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VOC Concentrations in Waste Box and the Number of Filters Necessary to Keep 
Concentnation Low 

1-0 INTRODUCTION 

Waste in large waste boxes can generate volatile organic compounds (VOCs) and 
hydrogen. These waste boxes may or may not have flow paths out of them (although it is 
believed that most do). These boxes will be retrieved, sampled, and then coated with polyurea. 
After coating, filters will be installed in the box to keep the concentration of VOCs and hydrogen 
acceptably low. The MDSA requires that a vent path must be protected during application of the 
polyurea coating. If the box has been sampled then it is vented and the vent path must be 
protected. 

This report provides a model in which the user inputs the free volume of the waste box, 
sample concentration (ppm of total VOC or volume fraction hydrogen) along with the number of 
filters to be placed into the waste box lid. Using this information, the model provides an 
estimate of eoncentration vs. time or the number of filters needed to reduce the concentration by 
a specified fraction. If the equations from this report are placed into spreadsheets which are then 
used to demonstrate TSR compliance, the spreadsheets must come under the Software QA Plan 
for such documents. 

Chapters 2 and 3 present the theory. Chapter 4 presents the method with examples of its 
use found in Chapter 5 .  Chapter 6 provides the basis far the use of 1,000 ppm as the 
concentration below which the method is valid under any condition. 

Conclusion 

A model has been developed to equate the number of filters needed to be put into the 
waste box with the required decrease of concentration vs. time after the filters have been 
installed. The model requires the following knowledge: 

Use of the atmospheric breathing rate constant of 5.3 x 1 O-'/S. 
Knowledge of the volume between the outer packaging and the inside walls of the box, is 
called the free volume. If unknown, a value of 0.5 times the interior volume of the empty 
container should be d. 
Resistance of the filters being used in the box after sealing and sampling. The resistances 
for the filters considered in this paper are: 

o 2,728 s/L for the NFT-O I 5DS filter and 248 dL for the NFT-01 GSSHP filter when 
passing hydrogen. 

o 27,280 SlL for the NFT-0 15DS filter and 2,480 s/L for the NFT-OldSSHP filter 
when passing VOCs. 

Q When more than one fiIter is used, the resistances above are divided by the 
number of filters. 

The resistance of the gaps present in the box during storage prior to retrieval. If 
unknown, a value of 7,800 s/L should be used, far calculations involving VOCs and 
780 s/L for cdculations involving hydrogen. 

1 
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The first part of the method uses Equation 8 (See Section 3.2) and the sampIe results to 
obtain the generation rate. The second part of the method uses the generation rate obtained in 
Equation 8, the resistance of the filters being used, the initial sample concentration and Equation 
4 (see Section 2.0 below) to obtain the time-varying moles {or concentration) in the box. 

Alternatively, an estimate of the number of filters required to reduce the concentration to 
a desired fraction can be obtained. Equations 13a and 13b (Section 5.2) are used to estimate the 
number of filters needed to reduce the concentration to the desired value. The time necessary to 
reduce the concentration to the desired value is about 2 years after i d a t i o n  of the filters. If 
the time required to reach the desired ratio needs to be less than about 2 years, additional filters 
will be needed. 

If the measured total VOC concentration is 1,000 ppm or below (the concentration below 
the saturation vapor pressure of dl identified VOCs at 32 'F and above} or if the actual 
concentration of a known VOC is below its saturation vapor pressure, the method laid out in 
Section 5 can be used. 

If the vapor pressure is above the saturation vapor pressure for the actual VOC in the 
waste box at the waste box temperature, the method outIined in Sections 4 and 5 cannot be used. 
Install a minimum of 4 filters in the waste box and monitor. 

HNF-29785, Action Concentration for Mhtures of V M 3 ,  Methane m d  Hydrogen, 
provides a requirement that if the VOC concentration exceeds 5,000 ppm, the sample should be 
further analyzed to determine the specific VOCs present. The reason for the difference between 
the 5,000 ppm criteria in HNF-29785 and the 1,000 ppm criteria here is that HNF-29785 was 
concerned with the lower flammability limit (LFL), whereas this report is concerned about 
determining a generation rate. To determine the generation rate it is important to know if the 
partial pressure of the VOC is at its saturation pressure, This is not important in determining the 
LFL because the LFL can be above or belaw the saturation pressure. As an example, the 
saturation vapor pressure for trimethyl benzene at 298 K is 0.0028 atm. This equates to a 
volume fraction of 0.0028. The LFL is 0.009 (data from Table 2). Trirnethyl benzene vapors are 
not flammable below 298 K. On the other hand, the saturated vapor pressure of acetone is 
0.3 atm (volume fraction of 0.31, where as the LFL is 0.026. 

2.0 CONCENTRATION IN WASTE BOX AFTER RETRIEVAL AND PLACEMENT 
OF FlLrnRs 

Once retrieved, assume the box needs to be coated with polyurea which would seal the 
box. Therefore, a fiIter will be installed and sampled. Using the results of the sample, use of this 
document will determine how many more filters will be needed to assure adequate venting or 
abatement of the flammable gas. After all filters have been installed, the box could then be 
polyurea coated. If the box were not sealed, the equation below would have to be modified to 
include the additional diffusion paths. For the purpose of this paper, the boxes are assumed to be 
coated so that the only diffusion, forced flow and breathing flow path is through the filters. The 
equation for the concentration in a sealed waste box with filters is as follows. 

