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a b s t r a c t 

The vapour concentration present in enclosed spaces containing concealed semi-volatile organic com- 

pounds (SVOCs), such as explosives, is difficult to measure experimentally. Therefore, mathematical mod- 

els play a key role in understanding the transport of these materials. Vapour transport has previously 

been modelled in a range of environments, from small emission cells to whole rooms, using both analyt- 

ical and numerical approaches. These models typically include either a well-mixed air volume or a sim- 

ple sorption model. This work has been extended by including a multi-layer vapour sorption/permeation 

model within a computational fluid dynamics (CFD) framework. This allows for vapour source terms from 

items concealed within permeable packaging to be considered. The CFD based permeation model includes 

sorption/desorption, using a linear isotherm at inner and outer surfaces and a blended wall function to 

account for the effects of near-wall turbulence. The model has been validated for the explosive SVOC, 

ethylene glycol dinitrate (EGDN). The model has been used to show how vapour concentrations around 

a cardboard box containing a SVOC vary when some of the key input parameters are changed. Changing 

the vapour source from EGDN to the much lower vapour pressure trinitrotoluene (TNT), had a significant 

effect, as expected, and this was most pronounced early on due to the difference in permeation lag times 

for the two materials. Conversely, changing the type of cardboard had only a small effect on the con- 

centrations. This type of modelling approach can now be used to study a wide range of SVOC transport 

problems which would not previously have been possible. 

Crown Copyright © 2021 Published by Elsevier Ltd. 

This is an open access article under the Open Government License (OGL) 

( http://www.nationalarchives.gov.uk/doc/open-government-licence/version/3/ ) 

1

(

1

i

m

p

(

D

W

j

K

a

p

S

d

t

t

s

f

e

h

0

(

. Introduction 

The transport of vapour from semi-volatile organic compounds 

SVOCs) (i.e. an organic compound with a vapour pressure between 

0 −9 Pa and 10 Pa [1] ) is of interest in a number of different fields, 

ncluding health [1,2] and the detection of explosives [3,4] . Many 

athematical models have been produced to predict the trans- 

ort of vapour from both SVOCs and volatile organic compounds 

VOCs). Most models employ a well-mixed approach with no vari- 
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tion in concentration across the air space [5–9] . Others use com- 

utational fluid dynamics (CFD) to provide the spatial resolution. 

patial resolution can be critical as vapour concentrations may re- 

uce by orders of magnitude within a very short distance from 

he source [4] , therefore, average concentrations are not represen- 

ative of the entire space. This information is of interest in explo- 

ives detection applications when the detector may be sampling 

rom either high or low concentration regions. Understanding how 

xplosives vapour concentrations vary within a space can help to 

mprove search and screening methodologies. CFD has been used 

o model systems ranging in size from emission cells with vol- 

mes of a few litres or less [10,11] and a dog’s nose [12] , to room

cale [13–17] . Of those using CFD, sorption has been considered 

sing a range of different approaches. Mao et al. [10] and Clausen 

t al. [11] used a linear adsorption isotherm and Murakami et al. 

14] applied three different adsorption isotherm models. Lawson 
le under the Open Government License (OGL) 
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Fig. 1. Diagram showing the implementation of the adsorption (left) and absorp- 

tion/permeation models (right). 
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Nomenclature 

a mass transfer coefficient [m s −1 ] 

A area [m 

2 ] 

C species concentration [kg m 

−3 ] 

C 0 volatility of substance [kg m 

−3 ] 

C ∗ species concentration at the wall [kg m 

−3 ] 

C i species concentration in the solid, in layer i 

[kg m 

−3 ] 

C in inlet species concentration [kg m 

−3 ] 

C out outlet species concentration [kg m 

−3 ] 

C p species concentration in the near-wall cell [kg m 

−3 ] 

C sur f species concentration on the surface [kg m 

−2 ] 

C μ constant [dimensionless] 

d layer thickness of the individual permeation layers [m] 

D m 

molecular diffusion coefficient [m 

2 s −1 ] 

D solid solid phase diffusion coefficient [m 

2 s −1 ] 

d total total thickness of the permeable solid [m] 

E constant[dimensionless] 

F species flux [kg m 

−2 s −1 ] 

K ab solubility or partition coefficient [dimensionless] 

K ad partition coefficient [m] 

k p turbulent kinetic energy in the near-wall cell 

[m 

2 s −2 ] 

k v kc von Karman constant [dimensionless] 

n layer number of permeation layers 

P c constant[dimensionless] 

Sc Schmidt number [dimensionless] 

Sc t turbulent Schmidt number[dimensionless] 

t time [s] 

t lag time lag (permeation time constant) [s] 

T temperature [ ◦C] 

U mean velocity [m s −1 ] 

y ∗ non-dimensional near-wall distance based on turbu- 

lent kinetic energy 

y + non-dimensional near-wall distance based on fric- 

tion velocity 

y 1 near-wall distance for the near-wall cell [m] 

Y + 
BW F 

normalised species mass fraction [dimensionless] 

Y + 
lam 

laminar component of Y + 
BW F 

[dimensionless] 

Y + 
turb 

turbulent component of Y + 
BW F 

[dimensionless] 

Y w 

species mass fraction at the wall [kg kg −1 ] 

Y p species mass fraction in the near-wall cell [kg kg −1 ] 

Greek symbols 

� blending function[dimensionless] 

�t time step size [s] 

μ dynamic viscosity [kg m 

−1 s −1 ] 

ρ fluid density [kg m 

−3 ] 

t al. [12] modelled one-way sorption with diffusion to a surface 

ink. 

When the air flow in the space is modelled in detail, stud- 

es have considered both laminar [10,11] and turbulent flows [14] . 

owever, even in the work of Murakami et al. [14] , where the 

ir flow in the room was turbulent, the mesh was refined in the 

ear-wall region to place the first cell in the viscous sub-layer. 

his meant that a simple Fick’s law model could be used repre- 

ent vapour transport from the wall-adjacent cell to and from the 

all. 

In this study a new CFD based multi-layer vapour sorp- 

ion/permeation model has been tested and applied. It used a 

inear isotherm to represent absorption, diffusion through inter- 

al layers and then the same linear isotherm for desorption on 
2 
he other side of the solid if required. The input data for the 

orption/permeation model, solid phase diffusion coefficient, D solid 

m 

2 s −1 ] and a dimensionless solubility or partition coefficient, K ab , 

an be measured easily using a standard permeation cell set-up. 

n absorption model based on partitioning followed by diffusion is 

lso more physically representative than the sink-diffusion model 

f Jørgensen et al. [18] or the three-layer model of Singer et al. 

