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EXECUTIVE SUMMARY 

The amount of hydrogen that could diffuse through the domes of the Hanford Site Single-Shell 
tanks (SSTs) if they were hypothetically sealed airtight was quantified. The report examined 
whether diffusion alone would be sufficient to keep hydrogen concentrations below the lower 
flammability limit (LFL). 

Several steps were necessary to quantify potential diffusion. Reports and drawings were 
examined to identify potential diffusional barriers. Effective diffusivities for the barriers were 
estimated and a diffusion resistance term calculated. The amount of hydrogen that could diffuse 
through the dome and keep steady-state hydrogen concentrations below the LFL was then 
calculated. 

Calculations show that the AX and SX-Farm SSTs do not require ventilation of any kind to keep 
flammable gas concentrations below the LFL. Hydrogen diffusion alone would be sufficient to 
keep headspace concentrations well below the LFL. 

The A, B, BX, BY, S, T, TX, TY, and U SST domes all have an asphaltic membrane covering 
that would reduce gaseous diffusion. About 7.9 liters of hydrogen per day in the 100 series SSTs 
would put equilibrium hydrogen concentrations near the LFL if the only means of dissipating 
hydrogen were diffusion. The 200 Series SSTs domes have a relatively smaller diffusional 
surface area and about 0.26 liters of hydrogen per day would put equilibrium concentrations near 
the LFL. 

... 
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1.0 INTRODUCTION 

1.1 PURPOSE AND SCOPE 

The purpose of this document is to quantify the amount of hydrogen that could diffuse through 
the domes of the Hanford Site Single-Shell tanks (SSTs) if they were hypothetically sealed 
airtight. Diffusion is assumed to be the only mechanism available to reduce flammable gas 
concentrations. The scope of this report is limited to the 149 SSTs. 

1.2 BACKGROUND 

Hydrogen is produced in Hanford Site SSTs by thermal-chemical reactions and radiolysis in the 
waste and by corrosion of the steel liner. Steady-State Flammable Gas Release Rate Calculation 
and Lower Flammability Level Evaluation for Hanford Tank Waste (Hu and Barker 2003) 
calculated the time to reach the lower flammability limit (LFL) if ventilation were not available 
to dissipate flammable gases. Ventilation was the only mechanism credited for removing 
flammable gasses; however, previous examinations of concrete waste transfer-associated 
structures (Flammable Gas Diffusion from Waste Transfer Associated Structures, Meacham et al. 
2003) showed that sufficient flammable gas would diffuse through the transfer structure walls to 
keep headspace concentrations below the LFL. This report examines whether diffusion alone 
would be sufficient to keep hydrogen concentrations below the LFL. 

1 
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2.0 ASSUMPTIONS 

Several assumptions were made in performing the calculations in this report. Some parameters 
and effects do not lend themselves to easy quantification; therefore, conservative assumptions 
were necessary to quantitatively assess diffusion. 

2.1 BAROMETRIC BREATHING 

Flammable gas losses through ventilation were neglected. SSTs were assumed sealed airtight 
and remain airtight while flammable gasses slowly accumulate. In reality, the enclosure would 
be ventilated through atmospheric breathing caused by atmospheric pressure fluctuations. An 
assumption of no barometric breathing is conservative because assessments show that barometric 
breathing alone could keep flammable gas concentrations below the LFL in most tanks 
(Hu and Barker 2003). 

2.2 CONCRETE COATINGS 

The asphaltic membrane water proofing covering most of the SSTs is assumed not to have 
degraded. Asphaltic membrane roofs degrade from mechanical damage (e.g., wind), ultraviolet 
radiation, heat, and oxidation. Although the first two mechanisms can be ruled out for the SST 
domes, the domes have been exposed to high temperatures from years of waste processing and 
oxygen which can diffuse through the soil and concrete. It was not possible to estimate the 
effects of high temperatures and oxidation on asphaltic membrane effective diffusivity, and this 
remains an unquantified conservatism. 

2.3 FLAMMABLE GAS GENERATION 

Flammable gases other than hydrogen are produced at a lesser rate by the waste, including 
ammonia and methane. These gases would contribute to flammability; however, the contribution 
would be relatively small and falls within the bounds of uncertainty in the analyses presented 
here. 

2.4 WELL MIXED HEADSPACE 

The atmosphere within the SST headspace is well mixed. Various mixing processes in the 
headspace (e.g., convection and molecular diffusion) cause hydrogen to be uniformly mixed 
throughout the dome (Homogeneity of Passively Ventilated Waste Tanks, Huckaby et al. 1997). 
This is realistic and, therefore, does not lead to conservatism or nonconservatism in the analysis. 

3 
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2.5 TANK DOME SURFACE AREA 

The SST dome radius of curvature varies with height causing the dome to have an elliptical 
shape. For example, the A, AX and SX farm tanks have an inside radius of curvature of 95 ft at 
the crown of the dome. This radius does not change for a vertical distance of 1.19 ft. At this 
point the inside radius of curvature becomes 60 ft for the next 6.1 1 vertical ft. The radius of 
curvature then changes to 10 ft  for the next 3.52 vertical ft. The final radius of curvature is 
2.2 1 ft for the next 1.18 vertical ft  to where the dome meets the side wall. The distance from the 
crown of the dome to the side wall is about 12 vertical ft. The calculations assume that the 
domes are circulator over this 12 vertical ft, a slightly conservative assumption. 

4 
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3.0 ANALYTICAL METHODOLOGY 

Physical models are used to describe the generation and retention of hydrogen in the 
hypothetically sealed SSTs. Important physical parameters and their ranges are discussed in 
Chapter 4.0. Phenomena of gas diffusion are well investigated and the model is built using these 
well-defined principles. 

3.1 APPROACH 

The approach used to estimate hydrogen diffusion through a SST dome is summarized as 
follows: 

1. Estimate the effective diffusivity for hydrogen through concrete, asphaltic membrane, 
mortar/gunite, and soil (as appropriate). 

2. Calculate a diffusion resistance term for each of the barriers listed in 1 above. 

3. Sum the resistances for the respective diffusion barriers. 

4. Calculate the amount of hydrogen that could diffuse through the dome and keep 
steady-state hydrogen concentrations below the LFL. 

