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A new concept for removing toxic gases with respirator applications based on inhala- 
tion and exhalation through absorbent polymer-lined tubes was studied. The two-way 
oscillatory flow through the respirator element enables capture and expulsion of toxic 
vapors, which is not feasible with activated charcoal because of the adverse effect of 
moist breath on the charcoal eficiency. To study the influence of various material, 
design and operating parameters on the pe$ormance of such a respirator, a numerical 
model that solves the governing equations of mass and heat transport in an oscillatory 
flow through an absorbent polymer-lined tube was developed and utilized with experi- 
mentally measured property data. Factors investigated include respirator element geome- 
try, polymer and toxic vapor characteristics, and flowthrough speed. Results show a 
large delay in toxic gas penetration over that obtained by conventional one-way flow, 
and define the importance of partition coeficient, flow passage size, and length and 
velocity. Results are compared with data from simulated breathing experiments. 

Introduction 
This paper presents results of research carried out in an 

effort to improve workplace respirators by reductions in size 
and weight. The concept studied involves alternating flow (in- 
haling and exhaling) through the filter material, allowing for 
ejection of a large fraction of the toxic material captured by 
the filter during intake. Systems using activated charcoal cur- 
rently in use are valved because the charcoal degrades in ad- 
sorptive performance if exposed to humid breath on exhaling. 
Thus, for two-way flow it is important to find filter materials 
that are not degraded by the presence of water vapor at con- 
centrations found in human breath. To this end, the project 
concentrated on polymeric materials that absorb rather than 
adsorb toxic gases. 

To study the effects of various designs, material properties, 
and operating parameters, a numerical model to simulate the 
mass and thermal transport in alternating flow with ab- 
sorbent polymers was developed. The model was used both 
for parametric studies and to provide guidance in planning 
and carrying out an experimental program. Analytical studies 
were done for the case of polymers perforated with fine par- 
allel holes. In this article, the differential equations repre- 
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senting the mass and heat transfer within the air channels 
and the polymer are first presented, followed by a descrip- 
tion of the numerical implementation of the model. Results 
of the parametric study and comparison with experimental 
data are presented. The results illustrate the highly nonlinear 
behavior of the concentrations with the various parameters. 
Implications of these results for the design of respirators are 
discussed. Details of the experimental program can be found 
in Brown et al. (1996a,b). In addition, the model has been 
utilized in a related study of the effects of large temperature 
variations in a gas concentration system based on absorption 
and desorption with polymers (Kalumuck et. al., 1994). 

A wide variety of toxic vapors are present in industrial work 
places either on a normal operating basis or under an emer- 
gency situation, such as due to a failure resulting in a sudden 
release or to leakage. Exposure limits to various substances 
are given by the American Conference of Government Hy- 
gienists (1989). It is desirable to make respirators as light, 
compact, and long-lived as possible. This would increase the 
comfort to the user, thereby making it easier to work while 
wearing a respirator and decreasing user fatigue. In addition, 
the pressure drop across the respirator should be minimal, 
both to make breathing easy and to minimize leakage across 
the face seal. The novel technique that we have developed to 
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achieve these objectives is to construct the respirator of tubes 
lined with a polymer that absorbs toxic gases. A respirator 
filter would consist of a large number of these small tubes 
arranged in a parallel bundle. Alternatively, the absorbent 
polymeric material may have fine pores whose passage length 
is much larger than the pore diameter. Breathing both in and 
out through these tubes sets up an oscillatory flow. On in- 
halation, the toxic gas is absorbed by the polymer. On exhala- 
tion, the toxic gas is desorbed into the initially contaminant 
free out-breath and expelled out of the respirator. Due to the 
physics of the mass transfer processes and the typical breath- 
ing cycle, not all of the gas is expelled from the respirator 
and a gradual increase in gas held in the polymer occurs, 
which ultimately determines the effective life of the respira- 
tor element. 

Activated charcoal is currently used in many respirators, 
gas masks, and air purification systems because of its excel- 
lent adsorption characteristics for many toxic gases. (See, for 
example, Tollen, 1968 or Yaws, et al., 1995). It is known, 
however, that the presence of water vapor even at normal 
values of atmospheric concentration can sharply reduce the 
capacity of activated charcoal for gas adsorption. It is for this 
reason that charcoal canisters should be sealed from air con- 
tact until they are needed. Absorbent polymers are not sub- 
ject to these interference effects, as discussed below. 

Alternating flow filters using wall coatings of absorbent 
polymeric materials should be of greatest interest for respira- 
tors because the sorption process is much less sensitive to 
water vapor and other interferences than adsorption pro- 
cesses. In absorption, molecules of the substance being ab- 
sorbed enter into a solution within the absorbing media. In 
adsorption processes, the molecules being absorbed adhere 
to the surface of the adsorbing media. Polymers that have 
extremely high partition coefficients for high-boiling-point 
vapors can thereby provide highly absorptive surface coat- 
ings. Grate et al. (1988) provide partition-coefficient data for 
a number of polymer/gas combinations. 

