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Numerical Model to Predict the Fate
of Jettisoned Aviation Fuel

Karl D. Pfeiffer,* Dennis W. Quinn,} and Clifton E. Dungey#
U.S. Air Force Institute of Technology, Wright—Patterson Air Force Base, Ohio 45433

While airborne, military and civilian aircraft must occasionally jettison unburned aviation fuel into
the atmosphere. This research investigates the fate of jettisoned fuel (e.g., JP-4, JP-8, etc.) from initial
release to final ground fall by numerically modeling the physical phenomena governing the fate of this
fuel: evaporation, advection, and dispersion. Using previous work in evaporation and free fall of fuel
droplets as a foundation, this article presents an integrated evaporation, advection, and dispersion model
designed to run under the resources of a typical personal computer. This integrated model is capable of
using near real-time meteorological data (i.e., vertical profiles of temperature, pressure, and wind) in all
model calculations. Physical assumptions in the numerical model are presented, along with sample model
calculations supporting these assumptions. Model calculations performed for two jettison scenarios show
good agreement with previously published results and with an infinite line source calculation.

Nomenclature

droplet drag coefficient

point concentration

acceleration due to gravity, 9.81 m/s’
dispersion coefficients along the x, y, and z
axes

molecular weight of air, 28.96 kg/kmol
ambient pressure

Reynolds number

universal gas constant, 8314 (N-m)/(K'kmol)
droplet radius

ambient temperature

model time

mean wind speed, m/s

droplet air speed

relative droplet speed, U — V

altitude

temperature lapse rate

time scale of the simulation

mean wind direction

kinematic viscosity of air

density of air

density of the fuel droplet

total deviation of horizontal wind direction
observed deviation of the horizontal wind
direction, rad

= deviation of the horizontal wind because of
meteorological uncertainty

release heading of aircraft

I. Introduction

HILE airborne, military and civilian aircraft must oc-
casionally jettison unburned aviation fuel into the at-
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mosphere. This procedure is typically performed to reduce the
weight of the aircraft, increasing the airworthiness of the air-
craft and facilitating a safer landing (Ref. 1, p. 29). As early
as 1959, Lowell developed a computer model to investigate
the fate of jettisoned fuel.>~* His work established that jetti-
soning unburned fuel at most altitudes presented little or no
flammability hazard. In the 1970s, the U.S. Air Force (USAF)
began comprehensive research into the fate of jettisoned fuel,
culminating in a series of technical reports by Clewell; in ad-
dition to investigating the frequency and nature of fuel jettison
events within the USAF (Refs. 1 and 5), Clewell also inves-
tigated the evaporation and dispersion of JP-4 with a computer
model.® Clewell used Lowell’s work as a foundation, but in-
corporated more detail in the chemical model of JP-4 and in
the simulation physics.*” Clewell extended his own work with
JP-4 by using the same model code to investigate the less
volatile JP-8.% Clewell concluded that current (i.e., 1980)
USAF minimum altitudes for fuel jettisoning (1500 m for tac-
tical aircraft, 6000 m for strategic aircraft) resulted in a low
threat of ground contamination by JP-4 over typical surface
temperatures. -Clewell found, however, that similar jettisoning
events with JP-8 could cause some ground contamination, es-
pecially over colder surface temperatures.” The preliminary in-
vestigations of Lowell and Clewell provide detailed informa-
tion about how much fuel will contaminate the ground after a
particular jettison event. An open question remains: where will
this fuel make ground fall? Quackenbush' recently investi-
gated the question of ground-fall location for jettison events
involving low airspeed, low altitude releases. Our work has
resulted in a general model suited to high and medium altitude
releases (6000- 1500 m) at typical airspeeds for USAF aircraft.
A further limitation to these previous studies is that a standard
atmosphere was used for meteorological data. We incorporate
near real-time weather data in our model to improve the pre-
diction for both ground fall location and amount.

In this article we present a general model to assess the threat
of ground contamination by an aviation fuel following a fuel
jettison event. We incorporate previous work in fuel droplet
evaporation®® into an integrated evaporation, advection, and
dispersion model; mode! output is a gridded data set of pre-
dicted concentration values, in either a grid-relative or map-
relative coordinate system. We first present the model design
and underlying physical assumptions. We then present several
sample calculations from the model, comparing our results to
previously published work and to a theoretical infinite line
source calculation.
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Our model code runs under the resources of a typical per-
sonal computer (e.g., i386 or 1486 architecture), although it is
portable enough to move easily to similar or more advanced
architectures (e.g., DEC VAX or RISC workstations). The
ANSI C source code, along with makefiles for common C
compilers, are available via anonymous file-transfer protocol
(FTP) at archive.afit.af.mil in the directory /pub/kpfeiffe.

II. Model Description

Lowell noted that determining the fate of jettisoned fuel re-
quires characterizing many elusive physical phenomena, con-
cluding that ‘‘... a completely general solution is merely a
goal’’ (Ref. 2, p. 2). We approach our solution by decomposing
the general problem into two smaller problems: 1) predicting
the fate of an individual fuel droplet and 2) predicting the fate
of the plume of jettisoned fuel. The fate of single fuel droplets
is modeled with an evaporation and advection model calculat-
ing in.a reference frame moving with the droplet. The fate of
the plume is modeled with a dispersion model calculating in
a reference frame moving with the plume. Model calculations
are supported by an environmental model that provides me-
teorological data at altitude from the point of jettison to final
ground fall.