6] . Zhang et al. [19] also commented that it might not be possible

o measure the input parameters for the Jørgensen et al. model di- 

ectly. The Singer et al. [6] and Jørgensen et al. [18] models do have

 possible advantage over the model proposed here in that they do 

ot require the depth of the permeable solid to be specified. 

The model uses a blended wall function to account for the ef- 

ects of near-wall turbulence so can be applied whether the near- 

all cell is in the linear region or the log-law region. 

The model has been validated using test cases of increasing 

omplexity, using the SVOC explosive ethylene glycol dinitrate 

EGDN) as the vapour sources. 

This new modelling framework can be used to study SVOC and 

OC vapour transport in a range of environments. 

. Mathematical model 

.1. Sorption/permeation model 

The sorption/permeation models were implemented as illus- 

rated in Fig. 1 , based on the framework originally developed by 

ally et al. [20] . The vapour is transported from the near-wall cell, 

here the concentration is C p [kg m 

−3 ], to a point close to the 

all where the concentration, C ∗ [kg m 

−3 ], is in equilibrium with 

he surface concentration, C sur f [kg m 

−2 ] or solid phase concentra- 

ion C i [kg m 

−3 ]. The flux between C p and C ∗ is governed by the

ass transfer coefficient, a [m s −1 ] and the concentration gradient. 

 

∗ is related to C sur f or C i by a partition coefficient, K ad [m] or K ab 

dimensionless]. For the absorption or permeation model, there is 

 flux between layers in the solid which is governed by the solid 

hase diffusion coefficient, D solid , and the concentration in adjacent 

ayers. For permeation, the vapour can return back to the gas phase 

rom the outer side of the permeable material using the same pro- 

esses as applied when it entered the solid phase, but in reverse. 

When the flow is turbulent, the mass transfer coefficient is cal- 

ulated using a blended wall function model [21] . In this model, 

he normalised species mass fraction, Y + 
BW F 

[dimensionless], is 

iven by the follow equation, 

 

+ 
BW F ≡

(Y w 

− Y p ) ρC 1 / 4 μ k 1 / 2 p 

F 
= exp (�) Y + 

lam 

+ exp (1 / �) Y + 
turb 

, (1) 

here Y w 

[kg kg −1 ] is the species mass fraction at the wall, Y p 
kg kg −1 ] is the mass fraction at the centroid of the first cell, ρ
kg m 

−3 ] is the fluid density, C μ is a dimensionless constant (0.09), 

 p [m 

2 s −2 ] is the turbulent kinetic energy (TKE) in the near-wall 

ell and F [kg m 

−2 s −1 ] is the flux. Y w 

and Y p can be converted to

oncentrations C ∗ and C p by multiplying by ρ . The blending func- 
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ion, � [dimensionless] is given by the following equation, 

= −0 . 01(Sc y ∗) 4 

1 + 5 Sc 3 y ∗
, (2) 

here Sc is the non-dimensional Schmidt number. The non- 

imensional near-wall cell height, y ∗, is given by the following 

quation, 

 

∗ ≡ ρC 1 / 4 μ k 1 / 2 p y 1 

μ
, (3) 

here y 1 [m] is the distance from the wall to the centroid of the 

ear-wall cell and μ [kg m 

−1 s −1 ] is the dynamic viscosity. 

The laminar component of the normalised species mass frac- 

ion, Y + 
lam 

, is given in Eq. (4) and the turbulent component, Y + 
turb 

, in

q. (5) . 

 

+ 
lam 

= Sc y ∗ (4) 

 

+ 
turb 

= Sc t 

[ 
1 

k v kc 

ln (E y ∗) + P c 

] 
, (5) 

here Sc t is the non-dimensional turbulent Schmidt number, E is 

 dimensionless empirical constant (9.793), k v kc is the von Karman 

onstant (0.42 has been used here). P c is an dimensionless empiri- 

al constant, which is given by Eq. (6) [22] . 

 c = 9 . 24 

[(
Sc 

Sc t 

)3 / 4 

− 1 

]
[ 1 + 0 . 28 exp (−0 . 007 Sc/Sc t ) ] (6) 

The mass transfer coefficient between the near-wall cell and the 

all, a , is given by Eq. (7) . 

 = 

F 

C ∗ − C p 
= 

F 

(Y w 

− Y p ) ρ
(7) 

Eqs. (1) and (7) can then be rearranged to give 

 = 

C 1 / 4 μ k 1 / 2 p 

Y + 
BW F 

, (8) 

If the flow is laminar or there is no air movement (i.e. molec- 

lar diffusion only), then a can by calculated using the following 

quation, 

 = 

D m 

y 1 
, (9) 

here D m 

[m 

2 s −1 ] is the molecular diffusion coefficient. 

After the mass transfer coefficient a is found, C ∗ is calculated 

rom the concentration on the surface or in the solid using a lin- 

ar isotherm model. The flux to the surface, F is then calculated 

s shown in Fig. 1 to give a new surface or solid concentration. If

equired, the concentrations in the permeation layers of the solid 

re then calculated using an implicit second-order finite differ- 

nce method to solve Fick’s second law of diffusion. C ∗ is then re- 

alculated from the new surface or solid concentration. This pro- 

ess is iterated until a converged solution is reached for the cur- 

ent time step. C p is then adjusted according to the flux by apply- 

ng a source or sink term in the wall adjacent cell. 

The sorption/permeation models were written as User Defined 

unctions (UDFs) in the ANSYS® Fluent® CFD software (hereon re- 

erred to as Fluent). The User Defined Memory (UDM) functionality 

n Fluent was used to store the vapour concentration (at the cur- 

ent and previous time steps) on the surface or in each permeation 

ayer in the solid. 

.2. Air flow and vapour transport 

The air flow and vapour transport was modelled using Fluent 

15.0. A single model was also run in Fluent V18.0 and there was 
3 
egligible difference between the results. Both laminar and tur- 

ulent flow models were run. For the turbulent flow models the 

 − ω shear-stress transport (SST) turbulence model [23] was used. 

For all models, the flow was solved first as steady-state, the 

ow was then held constant and the vapour transport was solved 

ransiently. The vapour was modelled as a passive scalar with Sc t = 

 . 7 . 

A coupled solver was used for the pressure-velocity coupling. 

 second-order scheme was used for the pressure terms and a 

econd-order upwind scheme for the convection terms in the 

omentum equation. The species and the turbulence convection 

erms were solved using a first-order upwind scheme and a first- 

rder implicit scheme was used for the transient species transport. 

revious work has shown that first-order schemes can give rea- 

onable results for indoor air flows, therefore, this was used as a 

tarting condition for the validation modelling. 