3.2 MODEL 

Hydrogen (and other decomposition gases) would begin to build in concentration in the 
headspace of a sealed SST. Assuming a constant hydrogen generation rate, the concentration in 
the headspace would increase until the system reached steady state and the diffusion outflow 
equaled the hydrogen generation rate (HGR): 

HGR = Out Diffusion Rate (3-1) 

Where HGR = hydrogen generation rate, moles/day 

The hydrogen out diffusion rate may be calculated from the sum of fluxes (mole/cm’-sec) 
multiplied by the surface areas for each applicable flux: 

Out Diffusion Rate = k Q , A ,  

Where Q, = hydrogen flux for area i, mole/cm2-sec 
A, = normal area for ith surface, cm2 

The diffusion flux is 
D. Ac Q=F 

5 
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Where Q = diffusion flux, mole/cm2-sec 
De = effective diffusivity, cm2/sec 

AC = concentration difference across barrier, mole/cm3 
AX = path length for diffusion, cm 

The hydrogen flux is calculated to account for several diffusion resistances in series (e.g., 
concrete, asphaltic membrane, gunite, and soil). By analogy with ohms law, resistances in series 
are additive and the total resistance factor is the sum of the individual resistances. This 
technique of adding diffusional resistances is discussed in Model Spec$cations for Protective 
Coatings for Concrete (Hong Kong Government Civil Engineering Department 1994) and in 
previous Hanford Site work (Meacham et al. 2003). The diffusion flux equation may be written 
in terms of a resistance factor: 

(3-3a) 

Where R = resistance factor, AWD,, sec/cm 

Ambient hydrogen concentration in air is negligible when compared to the hypothetical SST 
headspace, so AC would simply be the steady-state hydrogen headspace concentration, C,. 
Through conservation of mass and assuming hydrogen loss is through diffusion alone, the 
hydrogen generation rate is equal to the diffusion rate: 

i Ai HGR = C, c- 
Ri 

and the equilibrium hydrogen concentration is given by: 

HGR C,= - 

Where C, = steady-state headspace hydrogen concentration 
Ai = a specific barrier surface area 
Ri = total resistance factor associated with barrier surface area Ai 

6 
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4.0 INPUT DATA 

4.1 SST DOME CONFIGURATIONS 

There are five tank farms containing 530,000-gallon tanks. Four of the five tank farms have 
tanks constructed from the same drawings (the 100 Series B, C, T, and U). Typical SST 
configurations are shown in Figure 4-1. The B, C, T, and U farm tanks were constructed in 1943 
through 1944 while the BX-Farm tanks were constructed in 1947 and 1948. The 530,000-gallon 
tanks are geometrically the same and have the same material properties with minor differences in 
reinforcing steel arrangements and liner construction. 

There are four tank farms containing 758,000-gallon tanks. The TX-Farm tanks were 
constructed in 1947 through 1948 followed by construction of the BY-Farm tanks in 1948 
through 1949. Specifications for the S-Farm tanks were issued in November 1949, and the 
construction drawings were issued “as-built’’ in November 195 1. Specifications for the 
TY-Farm tanks were issued in March 195 1, and the design drawings were signed off “as-built’’ 
in June 1952. The 758,000-gallon tanks are geometrically identical, and have the same material 
properties with minor differences in reinforcing steel arrangements. 

There are three tank farms containing I-million-gallon tanks. Specifications for the SX Tank 
Farm were issued in May 1953, and the design drawings were signed off “as-built’’ in 
November 1954. Specifications for the A Tank Farm were issued in October 1953, and the 
construction drawings were issued “as-built’’ in April 1956. Specifications for the AX Tank 
Farm were issued in May 1963, and the construction drawings were issued “as-built” in 
February 1965. The 1 million-gallon tanks are geometrically similar with the exception of the 
basemats and foundations and have the same material properties with minor differences in 
concrete strength and reinforcing steel arrangements. 

There are four tank farms containing 55,000-gallon tanks. All four of the farms (the 200 Series 
B, C, T, and U) contain tanks constructed from the same drawings. The B, C, T, and U-Farm 
tanks were constructed in 1943 through 1944. 
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Figure 4-1. Typical Configurations of Single-Shell Tanks at the Hanford Site. 

R n k  csoacity: 1 million gal 

75-R-dia Single-Shell Tank 
Tank Farms: 241-A', 241-AX*, 2 4 1 S X  

*A and AX have fl81 bottoms 

Rnk upsclly: 530.0 

75-R-dia Single-Shell Tank 
Tank Fanns: 2418 ,241-BX.  241-12, 

241-T. 241-U 

75-R-dia Single-Shell Tank 
Tank Farms: 241-BY, 2 4 1 S ,  

241-TX. 241-TY 

20-R-dis Single-Shell Tank 
Tank Farms: 241-B, 241-C. 

241-T, 241-U 
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4.1.1 

4.1.1.1 A, AX, and SX Tank Dome Surface Area 

The 100 Series SSTs have a radius of 37.5 ft (1 143 cm), and the domes are approximately 
12 ft (366 cm) high from the crown to the tank liner. The radius of curvature varies with height 
causing the dome to have an elliptical shape; however, the dome surface area can be 
approximated as a circular dome (see Figure 4-2). The surface area of a circular dome is given 
by (CRC Standard Mathematical Tables, Beyer 1981): 

Single-Shell Tank Dome Diffusional Surface Area 

S = n(rz + hZ) (4-1) 

Where S = dome surface area (cm’) 
h = dome height (cm) 
r = radius from centerline (cm) 

Substituting in the values above, the interior surface area of the dome is: 

S = n [(1143 cm>2 + (366 cm)2]= 4.53 x 106cm2 

The A-Farm tanks have rectangular 11 ft  (335 cm) by 14 ft (427 cm) concrete central pump pits 
that attach to the top of the dome (H-2-55911, Waste Storage Tank Composite Section PUREX 
Waste Disposal Facility). For simplification, difksion is assumed not to occur across this area. 
The tanks also have several risers that penetrate the tank dome, and concrete pits that do not 
attach to the tank dome. These risers and pits are judged not to significantly affect hydrogen 
diffusion. The available surface area (SA) for diffusion is: 

SA = 4.53 x lo6 - [(335) (427)]= 4.39 x 106cm2 

The AX and SX-Farm tanks have different riser and pit configurations, but the A-Farm tanks 
have the largest concrete pit that directly connects to a tank. A conservative surface area of 
4.39 x lo6 cm2 will be used for the AX and SX-Farm tank calculations. 