Analysis of the Mass and Thermal Transport 
Basic assumptions and simplifications 

In order to study the influence of various parameters, a 
model was formulated for the case of a respirator consisting 
of an array of small-diameter cylindrical perforations in a 
polymer of some finite thickness. Such a configuration allows 
for an approximate computation of the mass and heat trans- 
fer between the air in the channels and the solid polymer. If 
we consider an arrangement of holes whose centers are ar- 
ranged in an equilateral triangular grid, the respirator can be 
modeled as consisting of a large number of identical cells of 
hexagonal cross section in whose center is an air channel of 
circular cross section. The amount of polymer in each cell 
surrounding a channel can be written: 

where z is one-half the center-to-center hole-spacing dis- 
tance; L is the channel length; and R, is the channel radius. 
The first term in this expression is the area of the hexagonal 
cell, while the second is simply the channel cross-sectional 
area. To simplify the calculation with small error we consider 

the problem to be axially symmetric and introduce an effec- 
tive radius R, such that the polymer volume included in a 
cell of circular cross section with radius R, surrounding the 
air channel of radius R,  is the same as that in the hexagonal 
cell. The defined radius, R,, is given by the relation 

0.5 

.,=[?I . (2) 

The flow of air into this system is characterized by two mean 
velocities, the mean velocity in the air channel, U,,,,,,, and 
the mean apparent superficial velocity, U,. These velocities 
are related by the expression 

(3) 

Other simplifications of the analysis are.the assumption that 
thermal conductivity and specific heat of the polymer are in- 
dependent of toxic-gas concentration. However, we do in- 
clude variation with the temperature of the properties gov- 
erning the absorption, desorption, and diffusion of the con- 
taminant gas. The solubility and partition coefficient are par- 
ticularly sensitive to temperature. For example, in Hagel et 
al. (1977), it was found that the solubility and partition coeffi- 
cients for various polymers can vary by more than factor of 3 
over the temperature range 30-50°C. We have found the same 
trends in our measurements. Thus the instantaneous temper- 
ature distribution in the respirator could be important to 
properly model the absorption, desorption, and transport of 
the contaminant gas. To this end we developed a coupled 
heat and mass-transfer model to predict system performance. 
The model solves the heat and mass-transport equations for 
fully developed laminar flow (the Reynolds number based on 
mean air flow velocity and tube diameter is of the order of 
1-2 for the typical conditions considered) in polymer tubes. 
The heat and mass-transfer transport relations are coupled 
due to the temperature dependence of various properties, as 
described below. 

The parameters of the model problem (Figure 1) include: 
(a) The polymer/gas pair partition coefficient, K :  
(b) The mass-diffusion coefficients of the gas in the air and 

in the polymer, D,, D,. 
(c) The physical dimensions: tube radius, length and ra- 

dius of the outer boundary of the polymer layer, R,, L ,  R,. 
(d) The axial flow velocity, U. 
(e) The concentrations of gas in the air and polymer, C,, 

(f) The air and polymer temperatures, T,, T,. 
(g) The air and polymer densities, pa, p,. 
(h) The air and polymer thermal conductivities and spe- 

cific heats, k,, k,, c,,,, c,,,. 
Typical values of these parameters used in the computa- 

tions below are given in Table 1, and are also noted on the 
individual figures that summarize the model predictions. 

The axial velocity distribution in the channel can be writ- 
ten as 

CP. 
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Figure 1. Ideal respirator with parallel cylindrical holes 
(top) and of computational model domain 
(bottom). 

where Urn,,, is the uniform velocity entering the tube aver- 
aged over T ,  one half a breathing cycle; x and r are axial and 
radial coordinates; and t is time. Here, 

f , = 2  1-- , ( 

T,(x, 0, t )  
f3 = T,(O,O,O) ' 

(6)  

(7) 

Equation 5 represents a laminar and fully developed flow. 
This assumption is justified, given the Reynolds numbers 

Table 1. Values of Physical Constants and Parameters Used 
in Numerical Simulations 

Physical Constant 
or Parameter Values Used 

K 400-122,000* 
Do 0.038-0.075 cmZ/s 

10-'-5x lo-' cmz/s 
0.13-0.79 mm DP 

R, 
Rp/Ra 1.38-2.44 

L 1.27-5.08 cm 
k,,, 3.7-24.4 cm/s 

7 3 s  

*Results for K as low as 25 are presented in Brown, e.t. al. (1996a). 

considered in the calculations. Equation 6 is an approxima- 
tion to human breathing cycles. Typical values for T would be 
2.5 s for in breath and 3.5 s for out breath. Equation 7 allows 
for mean density change along the tube, produced by the ax- 
ial temperature variation at the tube center line T,(x,O,t) 
(which approximates well the bulk mean temperature within 
the channel at any station x ,  since as will be seen later, radial 
temperature gradients in air are negligible). T, is the air tem- 
perature entering the tube taken to be constant with time 
and equal to its value at t = 0, T,(O, 0,O). The velocity distri- 
bution within the tube is then 