A. Physical Assumptions

In coupling the evaporation results to the dispersion model,
we assume the jettisoned plume is a monodisperse system; that
is, we assume the plume consists of a continuous distribution
of fuel droplets, all of the same diameter. Clewell found good
agreement between evaporation model predictions for a single
droplet at mass median diameter for a KC-135 (270 pm) and
other distributions of droplets. His conclusion was that ‘‘the

central tendency . . . of the droplet sizes is relatively unimpor-

tant for determining the composite evaporation and free fall of
the distribution’’ (Ref. 6, p. 60).

‘We assume that the initial plume of jettisoned fuel is created
by an aircraft flying at fixed speed, altitude, and heading, using
a constant release rate. A review of Clewell’s record of USAF
jettison events® suggests that these assumptions are reasonable;
typically, we will not have better information with which to
formulate initial conditions. Of these assumptions, perhaps the
least representative is that the initial plume is a single straight
line. Clewell reported that a typical dumping pattern, called a
racetrack, involves a 2-min downwind leg, a 2-min turn, a 2-
min upwind leg, and another 2-min turn (Ref. 1, p. 34). We
argue that we could simulate a racetrack as a series of four or
more straight segments, each segment used as an initial con-
dition to a complete model run.

We assume not only that our plume is straight, but also that
the plume begins at a single altitude. This is equivalent to
assuming that the plume is jettisoned instantaneously. This
simplification causes acceptably small errors in calculating
plume length both at the initial release and at ground fall.
Modifications to the model code to investigate this error
showed an upper bound of less than 107 or 0.01% of the
total plume length (Ref. 11, Sec. 4.4).

Immediately upon jettison the plume of fuel is under the
influence of the aircraft wake. We do not attempt to model any
of the physical forces in the wake. Rather, we consider only
the net effect in spreading the initial plume; that is, we assume
a particular initial width of plume associated with a particular
aircraft or jettison configuration. Clewell neglected wake ef-
fects in the free fall and evaporation model, noting that this
underestimates initial droplet terminal velocities; that is, the
wake tends to push the plume down (Ref. 6, pp. 38, 39). From
experimental results, Clewell concluded that this underestimate
resulted in an error of about 100 m in altitude in the overall
descent (Ref. 6, p. 43).

B. Meteorological Model

1. Meteorological Model Description

We treai the atmosphere as a table of meteorological attri-
butes ordered by altitude. Attributes necessary to model cal-
culations are pressure, temperature, wind speed and direction,
density, and viscosity. Upon receiving a query for data at z,
the model searches the table for observations 2., and zug, such
that zj,w = z = Zng. If z is identical to an observation in the
table, that observation is used to return the queried attribute;
otherwise the attribute at z is interpolated from data at z,,,, and
Zhigh-

2. Meteorological Model Initialization

Ideally, the model is initialized with radiosonde data, com-
monly referred to as upper air data. Several hundred stations
worldwide collect upper air data daily at 0000 and 1200 UTC
(Ref. 12, p. 17) [UTC is Universal Time Code; it is also known
as Greenwich Mean Time (GMT)]. These reports, along with
other current meteorological data, are commonly available
over public communication networks; Ahlquist” provides an
extensive review of meteorological data available over the In-
ternet. Ancillary to the model code, we created a utility, get-
met, to facilitate creating model-ready atmospheric data files
from the raw, teletype upper air data available on the Internet.
The source code for this utility is available via anonymous
FTP at archive.afit.af.mil. Because previous work uses a stan-
dard atmosphere uniformly warmed or cooled based on surface
temperature, we also produced a utility, makestd, to create
model-ready atmospheric data files based on the standard at-
mosphere and a supplied surface temperature. Source code for
this utility is also available via anonymous FTP.

3. Meteorological Model Physics
Pressure, temperature, and wind are treated as observations
in the table. Density and viscosity are calculated on demand.
To interpolate T at z between observations at zy,, and Zg,
we first compute I' using

T = _<T_h‘2dl_°‘z> 1)

Zhigh — Zow
T is interpolated with the simple linear rule:

T = 7vlow - F(Z - zlow) . (2)
Pressure P at z is interpolated using a form of the scale

height equation for a hydrostatically balanced atmosphere
(Ref. 14, p. 83):

P= Plow(T/Tlnw)gMa/(rRO) (3)

We note that this relation may not recover Py, if the hydro-
static assumption is poor; however, we always satisfy P,,, =
P = Py If the layer is isothermal (i.e., I' = 0), P is calculated
using a simple linear interpolation between P, and Py,

Wind speed and direction are decomposed into two com-
ponents: 1) an E-W zonal component and 2) a N-S meridi-
onal component. Component wind speed at altitude is inter-
polated using a simple linear relation similar to Eq. (2).

Density p is calculated assuming air is an ideal gas. Kine-
matic viscosity u is calculated using a relation published in
the U.S. Standard Atmosphere (Ref. 15, p. 7):

1458 X 10°T

= 4
F="Toa+71 )

where T is assumed to be in Kelvin. The units of u for this
relation are kg -m™'s™".
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C. Evaporation and Advection (E/A) Model

1. E/A Model Description

The evaporation and advection model follows the droplet in
time, space, physical dimensions, and chemical composition.
Because we have defined a jettison to last from release to
ground fall or evaporation, this model component also deter-
mines O.