4.1.1.2 B, BX, C, T, and U 100 Series Tank Dome Surface Area 

The B, BX, C ,  T, and U 100 Series tanks have rectangular central pits that are approximately 
12 ft  (366 cm) by 9 ft  (274 cm). The pits do not appear to connect to the top of the tanks, but to 
simplify the calculation, diffusion is assumed not to occur across this area. The tanks also have 
several risers that penetrate the tank dome, and other concrete pits. These risers and pits are 
judged not to significantly affect hydrogen diffusion. The available surface area is: 

SA = 4.53 x lo6 -[(366)(274)]= 4.43 x 106cm2 

9 
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Figure 4-2. Dome Surface Area Calculation. 

4.1.1.3 BY, S, TX, and TY Tank Dome Surface Area 

The BY, S, TX, and TY tanks have central pits of which the largest is approximately 
14.5 ft  (442 cm) by 11 ft (335 cm). To simplify the calculation, diffusion is assumed not to 
occur across this area. The tanks also have several risers that penetrate the tank dome, and other 
concrete pits. These risers and pits are judged not to significantly affect hydrogen diffusion. The 
available surface area for diffusion is: 

SA = 4.53 x lo6 - [(442) (33511 = 4.38 x 106cmZ 

4.1.1.4 B, C, T, and U 200 Series Tank Dome Surface Area 

The B, C, T, and U-Farm 200-series tanks are 20 ft (610 cm) in diameter. A 1.0 ft thick flat plate 
forms the roof of the tank as shown in Figure 4-1. This roof is strengthened by the integral 
condenser hatchway trunk structures on top of the roof that extend to the surface. The walls of 
the hatchways form deep beams with a height of 12 ft spanning the 20-ft diameter tank. Because 
the roofs are flat, the surface area is: 

S = n (305 cmy = 2.92 x 105cm2 

10 
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However, the concrete condenser hatch way trunk structures cover just under half of this surface. 
Diffusion would follow the path of least resistance, suggesting that only half the roof surface 
area (Le., 1.46 x lo5 cm') should be used in the diffusion calculation. 

4.1.2 SST Dome Coatings 

Tank farms differ with respect to the effort made to providing dome waterproofing (Single-Shell 
Tank System Infegrity Assessment Report, Rifaey 2002). A-Farm has a 2-ply asphaltic 
membrane applied to the top (H-2-55911). AX Farm shows no waterproofing (H-2-44562, 
Structural Waste Storage Tanks Composite Section & Details). BX-Farm shows a 3-ply 
asphaltic membrane covered with %-inch thick cement mortar (H-2-602, Composite Tank 
Typical Details Concrete 241-B3. The B, C, T, and U Farms have the same coatings as 
BX-Farm. SX-Farm shows no coatings (H-2-395 11, 75 Ff. Storage Tanks Composite Section 
Wasfe Disposal Facility 241-SX). S, BY, TX, and TY-Farms show the greatest effort with an 
internal coating of Lapidolith@ surface treatment (a concrete hardener containing magnesium 
zinc fluorosilicate), and an exterior coating of %-inch thick 3-ply asphaltic membrane covered by 
a %-inch layer of gunite (H-2-1783, 75 Foof composite Sforage TankSections). The B, C, T, 
and U 200 Series tanks show a Lapidolith' interior coating and exterior coatings of %-inch 3-ply 
asphaltic membrane covered by %-inch layer of mortar/gunite on flat surfaces and %-inch layer 
of mortar/gunite on vertical surfaces. Dome coatings for the respective tank farms are 
summarized in Table 4-1. 

4.2 CONCRETE EFFECTIVE DIFFUSIVITY 

4.2.1 Diffusion Mechanisms 

Concrete is a porous material through which gas flows under a pressure gradient. In the scenario 
presented here, there is no pressure gradient within the concrete to cause a bulk gas flow. 
Concentration gradients across the concrete barrier cause hydrogen to diffuse through the 
channels of connected porosity. The key problem here is to quantify how rapidly hydrogen can 
diffuse through the pores. 

'Registered trademark of ChemRex, Inc. 889 Valley Park Drive, Shakopee, MN, 55379. 

11 
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Diffusion of gases through concrete has been the subject of a number of studies. Among the 
papers reviewed in this work are “Transport of Gases in Concrete Barriers” (Harris et al. 1992), 
“Transport of Oxygen through Concrete” (Lawrence 1984), “Laboratory Measurements of the 
Transport of Radon Gas Through Concrete Samples” (Renken and Rosenburg 1995), “Diffusion 
of Methane Through Concrete” (Chou Chen and Katz 1978), “Oxygen Diffusivity of Various 
Cementitious Materials” (Kobayashi and Shuttoh 1991), “Transport of Gases Through Concrete” 
(Atkinson et al. 1989), “Influence of Porosity and Water Content on the Diffusivity of C02 and 
0 2  Through Hydrated Cement Paste” (Houst and Wittmann 1994), and “In-Situ Determination of 
the Diffusion Coefficient of 222Rn in Concrete” (Gadd and Borak 1995). 

Three mechanisms have been identified for the diffusion of gases through concrete, and these are 
briefly described here. A more in-depth discussion of the three mechanisms is given by 
Lawrence (1 984). 

Ordinary gas diffusion - In this case, the mean free path of molecules is small compared 
to the dimensions of the open pore. Most molecular collisions occur between gas 
molecules so the diffusion process is the same as in a stagnant gas phase. Ordinary gas 
diffusivity is applicable, with account taken for fractional porosity (connected open 
spaces in the solid) and tortuosity of the concrete. A tortuosity factor is discussed later in 
this report. 

