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EVALUATION OF HOSE-IN-HOSE TRANSFER LINE
SERVICE LIFE
FOR HANFORD’S INTERIM STABILIZATION PROGRAM

1.0 INTRODUCTION

RPP-6153, Engineering Task Plan for Hose-in-Hose Transfer System for the Interim
Stabilization Program, defines the programmatic goals, functional requirements, and technical
criteria for the development and subsequent installation of transfer line equipment to support
Hanford’s Interim Stabilization Program. RPP-6028, Specification for Hose in Hose Transfer
Lines for Hanford's Interim Stabilization Program, has been issued to define the specific
requirements for the design, manufacture, and verification of transfer line assemblies for specific
waste transfer applications. Included in RPP-6028 are tables defining the chemical constituents
of concern to which transfer lines will be exposed.

Current Interim Stabilization Program planning forecasts that the at-grade transfer lines will be
required to convey pumpable waste for as much as three years after commissioning. Prudent
engineering dictates that the equipment placed in service have a working life in excess of this
forecasted time period, with some margin to allow for future adjustments to the planned
schedule. This document evaluates the effective service life of the Hose-in-Hose Transfer Lines,
based on information submitted by the manufacturer and published literature.

The effective service life of transfer line assemblies is a function of several factors. Foremost
among these are process fluid characteristics, ambient environmental conditions, and the
manufacturer’s stated shelf life. This evaluation examines the manufacturer’s certification of
shelf life, the manufacturer’s certifications of chemical compatibility with waste, and published
literature on the effects of exposure to ionizing radiation on the mechanical properties of
elastomeric materials to evaluate transfer line service life.

2.0 EVALUATION

RPP-6028 Section 3.3.4 specifies transfer lines be fabricated from EPDM which meets the
chemical compatibility requirements of RPP-6028, Section 3.2.7. That section provides tables
defining the chemical characteristics of concern in the waste to be transferred. Other sub-
sections of RPP-6028 Section 3.2 provide additional process and ambient conditions which are to
be encountered, such as pressure and temperature.

In conformance with the requirements of RPP-6028, Section 4.3, the manufacturer of transfer
line assemblies for CHG Contract Order 6911 has submitted information to support the
evaluation of service life of the material supplied on that contract (trade name: Versigard). This
information was submitted in the form of a letter dated June 8, 2000 from the vendor, River
Bend Hose Specialties (RBHS) of South Bend, IN, to CHG’s procurement officer for C.O. 6911.
This document, plus (2) attachments, is included as Appendix A to this document.
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In addition, River Bend Hose Specialties” submittals have been supplemented by a letter from
the manufacturer of the primary components comprising transfer line assemblies — hoses
manufactured by Granford Manufacturing (a subsidiary of the Goodyear Tire and Rubber Co.).
Granford Manufacturing has submitted an evaluation of the chemical compatibility of hoses with
waste as defined in Section 3 of RPP-6028 and supplemental Engineering Change Notice
660798. This evaluation, plus (1) attachment, is included as Appendix B to this document.

2.1 Chemical Compatibility

Appendix B is an evaluation, prepared by the manufacturer who produced the hoses used for
transfer line fabrication — Granford Manufacturing, Inc. This document evaluates chemical
compatibility of hose material with waste. This evaluation states subject hose lots meet
application parameters for use with waste as defined in Appendix B, Attachment 1. This
attachment comprises (2) tables listing worst case chemical concentration for tank farms 241-S,
241-8X, and 241-U, as identified in CHG Interoffice Memorandums, file numbers 74B20-00-
047 and 74B20-00-048, dated 8/11/00, issued by Data Development and Interpretation, and
included as Appendix D to this document. This evaluation includes reference to published
literature which indicates hose material is suitable for continuous duty under exposure to
chemical concentrations and process temperatures which bound the application parameters
defined in RPP-6028, Rev. 0 and ECN 660798.

2.2 Ambient Conditions and Shelf Life

In Appendix A, Attachment 1 of RBHS’s letter of 6/8/00 specifies the shelf life of the supplied
hose to be seven years from date of manufacture, It also provides guidelines for storage and use
of the supplied hose to ensure it performs its intended function throughout that life. Two items
are of note for hoses during use. First, hoses should be protected from sunlight and high
concentrations of ozone. This is achieved by the transfer system design’s shielding, which
blocks all natural sunlight and prevents circulation of potentially high ozone concentration air
emanating from large electrical equipment. Second, hoses should be protected from attack by
insects and rodents. This protection is achieved by an on going site-wide pest management
program.

2.3 Process Conditions

In Appendix A, Attachment 2 of RBHS’s letter of 6/8/00 specifies the suitability of the selected
material for the process pressure and temperature conditions specified in RPP-6028. Limiting
values of pressure and temperature in Attachment 2 are equal to or exceed the values specified in
RPP-6028 Section 3.2. As such, material used in the manufacture of transfer lines referred to in
this letter will not be degraded by exposure to process conditions related to temperature and
pressure.
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2.4 Resistance to Ionizing Radiation

The resistance of the specified material to deleterious effects resulting from exposure to ionizing
radiation has been identified by researching published literature. Significant research into effects
on elastomeric materials has been published by SteriGenics International, Inc., Chicago, IL. This
firm is a recognized authority in the field of sterilization of medical instruments and has
evaluated many materials for degradation of mechanical properties under the effects of ionizing
radiation. Appendix C to this document is a printout of information on this topic downloaded
from SteriGenics International’s website on August 8, 2000, Internet address

http://www sterigenics.com/med/lit/libraryl.htm.

In Table 2 of Appendix C, Ethylene-Propylene Diene Monomer {EPDM — the material specified
for hose construction in RPP-6028) is listed as having a tolerance level of 100 to 200 Kgray.
Doses in excess of this amount may cause cross-linking and discoloration of the rubber material.

Cross-linking increases EPDM tensile strength and reduces elongation. While transfer lines
experience elongation from internal pressure during waste transfer, reduction of the extent of this
elongation does not pose a hazard.

An increase in tensile strength is a beneficial effect, essentially making the hose stronger.
However, this effect is mitigated by a consequent reduction in flexibility. This embrittlement is
the primary source of degradation due to radiation exposure of EPDM and results in the
threshold values identified above. Material discoloration is a cosmetic effect, and though it may
be a notable sign of radiation exposure, it has no impact on the transfer lines’ ability to perform
intended functions.