2 
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Where Q = atmospheric breathing rate constant, s-’ (see below) 
= (1.9 x 104h)/(3,600 s/hr) 
= 5,3 x lo’s/s 

R, = resistance of the filter(s), s l L  (see below) 
G = VOC or hydrogen generation rate, moIes/s 
M = mass of VOC or hydrogen present, moles 
V = free volume of waste box outside the intact packaging, L 
Ct = Value of “LlmoIe” at the temperature of interest and 1 atm using the ideal gas law, 

The equation and value of “Q’ is taken from Appendix C of HNF-16166, Required 
Staging Timesfor Hydrogen Dmfwion in Vented Waste Containers. This equation is used to 
determine the required number of filters, given an initial concentration. 

The first term on the right hand side of the equation is the generation rate, The second 
term is removal of VOCs or hydrogen due to atmospheric breathing. Atmospheric breathing is 
forced flow into and out of the waste box via the filters due to changes in barometric pressure. 
Flow out due to diurnal temperature changes is not modeled thus conservatism to the calculation 
is introduced but not quantified. The third term is removal of VOCs or hydrogen due to 
diffusion h u g h  the filters. The last term is flow out due to the generation of gas. 

Equation 1 is written for one component; either VOCs or hydrogen. If the waste box is 
genemting/producing both VOC and hydrogen, the equation must be solved for each separately. 

In the cases to be analyzed there are “n” filters used. The resistance of “n” filters, 
assuming the filters are all the same. model, is given by 

The only filters considered in this paper are either a Nucfil@ model NFT-OIBSSRP or 
Nucfil@ model NFT-0 1 5DS due to their lower resistances. (Nucfilm is a trademark of Nuclear 
Filter Technology). Other filters can be used, however. One just needs the diffusion parameter 
far these filters. The diffusion parameter from the manufacturer for diffusion of hydrogen 
through these filters is: 

Model NFT-015DS: 
Model NFT-016 SSHP: 

1 .S x 1 W5 molesls-mole frac. (Appendix A of “F- 161 66) 
1.65 x lo4 molesi’s-mole frac. 

The resistance for diffusion through a filter is derived in HNF-16 1 66, Rev. 7, page B-3 
(2006) and is given, in that reference, by: 

Resistance = [(molesls-mole fiac)(24.44) Jal  

3 
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or, using the terminology of this paper, 

Resistance = [(DP)(Cl) 1'' 

Using the above, the resistances of these fiIters for hydrogen diffusion are: 

NFT-0 1 5DS : 
NFT-0 165 SHP: 

2728 dL for H2 

248 s/L for Hz 

When these fiIters pass VOCs, the resistance must be increased. This is because 
Appendix B of HNF-16166 shows that the diffusion parameter of the filter is inversely related to 
the diffusivity of the gas or vapor being passed. Section 2.1 of HNF-25634, Potential For A 
VoIatile Orgunic Corn a n d  (VOC) Deflagraiion In A TRUDrum, shows that the diffusivity of 
hydrogen is 0.784 cm /s. The diffusivity of various VOCs range from 0.12 cm2k per acetone to 
0.08 cm'h for trichloroethane. The 'korst  case" ratio of the diffusivities is a factor of 10. 
Therefore, in this analysis the diffusion parameter must be increased by a factor of 10 when 
VOCs axe being passed. This resuIts in a resistance that is a factor of 10 greater per Equation 2. 
Equation 2 can now be generalized to: 

P 

VOCM Resistance = 
DP'C, 

The resistance of these fitters when passing VOCs is then 

NFT-0 15DS 
"-0 16s SHP : 

27,280 SJL for VOCs 
2,480 s/L for VOCs 

Equation 1 will now be solved. Simplify Equation 1 to read: 

-- - G - a M  dM 
db (3) 

where a = (p + + 5). The term W' is the overall removal rate constant and has units 
P 

of sec-'. 

Assume at t = 0, M = W, where & is the quantity of VOC or hydrogen (in units of moles) 
present at the time the sample is taken. It is assumed that the filters are inserted within a few 
days or less after taking the sample. 

The solution is 

4 
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If the sample result provides the concentration in parts per million by volume (called C,,), 
which is typical for VOCs, then 

If the sample result provides the concentration in terms of a volume fraction (called C,d, which 
is typical for hydrogen, then 

The free volume outside of the packaging for drums is O S  times the drum volume. 
(Section 3.1 of HNF-16166). That same free volume will be used in this analysis. If there is 
reason to believe the free volume is Iarger, a greater value should be used. 

With the free volume and filter resistance now known, the overalI removal rate constant, 
a, can be calculated. The only variable remaining is the generation rate, “(3”. Once “G” is 
obtained, Equation 4 can be solved to determine the number of filters required to bring the initial 
concentration down to a target concentration in a time period of interest. 

3.0 GENERATION RATE 

This section will provide a basis for a choice of a generation rate. What is desired is the 
greatest generation rate that produces a given sample result. This will result in the Iongest times 
to decrease to a certain concentration after the filters are added. The greatest generation rate that 
produces a given sample result is found when the box has leakage. Leakage allows diffision to 
occur more readily, allows atmospheric breathing and aIlows forced flow. 

3.1 HYDROGEN GENEWTION 

Section 3 of HNF-I 61 66 shows that for the case where a waste drum contained 200 g of a 
12% ‘40Pu mixture with 1.7% 24’Am (radionuclide distribute taken from Table D-1 of HNF- 
16166), the generation rate has a maximum of 2.66 x moleds, assuming that 100% of the 
radionuclides are located on a reasonably bounding hydrogenous material (polyethylene). This 
generation rate is modified by a factor of “f‘, which is the fraction of radionuclides actually in 
intimate contact with this bounding hydrogenous material. Section 3 of  HNF- 16 166 uses a value 
of 0.5 based on a Pacific Northwest National Laboratory (“NNL) report. 

