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1 INTRODUCTION

DRIFT [1, 2, 3, 4] is a dense gas dispersion model for ground-based continuously and instanta-
neously released clouds. The model was developed for the Health and Safety Executive (HSE)
to aid in the assessment of major loss of containment accidents for the UK regulatory regime
(COMAH) and the land-use planning regime. In this report we indicate how the DRIFT model
equations can be extended to cover situations where buoyancy results in the lift-off and rise of the
contaminant cloud from the ground.

A main motivation for this work is the modelling of hydrogen fluoride (HF) dispersion. However,
buoyant rise may also occur for spills of other substances which are either intrinsically buoyant or
become buoyant. Examples are liquefied natural gas (LNG), which may become buoyant due to
heat transfer from the ground, and liquefied ammonia which has an additional heat contribution
from its heat of mixing with water. It is intended that the resultant model may also be applied to
these situations.

The need to consider the lift-off phase for HF released under low wind speed conditions was
demonstrated by studies under the EU URAHFREP project [5]. That project considered a wide
range of aspects affecting the behaviour of HF releases, including complex thermodynamics and
buoyant lift-off. Studies under URAHFREP [6], employing simple models, demonstrate the po-
tential for extending DRIFT-like models to describe plume lift-off behaviour. URAHFREP also
included wind-tunnel studies on the lift-off behaviour of buoyant puffs and plumes [7, 8], yielding
useful data for developing/validating models.

Although the DRIFT was modified under URAHFRERP, this related mainly to changes in the ther-
modynamic model, enhanced dilution of the ground based cloud and a revised ‘lift-off criterion’
value. These changes extended the usefulness of the model, and indicate that lift-off is expected
to occur for cloud sizes encountered in risk assessments of HF facilities. However, in order to
quantify the potential reduction in hazard range due to lift-off, the ground based dispersion model
DRIFT needs extending to include elevated buoyant plume and puff dispersion.

The steps for inclusion of such elevated dispersion models within DRIFT are broadly:

1. Model Specification - Writing down the model equations.
2. Coding - Implementation within the computer code DRIFT.
3. Verification - Testing the equations are correctly implemented.

4. Validation - Testing the validity against URAHFREP and other relevant data.

This report concerns the initial specification for step 1. Model development is an iterative process
and it is possible, likely even, that modification to these specified equations may be required as a
result of findings during the subsequent development phases.

This report is structured as follows:

Section 1. Introduction.

Section 2. Buoyant Lift-Off and Rise. A summary of buoyant lift-off and rise relevant to ex-
tending DRIFT.

Section 3. Atmosphere. Changes to DRIFT’s atmospheric model.
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Section 4. Instantaneous Model. Changes to DRIFT’s instantaneous model.
Section 5. Continuous Model. Changes to DRIFT’s continuous model.
Section 6. Thermodynamics. Changes to DRIFT’s thermodynamics model.
Section 7. Discussion.

Appendix A. Atmospheric Temperature Profiles. Relations between temperature and potential
temperature.

Appendix B. Wheatley’s Elevated Passive Model. Details of the extension of Wheatley’s pas-
sive model to elevated sources.

During the course of this work it has become clear that the close integration of the elevated and
ground-based dispersion models as specified here could also be extended to include jet-phase
dispersion. Jet dispersion is currently included by running a separate model EJECT [9, 10, 11].
The scope of step 1 has therefore been extended to include jet momentum effects directly within
DRIFT. This momentum jet extension of DRIFT’s equations is included also within this report.



2 BUOYANT LIFT-OFF AND RISE

In this section we summarise previous work on modelling of buoyant lift-off and rise. This is not
intended to form a comprehensive review of all available approaches, but to concentrate on those
most relevant to extending DRIFT. It is useful here to consider separately the process of lift-off, by
which we mean the transition from ground-based to elevated cloud, from the process of buoyant
rise of a completely elevated cloud.

