Chevron
Chevron U.S.A. Products Company

v 2410 Camino Ramon, San Ramon, California « Phone {510) 842-9500
Mail Address. PO. Box 5004, San Raman, CA 94583-0804 I ARa WU

Marketing Department March 5. 1992
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Mr. Paul Smith

Alameda County Health Care Services
80 Swan Way, Room 200

Oakland, CA 94621

Re: Former Chevron Service Station #9-4816
301 14th Street, Oakland

Dear Mr. Smith:

Enclosed we are forwarding a letter dated March 5, 1992, prepared by our consultant Weiss
Associates responding to your letter dated February 25, 1992 in which you expressed legitimate
concerns regarding the site remediation proposed at the referenced sife. By submittal of this letter,
Chevron feols that it has successfully addressed those concerns and are requesting approval of the
corrective action work plan.

As you are aware, all permits have been secure and we have scheduled the installation of the -
system to commence the week of March 9, 1992, and are very anxious to initiate operation of the
treatment system. We are committed to aggressively mitigating the contamination that exists
beneath the site and will evaluate the effectiveness of the proposed remedial technology with
respect to mitigation of the separate-phase hydrocarbons floating on the ground water.

CY_our expeditious approval is appreciatsE If you have any questions or would like to discuss
further, please do not hesitate to contact either myself at (510) 842-9581 or Mr. Tom Berry, Weiss

Associates at (510) 547-5420.
V?_rky\guly yours
CHE Rorwftﬁrji)rms COMPANY

Nan¢ Vl}{plich
Site AssesSment and Remediation Engineer
Enclosure

cc: Mr. Eddy So, RWQCB
Mr. R.W. Cosby, 225/1936
Ms B.C. Owen
File (9-4816W1-Addendum)

Ms. Beth Castleberry

WARE & FREIDENRICH

400 Hamilton Avenue B
Palo Alto, CA 94301 (4§} 228~ 6561
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B8 5500 Shellmound Street, Emeryville, CA 94608-2411 Fax, 5}'0‘54%5043 hone: 510-547-5420

March 5, 1992

Ms. Nancy Vukelich

Chevron U.S.A. Products Company
P.O. Box 5004

San Ramon, CA 94583- 0804

Re: Remediation Work Plan
Former Chevron SS #9-4816
301 14th Street
QOakland, Cahforma '
WA Job # 4-582-83 .

Dear Ms. YVukelich:

As you requested, Weiss Associates (WA) preparéd~a Remediatidn Work Plan dated
February 10, 1992 for the site referenced above. As required, you submitted this work plan to

the Alameda County Department of Environmental Health (ACDE)H.) for their rev{¢§v*and\'l

approval. Based on their review, the ACDEH rqquest‘gd' additional information about the-

proposed work plan in their letter to you dated February 235, 1992,

This letter provides the additional information redueszted by the ACDEH and

supplements our original work plan, The following subjecté ar‘c‘discusscd:

. Use of soil vapor extraction (SVE) as a means of separate phase hydrocarbon
removal,

. Remediation system schematic,

. Rationale for extraction well location,

. Project schedule,

. Health and Safety Plan,

+ Equipment malfunction contingency plan,

. Status of a work plan for further 1nvest1gat10n

. Discussion of dissolved hydrocarbons detected in ground ‘water from monitoring

well C-8.

Please note that the ACDEH letter is incorrectly déted.és Februai"y 25, 199} aﬁd rcfers' ‘

to the WA work plan dated as February 10, 1991. Both are 1992 documenfs. 1/

A Drasion of AguaTeria Associates Incorporated . . " recycled paper

Y
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Separate-phgse Hydrocarbon Removal by SVE

Soil vapor extraction can effectively remove separafc phase ﬁydrocai‘bons from
subsurface materials. We have attached three articles wh1ch discuss the theory and
applicability of SVE (Attachment A). Of particular interest is the case study in thc artlcle by
Bachr, Hoag, and Marley which shows the success of SVE as a method fpr removing separate-
phase hydrocarbons. S '

Because the shallow sediments beneath the site are primarily high p.er.meégb'iiityf sands,
we anticipate the proposed internal combustion engine (ICE) to work at its optimum capaéity.
ICE specifications and performance data are provided as Attachment B. We anticipate initial
hydrocarbon mass removal ratcs up to 1,000 1bs per, day An’ advantage of SVE ini high

-permeabnllty scd:ments is that it can remediate separate—phase hydrocarbons and dlSSOlVCd( ‘
hydrocarbons in ground water through dispersion over a much greatcr distance from the 'well.
than a separate-phase skimming system, Therefore, a skimminé system would be redunda o
If SVE docs not effectively decrease the presence qf separate-’phase hydrocarbons, \ive\ will
evaluate the installation of a separate-phase skimming system, ' : ' '

As you are aware, we have obtained the required permits and we are now ready to |

install and operate the SVE system. We are currently scheduled 'toli'nstal‘I and start the system
during the week of March 9, 1992. S |

Remediation System Schematic

.

A schematic diagram of the soil vapor extraction system is provided as Attachment C,

Extraction Well Location

We propose vapor extraction from wells CR-1 and C-5. Both well$ have-over two ft of -

separate-phase hydrocarbons suggesting that they are at or near the hydrocarbon sdurce. W“‘cgz%
Additionally, because subsurface sediments are highly permeable, it is likely that vapor Q,.B

cxtraction from these two wells can effectively influence most, if not all of the site. We will
verily the radius of influence by measuring vacuum at the surrounding monitoring wells once.

the system is started. Extraction from well CR-1 should effectxvely remove separate- phase

hydrocarbons from nearby well C-3. Thercefore, extractlon from welgf/C 3}035 not appear

Mg
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necessary. Additionally, well CR-1 has a larger diameter and thcrefofc a greater screened
surface area, it is better suited for extraction than well C-3. If necessary, other wells can be '

v

plumbed inte the system.,

Projcct Schedule

Pending work plan approval, we have scheduled s'ystem installation for the week of
March 9, 1992, We anticipate system start-up during the same week We plan to operate the

system 24 hours a day, seven days a week. According to the COl'ldlthl‘lS of the permit from the
Bay Arca Air Quality Management District (BAAQMD), WA will conduct daily sampling of the
system influent and effluent for the first three days and monthly thereafter. The ICE requires

y oil changes, during which the system will be shut down for a few hours. The propane.
tank which will provide a supplemental fuel supply if necessary, will require periodic refills.

S

However, this does not require system shut-down, Ref111 frequency mcreases as hydrocarbon

concentrations drop and, based on our experience, may be necessary up to thce. per week.

1t is difficult to predict the time necessary fo remediate the site, however we anticipate
that the ICE will be operating for a few months’ To monitor separate-phase hydrocarbon ,
removal, we will measure hydrocarbon thickness in wells CR 1, C-2, C- 3 ‘and C-5 monthly in
conjunction with system vapor sampling. If no decrease in separate-phasc hydrocarbon
thickness is observed, we will evaluate a separate- ph‘ase‘hydro'ca'rbon plimping/skimming . gﬂ/
system. | In addition to the required monthly BAAQMD, comphance reports we will subm )
_

orrred R e

r——
E progress reports which will include hydrocarbon mass removal and separate-phase

ocarbon on thickness measurements. Ground water sampling will contmue quarterly to

monitor the effectiveness of SVE on dissolved hydrocarbon rcmoval

We will evaluate obtainable clean-up levels as the system operates and submit a work
plan for initiating site closure including confirmatory soil borings when remediation

approaches completion,

Health and Safety Plan

The Site Safcty Plan, included as Attachment D, provides the necessary )informéttion
requested in item 4 of the ACDEH letter. This Plan will be proiridcd to all workers who w\ill'

be performing installation and initial start-up of the system. The Plan addresses, ainong‘other
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subjects; naming of the Site Safety Officer, Project Team Leadet and WA Office Advisor;
personal protective equipment available to onsite workers; nearest medical fééility location

with a marked route map; air monitoring equipment; fire protection; and‘eniployée traiﬁing. ‘

Contingency Plan

The proposed remediation system consists of an equipment Vcnclosurg,w an internal
combustion engine (ICE), propane tank, underground and above groundﬁ piping,«a moisture
collection drum, two extraction wells and telephone service. The ICE, propane tank and above

ground plumbing will be contained within a fen'\ced‘ enclosure.

A safety/test analysis of the ICE is provxded as Attachment E. This system has scveral
safety features that address fire hazards. System operation is contmualiy monltorcd by an
on-board computer which automatically shuts down the system should equipment failure occur
due to high engine rpm, high tcmperatute or power loss. The system also features a built-in dual
nozzle automatic fire control system and a ground line to reduce igttition hazards. Other safety
features of the ICE are a high water level switch m its water trap, whlch will shut down the -
engine if water reaches a preset level, and a propane gas filter lock- ot‘f which uses vacuum
pressure from the engine to draw vapors into the engine. The engine automatically shuts off

i’ it runs out of propane,

The propane tank will be inspected by the Fire department. The propane tank has an
cxeess flow shut-of f valve which will shut off the- bropane supply in thc event of a high flow .
fuel Icak The propane tank will be routinely inspected during wcekly ICE oil changes and
when the tank is refilled. If a leak occurs in the supply Ime the tank wxll be shut of f and

repairs made as necessary.