The hydrogen eneration rate for 200 g TRU is 1.33 x lo8 molesls (obtained from 
hultiplying 2.66 x 10 times 0.5, where 0.5 is the value for “f” discussed in the paragraph 
above). The hydrogen generation rate can be scaled using the number of grams of plutonium 
actually present in the waste box, 

3 
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3.2 VOC GENERATION 

Obtaining the generation rate for VOCs is more difficult as the generation rate depends 
on: 

VOC(s} present, 
rn thickness and type of packaging between VOC and free volume, 
e temperature in waste box, and 

VOC concentration in the free space. 

Little to none of the above information is known. Therefore, a different approach is 
needed. It should be noted that this method could also be used for hydrogen with the appropriate 
modifications. This would nut typically be done as the hydrogen generation rate has been set by 
precedent at the value in Section 3,1r 

The waste box may or may not have a gap or opening between the lid and the walls. If 
the gap exists, the worst case long term, volumetric flow rate due to pressure gradient would be 
equal to the volumetric generation rate of the VOC (and hydrogen if produced as well). A flow 
rate of this size would maintain the box at equilibrium. 

The volume~c flow rate of the VOC is given by 

Large gaps also create large diffusion paths. Appendix C of HNF-16166 shows that 

Where x = length of the dif€usion path, cm 
A = cross-sectional area of diffusion path, cm’ 
D = dimivity, cm2/s 

= 0.08 cm2/s for vocs 
The approach will be to assume there are gaps in the box through which flammable gases 

could escape while in storage (and before filter installation}. Therefore, a worst case gas 
generation will be cdcdated. 

A typical Hanfard fiberglass reinforced plywood waste box is made of an exterior surface 
of % inch plywood, 2 x 8 fiame and interior % inch plywood (from Section 2.2 of HNF-263 10, 
Fiberglum Reinforced Plywood (FM) Container Storage). Assuming a 2 x 8 is 7.5 inches long, 
the path length in this case, is 9 inches (from 7.5 inches for the “2 x 8” and 1.5 inches for the 
plywood covering), For other cases it is less. 

The boxes have a gasket between the lid and the body. Assume there are openings in that 
gasket (gaskets are normally installed in pieces). Assume a gap height of % inch (0.64 cm) 
(about the height of a gasket prior to being compressed). Assume a length in the direction of 

6 
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flow of 4 inches (10.2 cm). Assume a width of 0.25 inches each for 4 gaps. This is a total gap 
width of 1 inch (2.54 cm). These values are on the conservative side of '?typical" and are chosen 
to assess sensitivity. The resistance, assuming VOCs are diffusion, is 

10.2 cm 
(0.64 cm)(2.54 cm)[O.08 cm2 /s> 

R =  

= 78s/cm3 
= 78,000 s / L 

The approach taken is to relate the generation rate to the concentration found in the 
sample of the waste box h e  space. The equation to be solved i s  similar to Equation 1 but the 
diffusion and atmospheric breathing path is through gaps in the waste b x  between the lid and 
the body not through the filters. 

The equation that will be solved is the following: 

Where C1= 24.44 Llmole at 1 atm and 298 K per the ideal gas law per HNF-16166 
V = free volume in waste box, L 

= (20 R long)( 10 ft wide)(8 ft tall)(O.5)(28.3 Uf?) 
= 22,640 L 

Rg = resistance to diffusion flow through the gaps, s/L 
= 7,800 d L  for calculations invdving VOCs (see below) 

Q = 5.3 x 1W8sedL 

The first term to the right of the equals sign is the generation rate. T h e  second term is 
removal due to atmospheric breathing. The third term is removal due to volumetric flow 
resulting from generation. The last term is diffusion out of the gaps. 

The storage time is long, about 20 yrs. Equation 4 presents the solution for Equation 7, 
where, in this case, 

In this case, 

-E I Q=5 .3x  10 s- 
v = 22,ao L 
Rg = 7,800 SlL 
C1 = 24.44 L/moIe 

= 0 moles 

7 
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If, “G” is 10~’nmoleds, then a is 5.9 x lo4 s-’. There are 6.3E+8 s in 20 years. Using Equation 4 
and substituting these values resdts in the following: 

This result means that steady state has been achieved as the value of M does not change with 
time. Steady state is achieved for larger values of “G” and for smaller values. Steady state is 
also achieved for smaller volumes. It should be noted that for a value of a of 5.9 x 1.0” 5.’ and a 
duration of 2.5 years (7.9 x lo7 SI, the result of the equation above is 0.99 (GI@. The result is 
that the concentration is essentially at steady state conditions at 2.5 years. 

Since at 20 years, steady state has been achieved, Equation 7 can be simpIified to: 

Solving for “G” yields 

Where = moles in waste box per the sample (see Equations 5 and 6)  

What we are trying to find is the generation rate for a specific free volume Concentration 
based on “M”. 

Fur the calcuIation to follow, “v’ is conservatively ehasen to be 7,800 SlL. That is, the 
combined width of the openings is 10 inches not 1 inch as assumed above. If this method is used 
to determine hydrogen generation rate, then R, is set at 780 s/L. 

