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Bounding Mass Transfer Coefficients
for the

In-Tank Precipitation Facility (U)

1.0 INTRODUCTION

The In-Tank Precipitation (ITP) facility at the Savannah River Site initiated radioactive operation
in Tank 48H in September 1995. During pump operation in Deeember 1995, benzene evolved
from Tank 48H at higher rates than expec@ though the limiting condition of operation was
never approached. Subsequent investigations revealed the source of benzene was catalytic
decomposition of excess, soluble tetraphenylborate ion (TPB-) that was added to assure adequate
suppression of cesium volubility [refetwwe 1].

In August, 1996 the Defense Nuclear Facilities Safety Bored (DNFSB) issued Recommendation
96-1 in which the Board recommended that the Department of Energy develop a better
understanding of the mechanisms of benzene generation, retentiom and release. In the 96-1
Implementation Plan [~ferenee 2], the Department of Energy developed its approach to resolve
the issues raised by the DNFSB. The plan is based on the development of a revised safety
strategy and a combination of bench, pilot scale and plant tests aimed at understanding benzene
generation, retention, and release. Further, the test program includes these elements:

● Benzene generation
+ determine catalyst(s), mechanisms, and rate constants for decomposition

of soluble TPB-
+ study stability of solid CSTPB and KTPB
+ confirm using actual, wastes

● Benzene retention
+ determine capacity of slurries to retain benzene
+ endeavor to understand the physical forms in which benzene is retained

● Benzene release
+ develop an undemanding of how benzene is released in lab scale tests

and in pilot scale demonstration
+ determine mass transfer coefficients associated with plant equipment operational

configurations

The Implementation Plan provides a commitment to quantify benzene release rates for both
planned and inadvertent plant evolutions. As pafi of this commitment, Milestone 5.2.4-2 is to
Define Bounding Mass Transfer Coefficients for ITP Tanks. This teport, combined with
refettmees 3,4, and 5 meets this milestone. This report describes how the mass transfer
coefficients for benzene may lx used in the operation of each tank in the ITP Facility. References
3 and 4 describe the calculation of the bounding mass tmrtsfer coefficients for tank operating

. conditions. Reference 5 describes the methodology used to extraetmass transfer coefficients
from tank vapor space benzene measurement data. Descriptions of tank operating strategy may
be found in referenee 6.
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2.0 APPLICATION OF MASS TRANSFER COEFFICIENTS

Safe operation of the ITP process requires an understanding of mass transfer coefficients for
slurries containing benzene, to address two types of scenatios. Fimt, the upper bound on mass
transfer under specific conditions is required to ensure that the amount of benzene released into
the vapx space in a given time period does not cause the vapor spaes concentration to exceed a
defined limit (The limit is diffemmt for different scenarios, and will be defined in the final report
for Milestone 5.2.1-3 of the Recommendation 96-1 Implementation Plan [n?ference 2].) Second,
the lower bound on mass transfer under specific conditions would be necessary to understand the
amount of time requkd to deplete the slurry of retained benzene, unless benzene depletion can
be confirmed through measurement of benzene in the vapor space. The use of a lower bounding
mass transfer coefficient depends upon effective pump mixing to deplete benzene at all proposed
ITP operating conditions. Discussion of the approach actually applied for deftig pump
operation duration in ITP will be included in the repott for Milestone 5.2.1-3 of the
Recommendation 96-1 Implementation Plan [tvference 2].

The proposed opemional strategy [teference 6] for ITP tanks includes periodic operation of
slurry pumps to deplete the slurry of benzene. The period of time between pump runs (i.e. pump
operation frquency) must be defined so that release of the accumulated benzene does not exceed
a predetermined litnit. lle amount accumulated is the benzene generation rate multiplied by the
length of time since the pumps were last run to deplete benzene. The amount of benzene released
in a subsequent pump run is a function of both the accumulated quantity and the mass transfer
coefficient. ‘he upper !xxmd.ingmass transfer coefficients associated with pump operation need
to be applied to calculate pump run frequency.

3.0 MASS TRANSFER COEFFICIENTS FOR TANKS 48 AND 49

Frequency of Slurry Pump Operation

Reference 3 describes the development of upper bounding mass transfer coefficients for Tanks 48
and 49 during the operation of four slurry pumps. In Tank 48, data was only available at three
weight percent slurry and a volume of approximately 16WM gallons. No data was available
fmm Tank 49 to confirm the modeled values described in reference 3. However, the data from
Tank 48 maybe applied by considering two key differences between the tanks:

1. ‘Ile material in Tank 49 will contain a higher proportion of solids, which will tend to
increase the viscosity of the waste and the~fore lower the mass transfer cxxfficient.

2. The slurry pumps in Tank 49 are mom powerful than the pumps in Tank 48. Operation of
the pumps at high speed would tend to increase the mass transfercoefficient. To overcome
this possible non-conservatism, pump operation will initially be restricted to lower speed
while collecting additional data.

Operationof the pumps in Tank 49 ean be configured so that the mass transfer coefficients
measured in Tank 48 are eonsetvative with respect to Tank 49. The mom conservative of the
values calculated for ‘Fank48 or 49 may then be applied to Tank 49. When actual measurement
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data is acquired from Tank 49 after resumption of waste processing, it may be possible to relax
the consewatism.

Tables 1 and 2 below are reproduced from tefenmce 3, and define the model-predicted bounding
mass transfer coefficients under a number of operating conditions for Tanks 48 and 49.

Table 1. Estimated and confidence limit mass transfer coeKcients for Tank 48H with 4 pumps
operating.

Weight Percent Tank Level Estimated at 95 %
Solid (kGal) Ambient Confidence

Conditions Limit at
(lOsm/s) Limiting

Conditions
(1O“’m/s)

Start of typical 1st batch 1.0 600 1.3 7.8
End of typical 1st batch 4.0 150 1.0 5.0
Start of typical 2nd batch 1.8 600 1.3 7.8
End of typical 2nd batch 7.0 150 0.6 2.9
Start of typical 3rd batch 2.5 1.3 7.8
End of typical 3rd batch 10.0 150 0.5 2.3

Table 2. Estimated and cotildence limit mass transfer coefficients for Tank 49H with 4 pumps

. Mass Transfer Coefficients
Dose Received Tank Level Estimated at 95% Confidence

(Mrad) (kGal) Ambient Limit at
Conditions Limiting

(lO-’m/s) Conditions
(1O~m/s)

Start of Cycle 2 0 200 1.0 3.0
End of Cycle 2 70 110 2.8 8.4
Start of Cycle 3 30 270 1.9 5.7
End of Cycle 3 100 150 2.6 7.8
Start of Cycle 4 60 300 2.2 6.5

The mass transfer coefficients developed in reference 3 are anticipated to bound Tank 48 and
Tank 49 operating conditions. However, under conditions of very high benzene accumulation,
benzene has been observed to Ix retained in a form which is “readily releasable”. Under these
conditions, the mass transfer coefficient developed in refetence 3 is not applicable. The mass
transfer rate associated with f- benzene would be bounding. Studies axeunderway [mfemnce 7]
to identify the change in benzene retention mechanism that gives rise to readily releasable
benzene, and to determine conditions under which this retention mechanism can occur. These
studies include examining the effects of floating solids on benzene release. The tesults of these
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studies will be nqmted in Milestones 5.2.3-1 and 5.2.44 of the Implementation Plan for
Recommendation 96-1 [teference 2], describing benzene retention and release mechanisms. It is
the intention of the facility never to operate under conditions of very high benzene accumulation.
It is possible that studies will not quantify exactly what changes in conditions give rise to readily
releasable benzene (e.g. a specific benzene concentration). If it cannot be shown that operating
conditions will preclude formation of readily releasable tmzene, the mo~ consenfative mass
transfer rate associated with free benzene may need to be applied to determine allowable
operating conditions.

Conclusion: The mass transfer rate associated with free benzene clearly bounds the mass transfer
rates expected in tank operations. Additional information to be provided before 13r@izingthe
report for Milestone 5.2.1-3 of the Recommendation 96-1 Implementation Plan [reference 2] may
allow daxation of the rates to those described in Tables 1 and 2.

Duration of SIurry Pump Operation to Deplete Benzene

Lower bounding estimates of benzene mass transfer for Tanks 48 and 49 have not been
developed. The length of time required for the pump operation to deplete the slurry of benzene
in Tanks 48 and 49 will be determined based on vapor space benzene meast.uements rather than
calculated. After benzene concentration in the vapor space has peaked and returned to a
predetermined low level, the sluny will be considered to be sufficiently depleted of benzene to
cease pump operation, ‘he spec~lc benzene value in the vapor space, ~d the corres~nding
benzene concentration in the slurIY, will be detirted based on measurement data and vapor-liquid
equilibrium testing [reference 8]. The results of this work will be qorted in Milestone 5.2.4-4
of the Recommendation 96-1 Implementation Plan [ceference 2].

An understanding of the effectiveness of slurry pumps for forcing release of retained benzene is
being developed to support finalization of the Authorization Basis, and will be described in
Milestone
5.2.1-3 of the Recommendation 96-1 Implementation Plan [reference 2].

Conclusion: The lower bounding mass transfer coefficient during pump operation is not required
because measurement data in the vapor space will lx used to determine pump operation duration.

4.0 MASS TRANSFER COEFFICIENTS FOR TANK 50

Tank 50 will contain either filtrateor wash water. Organic pnxipitate solid material (which
incmses the ability to retain benzene) will not be transferredinto Tank 50, thus reducing the
concern regarding madly releasable benzene. Trace amounts of organic precipitatemaybe
present due to precipitation of soluble TPB- with potassium present in Tank 50.

. Frequency of Pump Operation

Bounding mass transfer coefficients have keen developed for several pump operation scenarios
[reference 4]. Table 2 of reference 4 (reproduced as Table 3 below) shows the bounding mass
transfer coefficients for operation of two pumps in Tank 50, with either filtrate or wash water.
These numbers may be used to bound the releases from Tank 50 if it can be shown that readily



-.

BoundingMass TransferCoefficients HLW-OVP-97-O052,Rev. 1
for the In-TankPrecipitationFacility Page 5 of 7

releasable benzene dc?x not pertain to Tank 50. (The results of studies regarding benzene
retention and telease will be reported in Milestones 5.2.3-1 and 5.2.4-4 of the Recommendation
96-1 Implementation Plan [~fetwxe 2]). Until the potential for readily releasable benzene in
Tank 50 is understood, the mass transfer rate associated with free benzene provides the bounding
value.

Table 3. Bounding Mass Transfer Coefficients for Tank 50H

Estimated Bounding Mass Transfer Coefficients (m/s)”)
# Pumns with Filtrate (-5 M N~’> with Wash Water [*2M N#J

1 Pump Operation 3.9E-05 - 6.3E-05 7.6E-05 - 1.2E-04

2 Pump operation 4.6E-05 - 7.5E-05 9.8E-05 - 1.5E-04

(a) The range of mass transfer coefficients given reflects the range of available liquid volumes
(140 to 1,000 kGal); it does not indicate the accuracy or pnxision of the calculations.

Duration of Pump Operation to Deplete Benzene

The length of time required for the pump operation to deplete waste of benzene will be
determined based on vapor space benzene measurements, as described for Tanks 48 and 49.
Because of the low benzene generation and retention rates anticipated in Tank 50, vapor space
measurement of benzene below the detection limit is anticipated If benzene cannot be detected,
an alternative approach to determining pump run duration in Tank 50 is to apply the lower
bounding mass transfer coefficient to the duration of the pump operation. Referenee 5 includes
best estimate mass transfer coefficients for the quiescent case (2.6E-07), as well as one and two
pumps operating (9.7E-07 and 1.5E-06 respectively, based on a tank volume of 720 kGal). In
this case, the more conservative of the quiescent value or the lower 95% confidence interval
bound for single pump operation (at the appropriate tank volume) would be used as a lower
bounding mass transfer coefficient. Application of this number would require that the waste
material be adequately mixed. Since Tank 50 contains minimal organic precipitate solids,
achieving and showing adequate mixing is expected to be less problematic than in Tanks 48 and
49. However, the potential to accumulate precipitate solids or foam in Tank 50, thereby lowering
the rate of mass transfer, must be evaluated. If a lower bounding mass transfer rate calculation is
to be applied to Tank 50, discussion of mixing effectiveness and the impact on the mass transfer
rate will be included in Milestone 5.2.3-1 of the Recommendation 96-1 Implementation Plan
[reference 2].
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5.0 PATH FORWARD

Based on cunent understanding, ordy the upper bounding mass transfer coefficients during pump
operation are of importance to ITP. Actual measurement of benzene in the vapor space during
pump operations will be applied rather than calculating lower bounding mass transfer
coefficients. If benzene cannot be mea.wmd in the tank, a conservative lower tx)und will be
applied while obtaining additional data.

Conservatism of Upper Bounding Coeftlcients

Since the mass transfer coefficients ate confounded by the uncertainty mgardirtg readily
releasable benzene, the more conservative mass transfer rate associated with the evaporation of
free benzene is currently considered the bounding mass transfer coefficient. Evaluation of the
conditions leading to readily releasable benzene is underway, and may lead to relaxation of this
constraint. The following questions must be addressed:

. What conditions must exist to suppozt the formation of madly releasable benzene?

. Can specific threshold values be assigned to the renditions to ensure that readily releasable
benzene does not form ? (E.g. if readily releasable benzene depends on benzene
concentration, can a conservative concentration threshold be defied, below which no readil y
releasable benzene occurs?)

. Can controls be put in place to ensure that the conditions preventing readily releasable
benzene are maintained? .

. Can measurements be performed which confhm the absence of madly releasable benzene?

If the issue of madly releasable benzene is resolved, then the model-developed mass transfer
coefficients may be applied in the range of conditions under which they have been shown to be
consemative. Additional data collection is requited to confirm the model over the full range of
conditions.

Further Data Collection

Further data to refine mass transfer coefficients and relax conservatism should preferably be
acquired fmm tests in the tank under conditions that produce measurable quantities of benzene.
Since the model has not been validated with measurement data over the full range of operating
conditions, operations using the model-generated numbers may be restricted to conditions near
those for which data is available. Alternatively, the mom consemative numbers associated with
evaporation of fm benzene maybe app!ied during initial operations.

Application of In-Tank Measurement Data

Reference 5 describes in detail two approaches that were used to regtess tank vapor space and
liquid benzene measurement data to produce estimates of mass tnm.sfer coefllcients. The best fit
output of these approaches depends on a number of assumed and measured input values. llte
form of the Henry’s Law equation used to establish the vapor liquid equilibrium is of particular
impcmnce. Information that will clarify the vapor liquid equilibrium relationship is being
developed as part of the Recommendation 96-1 resolution program (reference 8). l%e work in
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reference 5 used the best information currently available. The vapor liquid equilibrium
information used in reference 5 is more current than that used in the previous calculations shown
in mfenmces 3 and 4. In addition, a review of the Tank 48 data used in reference 3 allowed
better definition of the h volume for calculations in referenee 5. The global minimum search
routine applied in reference 5 was more sophisticated than that in reference 4. An error in the
activation energy used in the calculations in mferenee 4 was also corrected in referenee 5.
Hence the best estimate mass transfer coefficients from tank data shown in reference 5 m likely
more accurate than those in references 3 and 4. As more information is gained, the inputs to the
calculation method will continue to improve. This revision to the inputs in the calculation has no
effect whatsoever on the calculated Mwuii.ng mass transfer coefficients. The revised estimates
from tank data continue to confirm that the calculated bounding values are, in fact, bounding.
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This document provides confidence limits for the mass transfer coefficients for benzene release from
Tanks 48H and 49H. The analysis performed in development of this document leads to the
following observations.

● Under conditions of low benzene inventories or frequent pump operations, mass transfer
coefficients for Tank 48H should range from 0.5 to 1.3 xl 0-5 m/s. These values have an upper 95°/0
confidence limit of 7.8 x 10”5m/s.

● Under conditions of low benzene inventories or frequent pump operations, good agreement exists
between measured Tank 48H mass transfer coefficients and those estimated using published
correlation from Kawase and Moo-Young.

● Under conditions of low benzene inventories or frequent pump operations, mass transfer
coefficients for Tank 49H should range from 1.0 to 2.7 x 10“5m/s with an upper 950/0confidence
limit of 8.4 x 10-5m/s.

● At least one benzene release event from Tank 48H (on March 5 of 1996) proves inconsistent with
the proposed mechanism for benzene release. However, the measured release rate agrees with the
evaporation of a small (20 kg) amount of benzene at the slurry surface.

INTRODUCTION

Starting in September 1995, tetraphenylborate decomposed in Tank 48H to produce benzene.
Between September 1995 and the present, In Tank Precipitation (ITP) personnel operated the
mixing pumps in Tank 48H to remove this benzene. High Level Waste Engineering requested that
the Waste Processing Technology Section analyze a limited number of these benzene release events
to provide an estimate of, and a conservative limit for, the mass transfer coefficients for subsequent
benzene releases from both Tank 48H and Tank 49H.’ This document provides that analysis.

DISCUSSION

Tank 48H Mass Transfer Coefficients

One method to estimate mass transfer coefficients for the release of benzene from the tanks
involves analysis of existing data gathered during the release. More than 80 measurements of
benzene release following the start of pump operations occurred in Tank 48H between October 1995
and July 1996. These measurements span from immediately after completion of sodium
tetraphenylborate addition to the tank in September of 1995 until effectively complete depletion of
the benzene inventory in the tank. During this time frame, the benzene concentration in Tank -18H
ranged from trace levels to well in excess of the salt solution volubility limit. Previously, researchers
defined criteria for these release events that ensure the accuracy of derived mass transfer coefficients
and ensures the ability to obtain these values from the measurements.2 These criteria require
significant depletion of the benzene inventory during the duration of the specified continuous pump
operation. Significantly depleted means a decrease by 50?40from the maximum benzene release rate.
This requirement arises from the need to estimate the initial benzene concentration in the slurry
prior to pump operations. Without this estimate of initial benzene inventory, one can not separate
the impact of the mass transfer coefficient and the initial concentration to provide an upper
confidence limit on the mass transfer coefficient.