WA will perform weekly monitoring of the SVE system to ensure proper operation of
the system, This will inctude checking the vapor knock out drum and draining it if necessary,

optimizing engine performance, and visual mspectton of equipment and plumbmg

The ICE will have an auto dialer which will be connected‘ toa com‘buter at WA, This
will allow WA to monitor system performance and alert WA technlcmn of system shut- down
Appropriate actions will be taken to address failures w1th1n the treatment systcm to allow

continuous system operation,
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Work Plan for Further Investigation
The ACDEH has requested a work plan for additional invcstiga‘tio‘n”to better delineate
the extent of hydrocarbon concentrations. As yourequested, we will evaiuate.propér piac;c;mqnt

of additional well(s) and submit a work plan for your review. by t:h\e end of April 1992,

Monitoring Well C-8

Data suggests that hydrocarbons in ground water from we\ll\ C-8 are not related to the
310 14th Street investigation, Ground water samples from monitoriﬁg wcils C-6.a;id C-7 w:hich
are located closer to the site than C-8, have shown no detectable’ hydrocarbons, This'suggests .
that hydrocarbons in C-8 originate from a diffei'ent sourée | AnélySes of grdund water from
monitoring well C-8 have shown between 5,000 and. 6,300 parts per billion (ppb) total petroleum
hydrocarbons as\g soline (’I‘PIZs g 1991 "ﬁ/owcvcr, onlonccntratlons of tolueneL%rJioj
cthylbenzgns ZQI?C? otal xylen ?ma% been detected and benzene has not been detected This g(@s\)/ﬁﬁ/

o

chemical signature does not correspond thh that found in ground water analyses from on51_te
wells such as C-1 and C-4 where the lighter hydroca‘rbonS‘of benzene and At’oluene comprise a
far greater percentage of the total hydrocarbons. This data suggests that hydrocarﬁons in'well \QV‘
C-8 are from an older, more degraded source than found at the site. “N@W}K\Y{/ . ‘ [/ '

WA is pleased to provide remediation services t6 Chevrén U.S/A. Products Company.
Please feel free to call if you have any.qtiestions or comments or require ,additi'onal

information,

_ Sincerely, \
Weiss Associates .

S, 72

Thomas R. Berry

Project Geologist

TRB:trb
C\CHEVRON\582\682L2MA2. WP

Attachments: A - Articles Regarding Applicability of SVE
B - ICE Product Literature
C - System Schematic
D - Site Safety Plan
E - ICE Safety/Test Analysis
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ATTACHMENT A

ARTICLES REGARDING APPLICABILITY OF SVE
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removal. Extracted soil vapor is typically treated b{ thermal oxidation, or vapor-phase
carbon adsorption. Figure 2 presents a basic soil vapor extraction System. ign
considerations for vadose zone treatment using soil vapor extraction have been identi-
fied by several amhors, incloding Baehr, Hoag and Marley (1938); and Jobnson,
Kemblowski, et al (1989).

While soil vapor extraction has been shown to be an effective way to mitigate vadose
zone impact, it has reccived little consideration as 2 method 1o remove bulk Liquid
phase gasoline. The remainder of this paper will attempt to establish soil r extrac-
tion as a method for attemmating (l)iguid phase gasoline plumes and explore the possible
advantages over traditional methods.

Field Observations

Data collected from sites where soil vapor extraction is beibg used 1o remediate the
vadose zone have suggested that bulk liguid phase gasoline removal is taking place. A
portion of that data 15 presented below.

Case 1

Gasoline concentration versus time curves for two sites are shown o1l Figure 3. Site A
has a been characterized as having a liquid phase gasoline plume, impacted soif and
impacted groundwater. Site B has been shown to have soil and groundwater jmpact.
Both sites have similar lithology and are undergoing vadose zone remediation. Soit
vapor extraction systes at each site were operated under comparable conditions. As
seen in Figure 3, the site with the liquid phase gasoline plume displayed significantly
higher gasoline concentrations for the first 200 days of operation. The concentration
decay trend is similar for both sites. As remediation proceeds, gasoline concentrations
fall to an asymptotic level characteristic of diffusion limited transport and site condi-
tions. This data may imply that initial high concentrations were due to a flux contribu-
tion from the bulk liquid.

Case2

At this site, routine tank monitoring disclosed there had been an unwanted release of
gasoline. Inventory records were used to approximate the volume lost, approximately
450 galions. It was found that gasoline had leaked into the subsurface environment
through 2 hole in one of the subsurface fuel storage tanks (Bacbr, Hoag, and
Marley, 1988). Interim remediation.began with removal of bulk liquid phase gasoline
through a combination of bailing and enhanced skimming (groundwater depression
with skimming). Gasoline recovery took place from a G-inch diameter well, equipped
with a groundwater depression pump.-

After about five months of skimming, approximately 79 gallons of liquid phase gasoline
was removed. Based on the initial SFI | amount, enhanced skimming had removed
17 percent of the total volame of gaso ine released. Over a 5 month period, the aver-
age recovery rate was approximately 0.5 gallons per day. In an attempt to recover

more gasoline, a soil vapor extraction system was installed.

Over a 90day period, the soil vapor extraction system removed approximately
351 gallons of gasoline; 78 percent of the total estimated spill. Gasoline was removed
at an average rale of 3.9 gallons per day. Soil vapor extraction significantly reduced
the bulk liquid gasoline plume and mitigated residual vadose zone impact. The aver-

420

age removal rate for vapor extraction was §7 percent faster than that of enbanced
slamrmng,

Case3

this site, a surface release of toluene {voiatile component of gesoline) resulted in
i}gpag ii:e’the vadose zone, iquid phase toluene on the groundwater surface, and
dissolved tolvene in groundwater ( on, Brody, and Brown, 1989). Thclgxafmmurﬁx:
separate-phase toluene thickness 20 feet downgradient of the refease was 1.3 leet.
soil vapor extraction system was iastalled to remove toluene from the subsurface.

som. approximately 1,000 pounds of toluene had been removed
Aﬁiragorﬁoggsagtfigf P Sepa 1:ep-mtmse timknessp; were ;'educed significantly, and
dissolved concentrations were attenvated. Not only did soil vapor extraction achieve
its’ primary objective, vadose Zone 1Cm diation, It also achieved the removal of bulk
liquid phase toluene and initiated the aquifer restoration.

Theory

e of soil vapor extraction, the total mass flux is the sum of flux contributions
géstggmczsd with ordi:?a.;y {concentration) diffusion, and convection. The systern under
consideration is shown in Figure 4. Flux associated with convection occurs 23 vapor
sweeps through soil pores, mobilizing vapor-phase gasoline constituents away from
liquid phase gasoline residual. The flux of compound (i} resulting from convection in a
porous ruedia may be described using Darcy’s Law:

Flux () = (5} By} OF) O

Tn this application, (%) is the va r-phase mass fraction. of (i), (B) is the permeability o
t‘lhlc-. r{g.l% mediz, x,)) is the vgc:osity of the transport fluid, and (vP)is the pressure
gradient. The functionality of (x;) is complex; therefore, it is typically assumed to be
the vapor concentration associated with vapor-liquid equiibrium (Johnson, &t. al, }988,

Baehr, et. al, 1988) |

Ordinary diffusion results from the concentration g;adicx}ts_of all substances present in
a syst:g. For an example, consider liquid diffusion within residoal liquid and bulk
Tiquid gasoline. As votatile gasoline constituents diffuse across the vapor-liquid -mt%r-
face, away from the liquid surface, a localized concentration change occurs within the
gascﬁine rmixture. The resuiting difference in concentration between the liquid surface
and the interior of the liquid residual (or bulk) causes volatile constituents to _mumve
towards the vapor-liquid interface. A similar va(}?or-phase mechanism occuts 1& be
vadose zone pore space. Flux resulting from ordinary diffusion can be descnbr‘ y
Fick’s Law: ¥ ¥
Flux i) = -D (¥x) @ - K

i tive diffusivity, and (¥} is the concentration gradient of (). An
Eéfhei?v(eD\?a&%;}f?si diffusivity istj;howé t:%ccount for diffusion %;ath_c soil matrix,
where pore dimensions may be smaller than the mean free path of diffusing moic_ullest._
It is important to note that X, and therefore the flux of (), is ultimately a function O
the vapor-liquid equilibrium state of the system.

pati i iduat
Design strategy for remediation of the vadose zone has been to intersect the rest
plums:a:ea vng?h air fiow, optimizing conductive and diffusive flux. Asy other configu-
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ration would not efficiently achieve the vadose zone remedial objective. For example,
passing an air flow necar the residual plume area would limit the contribution of
convective ftux, and increase the dependence ou diffusive flux. However, field data
suggests that passing air over bulk liquid gasoline may be more efficient for the
removal of bulk liguid than reliance on pumping.

Consider the transport mechanisms for bulk liquid removal by pumping and soil vapor
extraction. The dominating mechanism for transport by pumping is convection. n this
case, the resistance to transport is the inverse of the hydraulic conductivity, or the
liquid viscosity divided by the permeability coefficient of the porous media through
which transport occurs. ln the case of soil vapor extraction, the dominating transport
mechanism is vapor-phase diffusion, where the resistance {0 transport is the inverse of
the diffusivity. Field observations regarding bulk liquid phase removal indicate that
the resistance associated with convective liquid transport is equal to, or greater than
that associated with vapor-phase diffusive transport. Once vapor-phase gasoline has
Jiffused into an area where convective transport dominates, the transport resistance
becomes negligible compared to the resistance of liquid phase convective transport.