T,(x,O,t) 
U ( x , r , t )  = ~U,,,,sin - 1 - - . (8) T t  7 ( f i  T,(O,O,O) 

Thermal transport 
The thermal transport equations can then be expressed as 

dT 
p , ~ , , ~  2 = 3 VT, + kpV2Tp, (10) at aTp 

where subscripts a and p refer to the air and polymer, re- 
spectively. In these equations, water-vapor flux is not explic- 
itly shown and is made part of the air flux, since we will be 
considering polymeric materials whose properties are not af- 
fected by the presence of water vapor. At the polymer/air 
interface ( r  = R,), the conditions are continuity of heat flux 
and of temperature 

dc, dTP 
dr dr 

k ,  - JTa i- hsol 0, - = k - , 
dr (11) 

where hso, is the heat of solution for the gas forming a solu- 
tion with the polymer. Selection of the boundary condition at 
the outer edge of the polymer depends on the actual physical 
geometry as previously discussed. In the multitube respirator 
being considered, the boundary between the polymer layers 
associated with adjacent tubes can be modeled as having no 
net transfer across them, since all tubes are taken as being 
identical. Thus the boundary condition at r = R ,  is 

-= dTp 0.  
dr (13) 

The inner and outer faces of the polymer respirator are in 
contact with atmospheric air and with the region of air near 
the mouth. The heat transfer across these boundaries is neg- 
ligible, as it must occur through radiation or conduction, since 
the air velocity at these locations is an order of magnitude 
smaller than in the individual channels, and the boundary 
condition can be approximated as being adiabatic: 

0;  x = o ,  L .  TP -= 
d X  

( 14) 
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At the air channel entrance (x =0) during in-breath, the 
temperature is equal to atmospheric temperature. During 
out-breath, the air temperature at the mouth ( x  = L )  is equal 
to that of exhaled air. The outflow conditions for both the 
forward and reverse flows are taken to be 

and x=O,  U < O .  (15) 

Mass transport 
In situations where the bulk fluid density pa is not con- 

stant, such as will be the case in the air channel with varying 
temperature, it is convenient to express the equations in terms 
of a mass fraction C,*, where 

Ca 
Pa 

c,* =-. (16) 

Due to a very low coefficient of thermal expansion (e.g., for 
dimethyl silicone (DMS) the density variation over the tem- 
perature range 17 to 37°C is less than 1% of its mean value), 
the polymer density is taken as constant. The differential 
equations governing the mass transfer in axisymmetric geom- 
etry are then 

ac; 
d x  ' 

- paU(x,  r ,  t )  - (17) 

The boundary conditions at the polymer/air interface are 

Cp= KC, at r =  R,. (20) 

At the polymer outer boundaries, by the same argument used 
for the thermal problem: 

dCP D -=0 at r=R,;  x = O , L .  (21) 
dr 

In the air channel, at in-flow, the upstream concentration is 
equal to the initial concentration, and on reverse flow, the 
return concentration is zero. The outflow conditions for both 
the forward and reverse flows are taken to be ( d C , / d x )  = 0, 
at x = L ,  U>O; and x=O, U<O. 

Numerical imphmentation 
An alternating direction implicit (ADI) finite difference 

scheme (Peyret and Taylor, 1983) was developed to solve the 
problem previously outlined. The numerical model includes: 

(a) Unsteady diffusion and convection of both heat and 
mass 

(b) Simultaneous heat and mass transfer with an imposed 
time-dependent temperature boundary condition and velocity 
profile 

(c) Temperature-dependent air and polymer properties 
(d) Heat of solution effects (heating/cooling effects due to 

mass absorption/desorption). 

The AD1 was implemented utilizing second-order centered 
differences in space and first-order forward differences in 
time. Second-order accurate boundary conditions were em- 
ployed except at the air/polymer interface where, for in- 
creased accuracy, a fourth-order scheme was employed. The 
AD1 was chosen over other schemes for reasons of stability 
and speed (Peyret and Taylor, 1983). For the problem at hand, 
which involves a combination of diffusion, convection, and 
interface boundary conditions that couple the polymer and 
the air channel, it was found that a criterion for stability es- 
tablished a maximum allowable time step. 

A series of stability and convergence. studies were per- 
formed, which led to the following stability criterion: 

DAt/(Ar)* I 2 ,  (22) 

where Ar and At are the space and time step sizes. This is a 
factor of 8 increase in the maximum allowable time step over 
that of an explicit method. A detailed convergence analysis 
was performed to establish the sensitivity of the code to space 
and time discretization size. Properties of the polymer gas 
pair, DMS and dimethyl methyl phosphonate (DMMP), that 
we measured were used. It was found that results were very 
sensitive to resolution of the behavior at the air/polymer in- 
terface. The temperature and concentration gradients must 
be adequately resolved to accurately compute the heat and 
mass-transfer across this interface. The fourth-order differ- 
ence scheme used at the interface was found to achieve a 
high degree of accuracy with a reasonable discretization. 