2.1 BUOYANT LIFT-OFF

2.1.1 Continuous releases

Buoyant lift-off models are reviewed in [12]. For a buoyant cloud to lift-oft! it is necessary for the
vertical rate of rise of the cloud to exceed the vertical rate of growth. Briggs [13] discussed these
competing effects and introduced the idea of a ‘critical lift-off” parameter to mark the boundary
between ground-based buoyant and lifted-off buoyant clouds. Clouds with Richardson number
Ri, much less than the critical value are assumed to remain ground-based, whereas those with
much higher values are assumed to lift-off. Here

2.1.1)

H is the vertical extent of the cloud, g the acceleration due to gravity, u, is the friction velocity, p
is the cloud density and p,, the air density. Briggs [13] initially estimated a critical value of 2 for
plumes, but is understood [12] to have revised this to 29 in a subsequent unpublished paper.

Wind-tunnel experiments (e.g. those of Hall ef al. [8]) indicate a smooth transition between
ground-based and lifted-off plumes. Hanna et al. [14] provide a simple continuous model, based
upon a fit to the warehouse fire wind-tunnel experiments of Hall ef al. [15, 16]. However, the
applicability of this approach to non-buoyancy conserving flows (as for HF) is very questionable.

Comparison of the predictions of a simple integral plume model [6] with the wind-tunnel experi-
ments of Hall er al. [8] indicates good agreement for all but the wide sources. This simple integral
model includes the effect of the ground merely as a truncation of the plume cross-section. For the
wide sources the simple integral model over-predicts lift-off and modifications to suppress lift-off
using the vertical momentum equation were found to have a detrimental effect on concentration
predictions. This detrimental effect was believed to be due to the direct coupling between the
vertical plume velocity and the ‘buoyant’ entrainment term. Alternative methods of suppressing
plume rise from wide sources are required.

[6] also derived a buoyant correction to entrainment that is included within DRIFT’s ground-based
model. This buoyant correction is numerically similar to other published models [17, 18] and fits
the URAHFREP data of Hall er al. [8]. DRIFT uses this buoyant correction up to a Richardson
number where the URAHFREP data indicates that the wind-tunnel plumes completely lift-off.

Ott [19] also presents an integral plume model with the cross-section truncated by the ground.
Conceptually Ott’s model is similar to the simple integral model in [12], although it includes HF
thermodynamics, a more sophisticated passive model and includes ‘added mass’ in the vertical
momentum equation. Ott’s model compares favorably with the URAHFREP field trial data [19],

IBy “lift-off’ here we mean the rise of the concentration maximum from ground-level
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although it is recognised this data is dominated by passive behaviour. Ott’s model was not com-
pared with the URAHFREP wind-tunnel data. [19] suggests an alternative ‘added mass’ model
that might provide a mechanism for suppressing lift-off of ground-based clouds.

EJECT [9] is a momentum jet model which includes HF thermodynamics and may be used as a
source term for DRIFT. EJECT includes an elevated jet model that can in principle model buoyant
as well as dense jets. When the elevated jet impinges on the ground, a sudden transition is made to
a ground-based jet model [10], or if the jet has slowed sufficiently, EJECT writes a DRIFT input
file. EJECT’s ground-based jet model includes a buoyant enhancement based on that given in [6].
However, EJECT does model elevated passive plumes and there is no provision for the grounded
plume to lift-off.

2.1.2 Instantaneous releases

There is little information available for modelling the transition from ground based to elevated
puffs.

Briggs [13] argues that the ‘critical lift-off parameter’ for puffs should be about 50% higher than
for plumes due to the more diffusive inflow, but as acknowledged by Briggs, the arguments leading
to this are somewhat speculative.

The URAHFREP experiments of Hall et al. [7] on buoyant puffs provide data on lift-off of short
duration buoyant releases. These experiments show the increased variability of puffs as compared
with continuous plumes. The URAHFREP puff experiments may be useful for model validation
purposes, however a priori it is difficult to construct a mathematical model of puff lift-off directly
from these.

2.2 BUOYANT RISE

2.2.1 Continuous releases

Due to the wide variety of applications, there are many published models and reviews covering
the elevated dispersion of buoyant plumes (see e.g. [20]). Often plume rise is calculated to deter-
mine the effective source height for subsequent passive dispersion ignoring passive dilution during
the rise phase. Many integral models use the same entrainment models for jets and plumes, al-
though some differ (e.g. the model of Schatzmann [21] includes a densimetric Froude number
dependence). Only a few models specifically include HF thermodynamics (see e.g. [18, 22, 9]).