Test models were re-run using second-order discretisation for 

he species convection terms and a second-order implicit scheme 

or the temporal discretisation. This had little effect on the concen- 

ration predictions, which was due to the high resolution in space 

nd time applied in the model. 

. Model validation 

The sorption/permeation model was validated using three test 

ases of increasing complexity. The first was laminar flow of 

apour through a chamber with thick permeable walls. The second 

as the permeation of a vapour into, and laminar flow through, 

he same permeable chamber. The final case was permeation of 

apour through a cardboard box into a room. This final set-up in- 

luded permeation and adsorption with both laminar and turbu- 

ent regions. 

.1. Validation set-up 

.1.1. Flow of vapour through a chamber with permeable walls 

The first experiment consisted of a cylindrical polytetrafluo- 

oethylene (PTFE) chamber (0.2 m long, 0.08 m inner diameter, 

.01 m wall thickness) into which EGDN vapour, at a concentration 

averaged of measured concentrations), C in = 8 . 8 × 10 −7 kg m 

−3 , 

as supplied (see Fig. 2 (a)). The EGDN vapour was generated using 

 temperature controlled KIN-TEK, C0395 vapour generator (KIN- 

EK Analytical, Inc., Texas, USA) and mixed with dry nitrogen. The 

ow rate through the PTFE chamber (average of measured flow 

ates) was 0.1 L min 

−1 at a temperature of 35 ◦C. The velocity 

hrough the narrow inlet tube (inner diameter 4 . 6 × 10 −3 m) was 

.1 m s −1 and the average velocity across the full diameter of 

he chamber was 3 . 5 × 10 −4 m s −1 . This gave a Reynolds num-

er of less than 2. The PTFE chamber was held in a temperature- 

ontrolled box (LABCOLD 

TM RPDF0012D, Labcold, Hampshire, UK). 

The vapour concentration at the outlet of the chamber was 

onitored over 5 h by periodically taking 1 min gas samples, of 

pproximately 0.1 L, using Tenax TM air sampling tubes. The sam- 

le tubes were analysed by thermal desorption gas chromatogra- 

hy mass spectrometry (Agilent 7890A GC, 5975C MSD, Agilent, 

alifornia, USA). The experiment was repeated twice with triplicate 

easurements taken at each sample time. 

In between experimental replicates, the surfaces of the cham- 

er were cleaned with a combination of propan-2-ol (IPA) and ace- 

one to remove EGDN residues. The chamber was then dried at a 

emperature of 50 ◦C for at least two hours before being cooled, 

eassembled and stabilised at experimental temperatures. During 

emperature stabilisation the chamber was flushed with dry nitro- 

en gas. Chamber outputs were measured prior to recommencing 

xperimentation to ensure that there was no residual EGDN re- 

aining within the chamber. 
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Fig. 2. The PTFE chamber. (a) the outside of the PTFE chamber as used in the first and second validation experiments. (b) the inside of the chamber with the cardboard 

lining and the PE sealed permeation accessory as used in the second validation experiments. 

Table 1 

Vapour parameters for EGDN permeation used in the model of the first validation 

experiment at 35 ◦C. 

D m /m 

2 s −1 D solid /m 

2 s −1 K ab 

EGDN 9 . 3 × 10 −6 

PTFE 7 . 5 × 10 −14 1 . 2 × 10 3 
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The permeation properties for EGDN and PTFE at 35 ◦C 

ere measured using a Micro-Chamber/Thermal Extractor TM ( μ- 

TE TM ) system with a permeation accessory (Markes International, 

lantrisant, UK). The permeation accessory holds a thin layer of 

he material under investigation with the vapour source placed in 

 well below. The air flow over the top of the accessory is con- 

rolled by the Micro-Chamber and vapour samples are collected 

nto Tenax TM air sampling tubes. D solid can then be calculated from 

he lag time, t lag [s], a time constant related to the point at which a

onstant permeation rate is achieved. The lag time is given by the 

ollowing, t lag = d 2 
total 

/ 6 D solid , where d total [m] is the total thick- 

ess of the permeable solid. The partition coefficient (or solubil- 

ty), K ab , can then be calculated from the equilibrium permeation 

ate using Fick’s first law. The permeation data produced is shown 

n Table 1 . When applying permeation data generated using this 

ethod there is an assumption that D solid and K ab are not func- 

ions of the thickness of the permeable material. 

The molecular diffusion coefficient for EGDN was calculated us- 

ng a method based on atomic diffusion volumes [24] and this data 

s shown in Table 1 . 

The set-up for the CFD model was as follows. A 2-dimensional 

xi-symmetric, laminar CFD model of the PTFE chamber was pro- 

uced. The laminar wall function option, Eq. (9) , was specified in 

he UDF. The mesh consisted of unstructured tetrahedra, with a 

aximum cell edge length of 5 mm. The time step, �t , for the 

apour transport was set to 0.05 s for the first 2 s and was then

ncreased to 0.1 s. With these settings it had been shown in a sim- 

lar model that the concentration prediction showed little sensitiv- 

ty to a reduction in the cell size or �t . The inlet had a constant

oncentration boundary condition. The PTFE walls of the chamber 

ere defined as permeable boundaries, with concentration fixed at 

ero on the outer wall. A diagram of the model is shown in Fig. 3 . 

The vapour permeation can be sensitive to the thickness of the 

ndividual permeation layers, d layer . d layer was defined by specify- 

ng the total thickness of the solid, d , and the number of lay-
total 

4 
rs, n layer ( d layer = d total /n layer ). The models were run with different

alues for n layer to find the point at which the models were no 

onger sensitive to d layer . The results are most sensitive to d layer at 

he very early stage of the simulation. As the equilibrium flux is 

pproached, the sensitivity decreases. 

The results of this model converged once d layer for the walls of 

he PTFE chamber reached 1 × 10 −5 m. As the maximum number 

f UDMs in Fluent is 500, there is a limit to the number of perme-

tion layers which can be defined. In this case n layer was set to 100

nd therefore the total thickness, d total , was 1 mm. The d total spec- 

fied was much smaller than the actual wall thickness of the PTFE 

hamber walls (10 mm). However, t lag for even a 1 mm thick sheet 

f PTFE at 35 ◦C is 620 h, i.e. significantly longer than the duration 

f the experiment (5 h). In other words, during the experiment, the 

apour will have been able to permeate only a small distance into 

he PTFE. Therefore, the outer region of the PTFE walls played lit- 

le part in the permeation process. The results here were shown to 

e insensitive to an increase in n layer (for a fixed d total ). Therefore, 

 thick permeable material can be represented in the model by a 

hinner material if the duration of the simulation is short com- 

ared to the lag time. 