Figures 2-5 present results of a convergence study. Shown 
are plots of the axial and radial nondimensional concentra- 
tion (C/C,) distributions. All figures are taken at the end of 
the first forward-flow (in-breath) cycle. 7'he concentration in- 
side the polymer is normalized using the partition coefficient, 4 
to enable the concentrations in the air and the polymer to be 
displayed on the same scale. In Figures 2 and 3, the discretiza- 
tions in the r-direction and in time were held constant, while 
the axial discretization was varied from 75 grid points (nu) 
down to 5. These figures show the insensitivity of the results 
to the axial discretization. In Figures 4 and 5,  the radial and 
temporal discretizations were varied. The axial discretization 
was also varied to maintain the same grid aspect ratio. It was 
not possible to analyze the discretization in the r-direction 
and in time separately because of the stability criterion dis- 
cussed earlier. Stability considerations forced a decrease in 
the time step with a decrease in the grid size. The time step 
utilized represents the maximum allowable for a given radial 
discretization. As can be seen, the results are more sensitive 
to the radial discretization than to the axial discretization. 
Based on these results a discretization of 20 points in both 
the axial and radial directions with at time step of 5 .  s 
was chosen as adequate for providing a converged solution. 
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Figure 2. Convergence of axial concentration distribu- 

tion with axial discretization (11x1. 
Time step (df), and radial discretization ( n r )  kept constant. 

I 

AIR CHANNEL 

Limiting solutions for infinitesimal hole size 
It is of interest to determine the absorber performance that 

could be achieved by reducing the hole sizes in the polymer 
to zero while keeping the ratio Rp/R, constant. This would 
provide for maximum (in fact infinite) radial mass and heat 
transfer in the air and polymer. It thus represents an upper 
bound on the performance that could be achieved by de- 
creasing air passage size. The problem is then one-dimen- 
sional in space-a function only of position x .  A numerical 
analysis of this case was made for the case of constant diffu- 

POLYMER 

\ 
O * O 8 . 0  0.5 1 .o 1.5 

Radial distance r/Ra 
Figure 3. Convergence of radial concentration distribu- 

tion with axial discretization (nx). 
Time step (df), and radial discretization (nr )  kept constant. 
r/R, = 1 is the polymer/air interface. 
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Figure 4. Convergence of axial concentration distribu- 
tion with radial discretization. 
Ratio of axial to radial discretization kept constant. Time 
step taken to be largest allowed for each discretization. 

sivity and partition coefficient. The assumed small (zero) scale 
of the lateral dimensions ensures that the air and polymer 
concentrations will be independent of r. The differential 
equation to be solved becomes: 

r 1 

Boundary conditions at x = 0 and x = L were the same as 
those used for the complete problem discussed earlier. 

Concentration vs r @ x/L=0.8 - 

POLYMER AIRCHANNEL 

nx=25,111=10,dt=le-2 
nx=40,~= 16,dt=&-3 

nx=75,n1=30,dt= le-3 

a nx=50,111=2O,dt=Se-3 

Y 
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Figure 5. Convergence of radial concentration distribu- 
tion with radial discretization. 
Ratio of axial to radial discretization kept constant. Time 
step taken to be largest allowed for each discretization. 
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Results and Discussion 
Calculations were carried out to obtain the estimated mean 

concentration exiting the tubes as a function of time. To illus- 
trate the effect of the several variables, runs were made vary- 
ing only a single variable over what were considered reason- 
able values for respirator design. 

Influence of properties 
The variable of greatest interest is the partition coefficient, 

as this value for various polymer/gas pairs can vary from about 
lo2 to lo6; the lower values corresponding to gases having 
very high vapor pressures at room temperatures, with the 
higher values corresponding to gases with low room-tempera- 
ture vapor pressures. The effect of partition coefficient varia- 
tion is shown in Figure 6, which demonstrates the strong in- 
fluence of K on performance. For example, at one hour of 
breathing, a 200-fold increase in K (from 400 to 80,000) re- 
sults in a decrease in concentration at the mouth by five or- 
ders of magnitude. The other parameters held constant are 
also shown on the figure. For low K values the system arrives 
at an equilibrium state for C,/C, (where C, is the bulk av- 
erage concentration over a cycle) in a quite short time, but 
for the large K values, equilibrium is greatly delayed. For 
respirator use, times less than an hour would be of interest 
for emergency use; for industrial use, 2 to 8 hours would be 
desired. For larger values of the channel length, lower appar- 
ent velocities, and smaller channel radii, the time to reach 
breakthrough values will be increased, as will be shown in 
subsequent figures. The value of K of 80,000 shown in the 
figure may indeed be obtained for polymers absorbing low 
vapor-pressure toxic compounds, and the geometries shown 
would allow for breakthrough times as long as 10 h for a 
C,/C, value of 0.01 and 4; h for a C,/C, values of 0.001. 

