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Abstract

On 4 October 1992, a large cargo plane crashed into an apartment building in the Bijlmermeer
quarter of Amsterdam. In the years following the accident, an increasing number of people started
reporting health complaints, which they attributed to exposure to dangerous substances after the
crash. Since the aircraft had been carrying depleted uranium as counterbalance weights and about
150 kg uranium had been found missing after clearance of the crash site, exposure to uranium
oxide particles was pointed out as the possible cause of their health complaints.

Six years after the accident, a risk analysis was therefore carried out to investigate whether the
health complaints could be attributed to exposure to uranium oxide set free during the accident.
The scientific challenge was to come up with reliable results, knowing that — considering the late
date — virtually no data were available to validate any calculated result. The source term of
uranium was estimated using both generic and specific data. Various dispersion models were
applied in combination with the local setting and the meteorological conditions at the time of the
accident to estimate the exposure of bystanders during the fire caused by the crash. Emphasis was
given to analysing the input parameters, inter-comparing the various models and comparing model
results with the scarce information available.

Uranium oxide formed in the fire has a low solubility, making the chemical toxicity to humans
less important than the radiotoxicity. Best-estimate results indicated that bystanders may have
been exposed to a radiation dose of less than 1 wSv, whereas a worst-case approach indicated an
upper limit of less than 1 mSv. This value is considerably less than the radiation dose for which
acute effects are to be expected. It is therefore considered to be improbable that the missing
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uranium had indeed led to the health complaints reported. © 2000 Elsevier Science B.V. All rights
reserved.
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1. Introduction

On 4 October 1992, a Boeing 747 cargo plane crashed into an apartment building in
the Bijimermeer quarter of Amsterdam, near Schiphol Airport in the Netherlands,
leading to the immediate death of 43 people [1]. The aircraft, the cargo, the fuel and the
remnants of the apartments caught fire immediately and burned for more than 1 h. In the
years following the accident, an increasing number of people reported an array of
physica and mental health complaints, which they attributed to exposure to dangerous
substances. Especially depleted uranium received considerable attention by the public as
a possible cause of their health problems. The aircraft was shown to have contained
depleted uranium as counterbalance weights, and about 150 kg uranium was missing
following clearance of the crash site. The public was, however, not informed of the
presence of uranium in the aircraft for more than a year, athough some officials were
aware of the presence of the uranium immediately after the accident. In the years
following, depleted uranium was also indicated as a possible cause of the Gulf War
illnesses (see e.g. Ref. [2]). This prompted the growth of a common feeling of anxiety
among the population about the consequences of possible exposure to depleted uranium.

In an attempt to deal with the widespread distress, a study was started — 6 years
after the crash — to investigate whether the health complaints could be attributed to
exposure to uranium or to any other toxic substance set free during the accident. At the
time of the study, however, virtually no data were available to validate any calculated
result, since hardly any accurate and validated measurements had been carried out in
1992. Furthermore, in the days following the crash, the area was cleared by removing
the remnants of the aircraft and the contaminated surface soil. Hence, the challenge to
science was how to come up with reliable results when measured data was lacking.

This paper presents the risk assessment carried out to determine whether the
dispersion of uranium following the air crash could have led to long-term health
complaints to bystanders in the vicinity of the crash site. The reader is further referred to
Van Bruggen et a. [3] for details not included in this paper. Using a similar approach,
we describe here the risk analysis of other hazardous substances released from the cargo
or other burned material, such as hydrogen chloride, polycyclic aromatic hydrocarbons
and heavy metals.

2. Approach
Literature studies and model calculations were used to estimate the exposure of

bystanders to uranium and to evaluate the risk. Emphasis was put on an analysis of input
parameters and a comparison between various models. When available, calculation
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results from different models were compared with each other and with the scarce
information available. As described in further detail in the following sections, the
assessment was carried out according to the following consecutive steps:

—the local situation during the fire was determined on the basis of the fire-brigade
reports and video material (Section 3);

—the characteristics of the fire were estimated on the basis of information on the cargo
and general understanding of the combustion of chemicals (Section 4);

—the uranium source term was estimated on the basis of literature studies, the
characteristics of the fire and the specifications of the uranium counterbalance
weights (Section 5);

—the dispersion of the uranium in the environment during the fire was determined
using various dispersion models ranging in complexity (Section 6);

—the exposure of bystanders to dangerous substances was estimated, and evaluated by
comparison with known exposure limits and no-effect levels (Section 7).