.1.2. Permeation of a vapour into and through a chamber with 

ermeable walls 

The second experiment consisted of the same PTFE tube as 

sed in the previous experiment, through which dry nitrogen at 

0 ◦C was pumped at a nominal flow rate of 0.1 L min 

−1 . The

ube was either lined with single thickness corrugated cardboard 

see Fig. 2 (b)) or was left unlined. The cardboard was 2 . 9 × 10 −3 m

hick or 0 . 5 × 10 −3 m thick when the three layers of which it con-

isted were compressed together. 

A source of EGDN vapour (10% w/w of EGDN on an inert ma- 

erial, Kieselguhr) was placed in a Markes permeation accessory 

hich was sealed with a 130 × 10 −6 m thick film of polyethylene 

PE). The permeation cell was made of Silcosteel®, an amorphous 

ilicon coated steel, which was shown (data is not reported here) 

o adsorb a negligible amount of the vapour at 30 ◦C. 

The EGDN was placed within the permeation accessory and was 

eld at 30 ◦C for 1 h to allow the flux out of the permeation cell

o equilibrate before being placed in the PFTE chamber. 

The EGDN vapour concentration was measured at the outlet of 

he chamber (using the same method as for the previous experi- 

ent) periodically over a period of 4 h for the unlined chamber 

nd for 24 h for the cardboard lined chamber. Three repeat experi- 
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Fig. 3. Diagram showing the model geometry for the first validation experiment. Chamber dimension are given at the start of Section 3.1.1 . 

Table 2 

Vapour parameters for EGDN permeation used in the model for the second valida- 

tion experiment at 30 ◦C. 

C 0 /kg m 

−3 D m /m 

2 s −1 D solid /m 

2 s −1 K ab 

EGDN 9 . 7 × 10 −4 9 . 0 × 10 −6 

PTFE 5 . 0 × 10 −14 1 . 4 × 10 3 

PE 2 . 5 × 10 −12 1 . 9 × 10 3 

Corrugated card 2 . 0 × 10 −11 1 . 7 × 10 3 
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ents were conducted with triplicate measurements taken at each 

ample time. Each sample was collected for 1 min. 

The permeation properties for EGDN through PTFE, PE and 

ardboard and the molecular diffusion coefficient for EGDN were 

alculated or measured using the same method as described pre- 

iously. The volatility was calculated using data from the review 

aper of Ewing et al. [3] . All these parameters are given in Table 2 .

For this study, it was assumed that permeation of the low con- 

entration EGDN vapour through cardboard could be approximated 

y a Fick’s first law model. 

The average flow rate for the unlined experiments was 

.094 L min 

−1 , for the cardboard lined experiments it was 

.079 L min 

−1 . 

The set-up for the CFD model was as follows. A symmetric half 

f the chamber was represented using a laminar model. The lam- 

nar wall function option ( Eq. (9) ) was selected in the UDF along

ith the permeation model for PE, PTFE and cardboard. 

The mesh used used mainly unstructured tetrahedrons and only 

 symmetric half of the geometry was modelled. 1mm hexahedral 

ells were applied to the inside of the permeation accessory. The 

aximum cell edge length in the chamber was 5 mm (as specified 

n the first validation experiment model). The time step size was 

ept at a constant 0.05 s for the unlined chamber and 0.03 s for 

he cardboard lined chamber. The slight reduction in �t for the 

ardboard lined chamber model compared to the unlined cham- 

er model was due to an instability in the UDF when a larger �t

as used. This was likely caused by the larger partition coefficient 

or cardboard compared to PTFE (see Table 2 ). It should be noted 

hat all models were shown to be insensitive to a further reduc- 

ion in �t . The mesh around the permeation accessory was shown 

o be sufficiently well resolved to correctly predict the vapour flux 

hrough the PE film, i.e. a reduction in the size of the cells around

he accessory did not affect the flux. 

As with the model for the 1st validation experiment, the walls 

f the chamber were defined as permeable boundaries, with val- 

es of D solid and K ab specified. The concentration on the outer wall 

as fixed at zero and the inlet had a zero-concentration boundary 

ondition. A diagram of the model is shown in Fig. 4 . 

To assess a simplified form of the model for the cardboard line 

hamber, the cardboard was included by applying the relevant per- 

eation parameters to the chamber walls in place of the PTFE pa- 

ameters. The thickness of the cardboard was set to represent the 

hree layers of the corrugated cardboard compressed together. This 

eans that the air voids within the cardboard were ignored as dif- 
5 
usion through these spaces should be much faster than it would 

e through the cardboard. 

The model was initialised to represent the set-up process used 

n the experiment, i.e. the flux out of the permeation accessory 

as allowed to equilibrate before it was placed in the chamber. 

he model was run for 1 h for the flux to equilibrate, then the 

apour concentration within the chamber, but not within the per- 

eation accessory, was set to zero. 

The number of permeation layers, n layer , for the PE film on the 

ermeation accessory ( d total = 130 × 10 −6 m) was set to 20, there- 

ore d layer = 6 . 5 × 10 −6 m. The results converged with d layer for the

ardboard and PTFE set to 2 . 5 × 10 −6 m and 5 × 10 −6 m respec-

ively, ( n layer was equal to 200 for both materials). This was be- 

ause the material with the higher solid phase diffusion coefficient 

equired a thinner d layer . For the cardboard d total = 0 . 5 × 10 −3 m.

or the PTFE, the actual wall thickness was 10 × 10 −3 m but d total 

as set to 1 × 10 −3 m, as in the model for the first validation ex-

eriment. 

.1.3. Permeation of vapour through a cardboard box into a room 

For the third set of experiments, an EGDN vapour source was 

laced in a sealed cardboard box which was placed on a table 

n a room. The corrugated cardboard box was 20 cm × 20 cm ×
0 cm (8 L) and all joints and edges were sealed using imperme- 

ble metal tape. Fig. 5 shows the set-up. A small amount of EGDN 

n an inert material (Kieselguhr) was placed within a permeation 

ell which was then covered in 130 μm thick PE film. Two of these 

ermeation cells were placed within the cardboard box (see Fig. 6 ). 

he sides of the cardboard box had a single thickness of corrugated 

ardboard, whereas the top and bottom faces of the box were dou- 

le thickness where the box flaps had been folded over. The table 

as covered in a sheet of tin-foil to reduce the sorption to the ta- 

le. 