A spreadsheet was developed to calculate values for “G” using Equation 8. Table 1 a 
provides the results for a waste box free volume of 22,640 L. Table 1 b provides the results far a 
4ftby4ftby7fibox. 

8 
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M, Generation Rate, 
hhleS G 

Table la. Generation Rate As A Function Of Sample Concentration in a 
~ a r g e  Waste BOX (VOC Diffusion)’ 

60 
I00 
300 

5.56E-02 3.26E-09 
9.26B-02 5.43E-(39 
2.78E-0 1 1.63&08 , 

1,000 
3,000 
8.000 

e 600 I 5.56B-01 1 3.26E-08 I 
___ 

9.26E-0 1 5.443-0S 
2.788+00 1 .64E-OT 
5.56EMO 3.28B-07 

parts per million 
1 

I assumed to be 22,640 L based on a &e fraction of 0.5 1 

Moles: G 
6.49E-05 8.68E-12 

Table Ib. Generation Rate As A Function Of Sample Concentration in a Small 
Waste Box (VOC Diffusion)’ 

A Cwmt I M, 1 GenerationRate, 1 

I to be 1585 L based on a free fraction of 0.5 1 

9 
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3.3 INCREASE IN NUMBER OF MOLES P'RIESENT 

There may be a situation when the filters cannot be added to the waste box immediateIy 
after rebieval. A "worst-case" assumption would be that the waste box being retrieved is sealed 
(waste boxes are assumed to have gaps that allow for diffusion and forced flow of hydrogen and 
VOCs out) or that it is successfully argued that the waste box can be coated ( l e , ,  sealed) and 
then placed in storage for a period of time before the filters are added. In addition, it is further 
assumed that no sample was taken during this time. Under these conditions the concentration 
will increase above that at retrieval. This section shows the ratio of the final concentration to 
that at the time the waste box is retrieved. 

The concentration at the time when the waste box is retrieved is 

Where M, = moles of hydrogen or VOC in waste box 
Ma = moles of air in the waste box 
M,, = total moles in waste box 

= VIC1. 

At a later time after retrieval the waste box, 

M ,  + GAt 
+ GAt 

C =  

Where G = generation rate, moleds 
At = duration from time of retrieval, s 

The ratio of the concentration at a later time over that at the time of retrieval is 

From Equation 8 

Substituting yields 

10 
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The results will be shown next. 

Using the data and definitions in Section 3.2, 
V 
Rg =t 7800 s/L 
Q = 5.3 x 10"s" 
C1= 24.44 Llmole 

22,640 L (the large waste box) 

M,, = VIC 1 

Let At = 30 days or 2.59 x 106 s. Choosing values of G based on Tables la and lb, the following 
is found: 

To use the methodology, assign a value of lom6 molesls to "G" and solve the equation 8a above. 

4.0 METHODOLOGY FOR DETERMINING THE VOLUME FRACTION VS. TIME 
m E R  THE FaTERS HAVE BEEN INSTALLED 

The following are the steps of the methodology; 

1. 

2, 
3. 

4. 
5 .  
6.  

7. 

Obtain concentration reading in parts per million {Cppm) or volume fraction (C,) from 
the sample. 
Determine free volume of box (V) 
Obtain Ma from either 

M, = Ic,pm)~~~-6)w)~cc,l 
Mo = (CW> VKl 

Set "R' = 7,800 Sn, for VOC diffusion and 780 SJL for hydrogen diffusion. 
set " Q  = 5.3 x IO" s e d  
Calculate the generation rate h r n  the concentration using Equation 8 for VOCs or use 
the generation rate given in Section 3.1 for hydrogen. 
With "G" h m  Step 6, solve Equation 4 with 
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1 G C ,  a = Q e - - + -  v - n  V 

where Q = 5.3 x ICP sec-' 
& = based on number of filters, the filter type (see Section 2) and whether 

hydrogen or VOC is being removed. 

Start by choosing a filter type and number of filters. Determine the concentration in the 
waste box as a function of time. Ifthe concentration decreases too slowly, assume additional 
filters or choose a different filter. 

5.0 EXAMPLES 

5.1 EXAMPLE OF THE METHOD THAT PROVIDES THE CONCENTRATION 
OVER TIME AFTER FILTERS HAW BEEN INSERTED (VOC DIFFUSION) 

All of the examples are based on VOCs. 

Step 1 - Assume sample result is 10,000 ppm. 
Step 2 - Assume waste box is 20 R by 10 ft by 8 ft with 0.5 of it void (volume fiaction outside 

Step 3 - Using the equation I& = (Cm)(lOT(V)/(C& M, is found to be 9.26 moles when C1 is 

Step 4 - Set R = 7,800 s/L 
Step 5 - Set Q 5.3 x 10 s 
Step 6 - Using Equation 8, G is found to be 5.5 x lo-' molesls 
Step 7 - From above 

packaging). V = 22,640 L 

24.44 Llmole 

-8 -1 

Ma = 9.26 moles 
G = 5.5 x l o 7  molesls 
Assume four NFT-0 15DS filters. 
b T 4 1 5 D S  = 27,280 SL for each filter for VOCs 
& = 6,820 s/L for four filters 
V = 22,640 L for the large waste box 
a =Q+(VR-'+ G C I N )  

= 6.0 x 10- 8 s- I C  

Solve Equation 4 to obtain a value for "W. Then determine the concentration (in ppm) 
from the following: 

Table 2, Column 2 provides the resdts. 

