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USER’S MANUAL FOR SLAB:
AN ATMOSPHERIC DISPERSION MODEL FOR
DENSER-THAN-AIR RELEASES

ABSTRACT

SLAB is a computer model that simulates the atmospheric dispersion of denser-than-air re-
lea.ses The types of releases treated by the model include a ground-level evaporating pool, an
elevated horizontal jet, a stack or elevated vertical jet, and an instantaneous volume source. Ex-
cept for the evaporating pool source which is assumed to be all vapor, all of the remaining sources
may be either pure vapor or a mixture of vapor and liquid droplets.

Atmospheric dispersion of the release is calculated by solving the conservation equations of
mass, momentum, energy, and species. The conservation equations are spatially averaged so as
to treat the cloud as either a steady state plume, a transient puff, or a combination of the two
depending upon the duration of the release. A continuous release (very long source duration) is
treated as a steady state plume. In the case of a finite duration release, cloud dispersion is initially
described using the steady state plume mode and remains in the plume mode as long as the source
is active. Once the source is shut off, the cloud is treated as a puff and subsequent dispersion is
calculated using the transient puff mode. For an instantaneous release, the transient puff dispersion
mode is used for the entire calculation.

The mathematical description of the physics of heavy gas dispersion (gravity spread, reduced
turbulent mixing, etc.), as well as the description of the normal atmospheric advection and turbulent
diffusion processes, are inherently included in the conservation equations. The thermodynamics of
Liquid droplet formation and evaporation is treated by assuming local thermodynamic equilibrium.
Transport of the vapor-droplet mixture is treated as a single fluid and neglects gravitational settling
and ground deposition of the droplets. The thermodynamic effect of ground heating when the cloud
is cooler than the grouhd surface is also included. _

The time-averaged concentration predicted by SLAB depends on not only the various phys-
ical phenomena associated with the dispersion equations, but also on the specified concentration
averaging time. This is due to cloud meander. As the concentration averaging time is increased,
more cloud meander can occur resulting in an effectively wider cloud. In the limiting case of a
trace gas release (where all dense-gas effects are negligible) over grassy terrain (Zo = 0.02 m) and
a specified 15-minute concentration averaging time, SLAB yields a cloud concentration and width

that corresponds to the values estimated by the standard Gaussian-plume dispersion curves for a
rural environment.




Over the past six years, SLAB has been evaluated using a wide range of data obtained from
both laboratory-scale and field-scale heavy-gas dispersion experiments. The code is written in
standard Fortran 77 and is available on 5.25 inch, 360 kilo-byte floppy disk. Typical dispersion
simulations require only a few minutes on an IBM- AT class personal computer. This report presents
a theoretical description of the model, guidance for running the model and interpreting the results,
and four example problems to illustrate the use of the model.




1. INTRODUCTION

SLAB is a computer model that simulates the atmospheric dispersion of denser-tha.n-a.xr Te-
leases. The model is based on concepts originally presented by Zeman (1982) for air entrainment
into and gravity spread of a heavy gas cloud. The original version of SLAB (Morgan et al., 1983)
dealt with evaporating pool releases and was a time-dependent version which gave solutions for
the crosswind-averaged cloud properties as a function of time (t) and downwind distance (z). In
order to significantly reduce the computer run time for typical simulations, a steady state version
of SLAB (Ermak and Chan, 1985) was developed. This version calculated the crosswind-averaged
properties as a function of only the downwind distance (z) and resulted in an improvement in the

‘computer run time by a factor of 100 or more. All of the work on SLAB up until this point had
been supported by the U.S. Department of Energy. .

Further development of SLAB was supported jointly by the USAF Engineering and Services
Center (starting in 1986) and the American Petroleum Institute (starting in 1987). The goal of this
effort was to develop an improved version of SLAB that runs on IBM-compatible personal computers
(PC) and is documented by a user’s manual. As a result of this support, several major improvements
and additional capabilities have been added to SLAB. These include: (a) the simulation of finite
duration releases including an instantaneous release using transient puff dispersion calculations,
(b) the simulation of elevated horizontal and vertical jet source releases, and (c) the thermodynamic
treatment of liquid droplet formation and evaporation of both the ambient water vapor and the
released emission.

The current version of SLAB can treat continuous, finite duration, and instantaneous releases
from four types of sources: a ground level evaporating pool, an elevated horizontal jet, a stack or
elevated vertical jet, and a ground-based instantaneous release. The evaporating pool source is
assumed to be pure vapor in accordance with the evaporation process. All of the remaining sources
may be either pure vapor or a mixture of vapor and liquid droplets. While the model is designed
to treat denser-than-air releases, it will also simulate cloud dispersion of neutrally buoyant releases
and includes lofting of the cloud if it becomes lighter-than-air.

Atmospheric dispersion of the release is calculated by solving the conservation equations of
mass, momentum, energy, and species using the SLAB concept as illustrated in Fig. 1. To simplify
the solution of the conservation equations, the equations are spatially averaged with the cloud
modeled as either a steady state plume or a transient puff. A continuous release (very long source
duration) is treated as a steady state plume. In the case of a finite duration release, cloud dispersion
is initially described using the steady state plume mode and remains in the steady state plume mode
as long as the source is active. Once the source is shut off, the cloud is treated as a transient puff
and subsequent dispersion is calculated using the puff mode. For an instantaneous release, the
transient puff dispersion mode is used for the entire calculation. Solution of the spatially-averaged

conservation equations in either dispersion mode yields the spatially-averaged cloud properties.
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Figure 1. SLAB model concept.
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To regain the three-dimensional variation of the concentration distribution, profile functions
of an assumed form and dependence on the calculated cloud dimensions are applied. The time-
averaged concentration is obtained in a two-step process. Flrst the effect of cloud meander on the
effective width of the cloud is calculated, and then the concentration is averaged over time using
the effective (meander included) width in the concentration profile function. This calculation yields
the final result of the SLAB model, namely, the time-averaged concentration in time and space.

Over the past few years, SLAB predictions have been compared with a wide range of data
obtained from both laboratory-scale and field-scale heavy gas dispersion experiments. These include
comparisons with the LLNL Burro and ‘Coyote series of liquefied natural gas (LNG) dispersion
experiments (Ermak et al., 1982; Morgan et al., 1984) and the LLNL Eagle series of nitrogen
tetroxide dispersion tests (Ermak and Chan, 1985). In these comparisons, SLAB performed quite
well; for example, it predicted the lower flammability limit (LFL) distance in the LNG tests to within
1+15%. The submodel for the mixing of the atmosphere into the cloud was originally adapted from
the results of wind tunnel experiments (Morgan et al., 1983) and, with some minor modifications,
has been shown to compare well with other shear layer flows (Ermak and Chan, 1986). More recent
comparisons with hydrogen fluoride releases from a horizontal jet have also been favorable (Blewitt
et al., 1987a).

The purpose of this manual is to provide the users of SLAB with the information necessary to
use the model effectively. A theoretical description of the model, including the governing equations
and the method of solution, is presented in Section 2. Guidance in preparing the input file and in
interpreting the code output is given in Section 3, along with a description of the calculational low
within the code. Finally, four example problems are included in Sectjon 4 to illustrate the use of
the model. The code is written in standard Fortran 77 and is available on 5.25 inch, 360 kilo-byte

floppy disk. Typical dispersion sxmu.latmns require only a few minutes on an IBM-AT class personal
computer.
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2. THEORETICAL DESCRIPTION

2.1 Model Description of Dense Gas Dispersion

The atmospheric dispersion of a large, denser-than-air release js affected by several physical
phenomena that either do not Occur or are unimportant in neutrally or positively buoyant, trace
gas releases. These phenomena include: turbulence damping due to stable density stratification
of the heavy gas cloud; alteration of the ambient velocity field due to gravity flow and the initia]
source momentum; and the thermodynamic effects on cloud temperature, buoyancy, and turbu-
lence due to liquid droplet formation and evaporation, and to ground- heating in the case of the
release of a superheated or cryogenic liquid. Furthermore, the time scale of interest for a partic-
ular dense gas release may differ considerably from the long term dose concerns associated with
typical atmospheric pollutants. For example, in combustible releases, one is concerned with the
instantaneous concentration, while in a toxic gas release, one might be concerned about doses over
minutes to hours, as well as the long term dose. In order to make meaningful predictions of the size
and duration of the hazardous concentration region from a dense gas release, all of the significant
physical phenomena need to be included and the appropriate concentration averaging time needs
to be used. .

To meet these requirements of the denser-than-air dispersion situation, the SLAB model is
built upon a theoretical framework that starts with averaged forms of the conservation equations
for mass, momentum, energy, and species (see Fig. 1). These equations are used to calculate the
spatially-averaged properties of the dispersing cloud and are expressed in two forms Tepresenting two
different dispersion modes: a steady state plume dispersion mode and a transient puff dispersion
mode. The reason for these two dispersion modes is that the conservation equations have one
form when the dispersing cloud is treated as a plume and another form when it is treated as a
puff. The steady state plume form of the conservation equations is obtained by making the steady
state assumption (8/8t = 0) and by averaging the equations over the crosswind directions (y and
z). The transient puff form of the conservation equations is obtained by averaging the equations
over all three spatial directions (z, ¥, and z). The theoretical framework of the SLAB model is
completed by the inclusion of the equation of state (ideal gas law) and equations for the growth of
the cloud dimensions (plume width in the steady state plume mode, and puff length and width in
the transient puff mode). '

In order to solve this basic set of equations, additional submodels and conditions are required.
These submodels describe the dilution of the cloud due to turbulent mixing with the surrounding air,
the formation and evaporation of liquid droplets within the cloud, and the heating of cold clouds at
the ground surface. Turbulent mixing of the cloud with the ambjent atmosphere is treated by using
the entrainment concept which specifies the rate of air flow into the cloud. The thermodynamics of
liquid droplet formation and evaporation is modeled by using the local thermodynamic equilibrium
approximation. In this approximation, the ratio of liquid to vapor is determined by requiring the
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partial pressure of the vapor phase to be equal to the saturation pressure until all of the liquid is
evaporated. The size of the liquid droplets is assumed to be sufficiently small so that the transport
of the vapor-droplet mixture can be treated as a single fluid. Consequently, gravitational settling
and ground deposition of the droplets are neglected. Finally, ground heating of the cloud when
the cloud is cooler than the ground is treated by using the radiation boundary condition and a
coefficient of surface heat transfer.

In the steady state plume mode, the conservation equations are averaged over the crosswind
plane of the plume leaving downwind distance (z) as the single independent variable. In the
transient puff mode, the conservation equations are averaged over all three dimensions of the cloud,
leaving the downwind travel time (t) of the puff as the single independent variable. However,
concentration can be expressed as both a function of downwind distance (z) and travel time (t)
since these two parameters are related by the calculated downwind cloud velocity (U). The three-
dimensional concentration distribution of the cloud is determined from the average concentration
and by using similarity profiles that include the calculated cloud dimensions. Thus, the code is
one-dimensional in both modes; however, since the cloud dimensions are also calculated and used
to specify the spatial distribution of the cloud, the model is, in this sense, quasi-three-dimensional.

The basic conservation laws, along with the various submodels, form a set of coupled equations
that mathematically describe the physics of heavy gas dispersion including: gravity spread which
produces a wider and lower cloud, reduced turbulent mixing due to stable density stratification, the
thermodynamic effects due to droplet formulation and evaporation and due to ground heating of the
cloud, and the indirect effects of temperature change on density stratification and turbulent mixing
with the ambient atmosphere. In addition, these equations also include the physical effects due to
normal atmospheric advection and turbulent diffusion. The solution of this set of equations yields
the instantaneous spatially-averaged concentration; density; temperature; downwind velocity; and
cloud height, width, and length. (Here, the térm “instantaneous” refers to the absence of cloud
meander which tends to increase the effective width of the cloud.)

For most ‘code users, the most important result is the time-averaged volume concentration as
a function of travel time (¢) from the source and as a function of the three spatial dimensions of
downwind distance (z) from the source, crosswind distance (y) from the cloud centerline, and height
(z) above ground level. In the SLAB model, the time-averaged concentration is calculated from
the instantaneous (no meander) spatially-averaged concentration and from the assumed profile
functions for the cloud distribution about the center-of-mass. These profile functions are based
on the cloud height, width, and length, which are also calculated along with the solution to the
conservation equations. The effects of plume meander are included by calculating the effective
cloud width as a function of the concentration averaging time and the finite duration of the cloud.
Thus, the predicted time-averaged volume concentration includes the effects of plume meander, the

finite duration of the cloud, and the length of the averaging time.




2.2 Model Organization

. The calculatijonal flow within the SLAB code is shown in Fig. 2. There are three main stages
to a typical simulation: source identification and initialization for dispersion, calculation of cloud

dispersion, and calculation of the tjme-

two atmospheric dispersion modes,

averaged concentration. As previously discussed, there are

the steady state plume mode and the transient puff mode.

Access to these modes depends upon the type of source and the duration of the spill. After the .

instantaneous (no meander) spacially averaged cloud properties are determined by solving the

conservation equations, the time-averaged volume concentration is calculated.

Identification

of Source Type
Vertical Horizontal Evaporating Instantaneous or
Jet Jet Pool Short Duration Release
(No Steady State) ?
Steady State Plume
Dispersion Mode
Plume
Rise
Source
-1 Region
Transient Pulf
v Dispersion Mode
Near Field
Region ot

Volume Concentration

Time-Averaged

Figure 2. The calculational flow from source type to dispersion mode to time-averaged concentra-

tion.




Dispersion from an evaporating pool source and a horizontal jet source both begin in the
steady state plume mode. This mode has two regions: a source region where source material is
added to the dispersing cloud and a near field region where no additional source material is added
to the cloud but it is still in steady state. The evaporating pool calculation begins in the source
region and then proceeds to the near field region. The need to separate this calculation into two
regions is a direct result of heavy gas phenomena and is explained in the following subsection. The
horizontal jet source does not have a source region similar to the evaporating pool since it begins _
with a pure source emission vapor-droplet cloud traveling downwind at a speed equal to the jet
exit velocity. Consequently, the dispersion calculation for the cloud produced from the horizontal
jet source begins in the steady state near field region.

The situation for a vertical jet is similar to the horizontal jet in that neither has a soui.ce
region where additional material is added to the dispersing cloud. In contrast to the horizontal
jet, however, the vertical jet has a plume rise region where the cloud motion is mainly vertical.
Consequently, the plume rise calculation is completed before entering the steady state near field
plume dispersion calculation.

The dispersion calculation for a continuous, but limited release of duration t,4, is initially
conducted in the steady state plumne mode. In this mode, downwind distance z is the single
independent variable and time ¢ is taken to be proportional to the amount of emitted mass within
the plume. Calculation of the plume properties as a function of downwind distance z continues
until the emitted mass within the plume, from the upwind edge of the cloud to the downwind
distance z, is eqﬁal to one-half the released mass Q,. At this downwind location, the dispersion
calculation is switched from the plume mode to the puff mode. The puff center-of-mass is set equal
to z, so that the emitted mass within the puff is equal to the total mass released Q, with half the
mass upwind of z; and half downwind. Time ¢t is the single independent variable in the puff mode
and the time of transition in the dispersion calculation from the plume to the puff mode is taken
to occur at the end of the release when ¢t — ¢,4.

An exception to this procedure is taken when an evaporating pool release fails to reach steady
state within the source region. This condition is assurned to occur whenever the emitted n\mss
within the source region of the steady state plume is greater than the total released mass Q,.
When this occurs, the steady state calculation is discarded and the entire calculation is restarted
in the transient puff mode with the source taken to be a short duration evaporating pool release.
In the case of an instantaneous source, there is also no steady state cloud. Consequently, the
dispersion calculation for both an instantaneous source and a short duration evaporating pool
release is conducted entirely in the transient puff dispersion mode.