We approach the advection of the plume of jettisoned fuel
by examining the advection of individual droplets. We assume
that a droplet begins with the velocity of the jettisoning aircraft
and decelerates into the mean wind flow. This assumption may
be very poor for an individual droplet in the plume; turbulent
eddies about the mean wind flow will drive a single particle
in a random walk about the center of the plume. For the av-
erage of a large number of particles, however, this is a good
assumption; in fact, this is the basis of Lagrangian dispersion
modeling (see, €.g., Zannetti,'® Chap. 8). We treat dispersion
separately, however, and so we accept that our advection
model is in fact following the ensemble-averaged position of
this particle, which should correspond to the c.m. of the plume
(Ref. 17, pp. 532-534).

We employ an aggressive time step scheme, similar to pre-
vious work*®; however, we present the details of our applica-
tion of this adaptive method for the sake of clarity. Each it-
eration of the model begins with an estimated time step Az. In
calculating the changes in altitude Az, latitude Ay, and longi-
tude Ax, the model algorithm alters this At if Ax, Ay, or Az
calculations exceed threshold distances (nominally 100 m).
These constraints on the growth of the time step are necessary
to maintain the integrity of our piecewise linear approxima-
tions to the nonlinear changes in droplet mass and terminal
velocity. The algorithms controlling mass and temperature cal-
culations can also alter Az, if necessary, to bring these heat and
mass losses to within threshold. At the end of the cycle, At is
doubled and submitted as the first guess for the next iteration.
Typical model results reported by Clewell show a time step
that increases to the order of tens of minutes near the end of
model execution (Ref. 6, pp. 108—118). This model accounts
for both droplet descent and horizontal translation; wind speed
is typically on the order of 10 m/s (Ref. 18, pp. 120, 121),
whereas the droplet terminal velocity is initially on the order
of 1 m/s (Ref. 6, p. 108). Higher wind speeds increase the
horizontal displacement of the droplet and cause the model
algorithm to reduce Ar and slow model execution noticeably.

We extend previous work in free fall and evaporation by
incorporating representative meteorology into droplet descent.
Both Lowell and Clewell reported their results in terms of
surface temperatures; colder surface temperatures resulted in
less evaporation and more ground contamination, warmer sur-
face temperatures resulted in more evaporation and less ground
contamination. Using only a standard atmosphere uniformly
warmed or cooled to the surface, this approach is insensitive
to temperature inversions and other temperature anomalies
along the droplet’s path of descent. Through the atmosphere,
air temperature normally decreases with height; temperature
inversions are areas where air temperature increases with
height [for a brief discussion of inversions, see Wark and War-
ner (Ref. 19, pp. 80, 81)]. In the reference frame on the drop-
let, passing through an inversion slows down the evaporation
rate as the droplet cools on descent. Evaporation calculations
over an inversion layer will necessarily yield a different pre-
diction from calculations performed using a standard atmo-
sphere. We present results in Sec. III that support this assertion.

2. E/A Model Initialization

Model calculations assume the droplet has an initial chem-
ical composition (e.g., Clewell’s 33-component JP-4), an ini-
tial altitude equal to the release height of the aircraft, and an
initial temperature corresponding to the stagnation, or equilib-
rium, temperature of the droplet with respect to the aircraft

fuel tank [see, e.g., Holman (Ref. 20, pp. 173, 174)]. This
treatment is consistent with Clewell (Ref. 6, p. 87). The droplet
position is assumed to be the midpoint of the jettisoned plume,
calculated based on the reported latitude, longitude, airspeed,
and heading of the aircraft at the start of the fuel jettison.

3. E/A Model Physics

Evaporation calculations follow the work developed by
Lowell™ and extended by Clewell.® Specific adaptations for
our integrated model are presented by Pfeiffer."'

We treat horizontal droplet motion using two-dimensional
rectangular coordinates aligned meridionally (N-S) and zon-
ally (E-W). We assume the droplet begins with the speed of
the jettisoning aircraft and decelerates into the mean wind. To
model the droplets in two dimensions, we perform a one-di-
mensional analysis, then generalize the results to two dimen-
sions. Starting with Newton’s second law and assuming the
only external force on the droplet is drag, we arrive at the
differential equation for V (Ref. 11, Sec. 3.5.3.2):

dv 3p 2
—=——CAU —-V 5
& 3ps ol ) 5

Because the droplet has initial airspeed V, at t = 0, we have

14 1
av 3p
< c 6
L(U—V)Z LSp,,r adt 2

1]

If we further assume that C, p, p,;, and r are constant, inte-
gration yields
U - V()
V=U~- @
1+ 3(plp)UINCLU — Vo)t
Equation (7) has the property that V — U as t — oo, which
fits our original intuition that the droplet decelerates into the
mean flow.
The droplet drag coefficient is a function of Re of the flow.
Bilanin® and Teske® suggest a relationship between Re and
C, for spherical droplets, originally developed by Langmuir

and Blodgett:

C, = (24/Re)(1 + 0.197Re"® + 2.6 X 107°Re'*®)  (8)

Examining the order of magnitude of terms in Eq. (7) does not
suggest that we can neglect this initial deceleration. Model
results suggest a deceleration time typically on the order of
seconds (Ref. 11, pp. 4-7-4-10).