This supports the supposition that soil vapor extraction roay be a more efficient means
to remove bulk liquid plase hydrocarbons.

Separate-Phase Removal: Soil Vapor Extraction or Pumping
Separate-Phase Pumping

Traditionally there have been two installed methods for the removal of separate phase
hydrocarbons from the groundwater surface. These methods are the instaltation of
either a separate-phase bydrocarbon recovery pump or the combination of a ground-
water depression pump with a separate-phase recovery puImp. These two methods are
both feasible technologies in the removal of separate-phase hydrocarbons, but there
are deficiencies in performance, cost, and start-up time associated with these methods.
We believe the use of soil vapor extraction is at times a more efficient, cost effective
means to address separate-phase hydrocarbon removal.

The simplest and most_time efficient method of the two traditional methods for
separate-phase recovery is the installation of product recovery pumps in existing moni-
toring wells at the groundwater /separate-phase interface. The recovered separate-
phase and groundwater is then properly stored and recycled. This method has both
advantages and disadvantages. The advantages are its relatively inexpensive costs 10
respond tQ separate-phiase removal due to the use of existing welils, the short time
vequired for the installation of these pumps and the case in acquiring regulatory
permits, since no groundwater discharge permits witl be required. But there are draw-
backs 10 the usc of this method. The recovery efficiency of the separate-phase recovery
ump is restricted by its gencrally smail radins of influence which is a result of the
imited amount of drawdown the pump can achieve. This fact generally Jeads to the
installation of further extraction wells and more recovery pumps or the installation of a
groundwater depression pump in comjunction with a separate-phase recovery pump.

The installation of a groundwater depression pump 10 assist separate-phase recovery is
generally used as 2 dual purpese remediation method. This method responds to
dissolved hydrocarbons as well 2s increases the radius of influence of the separate-
phase recovery system by depressing the water table at the recovery well and enhancing
the recovery of separate-phase within a larger radius. The major drawback to this
method lics in the discharge of extracted groundwater. The extracted groundwater
sl be treated and then discharged through cither the use of 2 NPDES permitortoa
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i i i 1} as
sem. These permits in recent times bave become more difficult a5 wel
fng;“;ins{; consuming to obtain due to more restrictive discharge géq?lretgenel;s g}
California, wastewater rediamation requirements un})csed due 10 a;t b ;
¢ have added an additional cbstace. Therefore, this method of recovery %
becoming a more time consuming method of addressing separate-phase rem

whose prumary goal, is source removal in a timely fashion to minimize the jmpact on

groundwater and the time required for closure of the site.

i i jated with the
hown in the previous paragraphs there are problems associat |
Atr:sldlglﬁoggf nﬂfﬁfhods for &paraleyl;aiﬁ reocm;ry both D;:; tcé‘ﬁg;;gy cgnd tl;:tstm;:
i impl tation of these Systems. nstraints,
g;g;g:ftggrust?%;% 3?;:' extraction as a method for the recovery of separate-phase

ydrocarbons.

Soil Vapor Extraction

jons in thi i i jable method for
- s sactions in this paper have shown Soil vapor extraction 2s a viable meihad
fermevasng hydrocarbons ol;n soit and the theories by which this mccha}x;xsmdzs Iclirt:;':;:é
We have also shown field evidence to sapport this theory. Therefore, based 0 these
fheories and field evidence which supports the use of soil vapor exiraction to IEMOV

te-phase hydrocarbons we propose using soil vapor extraction as 2 separate-
phase hydrocarbon recovery method.

i 10 s0il vapor extraction lies in the ability to install and permit

Elhwctx?cr;?n'algn? gyﬁﬁ?ﬂ%i&)ﬁem iod of tiéne and achieve mgv:oq_ﬁgégnc%xizall tg
£ a groundwater depression pump 0j 1
gp%f;hmgvg p?:mp. g'11-‘116 primary goal of separate-phase recovery is sc::lricc
removal, therefore, response time is one of the most important factors in the oS zix-
tion of 2 recovery Systetn. As we have mentioned previously, delays caqtocmtlrmg
acquiting groundwater discharge peruits and separate-phase ;ecove:ry wi ot the
benefit of groundwater depression can t‘r:: g% tx;gfggc&y;ggtgggyso;n reccvd o g.ge Fermits
in arcas can :

E:(;;Sgil ?:.m'lf'hyfs:tzmxtiact:&o:; 75 can be recovered tprough a yapor fecovery system oF
treated through various existng treatment teckmologies.

i i re cost effective way of removing separate-phase
o vapot:oe:stmchyoon r.:?in t?lléopg?eitlina? ?eduction in ;ota}yremedmuon_ costs fﬂim the
more rapid résponse ‘o the removal of the contamination source, ti:lalie tecgno?l (:gy u:_
T e S most oy x:r?h?dthfotntt};?iéf Iiomv?digg :i?i?}r:t;gn for the site Er?d
extraction js in most cases paft of the e O el vapor
therefore Tepresents NO additional capital. Furthermore, by ade o

i i f hase removal in the interim remedial DeSign,
ethx::msoc?loge?\i 5 wﬁiemveryfom Ofwe Is g:tx; designed to reflect their use as a sgparate
hase removal method as well as a vadose’zoRe remediation method. Sa;mgs 3:“ mc:g;
taf and operational costs also occur in eliminating the need for separate-phase rcon:r g
ipment and in Timiting the extraction of groundwater 10 plume mg‘x;au?: ontrol.
%c savings incurred will vary depending on the spedificsite conditions, but in a

where separate-phase 1ecovery and soil vapor extraction are part of the interim reme-
dial plan, savings will occar.

Conclusions

Rased on field observations and theoty previously discussed the following conclusions
were identificd:
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© When soil vapor exiraction is used to remediate the vadose zone at
sites where bulk liqnid is present there appears to be filux conmbo-
tions from the bulk liquid. The major transport mechanism for this
process is diffusion.

o Soitvapor extraction appears to remove bulk volatile liquid phase ata
greater rate than traditional scff»arat&-phase removal methods. This
troplies, where appropriate, soil vapor extraction should be used to
recover bulk separate-phase in lieu of recovery by pumping.

o Further research is required to quantify the roie of soil vapor extrac-
tion in removing bulk liquid phase hydrocarbons.

o Design criteria needs to be developed to optimize the use of soil
vapor extraction in butk liquid phase hydrocarbon recovery.

There are several advantages to the use of soil vapor extraction in lieu of pumping to
recover bulk liquid phase hydrocarbons. These are:

o Reduced remedial response time due to limited permitting
constraints, and ease of implementation.

o Reduction of extracted groundwater volumes by restricting ground-
water extraction to only migration control objectives.

o Reduced capital cost of remediation by eliminating the need for a
separate bulk liquid phase recovery system.

o Groundwater conservation is achieved by reducing the volumes of
extracted groundwater.
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ABSTRACT

Baebr, A L.. Hoag, G.E..and Marley. M.C., 1989. Removing volatile contaminants from the un-
saturated zone by inducing advective air-phase transport J. Contam. Hydrol,, 4: 1-26.

Organic liquids inadvertently spilled and then distributed in the unsaturated zone can pose a
long-term threat to ground water. Many of these substances have significant volatility, and
thereby establish a premise for contaminant removal from the unsaturated zone by inducing
advective air-phase transport with wells screened in the unsaturated zone. In order to focus
attention on the rates of mass transfer from liquid to vapour phases, sand columns were partially
saturated with gasoline and vented under steady air-flow conditions. The ability of an equilibrium-
based transport model to predict the hydrocarbon vapor flux from the columns implies an efficient
rate of local phase transfer for reasonably high air-phase velocities. Thus the success of venting
remediations will depend primarily on the ability to induce an air-flow field in a heterogeneous
unsaturated zone that will intersect the distributed contaminant. To analyze this aspect of the
technique, a mathematical model was developed to predict radially symmetric air flow induced by
venting from a single well. This model allows for in-situ determinations of air-phase permeability,
which is the fundamental design parameter, and for the analysis of the limitations of a single well
design. A successful application of the technique at a site once contaminated by gasoline supports
the optimism derived from the experimental and modeling phases of this study, and illustrates the
well construction and feld methods used to document the volatile contaminant recovery.

INTRODUCTION

Organic substances. such as hydrocarbons and halogenated hydrocarbons,
are introduced into the subsurface in a variety of ways including leaking
underground storage tanks, mismanagement of industrial solvents, and
accidents involving pipelines and tank trucks. Because of the limited volatility
and solubility of these substances under environmental conditions, organic
contaminants most commonly enter the subsurface as a liquid phase that is
immiscible with both air and water. Remedial actions for large spills of
petroleum products generally include an effort to physically recover the

0169-7722/89/$03.50 £ 1989 Elsevier Science Publishers B.V.
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product accumulated on top of the water table by bailing and/or skimming.
However, substantial portions of the spill, can remain because the porous
media can retain the immiscible phase by capillary forces. For example, Hoag
and Marley (1986) determined residual saturations of a commercial gasoline to
be 26 and 44 grams per kilogram of medium and fine sand, respectively, at field
moisture conditions.