Diffusion in the polymer and air also play important roles 
in the performance of the respirator system. Figure 7 shows 
the result of variations in the polymer gas diffusivity that ex- 

'"' f 
I-- 

0 1 2  3 4 5 6 7 8 9 10 
10- I 

Time (hrs) 

Figure 6. Variation of C,/C, with partition coefficient. 
CJC, decreases as K increases. 

- D,=l*lO"cm% 
. . . . . .  D,=2*1 O'm'h 
_ _ _ _  Dp=5*l$'m'lr 

i 

Figure 7. Variation of CJC, with polymer diffusivity. 

2 3 4 5 
Time (hrs) 

The polymer can take in more gas CC,JC, decreases) as the 
polymer diffusivity increases. 

hibit decreased concentrations with increased diffusivity, as 
the gas can more rapidly diffuse to the outer reaches of the 
polymer. Polymer diffusivities are not a design choice except 
by choice of the polymer. Figure 8 demonstrates for the pa- 
rameters shown the effect of a factor of 2 change in the diffu- 
sion coefficient of the toxic gas in air. As the diffusivity in the 
air decreases, increased resistance to diffusion across the 
channel impairs absorption by the polymer. 

Influence of geometry 
Variation of the length and diameter of the passages is 

predicted to have a major effect on the absorptive time histo- 

U,,=IZ.Zcds. u*-s.4cm/s, t=3s t ". - D.=O 037Scm% 
D.=O 075cm% . . . . . .  

lo4 I 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 

Time (hrs) 

Figure 8. Variation of C,/C, with air diffusivity. 
The polymer takes in more gas (CJC, decreases) as the air 
diffusivity increases. 
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Figure 9. Variation of CJC, with channel length, L. 
As L increases, more polymer and time are available for gas 
transport and absorption. 

ries. Figure 9 shows the result of length variation. Doubling 
the length doubles the amount of polymer involved in the 
mass exchange, and this in turn provides a more than propor- 
tional reduction in the exiting concentration at any given time 
(e.g., a factor of 100 after 4 h), indicating that performance 
per unit weight of polymer increases with length. Decreasing 
the channel radius, as shown in Figure 10, also produces 
marked reductions in exiting concentrations due to the de- 
crease in radial distance for diffusion to occur. 

Influence of velocity 
Figure 11 illustrates the effect of mean velocity in the 

channels showing a favorable effect of reductions in velocity. 
Reduction in velocity by a factor of 2 is seen to improve pre- 
dicted performance (decrease concentration) by an order of 
magnitude or more. This effect is most pronounced at short 
times. A decrease in velocity would need to be accompanied 
by an increase in the total cross-sectional area for flow that 
could be accomplished by an increase in the number of chan- 
nels, which would, keeping other variables constant, increase 
the size of the respirator. However, due to the nonlinear ef- 
fects shown here, the increase in size associated with channel 
velocity reduction is more than compensated for by perfor- 
mance improvement. 

Concentration distributions 
Figure 12 presents the predicted concentrations along the 

channel axis as a function of time. The concave shape of the 
curves gradually approaches at long times a nearly linear 
variation from the entrance to the exit of the channels. Fig- 
ure 13 shows timewise variations in concentration at three 
radial positions at an axial station. It can be seen that the 
oscillations in concentration die out rapidly with radial dis- 
tance into the polymer. It is not surprising that this is so, as a 
one-dimensional analysis of a sinusoidally varying concentra- 

Time (hrs) 

Figure 10. Variation of CJC, with channel radius, R,. 
As R, decreases, there is less gas per unit surface area of 
the polymer, allowing the polymer to absorb much more 
readily. 

tion at the air/polymer interface indicates that the amplitude 
of the diffusional oscillations should die out in the polymer 
according to the simple relation (White, 1974): 

I 

(24) 

where C, is the amplitude of the concentration at the sur- 
face and y is the distance from the surface into the polymer. 

E: 
lo-' 

L=S.OOm, RJR.=I .7, K=4000 

- 1 :  D~0.075cm'ls, D , = z * I O " ~ ~ , ~  

x 5 104 r=3s, R.=O.O254cm 
V 

.. 
' 

- U-=6 l c d s .  UA=2 I cndr 
U-ZIZ 2 c d s .  U*=4lCm/r 

- - - - U,.=24 4cds .  UA=8 4 c d s  
...... 

10- 

Time (hrs) 

Figure 11. Variation of CJC, with air mean velocity, 
(Jlll,,". 

As Urn,, decreases, less axial transport is allowed and more 
radial transport and absorption is possible. 
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Figure 12. Predicted concentration distributions along 
the tube length at selected times. 