Completion of the dispersion calculation in either mode yields the instantaneous (no meander)
spatially-averaged cloud properties (mass and volume concentration, density, temperature, down-
wind velocity, cloud dimensions, etc.). As previously noted, the three-dimensional variation of the

concentration distribution is regained by applying profile functions that are based on the calculated
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cloud dimensjons. The calculation of the time-averaged concentration is conducted in two steps.
First, the effective cloud width, which includes the increase due to cloud meander, is determined.
(Recall, the “instantaneous” cloud width does not include the effect of cloud meander.) The amount
of increase in width depends on the duration of the averaging time, the duration of the release, and

the instantaneous cloud width. Secondly, the time-averaged concentration is calculated from the

* ‘new’ concentration distribution, which includes the effect of cloud meander in the effective cloud

width.

2.3 Governing Dispersion Equations
2.3.1 Steady state plume mode

The steady state plume nﬁode of SLAB is based on the steady-state crosswind-averaged conser-
vation equations of mass, momentum, energy, and species and uses the air entrainment concept to

account for turbulent mixing of the gas cloud with the swrounding atmosphere as shown in Fig. 3.
The plume mode equations are: ‘

Conservation Equations

Species
(PUBkm)' = p,W,B,, where () = d( )/dz ., (1)
(PUBRY = po(Voh + W.B) + p,W.B, , (2)

Energy

(PUBKC,T)' = pa(Veh + WeB)CpaTa + p.W,B,CpsTs + fre + fi (3)

X-Momentum
(PUBRU) = —0.509 [(p - pa) BR] + po (Veh + W.B)Up + £, (4)

Y-Momentum
(PUBRV,) = g(p — pa)h® + f., (Grounded Cloud) , (5a)
or V,=0 (Lofted Cloud) , (5b)

Z-Momentum
(PUBRW.)' = —g(p — pa)Bh + £, (Lofted Cloud) |, (6a)
or We=-V,.2,/B (Grounded Cloud) , (6b)
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Volume element
(helght h, width B, thickness Ax)

Figure 3. Dispersing heavy ga.é cloud, as depicted by SLAB in the plume dispersion mode.

Half-Width Equations
UB' = (pa/p)Ve+Vy (M
Ut =V,-b/B (8)
Height Parameter Equation
vz, =w, , (9)
Equation of State
p=ps-Tafla-T+v-Ta] , (10)
where
_ Mia Muwy Mey .
a=m TR+ IR}

1 _{l_mwu+mwu}
Mae - Ma Mw ’

7= (Pn/Pwl) "mwd + (Pu/Pal) " Med o
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and .
FPo=ps-R.-Ty/M,. .

The first six equations are the conservation equations where z is downwind distance, p is density,
U is velocity of the cloud in the wind direction, B and h are the cloud half-width and height
(defined by Eq. (14) in the following paragraphs), m is mass concentration, Cp is specific heat, T is
temperature, fp. is the phase change energy, £, is the ground heat flux, Vj is the horizontal crosswind
gravity flow velocity, and f, and f,, are, respectively, the downwind and crosswind friction terms.
The distinction between a grounded and lofted cloud is defined in Eq. (13) and is a function of the
cloud height h and the height parameter Z.. The subscript “a” refers to ambient air conditions
and the subscript “s” refers to source properties. The horizontal and vertical entrainment rates
are V; and W, respectively, and the vertical source injection velocity is W,. In an evaporating
pool release the source flux p,W,B,, is constant within the source region (~-B, < z < B,) and zero
outside,

In a horizontal jet release, W, = 0 everywhere. The Jjet is treated as an elevated area-source
pointing in the downwind direction with the jet center located at the downwind distance z =1m
and height z = h,. The source rate is PemU,A, where U, is the jet velocity, A, is the plume
area after the initial flash from pure liquid to a vapor-aerosol mixture, and p,m, is the density of
the vapor-aerosol mixture. (When the release is pure vapor, 4, is the actual source area.) An
additional equation is included to calculate the plume center height as the cloud travels downwind.
Initially, the bottom of the jet may not be in contact with the ground; however, as the jet expands,
it eventually makes contact with the ground.

In a vertical jet release, the source is treated as an elevated area-source pointing upward with
the jet centered on the origin (z =y =0) and having a height z = h,. The source rate is p,m W, A,
where W, is the jet velocity, A, is the source area after the initial flash from pure liquid to a
vapor-aerosol mixture, and Pam is the density of the vapor-aerosol mixture. As is the case with the
horizontal jet, when the release is pure vapor, A, is thc actual source area. The plume rise portion
of the cloud dispersion is calculated in a separate submodel, as described in Section 2.5.5. After
the plume rise portion is completed, the dispersion calculation is continued in the near field steady
state plume algorithm (see Fig. 2). In the steady state plume region, gravitational falling of the
plume occurs if the cloud is denser-than-air and it is elevated above ground.

Use of the nearly uniform crosswind distribution assumption has been made in deriving the
conservation equations. With this assumption, the average of the product is taken to be equal to the
product of the averages, i.e., (pU) = (p) - (U), where ( ) designates crosswind-averaged quantities.

All of the cloud properties in Eqs. (1)—(6) are crosswind-averaged in the following manner

p=plx) = (plena)) = 5o [ dy [ ds-ena) (1)
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and are functions of the downwind distance z only. Use of the average value notation () is omitted
since it always applies.

Equations (7)—(9) are cloud structure equations with B the cloud half-width, b a cloud half-
width parameter, and Z, a cloud height parameter. Both b and Z, are not essential to the solution of
the conservation equations. However, they are used to describe the shape of the three-dimensional
volume concentration distribution and are described later in this section.

Equation (10) is the ideal gas law for a three-species system (dry air, water, and source emission)
with the possibility of two of the species (water and source emission) existing as either vapor or

liquid droplets. The parameters p,, T, and P, are the ambient air density, temperature, and
‘ pressure; mq,, Myy, and m,, are the average mass concentration of dry air, water vapor, and
emission vapor; M,, M,, and M, are the molecular weights of dry air, water, and the source .
emission; p,,; and p,; are the liquid densities of water and source liquid; m,,q and m.q are the mass
concentrations of water and source emission in liquid droplet form; and R, is the gas constant
for an ideal gas. The relationship between the vapor and liquid fractions is described in the
thermodynainjcs Subsection 2.5.4.

As previously noted, solution of the above equations is divided into two regions for the evap-
orating pool release, These regions are the source region where W, > 0 and the near field steady
state region beyond the source where W, = 0. The reason for this separation is that gravity spread
of the denser-than-air cloud manifests jtself differently in these two regions. This can be seen in
the actual dispersion of a denser-than-air cloud from an evaporating pool source, When the source
rate and source density are sufficiently high and the ambient wind velocity is sufficiently low, the
dispersing cloud in the source region will flow horizontally in all directions (gravity flow) including
the upwind direction. This effectively increases the area of the source region until it is large enough
to entrain sufficient air into the cloud to transport it downwind. Beyond the source region, gravity
flow occurs only in the crosswind directions and there is no upwind flow. '

The horizontal expansion of the cloud in all directions over the source region is manifest in
SLAB in an analogous manner. -Under the conditions cited above (namely, high source rate and
density, and low ambient wind speed), there is no real solution to the conservation equations unless
the source area is increased while keeping the source rate (kg/s) constant. In SLAB, the code
searches for the minimum source area for which there is a real solution. The expansion of the
source area in order to solve the conservation equations is a direct effect of the higher density of
the source emission compared to that of air. If the source density is less than or equal to that of
the ambient atmosphere, this expansion does not occur no matter how large the source rate or how
small the ambient wind velocity. Beyond the source region, there is always a real solution to the
conservation equations and gravity flow occurs only in the crosswind direction.

The solution of these equations yields the crosswind-averaged cloud properties (p, m, T, U,

etc.) and the cloud size and shape parameters (B, b, h, and Z.). One additional cloud property
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of interest is the crosswind-averaged volume concentration C, which is calculated from the mass

concentration rn as follows
M, -m

M,+ (M,—M,) m
Both the mass concentration m and the volume concentration C are expressed as fractions with
values ranging from 0.0 to 1.0.

C =

(12)

The three-dimensional volume concentration distribution C(z,y,z) is obtained by assuming
the following crosswind profile '

C(2,v,2)=2-B-h-C(z)- Ca(y, b,B)-Cy(z, Zey0) (13)
Ci(y,5,8) = 5 [erf (—”J_j—;) — erf (%j%)] :
B =t +36°
1/2 7 — 2 z 2
csttae)= (5r)"" -1 o (-2 wem (65252

ot = { h*/12, Z. > h/2 (lofted)
“l(h—2.)*/3, Z.< h/2(grounded) '

where

and erf is the error functjon, exp is the exponential function, and the average volume concentration
C(z) is defined in Eq. (12). The horizontal profile function Cy(y, b, ) is uniform when 8 = 0 and
approaches a Gaussian when § > b. The half-width parameters b and 3 are such that the ratio
of b to B remains constant under the influence of the horizontal gravity flow velocity V. Thus,
gravity spread stretches Cy(y,b,3) but does not change its shape. Only horizontal entrainment
(Ve) makes Ci(y,b,) approach a Gaussian shape. The vertical profile function allows for both
grounded plumes (Z. < h/2) and elevated plumes (Z. > k/2). Initially, the value of Z. is zero for
an evaporating pool source and is Z. = h, for a horizontal or vertical jet source.

An undesirable result of using a Gaussian vertical profile is that the peak concentration at
the cloud centerline can exceed 1.0 when the average concentration is greater than 0.72. At these
high average concentration levels a profile approaching a square wave would be more appropriate.
However, to overcome this difficulty at these very high concentration levels, a maximum value of
1.0 is permitted, rather than change the profile. This difficulty does not occur in the horizontal
direction due to the use of the error function profile. The cloud half-width B and height A are
related to the mean square width and height of the cloud by |

B =30} = 3/ dy-y*- Ci(y,b,8) and (14)
-0

h? = 302 = 3/ dz - 2 - Cy(z,b,B)
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2.3.2 Transient puff mode

The transient puff mode of SLAB is based upon the volume-averaged conservation equations for
mass, momentum, energy, and species and, as before, uses the air entrainment concept to account
for turbulent mixing of the cloud with the surrounding atmosphere. In this form of the conservation
equations, the cloud is treated as a puff (see Fig. 4) and the independent variable is the downwind
travel time, ¢, of the puff center-of-mass. Also included are equations for the downwind location of

the puff center-of-mass X,, the puff length parameters B, and bz, and the puff width parameters
By and b,. These equations are: :

Conservation Equations

Species :
(pB.Byhm) = p,W,B? |, where ()=d( )/dt | (15)

Masg *
(PBoByh) = pa((VeaB, + VeyB,)h + W.B.B,] + pW,B? | (16)

Energy
(pB,B,,hc,,T) = Pa((VeeBy + Vey B2) b + WeB,] CpuTs + p,WsB2C,,T, (17)

+ Bz (fpe+ ft)

X-Momentum (Translation)

(PB=B,hU) = o (Ve B, + Vey B.) h + W.B,B,U, + Bof. | (18)
X-Momentum (Gravity Flow) '
(pB,PyhUy) =9g(p~ pa) h*B, + B.f,, (Grounded Cloud) |, (192)
or U;=0  (Lofted Cloud) |, (19b)
Y-Momentum |
(pB,B,,hv;,) =9(p~pa) By + B.f,y  (Grounded Cloud) |, (20a)
or Vg=0 (Lofted Cloud) |, (20b)
Z-Momentum '
(pB,,Bthc) =~9(p~pa)hBzBy + Byf,  (Lofted Cloud) |, (21a)
or We=—(V,/B, - U,/B,) Z. (Grounded Cloud) |, (21b)
Center-of-Mass
X.=U- (o.W,B2X, /PB=Byh) (22)
Half-width Equations ‘
By = (pa/P)Vey +V, , | . (23)
i’y =Vo-b,/B, , (24)
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Wind speed, U,—*

x" I!: f=<

y

Figure 4. Dispersing heavy gas cloud as depicted by SLAB in the puff dispersion mode.

" Half-Length Equations
Bz = (Pn/P) Vez + Ug ) (25)

b = Uy ‘ bz/ﬂa: . (26)
Here Vez and V,, are the horizontal downwind and crosswind entrainment rates, respectively. The
remaining parameters are as defined in Egs. (1)-(10). These equations are analogous to the plume

equations and are solved in a similar manner along with the equation of state, Eq. (10). All of the

cloud properties are averaged over the three dimensions of the cloud in the following manner
A 1- - - (- -] [ -]
= t) = = —— . T
p=00)= (e w2,t) = gy [ de [ [ denle,y,5) (27)

As before, use of the average value notation ( ) is neglected since it applies to all the cloud properties
defined above, The relationship between the three half-length parameters (B, b., and 8;) and
the three half-width parameters (B,, b,, and 3,) is the same as the relationship between the three
plume half-width parameters (B, b, and 8), as given in Eq. (13). In addition, the cloud dimensions
(Bz, By, h) are related to the mean square length, width, and height of the cloud in an analogous
manner to Eq. (14).

The three-dimensional, time-dependent volume concentration C(z,y, z,t) for the puff is given
by

C(®,4,2,t) = 4+ Ba - By - h- C(£) - Cs (% = Xobay Ba) - C1 (¥sbysBy) - C1 (21 Zero) . (28)
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The average puff volume concentration C (t) is obtained from the average puff mass concentration m
using Eq. (12), where the independent variable is now downwind travel time ¢ rather than downwind
travel distance z. The crosswind C(y, by, By) and vertical Cy(z, Z., o) profile functions are given
by Eq. (13) where by, 8,, Z., and o are now functions of ¢ rather than z. The additional profile
function C)(z — X, b., B;) for the puff concentration distribution in the downwind direction has
the same functional form as the crosswind profile function Cy(y, by, By) where z — X (1), bz(t), and
Bz(t) replace y, b,(t), and By(t), respectively. -

2.3.3 Transition from plume to puff mode

The puff d.ispérsion mode can be entered at the beginning of a simulation by specifying an
instantaneous or short duration evaporating pool source, or in the middle of a simulation after the
release is completed and the steady state period is over. In the latter case, there is a transition
in the calculation of the spatially-averaged cloud properties from the steady state plume equations
to the transient puff equations. As described in the previous sections, both sets of equations are
derived from the conservation equations; however, in the steady state plume mode they are spatially
averaged over the crosswind plane of the cloud, while in the transient puff mode they are spatially
averaged over the entire volume of the cloud. To begin the puff mode calculation, it is necessary
to define the time of this transition, and the cloud length and center-of-mass at this time.

The time of the transition from steady state plume dynamics to transient puff dynamics is
taken to occur at the end of the release, ¢ = t,;. The downwind location of the cloud center-
of-mass X,(t,4) at this time is obtained by calculating the total mass of the released material
within the cloud as a fuhction of downwind distance. The cloud center-of-mass is taken to be the
downwind location at which the mass of released material within the cloud from the upwind edge
to the center-of-mass is equal to one-half the total amount of material released. Thus,

1 Xe(t,d)
--Q,-t.,,zz-/ dz-p-B-h-m |, (29a)
2 X,

where Q, is the release rate; t,4 is the duration of release; p, B, h, and m are the crosswind-averaged
cloud density, half-width, height, and mass fraction, respectively; X, is the farthest upwind extent
of the cloud; and X.(¢,4) is the cloud center-of-mass at the time of transition, ¢ = ¢,4.

