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ABSTRACT

Space launches at Cape Canaveral Air Station (CCAS) and Vandenberg Air Force Base
(VAFB) produce exhaust ground clouds from the solid rocket boosters and liquid
hypergolic fuels containing several toxic substances. In order to estimate the health
effects that would be imposed upon the public by scheduled launches, range safety
officials rely on the Rocket Exhaust Effluent Diffusion Model to predict ground level
concentrations of these substances. A drawback to the REEDM is its underprediction of
the initial ground clouds stabilization height. This underprediction causes an
overprediction of the ground level toxic substance concentrations. This thesis focused on
increasing the accuracy of the clouds stabilization height. Therefore, a model was
developed incorporating conservation principles of volume, momentum, and buoyancy to
predict stabilization height values. As part of the model a predictive function for the
coefficient of entrainment was developed based on meteorological conditions. This rate
of entrainment is a critical factor in accurately predicting the rise behavior of ground

exhaust clouds.

The results of the model predicted the stabilization heights of grounds more accurately
than the currently used REEDM model. The mean square difference between predicted
and observed stabilization heights for five CCAS and two VAFB launches were
determined. The mean square values for the model presented in this thesis and the

REEDM, show a significant improvement of the model from the REEDM predictions.
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I. INTRODUCTION

Overview
Space launches at Vandenberg Air Force Base (VAFB) and Cape Canaveral Air Station
(CCAS) produce exhaust clouds from the solid rocket boosters and liquid hypergolic
fuels. These fuels contain numerous toxic chemicals such as hydrogen chioride and
hydrazine. The ignition of these fuels produce hazardous by-products such as hydrogen
chloride gas (HC), carbon monoxide (CO), carbon dioxide (CO5), and aluminum oxide
particulates (Al;O3) which pose a risk to human health and welfare for individuals and the
environment with which they come into contact. Due to this risk, safety personnel at the
launch sites use a computer model which can predict the downwind ground level
concentrations. The current model being used is the Rocket Effluent Exhaust Diffusion
Model (REEDM). Based én the results of the REEDM the launch commander must
decide whether the risk posed to human health is significant and whether the launch
should be conducted as planned or whether it should be postponed until local

meteorological conditions are favorable for launch.

One of the drawbacks with the REEDM model is that it uses conservative launch criteria
which may predict ground level concentrations greater than what would actually occur.
Therefore launches may be canceled or postponed unnecessarily at great expense to the
Air Force. One of the major factors for the possible over prediction of ground level
concentrations is the.under prediction of the initial cloud stabilization height. The
purpose of this paper is to develop a model which better predicts the stabilization height

of the plume and therefore provide more accurate predictions of ground level




concentrations. This increased accuracy will provide launch commanders with more
accurate information to base their decision of whether to go ahead with the launch or to
delay it.

It is the intent of this thesis to develop a model which impro?es the accuracy of predicting
the stabilization height of the launch cloud by incorporating better assumptions into a
model based on the principles of conservation of momentum, volume, and buoyancy.

The results of this model are compared to the predictions produced by the REEDM, a
buoyancy formula prediction, and the observed plume stabilization heights for seven

launches of the Titan IV rocket.

Practical Problem

Introduction
The problem facing the Air Force is significant as mission objectives are put at risk and
large costs occur when launches are delayed or canceled. However, it is critical to realize
that the safety of human health and welfare cannot be jeopardized by implementing a
model which under predicts ground level concentrations. To fully understand the
problem it is important to understand the various launch scenarios, which include a

normal launch, conflagration failure, and deflagration failure scenarios.

Launch Scenarios
Launch commanders must consider three different launch scenarios for any given launch.
The first is a normal launch scenario where the launch vehicle produces a large ground

cloud in the initial moments of its launch. As the vehicle clears the ground then it




produces a line source as it continues to climb through the atmosphere. The ground cloud
corisisting of hot buoyant gases will rise up through the atmosphere until the density of
the ground cloud equals that of the ambient atmosphere. The second is the conflagration
failure scenario where the launch vehicle explodes scattering solid rocket motor fuel
which continues to burn either on the ground or as it is falling to the ground. The third is
deflagration failure scenario in which the rocket motor explodes in a large fireball
consuming all the solid rocket motor fuel. The REEDM provides predictions for all three
scenarios, however the efforts of this thesis are concentrated on the normal launch

scenario.

Health Hazards
In a normal launch scenario various hazardous chemical are released which may pose a
risk to populations surrounding the launch site. The hazardous chemicals of interest
include hydrogen chloride gas (HCI), carbon monoxide (CO), carbon dioxide (COy), and
aluminum oxide particulate (Al,03). Currently, it is the risk of acute exposure to these
chemicals which pose the highest risk to human health. In a normal launch scenario these
chemicals are generated in concentrations sufficient to pose a risk to human health for the
populations in close proximity. Hydrogen chloride gas is the most dangerous of the
chemicals because a concentration of only 100 parts per million (ppm) (1: 126) is
considered to be immediately dangerous to life and health (IDLH). It is therefore critical
that accurate exposures can be predicted in order to ensure the safety of military

personnel and populations close to the launch zone.



Academic Problem
The academic goal of this thesis is to increase the accuracy of the predicted ground cloud
stabilization height, thereby allowing for a better prediction of downwind hazardous
chemical concentrations. In order to accomplish this goal, a more detailed description of

the manner in which cloud rise theory is applied in current prediction models is required.

Buoyancy Formula description
Morton, Taylor, and Turner (2: 19-21) studied the behavior of buoyant fluid rise by
basing predictive models on simple conservation principles of volume, momentum, and
density. In addition, they determined a simple buoyancy cloud rise formula, based on
these conservation principles, which predicts a stabilization height of a buoyant cloud as a
function of the heat contained within the cloud. This formula was derived based upon
laboratory research and then applied to atmospheric conditions, and as such this formula
is limited by the assumption that the atmosphere is completely stable and there is a
positive gradient of potential temperature. Previous work accomplished by Sand (3: 1)
used this buoyancy formula to predict stabilization heights of exhaust clouds from rocket

launches.

REEDM Description
A second model used to predict cloud stabilization heights is the REEDM and is the
model currently used by the U.S. Air Force. The REEDM computer program

incorporates three main sections which include a meteorological model, a cloud rise



model, and a multi-layer diffusion model. Information concerning launch vehicle data,
atmospheric meteorological data, and user supplied data are entered into the model to
predict the downwind concentrations. These downwind concentration are given as toxic

hazard corridors which indicate where downwind concentrations exceed permitted levels.

As stated, the REEDM program uses many subroutines in order to determine the toxic
hazard corridors. It is the cloud rise model which is of interest in this thesis. The cloud
rise algorithms used in REEDM are based on fundamental conservation equations and
thermodynamic relationships. A critical parameter in these algorithms is the rate of
entrainment of ambient air into the ground cloud. Entrainment of ambient air into the
ground cloud reduces the buoyancy of the cloud as it rises through the atmosphere until
there is no buoyancy force on the cloud. At this point the cloud will no longer rise and
therefor has reached it’s stabilization height. The REEDM currently employs a default
value for this parameter which is the same for all launches. It is likely that the coefficient
of entrainment is a function of meteorological conditions, therefore investigation of

meteorological conditions and its effect on entrainment is of interest in this thesis.

Scope and Thesis Statement

The goal of this thesis is to reduce the accuracy in predicting the stabilization height of
the initial ground cloud. In particular, this thesis will develop a model employing the
basic principles of conservation for volume, momentum, and density. In addition

observations will be made to gain insight into how the rate of entrainment is affected by




local meteorological conditions. The conditions of interest include the potential
temperature gradient and wind shear in terms of velocity and direction. It is important to
note that the REEDM code is used as a benchmark for comparisons in this thesis using
the results of calculations performed by Sand (3: 35-40). The thrust of this thesis is to
investigate how the aforementioned principles of conservation and effects of entrainment
affect predicted ground cloud rise behavior and ultimately the ground cloud stabilization

height for rocket launches.

Approach

The approach of this thesis involves several different efforts. First, the problem facing
launch commanders at the two launch facilities is defined through a literature search and
interviews with Air Force personnel. Second, a literature review of cloud rise theory is
performed which develops an understanding of the behavior for cloud rise. Third, launch
data of rocket launches is gathered including rocket exhaust characteristics,
meteorological data taken during launches, observed ground cloud rise data, and
predicted ground cloud rise behavior determined by the REEDM and the buoyancy
formula. Fourth, a cloud rise program is developed based upon sound cloud rise theory
which predicts cloud rise behavior. Fifth, the cloud rise program is executed and
experiments on how the rate of entrainment could be better modeled aie performed. The

sixth and final step collects, analyzes, and discusses the results of the experiments.




Results
This thesis is organized into five chapters. The first chapter is the introduction which
describes the problem addressed by this thesis. The second chapter is a literature review
including the background theory this thesis uses as a foundation. The third chapter
describes the methodology employed in developing the model. The fourth chapter
presents the results of the efforts undertaken with this thesis. The fifth chapter is the
conclusion and summarizes the findings and discusses the impact and insights garnered

through the development of this thesis.



II. LITERATURE REVIEW

Introduction
To fully understand this thesis it is important to go into some detail concerning the
background material on which it is based. Towards this end this chapter will chronicle
the literature search conducted which is applicable to the focus of this thesis. The first
area is that of information concerning space launches at VAFB and CCAS. Included in
this will be a discussion of the exposure limit guidance which drives the need to
accurately predict downwind toxic chemical cbncentrations, the current manner in which
these exposure limits are characterized, and the meteorological data available for input
into an air dispersion model. The second area of interest is a more detailed description of
basic cloud rise theory. Finally, a brief presentation of the methodology for current air
dispersions models is addressed. In particular, a description of the REEDM cloud rise
computer sub-routines, the buoyancy formula, and the cloud rise model introducéd in this

thesis will be discussed.

Space Launch Issues

Exposure Limits
Space launch operations at VAFB and CCAS are seriously impacted by laws and
regulations concerning exposure of humans to toxic chemicals. Human exposure limits
applicable to range safety officials at VAFB and CCAS are a result of guidance put forth
by the National Academy of Science (NAS), National Research Council’s (NRO),

Committee of Toxicology (COT), National Institute of Occupational Safety and Health




(NIOSH), and the U.S. Environmental Protection Agency (EPA) (4: 1). The COT
guidance is primarily used for exposure to military personnel. As such assumptions are
made concerning the population to include personnel of good health and women of child
bearing age. The COT has also provided guidance to the DoD for exposure to the general
public. The ceiling limits given are for short term, public emergency exposure guidance
limits (SPEGLs). SPEGLSs are determined based on acceptable exposures to peak
concentrations for a single, unpredicted incident. Therefore the public can be exposed to
the SPEGL for an isolated incident without risk to adverse human health affects. NIOSH
has developed another type of exposure limit for toxic chemicals. The NIOSH levels are
expressed as a dose immediately dangerous to life and health IDLH) (5: WWWeb). The
IDLH represents an maximum concentration to which an average person may be exposed
to for 30 minutes without experiencing health effects which impairs an individuals ability
to vacate the area. Finally, the EPA provides a third type of exposure limit as the level of
concern (LOC) which is 1/10 the IDLH and represents a maximum level of concentration
to which the public can be safely exposed for a one time occurrence. These limits are
used by safety range officials to determine acceptable exposure levels for the three tier

system detailed in the next section.

Toxic Hazard Corridor Estimations
The health risks due to toxic chemical exposures have been categorized into a three tier
system, were each tier represents a toxic chemical concentration level (13: 32). The
safety officials at the launch site then use the REEDM to determine predicted toxic

chemical concentration levels for the area surrounding the launch site. This information is



used to determine the toxic hazard corridors or concentration isopleths. This three tier
toxic corridor system is used by launch commanders at VAFB and CCAS to determine
the potential risk of toxic exposure for local populations and as an aide into their launch

decision.

Meteorological Data
Weather conditions at both launch sites are forecasted based upon meteorological
conditions identified in pre-launch activities. These activities include data gather efforts
of rawinsonde release, tower measurements, and sonic detection and ranging (SOi)ARj
equipment. The meteorological measurements taken include wind speed, wind direction,
air temperature, atmospheric pressure, and relative humidity. The measurements are
taken at frequent intervals from ground level to approximately 3000 meters. Rawinsonde
releases use weather balloons released into the atmosphere to gather data and occur at
various times prior to launch with useable data available about 30 minutes after release
(6: 83-94; 8: 99-112). SODAR e;quipment is used at VAFB along with meteorological
measuring devices to determine wind speed, direction, and turbulence. Thirty minutes
prior to launch at VAFB, SODAR measurements are taken to measure both vertical and
horizontal wind turbulence. CCAS uses tower measurements to determine turbulence
conditions prior to launch. It is important to note that the rawinsonde release method is
the only meteorological measurement method employed at both sites and for all launches.
This is important as it provides the only consistent data gathered and available for

analysis.
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VAFB typically experiences a mixing depth of 150 to 200 meters up into the atmosphere.
A mixing depth represents a height into the atmosphere where a stable region of air is
encountered. Motion across and through this layer is impeded by the stable nature of the
atmosphere at this elevation. At VAFB nocturnal inversions are also common, due to low
wind levels, and produce mixing depths of less than or equal to 100 meters. These
nocturnal inversions nearly eliminate any vertical turbulence in the atmosphere (14: 39).
It is also common for VAFB to experience inversion layers reaching an elevation of 1.5
kilometers. Mixing depths of this height make meteorological data in this region critical
to ensure that all inversion layers are detected and accounted for in modeling scenarios.
This is critical for gaseous diffusion modeling as inversion layers act as impenetrable
barriers to vertical mixing. However, due to the high initial heat of rocket exhaust ground
clouds these clouds contain enough buoyancy to rise through low inversion layers. An
additional meteorological condition of interest at VAFB is an atmospheric transition zone
caused by land-sea breeze effects which can cause considerable wind speed and direction

shears. These shears can cause significant vertical and horizontal turbulence.

Basic Cloud Rise Theory

Introduction
To understand the various cloud rise models used in this thesis it is important to have a
basic understanding of cloud rise theory. The classical meteorological treatment of parcel

motion needs to be addressed, as it lays the foundation for cloud rise. Specifically the of

11



the laws of thermodynamics, the relationship between potential temperature and entropy,

and the hydrostatic atmosphere assumption are addressed.

Thermodynamic Relationships
The first law of thermodynamics is an expression of the conservation of energy in its

various forms and can be written as a rate equation (15: 73-77)

o _dU_d(KE) d(PE) o

CF T a dt 1)
where,

(02 = rate of heat transfer to the system
dUu .
I = rate of change of internal energy of the system
d(KE

( a ) = rate of change of kinetic energy of the system
d(PE

( m ) = rate of change of potential energy of the system
VOV = rate of work done by the system -

The system is a parcel of air of sufficient size to be of continuous density, temperature,
and pressure, yet small enough to be homogenous with regard to these physical
properties. The first law is used to evaluate exchanges between the parcels velocity,

height, and heat.

The second law of thermodynamics defines the entropy of the system and relates the

direction in which the process will occur. Entropy can be thought of as a measure of the

12




randomness of a system on a microscopic level. Therefore as a systems temperature
increases the molecular motion increases thereby increasing its entropy. The second law

can be represented with the following inequality:

dS> ETQ_ ‘ (2-2)
where,
ds = change in entropy
0Q = change in heat content
T = temperature

The equality condition holds only for idealized processes that are reversible. The second
law of thermodynamics can also be defined using the Clausius statement stated simply
that it is impossible for any system to operate in such a way that the sole result would be
an energy transfer by heat from a cooler to a hotter body (16: 167-168). This leads to an
important principle:

dSsystem + dSsumoundings > 0 (2-3)
This inequality means that the only processes which can occur in the atmosphere is one
which maintains or increases entropy. Entropy can be expressed as a function of internal
energy (u) and specific volume (v). The total derivative of the function s(u,v) is as

follows.

ds= (—g—-ﬂ du+ (-g%) dv (2-4)

Using the thermodynamic definitions of temperature (T) and pressure (P) with equation

(2-4) results in the Gibbs’ equation.

13



' 1 P
ds= Tdu+Tdv

(2-5)

The Gibbs equation is useful in that it provides a way in which to compute entropy from

measurable meteorological conditions namely temperature and pressure.

For the study of cloud rise it is also useful to use the definition of specific heat Cp and

assume that the atmosphere obeys the ideal gas law. The ideal gas law and C, are defined

as,
Pv=RT
where,
R = gas constant for air (287 JKg" K)
dh
G =gt
where,

dh = du + Pdv + vdP
Incorporating equations (2-6) and (2-7) the entropy change may be written as:

dh Pdv vdP Pdv dT dP
ds=—- - =¢p——-R—

T T T T 9T "%

Integrating equation (2-8) gives,

R

- aiings|-R(ing) = o 22
S S°"C"[lnTo] Rilnp,) =G| I T\

Solving for the final temperature (T) gives:

14

(2-6) -

@7

(2-8)
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rerf2) 5]

Finally, if it is assumed that the parcel motion is reversible so entropy remains constant
and adiabatic so no heat is transferred between the parcel and the atmosphere then the
process is isentropic or (s—so = 0). With this assumption the parcel temperature can be

calculated using the following equation.

R

T= To(%) @ @-11)

Relationship Between Potential Temperature and Entropy
Meteorologists use the concept of potential temperature (0) to define entropy changes.
The potential temperature effectively normalizes the temperature with respect to pressure.

To define entropy changes with potential temperature the following equation applies,

S—So= cp[ln(%)] (2-12)

Comparing this with equation (2-11) which assumes the parcel behaves as an ideal gas

the potential temperature can be expressed as,

R
06 T(Po\or
a = ?o P (2-13)

The convention is to assign Po = 1000 millibars and 8. = T, yielding,

o T(IOOO) & 214

Finally, the second law can be expressed as a function of potential temperature.

15



®_. & 1ds, (2-15)

it~ Gt
At this point if a relationship between pressure and altitude can be derived, the potential
temperature as a function of height can be defined. This is known as the potential

temperature lapse rate.

Potential Temperature Lapse Rate
Cloud rise theory makes the assumption that the atmosphere can be treated as though it
were at rest for the purpose of relating pressure to altitude. For an atmosphere at rest, the
hydrostatic pressure at height (z) becomes the weight of the air column above the height

(z). This can be stated as,

=0

p=] pedr , (2-16)

This pressure relationship can be written as the total derivative

oP oP oP oP
dp=Edt+&dx+gdy+adz 2-17)

This total derivative can be simplified employing the hydrostatic pressure relationship

which presumes that oP / ot , OP / 0x and, OP / Oy equal zero.

The potential temperature lapse rate can be derived by combining the hydrostatic pressure
relationship with the definition of potential temperature. In order to do this the potential

temperature equation is first logarithmically differentiated to give the form,

16



106 10T R 0P
——— = 2-18
060z Toz GPoz (2-18)
substituting,
__8
for,
o
results in,
00 0|dT g| ©
aZ—T[aZ+Cp]—T[Yd—Y] (2-19)
where,
00 .
= = potential temperature lapse rate
_8 10°K _ .
Yd = C ~ km dry adiabatic lapse rate
T o apsera
r=-7 apse rate

With the above equations the potential temperature lapse rate becomes a useful measure

of atmospheric stability and will be explored in the next section.

A Linear Model of Vertical Parcel Motion
In the most basic sense, in absence of other external forces, vertical parcel motion occurs
when the density of parcel is less than that of the surrounding ambient atmosphere.
Under these conditions a buoyancy force acts on the parcel. Employing Archimede’s

principle, this buoyancy force is directly proportional to the force of gravity times the

17




difference in mass of the parcel (M;) and that of the air displaced by the parcel (M) (22:
475).

Fo = g(M-M,) (2-20)
Employing Newton’s second law of motion, the parcel acceleration can be determined.

d2
Fo = Mya = M,,Fz (2-21)

By equating these two equation and dividing by the parcel volume, the vertical

acceleration can be expressed as a function of the density differences.

d’z p-p
o g( > J (2-22)

At this point in vertical parcel motion theory two assumptions are made.
1. The parcel is at equilibrium in terms of pressure at any give height (z).
2. The parcel motion occurs without any heat transfer with the atmosphere and
the process is isentropic and therefore has constant potential temperature.
Employing these assumptions, the ideal gas law (2-6) and potential temperature equation

(2-13) yield the following.
— == (2-23)

Where the subscripted values indicate the properties of the parcel and unsubscripted
values represent the properties of the ambient atmosphere. With equation (2-31) the

vertical acceleration of a parcel can be expressed as the following.

d’z 0,-0
-2 @2
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From the above equation it can be seen that if the potential temperature of the parcel is
greater than the surrounding air, the parcel will have an upward acceleration and
alternately if the potential temperature of the parcel is less than the surrounding air the
parcel will have a downward acceleration. This information can be used to classify
stability classes pertaining to vertical motion. The following inequality équations are

typically used in meteorology to establish stability classes.

00
stable: -é; >0

00
neutral: o 0
unstable; % <0

For this analysis it is assumed the parcel is initially at equilibrium with the surrounding
atmosphere at the point prior to displacement. To illustrate this, if the atmosphere is
stable and the parcel is displaced upward, then the parcel will cool faster then the
surrounding air and therefore will have a higher density then the surrounding air causing
it to sink down to the height where there is no difference in density between the
atmosphere and the parcel. In this way, a stable atmosphere acts as a restoring force,
thereby dampening vertical turbulence. In a neutral atmosphere the parcel will cool at the
same rate as the atmosphere and will eventual stop its upward movement due to frictional
forces. Finally, in an unstable atmosphere the parcel will cool slower than the
atmosphere, resulting in the parcel having a lower density than the surrounding air. This

results in the parcel experiencing a buoyant force which will accelerate the parcel upward.
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Stability Parameter
The following derivation describes the stability parameter based on the potential |
temperature profile of the atmosphere. To begin, the potential temperature of the
atmosphere can be approximated using a Taylor series expansion. For small differences

in height we can drop the higher ordered terms which results in the following equation.
00
0-0o=—(z- -
¢} P (z—20) (2-25)

The acceleration of a parcel with a small change in height can then be approximated as:

d*(z-z, 0-0, do
EFAT) D e

Substituting m for z- z., the linear homogenous second order differential equation

results:

d? 00
2.4 -

This has a solution of the form n = Ae™, with a characteristic equation of

% +§(gi) =0 (2-28)

[+]

Solving for A gives:

—<0 (2-29)

—>0 (2-30)




The term wp, has the units of (1/sec) and is known as the Brunt- Vaisala frequency.

The Brunt- Vaisala frequency captures the physical dynamic that the parcel will
oscillate about the height where there is no density difference between the parcel and the

atmosphere until frictional forces cause the parcel to remain at the height of no density
difference. For the case of a stable atmosphere (ﬁe 5> 0) the solution for 7 is,

n=Ae™s + Be v (2-31)

The coefficients A and B are found using the initial conditions at t = 0, namely where,

d
d—? = Wo, and n, = 0, where W, = initial displacement velocity
from which
A= L 2-32
C2iW,, T T 2iW, (2-32)
Therefore,
Wo iwpgyt ~iwgyt
=W [e e Mavt], (2-33)
If we now apply Eulers identity we get,
N =——sin(Wy,t). (2-34)

WBV
If the initial height is assigned to be zero then this equation forms a relationship between
height and the potential temperature lapse rate. This can then be used to predict the
height a buoyant air parcel will rise. It is also important to note that the height z is

periodic with respect to time and will reach a maximum value when,
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%
Wth=( £Z t=-’23 (2-35)

For the case of an unstable atmosphere the equation for 1 is,

%

% P
Wo clad t B
T':W e‘”‘» —e 9% (2-36)
g
2__
oo

Inspection of this equation illustrates that the first term will grow exponentially while the
second goes to zero and confirms the instability of the parcel when the potential lapse rate

is negative.

The preceding analysis represents a relationship predicting the height a parcel will
achieve given an initial displacement velocity and the potential temperature lapse rate. A
similar type of analysis can be accomplished for a parcel with a given initial buoyancy
due to the parcel having a different potential temperature than the surrounding air. This is
the case which more accurately represents conditions during a rocket launch, as the rocket
exhaust has a much higher temperature than the surrounding atmosphere. In order to
develop this relationship the assumptions of isentropic displacement with no entrainment
of surrounding air into the parcel and the hydrostatic atmosphere are required. With these

assumptions,

dz'l'] g(@@) (ep—eo)
i Te\az) T8 e (2-37)
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where,

initial acceleration att =0

(ep-eo)
86,

9

I

initial parcel potential temperature

6, initial ambient potential temperature
This is a non-homogeneous differential equation with constant coefficients. The solution

to this equation for a stable atmosphere is,

n=42
Way

g (ep-eo

o )(l —COSWy,t+ isianvt) (2-38)

The real part of this equation defines a cyclic function, which predicts the height a
buoyant parcel will reach given an initial buoyancy and given potential lapse rate. The

maximum height occurs when coswy, = -1.

The preceding discussion of the linear model for parcel motion has introduced the
concepts of buoyancy, acceleration, and potential temperature. These ideas will be used
in the next section form the basis of the cloud rise algorithms used in the REEDM, as
well as the derivations for the buoyancy formula and the differential equation model

presented in this thesis.

Meteorological Parameter Effects on Entrainment and Cloud Rise
Entrainment is the phenomena in which ambient air is mixed with gases contained in a
cloud. In the case of a rocket exhaust cloud entrainment mixes cooler ambient air into the

exhaust cloud thereby reducing its buoyancy. Several different meteorological
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parameters have an effect on this rate of entrainment. Some of these parameters serve to
reduce the entrainment thereby holding the cloud together and retaining its buoyancy
while others serve the opposite function. Some of the critical meteorological parameters
of interest for this purpose are the potential temperature lapse rate, wind speed, wind
direction, dew point temperature, and relative humidity. This section will discuss the

qualitative affects these parameters have on the rate of entrainment.

The potential temperature lapse rate introduced earlier in this chapter is a common
parameter used to classify the stability of the atmosphere. As mentioned earlier unstable
atmospheric conditions occur when the potential temperature lapse rate is negative. In an
unstable atmosphere a parcel of air set in vertical motion by some sort of turbulence will
tend to continue its motion (18: 2). This has the effect of increasing the amount of
turbulent motion in the atmosphere which thereby increases the amount of entrainment.
If the atmosphere is stable then the opposite is true. A parcel of air set in vertical motion
by some kind of turbulence will tend to return to the elevation from where it was
displaced. For this reason it is likely that the stability of the atmosphere has a strong

affect on the rate of entrainment.

Wind speed also seems to exhibit an affect on atmospheric turbulence and thereby the
rate of entrainment. Wind persists in the atmosphere due to relative air pressure
differences. Wind is caused by an area of relatively high pressure moving to an area of
relatively low pressure. Due to ground effects in the boundary layer the nature of wind is

especially chaotic. This causes the wind to change speed and direction in a relatively
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small amount of space. This then causes shearing forces in the atmosphere which causes
the atmosphere to become tqrbulent (19: 66-69). If a buoyant cloud is rising through
this turbulence, as is the case for a rocket exhaust cloud, the rate of entrainment of .
ambient air into the cloud will increase. The stronger the winds the more profound the
effect on the rate of entrainment. In this sense, it is expected that strong‘winds increase
the amount of entrainment experienced by a rocket exhaust cloud rising through the

atmosphere.