The experiments were conducted in an air-conditioned room. 

emperature and humidity loggers were placed upstream of lead- 

ng corner of the box. The median temperature during the exper- 

ment was 24.5 ◦C with a standard deviation for each experiment 

f 0.6 ◦C. The median relative humidity was 49.5% with a standard 

eviation of 2.7%. 

As in the second validation experiments, the PE covered perme- 

tion cells containing EGDN were allowed to equilibrate at 25 ◦C 

the approximate temperature of the room) for 1 h before they 

ere placed in the cardboard box. 

Three experiments were run simultaneously side by side in the 

aboratory (see Fig. 5 ). In order to simplify the modelling, a AM08 

yson Cool Pedestal Fan (Dyson, Wiltshire, UK) was used to blow 

ir over the cardboard box at a reasonably steady rate. Without the 

an, the air flow in the room would vary considerably during the 

xperiment as people moved around the room to take measure- 

ents. The box was positioned with a corner edge facing the flow. 

Measurements were taken of the air flow in the room. Veloc- 

ty profiles were measured along vertical and horizontal lines at 

he fan and between the fan and the box. The measurements were 
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Fig. 4. Diagram showing the model geometry for the second validation experiment. Chamber dimension are given in Section 3.1.1 . 

Fig. 5. The cardboard box in lab experimental set-up, showing the triplicate exper- 

iments. 

Fig. 6. The two permeation cells inside the cardboard box. 
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Table 3 

Vapour parameters for EGDN permeation used in the cardboard box in room model 

at 25 ◦C. 

C 0 /kg m 

−3 D m /m 

2 s −1 D solid /m 

2 s −1 K ab K ad /m 

EGDN 6 . 3 × 10 −4 8 . 8 × 10 −6 

PE 1 . 9 × 10 −12 2 . 2 × 10 3 

Corrugated card 5 . 7 × 10 −12 7 . 3 × 10 3 

Permeation cell 0.56 

Tin-foil 1.26 
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epeated for each box/fan set-up. The measurements were made 

sing a TSI VelociCalc® model 9515 (Minnesota, USA). 

The profiles measured at the fan were similar for all three set- 

ps, with maximum velocities of between approximately 2.0 m s −1 

nd 4.0 m s −1 . The velocity in the centre of the fan was approxi-

ately 0.4 m s −1 . 

The purpose of the third validation exercise was to test the 

apour sorption/permeation part of the CFD model rather than the 

odel’s ability to predict the air flow in the room. Therefore, the 

ata measured at the fan was used to define the boundary condi- 

ions while the data measured between the fan and the box was 

sed to tune to model to achieve the correct air flow. Tuning was 

chieved by altering the turbulence intensity at the velocity inlet. 

Vapour was sampled from around the outside of the box at var- 

ous times during the experiment and then the air within the card- 

oard box was sampled at the end of the experiment. 
6 
The vapour concentrations outside of the boxes were measured 

t locations shown in Fig. 7 . Samples at X 2 to X 5 were taken in the

iddle of the side of the box at 1 cm from the face. X 1 is located

.5 m upwind from the middle of the front edge of the box and 

 6 is located 0.5 m downwind from the middle of the back edge 

f the box. The air was sampled at 1 L min 

−1 onto Tenax TM air

ampling tubes for times varying from 1 min to 10 min depending 

n the expected concentration. At the end of the experiment (25 h) 

he air inside the box was sampled at 1 L min 

−1 for 10 min by

nserting a sample tube in through a hole cut in the top of the 

ox. 

The permeation properties for EGDN through PE and cardboard 

nd the volatility and molecular diffusion coefficient for EGDN 

ere calculated or measured using the same methods as described 

reviously. It was assumed that D solid and K ab for cardboard were 

ot a function of the thickness of the material. The partition coef- 

cient for adsorption of EGDN vapour onto the tin-foil table cov- 

ring, K ad , was approximated using a model for SVOC adsorption 

nto stainless steel [25] . An adsorption coefficient for the perme- 

tion cell was calculated from previous experiments (not shown 

ere). All these parameters are given in Table 3 . 

The set-up for the CFD model was as follows. The cardboard 

as modelled in the same way as it was in the second validation 

xperiment model i.e. the thickness of the material was set to rep- 

esent the three layers of the corrugated cardboard compressed to- 

ether. The cardboard was 2 . 10 × 10 −3 m thick uncompressed and 

 . 15 × 10 −4 m thick compressed. 

To simplify the CFD model, only a single box/fan set-up was 

odelled and the walls and ceiling of the room were not included. 

ymmetry was used to model only half of the single box/fan set- 

p. The fan was represented as a velocity inlet. A face on the op- 

osite side of the domain to the fan was set as a outflow bound- 

ry. The side and top faces of the domain were set to symmetry 

oundary conditions. The floor, table and sides of the box were 

iven no-slip boundary conditions. The k − ω SST turbulence model 

23] was used along with the blended wall function options in the 

DF, Eq. (8) . Sorption through the PE film covering the permeation 

ccessory and sorption onto the accessory used the laminar wall 

unction option ( Eq. (9) ). A void below the box was included in
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Fig. 7. Diagram showing the model geometry for the third validation experiment, showing side elevation (a) and plan view (b). The green crosses show the sample locations, 

the dotted lines are construction lines. (For interpretation of the references to colour in this figure, the reader is referred to the web version of this article.) 
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he model to allow vapour permeation into the cardboard at the 

ottom of the box. A diagram of the model is shown in Fig. 7 . 

A turbulent kinetic energy source term was added to the room 

o represent the mixing produced by the processes in the room 

hich were not modelled explicitly. Primarily this was the air 

ovement produced by two air conditioning units located on one 

f the walls. The source term was calculated using the assump- 

ion that all the kinetic energy (KE) produced by the air movement 

rom the air conditioning units was converted to TKE and that it 

as distributed uniformly across the room. Eq. (10) gives KE per 

ime or power [26] . 

KE 

t 
= 

1 

2 

AρU 

3 , (10) 

here t [s] is the time, A [m 

2 ] is the area of the air conditioning

ent opening and U [m s −1 ] is the mean velocity at the opening. 

or this room the TKE source was 0.028 kg m 

−1 s −3 . 

As mentioned previously the velocity profile across the fan was 

ased on the measured air flow. A high turbulence intensity at the 

nlet was required (40%) in order for the predicted velocities be- 

ween the fan and the box to match those measured. 

The velocity inlet at the fan was given a constant concentration 

oundary condition and was set to the concentration measured at 

 1 at the 1 h sampling time. This was done to represent the back- 

round vapour concentration in the room. 