The cloud half length B, at the transition time is defined in a manner that requires the volume-
averaged (puff) cloud properties to be equal to the crosswind-averaged (plume) cloud properties
at the time and downwind location of the transition. When the release is terminated, the volume-

averaged (puff) mass fraction is given by
™My = (Q,*t,4)/(4+py- Bz - B - h)
and the crosswind-averaged (plume) mass fraction is given by
me=Q,/(2:p.-U.-B-h)
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By requiring m and p to be continuous at the transition, that is m, = m, and p, = Pe, the cloud
half-length at the transition is defined to be

1
Bz(tld) = 5’ U, - tya (30)

where B, and U, are evaluated at ¢ = t,q and z = X,(t,q)-

In addition, all of the remaining crosswind-averaged cloud properties (U, T, Vj., etc.) and the
respective volume-averaged properties (U, Ty, Vi, etc.) are required to be equal at the transition.
Consequently, all of the spatially-averaged cloud properties are smooth and continuous as the code
switches from the steady state plume mode to the transient puff mode.

2.3.4 Cloud length and time-dependence in the plume mode

The approach taken in the previous section for the calculation of the cloud center-of-mass and
half-length at the transition from the plume mode to the puff mode can be extended to a calculation
of the properties for any time t during the release, 0 < ¢t < t,q4- Starting with the cloud center-of-
mass, it is defined to be the downwind distance at which the mass of released material within the
cloud from the upwind edge to the center-of-mass is equal to one-half the material released during
time ¢. Therefore, ‘

t= (4/Qa)_/xx=(‘)dz-p-B-h-m . (29b)

Equation (29b) gives the time ¢ when the center-of-mass is located at the downwind distance
z = X,.(t). An approximation to the half- -length can be obtained by linearly interpolating from the
initial cloud half-length B,, to the value at the end of the release B 2(t.d) given by Eq. (30). Thus,
during the time interval (0,¢,4), the cloud half-length is approximated by

Ba(t) = Bas + [Ba (ta) — Bau] - [Xe(t) ~ Xo] / [Xe (tua) - Xo) (31)

where X, = X,(o) is the initial location of the center-of-mass.
The values of X,, B,,, and X, used in Egs. (29b) and (31) are determined by the source
geometry. For the three types of continuous sources treated in SLAB, they are:

Horizontal & Vertical

Evaporating Pool Source Jet Source
X, = —B, X,=1.0
B., = B, ' B., = 0.0
X, = 0.0 X,=1.0

When an evaporating pool source is selected, the cloud center-of-mass X(t) is defined to be zero
for any time ¢ less than ¢, where

t,=(4/Q,)‘/L°B de-p-B-h-m
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During the time, 0 < t < t,, the cloud is assumed to be approaching steady state within the source
region of the evaporating pool. After steady state is reached in the source region, ~B, < z < B,,
the cloud center-of-mass begins to travel downwind in accordance with Eq. (29b).

With the cloud center-of-mass and half-length defined for the plume region, the three-dimen-
sional volume concentration given by Eq. (13) can be generalized to the time-dependent form used
in the puff region and given by Eq. (28). Thus, the three-dimensional, tune-dependent volume
concentration in the plume region is given by

C(2,9,2,t)=4-B,-B-h-C(z) - Cy(z = Xo, bz, Ba) - Ca(s,,6) - Ca(2, Zer0) (13b)

where the functions C; and C; are defined in Eq. (13); C(z) is the average volume concentration
defined in Eq. (12); B, h, b, 8, Z., and o are all functions of z and are as defined in Eq. (13); and
X¢y Bz, b, and 3, are all functions of time with X, given by Eq. (29b), B, given by Eq. (31), and

the remaining length parameters are specified to be v .
b, = B. and
B.=0 . : (31b)

In practice, the value of 3; is set equal to a very small value to avoid attempting to divide by zero.

During the release, 0 < t < t,q, the downwind profile function Ci(z = X,, bz, B2) is essentially a
square wave that grows in length with time and, thereby, simulates the increase in cloud length as
the plume extends downwind. After the release is completed, the cloud begins to disperse as a puff
with entrainment occurring at both the leading and trailing edges of the cloud. Consequently, the
value of 3, begins to grow and the downwind profile function Cy(z — X, b., B;) begins to transform
in shape from a square wave to a Gaussian profile.

2.4 Solution of the Dispersion Equations

The basic model equations can be solved by direct numerical integration of the equations
as given in the previous subsection. However, analytic solutions to some of these equations or
parts of an equation can be obtained by rearranging the equations and defining new variables.
This approach is used in SLAB since it will presumably provide more accurate results with less
numerical error. In addition, this approach when applied to the momentum equation in the source
region, provides insight into the mechanism for the expanded source area due to gravity flow. The
following subsection outlines the approach used to solve the basic model equations in the steady
state plume mode. Solution of these equations in the transient puff mode is analogous.

In the steady state plume dispersion mode, the basic model equations are given by Egs. (1)-
(10). ‘A variable that is common to the first six equations is R(z) = pUBh. The value of R can be
calculated by integratiné Eq. (2) written as

R' = pa (Veh + WeB) + p,W,B, , . (28')
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where W, = 0 outside the source. Equation (2a) is integrated in SLAB by use of the Runge-Kutta
method. This method is used for all the integrations of the basic conservation equations.

With R(z) determined by integrating Eq. (2a) the species equation, Eq. (1), can be integrated
analytically and yields the following expression for the average cloud mass concentration

— PuW,B,(z +Bl)/R ) "Bl <z<B,

m= { 2p,W,B; /R jz> B, ) (12)
The temperature equation, Eq. (3), can be expressed in an analytic form by defining the net

ground heat flux

Fi(z) = /: f(2)dz ; z=z.46z, (3a)

and the net phase change energy

Fu(e)= [ foclz)dz , (3b)

where 6z is the incremental increase in downwind location, f,(z) [defined by Eq. (37)] is the ground
heat flux, fo. (see Section 2.3.4) is the energy change due to di'oplet evaporation and formation.
Substituting Egs. (1), (2), (3a), and (3b) into Eq. (3) and integrating yields the following expression
for the average cloud temperature in terms of the new variable E

'T=(R,-C,,-T,+E—E,+Fp¢+ﬂ)/(R-C,) ) (3¢)

where

E=R-(1-m)-Cpa-Ta+R-m-C,,-T,

and the sub “o0” indicates that the variable is to be evaluated at the downwind location Z,. In the
- absence of liquid droplets in the cloud, Eq. (3c) can be solved directly and then the average density
p can be calculated from the equation of state, Eq. (10). However, this is not the case when droplet
evaporation and formation occur. The net phase change energy term Fj. is highly dependent on
temperature and density. Consequently, the temperature, density, and vapor/droplet mass fraction
equations are highly coupled and are solved iteratively using Newton’s method. Additional details
regarding the phase change calculation are given in Section 2.5.4 on the thermodynamics model.

The downwind velocity equation, Eg. (4), is complicated by the gravity flow pressure term, but
it can also be expressed in an analytic form. We again start by expressing the net ground friction
and drag at the top of the cloud as

F(z) = L ’ fu@) dz | (4a)

where fu(z) is the groﬁnd friction and drag at the top of the cloud, and is defined by Eq. (38).
Substituting Egs. (1) and (2) into Eq. (4), expressing the cloud height as A = R/pUB, and then
integrating Eq. (4) yields a cubic equation for the velocity,

U-U.-U+U=0 (4b)

where
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Ue = (1 = m)Us + (Ro/R) - [Us — (1 — my) - Uo + U3,/UI) + Fu/R
Ui =05-0,-9-(0—pa)-R/(B-p%) ,

~ and the sub “o” designates evaluation at z,. Up until this point, U, has been assumed to be
constant. At this point, we allow the ambient wind velocity to depend upon height, that is U, =
Ua(z). Equation (4b) is then modified by replacing U, with U, where the average ambient wind
velocity is defined as )

‘ U, = % /., Ua(z) dz (4c)

and Eg. (4c) is integrated using Simpson’s rule. Returning to Eq. (4b), a positive real solution to
this equation exists only when
4
Uggvg.zﬁ-v . (4d)

Consequently, if the source rate and density is sufficiently large, a positive real solution may not
exist (i.e., U > U3) within the source region (—B, < X < B,).  When this condition occurs,
the source area is increased while keeping the total source rate (kg/s) constant until the minimum
source area solution is found. Physically, the enlargement of the source area corresponds to upwind
gravity flow in the source region. Beyond the effective source region (i.e., z > B,., where B, is the
effective source half-width and half-length), a solution to Eq. (4b) always exists once the solution
has been established in the source region (—B,, < z < B,.). When more than one real, positive
solution to Eq. (4b) exists, the largest is taken to be the physically meaningful one as it approaches

U, as the cloud conditions approach ambient conditions. This solution is given by

U=%-U,-[1+2-cos 4/3)] (4¢)

where

¢ =cos™* (1-2-U/U3)

The gravity flow velocity is determined from Eq. (52) by first defining a gravity flow function

G as follows
G=R-V, , (5aa)
so that
G'=g(p—pa)h®+ f, . (5ab)

The gravity flow velocity is then given by

Vg=(G-Go+Vyo-Ro)/R (5ac)
where the sub “o” designates the value at the beginning of the step. The value of G is determined
by numerical integration of Eq. (5ab) using the Runge-Kutta method. Of course, when the cloud
is lofted, then Eq. (5b) rather than Eq. (5a) applies, and V, = 0. The solution for the vertical
velocity, Eq. (6a) and (6b), is similar to that for Eq. (5a) and (5b).
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The three remaining equations to be solved are those for the half width B, Eq. (7), the half
width parameter b, Eq. (8), and the height parameter Z., Eq. (9). These three equations are solved
numerically using the Runge-Kutta method. With all of the basic conservation equations and the
equation of state solved, two variables of interest remain to be determined. They are the cloud
height, which is calculated using the definition of R

h=R/pUB (2b)

and the volume concentration, which is calculated from the mass concentration and molecular
weights as given by Eq. (12).

2.5 Dispersion Submodels

2.5.1 Ambient velocity proﬁie

The ambient wind velocity profile is derived from the following assumed gradient

T /D) ol L (32)

where U, is the ambient wind velocity, U,. is the ambient friction velocity, k = 0.41 is Von Karman'’s
constant, z is height, L is the Monin-Obukhov length, H is the height of the mixing layer, ®,, is
. the momentum Monin-Obukhov function, and g(z/H) is a mixing layer function. The function
9(z/H) =1—z/H, where H = H(s) = 130 [2(7~*)] and s = 1,6 corresponds to the atmospheric
stability classes A-F, respectively. (The SLAB code will accept values of s ranging from 0.5 to 7.5
with the integer values 1-6 corresponding to the classes A-F.) The momentum Monin-Obukhov
function ®,, is adapted from Dyer (1974). For stable conditions (s > 4)

®n(z/L)=1+5-L7 . z/(1 + z/z‘[,(s)) , (33a)
so that
Ua(z) = o {zn(z/z.,) e N S A [(1 + %") ln(:-:z:; ) _z ';")]} , (342)

where z, is the surface roughness length. The stability parameter 27(s) =1+ 0.8-(s—4) for s > 4
puts a limit on the growth of &,, at large heights and results in better agreement with observation
for values of o,(z) in the trace gas dispersion limit (see the following subsection).

For unstable conditions (s < 4)

$(2/L) = oo + (1 — Bmea)/(1 +T2)/% (33b)

where
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Brnoo = 1/ (1 —16-z -L-I)I/4 ,
T=-8L"1/(1- ®m) , and
z1(s) =exp(3.2-0.8-5) , s<4

The resultant vélocity profile is
Us(2) = (—Jl:—' {In(z/z,) — Fppee - (2 — z,)/H s | (34b)
. =2 (1~ Bpoo) - [In (11-:-:) _ (21/2__::/2) /(T'H)” ,

o
where

z=(1+71-2)"? and z,= (1+7-2,)/2

These velocity profiles are used jn the calculation of the average ambient velocity U, used in Egs. (4)
and (18) and defined in Eq. (4c).

These forms of the velocity profile, Eqs. (31a) and (31b), are not defined for small heights when
z< z,. To overcon;é this difficulty, U,(2) is redefined for values of z <e-2,= 2722z, In this
region

Us(2) =C1 -2+ Cy - 22, | z2<272. 2, , (34¢)

where C; and C, are such that Ua(2) and U!(z), 2 = 2.72. Zo, are equal to the original formulas.
Thus, U,(2) and its first derivative are continuous everywhere for z on the interval [0, H]. Under
neutral conditions and assuming that z, < H so that Us(z) ~ (Ua. /k) - In(2/z,) near the ground,
then Cy = U,./k - 2; and Cy=0. .

2.5.2 Entrainment rates

The ‘vertical entrainment rate includes the effects of surface friction, differential motion between
the air and the cloud, thermal convection due to ground heating, and damping of air-cloud mixing
due to stable density stratification within the cloud relative to the ambient atmosphere. The formula
used in SLAB is based on experimental data from several sources (Clauser, 1954; Bakke, 1957;
Ellison and Turner, 1959; Lilly, 1968; Deardorff and Willis, 1982) and has been shown (Ermak
and Chan, 1968) to agree with the observed entrainment rate in a number of independent stably
stratified, shear flow experiments (Lofquist, 1960; McQuaid, 1976; Kantha et al., 1977). This
formula is also a good approximation to the ambient entrainment rate when cloud density and
velocity approach the ambient atmospheric values.

The vertical entrainment rate is defined to be

_ VB-a-k-U.-g(h/H)
€ @h(h/L) S

(35a)
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where the constants a = 1.5 and k = 0.41, The effective friction velocity U,, = (U./ Ua(h)) - U,
is used rather than the actual friction velocity U, so that in the trace gas limit the concentration
predicted by SLAB approaches the Gaussjan plume value C = Q/(x . U, . oy - 0;), where U, is a
reference Velocity. In SLAB, U, is calculated within the code and is specified to be the ambient
wind velocity at 4 m height. The profile function 9(h/H) accounts for the height of the mixing
layer H (see Section 2.5.1) and is defined to be

g(h/H)=1-h/H |, . (35b)

as discussed in the previous subsection. The Monin-Obukhov function & is defined ‘to be

_{145-h/L , L > 0 (stable) -
Ea(h/L) = {1/[1 ~16-h/I3 | L < 0 (unstable) (35¢)

where the Monin-Okukhov length is given by
L= [13 UL -CogGo-pa) g fo2 , (354)

L' =L}/ (1+ h/z)

and C, = 0.025, the acceleration of gravity g = 9.8 m/s, the length parameter zy, is a function of
the ambient stability class (see the previous subsection), and L, is the ambient Monin-Obukhov
length at ground level. '

The ambient friction velocity is U,, and the in-cloud value of the friction velocity U, is defined
to be

U=U%,, + U2, + U2 , | (35¢)
where
V2. =c3- (U7 + 0.25V7) + U2
UZ = 05.-W,.U, ,
Cf = Um/tfo s
Unhe = Cy - [«SU2 +0.25 (pa/p)? V,’] » Cp=0.0195
80U = (pa/p)- (Ua - U)
and

v = o9 (Ty=T)-Va-h
ts %(Tg"'T) y
VH-‘=Cf-Umg.

T,=T. , C,=014 , and

Within the source region for an evaporating pool release, the addition of the term UZ to U,’,’,g,,
where U2, corresponds to the shear between the source and ambient flows, was found to qualitatively

improve agreement with the observed cloud height over the source.
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The horizontal crosswind entrainment rate is given by : .