The risk analysis was aimed at conservative, but realistic results. This approach is
referred to in this document as the ‘* best-estimate approach’” and uses the most likely
value for each parameter, based on the information available and conservative values
when no information is available. However, considering the importance of exposure to
uranium in the public perception, a worst-case approach was also adopted to find out the
upper limit of the exposure and its consequences.

3. Local situation

The local situation following the accident is illustrated in Fig. 1. The Boeing 747
cargo plane collided almost at right angles into the corner of two 11-storey apartment
buildings. Eyewitnesses reported that at the moment of impact, part of the kerosene
present in the aircraft exploded in the form of a fireball, lasting less than 30 s. The
fireball was followed by a large fire in the remaining apartments and the heap of debris
at the impact location. Cargo was dispersed over a large area in front of the apartment
buildings and caught fire there along with plants and trees in the public garden (see Fig.
1). According to fire-brigade reports, the brigade arrived within 10 min after the
accident and started rapidly dousing the fire with water. After about three-quarters of an
hour foam was applied, rapidly diminishing the fire within minutes. About one-and-a-
half-hours after the crash, the large fires were extinguished. It took more than 24 h to
finally extinguish the smouldering fragments of cargo, aircraft and the apartments.

The fire brigade carried out routine measurements of concentrations in ar to
determine dangerous concentrations of various gases like carbon monoxide, sulphur
dioxide and cyanide, to check for the presence of flammable substances above their
lower flammability limit, and to check on dangerous radiation levels. An excess of
threshold values was not measured; actual concentrations of substances were not
reported. In the weeks after the accident, the crash site was cleared and contaminated
soil was removed and replaced with clean soil. Measurements of concentrations of
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Fig. 1. Overview of the crash site.

dangerous substances in the soil and the groundwater in the crash site were not carried
out until the contaminated soil was removed. Measurements in soil and groundwater at
the crash location carried out after the removal of contaminated soil showed increased
concentrations of hydrocarbons like kerosene in the lower soil layer and in the
groundwater [4,5].

4. Characteristics of the fire

To determine the generation of combustion products and the dispersion of the smoke
smoke gases and dangerous substances during the fire, the characteristics of the fire at
the crash site had to be estimated. The fire is characterised by a number of parameters:

—the surface area and the duration of the fire;
—the burning velocity;

—the total amount of material burned,

—the generation of combustion products;
—the heat content of the fire.
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4.1. Surface area and the duration of the fire

The surface area and the duration of the fire were estimated using available video
material and the reports of the fire brigade. Two burning sites for material could be
distinguished: (1) the remnants of the cargo plane and the apartments burning at the
junction of the two apartment buildings and (2) the cargo burning in the public garden in
front of the apartment buildings (see Fig. 1). The fire at the crash site was estimated to
cover about 270 m? on the basis of the surface area of the collapsed apartments. The
(effective) area burning in the public garden was estimated to be a factor of 2 larger, i.e.
540 m?. It should be noted that these numbers were estimates of the areas effectively
burning. Since the cargo was dispersed over a large area in the public garden, and trees
and plants also caught fire, the total area containing burning material was considerably
larger, estimated at 2500 m?.

According to the reports of the fire brigade, extinguishing the fires started to be
effective after three-quarters of an hour; the fires were under control after one-and-a-half
hours. Studies of the oxidation of uranium in fires show that the generation of uranium
in respirable form increases with increasing temperature [6]. The source term of uranium
may therefore be relatively high during the first three-quarters of an hour (the fully
developed phase of the fire) and diminish to zero in the next three-quarters of an hour
(the extinction phase of the fire). In the risk analysis of uranium, emphasis is therefore
given to the processes in the fire during the fully developed phase; the fire envelope is
approximated by afire in a fully developed phase with a duration of 1 h. Thus, the fire
in the extinguishing phase is mimicked by extending the fully developed phase from
three-quarters to 1 h, meaning that this approximation could result in an overestimation
of the source term of uranium by a maximum of afactor of 4 /3 if uranium in respirable
form is formed only in the fully developed phase of the fire. On the other hand, the
source term of uranium may be underestimated by a factor of 2/3 if the generation of
uranium in respirable form is continued in localised hot spots during the extinguishing
phase of the fire.

4.2. Burning rate

The burning rate of the fire is estimated using information from the literature on the
combustion of kerosene and chemical waste. Apart from some specific dangerous
substances in the cargo and as part of the aircraft, the aircraft and the cargo could be
characterised as a mixture of chemical waste, consisting of large amounts of kerosene
and flammable substances, including plastics. Since during the fire a strong breeze was
present, it is assumed that the fire was not oxygen limited.