To date, only one of the more than 80 documented release events meets this criteria. In November
of 1995, ITP personnel collected data during pump operations (frequently denoted Slurry Pump
Bump Test #3).3 This operation met the specified criteria for mass transfer analysis. Previously.
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researchers ana]yzed Slurry Pump Bump Test #3 to provide an estimate and confidence limits on the
mass transfer coefficient observed during that operation.~ Based on the conditions of Slurry Pump
Bump Test #3, the mass transfer coefficient fell between 1.5 and 2.6 xl O-sm/s with a best estimate
value of 1.9 x 10-s m/s. At that time, Tank 48H contained approximately 160,000 gallons of 3 WtO/O

slurry.

As indicated above, data exist only at a limited number of conditions that allow estimation of mass
transfer coefficients for Tank 48H. To provide a check of the validity of these measurements and
to provide a rationale for estimating mass transfer coefficients at conditions other than those tested,
researchers identified a theoretical model for mass transfer coefficients.’ This model expresses the
mass transfer coefficient as a function of a number of slurry and tank parameters:

k=o.138sc-2’ 3(vg)”4 1

where Sc is the Schmidt number (V/DAB)
v is the kinematic consistency”
D~~ is the diffusivity of benzene in salt solution5

and ~ is the energy dissipation rate per unit mass

The Schmidt number and kinematic consistency depend on the slurry consistency and slurry density.

As indicated by the presence of the Schmidt number in this correlation, Equation 1 assumes diffusion
of benzene through a depleted layer near the slurry-vapor interface controls the mass transfer. The
mathematical development employed to produce Equation 1 focused primarily with developing an
estimate of the impact of pump operations (and other parameters) on the depth of this surface layer.

Other researchers previously measured the dependence of slurry consistency and slurry density for
this Bingham plastic material on weight percent solids and salt concentration.b>’ Using these values
and an average pump energy dissipation of 125 hp, one may estimate a mass transfer coefficient at
the Tank 48H conditions during Slurry Pump Bump Test #3. This calculation provides an estimate
of 1.8x 10-5m/s, in good agreement with the value regressed from measurements. Similarly, one can
then use Equation 1 to estimate mass transfer coefficients for Tank 48H at conditions other than
those tested. Figure 1 and Table 1 provide such estimates at a variety of conditions. Appendix A
contains the information required to generate this table with the exception of the energy dissipation
rate.

Previously, researchers deve[oped a factor to apply for the Kawase and Moo-Young value to obtain a
95% confidence limit on the mass transfer coefficients,n That factor included a multiplier to retlect
the maximal expected variance of the predicted coefficients from Equation 1 from the literature data
for numerous systems. Another multiplier corrected for compositional and thermal variances. For
the application to slurries in Tanks 48H and 49H, a single multiplier does not cover all cases.

..

The estimates of mass transfer coefficients in Figure 1 assume slurry at ambient temperature and 5
molar sodium (i.e., unwashed). Development of upper confidence limits must consider temperature
and precipitate washing. For slurries containing less than 3 wt 0/0 solids, washing will produce a
decrease in the slurry viscosity. However, for system containing more than 3 wt ‘Yo solids,
experimental evidence indicates that washing does not significantly impact the slurry consistencey.6
However, washing also decreases the solution density. Furthermore, in estimating the possible
changes in mass transfer coefficients for changes in temperature and wmhing, it is necessary to also
consider changes in diffhsivity. The diffusivity of benzene in salt solution will increase with
increasing temperature and with decrease in solution molarity. Thus, while the kinematic

‘ Y, Kawase and M. Moo-Young,“Mass Transfer at a Free Surface in Stirred Tank Bioreactors”,Trans IChemE.
Vol, 68, p. 189, March 1990.
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washing in some cases, the Schmidt number decreases significantly in all
and thus, the Iimiting conditions should employ washed material.

Note that the facility constrains operations to a maximum anticipated temperature in Tank 48H of
45 ‘C. Increasing temperature to 45 “C will produce a decrease in the viscosity of slurries containing
less than 3 wt % solids. No measurements exist regarding the impact of heating slurries containing
higher concentration of solids. However, since solid content dominates the value of consistency,
thermal variance should prove minimal especially for more concentrated slurries. However, a
conservative estimate assumes the consistency change for slurries containing higher solids contents
equals that change for slurries containing lower solids.

Figure 2 and Table 1 provide values for these upper confidence limit estimates based on the
conservative slurry conditions at a variety of tank conditions. Table 1 provides upper confidence
limits and estimated mass transfer coefficients at stages indicative of typical plant operations.

Figure 1. Estimated Tank 48H Benzene
lMass Transfer Coefficients for 4 Pumps (KMY)

3.OE-5
❑ 2.OE-5-3.OE-5

300 y4~ Percent
Solids

Slurry Volume(kGal) 10

Figure 2. Upper Confidence Limit for Tank 48H

Benzene Mass Transfer Coeffkknt for 4 pumps (~~a 1.2E.4-I ,4E-~

1.4E-47 l— -i ❑ 1.OE-4-I,2E-4

1.2E-4
{

1.OE-4

8.OE-5

6.OE-5

4.OE-5

2.OE-5

LA=

I l.”

~
O.OE+O

100
300 “–—-++’< 4

500
Slurry Volume (kGal) 10

■ 8.OE-$1.OE-J
,U6.OE-5-8.OE’-5
❑ 4.0E-5-6.OE-5
,82. OE-5-4.OE-5
❑ O,0E+O-2.OE-5

\

Weight Percent
Solids



WSRC-TR-97-0167
Page 5 of 9
7/23/97

Revision O

Table 1. Estimated and confidence limit mass transfer coefficients for Tank 48H with 4 pumps
operating.

Mass Transfer Coefficients
Weight Tank Level Estimated at 95 % Confidence

Percent Solid (kGal) ambient Limit at limiting
conditions conditions

(1O“sm/s) (10-5m/s)
Start of typical 1st batch 1.0 600 1.3 7.8
End of typical 1st batch 4.0 150 1.0 5.0
Start of typical 2nd batch 1.8 600 1.3 7.8
End of typical 2nd batch 7.0 150 0.6 2.9
Start of typical 3rd batch 2.5 600 1.3 7.8
End of typica] 3rd batch 10.0 150 0.5 2.3

Note that these and all other estimates provided in this document apply to the operation of four
pumps. Equation 1 can provide an estimate of the impact of decreasing the number of pumps
employed. This estimate results in the following correction for decreasing the number of pumps
employed

{ Ar\l/4
2

(4)

where kN represents the mass transfer coefficient for N (N S 4) pumps and k4 denotes the mass
transfer coefficient for four pumps shown in the appropriate figure or table. Note that releases from
Tank 48H appear consistent with this correlation for two and three pumps. However, this
correlation likely over predicts the mass transfer coefficient for one pump. Researchers anticipate
that one pump will not adequately mix the whole of the tank contents (an assumption employed in
the proposed model). This incomplete mixing becomes most evident when using only one pump and
will probably result in lower than estimated mass transfer coefficients. At this time, the author can
not quanti~ the uncertainty in the mass transfer coefficient associated with incomplete mixing of
the tank contents.

As indicated previously, personnel monitored more than 80 separate instances of benzene release
following initiation of pump operations in Tank 48H. While the author can not provide confidence
limits for mass transfer coefilcients based on the pump operations, one may evaluate these release
events in light of Equation 1. Using approximate estimates of the initial benzene inventory (in
particular, assuming a saturated salt solution for most of the operations of interest), all but one of the
pump operations of interest fall within the mass transfer coefficients provided in Equation 1. The
one event not bounded by Equation 1 involved a benzene release from Tank 48H observed on March
5, 1996. Note that while all other pump operations agree with Equation 1, not all operations
provided as good agreement as Pump Bump Test #3. In particular, Equation 1 appears to
overestimate by as much as 100 ‘/o the mass transfer coefficients for conditions involving 2 or fewer
pumps and involving higher (>300,000 gal) tank levels. Note also that Equation 1 does not
differentiate for the location of pumps. However, for operations involving only 2 pumps, the
configuration of the pumps employed (i.e., adjacent vs. opposite) may significantly impact the mass
transfer coefficient. A previous report specifies conditions to illuminate this difference during future
pump operations.2

Using the upper confidence limit, researchers determined the maximum benzene release rate behveen
November of 1995 and April of 1996 from this surface renewal model estimate of 400 g/rein.
However, on March 5th of 1996, facility personnel measured a release rate of approximately 1400
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g/rein in Tank 48H.” This higher release rate suggests benzene released from Tank 48H during this
time frame by a more efficient mechanism. Where the proposed model suggests benzene moves to
the surface of the slurry through a diftisive mechanism, this release event appears to reflect
convective transport of the benzene molecules to the slurry surface. Under such conditions, the rate
of release would derive from a combination of this rate of transport and the rate of evaporation of
this benzene from the slurry surface. Currently, insufficient data exists to provide an estimate of the
convective transport of this material directly to the surface. However, one may provide an upper
limit on the benzene release rate for this mechanism by studying the rate of evaporation. Thus, the
highest achievable benzene release rate for Tank 48H of 1632 g/min9 represents the evaporation of
benzene in contact with the tank vapor space. Using that rate suggests that the March 5th release
reflects the rapid convective transport and evaporation of a small quantity of benzene (- 20 kg)” at
the slurry surface.

Tank 49H Mass Transfer Coefficients

Previously, researchers suggested methods to measure mass transfer coefficients for Tank 49H. i0 To
date, no measurements exist for Tank 49H to provide estimates of these mass transfer coefficients.
Equation 1 provides a means to estimate the upper confidence limit on surface renewal mass transfer
coefficients in Tank 49H. Figure 3 and Table 2 provide these values. The mass transfer coefficients
presented in Table 2 are for 10 wt % slurry. Additional information required to generate the values
presented in Table 2 are presented in Appendix A. Note that adsorbed radiation dose decreases the
consistency of tetraphenylborate slurries’ 1 and will cause increases in the mass transfer coefficient.
Note that although measurements do not exist for Tank 49H, the ability of Equation 1 to bound
more than 80 pump operations in Tank 48H and the similarities between Tank 48H and 49H
suggests Equation 1 will provide a reasonable estimate of mass transfer coefficients for Tank 49H.
However, measurements of benzene release should occur in Tank 49H during the remainder of Cycle
1 to veri& these estimates.

Table 2, Estimated and confidence limit mass transfer coefficients for Tank 49H with 4 pumps
operating.

Mass Transfer Coefficients
Dose Tank Level Estimated 95% Confidence

Received (kGal) at ambient Limit at limiting
(Mrad) conditions conditions

(l O-sin/s) (10”5mls)
Start of Cvcle 2 0 200 1.0 3.0
End of C~cle 2 70 110 2.8 8.4
Start of Cycle 3 30 270 1.9 5.7
End of Cycle 3 100 150 2.6 7.8
Start of Cycle 4 60 300 2.2 6.5

‘iP. F. Peterson and E. L. Cussler, “Report on October 7 Meeting on Benzene Mass Transfer Information for iTP
and Late Wash”, October 14, 1996.
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Figure 3. Upper Confidence Limit for Tank 49H Benzene Mass
Transfer Coeftlcient for 4 Pumm KNIY)-.
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CONCLUSIONS

The author estimated mass transfer coefficients for both Tank 48H and Tank 49H. These estimates
assume a surface renewal model developed by Kawase and Moo-Young. Under normal operating
conditions, this model provides accurate estimates of the mass transfer coefficients measured in Tank
48H. In addition, the model may provide an upper confidence limit on the mass transfer coefficients
for these two tanks. However, on March 5 of 1996, a benzene release event occurred in Tank 48H
that exceeded even the 95% confidence estimate from the surface renewal mechanism for release of
benzene from this tank. The data collected during this event suggests the evaporation of a small (-
20 kg) quantity of benzene above the slurry surface upon agitation of the tank.
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Appendix A. Physical values for various tank conditions

Table A. 1. Conditions Employed in Figures 1 and 2 and Table 1 for Tank 48H. Data provided for
each slurry concentration employed in Table 1.
Anticipated Conditions Limiting Conditions
Temperature: 25 “C Temperature 45 ‘c
Salt Concentration: 5.0 M Salt Concentration: 0.2 M
Density’: 1.23 g/cm3 Density’: 1.02 g/cm3
Diffusivitys: 0.47x10-5 cm2/s Diffisivity5: 1.7x 10-5cm~/s

wt ‘YoSolid Y( cP) [Ref 61 v (cmZ/s) Sc Y( cP) [Ref 61 v (cm*/s) Sc
1 2 0,0162 3455 0.60 0.0059 353
1.8 2 0.0162 3455 0.60 0.0059
2.5 2

353
0.0162 3455 0.60 0.0059 353

4 7.8 0.0633 13474 3.90 0.0383 m94
7 29.7 0,24] 1 51304 14,85 0.1459 8736
10 51.6 0.4189 89135 25.80 0.2535 15177

Table A.2, Conditions Employed in Figure 3 and Table 2 for Tank 49H (assuming 10 W% slurry).
Data provided for each applied dose employed in Table 2.
Anticipated Conditions “- Limiting Conditions
Temperature: 25 ‘C Temperature 45 ‘c
Salt Concentration: 0.2 M

I

Sait “Concentration: 0.2 M
Density’: 1.02 g/cm3 Density’: I .02 g/cm3
Diffusivity5: 1.Oxl 0-5 cm2/s Diffusivi~5: 1.7x10-5 cm~/s
Dose (Mrad) V( cP) [Ref 61 v (cmZ/s) SC W(cP) [Ref 61 v (cm2/s) %

o 26.0 0.255 25543 13.00 0.128 7647
30 4.6 0.045 4512 2.30 0.023 1351
60 3.1 0,031 3056 1.56 0.015 915
70 3.0 0.030 2992 1.52 0.015 896

100 3.0 0.030 2950 1,50 0.015 883
Note: for limiting and Tank 49H employing of 0.2 M salt concentration, viscosity of the supernate
is taken to be that of water.
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suMMARY

This report provides best estimate and bounding estimate mass transfer coefficients for Tank 50H and the
Salt Solution Hold Tank (SSHT), the Flush Water Receipt Tank (FWRT) and the Low Point Drain Tank
(LPDT). The best estimate mass transfer coefficients derive from tank data using a previously
documented mass transfer model. These mass transfer coefficients update those previously issued and
include a better undmtandmg of the benzene generation rates. The best estimate mass transfer
coefficients for the SSHT, FWRT and LPDT use an empirical method proposed by Kawase and Moo-
Young (KM-Y). The bounding estimate mass transfer coefficients also derive from the K/M-Y method
with an added uncertainty allowance based on the experimental uncertainty presented by K/M-Y with an
additional allowance for temperature effects in the tanks. These calculations gave the following mass
transfer coefficients

Mass Transfe\$~;~~}nt (m/s) (d)
Tank 50H

Filtrate Wash Water SSHT (C)

Best Estimate 3.OE-06 (a) 2. lE-05 (a) 1.6E-05 I
Bounding Estimate 7,5E-05 (b) 1.5E-04 (b) 7.6E-05 I

(a) Tank Volume = 720,000 gal, two pumps operating

(b) Tank Volume = 140,000 gal, two pumps operating

(c) Tank Volume = 8,900 gal, agitator IUnning.

(d) All mass transfer coefficients calculated using the Kawase/Moo-Young method described below
except the best estimate for filtrate in Tank 50H which derived from Tank 50H data.

Because of the paucity of the Tank 50H data, the mass transfer coeftlcient estimates for Tank 50H
include considerable uncertainty. The mass transfer coefficients for the other tanks also incIude
uncertainty, since the model used to predict them remains unproven with the Saltstone system.

INTRODUCTION

Because benzene may form downstream of the ITT process from the decomposition of phenylborates,
concerns arise about the possibility of exceeding lower flammability limits in vessels such as Tank 50H.
the SSHT, the FWRT and the LPDT. Because of these concerns, researchers examined the generation of
benzene and the transfer of benzene from the liquid to the vapor phases in those tanks. This study
responds to a request that the Waste Processing Technology Section (WPTS) review mass transter
coefficients previously documented in Reference 1.2 Researchers examined mass transfer coefficients
for Tank 50H. Researchers also estimated mass transfer coefllcients in the SSHT, FWRT dad LPDT
using the Tank 50H values as a basis.

DISCUSSION

Tank 50H Mass Transfer Coef!lcients from Data

From September 1995 through January 1996, personnel made a number of measurements of benzene
concentration in Tank 50H. These included measurements of both liquid and vapor phase benzene
concentration. Previously researchers used these measurements to develop estimates of mass transfer
coefficients for Tank 50H.~ (Note: A fiture report will more completely describe the method to regress I



WSRC-TR-97-O056 Revision 1
Page 3 of 12
June 16, 1997 I

mass transfer coefficients from tank measurements. ) The basic equations in the model used to calculate
the mass transfer coefficients follow.

(1” k+?i(x)-y) - J@(f) and
z-= v,

(1)

(& G(t) - k4(~X) - y)—=
lit v= ‘

where k = the mass transfer coefficient calculated by this model,
x and y = the measured benzene concentration in the liquid and

vapor benzene concentration from measurements, 1
G{{) = the benzene generation rate calculated by this model,
m(x) = the vapor-liquid equilibrium expression (i.e., Henry’s

Law), measured experimentally,3
y) = the tank ventilation rate,

= the surface area available for mass transfer (i.e., the tank
liquid surface area),

P’xand Vy = the volume of liquid and vapor spaces, and
t = time.

Reference 1 provides the derivation and solution of these equations.