Considering a typical breathing period, 27, of 6 s and a diffu- 
sion coefficient of say cm2/s, the preceding relation 
shows that the penetration into the polymer to a concentra- 
tion level of 1% of C, would be only 0.0018 cm, which corre- 
sponds to a value in Figure 13 of r/R, = 1.073. The small 
fluctuations at this depth would not be observable at the scale 
of the figure, and the steady level shown here is the result of 
a continuous diffusion from the time mean values in the air 
channel. Thus, as time proceeds, concentrations in the outer 
regions of polymer grow steadily to reach an equilibrium value 
dependent only on distance along the channel. 

Temperature distributions 
The effects of temperature variation in the respirator, 

which lead to variation in property values, were also exam- 
ined. The diffusion of heat in the polymer is much more rapid 
than the diffusion of the toxic gas contaminant (e.g., for DMS, 
the thermal diffusivity, kp /ppcp ,p  = cm2/s, while the dif- 
fusivity for DMMP in DMS is Dp = 2X lo-' cm2/s). Conse- 
quently, the temperatures in the system reach equilibrium 
values relatively quickly, as can be seen in Figure 14. The 
calculations here are for poly epichlorohydrin (PECH). They 
indicate an approach to an equilibrium state after only 12.5 
min of breathing. There is, however, a very small tempera- 
ture swing at any point in the channel during a breathing 
cycle, as shown in Figure 15. For breath exhausting at 35°C 
and ambient air temperature of 20"C, the internal temporal 
variation at any point is less than about three-quarters of a 
degree centigrade. The resulting temperature distribution af- 
ter only a short time shows that the air breathed would be at 
a temperature very close to body temperature, 37°C. 

The effect of the temperature variation along the channel 
is illustrated by Figure 16, which shows one computation with 
the temperature gradient effects included and a second com- 
putation for which the partition coefficients and diffusivities 
were constant and chosen at the mean temperature level in 
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Figure 13. Predicted cyclic concentrations after 1 h of 
breathing. 

the channel. The difference between the two computations is 
not too large and indicates that simpler and less time-con- 
suming computations using the input variables at the mean 
temperature in the channel should be adequate for engineer- 
ing design and evaluation of the respirator performance. 
Closer agreement for the two cases would result if the con- 
stant property values were selected at temperatures some- 
what above the mean values. 

Comparison with experiment 
One of the difficulties in assessing the limitations of the 

OuLbreath Ail-  Channel Temperatures  
1 0 ,  1 

L=1.27cm, R.=O.O254cm. RdR.=1.7 
0.9 

0.0 I I I I L I 
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x /L 
Figure 14. Predicted temperature distributions in the air 

channel during breathing at selected times. 
The system reaches equilibrium quite rapidly. 
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Figure 15. Temperature distribution following in and out 
breaths after 12.5 min of respiration. 

numerical model is that of accurately determining the neces- 
sary property values (partition coefficient and diffusivity of 
the gas in both the polymer and in air-all of which are tem- 
perature dependent) at the low concentrations of interest. In 
addition, gas-concentration measurements in the simulated 
breathing experiments described below were found to be very 
susceptible to error at the low concentrations considered. (For 
example, the value of C,  for DMMP was typically of the or- 
der of 0.1 torr, and values of C ,  at the mouth, x = L, of 
much less than C,  were sought.) These difficulties and un- 
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Figure 16. Results obtained with temperature effect in- 
cluded vs. those using an average constant 
temperature. 

certainties are detailed in Brown et al. (1996a). Thus it is 
difficult to determine the absolute accuracy of the numerical 
model results. However, as shown below, and by the para- 
metric study presented earlier, the model at the very least 
provides useful guidance, can serve as a screening tool, and 
predicts trends including the nonlinear influence of parame- 
ters such as tube length and velocity. In addition, as shown 
below, the model is conservative in that the experiments show 
better performance (lower concentrations at the mouth) than 
the numerical predictions. 

Simulated breathing tests. A series of simulated breathing 
tests were conducted in a simulated breathing loop described 
in detail in Brown et al. (1996a,b). Breathing flows were driven 
by a pair of bellows pumps that delivered a controlled volu- 
metric flow that varied sinusoidally with time. Contaminant 
gas was introduced using a bubbler system to provide feed at 
a preset concentration within a nitrogen carrier gas. Multi- 
channeled polymer test modules simulating sections of a res- 
pirator were exposed to this feed flow. On out-breath the 
bellows delivered gas (nitrogen) of controlled humidity and 
temperature back through the test module. Flame ionization 
detectors (FIDs) were used to measure the inlet and exit 
(mouth) contaminant concentrations. Detailed results of these 
experiments can be found in Brown et al. (1996a,b). Only a 
limited amount of experimental data is presented here for 
validation of the. numerical predictions. 