Converting the minimum threshold value of 100 Kgray to a time period requires assumption of a
exposure dose rate. If we presume a very conservative (high) dosage resulting from exposure to
any tank waste in the Interim Stabilization Program to be 100 Rad/hr, the computation of
exposure time to achieve threshold dose is as follows:

Method: dose rate divided by threshold value equals exposure time to reach threshold
Assumptions: Threshold value = 100 Kgray = 1x10’ Rad
Dose rate = 100 Rad/hr
So: (1x10” Rad)/ (100 rad/hr) = 1 x 10° hrs.
Converting to years,
[(1 x 10° hours) / (24 hrs/day)] / (365 days/yr) = 11.41 years

3.0 CONCLUSIONS

Based on the information presented in the above section and referenced documentation, we
conclude the process and environmental conditions to which the hose is subjected will not
adversely affect the hose, nor shorten its service life from the maximum stated by the
manufacturer — seven years from date of manufacture. Further, we conclude the effects of
ionizing radiation will not adversely affect transfer line mechanical properties for at least 11.41
years from the date of commissioning.
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As a consequence, we conclude the effective service life of hoses complying with RPP-6028 and
the manufacturer’s certification submittals, when exposed to waste in 241-5, 241-SX, or 241-U
Farms to be seven years from date of manufacture.

In the event that transfer lines are to be operated after this period has expired, they should be
reevaluated for their ability to perform intended functions, including verification of pressure
integrity by means of test.

4.0 REFERENCES

RPP-6153, Rev. 0, Engineering Task Plan for Hose-in-Hose Transfer System for the Interim
Stabilization Program

RPP-6028, Rev. 0, Spec for Hose-in-Hose Transfer Line for Hanford'’s Interim Stabilization
Program

River Bend Hose Specialty letter dated June 8, 2000 from Jim Betz (President) to Alice
Hendrickson (CHG Procurement Officer), plus attachments, June 2000.

SteriGenics International Inc., Irradiation Processing Technology — Materials Consideration,
1999.

CHG Interoffice Memo File No. 74B20-00-047, Chemical Characteristics for Liquid Waste in §
and SX Tank Farms, August 2000.

CHG Interoffice Memo File No. 74B20-00-048, Chemical Characteristics for Liquid Waste in U
Tank Farm, August 2000.

Granford Manufacturing, Inc. letter dated August 16, 2000 from Pascal Langlois (Process/R&D
Engineer) to Joseph R. Buchanan (Design Agent), plus attachment, August 2000.
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APPENDIX A
River Bend Hose Specialty letter dated June 8, 2000

From: Jim Betz (RBHS President)
To: Alice Hendrickson (CHG Procurement Officer)
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June 8, 2000

CH2M-Hill Hanford Group
Richland, WA 99352

VIA FAX
Attention: Alice Hendrickson
Subject: CHG Contract 6911

Submittal information for engineering evaluations

Dear Ms. Hendrickson;

This letter, plus attachments, provides the information required for engineering evaluations, and is
submitted pursvant to the requirements of your procurement specification, RPP-6028, Rev. 0A,
Section 5.4

Static Dissipative Properties

The static dissipative properties of the hose utilized in manufacture of the specified transfer lines
have been identified by the hose manufacturer - Le Manufacturier Granford, Inc., a subsidiary of
the Goodyear Tire and Rubber Co. These properties have been identified by performance of a
manufacturer’s standard test.

The manufacturer’s test and results demonstrating acceptable properties has been previously
submitted to your organization during the manufacture of material under your contract 4069.

As indicated on the attached certificate of conformance provided by the manufacturer, the lots of
hose procured for the subject contract include the requisite static dissipative properties. Should
you require additional copies of the previously submitted material, please so advise.

Chemical Compatibility
The attached certificate of conformance provided by the hose manufacturer specifies that the hose
material utilized on this project is chemically compatible with the fluid specified in RPP-6028,

Rev. 0A, at the dilution levels recorded in Table 3-1 of that document. Other material exposed to
the specified fluid has been furnished by CHG.
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Design Life : £

The attached certificate of conformance specifies the shelf life of the hose material utilized on this
project to be at least 7 years from the date of manufacture (April 1, 2000). The manufacturer has
- further certified the hose material is chemically compatible with the waste.

Published literature on the base material (EPDM) indicates it is suitable for use in with process
temperatures in excess of 200 degr F. The second attachment to this letter is a copy of catalog
information provided by the hose manufacturer. In it, the hose manufacturer has identified 180
degr F as the limit appropriate for EPDM hoses fitted with mechanically joined ends. As
temperatures in excess of this limit result in degradation of joint strength and integrity (based on
the current state of the art in joint design and the mechanical properties of EPDM hose at this
temperature), 180 degr F is the maximum suitable operating temperature for ambient or process
conditions. This value is well in excess of the 130 degr F ambient and process requirements, and
the 155 degr F heat trace contact temperature, specified in RPP-6028. .

The details of the planned installation prevent hose assemblies from being exposed to damaging
UV radiation, thus removing this potentially limiting factor from consideration.

As no information has been provided as to the rate of exposure to jonizing radiation, we are
unable to identify the serviceable life of the hose with respect to exposure to same.

In the absence of exposure to ionizing radiation, and since no other exposure specified in the
procurement documentation is outside the capabilities defined by the hose manufacturer, we
conclude the service life of the supplied material to be 7 years from date of manufacture (April 1,
2000). However, we make no warranty as to fitness of this material for any specified duration of
operation, as ionizing radiation exposure remains undefined.

Materials Requirements

Evaluation information necessary to demonstrate materials requirements of the specification are
complied with consists of the attached Goodyear certificate of compliance, which has been
previously submitted for this contract, and the results of tests of physical characteristics related to
pressure retention, tensile strength, and static dissipative properties.

Resistance to ambient environmental conditions

CHG’s attention is directed to published literature on the environmental limitations of the base
material - EPDM, and the information presented above regarding the determination of design life.

Thank you for the opportunity of bringing this information to your attention. Should you have
comments or questions regarding the enclosed, please do not hesitate to contact me.