Once in the mean flow, droplet trajectory is computed using
the component wind speeds and Az. We account for Coriolis
accelerations in the droplet trajectory by assuming the droplet
follows the wind.

D. Dispersion Model

1. Dispersion Model Description

We treat the plume of jettisoned fuel as a continuous mass
distributed over a horizontal plane. The plume is modeled over
a two-dimensional grid that extends beyond the physical di-
mension of the plume, so that there always exists a zero-con-
centration boundary condition on the grid. The two-dimen-
sional diffusion equation, Eq. (10), is solved numerically over
this grid for a given time © using time step At. This Az is
independent of the time step used in the evaporation and ad-
vection model.

The grid is initialized with a fixed mass at ¢ = 0, then up-
dated at intervals of Az; Ar may be fixed or variable, depending
on the numerical scheme. After each iteration, the plume di-
mension is examined with respect to the grid dimension, and
if the solution appears to be creeping to the edges of the grid,
the grid is expanded in place. This expansion does not add
points to the grid, but rather doubles the step size between grid
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points. The current grid is embedded in a new grid nominally
twice the dimension of the current grid, and so the zero-con-
centration boundary condition is maintained. Execution con-
tinues until ¢ = O.

2. Dispersion Model Initialization

The grid is initialized with a plume of known mass, length
and width where length is assumed to be the dominant hori-
zontal dimension. For convenience, the plume length is aligned
on the x axis, while plume width is aligned on the y axis.

Plume mass is distributed in a line along the y axis so that
the resulting concentration along the line has a Gaussian dis-
tribution

1 -y — )’0)2]
ex| for O0<ify— <
0_\/% p I: 202 b’ }’0' L,

0 for |y—=»|>L
)]

gy =

where y;, is the coordinate of the center of the plume, L, is the
length of the plume, and o = L,/3. We adjust o to reduce the
size of the jump discontinuity at the edges of the plume. Dis-
tribution along the x axis is uniform over most of the plume
length, with short (approximately 10% of plume length) ramp-
up and ramp-down distributions at the ends of the plume.
These adjustments to the ends of the plume are made to fa-
cilitate a smoother numerical solution; similarly, the assump-
tion of a Gaussian distribution along the plume width is con-
venient. Although we do not have experimental evidence to
formulate precisely these initial conditions, we do know qual-
itatively that we can consider our plume as a line source. Our
Gaussian initial conditions are consistent with steady-state,
continuous source solutions for a line source [see, e.g., Sein-
feld (Ref. 17, p. 600) or Hanna (Ref. 23, pp. 51, 52)]. We
conclude that our initial conditions are representative of the
initial release and distribution of the aviation fuel.

3. Dispersion Model Physics

We model the distribution of concentration over the grid
using a simplified form of the Fickian or K-theory diffusion
equation [see, e.g., Seinfeld (Ref. 17, p. 522) or Zannetti (Ref.
16, p. 1071

2 2
E:Kx-a—i+Ky&; 10
ot ox ay
where ¢ is the ensemble-averaged or mean concentration and
K, and K, are the eddy diffusion coefficients. This treatment
assumes that molecular diffusion is negligible and that the pri-
mary mechanism affecting concentration is atmospheric tur-
bulence, parameterized in K, and K, (Ref. 17, pp. 522, 523).
We conclude that ¢ is not affected by changes in mass and so
we are justified in treating dispersion separately from evapo-
ration. Advection, often incorporated into the diffusion equa-
tion, is already considered in a separate model. Strikwerda, in
particular, has demonstrated that advection and dispersion in a
fixed reference frame are equivalent to dispersion in an ad-
vected reference frame (Ref. 24, p. 114).

We are interested in the deposition concentration (mass per
area) at ground fall. We deliberately chose a two-dimensional
reference frame for our plume, assuming that vertical disper-
sion is negligible and that, similar to our advection model, our
plane is located through the c.m. of the plume (Ref. 17, p.
534). We assume, then, that when the droplet makes ground
fall the plume strikes the ground; that is, all mass in the column
above the droplet simultaneously makes ground fall.

To calculate a numerical solution to Eq. (10) we adapt a
Fourier series solution to our grid in a method similar to an

analytical derivation presented by Seinfeld (Ref. 17, p. 553).
To verify results from this Fourier technique, we also imple-
ment a finite difference solution, described by Pfeiffer (Ref.
11, Sec. 3.6.4.3).

4. Numerical Method

We begin with Eq. (10) and assume boundary and initial
conditions:

c(x, y, 0) = p(x)q(y)
cx, 0, )=clx L,5)=0 for 0=x=0L,t>0
cO,y)=cll,y,)=0 for 0=y=L,t>0

where L, is the plume length. The initial condition implies that
the initial distribution is separable in x and y. We assume fur-
ther that we can separate c(x, y, ¢ into ¢ = f(x, H)g(y, t), so
that Eq. (10) becomes two partial differential equations
(PDEs). We continue analysis with f(x, £) and note its simi-
larity to g(y, ). The PDE in fis

¥ _ o 97

at K. oxt 0 an
where

fx, 0) = p(x)

fO,D=fL,t)=0 for >0

If f satisfies Eq. (11) and g satisfies a similar equation, and
¢ = fg, then c satisfies Eq. (10). By the uniqueness theorem
for the diffusion equation this is the only solution [for a brief
discussion see Sommerfeld (Ref. 25, pp. 82, 83) or Arfken
(Ref. 26, p. 79)].