Vo = V3 (V2 +V7) (36a)
where
Va=a,-U/ [1+a,2 'B/ (2\/5"11)] )
a, =0.08- S(L,) - Fo(t) ,

az = 0.0004 |, |
S(Le) = { 1= (Cs/C1a)'/ - (Ly/La); L,<o0 ,
¢ YL+ (Cs/Cro)? - (Ly/L); La>0 |,

Cfo=0.086 , L,=10 ,

Fi(t) = [(t+7e) /8],
t = averaging time ,
'r=163, t,=900s , p=0.2 ,
Vi=a-k-CM*.§u ,

and a, k, C;, and §U were defined above in the explanation of the vertical entrainment rate. The
Vj term represents an increase in V; over the ambient level and is due to shear between the plume

and the ambient atmosphere. It results in approximately equal values for W, and V, in the high
speed, lofted jet situation. .

The horizontal crosswind entrainment rate also includes the factor F, which accounts for plume
meander (see discussion in Section 2.6.2). As the averaging time is increased, more plume meander
can occur so the effective plume width becomes larger. In the calculation of the instantaneous
sp.a.tially-averaged properties from the conservation equations, cloud meander is taken to be absent.
Consequently, a value of t = 0 is used in F, so that cloud meander is excluded. The normalization
time ¢, is such that F,(2,) = 1 and it is the averaging time that is assumed to apply to the
standard dispersion curves for a trace gas plume [see for example Gifford (1976) or Pasquill and
Smith (1983)].

The horizontal downwind entrainment rate is given by

Ve = V3 (V2 4+V2)"", (36)
where V, is defined in Eq. (36a) and
V, =06 (Us/k)- 8m(Z:/La) - 9(Z,/H) ,

with Z, = Z. + 0.5-0, Z. and o as given in Eq. (13), and &,,, g, U,., k, L,, and H as defined in

Section 2.5.1. The V, term is a shear term and is due to the vertical shear (increase in velocity with

height) in the ambient downwind velocity Ua(z). The form of the expresion for this shear term is .
taken from Wilson (1981) and Chatwin (1968).
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In the limiting case of a trace gas release where all dense-gas effects are negligible, SLAB
yields a cloud concentration, width, and height that corresponds to the values estimated by the
standard dispersion curves when the concentration averaging time t;, = ¢,. Figure 5 shows the
SLAB values for o, and o, in the trace gas limit. The o, and o, dispersion parameters are plotted
as a function of downwind distance z for a specific value of the surface roughness z,, and a range
in Meonin-Obukhov length corresponding to the stability categories A-F. The relationship between
stability class and Monin-Obukhov length is taken from Golder (1976) with stability class given as
a function of the inverse Monin-Obukhov length L-! and ‘surface roughness length z,.
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Figure 5. SLAB values of 0y(z) and o,(z) in the trace gas limit where dense gas effects are absent.
The oy and o, values are expressed as a function of downwind distance z and atmospheric stability
class A-F. The surface roughness length is 2, = 0.02 m and the concentration averaging time is
tay = 15 min. '

2.5.3 Heat and momentum flux terms

The flux terms are adapted from Zeman (1982). The thermal flux at the ground is given by
fe=p-B-Vg-Cp-(T,-T) , (37)

where Vg is given in Eq. (35¢) and T, = T,.
The downwind velocity flux is due to the net ground friction and drag at the top of the cloud.
It is defined to be

=p-B-{0] [ 007 T e, 1) o)
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where U = (pa/p) - (Us — U) as defined in Eq. (35¢). The ambient friction velocity term is
subtracted from the cloud friction velocity term so that fu is equal to zero when the average cloud
velocity equals the average ambient wind speed. The crosswind velocity flux is also composed of a
ground friction term and a top of the clond drag term, and is defined to be

fo=—0.250-B[C} + C, .- (palp)]| V2 . (39)

2.5.4 Thermodynamies model

Liquid droplet formation and evaporation is governed by an equilibrium thermodynamics model
within SLAB. Two species are allowed to form droplets: the ambient water vapor that enters the
cloud and the released emission within the cloud. The governing equations are

1. the mass conservation equation for the released material, Eq. (1) or Eq. (15);

2. additional mass conservation equations for the dry air, total water, and the liquid/vapor
fractions of water and ernission;

3. the energy conservation (temperature) equation, Eq. (3) or Eq. (17);

4. the equation of state for a liquid droplet-vapor mixture, Eq. (10); and

5. the equilibrium condition that controls the liquid-vapor ratio for each species.

As discussed in the previous subsection, the mass concentration of released material m can be
expressed in analytic form in terms of R where R = pUBh in the plume mode and R = pB:Byh
in the puff mode. The result is given by Eq. (1a) for the plume mode and is repeated here along
'~ with the result for the puff mode.

Total Emission

Plume Mode:
. B,)/(4-B,-R iz < B,
= {g-/((;';) i : ; 2> B, (1a)
Puff Mode:
| a se * 4-R st <t,
™= { Egu' i gac - 25)(/(4 . -)R) s> t,: ’ (158')

where g, is the source rate (kg/s) from either an evaporating pool or jet source in the steady state
plume mode, Q,; is the instantaneously released mass (kg), and g,c is the source rate (kg/s) from
an evaporating pool source in the transient puff mode. _

Similar equations can be obtained for each of the species of interest by integrating the appro-
priate species conservation equation. The results are:

Total Water

My = (1= m)-my, (40a)
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Dry Air

Mea = (1 —m) - (1 My,) (40Db)
Water Vapor
Muyy = My + (Ro/R) + (Muno — Muwo) + §Mupe (40c)
Emission Vapor
Mey = m+ (Ry/R) - (Meyo — ™y) + Migpe _ (40d)
Water Droplets ’
Myd = My = Muy (40e)
Emission Droplets
Mg =M — Myy (40f)

In the above, m,,, is the ambient value of the mass concentration of water vﬁpor, sub “o” designates
the variable value at the beginning of the integration step, and 6mp and ém,,. are the increases

in the water and emission vapor mass concentrations due to phase change during the spatial (plume
mode) or temporal (puff mode) step.

The temperature equation can also be expressed in analytic form using R, the net ground heat

flux F, [see Eq. (3a)], and the phase change energy Ep. = Fp./R [see Eq. (3b)]. In this form, the
temperature is given by

T=[(1-m) Cpaa+Ta+m-Cp, - T, + (Ro/R)
*(Cpo* To = (1 = M)« Cpaa * Ts = MoCpa - T,) + Fi/R + Epel /Cp (41)

where

Cpcm = (1_mwn)'Cp‘ +mwa'cpwu )
Cp=mdn'Cp¢+mwu‘cwu+mwd'cpwl+mm‘cpc+med'cpal ’

Epe = —6Mype - AHy — §Mippe - AH,

and C, is the specific heat of the in-cloud mixture with the following subscripts “a”, “wv”, “wl”,
“s”, and “sl” indicating dry air, water vapor, water ﬁquid, emission vapor, and emission liquid,
respectively. The heat of vaporization is specified as AH with the subscripts “w” and “e” corre-
sponding to water and emission.

The equation of state is given by Eq. (10) and is repeated here

P‘= I’_a‘Tu/(a‘T+7'Ta) )y (10)

where
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Figure 6. Partial pressure as a function of temperature T and vapor mass concentration m,

according to the local equilibrium thermodynamics model. Total mass concentration for this species
is the sum of the vapor and droplet components, m; = m, + my. '

_ Mda My Mey v
“"’M‘“{M, T, +M.} ’

1 {1—m,,,ﬂ +m“,,}
Mag - Mu MW ’

Y = (Pa/Pul) - Muwd + (Pa/pul) * Mea
Po=p,-R.- Ta/Mag ’

and where R, is the gas constant.
The remaining equations specify the vapor concentration using the local equilibrium condition
which requires the partial pressure of the vapor phase for each species to be the lesser of (1) the
partjal pressure with the total mass fraction in the vapor phase and (2) the saturation pressure.
This is shown graphically in Fig. 6 and can be expressed mathematically as follows. Considering
one species where the total mass concentration is related to the vapor and droplet concentrations
by m; = m,, + m,, the partial pres.sure with m,, = m, is -
p-R.-T-my

P(m,T) = 42
) = M~ el “

The saturation pressure can be expressed in the form
FP,(T)=P,-exp[A— B/(T+C)] , (43a)

where A, B, and C are saturation pressure constants. The local equilibrium condition can be

expressed as follows
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(1) if P(m.,T) < P,(T), then

m,=my , but (44a)
(2) if P(m¢,T)> P,(T), then
-4

Equations (42)-(44) apply to both water and the emission separately using the appropriate sat-
uration pressure constants, molecular weight, and mass concentration. They specify the mass
concentration of the vapor fraction as a function of temperature and the total mass fraction of the
species present in the cloud.

The saturation pressure constants A, B, and C used in Eq. (43) are basic properties of the
released material. The constants B and C are required input parameters; however, a default optipn
(see Section 3.1.2) exists in which the Clapeyron equation is used to specify B, and C is assumed
to be zero. When the default option is chosen, B is given by

B=AH.-M,/T,, , (43b)

where AH, is the heat of vaporization, M, is the molecular weight, and T}p is the boiling point
temperature. The pressure is assumed to always be equal to 1 atm in SLAB. Consequently, the
constant A is defined to be

A=B/(Tp+C) (43¢)

and is not included in the input. The corresponding values of A, B, and C for water (due to the
ambient -hum.idjt.y) are specified in the code and, therefore, none of these are included in the input.

The equations presented in this subsection form a set of dispersion and thermodynamics equa-
tions that are highly coupled in temperature and density. They are solved iteratively using Newton’s
method for each step of the integration in space (plume mode) or time (puff mode).

2.5.5 Plume rise

The plume from a vertical jet or stack release initially rises until a maximum plume height is
attained. In SLAB, the plume rise region is described using empirical equations obtained from the
results of wind tunnel and field experiments. Three types of jets are considered: denser-than-air
jets (p, > pa), momentum jets (p, = p,), and buoyant jets (p, < pa). Subsequent dispersion of the
plume beyond the plume rise region is calculated in SLAB by solving the conservation equations
as described in Section 2.3.
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2.5.5.1 Denser-than-air jet

The denser-tha.n-a.ir_ plume rise equations are taken from wind tunnel results obtain by Hoot,
Meroney, and Peterka (1973). They present the following equations for the maximum plume rise
hpr, the downwind location at maximum plume rise Xpry and the peak volume concentration at
maximum plu.me rise Cpp

hyy = 1.32. (R.,-S,-F,’)I/S-D, , (45a)
Xpr = (F}/R.) D, = 435, / (R2-5,-D7) (45b)
Cor =1.69- R, - (D,/hy, )" | (45¢)

where .

D, = .(4/11/2) - B, = stack diameter |,
' Rv = Wc/Uu ’

So=Ps/Pa ,
Fr=Wl/[g'Dl‘(pl_Pa)/pu]1/= ?

and where B, is the half-width of the source, W, is the source velocity, U, is the ambient wind
speed at the height of the stack, p, is the source density, p, is the ambient air density, and g is the
acceleration of gravity. '

In SLAB, the conservation equations in the plume mode are expressed in terms of the crosswind-
averaged cloud properties (C, m, p, T, etc.) rather than the peak values. Consequently, Cpi given
by Eq. (45¢) must be converted to a crosswind average C, and then the crosswind-averaged mass
concentration m can be obtained using Eq. (12). Although the HMP experiments did not include
releases at cryogenic temperatures or releases of aerosol-vapor mixtures, the above equations are
assumed to be applicable for these situations. The remaining thermodynamic quantities (py Ty Mgy,
My, etc.) are determined from the thermodynamiecs model described in the Previous section.

At the point of maximum plume rise, the velocity of the plume is assumed to be totally in
the downwind direction. Consequently, the vertical velocity of the cloud at maximum plume rise
is taken to be zero. In HMP, the horizontal cloud velocity at maximum plume rise is taken to
be equal to the ambient wind speed; however, the downwind cloud velocity can be considerably
smaller if the density is sufficiently high. In this case, the plume will initially rise and then descend
to the ground with little downwind motion. To include the possibility of this situation in SLAB,
the downwind velocity is derived from the plume momentum equation [Eq. (4)] yielding

' X
pBhU2. = (1— m)pBhU,,U, + / " dz p(2B + h)C, (U, - U,,)?
_B‘
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Approximating the frictional stress mtegral as the product of a coefficient times the velocity dif-
ference squared, the downwind velocity at maximum plume rise can be expresed in the form of a
quadratic equation as follows

U2 =(1—m) -Us+Upr+ Cpr - (Ua = Upr)*
where

Cor =3:(2+ Xpr/B.)-Cy

Solving the above equation,

Us
2-(1-Cq)
In the limit as m — 0, U,, — (1 — m)- U, — U, as assumed by HMP; and when m — 1 and
Xpr — 0, Up, approaches a minimum value. In SLAB, C, = 0.02, so the minimum value is about
0.25 U,.

To complete the description of the plume at the point of maximum plume rise, the plume

half-width B, height h, and center height Z. need to be determined. Conservation of mass requires
the plume crosswind area to be '

Ay =2 By hyw = Quf(pr - Upe - 1pr) -

Assuming that the plume height is 60% of the plume width (this is approximately the ratio of o
to o, in SLAB under ambient conditions for all stability classes) and that the minimum width is

the stack diameter, then the plume dimensions at maximum plume rise are

Upr = -{1—m—2-c,,+[(1-m)’+4-m'-0,,.]1/2} : (45d)

B,, = max [(.4,,,./2.4)1/2 , B,] . (45e)
hor = 0.5+ Ape/Bpr . (45)

The plume center height is
Zr.-pr = hl + h-pr ’ . (453)

where h, is the stack height and h,, is the plume rise calculated in Eq. (45a).

The above equations define the state of the plume at the maximum plume rise point. The
plume is assumed to follow an elliptical path within the z — z plane from the stack center (z,, h,)
to the point of maximum plume rise (z, + Xpr, ks + hpr) with the plume center (z, Z.) given by

e _ 2 _h)3
(= 23(2 pr) + (Zch2 h,) =1
pr Pr

(45h)

Some of the plume properties (principally B, h, Z., m, and C) are calculated in the plume rise

region by interpolating between the two known values at the source and the maximum plume

rise point. Beyond the plume rise region, all of the plume properties are calculated by solving
the conservation equations with the values at the maximum plume rise point providing the initial

conditions.
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2.5.5.2 Momentum and buoyant jets

When the density of the released material is less than or equal to the ambient air density
(Ps € Pa), plu.mé rise is simulated in a somewhat more simplistic manner than when it is greater
than that of air. In this case (p, < pa), the vertical jet source is replaced by an effective horizontal
jet source located directly above the original vertical jet at a height h,. equal to the sum of the
stack height h, and the plume rise hy,.. Thus,

hee = hy+ hpr . | | (46a)

The calculation of plume rise h,, is taken from the work of Briggs (1984). In the case of a momentum
jet (ps = pa) the Briggs plume rise formula is

. / '
hpr = 0.93 (%)3 " (hy + hpe)Y7 (46b)

where ‘
Fp = i-W,-B‘,2 and
T
B=04+12-U,/W,

In the case of a buoyant jet (p, < pa) the Briggs plume rise formula is

3/5
b =12 (Gl) (kb (46¢)
where
F, = %'g'(Pq""P,)'W.‘BE
Pa

In both of these equations for hy,, W, is the source velocity, U, is the ambient wind speed at the
stack height h,, U,. is the ambient friction velocity, p, is the source density, p, is the ambient air
density, ¢ is the acceleration of gravity, and B, is the half-width of the source.

