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Abstract. Phosphogypsum is a by-product from the phosphate fertilizer industry and its large-scale utilization as an alternative
construction material copes with radiological issues related to radon-222. Zero-order models for radon-222 exhalation from
phosphogypsum building blocks and its time-varying accumulation in closed domains (e.g. indoor accumulation) presume
homogeneous distribution of radon-222 throughout the enclosure. Having in mind radiological protection design, exhalation
characterization of a block sample is a valuable parameter for the corresponding building performance simulation and it can be
accomplished by placing a test block inside a test chamber together with a suitable nuclear detector (their relative positioning
depends on the chamber geometry). As breakdown of the uniform concentration hypothesis is likely to occur, this preliminary work
numerically investigates such model oversimplification. Along with emanation and decay processes, the present mathematical model
assumes time-dependent two-dimensional diffusion-dominant mass transfer in a domain containing a sample of porous material,
namely the phosphogypsum block of finite thickness. Conversely, as the test chamber is quite small and air-tight closed, convective
mass transfer is neglected. Numerically simulated results have confirmed that a non-uniform radon-222 distribution takes place,
which can obviously influence the position of the nuclear detector (or its primary element), thus affecting its readings.
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1. Introduction

Phosphogypsum (CaSO,-2H,0) is a by-product from phosphate fertilizer industries and its large-scale commercial
exploitation might point to a surrogate building material (Mazzilli and Saueia, 1999). Yet, potential radiological impacts
related to **Rn and decay products should be properly controlled and overcome. Such gaseous radionuclide results
from the o-decay of **°Ra, an impurity commonly found in phosphogypsum. Hence, **’Ra decays to **’Rn, which is
able to percolate the porous matrix, reach up indoor air and be inhaled by occupants. Accordingly, a reliable model for
2Rn exhalation into indoor air can be useful to assess radiation exposure as well as to devise radiological protection
based on radon-induced human health risks.

As many concurrent processes are entailed, comprehensive knowledge of “’Rn exhalation from phosphogypsum-
bearing materials and its indoor accumulation is likely to rely on numerical simulation. Diffusive-convective models for
*2Rn transport within porous media have basically assumed pressure-driven interstitial air flow following Darcy’s law
(Edwards and Bates, 1980; Loureiro, 1987; Nazaroff, 1992; Yu et al., 1993; Andersen, 2000) while others have also
considered pressure fluctuations (Riley ez al., 1999) and buoyant effects (Rabi and Mohamad, 2005).

Although sources from soil or building materials are included, time-varying models for *Rn accumulation in
indoor air or building substructures usually provide bulk values (Stranden, 1988; Nazaroff and Teichman, 1990; Jang, et
al., 2005). In other words, they are zero-order models with respect to spatial coordinates so that at any instant **Rn
activity concentration is presumably uniform throughout, i.e., it is a representative value for the entire enclosure.

Having in mind spatial variation, an existing simulator has been continuously adapted to provide time-varying
222Rn concentration (Rabi and Mohamad, 2005). In a previous work (Rabi and Silva, 2006), it was adjusted in order to
simulate time-varying two-dimensional **’Rn distribution in a square closed chamber with a very thin phosphogypsum
housing panel placed tightly against one wall. In the present work, a rather thick phosphogypsum building block is
considered instead so that the “mathematical role” of the **’Rn exhaling material is changed accordingly.

2. Mathematical modeling

As a numerical test case, a rectangular phosphogypsum-bearing building block is placed inside a square closed
chamber tightly against one vertical wall, as sketched in Fig. 1. Block horizontal and vertical dimensions are L, and L,
whereas H is the characteristic length of the chamber.
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Figure 1. Sketch of a rectangular phosphogypsum building block inside a square closed chamber.

The porous material (i.e., the block) is assumed to have constant porosity £ and a homogeneous distribution of **Ra
particles, which renders a uniform generation rate G of ’Rn activity into pore (interstitial) volume. Accounting only
for mobile *’Rn activity, the corresponding source term per unit of representative elementary volume (REV) can thus

be expressed as G=¢G. Additionally, the block is allegedly dry and grain sorption of **’Rn is neglected so that the so-

called partition-corrected porosity reduces to the ordinary porosity € (Andersen, 2000).