Unfortunately, the threat posed to ground water may persist even if the
immiscible phase is immobile. Using a mathematical model of vapor and solute
transport in the unsaturated zone, Baehr (1987) demonstrated that significant
amounts of gasoline hydrocarbons can partition into the water in the un-
saturated zone. These solutes can enter ground water with recharge or fluc-
tuating water tables. Thus, in environmentally sensitive areas, a secondary
recovery method may be required to completely rectify the contamination.

Many organic substances of environmental interest have substantial vapor
concentrations comparable to their solubilities. By comparing the saturated
vapor concentrations and aqueous solubilities presented in Table 1 and
assuming connected air-filled voids, it is reasonable to anticipate that such
contaminants could more effectively be recovered from the unsaturated zone
by enhancing air-phase transport than by enhancing water-phase transport
(e.g., a flushing scheme).

Advective-vapor transport can be induced by withdrawing or injecting air
through wells screened in the unsaturated zone. At least one withdrawal well
is required to collect and analyze vapors for documenting contaminant
recovery. Air laden with organic vapors moves along the induced flow path
toward the withdrawal wells, where it is removed from the unsaturated zone
and treated andfor released to the atmosphere. Therefore, the success of the
method depends on the rate of contaminant mass transfer from the immiscible

TABLE 1

Thermodynamic parameters for selected organic substances

Substance! Molecular Saturated vapor Aqueous sohubility'
weight concentration® at 20°C at 20°C
{mg LY (mg LY
Benzene 78 300 1780
Toluene 92 130 515
o-Xylene 106 30 152
n-Hexane 86 630 10
1,1.2—Trichloroethy1ene 131 410 1100
1,1,1-Trichlorcethane 133 690 730
gasoline® 100 411 156

\Data from MacKay and Shiu (1981). mg L-! = milligrams per liter.
2V alues for gasoline are based on a weighted average of hydrocarbon properties determined from
the gas chromatography analysis of a leaded regular gasoline by Bruell and Hoag (1984).
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and water phases to the air phase and on the ability to establish an air-flow field
that intersects the distributed contaminant. This method of recavery is called
induced venting or in-situ air stripping. Its application has been described by
Texas Research Institute (1980), Thorton and Wootan (1982), and Marley and
Hoag (1984). However, a formal analysis of the transport processes involved,
has not appeared in the literature to date.

The purpose of this paper is to provide such an analysis. First, the results of
venting experiments on sand columns residually saturated with gasoline are
analyzed by using an equilibrium-based transport model to focus attention on
rates of local phase transfer. Next, a mathematical model which predicts air
flow to a single well is developed. This model can be used to analyze air-phase
pressure measurements collected during an unsaturated zone pump test to
estimate permeability and thus can determine the limitations of a single well
design. Finally, a successful application of the technique at a site once con-
taminated by gasoline is presented.

VENTING EXPERIMENTS UNDER STEADY AIR-FLOW CONDITIONS

Three venting experiments were conducted to analyze the rate of mass
transfer of gasoline from the immiscible and water phases to the air phase.
Steady air low was maintained in the experiments to focus attention on these
phase transfers. The experiments were conducted in column reactors that were
8.9cm in diameter, 65 cm long, and filled with medium-grained sieved, washed
sand to 5cm below the top (Fig. 1). All experiments were conducted at 21°C.
Prior to introducing the gasoline, the entire column length was saturated with
distilled water, and then allowed to drain. Residual gasoline saturations were
obtained by applying a vacuum to the top of the column, and by allowing a
commercial leaded gasoline (density 0.78 g em™?) to saturate the bottom 30 cm
of sand. Then the vacuum was shut off and the gasoline was drained by gravity
which left a residual saturation. During the course of the experiments, air that
entered the bottom of the column was first saturated in water vapor to prevent
the column from drying (with respect to water). A detailed description of these
and other venting experiments is provided by Marley and Hoag (1984) and
Marley (1985).

The three venting experiments had steady air flows, of 1.43, 3.00, and 7.00 L
min ! (liters per minute)} respectively. The air-phase specific discharge corre-
sponding to 7.00 L min™' is 1.9 cm s~!. This is high compared to anticipated
specific discharges in field applications, except perhaps in the immediate
vicinity of the wells. Therefore, if limitations on the recovery caused by Kinetic
effects occur, they should be observed within the flow range of these three
experiments. The medium-grained sand had a porosity of 0.241, a dry bulk
density of 1.71g cm~? and an average particle diameter of 0.09 cm. The initial
water and gasoline retentions for the three experiments are listed on Table 2.
It is assumed that the small differences in saturations between experiments do
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Fig. 1. Column reactor for conducting steady-flow venting experiments.

not interfere with isolating the effect of varying the flow rate. Air leaving the
column was analyzed by using a packed column gas chromatograph with a
fiame jonization detector (GC/FID). This method was developed especially for
gasoline analysis by Bruell and Hoag (1984). For this particular gasoline, 51
peaks were identified. Because a commercial gasoline consists of hundreds of
individual compounds, some of the peaks, which are referred to as composite
constituents in this paper, may correspond to a number of compounds.

Total hydrocarbon vapor fluxes (Table 3) were calculated by summing the 51
concentrations that were measured in the air leaving the column, and then

TABLE 2

Initial water and gasoline retentions for three steady-flow experiments

Experiment Steady-flow rate Water retained Gasoline retained
(L min"") by 60 em of sand by 30 cm of moist sand
(g) ®)
1 1.43 200 88
2 3.00 221 83

3 7.00 250 86




TABLE 3

Experimentally determined total hydrocarbon vapor fluxes

Experiment 1 Experiment 2 Experiment 3
Q@ = 143 L min™" @ = 3.00L min"! ¢ = 700 Lmin!
4 F 4 F H "
(min) {mg min~'} {min) (mg min~!) (min) (mg min~")
0.75 12600
.73 2473 0.76 5288 1.33 6141
1.30 2305 1.50 4144 1.83 4908
3.08 1577 3.00 2906 4.00 2466
5.00 1231 5.00 2158 9.00 1348
12.25 881 8.00 1489 17.00 851
16.00 725 12.00 1127 21.75 658
20.25 688 . 18.60 958 26.33 530
30.00 595 20.00 855 36.00 358
40.00 437 35.00 589 46.00 196
73.00 242 46.00 308 143.00 126
94.00 197 78.00 238 179.00 84
159.00 108 125.00 189 226.00 61
232.00 91 183.00 149 286.00 39
419.00 63 615.00 26 406.00 23
839.00 29 753.00 15 864.00 13
1024.00 13 894.00 8
1544.00 11 1136.00 7
2207.00 6
2207 136 8
I Fdt = 89.2 grams -[ Fdt = 83.6 grams det = 84,7 grams
Q

[}

t = time after commencement of venting.
@ = steady air flow rate mesaured at top of column.
Gy = total hydrocarbon concentration in vented air at top of column obtained by summing the
concentrations of the 51 composite constituents determined by GC/FID analysis.
= flux = @ Gy.

r Fdt = total mass removed from column.

multiplying the sum by the steady air-flow rate. The hydrocarbon mass that was
removed was estimated by numerically integrating the flux over the duration
of the experiment. Comparing the gravimetrically determined residual
saturations listed in Table 2 with the total hydrocarbon vapor fluxes listed in
Table 3, shows that essentially all gasoline was removed by venting. It also
shows that the GC/FID analysis was sufficient for the purpose of obtaining
mass balances. Figure 2 shows the hydrocarbon mass removed from the column
as a function of the volume of air passed through the column (obtained by
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multiplying the flow rate by time into the experiment) for each experiment. The
coincidence of the plots indicates a proportionality between the removal rate
(flux) and air-flow rate over the range of flow rates investigated. Note, however,
that the flux (slope of plots), and hence the proportionality constant, declines
with time. To describe this phenomenon we hypothesize that the vapor con-
centration in the air-filled void space is at equilibrium with the residual liquid
gasoline for all times, for each experiment. Furthermore, the decline in flux
with time, can be attributed to a shift in equilibrium which is caused by the
selective removal of more volatile hydrocarbons. This results in an immiscible °
contaminant that shifts toward a less volatile substance.

To test this hypothesis, the experiments were mathematically simulated
with a multiphase-compositional transport model. The model consists of a
eonservation of mass equation for each constituent of the contaminant. Each
constituent can be partitioned into air, immiscible, water and adsorbed phases
according to equilibrium relationships. The model is presented in Appendix 1.
Under the simulated conditions (high air-flow rates and the presence of an
immiscible phase), however, model predictions were found to be insensitive to
the degree of partitioning into the water and adsorbed phases. Thus, for the
purpose of modeling the steady air-flow experiments, only contaminant par-
titioning into air and immiscible phase was required. The experimental
conditions were also such that advective and dispersive transport mechanisims
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in the water and immiscible phases as well as dispersive transport in the air
phase were negligible. As previously discussed, the 51-peak GC/FID analysis
does not allow for the assignment of a single compound for every peak.
Therefore, the constituent-specific vapor pressures, required as input for the
model, could not be assigned independent of experimental results. These values
were assigned by calibrating the model to the data from experiment 1 (the
experiment with the lowest air flow rate). This calibration and the selection of
constituent-specific properties is further discussed in Appendix 1. If the
calibrated model is successful in describing the flux declines in time for higher-
flow experiments 2 and 3, then the equilibrium hypothesis would be supported.