The effective source is asumed to be unmixed with the surrounding air, so the effective mass
fraction is n, = 1.0, just as it is at the real source. The plume rise formulas given by Eqs. (46b) and
(46¢) are intended to account for all the vertical motion of the cloud; thus, subsequent dispersion
is assumed to occur as if the cloud were neutrally buoyant. There are several ways in which the
properties of the released material can be modified to insure that the cloud is neutrally buoyant. In
SLAB, the effective source temperature and the specific heat of the released material are modified

as follows

Tn - (MI/MB) " Tu )
(464)
CP' = (MG/Ml) - CPG ’
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and ground heating of the cloud is turned off. In this way, the density at release and as the cloud
disperses downwind remains equal to the ambient value, p = Pa- The molecular weight of the
‘released material is not modified to preserve the relationship between volume and mass fraction
[see Eq. (12)].

The effective source velocity is taken to be horizontal and equal to the ambient wind speed,
Uie = Ua. In order to preserve the specified mass source rate Q,, the effective area of the source
must be

Ae=2-Behe=Q,/(pa-Us) . (46e)

As was the case with the dense-gas plume rise model, the cloud height after plume rise is assumed
to be 60% of the cloud width [see Eqs. (45¢) and (45f)].

The above equations define the effective source for the momentum (s = pa) and buoyant
(Pa < pa) jet releases. This procedure changes the source from a vertical release at the height of
the stack to a horizontal release at a height equal to the sum of the stack height and plume rise.
Consequently, the release can now be treated as a neutrally buoyant, horizontal jet source with an
effective source height given by Eq. (46a), an effective source velocity equal to the ambient wind

speed, and an effective source area that is consistent with the specified mass source rate.

2.5.5.3 Limits to plume rise

There are three constraints that need to be placed on the calculated value of plume rise in
order to be consistent with the rest of the SLAB model. The first constraint applies to all three
‘types of vertical jets. The second and third apply specifically to the dense-gas jet and the buoyant
jet, respectively.

The first constraint is the maximum allowable plume rise for any type of vertical release. In
SLAB, the height'of the mixing layer acts as an impenetrable boundary which keeps the cloud
below this level. Consequently, the top of the cloud is never higher than the mixing layer height.
When the calculated plume rise is such that the top of the cloud is above the mixing layer hexght
plume rise is reduced until the top of the cloud is at the mixing layer height.

The second and third constraints deal with plume rise in the limit as the source density p,
approaches the ambient air density p,. This limit (p, = Pe) is the momentum jet and, to be
consistent, both the dense-gas and buoyant jet plume rise values need to approach the momentum
jet plume rise value as p, approaches p,. Furthermore, since the force of gravity tends to pull a
denser-than-air cloud down and push a buoyant cloud up, plume rise from a dense-gas (p, > pa)
Jet will always be less than the plume rise from an equivalent momentum (p, = Pa) jet and plume
rise from a buoyant (p, < ps) jet will always be greater than the plume rise from an equivalent

35




Figure 7. A sketch of plume rise as a function of the source density p, for the following formulas:
hprs—Eq. (46¢) for the buoyant jet; hprg—Eq. (45a) for the dense-gas jet; hprm—Eq. (46b) for the
momentum jet; and hp,— the interpolated value given by Eq. (47).

momentum (p, = p,) jet. Unfortunately, this is not the case for the plume rise formulas presented
in this section as shown in Fig. 7.

For the buoyant jet where plume rise is given by Eq. (46c), plume rise approaches zero as p,
approaches p,. For the case of the dense-gas jet where plume rise is given by Eq. (45a), plume rise
approaches infinity as p, approaches p,. To overcome these difficulties the following interpolation
formulas are used. When Ps < Pa, Plume rise h,, is given by

hor = (hgus + hprm)/? (47a)
where h,,p is the plume rise given by the buoyant jet formula of Eq. (45a) and hprm is the plume

rise given by the momentum (p, = p,) jet formula of Eq. (46b). When p, > p,, plume rise is given
by ‘

hor = hprd - hprm [ (hped + Bopm )7 (47b)

where hp,q is the plume rise given by the dense-gas jet formula of Eq. (46¢c). As can be seen in
Fig. 7, these interpolation formulas yield a plume rise value that is consistent with the arguments
presented above.
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2.6 Time-averaged Concentration

2.6.1 Ensemble, spatial, and timeﬁvéragea

As is generally the case with most atmospheric dispersion models, all of the SLAB results
(concentration, cloud width, etc.) represent ensemble averages. An ensemble average is an average
over numerous experiments conducted under the same conditions. In a dispersion experiment these
conditions are the spill, terrain (surface roughness), and meteorological conditions. Since the model
predicted concentration is an ensemble average, it may be greater than or less than the measured
concentration from any one experiment. This situation is depicted in Fig. 8 where the instantaneous
concentration at time ¢ and downwind distance z is compared with the ensemble average.

In addition to the ensemble average, the SLAB model uses two other types of averages: spatial
averages and time averages. Spatial averages are used in the dispersion equations to simpl.ify
the equations and, thereby, make them easier to solve. In the steady state plume dispersion
mode, crosswind averaging is used to produce differential equations which depend on only the
downwind distance. In the transient puff dispersion mode, volume averaging is used to produce
differential equations which depend on only time, These one-dimensjonal differential equations can
be rapidly solved numerically in comparison to two- and three-dimensional equations. However,
most users require the concentration at a particular location rather than the spatially-averaged
concentration. Consequently, in SLAB, the spatially-averaged concentration is converted back to
. a three-dimensional concentration distribution through the use of similarly profile functioqs (see

Section 2.3). These functions give the concentration distribution about the cloud center and are
based on the calculated cloud width, height, and length.

The final average used in SLAB is the time average, which is an average taken at a particular
location (z,y, z) over a duration of time av- (In SLAB t,, is called the concentration averaging
time.) The reason for time averaging is that safety levels for hazardous chemicals are generally ex-
Pressed as a maximum allowable average concentration level for a given time of exposure. Typically,

- exposure times of interest range from a few seconds to minutes and hours. As the exposure time
increases, the allowable maximum average concentration decreases. More than one exposure time
may need to be considered for any one substance depending upon whether the release is chronic or
acute. _

In SLAB, the concentration averaging time t,, is an input parameter and is used in the time-
averaging calculation. Calculation of the time average is generally a rather straightforward proce-
dure. However, in the case of a dispersing cloud in the atmosphere, this calculation is somewhat

complicated by the presence of cloud meander as will be discussed in the following section.
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Figure 8. Comparison of the instantaneous concentration at time ¢ with the ensemble average; (a)
vertical profile and (b) horizontal profile.

2.6.2 Cloud meander

Clonud meander is the random oscillation of the cloud centerline about the mean wind direction
as shown in Fig. 9. When the cloud concentration is averaged over time, the effective width of the
cloud appears to be wider as a result of the wandering of the cloud centerline. In addition, the

mean cloud concentration decreases in the region about the mean centerline. Empirically it has
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Figure 9. A comparison of the instantaneous plume with several time averages; (a) the plume as
observed from above and (b) the crosswind concentration distribution.

been found that the effective width of the cloud increases as the concentration averaging time is
increased, also illustrated in Fig_ 9.

In the SLAB code solution to the dispersion equations (conservation equations, ideal gas law,
and the cloud length and width equations), cloud meander is ignored and the cloud is assumed
to travel in a straight line, Consequently, in terms of time-averaging, these results are the “in-
stantaneous” average obtained in the absence of cloud meander. To include the effects of cloud
meander associated with longer concentration averaging times, the “instantaneous” average cloud
width needs to be modified to include the increase in cloud width due to the displacement y, (see
Fig. 9) of the meandering cloud centerline about the mean wind direction.

. One measure of cloud meander is @, the standard deviation in the horizontal wind direction.

Slade (1968) suggests the following relationship for oy for two different averaging times, ¢; and ta,

7o(ta) = (2)" oyt | (48)

Thus, oy is a slowly increasing function of the averaging time. If it is assumed that the standard

deviation (y2)1/2 < g, of a point source Gaussian plume behaves in the same manner, then

ope(t) = (g) M o(ty) . (49a)

Modifying this equation at small times so that g,.(t) does not go to zero as ¢ approaches zero, the
following equation is obtained :

e(tas) = [ tTo ZB(—ter /)

To

|7 o= vt e (s5)
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where t;, is the concentration averaging time, 7, is the effective minimum averaging time, and
Oyo is the “instantaneous” plume standard deviation of a trace emission in the absence of cloud
meander. A value of 7, = 10 s is used in SLAB and was found to give good results in comparisons
with “instantaneous” measured concentrations from LN G dispersion experiments (Ermak et al.,
1982) and to be in general (10%) agreement with the estimates of oy given by Petersen (1982) for
trace gas puff releases. »

The standard deviation Ope(tay) of the cloud width is the result of two processes; namely,
turbulent diffusion within the cloud 0yo and meander oy, of the cloud centerline y,. Assuming that
the statistical properties of the cloud meander are governed by a Gaussian distribution, then

of,e(tm,) =03, + 04 (ta) - (50a)

Thus, the contribution to the cloud width due to meander is
o3 (tav) = ("(21..) - 1) Ty, - | (50Db)

This equation, along with the definition of 7(ta») and o, define the statistical properties of the
meandering of the cloud centerline y,. The averaging parameter r(t,,) is defined by Eq. (43b) and
the “instantaneous” plume standard deviation Oyo can be obtain from the solution to the horizontal
crosswind entrainment rate equation Eq. (36a) under ambient conditions,

ay

Ol = ————
7+ az « Oyo/2ay

(51a)
where a, is a function of the atmospheric stability and a; = 0.0004 [see Eq. (36a)]. The solution is
Oy = (2a1/a2) - [(1 4 az-2)* 1] . | (51b)

These results can now be used to determine the effective cloud width for the error function
distribution used by SLAB to describe the horizontal crosswind distribution of the cloud. The
time-averaged horizontal crosswind distribution function Cm(i,v) in terms of the “instantaneous”
horizontal crosswind distribution function Cy (y — y,, b,), Eq. (13), and the increase due to cloud

meander ¢, (t5y) is

1 oo —y2
C‘m(taﬂ) = m ¢ -/;cn dyo - €Xp (2:3") : Cl(y = Yo, b,ﬂ) = Cl(‘.'/, baﬁc) ) (523)
where

B:=p0%+ 02 (tay) - : (52b)

Thus, the horizontal crosswind distribution function with meander included has the same functional
form as before, only the value of 8 is increased to f3,, and, therefore the effective half-width B, is

increased as a result of cloud meander to
BI=b"+3.[8 + 02 (ta)] - (53)

40

.




Similarly, the three-dimensional concentration distribution C (z,v,2) with cloud meander has
the same functional form as given by Eq. (13), only C1(y, b, B) is replaced with C1(y,b,8.). This
also holds for the puff mode, where the‘three-d.imensiona.l concentration distribution is given by
Eq. (28) and Cy(y, b, By) is replaced by Ci(y, by, Byc). Since the possibility of meander is limited
by the duration of the puff, or equivalently, by the length of the puff, the averaging time ¢,, used in
the calculation of 8. [Eq. (52b)] is limited by the cloud duration tea =2+ B, /U, that is tay < teg.
Thus, a long puff meanders like a finite length plume, while a short puff has essentially no meander.

2.6.3 Time-averaged volume concentration

With the determination of the effective cloud half-width for the concentration averaging time
tay, the calculation of the time-averaged cloud properties is easily accomplished. In SLAB, the only
calculated time-averaged Property is the volume concentration expressed as the volume fraction with
values from 0.0 to 1.0. The time-averaged volume concentration Ctav is determined by averaging
the cloud volume concentration C(z,9,2,t) (including meander effects) over time as follows

1 ‘,.+%'tl' : ’
Ctuu = t—'/ dt. C(z, vz, t) y (54&)
ay J¢ )

1
ph— 5 tay

where tp; is the time of peak concentration.

In the steady state plume region, this is rather straightforward since the concentration is
assumed to rapidly rise to a steady state value, remain at this value for the duration of the spill
t.4, and then rapidly decrease to zero. Thus, the concentration signal in this region is essentially a
square-wave in time and the time-averaged concentration Ctav is given by

thu(zy Y, z) =2-B-h- F,, - C(z) . 01(3!, b, ﬂc) . 02(21 ch ‘-7) ’ (553.)
where

1; tod > tgy
C,C1,C3, B, h, b, Z., and o are all used in Eq. (13) and 8, is given by Eq. (52b).
The calculation of the time-averaged volume concentration in the transient puff dispersion
mode is somewhat more complicated. However, the time-averaging integral in Eq. (54a) can be
considerably simplified by converting it to an integral over downwind distance z' with the cloud

center-of-mass located at the downwind distance of interest z = Xc(tpk). Then

Fop = {t-u_r/ tav i ted < tay

dz'-C(2',y,z,tm) , (54b)

1 Xet+§-Uste
Ctav = /

U'tnv

g—%'v"uv

where U, X, b, and 3, are all calculated at time ¢t = tpk. (In the puff dispersion mode, the time
tpr of peak concentration is the arrival time of the puff center-of-mass X, at the downwind location
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z.) With some manipulation, this integral can be evaluated analytically producing the following

result for the time-averaged concentration

Ctau(z = Xc(tpk): Yz, tpk) =4. -Bz ‘ By <h- C(tpk) . Ca(bm ﬁz, tau)
* Cl(yi bll’ ﬂvc) * Cz(z, Z-ca U) ) (55b)

where

Ca(bzy Bztay) = [ﬂ,/ (\/5 b, U - t,,,)] . {21 <erf (21)-'—.23 -erf (z3)

= [exp (-a) - e (-22)]}
T1 = (b=+1/2'U'tcw)/\/§'ﬂz ]
T2 = (bz_l/z’U‘tcv)/\/i'ﬁa

C, Cy, C3, B;, By, h,b,, Bz, b, Z., and o are all as used in Eq. (28), and B, is given by Eq. (52b).
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3. USER’S GUIDE

A standard Fortran 77 version of SLAB is available on 5.25 inch, 360 kilo-byte floppy disk.
The files included on the disk are: the Fortran source file, the executable file, and the input and
output files for several test problems. The executable file has been compiled with the Microsoft
Fortran 4.0 compiler for use on an IBM-AT compatible personal computer.

To run the executable file, the user types and enters the word “SLAB.” No additional commands

are given by the user. The program looks for a file named INPUT containing the problem input

. parameters. This input file (INPUT) must exist and be so named prior to execution or a run-time

error will be encountered. A SLAB problem can consist of a single SLAB run or several SLAB
runs where the meteorological cond.ition; are varied from run to run but the temainder of the spill
scenario is kept the same. Consequently, in order to simulate a variety of spill scenarios, separate
problems (separate input files) must be designed. When running multiple problems, the name
of the input file for each problem must be changed to INPUT prior to executing each individual
problem.

After execution, the output is placed in a file named PREDICT. This file contains the output
from a single problem which may include one or more SLAB runs as explained above. Again when
running multiple problems, care must be taken to change the name of the output file before running
the next problem so that an error is not encountered or the new output does not overwrite the

previous output file. Examples of the output file, which includes a list of the problem input, are
given in the following section.