The mass transfer coefficient estimates originally obtained from this model assumed benzene generated
from soluble sodium tetraphenylborate (NaTPB) with first order kinetics at a reference generation rate of
32.4 @Lohr for 30 ‘C and an activation energy of 140 kJ/mole. ~ The calculation did not account for
the decrease in benzene generatiori rate as the NaTPB concentration decreased. However, analysis of the
Tank 50H contents suggest that sufficient K+ existed during the period of interest to cause precipitation
of essentially all soluble TPB-. Experience indicates that the decomposition of KTPB solids will occur
slowly under Tank 50H conditions. However, significant quantities of 3PB likely transferred to Tank
50H with filtrate from Tank 48H. The decomposition of 3PB to benzene occurs in the presence of
copper. This decomposition occurs via a first order reaction. The current calculation conservatively
assumes each mole of 3PB decomposes to three moles of benzene with a first order rate constant and.an
activation energy of71 kJ/mole.4 (The activation energy derives solely horn a study of copper-catalyzed
decomposition of 3PB. The rate constant used, 0.0012 htil, and the initial 3PB concentration, 81 mg/L,
derives from regression of the Tank 50H data. The benzene generation rate is assumed to decrease with
decreasing 3PB concentration in Tank 50H.) The obtained mass transfer coefficients agree within a
factor of three with the previously calculated mass transfer coefficients. Table 1 gives the calculated
mass transfer coefficients for a referenced tank volume of 720,000 gal (approximate Tank 50H volume
during early December 1995). The mass transfer coefficient in Tank 50H data regression model varies
directly with number of operating pumps and to the - 1/3 power with tank liquid volume. Actual tank
liquid volumes were used in the model. The current analysis fits the data better than the previous
analysis. (The correlation coefllcient approaches 0.94 for the current analysis and 0.87 for thk previous
analysis.) Figures 1 and 2 give plots of predicted and actual vapor phase benzene concentration data for
December 1995 through January 1996. Figure 3 plots the predicted and actual liquid phase benzene
concentration data for the same period. Figure 4 provides a plot of the variation in best estimate mass
transfer coefficients with volume for Tank 50H.

I

I

I

1
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Table 1. Calculated Benzene Mass Transfer Coefficients for Tank 50H

Mass Transfer Coefficients (m/s) (a)
Updated Calculation from Previous Calculation from

Operational Status Tank Data Tank Datal

No Slurry Pumps Operating 6.OE-07 4.OE-07

One Slurry Pump Operating 1.5E-06 4~E4)(j

Two Slurry Pumps Operating 3.OE-06

(a) The mass transfer coefficients reference a volume of 720,000 gal.

8.OE-06

Figure 1. Tank 50H Vapor Phase Benzene Concentration
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Calculated versus Measured Vapor Phase Benzene concentration for Tank 50H
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Figure 3. Tank 50H Liquid Phase Benzene Concentration
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Tank 50H Estimated Bounding Mass Transfer Coefficients

Researchers used a method suggested by Kawase and Moo-Young to estimate the bounding mass transfer
coefficients for Tank 50H.5 This method derives from consideration of data for power-law Newtonian
and non-Newtonian fluids in tanks with agitators. However, one may apply it to tanks with pumps of
known pump horsepower. A panel of mixing consultants suggested this application: Prof. P. Peterson of
the University of California-Berkeley, Prof. E. Cussler of the University of Minnesota and Dr. E. J.
Lahoda of the Westinghouse Science and Technology Center, on March 24, 1997. They agreed, this
application should yield conservative estimates. The Kawase/Moo-Young method uses the following
two equations.
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k = 0,138SC-X(VS)X and (3)

(-l)

where Sc = the Schmidt number (ratio of diffusivity to kinematic viscosity),

z = the energy dissipation per unit mass
!Vp = the ower number (power/( density *(rotational speed)3 *(impeller

!?diameter) ),
,V= rotational speed of the impeller,
D] and DT = the diameter of the impeller and tank, respectively,
F/= the liquid height in the tank and
v = the kinematic viscosity.

The kinematic viscosity used in this method used salt solution viscosities documented in Reference 6.
The diffisivity uses the Wilke-Chang correlation described in Reference 7. As indicated above, the
K/M-Y method applies to stirred tanks. However, the impeller diameter and rotational speed cancel
from the equation (4). Therefore, one may adapt this equation for pumped tanks. This equation would
produce conservatively large mass transfer coefficients for Tank 50H, if one uses the rated power of the
pumps instead of the power imparted to the liquid. To add further confidence to these numbers, Kawase
and Moo-Young checked their correlation against several sets of data from other researchers. W$
approximate the largest standard deviation between their correlation and the data examined as 20 .4?/o.

Researchers found that because of changes in diffisivity and kinematic viscosity, mass transfer
I

coefficients in filtrate (5 M Na+ salt solution) varied by a factor of 2.90 over a temperature range of 20 to ]
50 ‘C. The Appendix discusses the derivation of this factor in greater detail. Multiplying this factor by
three times the assumed standard deviation obtained from the Kawase/Moo-Young work (1,612) gives an
overall increase of a factor of 4.6?. We investigated the effect of changing the contents of Tank 50H
from ITP filtrate to wash water, which changes the kinematic viscosity. Table 2 gives the estimated
bounding mass transfer coefficients for Tank 50H. Figure 4 plots the predictions for filtrate along with
best estimate values.

Table 2. Bounding Mass Transfer Coefficients for Tank 50H

Estimated Bounding Mass Transfer Coe~cients (m/s)(a)
# PumDs with Filtrate (-5 M Na+~ with Wash Water (-2 ’34Ya+)

I Pump Operation 3.9E-05 - 6.3E-05 7.6E-05 - 1.2E-04 I

2 Pump Operation 4.6E-05 - 7.5E-05 9.8E-05 - 1,5E-b4 I

(a) The range of mms ~ansfer coefficients given reflectsthe range of available liquid volumes ( \ -$0to
1,000 kgal)8; it does not indicate the accuracy or precision of the calculations.

“Note that Kawase and Moo-Young give an averagedeviation rather than a standarddeviation. Since their report
does not allow determination of the standard deviation, we chose to treat the averagedeviation as a standard
deviation. The data presented in their report tit the model well, and all of the data fall within three times the a~crage
deviation.
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Figure 4. Tank 50H Filtrate iMassTransfer Coefficients as a Function of Tank Volume
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Mass Transfer Coefficients for the SSHT, PWRT and LPDT

Revision 1

1

Since no data exists to calculate the mass transfer coefficients for the SSHT, FWRT and LPDT directly,
researchers estimate the mass transfer coefficients for these tanks using the Kawase/Moo-Young method.
Since this method derives from data for agitated tanks, it should give reasonable resuhs for the SSHT,
FWRT and LPDT. As mentioned above, the comparison by Kawase and Moo-Young of their model
yielded good agreement with data obtained by other researchers. I

Table 3 lists the design data used in this calculation. Note that though the impeller diameter and I
rotational speed appear in equations, they cancel from the solution and thus do not appear below. Also
note that researchers conservatively use the rated power of the agitator motor rather than the lesser power
imparted to the liquid.

Researchers determined bounding mass transfer coefficients from the best estimate values by applying
the factor of 4.64 described above. Table 4 gives ranges of best estimate and bounding mass transfer
coefficients. All mass transfer coefficients assume agitator operation. Mass transfer coefficients for
quiescent periods should equal those given in Table 1 for Tank 50H.
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Table 3, Design Information for Tanks

Tank Volume {gal] pum!I/Apitator

50H 140,000- 2 pumps
1,000,000

SSHT 8,900- 37,000(b) agitator

FWRT 2,080- 5,571(c) agitator

LPDT 760-7, 125(d) agitator

Revision 1

Pump/Agitator Tank
Power (ht)~ Diameter (ft) Reference

150 each 84.8(a) 9

Z-J 25 10

3,5 12 II

5 8 1~,}3

(a) The diameter of Tank 50H corrected to account for the center column.

(b)phYsical limits for the SSHT run from virtually empty to a volume of 50,390 gal. The agitator shuts
down at volumes below 8,900 gal. An administrative upper limit exists at 37,000 gal, A high level
alarm exists at 47,300 gal.

(c) phYslcal lim1t5 for the FWRT mn from vi~ally empty to a volume of 6,500”gal. An administrative

upper limit exists at 3,900 gal. A high level alarm exists at 5,571 gal.

(d)The minimum volume given for the LpDT represents the IOWvolume cutoff to prevent pump
cavitation. The high volume reflects the high volume alarm point. An overflow volume exists at a
volume of 7,790 gal.

Table 4. Estimated Mass Transfer Coefficients for the SSHT, FWRT and LPDT.

Mas; Transfer Coefficient (m/s)(a)
Tank Volumes Assumed (gal] Best Estimate Boundin~ Estimate

SSHT 8,900-37,000 1,lE-05 - 1.6E-05 5.3E-05 - 7.6E-05 I

FWRT 2,080-5,571 1.2E-05 - 1.5E-05 5.5E-05 - 7.OE-05 I

LPDT 760-7,125 1.2E-05 - 2. IE-05 5.4E-05 - 9.9E-05 I
(a) me range of Mms ~msfer ~oefflcients accommodates the range of likely liquid volumes; it does not

indicate the accuracy or precision of the calculations.

Effects of Surfactants on Benzene Mass Transfer Coefficients
I

Several different surfactants find use in the High Level Waste processing and could reach Tank 5OH,
SSHT, the FWRT and the LPDT. Previous testing of the effects of these surfactants on mass transfer of
benzene provides some insight. Since ITP adds tri-n-butyl phosphate (TBP) to control foaming in the
benzene stripper columns, TBP poses the primary concern. Testing at Koch indicated the high
concentrations of TBP (>300 ppm) reduces stripping efficiency in the ITP benzene stripper. 14 Though
the method of benzene removal in the stripper differs from that in the tanks, this data indicate the mass
transfer coefficients decreases if significant concentrations of TBP occur in any of the tanks. Though
high concentrations of SurfynolTMl04E reduced the rate of benzene removal in sparging tests, 1> IOW
concentrateions showed no effect on benzene removal rate. 16 Therefore low concentrations of Surfi no I
should not affect the benzene mass transfer coefficients.
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Uncertainties in Mass Transfer Coefficient Calculations

The mass transfer coef~cients calculations documented in this report have considerable uncertainty. For
the Tank 50H calculations, sparse measurements of vapor and liquid benzene concentration exist with
considerable uncertain in the benzene concentration measurements (> 10O/O).Benzene concentration,
particularly in the vapor phase, depends highly on the pump operation status at the time of sampling.
However, times for samplmg and pump operation remain uncertain. Because of the very few samples
taken, the data do not show the relatively rapid changes in the vapor phase benzene concentration that
can occur with changes in pump operation. Researchers assumed mass transfer coefficients for Tank
50H act independently of temperature. Under the small range of temperatures studied (27 -35 “C), one
should expect only small changes in mass transfer.

The calculations assume benzene generated from the decomposition of each mole of triphenylboron into
three moles of benzene. The process actuall,y includes intermediates of diphenylborinic acid and
phenylboric acid. The calculations ignore these intermediates because their decomposition appears rapid
compared to that of triphenylboron. The calculations account for change in decomposition with
changing temperature, but our knowledge of the production of benzene from tetraphenylborate and its
decomposition products remains incomplete.

Tank 50H currently acts as a holding tank for In-Tank Precipitation filtrate before transfer to Saltstone.
The fi[trate has a Na+ concentration of about 5 M, In the I%ture,Tank 50H will seine as a wash water
hold tank, and the sodium concentration will be about 2.2 M. The mass transfer coefficients change with
the change in sodium concentration, primarily as timction of changes in viscosity, The bounding
estimates include these changes for Tank 50H. One would expect a similar effect on best estimate
numbers.

The Kawase/Moo-Young model for estimating mass transfer coefficients provides an empirical fit to
data obtained in laboratory scale tests. Kawase and Moo-Young checked the data from other researchers
in systems where oxygen or carbon dioxide absorbed into water and other aqueous solutions exhibiting
various theological behavior. The model gave good agreement with the experimental results in all cases
referenced. We use this model to examine benzene stripped “from ITP filtrate. We assumed that
benzene, a volatile organic liquid, would behave similarly to oxygen and carbon dioxide in aqueous
systems and that the mass transfer coefficient for absorption equates to that for stripping. The model
also lacks comparison with fidl-scale tanks. We used the rated power of agitators and pumps in our
calculations instead of the power imparted to the liquid. This assumption should give larger mass
transfer coefficients, Additionally, it is assumed that agitators are more efficient than pumps in mking
tanks, and therefore the KM-Y model should be even more conservative for tanks mixed by pumps, such
as Tank 50H, than for tanks mixed by agitator. We compared estimated Tank 50H mass transfer
coefficients calculated using the Kawase/Moo-Young model to the mass transfer coefficients derived
from Tank 50H data. The Kawase/Moo-Young mass transfer coefficients proved as much as an order of
magnitude greater than those derived from data. This indicates that the KawaseM400-Young mode\
should provide consemative estimates for Tank 50H.

Path Forward I

The calculations and data given in this report benefited from a discussion with a panel of mixing experts:
Prof. E. Cussler, Prof. P, Peterson and Dr. E. J. Lahoda. They thought the best estimate values presented
in this report reasonable and the bounding values conservative. They recommended fhture efforts
include a literature search to find mass transfer models which might better model ITP and Sahstone
tanks. They further suggested that we limit testing, if any, solely to th~ needed to verifi the effect of
various parameters on mass transfer coefficients in any models used.

A subsequent report will address recommendations on conduct of tests in Tank 50H and the Saltstone
tanks to verifi benzene mass transfer. A second report will more fully document the method used to
regress mass transfer coefficients from tank data. 1
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APPENDLX

Derivation of the Ratio Between the .Mass Transfer Coefficients at 20 ‘C and 50 “C

The KawaseMoo-young method uses the following hvo equations.

k = 0.138 SC-X(VF)X and (1)

where SC = the Schmidt number (ratio of diffisivity to kinematic viscosity),

= the energy dissipation per unit mass
fip = the ower number (power/( density *(rotational speed)j *(impeller

!diameter) ),
,V= rotational speed of the impeller,
D1 and DT = the diameter of the impeller and tank, respectively,
H= the liquid height in the tank and
v= the kinematic viscosity.

The kinematic viscosity includes salt solution viscosities documented in Reference 6. The diffusivity
uses the Wilke-Chang correlation, for binary systems, given below.7

.,B =7.4x 10
.,* (@f,)O”T

D
pyy

(3)

whe”re $ = association parameter for the solvent (2.6 for water),
AfB = Molecular weight of the solvent ( 18 for water),
T = the solution temperature in Kelvin,
VB = the viscosity of the solvent in centipoise and
VA = the molal volume of pure solute at the normal boiling point
(mL/mole - this was derived from 0.879 g/mL, the density of benzene at
20 ‘c).

Researchers did not account for the multicomponent nature or high ionic strength of the system. The
current state-of-the-art for this topic does not provide extensively tested correlations for such systems.
Researchers examined the change in mass transfer coefficients between 20 and 50 “C. Previous work
provides viscosity data for 5 M Na+ salt solution (average OH-) for three temperatures between 24 and
35.1 0C.6 The authors used these data to produce an equation for viscosity with respect to temperature
for 5 M Na+ salt solution by linear regression. They then calculated viscosities for 20 and 50 “C and
used to calculate diffusivities, kinematic viscosities and then mass transfer coefficients for 5 M Nat salt
solution with all other variables held constant in the Kawase/Moo-Young equation. This approach
rrovides a ratio of the mass transfer coefficients at the two temperatures of 2.90. To check whether a
~ower sodium molarity salt solution falls within this ratio, the authors used this procedure to calculate the
ratio for benzene in water, producing a value of 2.05. Therefore it appears that the 5 M Na+ ratio
addresses wash water (-2 M Na+).
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SUMNL4RY

The authors developed methods to estimate mass transfer coefficients for Tank 50H and
48H using measurements from the vessels. The following table describes the steps employed
in these methods.

Step to be completed Tank 50H Tank 48H
Obtain data from tank periodic liquid and vapor On line GC, temperature and

samples analyzed

Speci& Input Parameters 2 pump mass transfer
coefficient
I pump mass transfer
coefficient
O pump mass transfer
coefficient
Initial Triphenylborane
concentration
Triphenylborane
decomposition rate constant

Evaluate Error Function Analytically
Minimize Error Function for Microsoft@ Excel Solver
all variables simultaneously
Evaluate Confidence Limits Microsoft@ Excel Solver

ventilation rate
measurements
4 pump mass transfer
coefficient
25 “C benzene generation
rate
Initial liquid benzene
concentration

Numerically
FORTR4N Subroutine

FORTR4N Subroutine

Applying these methods. mass transfer coefficients (k, with subscript representing the
number of pumps operating) were estimated for O, 1 or 2 pumps in Tank 50H and for 4
pumps in Tank-48H. -

For Tank 50H containing 720,000 gallons of solution, the authors estimated the mass
transfer coefficients as

kO= 2.6x10”T m/s
k, = 9.7x10-7 m/s
k2 = 1.5x10”6 m/s

for O, 1, and 2 pumps, respectively, with 95V0confidence limits for k. between 2.0 x 10-’
and 3.5 x 10”7,k, between 0.5 X10-6and 1.6 XIO-Sm/s and k2 between 1.2 X10-6and 2.0 xlO-b.

For Tank 48H containing 167,000 gallons of 3 wt VOslurry, the analysis yields a mass
transfer coefficient for four pumps of

k. = 4.0 X10-6m/S

with 95°/0 confidence limits between 3.0 x10-6 and 5,5 xl 0-6 m/s. All of these estimates’are
highly dependent on the assumptions used in their development, in particular upon the
Henry’s law coefficient and

. INTRODUCTION

Starting in September 1995,
Tank L18Hand Tank 50H to ,
Tank Precipitation (ITP) personnel operated the mixing pummpsin Tank 48H and- Tank 50H
to remove this benzene. High Level Waste Engineering requested that the Waste Processing

up~n the form of the generation rate. -

tetraphen y Iborate and its decomposition products decomposed in
moduce benzene. BeWeen September 1995 and the Present. [n-

2
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Technology Section analYze a [imited number of these benzene release events to provide an
estimate of the mass transfer coefficients for these benzene releases from both Tank -18H
and Tank 50H. ( This document provides that analysis.