The dew point is the temperature to which moist air must be cooled at constant pressure
and moisture content for it for it to reach saturation (20: 19). This means that water
vapor condenses when the temperature of the parcel reaches the dew point. If the
temperature of the air is above the dew point evaporation will occur. The evaporation
process takes energy, in the form of heat, from its surroundings. Therefore, the greater the
difference between the dew point and the temperature of the air the more evaporation
occurs. In the case of a rocket exhaust cloud from a Titan IV rocket the temperature of
the exhaust cloud is approximately the same from launch to launch. As a result, the lower
the ambient dew point the more evaporation will occur. This evaporation uses the heat
contained in the cloud reducing its own buoyancy. This affects the cloud such that it
retards the vertical motion and consequently redu;:es the clouds ability to rise through the
atmosphere. The relative humidity has the same effect as the dew point. Relative
humidity represents the amount of water vapor contained in the atmosphere. At 100%
relative humidity the atmosphere is saturated and evaporation cannot occur; therefore, the

lower the relative humidity the more evaporation will take place with the same effect on
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the rise of the cloud. In summary, the lower the dew point and relative humidity the
quicker the buoyancy force will dissipate and the less energy the cloud has to be propelled

upward.

Discussion of Cloud Stabilization Height Theory

Discussion of Conservation Equations
Morton, Taylor, and Turner presented a method to determine stabilization heights in the
case where a lighter fluid is discharged into a heavier, stably stratified fluid with which it
can mix. This scenario can also be simulated through a sudden release of heat into the
fluid thereby causing a cloud of heated fluid to rise through the stably stratified
environment. Morton et al. used equations representing conservation of volume,
momentum, and heat to study vertical convection in an environment of an incompressible
fluid. These conservation principles were then used to present a series of differential
equations for both continuous and instantaneous sources. The system of equations

presented for an instantaneous source are as follows.

d(4 , ‘
)] a—(g nr3) = 4nraku, (conservation of volume)  (2-29)
. d(4 4 .
(ii) @ Enr pku| = Enr kg(p -P, ), (conservation of momentum)
d(4 - 4
(iii) —-—(—nﬁkg B"——p) = ——nr’Gu, (conservation of heat)
dt\3 , 3
dx
@iv) i u (velocity)
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Where,

r = cloud radius
a = coefficient of entrainment

k = unit vector conversion factor equal to 1
u = vertical velocity

g = acceleration due to gravity

p = cloud density

p, = atmospheric density

p, = reference density

_gdp,
p, dx

G=
These equations are based on two main assumptions.
i. The rate of entrainment at the edge of the plume or cloud is proportional to
some characteristic velocity at that height.
ii. The largest local variations of density in the field of motion are small in
comparison with some chosen reference density.

These conservation equations, when solved for provide a method to predict stabilization

heights of exhaust clouds generated by rocket launches.

Simple Cloud Rise Formulas
The buoyancy of a cloud is a significant factor in determining the stabilization height of
clouds. Using this fact, a lot of research has been accomplished attempting to develop a

simple formula to predict stabilization based on the buoyancy of a cloud. Methods for
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doing this have been developed over time resulting in numerous solutions, too many to be
listed here in an exhaustive manner (21: 59). The problem is that many of these methods
are based on empirical findings and limiting assumptions, therefore they do not agree
with each other or with observations except on an approximate basis. However, these
simple formula can still be a useful comparison for new methods. One in particular,
introduced by Morton et al., uses the heat released into a cloud to predict a final

stabilization height.

H=187Q% (2-40)
Where H is the final height in meters and Q is the rate of heat released in Joules. This can

be applied to rocket launches as the heat generated in a launch is a known quantity.

The REEDM Cloud Rise Formula for Instantaneous Sources
The current model used by the U.S. Air Force is the REEDM. The developers of the
REEDM used a linear model approach which is similar to the linear model of vertical
parcel motion described in the previous section. The REEDM also employs other cloud
rise algorithms to model launch scenarios including explosions and prolonged burning of
fuels. These latter scenarios are not the focus of this thesis and therefore those algorithms
will not be discussed. The REEDM uses the algorithms for cloud rise in an iterative
manner which allow for air entrainment to be included and the subsequent reduction of

buoyancy as the cloud rises.

28



Following the work performed by Morton et al. (2: 1) the instantaneous cloud rise
equation in the REEDM employs Newton’s second law of motion for the relationship

between the buoyancy force and the vertical momentum.

d
F, = E(Mcw) (2-41)
where,
w (vertical velocity)

Tdt

In equation (2-39) the buoyancy force is,

F, =g(M-M,) (2-42)
In equation (2-40) the subscript refers to the mass of the cloud and the unsubscripted
variable refers to the mass of the displaced ambient air. If we use the relationship

between mass, density, and volume and if the cloud is assumed spherical we can

determine the buoyancy force for a spherical cloud.

F, =g(M-M,) (2-43a)
F, = Ve(p-p.) (2-43b)
F, = %nﬁ(p -p.) (2-43b)

Using equations (2-39) and (2-41b) results an equation for momentum (m):

4 3
m= Enr p.W (2-44)

Dividing equation (2-42) by (4/37p.) gives the basic REEDM equation.

29




br® = i—(pcwﬁ) (2-45)

where

b g(p—pc) N g(p—pc)
P, p

r = cloud radius

The buoyancy force acting on a cloud that rises with constant potential temperature

decreases as a function of the atmospheric lapse rate (y = d0/dz) in the following manner.

dF, d[Mg - 899
- _dz[ . (OP—O)]=-McedZ (2-46)

The above equation assumes the cloud rises with constant mass and in a isentropic
manner. The REEDM authors then apply the chain rule to obtain the following equation.

dFy dFpdz 4 , gdo _ 4 .
Gt - dz dt 31z:r p°6dzw__3m P SW 2-47)

Where s is the stability parameter used by the REEDM and equals the following.

R(&

_g
=9

The rate of change of the buoyancy force is equated to the second derivative of

momentum to yield.
, _
£ (or?) = <5 (o) = ~sur’ (2-48)

where % 7p, has been divided out of the equation. The middle term can be transformed

again by using the chain rule twice resulting in the following form of the equation.
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d? 3 2 i 3
W) =u [dxz (wr )] (2-49)

where dx/dt = u is the mean steady state horizontal wind speed. The final form of the

cloud rise equation is,

d?(wr?)
dx2

u—2

= —s(wr?) (2-50)

This equation is a second order differential equation with the following solution, if s is

assumed to be constant.

wr’ =F_ co{[?) + %sin([gj (2-51)

u
Where,
F,=w,r initial momentum (constant)
3
F =br’=~ %’f initial buoyancy (constant)

Q, = initial heat release to create the buoyant cloud

Entrainment is the physical phenomena whereby atmospheric air surrounding the cloud is
mixed into the cloud through turbulence. Specifically, turbulent eddies coming in contact
with the edge of the cloud will mix ambient air into the cloud. As the atmospheric air is
cooler and denser than that of the cloud, the buoyancy of the cloud decreases as a function
of the rate of entrainment. The REEDM code uses work accomplished by Morton et al.,
to model the growth of the cloud in a linear form and as a function of height.

Ir=r1,+0z (2-52)
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where,
r = the cloud radius

r, = the initial cloud radius

o = an empirical entrainment coefficient
The value used in the REEDM was arbitrarily decided to be an o = 0.64. Morton,
Taylor, and Turner (2: 19) performed some laboratory work to determine an appropriate
value for the coefficient of entrainment. Their study concluded that for a stable stratified
environment an appropriate value for this coefficient should be an o varying from 0.27 to
0.34. It is clear however, that any atmospheré outside of laboratory conditions will not be |

stable and stratified completely therefore a value greater than the 0.27 is appropriate.

To determine the equation used by the REEDM, equation (2-50) is substituted into
equation (2-49) and then is integrated. This results in an equation which predicts the

height an instantaneous ground cloud will rise.

A

[ J—51n(tJ_ )+ (1 cos(t5)) + ( )4] +%° (2-53)

This is the form of the cloud rise equation employed by the REEDM which is similar to

the linear model described earlier while being modified by the air entrainment
assumption. It is important to reiterate the assumptions for which this equation is
appropriate.

1. The mass of the parcel is constant.

2. The cloud rise process is adiabatic and reversible (i.e. isentropic).
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3. No water vapor phase change.
4. The stability factor (g / G)dG / dz is constant over the cloud trajectory.

5. Horizontal wind speed is constant over time and height of the cloud trajectory.
6. Stable atmosphere (s > 0).

7. Entrainment coefficient is constant over the cloud trajectory.

The above assumptions applied to the cloud rise equation (2-51) seem to be restrictive
when applied to real world conditions. In an attempt to minimize this affect the REEDM
algorithms employs an iterative scheme to move the buoyant plume through its rise. The
algorithm takes vertical steps whereby conditions requiring constant values are assigned
the average values associated with that layer. In this way the REEDM is better able to
approximate cloud rise behavior and the final stabilization height of a rocket exhaust

cloud.
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IIl. METHODOLOGY

Introduction
The approach, used in this thesis, for investigating the instantaneous ground cloud rise is
based on a system of differential equations derived by Morton et al. from basic principles
of the conservation of volume, momentum, and density. A numerical algorithm has been
implemented in Mathcad™ to solve these equations. This algorithm is called the model in
the remainder of this thesis. The model is then enhanced so it can predict stabilization |
heights based only on information known prior to launch. In order for the model to have
this capability values must be known for its three input parameters. These parameters
include an initial ground cloud radius, the density change in the ’ambient atmosphere as a
function of height, and the coefficient of entrainment. This chapter will discuss the
methods us‘ed to determine values for each of these parameters. In addition, this chapter

will also detail the launches used as test cases for its development.

Selection of Test Cases
Many rocket launches have occurred at VAFB and CCAS over the past years, however
not all have cloud rise observation measurements. This observation data is critical in
testing and validating any cloud rise model because of its utility in providing data
required to develop a model. The Titan IV rocket program is therefore of prime interest as
seven separate launches have observed cloud rise data measurements along with the

corresponding meteorological measurements. This data can be found in Appendices A

34




and B. five launches occurred at CCAS and are identified as K-2, K-16, K-19, K-21, and
K-23, while two obcuned at VAFB and are identified as K-15 and K-22. The
observations were made using both visual and infra-red imagery techniques or a
combination of the two. These data have then been used to determine curve fit equations
for cloud rise as a function of time. This equation therefore can be used to plot a profile
of the height of the cloud as a function of time and can be used to compare results from
cloud rise prediction models. In addition to the curve fit equation, the reports and
memorandums provide summary data for the ground cloud stabilization heights for the
bottom, centerline, and top of the ground cloud (7: 16-18; 8: 17-24;9: 16-18; 11: 11-

13; 12: 15-18) and are presented in Table 3-1.

886 164 1152

1370 383 219 1080

1370 N/A N/A 1394 886 164 1152

1871 658 1023 1774 1375 702 1640

1864 N/A N/A 1913 1375 702 1640

2635 1172 1877 2482 2120 1264 2211

2635 N/A N/A 2433 2120 1264 2211

7/2/96  12/5/95 4/24/96 7/10/95 11/6/95 5/12/96 5/14/95

Table 3-1: Measured Titan IV Cloud Stabilization Heights (meters)
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The five launches at CCAS are used as the primary focus for development of the model.
This is done because they provide enough cases to develop a model upon. The VAFB
launches are then used as independent test case for the predictive model. This will help
to validate to some extent the robustness of the model in predicting stabilization heights

for launches at locations other than CCAS.

Basic Differential Equation Model

Development of Differential Equations
Morton, Taylor, and Turner developed a system of differential equations which are used
to predict the stabilization height of an instantaneous buoyant cloud (2: 15-19). This
system of equations are based on fundamental principles of conservation. These
fundamental principles include the conservation of volume, momentum, and density
deficiency. The fourth fundamental quantity used in the system is that of vertical
velocity. The vertical motion of the cloud is driven by a buoyancy force which is due to a
density difference between gas inside the cloud and that of the ambient atmosphere. In
the process of rocket launches, a ground cloud of heated exhaust is quickly formed before
the rocket achieves sufficient altitude to no longer contribute exhaust gases to the ground
cloud. An important assumption is that the time in which the ground cloud is formed is

quick enough to assume it is created instantaneously.

The instantaneous ground cloud begins it vertical motion and rises into the atmosphere.
As it does so the turbulent nature of the ground cloud and the atmosphere cause the gases

of the cloud and the surrounding air to mix. Ambient air is denser than that of the cloud
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gases, therefore as entrainment occurs the density of the cloud will increase. This mixing
of ambient air into the cloud is termed entrainment and is one of the braking forces which
slows vertical motion eventually causing the cloud to reach a stabilization height. The
other force slowing the vertical motion of the cloud is due to the decreasing density of the
* atmosphere as a function of height. In a stable atmosphere, pressure decreases with
height thereby causing the density of the air to also decrease. This decrease in
atmospheric density coupled with the increase in cloud density due to entrainment drives

the density difference to zero, at which point the cloud has reached a stable altitude.

The conservation equations employed by Morton et al. (2: 15-16) are given as equation

(2-53) in Chapter 2 and are provided here again for convenience.

d(4
(i) a(g nr3) = 4nr’oku, (conservation of volume) (2-39)
.o df4 4 X
(i1) G\3™ pku| = 3™ kg(p— P, ), (conservation of momentum)
Lodf4 po—p)_ 4, :
(iii) o ( 3 kg o )=73 nr Gu, (conservation of heat)

dx
(iv) A (velocity)

Equation (2-53) can be simplified to the following system of differential equations.
B d 3 2
@ E{(r ) =3r%ow, (3-1)
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(ii) %(TSPU) =r’g(p-p,)

ees E_ 3 po—p)_ 3
(iii) m (r g o =-1"QGu,

1

@iv) T u

where k is a unit vector equal to one for this case and,

d
G=_2%
p, dx
If,
v, =1’
v, =1’pu
v =r3g po p
? P
V, =X

and substitute into equation (3-1) the following results:

@) %(v,) = 3r’qu = 3rqu (3-2)
. d
(i1) a(vz) = Vl(po - P) =P1V;

(iif) %(v3) =—v,Gu



) 4
) 5
Where,
Vi P
P=Po—7
vV, 8
A
viP

The system of differential equations (3-2) are now in a suitable form to be solved with a
numerical methods solution. The numerical method employed by this thesis is detailed in

the next section.

Numeri_cal Methods Solution
The model presented in this thesis uses the mathematical software program, Mathcad
PLUS 6.0 Professional Edition™ to solve the system of differential equations (3-2). The
Mathcad ™template developed to solve for the stabilization height uses a numerical
methods solver function included in the Mathcad ™ software. In particular, the
Mathcad™ function “rkfixed” is used to solve for the variables vy, v2, v3, and v4. The
function “rkfixed” is a Runge-Kutta numerical methods solving algorithm. This function
requires a vector of initial values for v, endpoints of the interval to be solved, and the step

size used to progress through the interval.
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Assumptions

To determine a vector of initial values a series of assumptions are required. The first
assumption is that although the ground cloud is assumed to be instantaneous an initial
radius is required. The assumption of an instantaneous cloud, taken strictly, would result
in the cloud having no initial volume and therefore an infinite mass. This is not realistic
in real world applications, as a point of infinite mass would never rise off the ground.
Therefore the assumption is that the rocket launch creates an initial ground cloud in the
first few seconds of the launch, as the rocket leaves the pad and gains sufficient altitude it
soon has only a negligible affect on the ground qloud. It is at this point in the launch that
the assumption of an instantaneous cloud is made and as such the cloud has an initial
volume. It is also assumed that the cloud can be approximated as a sphere near the
ground and through its ﬁse, and therefore an initial radius (1) is used to characterize this
volume of the cloud. The next assumption is that the ground cloud has no initial vertical
velocity. This seems appropriate as the cloud is not imparted with any mechanical force
thrusting it upward off the ground. Only the buoyant force created by the density
difference between the cloud and the ambient air provide any vertical force on the cloud.
The next assumption concerns the change of the ambient air density with height and is
required because the template can not be iterated from the ground level through a series
of intermediate elevations. This results in the need to establish a characteristic ambient
air density change (dp/dz) as a function of height. The final assumption concerns the
value of the coefficient of entrainment (o). Original testing of the model uses the same

assumption as the REEDM used with an estimate of 0.64. With the above assumptions
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the model has all the required inputs and is used to predict the stabilization height of the
ground cloud. Further experiments are then performed to better determine approximations
for the initial ground cloud radius (r,), density change rate (dp/dz), and coefficient of

entrainment (o).

Predictive Differential Equation Model

The basic differential equation model discussed previously is based on meteorological
and observational data for the five CCAS launches. The purpose of the thesis is to
develop a model which can be used to predict stabilization heights for future launches. In
order to accomplish this, the model will have to determine appropriate input parameters
for the initial radius, density rate change, and coefficient of entrainment based solely on
information known prior launch. Therefore, observational data used in the basic model
will not be available for use to determine these input parameters in the predictive model.
The following section therefore, details the methodology employed to determine
appropriate values for the three input parameters based only on meteorological data which
is known prior to launch.

Coefficient of Entrainment Determined from Observation Data
A better approximation for the coefficient of entrainment (o) values is desired as it is
unlikely that a default value of 0.64 is appropriate for all launch conditions. Therefore,
values for the coefficient of entrainment are calculated based on observation data of the
CCAS launches. The data of interest is the cloud stabilization height and the radius of the

cloud at that height. With this information and assuming an initial radius of 200 meters,
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equation (2-50) is used to solve for the coefficient of entrainment (o). Using this
methodology a value for the coefficient of entrainment is determined for each of the
CCAS launches. These a values, referred to as observed coefficients values, are then
used to determine better values for the other two input parameters.

Initial Cloud Radius Determination
One of the three input parameters required to run the model is the initial cloud radius. An
experiment with the model is accomplished in order to determine an appropriate value for
this parameter. This is accomplished using the observed coefficient of entrainment
values and a value for the density rate change (dp/dz) calculated from meteorological data
taken before the launches. The value of (dp/dz) is calculated using equation (3-3), where
the subscript (stab) refers to values at the stabilization height and the subscript (o) refers

to ground level values.

4P _ Psab —Po

dz  z, -z, (3-3)

With appropriate values for the coefficient of entrainment and the density rate change the
model is run a number of times to determine an appropriate value of the initial radius.
The appropriate value will be chosen based on the initial radius which provides the most

accurate stabilization heights for all the CCAS launches.




Determining a Characteristic Density Rate Change Value
Once an appropriate value for the initial radius has been determined the next step is to
determine a method for predicting a reasonable value for the density rate change as a
function of altitude. Initial values for the density rate change (dp/dz) were based on the
density change between the density values at the stabilization height and fhe ground. If
the model is to be a predictive tool then this methodology for determining (dp/dz) is
unacceptable as the stabilization height is an unknown before the launch occurs. Towards
this end an experiment is conducted to determine if a characteristic density rate change
can be determined. The experiment will use a density rate change between a set altitude
and the ground for all CCAS launches to determine if the model provides reasonable
stabilization height predictions. The results of this experiment will provide a way to
approximate a reasonable characteristic density rate change value that may be determined

before launch. This will allow the model to be used as a predictive tool.

Determining a Coefficient of Entrainment Value
At this part in the methodology two of the three input parameters are determined.
Namely the values for an initial radius and a characteristic density rate change. The final
input parameter to be determined is the coefficient of entrainment value (o). It seems
reasonable to assume that the coefficient of entrainment is a function of meteorological
conditions. Therefore, an investigation of meteorological conditions is conducted to

determine a predictive tool for the coefficient of entrainment.
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Meteorological conditions have a major impact on the vertical motion experienced by a
rocket exhaust ground cloud. Variables such as potential temperature lapse rate, dew
point temperature, relative humidity, wind speed, and wind direction all can have an
impact on the rise of buoyant clouds. An investigation of these variables can lend insight
into the type and magnitude of these effects. The analysis is conducted using the
rawinsonde data collected at each of the five launches from CCAS. The analysis includes
profiling the variables of interest with height, and determining statistical mean and
variance values for regions of interest in altitude. The first region includes the elevations
near the ground typically beginning about 75 meters off the ground to approximately
400m. This region is important because it represents the elevations of initial cloud
development and movement. Effects of air entrainment and atmospheric stability at these
initial elevations seem to have a strong effect on cloud behavior. The second region
extends up from a height near the ground to the elevation of cloud stabilization. This
second region is of interest to ensure that anomalies of atmospheric conditions at higher
elevations are not overlooked. The analysis consists of comparing the profiles, means
and variances for the variables of interest to the observed behavior of the ground cloud.
This comparison helps to highlight which variables seem to have an effect on entrainment

and therefore cloud rise.

The results of the investigation will highlight meteorological conditions which seem to
have the greatest affect on the coefficient of entrainment. The conditions highlighted are
then used to determine a function based on these conditions to predict a coefficient of

entrainment value specific to each launch.
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Final Run of the Model for CCAS and VAFB Launches
The final step in the process is to run the model using the determined initial radius value,
the characteristic density rate change value, and the predictive coefficient of entrainment
function. The stabilization height results of these model runs are then compared to
observed stabilization height values and predicted values determined using the REEDM
and the buoyancy formula. In addition, to help determine the ability of the model to
predict stabilization heights at location other than CCAS the model is run for the two
VAFB launches. The results of the VAFB are then compared in a similar manner as

those for CCAS.
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IV. RESULTS

Introduction
The results from this thesis are organized into sections presenting four categories of data.
Each section show results of the predicted ground cloud stabilization height and the
observed stabilization heights for the five launches at CCAS. The first three sections
represent the results determined using approximations of required input variables for the
model. The first section shows results of the model experiments performed to determine
a reasonable initial ground cloud radius. The second section show results of
approximating the density rate change (dp/dz). The third section shows the cloud
stabilization height results using two possible prediction equations for the coefficient of
entrainment. This third section also provides the statistical analysis used in determining
the regression equations for the coefficient of entrainment. The fourth section shows the
results of employing the model with an appropriatelinitial radius, density rate change, and
coefficient of entrainment along with results determined by the REEDM and buoyant

formula.

Observed Coefficient of Entrainment Results
After creating the basic model from the conservation equations introduced by Morton et
al. (2: 15-16) the first step in the model’s development is the determination of an
appropriate initial radius. In order to accomplish this, values for the coefficient of
entrainment and density rate change as a function of height need to be assumed. The

coefficients of entrainment for each of the five CCAS launches are determined based on

46




observation data provided by summary reports of the launches(7: 16-18; 8: 17-24; 9: 16-
18; 11: 11-13; 12: 15-18). Specifically, this is accomplished using data of the cloud top
and center line heights as a function of time and is provided in Appendix B. This data is
then used to determine the maximum radius of the ground cloud. This information is
used to determine a coefficient of entrainment using equation (2-52). Table 4-1 shows

the data used in this process and the resulting value for the coefficient of entrainment.

Table 4-1: Initial Coefficient of Entrainment Values

Initial Density Rate Change Values

In order to run the model a second value must be determined. This input to the model is
the density change rate as a function height (dp/dz). This value is determined using a
linear difference between the density at the stabilization height, known from observation,
and the density at ground level. The values calculated for the density rate change are

shown in Table 4-2.
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Table 4-2: Initial Density Rate Change (dp/dz) Values

Prediction Results Using Initial Radius and Observed Entrainment Values

With the above values for the coefficient of entrainment and the density rate change the
model is used to perform a series of runs using initial ground cloud radii ranging from
100 meters to 250 meters in order to determine an appropriate initial radius for the model.

The Mathcad template summarizing this data is included in Appendix C.
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Figure 4-1: Plot of Initial Radius Experiment
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The initial radius of 175 meters seems to be an appropriate value for use in the model

based on the data represented in Figure 4-1.

Stabilization Height Results Using a Characteristic Density Rate Change

The atmospheric density rate change is the second key input required to use the model. In
order to predict this value it is assumed that the change in atmospheric density with height
can be approximated using the change in density from an altitude of approximately 100
meters to an altitude of 1000 meters. With this assumption the model is run for each of
the five CCAS launches to determine stabilization heights. In addition, the initial radius
is again varied in length with a narrower range including radii from of lengths of 150
meters to 230 meters in length. The results of this effort are summarized in Figure 4-2

with the raw data presented in Appendix D.
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Figure 4-2: Plot of Stabilization Heights with Change of Density Assumption

The above figure shows little change in the prediction of ground cloud stabilization
heights due to basing the density rate change on atmospheric conditions from
approximately 100 meters to 600 meters. This is evidence that the characteristic density
rate change value is a good approximation of the value based on knowing the observed
stabilization height. In addition, the previous use of an initial radius of 175 meters seems
close, although 170 meters seems more appropriate. Based on the data illustrated in
Figure 4-2 the density rate change seen in the 100 to 600 meter range and an initial radius

of 170 is used in the following work With the model.




Results of Determining an Appropriate Coefficient of Entrainment
The third and final key input required for use of the model is the coefficient of

entrainment. As discussed in Chapter 2 the rate of entrainment is affected by various
atmospheric conditions. This sections illustrates the atmospheric variables which seem to
have the most significant impact on entrainment. ' Atmospheric parameters such as
potential temperature lapse rates, potential temperature, temperature, dew point
temperature, wind speed, wind direction, and relative humidity are profiled with height
for the five CCAS launches. These profiles are included in Appendix E. Inspection of
these profiles indicate that the atmospheric parameters including potential temperature
lapse rate, dew point temperature, and wind speed have an impact on entrainment.
Therefore, these parameters are used in a statistical analysis to determine a linear
regression fit to predict a coefficient of entrainment. This is accomplished by taking
mean values for these parameters and fitting them to the calculated entrainment values
shown in Table 4-1. Mean values are calculated for these parameters using different
regions of data. The regions are used to depict conditions near the ground and conditions
extending higher into the atmosphere. The lower regions are used to depict conditions
which are assumed to have greater impact on the cloud rise. This assumption is made as
effects early in the cloud rise process affect the cloud for a greater amount of time. For
instance, if the cloud experiences an unstable atmosphere close to the ground it may be
pulled apart before it has a chance to rise into a more stable atmospheric condition. In

addition to the mean values calculated for the potential temperature lapse rates a weighted
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average of this parameter is also determined for the low and high regions. A summary of

this data and coefficient of entrainment values are presented in Table 4-3.

300 - 2000 038 037 076 042| -1.72|

100 - 600 -2.62| 241| 6.00( -1.11| 8.28

100 - 600 21.5) 152 202 163| 214

100 - 600 623 7.12| 742| 348 4.08

032] 0.67| 030 042| 024

Table 4-3: Mean and Weighted Average Meteorological Data

The data shown in Table 4-3 is then investigated to determine a reasonable linear
regression fit to predict coefficient of entrainment values. The regression analysis is
performed using a statistics package and is provided in Appendix F. The following two

regression equations are determined to best fit the data.

O ey = 1.05-.039 * sf—.043* dp+.031* ws 4-1)
O gy =121-0.039 * hsf —0.056 * dp + 0.042 * ws 4-2)
Where:
sf = low altitude stability factor

hsf

high altitude stability factor

52



dp = mean dew point temperature

ws = mean wind speed

The adjusted R-squared values for equation (4-1) and (4-2) are 0.656 and 0.688

respectively.

The regréssion equations are then used to predict coefficient of entrainment values for
the five CCAS launches. A mean square difference is calculated comparing the predicted
results to the observed coefficient of entrainment values. These results are summarized in

Table 4-4 along with results based on the REEDM default value for the coefficient of

entrainment.

i 0.32 0.67 0.30 0.42 0.24
0.018 0.31 0.62 0.36 0.46 0.20

0.017 0.26 0.65 0.36 0.43 0.25

,,,,,,,, 0.136 0.64 0.64 0.64 0.64 0.64

Table 4-4: Predicted Coefficient of Entrainment Values

Results Using the Predicted Coefficient of Entrainment Values

The predicted coefficient of entrainment values determined are then entered into the
model for the five CCAS launches and ground cloud stabilization heights are determined.

