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Preface

For over 40 years the American Institute of Chemical Engineers
(AIChE) has been involved with process safety and loss control in the
chemical, petrochemical, hydrocarbon process and related industries
and facilities. The AIChE publications are information resources for
the chemical engineering and other professions on the causes of process
incidents and the means of preventing their occurrences and mitigating
their consequences.

The Center for Chemical Process Safety (CCPS), a Directorate of
the AIChE, was established in 1985 to develop and disseminate infor-
mation for use in promoting the safe operation of chemical processes
and facilities and the prevention of chemical process incidents. With
the support and direction of its advisory and management boards,
CCPS established a multifaceted program to address the need for pro-
cess safety technology and management systems to reduce potential
exposures to the public, the environment, personnel and facilities. This
program entails the development, publication and dissemination of
Guidelines relating to specific areas of process safety; organizing, con-
vening and conducting seminars, symposia, training programs, and
meetings on process safety-related matters; and cooperating with other
organizations and institutions, internationally and domestically to pro-
mote process safety. Within the past several years CCPS extended its
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publication program to include a “Concept Series” of books. These
books are focused on more specific topics than the longer, more com-
prehensive Guidelines series and are intended to complement them.
With the issuance of this book, CCPS has published almost 80 books.

CCPS activities are supported by the funding and technical exper-
tise of over 80 corporations. Several government agencies and non-
profit and academic institutions participate in CCPS endeavors.

In 1989 CCPS published the landmark Guidelines for the Technical
Management of Chemical Process Safety. This book presents a model for
process safety management built on twelve distinct, essential and inter-
related elements. The Foreword to that book states:

For the first time all the essential elements and components of a
model of a technical management program have been assembled in
one document. We believe the Guidelines provide the umbrella under
which all other CCPS Technical Guidelines will be promulgated.

This Concept Series Book supports several of the twelve elements
of process safety enunciated in the landmark Guidelines for the Technical
Management of Chemical Process Safety including process risk manage-
ment, incident investigation, process knowledge and documentation,
and enhancement of process safety knowledge. The purpose of this
book is to assist designers and operators of chemical facilities to more
realistically estimate the effects of on-site and nearby plant structures,
process equipment, buildings and other “obstacles” on the transport
and dispersion of releases of hazardous materials.

This book should also be useful for emergence response and home-
land safety and security personnel who must deal not only with acci-
dental episodic releases but also with deliberate acts.
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Introduction

1.1. Background

U.S. regulations require that the potential concentrations of toxic or
flammable substances in the atmosphere must be calculated as part of
health, environmental and safety assessments at and near industrial
facilities. For example, these calculations may be part of planning stud-
ies, may be used in real-time hazard assessments, or may be part of sub-
mittals to regulatory agencies. Similar requirements are often set in
other countries. The calculations are needed for routine emissions,
such as combustion emissions from stacks, as well as for accidental epi-
sodic emissions. These issues are addressed using atmospheric trans-
port and dispersion models, which require a variety of meteorological
inputs, often including boundary layer scaling parameters such as sur-
face roughness length, z,, displacement length, d, friction velocity, u*,
and Monin—Obukhov length, L. Most of these models are being applied
by technically trained individuals who are aware of but are not neces-
sarily expert in dispersion phenomena. A need exists for a straightfor-
ward guidelines document that describes the meteorological variables
of importance for calculating vapor and aerosol concentrations at
industrial facilities where the buildings and structures influence the cal-
culations. The basis for parameters such as the surface roughness
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length needs to be described and methods included for how to estimate
that parameter from readily available information such as site plans of
industrial plants. It is important to account for the site roughness
because the maximum ground level concentration for near-ground
releases tends to decrease by about a factor of two for each order of
magnitude increase in surface roughness length, z,.

Practically all models currently available for dispersion calcula-
tions implicitly assume that the depth of any vapor cloud is consider-
ably greater than the height of nearby buildings and obstacles. For
releases near and within an industrial facility, this is unlikely to always
be the case. The appropriateness of existing models for application to
industrial facilities must be objectively assessed. For many actual sce-
narios, models do not currently exist. We have developed within this
book a number of novel approaches that may be useful to dispersion
calculations in real scenarios.

This book is written at a level so that it is useful to persons such as
the on-site engineer, the designer, the process hazards analysis (PHA) team
member, and regulatory personnel, as well as fluid dynamicists and transport
and dispersion modelers. It is important to clearly define parameters and
methods because this is a cross-discipline activity being carried out by
engineers, meteorologists, chemists, economists and others. The book
is intentionally short and descriptive, similar to the AIChE/CCPS doc-
uments by DeVaull et al. (1995) entitled Understanding Atmospheric Dis-
persion of Accidental Releases, or by Hanna et al. (1996) entitled Guidelines
for Use of Vapor Cloud Dispersion Models. The book is intended to mesh
closely with those related AIChE/CCPS documents.

The book concentrates on explaining dispersion enhancement
resulting from industrial buildings, tanks, pipe structures, and other
facilities. Emphasis is on simplified descriptions of the effects of rough-
ness obstacles on the boundary layer and on dispersion. Differences
between the effects of the obstacles on dispersion of pollutant clouds or
plumes with depths less than and greater than the average obstacle
height, H,, are described. Methods of estimating surface roughness
length are outlined. Several worked examples based on varied indus-
trial scenarios are presented in the book. A comprehensive list of refer-
ences, a glossary, and an index are included, so that the book can be
more easily used by practicing engineers and other readers and so that
they will be able to obtain more detailed technical discussions if they
are interested.
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Although the focus of the book is on industrial sites, the methods
are also applicable to urban sites. In both cases, the enhanced rough-
ness effects are due to the presence of obstacles, and the geometric
shapes and spacings of the obstacles are similar at both types of sites.
The same physical principles apply. Also, many of the concepts used in
this book were derived from observations and scientific analyses whose
emphasis was on urban sites.