The burning rate of the fire is based on information available for pool fires. The
burning rate of a pool fire, m, is given by [7]:

m=m, X (1—e *fP) (1)
where m, is the infinite size burning rate in kg m~2 s™1, D the pool diameter in m, k
an absorption—extinction coefficient in m~* and B a mean beam length corrector.
Tabulated values of m, and kB of a number of substances and different types of
chemical waste can be found in Refs. [7—12], for example.
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The burning area of the fire at the crash site corresponds to a pool diameter, D, of
18.5 m. For kerosene, burning rates levels found in the literature for such a pool fire are
0.039 kg m=2 s~ [7], 0.063 kg m 2 s ! [11] and 0.1 kg m 2 s~ ! [12]. Since the
corresponding values of kB were 3.5 m~! [7] and 1.296 m~* [11], the correction factor
for small pool fire diameters can be ignored. For chemical waste, typical burning rate
values are found in the range of 0.04-0.06 kg m~2 s~! [9,10]. Consequently, the
burning rate in the fire is therefore estimated at 0.05 kg m~2 s~ 2.

In practice, the burning area of the fire was not a circular pool with fixed diameter,
but debris was present and the ground was irregular. However, since the burning rate of
the fire is practically independent of the diameter of the fire for the fire dimensions
considered here and since the burning rates of different types of chemical wastes,
including solids, are comparable to the burning rate of kerosene, the selected value of
the burning rate seems reasonable for this situation. The validity of the burning rate
analysis is further tested by a comparison between the calculated amount of material
burned and the amount of flammable material likely to be present, as shown in the
section below.

4.3. Total amount of material burned

Using the previously determined values of the effective burning area, the duration of
the fire and the burning rate, an estimation of the total amount of material burned was
made. In total, about 146 tonnes (= 0.05 kg m~2 s~ X (270 + 540) m? X 3600 s) of
material was assumed to be burned.

To test the validity of the various assumptions, an estimation of the total amount of
flammable material of the aircraft, cargo and fuel was made. According to the
information in the accident report, the mass of the (empty) aircraft was equal to 151
tonnes and the fraction of flammable materials was estimated to be 40 tonnes at the
most. The total cargo was equal to 115 tonnes; expert judgement of the cargo list by two
independent experts resulted in an estimation of 50—-60 tonnes of flammable materias
[3]. The amount of kerosene present in the aircraft at take-off was 71 tonnes. It was
assumed that about 60 tonnes was present at the time of the crash [3]. Based on the
concentration of kerosene measured in soil and groundwater, and the contaminated area,
the amount of unburned kerosene in the contaminated soil was estimated to be about 10
tonnes [3]. Therefore, about 50 tonnes of kerosene were burned in the fire. The total
amount of flammable material in the cargo plane is thus equal to about 140—150 tonnes.
Moreover, about 20 to 30 apartments collapsed, yielding at least another 50 tonnes of
flammable material at the junction of the two apartment buildings. So it appears that the
estimation of the total amount of material actually burned using the characteristics of
fire (146 tonnes) is approximately three-quarters of the amount of flammable material
present (200 tonnes), which seems a reasonable estimation.

4.4. Generation of combustion products

The burning of the flammable materials results in the generation of combustion
products. To estimate the total amount of combustion products formed in the fire,
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kerosene, a mixture of hydrocarbons in the range C,,—C 5 [13,14], is used as example.
As sample substance, C,,H , is selected. Since it is assumed that the fire is not oxygen
limited, complete combustion is assumed and the reaction in air is:

CyHgo +21.5[0, + (0.79/0.21)N,| — 14CO, + 15H,0 + 21.5(0.79,/0.21)N,

(2

The stoichiometric oxidant to fuel massratio, S, is the mass ratio between the amount of
kerosene burned and the amount of air needed, and is given by:

S=215X|M, +(0.79/0.21) M M =15 3
0O, N CiaHzo

where Mg, My, and M, — are the respective molecular masses. In general, for
hydrocarbons with a structure formula C H,, ., ,, S varies from 15.4 to 14.7 for n> 4.
The combustion of 1 kg kerosene thus results in 16 kg combustion products. This value
is assumed to be valid for the situation studied here.

As a result, the total mass flow of combustion products generated in the fire at the
crash siteis 216 kg s (=0.05 kgm 2 s71x 270 m? X 16 kg kg~ ') and 432 kg s *
(=0.05kgm~2 s~ x 540 m? X 16 kg kg~ 1) in the fire in the public garden.