Figures 3a, 3b, and 3c compare the experimentally determined total hydro-
carbon Auxes (Table 3) to the fluxes predicted by the mathematical model. The
ability of the model to describe the experiments conducted at the higher flow
rates supports the hypothesis of local equilibrium as an explanation for the
declining fluxes as opposed to the development of kinetic effects which would
depend on air phase velocities. However, these results, do not provide a
rigorous verification of the equilibrium model, detailed in Appendix 1, because
of the complex composition of the gasoline. Figures 4a and 4b are the GC/FID
chromatograms of the vented air samples for Experiment 3 (low rate = TL
min-!) at ¢ = 1.33 and 17min, respectively. These chromatograms provide
experimental evidence of the shift in the composition of the vented air from the
lighter, more volatile substances to the heavier, less volatile ones. The
horizontal axis of each chromatogram is the retention time relative to that of
the toluene peak. Benzene, toluene, and xylenes have been identified for
reference.

Equilibrium concentrations for a given air-phase discharge imply that the
maximum rate of local phase transfer occurs, however, it is a declining
maximum for a multiconstituent contaminant like gasoline. This, together
with the observation that essentially all of the gasoline in all the column
experiments was eventually removed by vapor stripping, enables us to
anticipate that the success of a venting application will depend primarily on
the ability to induce a significant air-flow field to intersect the contaminant
plume, which, in general, will be distributed in a heterogeneous medium.

MODELING AIR FLOW AND DESIGN CONSIDERATIONS

Compressible flow in porous media has been a subject of investigation for
many years in petroleum reservoir engineering. In particular, mathematical
models have been used to simulate gas reservoirs dating back to Muskat and
Botset (1931). The application of such models to aid in the design of a venting
system is exactly analogous and can be thought of in two steps:

(1) Evaluate, in situ, the air permeability of the contaminated unsaturated
zone by calibrating a steady-state air-flow model with pressure measurements

obtained during pumping tests.
(2) Use the air permeability and a steady-state air-flow model to determine
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the well spacing and screen intervals of wells in the unsaturated zone required
to generate the desired air movement.

An in-situ determination of air-phase permeability 1is preferred over
laboratory determinations to account for variations in prevailing soil-water
conditions, the presence of the immiscible organic liquid, and anisotropy and
heterogeneity in air-phase permeability. Steady-state pumping tests, which
require less data than transient analyses, are sufficient for this application
because only the in-situ air permeability is needed for design purposes. The
steady-state air-low model is given by the following partial differential
equation:

V(kVPH) = 0 (1)

where P is air-phase pressure and k& is the air-phase permeability tensor. The
selection of a coordinate system and appropriate boundary conditions,
together with eq. (1) defines the air-flow model. Equation (1) is based on the
conservation of mass principle for a compressible fluid, with assumptions of
Darcian fow and ideal gas behavior. Details are provided in Appendix 2.

To determine air-phase permeability, a radially symmetric region with a
single well. (Fig. 5) is assumed. This implies that the principal axes for the
air-permeability tensor are in the radial (r) and vertical (z) directions. Air is
injected or withdrawn through the well screen. The unscreened portion of the
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well is a no-low boundary. Referring to Fig. 5, the boundary conditions at
r = ry (well diameter) are:

P = P forr = rpandz, € 2 < 2, 2
and
orP
£ 200 forr = rpandz <z, 0r2z> 2, . )

ar
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where P, is the steady pressure along the well screen, located between
elevations 2,, and z,.. P, is assumed to be equal to the steady pressure read at
the pump. The boundary at r = r; can be chosen to be unaffected by the well:

P =P, forr =r . (4)
where P, is atmospheric pressure. Pressure measurements (if available) can

be used to define the boundary condition at r = r¢. The lower boundary, formed
by the water table, is impervious to air flow, and is as follows:

&P
cz
The land surface may be open to the atmosphere or impervious to air flow to
simulate paved surfaces. This boundary is:

= 0 forz = z,.andallr (5)

&P

Y 0 forz = 2ot and r o€ Fimp (6)
(44

P = P.ltm forz = ZzZuu and Tmp <7 <T¢

where 7y, is the radius of the impervious portion of the land surface.

A pumerical solution to eq. (1) subject to boundary conditions (2)—(6) was
developed using finite-difference approximations. For the special case of radial
flow that is induced by fully screening the well in the unsaturated zone beneath
an entirely impervious ground surface, the analytical saolution to equation (1)
presented by Muskat and Botset (1931) can be used to obtain a horizontal
air-phase permeability, averaged over the entire depth of the unsaturated zone.
The numerical solution, however, can simulate flow to a partially screened
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well, and thus, allow for a determination of vertical and horizontal air-phase
permeabilities. averaged over protions of the unsaturated zone. Further, the
numerical solution allows for evaluating heterogeneous unsaturated zones.

Weeks (1977) describes the use of depth-dependent variations in air pressure
caused by natural variations in atmospheric pressure, to calculate the vertical
component of air-phase permeability. For the venting application, however, the
horizontal, or some composite parameter, is clearly required. Furthermore,
Weeks' method does not allow for a focus on a contaminated region at depth.
As another historical note, soil scientists (for example, Kirkham, 1946; Fvans
and Kirkham, 1949; Grover. 1955; and Tanner and Wengel, 1957) have utilized
injected air and pressure measurements to evaluate 501l permeability but these
techniques provide estimates over small regions of s0il and are not directly
applicable for unsaturated zone evaluation.

After determining air-phase permeability, a flow model based on eq. (1} can
be used to determine the well spacings and screen intervals needed to induce
the desired air movement. If more than one well is needed, then the radially
symmetric geometry implied by boundary conditions (2)-(6) is not adequate.
However. the single well analysis can be used to determine if multiple wells are
needed. For example, Fig. 6 compares plots of normalized pressures predicted
at the well screen, P,/P.., as a function of the mass rate of air-phase
withdrawal, €., for hypothetical isotropic unsaturated zones of varying air-
phase permeability (input parameters defined in Table 4). For reference, a mass
withdrawal rate of 1g s~' corresponds to a volumetric rate of about 30 L min ™"
(assuming an air-phase density of 1.2 x 107% g cem ™). The plots illustrate the
limitations of this particular single well design as P,/P,, < 0.5 is assumed
infeasible because of pump limitations. Figure 7 shows plots of the theoretical
power, I, that is required to move air through the porous media corresponding
to the same cases illustrated in Fig. 6. As illustrated, the power needed to move
significant volumes of air through typical unsaturated zones is quite modest.
Actual power requirements will be greater than the calculated theoretical
power because of motor and pump inefficiencies. Appendix 3 describes the

TABLE 4

Input parameters for single well model used to obtain the plots of Figs. 6 and 7

Boundary characterization (vefer to fig. 3)  Air-phase Properties

ry = 7.62em T = 10°C (temperature)

Fa = Foo= 3000 cm g = 156 x 107" gem sec™! {(dynamic viscosity)
Pir) = P,, = 1 atmosphere w = 928.8 g mole™!' {average molecular weight)

Zpw = 0

2, = 30 cm

z, = 180 cm
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application of the air-flow model to compute well pressures (Fig. 6) and the
theoretical power (Fig. 7).

' REHABILITATION OF A GASOLINE-CONTAMINATED UNSATURATED ZONE~

The experimental and modeling investigations reported here establish a
premise for organic contaminant removal from the unsaturated zone by
induced vapor transport. Experiments conducted under steady air-flow
conditions indicate that residual saturations of gasoline can be completely
removed by vapor transport; air-flow modeling indicates that significant
volumes of air can be moved through realistic unsaturated zones with modest
power requirements. The following application of the technique at a gasoline-
contaminated unsaturated zone beneath a service station provides evidence
that the optimistic findings of these separate analyses can be translated into a
successful field application.

While conducting a general monitoring program an oil company discovered
gasoline contamination beneath a service station. Inventory records indicated
that over a period of approximately 4 months 1480-1850 L of gasoline leaked to
the subsurface through a hole in the bottom of a tank. An attempt to physically
recover the lost product by using a water-table skimming system resulted in the
removal of only 300 L of the product over 2 5-month period. It was determined
that the remaining product posed a threat to an active water-supply well that
is located 150 m from the service station property line. Therefore, a secondary
recovery method was sought.

The unsaturated zone beneath the service station was approximately 5.6m
thick consisting of fine to medium sands of glacial lake origin. The in situ air
phase permeability (assuming isotropy) in the gasoline contaminated region
was k£ = 7.0 x 107% cm® (as determined by a pumping test that was designed
according to the parameters of Table 4). For the test, the mass withdrawal rate,
Q. = 1l.1gs™ corresponded to a normalized pressure of P[Py, = 0.9.