The results from this exercise are provided in Figures 4-3 and 4-4.
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Figure 4-4: Stabilization Height Predictions using Olpred2
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Comparison of Final Model Results with Previous Work

With appropriate values determined for the initial radius, density rate change of the
atmosphere, and coefficient of entrainment the model is complete. This section compares
the results of the model with previous stabilization height predicted results. The
previously determined results include those determined by the REEDM and the buoyant
formula produced by Sand (3: 34). A summary of these results are shown in Figures 4-5
and 4-6 along with the models results using the two coefficient of entrainment predictions

and the observed stabilization heights for the five launches at CCAS.
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Figure 4-5: Summary of Stabilization Heights Using opred;
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Note: Buoyant Formula results for launch K-2 are assumed from other launches.

Figure 4-6: Summary of Stabilization Heights Using otpreq

Mean square difference calculations are performed comparing stabilization height

predictions to the observed stabilization heights and are provided in Appendix F. The

buoyant formula results are not used as it does not appear to account for the fluctuation of

stabilization heights that are observed. A summary of these findings along with the

stabilization heights for the CCAS launches are included in Table 4-5.
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110 1526 1051 1424 1280 1904
80 1710 1027 1410 1338 1682
270 1087 854 997 1211 923

Table 4-5: Summary of Ground Cloud Stabilization Height Data for CCAS Launches

Results for VAFB Launches
To this point, in the thesis, only CCAS launch data have been used in the analysis. In an
attempt to determine the ability of the model to predict stabilization heights occurring at
different locations, an analysis using the two VAFB launches is performed. Table 4-5
summarizes the coefficient of entrainment predictions and the observed coefficient of

entrainment values.

0.52 0.56
0.84 0.93
0.96 1.16
0.64 0.64

Table 4-6: Coefficient of Entrainment Values for VAFB Launches

Table 4-6 summarizes the stabilization height predictions determined by the model along

with observed and REEDM data.
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Table 4-6: Summary of Ground Cloud Stabilization Height Data for VAFB
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V. CONCLUSIONS

Conclusions Introduction
The model presented in this thesis more accurately predicts rocket exhaust cloud
stabilization heights than the REEDM or buoyant formula prediction models for the
rocket launches investigated at CCAS and VAFB. It is important to note however, that
the model was developed only with data from the five CCAS launches. An attempt to
measure the models applicability to differing site conditions was accomplished using the
two launches at VAFB. The results proved promising, however with only two launches
to test the models robustness it is premature to state that the model is appropriate to
predict stabilization heights at different launch facilities. The dearth of data was a
limiting factor in the models development and its accuracy may suffer if applied to launch
conditions significantly different than those found at CCAS or VAFB. Meteorological
conditions seem to have a significant effect on cloud rise and this model is only a small
step towards understanding these effects. The remainder of this thesis will discuss
conclusions concerning the three key input parameter assumptions made in this model as
well as some more specific observations concerning the effect of meteorological

conditions on rocket exhaust plume rise.

Conclusions Concerning the Initial Radius Assumption

The model presented in this thesis requires three key inputs to predict a cloud
stabilization height. The first key input investigated was the initial ground cloud radius.

A value of 170 meters was determined to most accurately predict the stabilization heights
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for the CCAS launches. This value seems to reasonable to an approximate point based on
observations of rocket launches at the rocket launch facilities. However, it is important to
hote that actual initial cloud radius values may vary from the 170 meters used in this
thesis. The assumption of when the ground cloud behaves as an instantaneous cloud is
still up for debate. This is critical as the sooner after launch the cloud is assumed
instantaneous the smaller the initial radius. Coupled with the sensitivity of the model to
the initial radius the predicted stabilization height will vary. A smaller initial radius will
lower the stabilization height, while a larger value will increase the stabilization height.
For instance as illustrated in Figure 4-1 an increase to the initial radius of 75 meters can
raise the stabilization height by approximately 600 meters. It is important to consider this

point to understand the model, one of its limitations and the results it produces.

Conclusions Concerning the Change of Atmospheric Density with Height

The model assumes the change in atmospheric density up through the atmosphere may be
approximated using a linear rate change from the ground to an elevation of 600 meters.
This assumptions appears to be valid based first on the fact that predicted stabilization
heights did not vary much from the initial value used. This value being the rate change
based on data from the ground to the cléud stabilization height. The second reason for

the validity of this assumption is that under most atmospheric conditions the density

change with height is reasonably consistent.
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Conclusions Concerning the Coefficient of Entrainment Assumption

The model assumes the coefficient of entrainment may be approximated based on a
regression analysis. Therefore, the coefficient of entrainment used by the model is based
on an empirical analysis encompassing data from only the five CCAS launches. The
meteorological parameters the regression analysis employed are the poténtial temperature
lapse rate, dew point temperature, and wind speed. The physical and thermodynamic
effects of these parameters in the atmosphere indicate they should have an effect on the
rate of entrainment. However, the magnitude of their effects or any synergistic effects
that they may cause are still unknown. In addition, there are likely other meteorological
parameters which have effects on entrainment and some of them may be significant.
Supporting this conclusion are the inflated entrainment values predicted for VAFB
launches. However, use of the regression equations does show some improvement over
using a single default value. As more launches occur and more data is gathered the
ability of this kind of empirical analysis may prove helpful in better predicting coefficient

of entrainment values and ground cloud stabilization heights.

Observations Concerning Meteorological Effects on Cloud Rise

Meteorological conditions for the five CCAS launches were investigated in this thesis.

Profiles of numerous meteorological parameters were studied to gain understanding in
how they may effect rocket exhaust cloud rise. This section will relate some of these

observations which may have an impact on cloud growth and rise.
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The rocket exhaust ground clouds grow in size principally through the phenomena of
entrainment. As discussed in Chapter 2 an unstable atmosphere tends to increase cloud
growth. Therefore, atmospheric stability was investigated for different regions of the
atmosphere. Low level instability seems to quickly cause the ground cloud to grow
rapidly and as such the cloud losses a significant amount of energy in these low levels.
This seems to limit the heights these clouds can reach. Low level stability seems to have
the opposite effect on the cloud. In essence, the low level stability holds the cloud
together keeping the buoyant energy in the cloud and helping it propel itself upward.
Upper level stability conditions however seem to have the opposite effect. Upper level
stability seems to reduce the clouds ability to rise to great elevations. This follows
thermodynamic principles as the stability of the atmosphere serves as a braking force on
the cloud. The opposite observation was made concerning upper level instability. Based
on this it appears that ground clouds reaching the highest elevations experience low level

stability and then quickly enter into upper level instability conditions.

A second meteorological condition which seems to have a strong effect on the rise of
exhaust clouds is the amount of moisture in the ambient air. The relative humidity and
dew point temperature are the two meteorological parameters capturing this condition.
The lower both of these values are the lower the observed stabilization heights. An
explanation for this could be that in these conditions evaporation of moisture at the
clouds surface diminishes the heat and therefore buoyancy of the cloud. This was
illustrated in the investigation of meteorological conditions for the launches at both

CCAS and VAFB. First a significant difference in relative humidity and dew point
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temperature existed between the launches at CCAS and VAFB. The relative humidity
and dew point temperature for the VAFB launches were significantly lower than those at
CCAS and the stabilization heights at VAFB were also much lower those observed at
CCAS. A second possible effect caused by low dew point temperatures is that it may
increase the growth rate of the cloud. The center of a rocket exhaust cloud is the warmest
and is protected somewhat from the atmosphere by its cooler outer edges. As aresult
however, the outer edges are not as buoyant as the center and therefore will not rise as
fast. In this way the cooler the dew point the cooler the edges of the cloud and the more
the edges stretch down from the sides of the cloud. This whole process serves to entrain a
greater volume of cooler air into the cloud and thereby reduces the stabilization height. A
final way in which this was illustrated was brought about by the wind direction at CCAS
during launches. When prevailing winds were directed over land the cloud stabilization
heights were relatively low. A reasonable assumption for this observation is that relative
humidity and dew point temperature over land are lower than those experienced over
water. The warm water of the Atlantic Ocean serves as a source of humidity for air over
the water. Based on this assumption it would seem that ground clouds over land will
evaporate more rapidly thereby lowering the stabilization heights reached. A second
possible explanation for the low heights achieved over land may be related to wind
conditions in concert with ground effects. Ground effects tend to cause greater wind
shear over land where the terrain is broken up.‘ Over the ocean there is no ground effects
and the wind motion is less turbulent. This factor may explain why the two largest
observed coefficients of entrainment were experienced by launches with the wind

directed inland. Therefore, wind direction may be an important factor to consider when

63



predicting a coefficient of entrainment for launches. The above discussion provides some
hypotheses for how meteorological effects may impact the stabilization height of rocket

exhaust ground clouds.

Conclusions Summary

The model presented in this thesis is founded on basic conservation equations, however
empirical assumptions have been made concerning key input variables. The empirical
assumptions were developed primarily from data collected during five Titan IV rocket
launches at CCAS. This is not enough data to make any definite conclusions concerning
prediction of ground cloud stabilization heights. However, this thesis does illustrate

some possible trends in the effects of meteorological conditions on cloud rise behavior.
Additional rocket launch data is required to validate any conclusions garnered from use of

this model.

The model was developed to predict the ground cloud stabilization heights as accurately
as possible. No concern was given to make the predictions calculated conservative in
nature. A model employed in real world scenarios must be concerned with producing
conservative results. With this thought in mind the model presented in this thesis can be
altered to produce conservative results through a change in the initial radius assumption.

In this manner the model can be altered to produce results as conservative as is required.
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1Y)

2)

3)

Recommended Follow-On Research

The effort in this thesis to understand meteorological affects on entrainment can be
further studied based on more detailed application of physical and thermodynamic

principles.

The efforts of this thesis were limited by the amount of available rocket launch data.

As more data becomes available from future launches the empirical analysis for the
coefficient of entrainment may be a source for further research.

The model is currently incapable of predicting cloud stabilization heights in an
iterative manner. Future efforts could develop the model allowing for an iterative
process to be used and thereby taking advantage of meteorological data to a greater

extent.

65



BIBLIOGRAPHY

1. Department of Health and Human Services “National Institute for Occupational
Safety and Health Pocket Guide to Chemical Hazards”, Publication No. 90-117, June
1990.

2. Morton, B.R., Sir Geoffrey Taylor, and J.S. Turner, “Turbulent gravitational
convection from maintained and instantaneous sources”, Proceedings f the Royal
Society, Vol. 234, 1956.

3. Sand, Paul A., 4n Investigation of Instantaneous Plume Rise from Rocket Exhaust,
MS Thesis, AFIT/GEE/ENC/96D-01, School of Engineering, Air Force Institute of
Technology (AU), Wright-Patterson AFB, OH, December 1996.

4. Conley, Kenneth L., Nyman, Randolph L. and Overbeck, Karl B. FY93 Toxic
Hazards Analysis Report, Acta Inc. Report No. 93-282/36-03, Prepared for
Department of the Air Force 30" Space Wing, Vandenberg AFB, California and 45%
Space Wing, Patrick AFB, Florida, Contract No. F04703-91-C-0112, by Acta Inc.,
Torrance, California, September 1993.

5. Department of Health and Human Services, “Hydrogen Chloride IDLH
Documentation”, 1993, www.cdc.gov/niosh/7647010.html.

6. Environmental Systems Directorate of the Aerospace Corporation, “Ground Cloud
Dispersion Measurements During the Titan IV #15 (5 December 1995) at Vandenberg
Air Force Base Volume 1-Test Overview and Data Summary”, Technical Report No.
TR-97(1410)-3, 10 February 1997.

7. Environmental Systems Directorate of the Aerospace Corporation, “Ground Cloud
Dispersion Measurements During the Titan IV #16 (24 April 1996) at Cape Canaveral
Air Station Volume 1-Test Overview and Data Summary”, Technical Report No. TR-
97(1410)-4, 31 March 1997.

8. Environmental Systems Directorate of the Aerospace Corporation, “Ground Cloud
Dispersion Measurements During the Titan IV #19 (10 July 1995) at Cape Canaveral
Air Station”, Technical Report No. TR-96(1410)-3, 22 March 1996.

9. Environmental Systems Directorate of the Aerospace Corporation, “Ground Cloud
Dispersion Measurements During the Titan IV #21 (6 November 1995) at Cape
Canaveral Air Station”, Technical Report No. TR-96(1410)-4, 21 June 1996.

10. Environmental Systems Directorate of the Aerospace Corporation, “Ground Cloud
Dispersion Measurements During the Titan IV #23 (15 May 1995) at Vandenberg Air

66



1.

12.

Force Base Volume 1-Test Overview and Data Summary”, Technical Report No. TR-
97(1410)-1, 27 February 1996.

Environmental Systems Directorate of the Aerospace Corporation, “Imagery of the
Titan IV K-2 Ground Cloud (DRAFT)”, 12 May 1996.

Environmental Systems Directorate of the Aerospace Corporation, “Imagery of the

_ Titan IV K-22 Ground Cloud (DRAFT)”, 7 February 1994.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Nyman, Randolph L, Vandenberg Air Force Base Toxic Dispersion Models Support
Activities, Acta Inc. Report No. 92-265/18-01, Prepared for Department of the Air
Force 30 Space Wing, Vandenberg AFB, California and 45% Space Wing, Patrick
AFB, Florida, Contract No. F04703-91-C-0112, by Acta Inc., Torrance, California,
September 1992.

Burel, Chad A., Atmospheric Transport and Diffusion Modeling of Rocket Exhaust,
MS Thesis, AFIT/GEEM/ENC/95D-02, School of Engineering, Air Force Institute of
Technology (AU), Wright-Patterson AFB, OH, December 1995.

Welty, J.R., Wick, C.E., Wilson, R.E., Fundamentals of Momentum, Heat, and Mass
Transfer (Third Edition), New York, NY, John Wiley and Sons Inc., 1984.

Moran, Michael J., Shapiro, Howard N., Fundamental of Engineering
Thermodynamics, New York, NY, John Wiley and Sons Inc., 1988.

Conley, Kenneth L., Requirements for Predicting Toxic Dispersion at the Western
and Eastern Test Ranges, Acta Inc. Report No. 90-229/33-03 & 236/05-01, Prepared
for Department of the Air Force, Contract No. F04703-88-C0802, by Acta Inc.,
Torrance , California, September 1990.

Hanna, Steven R., Briggs, Gary A., Hosker, Rayford P., Handbook on Atmospheric
Diffusion, Technical Information Center, U.S. Department of Energy, 1982.

Slade, David H. Ed., Meteorology and Atomic Energy 1968, Prepared for U.S.
Atomic Energy Commission, Division of Reactor Development and Technology, Air
Resources Laboratories, 1968.

Rogers, R.R., Yau, M.K., 4 Short Course in Cloud Physics Third Edition, New York,
NY, Elsevier Science Inc., 1994.

Briggs, Gary A., “Plume Rise Predictions,” in Lectures on Air Pollution and

Environmental Impact Analyses, Ed: Duane A. Haugen, pp. 59-111. American
Meteorological Society, Boston, 1976.

67



22. Seinfeld, John H., Atmospheric Chemistry and Physics of Air Pollution, New York,
NY, John Wiley & Sons Inc., 1986.

23. Gebhardt, Benjamin, Jaluria, Yogesh, Mahajan, Roop L., Sammakia, Bahgat,

Buoyancy-Induced Flows and Transport (Reference Edition), Washington D.C.,
Hemisphere Publishing Corporation, 1988.

68



APPENDIX A

Rawinsonde meteorological data files for:

K-2
K-15
K-16
K-19
K-21
K-22
K-23




K-2

1.3

0.0100

MET. ALT ALT ALT WIND WIND WIND WIND AIR AIR AIR AR

LEV. MSL GND GND DIR SPEED SPEED SHEAR TEMP PTEMP DPTEMP PRES. AIR RH

NO. (FT) (FT) (M) (DEG) (M/S) (KTS) (/S) (DEGC) (DEGC) (DEGC) (MB) (%)
1 16 0.0 00 180 26 5.0 0.0000 28.40 28.3 25.40 1011.0 840
2 300 2840 866 193 3.6 7.0 0.0043 2849 28.5 24.30 10014  78.8
3 600 5840 178.0 206 4.7 9.2 0.0089 28.58 28.7 23.14 9912 733
4 1000 984.0 2999 224 6.2 12.0 0.0150 28.70 28.9 2160 977.7 66.0
5 1300 1284.0 3914 226 6.2 121 0.0114  28.07 28.3 21.00 9678 657
6 1600 1584.0 4828 229 6.3 12.2 0.0078 27.44 27.8 2040 958.0 654
7 2000 1984.0 604.7 232 6.4 12.4 0.0030 26.60 27.0 19.60 9448 65.0
8 2300 22840 696.2 234 6.3 122 0.0027 25.73 26.2 19.21 9352  67.1
9 2600 2584.0 7876 236 6.2 120 0.0024 24.86 254 18.82 9256  69.2
10 3000 29840 909.5 238 6.1 11.8 0.0020 23.70 24.3 18.30 9128 72.0
11 3300 3284.0 1001.0 241 5.9 116 0.0023 22.77 234 18.18 9034 756
12 3600 3584.0 1092.4 244 5.8 11.3 0.0026 21.84 225 18.06 8940 792
13 4000 3984.0 1214.3 248 5.7 11.0 0.0030 20.60 214 1790 8815 84.0
14 4300 4284.0 1305.8 252 5.6 109 0.0033 19.85 20.6 17.30 8723 849
15 4600 4584.0 1397.2 256 5.5 10.7 0.0036 19.10 19.9 16.70 8632 85.8
16 5000 4984.0 1519.1 261 5.4 10.5 0.0040 18.10 19.0 1590 8510 87.0
17 5300 5284.0 16106 265 5.3 10.4 0.0040 17.65 18.5 14.58 842.1 82.5
18 5600 5584.0 1702.0 269 53 10.3 0.0040 17.20 18.1 13.26 8332 78.0
19 6000 5984.0 1823.9 275 5.2 10.1 0.0040 16.60 17.6 11.50 8213 720
20 6300 6284.0 19154 278 5.1 99 0.0037 16.30 17.3 940 8126 64.8
21 6600 6584.0 2006.8 281 4.9 96 0.0034 16.00 17.0 7.30 8040 576
22 7000 6984.0 2128.7 285 4.8 9.3 0.0030 15.60 16.7 450 7925 480
23 8000 7984.0 2433.5 289 3.6 7.0 0.0040 14.30 15.4 -0.50 7645  36.0
24 9000 8984.0 2738.3 302 1.7 3.3 0.0070 13.10 14.3 -480 7374 280
25 10000 9984.0 3043.1 1 1.0 20 00050 11.50 12.7 -3.80 711.1 35.0
26 11000 10984.0 3347.9 20 1.3 2.5 0.0010 9.10 10.1 1.00 6857 570
27 12000 11984.0 3652.7 20 2.5 7.30 8.2 -5.30 660.9 410



K-15

MET. ALT ALT WIND WIND WIND AR AIR AIR AIR AIR
LEV. MSL GND ALTITUDE DIR SPEED SPEED TEMP PTEMP DPTEMP PRES. RH
NO. (FT) (FT) GND(M) (DEG) (M/S) (KTS) (DEGC) (DEGC) (DEGC) (MB) (%)

1 368 0.0 0.0 0 4.1 8.0 17.8 19.0 11.2 10029 65.0
2 422 540 16.5 13 5.1 10.0 16.9 18.3 11.0 1001.0 68.0
3 458 895 27.3 10 4.9 9.6 16.4 17.8 10.9 999.7 701
4 493 125.0 38.1 7 4.7 9.2 15.8 17.4 10.8 9985 720
5 533 1645 50.1 3 4.9 9.6 15.7 17.4 11.0 9970 736
6 572 204.0 62.2 358 51 10.0 15.6 17.4 11.2 9956 74.8
7 620 2520 76.8 350 5.9 115 15.5 17.5 11.4 9939 768
8 668 3000 914 341 6.7 13.0 163 17.5 116 9922 783
9 716 348.0 106.1 346 8.3 16.1 156.2 17.5 11.8 990.5 80.0

10 821 453.0 138.1 346 10.8 20.9 17.9 20.8 134 986.8 75.0
11 923 5545 169.0 350 10.3 20.0 18.0 21.2 131 9832 729
12 1024 656.0 1999 3563 9.9 19.2 18.2 216 128 979.7 711
13 1188 820.0 249.9 0 8.4 16.3 18.5 224 124 9740 679
14 1393 1025.0 3124 17 8.5 16.6 18.8 23.2 11.8 967.0 63.9
15 1516 1148.0 349.9 25 10.2 19.8 18.7 23.5 11.7 962.8 636
16 1680 1312.0 399.9 17 7.3 14.2 18.6 23.9 11.5 9572 63.1
17 1762 1394.0 424.9 29 7.8 15.2 18.6 241 114 9544 63.0
18 1844 1476.0 449.9 41 8.4 16.3 18.6 244 11.3 951.7 626
19 1926 1558.0 474.9 26 7.0 13.7 18.5 246 112 9489 624
20 2008 1640.0 499.9 11 57 11.1 18.5 24.8 111 9461 622
21 2518 2150.0 655.3 26 8.9 17.3 18.2 26.0 10.5 9292 60.7

22 3074 2705.0 824.6 13 8.4 16.4 17.5 26.8 88 911.0 571
23 3629 3261.0 994.0 360 8.0 15.5 16.7 27.6 71 8931 5632
24 4198 3830.0 1167.5 358 7.8 15.2 15.4 27.9 6.3 8751 55.0
25 4768 4400.0 13411 356 7.7 14.9 14.0 28.2 54 8574 559
26 5326 4958.0 1511.2 351 7.5 14.6 13.8 29.6 36 8403 507
27 5884 5516.0 1681.3 346 7.4 14.3 13.6 311 1.8 8235 446
28 6470 6102.0 18569.9 332 7.5 146 12.1 314 26 8062 520
29 6927 6559.0 1999.2 319 7.4 14.4 11.7 321 -25 793.0 37.0
30 7889 7521.0 22924 307 6.4 12.5 9.9 33.2 46 7656 356
31 8405 8037.0 2449.7 298 59 11.4 9.3 34.2 5.1 7512 36.8
32 8921 8553.0 2607.0 290 53 10.3 8.6 35.1 56 7371 359
33 9481 9113.0 27776 285 5.1 9.8 7.2 35.4 5.6 722.0 406

34 10041 9673.0 2498.3 280 4.8 9.4 5.8 35.7 5.7 707.2 434




K-16

MET. ALT ALT ALT WIND WIND WIND AR AIR AIR AIR
LEV. MSL GND GND DIR SPEED SPEED TEMP PTEMP DPTEMP PRES. AIRRH
NO. (FT) (FT) (M) (DEG) (M/S) (KTS) (DEGC) (DEGC) (DEGC) (MB) (%)
1 16 0.0 0.0 20 62 120 20.8 21.3 16.3 1018.7 76.0
2 62 458 139 9 64 125 20.6 21.2 16.3 1017.1 76.4
3 108 915 279 359 6.7 13.0 204 211 16.3 1015.4 77.3
4 153 137.3 418 348 6.9 135 20.2 211 16.3 1013.8 78.3
5 199 1830 558 337 72 140 20.0 21.0 16.3 1012.2 79.0
6 285 2685 818 344 72 140 19.7 21.0 16.3 1009.1 80.9
7 370 3540 107.9 351 72 140 19.5 21.0 16.4 1006.1 82.5
8 456 4395 1340 358 72 140 19.2 21.0 16.4 1003.0 84.2
9 541 525.0 160.0 5 72 140 18.9 21.0 16.5 1000.0 86.0
10 694 678.0 206.7 7 73 141 18.4 21.0 16.4 994.6 88.0
11 847 831.0 2533 8 73 143 18.0 21.0 16.3 989.2 90.0
12 1000 984.0 299.9 10 74 144 17.5 20.9 16.2 983.9 92.0
13 1114 1098.0 334.7 11 72 140 17.2 21.0 16.1 979.9 93.0
14 1389 13725 4183 11 72 140 17.1 21.5 14.3 970.4 83.6
15 1663 1647.0 502.0 10 72 140 17.0 22.0 12,5 961.0 75.0
16 2000 1984.0 604.7 4 65 126 16.2 22.4 13.8 949.5 86.0
17 2226 22100 6736 359 62 120 15.7 227 14.8 941.9 94.0
18 2613 2597.0 7916 346 6.1 119 16.8 24.0 14.6 929.0 93.2
19 3000 2984.0 9095 332 61 119 15.8 25.2 14.5 916.2 91.0
20 3494 3478.0 1060.1 317 62 120 15.4 26.3 13.8 900.0 90.0
21 3862 3846.0 1172.3 304 62 120 15.0 27.0 13.4 888.4 90.0
22 4000 3984.0 12143 301 59 115 14.8 27.2 13.2 884.0 90.0
23 4500 4484.0 1366.7 290 62 120 13.9 27.7 12.3 868.3 90.2
24 5000 4984.0 1519.1 278 65 126 13.0 28.2 114 852.8 80.0
25 5082 5066.0 15441 278 6.7 130 12.9 28.4 113 850.0 90.0
26 5971 5955.0 1815.1 277 77 150 114 29.4 9.4 823.4 88.0



K-19

ALT ALT ALT WIND WIND WIND AR AR AR AIR
MET.LEV. MSL GND GND DIR SPEED SPEED TEMP PTEMP DPTEMP PRES. AIRRH
NO. (FT) (FT) (M) (DEG) (M/S) (KTS) (DEGC) (DEGC) (DEGC) (MB) (%)

1 16 0.0 00 170 1.5 3.0 251 26.9 22.8 1014.8 87.0
2 57 406 124 187 26 5.0 25.3 27.3 229 10134 86.6
3 97 812 247 204 3.6 7.0 25.4 27.5 229 1012.0 86.1
4 138 1218 371 221 4.6 9.0 256 27.8 23.0 1010.5 85.6
5 178 1624 495 238 57 110 25.7 28.1 23.0 1009.1 85.1
6 219 2030 619 255 6.7 13.0 25.9 28.5 23.1 1007.7 85.0
7 293 2773 845 255 6.7 130 26.0 28.7 22.7 1005.1 81.9
8 368 3517 1072 255 6.7 130 26.1 28.9 22.2 1002.6 79.3
9 442 4260 1298 255 6.7 13.0 26.2 29.2 21.8 1000.0 77.0
10 533 5170 1576 255 69 135 26.4 29.5 21.3 996.9 736
11 624 608.0 1853 255 72 140 26.5 29.9 20.7 9938 71.0
12 812 796.0 2426 255 74 143 26.0 29.9 204 9874 711
13 1000 984.0 2999 254 7.5 146 25.6 30.0 201 981.0 72.0
14 1309 12027 3940 251 78 151 249 30.2 19.3 970.6 71.2
15 1617 1601.3 4881 249 80 155 243 30.3 18.6 960.2 70.6
16 1926 1910.0 5822 246 82 16.0 23.6 30.5 17.8  950.0 70.0
17 2000 1984.0 604.7 245 82 16.0 23.5 30.6 17.56 9477 69.0
18 2500 2484.0 7571 239 87 17.0 22.5 31.0 16.3 9313 68.0
19 3000 2984.0 909.5 232 93 180 216 314 151 915.2 66.0
20 3472 3456.0 10534 228 98 190 20.8 32.0 14.8 900.0 68.0
21 4000 3984.0 12143 224 10.0 195 19.8 32.5 13.9 883.6 69.0
22 5000 4984.0 1519.1 218 103 20.0 17.7 334 13.3 8529 76.0
23 5088 5072.0 15459 218 10.3 20.0 17.4 334 13.1  850.0 76.0
24 5602 5586.0 17026 216 10.3 20.0 16.4 33.8 11.9 8349 75.0
25 6000 5984.0 18239 215 104  20.2 15.8 34.3 10.8 823.1 73.0
26 6153 6137.0 18706 214 103 20.0 15.5 34.4 104 8186 72.0
27 6782 6766.0 2062 214 103 200 141 34.7 7.4 800.0 64.0
28 7000 6984.0 2129 214 101 197 13.7 34.8 64 7941 61.0
29 7500 74840 2281 215 9.7 189 13.0 35.4 26 7799 49.7
30 8000 7984.0 2434 216 9.3 1841 124 36.1 -1.3 765.9 40.0
31 8400 8384.0 2555 217 87 170 124 37.0 -6.9 7549 25.0
32 8561 8545.0 2605 217 87 170 121 37.3 -8.0 750.0 24.0
33 9000 8984.0 2738 218 82 159 11.3 37.7 -10.5 738.6 21.0
34 9500 9484.0 2891 220 79 154 10.4 38.3 -11.3  725.2 21.5