DISCL’SS1ON

Approach

From September Of 1995 throwh January of 1996, ITP personnel made periodic
measurements of the temperature, tank level, liquid phase benzene concentration and vapor
space benzene concentration in Tanks -J8H and 50H. In addition, personnel periodically
recorded the ventilation rate in Tank 48H. This document will illustrate use of those
measurements to provide estimates of the mass transfer coefficients for benzene release from
the tank.

Theory

The following two differential equations describe the mass transfer of semi-soluble species
from the aqueous phase to the vapor phase for a ventilated tank.

@ k.-l(m(x) - y)- yQ([)

z= v,
I

& G(t)- kA(m(+. Y)
—= 2
lit v,
[n these equations, x denotes the concentration of benzene in the liquid phase, y gives the
concentration of benzene in the vapor phase, k represents the mass transfer coefficient, and
.4 gives the surface area available for mass transfer. Similarly, m(x) represents the vapor
liquid equilibrium expression; Q gives the ventilation rate, VYdenotes the vapor space volume
in the tank, V, signifies the volume of the liquid in the tank, and G(I) gives the benzene
generation rate.

Solving this set of differential equations requires values (or functional expressions) for the
generation rate, mass transfer coefficient, vapor liquid equilibrium, surface area, liquid waste
volume and total tank volume. Also, solution as an initial value problem requires initial
values for x and y.

If one assumes the mass transfer coefficient (k), ventilation rate (Q), volume of liquid waste
in the tank (VX) and generation rate
Iinearly with x over the time period
and 2. This solution produces:

y=Cle w + C2er’ +C3,

where

-b f 4-
~/=1,2=

2a

remain constant (or nearly constant) and if m(x) varies
of interest, an analytical solution exists for Equations 1

3

and

3
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Vrv,
a=zG’ 5

c= Q. where

C2 = –C, - C, + v, and

x Mm Q- + Clrl r,+ —+k’4
y -y

c, = – v,
~—rz q– t-.

For the liquid phase concentration, we get

v,@
—+Y, Q y,dtx, =

kAm ‘;’

4—= Clr,en’ +C2r2eo’.‘Vheredt

10

However, lacking any of the conditions specified above (in particular a linear function m(x)
or that the generation rate and ventilation rate remain constant over the time period of
interest), no analytical solution exists for Equations 1 and 2. However, an approximate
solution has been obtained using a numerical integration computer program.

Equations 3 and 11 indicate that the concentration of benzene in the liquid and vapor spaces
depend on the mass transfer coefficient for benzene and a number of other measured or
estimated parameters (see Appendix A). One can then provide estimates of the vapor and
liquid benzene concentrations as a function of time for a given maw transfer coefficient.’ .4
measure of the validity of a given mass transfer coefficient derives from an error function for
i measurements of the vapor or liquid space benzene concentration as:

Ssl!z(k) = ~ (z, - i,(k))’

where z, gives the measured concentration of benzene in the vapor or liquid space and ~,(k }

denotes the predicted concentration of benzene in the vapor or liquid space. By evaluating
this error function for various values of the mass transfer coefficient, one determines the
value that minimizes this function as the best estimate mass transfer coefficient. The
authors used separate methods to identify the best estimate of mass transfer coefficients for
Tanks 50H and 48H as discussed in the following sections.

4
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Best Estimate of ~Iass Transfer Coefficients

Tank 50H

From Not ember 2, 1995 to January 31. 1996, ITP personnel made more than 80 individual
measurements of either the liquid or vapor space benzene concentration in Tank 50H.
During that period, the le~el in the tank ranged from 526,000 gallons to 748,000 gallons.
The tank liquid and vapor temperature ranged from 27 to 3 I “C and the number of pumps in
operation ranged from O to 2. Ho~~e~er.one may break this time period into 210 individual
segments such that these ~ariabies – Volume. temperature. and number of operating pumps --
remain constant over each segment.

The authors then solved for the benzene concentration in the vapor and liquid phase at the
end of each time segment. With most of the required input parameters known (see Appendix
A), the benzene generation rate remained the only unidentified value. Therefore, to provide
an estimate of the mass transfer coefficient. the analysis must estimate the benzene
generation rate simultaneously. Benzene production in Tank 50H during that time period
likely came primarily from the decomposition of triphenylborane. (During this time period,
a sufficient excess of potassium ion existed in Tank 50H to produce the precipitation of any
tetraphenylborate ions present in the tank, thereby rendering these ions relatively
unavailable for decomposition reaction. ) The further assumption has been made that the
decomposition of diphenylborinic acid and phenylborinic acid are relatively rapid upon their
formations and therefore the decomposition of a mole of triphenylborane effectively
produces three moles of benzene. Note that from November 2 to November 9 of 1995,
material was transferred from Tank 48H to Tank 50H. This material likely contained a
significant quantity of triphenylborane. Since it was not possible to detetmine what quantity
of triphenylborane was transferred to the tank during this time period, this analysis will
assume that all of this triphenyiborane was present on November 2. Thus, to provide an
estimate of the benzene generation rate, one must estimate the initial triphenylborane
concentration and the decomposition rate constant. Appendix A explains the method for
converting this initial concentration into a benzene generation rate. Table A. 1 gives the
calculated benzene generation rate for the best estimate.

As indicated above, the analysis evaluated the error function not only for differing values of
the mass transfer coefficient but also for the initiaI concentration of triphenylborane. Note
that Table A. I provides the number of pumps operated for each time segment. The mass
transfer coefficient for O pumps does not depend on the mass transfer coefficient for either 1
or 2 pumps. Therefore, the analysis includes the mass transfer coefficient for O pumps as a
variable for the error function. Therefore, the error function for Tank 50H is:

14

where kOis the mass transfer coefficient for O pumps, k] is the mass transfer coefficie~t for 1
pump, kz is the mass transfer coefficient for 2 pumps, 3PBi is the initial concentration of
triphenylborane and k3p~ is the decomposition rate constant for triphenylborane. Note that
the mass transfer coefficient will change with tank level. The researchers assumed the mass
tran;fer coefficient varies inverse [y proportionally to the fourth root of the tank volume.
i.e., -

[)
7~)@fjfJ :

k,(V) = k,(720.000) ~ 15

5
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with k, (V) as the mass transfer coefficient for I pump at tank volume V (gallons) and
kl(720,000) as the mass transfer coefficient for 1 pump at tank volume 720,000 gallons.
Table 1 contains the mass transfer coefficient employed for each of the steps evaluated for
the best estimate case,

In determining the best estimate mass transfer coefficient, the authors adjusted all four
parameters in Equation 14 simultaneously using the Microso17@ Excel Solver fLnction.3
Table 1 contains the optimized values for the three parameters. Table A.2 contains the
measured values for Tank 50H and the input model evaluations for the best fit case.

Table 1. Best Estimate of Tank 50H Input Parameters.
Parameter Value
klP~ (hr-[) 0.0012
Triphenylborane (mg/L) ~~

kO(m/s) 2.6 x 10-7
kl (mIs) 9.7 x 10-7
kz (m/s) 1.5 x 10-6

Note that the estimated decomposition rate constant falls within the range of measured
decomposition rate constants for copper catalysis of triphenylborane decomposition.$

Mason, Gunst and Hessi indicate that any parameter set that produces an error function that
falls within a certain range of the minimum error function does not significantly differ at a
specified confidence internal. The following expression defines this range:

p q(p,~- p)]S.SE = SSEmn[1 + —
n–P

16

where p is the number of parameters (5), n is the number of data points (86), a is the
contldence interval of interest (represented as a fraction) atid the function F as the
cumulative probability. For the system of interest, the 95°/0 confidence interval becomes:

SSE = 1.14*SSE~~ 17

Researchers used the Excel Solver function to determine the 95?40confidence limits for kO
between 2.0 x 10-7and 3.5 x 107, k, between 0.5 X10-6and 1.6 X106 m/s and kz between 1.2
X10-6and 2.0 X10-6 .Note that the confidence limits have been defined only for the mass
transfer coefficients of interest and that the accuracy of the other input parameters has not
been defined.

Tank 48H

On November 10, 1995, ITP operators started all four slurry pumps in Tank 48H and
observed the release of benzene from the slurry to the vapor space. Table B. 1 contains the
data recorded from Tank 48H during that event. Note that over this time period, the
ternperature and venti Iation rate varied, Therefore, Equations 1 and 2 require a numerical
solution. This numerical solution uses a Runge-Kutta numerical integration subroutine. This
work used one such subroutine (named SIVA and provided by Fortner Research). Appendix C
contai,ns a listing of the FORTRAN program ‘“Data Regression” used to provide a numerical
solution to Equations 1 and 2 based on the input data. The unshaded portions of Table B. 1
comprise the input data file for the program. Appendix B also provides additional input
information not contained in Table B. 1.

6
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In contrast to the evacuation for Tank 50H, the authors did not know the liquid phase
benzene concentration in Tank 48H at the start of this operation. .AIso. the -24 hour time
period of interest involved continuous operation of 4 pumps. AISO note that the generation
of benzene during this time period likely came primarily from the decomposition of
tetraphen> [borate. During the time period of interest. the tetraphenylborate concentration
likely remained nearly constant. However, as noted above, a significant rise in temperature
occurred during this release event. Appendix B provides the temperature correction to the
base benzene ~.eneration rate. Therefore, for this benzene release event, Equation 14
becomes:

S.$E(k,,.r,. Gen25) = ~(:, - fl(k4,.r,,Gen25 ))’ 18

where k4 is the mass transfer coefficient for 4 pumps, x, is the initial benzene concentration
in the liquid phase and Genz5 is the benzene generation rate normalized to 25 “C. The
pro~ram “’Data Regression” evaluates the error function for given k4, x, and Genz5. [n
addition. the program will search for the set of k~, x, and Genz5 values that minimizes the
error function to provide the best estimate. Chati C. 1 gives the methodology followed in
this minimization. Table 2 contains the best estimate values for k4, x, and Genz5.

Table 2. Best Estimate Tank 48H Input Parameters
Parameter Value
k, (m/s) -!,0 X10”6

For this release event, Equation 17 becomes

SSE = 1.03*SSE~,n 19

Figure 1 contains a plot of the error function minimized fqr various values of k4. Inspection
of this Figure indicates upper and lower 95°/0 confidence vaiues for k4 of 5.5 X10-6 and 3.0 x
10“6’respectively. Note that the confidence limits have been defined only for the mass
transfer coefficient of interest and that the accuracy of the other input parameters has not
been defined.

Figure 1. Error Function for Tank 48H as a Function of

Mass Transfer Coefficient
I 5000 !

“: I0000
=
:

I ● Error Function

I —95 ?6Confidence Interval i

WMsTrmskr Coetliclent (106 M/s)
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CONCLUSIONS

Researchers developed methods for estimating mass transfer coefficients for Tanks 501-Iand
4SH. For Tank 50H this method employed an analytical solution to the material balance
equations governing mass transfer. This analytical solution estimated the liquid and vapor
space benzene concentration as a function of time based on parameter values for the mass
transfer coefficients for O and I pump and the initial triphenylborane concentration. The
authors adjusted these input parameters to minimize the error between the estimated benzene
concentrations and measured benzene concentrations to produce best estimate values for the
input parameters. The analysis also determined the confidence limits for the 1 pump mass
transfer coefficient. The authors calculated a best estimate mass transfer coefficients for 1
pump and 2 pumps at a tank level of 720,000 gallons as 9.7 X10-7m/s and 1,5 XIO”S
respectively. The authors also provided 95% confidence limits for kObehveen 2.0 x 10-’ and
3.5 x 10”’,k, between 0.5 Xlo”s and 1.6 xi O-6mls and k? beween 1.2 XIO”Gand 2.0 X10-6.

The authors used a similar approach for Tank 48H employing a numerical solution to the
material balance equations and utilizing the parameters of 4-pump mass transfer coefficient,
the initial liquid phase benzene concentration and the normalized benzene generation rate at
25 “C. The authors calculated a best estimate mass transfer coefficient for 4 pumps at a tank
level of 167,000 allons as 4.0 x 10“6m~s with a 95V0confidence interval ranges between 3.0

FXIO-Sto 5.5 x1O m/s.

7/z#3A7
tfate

7/2 + 7
Fink, ,Manager, WPTS-LWP

71

bate
I

i .T. )L 7/2 +,/9 7
\~J. lMontini, ~ eputy [TP/ESP Engineering Manager Date.

!7L&- 7/zd7
J#. Carter, [TP Flow-Sheet Task Team Date
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Appendix A. Input Parameters for Tank 50H

Tank Volume ●nd Surface Area:

The total tank volume and surfhce area derive from simple fimctions of tank dimensions with
known values. Facility personnel periodically record the liquid waste volumes for each tank.
lle volume remained relatively constant during the time segments of interest.

Vapor-Liquid Equilibrium

In simple bin~ systems, Henry’s Law or Raoult’s Law governs the vapor-liquid equilibrium.
This analysis uses such an approach for Tank 50H. The calculations assume a Henry’s Law
constant of 3.5 for Tank 50H.7 Though the Henry’s Law constant changes with
temperature, the change over the range of operating temperatures remains small (less than 3
%0)

Ventilation Rate

Facility persomel reported the average ventilation mte for Tank 50H during the operations
of interest as approximately 150 scfi (where standardtemperature is defined as 25 “C for
this measurement).

Initial Liquid Phase Benzene Concentration

Facility personnel obtained periodic liquid samples horn Tank 50H. The analysis will adjust
mass transfer coefficients to obtain the best possible agreement with this data set and with
the merwred vapor space concentrations in Tank 50H. (see Appendix D)

Generation Rate

For Tank 50fi the calculations use a benzene generation rate which assumes that each mole
of triphenylborane (3PB) reacts to form 3 moles of benzene with a first order rate constant
(kjP~) (at 25 ‘C) and an assumed activation energy (E) of 82 kJ/mole.5 The following
equation calculates the change in 3PB concentration:

-k,-;
‘3p~J = ‘3pA9,1-le 7 A.1

(El I-.—
‘ii Twhere k3P~~ = kjm ~we 2s+2?3 ) A.2

In these equations, xJP~.,and x~p~,j.lrepresent the concentration of 3PB in the Iiquid at the
current and previous time step, nxpectively, T represents the absolute temperate for ume
step in K and R represents the ideal gas constant in the appropriate unita. For cases where
the concentration changes fhrther by dilution (i.e., addition of material from sources other
than Tank 48H resulting in an increase in volume for Tank 50H), the analysis multiplies the

v

/
result from equation (A.1) by ‘“< . For cases when some 3PB is removed during

Y*I

transfer (3PBt,d,, ) to Saltstone, &e analysis calculates the amount lost due to tmnsfer as

(‘3~J - ‘3~J-1
3PB =

)
traqfir *( v

2 XJ-1 - KJ )“
A.3
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l%e amount of 3PB lost due to decomposition resul~ from subt=ting the 3PB~~ti,, from
the change in total amount of 3PB in the tank. The moles of benzene produced were
calculated by multiplying the moles of 3PB lost by 3, since the maximum of 3 moles of
benzene would be produced from 3PB decomposition.

10
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Table A, 1, Input Data For Tafi, 5oH and ,Model Estimates

[ntemal StartTime [nterval Finish Temp ~ Pumps Tank Level y-model <-model Generation k

(’c) (,gal) (ppm - VOIJ (mqL) (W L hr) fins)

I 1 295 ():0()

I ! 3950:00

114950:00

[ [ 5950:00

116950:00

1I 7950:00

I I 8/95 0:00

11 13/95 0:00

I I [9’95 0:00

1120,955:14

1120/95 7:48

I l/30/95 0:00

II 30/95 5:[0

1130(95 7:59

I2’3/’95 0:00

[2/395 15:35

12/3/’95 23:58

12 6/95 0:00

12 ‘6/95 1:05

12/11/958:06
1~,11(95 l~:)o

12119523:23
1~, ]~195 8:07

12>’[2,’95 12:00
1~/13,95 0:()()

12/’16/95 0:00

12/ 18/95 5:00

[2,’18/’95 [2:20
j~~~oi95 ] 7:j2

]~,I~O,95 ~o:56

1~/~],95 lz:~o

12/21/95 15:53

12/21/95 17:14

[ ?/? 1/95 17:29--

12/2 1/95 20:00

12/21i95 20:19

\~j~ \/95 Z2,0Q

12/22195 8:00

12!22/95 8:42

[12950:00 31

1

1

I

I

1

I

3 95 0’00 31

4950:00 31

595 0:00 31

6/95 0:00 31

7950:00 31

8/95 0:00 31

1113/950:00 31

I 1:19/95 0:00 3[

11’20/’95 5:14 31
] ]/Qo,95 7:48 jl

1 l/30~95 0:00 31

1(30/95 5:10 31

1/30/95 7:59 31

12/3/95 0:00 18

2/3,95 15:35 29

/~,3;95 ~3:j8 29

12’6i95 0:00 28

[~,’6/95 I ;05 18

12/’1195 8:06 30
1~/1 1/95 l~:oo 30

~/11,9523:23 31

12/12/95 8:07 28
~/J~/95 Iz:oo 28

12/13/95 0:00 31

12/16/95 0:00 19

[2/18/95 5:00 28

12/18/95 12:20

12120/95 17:52

12/20/95 20:56

12/21/95 12:20

12/21/95 15:53

12/21/95 17:14

12/21/95 17:29
I~jz ~/95 20:00
12/~1/95 20:19

1~/21/95 22:(30

\2{22195 8:00
\ ~/22/95 8:42

[~f72/95 1I;55

28

28

29

30

30

30

30

27

27

27

12,22,95 I I :55 12/22195 12:35 29

0

0

0

0
0

0

0
0
0

0
-)

o

0
?

o

0
?

o

0
~

o

0
~
o

0

0

0

~

o

~

o

0

2

0

~

o

0

2

0
~

o

526852

565526

61;401

652300

701671
74~8[4

744310

747302

748050

748050

748050

718876

718876

718876

718876

718876

718876

718876

718876

718876

718876

718876

718876

718876

590960

590960

590960

590960

590960

590960

541588

541588

541588

541588

541588

541588

541588

546077

546077

546077

546077

0.0

1.5

3.5

5.4

7.0

8.4

9.6

14.2

[7.8

19,3

39.6
~o,~

~03

45,0
~o, 1

19.9

74,6

19.7

19.6

79,3

57.6
~7,0

56,8

42.4
?3 2-.