3.1 Input File

~ There are 30 possible input parameters required to run SLAB. These parameters include the
source type, source properties, spill properties, field properties, the meteorological parameters, and
a numerical substep parameter. Only the inverse Monin-Obukhov length (ALA) is optional as
described below. Together, these input parameters uniquely define the problem to be simulated.
Table 1 identifies each input parameter in the order it is to be listed in the input file and also gives
the appropriate units to be used. [SLAB uses the International System of Units. For a reference,
see Page and Vigoureux (1972).] The first two input parameters (IDSPL and NCALC) use an I5
integer format. The remaining input parameters all use a floating point format with 10 characters
including the decimal point. Thus, the smallest, non-zero, positive entry is .000000001 and the
largest, positive entry is 999999999. Below, the input parameters are described more fully with
additional comments on their selection.
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Table 1. Definition of input variables.

Source Type and Numerical Substep Parameter

—IDSPL

—NCALC

Spill source type
1—evaporating pool release
2—horizontal jet release
3—vertical jet or stack release
4—instantaneous or short duration evaporating pool release

Numerical substep parameter

Source Properties

—WMS
—CPS$S
—TBP
. —CMEDO

—DHE
—CPSL
—~RHOSL
—SPB
—SPC

Molecular weight of source material (KG)

Vapor heat capacity at'constant pressure (J/KG-°K)
Boiling point temperature (°K).

Imitial liquid mass fraction

Heat of vaporization (J/KG)

Liquid heat capacity (J/KG-°K)

Liquid density of source material (KG/M3)
Saturation pressure constant (Default: SPB = -1.0)
Saturation pressure constant (Default: SPC = 0.0)

Spill Parameters

—T8S
—Qs
—AS
—TSD
—QTIS
—HS

Temperature of source material (°K)
Mass source rate (KG/S)

Source area (M2)

Continuous source duration (S)
Instantaneous source mass (KG)
Source height (M)

Field Parameters

—TAV
—XFFM
—2ZP(I)

Concentration averaging time (S)
Maximum downwind distance (M)
Heights of concentration caleulation (M); I =1, 4

Meteorological Parameters

—Z0
—ZA
—UA
—TA
—RH
—STAB

Surface roughness height (M)

Ambient measurement height (M)

Ambient wind speed (M/S)
Ambient temperature (°K)
Relative humidity (percent)
Stability class values

Class Value Description

A-F 1.0-6.0 Unstable-Stable
Default 0.0 Input “ALA” for stability

Inverse Monin-Obukhov length (1/M)
(ALA is an input parameter only when STAB = 0.0)
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3.1.1 Source type and numerieal substep parameter

3.1.1.1 IDSPL — Spill source type

SLAB treats four types of sources and these are identified by the integers 1 to 4 as follows:
l—evaporating pool release,
92— horizontal Jjet release,
3—vertical jet or stack release, and
4—instantaneous or short duration evaporating pool release.

The evaporating pool release is a ground-level, area source of finite duration TSD. The center
of the source is located at ¢ = 0.0, y = 0.0, and z = 0.0; where z is downwind distance, y is
crosswind distance and z is height. When the spill duration is sufficiently short, a steady state
plume does not form at any downwind distance. When the code determines that this is the case, it
will automatically stop the calculation, redefine the source type as a “short duration e;'aporating
pool release” (IDSPL = 4), and start the calculation over. This change in source type is shown
in the output by a second listing of the initial problem parameters with the spill type (IDSPL)
changed from “1” to “4” in the second listing.

The horizontal jet release is an area source with the source plane perpendicular to the ambient
wind direction and source velocity pointing directly downwind. The center of the jet is located at
z = 1.0, y = 0.0, and z = HS. The initial mass concentration (mass fraction) is 1.0 with the initial
liquid mass fraction specified by the input parameter CMEDO and therefore, the initial vapor mass
fraction is given by 1.0 - CMEDO.

The vertical jet or stack release is an area source with the source plane parallel to the ground and
the source velocity pointing duectly upward. The center of the source is located at z = 0.0,y = 0.0,
and z = HS. The initial mass concentration (mass fraction) is 1.0 with the initial liquid mass
fraction specified by the input parameter CMEDO and therefore, the initial vapor mass fraction is
equal to 1.0 - CMEDO.

The instantaneous or short duration evaporating pool release is a combination of two sources:
an instantaneous volume source with a total mass given by the input parameter QTIS and a
short duration, ground-level, area source with a source rate, and spill duration given by the input
parameters QS and TSD, respectively. When an instantaneous volume release is to be simulated,
QTIS is specified and QS and TSD are set equal to zero. In the SLAB code, the pressure within the
cloud is always equal to P4 = 101325 N/m? = 1 atm. Consequently, if an expanding source release
(explosion) is to be simulated, the SLAB calculation begins after the source is fully expanded and
the pressure has been reduced to the ambient atmospheric level. The short duration evaporating
pool release is intended to be a default for the evaporating pool release (IDSPL = 1) when the spill
duration is so short that steady state is not reached anywhere within the dispersing cloud. While
this type of source can be run directly by setting IDSPL = 4 and specifying QS and TSD, it is

recommended that an evaporating pool release of any finite duration be run with the source type
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parameter IDSPL = 1. If a steady state cloud is not achieved (due to a short spill duration), the
code will automatically change the source type to a “short duration evaporating pool” (IDSPL =
4) and indicate this change in the code output as described above, '

3.1.1.2 NCALC—Numerical substep parameter

The parameter NCALC is an integer substep multiplier that specifies the number of cal-
culational substeps performed during the integration of the conservation equations. A value of
NCALC = 1 is generally recommended to Provide computational stability and sufficient numerical
accuracy. However, if numerical stability problems are encountered, the value of NCALC can be
increased. A value of NCALC = 2 doubles the number of substeps and decreases the size of the
integration step by a factor of one-half; a value of NCALC = 3 triples the number of substeps and
decreases the size of the integration step by a factor of one-third; etc. The effect of NCALC on the
computer run time of a particular simulation is to roughly increase the time by a factor equal to
the value of NCALC. |

3.1.2 Souree properties

3.1.2.1 WMS—Molecular weight of the source material (kg)
3.1.2.2 CPS—Vapor heat capacity at constant pressure (J/kg-°K )
3.1.2.3 TBP—Boiling point temperature of source material ("K)

3.1.2.{ CMEDO—Initial liquid mass fraction

The emission is assumed to be the pure substance with a fraction (CMEDO) in the liquid phase
in the form of liquid droplets and the remainder (1.0 - CMEDO) in the vapor phase. Evaporating
pool sources are pure vapor (CMEDO = 0.0), while the jet and instantaneous sources may include
a liquid fraction. A liquid droplet-vapor mixture is assumed to form when the material is stored
as a liquid under pressure at a temperature 7, above the boiling point temperature TBP and the
material is rapidly released due to a rupture of the container. These temperatures can be used to
estimate the mass fraction in the liquid phase using the equation

CMEDO =1.0- CPSL-(T, - TBP)/DHE |,

where CPSL is the specific heat of the material in the liquid phase and DHE is the heat of vapor-
ization at the boiling point temperature TBP.
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If the storage temperature‘T,; is less than or equal to the boiling point temperature TBP, the
released material will be pure liquid and will presumably form a liquid pool on the ground. In this
case, it is suggested that the source type be changed to an evaporating pool release (IDSPL = 1),
the liquid mass fraction be set to zero (CMEDO = 0.0), and the area of the evaporating liquid pool
be specified by the input parameter AS. Using these inputs, the code will calculate the effective
evaporation rate W$ from the liquid pool to be ‘

. s
WS“RHOS-AS ’

where QS is the input mass source rate, AS is the input source area, and RHOS is the code-

calculated vapor density at the boiling point temperature TBP.

3.1.2.5 DHE—Heat of vaporization at the boiling point temperature (J/kg)
3.1.2.6 CPSL—Liquid specific heat of the source material (J/kg—°K)
3.1.2.7 RHOSL—Liquid density of the source material (kg/m>)

3.1.2.8 SPB, SPC—Saturation pressure conslants

The saturation pressure constants are used by SLAB in the following expression for the satu-

ration pressure

Pssr = P4 - exp [SPA - SPB/(T + SPC)] ,

where P, is the ambient pressure (which in SLAB is always taken to be P4 = 101325 N/m® =
1 atm), SPA is defined in the code, and T is the local cloud temperature in °K. When the saturation
pressure constants are not known, a default option is available and can be used by specifying the
value of SPB to be “~1.0” and the value of SPC to be “0.0”. The code will then use the Clapeyron
equation to define the value of SPB.

When the source is pure vapor (CMEDO = 0.0) and the temperature of the cloud does not

- drop below the boiling point temperature, the saturation pressure default option is always adequate

since neither the saturation pressure constants nor any of the liquid properties will be used in the
SLAB calculation. However, a value for all of these properties must be specified in the input file
whether they are ezpected to be used or not.

Values of material properties can be found in a number of references including Reid, Prausnitz,
and Sherwood (1977) and Braker and Mossman (1980). Care must be exercised to ensure that the
appropriate units-for running SLAB are used. Table 2 lists recommended values for the properties

of a limited number of materials in the appropriate units to be used in the SLAB code.
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3.1.3 Spﬂl parameters
3.1.3.1 TS—Temperature of the source material (°K)

The definition of the source temperature (TS) depends upon the type of release. When the
release is an evaporating pool (IDSPL = 1 or 4), the source temperature is the boiling point
temperature TBP. When the release is instantaneous (IDSPL = 4), the source temperature is
either the temperature of the material at the instant it is released, or when the source is the result
of an explosion, it is the temperature of the material after it is fully expanded and reduced to a
pressure of one atmosphere. .

The situation is similar for a pressurized jet release (IDSPL = 2 or 3) in that the source
conditions are the properties of the material after it has fully expanded. When the source material
is stored as a vapor under pressure and, therefore released as a vapor (CMEDO = 0.0), it is
recommended that the expansion be treated as adiabatic. The source temperature is then given by

TS = (1/7) - [L+ (1= 1)+ (Pa/Pu)] T |

where ¥ = C, /C, is the ratio of specific heats, P, is the ambient atmospheric pressure, and P,; and
T, are the storage pressure and temperature, respectively. If the calculated source temperature
(TS) for a vapor release is below the boiling point temperature (TBP), then the source temperature
should be set equal to the boiling point temperature. Similarly, when the source material is stored
as a liquid under pressure and released as a two-phase liquid droplet-vapor mixture, the source
temperature is the boiling point temperature TBP.

The temperature of the source material (TS) must be equal to or greater than the boiling
point temperature TBP since the source js either totally in the vapor phase (TS > TBP) or a
mixture of liquid droplets and vapor at equilibrium (TS = TBP). The code checks the input source
temperature and ensures that the above conditions are met. If the source temperature is less than
the boiling point temperature (TS < TBP), then the source témperatu:e is reset equal to the boiling
point temperature (TS = TBP). Furthermore, if the release is a liquid-vapor mixture (CMEDO >
0.0), then the spill temperature is automatically set equal to the boiling point temperature (TS =
TBP). When the code changes the source temperature value, the change can be observed in the
code output by comparing the input value listed under “PROBLEM INPUT” and the value used
by the code as listed under “RELEASE GAS PROPERTIES.”

3.1.3.2  Q5—Mass source rate (kg/s)

This is the mass source rate for any of the continuous sources; namely, an evaporating pool
release (IDSPL = 1), either of the jet releases (IDSPL = 2 or 3), and the short duration evaporating
pool (IDSPL = 4). For an instantaneous release (IDSPL = 4), the mass source rate should be set
equal to zero (QS = 0.0).




3.1.3.3 AS5—Source area (m?)

The source area has different definitions depending upon the type of release. For an evaporating
pool release (IDSPL = 1 or 4), AS is the area of the evaporating pool. If AS is not known it can
be calculated from the effective evaporation rate (regression rate) WS using the identity

___ @
A5 = RHos ‘WS’
where QS is the input mass source rate, RHOS is the vapor density of the source material at the
boiling point temperature TBP, and WS is the known evaporation rate expressed as a velocity
(m/s). The vapor density RHOS is given by the ideal gas law and is

RHOS = (WMS - P,)/(R.- TBP) ,

where WMS is the input molecular weight of the source material, P, is the ambient atmospheric
pressure (P, = 101325. N/m?), R, is the gas constant [R, = 8.31431 J/ (mol-°K)], and TBP is the
input boiling point temperature.

When the source is a pressurized horizontal or vertical jet release (IDSPL = 2 or 3), AS is the
area of the source after it has fully expanded and the pressure is reduced to the ambient level. If
the source material is stored and released as a pure vapor (CMEDO = 0.0), it is recommended that
the expansion be treated adiabatically, as discussed in Section 3.1.3.1. The source area can then
~ be expressed as
AS = (Py/FPa) - (TS/Ty) - A,

where P, is the storage pressure, P, is the ambient atmospheric pressure, TS is the input source
temperature, T, is the storage temperature, and A, is the actual area of the Tupture or opening.
When the source material is stored as a liquid under pressure and released as a two-phase jet, AS
is the area of the source after it has flashed and formed a liquid droplet-vapor mixture of the pure
substance. In this case, the value of AS is given by the formula

AS = RHOSL - A, ,
Pm

where RHOSL is the input liquid density of the source material, A, is the actual area of the rupture
or opening, and p,, is the density of the liquid-vapor mixture after flashing and at the boiling point
temperature TBP with liquid mass fraction CMEDO. The value of p,, can be calculated from the
equation of state and with some rearranging of terms is given by

. / [(1 ~ CMEDO)  CMEDO
Pm =2 RHOS RHOSL

where CMEDO is the input initial liquid mass fraction, RHOSL is the input liquid density of
the source material, and RHOS is the vapor density of the source material at the boiling point
temperature TBP, as previously given in this section.
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In the case of an instantaneous release (IDSPL = 4), AS is the area of the volume source in
the ground plane centered on the point X = Y = Z = 0.0. The source area is defined to be

V, QTIS
S =
AS= pei -HS '

where V, is the volume of the instantaneous release, HS is the height of the volume, QTIS is the
input mass of the release, and p,; is the initial density of the release. When the source is a pure
vapor release, p,; is the vapor density of the pure substance at the source temperature TS and is
given By

Pei = (WMS : -?a)/(Rc - TS)

When the source is a liguid-vapor mizture, p,; is the mixture density p, (previously given in this
section) at the boiling point temperature TBP with liquid mass fraction CMEDO.

3.1.3.4 TSD—Continuous source duration (s)

This parameter specifies the duration of the release from an evaporating pool (ISDPL = 1 or

4) or jet (IDSPL = 2 or 3) source. When an instantaneous release is to be simulated TSD should
be set to zero (TSD = 0.0). |

3.1.3.5 QTIS—Instantaneous source mass (kg)

This is the total mass of the instantaneous release (IDSPL = 4). For an evaporating pool or
jet release, QTIS should be set to zero (QTIS = 0.0).

3.1.3.6 HS—Source height (m)

The definition of the source height differs for each source type. In the case of an evaporating
pool release (IDSPL = 1 or 4), HS = 0.0 since the pool is assumed to be at ground level. For
a horizontal jet (IDSPL = 2), HS is the height of the jet center, while it is the actual height of
the jet or stack in the case of a vertical jet release (IDSPL = 3). When an instantaneous release
(IDSPL = 4) is simulated, HS is the height of the instantaneous release, such that, the product of

the source height HS and source area AS is equal to the total volume released (see the comments
on the source area AS).