Knudsen diffusion - In this case pore dimensions are small compared to the mean free 
path and most gas molecular collisions occur with the wall of the pore. Knudsen 
diffusion rates are predictable from the kinetic theory of gases. 

Surface diffusion - In this case gas molecules are sorbed by the walls and are transported 
by solid-state diffusion. This mode of transport is quite slow, and based on the observed 
relative high effective diffusivity of gases through concrete, it is concluded that the 
surface mode of transport is negligible compared to ordinary gas diffusion. 

Analyses of diffusion of oxygen through concrete led both Lawrence (1984) and Houst and 
Wittmann (1994) to conclude that ordinary diffusion was the dominant mechanism. The same 
should hold true for hydrogen because the mean free path of hydrogen in dilute H2/air gas 
mixtures is not very different from the mean free path of oxygen molecules. 

For transport in porous materials in which normal diffusion is the dominant mechanism, the 
effective diffusivity of a gas is related to its diffusivity as follows (Sherwood et al. 1975): 

E 

5 
D. = D- 

Where De = effective diffusivity in porous solid, cm2/sec 
D = diffusivity in free gas phase, cm2/sec 
E = fractional porosity, dimensionless 
T = tortuosity factor, dimensionless 

(4-2) 
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The factor E/T is mainly a property of the porous solid, and may be calculated from 
measurements of D, and known values of D for the test gas. Once values of E/T are known, De 
may be estimated for any other gas of interest (assuming mean free path is roughly the same) 
based on D for that gas and the applicable value of E/T. 

4.2.2 Parameters Affecting Concrete Effective 
Diffusivity 

Hanford Site tank farm concrete is judged to be made with a typical industrial standard water to 
cement volume ratio of 0.5. Concrete permeability increases as it ages, and rebar and 
construction joints also increase permeability. A few publications that bear on these factors are 
discussed below. 

“Long Term Changes of Air Permeability by Rapid Test” (Kasai et al. 1986) measured changes 
in air permeability of concrete columns with time. A relatively rapid increase in permeability 
was observed during the first four months, with a continuing slower increase up to a total age of 
30 months. Air permeability increased by factors of approximately three to six depending on 
water to cement ratio. Permeability increased most for concretes having the higher (0.65) water 
to cement ratios and least for concretes with the lower (0.45) water to cement ratios. The 
maximum age studied (30 months) is small compared to the age of Hanford Site SSTs, and it is 
likely that age-related increases in permeability would be greater than those observed by 
Kasai et al. (1986). 

The presence of reinforcement bars increased permeability of dry concrete by a factor of between 
three and four as compared to the same concrete without rebar. These laboratory results were 
reported in “Transport of Gases in Concrete Barriers” (Harris et al. 1992). Because the 
magnitudes of effective diffusivity and permeability are closely related, the effective diffusivity 
of gases would probably increase by similar factors. Harris et al. (1992) also measured 
permeabilities in a grout containing a construction joint. Permeability in the sample having the 
construction joint increased by factors of three to ten depending on the relative humidity in the 
test. The dry test showed the largest (factor of ten) increase in permeability. 

The increases in effective diffusivity from aging, cracking, reinforcing bars, and construction 
joints should apply to SST concrete domes. 

4.2.3 Concrete Effective Diffusivity Estimate 

Renken and Rosenberg (1995) measured the diffusivity of radon through concrete samples of 
three different mixes. Mix A was formulated to simulate typical basement slab mixes. Samples 
were kept superficially wet for three days after casting and then allowed to air cure in a basement 
for at least 60 days. Water to cement ratio for Mix A was 0.50. The diffusion tests were 
conducted with radon and apparently carried out at room (-20 “C) temperature. For Mix A, the 
effective diffusivity was reported as 4.96 x cm2/sec. Similar experiments conducted by 
Maas (1997) reported an average effective diffusivity of 2.83 x 1 0-4 cm2/sec for concrete batches 
made with a water to cement ratio of 0.51. The average effective diffusivity from these two 
studies was 3.90 x lo4 cm2/sec. Tests were performed on concrete samples that had no rebar, no 

13 
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construction joints, and were cured for only 60 days. This E/T value is most likely one to two 
orders of magnitude less than the actual value for the SO+ year old SST concrete domes that have 
rebar, construction joints, and have likely experienced age-related cracking. 

A value of E/T may be calculated by dividing the effective diffusivity by the normal gas phase 
diffusivity of radon. The diffusivity of radon at room temperature is reported in “Multiphase 

0.11 cm2/sec. From a rearrangement of Equation 4-2, E/T is computed to be: 
I 
~ 

Radon Generation and Transport in Porous Materials” (Rogers and Nielson 1991) to be 

3 . 9 0 ~  lo4 
= 3.55 x 1 O 3  De - E/Z = -- 

D 0.1 1 

The effective diffusivity for hydrogen in concrete can be calculated from the C/T value and the 
diffusivity of hydrogen in air, which is 0.61 1 cm2/sec at 0 “C (Perry et al. 1984) and about 
0.66 cm2/sec at the average Hanford Site ambient temperature of 13.5 “C: 

De= (0.66 cm2/sec) (3.55 x lo”) = 2.34 x 10” cm2/sec 

Two other samples tested by Renken and Rosenberg (1995) yielded higher diffusivities but were 
not used because mix formulations are atypical concrete. Mix B used a water to cement ratio of 
1 .O and included fly ash as a solid component in place of cement. This formulation yielded a 
concrete that did not solidify properly and was considered by Renken and Rosenburg (1995) only 
as an unconventional concrete comparison. Mix C used a water to cement ratio of 0.65, which is 
higher than normally used to produce concrete having a nominal compressive strength of 
3,000 psi. The higher diffusivity for Mix C is consistent with the higher watedcement ratio. 