12.9

12.5

41.9

12.2

26.1

15.8

14.8

20.9

~o.7

30.4

29.9

27.6

50.7

-18.5

:2,9

50.7

0.12

I 2-I
771

304

3.77

4.40

4,96
7,~1

8.89

9.13

9.08

10.04

10,05

9.97

9.91

9.90

9.65

9,59

9,58

6.62

6.62

6.62

6.45

6.45

6.44

6.32

6.21

6.03

5.91

5.84

5.81

5.80

5.76

5.76

5.70

5.69

5.69

5.44

5.44

5.36

5.35

45.6

;9.8

35.4

31.1
~7,8

>67-,-
57 7--, -

16.3

13.3
1~,8

10.1

7.4

7.3

50
j,?

5.1

4,4
J,z

4,6

4,0

4.3

3.1

3.0

-$.6

3.1

2.5

2.3

2.2

2.4

2.7

2.5

2.5

2.5

1.8

1.8

1.8

2.2

?J

~,~

~,z

2.6E-07

2.6E-07

2.6E-07

2,6E-07

2.6E-07

2.6E-07

2.6E-07

2.6E-07

2.6E-07

?.6E-07

1,5E-06

2.6E-07

2 6E-07

1 5E-06

2.6E-07

26E-07

1.5E-06

2 6E-07

2.6E-07

I,5E-06

2.6E-07

2.6E-07

1.5E-06

2.6E-07

2.6E-07

2,6E-07

2.6E-07

[ 6E-06

2.6E-07

I 6E-06

2.6E~07

2,6E-07

1.6E-06

2.66-07

I .6E-06

2.6E-07

2.6E-07

I ,6E-06

2.6E-07

1.6E-06

2.6E-O’
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Table A. 1. [nPut Data For Ta* 50H and Model Estimates

[nterval StartTime Interval Finish Temp ‘ Pumps Tank Level y-model x-model Generation k

(cc) (gal) (ppm - vol) (mgL) (yg Lhr) (,nvs)

I 1 961435

I 2960:48

12.962:48

12,967,00

13,960:27

1 3962:35

13967:21

139620:00

13(9622:15

1’39623:00

14/968:25

1:4/96 10:54

[/4/96 16:04

1-$,9617:25

1’-+96 19:51

I 5961.$:09

1/’596 15:00

1>’6/96 1:45

16/96 2:30

16/96 11:53

I 6/96 14:58

[/’7966:10

I ‘7 ’9610:05

1/7’96 10:40

17’9610:45

1!7’96 20:59

1/79621:10

1/7/’96 22:02

1/8;96 7:35

1/8/96 I4:1O

1/8/’96 14:25

[/8;96 18:56

1/8/’96 19:16

1’8/96 22:55

1/8/’96 23:35

1/9/96 14:11

1,9/96 [4:26

. 1/9/96 15:15

11919622:59

1)9/96 23:55

1/[0/96 15:00

12’960:48 33

I 2962:48 33

[ 2967.00 33

I 3,960:27 33

13,962:35 33

13;96 721 33

:3/96 20:00 33

3,9622:15 33

3/96 23:00 33

1!4/96 8:25 3-1

4/96 10:54 34

‘4/96 16:04 34

1/4/96 17:25 34

114/96 19:51 33

15,9614:09 29

115/96 15:00 29

[’6/96 1:45 31

1,6/962:30 31

I;6{96 11:53 31

1)6/96 14:58 31

1:7/966:10 31
[,/796 1o:05 3 [

1/7/96 10:40 3 I

1/7’96 10:45 3 I

1/7;96 20:59 30

1/7/96 2I:1O 30

1719622:02 30

lj8i96 7:35 30
18i96 14:10 30

/8/96 14:25 30

/8/96 18:56 30

1/8/96 19:16

118/9622:55

lIlV96 23:35

11’919614:1I

l19f96 14:26

1/9/96 15:15

1/919622:59

1:9/96 23:55

I/ 10/96 1“5:00

1/10/96 19:35

32

32

32

31

31

31

29
19

31

31

552061
jj~odl

552061

552061
jj~061

jj~061

552061

552061

j~~061

552061

552061
jj~061

jj~06\

jj~061

jj~809

552809

552809

552809

552809
j5~809

554305

554305

554305

554305

554305

554305

554305

554305

554305

554305

554305

554305

554305

554305

556549

556549

556549

556549

556549
556549
556549

8.6

8.6

8.5

85

15.6

13.2

Io.1

17.1

19.1

13.2

12.3
~5,5

23,7

~84

12.5

12,2

32.4

30.9

18.3

15.8

9.7

19.5

18,9

18.8

32.8

32.4

30.7

36.4

23.9
~3,5

28.6
~7,8

30.8

29,5

35.2

35.2

33.3

34.5

32.4

13,2

10.8

4,18

4.18

4,17

4.15

4.11

4.10

4.08

4,04

4,02

4,01

4.01

3.92

3.91

3.87

3.83

3.83

3.65

3.65

3.63

3.63

3.60

3.54

3.53

3.53

3.37

3.37

3.37

3.23

3.22

3.22

3.15

3.15

3.10

3.10

2.90

2.90

2.90

2.80

2,79

2.78

2.77

19

L8

1.8

1.8

1.7

1.7

1.7

.6

.6

,8

.7

.7

,7

,5

.0

.0

.2

2.6E-07

2.6E-07

2.6E-07

2.6E-07

1.6E-06

2.6E-07

2,6E-07

I .6E-06

I .6E-06

1.6E-07

2.6E-07

I .6E-06

2.6E-07

I .6E-06

2.6E-07

2,6E-07

I .6E-06

1.1 2.6E-07

1,1 2.6E-07

1.1 2.6E-07

1.1 2,6E-07

1.1 [ ,6E-06

1.1 2.6E-07

1.1 2.6E-07

0.9 I ,6E-06

0,9 2.6E-07

0.9 2,65-07

0.9 I .6E-06

0.9 2.6E-07

0.9 2.6E-07

0,9 I .6E-06

1.1 2.6E-07

II 1.6E-06

I.1 2.6E-07

1.0 1.6E-06

0.9 I .6E-06

0.9 2,6E-07

0.8 1,6E-06

0.7 2.6E-07

0.9 Z,6E-07

0.9 2.6E-07
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Table A, 1. [nput Data For Tti 50H and Model Estimates

[nte~a] StartTime [ntervalFinistt Temp + pumps Tank Level y-mode[ Y-modelGeneration k
(’c) (gal) (ppm - vol) (maL) (1.uYL>Iu) (ml’s)

1 10/96 1935

1 109619:50

I 10/96 23:30

1/1[961:10

1,11,961:27

11[966:00

1119610:06

[ [[96 17:15

1,119619:41

1/1119620:00

1/11/96 22:45

1/12,’960:00

1;12,96 2:23

11121966:00

l/12/’96 8:00

l/12~96 10:21

l/12196 13:50

1/12/96 21:59

1/12,’9623:17

1!13/96 9:58
[,/13,’96 1~:18

l/13/96 16:23

1,’13/96 17:56

l/’l3;96 20:59

111-V966:00

1/14/’96 8:00

1/14/96 17:00

1/[4/96 19:40

1/15/96 14:24

II 1519622”:30

1116/960:45

1116~962:00

1/16/96 4:00

1/’16/96 11:02

1/16/96 12:56

II16;96 13:16

1/1619620:45

1/’16/96 23:03

l/17/’96 17:12

1/17/9621:12

[/[8/’96 0:02

I1OI96 19:50 31

I 10/96 23.30 30

1961:[0 30

1961:27 31

1/96 6:00 31

9610:06 31

196 17:[5 31

’9619:41 29

/1 1!96 20:00 19

/1 1/96 22;45 29

1/12/96 0:00 34

1/12/96 ~73 34---

1,’12/96 6:00 34

li12;96 8:00 34

/[2/96 10:21 34

/12/96 ]3:50 34

/1~/9621 ;59 29

/12/9623:17 29

1/13/96 9:58 32

/13/96 12:18 32

/13/96 16:23 32

/13196 17:56 32

1/13/96 20:59 33

l/14i96 6:00 33

1/14/96 8:00 33

1/’14/96 17:00 33

1/14/96 19:40 31

1/[5/96 14:24 35

1/15/96 22:30 33

1/16/96 0:45 35

1/16/96 2:00 35

1/16/96 4:00 35

l/16/96 11:02 35

1/16/96 12:56 35

1/16/96 13:16 35

1/16/96 20:45 30

1/16/96 23:03 30

1/17/96 17:12 32

l/17/9621:12 32

1/18/96 0:02 33

1/18/96 10:58 33

556549

556549

556549

556549

556549

556549

556549

556549
jj6j~9

j~65~9

556549

556549

556549

556549

556549

556549

556549

556549

558045

558045

558045

558045

558045

558045

558045

558045

558045

558045

558045

561038

561038

561038

561038

561038

561038

561038

561038

561038

561038

56[038

561038

10.7

17.0

[92

19.5

15.1

12.3

9.2

13.7

13,5

11.8

13.8

12.3

17.7

!9,9

22.1

17.9
~4.7

22.7

~6.7

22.8
246

~z,z

23,5

13.6

12.2

8.2

10.2

5.6

5.1

8.9

8.5

7.9

6.4

8.0

8.2

6.5

10.1

5.5

5.2

9.6

6.4

2.77
~,7~

2.70

2.70

2.69

2.69

2.68

2.65

2.65

2.64

2.63

2.63

2.59

2.56

2.54

2.53

2.44

2.44

2.33

2.32

2.28

2.28

2.25

2.24

2.24

2.23

2.22

2,20

2.20

2.17

2.17

2.17

2.17

2.16

2.15

2,15

2.12

2.10

2.10

2.07

2.06

0.9

0.8

0.8

0,9

0.9

0.9

0.8

0.7

0.7

0.7

1.1

1.1

1.1

1,1

1.1

1.1

0.6

0.6

0.9

0.8

0,8

0.8

0.9

0.9

0.9

0,9

0.7

1.0

0.8

1.0

0.9

0.9

0.9

0.9

0.9

0.5

0.5

0.6

0.6

0.7

0,7

2.6E-07

I ,6E-06

I .6E-06

I 6E-06

2.6E-07

2.6E-07

2.6E-07

1.6E-06

2.6E-07

2.6E-07

I .6E-06

2.6E-07

I .6E-06

I .6E-06

1 6E-06

2.6E-07

1.6E-06

2.6E-07

1.6E-06

2.6E-07

I ,6E-06

2.6E-07

I .6E-06

2.6E-07

2.6E-07

2,6E-07

1.OE-06

2.6E-07

2.6E-07

1,6E-06

2.6E-07

2,6E-07

2.6E-07

I ,OE-06

I ,OE-06

2.6E-07

1.6E-06

2.6E-07

2,6E-07

I ,6E-06

2.6E-07
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Table &1, [nput Data For T~ ~OHand Model Estimates

lntemal StartTime Interval Finish Temp ~ pumps Tank Level y-model x-model Generation k

I 199622:43 30

I [9.9623 53 30

I 20962:51 35
l,~J96 1{:]8 35
[ ~(3/96 ]6:02 31

120/9621:30 31

[’c) (.eal) (ppm - VOI) (maL) Wa Lhr) (m:s)
i 1S,96 10:58

I 199622:43

I 199623:53

1 20962:51

1209611:18

12096 16:02

I 209621:30

I 21960:34

I 21969:25

1)2196 17:48
],~1,96~]:05

1219623:30

[!2296 [ [:00
[,~~,96 11:55

[ 22,’9616:15
1,~~,96 17:43

li’23’96 0;46
[23,96 11:14

1/23,’96 I 1:15

1’23/96 14:42

1)23/96 16:25
1,~4,96 o:~o

1,~4,96 9:14

11~4,96 12:15

1/24/96 12:53

1/24,96 13:43

124/96 18:06
l/~4/96 18:16

[/24/96 19:37

I ‘2!519622:45

126i96 22:00
],~7196 17:13

lC7/96 19:22

I/28/96 0:00

]/~8/969:16

1/28/’96 9:28

112819612:26

1/28/96 14:04
1,~8/96 21\z9

1,~9/96 ]6:51

li129196 21:57

I 21,960:34 30
1,~1 969:25 30
21 96 17:48 30

:21,9621:05 30

/21/9623:30 30
1~~,96 11:oo 30

1,22/96 [[:55 30

1/22;96 16:15 30

t ‘22/96 17:43 3 I
1,~3,’c)(j(3:4(j 31

,’23;96 11:14 31

23/9611:15 31
,J3;96 ]4:4~ ~]

‘23/’96 16:25 31

124;96 0:40 30

1/24/96 9:24 30
1~4196 ]2:15

1:2419612:53
~/24/96 13:43

l/24/96 18:06
l;~4/96 18:16

I ‘24/96 19:37

112519622:45

\ /26/9622 :00

1/27196 17:13

1/27/96 19:22

1/28/96 0:00

1/28/96 9:16

11281969:28
l/~8/96 12:26

30

30

30

30

30

31

31

31

30

30

31

31

31

31

/28/96 14:04 “31

/28/96 21:29 31

/29/96 16:51 30

/29[96 21:57 30

/30/96 11:30 30

0

0
-)

o

0
7

0

0

0
7

0

0

0
1

0
?

o

I

I

I

o

0

0

1

2

1

0

I

o

0

0

1

I

o

1

1

0

0

0

0

0

561038

561038

562534
j6~53~

j6~53~

562534

562534

562534
j6~53~

562534

562534
562534

562534

562534

562534

564778

564778

564778

564778

564778

564778

564778

564778

565526

565526

565526

565526

565526

565526

565526

565526

565526

565526

565526

565526

565526

565526

565526

565526

j~~~~6

565526

43
J,2

8.8

6.4

5.7

12.6

10.7

7.1

5.5

9,9

8.8

5.7

5.6

8.3

7.8

14.4

8.1

8.1

9,6

10.2

6.9

5.1

4.8

5.3

6.4

8.6

8,5

9.0

4.0

3.4

3.3

4.9

7.4

5.2
5.3
6.9
6.4
4.9
3.5
3.4
3,?

2,02

2.02

2.00

I ,99

1,98

L94

.93

.92

,9 I

.88

.88

1.87

1.87

[.85

1.84

1,79

1.78

1.78

1,76

1.75

1.74

1.73

1.73

I .73

1,72

1.70

1.70

1.69

1.67

1.65

1.63

1.62

1.60

1,59

1,59

1.57

1,57

1.57

1.55

1.54

1.53

0.5

0.4

0.7

0.7

0.5

05

0.4

0.4

0.4

0.4

0.-1

0.4

0.4

0.4

0.4

0.4

0.4

0.4

0.4

0.4

0.4

0.3

0.3

0.3

0.3

0.3

0.3

0.4

0.4

0,3

0.3

0.3

0.3

0.3

0.3

0.3

0.3

0.3

0.3

0.3

0.3

?.6E-07

?.6E-07

1.6E-06

2.6E-07

2.6E-07

I 6E-06

2.6E-07

2.6E-07

2.6E-07

I ,6E-06

2.6E-07

2.6E-07

2.6E-07

1.OE-06

2.6E-07

1.6E-06

2 6E-07

I OE-06

1.OE-06

I .OE-06

2.6E-07

2.6E-07

2.6E-07

1.OE-06

1.6E-06

1.OE-06

2.6E-07

1,OE-06

2.6E-07
~,6E. Ij -

2,6E-07

1,OE-06

1,0&06

2.6E-07

I .OE-06

1,OE-06

2.6E-07

2,6E-07

2,6E-)7

2,6E-07

2,6E-07
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Table A. 1, Input Data For Tank 5oH and Model Estimates

Interval StartTime Interval Finish Temp = Pumps Tank Level y-model ~-model Generation k

(’c) (.eal) (ppm - VOI) (mvL) (MvLh) (m/S)
13096 I 1:30 [30,96 17:52 30 0 565526 3.1 1,53 (),2 2.6E-07
130/96 17:52 I 30961753 30 0 565526 3.1 1.53 0.2 2.6E-07
13096 17:53 130;96 22:00 30 I 566274 5.7 1.51 0.2 I.OE-06
I 3019622:00 I 31’96 12:09 30 0 567770 3.9 I.49 0.2 ~,jE-07

I 319612:09 1319621:30 30 I 567770 8.I 1.46 0,2 I.OE-06
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Table A.2. Measured and model K and y data.

