that ¢ may be related to «.
However, the process of mixing at the edge of the vertically rising plume is different from
the mixing produced as the eddies spread radially from the plume through the upper layer
and entrain lower layer fluid. As a result, we have measured the constant ¢ independently
of «, but it is nevertheless notable that their values are similar.

Using the value ¢ = 0.15 % 0.05, there is reasonable agreement between the predictions
of the energy balance model and the experiments over the full range of experimental
conditions and, critically, we can predict the interface depth within the over-ventilated
regime. The new energy balance model is also more accurate than the simple volume
balance model close to critical ventilation, 1 < u < 2. However, given the variability
between experiments, both models are indistinguishable for significantly under-ventilated
systems. This is consistent with our experimental observations in § 2.2, which suggest that
turbulent entrainment becomes increasingly significant as p decreases. To explore this
further, we use (3.1a—c) and (3.8) to calculate the volume flux in the plume and the volume
flux due to entrainment at each interface height. The individual contributions are plotted
in figure 7. When the interface is low, the entrainment flux is small, and it is reasonable
to assume that the only interfacial transport is in the plume, as in the volume balance
model. However, the entrainment flux grows rapidly as £ increases beyond = (.5. The
shaded region in figure 7 indicates the range of interface depths in our experiments, where
entrainment contributed as much as two thirds of the total volume flux into the upper layer.

The energy balance model predicts that the interface depth increases monotonically as p
decreases, reaching a maximum as ¢ — 0. Evaluating equation (3.14) for ¢ = 0.15 leads
to & = 0.87. It is interesting to compare this with the results of Kaye & Hunt (2007),
who investigated the initial transient outflow from a plume impinging on the base of a
box before it developed a stratification. This initial transient is closely related to a very
over-ventilated system where the outflow from the plume is immediately ventilated and
does not recirculate in the upper layer. In their experiments, Kaye & Hunt (2007) found
that the depth of the fully developed gravity current from the plume was 0.12H. In the
context of this work, this corresponds to & = 0.88, which is in accord with figure 6 as
u— 0.

5. Application to natural ventilation

Although it was not the intention of this study, it is interesting to extend the principles
of this work to natural ventilation flows where, by analogy to the present work, turbulent
mixing in the upper layer may also cause the interface to descend. In natural ventilation,
the ventilation volume flux depends on the buoyancy and depth of the upper layer. Since
entrainment across the interface will modify the stratification, a full understanding of
this process would require new experiments. However, we can directly apply our results
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Figure 7. The contribution of turbulent entrainment. Flux into the upper layer from the plume (blue) and flux
due to entrainment across the interface (green), depending on the interface height.

to natural ventilation to include the effect of mixing but not a subsequent readjustment.
This should give a lower bound for the interface depth, while the original volume balance
(Linden et al. 1990) provides an upper bound. In a naturally ventilated room, this upper
bound is

1/2

A* 55
PR (1 —5) ’ G-

where A* is an effective area of the openings to the surroundings. If there is no mixing, then
the only interfacial transport is in the plume, and this volume flux is exactly balanced by
the volume flux leaving through the vents, and, in principle, an identical steady state could
be reached in a mechanically ventilated system through careful selection of the ventilation
rate. Therefore the effective area of the openings, A*, can be mapped onto an equivalent w
using (1.4) and (5.1). This equivalent p can be used in (3.13) to estimate the interface
depth, including the effect of turbulent mixing, but not the subsequent readjustment.
In figure 8, we present experimental data from Linden et al. (1990) and Kaye & Hunt
(2004) and compare them with the predicted interface depth using (5.1) and our energy
balance to account for turbulent mixing. Most of the experimental data lie below the
volume model but above our energy balance, suggesting that the two lines are bounds and
that a similar turbulent mixing process happens in natural ventilation. Again, turbulent
mixing appears to be more important when the interface is higher. It would be interesting
to investigate this further and include the effect of changing the vertical stratification.