Bearing in mind that the block is placed in a rather small air-tight closed test chamber at room temperature, thermal
effects and air movement (i.e., convective transfer) are both disregarded. Should an entire air-exposed phosphogypsum
wall be investigated (instead of a single test block inside a small chamber), continuity, momentum and energy equations
(possibly coupled to each other through Boussinesq’s approach) would be certainly included in the model framework
and numerically solved (Rabi and Mohamad, 2006).

Radon-222 diffusivity in open air D, and the corresponding REV value D are assumed to be constant. It is worth

noting that such bulk diffusivity D should be used whenever R flux (in Fick’s law) refers to the geometric cross-
sectional area of the porous matrix and in this work it is conveniently expressed as:

D=8D, < &=D/D, (1)

Recalling that ***Rn sources exist only in the block while **Rn self-decay (sink) occurs everywhere (but it should
be properly corrected to the interstitial volume content inside the block), the time-varying two-dimensional air-borne
*2Rn activity concentration ¢ = c(x,y,?) is governed by the following differential equation:
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where x and y are Cartesian coordinates, 7 is time and A is **’Rn decay constant. The above equation is an extension to
the one proposed in (Andersen, 2000) so that the dimensionless parameter 7 is introduced in order to denote whether the
diffusive-dominant **’Rn transfer occurs outside (1 = 0) or inside (n = 1) the porous matrix (Mohamad, 2003).

As an attempt to encompass simultaneous effects of entailed parameters, the previous differential equation is cast in
dimensionless form. In view of that, the following set of dimensionless variables is put forward:

L ov=2 | a=an, g=S"C 3)

X="
H H Ac

With respect to ***Rn activity concentration, Ac is a scaling factor suitably defined according to the problem physics
while ¢, is some reference value. Moreover, if ¢, corresponds to the ¢ value when ¢ = 0 then clearly:

Co
= —_— 4
9 Ac 4

It can be shown that Eq. (2) can be cast into the following dimensionless form:
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Accordingly, the following dimensionless groups can be defined:
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Parameters R and S measure the relative importance of decay and of emanation, respectively, in relation to diffusion,
whereas the surrogate group M =S/R is interpreted as an emanation-to-decay ratio (Rabi and Mohamad, 2005). In

addition, with respect to the chamber characteristic length H, phosphogypsum brick dimensions along the Cartesian
coordinates can be expressed respectively as X , = L, /H and Y, =L, / H.

Boundary conditions for the present test case are simply *’Rn no-flux at all impermeable chamber walls, which are
expressed as 00/0X =0 (at Y =0 and Y = 1) and 9¢/0Y = 0 (at X = 0 and X = 1). If the reference value ¢, is ***Rn initial
activity concentration in the chamber (¢ = ¢, at ¢ = 0), then Eq. (3) straightforwardly sets ¢ = 0O as the initial condition
for the dimensionless concentration in the entire domain. For the sake of simplicity, the initial concentration is taken as
co = 0 (i.e., the chamber initially has no *Rn activity) so that ¢, = O in accordance to Eq. (4). In Eq. (5) or (6), it is
worth bearing in mind that n = 1 as long as 0 < X < X, and 0 < Y < Y;; otherwise n = 0.

Typical values include A = 2.098 x 10®s™ and D, = 1.1 x 107> m*s™' respectively for *’Rn decay constant and its

diffusivity in open air (Yu et al., 1993; UNSCEAR, 2000). As estimates of **’Rn diffusivity in soil point to D ~ 107
m2s! (Andersen, 2000; UNSCEAR, 2000), a tentative value 8= D/ D, =0.09 is here adopted and the same rationale

applies for the block porosity, which is fixed at € = 0.5. For the present test case, physical dimensions were set as H =
0.5m, Ly =0.1 mand L, = 0.2 m, thus X, = 0.2 and ¥, = 0.4. From the previous values, the decay-to-diffusion ratio
results R = 0.05. For convenience (and since Ac is a *?Rn activity concentration scaling factor that can be suitably set in
accordance to the investigated scenario), the emanation-to-decay ratio is arbitrarily fixed at M = 1 so that Eq. (7) readily

establishes Ac = 6/ A . As discussed ahead, one is able to assess the generation rate G=M\Ac by employing Ac values
as determined from matching experimental and numerical data.