3.1.4 Field parameters
3.1.4.1 TAV—Concentration averaging time (s)

The concentration averaging time is the appropriate averaging time for the safety standard of
interest. For example, if the safety standard of interest for a particular material is a maximum
average concentration of 100 ppm for a 1 hr exposure, then TAV = 3600 s.
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For a single toxic material, there are generally a .number of safety levels of interest, each
corresponding to a different exposure time. Thus, there might be an 8 hr, 1 hr, 15 min, and less
than 1 min exposure level. In this case, SLAB would have to be run four times, each with a different
value of TAV corresponding to the appropriate duration of exposure.

Care should be exercised when the concentration averaging time TAYV is greater than the cloud
duration TCD. When TAV » TCD, the average concentration will be reduced due to the fact that
the puff is relatively short and the observer is exposed to the material for only a fraction of the
concentration averaging time TAV. In this case, a more meaningful concentration averaging time to
use might be one that is less than or equal to the cloud duration, TAV < TCD. The cloud duratmn
TCD is calculated in the code and listed in the output. It is deﬁned to be the ratio of the cloud
length to the average cloud velocity,

TCD = 2.BBX

In the case of a continuous, finite duration release, TCD can be initially approximated by the
continuous source duration TSD. When the release is instantaneous or very short, it is difficult to
estimate the cloud length and cloud duration, so a comparison of the concentration averaging time
TAV and the cloud duration TCD must wait until the SLAB run is completed.

3.1.4.2 XFFM—Mazimum downwind distance (m)

This distance is the maximum downwind distance for which the user is interested in knowing
the cloud concentration. In the steady state plume dispersion mode, the simulation is conducted
to a downwind distance equal to XFFM. However, in the transient puff dispersion mode, time
is the independent variable rather than downwind distance. Consequently, in the puff mode the
simulation is conducted to a downwind distance that is generally slightly larger than XFFM.

For some applications, XFFM is not know, however, the minimum concentration of interest is
known. In this case, an initial SLAB run may have to be made using an estimated value of XFFM
to determine the value of XFFM that will cover the concentration range of interest.

3.1.4.3 ZP(I), I = 1, {—Heights of concentration calculation (m)

There are a maximum of four heights [ZP(1), I = 1, 4] at which the concentration is calculated
as a function of downwind distance. All of the values are specified by the user in the input file.
If ZP(N), where 2 < N < 4, is set equal to zero [ZP(N) = 0], then the code will calculate the
concentration at the heights ZP(I), I = 1 to N-1, rather than I = 1 to 4. However, no matter how
many heights are to be used in the concentration calculation, four values of ZP must be specified
in the input file even if all four are equal to zero.
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3.1.5 Meteorological parameters
3.1.5.1 ZO-—Surface roughness height (m)

Surface roughness ZO is generally estimated in one of two ways. The first and usually more
reliable method is to extrapolate measured ambient velocity' profile data (Ua(2;),i = 1,N) under
neutral stability conditions [U,(Z) = (U, /k)-In(Z/Z,), k = 0.41 = von Karman constant] back to
where U (Z) = 0.0. This can be done by either a least-squares fit to determine the friction velocity
U, and surface roughness height ZO or by plotting the data on a semi-log plot and linearly extrap-
olating until U,(Z) = 0.0. Similarly, measured values of U, and Us(Z) under neutral conditions
can be used to estimate ZO if they are available. The second method uses values of ZO that have
been empirically determined for various ground surface conditions, such as those listed in Table 3
taken from Slade (1968). Estimates of ZO for large surface roughness elements such as vehicles and

“ buildings can be made, although it should be noted that the value of ZO depends on the shape and
number of the elements per unit area as well as the height of the elements. Typically, the surface
roughness elements are a factor of 3 to 20 larger in height than the value of ZO, so a general “rule
of thumb” might be to use a factor of 10.

Table 3. Typical values of surface roughness.

Surface roughness,

Type of surface Z, (cm)
Smooth mud flats; ice ' 0.001
Smooth snow 0.005
Smooth sea 0.02
Level desert \ 0.03
Snow surface; lawn to 1 ¢m high 0.1
Lawn, grass to 5 cm 1-2
Lawn, grass to 60 cm _ 4-9
Fully grown root crops 14

Caution in interpreting the SLAB results should be exercised when simulations are made using
large values of ZO with the release occurring at a height that is comparable to the surface roughness
element height or less. Under these conditions, much of the cloud dispersion may take place within
the height of the surface roughness elements. However, the empirical validity of the “In (Z/Z0)”
profile for the ambient windspeed has been shown only for heights significantly greater than the
surface roughness height, i.e., Z » ZO. In SLAB, the velocity profile from Z = 0to Z = 2.72- ZO
is assurned to be essentially linear with continuity at Z = 2.72 - ZO to the “ln (Z/Z0)” profile. The
actual profile may differ considerably depending upon the type, number and arrangement of the
actual surface roughness elements. Caution also has to be exercised in the use of the input ambient

wind speed measurement UA when the flow extends above the surface roughness elements. In order
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to be accurate in this regime, the héight of the windspeed measurements ZA must be much greater .
than the surface roughness height, ZA > Z0. ‘

3.1.5.2 ZA—Ambient measurement height (m)
This is the height at which the ambjent windspeed is measured. As noted above, this height

should be significantly larger than the surface roughness length, ZA » ZO.

3.1.5.3 UA—Ambient wind speed (m/s)

This is the average ambient wind speed at the height ZA above ground level.

3.1.5.4 TA—Ambient temperature (°K)
3.1.5.5 RH—Relative humidity (percent)

3.1.5.6 STAB—Stability class values

The whole numbers from 1.0 to 6.0 are used in the code to describe the ambijent atmosphei'ic
stability using the standard Pasquill-Gifford stability scheme as shown below in Table 4. The code .
will actually accept STAB values from 0.5 to 7.5; however, if the user wants to simulate one of the '
six Pasquill-Gifford stability classes, the corresponding whole number value from 1.0 to 6.0 must
be used.

 Table 4. Atmospheric stability scheme.

Class ' Value Description

A 1.0 Very unstable
B 2.0 Unstable
C 3.0 Slightly unstable
D 4.0 Neutral
E 5.0 Slightly stable
F 6.0 Stable

Default 0.0 Input “ALA” for stability

An alternative method for describing atmospheric stability using the Monin-Obukhov length
is also available in the code. This is done by using the default value for STAB, namely STAB =
0.0, and then specifying a value for the inverse Monin-Obukhov length ALA.
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3.1.5.7 ALA—Inverse Monin-Obukhov length (m~*)

The Monin-Obukhov length is a stability parameter used in similarity theory to describe the
vertical profile of the ambient wind speed and the vertical turbulent diffusivity (or equivalently,
the vertical entrainment rate) as described in Section 2.5. The inverse Monin-Obukhov length
ALA is defined to be, ALA = 1/L,, where L, is the ambient Monin-Obukhov length. This option
for describing atmospheric stability is activated by setting STAB = 0.0 and then including the
additional input parameter ALA. Furthermore, ALA is an input parameter only when STAB =
0.0. Inclusion of ALA as an input parameter when STAB is not set equal to zero can result in an
execution error.

These two methods for describing atmospheric stability, namely specification of either STAB
or ALA, are equivalent within the SLAB code. The code uses the inverse Monin-Obukhov length
ALA in its calculations. Consequently, when stability class STAB is specified, it is converted to
inverse Monin-Obukhov length. As noted in Section 2.5.2, the relationship between the stability
class and Monin-Obukhov length is taken from Golder (1976). |

3.1.6 Input file closure

After the code has read the input and executed a run, it returns to the start of the code looking
for an additional value of ZO the surface roughness length. If an additional input value of ZO is
specified, the code will look for the remaining meteorological input parameters [ZA, UA, TA, RH,
STAB, and ALA (if STAB = 0.0)] and execute an additional run with the new meteorological
inputs. In this way multiple runs can be made with the same source type and the same source,
spill and field properties, but different meteorological conditions.

On the other hand, when the code looks for an additional value of ZO and finds a value less
than zero, it terminates the problem. Thus, the problem is terminated by including an additional .

'input parameter with the value “~1.0” (or any value less than zero) at the end of the input file.

3.2 Calculational Flow

A SLAB model simulation can be viewed as occurring in three sequential phases: initialization,
dispersion calculation, and time-averaged concentration calculation. The calculational flow starting
with the identified source type and ending with the calculation of the time-averaged concentration
is shown in Fig. 10.

3.2.1 Initialisation

The initialization phase begins with the specification of the source type (Horizontal Jet, Vertical
Jet, Evaporating Pool, Instantaneous or Short Duration Release). The type of source is identified

in the input file; however, there is one case where the code will override the specified source type.
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INITIALIZATION DISPERSION OQUTPUT
Coupled Dispersion Instantaneous Time-Averaged
Source Type and Thermodynamics Spatial Average Concentration

Horizontal Jet
—l_.. Steady — g Crosswind-_____-_, Meander and

. State Averaged
Vertical —» Plume l ~——  plume Properties rb- Puff Effects
Jet Rise
Evaporating Pool . b
(No Steady State)
Instantaneous or Short '
Duration Release — g Transient —————p- Volume-Averaged __|

Pufr Properties
Figure 10. Calculational flow within the SLAB code.

This situation can occur when an Evﬁporating Pool source is specified (see Fig. 10). The code
will override the specified source type when the code determines that the duration of release is

so short that a steady state cloud is not reached within the evaporating pool source region. In

- this case, the source type is switched from an Evaporating Pool source to an Instantaneous or
Short Duration Release and the calculation is begun a new. Here, the source is still treated as
an evaporating pool; however, the transient puff equations rather than the steady state plume
equations are used to calculate cloud dispersion.

The identification of the source type, along with the remainder of the input data and some

additional information stored within the code, is used to initialize the SLAB code simulation. With

the initialization process completed, the code is ready to begin the dispersion calculation.

3.2.2 Dispersion ealculation

The dispersion phase contains the bulk of the calculations. It is here that the coupled con-
servation equations and the thermodynamics equations are solved yielding the instantaneous (no
meander) spatially-averaged properties as a function of downwind distance. As shown in Fig. 10,
there are two dispersion modes, a steady state plume mode and a transient puff mode. A sketch
of a cloud dispersing in these two modes is given in Fig. 11. The steady state plume mode is used
for the finite duration releases until the end of the release. After the release is over, the transient

puff mode is used for the remainder of the calculation. The transient puff mode is also used in the
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Figure 11. A dispersing cloud in the (a) steady state plume mode and the (b) transient puff mode.

case of an instantaneous release or when the release duration is so short that a steady state is not
reached (as described above).

From a mathematical and calculational point of view, these two modes represent two different
forms for the conservation equations. In the steady' state plume mode, the conservation equations
are spatially averaged over the crosswind plane of the cloud (see Fig. 11). Consequently, the
resulting cloud properties obtained from the solution of the conservation equations are also spatially .
averaged over the crosswind plane. Using concentration as an example, the relationship between

the concentration C(z,y,2) at the point (z,y,2) and the crosswind-averaged concentration C(z)
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as a function of downwind distance z is given by

—_— 1 o0 = '
C(z)-i-B_h A dz/-mdy C(z,y,2) ,

where B = B(z) and h = h(z) are the cloud half-width and height, respectively. Both B and % are
calculated along with the solution of the conservation equations (see Section 2.3.1). The crosswind-
averaged concentration C is not expressed as a function of time since the plume is assumed to be
in steady state for the duration of the release,

In the transient puff mode, the conservation equations are averaged over the entire volume
of the cloud. Consequently, solytion of the conservation equations yields volume-averaged cloud
properties. Again using concentration as an example, the relationship between the concentration
C(z,y, z,t) at the point (z,y,z) and time t and the volume-averaged concentration C(t) is given

by
C(l) = m[’ dz_/_mdy[mdz C(z!y)zit) .’

where B = B(t), B, = By(t), and h = h(t) are the cloud half-width, half-length, and height,
respectively. These parameters (B, B,, and h) and the cloud center-of-mass X.(t) are calculated
along with the solution of the conservation equations (see Section 2.3.2). By calculating the center
of mass X_.(t), the volume-averaged concentration C can be expressed as a function of downwind
distance C(X.) as well as time C(t), or in general C = C(X(t),1).

The choice of dispersion mode is initially dictated by the source type (see Fig. 10). The
horizontal and vertical jet and evaporating pool sources all begin the dispersion calculation in the
steady state plume mode. The dispersion calculation remains in the steady state plume mode for
the duration of the release t,;. After the release is terminated, ¢ > t,q, the dispersion calculation
is performed in the transient puff mode. Thus, the transition from the steady state plume mode to
the transient puff model occurs at the time ¢t = t,d and at the downwind distance z corresponding
to the cloud center-of-mass, z = Xc(t,4)- In the case of the instantaneous or short duration release
sources, there is no time period during which the cloud is in steady state. Consequently, the entire
dispersion calculation is conducted in the transient puff mode (see F)g 10).

The approach taken in SLAB to solve the two forms of the d.lsperslon equations (plurme and
puff) are similar. The main code sets up the integration of the dispersion equations and utilizes
five subroutines to carry it out (see Table 5). SLOPE (or SLOPEPF) calculates the rate of change
for the conservation equations and SOLVE (or SOLVEPF) integrates them. Using the solutions
to the basic conservation equations, THERMO calculates the thermodynamic properties (m, p, T,
etc.) and then EVAL (or EVALPF) calculates the transport properties (U, Ua, h, B, B, etc.).
The final subroutine STORE, stores the results at regular intervals to be included in the output or

used in subsequent calculations.
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Table 5. SLAB subroutines used in the dispersion calculations.

Steady State Puff

SLOPE (rate of change equations) : SLOPEPF

SOLVE (integrated digpersion equations) SOLVEPF

THERMO (calculates m, p, T, etc.) ‘ THERMO

EVAL (calculates U, U 4, h, B, B., etc.) EVALPF

STORE (stores instantaneous spatially-averaged STORE
_properties)

3.2.3 Time-averaged concentration ealeulation

After the spatially-averaged cloud properties are calculated at all downwind distances z of
interest, the code calculates the time-averaged concentration. This is the result of primary interest
to most code users. In SLAB, the time-averaged concentration is expressed as the volume fraction
with values ranging from 0.0 to 1.0. (To convert volume fraction to parts-per-million (ppm),
multiply the volume fraction by one million.)

The time-averaged volume fraction Cy,y(2, ¥, 2,1) is calculated from the spatially-averaged vol-
ume fraction C(X,,t) and the cloud height, width, and length parameters. To do this, the concen-
tration distribution about the center-of-mass X, must be assumed since C(X,,t) does not include
this information. The profile distribution functions used in SLAB are described in Sections 2.3.1
and 2.3.2 and are functions of the calculated cloud half-width B(X,,t), half-length B.(X,,t), and
height h(X,,t) and are consistent with the spatially-averaged volume fraction C(XL, t).

The volume fraction C(z — X,,y, z,1) in three-dimensional space and time is therefore defined
in terms of the calculated spatially-averaged volume fraction and the assumed profile distribution
function. The calculation of the time-averaged volume fraction Ciy (2,9, 2,t) from the volume
fraction C(z — X,,y, 2z,t) involves two steps. The first step involves the calculation of the effective
cloud half-width B, (which includes the effects of cloud meander) starting from the “instantaneous”
cloud half-width B (where meander effects are assumed to be absent). The second step is the
direct calculation of the time-averaged volume fraction using the effective volume fraction C,,(z —
X.,¥,2,t) where the “instantaneous” half-width B is replaced with the effective half-width B,
including meander.

