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1. Introduction

There are a variety of human exposure pathways
following the accident of nuclear power plant.
Resuspension is one of the potential pathways when
inhalation of radionuclide released to the atmosphere is
considered. Resuspension is the process of going back
to the atmosphere of the hazardous particles which was
deposited on the ground surface. Representative driving
forces of the resuspension are wind and mechanical
disturbance like traffic, agriculture and etc. There are
lots of factors that influence the resuspension: wind
speed, climate, surface type and structure, time since
deposition, size distribution and density of particles,
land use and etc [1, 2].

The importance of the resuspension could be
increased in desert environment due to its arid climate
condition and low ground surface roughness z.

Various empirical models of resuspension were
reviewed in this study and appropriate model for the
desert environment was evaluated. Furthermore,
preliminary resuspension modelling by using health
physics code installing resuspension models was carried
out.

2. Review of Resuspension Models

Existing models expressing resuspension were
described and reviewed in this section. The types of
resuspension models could be divided into three
approaching methodologies: those using a resuspension
factor, those using a dust loading approach and those
using a resuspension rate [1].

2.1 Approach Using a Resuspension Factor

- Concentration in air due to resuspension [Bq-m™3
k [m 1] = Surface Deposit [Bq-:l‘z] = : (1)

This is a very useful and convenient way of
expressing the resuspension because both concentration
in air and surface deposit can be directly measured. It
means we can easily calculate concentration in air due
to resuspension by multiplying K to the surface deposit
which is easily measurable. Many formulae describe the
time dependence as exponential except Garland formula
which was expressed by the power law.

K(t) = K(0)e * + K(T) (2

where K is resuspension factor [m™], K(0) is the
resuspension factor at time zero [m™], a is the rate of
exponential [days™] of K after deposition as a function

of time, t is the time after deposition [days] and K(T) is
the long-term resuspension factor [m™] [1].

2.1.1 Anspaugh Formula (1975) [3]
K =10"*e 015Vt 4 107° (3)
This is a correlation developed by using the data
from the Nevada test site where the climate condition is
arid.
2.1.2 WASH-1400 Formula (1975) [4]
K =10"%¢7%677¢ + 1079 ; tinyears  (4)

This formula has been developed for the reactor
safety study WASH-1400.

2.1.3 Linsley Formula (1978) [5]
K = 10767001t 4 107° (5)
Many of data in this study were from desert condition.
2.1.4 Garland Formula (1982) [6]
K=12x10"%t"1 (6)
This formula has been derived from the wind tunnel
experiment with grassland and bare soil condition.
There is no long-term factor because the period of
experiment was short. But for the early phase analysis,
this model has higher credibility. Its verification has
been carried out by comparing the data obtained after
the Chernobyl accident.
2.1.5 RODOS Formula (1995) [7]
K =5x 107870003t 4 1072 )
This formula has been derived by fitting the data
obtained after the Chernobyl accident. The data of the
first 30 days were not included.
2.1.6 KFKI formula (1995) [8]
K = 1.04 x 1077e700073t 4 6,5 x 107%e~00046¢ (g)
This formula is called a multi exponential model. The

second exponential term describes the exponential
decrease of the long-term resuspension factor and. This
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formula is also correlated with the data from Chernobyl
accident. However, the data of the first 50 days were
not included.

2.1.7 NCRP Report No. 129 Formula (1999) [9]

K =10"°(t < 1day),
_ 107

K = , (1 <t <1000 days),

K =1079 (t > 1000 days) 9)

These models are estimates from U.S. NCRP based
on the data from Chernobyl.

2.1.8 Modified Garland Formula (2002) [1]
K=12x10"%"1410"° (10)
Modified Garland model kept the power law and
supplemented the long-term factor and multiplication
factor. Table 1 shows the rule of thumb multiplication

factor of the modified Garland model.

Table 1. Multiplication factors to be applied to the results
from Garland formula

Condition MF
Rural conditions, light-medium winds | X1
Avrid climate x10
Urban conditions, light traffic, light

pedestrian activity <10
Urban conditions, heavy traffic <100
Ploughing in dry conditions <100

. . Additional
High winds factor X2

2.1.9 Maxwell and Anspaugh Formula (2011) [10]
K =105¢7%07t 4 7 x 1072270002t 4+ 107 (11)

Enormous amount of data has been reviewed as part
of developing this model. This model is adopted by
various computer codes as the best model for long-term
resuspension modelling. However, the model’s
effectiveness in describing very short term event is not
known. [2]

Table 2. Models categorised by formula

Models
Anspaugh
WASH-1400
Linsley
RODOS
KFKI
Maxwell and Anspaugh
Garland
NCRP Report No. 129
Modified Garland

Type of Model

Single exponential model

Dual exponential model

Power law model

—— Anspaugh (1975)
—\WASH-1400(1975)
Linsley (1978)
1E-4 5 —— Gariand (1982)
3 ——RODOS (1995)
——KFKI (1995)
Modified Garland (2002)
- - -Maxwell and Anspaugh (2011)
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Fig. 1. Various models using resuspension factor

Figure 1 shows a variety of formulae describing time
dependent resuspension factor. The models could be
categorised as listed in table 2.