3. Numerical results and discussion

Numerical solutions were obtained by using an existing finite-volume Fortran program that has been continuously
adapted to provide **’Rn distributions. The original simulator has been successfully employed to solve heat and mass
transfer problems in media partially or fully filled with porous material and details about it might be found elsewhere
(Mohamad, 2003). In the present work, the simulator was particularly adjusted to predict “Rn accumulation inside the
enclosure previously depicted in Fig. 1.

For this preliminary numerical investigation, uniform orthogonal grids were used. Compromise between spatial
grid coarseness and numerical accuracy was checked by solving a steady-state simplification of Eq. (5) or (6), namely:

n 2 2
8 (a q)+M]+nM—e“q)=O (8)
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or, equivalently,
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subjected to the same boundary conditions discussed in the previous section. Figure 2 shows the evolution of simulated
values for ¢ at the enclosure midpoint X = Y = 0.5 (calculated by interpolation from neighboring values) for increasing
number of grid points (including grid points at boundaries), using 8 = 0.09, € =0.5,R=0.05,M=1,X,=02and ¥, =
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0.4. Based on the results obtained, the 100x100 mesh was chosen for further time-varying simulations (dimensionless
uniform grid spacing therefore results X = 8Y = 0.01).

In order to set the advancing time step dt for time-varying simulations, the complete equation, Eq. (5) or (6), was
solved at the 100x100 mesh for 0 < T < 1 (i.e., approximately up to 5.5 days) for diminishing time steps dt. The
remaining parameters were held the same (i.e., & = 0.09, € = 0.5, R = 0.05, M = 1, X, =0.2 and Y, = 0.4). Figure 3
presents obtained values for ¢ at the final instant T = 1 and at the enclosure midpoint. Having in mind a compromise
between numerical accuracy and computational effort, 3T = 0.001 was then chosen and results presented hereafter are
based on such advancing dimensionless time step.
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Figure 2. Simulated values for ¢ at the enclosure midpoint for increasing number of grid points.
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Figure 3. Simulated values for ¢ at the enclosure midpoint and at T = 1 for distinct time steps.

Accordingly, Figs. 4(a) to 4(d) show dimensionless concentration iso-lines related to the following dimensionless
time instants: T = 0.25, 0.50, 0.75 and 1.00 (i.e., roughly after 33 h, 66 h, 99 h and 132 h, respectively). The
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phosphogypsum block limits are represented as dashed lines. Due to the considerably lower diffusivity inside the
porous matrix (8 = 0.09), higher “’Rn concentrations are particularly observed around the lower left corner of the
block, i.e., the one in contact with the chamber corner.
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Figure 4. Isoconcentration lines numerically simulated for (a) T = 0.25, (b) T=0.50, (c¢) T=0.75 and (d) T = 1.00.

Higher concentration levels are observed as time increases but distributions at distinct time instants seem to retain a
common pattern. Outside the block, concentrations decrease toward the opposite upper right corner of the chamber and
it seems to reduce in a way that the block behaves somehow similar to a point source. Apart from the null initial
condition (¢ = O all over the domain at T = 0), no homogeneous distribution is verified whatsoever at any further instant
during the time interval adopted in the present numerical investigation (0 < t < 1). Considering experimental tests,
additional precautions concerning the position of the detector (or its primary element) should then be exercised.

This is particularly true if no mixing-up device is introduced within the chamber and it might become decisive for
“static” detectors that are simply placed “resting” inside the chamber and later removed for readings. A typical and
quite simple device that falls into this category is the so-called SSNTD - solid state nuclear track detector. On one hand,
SSNTD is small enough to allow one to treat it as point in the solution domain; on the other hand, its counting system is
not automatic and requires human involvement.
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A more sophisticated device to measure ***Rn concentration is an active ionizing chamber (e.g. Alfa Guard™
system), which operates under two modes: diffusive or active. In the former, the detection system itself is placed inside
the test chamber and **’Rn particles are driven into it solely by mass diffusion. Because the system physical dimensions
are significantly large, symmetry breakdown is likely to arise in the solution domain. In the later operation mode, ***Rn
particles are forced into the system by means of negative gage pressures, which obviously induce considerable air
movement within the test chamber. Hence, if convective transport is to be accounted for, bulk fluid continuity and
momentum equations must be included in the model framework, thus increasing problem stiffness.