The venting system consisted of three identically constructed wells,
including the well used to determine the in-situ air-phase permeability. The
wells were spaced 9.0 m apart. Figure 8 illustrates the well construction, and
Fig. 9 provides a site plan showing the locations of the three vacuum wells, the
unsuccessful skimming-system pump, and the locations of vapor probes used to
determine total hydrocarbon vapor distributions in the unsaturated zone. The
vapor probes were set 1 m above the water table. Additional site plan details
are provided by Hoag and Cliff (1985). The design was constrained by the
requirement that all wells had to be within property boundaries. Although air
injection could have been used to increase air flow for the given configuration
of venting boreholes, air was withdrawn from all three boreholes to obtain
samples at each location. ,

The three venting wells were pumped simultaneously for 90 days from June
to September, 1985. A volumetric withdrawal rate of 566 L min ! (measured at
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Fig. 8. Well construction in a gasoline contaminated unsaturated zone.

atmosphere pressure) was maintained at each well by using a 1.5-horsepower,

rotary carbon vane, oil-less air pump. An oil-less pump was used to prevent
contamination of the samples taken from the vented air, thus allowing for
documentation of hydrocarbon recovery. Cumulative hydrocarbon recovery, in
approx1mate liquid equivalents from each borehole is plotted as a function of
time in Fig. 10. The liquid equwalent was obtained by multiplying the total

hydrocarbon concentration’ in the vented ‘air by the volumetnc wzthdrawal"

rate and dividing by the density of the liquid gasoline (. 78 gcm “5 ‘Gad-tight
syringes were used to obtain and store the samples that were transported to the
University of Connecticut Hazardous Waste Laboratory The total hydrocar-
bon concentration was determined by GC/FID analysis within 1 day of sample
collection.

An estimated 1330 L of product were removed from the unsaturated zone
with induced vapor transport; 300 L were recovered by the skimming operation.
Therefore, an estimated total of 1630 L was recovered. Recalling that the spill
was estimated between 1480 and 1850 L, we conclude that the venting operation
was successful. Figures 11a and 11b provide an independent verification of the
success of the venting by comparing the vapor plumes associated with the spill
shortly before (11a) and shortly after (11b) the venting operation. The vapor
plumes were determined with a network of gas-sampling probes (see Figs. 11a

o
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and 11b) located about a meter above the water table, The venting performance
also was measured with a physical parameter, the apparent {uncorrected)
product thickness, as measured with a steel tape in a ground-water monitoring
well located near well A (Fig. 12). This measure of success is of particular
significance because near the water table air flows would be reduced or
nonexistent because of the presence of both water and immiscible phases in the
porespace. This success in the liquid-saturated regions within and adjacent to
the capillary zone may be attributed to the upward movement of bulk gasoline
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induced by a gradient in capillary forces resulting from venting. Another
possible mechanism is upward vapor diffusion caused by concentration
gradients, due to the induced air-flow field.

The declining slope of the cumulative recovery curves of Fig. 10 indicate
declining recovery rates at each venting well. After 50 days of operation, the
vapor recovery was negligible. It is reasonable to anticipate that these declines
in recovery rates can be atiributed, in part, to shifts in the composition of the
remaining product toward heavier, less volatile substances as was observed in
the steady air-low column experiments. Figures 13a and 13b are the GC/FID
chromatograms of air samples taken from withdrawal well A at days 1 and 30,
respectively. These chromatograms provide verification of a compositional
shift for the field experiment that is similar to that observed in the steady

air-flow eolumn experiments.

SUMMARY AND RECOMMENDATIONS

Experiments were conducted with homogeneous columns of moist sands
residually saturated with a gasoline and vented under steady air flow to
analyze liquid to air-phase transfers, which are requisite for air-phase removal.
An equilibrium-based transport model was able to describe experimental
hydrocarbon removal at flows corresponding to interstitial velocities higher
than those that would be associated with most field applications. This equili-
brium assumption suggests that local advective transport is linearly related to
air-phase specific discharge at a given time. The results, although encouraging,
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do not provide a rigorous verification of the equilibrium model because of the
complex compasition of the commercial gasoline used in the experiments. Such
a verification is perhaps impossible for gasoline; however, venting experiments
using a pure liquid such as benzene or trichloroethylene are suggested for
further research. Nonetheless, the equilibrium-like hehavior combined with
the fact that essentially all residual gasoline saturations were removed by
yapor stripping in all sand column experiments, enables us to anticipate that
the success of a venting application to recover substances (with volatility
comparable to gasoline-ranged hydrocarbons) will depend primarily on the
ability to induce a significant air-flow field that will intersect the contaminant
distributed in a heterogeneous unsaturated zone.

The air-phase permeability is the fundamental design parameter required to
predict the air-flow field. An in-situ determination of this parameter can be
obtained by calibrating a radially symmetric air-flow model with pressure
measurements. Then air-low models can be applied to determine the venting
configuration needed to produce the desired amount of air movement. In
particular, the same radially symmetric flow model developed to determine
in-situ air-phase permeability can be applied to determine if multiple wells are
required. Although not fully discussed in this paper, the model can be applied
to analyze the effects of heterogeneity on the air-flow field. It should be noted,
however. that an air-flow pump test designed to evaluate this aspect would
require substantial insfrumentation.

An induced venting system rehabilitated the gasoline-contaminated
subsurface beneath a service station. The recovery was documented directly by
analyzing air vemoved trom withdrawa! wells screened in the unsaturated zone.
In addition. the success of the application was indirectly determined by
mapyping the vapor plume associated with the spill and measuring the apparent
product thickness before and after the venting period. These two indirect
measures would be of particular importance for cases where spill estimates are

unavailable.
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The experimental, modeling, and field evidence presented in this study,
together with the simplicity of venting designs and the modest power require-
ments for moving air in permeable environments point toward a cost-effective
technology, even in cases where withdrawn air, requires treatment before it is
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released to the atmosphere. Thus, air-venting techniques should be considered
when a secondary recovery method is required.

Appendix 1: Mathematical model describing steady-flow venting experiments

The following system of equations was obtained by generalizing the
multiphase compositional transport model of Baehr and Corapcioglu (1987) to
include advective air-phase transport:

E'{Gkga + Cb, + Lo, = Sim] + g [gG] = 0, B = 1,2,....N (A1)
ot 0z

where z is the coordinate along the column length; £ is time; % is the constituent
index: Nis the number of constituents; G,, Cy, I; and S, are the concentrations
of the 2" constituent in the air, water, immiscible, and adsorbed phases respec-
tively; #,, 8, and 8, are the volumetric contents of the air, water and immiscible
phases, respectively; p, is the soil bulk density; and ¢ is the air-phase specific
discharge. The conditions of the experiments were such that advective and
dispersive transport mechanisms in the water and immiscible phases, as well as
dispersive transport mechanisms in the air phase, were negligible. Because of
the small air-phase pressure gradient required to maintain flow rates, the
density of the air phase was essentially constant throughout the column, and
thus, ¢ was assumed constant under the experimental conditions of steady air
flow. The following equilibrium model relates the phase concentrations and is
based on the following three assumptions: (1) the immiscible phase is an ideal
solution of its constituents; (2) Henry's Law describes the water-air phase
equilibria; and (3) adsorption on soil is governed by aqueous-phase partition-
ing. These three assumptions are quantified as follows:

G, = Hj for z where §, > 0 (A2)
c, = H, G, for all = ‘
S, = HY G, for all 2

k=12 ...,N

where H* is the vapor concentration over pure k™ constituent, Hi, is the
Henry's Law partition coefficient, H?, is the adsorption isotherm coefficient,
and y,, is the mole fraction in the immiscible phase for the k™ constituent, The
mole fraction yz,, is related to immiscible phase concentrations as follows:

L/,
x;.-; = .VMI(UA (AB)
Y Ljow,
k=1

where w, is the molecular weight of the k™ constituent. The appropriate
boundary conditions are for the bottom of the column (z = 0):

G, =0 ¢t > O0andk = 12,...,N ' (Ad)
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and for the top of the column (z = L):

4G, 0 t > 0andk = 12, ... N (A3)
dz

The initial condition for 0 < 2z < L is given by:

G, = H i t = 0andk = 12.... N (AB)

The system of equations was solved numerically by adapting the finite-
difference algorithm described by Baehr and Corapcioglu (1987) to include
advective air-phase transport.

Under the simulated conditions (high air-flow rates and the presence of an
immiscible phase) model predictions were found to be insensitive to the degree
of partitioning into the water and adsorbed phases. Predictions obtained by
assigning H%, , the Henry's Law coefficient of benzene (the highest among
hydrocarbons) to all constituents were essentially identical to predictions
obtained by assuming that the constituents do not partition in water. Thus, for
the purpose of modeling the steady air-flow experiments, one only needs to
select values for H,, and the water and adsorbed partitions of equation (Al) can
be neglected. To obtain the model predictions of Fig. 3, it was assumed that
gasoline consists of five (N=5) composite constituents with properties as
defined in Table Al. The values chosen for the constituent vapor concentra-
tions, H* were obtained by calibrating the model to the data from experiment
1, the experiment with the lowest air-flow rate.

TABLE Al

Composite constituent inputs for the simulation of steady air-flow experiments

Composite w,! L=0y HEE v?
Constituent (g mole ") (g em™%) g L) (em® g™Y)
1 58 0.081 8.4 16
2 77 0.091 L3 14
3 79 0.103 0.96 1.4
4 96 0.275 0.20 1.3
5 110 0.229 0.05 1.1

!'The GC(FID analvsis (Bruell and Hoag, 1984) of the gasoline included an assignment of a
molecular identity to each of the 31 peaks. Each of the 51 peaks were assigned to 1 of the 5
composite constituents. The value for w, for each composite constituent was obtained by averaging
over the values for the peaks assigned to the composite constituent. The values for I,{¢ = 0) were
obtained by summation.

? Assigned by model calibration to experiment 1.