K-21

MET. ALT ALT ALT WIND WIND WIND AIR AIR AR AIR
LEV. MSL GND GND DIR SPEED SPEED TEMP PTEMP DPTEMP PRES. AIRRH
NO. (FT) (FT) (M) (DEG) (M/s) (KTS) (DEGC) (DEG i C) (DEGC) (MB) (%)
1 16 0.0 0.0 20 1.5 3.0 17.3 17.3 15.0 1021.8 86.0
2 65 490 149 32 21 4.0 18.7 19.0 15.9 1020.0 84.0
3 114 980 299 45 2.6 5.0 20.0 20.6 16.9 1018.3 81.8
4 163 1470 4438 57 3.1 6.0 214 22.3 17.8 1016.5 79.7
5 212 1960 597 69 3.6 7.0 22.8 24.0 18.7 1014.8 78.0
6 317 3007 917 70 3.6 7.0 22.5 23.9 18.1 1011.1 76.2
7 421 4055 1236 7 3.6 7.0 222 23.8 17.5 1007.4 747
8 526 5102 1555 72 3.6 7.0 21.9 23.7 16.9 1003.7 73.3
9 631 6150 1875 73 3.6 7.0 216 23.7 16.3 1000.0 72.0
10 816 7995 2437 74 3.7 71 211 23.7 159 9936 725
11 1000 984.0 299.9 74 3.7 7.2 20.6 23.7 156 987.2 73.0
12 1333 1317.3 4015 77 3.5 6.7 19.5 23.6 162 9756 76.3
13 1667 1650.7 503.1 79 3.2 6.3 18.5 235 149 964.2 796
14 2000 1984.0 604.7 82 3.0 5.8 17.4 23.4 145 652.9 83.0
15 2083 2067.0 630.0 84 3.1 6.0 171 234 145 950.0 85.0
16 2261 22450 684.3 87 26 5.0 16.5 23.3 145 9441 88.0
17 2832 2816.0 858.3 106 2.1 4.0 15.0 23.5 143 925.0 96.0
18 3000 2984.0 909.5 115 1.9 3.6 14.4 23.3 13.7 9195 95.0
19 3219 3203.0 976.3 131 1.5 3.0 13.7 23.2 129 9123 95.0
20 3589 3573.0 1089.1 149 1.0 20 12.9 23.5 12.0 900.0 95.0
21 3786 3770.0 1149.1 166 1.0 2.0 12.5 23.6 116 893.8 94.0
22 3857 3841.3 1170.8 186 1.0 2.0 12.3 23.6 11.5 8915 94.5
23 3929 3912.7 1192.6 205 1.0 2.0 12.2 23.7 11.3 8892 94.7
24 4000 3984.0 1214.3 225 1.0 1.9 12.0 23.7 112 886.9 95.0
25 4091 4074.5 1241.9 241 1.0 2.0 11.8 23.8 11.0 884.0 85.1
26 4271 42555 1297.1 274 1.0 2.0 11.4 23.9 10.7 8782 95.4
27 4907 4891.0 1490.8 304 3.6 7.0 1.4 25.2 21 858.2 53.0
28 5161 5145.0 1568.2 303 5.1 10.0 11.7 26.1 -24 850.0 39.0
29 6000 5984.0 1823.9 298 8.4 16.3 11.0 27.7 -71 8247 27.0
30 6819 6803.0 2073.6 290 10.3 20.0 9.7 28.9 -9.2 800.0 26.0
31 7195 7179.0 2188.2 287 10.8 21.0 9.4 29.7 -11.8 7894 21.0
32 8000 7984.0 2433.5 284 11.9 23.2 75 30.9 1.7 766.3 67.0
33 8569 8553.0 2607 283 12.3 240 7.0 324 3.5 750.0 78.0
34 9500 9484.0 2890.7 285 12.9 25.0 5.9 34.1 1.8 7250 75.3




K-22

AR

MET. ALT ALT ALT WIND WIND WIND AR AR DPTEM AR
LEV. MSL GND GND DIR SPEED SPEED TEMP PTEMP P (DEG PRES. AIRRH
NO. (FT) _(FT) (M) (DEG) (M/S) (KTS) (DEGC) (DEGC) C)  (MB) (%) _
T 3290 -390 -11.9 3550 31 6.0 194 194 107 10018  57.0
2 3830 150 46 00 31 60 187 187 9.9 9999 56.0
3 4310 630 192 3550 31 60 181  18. 92 9982 564
4 5130 1450 442 3543 31 60 170 170 80 9953 56.0
5 6200 2520 76.8 359.0 26 50 167 167 103 9915  66.0
6 8290 4610 1405 3450 34 66 150  15.1 94 9841 690
7 9840 6160 187.8 343.0 48 93 152 153 9.8 9786 700
8 11490 7810 2380 320.0 60 117 - 179 180 94 9729  58.1
9 1262.0 8940 2725 2959 49 96 198 200 91 969.0 500
10 13130 9450 288.0 285.0 45 87 213 215 9.9 967.3 483
11 1384.0 1016.0 309.7 289.3 50 97 234 236 111 9648  46.0
12 1477.0 1109.0 3380 295.0 56 109 239 242 103 9617 425
13 1553.0 11850 3612 323.4 59 114 243 246 97 9592 396
14 2059.0 1691.0 5154 3287 67 131 265  27.0 6.5 9425 28.0
15 2700.0 2332.0 710.8 333.4 69 134 258  26.4 45 9218 253
16 3884.0 3516.0 1071.7 340.1 55 107 239 248 07 8846 216
17 5072.0 4704.0 14338 1.9 31 61 209 219 12 8485 227
18 6290.0 5922.0 18050  34.3 17 33 181 192 19 8127 255
19 7538.0 7170.0 21854 287.0 04 08 171 184  -83 7773  16.8
20 8754.0 8386.0 2556.1 251.2 22 43 152 165 -100 7442 166
21 10063.0 9695.0 2955.0 245.4 28 55 137 151 110 7099 169




K-23

MET. ALT ALT ALT WIND WIND WIND AR AR AR AR

LEV. MSL GND GND DIR SPEED SPEED TEMP PTEMP DPTEMP PRES. AIR RH

NO. (FT) (FT) (M) (DEG) (M/S) (KTS) (DEGC) (DEGC) (DEGC) (MB) (%)
1 16 0.0 00 250 26 50 271 290 236 10164 810
2 63 468 143 251 27 52 268 588 234 10148 819
3 10 936 285 253 28 54 265 286 232 10132 825
4 156 1404 428 254 29 56 261 283 231 10115 832
5 203 1872 571 256 30 58 258  28.1 22.9 1009.9 83.8
6 250 2340 713 257 31 60 255 279 227 10083 840
7 329 3133 955 253 33 63 254  28.1 226 10055 845
8 409 3927 1197 250 34 67 254 282 226 10028 845
9 488 4720 1439 246 36 7.0 253 284 225 10000 85.0
10 659 6427 1959 242 38 7.3 254 200 223 9941 832
11 829 8133 2479 237 39 77 254 295 221 9883 819
12 1000 9840 2999 233 41 80 255 301 21.9 9825  81.0
13 1142 11260 3432 231 41 80 257 307 216 9778 780
14 1414 13980 4261 229 44 85 255 312 209 9687 754
15 1686 1670.0 5090 227 46 90 254 318 201 9596 72.0
16 2000 16840 6047 225 50 97 248  32.1 19.8 9493  74.0
17 2606 2590.0 7894 225 51 100 237 327 189 9296  75.0
18 3000 29840 9095 225 50 97 226 328 184 9169 77.0
19 3528 3512.0 10705 223 46 90 214  33.1 17.9 9000 81.0
20 4000 3984.0 12143 223 40 7.8 201 332 175 8854  85.0
21 4717 4701.0 14329 226 31 60 182  33.3 165 8633  90.0
22 5000 4984.0 15191 230 25 48 179 337 153 8547 850
23 5147 51310 15639 233 21 40 177 339 147 8500 83.0
24 5574 55575 16939 245 16 32 170 343 132 837.3 786
25 6000 5984.0 18239 256 12 24 163 347 11.7 8249 740
26 6323 6307.0 19224 269 10 20 155  34.8 10.8 8154  74.0
27 6497 64807 1975 289 10 20 153 351 96 8102 69.1
28 6670 6654.3 2028 308 1.0 20 151 353 8.3 8051 645
29 6844 68280 2081 328 10 19 149 355 71 8000 590
30 6922 69090 2105 342 10 19 148 355 62 7979 570
31 7000 69840 2129 357 10 19 147 356 53 7959 540
32 7427 74110 2259 11 10 19 142 360 0.3 7838 37.0
33 8628 86120 2625 22 10 19 119 376 16 7500 49.0
34 9500 94840 2891 29 10 19 106  39.0 08 7270 515



APPENDIX B

Observed Cloud Height Data:



Observed Cloud Rise Data:

Observed Cloud Rise Data (K-15):
_

n: =10 t p =11-60 j=lt pn+l X =
ob ob i 60

z0b, :=-0.5498: <xj)4 +14.152- <xj>3 12834 (xj>2 + 502,52, - 66388

Observed Cloud Height Data (K-15)

2000 T T T T T T
1500 - _
E
.g zob,
2 — 1000} -
4/—-\
500 - -
0 L ] ] I | I 0
0 1000 2000 3000 4000 5000 6000 7000
Time (.i‘x sec)
Observed Cloud Rise Data (K-16):
._ . o~
top = 6:60 JElatgyn+1 xj—-6-b—n
= . 4 . 3 — . 2 . —
z0b; :=-3.1435 (xj> + 48.496 <xj> 303.52 <xj> +950.75-x, ~ 225.75
Observed Cloud Height Data (K-16)
2000 T T T T T T T
1500 - ]
€
3
£ zobj
< — 1000 |~ ——— -
] 1 | I I 0
1500 2000 2500 3000 3500 4000

j
Time (.1 x sec)




Observed Cloud Rise Data (K-19):

. . |
n: =10 t ., =11:60 =1.t gen+1 X, =—
ob J ob i eomn

zob, := 2675 <xj>4— 5.643- (xj>3 +5.1671- (xj>2 +428.75:x - 12172

Observed Cloud Height Data (K-19)

2000 i I T |
1500 - -
E
3
£ zob-i
< — 1000 |- -
500 [~ .
0 | | I ! | | 0
0 1000 2000 3000 4000 5000 6000 7000
o
Time (.1 x sec)
Observed Cloud Rise Data (K-2):
. . |
top =1460  j=1l.t_pyn+1  x:=—
ob ob i 60m
f= . 3 — - 2 .
zob, =0.6149 (xj> 27.571 (xj) +377.6,+ 38.08
Observed Cloud Height Data (K-2)
2000 T T T T T T T T
1500 p— __
E
E 2ot
22— 1000} -
500 .
| | | | l | | | 0
0
0 1000 2000 3000 4000 5000 6000 7000 8000 9000

J
Time (.1 x sec)



Observed Cloud Rise Data (K-21):

. " o L
n =10 t ., =11-60 jelat pn+1 X, = ——
ob ob i s0m
t= . 4 . 3 — . 2 . -—

zobj '=-0.9109 (xj) +24.561 (xj) 245.91 (xj) +1051.9-x, - 214.94

Observed Cloud Height Data (K-21)

2000 T T T T T T
1500 |- —
E
3
£ zobj
< — 1000} -
500 |- _
0 I ! ! I ] I 0
0 1000 2000 3000 4000 5000 6000 7000
Time (.1J X sec)
Observed Cloud Rise Data (K-22):
o . )
tob.—l4'60 J.-l..tob'n—{—] XjA—a
R . 5 —_— . 4 . 3 — - 2 . —_
zob, :=.0016 <xj> .1495 <xj> +4.9361 (xj> 71.141 <xj> +437.92:x, - 229.17
Observed Cloud Height Data (K-22)
2000 T T T T T T T T
1500 - ~
E
-
22— 1000} -
500 [~ -
0
0 | | | 1 ! ] | ]
0 1000 2000 3000 4000 5000 6000 7000 8000 9000

j
Time (.1 x sec)




Observed Cloud Rise Data (K-23):

top =14:60  ji=1.t pen+1 xj:=

zob, :=0.6149- <xj>3 - 27.571- <xj>2 +377.6% + 38.08

Observed Cloud Height Data (K-23)

2000 T | T 1 T T T
-—
1500 -
E
8
£ =ob;
Z 1000 .
500 -
o | | | | | | | | 0
0 1000 2000 3000 4000 5000 6000 7000 8000 3000

j
Time (.1 x sec)



APPENDIX C

Mathcad template of initial radius experiment results



Stabilization Height as Function of Initial Cloud Radius:

(1111 ] [ 685 |
1300 806
1475 921
Kt2 :=| 1641 Kt16 :=| 1031
1798 1136
1949 1238
2095 | 11337
[ 936 ] 1305 |
1097 1522
1248 1723
K21 :=( 1392 K23 :=| 1912
1529 2092
1661 2263
1788 | | 2428 |
i:=1..rows(K2)

-Al := augment(K123,Kt19)

Kt19 :=

A2 :=augment( Al,Kt2)

(1147
1341
1522
1693
1856
2012

2162 |

K2 :=Kt2T

K21 :=Kt217

rads .=

ORIGIN=1

100
125
150
175
200
225

250

K16 :=Kt16T

K23 :=K237

A3 :=augment( A2,Kt21)

A4 :=augment(A3,Kt16)  alla:=A4T
£:=(23 29 3 4 64) =gt
all :=stack(yt, Ad)

[0.23 0.29 0.3
130510 1.147°10° 1.111-10°
1.522:10° 134110  1.3-10°
172310 1.522:10° 1.475-10°

all = 3 3 3
1912:10°  1.693-10°  1.641-10
2.092:10°  1.856:10°  1.79810°
226310°  2.012:10°  1.949-10°

| 2.42810° 216210  2.095-10°

obst :=(1640 1774 1871 1375 1023)

0.4 0.64

936 685
1.09710° 806
1248-10° 921
139210  1.031:10°
1529-10°  1.13610°
1.661:10°  1.238-10°
1.788-10°  1.337-10°
obs :=obstT

1111 ]
1300
1475
1641
1798
1949
2095 |

K19 :=Kt19T

ib :=1..rows(all)

j =1..cols(all)

i:=2..rows(all)



\\
BN

\\

N

2000

1200

1000

800

all1 s

Coefficient of Entrainment

0.2




APPENDIX D

Mathcad template of density rate change experiment




Stabilization Height as Function of Initial Cloud Radius:

(1387 ] [ 920
1450 965
1512 1009
1573 1052
K12 :=| 1632 Kt16 := | 1094
1691 1136
1749 1177
1805 1218
| 1861 | 1259 |
(1246 | (1571 ]
1305 1641
1362 1710
1418 1777
Kt21 = | 1474 Kt23 :=| 1842
1528 1907
1582 1970
1635 2033
1688 | 12094 |
i:=1..rows(K2)

Al =augment(Kt23,Kt19) A2 :=augment(Al,Kt2)
alla .= A4T

g

A4 = augment( A3,Kt16)
y:=(23 29 3 4 .64)

all :=stack(yt, A4)
ib :=1..rows(all)

j:=1..cols(all)
i:=2..rows(all)

Observed Heights:

ORIGIN=1

(1438 ] 150 |
1504 160
1568 170
1631 180
Kt19 :=| 1692 rads :=| 190
1753 200
1812 210
1871 220
11929 | 1230 |
K2 :=K2T K16 :=Kt16T K19 :=Kt19T
K21 =K21T K23 :=Ke237

A3 :=augment( A2,K121)

obst :=(1640 1774 1871 1375 1023) obs :=obst”
REEDM Predicted Heights:
RDMt :=(923 997 1087 1211 854) RDM :=RDMt"



| &

aaaaa

| & | &
e |2
\ou

| = 5 & |
AR Sl

: i
VA

000000




APPENDIX E

Mathcad templates of meteorological profiles



d16 ;=

d19 =

9

12
13
15
16
17
19
20
21
22
24
25

26

11
13
16
17
19
20
21
22
23
24
25
26
27
28
30
31
32

133

199
541
1000
1114
1663
2000
2226
3000
3494
3862
4000
5000
5082
5971

219

442

624

1000
1926
2000
3000
3472
4000
5000
5088
5602
6000
6153
6782
7000
8000
8400

8561

9000

183.0
525.0

55.8
160.0

337
5+ 360

984.0 2999 10+ 360

1098.0
1647.0
1984.0
2210.0
2984.0
3478.0
3846.0
3984.0
4984.0
5066.0
5955.0

203.0

426.0

608.0

984.0

1910.0
1984.0
2984.0
3456.0
3984.0
4984.0
5072.0
5586.0
5984.0
6137.0
6766.0
6984.0
7984.0
8384.0
8545.0
8984.0

3347
502.0
604.7
673.6
909.5
1060.1
11723
1214.3
1519.1
1544.1
1815.1

61.9
129.8
185.3
299.9
582.2
604.7
909.5
1053.4
1214.3
1519.1
1545.9
1702.6
1823.9
1870.6

2062.3
2128.7
2433.5
25554
2604.5
2738.3

11+ 360

10 + 360

4 + 360
359
332
317
304
301
278
278
277

255 6.7
255 6.7
255 72
254 75
246 8.2
245 8.2
232 93
228 9.8
224 10.0
218 103
218 103
216 10.3
215 104
214 103
214 103
214 10.1
216 93
217 8.7
217 8.7
218 8.2

7.2 14.0
7.2 14.0
74 144
72 14.0
72 140
6.5 12.6
62 120
6.1 11.9
6.2 12.0
6.2 12.0
59 115
6.5 12.6
6.7 13.0
7.7 15.0

13.0
13.0
14.0
14.6
16.0
16.0
18.0
19.0
19.5
20.0
20.0
20.0
20.2
20.0
20.0
19.7
18.1
17.0
17.0
15.9

259
26.2
26.5
25.6
23.6
23.5
21.6
20.8
19.8
17.7
17.4
16.4
15.8
15.5
14.1
13.7
12.4
12.4
12.1
11.3

11.4

200 21.0 163
18.9 21.0 16.5
17.5 209 16.2
17.2 21.0 16.1
17.0 22.0 125
162 224 13.8
15.7 22.7 14.8
15.8 252 145
154 263 13.8
15.0 27.0 134
14.8 272 13.2
13.0 282 114
129 284 113
294 94

28.5 23.1
292 218
299 207
300 20.1
30.5 1738
306 175
314 151
320 1438
325 139
334 133
334 131
33.8 119
343 108
344 104
347 74
348 64
361 -13
370 -69
37.3 -8.0
37.7 -105

10122 79.0 |
1000.0 86.0
983.9 92.0
979.9 93.0
961.0 75.0
949.5 86.0
9419 94.0
916.2 91.0
900.0 90.0
888.4 90.0
884.0 90.0
852.8 90.0
850.0 90.0

823.4 88.0 |

1007.7
1000.0
993.8
981.0
950.0
947.7
915.2
900.0
883.6
852.9
850.0
834.9
823.1
818.6
800.0
794.1
765.9
754.9
750.0
738.6

85.0 |
77.0
71.0
72.0
70.0
69.0
66.0
68.0
69.0
76.0
76.0
75.0
73.0
72.0
64.0
61.0
40.0
25.0
24.0
21.0 |




[ 4
7
10
13
16
19
22
23
24
25
26
127

d2 .=

5

11
14
15
16
17
18
19
20
21
24
27
28
29
30
31
32

33

d21 :=

1000
2000
3000
4000
5000
6000
7000
8000
9000
10000
11000
12000

212
631
1000
2000
2083
2261
2832
3000
3219
3589
3786
4000
4907
5161
6000
6819
7195
8000
8569

984.0  299.9
1984.0 604.7
2984.0 909.5
3984.0 12143
4984.0 1519.1
5984.0 1823.9
6984.0 2128.7
7984.0 2433.5
8984.0 27383
9984.0 3043.1

10984.0 3347.9 20+ 360
11984.0 3652.7 20+ 360

196.0 59.7
615.0 1875
984.0 299.9
1984.0 604.7
2067.0 630.0
22450 684.3
2816.0 858.3
2984.0 909.5
3203.0 976.3
3573.0 1089.1
3770.0 1149.1
3984.0 12143
4891.0 1490.3
5145.0 1568.2
5984.0 1823.9
6803.0 2073.6
7179.0 2188.2
7984.0 2433.5
8553.0 2607

224
232
238
248
261
275
285
289
302
1+ 360

69
73
74
82
84
87
106
115
131
149
166
225
304
303
298
290
287
284
283

3.6
3.6
3.7
3.0
3.1
2.6
2.1
1.9
1.5
1.0
1.0
1.0
3.6
5.1
84
10.3
10.8
11.9
12.3

6.2
6.4
6.1
5.7
54
52
48
3.6
1.7
1.0
1.3
1.3

7.0
7.0
7.2
5.8
6.0
5.0
4.0
3.6
3.0
2.0
2.0
1.9
7.0
10.0
16.3
20.0
21.0
232
24.0

12.0
124
11.8
11.0
10.5
10.1
9.3

7.0

28.7
26.6
23.7
20.6
18.1
16.6
15.6
14.3
33 131
2.0 11.5 127
25 91 101
25 73 8.2

28.9
27.0
243
214
19.0
17.6
16.7
154
143

228
21.6
20.6
17.4
17.1
16.5
15.0
144
13.7
12.9
12.5
12.0
114
11.7
11.0
9.7
9.4
7.5
7.0

24.0
23.7
23.7
234
234
233
235
233
232
23.5
23.6
23.7
252
26.1
277
28.9
29.7
30.9
324 35

2.1

18.7
16.3
15.6
14.5
14.5
14.5
14.3
13.7
12.9
12.0
11.6
11.2

-24
-71
-9.2
-11.8
1.7

21.6
19.6
18.3
17.9
15.9
11.5
4.5
-0.5
-4.8
-3.8
1.0
-53

971.7
944.8
912.8
881.5
851.0
8213
792.5
764.5
737.4
711.1
685.7
660.9

1014.8
1000.0
987.2
652.9
950.0
944.1
925.0
919.5
912.3
900.0
893.8
886.9
858.2
850.0
824.7
800.0
789.4
766.3
750.0

78.0 |
72.0
73.0
83.0
85.0
88.0
96.0
95.0
95.0
95.0
94.0
95.0
53.0
39.0
27.0
26.0
21.0
67.0
78.0 |

66.0 |
65.0
72.0
84.0
87.0
720
48.0
36.0
28.0
35.0
57.0
41.0 |




d23 =

i16 :=1..rows(d16) i19:=1..rows(d19) i2:=1..rows(d2)

12
13
15
16
17
18
19
20
21
22
23
25
26
29
31
32

133

1000
1142
1686
2000
2606
3000
3528
4000
47117
5000
5147
6000
6323
6344
7000
7427
8628

[6 250 2340 713 257 3.1 6.0
9 488 472.0 1439 246 36 7.0

984.0 299.9 233 41 8.0
1126.0 343.2 231 4.1 80
1670.0 509.0 227 46 9.0
1684.0 604.7 225 5.0 9.7
2590.0 789.4 225 51 100
2984.0 909.5 225 5.0 97
3512.0 10705 223 46 9.0
3984.0 12143 223 40 7.8
4701.0 14329 226 3.1 6.0
4984.0 1519.1 230 2.5 438
5131.0 15639 233 2.1 4.0
5984.0 18239 256 12 24
6307.0 19224 269 1.0 2.0
6828.0 2081.2 328 1.0 1.9
6984.0 21287 357 1.0 1.9
7411.0 22589 11+360 1.0 1.9
8612.0 2624.9 22+360 1.0 19

il6 :=1..rows(d16)

Renaming data elements:

ML16, ::d16n6’I

alt16“6 ::d16i16,4

wd16i16 ::d16i16,5

w5161.16 =d16

dt16“6 ::d16i16,10

t16, ¢ -=d16, ;o

pt16“6 ::d16i16,9

P16, =d16,¢ )

i16,6

rhl6i16

255
253
25.5
25.7
254
24.8
23.7
22.6
214
20.1
18.2
17.9
17.7
16.3
15.5
149
14.7
14.2
119

279 227
284 225
30.1 21.9
30.7 21.6
31.8 20.1
321 19.8
32.7 189
328 184
33.1 179
332 175
333 165
33.7 153
339 14.7
347 11.7
34.8 10.8
355 71
356 53
36.0 -0.3
376 1.6

i21 :=1..

:=d16.