The permeation accessory was meshed using the same ap- 

roach as used in the second validation experiment model. The 

esh on the outside of the cardboard box was kept sufficiently 

ne to achieve an area weighted average y + (a non-dimensional 

ear-wall cell distance) of less than 5. A mesh dependency study 

as conducted on a similar model and this showed that the flow 
7 
olution around the box was not significantly affected by a fur- 

her mesh refinement. The effect of a further mesh refinement on 

he EGDN concentrations recorded at the sample locations was less 

han or equal to the difference due to the uncertainty in the sorp- 

ion/permeation input parameters. The time step size was 0.2 s. It 

as shown that there was no significant change in the concentra- 

ions recorded at the sample locations with a smaller time step 

ize. 

The number of permeation layers, n layer , for the PE film on the 

ermeation cell was set to 20. The results converged with d layer for 

he cardboard set to 6 . 6 × 10 −6 m, i.e. n layer = 48 for single thick-

ess corrugated cardboard and 96 for double thickness corrugated 

ardboard. 

.2. Validation results 

.2.1. Flow of vapour through a chamber with permeable walls 

The vapour-air mixture flowed into the chamber through the 

arrow inlet with a velocity of 0.1 m s −1 . The velocity on the axis

hen decayed to less than 0.001 m s −1 as the flow expanded to fill

he chamber. At the end of the simulation, the there was only a 

mall variation in vapour concentration across the PTFE chamber. 

he outlet concentration, C out , from the chamber for the first val- 

dation experiment is shown in Fig. 8 . The model performed well 

nd is within the experimental data at most time points. 

For future modelling, consideration should be given to the val- 

es of d layer , n layer and d total . Ideally d total should be set to the ac-

ual thickness of the material, but where this is not possible, a 

maller value can be used as long as t lag remains long compared 

o the duration of the simulation. Model convergence was reached 
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Fig. 8. Outlet concentration, C out , from the PTFE chamber. 

Fig. 9. EGDN concentration contours [kg kg −1 ] on the symmetry plane at 360 min 

for the unlined chamber (upper) and carboard lined chamber (lower). Contours are 

shown with a log scale and are not clipped to the range. 
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Fig. 10. Outlet concentration, C out , from the unlined chamber. The error bars on the 

experimental data indicate one standard deviation from three replicate measure- 

ments. The green line shows the highest vapour concentration in the model i.e. the 

EGDN volatility. (For interpretation of the references to colour in this figure, the 

reader is referred to the web version of this article.) 

Fig. 11. Outlet concentration, C out , from the cardboard lined chamber. The error bars 

on the experimental data indicate one standard deviation from three replicate mea- 

surements. The green line shows the EGDN volatility. Only data up to 350 min is 

shown. (For interpretation of the references to colour in this figure, the reader is 

referred to the web version of this article.) 
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n this case when d layer reached 1 × 10 −5 m. However, this value 

s likely to be dependent on D solid , with thinner layers required for 

apours with larger solid phase diffusion coefficients. 

The results above have shown that the new permeation model 

an give accurate results for this type of scenario (laminar flow 

hrough a chamber with permeable walls) when suitable param- 

ters are chosen. 

.2.2. Permeation of a vapour into and through a chamber with 

ermeable walls 

EGDN concentration contours for the unlined and carboard 

ined chambers are shown in Fig. 9 . These show how the vapour 

ithin the permeation cell permeated through the PE film and was 

hen carried by the clean air entering the chamber along toward 

he outlet. The concentrations within the carboard lined chamber 

ere lower that the unlined chamber and this was due to more 

bsorption of the vapour into the cardboard than the PTFE alone. 
8 
After 360 min the vapour flux from the EGDN source was 

 . 33 × 10 −8 kg m 

−2 s −1 for both the unlined and carboard lined

hambers. The flux was also 3 . 33 × 10 −8 kg m 

−2 .s −1 for the PE

lm, showing that equilibrium had been reached for this part of 

he system. The flux into the PTFE or cardboard walls of the cham- 

er were 9 . 65 × 10 −12 kg m 

−2 .s −1 and 1 . 97 × 10 −10 kg m 

−2 s −1 re-

pectively, confirming that the flux into the cardboard was much 

igher. 

Concentrations are plotted as line graphs for the unlined PTFE 

hamber in Fig. 10 and the cardboard lined chamber in Fig. 11 . The

reen line shows the EGDN volatility i.e. the vapour concentration 

ithin the permeation cell. The CFD performed well in following 

oth the trend and the magnitude of the experimental data. At 

40 min for the unlined chamber and 300 min for the lined cham- 

er, the CFD is within a factor of 1.5 and 1.7, respectively, of the 

aximum experimental data point. It is not known what caused 
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Fig. 12. Velocity contours [m s −1 ] (upper) and EGDN concentration contours 

[kg kg −1 ] (lower) at 24 h. Both sets of contours are shown on the (cropped) sym- 

metry plane. The velocity contours are shown with a linear scale. The concentration 

contours are shown with a log scale and are not clipped to the range. The void be- 

low the box is included in the model to allow permeation into the cardboard at the 

bottom of the box. 
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he drop in the measured concentrations in the cardboard lined 

hamber at around 50 min (see Fig. 11 ) and this effect was not

eproduced in the model. 

The correlation between the model data and the experimental 

ata is not as good as that shown in the first validation experi- 

ent. However, the set-up in this experiment was more complex, 

s it includes permeation of vapour into the chamber as opposed 

o the constant concentration in-flow in the experiment. There was 

lso a very large range of concentrations in the domain in this ex- 

eriment, from the saturation vapour pressure concentration inside 

he permeation cell to concentrations a couple of orders of magni- 

ude lower than this at the outlet. 

The quality of the CFD predictions support the assumption 

ade when modelling the cardboard, i.e. that the diffusion through 

he air voids can be ignored. 

It has been shown that this model is appropriate based on the 

orrelation of the CFD data with the experimental data. However, it 

hould be recognised that the CFD has consistently over-predicted 

he experimental data. It is not certain what caused this over- 

rediction, but it may be a result of some of the simplifying as- 

umption used in the model. These include 1-dimensional perme- 

tion and an isotropic diffusion coefficient. There are also uncer- 

ainties in some of the input data, which may compound the ef- 

ect. In spite of the over-prediction, the model can be used with 

onfidence to predict the trends in the concentration profiles and 

he effect of using different absorbing materials for the walls of the 

hamber. 