3y, is the specific volume of the k™ constituent required to model the rate of change in 8, (Corapciog-
1u and Baehr, 1987). The value assigned to each composite constituent was obtained by averaging
over the values for the peaks assigned to the composite constituent.
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Appendix 2 Derivation of basic air flow equation

Equation (1) is derived as follows. We start with the steady-state conser-
vation of mass equation for a compressible fluid:

Vepg) = 0 (AT)
and a Darcian relationship:
q = ng A (A8)

where p, g, and p are the density, specific discharge vector, and viscosity for the
air phase; g is the acceleration of gravity, and k& is the air phase permeability
tensor. Head, @, is defined for compressible fluids (Hubbert, 1940), by:

P
171 dP
o - zri] 9
g 4 p(P) :
where z is elevation, P is air-phase pressure and P, is a reference air phase
pressure.

The ideal gas law relates pressure and density and provides a good ap-
proximation at environmental conditions:

wP
P = RT (A10)

where w is the average molecular weight of the air phase, Tis temperature and
R is the universal gas constant. Upon substituting eq. (A10) into eq. (A9D),
assuming an isothermal process, and neglecting elevation head z (an appro-
priate assumption when analyzing the induced flow of gases, see Muskat and
Botset, 1931; Kirkham, 1946) one obtains the following:

RT P (A11)

Substituting eq. (All) into eq. (A8), neglecting spatial variations in @ and
assuming an isothermal porous medium yields:

-k
a = 7 vP (A12)
For ideal gases j is independent of P, and thus, is constant under the assumed
isothermal conditions. Thus upon substituting egs. (A10) and (A12)into eq. (A7)

and recognizing that:
WP = PV P (A13)
one obtains eq. (1):

V-(kVP) = O
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Appendix 3 Calculations to obtain borehole pressure and theoretical power as a
function of mass withdrawal rate

A PP,y vs G

For given values of @, and % the corresponding value for P, is determined
by requiring that the predicted mass flow through the screen equal @,:

2nro(P) [ @@ de = Q (A14)
Fuy

where p (P,) is the density of air at pressure P,, as determined by the ideal gas

law, and gq, is the magnitude of the radial component of air-phase specific

discharge numerically evaluated at r = r; using model predictions as follows:

’_2_ Pi.} - Ps

i Ar

q () = (A15)
where P,;, is the prédicted pressure at node (r,.z,) where r, = ry + Ar. The
integration of eq. (Al4) is evaluated numerically by using trapezoidal ap-
proximations.

B. I vs. &,

The work, W, performed in the isothermal expansion of a parcel of gas from
volume V, to volume V, is given by the following equation:
Vy

W = iPdV (A16)

1 -
Substituting the relation for pressure in terms of volume given by the ideal gas
law and integrating eq. (A16) yields:

W = nRTIn(V/V) (A17)

where n is the number of moles of gas. From eq. (A17), assuming an ideal gas
and thus an inverse relanonship between volume and pressure it follows that
the rate at which work is done, or the power, I, required to remove air from the

soil at the rate @, is given as follows:

I = % RT In (PP} (Al8)
The borehole pressure. P,, can be expressed in terms of @, and k as previously
described in part A of this Appendix.
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ABSTRACT

Of the in-situ processes developed to date, soil vapor
extraction holds perhaps the most widespread applicaticn to the
remediation volatile and semi-volatile organic chemicals. A
wide variety of applications of the technology exists from
“"design while you dig" to those using sophisticated numerical
models. The extent of success in applications of soil vapor
extraction are varied based on many factors. Fundamental
research needs in the area of soil vapor extraction include
diffusion limitation integration into numerical modeling and
capillary zone effects of advective air flow and mass transfer
limitations. Optimization modeling is essential for more cost
effective applications of the technology on a national basis.
Emphasis should be placed on funding basic research in the above
areas and should not be preceded by demonstration projects.



SECTICHN 1

INTRODUCTION

Recently, in situ subsurface remedlation processes have been
the focus of significant attention by the scientific community
involved with the clean-up of voclatile and semi-volatile
environmental contaminants. Of the in situ processes rasearched
to date, vapor extraction holds perhaps the most widespread
aprlicaticon to the remediation of these types of organic
chemicals frequently found in the subsurface. The vapor
extraction process has been succassfully employed at many types
of sitss as a stand alone technolccgy and may alsc be considered
a synergistic technology to otiaer types of in situ subsurface
ramediation technologies, such as, bioremediation and
sroundwater pump, skim and treat.

In the past five years, in situ vapor extracticn has Z .a2an
arplied at many sites by means of significantly different
apprcaches. These range from thlack box" DESIGN WHILE YCU DICG
TECHNIQUES to those utilizing scphisticated numerical models
interfaced with laboratory, pilot and full—-scale parameter
dsetermination for design purposes. The extent of success in
field application of vapor extracticn is varied, in many cases
related to monitoring and interpretive limitations employed
before, during and after the remediation. Because application
of the technology is guite recent, many remediations are still
in progress, thus final results interpretation and publishing in
refereed scientific journals is limited.

Research Milestones in Vapor Extraction

Thorton and Wootan (1982) introduced the concept of vertical
vapor extraction and injection wells for the removal gasoline
product, as well as, vapor probe menitoring for the
quantitative and qualitative analysis of diffused hydrocarbon
vapors. A further enhancement of this research was published by
Wootan and Voynick (1984), in which various venting geometries
and subsequent air flow paths were hypothesized and tested in a
pilot sized soil tank. 1In their first study, 50 percent
gasoline removal was achieved, while in their second study up to
g1 percent removal of gascline was observed.



Local Equilibrium Concept--

In controlled laboratory scil column vapor extraction
experiments by Marley and Hoag (1284) and Marley (1935), one
hundred percent remcval of gascline at residual saturaticn was
achieved for varicus scil types (0.225 mm to 2.189 mm average
diameters), bulk densities (1.44 g/cm to 2.00 g/cm), molsture
contants (0 percent to 10_percegnt v/v) and air flow rates (16.1
cm3/(cm2—min) to 112.5 cm”/(cm“-min.) They also
successfully developed an sguilibrium sclvent-vapor mcdel using
Raoult’s Law to predict concentratlions of 52 components of
gasoline in the vapor extracted exhaust of the soll columns.

Baehr and Hoag (19835) adapted a cne dimensicnal three phase
(immiscible solvent, aguecus and vapor phases) local eguilibrium
transport model develcped by Baenr (1984} to include air flow as
described by Darcy’s Law for comgpressible flow. This firsc
deterninistic one dimensicnal medal effesctively pradictad the
laboratory vapor extraction results of Marley and Hcag (I -3+
and provided the basis for higher dimensional ccurled air flow
ontaminant models for unsaturated zone vapor exTracticn.

Porous Media Air Flow Mcdeling--

Because lccal equilibria prevziled in the above studies, a
higher dimensional model, developed by Baehr, Hcag and Marley
(19838) was used to model air flow fields under vapor extraction
conditions. The three dimensional radially symmetric
compressible air flow model is used to design vapor extraction
systems using limited lab and/or field air flow pump tests. A
steady state in situ pump test determination of air phase
permeability is preferred over lakoratory tests because an
accounting is possible of the presance of an immiscible liquid,
anisotropy, seoil surface, variations in soil water conditions
and heterogeneity in air phase permeabilities. The numerical
solution developed can simulate flow to a partially screen well,
and allow determinations of vertical and horizontal air phase
permeabilities. Heterogeneous unsaturated zones can also be
evaluated using the numerical simulation. Analytical solutions
to radial flow egquations, such as cne developed early by Muskat
and Botset (1931) are generally rastricted to determination of
average horizontal air perambulatad determinaticn for impervious

soil surfaces.

Removal of Capillary Zcne Immiscikle Contaminants--

Hoag and Cliff (1985) reported that an in situ wvapor
extraction system was effective in removing 1330 L gasoline at
residual saturation and in the capillary zone at a service
station and achieved clean up levels to below 3 ppn (V/V) in
soil vapor and below detection limits in soils. The entire

remediation took less than 100 days. A groundwater elevation



and product thickness log for the time period of before, during
and after the vapor extraction remediation is graphically shown
in Figure 1. ©n day 250 only a skim of gasoline was present in
this well and on day 290 no skim was detected. One year after
the vapor extraction remediation took place, grocundwater samples
were non detected for gasoline range hydrocarbons, reflecting
that at least advective dispersive transport and possible
natural microbiological activity in the groundwater were
mechanisms responsible for this effect.

Field Application of Porous Media Air Flow Models

Baehr, Hoag and Marley (1988} utilized the above site for a
field air pump test to determine the horizontal air phase
permeability and to simulats the sansitivity of the model to
changes in air phase permeabilities utilizing site geometries
and koundary conditions. Based upon a full-scale air flcw pvump
test, the air phase permeability for the site was predictsd to
be k = 7.0 x 10°° cm? for a mass air withdrawal rate of 1..1
g/sec and a normalized pressure of Po/Patp = 0.9. For
reference 11.1 g/sec, assuming an air phase density of 1.2 x

1077 g/cm”, eqguals about 553 L/min.

To illustrate the sensitivity of the model to a range of air
phase permeabilities, the above service station vapor extraction
well geometry, depth to water table, and appropriate boundary
conditions were used as input and air phase permeability and
mass air withdrawal rates were varied. In Figure 2, the
normalized air phase pressure in the well, for various mass air
withdrawal rates and air phase permeabilities are shown.
Significant increase in the vacuux developed in the wells can be
observed for order of magnitude decreases in air phase
permeabilities and swmall increases in the mass air withdrawal
rates. Review of Figure 2, indicates that if a mass air
withdrawal rate of 40 g/sec was used at the service station site
(k = 7.0 x 10"8), the the normalized air phase pressure at the
well would be approximately P. /Py, = 0.6, within an
acceptable range of operating con itions.