The Fourier series solution of Eq. (11) is

® —K.n’m?
f& D= A,sin (?) exp (——z'j—” t> (12)
n=1
where

L
A, = % J; p(x) sin 22—75 dx (13)

This is a common result [see, €.g., Burden and Faires (Ref. 27,
pp. 566, 567) or Boas (Ref. 28, pp. 543-547)]. We could
calculate our solution directly with this treatment, setting ¢ =
O, the total time of descent, to arrive at the concentration
distribution at the ground. We can only calculate a finite num-
ber of terms, however, and with © on the order of 1-10 h,
we would have to include an excessively large number of Fou-
rier terms to get a reasonably accurate solution. Such a one-
step solution is particularly bad if the physical plume grows
to exceed L at r = O, because this situation violates zero
boundary conditions. To make certain that our model matches
the physical plume we incorporate this Fourier solution into
an iterative scheme.

The iterative solution uses m time steps such that © = mA¢,
where At is chosen empirically as a compromise between ac-
curacy and time. At each time step, new Fourier coefficients
(nominally 60-80) are calculated using the trapezoid rule to
integrate Eq. (13) over the grid, and so the previous time step’s
f(x) becomes the following time step’s p(x).

Zero-concentration boundary conditions are initialized by
embedding the plume dimension d (referring either to width
or length) in the center of a grid line of dimension 3-d. These
boundary conditions are maintained by examining solution
creep after every iteration. Solution creep is determined by
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comparing plume dimension to grid length. Plume dimension
is defined to be the line that contains the set of all concentra-
tion values greater than 0.001f,,. where f... is the maximum
concentration in the plume line. The threshold, set empirically,
is plume dimension grid line length > %. That is, if the plume
dimension has crept to two-thirds of the grid line, the grid must
be expanded in place to maintain zero boundary conditions.

5. Eddy Diffusion Parameters

Implicit in our numerical solution is a scheme to calculate
the eddy diffusion coefficients K, and K. Zannetti (Ref. 16,
pp. 125-130), Seinfeld (Ref. 17, pp. 597, 598), and Hanna
(Ref. 23, pp. 50—56) present extensive discussions on calcu-
lating horizontal diffusion parameters for specific solutions to
Eq. (10) and the general advection—diffusion equation.

Eddy diffusion is typically parameterized in terms of con-
veniently measured (or estimated) quantities (Ref. 23, p. 27).
We have wind and temperature data along the droplet descent
from the meteorological model. From this data we can infer
the variability of the wind, then approximate the eddy turbu-
lence parameters K, and K,. Zannetti offers the following re-
lation for long-range transport and diffusion from a point
source for an arbitrary horizontal dispersion parameter K, (Ref.
16, p. 128):

K, = 10°c3U/2 (14)

Zannetti (Ref. 16, p. 128) develops Eq. (14) based on work
by Irwin. Hanna (Ref. 23, p. 31) presents a similar result with
reference to Irwin. Zannetti notes that this relation results in
dispersion parameters an order to two orders of magnitude
smaller than the low end of the range of experimentally de-
rived parameters [10°—10° vs 10*~10" m%/s (Ref. 16, p. 128)].
Experimentally derived parameters, however, necessarily in-
corporate the variability of measurements; Zannetti accounts
for the anomalously small K, from Eq. (14) in the uncertainty
of the meteorological diagnosis or prognosis of the wind field
(Ref. 16, p. 128). In examining uncertainty in air quality mod-
els, Lewellen” used an estimate of uncertainty in rawinsonde
wind measurements that varied from *5 deg at 10 m/s to
+180 deg under calm conditions. We take the observed de-
viation in wind direction as ¢, and take the deviation in wind
direction due to meteorological uncertainty as . Using Lew-
ellen’s uncertainty estimation, we fit an exponential function
for o over the range of wind speeds less than 10 m/s, so that

o, = wexp(—0.367U) (15)

where we expect U in meters per second and return o4 in
radians. Finally, we substitute into Eq. (14) the term 3, for
oy, where

Se=09 + 04 (16)

With a single vertical profile, we cannot directly calculate
s We approximate this quantity at altitude z by examining
the variability of the wind through a layer centered (vertically)
at z. The x axis is, by design, along the release heading of the
aircraft ¢, and so the y axis must be along the heading ¢ +
90 deg. If we define 6 to be the mean wind direction at altitude,
our eddy diffusion parameters are

K, = [10°2}U|cos(¢ — 6)|1/2 (17)
K, = [10°23U|cos(90 deg — ¢ — 6)|1/2 (18)

III. Model Results and Sample Calculations
We now present results from the implementation of our in-
tegrated model. We noted in Sec. II.C that using a standard
atmosphere assumption in evaporation calculations could lead

to errors in predicted ground fall. We present results from two
case studies that demonstrate these errors and the utility of
using representative meteorological data in model calculations.
We then present sample calculations from the integrated
model, comparing our results to results in Clewell® and a line
source calculation developed in this research.