12 
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The volume fraction does not change, so a change in either the number of fdters or type 
needs to be made if the required diffusion needs to be changed, First assume eight NFT-OI5DS 
filters. Now "I?," is 3,410 s/L. SoIve Equation 4. The results are in Column 3 of Table 2. 

The volume fraction still does not change much so choose four NFT-016SSHP filters. 
Now ~ - O I ~ S S H P  = 2,480 s / L  and R, 
Table 2. 

620 dL. The results are shown in the last column of 

Results of the method for a waste box having a free volume of 22,640 L, Mo = 9.26 moles 

Table 2. Concentration in Large Waste Box Over Time (10,000 pprn, initially} 

Large Waste Box, 1,000 ppm Initial Concentration 

For purposes of comparison, substitute 1,000 ppm for step 1 above. In this case 

Step 3 shows that M, = 0.926 moles 
Step 6 shows that G -- 5.4 x IO-' moleds 0 

Table 3 provides the results from Step 7 assuming a large waste box and 1,000 ppm as 
the sample concentration. 
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Table 3. Concentration in Lnrge Waste BOX Over Time (1,000 ppm, initially) 

60 990 970 750 
180 990 930 550 
365 980 900 480 
730 980 885 470 
1096 980 8 84 470 

Based on free volume “V”, V-22,640 L, M, = 0.926 moles (1,000 ppm) 
C1= 24.44 Urnole and VOC diffusion 1 

Small Waste Box, 1,000 pDm Initial Concentration 

To address the impact of a small waste box, use the 1,000 ppm case with a waste box 
volume of 1,585 L (4 ft by 4 R by 7 ft waste box with 0.5 free fraction). In this case, 

Step 3 shows that M 0.065 moles 
Step 6 shows that G = 8.7 x 10” mole& 

The results from step 8 are shown in Table 4 

Table 4. 

I I+ Time,da B 

Concentration in Small Waste Box Over Time (1,OM ppm initially) 

Concentration o f  Concentration of 
VOG in box with 4 VOC in box with 8 Concentration of VOC in 
NFT-O15DS filters, NIFT-Ol5DS filters, box with 4 NFT-O16SSHP 

60 
180 
365 
73 0 I 1 

Based on free volume “V”, V=1,585 I,, Mo = 0.065 moles (1,000 ppm) 
CI= 24.44 Wmole and VOC difhsion 
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5.2 METHOD THAT ARRlvES AT THE NUMBER OF FILTERS NEEDED TO 
REDUCE THE CONCENTRATION TO A SPECIFIED A I M O W  

In this section a method is developed to determine the number of filters necessary to 
reduce the concentration within the waste box such that M/Mo = r in a waste box having a free 
volume outside the intact packaging of “V” liters and filters of a specific type. 

Equation 4 is reproduced here: 

At long times (at >5, which occurs after about 2.5 years per Section 3.2) after the 5lters 

G M = -  

G 

have been put in: 

M 

(p + - 1 + 2) GC 
IZJ v 

(9) 

Note that “long times” means that essentially steady state conditions (the generation rate is 
essentidy equal to the removal rate such that the concentration changes link with time) have 
been achieved. 

At the time the filters are installed, M = &. 

Since the filters are placed into the waste box after a long time of generation, dWdt in 
Equation 7 can be set equal to zero. The modified Equation 7 can be rearranged to yield: 

The ratio of MIM, is 

“ I  - - 

[Q+G * +5) v 
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Assume that a given ratio of MIM, is required. Call this ratio ‘Y’, Then 

Afkr rearranging, the resistance of the set of filters needed to bring the ratio of MIM, to 
‘k” is: 

R d l  that, 

Or 

R R” =-  
Fl 

Also recall that 

R cVOCM> * [(lX’)(ci)]-’ 

Where VOCM = 10 when the filters pass VOCs 
= 1 when the filters pass hydrogen. 

Solving for “n”, the number of filters needed yiefds 

DP = diffusion parameter for the filter of interest, moleds-mole hac. 

p 1 = -  R 
4 

Substituting Equations 11 and 12 yields 

VOCM 
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Where n = number of filters needed to reduce the concentration by a ratio of 3’’ from 
the initid concentration 

G =i generation rate, moleids 
r = MIh& that is desired. That is the reduction of moles in the box from that 

Mo = moles of VOC or hydrogen in the waste box when the filters are put in. 
M = moles of VOC or hydrogen at a later time. 
Q = atmospheric breathing rate, 5.3 x lo4 sed’ 
V = volume outside intact packaging, L 
VOCM = 10 when the calculation is for VOCs 

& = resistance of gap in waste box between lid and body prior to coating, s/L 

initially 

= 1 when the calculation is for hydrogen 

= 780 s/L for calculations involving hydrogen (see Section 3.2) 
= 7,800 dL for calculations involving VOCs (see Section 3.2) 

DP = diffusion parameter for the filter of interest, rnoleds- mole frac. 
C1 = value of Llmole at the temperature of interest and I atm 

= 24.44 Umole, if the temperature is 293 K. 

In other words, based on Equations 13a and 13b above, “n” is the number of filters 
necessary to d u c e  the concentration within the waste box such that MiMo= r in a waste box 
having a free volume outside the intact packaging of “V” liters and filters of a specific type. 

To determine the time necessary to reach the ratio Y’, Equation 4 must be soIved, The 
times are typically “many months’’ see Tables 2-4 for estimates. 

Consider the case used to generate Table 2. 