4.5. Heat content of the combustion products

The heat generated in the fire is an important parameter in the calculation of the
plume rise. The heat generated was estimated using the heat of combustion of various
substances. The heat of combustion of kerosene is equal to 44 MJ kg~ * [15]; the heat of
combustion of various types of chemical wastes is about 33 MJ kg~ [9]. Typicaly, a
fraction of 0.2-0.4 of the generated heat is emitted as heat radiation [7]. The heat
available for a plume rise per kg material burned is therefore equal to 20-35 MJ. The
lower value is used in the dispersion calculations to yield a conservative estimation: a
lower heat results in less plume rise and thus in higher concentrations at living height.
The heat available for plume rise in the fire at the crash location is 270 MW (= 20 MJ
kg 1x0.05 kg m 2 s1x 270 m?) and 540 MW (=20 MJ kg ! x 0.05 kg m~2
s~1 x 540 m?) in the fire in the public garden.

4.6. Summary of the fire characteristics

The characteristics of the fire as used in the dispersion calculations are summarised in
Table 1.

Table 1
Summary of the fire characteristics
Fire at crash site Firein public garden
Duration of the fire 1h 1h
Effective burning area 270 m? 540 m?
Burning rate 0.05kgm=2 s~ ! 0.05kgm~2s7?
Total burned 50 tonnes 100 tonnes
Flux of combustion products 216 kgs?! 432kgs !

Heat content 270 MW 540 MW
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5. Source term uranium

The cargo plane contained about 24 pieces of depleted uranium used as counterbal -
ance weights [16]. The mass of a single piece ranged from 6 to 30 kg, with specific areas
between 0.005 and 0.015 m? kg~ . The mass-weighted average specific area was equal
to 0.007 m? kg~1. The total amount of depleted uranium present in the aircraft at the
time of the crash was equal to 282 kg. Following the clean-up of the crash site, 130 kg
uranium was recovered, leaving 152 kg depleted uranium missing. Up to now, it is not
known what happened to the uranium not recovered. Various scenarios are possible.
Since knowledge of the presence of uranium in the aircraft was not well communicated
in the period directly after the accident, it is possible that pieces of uranium were
handled as normal trash and dumped with the contaminated soil. Another possibility to
be considered was that uranium was (partly) oxidised in the fire and dispersed in the
environment. To estimate the source term and its consequence, the oxidation rate,
chemical appearance and the particle distribution of the uranium oxide had to be
determined.

The oxidation rate of uranium at high temperatures has been reviewed by Mishima et
al. [6]. Experiments were conducted on the oxidation of uranium penetrators in fires.
Oxidation of significant amounts of uranium only occurs at high temperatures. The
overall oxidation rate depends among other aspects on the turbulence, the temperature
and the specific area, where increasing temperatures and increasing specific areas result
in increasing oxidation rates. The oxidation rate at temperatures likely to be present in
the fires, i.e. between 600 and 1200°C, is typically 10 kg uranium m~2 h™! for a
penetrator with a specific area of 0.02 m? kg~!. High turbulence may increase the
oxidation rate by a factor of 4. An oxidation rate of 10 kg uranium m~2 h~! for the
counterbalance weights during 1 h would result in the oxidation of typicaly 7% of the
missing uranium. In the case of high turbulence, a fourfold higher oxidation rate may be
applicable, resulting in maximally 30% of the missing uranium being oxidised (46 kg).
Since high turbulence in the fire cannot be excluded, the latter value is used for the
‘* best-estimate approach’ . It should be noted that this value is probably conservative,
since the average specific area of the counterbalance weights is less than the specific
area of the penetrators used in the experiments.

Apart from the comparatively slow process of ‘*normal oxidation” described above,
(small) parts of uranium may ignite. Baker et al., who studied the ignition of uranium in
detail, found a relationship between the ignition temperature and the specific area of the
uranium parts [17]. For the smallest part included in their experiment, a cube with a
specific area of 0.033 m? kg1, an ignition temperature of 700°C was found. Since the
specific areas of the counterbalance weights are much smaller, and even less than the
specific area of atypical uranium penetrator where no ignition effects were observed, it
would seem very unlikely that missing uranium counter-balance parts were ignited
during the fire. For the worst-case approach, however, it was assumed that al the
missing uranium was fragmented into small pieces, and ignited, resulting in 100%
oxidation (i.e. 152 kg).