A. Representative Meteorology

We introduce representative meteorology into the integrated
model by means of the passive environmental model. Although
we did not perform an exhaustive study of the effect of dif-
ferent meteorological conditions on the overall simulation, we
present sample cases that demonstrate the utility of this model.
We conducted a brief study using upper air data from Spokane,
Washington, for Oct. 1, 1994, 0000 UTC, and Dayton, Ohio,
for Oct. 1, 1994, 1200 UTC. We compared these actual tem-
perature profiles to adjusted standard atmospheres at the same
surface temperatures. We used a release altitude of 1500 m
and an airspeed of 175 m/s to generate results for JP-4 and
JP-8. Consistent with our integrated model we assumed a mean
diameter of 270 um. Because we do not have a standard wind
profile in the same sense that we have a standard atmosphere,
we limit our comparison to the differing temperature profiles
and the resulting differences in liquid fuel ground fall.

Spokane, WA: The Spokane data show a suface temperature
of 21.4°C; we created a standard atmosphere profile adjusted
to this temperature using the makestd utility (see Sec. II.B).
The actual and standard temperature profiles are detailed in
Fig. 1. We see that the actual temperature profile at Spokane
is much warmer than the standard profile throughout the layer
from 1500 m to surface. Evaporation results are detailed in
Table 1. We observe that for the relatively volatile JP-4 this
warmer temperature profile does not significantly effect the
amount of fuel making ground fall. We surmise that the general
state of the atmosphere is relatively warm, and so the JP-4
evaporates readily in both profiles. For JP-8 we obse:ve an
order-of-magnitude difference between predicted ground fall
from a standard atmosphere (2.11%) and the actual profile
(0.15%).

Table 1 Predicted percentage ground fall from Spokane and
Dayton studies

Spokane Dayton
Actual Standard Actual Standard
Fuel profile profile profile profile
JP-4 0.10 0.13 0.09 0.17
JP-8 0.15 2.11 0.15 8.50
1500 -
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Fig. 1 Spokane (Oct. 1, 94/0000 UTC) and standard profile.
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Dayton, OH: The profile at Dayton on Oct. 1, 1994, 1200
UTC, shows a deep surface inversion approximately 450 m in
depth (see Fig. 2). With this inversion, the actual profile is
much warmer than the standard profile. Consistent with the
Spokane study, we find that the predicted ground fall for JP-4
is only mildly affected by the differences in temperature pro-
files. Calculations with JP-8 using the standard profile, how-
ever, overpredicted ground fall by almost two orders of
magnitude, 8.5% in contrast to the actual profile prediction of
0.15%. Ground-fall predictions are summarized in Table 1.
Figure 3 shows the descent history for the Dayton JP-8 case.

Although we do not examine advection in this study, we do
note that predicted time to ground fall increased under the
warmer iemperature profiles. These results are presented in
Table 2. The large differences in predicted ground-fall times
for JP-4 and JP-8 represent significant periods (10°-10* s) over
which the fuel droplets will continue to advect and disperse.
While two case studies are hardly exhaustive, these cases sug-
gest that large errors in predicted ground contamination are
possible if no consideration is given to representative mete-
orology. From our results, however, these errors seem to be
conservative, significantly overestimating ground contamina-
tion from liquid fuel.

B. Sample Calculations from the Integrated Model

We now present sample calculations from the integrated
model, following a simulation from release to final ground fall
with detailed model output on location and concentration of
the remaining liquid fuel. For these sample calculations, we
use the iterative Fourier method described in Sec. I1.D, with
the initial data modeled with a Gaussian ramp-up along the
plume length.

1500 . T

T T
| ACTUAL DATA —
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Fig. 2 Dayton (Oct. 1, 94/1200 UTC) and standard profile.
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Fig. 3 Dayton study, JP-8 ground fall.

Clewell made several calculations for maximum ground
contamination using a simple box model (Ref. 6, pp. 73-75).
This calculation spreads an infinite line source over the width
of the plume at the time of maximum ground contamination.
We note that this box model uses an infinite line source be-
cause there is no time-like variable for duration of release.

We compare Clewell’s results with two calculations per-
formed with the integrated model, a typical KC-135 jettison
and a typical F-111 jettison. Typical values are based on Clew-
ell’s summary and analysis of USAF jettison reports.”* Com-
parisons with Clewell’s results demonstrate that our model re-
sults are physically meaningful. To demonstrate that our model
is numerically sound, we examine our model results compared
to an infinite line source calculation.

1. Case 1: Example KC-135 Release

We first examined a KC-135 release with the following at-
tributes: release airspeed 175 m/s, jettison rate 50 kg/s, release
height 6 km, initial plume width 100 m, ground-level temper-
ature —20°C, and wind from 270 deg at 4 m/s. We assumed
a duration of 5 min, typical for the KC-135 based on USAF
fuel jettison reports."* Consistent with Clewell, we examined
both downwind (parallel to the mean wind) releases and cross-
wind (perpendicular to the mean wind) releases. For reference,
we started the jettison over latitude 39.54 (N) and longitude
—84.12 (W). Results are summarized and compared to the box
model calculations in Table 3.