JamesC Betz Q BW

President - River Bend Hose Specialty
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ATTACHMeR T |
: T2 RBHS JCHG LR

L PTD /g /6@
Le Manufacturier Granford Inc. !
(SUBSIDIARY OF THE GOODYEAR TIRE & RUBBER CO. )

. 127, RANG PARENT, ST-ALPHONSE DE GRANBY, QUE, JOE 2A0
TEL.: (450) 375-5050 -— 1-800-363-8345 ~— Fax: {450) 375-6254

CERTIFICATE

We hereby certify the component stated below were designed to the following characteristics :

¢ 2B e R T L Y A T A 2 e bRy Ly
T PE a0y o it St s

Granford Manufacturing Inc./Goodyear
127 Rang Parent, St-Alphonse de Granby
Québec, JOE 2A0
Canada
546-418-064 and 546-418-123

SEECIEICATIONS R B pu ey i i e e S
Hose application Over ground transfer line used to transfer waste
Nominal bore diameter (mm) 51 and 102
Hose type Static dissipating .
Working pressure 375 psi ( 4:1 safety factor) for 51 mm hose

60 psi ( 5:1 safety factor ) for 102 mm hose

PG . | of FheeA-aofs
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Hose construction

Electrical properties

£B HS [cHe LTR
D> [8l0o

—:".. /

Versigard cover

2 plies textile
Versigard filler gum

2 steel wire helix

2 plies textile

Versigard Tube

chgard rubber compound used in this hose has an electrical resistance , when tested with an jnsulation tester at 500 V, of 10* to

10" ohms per feet.

Chemical compatibility

A literature check of the chemicals listed in table 3-1 (refer to attached fax), CHEMICAL CONSTITUENTS OF UNDILUTED
WASTE, was done and revealed no compatibility issues at those dilution Jevels.

Component conformance

We certify that the tube and cover components of the hose items shipped per purchase order # $67995 (listed below) were built

using EPDM (Versigard) rubber material coming from the following lot pumbers:

r-vg:Ma.te %%@dﬁdﬂd ;
-r «Number,s,.s e ;nn_;_l ‘ o [ o
20077296 54641806400800 Langlom 2x30 s-o37 E.PDM S&D
20113728 54641806402000 | Langlois 2x200 5-037 EPDM S&D 78238 78238
20118227 54641806402250 | Langlois 2x225 S-037 EPDM S&D 85564 85564
20118228 54641806402500 | Langlois 2x250 5037 EPDM S&D 85564 85564
20118728 54641806402500 | Langlois 2x250 S-037 EPDM S&D 85564 85564
: 20118229 54641806402750 | Langlois 2x275 S-037 EPDM S&D 85564 85564
= | 20077299 54641812300800 [ Langlois 4x8G S1037 EPDM S&D 78238 85564
20118690 54641812302000 | Langlois 4x200 5037 EFDM S&D 78238 85364
201718891 54641812302250 | Langlois 4x225 S-037 EPDM S&D 85564 83566
201186932 54641812302500 | Langlois 4x250 S-037 EPDM S&D 85564 85564
20118692 54641812302500 | Langlois 4x250 5037 EPDM S&D 85564 35564
20118693 | 54641812302750 [ Langlois 4x275 S-037 EPDM S&D 85566 85366

?@ . 2 ofieky- s of's
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/411‘&6#«@7’#'( 7%
: REHS [cHe TR
Shelf Life _b?_b [ /?_ /o

The estimatad shelf life for Goodyca} EPDM Suction and Discharge hose, manufactured under purchase order #567595, is seven (7N
years from the date of manufacture (April { 2000), unless otherwise specified by Goodyear.

Rubber hose products in storage can be affzcted adversely by temperature, bumidity, ozone, sunlight, oils, solvents, corrosive liquids

and fumes, insects, rodents and radioactive materials, In order to prevent such detrimental effects, the following guidelines should be
observed:

Hose should not be piled or stacked to such an extent that the weight of the stack creates distortions on the lengths stored at the
bottom. :

*  Hose which is shipped in ¢oils should be stored so that the coils are in a herizontal plane.

Whenever feasible, rubber haose products should be stored in their original shipping containers, especially when such containers are

woeden crates or cardboard cartons whick provide some protection against the detericrating effects of oil, solvents and corrosive

liquids: shipping containers also provide some protection against ozone and sunlight.

¢ Cenain rodents and insects will damage rubber hose products, and adequate protection from them should be provided.

*  The ideal temperanire for the storage of rubber products ranges from 50 to 70F (10 - 21C) with a maximum limit of 100F (38C).
If stored below 32F (0C), some rubber products become stiff and would require warming befare being placed in service. Rubber
products should not be stored near sources of heat such as radiatars, base heaters, ete., nor should they be stored under conditions
of high or low humidity,

¢ Toavoid the adverse effects of high ozone concentration, rubber hose products should not be stored near electrical equipment that
may generate ozone or be stored for any lengthy period in geographical areas of known high ozone concentration.

*  Exposure to direct and reflected sunlight even through windows should be avoided. Uncovered hose should not be stored under
fluorescent or mercury lamps which generate light waves harmful to rubber,

+  Storage arcas should be relatively ool and dark, and free of dampness and mildew.

Items should be stored on a first-in, first-out basis, since even under the best of conditions, an unusually shelf life long could
deteriorate certain rubber products,

Signed

Name ' ! Pascal Langlois
Title _ Process / R&D Engineer
Date Thursday, April 06, 2000

Page A - 0 of 8
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o _PAcE. 8ol

T Qtﬂt/‘ . C Pag&&eggw
M"”‘J’ (? ' Ancmen 7 )
TABLE 3-1 Yo Reus[ct¢

CAL !
CHEMI CONSTITUENTS OF UNDILUTED \\ASTE L-‘r?(- DTS 6 /8“ / b

SErE GONCENTRATION|CONCENTRATION o NCENTRATION

S CONSTITUENG S| & e ig o | o kg o g

Sodium Hydroxide 38 38,300 - 57,400

Ammonia 1.2 1,200 © 1,800

" [Organic Carbon 43 4,270 6,410
. |{Compounds identified .

below). _

b ZaxConstitdant ol | STEER IR e [ e a0 | BRI INEY
Qrganics {Acetate 1.83 . 1827 2740

Formate : 1.95 1853 2934

Glycolate 0.28 277 416

Oxalate 1.41 1413 . 2120

Nate: Tatle based on waste SG of 1.5.