6. Application to building engineering

One important application of this modelling is predicting the interface depth in a range
of building types, where, ideally, the interface between the layers is located above the
occupied zone. It is interesting to calculate the value of p associated with heat sources
of different strengths for various ventilation rates to determine the possible ventilation
regime and the importance of turbulent mixing. In building engineering, the strength of
mechanical ventilation can vary significantly and is typically described in terms of the air
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Figure 8. A comparison of measured interface depths (symbols) and theoretical predictions of the volume
balance model (dotted line) and energy balance model with ¢ = 0.15 (solid line) for natural ventilation.

changes per hour (ACH), which is related to the ventilation volume flux, tQy, and the
volume of the room, nV = nwAH, by

ACH = 3600%. 6.1)

6.1. A single localised heat source

To examine the importance of mixing, we first consider the idealised limiting case in which
the total heat load originates from a small area, forming a single plume in the far field. For
a thermal plume rising above a heat source with heat load @, the buoyancy flux is

BO

, (6.2)
£0 Cp

k=g

where g is the thermal expansion coefficient and C, is the specific heat capacity of air.
Individual heat sources can range in strength from ® = 0.1 kW for the human thermal
plume to ® = 1-3 kW for large electrical equipment or dedicated heating appliances.
Stronger heat sources are also possible, often generated through indoor combustion or
as the combined effect of multiple closely placed heat sources.

In figure 9, we show the value of p as a function of the heat load for a localised heat
source with strength in the range 0-5 kW for a room of width 6 m and height 3 m above the
virtual origin of the heat source. As discussed in § 4, we suggest that turbulent entrainment
across the interface is significant for u < 2, and the ventilation may be modelled using the
energy balance model we have proposed. Even at lower ventilation rates, for example,
6 ACH, which is typical for an office, the cross-over heat load occurs at ©® = 1.6 kW.
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Figure 9. The value of u for a range of heat loads in a mechanically ventilated operating theatre for 6, 12, 25
and 40 ACH.

As a result, it may be important to account for turbulent mixing in spaces with small to
moderate heat loads. Only spaces with large heat loads can neglect entrainment into the
upper layer when designing the ventilation.

6.2. Multiple distinct heat sources

Often, the total heat load in a building is spread between many distinct heat sources, and
extending the model to examine this situation in comparison with a single heat source is
of interest. For simplicity, we restrict our attention to n heat sources of equal strength. This
may approximate an office space with multiple occupants where each person generates a
similar heat load.

To model this situation, we assume that the mixing associated with each plume is
independent, as applies to a small number of heat sources placed far apart. However, we
note that if the spacing between the sources is not sufficient, the mixing across the interface
in the upper layer associated with the different heat sources will likely interact, leading to
a more complex process. With n independent heat sources of buoyancy flux Fo/n, (3.12)
is replaced with the relation

h n2/3/lF(1)/3H5/3 1\ /3
p—=1-——— | = , (6.3)
H—h Ov H
which depends on the modified dimensionless parameter
B n2/3/lF(;/3H5/3
Pn = —————. (6.4)
Qv

We see that u,41 > Wy, suggesting that distributing the same total heat load over a larger
number of heat sources causes the interface to descend. Using (6.4), the depth of this
interface is equal to the depth produced by a single heat source with a heat load which is
n? times larger, although in that case, the buoyancy of the upper layer is different. As a
result, the space is more likely to be under-ventilated than with a single heat source.

Linden et al. (1990) examined a similar situation in natural ventilation. They showed
that spreading a heat load between n distinct heat sources results in the same interface
depth as a single heat source where the effective area of the openings has been decreased
by a factor of n. This causes the interface to descend, but unlike the present case, the new
depth does not depend on the strength of the heat source, only the number.
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The modified parameter, u,, has an important effect on the value of the critical
cross-over heat load, which is reduced by a factor of n®. For example, in the 6 ACH
case, the cross-over heat load is reduced to ® = 0.4 kW when there are two equal heat
sources and to ® = 0.18 kW when there are three. Therefore, increasing the occupancy
from two to three people may cause the ventilation flow to transition from a regime where
it is important to consider turbulent mixing to one where it may be appropriate to neglect
this effect. At moderate ventilation rates, such as 12 ACH, the cross-over heat load for a
single source is very large, ® = 13 kW. However, with multiple heat sources, this reduces
to 3.3 kW and 1.4 kW if the heat supply is distributed between two or three heat sources,
respectively, which are more typical of the expected heat loads in the built environment.
Currently, many hospital operating theatres have ventilation rates of 20-25 ACH, and
some have ventilation rates over 40 ACH. These large ventilation rates mean the operating
theatre is over-ventilated even for very large heat loads spread across multiple heat sources.
Therefore, it is almost always important to account for turbulent mixing in determining the
stratification at the top of the space.