For the downwind release, the aircraft heading was taken as
270 deg, while for the crosswind release the aircraft heading
was taken as 180 deg. Figures 4 and 5 show the grid-relative
results for the downwind and crosswind release for case 1.
Consistent with our intuition, the downwind release (Fig. 4)
maintains a line source character as ground fall because of
preferential dispersion along the plume length. Similarly, the
crosswind release (Fig. 5) looks like an area source because
of preferential dispersion along the plume width. The model
produces both grid-relative and map-relative output; however,
we present the map-relative output for the crosswind release
of case 1 in Fig. 6.

We observe that our predicted maximum concentrations (ex-
tracted from the gridded model output) are about an order of
magnitude larger than Clewell’s box model predictions. To ex-
plain this difference, we examine y axis (plume width) cross
sections in Figs. 7 and 8. Although we predict a higher max-
imum concentration, we claim that the box model calculation

Table 2 Ground-fall times (in minutes) from Spokane and
Dayton studies

Spokane Dayton
Actual Standard Actual Standard
Fuel profile profile profile profile
JP-4 819.7 728.9 918.5 503.4
JP-8 130.7 78.7 212.8 54.8

Table 3 Comparison of results for case 1

Iterated
Clewell Fourier
Downwind
Peak contamination, kg/m® 2.7 X 1077 6.2 X 107°°
Plume width, km 90 0.9
Cross section contaminants, kg/m 0.024 0.022
Crosswind
Peak contamination, kg/m® 7.0 X 1078 1.9 X 107
Plume width, km 330 2.6
Cross section contaminants, kg/m 0.023 0.023
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Fig. 6 Map-relative output for case 1, crosswind release.

is dispersing the same amount of material in a less conserva-
tive manner. To support our assertion, Table 3 contains cross
section contaminations (in kilograms per meter). This is cal-
culated for Clewell’s results by multiplying the plume width
by the peak (and only) concentration. Qur model reports this
quantity by integrating along the y axis at the midpoint of the
x axis. We observe close agreement between cross section con-
centrations; however, our model yields a significant improve-
ment in assessing the largest point contamination areas (i.e.,
along the centerline).

In Clewell, plume width refers to the physical dimension of
the single maximum concentration isopleth at the ground (Ref.
6, p. 74). To compare our results, we defined plume width to
be the distance across the plume within which all concentration
values greater than or equal to 95% of the maximum (center-
line) concentration fall.

2. Case 2: Example F-111 Release

We examined an F-111 jettison with the following attributes:
release airspeed 175 m/s, jettison rate 17 kg/s, release height
1.5 km, initial plume width 20 m, ground-level temperature
0°C, and wind from 270 deg at 5 m/s. We assumed a duration

of 2 min, again consistent with Clewell’s earlier work."* As
in case 1, we examine both downwind and crosswind releases
with headings of 270 and 180 deg, respectively.

Results are summarized in Table 4. As in case 1, we predict
higher peak concentrations than those predicted by the box
model. Cross sections in Figs. 9 and 10 show, however, that
our model calculations and the box model calculations are
dispersing the same mass (see Table 4). For case 2 our pre-
dictions are 2-3 times larger than the box model predictions
vs the 25-30 times larger predictions for case 1. We suspect
that we have a closer agreement in case 2 with the box model
because our distribution at the ground is more box-like (i.e.,
the edges of the plume are sharper) than case 1. We note that
the case 1 descent is 173 min, whereas the case 2 descent is
132 min; case 1 has a longer time to disperse. Further, case
2 has a higher wind speed (5 m/s vs 4 m/s), which results in
a smaller %, (628 m?%s vs 1048 m?s) in the direction of the
wind.

3. Infinite Line Source Calculation
To further verify our results, we derive an infinite line source
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calculation. We begin with the three-dimensional diffusion
equation (Ref. 17, p. 535):

2 2 82
kgL kIS
at ax’ 3y 9z

as
For an instantaneous point source at (xg, Yo, Zo), With constant

diffusivity parameters and source strength O, this has the an-
alytic solution (Ref. 23, p. 51):

cx,y,z, ) = 9
RN TE T I e
(x = %) _ - yo)* _ - 20)’
X exp [ 4K, 1 4K,z e ] 20

To derive an analytic solution for an infinite line source coin-
cident with the x axis, we take Q* to be the line source strength
and integrate Eq. (20) along x from —o to . This approach is
similar to Lowell (Ref. 3, p. 7). We assume that all of the ma-
terial in the vertical column over a point in the xy plane strike
the ground simultaneously. To reflect this in our line source
calculation, we integrate along the z axis from — to oo,

[ __o* 0=y @—z)
)= f_ L dmrK K" P [ 4K, 1 4K+ ] dz
(21)

Table 4 Comparison of results for case 2

Iterated
Clewell Fourier
Downwind
Peak contaminants, kg/m* 2.8 X 1077 5.5 x 1077

Plume width, km 5 0.7

Cross section contaminants, kg/m 0.0014 0.0017
Crosswind
Peak contaminants, kg/m? 8.0 X 1078 2.2 X 1077
Plume width, km 19 1.8
Cross section contaminants, kg/m 0.0015 0.0017
and arrive at
o o=y
c(y, t) = ex 22
00 = 5™ P | T ak 22)

We note that if O* has dimension of mass per unit length, our
expression for c(y, f) has dimension of mass per unit area,
consistent with our model calculations. If we consider only the
maximum concentration in the context of Eq. (22), this max-
imum is necessarily on the centerline, at y = y,, so that,

Q*

O = Sk "

(23)

Using this equation as an estimator for maximum concentra-
tion, we revisit our model results for the KC-135 release and
the F-111 short-duration (case 2) release. Results are summa-
rized in Table 5.