33 Physiga] Characteristics

3.3.1 length

The nominal Jengsh of finished transfer lines shall be as specified in procurement
documentation issued to acquire assemblies which canform to this specification. Critical
dimenslons and tolerances required for interface connections on ¢ither end of each
assembly shall be as noted on References 8 and 9. Assemblies which are less than 250 feet
noainal length shall be of continuous construction, as depicted in the main view of
Reference 8, Transfer lines which are to span distances greater than 250 feet, but less than
or equal to 500 feet, shall be made up of two hose assemblies. Each such transfer line shall
be fitted with flanges on one end as depicted in the arrangement on Reference 9, along
with the interface connections on the oppasite ends.

332 Diameter

Primary hoses shall have a nominal inside diameter of 2”. Secondary hoses shal] have 2
nominal inside diameter of 4”. Hoses shall accommodate the hose nipple connections for
primary and secondary end connections deplcted on References 10 and 11. -

PG ¢ oY
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FROM RIVER BEND HOSE 3 CPAGE. Do

JUN 8 'BB 18:55

AR T 2 7
o REHS[CHE LT D7D (/B[00
S-037 EPDM

i SUCTION & DISCHARGE GOODSYEAR
CHEMICAL TRANSFER HOSE

{ MATERIAL HANDLING

APPLICATION: Goodyear's S-037 s designed for use In tank truck or in plant applications for
the transfer of induslrial chemicals, sludge and sedimernts, itis not

recommended for petroleum products.

e

CONSTRUCTION:

Lt —— et

TUBE: Black Versigard

REINFORCEMENT: 4-spiral plied synthetic fabric with 2-wire helix

Noter Refer to the Geertyoar Chermical Resistance Chart for Specific Chramical ard Tenperature Compatabitty,

COVER: Black Versigard (Wrappad impression)
TEMPERATURE: ~40°F 10 180° (40° C to 82°)
PACKAGING: 100" exact length, coiled, polywrapped
COUPLINGS: Contact fitting manufacturer for proper fitting recm:nmeridaﬁon and coupling
procedure. .
NON-STOCK!
SAMPLES: 400" minimurn order for coior change of special branding
ORDER CODES: 546418
NOM. ID NOM. OD | MAX. WP BEND VACUUM WEIGHT
RADIUS HG
in. in. psi in. in. o/t yaEasime
2 2.75 375 B 29 1.62 s
3 3.80 300 12 29 273
4 4.90 200 16 29 3.79 ko

No warranty, Including implied warmanty of merchantability, finsss for a particutar purpese, or other warranty of quality Is either expressed
or implied of this product. (See Page 2 for complate product warranty and diselsimer infornation.) Intormation In this cataleg suparsedes ¥ Serrdan

sl previously prited material. Information valid through December 31, 2000,

© Juty 1, 1999, Tha Goodyear Tire & Rubbar Company.

Pg (Pag@/\ F@ off{

By
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APPENDIX B
Granford Mfg., Inc. letter dated August 16, 2000

From: Pascal Langlois (Granford Mfg. Process Engineer)
To: J.R. Buchanan (COGEMA Engr Corp. - Design Agent)
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FAX
Date : August 17, 2000
To: Joseph R. Buchanan / Jeff Barnes
Company : Cogema Engineering
Fax : 509-376-3383
From : Pascal Langlois

3 Pages (including front page)

Subject : Chemical resistance

Mr. Buchanan, Mr. Barnes,

Per your request, here is the evaluation of the Versigard S&D hose with the
chemicals listed in tables 1 and 2 (attached).

First, here is a summary of the application operation parameters:

Temperature: Waste = 80-155F

Rinse water = 140-160 F

Maximum = 180 F (authorization basis)
Pressure: waste = 0-100 psig

rinse water = 100 psig

maximum = 375 psig

e The hose (2" ID) will, the majority of the time, be conveying waste at a
temperature ranging from 80 to 155 F and at a pressure of 0 to 100 psig.
It is estimated that waste pumping will occur 60% of the time. Also, waste
will be diluted 1:1 with water prior to being conveyed through the hose; s0

actual chemica! concentrations inside the hase will be half of what is
described in tables 1 and 2 attached.

s Intermittently and for short periods of time, the hose will be subjected to
higher temperatures (140 up to 160 F) and increased pressure (100 psi); this
will happen when enduser may want to use hot rinse water to clean out a
tank and the line to minimize the formation of salts and line clogging.

Page B-2of4
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« In extraordinary situations and for short pericds of time, the hose can be
subjected to very high temperature (180 F) and working pressure (375 psig);

this will happen if the hose is clogged due to salt formation and accumulation
in the hose and enduser wants to unclog the hose,

Considering the waste listed in tables 1 and 2, sodium hydroxide is considered as
the most detrimental constituent to the hose compounds because of it's superior
concentration compared to the other constituents and highly corrosive nature.
The other constituents may aiso degrade the hose compounds but it is
anticipated that this degradation would be to a lesser degree because
concentrations are significantly lower than that of sodium hydroxide.

Considering sodium hydroxide alone, our chemical resistance data shows that
EPDM may be used for continuous service with this chemical at up to 50%
concentration and 150 F (ref. Goodyear chemical resistance chart - Catalog #99-
130). Goodyear does not have chemical resistance data on mixtures similar to
those listed in tables 1 and 2.

Other chemical literature (Chemical resistance guide for Elastomers — 1988
edition) gives an "A” rating to EPDM with sodium hydroxide in solution {under
15% concentration) up to 250 F, An “A” rating in this literature is described as
“Excellent, little or no swelling or softening or surface deterioration”. Again, no

chemical resistance data was found in this literature for mixtures similar to those
listed in tables 1 and 2.

So, taking into consideration the actual waste concentration levels conveyed In
the hose, the general operaling parameters, the intermittent operating

parameters, the extraordinary operating parameters and the chemical resistance
data, the Versigard S&D hose should meet these application parameters.