The dispersion and exposure to uranium strongly depends on the chemical appearance
of the uranium oxides formed and the resulting particle size distribution. Oxidation of
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Table 2
Source term of uranium oxide for dispersion
Best estimate Worst case
Mass uranium not recovered 152 kg 152 kg
Mass uranium possibly oxidised 46 kg 152 kg
Mass in respirable fraction 0.46 kg 152 kg
Chemical appearance UO, and U304 UO, and U304
Location 50% at crash site, 50% in public garden 100% at crash site

significant amounts of uranium only occurs at high temperatures (in the range 600—
1200°C), which did exist during the fire. The uranium oxides formed under these
conditions are the poorly soluble UO, and U,Og, [18—20]. The particle size distribution
also depends on the temperature during the oxidation process [6]. For the conditions in
the fire following the crash, the respirable fraction, i.e. the fraction having a particle-size
diameter less than 20 pwm, is less than 1 mass%. This value is therefore used as a best
estimate. In the case of ignition, however, the respirable fraction may be as high as 100
mass%, which is used as a worst-case estimate.

The location of the pieces of uranium in the fire were not known. A best estimate
assumed the pieces to be evenly distributed between the fire at the crash site and the fire
in the public garden. The worst-case estimate assumes that all pieces of uranium were
located at the crash site.

The source terms of uranium for both scenarios are summarised in Table 2.

6. Dispersion of smoke gases and uranium

Bystanders are exposed to uranium during the fire through the inhalation of uranium
in aerosol form. The dispersion of uranium is calculated to determine the concentrations
of uranium in air and the exposure to bystanders. The calculation is based on the
perception that the vast part of the emissions in the fire consists of gases like N, CO,
CO, and H,0. It is therefore to be expected that the smoke gases behave to a large
extent as normal air, with excess heat. Since the concentrations of uranium and other
specific substances formed in the combustion process are very small relative to the
amount of smoke gases, these specific substances will not affect the dispersion proper-
ties of the plume of smoke gases. Consequently, it suffices to calculate the dispersion of
smoke gases in the environment. Next, the concentration of the aerosol-bound uranium
in the environment can be derived from the calculated concentration of smoke gases by
considering the mass fraction of uranium versus the mass fraction of the smoke gases.

To calculate the dispersion of smoke gases in the environment, three different models
were used, ranging from very simple, rule-of-thumb calculations to a complex 3D
Computational Fluid Dynamics (CFD) model. The first model used was a Building
Wake Model, which estimates the concentration in the recirculation zone behind a
building using simple equations. The second model applied is a pool fire model
connected to a free-field dispersion model. Finaly, the third model applied is a CFD
model, incorporating all the important location-specific structures.
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Table 3

Meteorological data from weather station at Schiphol Airport at the time of the crash
Wind speed at 10 m 12ms?

Wind direction (clockwise from north) 50°

Stahility of the atmosphere Neutral
Atmospheric pressure 1013 hPa
Temperatureat 1.5 m 13°C

Relative humidity at 1.5 m 69%

Rain None

6.1. Meteorological information

At the time of the accident, a strong breeze from the northeast prevailed, promoting a
strong dispersion of the contaminants. Data from the nearest meteorological station
(Schiphol Airport, about 12 km west of the crash site) at the time of the accident are
given in Table 3 [21].

6.2. Building Wake Model calculation

The Building Wake Model is a simple model used to estimate the concentration in the
recirculation zone behind a building following a continuous release from the roof or in
the lee of the building. A uniform concentration is assumed in the recirculation zone
[22]:

CleezQ/(KXUXA) (4)

with C,., the concentration in the recirculation zone behind the building (in kg m~3), Q
the source term (in kg s™1), u the wind speed (in m s™1), A the effective area of the
building perpendicular to the wind direction (m?) and K a dimensionless correction
factor to account for the orientation of the building, varying between 0.2 and 2.

To calculate the effective area of the building perpendicular to the wind direction,
take note that the wind comes in at a near to right angle to the remaining part of the
apartment building south of the crash location (see Fig. 1). The dimensions of this
building are 30 m high and 100 m long, resulting in an effective area of 3000 m?.
Applying the formula to the fire at the crash site, where Q =216 kg s, the wind
velocity u=12ms™ !, K=1and A= 3000 m?, and assuming that the entire plume is
captured in the recirculation zone, the resulting concentration in the recirculation zone is
equal to 0.006 kg m~3. The length of the recirculation zone is about three times the
height of the building, i.e. in the order of 100 m [22]. Consequently, the Building Wake
Model calculation shows that bystanders within 100 m of the fire were exposed for 1 h

to a concentration of smoke gases in the order of 6 g m~3.