Rising buoyant plumes have a characteristic kidney shaped cross-section resulting from the estab-
lishment of counter-rotating vortices. These vortices are efficient at mixing air with the plume.
Most integral plume models include the effect of this enhanced mixing via empirical ‘cross-flow’
entrainment terms, but do not model the distortion of the cross-section, assuming axisymmetry.

In stable atmospheric conditions buoyant rise will be limited due to the decreasing atmospheric
density with height. Conversely in unstable conditions buoyant rise may be enhanced. To account
for this it is necessary to include the variation of temperature with height. Even though the effect
on absolute temperature is small, the vertical gradient of atmospheric pressure affects the density
gradient and hence the static stability. Plume rise models usually account for this by using potential
temperature” in place of temperature.

ZPotential temperature is defined as the temperature of the air if taken isentropically to a reference pressure
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Unstable conditions are characterised by thermal up-drafts, balanced by down-drafts. This can
lead to looping behaviour of elevated plumes, with the down-drafts bringing higher concentrations
to the surface. In Gaussian passive dispersion models this effect can be included empirically by
an increase in the standard deviation, o, of the vertical concentration. However, the instantaneous
plume profile is less spread than this and including the enhanced vertical spread as a dilution can
lead to buoyant plume rise being under-predicted [19].

Ground-based dispersion generally occurs within the lowest 10% of the atmospheric boundary
layer - called the surface layer. DRIFT [1, 2] currently uses atmospheric profiles of wind speed
and diffusivity in this layer. Buoyant releases may rise above the surface layer into the rest of the
turbulent boundary layer. Scaling models exist for the whole boundary layer, but these are less
well established than for the surface layer. [23] presents atmospheric profiles of wind speed and
diffusivity based on scaling regions above the surface layer.

Generally dispersing material is trapped within the turbulent atmospheric boundary layer. [24]
presents a model for dispersion from very buoyant sources, as might occur in large fires, including
a model for plume penetration of an elevated inversion above the boundary layer. The passive
dispersion models ADMS [25] and AERMOD [26] also include models for predicting buoyant
penetration of an elevated inversion. These models require information on the strength of the
elevated inversion.

2.2.2 Instantaneous releases

The literature on the rise of buoyant puffs is much less extensive than buoyant plumes. The be-
haviour of buoyant puffs has been studied by Richards [27, 28] and later Turner [29, 30, 31, 32, 33]
who developed an integral model based on an entrainment hypothesis (relating the dilution of the
puff to its vertical velocity). Turner’s integral model forms the basis of fireball rise models [34],
dispersion models from open-burn and explosives detonation (e.g. [35, 36]), elevated dense puff
models [17] and chemically reacting puff models [37] (e.g. for UF6 dispersion). Deaves and
Hebden [38] also review puff models in the context of dispersion following explosive releases.

Turner’s model includes ‘added mass’ and in [31] he shows that a buoyant vortex model can be
written in terms of an entraining spheroidal puff if added mass is included. Others, as indicated in
[34], do not include added mass.

Generally the integral models for buoyant puff rise adopt uniform (top-hat) profiles and do not
include the effects of ambient turbulence. Also the models assume that the puff is initially elevated
and do not model lift-off behaviour or interaction with the ground.

2.3 PASSIVE DISPERSION

2.3.1 Wheatley’s model

The DRIFT passive model is based on that of Wheatley [39]. Wheatley’s model is for the diffusion
of a passive puff released at the ground into a turbulent stratified shear flow. The model for mixing
in the vertical is based on gradient-transfer or ‘K-theory’ and is an approximate solution of the
diffusion equation for arbitrary power law profiles of atmospheric diffusivity and wind speed. The
model accounts for the effect of wind shear and vertical mixing on longitudinal diffusion and
distortion of the puff. The diffusivity and wind speed profiles adopted by DRIFT are those due
of Businger [40]. A Gaussian model is adopted for horizontal dispersion using an approach due
to Pasquill and Smith which relates the rate of lateral puff growth to the cross-wind turbulence
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intensity. Wheatley’s approximate solution has vertical concentration profiles of the general form
Fy(z) = exp[—(z/a)’] (2.3.1)

where s is related to the power law index for diffusivity and a is a measure of the vertical extent.
The vertical profile is Gaussian (s = 2) when the diffusivity is constant with height (which is not
the case near the ground) and exponential (s = 1) in neutral atmospheric stability.