Two concrete samples taken from a tunnel wall (age of concrete was not stated) were tested by 
Chou Chen and Katz (1978). The diffusivity of methane in nitrogen was measured in a test cell 
under dry and wet conditions. Although details of mix formulation, curing conditions, and age 
were not available (compressive strength was given as 3,000 psi which is identical to the SST 
dome design specifications), it seems likely that the tunnel wall would be similar to 
specifications for Hanford Site SST tank domes. The concrete was probably a number of years 
old, and age related cracking might have occurred as is expected for the SST domes. The 
samples did not contain rebar or construction joints. For these reasons, the tests provide a 
conservative method for deriving an effective diffusivity for the SST concrete domes. 

Measured effective diffusivities of methane in nitrogen were reported by Chou Chen and 
Katz (1978) as 3.08 x 10” cm2/sec and 1.28 x 10” cm2/sec for two samples of tunnel wall 
concrete. The gas phase diffusivity of methane in nitrogen was estimated from a correlating 
equation (Shenvood et al. 1975) to be 0.22 cm2/sec at 25 “C. Values for E/Z are 3.08 x lO”/O.22 
= 0.014 and 1.28 x lO”/O.22 = 0.00582, respectively. The corresponding effective diffusivities 
for hydrogen would be: 

and 
D, = (0.66 cm2/sec) (0.014) = 9.2 x 10” cm2/sec 

De = (0.66 cm2/sec) (0.00582) = 3.8 x 10” cm2/sec 

14 
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The lower of these two values (3.8 x 10” cm2/sec) is judged to be a conservative effective 
diffusivity for hydrogen diffusion through the SST concrete domes. 

4.3 HARDENED CONCRETE EFFECTIVE 
DIFFUSIVITY 

Some interior tank dome surfaces were covered with Lapidolitha, a magnesium zinc 
fluorosilicate concrete hardener. Lipdolith@ is a commercial concrete hardener that was first 
patented in 1913 and is still used today. The hardener penetrates the concrete surface to depth up 
to ’/sth-inch and reacts with the free lime to tightly bind the cement, sand, and aggregate particles, 
but does not form a film over the concrete surface. One of the benefits of Lapidolith@ listed in 
the technical data (“Lapidolith Technical Data,” ChemRex 2002) is that it produces a breathable 
surface. Therefore, Lapidolith is judged to have a negligible effect on gaseous diffusion 
through the concrete. 

‘B, . 

4.4 ASPHALTIC MEMBRANE EFFECTIVE 
DIFFUSIVITY 

An asphaltic membrane waterproofing was applied over the concrete dome on some SSTs. The 
asphaltic waterproofing was applied at a rate of 40 to 50 lbf/100 ft2 as a tack layer followed by 
three layers of impregnated cotton fabric with the same rate of asphalt applied between each 
layer and a final layer of asphalt at the same rate on top of the last fabric layer. 

An estimate of the effective diffusivity of hydrogen through the membrane maybe made by 
assuming the membrane to be solid asphalt with no porosity. In reality, hot-mopping of the felts 
would be unlikely to completely fill all voids in the felts, and a residual non-zero porosity would 
remain after the built up roofing was completed. The existence of porosity would increase 
effective diffusivity as compared to the zero porosity case calculated here. 

Data on hydrogen diffusion through solid asphalt are not available. However a fairly extensive 
study of oxygen diffusion through thin layers of asphalt has been reported in “The Measurement 
of Oxygen Transport Parameters for AsphaWAggregate and Asphalt/Glass Systems Using an 
Electrodynamic Balance” (Periasamy 1995). Periasamy (1995) coated small glass spheres with 
asphalt and studied the uptake of oxygen by the tar as a function of time by means of an 
electromagnetic balance. From the shape of the mass uptake transient, both oxygen solubility 
and diffusivity were measured in solid asphalt. The data on permeability are shown in Table 4-2. 

Inspection of the permeability data listed in Table 4-2 shows that measured permeabilities vary 
significantly from run to run. For example. for runs one and two done with glass substrate, 
permeabilities are 13.0 and 59.1 barrer. The data differ by a factor of 59.1/13 = 4.55. Another 
feature of the permeability data is that there is little correlation with the test parameters of 
temperature, substrate material or asphalt type. The average of all 40 permeabilities is 3 1 barrer. 
An uncertainty band of a factor of two should be recognized in applying this mean value. 
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Table 4-2. Permeability of Asphalt to Oxygen. 

I aggregate I 1 I AAB 1 I 21 

1 Substrate I Run I Asphalt 1 Temperature I Permeability 1 

56.9 
aggregate 64.4 

~ 

2 AABl 21 

I aggregate I 5 I AAB 1 I 22 I 53.4 

aggregate 3 AAB 1 21 I 28.1 

aggregate I 6 I AAGl I 24 22.7 

I aggregate I 15 I AAKl I 40 I 9.9 

aggregate 7 AAG 1 23 5.87 

. . .  
Periasamy, R., i995;"The Measurement of Oxygn Transport Parameters for AsphaltiAggregate and Asphalti 
Glass Systems Using an Electrodynamic Balance," Fuel Science and Technology in:%, 13(6), pp. 699-11 1 

aggregate 

To convert permeability in bmer to effective diffusivity in cmz /sec, multiply by 
0.76 x 10.' cm2/sec-barrer: 

31 barrer x 0.76x10~*cm2/sec barrer =2.4x10-'cm2/sec. 

8 AAGl 40 33.7 

16 

aggregate 10 AAGl 60 21.3 
aggregate 
aggregate 
aggregate 
aggregate 

11 AAG 1 61 86.9 
12 AAKl 21 15.1 
13 AAKl 22 13.2 
14 AAK I 24 195 

aggregate 
aggregate 
aggregate 
aggregate 

16 AAKl 41 56.1 
17 AAKl 59 20.5 
18 AAKl 59 52.2 
19 AAKl 60 46.4 
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This effective diffusivity, 2.4 x IO-’ cm2/sec, applies to oxygen. Based on experimental data on 
hydrogen and oxygen permeabilities in a number of solid polymers, the ratio of hydrogen to 
oxygen permeability is estimated to be 4.14. The data on which the H2:02 permeability ratio is 
based is summarized in Meacham et al. (2003) and the technical basis for applying the ratio is 
presented in Diffusion in Polymers (Crank and Park 1968). Using the permeability ratio of 4.14, 
the best estimate for the effective diffusivity of hydrogen in a solid asphaltic membrane is: 

De = 4 . 1 4 ( 2 . 4 ~ 1 0 - ~  cm2/sec)=9.9x10-7cm2/sec 

As noted above, an uncertainty band of a factor of two should be applied so a conservative value 
of 5.0 x IO” cm2/sec will be used in the diffusion calculation. 