It must be mentioned however that the compounds comprised in a rubber hose
put in application will normally age over time and show a reduction in physical
properties characteristic of most rubber compounds. Also, for lack of
experimental data, we cannot predict how long the hose will last in this particular
application. Finally, as we discussed, we cannot comment on any coupling
retention issues as we have no experimental data on this particutar hose
assembly and we do not perform the coupling assembly at the plant

Best regards,

Tpnes LK

Pascal Langlois
Process/R&D Eng.
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Attachment to FAX transmission dated 8/14/00 from J.R. Buchanan — COGEMA Engr. to P.
Langlois — Granford Manufacturing a

Table 1. Chemical Constituents of Undiluted Waste — 241-U Farm

'Calculated assuming a specific gravity of 1.4

’Based on hydroxide analysis

Chemical Concentration, Concentration, Concentration,
Constituent mglg' mg/kg' mgiL
Sodium Hydroxide® 83.0 83,000 116,000
"|Ammonia 1.29 1,290 1,800
Total Organic Carbon 34.6 34,600 48,400
Organic Constituent _
Acetate 1.10 1,100 1,640
Formate 9.57 9,570 13,400
Glycolate 8.71 8,710 12,200
Iminodiacetate 2.20 2,200 3,080
Nitrilotriacetate 0.957 957 1,340
Oxalate 7.36 7,360 10,300
Notes:

Table 2. Chemical Constituents of Undiluted Waste — 241-S/SX Farm

Constituent Concentration, Concentration, Concentration,
mg/g’ mglkg' mg/L
Sodium Hydroxide? 156 156,000 211,000
Ammonia 1.33 1,330 1,800
Total Organic Carbon 4.75 4,750 6,410
Constituent Concentration, Concentration, Concentration,
mglg’ mg/kg’ mg/L
Acetate 2.03 2,030 2,740
Formate 2.17 2,170 2,930
Glycolate 0.739 739 998
Oxalate 7.93 7,930 10,700
Notes:
'Calculated assuming a specific gravity of 1.35
’Based on hydroxide analysis, with a conversion factor of 2.35
Material trade name: Versigard (EPDM) RBHS P.O. Number: $67995
Mfr Lot nos: 20077296 20118226 20118227 20118228 20118229
20077299 20118690 20118691 20118693

20118692
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APPENDIX C
SteriGenics International Inc.
Irradiation Processing Technology-Materials Consideration

http://www.sterigenics.com/med/lit/libraryl.htm
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Irradiation Processing Technology
Materials Considerations

Radiation’s Effects. Radiation interacts with polymers in two basic ways: chain scission, which results in
reduced tensile strength and reduced eiongation; and crosslinking, which results in increased tensile
strength and reduced elongation.

Both reactions occur simultaneously. One, however, is usually predominant, depending upon the polymer
and additives involved. Chain scission has been shown to affect stressed polymers {containing residual
molding stress) more than other polymers. The combined effect of solvent-induced stress, residual
molding stress, and applied load act to intensify radiation damage. This may account for the wide
differences in radiation folerance reported.

Generally, polymers which contain aromatic ring structures (e.g. polystyrene) are resistant to radiation
effects, whereas the aliphatic polymers exhibit varying degrees of radiation resistance depending upon
their levels of unsaturation and substitution.

The manufacturer's attention should focus on the possible effect of radiation on mechanical properties
such as tensile strength, elastic modulus, impact strength and elongation. Each may influence the
device's performance and, therefore, should be evaluated by functional testing. Some effects of radiation,
such as reduced elongation due to chain scission, may detract from the device’s performance. In other
cases, the effects of radiation can be beneficial. For example, crosslinking of polyethylene and silicones
increases their tensile strength.

Radiation Stabilizers and Additives. Color change is another effect of radiation. While not related to
changes in other physical properties, coloration may be relevant to market reaction to the product. Most
polymer manufacturers have addressed this subject by using color-compensated materials or special
additives which minimize radiation-induced color changes.

Additives are usually included in small amounts (less than 1%) in commercial polymer products. Their
primary purposes are: to aid in processing; to stabilize the material; and to impart particular properties to
the product.

Radiation stabilizers have been developed and are now available for many polymers. For example, tint-
based, multi-function stabilizers are now commonly used to counteract PVC’s typical color change due to
irradiation. Other additives, called antirads which usually act as antioxidants, help prevent radiation
damage.

These additives can act either as reactants, which readily combine with radiation-generated free radicals
within the polymer, or as primary energy absorbers, preventing the interaction of the radiation energy with
the polymer itself,

Material Evaluation. When evaluating the radiation stability of a polymer and the ultimate success of a
component or medical device, the following should be taken into consideration:

« Stabilizers and antioxidants added to a polymer can reduce the effects of irradiation on the device’s
mechanical properties and/or physical appearance;

« Thin part sections, thin films, and fibers present in a component or device can alfow for excessive
oxygen exposure during the irradiation process, thus causing degradation of the polymer materiaf,

* Residual mold stress present after molding and assembly of a component or device can promote
molecular scissioning during irradiation;
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* Highly oriented moldings which are strong in the axis of orfentation but are already very weak in the
cross-flow axis become weaker afier irradiation; and

s High molecular weight polymers having low melt flow will survive radiation better by providing longer
molecules and stronger parls before and after irradiation.

Table 2, "Radiation Tolerance Levels of Polymers Used For Medical Applications™ provides a general
reference of the commonly used polymers for medicai devices and their typical characteristics following
irradiation. However, it is important to remember that not all brand products share these common
characteristics.

For some materials and products that are sensitive to oxidative effects such as low molecular weight
polypropylene, polytetrafluorethylene and polyacetals, radiation tolerance levels for electron beam (e-
beam) exposure may be slightly higher than for gamma exposure. This is due to the higher dose rates
and shorter exposure times of e-beam irradiation compared to those of gamma irradiation, which reduce
the degradative effects of oxygen. However, most materials have good oxidative resistance and retain
physical properties equally well regardless of the radiation source, as the references by Ishigaki and
Hermanson have demonstrated. Comparison of radiation's effects for e-beam with gamma is not easily
accomplished unless product-specific characteristics, which Include part thickness, volume of product,
molecular weight, scission to cross-link ratio, oxygen sensitivity, use of antioxidants and aging effects, are
known and entered into the evaluation.

Material Compatibility and Validation. Each polymer reacts differently to ionizing radiation. Thus, it is
important to verify that the maximum administered dose will not have a detrimental effect on the device’s
function or the patient’s safety over the products’ intended shelf life.

Experimental samples of the product should be irradiated to at least the highest dose to be encountered

. during routine processing. For example, a product which is to receive a sterilizing dosage of 25 to 40

kiloGrays should be tested by dosing samples to at least 40 kiloGrays. A conservative approach is to
irradiate samples at doses up to twice the anticipated maximum dose.

Since various device applications call for certain performance properties or functional characteristics, it is
important to test each device in an appropriate manner, using both new and aged product.

Tabie 1 reviews typical tests of physical properties. Other tests, which more closely approximate the
actual mechanical application, may also be employed by the engineering or research staff.