Time y-model ppm VOI x-model m~L k-measured pp m VOI ~-measured maL

I [2,96 S.00

I 1396958

I 149619:40

1 15,96 [4:24

1, 16/96 12:56

I [696 [2:56

1179617:12

1, 18/’96 10:58

1 191’9622:43

I 2011962:51
[ ~o;96 il:[8

1’21/96 0:34

1,21:969:25

121,9621:05
li~l:96 ~3:30

1/22/96 [ 1:00
1,’~3/96 o:46

1/23,96 11:15

1/23/96 14:42
l/~~/96 o:i.$o

11241969:24

[,24,96 !3:43

[ 24(96 19:37

li25i96 22:45

1/26/96 22:00

1/27/96 19:22

1/28/96 9:28
[/~8/9(5 [4:(34

1/28/96 21:29

1/30/96 11:30
l/30/9~ 17:52

1/30/96 22:00

19.95

26,66

10. I5

5.65

7.98

7.98

5.53

6,39
4,26

8.77

6.41

10.69

7.15

9.87

8.77

5.70

14.43

8.14

9.62

6.90

5.15

6,36

8.99

3.98

3.44

4,90
528

6.41

4.92

3.19

3.14

5.73

2,56
7 33-.
> -)-)----
m)

2.16

2.16

2.10
2.06

202
2.00
I.99

193

I .92

1.88

I .88

[,87

1.79

1.78

1.76

1.74

1,73

1.72

1.69

1.67

1.65

1,62

1.59

1.57

1.57

1.53

1.53

1,51

5.4

7,9

7.9

5.1

8.4

5 2.1

1.7

6.3

9.7

6.3

I .9

9.4

5.2

16.1

6.5

9.8

6.3

4.7

1.7

9.9

.3.4

2.9

2.6

4,9

6.6

4.4

2.8

2

1.5

1.7
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Appendix B. Input parameters for Tank 48H

Tank Volume and Surface Area:

The total tank volume and surface area come from simple Functions of tank dimensions with
known values. Table B. I lists the liquid waste volume.6 Note that in Table B. 1, data points
taken from facility measurements are indicated by boxes around the data while the remaining
data was interpolated beween each tank measurement.

Vapor-Liquid Equilibrium

Previcius]y. researchers defined the vapor pressure over a salt solution containing benzene as:’

where PB denotes the partial pressure of benzene, m represents the Henry’s Law constant and
XB gives the mole fraction of benzene in solution. [n dilute solution, m defines the Henry’s
Law constant as:

c .Up-\uf (1P(’.kl, 1
m=- ——

c Iiq-ulr= RT S~

with I?” as the vapor pressure of benzene (atm), MB as the molecular weight of benzene ( 78
g/mole), R as the ideal gas constant (0.082055 L*atm/(moIe*K) and S~ as the volubility of
benzene in g/L.

Researchers also previously measured the volubility of benzene and found the following
equations valid:’

S8 = 1.7689e
+W81[?V.-] at 23 ~c

SB= 1.9434e
-a U46[(v.-]

at 40 ‘C

, 98 * ~e+No75[Na’]
S8= . at 50 “C

with pa+] as the sodium ion concentration in solution. The volubility at temperatures
between 23 ‘C and 50 “C comes from linear interpolation. Note that for the time period of
interest the sodium ion concentrateion in Tank 48H was assumed to be approximately 4.7 \l.

The literature contains the vapor pressure of benzene at a number of temperatures.* The
following equation estimates this data over the temperature range of 25 to 60 *C:

PO = (86.6 + .135* TEMP2 - 3.011 *TEMP)/760

where TEMP gives the temperature in ‘C.

Ventilation Rate

Table B. 1 gives the average ventilation rate for Tank 48H.

,n
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Generation Rate

,4s temperature increase, the benzene generation rate will increase. The activation ener~
describes this increase in generation rate. For an activation energy of 50 kJ/mole, the
generation rate for a given temperature (T) assume the form:

-Xlooo
f?”(r+273)e

Gen( T) = Gem5 -jo.m

e R“298

\vith T in ‘C.

Figure B, 1 provides the best estimate fit to the tank vapor space measurements.

Best Fit Tank 48H Vapor Space Measurements

20
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Table B. 1. Input data file for Tank 48H

# of points - Tank level (gal)
290 167000

Date v-measured (ppm vol)

Time step (rein)

5

Q( Sctill) T Liq (“C) T Vap (‘C) Pressure (in water)

10-NOV-95 9:45:04 145 780,857422

10-NOV-95 9:49:58 148 779,064453

10-Nov-95 9:55:00 147 777.218750

[0-Nov-95 [0:00:03 149 775.390234 I
10-NOV-95 10:04:57 ]jz 775,350391

1O-NOV-95 [0:09:59 152 775.309375

1O-NOV-95 10:15:01 15[ 775.268359

1O-NOV-95 10:20:04 151 775.227344
+

10-Nov-95 10:24:58 151 775.187500 t
10-NOV-95

10-NOV-95

IO-Nov-95

1O.NOV-95

IO-NOV-95

10-NOV-95

1O-NOV-95

10-NOV-95

1O-NOV-95

1O-NOV-95

10-NOV-95

0:30:00 I79 775. 1-!64S4 I
0:35:02 185 769.076172

0:39:56 185 763,179297

0:44:59 184 757.108984

0:50:01 188 751,038672

0:55:03 191 744.968359

0:59:57 193 739,071484 I
1:05:00 [93 736.616797

1:10:02 I93 734.196875

1:15:04 193 731.776953

1:19:58 212 729,426172

10-Nov-95 I 1:25:00 ~ 219 7~7,006250°

10-NOV-95 I I :30:03 ~~z
I 724.583203

10-Nov-95 1I :34:57

H

22 I 721,913672

10-Nov-95 I 1:39:59 223 719.165625

10-NOV-95 11:45:01 ~~6 716.417578

10-NOV-95 I 1:50:04 z27 713.669531

37.97

37.98

37.99

38.00

38.01

38.02

38.03

38.04

38.05

38.06

38.07

38.08

38.09

38.10

38,11

38.12

38.14

38,15

38.16

38.17

38,18

38.19

38.20

38.2 I

38.22

38.23

33,55

33.10

33.60

33.63

33.65

33.68

33,70

33.73

33.75

33.78

33.81

33.83

33.86

33.89

33.91

33,94

33.96

33.99

34.02

34.04

34,07

34.09

34.12

34.15

34.17

34.20

-0.5321211

-0,5249492

-0.5 [75664

-0.5102188 I
-0,5066328

-0.5029414

-0.-+992500

-0.4955586

-0.4919727

I -0.4882813 I
-0.4927930

-0.4971758

-0.5016875

-0.5061992

-0.5107109

I -0.5150937 1

-0.5204180

-0.5257500

-0.5310820

-0.53626[7

-0.5415937

I -0.5469648

-0.5561289

-0.5655625

-0.5749961

-0.5844297

10-NOV-95 11:54:58 ~~7 711.000000 38,24 34.22 -0.5935937

10-Nov-95 12:00:00 z27 708.251953 I 38.25 I 34.25 I -0.6030273 I

10-Nov-95 12:05:02 243 708.539062 38.27 34.26

1O-NOV-95 12:09:56 244 708.817969

10-Nov-95 12:14:59 253 709.105078

10-NOV-95 12:20:01 246 709.392187

10-Nov-95 12:25:03 147 709.679297

1O-NOV-95 12:29:57 249 709.958203 I

1O-NOV-95 12:35:00 246 707.401563,

38,29

38.31

38.33

38.35

38.37

38.40

38.42

38.44

38,46

38.48

34.26

34.27

34.27

34.28

34.28

34.29

34.29

34.30

34.30

34.31

-0.6079492

-0.6127305

-0.6176523

-0.62257h2

-0,6274961

I -0.6322773

-0.6327305

-0.6331406

-0.6335508

-0.6339492

-0,6343594
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Table B. 1. Input data tile for Tank 48H

Date y-measured (pprn VOI) Q (SCfiTl~ T Liq (“C) T Vap CC) Pressure (in water)
10-NOV-95 i 3.00:03 268 694.542188

10-NOV-95 13:04:57 267 690.677344

10-NOV-95 13:09:59 265 686,698828

[0-Nov-95 13:15:01 264 682,720313

1O-NOV-95 I 3:20:04 267 678.741797

10-Nov-95 13:24:58 270 674876953

10-Nov-95 13:30:00 ~70 670.898438

1O-NOV-95 [3:35:02 270 674.753906

1O-NOV-95 13:39:56 281 678.499219

10-Nov-95 13:-W:59 283 682,354687

10-Nov-95 13:50:01 ~84 686.210156

10-Nov-95 13:55:03 ~81 690.065625

1O-NOV-95 13:59:57 276 693810937 I
10-NOV-95 14:05:00 J78 690.06953 I

10-NOV-95 14:10:02 282 686.255078

10-Nov-95 14:15:04 282 682.440625

1O-NOV-95 14:19:58 ~82 678,735156*
10-Nov-95 14:25:00 \ 282 674.920703

10-Nov-95 14:30:03 29 I 671.269140

10-Nov-95 14:34:57 189 684.178515

10-Nov-95 14:39:59 289 697.467578

[O-NOV-9514:45:01 291 710.756640

10-Nov-95 14:50:04 296 724.045703

10-NOV-95

10-Nov-95

10-Nov-95

10-NOV-95

10-NOV-95

10-NOV-95

10-Nov-95

10-NOV-95

10-Nov-95

10-NOV-95

10-NOV-95

1O-NOV-95

10-NOV-95

10-NOV-95

10-NOV-95

10-NOV-95

1O-NOV-95

1O-NOV-95

10-Nov-95

4:54:58 300 736.955078

5:00:00 302 750.244140

5:05:02 302 748,808594

5:09:56 302 747.414063

5:14:59 313 745.978516

5:20:01 310 744.542969

5:25:03 308 743.107422

5;29:57 309 741.712891 I
5:35:00 301 736.946094

5:40:02 305 732.147266

5:45:04 305 727.348438

5:49:58 305 722686719

38.50

38.52

38.54

38.56

38,58

38.60

38.63

38.65

38.67

38.69

38.71

38.73

38.75

38.77

38.79

38.81

38.83

38.85

38.88

38.90

38.92

38.94

38.96

38.98

39.00

39.02

39,04

39.06

39.08

39.10

39.12

39.15

39.17

39.19

39.21

34.31

34.32

34.32

34.33

34.33

34.34

34.34

34.35

34.35

34.36

34.36

34.37

34.37

34.38

34.39

34.39

34.40

34.40

34.41

34.41

34.42

34.42

34.43

34.43

34.44

34.44

34.45

34.45

34.46

34.46

34.47

34.47

34.48

34.48

34.49

. . . I -0.6346953

-0,6275234

-0.6201406

-0.6127578

-0,6053750

-0,5982031

I -0.5908203 I
-0.5858984

-0.581 I 172

-0.5761953

-0.5712734

-0.5663516

-0.5615703

-0.5574609

-0.5533594

-0.5492578

-0.5452734

-0.5411719

I -0.5376836 1
-0,5962539

-0.6565469

-0,7168398

-0.7771328

-0.8357031

I -0.8959961

-0.882871 I

-0.870121 I

-0.8569961

-0.843871 I

-0.8307461

-0.8179961 1
-0.8008086

-0.7835820

-0.7663555

-0.74962\1

5:55:00~ 305 I 717.887891 39.23 34.49 -0,7323945 3
6:00:03 305 713.145312 I 39.25 I 34.50 I -0.7153359 1

6;04:57 312 714221094 39.28 34.53 -0.7157344

6:09:59 314 715.328516 39.30 34.55 -0.7161445
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Table B. 1. [nput data file for Tank 481+

Date y-measured (ppm VOI) Q{ Sch) T Liq (“C) T Vap (“C) Pre5sure (in water)
1

LI.)-No\-95 16,30.00 305 719,726562 1
10-Nov-95 16:35:02 306 720.669922

iO-Nov-95 16:39:56 306 7zI,~863~8

10-Nov-95 16:44:59 306 7~~,j~9687

1O-NOV-95 16:50:01 312 723.473047

10-Nov-95 16:55:03 312 724.416406

10-Nov-95 16:59:57 310 7?5.3328[2 I
10-FJOV-95 17:05:00 311 728.266797

10-Nov-95 17:19:58 303 737041797

10-Nov-9517:25:00 303 739.994922 t

10-Nov-95 17:45:01 310 750.989453

10-Nov-9517:50:04 306 753.696484

10-NOV-9517:54:58 306 756,326172

10-Nov-9518:00:00 306 759.033203 I
1O-NOV-9518:05:02 306 759.402344

10-Nov-9518:09:56 199 759.760937

1O-NOV-9518:14:59 299 760.130078

1O-NOV-9518:20:01 299 760.499219

10-Nov-9518:25:03 308 760.868359

10-Nov-9518:29:57 305 761,226953 I

10-Nov-95 18:45:04 I 301 769.939062

10-Nov-95 18:49:58 299 772,767969

10.Nov-95 18:55:00 294 775.680078

10-Nov-95 19:00:03 294 778.551172 1
10-NOV-95 19:04:57 294 777,196484

10-NOV-95 19:09:59 294 775.801953

::::::-

“1o-Nov 95 [9”20”04

10-Nov-95 19:30:00 296 770.26; 672 I
[0-Nov-95 1%35:02 297 770.796875

10-Nov-95 19:39:56 290 771.314844

1O-NOV-9519:44:59 290 771,848047

10-Nov-95 19:50:01 ~90 772,381250

10-Nov-95 19:55:03 29(3 772.914453

39.41

39.43

39.46

39.48

39.5 [

39.54

39.56

39.59

39.61

39,64

39.67

39.69

39,72

39.74

39.77

39.80

39.82

39.85

39.88

39.90

39.93

39.95

39.98

40.01

40.03

40.06

40.08

40.11

40.14

40,16

40.19

40.21

40.24

40.27

40.29

40.32

40.34

40.37

40.40

40.42

40.45

40.47

34.66

34.68

34.7[

34.73

34.76

34,79

34.81

34.84

34.86

34.89

34.92

34,94

34,97

34.99

35.02

35.05

35.07

35.10

35.13

35.15.

35.18

35.20

35.23

35.26

35.28

35.31

35.33

35.36

35.39

35.41

35.44

35.46

35.49

35.52

35.54

35s7

35.59

35.62

35.65

35.67

35.70

35.72

\ -0.7177734 !
-0.705J688

-0.6935156

-0,6812109

-0.6689063

-0,6566016

1 -0.6446484 )
-0.6396563
-0.6347344
-0,6298125

-0.6250313

-0.6201094

1 -0.6151758 I
-0.6091992
-0.6030469
-0.5968945

-0.5907422

-0.5847656

[ -0.5786133 1
-0.5802539

-0.5818477

-0.5834883

-0.5851289

-0.5867695

I -0.5883633 1
-0.5843164

-0.5802148

-0.5761133

-0.5721289

-0.5680273

[ -0.5639805 1
-0.5655742

-0.5672148
-0,5688555
-0.5704961
-0.5720898

~
-0.5848047
-0.5955625
-0.6066367
-0.6177109
-0.6287852
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Table B. 1. Input data file for Tank 48H

Date y-measured (ppm VOI) Q( SC61-1) T Liq (“C) T Vap [“C) Pressure (in water)

10-Nov-95 19:5957 296 773,437477. -- 40,50 35.75 -0.6395430
10-NOV-9520:05:00 298 775875000 -0.6384297
10-Nov-9520:10:02 297 7?8.335937
[0-NOV-9520:15:04 ~gj 780.796875

10-Nov-95 20:19:58 194 783.187500

10-Nov-95 20:25:00 397-- 785,648437

10-NOV-95 20:30:03 287 787,861719

10-NOV-95 20:34:57 287 764.991407

10-Nov-95 20:39:59 287 741,448438

10-Nov-95 20:45:0 I 294 717.905469

10-Nov-95 20:50:04 293 694.362501

10-Nov-95 20:54:58 29 I 671.492188

1O-NOV-95 21:00:00 287 647.949219 I
10-Nov-95 2 [ :05:02 289 663.371093

1OINOV-95 21:09:56 288 678.352343

1O-NOV-95 21:14:59 285 693.774218

10-Nov-95 21:20:01 285 709.196093

10-NOV-95 21:25:03 285 7~4,617968

10-NOV-95 21:29:57 285 739,599218 I
1O-NOV-95 21:35:00 294 742,021094

10-NOV-95 21:40:02 294 744.317969

1O-NOV-95 21:45:04 ~89 746.614844

10-Nov-95 21:49:58 282 748.846094

10-Nov-95 21:55:00 283 751.142969

10-NOV-95 22:00:03 287 753.401563 I
10-Nov-95 22:04:57 281 751,728125

1O-NOV-95 22:09:59 281 750.005469

10-Nov-95 22:15:01 281 748.282813

1O-NOV-95 22:20:04 ~&j 746.560156

1O-NOV-95 22:24:58 ~84 744.886719

10-Nov-95 22:30:00 282 743.164063 1
10-NOV-95 22:35:02 283 743.902344

1O-NOV-95 22:39:56 280 744.619531

10-Nov-95 22:44:59 277 745.357812

10-Nov-95 22:50:01 278 746.096094

10-Nov-95 22:55:03 278 746,834375
(

10-Nov-95 22:59:57 I 278 I 747,551562

1O-NOV-95 23:05:00

E

278 746.339844

1O-NOV-95 23:10:02 283 745.109375

10-Nov-95 23:15:04 282 743.878906

1O-NOV-9523:19:58 280 742,683594

1O-NOV-9523:25:00 278 741.453125

40,52

40,54

40.56

40.58

40,60

40.63

40,65

40.67

40.69

40,71

40,73

-$0.75

40.77

40,79

40,81

40.83

40.85

40.87

40,90

40.92

4094

40.96

40,98

41,00

41.02

41.04

41.06

41.08

41.10

41.12

41.15

41.17

41.19

41.21

41.23

41.25

41.27

41.29

41.31

41.33

41,35

35.77

35.79

35,81

35.83

35.85

35.88

35,90

35.92

35.94

35.96

35.98

36.00

36.02

36.04

36.06

36.08

36.10

36.12

36.15

36.17

36.19

36.21

36.23

36.25

36.27

36.29

36.31

36.33

36.35

36.37

36.40

36.42

36.44

36.46

36.48

36.50

36.52

36.54

36.56

36.58

36.60

-0.6371992

-0.6359688

-0.6347734

-0.6335430

1 -0.6322422 1
-0.6238750

-0.6152617

-0.6066484

-0.5980352

-0.5896680

-0.5810547 1
-0.5654688

-0.5503281

-0.5347422

-0.5191563

-0.5035703

I -0.4884297
-0.4854375

-0.4825664

-0.4796953

-0.4769063

-0.4740352

-0,4711328 I
-0.4651563

-0.4590039

-0.4528516

-0.4466992

-0.4407227

I -0.4345703 I
-0.4415430

-0.4483164

-0.4552891

-0,4622617

-0.4692344

-0.4760078 i
-0.4760742

-0.4760742

-0.4760742

-0,4760742

-0.4760742
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Table B. 1. Input data file for Tank 48H