4.5 MORTAWGUNITE EFFECTIVE 
DIFFUSIVITY 

A protective finish of mortar or gunite was often applied over the asphaltic membrane to prevent 
mechanical damage during backfill. B, BX, C, T, and U Farms construction specifications called 
for %-inch Portland cement grout reinforced with chicken wire over the entire surface of the 
membrane waterproofing. Mortar is a cement paste mixed with sand and has typical water to 
cement ratios of 0.45 to 0.55. The cement to aggregate ratio is greater than that for concrete, and 
therefore, the permeability would be greater than for concrete. Experiments show that mortar 
porosity was more than twice that of air cured concrete (Transport in Brick, Stone and Concrete, 
Hall and Hoff 2002). This is because the main pores and capillaries in concrete exist in the 
cement paste and not the aggregates. Therefore, the effective diffusivity of hydrogen through 
mortar should be greater than that of concrete. The galvanized wire mesh would offer little 
diffusion resistance because it is mostly open area. 

Gunite is a mortar or concrete pneumatically projected at high velocity onto surfaces. It consists 
primarily of Portland cement and aggregate. Dry cement mixture is forced through a nozzle with 
compressed air where it mixes with water and is blown onto a wire frame. Specifications called 
for a %-inch layer on gunite over the asphaltic membranes in BY, S, TX, and TY-Farms. 

Gunite would have an even greater porosity than mortar, because of the application method. The 
mortar/gunite layers are assumed to have the same effective diffusivity as the concrete, 
3.8 x IO” cm2/sec. 

4.6 SOIL EFFECTIVE DIFFUSIVITY 

The SSTs are buried in the ground at the Hanford Site. Therefore, hydrogen diffusing through 
the domes would encounter soil overburden as a final diffusion barrier. Pores in Hanford Site 
soils are expected to be large in size compared to the mean free path of gas molecules; therefore, 
ordinary gas diffusion in a porous medium would be the controlling phenomenon. The porosity 
and tortuosity of soil overburden has been estimated from diffusion measurements reported in 
“Binary Gas Diffusion of Methane-Nitrogen through Porous Solids” (Chen et al. 1997). 
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Effective Diffusivity 
at 35 OC, cm2 tsec Material 

Fine Glass Beads 0.0592 
Sand 0.06X5 

The binary gas diffusion of methane-nitrogen mixtures through a number of porous solids was 
measured. Two of the test cells used finely divided materials (fine glass beads and sand) that are 
judged to be representative of Hanford Site soils. Data from the two test cells are summarized in 
Table 4-3. 

Porosity 

0.374 
0.371 

Through Porous Solids,” AIChE Jour& Vol. 23, No. 3, pp. 336-341. 
- 

The data of Table 4-3 may be used to compute a tortuosity factor. Rearranging Equation 4-2, z is 
calculated from D, and E: 

DE 
D. 

z = -  

The binary diffusivity of methanehitro en gas is estimated from a correlating equation, 
Shenvood et al. (1975), to be 0.257 cm kec. Thus, for glass beads, z is computed to be: H 

(4-2a) 

= 1.62 0.257(0.374) 
0.0592 

T =  

For sand, z is computed to be: 

= 1.39 0.257(0.371) 
0.0685 

z =  

These data are applied to soil overburden based on engineering judgment that 20% of the open 
pore space is occupied by water (to account for rainfall at the Hanford Site). The reduced 
porosities are thus 0.8 (0.374) = 0.299, and 0.8 (0.371) = 0.297. Using these values, E/Z values 
for the two sample materials are computed to be 0.299A.62 = 0.185 and 0.297h.39 = 0.214, 
respectively. The corresponding effective diffusivities are 0.185 x 0.66 = 0.12 cm’isec, and 
0.214 x 0.66 = 0.14 cm2/sec. The lower ofthese two values, 0.12 cm2/sec, was selected for the 
report calculations. 

4.7 FLAMMABLE GAS GENERATION RATES 

Hydrogen generation rate estimates for the 149 SSTs are shown in Table 4-4. Values are from 
Hu and Barker (2003). 
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Table 4-4. Hydrogen Generation Rate Estimates for the 149 Single-Shell Tanks. 
I I HGR n I HGR n I HGR I 

Note: NA =Not Available, no HGR calculation for tank A-105 was possible. 
Hu, T.A., and S.A. Barker, 2003, Steady-State Flammable Gas Release Rate Calculation and Lower 
Flammability Level Evaluation for Hanford Tank Waste, WP-5926, Rev. 3, CH2M HILL Hanford Group, 
Inc , Richland, Washington. 
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5.0 ANALYSIS RESULTS 

This section presents analysis results by tank farm. Where the HGR was lower than that 
necessary to keep concentrations below the LFL, an equilibrium concentration is calculated. 

5.1 A-FARM TANKS 

The A-Farm tanks have a %-inch thick 2-ply asphaltic membrane over the concrete dome. The 
diffusional resistances come from the concrete dome, asphaltic membrane, and soil. 

5.1.1 Concrete Resistance 

The concrete effective diffusivity is 3.8 x 
The resistance term is then: 

cm2/sec and the thickness is 1 ft  3 inches (38 cm). 