We consider the original line source strength at release Q*
and multiply this number by the mass fraction remaining at
ground fall. The form of Eq. (23) is such that at ¢ = 0, c() is
infinite. Clearly our model does not start with these initial con-
ditions; we always assume a finite initial concentration distri-
bution. For case 1, our initial maximum centerline concentra-
tion is ¢, = 1.55 X 107 kg/m?. For case 2, our initial maximum
centerline concentration is ¢, = 1.66 X 107* kg/m®. We rear-
range Eq. (23) to calculate the time at which our model initial
condition ¢, is valid:

t = (1/47K, ) Q*/co)? (24)

The largest value for ¢ in the cases considered is for the down-
wind release in case 1, resulting in # = 27 s. The time scale ©
of these cases is on the order of 10°—10* s (see Table 5). We
assume, then, that the theoretical line source quickly evolves
into the area source we use as an initial condition for the
model. Thus, the times used in Table 5 are the times of descent
of the droplets. .
Table 5 shows that our model is in close agreement with the
infinite line source calculation. From this agreement we con-
clude that our model is numerically sound. We note that this
infinite line source calculation uses the same K, derived in Sec.
IL.D. We do not claim that these results reinforce the physical
character of our model; both calculations (dispersion model
and infinite line source) rely on the empirically determined
diffusion coefficients. We do note that the iterative Fourier
solution and the derived line source calculation [Eq. (22)}
solve exactly the same differential equation and should have
very nearly the same solution for ¢ > 3 s near the center of the
plume (where we are examining the maximum concentrations).
Given that this infinite line source calculation appears to be
in good agreement with our model results, we might ask: why
not use the source calculation? Our sample calculations are
necessarily simple cases, with constant wind profiles, and
hence, constant diffusion coefficients. More realistic problems
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Table 5 Comparison of model results with linear source calculation

Fraction

Q*, kg/m

K,, m%/s

Model results,
kg/m?

Line source,

ts kg/m*

Case 1
Downwind
Crosswind

Case 2
Downwind
Crosswind

0.286
0.286

0.078
0.078

0.097
0.097

0.018
0.018

100

1,048

100
628

6.2 X 107
1.9 x 107

62 %X 107
1.9 x 107¢

10,368
10,368

5.5 X 1077
2.1 X 1077

55 x 1077
22 x 1077

7,920
7,920
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using actual meteorological observations could not be treated
so simply. Further, we cannot get a good sense of the complete
plume dimension with the infinite line source; by assumption
the length along the release path is infinite. The computational
complexity introduced in our model is necessary, then, to cal-
culate complete information about ground contamination.

Overall, we found good agreement between maximum con-
centration results from our model calculations and from Clew-
ell’s box model as well with our infinite line source calcu-
lation.

IV. Summary

Aircraft in flight must occasionally jettison unburned avia-
tion fuel into the atmosphere. A body of literature exists to
determine how much of this unburned fuel may contaminate
the ground; however, little work has been accomplished to
determine the transport and dispersion of this material.

Our goal in this research was to develop a general tool for
predicting the fate of jettisoned aviation fuel. We have suc-

cessfully designed and implemented an evaporation, advection,
and dispersion model capable of predicting ground-fall loca-
tion and concentration of an aviation fuel following a fuel
jettison event. We have demonstrated that our calculations pro-
duce physically meaningful results, in reasonable agreement
with previously published work. In designing our model, we
have improved previous work in droplet evaporation by in-
corporating near real-time meteorological information. In brief
case studies, we have demonstrated that this data can signifi-
cantly improve model predictions.

While we have verified that model calculations are correct,
we have only briefly touched on the investigations possible
with our general tool. We have shown that meteorological con-
ditions are potentially significant in the evaporation (and con-
sequently, the advection and dispersion) of jettisoned fuel.
Given the availability of weather data over the Internet and
through other public sources, many location-specific and cli-
mate-specific studies are possible. These kinds of studies may
be useful in assessing long-term effects of repeated fuel jetti-
soning in a geographic region.

We have limited our studies to the aviation fuels JP-4 and
JP-8, and have limited our calculations to descent and ground
fall of liquid fuel. Although studies of jet fuel-soil interactions
have been reported in the literature (see, e.g., Dean-Ross,**),
these studies typically deal with the liquid fuel in its original
form. We know at ground fall, however, that our contaminant
has a significantly different chemical character. This model,
then, could be applied as a first step in studies of soil and
watershed contamination from jettisoned fuel, similar to stud-
ies in pesticide spray and dispersion models.*”~** Further, this
model is capable of using any aviation fuel. Other fuels, es-
pecially newer or broadened-specification fuels, would make
useful studies both to improve knowledge about potential
ground contamination and to improve knowledge about the
model.

The eddy diffusion parameters within the model are cur-
rently based on order-of-magnitude estimates using wind speed
and wind variation. Significant improvement to the model
physics could be made with a study and calibration of these
coefficients.
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