Figure 17 compares results of numerical simulations with 
experimental data for the case of a 1.27-cm-long DMS mod- 
ule composed of 414 holes ( R ,  = 0.025 cm) at a breathing 
rate of lO/min exposed to DMMP gas contaminant at a con- 
centration of 15% of the saturated value. Results are pre- 
sented as the ratio of the concentration measured at the 
mouth C ,  (at x = L )  to the input concentration, C,, as a 
function of time. Three sets of experiments that provide a 
measure of experimental repeatability are shown. At 2 h of 
breathing, the variation is about 30% about the mean value, 
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Figure 17. Simulated breathing test repeated three 

times for a DMMWDMS module. 
Data Repeated are compared with numerical predictions. 
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while at 8 h, the variation is about+5% about the mean. 
These are compared with the results of two numerical simu- 
lations of this case denoted by the solid and dashed lines. 
These were run for a measured value of K = 11,700 (Brown 
et al., 1996a), and for two values of the polymer diffusivity, 
Dp, the lower value corresponding to the measured value. 
Both simulations are seen to compare well with the overall 
levels of the experimental data except at long times. The 
higher diffusivity calculation is seen to be a better short-term 
match to the data, while the lower diffusivity case is seen to 
better predict the longer-term performance. Of significance 
is the fact that the experimentally measured concentrations 
at the mouth are lower than those predicted by the model, 
resulting in better respirator performance than that pre- 
dicted. This is a general trend that has been observed in com- 
paring all experimental and numerical results. The difference 
is generally most pronounced at short times. 

Figures 18 compares predictions with data from DMS 
modules of tube radius 0.079 cm and lengths of both 1.27 and 
2.54 cm exposed to DMMP. Data from two runs with the 
longer module are presented and are seen to exhibit very good 
repeatability. The nonlinear nature of the response with tube 
length is apparent. At 4 h of breathing, the shorter module 
produces a concentration of 10% of C,. However, doubling 
the module length cuts the measured concentration at 4 h to 
0.4% of C,-a factor of 25 reduction in measured concen- 
tration. Comparison of predicted and measured performance 
for the shorter module is seen to be quite good. However, the 
model is seen to significantly underpredict performance for 
short times for the long module. 

The overprediction of concentrations at the mouth by the 
model, particularly at early times, may be due to concentra- 
tion-dependent effects not included in the model in which 
the value of the partition coefficient increases at very low 
concentrations. Such behavior is often observed in both ab- 
sorption and adsorption phenomena. 
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Figure 18. Effect of module length. 

Comparison of experimental data and numerical predic- 
tions for a factor of 2 variation in length. 

Influence of Concentration-dependent Partition Coefficient. 
To check the plausibility of a concentration dependence of 
the partition coefficient at low concentrations, a simple non- 
linear variation of the partition coefficient K was assumed 
and utilized in the numerical model: 

K =  K * .  C > C * .  (26) 

In this relation, the value of K is independent of the concen- 
tration and equal to K *  for values of the concentration larger 
than C*, and rises smoothly with decreasing concentration to 
K O ,  the value at zero concentration. The results of simula- 
tions are presented in Figure 19 for two cases: Ko/K* = 2 
and 5. In both cases the value of C* was taken equal to the 
minimum value at which K was obtained experimentally (10% 
of saturation corresponding to 0.65 C, in the experiments), 
and K *  = 11,700. Figure 19 shows the simulations together 
with the calculation for constant K and experimental data. 
As can be seen, the use of this concentration-dependent par- 
tition coefficient results in predictions that more closely agree 
with experimental data at short times. Since the selection of 
the variation of K was arbitrary, one could expect that closer 
correspondence with a better expression of the actual varia- 
tion of K with C has not been measured. In addition, as 
pointed out by one of the revisions, K is expected to de- 
crease further in the presence of moisture. 

Implications for respirator design 
The advantage of employing two-way breathing over the 

conventional one-way breathing is illustrated in Figure 20, 
which compares results of simulations of both cases in terms 
of the concentration at the mouth as a function of time. As 
can be seen in this figure, concentrations at the mouth are 
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Figure 19. Numerical predictions using concentra- 
tion-dependent partition coefficients vs. ex- 
perimental data for DMMP/DMS. 

2166 September 1997 Vol. 43, No. 9 AIChE Journal 



0.9 

0 0.8 
V 
\ v 0.7 
0 

1 

Ir 

0.6 - 
0.5 

4 
.A 

X 0.4 w 

One Way Flow 

- 

- 

- 

- 

- 

- 

Oscillating Flow 
0.1 1 / 

-.... ........ P ........... ................. 
0.0 ...... . ,  

0 20 4 0  GO 80 100 

time (min) 

Figure 20. Concentration ratios at the mouth with and 
without oscillatory flow. 
R ,  = 0.254 cm; L = 1.27 cm; K = lo4; Urn,,, = 15 cm/s; Dp 
= 10 -' anz,%; D, = 0.075 cmys. 

reduced by at least an order of magnitude by employing two- 
way breathing. These order of magnitude concentration re- 
ductions have also been observed experimentally (Brown et 
al., 1996a,b). 