16,12

1008.3
1000.0
982.5
977.8
959.6
949.3
929.6
916.9
900.0
8854
863.3
854.7
850.0
824.9
8154
800.0
795.9
783.8
750.0

84.0 |
85.0
81.0
78.0
72.0
74.0
75.0
77.0
81.0
85.0
90.0
85.0
83.0
74.0
74.0
59.0
54.0
37.0
49.0 |

rows(d21)

i23 :=1..rows(d23)



i19 :=1..rows(d19)

IvILl9i19 ::d19i19,l

alt19i19 ::dl9“9,4

wd19i19 ::d19“9’5

wsl9“9 ::d19i19,6

t19,5:=d19, g 4

P19, :=d19,5 4

P19,9:=d19,4 |

thl9,,5:=d19,, |

dt19;6:=d19,5 1o

i2 :=1..rows(d2)
ML2, ::d2i2,1

alt2i2 = d2i2,4

wd2i2 = d2i2, p

i21 :=1..rows(d21)
ML2L,, ::d21i21,1
alt211.2l ::d211.21’4

wd2l,, :=d21m,5

w521i21 ::d21m,6
t21i21 ::d21i21,8
P21, =d2l,,

P21y, =d2ly,

rh21i21 = d21].21 12

dt21i21 ::d21i21,10

Potential Temperature Lapse Rate Calculations:

j16 :=1..rows(d16) - 1

j19 :=1.rows(d19) - 1

i23 :=1..rows(d23)
ML23,, . = d.’ZEIi

alt23i23 = d231.23’4
wd23i23 = d23i
ws23 3= d23i
23,3 =d23,5 4

pt23i23 = d23i23,9
p23i23 :=d23
rh23,, :=d23

dt23i23 '=d23

j2:=1.rows(d2)-1

pt2.

d0dz16,,_ = P96, 1~ P19 dodz1, = P91~ P19, dodzz_ - TP PP
6 a16. . . - altl6. P a19. — alt1o, 2 a2 _alt2
j16 41 j16 j19+1 j19 241

j21 :=1..rows(d21) -1

P2l — P21y,

j23 :=1..rows(d23) -1

- j
d@dz21j2] =

alt21j21 - alt:Zlj21

y2 =dedz2

y16 :=d0dz16

d(-)d223.i23

119 := d0dz19

Pt23,)5 1~ P23,

alt23j23 o alt23j23

121 = dedz21

Potential Temperature Lapse Rate Mean and Variance Calculations:

m_y2 :=mean(y2)

m_y16 :=mean(y16)
m_y19 :=mean(y19)
m_y21 :=mean(y21)

m_y23 :=mean(y23)

m_y2 =-6.174+10 °
m_y16 =4.635:10 °
m_y19 =3.974- 1‘0‘3
m_y21 =2.504-10 °

m_y23 =4.203-10 °

v ty:=(vy2 v yl6 v 919 v 21 v y23)

m_ty =(m_y2 m_y16 m_y19 m_y21 m_y23)

v_ty=(4.615-10 °

m_ty =(-6.174-10 °

8.842:10 °

4.635:10 °

9.654+10 ©

3.974-10 >

v_y2 :=var(y2)

v_y16 :=var(y16)
v_119 :=var(y19)
v_y21 :=var(y21)

v_y23 :=var(y23)

m_y::m_tyT
16810  1.18810° )

2.504-10 > 420310 )

123 :=dedz23

v 12 =4.61510 °
v_y16 =8.842:10
v_y19 =9.654-10 °
v 121 =1.68-10 °

v 123 =1.18810 °

vy= v_tyT



Potential Temperature Mean and Variance Calculations:

m_pt2 :=mean(pt2) m_pt2 =17.967 v_pt2 =var(pt2) v_pt2 =38.407
m_ptl6 .= mean(ptl16) m_ptl6 =24.479 v_ptl6 :=var(ptl6) v_ptl6 =9.556
m_ptl9 := mean(ptl9) m_ptl19 =33.075 v_ptl19 = var(ptl19) \;_pt19 =7.297
m_pt21 = mean(pt21) m_pt2]1 =25.432 v_pt21 = var(pt21) v_pt21 =8.344
m_pt23 '= mean(pt23) m_pt23 =33.047 v_pt23 := var(pt23) v_pt23 =5.997

v_tpt :=(v_pt2 v_ptl6 v_ptl9 v _pt21 v pt23)

m_tpt :=(m_pt2 m ptl6 m_pt19 m pt2] m pt23) m pt ::m_tptT v_pt::v_tptT
v_tpt =( 38.407 9.556 7.297 8.344 5.997)

m_tpt =( 17.967 24.479 33.075 25.432 33.047 )

Wind Speed Mean and Variance Calculations:

m_ws2 :=mean(ws2) m_ws2 =4.058 v_ws2 :=var(ws2) v_ws2 =4.244
m_wsl6 :=mean(wsl6) m wsl6 =6.729 v_ws16 = var(wsl6) v_wsl6 =0.308
m_wsl9 :=mean(ws19) m_ws19 =9.025 v_ws19 =var(wsl9) v_ws19=1.58
m_ws21 :=mean(ws21) m_ws21 =4.763 i v_ws21 :=var(ws21) v_ws21 =14.334
m_ws23 .=mean(ws23) m_ws23 =3.005 v_ws23 ;= var(ws23) v_ws23 =2.402
v_tws :=(v_ws2 v_wslé v_wsl9 v_ws21 v ws23) V_Ws = v_twsT

m_tws :=(m_ws2 m_wsl6 m_wsl9 m_ws2l m ws23) m_ws ::m_twsT
v_tws=(4244 0308 1.58 14334 2402 ) m_tws=(4.058 6.729 9.025 4.763 3.005)

Wind Direction Mean and Variance Calculations:

m_wd2 = mean(wd2) m_wd2 =289.583 v_wd2 :=var(wd2) v_wd2 =2.889 10°
m_wd16 :=mean(wd16) m_wd16 =330.214 v_wdl16 :=var(wd16) v_wdl6 = 1.29-10°
m_wd19 :=mean(wd19) m_wd19 =228.55 v_wd19 :=var(wd19) v_wd19 =254.448
m_wd21 :=mean(wd21) m_wd21 =179.474 v_wd21 :=var(wd21) v_wd21l =8.798- 10°
m_wd23 :=mean(wd23) m_wd23 =261.421 v_wd23 :=var(wd23) v_wd23 =2.808° 10°

v twd :=(v_wd2 v_wdlé v_wdl9 v_wd2l v wd23) v_wd = v_twdT
m_twd :=(m_wd2 m_wdl6 m_wdl9 m wd2]l m wd23) m_wd:= m_twdT

v_twd =( 2889 1290 254 8798 2808 ) m_twd =(289.6 3302 228.6 179.5 261.4)




Relative Humidity Mean and Variance Calculations:

m_rh2 := mean(rh2) m_rh2 =57.583 v_rh2 :=var(rh2)

m_rhl6 :=mean(rh16) m_rh16 =88.143 v_rh16 :=var(rh16)
m_rh19 :=mean(rh19) m_rh19 =62.7 v_rh19 :=var(rh19)
m_rh21 :=mean(rh21) m_rh21 =71.579 v_rh21 :=var(rh21)
m_rh23 :=mean(rh23)  m_rh23 =73.526 v_rh23 :=var(rh23)

v_tth :=(v_rh2 v_rh16 v_rh19 v_rh21 v_rh23)
m_trh :=(m_rh2 m_rh16 m_rh19 m_rh21 m rh23) m_rh ::m_trh-r
v_tth=(360 26 345 632 186 )

Temperature Mean and Variance Calculations:

v_rh2 =360.243
v_rh16 =25.98
v_rh19 =345.21
v_rh21 =632.033

v_rh23 =186.46

v_rh =v_trh T

m_tth=(57.6 88.1 627 716 73.5) s:=1.

m_t2 := mean(t2) m t2=17.1 v_t2 :=var(t2) v_t2=41.613
m_t16 := mean(t16) m_t16 = 15.771 v_t16 :=var(t16) v_t16 =5.079
m_t19 :=mean(t19) m_t19 =18.615 v_t19 :=var(t19) v_t19 =26.398
m_t21 :=mean(t21) m_t21 =13.905 - v_t21 :=var(t21) v_t21 =19.298
m_t23 :=mean(t23) m_t23 =20.068 v_123 :=var(123) v_t23 =20.834
v tt:=(v_t2 v tl6 v_t19 v t21 v_t23)

m_tt .=(m_t2 m_tl16 m_t19 m_t21 m_t23) m_t:= m_ttT v_t :=v_1:tT
vit=(42 5 26 19 21) mtt=(17.1 158 18.6 139 20.1)

Dew Point Temperature Mean and Variance Calculations:

m_dt2 :=mean(dt2) m_dt2 =7.992 v_dt2 :=var(dt2) v_dt2 =100.979
m_dt16 := mean(dtl16) m_dtl6 =13.8 v_dt16 :=var(dt16) v_dtl6 =4.261
m_dtl9 :=mean(dtl9) .m_dt19 =10.57 v_dt19 =var(dtl19) v_dt19=95.219
m_dt21 :=mean(dt21) m_dt21 =7.716 v_dt21 :=var(dt21) v_dt21 = 85.292
m_dt23 := mean(dt23) m_dt23 =14.947 v_dt23 :=var(dt23) v_dt23 =47.276
v_tdt :=(v_dt2 v_dtl6 v_dtl9 v_dt21 v_dt23)
m_tdt :=(m_dt2 m_dtl6 m_dtl9 m_dt21 m_dt23) m_dt:= m_tdtT v_dt:= v_tdtT
v tdt=(101 4 95 85 47) m_tdt=(8 13.8 10.6 7.7 149)

T

zt:=(0 0 0 0 0) z.=zt

5



altlr2 lj2 - alt2 1j21

altlr19j19 = alt19j19

alt2j2 1
altlr2j2 = alt2j2 +

alt21j21 1 alt21j

|

. <a1t19j19+l - alt19j19

alt2j2
altlr16j16 ::altl6j16 +

21 o
) altlr23j23 = alt23j23 +

|

Potential Temperature Lapse Rate Profiles:
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Potential Temperature Profiles:
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Temperature Profiles:
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Dewpoint Point Temperature Profiles:

Dew Point Temperature v. Hgt
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Wind Speed Profiles:

Wind Speed v. Height
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Wind Direction Profiles:

Wind Direction v. Height
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Relative Humidity Profiles:

Relative Humidity v. Height
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Data for first 2000 meters: ORIGIN=1

(12 1000 984.0 299.9 10+180 7.4 144 175 209 162 983.9 920
13 1114 1098.0 3347 11+ 180 7.2 14.0 17.2 21.0 16.1 979.9 93.0
15 1663 1647.0 502.0 10+ 180 7.2 14.0 17.0 22.0 12.5 961.0 75.0
16 2000 1984.0 604.7 4+ 180 6.5 12.6 16.2 224 13.8 949.5 86.0
17 2226 22100 673.6 359 6.2 120 157 227 14.8 941.9 94.0
19 3000 2984.0 909.5 332 6.1 119 15.8 252 145 9162 91.0
20 3494 3478.0 1060.1 317 6.2 12.0 154 26.3 13.8 900.0 90.0
21 3862 3846.0 11723 304 6.2 12.0 15.0 27.0 13.4 888.4 90.0
22 4000 3984.0 12143 301 59 11.5 14.8 27.2 13.2 884.0 90.0
24 5000 4984.0 1519.1 278 6.5 12.6 13.0 28.2 11.4 852.8 90.0
25 5082 5066.0 1544.1 278 6.7 13.0 129 284 11.3 850.0 90.0
26 5971 5955.0 1815.1 277 7.7 15.0 11.4 294 94 823.4 88.0 |

di6 =

[13 1000 984.0 299.9 254 7.5 14.6 256 30.0 20.1 981.0 72.0]
16 1926 1910.0 582.2 246 8.2 16.0 23.6 30.5 17.8 950.0 70.0
17 2000 1984.0 604.7 245 82 16.0 23.5 30.6 17.5 947.7 69.0
19 3000 2984.0 909.5 232 93 18.0 21.6 314 15.1 9152 66.0
20 3472 3456.0 1053.4 228 9.8 19.0 20.8 32.0 14.8 900.0 68.0 |
21 4000 3984.0 12143 224 10.0 19.5 19.8 325 139 883.6 69.0
22 5000 4984.0 1519.1 218 10.3 20.0 17.7 334 13.3 8529 76.0
23 5088 5072.0 1545.9 218 10.3 20.0 17.4 33.4 13.1 850.0 76.0
24 5602 5586.0 1702.6 216 10.3 20.0 16.4 33.8 119 8349 75.0
25 6000 5984.0 1823.9 215 104 20.2 158 343 10.8 823.1 73.0
26 6153 6137.0 1870.6 214 10.3 20.0 15.5 344 104 818.6 72.0
127 6782 6766.0 2062.3 214 103 20.0 14.1 34.7 7.4 800.0 64.0 |

d19 -

1000 984.0 2999 224 6.2 12.0 28.7 28.9 21.6 977.7 66.0 ]
7 2000 1984.0 604.7 232 6.4 124 26.6 27.0 19.6 944.8 65.0
10 3000 2984.0 909.5 238 6.1 11.8 23.7 243 183 9128 72.0
d2 :=|13 4000 3984.0 12143 248 5.7 11.0 20.6 214 17.9 881.5 84.0
16 5000 4984.0 1519.1 261 54 10.5 18.1 19.0 159 851.0 87.0
19 6000 5984.0 18239 275 5.2 10.1 16.6 17.6 11.5 821.3 72.0
|22 7000 6984.0 2128.7 285 4.8 93 156 167 4.5 792.5 48.0 |




11
14
15
16
17
18
19
20
21
24
27
28
29
130

d21 =

[12
13
15
16
17
18
19
20
21
22
23
25
26
29

d23 .=

1000
2000
2083
2261
2832
3000
3219
3589
3786
4000
4907
5161
6000
6819

1000
1142
1686
2000
2606
3000
3528
4000
4717
5000
5147
6000
6323
6844

984.0
1984.0
2067.0
2245.0
2816.0
2984.0
3203.0
3573.0
3770.0
3984.0
4891.0
5145.0
5984.0
6803.0

984.0

1126.0
1670.0
1684.0
2590.0
2984.0
3512.0
3984.0
4701.0
4984.0
5131.0
5984.0
6307.0
6828.0

299.9
604.7
630.0
684.3
858.3
909.5
976.3
1089.1
1149.1
1214.3
1490.8
1568.2
1823.9
2073.6

299.9
343.2
509.0
604.7
789.4
909.5
1070.5
1214.3
1432.9
1519.1
1563.9
1823.9
1922.4
2081.2

Renaming data elements:
i16 :=1..rows(d16)

ML16, ::d16“6‘1

alt16i16 :=d16

wdl6, ::d16“6’5

16,4

74
82
84
87
106
115
131
149
166
225
304
303
298
290

233
231
227
225
225
225
223
223
226
230
233
256
269
328

wsl6il6 ::dl6“6’
t16il6
pt16i16 =d16

p16, , :=d16

3.7
3.0
3.1
2.6
2.1
1.9
1.5
1.0
1.0
1.0
3.6
5.1
8.4

4.1
4.1
4.6
5.0
5.1
5.0
4.6
4.0
3.1
25
2.1
1.2
1.0
1.0

= <d16i16,

72
58
6.0
5.0
4.0
3.6
3.0
20
2.0
1.9
7.0

20.6
174
17.1
16.5
15.0
144
13.7
12.9
12.5
12.0
114

10.0 11.7
163 11.0
10.3 20.0 9.7 289

8.0
8.0
9.0
9.7
10.0
9.7
9.0
7.8
6.0
4.8
4.0
24
20
1.9

i16,

255
25.7

1254

24.8
23.7
22.6
214
20.1
18.2
17.9
17.7
16.3
15.5
14.9

6

8

9

i16,11

23.7
234
23.4
233
23.5
233
232
23.5
23.6
23.7
25.2
26.1
277

30.1
30.7
31.8
321
32.7
328
331
332
333
337
33.9
34.7
34.8
355

+ 273)

15.6 987.2
14.5 652.9
14.5 950.0
14.5 944.1
143 925.0
13.7 9195
12.9 9123
12.0 900.0
11.6 893.8
11.2 886.9
2.1 8582
-2.4 850.0
-7.1 824.7
-9.2 800.0

219 9825
21.6 977.8
20.1 959.6
19.8 949.3
18.9 929.6
184 9169
17.9 900.0
17.5 8854
16.5 863.3
15.3 854.7
14.7 850.0
11.7 8249
10.8 8154
7.1 800.0

rh16“6 '=d16

73.0 |
83.0
85.0
88.0
96.0
95.0
95.0
95.0
94.0
95.0
53.0
39.0
27.0
26.0 |

81.0 |
78.0
72.0
74.0
75.0
77.0
81.0
85.0
90.0
85.0
83.0
74.0
74.0
59.0

i16,12



i19 :=1..rows(d19) i2 :=1..rows(d2) i21 :=1..rows(d21) 123 :=1..rows(d23)

ML19i19 ::d19i19’1 ML2i2 :=d2i2,1 MI_.21i21 ::d2li21’] ML23i23 ::d23i23,1
alt19i19 ::d19i19 s alt2i2 ::d2i2 4 alt21i21 ::d21i21 s alt23i23 ::d233i23 4
wd19i19 ::d19i19 5 wd2j2 ::d2].2 5 wd21i21 ::d21i21 5 wd23i23 ::d23i23 p
wsl9i19 ::d19i19’6 ws2i2 ::d2i2’6 wlei21 ::d21i21,6 ws23i23 ::d23m’6
t19, 4= <<119“9,8 + 273) 2, = (dzil8 + 273) 21, = <d21m,8 + 273) 123, 1= <d23i23’8 + 273)
P19, :=d19,4 4 P2, =d2, 4 P2l =d21, Pt23,; =d23,, 4
P19;)5:=d19,)5 |y P2, =d2, P21y, =d21y, | P23y, =d23,5.
rh19ilg ::d19“9,12 rh2i2 ::d2i2,12 1'h21i21 ::d21i21,12 rh23i23 ::d23i23,12
Potential Temperature Lapse Rate Calculations:
j16 :=2 .. rows(d16) - 1 j19 :=2..rows(d19) - 1 j2:=2..rows(d2) -1
ptlé6. - ptl6, . ptl9, — ptl9. pt2. - pt2.
dodz16; ;= —— 118 dedz19, , = 941 i’ dedz2,, o241 TR
alt16jw+1 - ::1]t16j16 alt19j19_'_1 - alt19j19 alt2j2+1— alt2j2
j21 :=2.rows(d21) -1 j23 :=2..rows(d23) - 1
pt21. - pt2l. pt23._. . — pt23.
dodz2l, =B+l 2 d0dz23,, =2+l —_IB
a1t21j21 e alt21j21 alt23j23+1 - alt23j23
y2 :=dedz2 716 :=d@dz16  y19:=d6dz19 y21:=d0dz21  y23 :=dedz23
02, ::72j2-<alt2j2+1 - alt2j2> 016, ¢ =116, .- <a1t16j16+1 - alt16jl6> 019, =119, - <alt19j19+1 - alt19j19>

021, i:721j21-<alt21j21 e alt21j21> 023, 12723j23-<alt23j23+1 - alt23j23>




Calculation of mean stability factors (®) for high elevations (300m - 2000m)

027 =(0 2.7 -2.9 2.4 -1.4 -09)

1.1 03 06 01 03 0.1 01 04 02 08 01 07

sf2 :=mean(©2) sf16 :=mean(@16)  sfl9 :=mean(©19) sf21 :=mean(021) sf23 :=mean(023)

sf2 =-1.717 sf16 =0.764 sf19 =0.382 sf21 =0.423 sf23 =0.369
sft:=(sf2 sfl6 sf19 sf21 sf23) sf:=sft’ z:=(0 0 0 0 0)
sft=(-1.717 0.764 0.382 0.423 0369 ) z:=2t"

s =1.5

Elevated Stability Factor (300m - 2000m)

s
Launch (2, 16, 19, 21, 23)




Data for first 600 meters: ORIGIN=1

5 199 1830 558 337-360 7.2 14.0 20.0 21.0 16.3 1012.2 79.0 ]
9 541 525.0 160.0 5 7.2 140 189 21.0 16.5 1000.0 86.0
12 1000 984.0 299.9 10 74 144 175 209 162 983.9 920
13 1114 1098.0 334.7 11 7.2 140 172 21.0 16.1 9799 93.0
15 1663 1647.0 502.0 10 7.2 140 17.0 22.0 12,5 961.0 75.0
16 2000 1984.0 604.7 4 6.5 12.6 16.2 224 13.8 949.5 86.0

d16 =

219 203.0 619 255 6.7 13.0 259 28.5 23.1 1007.7 85.0 |
442 4260 129.8 255 6.7 13.0 262 29.2 21.8 1000.0 77.0
11 624 608.0 1853 255 7.2 14.0 26.5 299 20.7 993.8 71.0
13 1000 984.0 299.9 254 7.5 14.6 25.6 30.0 20.1 981.0 72.0
16 1926 1910.0 582.2 246 82 16.0 23.6 30.5 17.8 9500 70.0
17 2000 1984.0 604.7 245 8.2 16.0 23.5 30.6 17.5 947.7 69.0 |

d19 =

1 344 328 100.0 180 6.1 11.7 28.5 28.7 23.4 1000 78
d2:={4 1000 984.0 299.9 224 6.2 12.0 28.7 289 21.6 977.7 66.0
7 2000 1984.0 604.7 232 6.4 12.4 26.6 27.0 19.6 944.8 65.0

212 196.0 59.7 69 3.6 7.0 22.8 24.0 18.7 1014.8 78.0
9 631 6150 1875 73 3.6 7.0 21.6 23.7 16.3 1000.0 72.0
11 1000 984.0 2999 74 3.7 7.2 20.6 23.7 156 9872 73.0
|14 2000 1984.0 604.7 82 3.0 5.8 17.4 234 145 6529 83.0

H

d21:

250 2340 71.3 257 3.1 6.0 255 279 22.7 10083 84.0]
488 472.0 1439 246 3.6 7.0 253 28.4 22.5 1000.0 85.0
12 1000 984.0 2999 233 4.1 8.0 25.5 30.1 21.9 9825 81.0
13 1142 1126.0 343.2 231 4.1 8.0 25.7 30.7 21.6 977.8 78.0
15 1686 1670.0 509.0 227 4.6 9.0 254 31.8 20.1 959.6 72.0
| 16 2000 1684.0 604.7 225 5.0 9.7 24.8 32.1 19.8 9493 74.0 |

d23:

tH

i16 :=1..rows(d16) i19:=1..rows(d19) i2:=1..rows(d2) 21 :=1..rows(d21) i23:=1..rows(d23)

i16 :=1..rows(d16)




Renaming data elements:

ML16, ::d16i16,I

alt16i16 ::d16i16’4

wdlé, ::d16i16,5
wsl6i16 ::dl6i16,6
i19 :=1..rows(d19)
ML19, ::d19i19,l

alt19“9 ::dl9i19’4

wdl9i19 t:d19“9’5

wsl9i19 ::d19i19,6

119, =d19,9

pt19,, ::d19i19,9

P19, :=d19,5 |y

thl9, 5 :=d19,5 |,

dtl9i19 ::d19“9’10

Potential Temperature Lapse Rate Calculations:
j16 :=1..rows(d16) - 1

t16

p A
dodzl6,  =— J18+!

j16
altl6j16+‘ - alt16j16

j21 :=1.rows(d21) -1

pt21

dodzl. =—— Al -

j21

y2 :=dedz2 y16 :=d@dz16

alt21j21 1T alt:21j21

:=dl6, thl6, =d16

16,10

=d16, ¢

=dl6, ¢ o

=d16.

i16,11

i2 :=1..rows(d2)

ML2i2 ::d2i2,1
alt2i2 3=d2i2 4
wd2i2 :=d2i2,5
wsZi2 ::d2i2 p
t2i2 ::d2i2’8
P2, :=d2, 4
P2, =d2, 4,
th2, :=d2, |,
2, :=d2, 1

j19 :=1..rows(dl9) -1

dedz19.. . =

16,12

i21 :=1..rows(d21)
ML21,, =d21,, |

alt21i21 ::dZIm’4
wd2l,, ::dZIm,5
wlei2l ::d21m,6
21, ::d21i21’8

P2l =d2l,, 4

d21

p2l,, =d21,, 4

j23 :=1..rows(d23) -1

d@d223j23 .

rh21i21 ::d21i21,12
dt21i21 ::d21i21,10
- pt19.
g = 1941 j19 dedz2
altl9j19+1 - a1t19j19
0317 P23,
alt23j23+1 - alt23j23
21:=dedz21 123 :=dedz23

y19 :=d0dz19

Potential Temperature Lapse Rate Mean and Variance Calculations:

m_y2 :=mean(}2)

m_y16 := mean(y16)

m 2 =-2.617-10

m_y16 =2.406-10

v_y2 :=var(y2)

v_y16 :=var(y16)

1;2j2 +1
2
alt2.
24

i23 :=1..rows(d23)
ML23, . = d23i23,l
alt23, . = d2305,4

wd23, . = d23123’ s

w523i23 = d23i23,6

23,5 ::d23i23,8

pi23,, =d23,,
P23, =423,
th3i23 ::d23i23,12
di23,5 =423,3 19

j2:=1.rows(d2)-1

_ pt2_|2

- alt2j2

v 12 =130810 "

v_y16 =6.144-10 °



m_y19 :=mean(y19) m_y19 =6.002:10 ° v_y19 :=var(y19) v 419 =2.178-10 °
m_y21 :=mean(y21) m_y21 =-1.111-10 > v_y21 :=var(y21) v_y21 =9.26410

m_y23 = mean(y23) m_y23 =8.282:10 ° v 123 :=var(y23) v 123 =1.381-10 °
v_ty:=(vy2 v_y16 v_y19 v 321 v_423)

m_ty:=(m_y2 m_yl6 m_y19 m_y21 m y23) m_y ::m_tyT v_y ::v_tyT
viy=(130810° 6.14410 ¢ 217810 ° 926410 ' 1381:10° )

m_ty=(-261710 >  2406+10° 6.002010 ° -1.111+10 > 8282410 ° )

Potential Temperature Mean and Variance Calculations:

m_pt2 := mean(pt2) m_pt2 =28.2 v_pt2 :=var(pt2) v_pt2 =0.727

m_ptl6 := mean(pt16) m_ptl6 =21.383 v_ptl6 :=var(ptl16) v_ptl6 =0.348
m_ptl9 :=mean(ptl9) m_pt19 =29.783 v_ptl9 :=var(ptl9) v_ptl9 =0.538
m_pt21 :=mean(pt21) m_pt2]1 =23.7 v_pt21 .= var(pt21) v_pt21 =0.045
m_pt23 := mean( pt23) m_pt23 =30.167 v_pt23 = var(pt23) v_pt23 =2.492

v_tpt =(v_pt2 v_ptl6 v_ptl9 v _pt21 v_pt23)

m_tpt :=(m_pt2 m_ptl6 m_ptl9 m pt21 m_pt23) m_pt ::m_tptT v_pt::v_tptT
v_tpt =(0.727 0.348 0.538 0.045 2.492)

m_tpt=(282 21383 29.783 237 30.167 )

Wind Speed Mean and Variance Calculations:

m_ws2 :=mean(ws2) m_ws2 =6.233 v_ws2 :=var(ws2) v_ws2 =0.016
m_ws16 =mean(wsl6) m_wsl6=7.117 v_wsl16 := var(wsl6) v_wsl16 =0.081
m_ws19 :=mean(ws19) m_wsl9=7417 v_wsl9 :=var(wsl9) v_ws19 =0.385
m_ws21 :=mean(ws21) m_ws21 =3.475 v_ws21 :=var(ws21) v_ws21 =0.077
m_ws23 :=mean(ws23) m_ws23 =4.083 v_ws23 := var(ws23) v_ws23 =0.385
v_tws :=(v_ws2 v_wsl6 v_wsl9 v_ws21 v_ws23) V_Ws .= v_twsT

m_tws =(m_ws2 m_wsl6 m_wsl9 m_ws2l m ws23) m_ws ::m_twsT

v tws =(0.016 0.081 0.385 0.077 0.385) m_tws=(6233 7.117 7417 3475 4.083)



Wind Direction Mean and Variance Calculations:

m_wd2 = mean(wd2) m_wd2 =212 v_wd2 = var(wd2)

m_wdl6 :=mean(wd16) m_wdl6 =2.833 v_wd16 :=var(wd16)
m_wd19 :=mean(wd19) m_wd19 =251.667 v_wd19 :=var(wd19)
m_wd21 :=mean(wd21) m_wd2l =74.5 v_wd21 :=var(wd21)
m_wd23 :=mean(wd23) m_wd23 =236.5 v_wd23 :=var(wd23)

v_twd =(v_wd2 v_wdl6 v_wdl9 v _wd21 v wd23) v_wd = v_twdT

m_twd :=(m_wd2 m wdl6 m_wdl9 m wd2]l m_wd23) m_wd:= m__twdT

v_twd=(523 140 19 22 129) m_twd=(212 2.8 251.7 74.5 236.5)
Relative Humidity Mean and Variance Calculations:

m_rh2 := mean(rh2) m_rh2 =69.667 v_rh2 :=var(rh2) v_rh2 =34.889
m_rh16 :=mean(rh16) m_rh16 =85.167 v_rh16 :=var(rh16) v_rh16 =41.806
m_rh19 :=mean(rh19) m rh19=74 v_rh19 :=var(rh19) v_rh19 =30.667
m_rh21 :=mean(rh21) m_rh21 =76.5 v_rh21 :=var(rh21) v_rh21 =19.25
m_rh23 :=mean(rh23) m_rh23 =79 v_rh23 :=var(rh23) v_rh23 =23.333
v_trh :=(v_rh2 v_rh16 v_rh19 v_rh21 v_rh23)

m_trh:=(m_rh2 m_rh16 m_rh19 m_rh21 m_rh23) m_rh := m_trhT v_rh = v_trhT
v_tth=(35 42 31 19 23) m_trh=(69.7 852 74 765 179) si=1..
Temperature Mean and Variance Calculations:

m_t2 := mean(t2) m_t2 =27.933 v_t2 = var(t2) v_t2=0.896
m_t16 :=mean(t16) m_tl16=17.8 v_t16 :=var(t16) v_t16 =1.617
m_t19 :=mean(t19) m_t19 =25.217 v_t19 :=var(t19) v_t19 =1.465
m_t21 :=mean(t21) m_t21 =20.6 v_t21 :=var(t21) v_121 =4.02
m_t23 :=mean(t23) m_t23 =25.367 v_t23 :=var(t23) v_123 =0.079
v_tti=(v_t2 v_tl6 v_t19 v_t21 v_t23)

m tt:=(m_t2 m_t16 m_t19 m_t21 m_t23) m_t ::m_ttT vt ::v_ttT

v_wd2 =522.667
v_wdl6 =140.472
v_wdl9 =19.222
v_wd2l =22.25

v_wd23 =129.25

vit=(1 2 1 4 0) mtt=(279 178 252 206 254 )