M, = 9.26 moles @asd on 10,000 ppm). 
G = 5.5 x lo-’ moleds, 
Q = 5.3 x 10‘ moleds. 
V = 22,640 L 
VOCM = 10 
DP = 1.5 x 16’ for the NFT-O15DS filter. 

Table 2 shows that 8 filters are necessary to reduce the volume fraction h r n  0.01 to 
0.00893 in 1,096 days. The duration is chosen as the time at which steady state conditions are 
reached as this is the basis for Equations 13a and 13b. Therefore, to check the method, substitute 
0.893 for Y’ and solve for “n”. Doing this, ‘4.1” is found to be 8. 

Consider the conditions that result in the last column in Table 2. In this case, 

= 9.26 moles (based on 10,000 ppm) 
G = 5.4 x IOm7 rnoleds 

17 
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Q = 5.3 x IO-* moleds 
v = 22,ao L 
VOCM = 10 
DP = 1.65 x 1 O4 for the NFT-016SSHP filter. 

Table 2 shows that 4 filters are necessary to reduce the volume fraction from 0.0 1 
(10,000 ppm) to 0.00476 (4,760 ppm) in 730 days. Therefore, to check the method, substitute 
0.476 for “r” and solve for “n”. Doing this, “n” is found to be 4. 

If, NFT-Ol5DS filters were to be used, it would take 44 filters to bring the voIume 
fraction down to 0.00476. 

One needs to be aware that when using this method of directly determining the n u m k  of 
filters, the time needed to reach the volume fraction of interest will likely be long (order of 
years). If t h i s  duration is too long, installation of additional filters may reduce the time needed. 
The effectiveness of additional filters can be determined using the method in Section 5.1. 

6.0 DEWATION OF 1,000 PPM AS THE CONCENTRATION BELOW WHICH THE 
MODEL CAN BE USED UNDER ANY CONDITIONS 

This method ody works if the concentration in the waste box when retrieved is below the 
saturation vapor pressure for the VOC of interest. This is because the generation rate is 
essentidly zero when the concentration reaches the saturation vapor pressure. 

Table 5 presents a list of the potential VOCs that could be found in waste containers. The 
first 29 entries come from HNF-25634. The last 11 entries came from recent sample data. Table 
5 is located at the end of the report. 

Using Table 5 ,  at 298 K, the VOCs having the lowest vapor pressure are: 

1,2,4 - trimethylbenzene 0,003 1 atm 
o-xylene 0.0087 abn 
butanol 0.0087 atm 

Since waste boxes experience a variety of temperatures, the saturated vapor pressure at 
other temperatures is required. The vapor pressure data comes from the DIPPR (ZOOS), Project 
801-Evvaluafed Studurd Thermphysicat Properfy Vulares (American Institute of Chemical 
Engineers). 

The equation €or vapor pressure is 

Where T=temperature, R 
Y = vapor pressure, Pa 
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The data to solve Equation I4 follows. The data for 2-methyl 2 butanol (t-amyl alcohol) 
is added, see below. 

I 2-methyl 2 butanol 1 100.95 I -9184.1 I -10.924 1 2.8079E-17 I 6 I 
The results are as follows: 

Vapor Pressure, atm (Note 1) - voc 273 K (32 O F )  319 K (115 "F) 298 K 177 OF) 
I -butanol 0.00 12 0.035 1 O.QO87 
o-x ylene 0.00 17 0.0273 0.0087 
lY2,4-trimethylbenzene O.QO05 0,0098 0.0028 
2-methyl 2-butanol 0.0034 0,0787 0.0217 

Note 1 : to obtain Cw, multiply the values by 3 06, 
(t-myl alcohol) 

The data above is "actual" concentration. To get the measured concentration 
corresponding to this, the following must be solved. 

Actual concentration = (measured concenbation) * (correction factor) 

The measured concentrations at 273 K (32 OF) are shown next. Since the correction 
factor for t-amyl alcohol is very large, it is added to the list as its measwed concentration is the 
same order as the other three VOCs. 

Correction Factor Measured Concentration, 

I-butmol 
0-x yl etle 
1,2,4-trirnethylbenzene 
2-methyl 2-butanol 
(t-myl alcohol) 

0.78 
0.22 
0.17 
2.3 

L E  
1,500 
7,700 
2,900 
1,200 

That is, if one measures a concentration, at 32 OF, of 2-methyl 2 butanol of 0.0012 atm or 
1,200 ppm, (actual concentration is 0.0034 atm [3,400 ppm]), saturation conditions are reached. 

What that means is that if the measured concentration in the waste box is 1,000 ppm or 
less, saturation conditions are never reached above 32 'F. At 77 "F (298 R), the saturation 
conditions are not reached as long as the concentration does not exceed 7,700 ppm. If 
temperatures never went below 77 O F ,  one could use 7,700 pprn instead of 1,000 ppm. 
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7.0 CONCLUSIONS 

If  the measured total VOC concentration is 1,000 ppm or below (the concentration below 
the saturation vapor pressure of all identified VOCs at 32 ‘P and above) or if the actual 
concentration of a known VOC is below its saturation vapor pressure, the method outlined in 
Section 5 can be used. 

I f  the vapor pressure is above the saturation vapor pressure for the actual VOC in the 
waste box at the waste box temperature, the method outlined in Sections 4 and 5 cannot be used. 
Put 4 filters in the waste box and monitm. 

8.0 STRATIFICATION 

This calculation involves determining the VOC concentration as a function of location 
and time in a very large box to determine if VOC will be completely mixed within the free 
volume of that box. If the VOC mixes in the free volwne of the waste box over a short period of 
time, the free volume can be modeled as well-mixed. 