.2.3. Permeation of vapour through a cardboard box into a room 

Fig. 12 shows contour and velocity and concentration for the 

hird validation model. The air flow generated by the fan can be 

een moving towards and around the cardboard box on the ta- 

le. The jets from the annular outlet of the fan converged within 

ess than 0.5 m and the velocity of the air impacting on the box 

as approximately 0.4 m s −1 or less. The concentration contours 

round the vapour source are symmetrical as transport within the 
9 
ox was driven by molecular diffusion only. After 24 h the vapour 

oncentrations within the box were still much higher than those 

utside the box. As would be expected, there was very little vapour 

utside the front of the box and there was a plume of material in 

he wake of the box. 

EGDN vapour concentrations at the monitor locations around 

he box are shown in Fig. 13 . Both the experiment and the CFD 

ive a lower concentration on the top of the box, X 5 , compared 

o the back, X 3 and X 4 . This is likely due to two factors. The con-

entrations on the inside of the top face of the box were lower 

ompared to the back faces, as the top face was, on average, fur- 

her from the source. Secondly, the air flow across the back was 

lower (as the flow separated from the corners of the box), so the 

ermeating vapour was diluted less. 

After 24 h the vapour flux from the EGDN source was 1 . 92 ×
0 −8 kg m 

−2 s −1 . This is less than the flux in the second valida-

ion model as this experiment was at a lower temperature. The 

ux through the single thickness sides of the box was approxi- 

ately 1 . 30 × 10 −10 kg m 

−2 s −1 on average and from the double 

hickness top it was approximately 3 . 6 × 10 −11 kg m 

−2 s −1 . 

The model predictions are within or close to the experimen- 

al error bars at all time points for the locations close to the box 

X 2 , X 3 and X 5 ). Therefore, the model performs well in predict- 

ng the concentration around the box particularly considering the 

arge range of concentrations present in the model (approximately 

ight orders of magnitude). The model does less well in predicting 

he concentration at X 6 at 24 h. However, as this is 0.5 m from 

he back edge of the box it is strongly influenced by the laboratory 

ackground concentration and therefore the inlet conditions set for 

he vapour concentration at the fan. All the other data shown in 

ig. 13 was measured only 1 cm from the box. 

The average of the vapour concentration measurements taken 

rom within the box after 25 h was 4 . 8 × 10 −8 kg m 

−3 . This

as significantly lower than that predicted by the model, 1 . 8 ×
0 −6 kg m 

−3 . The main reason for the difference in these values 

s believed to be the inefficiency in the sampling method used in 

he experiment. It may also be that D solid and K ab for cardboard 

how some dependence on the thickness of the material. 

A Tenax TM sample tube was inserted into the box and 10 L of 

as was extracted. As the gas sample was drawn into the sample 

ube, fresh air would be drawn into the box and the most likely 

oute for this air would be through the hole created for the inser- 

ion of this tube (the rest of the box was sealed using imperme- 

ble metal tape). Therefore, it is possible that there was a short 

ircuit in the experiment with fresh air being sampled in prefer- 

nce to the air from the bottom of the box, where the concentra- 

ion was higher. The measurement could be improved by taking a 

arger volume gas sample to increase the likelihood of removing 

ll the vapour within the box and by inserting the Tenax TM tube 

urther into the box. 

Considering the complexity of the experimental set-up and the 

pproximation of the flow around the box, it is felt that this model 

s appropriate to predict vapour concentrations around the outside 

f a cardboard box. The model should be used with caution when 

redicting in-box concentrations until the difference between the 

odel and experimental data has been explained. 

.3. Validation discussion 

The vapour sorption and permeation CFD modelling capabil- 

ty has been shown to perform well in a number of scenarios. 

owever, the CFD model over-predicted the concentrations in the 

econd validation experiment and significantly over-predicted the 

oncentration of vapour present in the box at the end of the card- 

oard box experiment. 
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Fig. 13. Concentrations around the single unwrapped cardboard box. As only a symmetric half of the set-up was modelled, the data for X 3 is the same as for X 4 . The error 

bars indicate one standard deviation from three replicate measurements. The green line shows the EGDN volatility. (For interpretation of the references to colour in this 

figure, the reader is referred to the web version of this article.) 
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Some of the model deficiencies could be due to uncertainties in 

he input data. A dependence of cardboard’s permeation parame- 

ers on thickness being one of the possible causes. The model only 

epresents 1-dimensional permeation, whereas permeation is likely 

o be more complex in some of the test cases examined. It was 

lso assumed that the diffusion coefficient is isotropic, which may 

e true in PTFE and PE, but is unlikely to apply in corrugated card- 

oard. A possible explanation for the over-prediction of the vapour 

oncentration within the box was the inefficiency in the vapour 

ampling method. It is recommended that the cause of the over- 

redictions be investigated further in the future. 

The vapour permeation is sensitive to the thickness of the indi- 

idual permeation layers, d layer , and the sensitivity is strongest at 

he early stages of the simulation. It was shown that a thick per- 

eable material can be represented in the model by a thinner ma- 

erial if the duration of the simulation is short compared to the lag 

ime. This means that it is possible to specify thinner layers than 

ould otherwise be possible (due to Fluent’s limitation on the to- 

al number of UDMs). 

The results for the simulations which included cardboard sup- 

ort the assumption that diffusion through the air voids in cor- 

ugated cardboard can be ignored. Therefore, the thickness of the 

ardboard in the UDF can be set to that of the three layers of the

orrugated cardboard when compressed together. 

Recognising the limitations described above, the vapour sorp- 

ion modelling capability can now be used for scenario modelling 

hen the setting consists of cardboard boxes or simple set-ups like 

he PTFE chamber experiment. 

All the validation work reported here is for EGDN vapour only. 

onfidence in the capability would be improved if the validation 

ould be extended to include a range of SVOCs and packaging ma- 
erials. t

10 
. Scenario modelling 

The following scenarios, based around a cardboard box contain- 

ng an explosive within a PE covered permeation cell, were mod- 

lled using the CFD modelling capability. These were selected to 

rovide useful information to people conducting explosive vapour 

etection experiments on the relative importance of different fac- 

ors which need to be considered. 

1. How concentrations around a box containing EGDN varies with 

different types of cardboard. Two different types of cardboard, 

for which permeation data was available at the same tempera- 

ture (30 ◦C), were considered. These were corrugated cardboard 

and single-ply cardboard. 

2. How concentrations around a box containing EGDN vary at dif- 

ferent temperatures, 25 ◦C and 35 ◦C. 

3. How concentrations around a box containing either EGDN or 

trinitrotoluene (TNT) vary (at 35 ◦C). 

These temperatures were chosen as it is simpler/quicker to con- 

uct permeation experiments on low volatility material, such as 

NT, at higher temperatures. 