= 10000 sec/ cm 38 cm 
3.8 x cm2 /sec 

- Rc,,rete - 

5.1.2 2-Ply Asphaltic Membrane Resistance 

The 2-ply asphaltic membrane is %-inch (0.635 cm) thick and has an effective diffusivity of 
5.0 x lo-’ cm2/sec. The resistance term is then: 

=1.27x106 sec/cm 0.635 cm 
5.0 x lo-’ cm2 I sec R2-Ply = 

5.1.3 Soil Resistance 

The soil overburden effective diffusivity is 0.12 cm2/sec. The soil layer thickness varies from 
6 ft  at the dome crest to about 18 ft  where the dome meets the sidewall. An average soil depth of 
12 ft  (366 cm) will be used in the calculation. The resistance term is then: 

366 cm 
0.12 cmz /sec 

= 3050 sec/ cm Rhi, = 

5.1.4 Maximum Diffusible Hydrogen 

Setting the gas concentration to a 0.04 volume fraction, the maximum diffusible HGR is given 
by Equation 3-4: 

= 12 liter H, /day 0.04 liter H, 4.39 x 1o6cm2 86400 sec [ 1000 cm3 ) (10000 + 1.27 x IO6 + 3050 secicm) [ 1 day ) 
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From Table 4-4, all of the A Farm tanks except for tank 241-A-105 (which does not have an 
estimated HGR) have a HGR greater than 12 litersiday. 

5.2 AX-FARM TANKS 

The AX-Farm has no coatings on the concrete dome, and the diffusional resistance comes from 
the dome and overlying soil. 

5.2.1 Concrete Resistance 

The concrete effective diffusivity is 3.8 x 10” cm2/sec, and the thickness is 1 ft  3 inches (38 cm). 
The resistance term is then: 

38 cm 
3.8 x cm2 /sec 

- = 10000 seci cm Rcamp - 

5.2.2 Soil Resistance 

The soil overburden effective diffusivity is 0.12 cm2/sec. The soil layer thickness varies from 
about 6 ft  at the dome crest to about 18 ft  where the dome meets the sidewall. An average soil 
depth of 12 ft  (366 cm) will be used in the calculation. The resistance term is then: 

366 cm 
0.12 cm2 /sec 

= 3050 sec/cm R,,, = 

5.2.3 Maximum Diffusible Hydrogen and Equilibrium 
Concentrations 

Setting the allowable gas concentration to a 0.04 volume fraction, the mz.--num difksible HGR 
is give by Equation 3-4: 

86400 sec 
= 1160 liter H, /day 

0.04 liter H, 4.39 x 106cm2 ( 1000 cm3 ] (10000 + 3050 secicm] ( 1 day 1 
The HGR would have to be less than 1160 liters/day to have a steady-state equilibrium 
concentration below the LFL. From Table 4-4, all of the AX tanks have an HGR less than 
1 160 literdday. Table 5- 1 shows the steady-state equilibrium hydrogen concentration 
(calculated using Equation 3-4a) at the HGR shown in Table 4-3 for a hypothetically sealed 
AX-Farm tank. 
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HGR’ 
Tank (literdday) 

AX-IO1 81 
Ax-102 35 
Ax- 103 117 
AX-104 27 

Equilibrium Concentration 
(% of LFL) 

7.0 
3.0 

2.3 
10 

5.3 

The B, BX, C, T, and U-Farm tanks have a %-inch thick 3-ply asphaltic membrane and a %-inch 
thick layer of cement mortar over the concrete dome. The difhsional resistances come from the 
concrete dome, asphaltic membrane, mortar, and soil. 

5.3.1 Concrete Resistance 

The concrete effective diffusivity is 3.8 x to” cm2/sec, and the thickness is 1 ft 3 inches (38 cm). 
The resistance term is then: 

B, BX, C, T, AND U 100 SERIES TANKS 

= 10000 sed  cm 38 cm 
3.8 x cm2 /sec 

- Rconcrete - 

5.3.2 3-Ply Asphaltic Membrane Resistance 

The 3-pIp as%haltic membrane is %-inch (0.9525 cm) thick and has an effective diffusivity of 
5.0 x 10- cm /sec. The resistance term is then: 

=1.9Ox1O6 sec/cm 0.9525 cm 
5.0 x lo-’ cm2 /sec R3-1, = 

5.3.3 Mortar Resistance 

Mortar is assumed to have the same effective diffusivity as the concrete, 3.8 x 10” cm2/sec. 
Drawing specifications give the mortar thickness as %-inch (1.905 cm). The resistance term is 
then: 

= 500 sed  cm 1.905 cm 
3.8 x cm2 /sec 

- R,m, - 
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5.3.4 Soil Resistance 

The soil overburden effective diffusivity is 0.12 cm2/sec. The soil layer thickness varies from 
about 7.25 ft at the dome crest to about 19.25 ft  where the dome meets the sidewall. An average 
soil depth of 13.25 ft  (404 cm) will be used in the calculation. The resistance term is then: 

R . =  404 cm = 3370 sec/cm 
0.12 cm2 /sec sod 

5.3.5 Maximum Diffusible Hydrogen 

From Equation 3-4, the maximum diffusible HGR is: 

86400 
= 8.0 liter H, /day 0.04 liter H, 4.43 x 106cm2 ( 1000 cm3 ) (10000 + 1.90 x IO6 + 500 + 3370 secicm) ( 1 day ) 

From Table 4-4, all of the B, BX, C, T, and U-Farm tanks have a HGR greater than 
8.0 litersiday. 

5.4 

The BY, S, TX, and TY-Farm tanks have a %-inch thick 3-ply asphaltic membrane and a %-inch 
thick layer of gunite over the concrete dome. The diffusional resistances come from the concrete 
dome, asphaltic membrane, gunite, and soil. 

5.4.1 Concrete Resistance 

The concrete effective diffusivity is 3.8 x lo5 cm2/sec, and the thickness is 1 ft  3 inches (38 cm). 
The resistance term is then: 

BY, S, TX, AND TY TANKS 

= 10000 seci cm 38 cm 
3.8 x cm2 /sec 

- 
Rconcrete - 

5.4.2 3-Ply Asphaltic Membrane Resistance 

The 3 - p ' ~  asphaltic membrane is %-inch (0.9525 cm) thick and has an effective diffusivity of 
5.0 x 1 0  cm2/sec. The resistance term is then: 

= 1.90 x IO6 secicm 0.9525 cm 
5.0 x cm2 /sec R,-P,, = 
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5.4.3 Gunite Resistance 

Gunite is assumed to have the same effective diffusivity as the concrete, 3.8 x 
Drawing specifications give the gunite thickness as %-inch (1.905 cm). The resistance term is 
then: 

cm2/sec. 