The interior of the large waste box is assumed to be 20 ft long, 10 ft wide and 8 ft tall. 
To be conservative, the VOC generator is assumed to be 6 ft beneath the top of the box and 
covering the entire base of the waste box. 

The condition within the volume can be viewed as a rectangular free space with a planar 
VOC source generating VOC at the lower plane. This is a conservative condition in that 
typically the box contains a piece of equipment from which the VOC evaporates. The VOC 
source is then 3-dimensional rather than 2-dimensional as in the analysis. AIM, there is typicalIy 
not % of the box height free as is assumed in this analysis. 

The model allows for the fact that the VOC may (although not likely due to the small 
generation rate) initially stratify in the bottom of the waste box. Should this occur, the VOC 
concentration gradient will lessen as diffusion trmsports VOC from the stratified layer into the 
layer having a smaller voc concentration. 

The text, The Muthemutics ofDifludon, Section 4.3.7 (1 975) provides an equation to 
calculate the concentration within a volume defined by two parallel plates separated by a 
distance ‘‘2 1” and having a diffusing substance enter at a constant rate of “F,,” moleds-cm2 over 
the surface of each plate. The equation solved is 

ac 
& 

D-=FF, a t x = l  

This is the condition posed by the VOCs in the waste box. The location ‘k - 1” is the 
surface of the generator where “I” is the distance from the surface of the generator to the roof of 
the box. In this case “1” is 6 ft or 183 cm. 

VOC is assumed to be generated at a rate of lo” moIesls. 
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The area for VOC generation is assumed to be the entire area of the waste box or 

A = (1 0 ft){20 fi lonq)(30.5 cm/ftI2 
= 1.86 x 10 cm2 

The equation for hydrogen concentration in the IP-2 container as a function of Iocation 
and time (from Section 4.3.7 of The Mathemtics of Dijjkxion) is as follows: 

- (summation term) 

Where c = concentration of VOC at time ‘Y’ and location ‘‘x,” rno~es/cm~ 
C, = concentration of VOC at time equals zero and at all locations, moles/cm3 

F~ = voc generation rate per unit area, motes/s-cm2 
= 0.0 

= (lo-’ moles/s)/I .86 x 1 O5 cm’ 
= 5.4 x moles/cm2-s 

= 183 cm 

= 0.078 cm /s 

1 = distance from surface of generator to top of the waste box, cm 

D d i f i i v i  of VOC in air, cm2k 

t =time, s 
x = distance from a location midway between the plates to the point of 

% 

interest, cm 
= 0.0 in this case if the Iacation is the roof of the IP-2 container 
= “1” in this case if the point of interest is the top of the dnuns. 

The summation term is 

- 2 -[exp(-Dn2 (-I>” x 2  1 / 1 2 ) ]  cos- rzm 
x 2  n2 I 

At large times (greater than abut 5 hrs), this term is insignificant. 

At time equals zero, C,, the hitid concentration in the free volume of the waste box is 
zero. 

The equation for concentration is solved for pints in time. For each ofthese cases, the 
fmt term of the equation is found from: 

-= F, 1 (5 .4~10- ’~  molesIcm2 - ~ ~ 1 8 3 c r n ) ~ ~ ~ , ~ ~ ~ , , ~ ~  moles 
D 0.078 cm2 / s cm3 

The concentration 20 hours after loading is now found, 
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At 20 hours after generation begins and for ‘‘x” equal to “l” 

EO. 168 + 0.333 = 0.50 1 
Dt (3x2--12) -+ 
l2 6 I’ 

At 20 hum after generation begins and for ‘k” qual to 0 

Df ( 3 x 2 4 2 )  -+ = - 168 - 0.167=O.OOl 
i2 61’ 

The concentration at 20 hours after generation begins (ignoring the summation term) is: 

cx=! = I .3 x IO-‘’ moles/crn3 (at roo0 

C, = 6.3 x lo-’’ moles/cm3 (at surface) 

The VOC concentration at the roof (where ‘h” equals zero} is much smaller than it is near 
the sur€= of thc generation (‘k” equal to ‘‘ t ”). 

The concentration 100 hours after loading is now found. 

At 100 hrs aRer generation begins, and for ‘k” equal to “1” 

= 0.838 +a033 = 1.17 1 
Rr ( 3 x 2 - I z )  
l2 6 E *  
-+ 

At 100 hrs after generation begins and for ‘k” equal to zero 

=0.838-0.167=0.671 
Dt ( 3 x 2 4 2 )  -+ 
l 2  6 I =  

At 100 hours after generation begins, the concentrations are: 

The concentrations are about half. 

Performing the same caIculation at 600 hrs, the 

Concentration at the roof 6.1 3 x 10‘’ moles/cm3 
Concentration at the surface 6.8 x 10‘’ moles/cm3 
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At 600 hrs, the "well mixed" volume fraction is given by 

(1 1) 
(Geu. Ra#e)(3600 s I hr)(Time, hr)(24.45 L 1 mole) 

(Volume of waste box) 
Well Mixed V d .  fruc. = 

The well-mixed volume hction is 1.56 x lo4. 

The result is now checked. The concentration calculated above should be the same as 
that found by multiplying the VOC generation rate by the total time elapsed and dividing by the 
volume of the waste open space. The amount of VOC generated in 600 hrs is 

VOC = moles/s)(600 hrl(3600 s h )  = 0.216 moles 

C = VOCN = 6.35 x 1 Om9 moleslcm3 
V = (183 cm tal1}(1.86 x lo5 cm') = 3.4 x lo7 cm3 

The concentration gradient (found using the diffusion equation) yields the same 
concentration as using just a simple 1-volume model. 