Date y-measured(Ppm VOI) Q( Scfin) T Liq (“C) T Vap (“C) Pressure(in water)

10-NOV-9523:30:03 ~76 “-$0227734 41.38 36.63 -0.4761523
10-NOV-9523’3457 7+3 739.550391-, 41,40 36.65 -0484121 [
10-Nov-9523:39’59 . -?-1- 738.853125 41.42 36,67 -0.4923242
10-NOV-9523:45:01 WT 738,155859 41.44 36.69 -0.5005273
10-Nov-9523:50:04 777-- 737458594 41,46 36.71 -0.5087305
10-Nov-9523:54:58 279 7;6,T8[~jo 41,48 36,73 -0.5166992

1I-NOV-95 0:00:00

[ I-Nov-95 0:05:02

1I-Nov-95 0:09:56

1I-Nov-95 0:14:59

11-Nov-95 0:20:01

11-Nov-95 0:25:03

11-NOV-95 0:29:57

1I-NOV-95 0:35:00

11-Nov-95 0:40:02

1I-Nov-95 0:45:04

I I-Nov-95 0:49:58

1I-NOV-95 0:55:00

11-NOV-95 I :00:03

11-NOV-95 1:04:57

1I-Nov-95 1:09:59

11-Nov-95 1:15:01

I I-NOV-95 I :20:04

[ I-Nov-95 1:24:58

1I-Nov-95 1:30:00

I I-NOV-95 1:35:02

[ I-Nov-95 1:39:56

1I-Nov-95 1:44:59

1I-Nov-95 1:50:01

[ I-Nov-95 1:55:03

1I-Nov-95 1:59:57

11-NOV-95 2:05:00

1I-NOV-952: 10:02

11-Nov-95 2:15:04

11-Nov-95 2:19:58

11-Nov-95 2:25:00

1I-Nov-95 2:30:03

11-Nov-95 2:34:57

1l-hiov-952;39:59

I I-Nov-95 2:45:01

11-Nov-95 2:50:04

I I-Nov-95 2:54:58

175 736.083984 41,50 36.75 -0,5249023 J

270 735,474609
777-- 735,269531

171 7Jj,06~Jj3

271 734.865234
~7[ 737.544531

~71 740.251562
~71 7~~958594

274 745,588281
~7(-) ~-18,295312 4

I ~71 750.975000

265 J 750,323438

~h(j I 746.361328
~bl 744.515625

262 742.669922

262 740.824219
259 739,031250 I
259 738.769922

259 738.523828

259 738.277734

262 738.038672

263 737.792578

262 737.594922 1
259 742.296484

159 747.136328

257 751.976172
1

I 258 756.816015 -
258 761.517578

41,53

41.55

41.58

41,60

41.63

4[.66

41,68

41.71

41,73

41,76

41.79

41.81

41.84

41.86

41.89

41.92

41.94

41.97

4 I .99

42.02

42.05

42.07

42.10

42,12

42.15

42.18

42.20

42.23

42.26

42.28

42.31

42.33

42.36

42.39

42.41

36.76

36.77

36.78

36.79

36.80

36,81

36.82

36.83

36.84

36.85

36.86

36.88

36.89

36.90

36.91

36,92

36.93

36.94

36.95

36.96

36.97

36.98

36.99

37.00

37.01

37.02

37.03

37.04

37.05

37.06

37.07

37.08

37.09

37.10

37.11

-0.5257227

-0.5265195

-0.5273398

-0.5281602

-0.5289805

I -0,5297773 1
-0.5273477

-0.5248867

-0.5224258

-0,5200352

-0.5175742

I -0.5151055 !
-0.5119180

-0.5086367

-0.5053555

-0.5020742

-0,4988867

I -0,4956055 I
-0.4947852

-0.4939883

-0,4931680

-0.4923477

-0.4915273

I -0.4907305

-0.4813789

-0.4719453

-0.462{117

-0,4533477

-0.4439141

-0.434621I I
-0.4398008

-0.4451328

-0.4504648

-0.4557969

-0.4609766
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Table B. 1. Input data file for Tank 48H

Date .-measured PPm VOI) Q( Scfhl) T Liq (°C) T Vap ~C) Pressure (in water)
1I-NOV-953:00’00 258 766.357422 42.-!4 37,13 -0.4663086
[ I-Nov-953.05,02 :5.7 760.984375 42.46 37.14 -0.4663086
I 1-Nov-953:0956
I 1-NOV-953:14:59