Appendix 6 of [39] shows how Wheatley’s passive model may be generalised for an elevated point
source. The solution for the elevated source is more complex than for the ground-level source,
but may be written in terms of the modified Bessel function of the first kind I,, and the confluent
hypergeometric function M.? For constant diffusivity and wind speed, the elevated passive model
is exactly equivalent to a Gaussian model with reflection at the ground.

The solution given by Wheatley is for a no-flux boundary condition at the ground. In Appendix B
we show that solution under more generalised boundary conditions is possible, e.g. to include a
no-flux boundary condition at the mixing height, or to allow flux from the boundaries. However,
the solutions with such generalised boundary conditions no longer appear to be readily expressible
in terms of special functions and require numerical solution.

Brown et al. [41] compared the predictions of a K-theory model with field and laboratory mea-
surements for both ground-level and elevated passive sources. The K-theory model evaluated by
Brown et al. is almost identical to Wheatley’s elevated passive solution. They found that the K-
theory model over-predicted vertical mixing near elevated sources, but performed much better for
ground-level sources. As discussed by [41], the relatively poor behaviour for the elevated source
is believed to arise because of a limitation of K-theory models which require the vertical extent of
the plume to be comparable to the largest eddy size driving the dilution. This is the reason that the
K-theory passive model of Nikmo et al. [23] adopts a Gaussian model dispersion model close to
the source.

2.3.2 Relative and absolute dispersion

The lateral passive spreading of the plume as specified in [1] is based on the spreading of an in-
stantaneous release [39]. This model is one for so-called relative diffusion, which governs the
growth in the relative separation between dispersing particles. This is distinct from absolute diffu-
sion which relates to the observed growth in a fixed frame. Comparison of this spreading rate with
the spreading rate from URAHFRERP field trial data [19] confirms this, with the predicted spread
closely matching the observed ‘moving frame’ average where the meander of the centroid location
has been subtracted.

As discussed by Ott and Jgrgensen [42, 19] a model based on relative diffusion has a number of
advantages:

* Relative diffusive spread seems to be more amenable to fitting spreading as a universal
function of u, independent of other meteorological parameters e.g. stability.

* Plume meander depends on larger scale motions that are more difficult to characterise and
scale.

* Inclusion of the effects of plume meander as a dilution can give misleading results, e.g.
for flammability, for cloud thermodynamics or for buoyancy induced rise.

3There are some typographic errors in Appendix 6 of [39]. We correct these in Appendix B of this report.
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6.4 ENTHALPY OF MIXING

The enthalpy associated the mixing of N,z moles of liquid contaminant with N,,7, moles of liquid
water is
H;p = N Lf(T, X, P)

where Nyi, = Ny, + N is the total number of liquid moles and
Xg = Ny /Nt

is the liquid phase mole fraction of contaminant. The change dH; in the enthalpy of mixing
resulting from a small change in temperature (dT), liquid content (dNyr,, dN,, 1 )or pressure (dP)
is

dH; = mngNgL + My dNyr, + mpdT + mpdP

with
mgr, = [1(T, Xy, P) + Xufrx(T, Xy, P)
fI(Tanap) - ngIX(T7Xg7P)

mr = NLfir(T, Xy, P)
mp = Nth[P(T,Xg,P)

3

g

h
Il

where frx, frr and frp are partial derivatives of fr with respect X, T and P.
6.5 HYDROGEN FLUORIDE OLIGOMERISATION

DRIFT adopts a so-called ‘1-2-6’ oligomerisation model for hydrogen fluoride in the liquid phase.
That is HF vapour is taken to exist as monomer (HF), dimer (H2F2) and hexamer (HgFg). The
vapour mole fractions of each of these states is denoted x1, x2 and z¢ are related via equilibrium
relations

1 = a(T,P)x
3 = ao(T,P)z? (6.5.1)
Tre = aﬁ(T,P)iL‘G

Following Clough et al [63] a; = 1 and © = x; and the remaining a;, are modelled according to

P k-l Sk
= — | =+ H =2 5.2
ag <-Pref> exp[ ( k)} k ,6 (6.5.2)

where P is the system pressure, P is a reference pressure (taken to be 1 Nm~2) and S, and H,
are the entropy and enthalpy change of oligomerisation taking the values in [62].