6.3. Pool-fire model and free-field dispersion calculation

To arrive at an independent estimate of the generation of smoke gases and their
dispersion in the environment, a generalised pool fire model, POLF, was used in
combination with a free-field dispersion model, UDM.
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The generalised pool-fire model, POLF, consists of the PHAST pool-fire model
attached to a procedure to calculate the excess air entrainment [23-25]. The PHAST
pool fire model calculates the burning rate and the fire dimensions (tilted cylinder;
height, diameter and tilt angle) for a pool of flammable material. The excess air
entrainment is calculated using the procedure developed by Delichatsios [15], resulting
in the calculation of the temperature, and the mass fractions of excess air and of each
individual compound in the initial combustion product (combustion oxide, nitrogen and
water) as a function of distance along the flame axis. The output of the generalised
pool-fire model, POLF, consists of data at the transition plane, which is situated at the
Froude flame length at 90% excess air entrainment. The output data at the transition
plane forms the input for the Unified Dispersion Model, UDM [26], currently imple-
mented in version 6.0 of DNV’s consequence modelling package PHAST.

To calculate the concentration of smokes gases in the environment, the POLF model
is applied using the data of C,,H ,, as sample substance. A burning rate of 0.05 kg m~2
s !, a combustion efficiency of one and a radiative fraction of 0.4 are assumed. The
dispersion was calculated using the meteorological data given in Table 3, assuming a
uniform surface roughness of 2.0 m. The results of the calculation are shown in Fig. 2.
The concentration of smoke gases at the ground level between 20 and 100 m from the
edge of the fire varies from 0.2 to 0.7 g m~3; on the plume axis, the concentration varies
from20gm 3to4gm 3.

1000 1
= = ground level, smoke gases from crash site
= = ground level, smoke gases from burning cargo |
~-plume axis, smoke gases from crash site |

100 [ =—plume axis, smoke gases from burning cargo
&
E
D 10
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[ =
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0.01 T T T
1 10 100 1000 10000

Distance downwind from centre of pool fire (m)

Fig. 2. Results of the POLF and UDM free field model calculation: centre-line and ground-level concentrations
of smoke gases as a function of distance to the centre of the pool fire. Shown are the results for the fire at the
crash site (270 m?) and in the public garden (540 m?).
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Fig. 3. Model area of the CFD calculation and the structures modelled.

6.4. CFD calculation

To determine the influence of the buildings near the crash site on the dispersion of
the smoke gases, a 3D CFD simulation was made of the built-up area. The area used for
modelling and the apartment blockstructures included in the model are shown in Fig. 3.
The fires were modelled as two distinct piles of debris, each with a height of a few
metres. The total area modelled measures 1400 m long X 1400 m wide X410 m high.
The mesh of the calculations consists of over 320,000 hexahedral cells, using an
increased density of cells near and downwind of the crash site. The Navier—Stokes
equations were solved using a finite volume method and second-order accurate convec-
tive differencing schemes (details can be found in Ref. [27]). The turbulence of the flow
was modelled using an anisotropic non-linear k—e turbulence model [28]. At the inlet
boundary of the model, an atmospheric boundary layer was imposed with a surface
roughness length of 0.4 m (as an estimate for the low-rise buildings upstream of the
flats). The source term is given in Table 1, while the meteorological conditions used are
shown in Table 3. These meteorological conditions were kept constant during the
simulations.

The results of the ssimulation are shown in Fig. 4 for smoke gases originating from
the fire at the crash site and in Fig. 5 for smoke gases from the fire in the public garden
in front of the apartment building. It should be noted that the resultsin Figs. 4 and 5 are
derived from one simulation with the two fires present, since the buoyancy of the
plumes may influence one another. The results of the CFD simulation show that smoke
gases from both the fire at the crash site and in the public garden are transported
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Fig. 5. Concentrations for smoke gases released in the public garden (source strength 532 kg s~ 2, heat input
540 MW). Concentrations are shown at four different heights: 1, 10, 20 and 32 m.

upwards through the gap between the apartment buildings, leading to reduced concentra-
tions at ground level. These results are confirmed by the observations available on
video. Note that these results differ considerably, of course, from the isothermal
simulations also carried out.

The results in Figs. 4 and 5 should be interpreted as a time-averaged footprint of the
pollution in the cloud during the fire, and thus as an estimation of the concentrations to
which bystanders are exposed. It is assumed that unprotected bystanders were located at
least 20 m away from the fire. The highest concentrations are found for the bystanders
standing in the area downwind of the crash site, i.e. in the area between the apartment
buildings (see Fig. 1). The concentrations in this area, calculated at living height, i.e. 1
m above the ground, range from 1 to 10 g m~2 (the highest concentrations can be found
at heights above 5 m and up to to 10 m).

At a height of 1 m, the maximum concentration of the smoke gases released in the
fire at the crash site is found to occur at a different location than the maximum
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concentration of the smoke gases released in the fire in the public garden. Combining
the exposure to smoke gases from the two fires therefore does not lead to an increase in
the maximum concentration, but results in an increase in the area with high concentra
tions.