The concentration at 600 hours (25 days) is essentially uniform through the waste box 
assuming no transport out of the box. As a result, the volume of the waste container can be 
considered to be well mixed after about BOO hours. 
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Table 5. FIammabIe VOCs and Gases found in TRU Waste Containers 

a 3 1 2  84.2 1.3 

C2H4Cl2 99 5.4 
C2H4C12 99 6.2 

1,2- 
dichloroethylene 

C2H2C12 97 97 

Correction 
Factor, 

Normalized 
to Propane 

Vapor 
Pressure, at 
298 K atm 

Vapor 
Pressure 

divided by 
Correction 

Factor 

Lower 

Limits 
(mole %) 

MOL Mol. Wt, Flammability 
Formula kl 

~ 

0.73 0.30 0.385 

0.33 
0.78 

0.124 

0.00871 

0.376 
0.01 1 
1.971 0.24 0.473 

0.075 0.22 
0.61 

0.0165 
chloroethane 64.5 3.6 

@as above 1 2 T )  
0.36 0.128 0.356 

0.294 
~ 

0.600 4.49 
0.33 
0.19 

0.10 
0.44 

0.303 

2.316 

I C2H2C1Z 
1,l- 

dichloroethylene 96-9 I 7.3 0.44 0.79 
__ 

1.795 

-~ 

Dichlommethane CHzClz 
(methylene 
chloride) 

0.49 0.57 1.163 85 15.5 

dichloroprapane 1 zzz 
dioxane 

113 1 3.4 0.066 0.39 0.169 
0.0&2 

0.046 

88.1 I 2 0.6 
__ 

0.049 

106.2 1 I .6 0.28 0,013 

ethyl ether (diethyl C4HliO 
ether) 74.0 I 1.9 0.5 0.66 1.320 

0.066 0.044 1 .s 
1.4 0.164 0.1 17 

0.41 

0.118 0,193 0.61 

0.33 0.026 0,079 
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I 

Name 

Correction Vapor Vapor 
Factor, Pressure, at Pressure 

Normalized 298 K atm divided by 
to Prapane Correction 

Lower 

(SI Limits 
wt* FLammability 

(mole YO) Factor 

MoI. 
Formula 

ketone 
1,1,1- 

Trichloroethane 
trichloroethylene 

133.4 6.0 0.56 0.120 0.21 4 

131.4 8 0.24 0.090 0.37s CzHCl3 

C9H12 
12Qm2 I 0.9 I 1,2,4- 

trimethylbenzene 

toluene 92.2 1.2 0.28 0.038 0.136 
106.2 1 0.22 0.0087 0.040 0-x ylene 
106.2 I 1 1  0.22 1 - 0 . o r  0.050 m-xylene 

p-x y lene 106.2 I 0.22 0.01 17 0.053 
S6.2 1.0 Not found 0.28 0.280 

84.0 1 Notfound 0.1 a 0.180 
(assume 1 .O) 

~~ 

Methyl pen tme 
(isohexane) 

C6H 14 

Methylc y clopentane 
(assume 1.0) 

86.0 1.2 0.3 0.20 0.667 Hexane 
3 -hexene 

C hloro butane 

t-amyl alcohol (2- 
methyl-2-butanol) 

Propane 
Butane 

Dimethyl ether 
~~ 

Ethanol (ethyl 
dcohol) 

Isobutane 
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Data checked far consigtency with  rigid source information as 
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Models appropriate and used within rango of validity, or usc outside range 
of  established validity justified. 
Hand calculations checked for errors. Spmdsheat m u h  should be 
treated exactly the m e  as hand calculations. 
Software input correct and consistent with document reviewed. 
Software output consistent with input and with results reprtd in 
docmml reviewd. 
Limitdcriterdguidelines applied to mdysis results arc appropriate and 
referenced. Limitdaiteridguidehs checked against references. 
Safety margins consistent with g o d  engineering p t i c c s .  
Conclusions consistent with analytical results and applicable limits. 
Results and conclusions addre= dl points required in the problem 
statement. 
Fo~mat consistent with applicable guidm or ather standards. 
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Date 
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Reviewer notes for VOC Comemation in Wmte Box and the Number of Filters 
Necessiuy to Keep Concentwdion Luw, April, 2007, by Robert Marusich 

(1) The concept of the approach to equilibrium is wed in this report, but never 
quantified. Nearness to equilibrium should be an input parameter 

(2) The equation for number of filters use8 intermediate results (i.e. G or number of 
moles) dculated &om input quantities. The equations would be more useful ifthey 
included input parameters, such as the initial VQC concentration, arthe desired steady 
state concentration. 

Redy to the Peer Review Comments: 

(1) Changes were d e  an page 8 to better explain the concept of steady state. The 
discussion of steady state vs. mn-steady state that was included at the end of 
Section 5 was removed Instad, times were chosen (e.g., 1096 days, 730 days, 
etc) such that steady state conditions existed 

(2) A spreadsheet was developed to solve the equations developed in this paper. The 
spreadsheet u s a  input parameters, not intmnediak results (like "G") to 
determine the number of filters required. In addition, the examples in Section 
5.1 and 5.2 show how the input parameters are used to determine the 
intermediate results and the final mult. 
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