7. Conclusions

We have explored the interaction of natural convection and mechanical ventilation in a
room where fresh air is supplied at low level and stale air is extracted at high level.
Turbulent buoyant plumes from heat sources interact with this upward airflow and establish
a two-layer stratification. This work complements previous studies on natural ventilation
by extending the concepts to mechanical ventilation, which is more widespread.

A key and novel observation from our experiments is the identification that an
over-ventilated regime develops in which the volume flux in the plume is less than the
ventilation volume flux. In this case, a simple volume balance model in which the upward
flow is assumed to be given by the sum of the plume flow and the remaining ventilation
flow leads to the prediction that the space is filled with the cold supply air. However, our
new experiments show that the system retains a two-layer stratification. Our observations
suggested that turbulent mixing in the upper layer associated with the kinetic energy flux
supplied by the plume entrains fluid from the lower layer into the upper layer.

We propose a new model which is able to predict the interface depth based on an energy
balance between the kinetic energy flux supplied by the plume and the rate of work done
to entrain fluid from the lower layer into the upper layer. We find that this model leads
to predictions which are consistent with the interface height measured in our experiments
across both regimes. Finally, we show that it is important to consider this turbulent mixing
when designing ventilation systems, particularly for operating theatres or other rooms with
a large ventilation rate.
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Appendix A. Identification of the interface

In studies on natural ventilation, the layer interface has sometimes been defined by the
location of the largest gradient in light intensity (Kaye & Hunt 2004). However, when
turbulent entrainment is significant, gradients in light intensity may develop over a large
part of the upper layer, leading to significant uncertainty in the location of the interface.
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Figure 10. Experimental results for p = 0.6, annotated to show the 5%, 10% and 15% contours. The
left-hand panels show an instantaneous snapshot of the steady state, and the right-hand panel shows the
time-averaged distribution.

This is why, in the study of plumes and gravity currents, a cutoff light intensity is typically
used to define the flow boundary (Morton et al. 1956; Hacker, Linden & Dalziel 1996).
In this study, we follow this approach and define the interface by the average height of the
contour, where the light attenuation is 10 % of the maximum.

The left-hand panels in figure 10 show four snapshots of a steady state for © = 0.6 taken
60 s apart and have been annotated with the 10 % contour. The 5 % and 15 % contours are
also shown to indicate the uncertainty in the measurement. Between the panels, there is
some variation in the location of the contours due to fluid movement at the interface.
Therefore, to ensure consistency, the total amount of dye inside the 10 % contour, which
should be constant, was calculated at successive times for each experiment. This amount
was constant within 5 % for p 2 0.5, and within 10 % for u < 0.5.

To calculate the average position of the interface, we produce a time average image
before locating the 10 % contour. This is shown in the right-hand panel in figure 10. To
calculate the final estimate for the interface depth, we take an average of the height of the
10 % contour, excluding the plume region.

Appendix B. Short circuiting of the flow

When performing any mechanical ventilation experiments, there is a possibility for short
circuiting of the flow: in the context of the experimental system shown in figure 2, this
would result in a disturbance to the interface so that fresh water is drawn directly into
the outlet pipe without mixing with the salty layer. Hassan, McKeon & James (2022)
investigated this phenomenon and found that for a given extraction flow, ¢, the transition
to short circuiting occurs when the distance from the opening in the outflow pipe to the
density interface, S, has a value smaller than a critical value S., where

q2 1/5
5. = 0.69 (Ag,) , B1)

with Ag’ being the buoyancy contrast across the interface.