6.5. Discussion of the dispersion results

Three different models were used to calculate the concentration of smoke gases near
the crash site. The calculation with the Building Wake Model results in an average
smoke flue gas concentration of 6 g m~2 in the area downwind of the remnants of the
apartment building; this area is calculated to be about 30 m high and extends to 100 m
behind the remaining apartment building. The free-field calculation of the POLF and
UDM model results for distances of 20 to 100 m from the edge of the fire pool in a
concentration of 0.2—0.7 g m~3 smoke gases at ground level and 4-20 g m~2 on the
plume axis. The plume rises to a height of 40 m at a distance of 100 m downwind from
the pool. The dimensions of the free-field plume in this area are therefore comparable to
the dimensions of the recirculation zone, resulting in concentrations in the same order of
magnitude. The uniform concentration as calculated with the Building Wake Model
occurs indeed in between the centre line concentration and the ground-level concentra-
tion in the region of interest. The close resemblance between the Building Wake Maodel
and the free-field calculation is remarkable, since the Building Wake Model does not
account for the buoyancy. However, due to the high wind speed at the time of the
accident, the buoyancy effects were less important in this situation. Moreover, the
cross-section area of the building wake (used in the Building Wake Model) was found to
be of comparable size with that of the free-field dispersion model.

The concentrations at ground level, as calculated with the CFD model are in the order
of 1-10 g m~3 and are therefore comparable to the concentrations calculated with the
free-field approximation. This agreement in results can be accounted for by the
observation that the smoke gases are transported through the gap between the apartment
buildings and therefore the dispersion is not too restricted by the buildings. However,
the CFD results revea the influence of the structures near the fire and the overlap
between the plumes of the two fires.

In conclusion, the model calculations are consistent with each other and show that
bystanders, who are present at distances of 20—100 m from the fire downwind of the
crash site may be exposed to concentrations of smoke gases in the order of 1-10 g m™2.
Bystanders at the closest distance downwind of the crash site, i.e. 20 m, which is fairly
close to the blazing fire, are therefore exposed to smoke gases in the order of 10 g m™3.

6.6. Uranium concentration

The concentrations of uranium at 20 m downwind of the crash site can be calculated
with the relative source terms of the smoke gases and of uranium. The best estimate of
the source term of uranium is 0.46 kg uranium in respirable form for 1 h, as given in
Table 2. This corresponds to a source term of 1.3 X 10~* kg s™!. Since uranium is
assumed to be evenly distributed between the crash site and the public garden, the
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source term at the crash siteis 6.4 X 10~° kg s~ 2. Using the source term of smoke gases
(216 kg s™1) and the resulting concentration of smoke gases (10 g m~2), the concentra-
tion of uranium is calculated as 3 p.g m™~2. The uranium oxidised in the fire in the public
garden enlarges the area of exposure but not the maximum concentration. The worst-case
estimate of the source term of uranium at the crash site is 152 kg uranium in respirable
form for 1 h, resulting in a source term of 4.2 x 1072 kg s~ ! and a concentration of

uranium of 2 mg m~3.

7. Exposure and evaluation

Bystanders may be exposed to airborne uranium oxide by inhaation, external
irradiation and ingestion following deposition. The radiological properties of depleted
uranium used to evaluate the exposure to depleted uranium are given in Table 4. Since
the abundance of the isotope uranium-234 in depleted uranium is reduced, the radioac-
tivity of depleted uranium is less than the radioactivity of natural uranium.

Since uranium is primarily an apha emitter, the radiation dose due to external
irradiation is negligible compared to the radiation dose due to inhalation. The intake of
uranium by ingestion following deposition on the ground is also negligible, and for two
reasons. Firstly, measurements in soil samples of the area possibly contaminated by the
plume do not show any detectable amount of depleted uranium [29-31]. At least, the
amount of depleted uranium deposited is, in any case, negligible compared to the
amount of naturally occurring uranium in soil. Secondly, more than 98% of ingested
uranium is excreted by the human body within a few days [32]. The intake of uranium
oxide by inhalation is thus by far the most dominant pathway. The amount of uranium
inhaled is calculated by multiplying the airborne concentration by the duration of the
exposure and the breathing rate. The best estimate of the breathing rate (for male adults)
is1.5m* h™1, corresponding to light exercise, whereas the worst-case estimate is equal
to 3 m® h™?, corresponding to heavy exercise [33]. The intake of uranium through
inhalation is thus 4.4 p.g (best-estimate) to 5.9 mg (worst-case). Applying the dose

Table 4
Radiological properties of depleted uranium
| sotope Abundance* Specific a-activity? e(r)P
(Mol %) (Bg(mgu)~h) (wSv(mgU)™Y)
U-238 99.8 124 929
U-235 0.2 0.16 14
U-234 0.0010 2.26 21
Total 100 14.8 122

%See Harley et al. [2].