2.2 Approach Using a Dust Loading
Ca [Bq-m™] = C;[Bq-kg™']- Sg [kg - m™3] (12)

where C, is the estimated concentration of the
radioactive materials in air, C, is the concentration in
soil and S is the equivalent mass concentration of soil
in air or dust-loading. This approach is not applicable
for the fresh deposited material because it assumes that
the radionuclides are highly associated with soil. In
addition, there is no time dependency in the model.
Another disadvantage is that the concentrations of
deposited radionuclides are usually measured as Bg-m™.
However, this approach could be useful when we
consider the mechanical disturbance because the
measurement of the resuspention which is caused by
mechanical disturbance is often reported as pig-m™. [1].

2.3 Approach Using a Resuspension Rate

i m—2.c—1
A [S_l] — Resuspension Flux [Bq-m™<-s~ "] (13)

Surface Deposit [Bq-m™2]

As in the case of dust loading approach, the factor in
this approach is not easily measurable in the field like
and is not adequate for emergency response situation
application. [1]

2.3.1 Loosmore Formula (2003) [2]

ux213 dp0.17

A =042 (14)

0.92, 032, 0.76
t Zo Pp
1.43

A=001"— (15)

£1.03

where u x is friction velocity, d,, is particle diameter,
t is the time since the windflow began, z, is surface
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roughness and p,, is particle density. Above empirical
models are derived by fitting three data set obtained by

tunnel experiment by Nicholson (1993) [11], Giess et al.

(1997) [12] and Garland (1982) [13].
2.4 Discussion

Three kinds of approach to evaluate resuspension
have been reviewed in this work. The resuspension
factor-based approach is expected to be the best because
it can be easily related with the measurement data.

Big differences in the resuspension factor were
observed among the models in describing the early
phase of resuspension. The RODOS and KFKI model
should not be used when describing the early phase of
resuspension is important as these models are not
including the first 30 days and 50 days of data
respectively. The Anspaugh model and the Linsley
model gives the value of 10* m® and 10° m?
respectively, as the initial resuspension factor while
both formulae were derived using the data from the arid
climate condition. Both the Maxwell and Anspaugh
model and the modified Garland model gives the value
of 10° m* as the initial resuspension factor which is
the median value of the Anspaugh model and the
Linsley model. Therefore 10° m™ could be regarded as
an appropriate initial resuspension factor for the desert
environment.

Most of models agree with that the long-term
resuspension factor should be 10 m™.

Recently, Japan Atomic Energy Agency (JAEA)
reported that using dual exponential model is the best
formula to correlate the data measured after the accident
of Fukushima Daiichi nuclear power plant. [14]

Based on these observations, use of the Maxwell and
Anspaugh model is judged to be applicable to the desert
environment.

3. Preliminary Modeling of resuspension by using
Maxwell and Anspaugh Formula

3.1 Methods

HotSpot 3.0 code developed by Lawrence Livermore
National Laboratory was used to calculate
environmental transport of radionuclides including
resuspension and to estimate the effective dose from
resuspended materials. The code is equipped with four
different resuspension models: A constant value, the
WASH-1400 approach, the NCRP report No. 129
method, and the Maxwell and Anspaugh model. The
Maxwell and Anspaugh Formula was used in our
calculation.

The source term was chosen as the release of 10'° Bq
of Cs-137 which is the same amount released from the
Fukushima accident [15]. The release was assumed to
be from the ground and plume rise was not considered.
The wind speed was set at 4 m/s based on the annual
average wind speed of Al Rowais climate post near
Barakah site in Abu Dhabi. Solar information was

selected as “sun high in the sky” and the surface
roughness was assumed at 3 cm which is the minimum
allowed value in the HotSpot code [16]. However, the
surface roughness length is expected to be lower
ranging between 0.03 cm and 0.1 cm. Dose conversion
factors (DCFs) from Federal Guidance Report No. 13
were used [17].

3.2 Results and Discussion
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Fig. 2. Annual effective dose exposed from ground shine and
resuspension at 1km, 5km and 10kn away from the source
following the time after the source release
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Fig. 3. Mexwell and Aspaugh model for resuspension

The annual effective dose exposed from ground shine
and resuspension in various distances after the release is
described in Figure 2. This result was calculated
without consideration of the outdoor activity time. It is
found that the annual effective dose of resuspension is
about five orders of magnitude lower than that of
ground shine. A steep gradient of the decrease in annual
dose from resuspension appears until about 10 years
after the source release because the concentration of
radionuclide resuspended to the air decreases as time
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passes as represented by the Maxwell and Anspaugh
model.

Even though the importance of resuspension in a
short-term (about few years) analysis is higher than that
of a longer term event, it is important to be aware that
the portion of the dose from resuspension is small when
compared with the dose from ground shine. The annual
dose from resuspension is found to be 0.14 % of the
annual dose from ground shine in the first year and
0.00045% in 10" year.
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Fig. 4. Comparison of the annual effective dose by distance
exposed from ground shine and resuspension right after the
source release

The estimated annual effective dose of both
resuspension and ground shine in the first year after the
release is described in Figure 4. It is found that the
contribution of resuspension to the annual dose is small
but its importance could increase in a shorter-term and
shorter-range assessment.

4, Conclusions and Recommendations

Based on the review of various resuspension models,
the Maxwell and Anspaugh model was found to be the
most appropriate  model for desert environment
application. Our test case analysis showed that the
contribution of resuspension to annual dose is very
small compared to that of ground shine. But importance
may increase in the analysis of a shorter-term and
shorter-range event.

Future plan of this research work includes the
development of new resuspension model (e.g., the
Lagrangian dispersion model) for environment-specific
application by carrying out relevant experimental
studies
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