Results of the evaluation should be retained in the device history file, serving as physical confirmation
that all product claims and specifics have been met. If product testing indicates a potentially adverse
effect from high levels of radiation, a maximum permissible dose should be established by the
manufacturer and emphasized in the specific processing instructions to the contract sterilizer.
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Table 1. Physical and Functional Test Methods for Plastics Material Evaluation

TEST METHOD

TEST REFERENCES

TEST FOR EMBRITTLEMENT

1. Tensile properties

’a) Tensile strength

ISO/R 527:1966

bb) Ultimate elongation IIsorr 527:1966
o) Modulus of elasticity [isorr 527:1966
) Work ISO/R 527:1966

. Flexurai properties

r) Flange bending test

"Stability of Irradiated Polypropylene 1. Mechanical Properties”,

illiams, Dunn, Sugg, Stannet, Advances in Chemistry Series, No. 169,
Igtabilization and Degradation of Polymers, Eds. Allara, Hawkins, pp.
142-150, 1978.

Ib) Flexbar test

lso 178:1975

3. Impact resistance

1985 ASTM Standards, Vol. 08.01-Plastics, D-1822-84

4. Hardness

ja) Shore ISO 868:1985

[b) Rockwell 1985 ASTM Standards, Vol. 08.01-Plastics, D-785-85
ECompressive strength SO 604:1973

I6. Burst strength

1985 ASTM Standards, Vol. 08.01-Piastics (Tubing), D-1180-57

7. Tear strength

1985 ASTM Standards, Vol. 08.01-Plastics, D-1004-66, and ISO
16383/1-1983

EST FOR DISCOLORATION

1. Yellowness index

1985 ASTM Standards, Vol. 08.02-Plastics, D-1925-70

2. Optical spectrometry

1985 ASTM Standards, Vol. 08.02-Plastics, D-1746-70

NOTE - Source: International Atomic En_ergy Agency. Guidelines for industrial radiation sterilization of
disposable medical products. Co-60 gamma irradiation. TEC DOC-539. Vienna IAEA, 1990.
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Table 2. Radiation Tolerance Levels of Polymers Used for Medical Application

‘ OLERAN
MATERIAL CE LEVELJCOMMENTS
(kGy)
{Elastomers 1

lButyI 50 Sheds particulate after irradiation.
Ethylene-Propyiene Diene § . .
IMonomer (EPDM) 100-200 iCrosslinks, yellows slightly.
'Fluoro Elastomer 50 Avoid multiple sterilization.

Very stable with sulfur or resin cure systems. Avoid stressing
INaturaI Rubber (Isoprene) 100 product by not bending, folding or wrinkling in packaging. 1
[Nitrite 200 }Avoid multiple sterilization.
[Potyacrylic 50-200 {Avoid multiple sterilization.
IPonchloroprene (Neoprene) 200  JAvoid multiple sterilization.

ilicones {Peroxide &
Platinum Catalyst Systems)

in platinum systems. Silicones retain a slight memory of

rosslink density increases more in peroxide systems than
50-100
oiling shape in packaging.

’Styrene—Butadiene 100  JAvoid multiple sterilization.
Wide variations in urethane chemistry applied to medical
Urethanes 100-200 ﬁevices. Requires testing of part process and geometry to
alidate.
[Thermosets All thermosets as a class are highly resistant.
lyl Digylcol Carbonate 5,000- . .
(Polyester) 10,000 lRetalns clarity.
Many good formulations available. Test the formulation
IEpoxies 1.000 elected for use. Frequently substituted for toxic solvents in
P ! ssembly. Success depends on joint design and application
rocess,
{Phenolics 50,000
]Polyesters 10-1,000 ]Use of glass and other fillers improves physicals.
wide formulation variations for urethanes. Dose tolerance
Polyurethanes 100-1,000 idepends on monomers used in formulation. Minimum 100-
1,000 kGy are tolerated for thermosets.

[Thermopiastics

Fibers

" ; Protected by Benzene ring structure. Butadiene impact
c(:;yéosn)ltnlelButadlenel Styren 1,000 jmodifier degrades above 100 kGy. Avoid high dose on high
impact grades.
omatic Polyesters (PET, 1000 ery stable, retains excellent clarity. Drying is essential.
PETG) ' ood in luer connectors.
[Cellutosics
Esters and Ethers 50 Thin films and fibers embrittle above 50 kGy.
Paper, Card, Corrugated 100-200 Papers discolor and embrittle, but are acceptable for single

LSS,
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ellulose Acetate Propionate

IPIasticized versions slowly embrittle above 50 kGy.

nd Butyrate 50
Fluoropolymers
etrafluoroethylene {PTFE) 5 |Liberates fluorine gas, disintegrates to powder. Avoid use.
Polychlorotrifluoroethylene 200
(PCTFE)
|Polyvinyl Fluoride 1,000
Polyvinylidene Fluoride
PVDF) 1,000
Ethylene-Tetrafluoroethylene
(ETFE) . 1,000
Fluorinated Ethylene 50
Propylene (FEP)
Substitutes for metal, these resins have high strength and
. ood elongation that tolerate radiation well. Resins include
9 ’ ketone, liquid crystal polymer, polyetherimide, polyimide,
nd others.
Polyacetals (Delrin, Celcon) 15 Avoid use due to embrittlement.
Polyacrylics
Polymethylmethacrylate 100  Jvellows at 20-40 kGy; clarity recovers partially on aging.
IPolyacrylonitrile 100  [Yellows at 20-40 kGy.
Polyacrylate 100 [{Yellows at 20-40 kGy.
Many good formulations. Adhesives function at 100 kGy with
Polycyanoacrylate 200 ess than 30% degradation.
Polyamides (Nylons)
liphatic & Amorphous ” Discolors, no resterilization. Avoid thin films and fibers.
rades ylon 11 and 12 perform better. Dry before molding.
Aromatic Polyamide-imide 10,000 High heat/strength grade. Stabilized by Benzene ring
tructure,
JPolycarbonate 1,000 IDiscoIors, clarity recovers after aging. Dry before moiding.
rosslinks to gain strength, loses some elongation. All
Polvethvlene olyethylenes tolerate radiation well. Low density is most
yetny esistant. HDPE packaging film including spin-bonded
{LDPE, LLDPE, HDFE, 1,000 kaqi lose 4 o tion at
UHMWPE) orous packaging may lose 40-50% elongation at doses of
50 kGy. Implants of UHMWPE have reports of early wear at
0 kGy.
[Polyimides 10,000
]Polymethylpentene 20 Subject to oxidation degradation. Avoid use.
Thermoplastics, cont'd
lPolyphenyIane Sulfide 1,000