5



Dew Point Temperature Mean and Variance Calculations:

m_dt2 :=mean(dt2) m_dt2 =21.533 v_dt2 :=var(dt2) v_dt2 =2.409
m_dt16 := mean(dtl16) m_dtl6 =15.233 v_dtl6 :=var(dt16) v_dt16 =2.326
m_dt19 :=mean(dt19) m_dt19 =20.167 v_dt19 :=var(dt19) v_dt19 =4.046
m_dt21 := mean(dt21) m_dt21 =16.275 v_dt21 :=var(dt21) v_dt21 =2.372
m_dt23 := mean(dt23) m_dt23 =21.433 v_dt23 :=var(dt23) v_dt23 =1.239
v_tdt :=(v_dt2 v_dtl6 v_dt19 v_dt21 v_di23)

m_tdt =(m_dt2 m_dtl6 m_dt19 m_dt21 m_dt23) m dt:=m_tdt? v dt:=v tdt’
vidt=(2 2 4 2 1) m_tdt =(21.5 152 202 163 21.4)

z£:=(0 0 0 0 0) z:=zt'

+1

alt2. - alt2.
altlr2, =alt2_ + | —T—— ==
j2 2t

altl 6 - altl 6

altlr16j —alt16 6t

alt19 altl9
altlr19j19 = alt19

alt2 1 - alt2 1

altlr2 1j = alt21

a1t23. alt23
j23+1

altlr23j23 = alt23j23 +



Potential Temperature Lapse Rate Profiles:
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Potential Temperature Profiles:

Height (m)

Potential Temp v. Hgt

700
600 / : ! /
| \ [
'| \ '
' \ ,
| \ '
500 N \ :
| \ '
1 1
\
16516 4 | \ .
—— ) 1
d19i19,4 400 ! \\ ,
- '
2 4 ' \ :
- ‘ \ i
2151 .4 ' \\ X
- |
300 t /
42353 .4 ' !
]
| b/
i | !
200 t i .
' /
! L
7
\ [
1
100 : L,
\ / K
\ ’
%% 25 30 35
Pt16;16 19419, P25, P21 ;5 . L2355
Potential Temp (deg)
Potential T Variance Chart Potential T Mean Chart
. 3 T T 40 I
1)
L)
g — ®
2 2.25 & 30—
: N
g v_pt, § m _pt, . —
> o 1.5 = o 20
0.75 10
0 I | I l | = 0 |
2 4 6 0 3

S
Launch (2, 16, 19, 21, 23)

s
Launch (2, 16, 19, 21, 23)




Temperature Profiles:

Temperature v. Hgt
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Dewpoint Point Temperature Profiles:

Height (m)
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Wind Speed Profiles:
Wind Speed v. Height
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Wind Direction Profiles:

Wind Direction v. Height
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Relative Humidity Profiles:

Variance (%)

Relative Humidity v. Height
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Data for first 300 meters:

1

16 00 0.0

ORIGIN=1

180 2.6 5.0 284 283 254 1011.0 84.0

" \4 1000 984.0 2999 224 62 12.0 287 289 216 9777 66.0

(1 16 0.0 0.0 20 6.2 12.0 20.8 21.3 163 1018.7 76.0 .
416 = 5 199 183.0 55.8 337-180 7.2 14.0 20.0 21.0 163 10122 79.0
|9 541 525.0 160.0 5 7.2 14.0 189 21.0 16.5 1000.0 86.0
i16 :=1..
12 1000 984.0 2999 10 74 144 17.5 209 162 9839 92,070 " !-TOWs(dle)
) _ NIL16.16 I=d16.]6 )
1 16 0.0 00 170 1.5 3.0 25.1 269 228 1014.8 87.0 ! 116,
6 219 203.0 619 255 6.7 13.0 259 28.5 23.1 1007.7 85.0 o
altl6i16 '—d16i16 4
dl9:=| 9 442 426.0 129.8 255 6.7 13.0 26.2 29.2 21.8 1000.0 77.0 ’
11 624 6080 1853 255 72 140 265 299 207 9938 710| wdl6, :=dl6,
i i16,
|13 1000 984.0 299.9 254 7.5 14.6 25.6 30.0 20.1 981.0 72.0
1 16 00 00 20 15 3.0 17.3 173 150 1021.8 86.0 wsl6,,s =d16,; o
.| 5 212 1960 597 69 36 70 228 240 187 10148 780 t16,,, =di6__
= . i i16,
9 631 615.0 187.5 73 3.6 7.0 21.6 23.7 16.3 1000.0 72.0
|11 1000 984.0 2999 74 3.7 7.2 20.6 23.7 15.6 987.2 73.0 pt16i16::d16i169
(1 16 00 00 250 2.6 50 27.1 29.0 23.6 10164 81.0 dt16l.162:d16].16 10
6 250 2340 713 257 3.1 6.0 25.5 279 22.7 1008.3 84.0
d23 = plé. 6 =d16, 6.11
9 488 472.0 1439 246 3.6 7.0 253 28.4 22.5 1000.0 85.0 i1 i16,1
|12 1000 984.0 299.9 233 4.1 8.0 25.5 30.1 21.9 9825 81.0 l‘h16“6:=d16i16 12
Renaming data elements:
i19 :=1..rows(d19) i2 :=1..rows(d2) i21 :=1..rows(d21) i23 :=1..rows(d23)
MLI9“9 I:dl9i19 ) l\'IL2i2 ::d2i2 . MLZIi21 ::d21i21 ) I\/IL23i23 ::d23i23 ]
altl9i19 ::d19i19 4 alt2i2 ::d2i2 4 :«.!1t21i21 ::d21121 4 alt23i23 2:d23i23 4
wd19i19 ::d19“9 5 Wd2i2 ::d2112 5 wd21i21 :=d21i21 P wd23i23 ::d23i23 s
ws19i19 ::d19i19 p wsZi2 :=d2i2 6 w521i21 ::d21i21 6 ws23i23 ::d23i23 p
1:19ilg ::d19i19,8 t2i2 ::d2i2,8 t21i21 = d21i21,8 t23i23 ::d23i23,8
ptl9“9 ::d19“9’9 pt2i2 ::d2i2’9 pt21i21 ::d21m,9 pt23i23 ::d23m,9
dtl9i19 2=d19“9,10 dt2i2 ::d2i2,10 dt21i21 ::d21i21,10 dt23i23 ::d23i23,10
P19;)9 =195 | P2, =42, | P2l =21, 4 P23, :=d23,,, )
rh19i19 ::d19“9.]2 rh2.12 ::d2i2,12 rh21i21 ::dZIm’12 rh23i23 ::d23i23,12




pt22 := linterp( alt2,pt2,100) t22 := linterp(alt2,t2,100) p22 := linterp(alt2,p2,100) rh22 := linterp(alt2,rh2,100)

dt2, := linterp(alt2, dt2,100)

Data set K-2 with interpolated values at 100m:

1 16 00 00 180 26 50 284 283 254 1011.0 84.0

2:=|2 0 0 100 224 62 12 122 p1‘.22 di2, p22 rh22

4 1000 984.0 2999 224 6.2 12.0 28.7 289 21.6 977.7 66.0

” 16 0 0 180 26 5 284 283 254 1011 84 Note: Non-zero
0 0 100 224 62 12 285 285 24.1 999.9 78 values of d2 at

100m interpolated
1000 984 299.9 224 6.2 12 28.7 289 21.6 977.7 66

i2 :=1..rows(d2) wd2i2 ::d2i2,5 pt2i2 ::d2i2,9
ML2, ::d2i2,1 ws2i2 ::d2i2,6 P2, ::d2].2,11
alt2,) :=d2,, , 2, 1= <d2i2’8+273) th2, =d2,, )

Potential Temperature Lapse Rate Calculations:

j16 :=2_ . rows(d16) - 1 j19 :=2.. rows(d19) - 1 j2:=2.rows(d2) -1
dedzl6,,, = P64~ P06 dedz19. _ = P51941~ P1%o dedz2 M Ty
j16 -’ j19° j2
alt16j16+1 - alt16j16 alt19j19+1 - alt19j19 alt2j2+1 - alt2j2
j21 :=2..rows(d21) - 1 j23 :=2..rows(d23) -1
dedz21. = P21~ P21, dodzzs, =P m 1 PP
21 j23
alt21j21 1 alt21j21 alt23j23+1 - alt23j23
sf2 := mean( dG)dzZ)-(althws (2)" alt22> sf2=0.2
sf16 := mean(d@dz16)- <altl6mws (d16)~ altl62> sf16 =-0.058
sf19 ::mean(d@dzl9)-<alt19mws(d19) - a1t192) sf19 =1.416
sf21 :=mean(d®dz21)-<alt21mws( 21y~ alt212) sf21 =—-0.188
sf23 ::mean(d®d223)-<alt23mws( a3)” alt232> sf23 =1.355



sft:=(sf2 sfl6 sfl9 sf21 sf23)  sf=sh’ z:=(0 0 0 0 0)
sft=( 0.2 -0.058 1.416 —0.188 1.355) z:=zt]

s=1.5

Ground Stability Factor (75m - 300m)

15

1.15

0.45

0l | I I

—0.25

: S
. Launch (2, 16, 19, 21, 23)

sft=(02 -0.06 142 —0.19 1.36)



APPENDIX F

Regression equation determinations for coefficient of entrainment



STUDENT EDITION OF STATISTIX GAMMA, 11/20/97, 1l6:51

UNWEIGHTED LEAST SQUARES LINEAR REGRESSION OF GAMMA

PREDICTOR

VARIABLES COEFFICIENT STD ERROR STUDENT'S T P VIF
CONSTANT 1.05257 0.44844 2.35 0.2564

WINDSPD 0.03142 0.02790 1.13 0.4622 1.0
DEWPT -0.04319 0.02334 -1.85 0.3154 1.9
STABFAC -0.03917 0.08174 -0.48 0.7155 1.9
R-SQUARED 0.9139 RESID. MEAN SQUARE (MSE) 0.00988
ADJUSTED R-SQUARED 0.6558 STANDARD DEVIATION 0.09940
SOURCE DF . 88 MS F P

REGRESSION 3 0.10492 0.03497 3.54 0.3681

RESIDUAL 1 0.00988 0.00988

TOTAL 4 0.11480

CASES INCLUDED 5 MISSING CASES 1




STUDENT EDITION OF STATISTIX GAMMA, 11/20/97, 16:52

UNWEIGHTED LEAST SQUARES LINEAR REGRESSION OF GAMMA

PREDICTOR

VARIABLES COEFFICIENT STD ERROR STUDENT'S T P VIF
CONSTANT 1.21823 0.34425 3.54 0.1753

WINDSPD 0.04196 0.03298 1.27 0.4241 1.6
DEWPT -0.05625 0.01826 -3.08 0.1998 1.3
HIGHLR 0.03851 0.06461 0.60 0.6578 1.9
R-SQUARED 0.9219 RESID. MEAN SQUARE (MSE) 0.00896
ADJUSTED R-SQUARED 0.6877 STANDARD DEVIATION 0.09468
SOURCE DF SS MS F P

REGRESSION 3 0.10584 0.03528 3.94 0.3511

RESIDUAL 1 0.00896 0.00896

TOTAL 4 0.11480

CASES INCLUDED 5 MISSING CASES 1




APPENDIX G

Mean square difference calculations



Stabilization Height for Various v predictors and Mean Square Difference Calculations:
ORIGIN=1

1:=(24 30 32 42 67) yi=qt!
Observed Heights:

ji=1.5
obst :=(1640 1774 1871 1375 1023)  obs :=obst”
REEDM Predicted Heights:
RDMt :=(923 997 1087 1211 854)  RDM :=RDMt'
(1904 ] [.203 ] (1682 ] [252]
1424 358 1410 364
predl :=| 1526 | 41 :=|.312 pred2 :=| 1710 12 :=|.256
1280 465 1338 431
1051 | 622 | 11027 | 648 |

Stabilization Height Pred 1

2000
K
+
1800 e
*.
’E‘predlj 1600
XXX X
B obs.
£ obs; X
TH+t 1400
RDM,
om X
1200 ul
- X
1000 =
ul
o
800 02 03 04 0.5 06 0.7

]
Entrainment Coefficient (alpha)




Stabilization Height Pred 2

2000
1-
1800 T
L
+
Forea, 1600
BXXX
£ obsj
<+++ 1400 X o
RDM, X
oo
1200 - o
o
1000 =) %
o
o
800 0.2 03 0.4 0.5 0.6 0.7
1%
Entrainment Coefficient (alpha)
Predictor Equations: Where:
\ - sf = low level stability factor
=1.02319 — .03223-sf- .04244-dp + .03019-
T pred1 st- .0 P+ 9-ws - dp = low level dew point
- ws = low level wind speed
ypred3=1.16548 — .03829-hsf— .05409-dp + .04087-ws - hsf = high level stab factor
Observed y Prediction 1 y Prediction 2 y
[ 0.24 ] [0.203 ] [0.252 ] .64 ]
03 0.358 0.364 .64
y= 0.32 1= 0.312 y2 =| 0.256 Yrdm = 64
0.42 0.465 0.431 .64
| 0.67 | | 0.622 | | 0.648 | .64 |

Mean Square Differences for the Different y Predictors:

— 2 . 2 e 2
AYlj = <Yj - Ylj> AYZJ. = <yj - 721> A'{rdmj ; (Yj Yrdmj.)
msdyl := ‘ZAYI msdy2 := VZAYZ msdyrdm ::_ngAyrdm
rows(y) rows(y) rows(y)

msdyl =0.019 msdy2 =0.02 msdyrdm =0.131




Mean Square Differences for the Different Predicted Stabilization Heights:

Ahlj = <obsj - predlj.)2 Ah2j = (obsj - Pfedzj>2 AhRDMj = <obsj - RDM)2

msdhl ::—@ msdh2 ::—z@ /\}ZAhRDM

msdh =
rows(y) rows(y) RDM rows()

msdhl =113.3 msdh2 = 80.4 msdh g = 2674




Meteorological Data K-15:

dis =

w
H

368
422
458
493
533
572
620
668
716
821
923
1024
1188
1393
1516
1680
1762
1844
1926
2008
2518
3074
3629
4198
4768
5326
5884
6470
6927
7889
8405
8921
9481
10041

O 00 3 & W AW e

N N = e et e et e et e eed e
AP 2B8BRYBURLUVBREBEELSTIaxaarGH =S

0.0
54.0
89.5
125.0
164.5

204.0
252.0
300.0
348.0
453.0
554.5
656.0
820.0
1025.0
1148.0
1312.0
1394.0
1476.0
1558.0
1640.0
2150.0
2705.0
3261.0
3830.0
4400.0
4958.0
5516.0
6102.0
6559.0
7521.0
8037.0
8553.0
9113.0
9673.0

0.0
16.5
273
38.1
50.1
62.2
76.8
91.4
106.1
138.1
169.0
199.9

249.9
3124
349.9
399.9
4249
449.9
4749
499.9
655.3
824.6
994.0
1167.5
1341.1
1511.2
1681.3
1859.9
1999.2
2292.4
2449.7
2607.0
2777.6
2498.3

13
10

358
350
341
346
346
350
353

17
25
17
29
41
26
11
26
13
360
358
356
351
346
332
319
307
298
290
285
280

4.1
5.1
49
4.7
4.9
5.1
59
6.7
83
10.8
10.3
9.9
8.4
8.5
10.2
7.3
7.8
8.4
7.0
5.7
8.9
84
8.0
7.8
7.7
7.5
7.4
75
74
6.4
5.9
53
5.1

8.0
10.0
9.6
9.2
9.6
10.0
11.5
13.0
16.1
209
20.0
19.2
16.3
16.6
19.8
14.2
15.2
16.3
13.7
11.1
17.3
16.4
15.5
15.2
14.9
14.6
143
14.6
14.4
12.5
114
103
9.8

17.8
16.9
16.4
15.8
15.7
15.6
15.5
153
15.2
17.9
18.0
18.2
18.5
18.8
18.7
18.6
18.6
18.6
18.5
18.5
18.2
17.5
16.7
154
14.0
13.8
13.6
12.1
11.7
9.9
9.3
8.6
7.2

48 94 538

19.0
18.3
17.8
17.4
17.4
17.4
17.5
17.5
17.5
20.8
21.2
21.6
224
232
23.5
23.9
24.1
24.4
24.6
24.8
26.0
26.8
27.6
27.9
282
29.6
31.1
31.4
32.1
332
342
35.1
35.4
35.7

11.2
11.0
10.9
10.8
11.0
11.2
11.4
11.6
11.8
134
13.1
12.8
124
11.8
11.7
11.5
114
11.3
11.2
11.1
10.5
8.8
7.1
6.3
54
3.6
1.8
2.6
-25
-4.6
-5.1
-5.6
-5.6
-5.7

ORIGIN=1

1002.9
1001.0
999.7
998.5
997.0
995.6
993.9
992.2
990.5
986.8
983.2
979.7
974.0
967.0
962.8
957.2
954.4
951.7
948.9
946.1
929.2
911.0
893.1
875.1
857.4
840.3
823.5
806.2
793.0
765.6
751.2
737.1
722.0
707.2

65.0 |
68.0
70.1°
72.0
73.6
74.8
76.8
78.3
80.0
75.0
729
71.1
67.9
63.9
63.6
63.1
63.0
62.6
62.4
622
60.7
57.1
53.2
55.0
55.9
50.7
44.6
52.0
37.0
35.6
36.8
35.9
40.6

434 |

rd :=rows(d15)

i=1l.rd

ML. .=d15.
i i,1

alti :=d15i,4-m

wdi ::d15|.’5

ws. :=d15. -m-sec’!
i i,6

t. ::d15i’8-K

pt, =d15, oK

K-15

mb ;= 100-kg-m'1-sec'2

p,:=dl5, | -mb



K-15 Plume Rise Model

Model parameters:

rg = 170-m

=919 g= 9.807-m-sec > R :=287-m%sec 2K’ ug '=0-m-sec”’
Mass of initial plume: ms :=3.899-104-kg Radius of initial plume:
Density of initial plume: P - 3mS pi= 1.895:10 > +kgem °
47 (r 0>3
Ambient Air Density Calculations:
Initial density: meti =7
Temp: t .=155K Pres: p_. =9939-10* *kg'm !+sec 2
- P =22.342+kg'm ° alt  =76.8m =
pOOV_R-t P00 : g ‘meti ) P1:=Po0
meti
Final density: metf ;=21
Temp: t . =182°K  Pres: p_ = 9292:10" ckgrm 'esec
- Pmet =17.789-kg'm ° alt _ =6553m
Pof Rt Pof . 4 metf :
metf
Pofr— P - -
dpdz = | — O "0 | 404y =-7.8714107 ekgrm
alt  _—alt .
metf ‘meti
G=-g 2% G=345510" +sec?
P1
Unit Conversions:
-3 ,_ 1 -1 o2 -4 -1
viu :=m v2u =sec-kg 'm v3u :=sec”-m vdu :=m
Initial Conditions:
Poo—Pi
v, ::r03-v1u v, ::r03-p i’ gv2u v, :=r03-g- (—()—(;—l)-vh v, '=0-m-v4u
1

vI=(4913.10° 0 481810 0)

K-15



Determination of critical values:

K-15

ths(t,v) = |p g¢p oo+ dpdz-v4 Note:
Py v1 = cloud radius (meters)
p—po- Vy— v4 = cloud height (meters)
Y
&% Initial time value:  it:=0 n:=10
u(__lZ_ Final time value: ft =100
Yy # of time steps: nt =(ft - it)}n
% z :=rkfixed(v, it, ft, nt, rhs)
Te (v1>
d «3rqu i=l.nt+1
1
d21- p l'V3
d3<—- G-u-vl
d4<-—u
d
1
vl ::z<2>-L rad. := (vl.)3 Hu ::z<5>-L+r0 Hu , '=max(Hu)
vlu ! ! " vdu

max(rad) =563*m == Max plume radius

Hu , =691°m == Plume Stabilization Height
v2 ::z<3>-L v3 j:z<4>.__1__
v2u v3u

Observed Cloud Rise Data:

- .. = J
tOb'_11'60 j.—l..tob'n-f-l Xj.—a

Note: Multiplication of v1, v2, v3,
and vé4 by v1u, v2u, v3u, and v4u
is to reinstall units.

(f - it)n =1-10° n=10

zob, :=-0.5498- <xj)4 +14.152- (xj>3 - 12834 <xj>2 +502.52'%, - 66.388 max(zob) =781.354

vob, = [-2.1992- (x) + 42.456-(x ) - 256.68x + soz.sz}l
J ] ] J 60

v2,

i 1

P1 -
p. =popo- V3. —— u. = -sec-m
i 7P00m gl 'opevl

Hi = Hui'v4u

a =0919



Predictor Equations: Where: K-15
- ) ) ) - sf = low level stability factor

Ypred1‘1~02319 - .03223-sf- .04244-dp + .03019-ws - dp = low level dew point

ws = low level wind speed

hsf = high level stab factor

7pred2='225 +.32355 + .05229 - .06543-sf- .01219-dp + .00719-ws

7pred3= 1.16548 - .03829-hsf - .05409-dp + .04087-ws

jhl15:=14..29 ihl15:=1..29- 13 jls:=7.14 il15:=1..14-6

déh,,s = (ptjh15+1 - ptjhls)'K_l del;s = <ptj115+1 - ptjns>'K_1

hsf :=mean(d®h) hsf=1.1 sf :=mean(del) sf=0.3

j15:=7..21 idpl15:=1..21- 6 j15:=7..21 idp15:=1..21- 6
dtlidpls ::d15j15’10 WSlideS ::wsjls-m'l-sec

dp :=mean(dtl) dp=10.5 ws .= mean(wsl) ws =8.9

Y pred] ‘= 102319 - .03223-sf~ .04244-dp + 03019-ws
Y predz ‘= 225 + 32355 + 05229 - 06543 -sf~ .01219-dp + .00719-ws

Ypred3 ‘= 1.16548 - .03829-hsf - .05409-dp + .04087-ws

Y predi = 0-837 Y pred2 =0-517 Y pred3 = 0919




Meteorological Data K-22: ORIGIN=1 K-22

1 3290 -390 -11.9 3550 3.1 6.0 194 194 107 1001.8 57.0]
2 3830 150 46 00 31 60 187 187 99 9999 56.0
3 4310 630 192 3550 3.1 6.0 181 181 9.2 9982 564
4 5130 1450 442 3543 3.1 6.0 17.0 17.0 80 9953 56.0
5 6200 2520 76.8 359.0 26 5.0 16.7 16.7 103 9915 66.0
6 820.0 4610 1405 3450 34 6.6 15.0 151 94 984.1 69.0
7 9840 6160 187.8 343.0 48 93 152 153 98 9786 70.0
8 11490 781.0 238.0 320.0 6.0 11.7 179 18.0 94 9729 58.1
9 12620 894.0 2725 2959 49 9.6 198 20.0 9.1 969.0 50.0
10 1313.0 9450 288.0 285.0 45 87 213 215 99 9673 483
d22:=j11 1384.0 1016.0 309.7 2893 5.0 9.7 234 236 11.1 9648 46.0
12 1477.0 1109.0 338.0 295.0 5.6 109 239 242 103 961.7 425
13 1553.0 1185.0 361.2 3234 59 11.4 243 246 9.7 9592 396
14 2059.0 1691.0 5154 328.7 6.7 13.1 265 27.0 65 9425 28.0
15 2700.0 2332.0 710.8 3334 6.9 134 258 264 45 921.8 253
16 3884.0 3516.0 1071.7 340.1 5.5 10.7 23.9 248 0.7 8846 21.6
17 5072.0 4704.0 1433.8 19 3.1 6.1 209 219 -12 8485 227
18 6290.0 5922.0 1805.0 343 1.7 33 18.1 192 -19 8127 255
19 7538.0 7170.0 21854 2870 04 08 17.1 184 -83 7773 16.8
20 8754.0 8386.0 2556.1 2512 22 43 152 165 -10.0 7442 16.6
|21 10063.0 9695.0 2955.0 2454 2.8 5.5 13.7 151 -11.0 709.9 16.9 ]

rd :=rows(d22)
i=1.rd
ML, :=d22, | wd, :=d22, pt, = <d22i,9+ 273)-1(

alti ::d22i ym ws, 1=d22i 6-m-sec"1 mb .= 100-kg~m’1'sec'2

t = <d22i,8+273>.K P, ::d22i'n-mb




K-22 Plume Rise Model K-22

Model parameters:

a =1.165 g =9.807mesec > R :=287-m%-sec K ! ug :=0-m-sec”’
Mass of initial plume: ms :=3.899 104-kg Radius of initial plume: rg:=170-m
Density of initial plume: Pi ::_ir_n-s—— p;i=1895 10° -kg-m~3
4-7 <l' 0>3
Ambient Air Density Calculations:
Initial density: meti :=5 alt . =76.8'm
Temp: t . =2897°K Pres: p_.. =9915-10* *kg'm 'esec 2
o pmetl _ -3 o
P00 "¢ P oo =1.193-kg'm P1:=P 00
‘tmeti
Final density: metf = 14 alt  .=5154'm

Temp: t  =2995K Pres: p_ =9.42510" -kg'm ' -sec -

P -
p of = metf P 0f= 1.096'kg'm 3
R-t
metf
Por—P - -
dpdz:=|— O P00 | 4odz=-2.180-107* ckgrm
alt  -—alt .
metf meti
G ::-g-éfiz G=1810" esec
P1

Unit Conversions:

viu =m v2u :=sec-kg Lm! v3u :=sec’m™ véu :=m’!

Initial Conditions:

Poo—Pi
v, :=r03-v1u v, ::ros-p j’'u-v2u v, ::r03-g- (——02————1)-v3u v, :=0-m-v4u
P1

vi=(491310° 0 481-107 0)



Determination of critical values:

rhs(t,v) :=

max(rad) =704*m

Hu m= 630°m
v2 = Z<3> _l_
v2u

PO—Poo+ dpdz-v4

P1
p—p - Vy——
gV,
Va
Ue—=
v,

i

e <v1>3
2
dle—-3-r -a-u
d2(—p 1'V3
d34—-G-u-v1
d4<-u
d
1
d = (v1)?
rad, := (v i)

<== Plume Stabilization Height

_<a> 1
v3i=z = —
v3u

Observed Cloud Rise Data:

top = 11:60

jrElityn+1

ui=z " —— 471

== Max plume radius

X. !
J

Note:
v{ = cloud radius (meters)
v4 = cloud height (meters)

Initial time value: it:=0 n:=10
Final time value: ft :=100
# of time steps: nt :=(fi- it)-n

z .= rkfixed(v, it, ft, nt,rhs)

i=l.nt+1

<> 1 ,_
' Hu |, :=max(Hu)
vdu

Note: Multiplication of vi, v2, v3,
and v4 by viu, v2u, v3u, and v4u
is to reinstall units.