After reading the book, a person should be more conversant with
dispersion phenomena near industrial plants and in urban areas and
should have acquired the basics to use gas dispersion models, estimate
surface roughness lengths for industrial facilities and urban areas and
their surrounding areas, better communicate with regulators and the
public, and develop more realistic risk management plans. Another
outcome would be improved emergency response planning and pre-
paredness.

1.2. Objectives of This Book

The previous subsection discussed the general background for the
book, characterized its intended audience, and provided a brief over-
view of its contents. The current subsection lists five specific objectives
of the book.

Objective 1: To describe how structures (such as buildings, tanks, and pipe
racks) at an industrial or urban site affect dispersion and show how these effects
can be parametrized in consequence models. The results are to be applicable
to a wide variety of industrial sites, such as a chemical processing plant
or oil refinery, a brewery or food processing plant, or a steel mill, to
name a few. The results are also to be applicable to urban areas sur-
rounding the industrial site. We start with the general assumption that
the concentration downstream from a source is most strongly influ-
enced by wind speed (advection) and turbulence (diffusion). The
roughness obstacles at the industrial or urban site affect both of these —
above the roughness obstacles, within the roughness obstacles, and
downstream of the roughness obstacles. In most cases the effects gener-
ally enhance the cloud dilution. It is assumed that these methods have
broad applicability to other regions marked by enhanced roughness,
such as residential areas, urban areas, warehouse complexes, and vege-
tative canopies.
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Objective 2: To explain surface roughness length, z,, and displacement
length, d, so the concepts are understandable to scientists and engineers with
little or no meteorological background, such as chemical process plant engineers,
safety managers, and other users. Relate the meteorological concepts to the
concept of skin friction coefficients, which may be more familiar to
engineers.

Objective 3: To present criteria for when the structures should be considered
broadly as roughness elements or when they should be considered from the view-
point of their wake effects. If one takes the “broad” view, there is no need
to consider the details of the obstacles and they can be treated in a gross
manner; this is desirable and simplifies the dispersion calculations.
However, if some isolated large obstacles are present and there is a
desire to consider the flow and dispersion near to these obstacles, a
more detailed specific investigation may be necessary. Even when
adopting the “broad” view, the specific approach may be quite differ-
ent, depending on the ratio of cloud height to the roughness obstacle
heights.

Objective 4: To assure that the suggested formulas are applicable to a wide
range of scenarios and give continuous solutions for values of input variables on
the boundary between two regimes, such as rural and urban regions. It is unde-
sirable to have discontinuities between regimes where solutions are non-
existent or uncertain or where alternate formulas give divergent answers.

Objective 5: To show how the methods for estimating the surface roughness
length can provide inputs to transport and dispersion models that apply to a
variety of initial cloud or plume buoyancies, including positively buoyant
plumes, negatively buoyant (dense) gas plumes, and neutrally buoyant clouds
and momentum jets. However, in the examples of transport and disper-
sion models given in Section 4, emphasis is on neutrally buoyant
plumes with minimal initial momentum. It is not the intent of this book
to suggest specific transport and dispersion model algorithms for buoy-
ant or dense plumes and/or momentum jets in congested areas.

1.3. Overview

The book is organized into several chapters, such that the story is told
in a sequence beginning with meteorology and definitions, and ending
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with specific examples and worked scenarios. Detailed references are
provided.

In Chapter 2, an overview is given of the basic physics of meteorol-
ogy and dispersion modeling in general, consistent with other CCPS
books. Definitions are given and methods of estimating the effects of
surface roughness obstacles are provided. The proposed simplified
algorithms are related to concepts familiar to engineers such as the sur-
face skin friction coefficient, and it is shown how z, can be written in
terms of that coefficient. The relations between plume dispersion coef-
ficients and atmospheric turbulence are summarized, including the
effects of ambient atmospheric stability. The current state-of-the-art
concerning relevant experiments and available roughness estimation
methods is briefly reviewed. In particular, the many fluid model experi-
ments on flow and dispersion around obstacle arrays are discussed and
references given so the readers can obtain the data. Methods by which
recently developed dispersion models parametrize the roughness
length, z,, are outlined. For example, the U.S. Environmental Protec-
tion Agency’s (EPA’s) model, AERMOD, uses an estimate of z,
(Cimorelli et al., 1998). The reliability and limitations of models and
data are summarized.

The third chapter of the book provides details concerning methods
of estimating the surface roughness length, z,, and the related displace-
ment length, d. Several optional methods for estimating these parame-
ters are presented, such as land use category tables, wind profile
methods, and obstacle geometry (morphological) methods. The gen-
eral characteristics of working models for estimating surface roughness
length and displacement length are described (e.g., the Petersen, 1997,
method and the Macdonald et al., 1998, method). The importance of
the friction velocity, #*, is emphasized and formulas are included for its
estimation based on a wind speed observation and a knowledge of z,. It
is shown how the turbulent velocity components are directly related to
u*. Formulas are also suggested for the variation of wind speed below
and above the obstacle heights.

Chapter 4 includes a comprehenstive set of equations for estimating
transport and dispersion of pollutant clouds at industrial and urban
sites. Differences between the two situations when most of the cloud is
located at heights less than or greater than the roughness element
height are described. The types of problems that are covered include a
release within the obstacle array (i.e., the group of buildings, tanks and