Polypropylene, Radiation
tabilized

lHigher tolerance levels reported using &-beam.
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Used with marginal success in syringes. Subject to
rientation and oxidation embrittlement. Degrades over time.

omopolymer 20-50 alidate with real time aging. Avoid use of non-stabilized
Polypropylene.
opolymers of Propylene- 25-60 More stable than Homopolymer. Successful in syringe
Ethylene pplications using suitable stabilizer package.
]Polystyrene 10,000 Jau styrenes are stabilized by Benzene ring structure.
]Polysulfone 10,000 JAmber color before irradiation.
Polyurethane, polyether and 100-200 Excellent physicals and chemical resistance to stress-
olyester racking.
L . Drying is essential to success. Good in luer connectors. All
Rigid and flexibte Lypas show irreversible yellowing.
JPolyvinylbutyral 100  [Yellows.
Yellows, can be tinted for color correction. Success depends
Polyvinylchloride (PVC) 100 n quality of material, formulation and processing. Tubing
rosslinks becoming slightly stiffened.
Polyvinylidene Chloride
(PVDC) 100 ellows, releases HCL.
Styrene/Acrylonitrile (SAN) 1,000 [Yellows at 40 kGy.
NOTE RE ELASTOMERS:

1. Radiation tolerance is affected by the base polymer and the curing system used. Sulfur and resin
cures are more durable.

2. All elastomers are subject to crosslinking in the shape packaged during sterilization and can be
expected to take on a memory of that shape. Avoid folds, coils, curves.

Where a range of dose is listed the lower number is the threshold of damage where the first change in
physical properties can be detected (all radiation is cumulative). Where conflicting data is presented in the
literature, the lower, more conservative dose has been selected.

References: This datashest includes information from Polymer Manufacturers Data Sheets, SPE
Encyclopedia of Plastics, Handbook of Polymer Plastics, SPE Monographs and the following articles and
literature, in conjunction with expert review from independent piastics consultant James A. Stubstad.
s AAMI Recommended Pratice - "Process Control Guidelines for Gamma Radiation Sterilization of Madical
Devices," ISBN-0-810275-38-6, pages 7-21, 1984,
o ANSIAAMIISO 11137 - 1994 - "Sterilization of health care products - Requirements for validation and
routine contol - Radiation sterilization."
e Baharim, K.; Yoshii, F.; Sunaga, H.; Makuuchi, K. and Ishigaki, |. "Durability of Radiation-Sterilized Polymers
XV Comparison of Damage on Polypropylene Irradiated by converted X Rays With Those By Gamma Rays
and Electron Beam,” Japanese Journal of Medical Instrumentation, September 1991. (In Japanese)
= Brookman, R.S. "Gamma Radiation Resistant PYC Compound." Proceedings of the 4th Nordion Gamma
Processing Seminar. May 1991,
Clark, G. FDA Guidance Document. Shelf Life of Medical Devices, April 1991, DSMA, CORH.
Donohue, J., and Apostolou, S.F. "Free-Radical Degradation and Protection in lrradiated Plastic.” Medical
Device & Diagnostic Industry. Aprit 1990.
* "The Effect of Sterilization Methods on Plastics and Elastomers,” Plastics Design Library, ISBN No. 1-
884207-10-3, 1994,
English, L.K. "How High-Energy Radiation Affects Polymers." ME. May 1986, pp. 41-44,
s  Gaughran and Morrissey, "Sterilization of Medical Products," Volume 2, 1SBN-0-919868-14-2, pages 35-59,
1980.
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Genova, Hollis, Crowell and Schady. "A Procedure for Validating the Sterility of an Individual Gamma
Radiation Sterilized Production Batch," Journal of Parenteral Science and Technology, Vol. 41, No. 1, pages
33-36, Jan 1987.
Hebert, G. "Effect of Molecular Orientation on the Radiation Stability of Polypropylene.” Proceedings of the
Annual National Technical Conference of the Society of Plastics Engineers 1992, pp. 220-223.
Hermanson, N.J. and Steffens, J.F. "Physical and Visual Property Changes in Thermoplastic Resins After
Exposure to High Energy Sterilization - Gamma vs. Electron Beam.” May 1993.
Holmes-Siedle, A. and Adams, L. "Handbook of Radiation Effects," Oxford Press ISBN No. 0198563477,
1994,
Intermational Atomic Energy Agency. Guidelines for industrial radiation sterilization of disposable medical
products. Co-60 gamma irradiation. TEC DCC-539. Vienna [AEA, 1990.
Ishigaki, L., Yoshii, F., Makuuchi, K., and Tamura, N. "Radiation Effects on Polymeric Materials.” Takesaki
Radiation Chemistry Research Establishment, Japan Atomic Energy Research [nstitute.
Ishigaki, 1., Yoshii, F. "Radiation Effects on Polymer Materials in Radiation Sterilization of Medical Supplies.”
Radiation Physics & Chemistry. Vol. 39, No. 6. Pp. 527-533, 1992,
Kiang, P., et al. "Effect of Gamma lrradiation on Elastomeric Closures.” A Parenteral Drug Association Task
Force Report.
Klein, A.J. "Plastics That Withstand Sterilization." Plastics Design Forum. November/December 1987.
Ley, F.J. "The Effect of Irradiation on Packaging Materials." Journal of the Society of Cosmetic Chemists. 27
483-489 (1976).
Merceille, J.P., and Le Gall, P. "Radiosterilization of Rubber Stoppers for Injectable Preparations.” Stelmi
Technical Article.
O'Dennell, J.H. "Radiation Chemistry of Polymers.” Effects of Radiation on High-Technology Polymers.
Pleister, D.W. "The Effects of Radiation Sterilization on Plastics.” Sterilization Technology.
Radiation Sterilization - Material Qualification. AAMI TIR No. 17 - 1987,
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APPENDIX D

CHG Interoffice Memo File No. 74B20-00-047
Chemical Characteristics for Liquid Waste in U Tank Farm

CHG Interoffice Memo File No. 74B20-00-048
Chemical Characteristics for Liquid Waste in S and SX Tank Farms
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CHERAHIYL’

INTEROFFICE MEMO Hanford Group, Inc.
From: Data Development and Interpretation 74B20-00-047
Phone: 373-1027
Date: August 11, 2000
Subject: CHEMICAL CHARACTERISTICS FOR LIQUID WASTE IN U TANK FARM
To: C. E. Hanson S§7.70
Copies: G. A. Bames §7-70

J. R. Buchanan §7-70

J.G.Field 4% R2-12

L. A. Fort R2-12

W. F. Zuroff 87-24

LMS File/LLB
References: (1) “Sample Analysis/Tank Results RPP-241,” available on the Tank

Characterization Database at http://twins.pan] gov/data/datameny. htm,
dated, August 9, 2000.