Pe(r) is the effective committed dose for 70 years for an adult following inhalation of uranium oxides,
assuming aerosols with an Activity Median Aerodynamic Diameter, AMAD, of 1 um and inhalation class type
S, i.e. deposited materials are relatively insoluble in the respiratory tract (Sow absorption) [32].
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Table 5
Exposure and radiation dose to bystanders
Best-estimate Worst-case estimate
Uranium concentration 3ugm3 2mgm~3
Breathing rate 15mih™? 3mih?
Duration of exposure 1h 1h
Intake of depleted uranium 4.4 g 5.9 mg
Effective committed dose 0.5 pnSv 0.7 mSv

conversion factors of Table 4 results in an effective radiation dose of 0.5 wSv
(best-estimate) to 0.7 mSv (worst-case). The results are summarised in Table 5.

The consequences of uranium inhaation depend on the chemical properties of the
uranium. Uranium compounds having a high solubility are removed from the body
relatively rapidly viathe urine, i.e. in severa days. The time of exposure is thus low and
the radiotoxicity of the uranium is less important than the chemical toxicity. Exposure to
high levels of highly soluble uranium compounds may lead to (reversible) effects on the
kidney functions. Such effects were not reported by the people with health complaints
after the crash; this is in accordance with the information that the uranium oxides
formed in the fire have a low solubility. These oxides have a long residence time in the
lungs and irradiation of the lung tissue following deposition is more important than the
chemical toxicity.

Exposure to high levels of radiation may lead to short-term effects. A safe threshold
for avoiding acute effects to the lung is a 500 mSv organ dose, corresponding to an
intake of 625 mg U-238 [34]. The results show that even in the worst-case estimate the
intake is two orders of magnitude less than the threshold value and short-term effects
can therefore be excluded.

The long-term effect of exposure to uranium is cancer induction. The probability of
suffering fatal cancer due to radiation is estimated as 0.05 per Sievert [34]. The best
estimate of the radiation dose leads to an increase in the probability of suffering death of
one in 40 million and is therefore considered negligible.

The exposure and radiation dose can also be compared with international guidelines
and natural background levels. For chronic occupational exposure to workers, concentra-
tion limits of 200-250 wg m~2 for insoluble uranium in air are recommended, with
short-time peak values of 600 wg m~2 [2,35]. These values are derived for prolonged
exposure over long periods using various safety factors. The best estimate of the air
concentration is well below the concentration limit of 250 wg m~3, whereas the
worst-case estimate would correspond to an exposure to the concentration limit for two
working days. The average background radiation indoors in the Netherlands due to
exposure to “?Rn is equal to 60 nSv h™! [36]. The radiation dose due to depleted
uranium is therefore comparable to the exposure to natural radiation for 9 h (best
estimate). The radiation dose calculated in the worst-case scenario is comparable to the
average radiation dose in the Netherlands in one year and is less than the recommended
year limit of 1 mSv for exposure to radiation by human actions [34,37].
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It is therefore concluded that inhalation of depleted uranium will not lead to
detectable adverse effects to the bystanders.

8. Conclusions

Exposure to uranium was identified as a possible cause of health complaints of
bystanders following an aircraft crash in the Bijlmer on October 4, 1992. To test this
hypothesis, a complete risk analysis of the exposure to uranium was carried out.
Although little information was available six years after the accident, since limited
measurements had been carried out, it did seem possible to estimate the concentration of
uranium oxide in air and to evaluate the exposure of bystanders. Two different estimates
of the exposure were made. The best-estimate approach used the most likely value for
each parameter based on the information available and conservative values when no
information was available; the worst-case approach used conservative estimates for all
parameters. Three different dispersion models were used to estimate the concentrations
of uranium in air, yielding consistent results.

The model calculations show that the best estimate of the exposure to depleted
uranium is several orders of magnitude less than the workers limit for chronic exposure
to uranium. The best estimate of the radiation dose is comparable to exposure for 2 h to
the natural radiation level in the Netherlands. The worst-case approach indicates that
bystanders were exposed to airborne uranium concentrations for 1 h that are comparable
to the limit for chronic exposure to workers. It is therefore highly improbable that
exposure of bystanders to uranium would result in the health complaints reported.
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