The concept envisioned a porous absorbent polymer mate- 
rial formed in the manner of a surgical mask, through which 
breath is both inhaled and exhaled. The absorbent polymer 
would constitute the major weight of the respirator. Its value 
can be expressed by the relation 

where A is the total face area of the filter and E is the frac- 
tion of A occupied by the channel holes. For holes placed at 
the corners of equilateral triangles 

(28) 

For a given mean respiration volumetric flow rate, Q (typi- 
cally 30 to 40 L/min), the face area, A ,  and the mean appar- 
ent flow velocity, U,, are related by 

and in terms of the channel velocity, 

Urn,,, = A E . (30) 

Combining the preceding relations, we get for the polymer 
weight 
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Polymer Weight = ppQL - - 1 /Urn,,,. (31) ( 2  ) 
For a desired performance specified by the breakthrough 

time to reach a limiting exit concentration of toxic gas, the 
analyses and tests described earlier show the desirability of 
low mean velocity and long channel lengths, whereas low 
weight, as seen in Eq. 31, requires just the opposite. The per- 
formance of the filter is also dependent on the polymer and 
gas properties, partition coefficient, and diffusivity, as well as 
the channel hole radius and spacing. The favorable effect of 
small channel dimensions is limited by the requirements of 
low breathing resistance. For the channels of interest in res- 
pirators, the Reynolds numbers of the flows are so small (less 
than 10) that fully developed laminar flow is to be expected. 
The pressure loss in breathing can therefore be expressed by 
the following relation: 

in which p is the viscosity of the air. From this expression, 
values of Urn,,, of 24 cm/s, radii of 0.0254, cm, and channel 
lengths of 5 cm will produce a pressure loss of approximately 
3 mm of water. Somewhat higher pressure loss can easily be 
sustained and would allow reductions in channel diameters 
with their favorable effect on performance. The Mine Safety 
and Health Administration suggests pressure losses at 85 
L/min of 60 mm of water as being reasonable for pesticide 
respirators. For this level of loss, the tube radius in the cited 
example could be reduced from 0.0254 cm to 0.0057 cm. 

The study results clearly point to the desirability of identi- 
fying polymers with very high partition coefficients for target 
gases. For example, Figure 6, discussed earlier, predicts two 
orders of magnitude lower exit concentrations at 4 h of oper- 
ation in going from a value of K = 11,700 to K = 80,000, ap- 
proximately a factor of 7 increase. Less critical, but still im- 
portant, is high diffusivity in the polymer (see Figure 7), which 
enables effective use of a thicker layer of polymer, increasing 
the amount of gas that can be absorbed. Thus, from a practi- 
cal standpoint, development of polymers with very large K 
and high diffusivities is desired. 

From a design standpoint, the results demonstrate the de- 
sirability of operating in the early time region prior to satura- 
tion, such that the highly nonlinear relation between length, 
polymer thickness, and velocity can be exploited. The results 
clearly point to the importance of minimizing passage diame- 
ter to decrease radial diffusion resistance. Thus, a desirable 
system design would incorporate many small-diameter pas- 
sages whose lengths are long relative to their diameters and 
whose polymer thickness is sized to achieve the desired level 
of gas removal at the desired time. 

Conclusions 
From a numerical study of breathing in and out through 

polymer-lined channels, the following general conclusions can 
be reached: 

1. Relative to direct one-way flow through the channels, 
there is an order of magnitude increase in the time to reach 
any specified exiting concentration. 
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2. The oscillating flow system reaches a final equilibrium 
value of the exiting concentration at a fraction of the enter- 
ing concentration, which is not possible with a one-way flow 
system. 

3. The temperature distribution in the polymer is linear 
from the entrance of the channel to the exit at the mouth, 
varying from ambient atmospheric temperature to body tem- 
perature. Use of an average temperature can approximate 
performance, but underpredicts the exit concentrations by 
approximately 25%. Due to the typical decrease in partition 
coefficient with temperature, the effectiveness of the absorp- 
tion system decreases with increasing temperature. 
4. Polymer gas pair partition coefficients are of primary 

importance in maximizing breakthrough time to a limiting 
concentration. The model predicts very strong influence of 
the partition coefficient. This points to the need of identify- 
ing polymers with very high partition coefficients. The model 
also demonstrates the desirability of high diffusivities in the 
polymer. This enables utilization of thicker polymer coatings 
to absorb more gas. 
5. Performance of a channeled polymer filter is nonlinear 

with regard to increases in length or decreases in velocity, 
particularly at times well before reaching an equilibrium. 
Halving the apparent velocity or doubling the length results 
in an order-of-magnitude decrease in concentration at the 
mouth. 

6. Numerical simulations were shown to predict the trends 
of the experimental data. However, experiments were found 
to consistently produce lower concentrations than those pre- 
dicted, particularly at short times. 

7. Two-way breathing using polymeric absorption is pre- 
dicted to be promising for respirator use when employed with 
materials having high partition coefficients. 

8. The presence of a concentration-dependent partition 
coefficient, such that the partition coefficient increases at low 
concentrations, is predicted to significantly improve polymer 
absorption and decrease concentrations exiting the tube, par- 
ticularly at early times. 
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