(2) RPP-6028, “Specification for Hose in Hose Transfer Lines for
Hanford’s Interim Stabilization Project,” Rev. 0, dated April 3, 2000.

The purpose of this memo is to document the bounding chemical concentrations of the liquid
waste in tanks 241-U-106, 241-U-107, 241-U-108, and 241-U-111 for the Interim Stabilization
Project procurement specification of a hose-in-hose transfer line for use on these tanks
(Reference 2). The chemical constituents for which these concentrations were requested are:
sodium hydroxide, ammonia, organic carbon, and organic compounds.

Table 1 lists the highest observed concentrations of sodium hydroxide and total organic carbon in
liquid waste samples from tanks 241-U-106, 241-U-107, 241-U-108, and 241-U-111 (Reference
| and Attachment). Table 2 lists the highest concentrations of specific organic compounds
observed in these samples. Because of limited ammonia data for these tanks, the ammonia value
in Table 1 is taken from the highest ammonia concentration observed in liquid waste samples
from tanks containing wastes similar to the wastes in tanks 241-U-106, 241-U-107, 241-U-108,
and 241-U-111. Other than the organic compounds listed in Table 2, there are no orgenic -

- analysis data available for tanks 241-U-106, 241-U-107, 241-U-108, 241-U-111 or for tanks
containing similar wastes.

Table 1. Chemical Constituents of Undiluted Waste

Constituent Concentration, Concentration, Concentration,
mg/g’ mg/kg' mg/L
Sodium Hydroxide® 83.0 83,000 116,000
Ammonia 1.29 1,290 1,800
Total Organic Carbon 34.6 34,600 48,400
Notes:

'Calculated assuming a specific gravity of 1.4

*Based on hydroxide analysis
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| + C. E. Hanson RJ;HE%H})O%?? 0

Page 2
August 11, 2000
Table 2. Organic Compounds Identified

Constituent Concentration, Concentration, Concentration,

mg/g' mg/kg' ' mg/L
Acetate 10 1,10 1,540
Formate 9.57 9,570 13,400
Glycolate 8.71 8,710 12,200
Iminodiacetate 2.20 2,200 3,080
Nitrilotriacetate 0.957 957 1,340
Oxalate 7.36 7,360 10,300

Note:
'Calculated assuming a specific gravity of 1.4

If there are any questions regarding this information, Please contact me at 373-1027 or
Mr. 1. G. Field, on 376-3753,

9(4" Ana g
L. M. Sasaki, Engineer II
Data Development and Interpretation
dmn

Attachment
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CH2MHILL
INTEROFFICE MEMO Hanford Group, Inc.
From: Data Development and Interpretation 74B20-00-048

Phone:  373-6343
Date: August 11, 2000
Subject: CHEMICAL CHARACTERISTICS FOR LIQUID WASTE IN § AND SX TANK

FARMS

To: C. E. Hanson §7-70
cc: G. A. Barnes §7.70
- J. R. Buchanan 57-70
1. G. Field & R2-12
L. A. Fort R2-12
W. F. Zuroff 57-24

TLL File/LB

References: (1) "Sample Analysis/Tank Results RPP-241,” available on the Tank
Characterization Database at http://twins.pnl.gov/data/datamenu.htm, dated
August 9, 2000.
(2) RPP-6028, “Specification for Hose in Hose Transfer Lines for Hanford's
Interim Stabilization Project,” Rev. 0, dated April 3, 2000.

The purpose of this memo is to documnent the bounding chemical concentrations of the liquid
waste in tanks 241-S-101, 241-8-107, 241-S-109, 241-S-111, 241-8-112, 241-§X-10},
241-8X-102, 241-SX-103, and 241-SX-105 for the Interim Stabilization Project procurement
specification of a hose-in-hose transfer line for use on these tanks (Reference 2). The chemical
constituents for which these concentrations were requested are: sodium hydroxide, ammonia,
otganic carbon, and organic compounds.

Table 1 lists the highest observed concentrations of ammonia, sodium hydroxide and total
organic carbon in liquid waste samples from tanks 241-8-101, 241-8-107, 241-S-109,
241-8-111, 241-8X-101, 241-8X-102, 241-SX-103, and 241-8SX-105 (Reference 1). Analytical
data from tank 241-5-112 was not available, however the waste in tank 241-S-112 is well
represented by the values of the other tanks listed. Table 2 lists the highest concentrations of
specific organic compounds observed in these samples. Other than the organic compounds listed
in Table 2, there are no organic analysis data available for tanks 241-8-101, 241-5-107,
241-S-109, 241-8-111, 241-SX-101, 241-8X-102, 241-8X-103, and 241-SX-105 or for tanks
containing similar wastes. The average specific gravity of 1.35 measured for tanks 241-S-101,
241-8-107, 241-8-109, 241-8-111, 241-8X-101, 241-5X-102, 241-$X-103, and 241-SX-105 was
used to convert liquid units to solid units.
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Table 1. Chemical Constituents of Undiluted Waste
Constituent Concentration, Concentration, Concentration,
mg/g mg/kg’ mg/L
Sodium Hydroxide* 156 156,000 211,000
Ammonia 1.33 1,330 1,800
Total Organic Carbon 4,75 4,750 6,410
Notes:
'Calculated assuming a specific gravity of 1.35
’Based on hydroxide analysis, with a conversion factor of 2.35
Table 2. Organic Compounds Identified
Constituent Concentration, Concentration, Concentration,
mg/g' mg/kg' mg/L
Acetate 203 2,030 2,740
Formate 2.17 2,170 2,930
Glycolate 0.739 739 998
Oxalate 7.93 7,930 10,700

for

Note:

'Calculated assuming the average specific gravity of 1,35

If there are any questions regarding this information, please contact me at 373-6343 or
Mr, J. G. Field, on 376-3753.

K/ Lt

T. L. Lauricella, Scientist

Data Development and Interpretation

dmn
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