.1. Scenario modelling set-up 

All models were built and run using the set up described in 

ection 3.1.3 . All models were solved for 24 h. All walls of the card-

oard box were set to single thickness (corrugated or single-ply) 

ardboard only. 

Permeation data, volatility and molecular diffusion coefficients 

ere measured or calculated using the same methods as described 

efore. This data is shown in Table 4 . It should be noted that 

he corrugated cardboard tested at 30 ◦C was a different type 
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Fig. 14. Comparison between the vapour concentrations around a single cardboard box for two different types of cardboard at 30 ◦C. 

Fig. 15. Comparison between the vapour concentrations around a single cardboard box at two different temperatures. 
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Table 4 

Vapour parameters used in the scenario modelling. The corrugated cardboard tested at 30 ◦C was a different type to that tested at 25 ◦C 

and 35 ◦C. 

Vapour T / ◦C C 0 /kg m 

−3 D m /m 

2 s −1 D solid /m 

2 s −1 K ab 

EGDN 25 6 . 3 × 10 −4 8 . 8 × 10 −6 

EGDN 30 9 . 7 × 10 −4 9 . 0 × 10 −6 

EGDN 35 1 . 5 × 10 −3 9 . 3 × 10 −6 

PE 25 1 . 9 × 10 −12 2 . 2 × 10 3 

PE 30 2 . 5 × 10 −12 1 . 9 × 10 3 

PE 35 3 . 3 × 10 −12 1 . 6 × 10 3 

Corrugated card 25 5 . 7 × 10 −12 7 . 3 × 10 3 

Corrugated card 30 2 . 0 × 10 −11 1 . 7 × 10 3 

Corrugated card 35 9 . 1 × 10 −12 3 . 7 × 10 3 

Single-ply card 30 1 . 2 × 10 −10 1 . 5 × 10 3 

TNT 35 3 . 0 × 10 −7 7 . 1 × 10 −6 

PE 35 1 . 1 × 10 −13 7 . 1 × 10 5 

Corrugated card 35 2 . 8 × 10 −14 7 . 1 × 10 5 

Fig. 16. Comparison between the vapour concentrations around a single cardboard box from EGDN and TNT 35 ◦C. 
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nd thickness ( 3 . 15 × 10 −4 m) to that tested at 25 ◦C and 35 ◦C,

hich was 5 . 00 × 10 −4 m thick. The single-ply cardboard was 

 . 15 × 10 −3 m thick. 

.2. Scenario results and discussion 

.2.1. Scenario 1 

Fig. 14 shows that changing the type of cardboard from single- 

ly cardboard to corrugated cardboard had only a small effect on 

he vapour concentrations predicted around the box. The concen- 

rations after 24 h differ by a factor of approximatively 1.7. The flux 

hrough the cardboard is given by Eq. (11) . 

 = D solid K ab 

dC 

d 
, (11) 
total 

12 
here dC [kg m 

−3 ] is the difference in concentration across the 

ardboard and d total [m] is the thickness of the cardboard. There- 

ore, for the same dC, the change in the equilibrium flux is equal to 

he change in 

D solid K ab 
d 

. This value is only a factor of two (this factor 

s not to be confused with the factor of 1.7 difference in the con- 

entrations given above) higher for the single-ply cardboard com- 

ared to the corrugated cardboard so explains the small difference 

n the equilibrium concentrations. The corrugated cardboard has a 

maller D solid and is thicker, which will result in a longer lag time 

nd the effect of this is the slightly slower rise in concentration. 

.2.2. Scenario 2 

Changing the temperature in the scenario changes the vapour 

ressure of the EGDN and the equilibrium flux changes by a similar 

mount, as shown in Fig. 15 . As the temperature increases, D 
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in the cardboard and PE membrane on the permeation cell) in- 

reases but K ab (in the cardboard and PE membrane) decreases by 

 similar amount. This means that the change in flux is mainly due 

o the increase in EGDN volatility with temperature and the result- 

ng increase in dC across the walls of the box. 

The EGDN vapour flux from the sides of the cardboard box after 

4 h was 1 . 01 × 10 −10 kg m 

−2 at 25 ◦C and 2 . 87 × 10 −10 kg m 

−2 at

5 ◦C. 

.2.3. Scenario 3 

The difference between the concentrations of EGDN and TNT 

re significant as shown in Fig. 16 . The diffusion coefficient for TNT 

hrough cardboard is more than two orders of magnitude less than 

hat for EGDN; for diffusion through PE the difference is a factor 

f 30. The result of this is a significant increase in the lag time 

or TNT. The model has only been run for 24 h but it is expected

hat the equilibrium concentrations of TNT and EGDN will differ by 

 factor of approximately one tenth the difference in their vapour 

ressures. This is because 
D solid K ab 

d 
for cardboard is similar for both 

apours but is an order of magnitude higher for TNT through PE. 

The TNT flux through the cardboard after 24 h was far from 

quilibrium, with the flux into the cardboard still many orders of 

agnitude higher than the flux from the cardboard into the room. 

he EGDN flux was much closer to equilibrium. The TNT flux from 

he sides of the box was 1 . 74 × 10 −13 kg m 

−2 , the EGDN flux was

 . 87 × 10 −10 kg m 

−2 . 

. Conclusions 

A CFD based multi-layer sorption and permeation model has 

een developed and validated using three experiments of increas- 

ng complexity. The model uses a linear isotherm along with a 

lended wall function to represent near-wall transport. For input 

nto the model, sorption/permeation data was generated for EGDN 

apour transport through PE, PTFE and cardboard and TNT vapour 

hrough PE and cardboard. 

Three scenarios where explosives were concealed within a card- 

oard box were modelled using the validated model. Some of the 

ey variables: temperature, type of cardboard and type of vapour 

ere varied to show how these changes affected the vapour con- 

entration measured around the box. 

The results of the scenario modelling showed that concentra- 

ions measured around the box were not strongly affected by the 

ype of cardboard (corrugated to single-ply) or changing the tem- 

erature by 10 ◦C. Changing the explosive from EGDN to TNT had 

 significant effect and was more than can be explained by the 

hange in vapour pressure alone. The large lag time for TNT vapour 

ermeation through cardboard is a crucial factor affecting the con- 

entration at early times. 

The findings from the scenario modelling and the methods used 

o explain the differences in concentrations could be used when 

lanning trials designed to assess the performance of detection 

quipment. They could also be used to help set requirements for 

etection equipment. 

The CFD modelling approach developed can now be used to 

tudy a wide range of SVOC transport problems which would not 

reviously have been possible. 
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