(f- it)n =1-10° n=10

z0b, := 0016 <xj>5 _ 1495 (xj>‘ +4.9361- (xj)3 - 71.141- <xj>2 +437.92:x, - 229.17 max(zob) =722.209

vob, := [s.o- 10°3. (xj>4 - 598 (xj>3 +14.8083- <xj>2 - 142282:x + 437.92]%

Hi = Hui~v4u

L= -v3.— u, =
P; =P 00 i g-vli i

pl,-vl.

a =1.165

K-22




Predictor Equations: Where: K-22

= . . . - sf = low level stability factor
Y pred1=1:02319 - .03223-sf - .04244-dp + .03019-ws - dp = low level dew point
- ws = low level wind speed
Ypred2='225 +.32355 + .05229 - .06543-sf- .01219-dp + .00719-ws - hsf = high level stab factor

Y pred3= 1.16548 — .03829-hsf - .05409-dp + .04087-ws

jh22:=11..18 ih22:=1..18- 10 j122:=5..11 iI22:=1..11-4

deh; ), = (ptjh22+1 - ptjlﬁz)'K1 46y, = <ptj122+l - ptjlzz)'K_l
hsf:=mean(d®h) hsf=-0.8 sf:=mean(d®) sf=0.6

j22:=5..14 idp22:=1..14- 4 j22:=5.14 idp22:=1..14-4
dtl, dp22 ::d22j22,10 wsl, dp22 :;wsjzz-m'l-sec

dp :=mean(dtl) dp=6.5 ws = mean(wsl) ws =6.7

Tpredl = 1.02319 - .03223-sf- .04244-dp + .03019-ws
Ypred2 = 225 + .32355 + .05229 - .06543-sf - .01219-dp + .00719-ws

Y pred3 = 1.16548 — .03829-hsf— .05409-dp + .04087-ws

Y pred1 = 0-93 Y pred2 = 0-531 Y pred3 = 1118




Stabilization Height as Function of Initial Cloud Radius (VAFB): ORIGIN=1
. T
1t :=(.48 .52) Y=gt
. - Observed Heights:
ib :=1..rows(y) obst := (658 702) obs :=obst”
j=1.rows(y) REEDM Predicted Heights:
i :=2..rows(y) RDMt :=(514 424) RDM := RDMt "
i1 714 ) .837 £ 856 ) 517 43 691 3 919
re = = e = = e =
P 704/ T les) P 939 " l\sz) P 643 s
Stabilization Height Pred 1
1000
900
E predl.
§><><><J 800
§ obs.
e+t 700 X "—
RDM; +
oo™ 6o
500 o
o
40053 0.6 0.7 0.8 0.9 1 11 1.2
Y
Entrainment Coefficient (alpha)
Stabilization Height Pred 2
1000
X
900
X
Ered o —
XXX
£ obs.
<+++ 700 [—+
RDM; +
om™ 600
s00 |FO
o
40095 0.6 0.7 038 09 1 11 12

12
Entrainment Coefficient (alpha)




Stabilization Height Pred 3

1000
900
‘g pred3
XXX 800
£ obs;
I+t 700 % +
RDM, + "
)
500 a
400 =
0.5 0.6 0.7 0.8 0.9 1 11 12
3
Entrainment Coefficient (alpha)
Predictor Equations: Where:
y pred1=1-°2319 — .03223-sf— .04244-dp + .03019-ws - sf = low level stability factor

- dp = low level dew point
- ws = low level wind speed
T pred2=- 225 + .32355 + .05229 - .06543-sf- .01219-dp + .00719-ws - hsf = high level stab factor

T pred3™ 1.16548 — .03829-hsf - .05409-dp + .04087-ws

Observed y Prediction 1y Prediction 2 y Prediction 3 y
0.48 0.837 0.517 0.919
0.52 0.93 0.531 1.118

Mean Square Differences for the Different y Predictors:

o 2 . 2 o 2
byt = (- 1) 82, = (1,- 12;) b3, = (1~ 13;)
msdyl := ‘ZAYI msdy2 = “ZA)Q msdy3 := “ZAﬂ

rows(y) rows(y) rows(y)
msdyl =0.272 msdy2 =0.02 msdy3 =0.371

Mean Square Differences for the Different Predicted Stabilization Heights:

sht, := (obsj - predlj>2 8h2, = (obsj - pred2j>2 Ah3, = (obsj - pred3j>2 AhRDM, := <obsj - RDMJ)2

msdhl = 24h1 msdh?2 ;:@ msdh3 = «/—ZE :_/\[ZAhRDM

msdh =
rows(y) rows(y) rows(y) RDM rows(y)

msdhl =28 msdh2 =154.4 msdh3 =33.8 msdh gy = 156.5




APPENDIX H

Model templates




Meteorological Data K-2 (CCAS):

d2:

O 0 0 N i AW N -

O I I I S T
N8RV RSB a3 a0 m2 & 0 =

16
300
600
1000
1300
1600
2000
2300
2600
3000
3300
3600
4000
4300
4600
5000
5300
5600
6000
6300
6600
7000
8000
9000
10000
11000
12000

0.0
284.0
584.0
984.0
1284.0
1584.0
1984.0
2284.0
2584.0
2984.0
3284.0
3584.0
3984.0
4284.0
4584.0
4984.0
5284.0
5584.0
5984.0
6284.0
6584.0
6984.0
7984.0
8984.0
9984.0
10984.0
11984.0

0.0
86.6
178.0
299.9
391.4
482.8
604.7
696.2
787.6
909.5
1001.0
1092.4
1214.3
1305.8
1397.2
1519.1
1610.6
1702.0
1823.9
1915.4
2006.8
2128.7
2433.5
27383
3043.1
3347.9
3652.7

180
193
206
224
226
229
232
234
236
238
241
244
248
252
256
261
265
269
275
278
281
285
289
302

20
20

2.6
3.6
4.7
6.2
6.2
6.3
6.4
6.3
6.2
6.1
59
5.8
5.7
5.6
55
54
53
53
52
5.1
4.9
438
3.6
1.7
1.0
1.3
1.3

5.0
7.0
9.2
12.0
12.1
12.2
12.4
12.2
12.0
11.8
11.6
11.3
11.0
10.9
10.7
10.5
10.4
10.3
10.1
9.9
9.6
9.3
7.0
33
20
2.5
2.5

284
28.49
28.58

28.7
28.07
27.44

26.6
25.73
24.86

23.7
22.77
21.84

20.6
19.85

19.1

18.1
17.65

17.2

16.6

16.3

16.0

15.6

14.3

13.1

11.5

9.1
7.3

283
285
28.7
28.9
283
27.8
27.0
26.2
254
243
234
225
21.4
20.6
19.9
19.0
18.5
18.1
17.6
17.3
17.0
16.7
154
14.3
12.7
10.1
8.2

254
243
23.14
21.6
21.0
204
19.6
19.21
18.82
18.3
18.18
18.06
17.9
173
16.7
159
14.58
13.26
11.5
9.4
73
4.5
-0.5
-4.8
-3.8
1.0
-5.3

1011.0
1001.4
991.2
971.7
967.8
958.0
944.8
935.2
925.6
912.8
903.4
894.0
881.5
8723
863.2
851.0
842.1
833.2
821.3
812.6
804.0
792.5
764.5
7374
711.1
685.7
660.9

ORIGIN=1

84.0 |
78.8
73.3
66.0
65.7
65.4
65.0
67.1
69.2
72.0
75.6
79.2
84.0
84.9
85.8
87.0
82.5
78.0
72.0
64.8
57.6
48.0
36.0
28.0
35.0
57.0
41.0 |

rd = rows(d2)

i=1.rd
ML, =d2.

i i,1
alti ::d2i,4-m
wd, =d2

i i,5

ws, . =d2. -m-sec”!
i i,6
t = <d2i’8+ 273>~K

pt, := <d2i’9+ 273>-K

mb = 100~kg~m‘1-sec'2



K-2 Plume Rise Model

Model parameters:

=256 g =9.807-mesec >

Mass of initial plume: ms :=3.899- 104-kg

Density of initial plume: pi ::ﬂ pi
4.7 <l' 0)3

Ambient Air Density Calculations:

Initial density: meti =2 alt .=86.6'm

. = o - - . 5
Temp: t i 301.49°K Pres: Pperi 1.001-10

Radius of initial plume:

K-2

R :=287-m?-sec” 2K} ugy =0-m-sec”|

rgi= 170-m

=1.89510 > +kg'm °

*kg* m esec 2

Ppneti 4
poo::Rmen p00=l.157°kg’m pl :—_—p 00
.tmeti
Final density: metf =7 altme o = 604.7°m

. 3 L] . = . 4
Temp: tmetf—299.6 K Pres: Pt 9.448-10

P —
popi=—tL  pop=1099kgm
Rt
metf
Pof— P - -
dpdz = | — O P00} 4pdz=-1.13-10" +kgem
alt _—alt
metf meti
G= 3%  G-0572107* -sec?
P1

Unit Conversions:

1

- -1 - -4
viu=m> v2u :=sec-kg Lm v3u :=sec’m

Initial Conditions:
v, ::r03-v1u v, ::r03-p j’'ugv2u v, ::r03-g-(

vI=(491310° 0 48110 0)

*kge m esec 2

v4u::m'1

Poo—Pi
——0—0—-—1>-v3u v4::0-m-v4u

P1



Determination of critical values: K-2
ths(t,v) := |p ge=p oo + dpdzv, Note:
p1 v1 = cloud radius (meters)
pe—p o= Vy— v4 = cloud height (meters)
gv
1 Initial time value:  it:=0 n:=10
u(__vi Final time value: ft :=100
PYy # of time steps: nt:=(ft - it)-n
% z :=rkfixed(v, it, ft, nt, rhs)
e (v]>
d 3 qu i=l.nt+1
1
d21— p l'V3
d3<—- G-u-v1
d44-—u
d
1
vi=22> L rad, = (vl.)3 Hu :=z<5>-L+r0 Hu , :=max(Hu)
viu ! ! " v4u

max(rad) =564*m <== Max plume radius

Hu , =1710°'m == Plume Stabilization Height
v2 ;:z<3>.i v3 j:z<4>.L
v2u v3u

Observed Cloud Rise Data:

o . ]
tOb'—11.60 j.—l..tob'n-}-l Xj.—a

t= 3 3 — . 2 .
zobj '=0.6149 <xj> 27.571 (xj.) +377.6 X+ 38.08
vob, = [ 1.8447. <x.>2 _55.142:x + 377.6]l
J ) ) 60

v2. )

P
P, =P 00~ PLE u = —sec'm’ a =0.256

‘gl bopevl

1 1

Hi = Hul.-v4u

Note: Multiplication of v1, v2, v3,
and v4 by viu, v2u, v3u, and v4u
is to reinstall units.

fi - it)-n =110 n=10
(

max(zob) = 1.675-10



Observed vs Predicted Heights Predicted vs Observed VelociK-2

2000 T I I 30 T | I
Lt 3
ﬁ H_‘ e ’ § .u‘_ 2 ]
3 y S
< zob. 1000 ’ - > vob.
J ’ 3}
4
,' 10 - -1
’
! o -
’ -
!/ S~ = -
’ = - -
0 | ! | 0 0 | 1o L 0
0 2000 4000 6000 8000 0 2000 4000 6000 8000
i,j,i i,j
Time (.1 x sec) Time (.1 x sec)
Divide x-axis values by n =10 to get time scale in seconds
jji=l.metf-1
Determination of dtheta/dz:
pt. . —pt. i
d@dz = M .m.K i
U lalt, - alt.
Ji+1 I
Plot of dtheta/dz vs altitude
600 1 T T | | | T | T
0
E 400 |- -
2
:‘-g_ altjj
E 1
200 [~ —
0 | | l ] | ! i [
—0.04 —0.02 0 0.02 0.04 0.06 0.08 0.1 0.12
d®dzjj
dtheta/dz (deg/m)
Determination of wind shear for speed and direction:
WS, | — WS. wd, - wd.
=+l Vogee ugy = UH1 By geg!

Yo T, - alt i alt, - alt
b i B i+ i



Plot of wind shear (speed) vs altitude

600 l T T | l T | l |
0
E 400 - -
8
t.
£
g 4
200 - —
0 ] { | | | 1 | | |
—0.06 —0.04 —0.02 0 0.02 0.04 0.06 0.08 0.1 0.12
u ssjj
dus/dz (1/sec))
Plot of wind shear (dir) vs altitude
600 :
] | | 1 ] | |
o
& 400 - ° -
3
2 altjj
s eee °
200 - o ~
[}
0 | | | - | ] | |
0 50 100 150 200 250 300 350
dej
dud/dz (1/sec))
tj.. =pt. WSj.. [T WS, wdj.. =wd..
PY =Py Jj Jj Ij ki

mean_pt := mean(ptj)
mean_ws = mean( wsj)

mean_wd := mean(wdj)

var_pt ;= var(ptj)
var_ws ;= var(wsj)

var_wd :=var(wdj)



Altitude (m)

altitude (m)

altitude (m)

=3

B

Observed vs Predicted Heights

2000 I I ,
, 4
4
1000 p —
s
,
,
’
?
’
/’
/
' | | l 0
0
0 2000 4000 6000 8000
i,j
Time (.1 x sec)
Plot of dtheta/dz vs altitude
600
T T |
0
400 [~
200
0 | |
0.05 0 0.05 0.1
dG)dej
dtheta/dz (deg/m)
Plot of wind shear (speed) vs altitude
600
T T T T
0
400 |- —
200 |- —
oL I | 1
—0.05 0 0.05 0.1

U
dus/dz (1/sec))

altitude (m)

Predicted vs Observed VelociK-2

30 T T T

Velocity (m/sec)
=
[
S

vobj
10F —
0 | i T L 0
0 2000 4000 6000 8000
i,
Time (.1 x sec)

mean_pt =301.417°.K
var_pt=0.121-K*

mean_ws =4.933*me sec |

var_ws = 2.05%m>+sec >

mean_wd =209.667

var_wd =336.222

Plot of wind shear (dir) vs altitude

600 T ] ]
*
400 - . -
altjj
o000 L]
200 — —
L ]
[ ]
0 | ] |
0 100 200 300
wdjj
dud/dz (1/sec))




Meteorological Data K-16 (CCAS):

dl6 =

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

26

16
62
108
153
199
285
370
456
541
694
847
1000
1114
1389
1663
2000
2226
2613
3000
3494
3862
4000
4500
5000
5082
5971

0.0
45.8
91.5
137.3
183.0
268.5
354.0
439.5
525.0
678.0
831.0
984.0
1098.0
1372.5
1647.0
1984.0
2210.0
2597.0
2984.0
3478.0
3846.0
3984.0
4484.0
4984.0
5066.0
5955.0

0.0
13.9
27.9
41.8
55.8
81.8
107.9
134.0
160.0

206.7
253.3
299.9
334.7
418.3
502.0
604.7
673.6
791.6
909.5
1060.1
1172.3
1214.3
1366.7
1519.1
1544.1
1815.1

20
9
359
348
337
344
351
358
5
7

10
11
11
10
4
359
346
332
317
304
301
290
278
278
277

6.2
6.4
6.7
6.9
7.2
7.2
7.2
7.2
7.2
73
73
74
7.2
7.2
7.2
6.5
6.2
6.1
6.1
6.2
6.2
59
6.2
6.5
6.7
7.7

12.0
12.5
13.0
13.5
14.0
14.0
14.0
14.0
14.0
14.1
143
14.4
14.0
14.0
14.0
12.6

12.00

11.9
11.9
12.0
12.0
11.5
12.0
12.6
13.0
15.0

20.8
20.6
204
20.2
20.0
19.7
19.5
19.2
18.9
18.4
18.0
17.5
17.2
17.1
17.0
16.2
15.7
15.8
15.8
154
15.0
14.8
13.9
13.0
12.9
114

21.3
21.2
21.1
21.1
21.0
21.0
21.0
21.0
21.0
21.0
21.0
20.9
21.0
21.5
22.0
224
227
24.0
252
263
27.0
272
27.7
28.2
28.4

16.3
16.3
16.3
16.3
16.3
16.3
16.4
16.4
16.5
16.4
16.3
16.2
16.1
143
12.5
13.8
14.8
14.6
14.5
13.8
13.4
13.2
123
114
11.3

ORIGIN=1

1018.7
1017.1
1015.4
1013.8
1012.2
1009.1
1006.1
1003.0
1000.0
994.6
989.2
983.9
979.9
970.4
961.0
949.5
941.9
929.0
916.2
900.0
888.4
884.0
868.3
852.8
850.0

294 94 8234

76.0 |

76.4
773
78.3
79.0
80.9
82.5
84.2
86.0
88.0
90.0
92.0
93.0
83.6
75.0
86.0
94.0
93.2
91.0
90.0
90.0
90.0
90.2
90.0
90.0

88.0

K-16

rd :=rows(d16)

i=1.rd

ML. .=d16

i i,1
alt. :=d16. ,m
1 i,4
wdi ::d161.’5
ws. :=d16. -m-sec’’
i i,6

t = <d16i,8+ 273>-K

pt, := <d16i’9+273>-K

mb = 100-kg-m'1-sec'2

P :=d16i,“-mb




K-16 Plume Rise Model

Model parameters:

o =.648 g= 9.807-mesec R :=287-m?sec 2K ug = 0-m-sec”’
Mass of initial plume: ms :=3.97349- 104-kg Radius of initial plume: rg:=170-m
Density of initial plume: pi ::_3’."“__53 pi=1931-10" +kgem >

4.7 <l' 0)

Ambient Air Density Calculations:
Initial density: meti =6

Temp: t .=2927K Pres: p__ =100910" *kg'm 'esec

meti

pmeti -3
p oo = 1.201°kg'm
Rt 00

meti

Final density: metf = 16

pooI: altmeti=81‘8'm pl ::pOO

Temp: t . =2892K Pres: p__ =9.49510" *kgrm 'rsec

. pmetf _ -3 =
Pof= Xt pof=1.144kg'm altmetf =604.7*m
metf
Pof— P - -
dpdz = —Of——(-)g— dpdz =-1.095°10 4 *kg*m 4
alt  _—alt
metf ‘meti
G- P2 G-89410107 “sec?
P1
Unit Conversions:
viu=m?  v2u :=sec-kg'l-m'1 v3u :=sectm™ vdu =m’!
Initial Conditions:
POo—Pj
v, ::r03-v1u v, :=r03-p j'Ugv2u vy ::r03-g- (—02————1—>-v3u v, =0-m-v4u
1

vI=(491310° 0 481-10" 0)

K-16




Determination of critical values:

ths(t,v) = |pge=p oo+ dpdz~v4

P1
pep 0~ V3'—
gv,
Yy
Ve —2
PV,

1

Te <v1>3

2
dlc— 3-r-a-u
d2(—p 1'V3
d3(—-G~u'vl

d44—u

d

1

vl =72 1 rad, := <v1i>§ Hu =

viu

max(rad) =725'm == Max plume radius

Hu , =1027°m == Plume Stabilization Height
v2 j:z<3>-L v3 j:z<4> __1_
v2u v3u

Observed Cloud Rise Data:

top:=11:60  ji=1.t pn+1

60-n

X =3 (f-it)n=110°

K-16

Note:
v1 = cloud radius (meters)
v4 = cloud height (meters)

Initial time value: it:=0 n:=10
Final time value: ft =100
# of time steps: nt = (ft - it)n

z :=rkfixed(v,it, ft,nt,rhs)

i=l.nt+1

+TIg Hu ) '=max(Hu)

Note: Multiplication of v1, v2, v3,
and v4 by v1u, v2u, v3u, and v4u
is to reinstall units.

n=10

zob, ::-3.1435-<xj>4 + 48.496- (xj>3 - 303.52- (xj>2+ 950.75x, - 225.75 max(zob) = 1.039-10°

vob, := [ 12.574- <x.>3 + 145.488- <x.>2 ~ 607.04-x. + 950.75}-i
J J ] J 60

v2i
-sec'm
p.-vl.

1 1

1

3 —pl
= - V3. u, =
P, =P 00 Vg, i

Hi = Hui-v4u

o =0.648




Observed vs Predicted Heights
2000 I T T

E
o H.
3L
< zob, 1000 LA —
A
A
\
\
|}
\
' ! L 0
0
0 2000 4000 6000 8000

i,j,i
Time (.1 x sec)

Velocity (m/sec)

30

K-16
Predicted vs Observed Velocity

“re. ] [

0 2000 4000 6000

ij
Time (.1 x sec)

Divide x-axis values by n=10 to get time scale in seconds
jii=1.metf- 1
Determination of dtheta/dz:
pt. . -pt.
dedz, = (At " | k!
I lait, - alt.
I+1 i
Plot of dtheta/dz vs altitude
600 T ! I I
@
E 400 — —
]
200 p- ]
0 [ ] I
0.1 —0.05 0.05 0.1
d@dz_ij
dtheta/dz (deg/m)
Determination of wind shear for speed and direction:
WS, - WS, wd.. wd..
uSS.‘ .:'U—H—'U'SCC uSd., ‘= l-u+1 l -’-'.nfl.deg_l
] al’(J.j_H—altjj ji atjj I—atjj




K-16
Plot of wind shear (speed) vs altitude
600 = | | g I T | I |
0
E 400 |- —
8
g alt” <
= U
200 -
o1 | I = ! | | ! |
—0.06 —0.04 —0.02 0 0.02 0.04 0.06 0.08 0.1 0.12
u $S::
dus/dz (1/sec))
Plot of wind shear (dir) vs altitude
600
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2
£ alty °
= 000 °
®
200 @ -1
°
o
°
.
® .
oo a ] L L | ] L9
0 50 100 150 200 250 300 350
dej
dud/dz (1/sec))
j.. =pt.. WSj.. (= WS.. wdj.. .=wd..
ptju PY; Jj ] Jj i

mean_pt :=mean(ptj)

mean_ws = mean( wsj)

mean_wd := mean(wdj)

var_pt .= var(ptj)

var_ws ;= var( wsj)

var_wd :=var(wdj)
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Observed vs Predicted Heights

2000 I I T
1000 LT —
\
A}
\
A
\
)
\
' | L 0
0
0 2000 4000 6000 8000
i,j
Time (.1 x sec)
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Predicted vs Observed VelociK-16
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mean_pt =294.14-K

var_pt = 0.074°K>

mean_ws = 7.053-mesec |

var_ws =0.1 14°m®+sec 2

mean_wd =145.867

var_wd =2.768:10*

alt..

600

400
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d19 =

F

O &0 ~1 & U b WN =

W W LW W W N BN DNDNNDDN N
FOR 28IV RESs I aaren =S

16
57
97
138
178
219
293
368
442
533
624
812
1000
1309
1617
1926
2000
2500
3000
3472
4000
5000
5088
5602
6000
6153
6782
7000
7500
8000
8400
8561
9000
9500

0.0
40.6
81.2
121.8
162.4

203.0
2773
351.7
426.0
517.0
608.0
796.0
984.0
1292.7
1601.3
1910.0
1984.0
2484.0
2984.0
3456.0
3984.0
4984.0
5072.0
5586.0
5984.0
6137.0
6766.0
6984.0
7484.0
7984.0
8384.0
8545.0
8984.0
9484.0

Meteorological Data K-19:

0.0
124
247
37.1
49.5
61.9
845
107.2
129.8
157.6
185.3

242.6
299.9
394.0
488.1
582.2
604.7
757.1
909.5
1053.4
12143
1519.1
1545.9
1702.6
1823.9
1870.6
2062.3
2128.7
2281.1
24335
2555.4
2604.5
27383
2890.7

170
187
204
221
238
255
255
255
255
255
255
255
254
251
249
246
245
239
232
228
224
218
218
216
215
214
214
214
215
216
217
217
218
220

1.5
2.6
3.6
4.6
5.7
6.7
6.7
6.7
6.7
6.9
7.2
7.4
7.5
7.8
8.0
8.2
8.2
8.7
93
9.8
10.0
10.3
103
10.3
104
10.3
10.3
10.1
9.7
9.3
8.7
8.7
8.2
7.9

3.0

5.0

7.0

9.0

11.0
13.0
13.0
13.0
13.0
13.5
14.0
143
14.6
15.1
15.5
16.0
16.0
17.0
18.0
19.0
19.5
20.0
20.0
20.0
20.2
20.0
20.0
19.7
18.9
18.1
17.0
17.0
159
15.4

25.1
253
254
25.6
25.7
25.9
26.0
26.1
26.2
264
26.5
26.0
25.6
249
243
23.6
235
225
21.6
20.8
19.8
17.7
17.4
16.4
15.8
15.5
14.1
13.7
13.0
124
124
12.1
11.3
104

26.9
273
27.5
27.8
28.1
28.5
28.7
289
29.2
29.5
29.9
29.9
30.0
30.2
30.3
30.5
30.6
31.0
314
32.0
325
334
334
338
343
344
34.7
34.8
354
36.1
37.0
373
37.7
383

22.8
229
229
23.0
23.0
23.1
227
222
21.8
213
20.7
20.4
20.1
19.3
18.6
17.8
17.5
16.3
15.1
14.8
13.9
133
13.1
11.9
10.8
104
7.4
6.4
2.6
-1.3
-6.9
-8.0
-10.5
-11.3

1014.8
1013.4
1012.0
1010.5
1009.1
1007.7
1005.1
1002.6
1000.0
996.9
993.8
987.4
981.0
970.6
960.2
950.0
947.7
931.3
915.2
900.0
883.6
852.9
850.0
834.9
823.1
818.6
800.0
794.1
779.9
765.9
754.9
750.0
738.6
725.2

87.0 |

86.6
86.1
85.6
85.1
85.0
81.9
79.3
77.0
73.6
71.0
71.1
72.0
71.2
70.6
70.0
69.0
68.0
66.0
68.0
69.0
76.0
76.0
75.0
73.0
72.0
64.0
61.0
49.7
40.0
25.0
24.0
21.0
21.5

rd :=rows(d19)

i=1.rd
ML. :=d19.

1 i,1
alti ::dl9i,4-m
wdi ::d19l.,5

ws, =d19, -m-sec !
i i,6

t = <d19i,8+273>-K

pt. := <d19i’9+273)-K

mb := 100-kg-m‘1-sec'2

p; ::d19i’”-mb

K-19




K-19 Plume Rise Model

Model parameters:

o =.364 g= 9.807-mesec R :=287-m*sec > K ! ugy =0-m-sec”’
Mass of initial plume: ms ::3.899-104-kg Radius of initial plume:
Density of initial plume: P ::—3-& p;=1895 10° -kg~m_3
4.7 <r 0>3
Ambient Air Density Calculations:
Initial density: meti :=7 alt . =84.5'm
Temp: t .=299K Pres: p__ =100510" -kg'm ' *sec
o pmetl _ ' -3 L

Po0 "¢ P oo =1.171kg'm P1:=P00

‘tmeti
Final density: metf =17 altmetf =604.7"m
Temp: t . =2965K Pres: p_ =947710" kg'm '-sec ’

. pmetf _ -3
pof— pof——1114'kg'm
Rt
‘metf
PofF— P - -

dpdz:=|— 0 P00} 4odz=-1.107107* +kgem™*

alt _—alt

tf ‘meti

G=-gP%  G-9267107 sec”?

P1

Unit Conversions:

1

viu =m> v2u :=sec-kg Lm v3u =sectm™* vdu =m’

Initial Conditions:

4

ro:= 170-m

POO—Pi
\2 ::r03-v1u v, ::r03-p j°u o'v2u V, =TT g (—99———1>-v3u v, '=0-m-vdu

P1
vI=(491310° 0 481100 0)

K-19



Determination of critical values:
ths(t,v) := |p ge=p g + dpdzv,

P1
pe—p - Vy—
gv,

\))
Be——
)

1

re <v1>3

2
d1<—3-r ‘au
dz(—p 1'V3
d3<-—-G-u-v1

d4<-—u

K-19

Note:
v1 = cloud radius (meters)
v4 = cloud height (meters)

Initial time value: it =0 n =10
Final time value: ft :=100

# of time steps: nt :=(ft- it)-n

z = rkfixed(v, it, ft, nt, rhs)

i=1l.nt+1

— Ty Hu , :=max(Hu)
v4u

Note: Multiplication of v1, v2, v3,
and v4 by v1u, v2u, v3u, and v4u
is to reinstall units.