It is useful to define the pressure partial derivative of ay, as

d
dp = d?ln(ak)
k-1
. 6.5.3
Iz ( )
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We can gain some insight into the behaviour of I by considering the constant K" and U limit. In
this case H — 7'/2a3 when elevated (z. — 00) and H — 7'/2a3/2 when grounded (z, — 0).
This behaviour is useful when it comes to defining a ‘top’ entrainment velocity from the identity
dH
dt
Defining H by (B.2.9) ensures that for the same das/dt, up(passive) has approximately twice the
value when elevated compared with when grounded. Hence the profile effectively accounts for

the geometrical factor of mixing being able to occur through both the top and bottom faces of the
cloud when elevated, but only the top when grounded.

ur(passive) = (B.2.10)

From (B.2.9) and (B.2.8) an approximate expression for up(passive) is

( ive) 1 dag
ur(passive) = ——— ——
TP Fu(i‘c) dt

where we have neglected the time derivative of Fv(éc). For a constant z., the time derivative

F,(%.) is zero for ground-based clouds, it is also small for very elevated clouds. Hence neglect of
this term appears reasonable when seeking an approximate interpolation between these regimes.
Neglecting the time derivative when z, itself varies is more difficult justify !. We choose to neglect
this term because it is difficult to see how a change in z. with no change in a3 could constitute
dilution of the cloud. Also neglecting the time derivative of shape terms is consistent with DRIFT’s
formulation.

(B.2.11)

We may determine das/dt from (B.2.8)

d K, (Z\*!
% — SZZ <> (B.2.12)

The horizontal concentration profile function is

Fp(&y) = exp [— ((¢/a1)? + (y/a2)2)w/2} (B.2.13)

with a; and ay being the length scales in the horizontal and vertical directions which is exactly the
same as for the ground-based DRIFT [2]. The passive limit corresponds to w — 2. The effective
cloud area A and effective half-axes R and Ry are unchanged from [2] as are the relations between
Rj and 0; (j = 1,2). The spreading velocities are

dRy  20(1+2/w)

Us(passive) = = 30y, (B.2.14)
) = T s 4w
which is also unchanged. However v in
d 2I'(1+2 d
Ui (passive) = ﬁ = (1+ /wl)Qﬂ
dt [D(1 + 4/w))/? dt
A0(1+2/w)] 1 )
T(1+4/w) R [MCK: +0.30¢000]
(B.2.15)
differs and is given by
H, T((B3=s)/s)[[1/s)" M(2/s—1,1/s,—5°
o= P D@D M@ 1,1 —2) 216
1 [C(2/s)] M(=1/s,1/s, —%)]

IStrictly the source height should be constant for the passive model to be applied.
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Extension of the dense gas dispersion
model DRIFT to include buoyant lift-off

and buoyant rise

This report concerns the initial specification of equations
extending the dense gas dispersion model DRIFT to
include buoyant lift-off and rise. The lift-off modelling is
based on that for a free buoyant cloud. ‘Added mass’
terms are included in the model’s vertical momentum
equation since they offer the prospect of suppressing
lift-off for wide clouds. The elevated continuous plume
model is chosen to be similar to other published elevated
plume models (eg Ott [Rise Report Risg-R-1293EN,

Oct 2001], Tickle et al. [AEA Technology Report AEAT/
NOIL/27328006/001(R) Issue 2, June 2001]. The elevated
instantaneous model is based on the puff model of Turner
[J. Fluid Mech. 19, 1964, pp481-491]. The proposed model
smoothly evolves between grounded and elevated phases.
Passive spreading of the elevated cloud is based on a
relative diffusion model [Riso Report Risg-R-1293EN, Oct
2001]. DRIFT’s atmospheric profiles have been extended
to above the surface layer and to include profiles of
temperature and humidity.
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