The later rationale equally applies to air-borne **?Rn accumulation in real rooms with doors and windows, which
evidently evokes the abovementioned governing differential equations. Conversely for this scenario, solution domain
dimensions are much larger than those of the active ionizing chamber so that its utilization under the assumption that it
causes no interference (e.g. symmetry failure or relatively strong air currents) to its surroundings is quite reliable.

Yet, if one compares 2Rn concentrations, for instance, at time T = 0.25 and positions (X, ¥) = (0.3, 0.1) and (X, Y)
= (0.8, 0.7), there is roughly a factor 7 between observed levels at these two points. On the other hand, comparing
concentration levels at the same points at T = 1, such factor drops to 2. This result might suggest that heterogeneity of
***Rn concentration could possibly decrease with time, which might thus demand for longer simulation times. Such is
an issue for further investigation, particularly if experimental tests should be carried out for a lengthy period.

As suggested by Eq. (3), one may assess the scaling factor Ac,sessea for 2’Rn activity from numerically simulated
values for 0(X,Y,T) = Qnumerica at a pre-defined position (e.g., chamber midpoint) as well as from their experimentally
measured counterparts c(X,y,f) = Cexperimental- Indeed, manipulating Eq. (3), one obtains:

c—Cy Cexperimental — €0

= Ac, = _Cxperimentsl D (10)

assessed —

q) =
Ac q) numerical

It is worth recalling that ¢y = 0 was assumed in the present work. For ¢ # 0, such non-zero initial concentration inside
the chamber should be experimentally measured in order to be introduced in the previous equation. Besides, as long as

Ac = é/ A as imposed by Eq. (7) after conveniently choosing M = 1, one may assess the generation rate éassesscd by
employing Ac,essed Values provided by Eq. (10) and simply rearranging Eq. (7) as:

G M=l ~

M= _Me, G
A Ac

assessed — 7\' ACassessed (1 1)

It should be noted that the generation rate G is a desired parameter for radiological protection design.
4. Concluding remarks

Along with its short-lived decay products, ***Rn responds to most of human exposure to radiation from natural
sources. Therefore, *Rn emanation and indoor accumulation are important matters to be accounted for as far as the use
of phosphogypsum as an alternative building material is concerned. Although radiological impact assessment claims for
comprehensive knowledge of *’Rn release and transport, zero-order models with respect to spatial coordinates can only
provide volume-averaged **’Rn concentration levels.

In the present work, such homogeneous distribution constraint was relaxed so as to allow point-to-point variation.
Including emanation and decay processes, this work put forward a time-dependent two-dimensional diffusion-dominant
model for ***Rn transport within a square chamber containing a rectangular phosphogypsum building block of finite
thickness. With the help of an existing finite-volume simulator, numerical investigation of such scenario showed that no
homogeneous distribution could be verified indeed during the considered time interval, which might request additional
precautions concerning the position of the detector (or its primary element).

It should be stressed that the proposed model framework is somewhat preliminary. Assuming that the test chamber
was small and air-tight closed, air movement (convective mass transfer) was neglected. Moreover, thermal effects could
also occur so that, accounting for these two extensions, bulk fluid continuity, momentum and energy equations should
be simultaneously solved. Along with thermal conditions (e.g. prescribed wall temperature or heat flux), boundary
conditions should then include known velocity profiles or conditions at all openings as well as no-slip condition at solid
walls. As moisture might exist to some extent inside phosphogypsum building blocks, future investigations point to
analyzing effects due to ’Rn partitioning between interstitial air and water. By the same token, further edge effects
might be analyzed by extending both the porous matrix and the solution domain up to three dimensions.
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