11-NOV-953:20:01
1[-NOV-953:25:03
I I-NOV-953:29:57
I I-NOV-953:35:00
1I-Nov-953:-$0:02

I l-Nov-95.3:45:04

11-Nov-953:49:58

260 755,764844 42,49 37.15 -0,4663086
259 750.391797 4z,52 37.16 -0,4663086
~~~ 745.018750 42,54 37.17 -0.4663086
251 739.645703 42.57 37.18 -0.4663086
253 734,426172 I 42.59 37.19 -0.4663086 I
~jl 73~,4~5000 42.62 3720 -0.4740273

SE:= = 3723 -0497836

37.21 -0,4818203

37.22 -0.4896133

I l-Nov-95 3:55:00 257 724.606250 42.72 37.24 -0.5049766
I I-NOV-954:00:03 ~57 722.694531 4~.75 37.25 1 -0.5127031 1
I I-Nov-95 -$:04:57 ~51 726.599219 -0.5135000
1I-NOV-954:09:59 248 730,618750

[1-NOV-954:15:01 246 734.638281

1I-Nov-95 4:20:04 ~Jg 738.657812

I 1-Nov-95 4:24:58 247 742,562500

11-Nov-95 4:30:00 147 746,582031 I
11-Nov-95 4:35:02 247 749.248047

I l-Nov-95 4:39:56 248 751.837891

11-Nov-95 4:44:59 246 754,503906

I 1-Nov-95 4:50:01 247 757.169922

I 1-NOV-954:55:03 243 759835937 (
11-Nov-954:59:57 I 241 I 762.425781

I I-NOV-95 5:05:00 141 771.998046
1I-Nov-955:10:02 238 781.636718

11-Nov-955:15:04 238 791,275390

1I-Nov-955:19:58 238 800.638671

11-Nov-955:25:00 243 810.277343

11-Nov-955:30:03 240 819.8062501
1I-Nov-955:34:57 242 817.973438

1I-NOV-955:39:59 240 816.086719

11-Nov-955:45:01 237 814.200000

11-Nov-955:50:04 237 81~,313~81

11-Nov-955:54:58 I 138 I 810.480469 ,
1I-Nov-95 6:00:00 ~37 808.593750 1
11-Nov-95 6:05:02 237 807.199219

11-Nov-95 6:09:56 237 805.844531

11-Nov-95 6:14:59 232 804.450000

11-Nov-95 6:20:01 238 803.055469

I I-Nov-95 6:25:03 134 801.660938

42.77

42.78

42.80

42.81

42.83

42.84

42,86

42.87

42.89

42.91 .

42.92

42.94

42.95

42.97

42.98

43,00

43,02

43.03

43.05

43.06

43.08

43.09

43.11

43.13

43.14

43.16

43.17

43.19

43,20

37.27

37.29

37.31

37.33

37.35

37.38

37.40

37.42

37.44

37.46

37.48

37.50

37.52

37.54

37.56

37.58

37.60

37.63

37.65

37.67

37.69

37.71

37.73

37.75

37.77

37.79

37.81

37.83

37.85

-0,5143203

-0.5151406

-0.5159609

-0.5167578

I -0.5175781 I
-0.5155273

-0.5135352

-0.5114844

-0.5094336

-0,5073828

-0.5053906

-0.5013086
-0.4972070

-0.4931055

-0.4891211

-0.4850195

I -0.4809219 I
-0.4773359

-0.4736445

-0.469953I

-0.4662617

-0.4626758

[ -0.4589844

-0.4708789

-0.4824336

-0.4943281

-0.5062227

-0.5181172
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Table B. 1, Input data tile for Tank 48H

~~g 789.50820~
~~8 780.025391
??6.- 770.263672 1
226 775,800781

~~6 781,179687
~~6 786.716797

228 79~,~53906

~~6 797,791015

Date y-measured (pPm VOI) Q( Scfin) T Liq (“C) T Vap (“C) Pressure (in water)
I I-No\-95 6:29:57

I I-Nov-95 6:35:00

1I-Nov-95 6:40:02

I I-Nov-95 6:45:04

I 1-Nov-95 6:49:58

I I-Nov-95 6:55:00

I I-NOV-95 7:00:03

I I-XOV-95 7:04:57

I I-NOV-95 7:09:59

1l-Nov-95 7:15:01

I 1-NOV-95 7:20:04

I [-Nov-95 7:24:58

I 1-NOV-95 7:30:00

I I-Nov-95 735:02

1I-FJOv-95 7:3956

1I-NOV-95 7:44:59

11-Nov-95 7:50:01

I I-Nov-95 7:55:03

1I-Nov-95 7.59:57

1I-Nov-95 8:05:00

11-Nov-95 8:10:02

11-Nov-95 8:15:04

[ l-Nov-95 8:19:58

I I-Nov-95 8:25:00

11-Nov-95 8:30:03

11-Nov-95 8:34:57

11-Nov-95 8:39:59

11-Nov-95 8:45:0 I

1I-Nov-95 8:50:04

11-Nov-95 8}54:58

I I-NOV-95 9:00:00

43.22

-/3.23

43.25

43.27

43.28

43.30

43.3 I

43.33

43.34

43.36

43.38

43.39

43.41

43.42

43.44

43.45

43,47

37.87

37.90

37.92

37.94

37.96

37.98

38.00

38.02

38.04

38.06

38.08

38.10

38.13

38.15

38.17

38.19

38.21

-0,5296719

[ -0.5480664 1
-0.5665234

-0.5849805

-0.6029102

-06213672

-0,6396602 I
-06408555

-0.6420859

-0.6433164

-0.6445469

-0.6457-$22

I -0,6469727 J
-0.6490234

-0.6510156

-0.6530664

-0,6551172

43,48 38.23 -0.6571680

227 803.169922 43.50 I 38.25 I -0.6591602

~~9
I 765.685157

219 756.210547

219 747.231248

~~4 788.549217

224 831.082420
~~4 873.615623

219 916.148826

219 957.466795 1
I 217 I 999.999998 I

43.53

43.55

43.58

43.60 .

43.63

43.66

43.68

43.71

43.73

43.76

43.79

43.81

38.26

38.27

38.28

38.29

38.30

38.3 I

38.32

38.33

38.34

38.35

38.36

38.37

-0.6595859

-0.6599961

-0.6604062

-0.6608047

-0.6612148

I -0.6616016 I
-0.6596094
-0.6575586

-0.6555078
-0.6534570

-0.6514648

L -0.6494141 I
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Appendix C. Fortran Code “Data Regression”

PROGRAM DATA REGRESSION
c
c
c This program provides a regression of tank data to provide estimates of
c mass transfer coefficients. initial benzene concentrations and benzene generation
rates
c The program uses the SIVA subroutine to solve the differential material balance for the
c tank vapor and liquid. The SIVA subroutine is provided by Fortner Research
c The program requires an input file containing time, temperature, vent rate and vapor
space
c benzene concentration readings. The program contains an input value for the tank
level.
c
c
c
c

c
c
c

c
c
c

This block initializes a number of variables for use in the program.

PARAMETER (INEQ=3, IFDIM=I 6*INEQ+I , IYDIM=4*INEQ)
INTEGER NEQ, KORD(7), IOPT(9), TINT.NUMDATA
REAL TSPECS(4), T, H, DELT, TFINAL,AK 1(6)
REAL F(IFDIM), Y(IYDIM),DATAIN (4,400 ),AFIT(7,30),EVALL( 10,4)

CHARACTER*4O LABEL, INNAME
EXTERNAL SIVAO, SIVAF
EQUIVALENCE (TSPECS(l ), T), (TSPECS(2), H), (TSPECS(3), DELT),

1 (TSPECS(4), TFINAL)

Common statements are used to pass a number of variables between subroutines

COMMON / KPASS / AK1
COMMON / ERR/ ERROR
COMMON / DATPASS / DATAIN

.

This block prints out a header prior to data input.

WRITE (“,601)
WFUTE (*,602)

601 FORMAT ( 1X,’This program provides an estimate of Tank 48H benzene
concentration’)
602 FORMAT (1X,’First, we need to input the data’)

c
c This block opens the data input file and reads in the data and writes the data
c to the screen
c

Open (unit= 10,status=’old’, file=’input. dat’)
Read ( 10.*) numdata.tankvol, delt..-— —
WRITE (*,*) ‘NUMBER OF DATA POINTS = ‘,NUMDATA

do 57 ii = I,numdata

read ( 10,*) DATAIN( 1,[I),DATAIN(2,11 ),DATAIN(3,11),datiin( 4,ii)
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write ( *.*) DATA

57 CONTINUE
CLOSE (UNIT = 10)

c

N(l. II),DATA1N(2,[[),DATA[ N(3.II),datain(4, i)

c This block sets the tank ~olume in gallons: \ariable ~Kl(6)
c

AKI(6) = tank~ol
c
~ Input the initial mass transfer coefficient ( mis) (akio) and the step size (akstep)
c of mass transfer coefficients to be investigated.
c

write (*.607)
read (*,*) akio,akstep

607 FORMAT ( 1X,’mass transfer coefficient plus step’)

c
c
c

c
c
c
c
c
c
23

c
c
c
c
c
c

55

Sets the value for the F-tests

EFTEST = (1+(3 .0/(NUMDATA-3 .0))*3.0)

The next block starts the evaluation loop for mass transfer coefficients. The
first line sets the mass transfer coefficient - AKININ. next, the initial concentration
is set - XIO, the initial step change in concentration, XISTEP and a holder for the
concentration. xii.

AKININ = AKIO + AKSTEP

XISTEP = .1
MO = .001
xii = 0.001

Nfist, nthird, nfour, nsecond, nfirst and nsecd are counters used to detexmine
location in the optimization routine. X2 is the initial concentration. gout and gi
are the initial generation rate, gstep is the initial step change in the generation
rate.

nfist = 6
nthird = 1
nfour = 1
X2 = 0.001

nsecond = 1
gout = o
gi=()

gstep = 10
nfirst = 1
nsecd = 1

29



L

C All generation rates are in 100 micro~l/min. error is the error term for the
c model tit (defined later). All concentration terms are in g/L passed
c
c akin is the mass transfer coefficient. ak 1( 1) is the mass transfer coefficient
c times the area in units of L’min

191 agen = gout* 1.66e-6
error = O

X1=X11

akin = akinin

akl(l) = 591*60 *1000 *akin

c
c kall is a counter for the optimization routine
c

kall = O
c
c xgi and ak 1(2) are the benzene generation rate in g/l/rein
,--
L

XGI=agen
akl(2) = xgi

c
c the next block sets the necessary input parameters to zero for the solver
.
L

DO 502 [ = 1,iYDIM
Y(I) = o

502 CONTINUE

D05031=I,7
KORD(I) = O

503 CONTINUE

D05041 =1,9
IOPT(I) = O

504 CONTINUE
c
c the next block sets the input parameters for the model. The initial time is zero
c the final time is for the last data point (in minutes). The time step is the difference
c between the first two data points (in minutes). Note that the data points must be
c evenly spaced. Delt is the time step, y(1) and xi is the initial liquid phase concentration
c in mg/L. y(2) is the gas phase concentration in ppm.
c

T=O
TFINAL = (datain( I,numdata)-datain( 1,1))”24”60

.

c DELT = (DATAIN( 1,2)-DATAIN( 1,1))*24*60
AKI(5) = DELT

30
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c wRITE (*.*) ‘TFINAL =’.TFI?JAL,delt,datain( l.2).dataln(l,l)
y(l)=xI
y(~) = datain( 2.1)
Y(3)=0

F(l)=o
F(2) = O
F(3) =()

c
c The next block sets parameter requirements for the solution subroutine.
c

NEQ=3
H=IOO
Y(4)=0.OEO
Y(5)= 0.OEO

Y(3) = O,OEO

C Set option for error control, Iocal absolute error< 1.E-1.
[OPT(1)=16

IOPT(2)=7
IOPT(3)=4

KORD(7)=3
F(4)= 1.E-1

C Set option for second
[OPT(4) = O

c
C Do the integration
c

KORD(l)=O
[00 CONTINUE

order equations

CALL SIVA(TSPECS,Y,F, KOU,NEQ,SIVAF,SIVA0,4, IYDIM,IFDIM,7,IOPT)
[F (KORD(l) NE. 1) GO TO 100

c
c these output lines can be used to print out output information to the screen
c the first line prints out the generation rate and the error statement. the second
c line prints out run control information
c
c write (*, *) gout, efior
c write (*,*) nfirst,nsecond, nsecd~nfist f

c
c The following block starts the evaluation of the run control.
c

~g~” EVALL(nfirst, 1) = error
EVALL(nfirst,2) = gout

if (nfirst .ge. 2) then

31
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gerr = abs((evall(nfirst, I )-eva[](ntirst- 1.I ))/evall(ntirst, I))

if (gem It. .001) then
goto 205
endif

if ievall(l,l) It. evall(2,1) ) then
nsecd = 1

nsecond = 1
ntlrst = 2
evall(l ,3) = evall(l,l)
evall(l ,4) = evall(l ,2)
gstep = (evall(2,2)-evall( i ,2))/4

gi = evall( 1,2) + gstep
gout = gi

goto 19I
endif

endif

gout = gi + gstep
gi = gi + gstep
nfirst = nfirst + 1

if (nfirst .ge. 6) then
nsecond = 2
endif

if (nsecond .ge. 2) then
goto I93
endif

goto 191

193 if (nsecd .ge. 2) then
goto 183

endif

168 kick = O
do 158 ijp= 1,3

if (kick le. O) then
if (evail(ijp+l,l) .lt. evall(ijp+2, 1)) then
nsecd = 2
nsecond = 1
nfirst = 4
evall( 1,3) = evall(ijp,l)
evall( 1,4) = evall(ijp,2)
evall(3,3) = evall(ijp+l,l)
evall(3,4) = evall(ijp+l,2)
evall(5,3) = evall(ijp+2, 1)
evall(5,4) = evall(ijp+2,2)
gi = (evall(ijp,2)+evall( ijp+l,2))/2
gstep = ((evall(ijp+ 1,2)+evall(ijp+2 .2))/2)-gi

t
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gout = gi

kick= 1
endif
endif

158 continue

if (kick :e. 1) then
:Oto 191
endif

if(gout .gt. 200) then
WRITE (*,*) akin, xi,gout,error,ntist
XII = XII + XISTEP
XIO = XII
IF (XII .GT. 2) THEN
GOTO 305
ELSE
goto 55
ENDIF
endif

nsecd = 1
nsecond = 1
nfirst = 3
evall( 1,1) = evall(4,1)
evail(l ,2) = evall(4,2)
evall(2,1) = evall(5, 1)
evall(2,2) = eva11(5,2)
gi = evall(2,2) + gstep
gout = gi
goto I91

183 evall{2,3) = evall(4, 1)
evall(2,4) = evall(4,2)
eva11(4,3) = evall(5,1)
evall(4,4) = evall(5,2)

do 164 ijl = 1,5

evall(ijl, 1) = eva11(ijl,3)
evall(ijl,2) = evall(ijl,4)

164 continue
goto 168

205 EVALL(nfist, 1) = error
EVALL(nfist,2) = xii
write (*,*) akin, xi,gout,error, nfist

c WRITE (*,*) ‘INPUT NUMBER GREATER THAN 5 TO SEE OUTPUT’
if (nfist .eq. 7) then

if (evall(6,1) .It. evall(7, 1) ) then
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nfour = 1
nthird= 1
nfist = 7
evall(6,5) = evall(6, 1)
evall(6,4) = evall(6,2)
xistep = (evall(7,2)-eval l(6,2))/4
~io = evall(6.2) + xistep

xii = xio
goto 55
endif

endif

xii = xio + xistep
xio = xio + xistep
nfist = nfist + 1

if (nfist .ge. I 1) then
nthird = 2
endif

if (nthird .ge. 2) then
goto 141
endif
goto 55

141 xerr = (evall(6, 1)+evall(7, 1)+evall(8, l)+evall(9,1)+eval!( 10,1))/5
Xss = o

do l15iji= 1,5
xss = (eva11(iji+5,1)-xerr)**2 + xss

115 continue

xrat = (XSS**.5)/xerr

if (xrat .It. .05) then
goto 305
endif

IF (XII .GT, 2) THEN
GOTO 305
ENDIF

if (nfour .ge. 2) then
goto 133

endif

129 lki~k = O

do 142 ijp= 1,3

if (Ikick .Ie. O) then
if (evall(ijp+6,1) .It. evall(ijp+7, 1)) then
nfour = 2
nthird = 1
nfist = 9
evall(6,3) = evall(ijp+5, 1)
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evall(6.4) = eva11(ijp+5.2)
evall(8,3) = evall(ijp+6, I )
evall(8,4) = evall(ijp-6.2)
evall( IOJ) = evall(ijpt7.1)
evall( 10,4) =,evall(ijp+7.2)
xio = (evall(ijp*5 .2)+evall( ijp+6.2))/2
xistep = ((evall( ijp+6,2)+evall( ijp*7,2))/2)-xio
\ii = xio
lkick = 2
endif
endif

\ ~~ continue

if(lkick .ge. 1) then
!gOto55
endif

if (xii g. 10) then

goto 305
endif

nfour = 1
nthird = 1
nfist = 8
evall(6,1) = evall(9,1)
evall(6,2) = evall(9.2)
eva11(7.1) = evall(l O,l)
evall(7,2) = evall(10,2)
xio = evall(7,2) + xistep
xii = xio
goto 55

133 evall(7,3) = evall(9,1)
evall(7,4) = evall(9,2)
evall(9,3) = evall( 10,1)
evall(9,4) = evall( 10,2)

do 166 ijl= 1,5

eva11(ijl+5,1) = evall(ijl+5,3)
evall(ijl+5,2) = evall(ijl+5,4)

I66 continue
goto 129

~oj \vrite (*,*) ‘for k = ‘,akio,xerr,xss
akio = akinin
if(akio .lt. Se-S) then

goto 23
endif
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STOP
END

SUBROUTINE SIVAF(T, Y. F. KORD)
C deri~ative subroutine for use ~~ith SIV’.+
c

INTEGER KORD.IITIME
REAL T. F(3), Y(6)
REAL TP

REAL A.W’K,WM.VY.G,VX,Q..AK 1(6),DATAIN(4,4OO)
INTRINSIC INT
COMMON / KPASS / AK]
COMMON / DATP.4SS ~DATAIN

c
c Evaluate the derivatives
c
c
c
c Determine which time step the evaluation is in
c

ttime = (b’(akl(5))) + 1

IITIME = lNT(ttime)
c
c determine the temperature during the time step
c

TC = 273/( 273+datain(4,iitime))
TEMP = DATAIN(4,11TIME)

c
C evaluate the equilibrium vapor space benzene concentration: from DPST-88-661
c

S23 = 1.789*exp(-.448l*4.7)
S40 = 1.9434 *exp(-,4446*4.7)
S50 = 1.9811 *exp(-.4O75*4.7)

c
c
c

c
c
c

determine the volubility of benzenen in the slurry phase

if (temp .gt. 40) then
ssol = (((temp - 40)/10 )*(s50-s40)) + s40

else
SSOI= (((temp - 23)/17)”(s40-s23)) + s23

endif

determine the equilibrium vapor space benzene concentration (in g/L)
correlation fit to bezene vapor pressure from Perry’s Handbook.

PO = (86.6 + .135* TEMP**2 - 3.01 l* TEMP)/760
TK = temp + 273
Ysol = 78* PO/(.082055*tk)

if (y(l) .gt. SSOI)then
ystar = ysol
else
ystar = ysol*y(l )/ss01
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c
c
c

c
c
c
c

c
c
c
c

c
c
c
c
c
c

endif

correct the vent rate (to scfm) for temperature

L’ENTDAT = DATAIN(3.11T[>1E)*2731298

determine slurw ~olume in liters
and vapor space ~olume in 10e6 liters using standard conversions

VOL = AK[(6)*3.788
VVOL = (1.59 e6-akl(6))*3.788 /le6

correct the generation rate for temperature

Activation energy for decomposition. 5886 (K) = 50,000 kj/mole
EA = 5886
genr = akl (2)*exp((EA/298 )-t EA;TK))

evaluate the derivatives. note that Y(3) is only a place holder.
3.479e-6 gA/ppm
,28737 I/g for benzene vapor
28.3168 [/ft3

F(1) = -AK1( 1)“(YSTAR-3.479E-6 *Y(2))WOL + genr

F(2) = ((0,~8737*AKl (l)*(YSTAR-3.479 E-6* Y(2))) - Y(2)* VENTDAT*28.3 168E-
6)/(v\’ol*Tc) .

F(3)= 2

RETURN
END

SUBROUTINE SIVAO(TSPECS, Y, F, KORD)
PAR4METER (INEQ=3, IFDIM=l 6*INEQ+1 , IYDIM=4”INEQ)
INTEGER NEQ, KORD(7), [OPT(9), TI’NT,HITIME

REAL TSPECS(4)
REAL F(IFDIM), Y(IYDIM),AK1 (6), DATAIN(4,400),~IME

INTRINSIC INT
COMMON / ERR/ ERROR
COMMON / KPASS / AK1
COMMON / DATPASS / DATAIN

c
c this subroutine evaluates the fit to individual data points
c
c determine’ the time step and the real time
c

tttime = (TSPECS(l )/(akl(5))) + 1
[IITIME = INT(tttime)
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ERROR = E~oR T (Y(2)-DATAIN(2. IIITIYlE))*(y(2 )-DATA[N(2.111TI~E))

RETURN

ES D

.
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Ficaure C. 1. Flowchart for Optimizaticm routine in program data regression.

Start
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gout s gi + gstep

gi = gi + gstep

JP

F

M nfirst = 2

/
I F

Evall (nfirst,l) = error

Evall (nfirst,2) = gout

Gerr =ABS((Evall (nfirst,l)-Evall (nfirst-1 ,1))/
Evall (nfirst,l))

I
/

Yes

evall(l ,3) = evall(l,l)
evall(l ,4) = evali(l ,2)

gstep = (evall(2,2)-

evall(l ,2))/4

gi = evail(l ,2) + gstep

gout = gi
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Yes
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Yes

i

c1ijp = 1

No

Yes I
Yes

nsecd = 2 nsecond = 1

nfirst = 4 kick= 1

evall(l ,3) = evall(ijp,l ) evall(l ,4) = evall(ijp,2)
evall(3,3) = evall(ijp+l,1 ) evall(3,4) = evall(ijp+l ,2)

evall(5,3) = evall(ijp+2,1) evall(5,4) = evall(ijp+2,2)

gout = gi ijp =ijp+l

gi = (evall(ijp,2)+evall( ijp+l ,2))/2
gstep = ((evall(ijp+l ,2)+evall(ijp+2,2 ))/2)-gi

No
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evall(2,3) = evall(4,1)
evall(2,4) = evall(4<2)
evall(4,3) = evall(5,1)
evall(4,4) = evall(5,2)
ijl = 1

[

evall(ijl,l) = evall(ijl,3)
evall(ijl,2) = evall(ijl,4)
ijl = ijl + 1 1

&rkick>- 1
Yes

nsecond = 1
nfirst = 3
evali(l,l) =
evall(l ,2) =
evall(2,1) =
evall(2,2) =

Gx11= X11+XISTEP
Xlo= X11

evall(4,1 )
evall(4,2)
evall(5,1)
evall(5,2)

gi = evall(2,2) + gstep
gout = gi

OH
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EVALL(nfist,l ) = error

I*
No

xio = xio + xistep

No

Yes

. I
\

nfour = 1
nthird = 1
nfist = 7
evall(6,3) = evall(6,1 )
evall(6,4) = evall(6,2)
xistep = (evall(7,2)-evall( 6,2))/4
xio = evall(6,2) + xistep
xii = xio

k I /

6
Yes

I
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xerr =
(evall(6,’
Xss = o
,..
1]1= 1

)+evall(7,1 )+evall(8,1 )+evall(9,1 )+evall(l O,l))/5

\

I

/

( xss = (evall(iji+5, 1)-xerr)**2 + xss
.,,
Ijl = iji +1

No

I No

Yes

No

No
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8

K

Ikick = O

iip =1

No

No

I

nfour = 2 nthird = 1

nfist = 9
evall(6,3) = evall(ijp+5,1) evall(6,4) = evall(ijp+5,2)

evall(8,3) = evall(ijp+6,1) evall(8,4) = evall(ijp+6,2)

evall(10,3) = evall(ijp+7,1) evall(10,4) = evaWijp+712)
xio = (evall(ijp+5,2) +evall(ijp+6,2))/2
xistep = ((evall(ijp+6,2 )+evall(ijp+7,2) )/2)-xio
xii = xio Ikick = 2

I

8

ijp = ijp +1 {

Yes
if

ijp = 4

Yes
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/ \

nfour = 1
nthird = 1
nfist = 8

evall(6,1) = evall(9,1)

evall(6,2) = evall(9,2)

evall(7,1) = evall(l O,l)

evall(7,2) = evall(10,2)

Xio = evall(7,2) + xistep

xii = xio
\ A

T
.- \

evall(7,3) = evall(9,1) “

evall(7,4) = evall(9,2)
evall(9,3) = evall(lo,l)
evall(9,4) = evall(10,2)
ijl = 1

\ /
1

evall(ijl+5,1)
evall(ijl+5,2)
ijl = ijl + 1
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QG

nsecond = 1
gout = o
gi=O
gstep = 10
nfirst = 1
nsecd = 1

0M

Print out k and error
akio = akinin

Yes

I

AKININ = AKIO t AKSTEP
XISTEP = .1 Xlo = .001”
xii = 0.001
nfist = 6 nthird = 1
nfour = 1 x2 = 0.001

I

I
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wESTINGHOUSE SAVANNAH RIVER COMPANY
SAVANNAH RIVER TECHNOLOGY CENTER

SRT-LWP-96-O 19

PAGE I OF 4

Februa~ 20, 1996

From: R. F. Swingle, 773-A w
C. J. Coleman, 773-A c. ~~~~

Tank 50H Samp!e Results ~

This dGcument provides results of analyses of samples taken horn Tank 50H during the period October
1995- Janu~ 1996. Table 1 and Figures I and 2 give benzene analyses by the ITP lab of liquid and
vapor samples taken from Tank 50H provided by W. C. Walker and R. M. Crouch of High Level Waste
Engineering. Table 2 gives results of analyses performed by SRTC’S Analytical Development Section
on liquid samples taken from Tank 50H.

The results given in Table 1 are all from separate vapor and liquid samples taken at different times
during the days noted on the table. The analyses were performed using gas chromatography.
Temperature data for Tank 50H were taken mice each day, not necessarily at the time the samples were
taken. The temperature data given in Figures 1 and 2 are for one of the daily temperature readings.

Benzene analyses in Table 2 were performed using gas chromatography-mass spec. Some of the Table 2
benzene analyses are suspect because the samples were placed in partially filled plastic containers and
allowed to sit for several days before being analyzed. Tetraphenylborate analyses were performed using
titration. All of the tetraphenylborate analyses were close to the lower limit of detection and should be
considered suspect. Phenol and phenylboric acid (PBA) analyses were performed by high performance
liquid c~omatography. Analyses for PBA were requested after the original sample analyses, and the
results indicated only very small amounts, below the lower limit qf detection, present. Potassium
analyses-tvere performed by atomic absorption. Potassium analyseq were also performed as requested
after the ociginal sample analyses and results are available for only two of the samples.
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Table I
Tank 50H Benzene Results from the ITP Lab

1l/3195
i 2/S/95

12120/95
12/21/95
12f22/95
12/23/95
12/24/95
12f25195
12/26195
12/27/95
12/28/95
12/28195
IZ29195
12129195
12./30/95
1131195

1/1196
1/2/96
1/3/96
1/4/96
1/5/96
1/6/96
1/6196
l16t96
1/7/%
!/7/!?6
1/8/96
1/9196
1/9/96

1110/96
1/10/96
1/1 1/96
1/11/!26

Vapor

20.0
44.8
39.7
21.6
17.0
12.0
22.8
12.3
24.0
11.2
20.7
10.7
8.9
7.6
8.4
12.1
10.3
10.2
35.7
16.8
12.9
19.8
35.1
22.0
30.6
33.4
12.5
9.9
22.1
12.1

Liquid

0.12
8.45
6.0
5.9
5.3
5.8
5.1
5.3
4,6
4.8

5.2

4.7

4.9
4.4

3.6
3.3

3.1

2.9

3.5

1/1 1/96
l/l U96
1/13/96
1/14/96
1115196
1/16/96
1/17/96
1/18/96
1/19/96
1/20/96
1/21/96
1/21/96
l/21196
1/22/96
1123196
1123196
l/23196
1/24/96
1/24196
1/24/96
1/25196
1/26/96
1/27/96
!/2j3/9(j

1/28/96
1/28/96
1/30/96
1/30/96
1/31/96
1/31/96
2/4/96
2/5/96

Vapor

14.2

5.4
7.9
5.1

8.4

5.0
6.3
9.7
6.3
9.4
5.2
16.1
6.5
9.8
6.3
4.7
9.9.
3.4
2.9,
2.6
4.9
6.6
4.4
2.8
2.0
5.8
7.4
2.3
4.4

Page 2 of4

Liquid

1.2
3.0
2.5
2.2
2.3
2.0
1.9

2.1
1.7

1.9

1.,”

1.5

1.7
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Figure 1
Tank !50H Benzene Concentration for December
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Figure 2
Tank 50H Benzene Concentration for January 1996
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Table 2

SRTC-ADS Tank 50H Sample Analyses

Total
PotassiumSample Approx.

IQ

II-P-155 10/4/95

I-I-P-193 11/5/95

iTP-209 12/3/95

ITP-223 12120/95

ITT-225 1/3/96

ITP-233 1/16/96

na - not available

Benzene

<0.1 *

0.12 *

Phenol

<().15

PBA

na

<10

E
542 na

98 <628 na

8.5 120 <!()

<1(J

<10

314 na

0.23 * 120 <1(33 295

0.47* 119

124

<160 280

0.16 431na na

* The starred benzene concentrations are suspected to be lower than the actual benzene concentration in

Tank 50H at the time the sample was taken. The low results were probably &used by the samples
being placed in partially filled.

I

H. ~. Harmon, 7194Acc: ‘L~F<Ortaldo, 704-S
R. M. Satterileld, 719-4A
L. M. Papouchado, 773-A
W. L. Tamosaitis, 773-A
D. D. Walker, 773-A
G. T. Wright 703-H
L. A. Woote~ 730-2B
A. P.ChristenscL241-82B
G. D. ~@O~ 241-119H
J. R Fow!er, 704-2
W. C. Walker, 241-82H
R. M. Crouch, 241-82H
J. E. Young, 773-A
C. W. HSU,773-A

J.P.Morin,719-4A
W. C. Clark 240-119H
B. G. Croley, 240-120H
M.D. Johnsou 704-56H . ‘
C. A. Langton, 773-43A
B. T. Butcher, 773-43A
K. W. Johns, 704-52H
J. D. Menn& 730-2B
R. A. Peterson, 676-T
M. J. Barnes, 773-A
W. B. Van Pelt 676-IT
M. R. Poirier, 676-t
LWP Files
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