1'905 cm 
3.8 x cm2 /sec 

= 500 sec/ cm Ran,, = 

5.4.4 Soil Resistance 

The soil overburden effective diffkivity is 0.12 cm2/sec. The soil layer thickness varies from 
about 8 ft  at the dome crest to about 20 ft where the dome meets the sidewall. An average soil 
depth of 14 ft  (427 cm) will be used in the calculation. The resistance term is then: 

= 3560 sec/cm 427 cm 
0.12 cm2 /sec 'sail = 

5.4.5 Maximum Diffusible Hydrogen 

From Equation 3-4, the maximum diffusible HGR is: 

= 7.9 liter H, /day 0.04 liter H, 4.38 x 106cm2 86400 sec ( 1000 cm3 ) (10000 + 1.90 x IO6 + 500 + 3560 secicm) ( 1 day ) 
The HGR would have to be less than 7.9 literslday to have a steady-state equilibrium 
concentration below the LFL. From Table 4-4, all of the BY, S, TX, and TY tank wastes have an 
HGR greater than 7.9 literslday. 

5.5 SX-FARM TANKS 

The SX-Farm has no exterior coatings on the concrete dome, but does have an interior coating of 
Lapidolith" hardener. From the discussions in Section 4.3, the concrete hardener would have a 
negligible effect on diffusional properties; therefore, the diffusional resistance comes from the 
dome and overlying soil. 

5.5.1 Concrete Resistance 

The concrete effective difhsivity is 3.8 x 
The resistance term is then: 

cm2/sec, and the thickness is 1 ft 3 inches (38 cm). 

38 cm 
3.8 x cmz /sec 

= 10000 sec/cm - Rconcrete - 
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5.5.2 Soil Resistance 

The soil overburden effective diffusivity is 0.12 cm2/sec. The soil layer thickness varies from 
6 ft at the dome crest to about 18 ft where the dome meets the sidewall. An average soil depth of 
12 ft (366 cm) will be used in the calculation. The resistance term is then: 

HGR' 
lli+z=r&l%2~~ Tank 

= 3050 secicm 366 cm 
0.12 cm2 /sec Rbi, = 

Equilibrium Concentration 
(0% of 1 .WT .I 

5.5.3 Maximum Diffusible Hydrogen and Equilibrium 
Concentrations 

Setting the allowable gas concentration to a 0.04 volume fraction, the maximum diffusible HGR 
is give by Equation 3-4: 

sx-IO1 
sx-102 
sx-103 
SX-lnA 

86400 
= 1160 liter H, /day 0.04 liter H, 4.39 x 1o6cm2 [ 1000 cm3 ) (10000 +3050 secicm) ( 1 day ] 

80 6.9 
88 7.6 

Rl 7 5  
334 29 

SX-109 86 7.4 

I I 
-,. ."., . "" ." 

I 

.,,.-A I 1  

sx-I 12 
sx-I 13 
SX-114 
sx-115 

SX-106 1 50 I 4.3 
2.8 
- .  

33 
-. 

sx-107 
~~~ ~ ~ ~ 

_I, _._ 
29 2.5 
23 2.0 
39 3.4 
23 2.0 

Y l .  I." _. _. . 
CY.111 I 7 7  I 17 
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5.6 

The B, C, T, and U-Farm 200 series tanks have a %-inch thick 3-ply asphaltic membrane and a 
%-inch thick layer of cement mortar over the concrete dome. The diffusional resistances come 
from the concrete dome, asphaltic membrane, mortar, and soil. 

5.6.1 Concrete Resistance 

The concrete effective diffusivity is 3.8 x lo” cm2/sec, and the thickness is I ft (30 cm). The 
resistance term is then: 

B, C, T, AND U 200 SERIES TANKS 

= 7900 sec/cm 30 cm - 
Rconcrete - 3.8 x cm2 /sec 

5.6.2 3-Ply Asphaltic Membrane Resistance 

The 3-ply asphaltic membrane is %-inch (0.9525 cm) thick and has an effective diffusivity of 
5.0 x 10.’ cm2/sec. The resistance term is then: 

= 1.90 x IO6 sed cm 0.9525 cm 
5.0 x 10.’ cm2 /sec 

- R3-Ply - 

5.6.3 Mortar Resistance 

Mortar is assumed to have the same effective diffusivity as the concrete, 3.8 x lo” cm2/sec. 
Drawing specifications give the thickness as %-inch (1.905 cm). The resistance term is then: 

1.905 cm 
3.8 x cm2 /sec 

= 500 sec/ cm RM,,, = 

5.6.4 Soil Resistance 

The soil overburden effective diffusivity is 0.12 cm2/sec. The soil layer thickness is about 
11 ft (335 cm). The resistance term is then: 

335 cm = 2800 sec/cm 
0.12 cm2 /sec ‘soil = 
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5.6.5 Maximum Diffusible Hydrogen 

From Equation 3-4, the maximum diffusible HGR is: 

86400 = 0.26 liter H, /day 0.04 liter H, 1.46x10’cm2 ( 1000 cm3 ] (7900 + 1.90 x lo6 + 500 + 2800 sed cm] ( 1 day ) 
From Table 4-4, all of the B, C, T, and U-Farm 200 series tank wastes have a HGR greater than 
0.26 litedday. 
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6.0 CONCLUSIONS 

Calculations show that the AX and SX-Farm SSTs do not require ventilation of any kind to keep 
flammable gas concentrations below the LFL. Hydrogen diffusion alone would be sufficient to 
keep headspace concentrations well below the LFL if the tanks were hypothetically sealed 
airtight. 

The A, B, BX, BY, S, T, TX, TY, and U SST domes all have an asphaltic membrane covering 
that would reduce gaseous diffusion. About 7.9 liters of hydrogen per day in the 100 Series 
SSTs would put equilibrium hydrogen concentrations near the LFL if the only means of 
dissipating hydrogen were diffusion. The 200 Series SSTs domes have a relatively smaller 
diffusional surface area, and about 0.26 liters of hydrogen per day would put equilibrium 
hydrogen concentrations near the LFL. 
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