Equation (B1) suggests that short circuiting is more likely to become significant when
the fluid is withdrawn unevenly from the space, with a relatively large outflow in one
location. Therefore, our experiments are designed with up to eight well-spaced outlet
pipes, and in almost all of our experiments, we estimate that S > S, so there is no short
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circuiting. However, in two particular experiments from series 3, with i = 0.34 and 0.54,
we estimate that S; > § > 0.9S,.
To investigate the potential impact of short circuiting on these experiments, we carried

out an additional series of experiments (series 6) in a modified experiment set-up where
an acrylic plate with dimensions 0.20 by 0.20 m was placed horizontally as a false floor,
0.1 m above the base of the tank. This apparatus formed a mixed layer above the acrylic
plate, and a low-velocity outflow developed through the gap, of width 2.5 cm, between the
tank’s walls and the edge of the plate. This slow flow caused minimal disturbance to the
stratified layer above the plate.

Using this modified apparatus, we find that, within experimental error, the depth of the
mixed layer is identical to the experiments from series 3, suggesting that short circuiting
was negligible in these experiments. More generally, for each value of p, the experiments
in series 6 were consistent with those using the outflow pipes.

REFERENCES

BAINES, W.D. & TURNER, J.S. 1969 Turbulent buoyant convection from a source in a confined region.
J. Fluid Mech. 37 (1), 51-80.

CARDOSO, S.S. & WooDs, A.W. 1993 Mixing by a turbulent plume in a confined stratified region. J. Fluid
Mech. 250, 277-305.

HACKER, J., LINDEN, P.F. & DALZIEL, S.B. 1996 Mixing in lock-release gravity currents. Dyn. Atmos.
Oceans 24 (1-4), 183-195.

HASSAN, S., McKEON, C.D. & JAMES, D. 2022 Predicting transition from selective withdrawal to
entrainment in two-fluid stratified systems. Phys. Rev. E 105 (5), 055109.

HUNT, G.R. & VAN DEN BREMER, T.S. 2011 Classical plume theory: 1937-2010 and beyond. IMA J. Appl.
Maths 76 (3), 424-448.

KAYE, N.B. & HUNT, G.R. 2004 Time-dependent flows in an emptying filling box. J. Fluid Mech. 520,
135-156.

KAYE, N.B. & HUNT, G.R. 2007 Overturning in a filling box. J. Fluid Mech. 576, 297-323.

LINDEN, P.F. 2003 Convection in the Environment, illustrated edn. Cambridge University Press.

LINDEN, P.F., LANE-SERFF, G.F. & SMEED, D.A. 1990 Emptying filling boxes: the fluid mechanics of
natural ventilation. J. Fluid Mech. 212, 309-335.

LisT, E.J. 1982 Turbulent jets and plumes. Annu. Rev. Fluid Mech. 14 (1), 189-212.

MORTON, B., TAYLOR, G. & TURNER, J. 1956 Turbulent gravitational convection from maintained and
instantaneous sources. Proc. R. Soc. Lond. 234 (1196), 1-23.

TURNER, J.S. 1986 Turbulent entrainment: the development of the entrainment assumption, and its application
to geophysical flows. J. Fluid Mech. 173, 431-471.

Woobs, A.W. 2010 Turbulent plumes in nature. Annu. Rev. Fluid Mech. 42, 391-412.

1002 A7-17


https://doi.org/10.1017/jfm.2024.1112

	1 Introduction
	2 Experimental model of over- and under-ventilation
	2.1 Experimental method
	2.2 Experimental observations

	3 The model
	3.1 Plume theory
	3.2 Energy balance

	4 Comparison of model and experiment
	5 Application to natural ventilation
	6 Application to building engineering
	6.1 A single localised heat source
	6.2 Multiple distinct heat sources

	7 Conclusions
	Appendix A. Identification of the interface
	Appendix B. Short circuiting of the flow
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