Hu  =1410°m == Plume Stabilization Height
v2 ::z<3>-L v3 j:z<4>._l__
v2u v3u

Observed Cloud Rise Data:

tob1311'60 j1:1..tob-n+1

\
|
|
|
|
|
\
\
|
max(rad) =621*m <== Max plume radius

(f— it)n =1-10° n=10

‘ zobj::.2675-<xj>4—5.643-(xj>3+5.1671- ) +428.75x - 12.172 max(zob) = 1.96-10°

vob. ::{1.07-<x.>3 - 16.929-(x )+ 10.3342:x + 428.75}-—1—
) ) J ) 60

V2.

u. =
i

= -v3.:
P, =P 00 i g-Vli

Hi = Hui-v4u

p.-vl.

1 1

o =0.364



K-19
Observed vs Predicted Heights Predicted vs Observed Velocity
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Divide x-axis values by n=10 to get time scale in seconds
ji=l.metf-1
Determination of dtheta/dz:
pt. .- pt.
d@dz = M .m.K‘l
olalt, - alt,
J+1 i}
Plot of dtheta/dz vs altitude
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= _J
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Determination of wind shear for speed and direction:
WS. . — WS, wd.. wd.,
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ij - ij alt.. - alt.
i altjj 1 al’tjj i i1




Plot of wind shear (speed) vs altitude

K-19
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tj.. = pt. WSj.. (=WS.. wdj.. =wd..
PUji =Py Jj i Jij i

mean_pt :=mean(ptj)

mean_ws :=mean(wsj)

mean_wd := mean(wdj)

var_pt ;= var(ptj)
var_ws ;= var(wsj)

var_wd :=var(wdj)
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Meteorological Data K-21:

d21 .=

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

| 34

16
65
114
163
212
317
21
526
631
816
1000
1333
1667
2000
2083
2261
2832
3000
3219
3589
3786
3857
3929
4000
4091
4271
4907
5161
6000
6819
7195
8000
8569
9500

0.0
49.0
98.0
147.0
196.0
300.7
405.5
510.2
615.0
799.5
984.0

1317.3
1650.7
1984.0
2067.0
2245.0
2816.0
2984.0
3203.0
3573.0
3770.0
3841.3
3912.7
3984.0
4074.5
4255.5
4891.0
5145.0
5984.0
6803.0
7179.0
7984.0
8553.0
9484.0

0.0
14.9
29.9
44.8
59.7
91.7

123.6
155.5
187.5
243.7
299.9
401.5
503.1
604.7
630.0
684.3
858.3
909.5
976.3
1089.1
1149.1
1170.8
1192.6
1214.3
1241.9
1297.1
1490.8
1568.2
1823.9
2073.6
2188.2
2433.5
2607
2890.7

20
32
45
57
69
70
71
72
73
74
74
77
79
82
84
87
106
115
131
149
166
186
205
225
241
274
304
303
298
290
287
284
283
285

1.5
2.1
2.6
3.1
3.6
3.6
3.6
3.6
36
3.7
3.7
35
32
3.0
3.1
2.6
2.1
1.9
1.5
1.0
1.0
1.0
1.0
1.0
1.0
1.0
3.6
5.1
8.4
103
10.8
11.9
123
12.9

3.0
4.0
5.0
6.0
7.0
7.0
7.0
7.0
7.0
7.1
7.2
6.7
6.3
5.8
6.0
5.0
4.0
3.6
3.0
20
2.0
20
2.0
1.9
2.0
20
7.0
10.0
16.3
20.0
21.0
232
24.0
25.0

17.3
18.7
20.0
214
22.8
22.5
222
21.9
21.6
21.1
20.6
19.5
18.5
174
17.1
16.5
15.0
144
13.7
12.9
12.5
12.3
12.2
12.0
11.8
114
11.4
11.7
11.0
9.7
94
7.5
7.0
59

173
19.0
20.6
223
24.0
239
23.8
23.7
23.7
23.7
23.7
23.6
23.5
234
234
233
23.5
233
23.2
235
23.6
23.6
23.7
23.7
23.8
239
252
26.1
277
28.9
29.7
30.9
324
34.1

15.0
15.9
16.9
17.8
18.7
18.1
17.5
16.9
16.3
15.9
15.6
15.2
149
14.5
14.5
14.5
14.3
13.7
12.9
12.0
11.6
11.5
11.3
11.2
11.0
10.7
2.1
-24
-7.1
-9.2
-11.8
1.7
3.5
1.8

1021.8
1020.0
1018.3
1016.5
1014.8
1011.1
1007.4
1003.7
1000.0
993.6
987.2
975.6
964.2
952.9
950.0
944.1
925.0
919.5
912.3
900.0
893.8
891.5
889.2
886.9
884.0
878.2
858.2
850.0
824.7
800.0
789.4
766.3
750.0
725.0

ORIGIN=1 K-21

86.0 |
84.0
81.8
79.7
78.0
76.2
74.7
73.3
72.0
72.5
73.0
76.3
79.6
83.0
85.0
88.0
96.0
95.0
95.0
95.0
94.0
94.5
94.7
95.0
95.1
95.4
53.0
39.0
27.0
26.0
21.0
67.0
78.0

75.3 |

rd :=rows(d21)
i=1..rd
ML, :=d21.

i i,1
alti :=d21i’4-m
wdi ::d21i,5

-1
ws. :=d21. -m-sec
1 i,6

t = <d21i,8+ 273)-1(

pt, := <d21i’9+273>-K

mb = 100-kg-m'1-sec~2

P, ::d21i,11.mb



K-21 Plume Rise Model

Model parameters:

o =.431 g =9.807-mesec ° R '=287-m*-sec 2K ! ug = 0-m-sec”!
Mass of initial plume: ms :=3.899- 104-kg Radius of initial plume:
. ol . _ 3ms _ -3 -3
Density of initial plume: i =—— p;=189510 7 +kg'm
4.1 <r 0>
Ambient Air Density Calculations:
Initial density: meti =6 alt . =91.7'm
Temp: t . =2955K Pres: p_.=1011-10° *kg'm 'sec -
. pmeti _ —3 o

Po0 " & poo =1.192kg'm P17P00

.tmeti
Final density: metf .= 14 alt  =604.7m
Temp: t  =2904K Pres: p_ =952910* kg'm ' sec ’

L pmetf _ o 3
Rt
‘metf
Pof—P - -

dpdz:=| O 700 | 4y =-0531107° wkgem * dpdz =-9.6:10°°

altmetf B altmeti
G- %% 5-7807107 kg 'em*esec?

P1

Unit Conversions:

1 1

- i 2 -4 -
viu:=m> v2u :=sec-kg ‘m v3u :=sec”'m v4u :=m

Initial Conditions:

4

rg = 170-m

POO—Pi
v, ::r03-v1u v, ::r03-p j’'ugv2u v, ::r03-g- (&)-v% v, =0-m-vdu

P1
vi=(4913-10° 0 481-10" 0)

K-21



Determination of critical values:

ths(t,v) = |p ge=p oo+ dpdz-v4

P1
pe—p - Vyr—
gV,

v,
ue—2
pvy

1

e <vl>3
dl«-—3-r2-a~u
d2<-p 1'V3
d3<——G~u'V1
d4¢—u

d

1

1 rad, := <v1i>3

viu

<>
vl=z~“ .

max(rad) =673*m == Max plume radius

Observed Cloud Rise Data:

tob '=11-60 X

j::1..tob-n+1 :

d
60-n

v2i
-sec'm
p. vl

1 1

u.
i

.= - Vv3.-
P, =P 00 i g-vli

Hi = Hul.-v4u

Hu A =1338m == Plume Stabilization Height
v2 f:z<3>-_l_ v3 ;:z<4>-_._1_
v2u v3u

(f—ityn =110

K-21

Note:
v1 = cloud radius (meters)
v4 = cloud height (meters)

Initial time value: it:=0 n:=10
Final time value: ft :=100
# of time steps: nt :=(ft- it)-n

z =rkfixed(v,it, ft,nt, rhs)

i=l.nt+1

Hu , :=max(Hu)

Note: Multiplication of v1, v2, v3,
and v4 by v1u, v2u, v3u, and v4u
is to reinstall units.

n=10

zob, :=-0.9109- <xj>4+ 24.561-<xj>3 - 245.91-(xj>2+ 1051.9-x - 21494 max(zob) = 1.404+10°

vob. = [ 3.6436- <x.>3 + 73.683-<x.>2 ~ 491.82-x + 1051.9}&
i J i i 60

a =0.431




Observed vs Predicted Heights
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Divide x-axis values by n=10 to get time scale in seconds
Jjj=1.metf-1
Determination of dtheta/dz:
pt. . -pt.
dodz, = |+l "0 |mg!
I lalt, - alt,
i+1 ji]
Plot of dtheta/dz vs altitude
600 I ! I I
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]
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Determination of wind shear for speed and direction:
WS. , — WS, wd.. wd..
T (K2 S TP uyy =3It U.mdeg!
S alt. - alt sdy Ta. —al
I+l +1



Plot of wind shear (speed) vs altitude
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tj.. =pt. WSj.. (= WS, wdj.. :=wd..
PU = PY; Jj ii Jjj Ji

mean_pt :=mean(ptj)
mean_ws := mean(wsj)

mean_wd :=mean(wdj)

var_pt :=var(ptj)
var_ws = var( wsj)

var_wd = var(wdj)




Observed vs Predicted Heights
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16
63
110
156
203
250
329
409
488
659
829
1000
1142
1414
1686
2000
2606
3000
3528
4000
4717
5000
5147
5574
6000
6323
6497
6670
6844
6922
7000
7427
8628
9500

O 00 N N kR W e

e T R R
NN bW = O

d23 :=

NN N N NN NN ==
NN b W NN = O O

W W W W NN
W N = O O o

'l))
S

0.0
46.8
93.6
1404
187.2
234.0
3133
392.7
472.0
642.7
813.3
984.0

1126.0
1398.0
1670.0
1684.0
2590.0
2984.0
3512.0
3984.0
4701.0
4984.0
5131.0
5557.5
5984.0
6307.0
6480.7
6654.3
6828.0
6909.0
6984.0
7411.0
8612.0
9484.0

Meteorological Data K-23:

0.0
14.3
28.5
42.8
571
71.3
95.5
119.7
143.9
195.9

2479
299.9
343.2
426.1
509.0
604.7
789.4
909.5
1070.5
1214.3
1432.9
1519.1
1563.9
1693.9
1823.9
1922.4
1975.3
2028.2
2081.2
2104.9
2128.7
2258.9
2624.9
2890.7

250
251
253
254
256
257
253
250
246
242
237
233
231
229
227
225
225
225
223
223
226
230
233
245
256
269
289
308
328
342
357
11
22
29

2.6
2.7
2.8
2.9
3.0
3.1
33
3.4
36
3.8
39
4.1
4.1
44
46
5.0
5.1
5.0
4.6
4.0
3.1
2.5
2.1
1.6
12
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

5.0
52
5.4
5.6
5.8
6.0
6.3
6.7
7.0
73
7.7
8.0
8.0
8.5
9.0
9.7
10.0.
9.7
9.0
7.8
6.0
4.8
4.0
32
24
2.0
2.0
2.0
1.9
1.9
1.9
1.9
1.9
1.9

27.1
26.8
26.5
26.1
25.8
25.5
254
254
253
254
254
255
25.7
255
254
24.8
23.7
22.6
214
20.1
18.2
17.9
17.7
17.0
16.3
15.5
153
15.1
14.9
14.8
14.7
14.2
11.9
10.6

29.0
28.8
28.6
28.3
28.1
27.9
28.1
28.2
28.4
29.0
29.5
30.1
30.7
31.2
31.8
32.1
327
32.8
33.1
33.2
33.3
33.7
33.9
34.3
34.7
34.8
35.1
35.3
35.5
35.5
35.6
36.0
37.6

23.6
234
23.2
23.1
229
22.7
22.6
22.6
225
223
22.1
21.9
21.6
20.9
20.1
19.8
18.9
18.4
17.9
17.5
16.5
153
14.7
13.2
11.7
10.8
9.6
83
7.1
6.2
53
-0.3
1.6

1016.4
1014.8
1013.2
1011.5
1009.9
1008.3
1005.5
1002.8
1000.0
994.1
988.3
982.5
977.8
968.7
959.6
949.3
929.6
916.9
900.0
885.4
863.3
854.7
850.0
837.3
824.9
8154
810.2
805.1
800.0
797.9
795.9
783.8
750.0

39.0 0.8 727.0

81.0 |
81.9
82.5
83.2
83.8
84.0
84.5
84.5
85.0
83.2
81.9
81.0
78.0
75.4
72.0
74.0
75.0
77.0
81.0
85.0
90.0
85.0
83.0
78.6
74.0
74.0
69.1
64.5
59.0
57.0
54.0
37.0
49.0

51.5 |

ORIGIN=1

K-23

rd :=rows(d23)
i=1.rd
ML, :=d23.

i i,1
alti :=d23i,4-m
wdi ::d23i,5

ws, :=d23. -m-sec’!
i i,6

t = <d23i,8+273>-K

pt, := (d23i,9

mb = 100-kg'm’1~sec’

P, ::d23i,11-mb

+ 273)-1(

2



K-23 Plume Rise Model

Model parameters:
a:=.252 £=9.807m- sec 2
Mass of initial plume:

Density of initial plume:

Ambient Air Density Calculations:

Initial density: meti =6

Temp: t oo —298.5°K  Pres:

p meti
Rt

meti

-3

poo = p00=1.177‘kg'm

Final density: metf =16

Temp: t oo =297.8'K  Pres:
= pmetf _ -3
pof— pof—llll'kg'm
R-t
metf
Por— P
dde ‘= M
altmetf - altmeti
G=gP%  G-1.035107 -sec?
P1

Unit Conversions:

1

viu=m?  v2u = sec-kg']-m'

Initial Conditions:

. 3
v, =T viu

vl =(4913-10°

R = 287-m2-sec'2-K'1
ms = 3.899-10* kg

SR Iro)

' 2 -4
v3u :=sec”-m

v, = r03-p i’'ugv2u

0 48110 0)

ug '=0-m-sec”’
Radius of initial plume:

3ms p;=189510"° +kg'm °

alt . =71.3'm
meti

= (] 5 . . —1. _2
Pt = 1.008:10° <kgem " +sec

P1:=P00

alt ‘= 604.7°m

mel
= L] 4 . L] _l L] —2
P ™ 9.493:10" <kg'm *sec

) dpdz =-1.242:10 * +kgem *

v4u ::m‘1

v, = 0-m-v4u

__ 3 (P0O0O~—Pi
vy =rgTg ————|'v3u
P1




Determination of critical values: K-23
ths(t,v) := fp ge=p oo+ dpdz-v4 Note:
P v1 = cloud radius (meters)
pep = Vy—— v4 = cloud height (meters)
-V
&% Initial time value:  it:=0 n =10
u(_i Final time value: ft :=100
PV # of time steps: nt:=(ft - it)n
% z :=rkfixed(v, it, ft, nt, rhs)
re (v,)
d (_3.r2.a.u i ::1..nt+ 1
1

dzi—p l'V3

d3¢—-G-u-v1

d4<—u

d

1
<> 1 3 >
vli=z " — rad, ;= (vl, —— 4T Hu . :=max(Hu)
vlu ! ( '> v4u 0 m
max(rad) =551*m == Max plume radius Note: Multiplication of v1, v2, v3,
and v4 by v1iu, v2u, v3u, and v4u
Hu , =1682'm == Plume Stabilization Height is to reinstall units.
v2 j:z<3>._.1_ v3 ;:z<4>.L
v2u v3u

Observed Cloud Rise Data:

top =11060  ji=l.tpn+1 ° X,

zob, :=0.6149- (xj>3 - 27.571-<xj>2 + 3776 + 38.08

vob, = [ 1.8447. <x.>2 _55.142:x + 377.6]-i
J ] ] 60

p 1 v2.

= -v3 . — u. =
P =P o0 i gVl i

p.-vl.

1 1

Hi = Hui-v4u

(fi- ityn =1-10 n=10

max(zob) = 1.675+10°

a =0.252



Observed vs Predicted Heights

Predicted vs Observed VelociK-23
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WS, | — WS. wd., . -wd.
1 -1
ug = Pl  U.gee ugy = 1D+ l”-m-deg
i . " ii alt. - alt.
i alt | alt Jij i 1 i



Plot of wind shear (speed) vs altitude

K-23
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tj. =pt. WSj.. (= WS, wdj.. :=wd.,
PY; =Pl Jj il Ij ii

mean_pt := mean(ptj)

mean_ws ;= mean( wsj)

mean_wd :=mean(wdj)

var_pt :=var(ptj)

var_ws = var(wsj)

var_wd = var(wdj)



Observed vs Predicted Heights
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Meteorological Data K-15:

d15 =

368
422
493
572
668
716
821
1024
1188
1393
1516
1680
1844
2008
2518
3629
4768
5884
6470
6927

7889

8921
10041

0.0
54.0
125.0
204.0
300.0
348.0
453.0
656.0
820.0
1025.0
1148.0
1312.0
1476.0
1640.0
2150.0
3261.0
4400.0
5516.0
6102.0
6559.0
7521.0
8553.0
9673.0

0.0
16.5
38.1
62.2
914
106.1
138.1
199.9

249.9
312.4
349.9
399.9
449.9
499.9
655.3
994.0
1341.1
1681.3
1859.9
1999.2
22924
2607.0
2498.3

13

358
341
346
346
353

17
25
17
41
11
26
360
356
346
332
319
307
290
280

4.1
5.1
4.7
5.1
6.7
83
10.8
9.9
8.4
8.5
10.2
7.3
8.4
5.7
8.9
8.0
7.7
7.4
7.5
7.4
6.4
5.3

8.0
10.0
9.2
10.0
13.0
16.1
209
19.2
16.3
16.6
19.8
142
16.3
11.1
173
15.5
14.9
14.3
14.6
14.4
125
103

17.8
16.9
15.8
15.6
15.3
152
17.9
18.2
18.5
18.8
18.7

18.6

18.6
18.5
18.2
16.7
14.0
13.6
12.1
11.7
9.9

8.6

48 94 538

19.0
18.3
17.4
17.4
17.5
17.5
20.8
21.6
224
232
23.5
239
24.4
24.8
26.0
27.6
282
31.1
314
321
332
35.1
35.7

11.2
11.0
10.8
11.2
11.6
11.8
134
12.8
12.4
11.8
11.7
11.5
11.3
11.1
10.5
7.1
5.4
1.8
2.6
-25
-4.6
-5.6
-57

ORIGIN=1

1002.9
1001.0
998.5
995.6
992.2
990.5
986.8
979.7
974.0
967.0
962.8
957.2
951.7
946.1
929.2
893.1
8574
823.5
806.2
793.0
765.6
737.1
707.2

65.0 |
68.0
72.0
74.8
78.3
80.0
75.0
71.1
67.9
63.9
63.6
63.1
62.6
62.2
60.7
53.2
55.9
44.6
52.0
37.0
35.6
35.9

434 |

rd :=rows(d15)

i=1.rd
ML, .=d15.

1 i,1
alti ::d15i’4~m
wd].l ::d15i’5

ws, :=dl15. -m-sec:'1
i i,6

t = <d15i,8+ 273>-K

K-15

pt, ::<d15i,9+273>-K

mb := 100-kg-m’1-sec

P :=d15i,“~mb

-2



K-15 Plume Rise Model

Model parameters:

a:=.959 g= 9.807-mesec 2 R :=287-m%sec 2K ug = 0-m-sec”!
Mass of initial plume: ms :=3.899- 104-kg Radius of initial plume: rg:=170-m
Density of initial plume: P ::3—'ms—3 pi= 1.895+10 ° 'kg°m—3

4.7 (I' 0)

Ambient Air Density Calculations:

Initial density: meti =4
Temp: t . =2886K Pres: p_ . =995610" -kgrm 'esec
. pmeti _ kee =3 L
P00~ P oo =1202kg'm P1:=P00
Rt .
meti
Final density: metf =21

4 -1, 2
Temp: t etf=282.9-K Pres: pmetf=7.656-10 *kg'm *sec

p —
pof=—=  pp=0.943kg'm
Rt
metf
Pof-P - -
dpdz = |— 2 700 |\ godr=-1.162:107* kgem
alt  _—alt .
metf meti
G =P G-047710% +sec?
P1
Unit Conversions:
viu:=m>  v2u ::sec-kg'l-m’] v3u :=sec’m™ vdu =m’’
Initial Conditions:
POO—Pi
\2 ::r03-v1u v, ::r03-p j’'ugv2Zu \A ::ros-g- (-——B—l>-v3u v, =0-m-v4u
1

vi=(491310° 0 48110 0)

K-15



Determination of critical values: K-15
ths(t,v) == |pg&=p oo+ dpdz-v4 Note:
Py v1 = cloud radius (meters)
pe—pg— Vy— v4 = cloud height (meters)
gv
1 Initial time value:  it:=0 n:=10
Vv, . . -
U2 Final time value: ft :=100
Y # of time steps: nt:=(ft- it)n
% z = rkfixed(v, it, ft, nt, rhs)
e <v1>
d14—3-r2-a~u i=l.nt+1
d2<—p 1Y
d3<—— G-u-v1
d44-—u
d
1
vi=z2>. 1 rad. := <v1.>3 Hu:=z5". L ro Hu . :=max(Hu)
viu ! ! " vdu

max(rad) =788*m <== Max plume radius

Hu , =816°m == Plume Stabilization Height
v2 j:z<3>.L v3 j:z<4>._1_
v2u v3u

' Observed Cloud Rise Data:

i

60-n

top =11:60  j=1.t pn+1 X, =

(ft-

Note: Multiplication of v1, v2, v3,
and v4 by v1u, v2u, v3u, and v4u
is to reinstall units.

ityn =1-10° n=10

z0b, :=-0.5498- (xj)“ + 14.152- (xj>3 - 128.34- (xj>2 +502.52:; - 66.388 max(zob) =781.354

vob, := [-2.1992- (x)° +42456:(x ) - 256.68x, + 502.52} 1

= -v3
P, =P Q0 i g~vli

Hi = Hui-v4u

60

a =0.959
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Plot of wind shear (speed) vs altitude

K-15
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tj.. = pt.. WSj.. (= WS.. wdj.. =wd..
PY; =P Jj 1i Iji ii

mean_pt .= mean(ptj)

mean_ws = mean( wsj)

mean_wd = mean(wdj)

var_pt :=var(ptj)

var_ws := var(wsj)

var_wd = var(wdj)
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Meteorological Data K-22:
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329.0
383.0
431.0
513.0
620.0
829.0
984.0
1149.0
1262.0
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1553.0
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10063.0

—
(=]

d22 .=

Nv—ln—-—lv—-n—lv—-u—-t—n-—n
S 0V 0NN U A W N

‘N
N

rd :=rows(d22)
ML. .=d22.
i i,1
alt. .=d22. -m
1 i,4

wdl. ::d22i,5

-39.0
15.0
63.0
145.0

252.0

461.0

616.0

781.0

894.0

945.0

1016.0

1109.0

1185.0

1691.0

2332.0
3516.0
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5922.0

7170.0

8386.0
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-11.9
4.6
19.2
44.2
76.8
140.5
187.8
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5154
710.8
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2556.1
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i=1.rd

ws. . =d22. -m-sec
i i,6
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0.0
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345.0
343.0
320.0
295.9
285.0
289.3
295.0
3234
328.7
3334
340.1
1.9
343
287.0
251.2
245.4

1

t = <d22i’8+ 273>-K

pt = <d22i,9+ 273>-K

3.1
3.1
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34
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8.0
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9.1
9.9
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9.7
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45
0.7
-1.2
-1.9
-83
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999.9
998.2
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984.1
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967.3
964.8
961.7
959.2
942.5
921.8
884.6
848.5
812.7
7773

-10.0 7442
-11.0  709.9

mb = 100-kg-m'1-sec'2

p,=d22, | :mb

ORIGIN=1
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K-22 Plume Rise Model

Model parameters:

a:=1.118

Mass of initial plume:

Density of initial plume: pj=

g =9.807'mesec

-2 2

R = 287-m2-sec'

ms '=3.899-10* kg

Ambient Air Density Calculations:

Initial density:

Temp:
pmetl

R.tmeti

Poo =

Final density:

Temp: toar =299-5K Pres:  p_ =9.42510" -kg'm 'esec 2
L pmetf _ -3
p of = p of = 1096'kg'm
Rt
metf
P of- P _ _
dpdz = |— 0 700 | dr=-2189-10* -kgom *
alt —alt .
metf ‘meti
G=g®”  G=18107 sec?
P1

t
meti

LM =1895+10 kgem
4.7 (l’ 0)3
meti =5 altmeti =76.8m
;=280.7°K Pres: p__. =991510" -kg'm '+sec
o |
metf = 14 alt tf=515.4-m

me!

Unit Conversions:

viu:=m> v2u = sec-kg']-m'

! v3u = secz-m'4 v4u =m’

Initial Conditions:

. 3
v, =T vlu

vl =(4.913-10°

Poo—Pi

3 3

Vv, SrgTpiugv2u vy i=rg g(—T—
1

0 481100 0)

K! ug '=0-m-sec” !

Radius of initial plume:

rg:=170-m

)-v3u v, '=0-m-v4u

K-22




Determination of critical values: K-22

rhs(t,v) = {p 0-Poo+ dpdz~v4 Note:
Pl vi = cloud radius (meters)
pepo— Vy— v4 = cloud height (meters)
gv
! Initial time value:  it:=0 n:=10
V. . . .
Ge——2 Final time value: ft (=100
Y # of time steps: nt:=(ft - it)-n
1 z :=rkfixed(v,it, ft,nt,rhs)

e (v,)?

dl«—3-r2-a-u i=l.nt+1

d24— P1Ys

d3<—— G-u-v1

d44—-u

d

1
vl ::z<2>._1_ rad. := <v1,>3 Hu ::z<5>-L+r0 Hu |, :=max(Hu)
viu ! ! vdu
max(rad) =697°m == Max plume radius Note: Multiplication of v1, v2, v3,
and v4 by v1u, v2u, v3u, and v4u
Hu , =643'm == Plume Stabilization Height I8 to reinstali units.
v2 j:z<3>.L v3 j:z<4>._1__
v2u v3u

Observed Cloud Rise Data:
_J

top =160 j=lotgpmel  x:=—— (- ityn =110’ n=10

zob, :=.0016: (xj>5 - .1495. <xj>4+ 49361 <xj>3 - 71.141- <xj>2+ 437.92:x,~ 229.17 max(zob) =722.209

vob, 1= [8.0- 103 (xj>4 - 598 <xj>3 +14.8083- (xj.)z - 142.282% + 437.92]%

V2, )
u, = ! .sec:m’ o=1.118
gvl. p.-vl.

1 1 1

pi =p 00~ V3i'

Hi = Hu].-v4u



K-22

Observed vs Predicted Heights Predicted vs Observed Velocity
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Determination of dtheta/dz:
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Plot of wind shear (speed) vs altitude
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mean_pt := mean(ptj)

mean_ws = mean( wsj)

mean_wd :=mean(wdj)

var_pt .= var(ptj)

var_ws = var(wsj)

var_wd = var(wdj)



Observed vs Predicted Heights
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Predicted vs Observed VelociK-22
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