The effects of cloud meander, and the method used in SLAB to calculate it, are described
in Section 2.6. .Essentia.]ly, cloud meander increases the effective width of the cloud and thereby
reduces the average concentration that is observed in the cloud centerline region. In general, the
increase in the effective cloud width depends upon the length of the concentration averaging time
tay. The longer the averaging time, the more meander can occur and the greater the increase in
the effective width. An exception to this general rule occurs when the averaging time t,, is longer
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than the cloud duration t.; at the downwind distance of interest. The time available for cloud
meander ¢4 at the downwind location z cannot be longer than the duration of exposure {4 to the
cloud at this same location. (The cloud duration is defined to be ted = 2+ B, /U, where B, is the
cloud half-length and U is the average downwind velocity of the cloud.) Thus, the time avajlable
for cloud meander is assumed to be equal to the concentration averaging time tpg, = t5, with a
maximum value equal to the cloud duration (tmdr)max = tea. As a result, the effective width of
the cloud increases monotonically with the concentration averaging time ¢,, until some maximum
value is reached that is dependent on the length of the cloud.

With the calculation of the effective cloud half-width, the time-averaged volume fraction can

now be detetmined. The form of the concentration distribution function is such that the required
integration can be done analytically as described in Section 2.6. Thus, SLAB uses the calculated
spatially-averaged mass fraction C(X,,t) along with the time-averaged form of the concentra-
tion distribution function to evaluate the time-averaged volume fraction at the downwind locatjon
(2,9, 2). :
The calculation of the time-averaged volume fraction concludes the SLAB run. At this point,
the code checks to see if there are additional simulations to be conducted using the same release
scenario but different meteorological conditions. If additional simulations are included in the input
file, these simulations will be run in the manner described above until all the simulations are
completed.

3.3 Output File

The output file cohta.ins several types of information which can be grouped into three categories;

narnely,

e problem description,

* instantaneous spatially-averaged cloud properties, and

¢ time-averaged volume fraction.
These categories correspond to the three sequential phases (Initialization, Dispersion Calculation,
and Time-Averaged Concentration Calculation) of the SLAB code calculation as shown previously
in Fig. 10.

3.3.1 Problem description

The Problem Description output lists the various input parameters used by the code and
thereby defines the problem to be solved. The first group of parameters is the Problem Input
which gives the input parameter values as specified by the user. As noted in Section 3.1, a few of
the input parameters (IDSPL, SPB, SPC, TS, and STAB) may be changed by the code in order
to be consistent with SLAB mode] assumptions. These changes (if they are made) are reflected
in the following parameter listings entitled Release Group Properties, Spill Characteristics, Field
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Parameters, Ambient Meteorological Properties, and Additional Parameters. These listings give
the parameter values actually used in the simulation. The listed parameters include the input
parameters plus additional parameters that describe the spill scenarjo.

3.3.2 Instantaneous spatially-averaged cloud properties

The Instantaneous Spatially-Averaged Cloud Properties output gives the results of the disper-
sion calculation phase of the simulation. These results are intermediate results in that they are
the solution of the spatially-averaged (Plume or Puff) conservation equations, the equation of state
(ideal gas law), and the length and width equations; however, they do not include the effects of
cloud meander or time-averaging. Table 6 lists and defines the instantaneous spatially-averaged
parameters and identifies the units in which they are given. These parameters are listed in the
output as a function of downwind distance (X).

Table 6. Definition of the instantaneous spatially-averaged cloud parameters.

(In the steady state dispersion mode, spatial averaging is over the crosswind plane of the cloud.
In the puff dispersion mode, spatial averaging is over the entire volume of the cloud.]

—X Downwind distance (M)
—ZC Profile center height (M)
—H Cloud height (M)
—BB Cloud half-width (M)
—B Half-width parameter (M)
—BBX Cloud half-length (M)
—BX ‘Half-length parameter (M)
—CV Volume fraction of emission
—RHO Density (KG/M3)
~—T Temperature (°K)
—U Downwind cloud velocity (M/S) -
—UA Height-averaged ambient wind speed (M/S)
—CM Mass fraction of emission
—CMV Mass fraction of emission vapor
—CMDA Mass fraction of dry air
—~CMW Mass fraction of water
—CMWV Mass fraction of water vapor
—WC Gravity flow velocity, Z-direction (M/S)
—VaG - Gravity flow velocity, Y-direction (M/S)
- —=UG Gravity flow velocity, X-direction (M/S)
=W Vertical entrainment velocity (M/S)
—Vv Crosswind horizontal entrainment velocity (M/S)
—VX . Downwind horizontal entrainment velocity (M/S)
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The cloud properties listed in this part of the output are described as “instantaneous” and
“spatially” averaged properties. As was discussed in Section 2.6, all of the SLAB results are
ensemble averages; that is, they represent the average taken over numerous trials under the same
conditions. In addition, these ensemble average values can be averaged over time and in space.
The term “insfa.ntaneous?’ refers to the time averaging and indicates that the duration of the time
period over which the average is taken is essentially zero. Thus, the effects of cloud meander are
assumed to.be absent in the “instantaneous” average.

The “spatial” averaging used in the SLAB code is of two types: crosswind-averaged and volume-
averaged. The choice of “spatial” averaging depends on the dispersion mode (steady state plume
mode or transient puff mode) that is used. During a finite duration release (¢ < TSD), the-
code generally uses the steady state plume mode for the dispersion calculation and the cloud
properties are averaged over the crosswind plane of the plume (see Section 3.2). After the release
has terminated (¢ > TSD), or at all times in the case of an instantaneous or short duration release,
the code uses the transient puff dispersion mode and the cloud properties are averaged over the
volume of the cloud (see Section 3.2).

When a finite duration release is simulated, a transition occurs in the dispersion calculation as
the code switches from the plume to the puff dispersion mode with the transition occurring at the
end of the release, ¢ = TSD. Since there is no discontinuity in the actual dispersion of a cloud at
this time, the code predicted values should also maintain this continuity. This is done in the SLAB
code by the definition of the cloud half-length at the time of the transition in the dispersion mode
calculation. '

At the time of transition from the plume to the puff mode (¢ = TSD), the crosswind-averaged
(plume) mass fraction CM, is defined to be

QS5

CM, =
¢~ 2.RHO.-U.-BB-H

where QS is the mass source rate, RHO, is the crosswind-averaged cloud density, U, is the crosswind-
averaged downwind velocity, BB is the cloud half-width and H is the cloud height. Similarly, the
volume-averaged (puff) mass fraction CM, is defined to be

QS - TSD

M, = 4.RHO,-BBX-BB-H '’

where RHO, is the volume-averaged cloud density and BBX is the puff-half length. By requiring
that CM, RHO, and U are all continuous at the transition time ¢t = TSD, the puff half-length BBX
is found to be BBX = 0.5. U - TSD. This is the value used in the code for BBX at ¢ = TSD.
Consequently, all of the cloud properties are smooth and continuous as the code switches from the

steady state plume mode to the transient puff mode.
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3.3.3 Time-averaged volume fraction

The primary output of interest for most applications is the time-averaged concentration. In
the SLAB output, the time-averaged concentration is expressed as the Time-Averaged Volume
Fraction with values ranging from 0.0 to 1.0. (Volume fraction is easily converted to concentration
in parts-per-million (ppm) by multiplying the volume fraction by one-million.)

The time-averaged volume concentration output is presented under three sub-titles:

¢ Concentration Contour Parameters

o Concentration in the Z = ZP(I) Plane

¢ Maximum Centerline Concentration .
All of these results are presented from the viewpoint of an observer or receptor located at the
dowﬁwind distance z, the crosswind distance y from the mean cloud centerline, and the height z
above the ground. From this vantage point, the observer sees the maximum cloud concentration
at time ¢,; and is exposed to the cloud for the time period t,g with half the exposure occurring
before ¢,; and half after. During the averaging time period t,, (which is also centered about
the time of maximum concentration t,:), SLAB predicts the observer is exposed to an average
concentration Cy,,. Similarly, a second observer located at the downwind distance 2!, sees the
maximum concentration arrive at ¢, and is exposed to the cloud for the time period t; with an
average concentration C{,, during the time period t,,.

The Concentration Contour Parameters output lists a number of parameters from which the

tirne-averaged volume concentration at any downwind location (X,Y, Z) and time (T') within the

‘problem domain can be calculated. The time-averaged volume concentration is given by Eq. (55)

and is expressed in the output in the slightly different form of Eqs. (56a) and (56b) for computational
convenience,

When the source is either an evaporating pool or jet (horizontal or vertical) source, the disper-
sion calculation is initially conducted in the steady state plume mode where downwind distance is
the independent variable. Then, if the simulation extends in time beyond the release duration, the
remainder of the dispersion calculation is conducted in the transient puff mode where time is the
independent variable. For these sources the time-averaged volume concentration is expressed as

C(X,Y,Z,T) = CC(X) - [erf(X A) — erf(X B)] - [erf(Y A) — erf(Y B)]
. [exp (—ZA"’) + exp (—ZB’)] , (56a)

where

XA=(X-XC+BX)/(vV2-BETAX) ,
XB=(X-XC-BX)/(v2-BETAX) ,
YA=(Y +B)/(v2-BETAC)
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YB=(v - B)/ (V2-BET4C) |,
Z4=(z-z0)/ (V2-516) ,
ZB=(z+12c)/ (v2-51G) ,

and where erf is the error function and exp is the exponential function. The five parameters CC(X),
B(X), BETAC(X), ZC(X), and SIG(X) are all functions of downwind distance X and are listed
in the output. The three parameters X C(T'), BX(T), and BET AX(T) are all functions of time T
and are also listed in the output. :

When the source is an instantaneous or short duration evaporating pool release, the entire dis-
persion calculation is conducted in the transient puff mode where time is the independent variable.
For this source, the time-averaged volume concentration is expressed as

C(X,Y, Z,T) = CC(T) - [erf(X A) — erf(X B)] - [erf(Y A) — erf(Y B)]
. [exp (-24°) +exp (—ZB’)] , . (56b)

where

XA=(X-XC+Bx)/(v2-BETAX) ,
XB=(X-xCc-XxB)/(v2- BETAX) ,
YA=(Y+B)/ (JE BETAC)
YB=(Y - B)/ (V2-BETAC)
za=(z-1zc0)/ (\/E-SIG) ,

ZB =(Z+20C)/ (vV2-5IG)

and where erf is the error function and exp is the exponential function as before. The eight
parameters CC(T), B(T), BETAC(T), ZC(T), SIG(T), XC(T), BX(T), and BETAX(T), are
all functions of time T and are listed in the output. Equation (56a) or (56b), along with the
parameters listed in the output in the Concentration Contour Parameters section, allow the user
to calculate the time-averaged volume concentration at any downwind location (X,Y,Z) and time
(T) in the calculational domain.

The second output is the Concentration in the Z = ZP(I) Plane. This output gives the time-
- averaged volume concentration in the horizontal plane at the height ZP(I) above ground. Up to
four planes can be selected by the user, all of which are specified in the input. In the output,
concentration is listed as a function of downwind distance X. At each downwind distance, the time
of maximum concentration, cloud du.fa.tion, and effective cloud half-width is given. This is followed
by the time-averaged volume co.ncentration at six crosswind locations given by

Y=N.BBC |,
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where

N =0.0, 0.5, 1.0, 1.5, 2.0, and 2.5

and BBC is the effective cloud half width. The results for the ZP(1) plane are given first, This is
followed by the results for the ZP(2) plane and so on until the results for the last plane are listed.

The final result is the Maximum Centerline Concentration. Here the maximum time-averaged
volume concentration along the cloud centerline is given as a function of downwind distance X
and the height Z,; at which the maximum ocurs. Generally, Z,, = 0.0 except when the source
is elevated or the cloud becomes positively buoyant and begins to loft. In the output at each
specified downwind location, the code lists the height at which the maximum occurs, the maximum
time-averaged volume concentration expressed as a volume fraction from 0.0 to 1. 0, the time of
maximum concentration, and the cloud duration.

3.4 Concluding Remarks

In conclusion, two cautions are given regarding the use of SLAB predicted values of the time-
averaged concentration. The first deals with the comparison of the model predictions with safety
standards for a hazardous material and the second deals with the comparison of model predictions
with actual field experiments.

Safety standards for hazardous materials are generally given as a maximum average concen-
tration for a specified exposure duration. Often, more than one set of a maximum average con-
centration level and corresponding exposure duration are given, and it may be necessary to make
comparisons using several concentration averaging times. In SLAB, the time-averaged concentra-
tion is calculated using the input concentration averaging time TAV. Special care should be taken
in interpreting the results when the averaging time TAV is significantly greater than the cloud du-
ration TCD. In this situation, TAV » TCD, a significantly reduced time-averaged concentration
will be obtained due to the fact that there is no exposure to the cloud during much of the time
interval TAV. Consequently, a more meaningful comparison may be obtained if an averaging time
on the order of the cloud duration TCD is used.

When models are cbmpared with the experimental results of field tests, it should be recalled
that the model concentration results are ensemble averages. Consequently, models attempt to
predict the mean value that would be obtained from numerous experiments conducted under the
same conditions. Even if a model were 100% accurate, individual observations would be expected
to vary about the predicted value; however, the predicted value would be expected to be equal to
the mean of all the observations at that downwind location. Thus, the proper evaluation of SLAB,
or any atmospheric dispersion model that predicts ensemble averages, requires comparison with

numerous experiments over a wide range of spill and meteorological conditions.
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4. NUMERICAL EXAMPLES

The following four examples were chosen to demonstrate the different source options and ca-
pabilities available in SLAB. The types of sources illustrated are: an evaporating pool release, a
two-phase horizontal jet release, an instantaneous vapor release, and a vertical jet vapor release.
The first example is a multiple run problem to demonstrate how multiple runs with the same spill
conditions, but different meteorological conditions, are setup. The evaporating pool and Jjet releases
are finite duration releases so that the continuous transition from plume mode dispersion to puff
mode dispersion can be observed in these examples. The entire input and output files are given for
each problem. '

4.1 Multiple Run, Evaporating Pool Release

This problem involves two simulations of a liquefied natural gas (LNG) release from an evapo-
rating pool. The first run is a simulation of the Burro 8 experiment conducted by LLNL (Koopman
et al., 1982) and the second is a simulation of the same release under neutral atmospheric stability
and at a higher ambient wind speed. LNG has a molecular weight that is less than that of air, but
is has a boiling point temperature of only 111°K which accounts for the greater density of the cloud
compared to the ambient air density. The release is of finite duratjon with the SLAB dispersion
calculation extending beyond the steady state plume region into the transient puff region.
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4.2 Two-Phase, Horizontal Jet Release

In this problem, liquid ammonia stored under pressure is released producing a two-phase (liquid
droplet-vapor mixture), horizontal jet source. The problem is a simulation of the Desert Tortoise 4
experiment conducted by LLNL (Goldwire et al., 1985). Ammonia has a molecular weight that is
* less than that of air; however, the evaporation of the liquid ammonia droplets cools the ammonia-
air mixture producing a cloud with a density greater than that of the ambient air. The release is
of finite duration with the SLAB dispersion calculation extending through the steady state plume

regime into the transient puff regime.
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4.3 Instantaneous Release

This problem is a hypothetical instantaneous release of LNG vapor. The released LNG vapor
is at the LNG boiling point and has a mass about equal to one-half the total mass released in the
Burro 8 evaporating pool experiment (see Example Problem 4.1). The meteorological conditions
used in this simulation are also those of the Burro 8 experiment. As in Problem 4.1, the heavier-
than-air character of the vapor cloud is due to the low temperature of the LNG since it has a
- ‘molecular weight less than that of air. Being an instantaneous release, this calculation is conducted

entirely in the transient puff dispersion mode.
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