A limitation of the model developed by Baehr and Hoag (1988)
is that it is not coupled to contaminant transport. However,
for the design of vapor extraction systems for volatile
contaminants, this generally is not a fundamental need and can
be accomplished by either laboratory venting tests, similar to
those developed by Marley and Hcag (1984) oOr by utilization of
the one dimensional coupled model developed by Baehr and Hoag

(1985).



SECTION 2

RESEARCH NEEDS

A fundamental need of vapor extraction modeling occurs in
the area of capillary zone/unsaturated zone interaction when
immiscible phases are present on or in the capillary fringe.
while air phase modeling alone is probably adeqguate for most
vapor extraction system system design purposes, particularly if
a full three-dimensional mcdel is used with optimization
medeling, a rigorous modeling effort to couple air phase fliow
and immiscible contaminant transport, particularly in the
capillary zone, will provide strategic insight to vapor
extraction operation and planning.

To assess research needs in this area, two basic vapcr
extraction systems applications should be considered: 1.
Tmmiscible contaminant with density less that 1.0 (petroleum
range hydrocarbons); and 2. Immiscible contaminants with density

greater than 1.0 (halogenated compounds).

Generalized subsurface phase distributions for immiscible
liquids with densities less than that of pure water are
illustratively shown in Figure 3. A typical vapor extraction
systenm installation in this type cof subsurface and contaminant
condition is found in Figure 4. In the case study presented by
Hoag and Cliff (1985), as detailed above, pump and skim was
employed at the site for the first 210 days of the remediation
with only 300 L gasoline removed (i.e. mostly through manual
bailing). Thus, an important question should be: Was vapor
extraction alone necessary in thils case or were both pump and
skim and vapor extraction reqguired for optimal or even effective
remediation of immiscible contaminants? To answer this question
requires an understanding of air-immiscible liquid-water three
phase conduction and distribution in the porous media,
particularly in the capillary fringe areas at a site.
Additionally, the site history of groundwater fluctuation and
immiscible contaminant behavier in the capillary fringe is
essential information necessary to answer the above gquestion.
Parker, Lenhard and Kuppusamy (1986) and Lenhard and Parker
(1986) provide a parametric model for three-~phase conduction and
measurements of saturation-pressure relationships for immiscible
contaminants in the unsaturated and capillary zones. However to
date, this author is not aware of the coupling of these types of
models to air phase and contaminant transport models.

A more in depth hypothetical examination of the possible
relationships near the capillary fringe will illustrate the
importance of this zone in determining the need for pump and
treat and the importance of solute mass transfer from the



capillary zone into the saturated flow regime. In the case of a
recent spill of an immiscible contaminant with density less than
water, when relatively steady groundwater flow prevails, a zone
may exists on the capillary fringe of floating product, as shown
in Figure 5. Infiltrating water, under draining conditions will
reach an equilibrium with the immiscible liguid resulting in a
saturated solute condition. For hypothetical purpcses only, if
it is assumed that only vertical groundwater flow exists in the
capillary zone, the rate of solute input to the saturated zone
will be limited by the rate of infiltration and Cg. 1If it
assumed, again for illustrative purposes, that a gcrizontal flow
boundary exists at the groundwater table, then mass transfer of
solute from the capillary zone into the saturated zone will have
only limited effects on the rate of solute input into the
saturated zone. When considering the quantities of water
infiltrating through the capillary zone per year in compariscn
to saturated flow rates, the above assumptions may be valid.
The result is relatively, inefficient transfer of solutes from
the capillary fringe zone to the saturated zone. Thus, in this
scenario, pump and treat systems may not be necessary to ramove
the immiscible contaminants and advective dispersive dilution
may be adequate to protect groundwater rescurces. Without
knowledge a priori of the immiscible ligquid distribution and
interaction with the capillary zone, and advective-dispersive
transport characteristics at a site, this approach may be

risky. An alternative, however may be close monitoring of
groundwater in the saturated zone near the spill area, as vapor
extraction proceeds. If the scenario in Figure 5 exists at a
site then solute concentrations in groundwater will decrease
with time and no pump, treat and skim system may be necessary,
to achieve desired levels of remediating in soil and
groundwater. If near field transport of solutes from the spill
area increases steadily with time, then groundwater punping may
be necessary to employ at that time.

In the case of an immiscible contaminant with & density less
than water with impingement on the saturated zone by penetration
of the capillary zone, the potential for solute transfer from
the unsaturated zone to the saturated zone is greatly
increased. This scenario may be result fron the depression of
the capillary zone in a spill event where considerable
guantities of an immiscible contaminant are spilled, such as
that shown in Figure 3. Alternatively, fluctuating groundwater
tables may result from a rise in the groundwater table through
wetting (imbibition) of the capillary zone as described by
characteristic curves for a given porous media and ‘immiscible
contaminant. Remembering that immiscible contaminants become
immobilized once at residual saturation, the result of wetting
the capillary zone may result in the condition shown in Figure
6. The net result of this scenario is that saturated solute
concentrations exists at the top of the horizontal flow zone of
the saturated zone. This boundary condition enables



substantially greater mass transfer of solute into the saturated
zone, principally resulting from the upper flow boundary being
the immiscible contaminant itself. In Figure 5, the upper
boundary was only solute at less than Cg, and solubilization
was limited to that achieved through infiltration. Clearly, the
difference in these two situations greatly affects the rate of
solute input into the saturated zone and should affect remedial
action responses. Unless the solute transport phenomena from an
immiscible phase into the saturated zone is understood and
physically defined at a site, then neither optimal remediation
systems can be designed nor saturated zone solute transport
models can be effectively utilized to predict the impact of
immiscible liquid remediation on saturated zone solute

transport.

Tmmiscible phase boundary conditions presented in Figures 5
and 6 also greatly effect the vapor diffusive flux rates from
the capillary zone into the unsaturated zone. Bruell (1987) and
Bruell and Hoag (1986} rigorously investigated the effect of
immiscible liquid phase boundary conditions on subseguent
hydrocarbon diffusive flux rates of benzene. For a given column
geometry (diffusive path length of 47.6 cm), diffusive flux
rates for benzene at 20 Oc for an immiscible phase boundary
condition similar to that shown in_Figure 5, resulted in benzene
diffusive flux rates of 24.9 mg/cm®-min and 6.1 mg/cm -min,
for dry and wet (i.e. field capacity moisture content) concrete
sand, respectively. Thus, moisture content played a significant
role in reducing the effective porosity of the concrete sand.
When residual saturation immiscible ligquid phase boundary
conditions were inv%stigated the maximum benzene diffusive flux
rate was 26.6 mg/cm“-min, however the diffusive path length
was only 22.4 cm. The moisture content in the residually
saturated zone was 3.2 percent(v/v). When capillary zone
immiscible liquid phase boundary conditions were investigated,
the maximum benzene diffusive flux rate was reduced to 4.8
mg/cmz—min with a diffusive path length of 22.4 cm. The
moisture content in the capillary zone reflected saturated
conditions (i.e. 0, = n.} This research demonstrated that the
immiscible liquid phase boundary condition greatly affects the
diffusive flux rates of hydrocarbons that occur in the
unsaturated zone. As the moisture content increases, then the
diffusive flux rates of contaminants will decrease. The net
result of these boundary conditions affects the concentrations
of hydrocarbon vapors detected using soil gas assessment
techniques and the rates of hydrocarbon recovery utilizing in

situ vapor extraction.

With reference to Figures 6 and knowing that advective air
flowrates also decrease with increasing moisture content,
creates a circumstance in the area of the capillary zone where
advective air flow may not be in direct contact with the
immiscible phase. Thus, diffusion in this case, will be the
controlling mechanism of contaminant removal during vapor



extraction. In the case depicted in Figure 5, it is likely that
some advective air flow will contact the immiscible phase,
greatly increasing vapor extracticn efficiency.

In the case of an immiscible liguid with a density greater
than that of water, contaminant distribution is significantly
different given a hypothetical spill to the subsurface.
Penetration of the capillary and saturated zones by the
immiscible ligquid is likely, given sufficient spill veolumes as
shown is Figure 7. Of great importance is the occurrence of
groundwater flow through the immiscible liquid phase in the
saturated zone, resulting in substantially greater
solubilization rates of the immiscible phase and greater
groundwater contamination potential than in the cases presented

in Figures 5 and 6.

A typical in situ remedial action response to the dense
immiscible liquid phase contamination is given in Figure 8.
Simultaneous vapor extraction and groundwater punping ars
necessary to expose immiscible phase contaminants to advective
air flow and to increase diffusive flux rates of contaminants in
the vicinity of the groundwater table at time = T,. In this
case, dewatering of the saturated zone in the area of immiscible
phase contaminants is desirable. Long-term plume management
interceptor pumping strategies, such as those developed by
Ahlfeld, Mulvey, Pinder and Wood (1988) and Ahlifeld, Mulvey and
Pinder (1988) should be implemented to optimally circumvent
uncontrolled groundwater contamination and to maximize
groundwater contaminant recovery rates. Strategies to maximize
saturated zone dewatering in the vicinity of the immiscible
phase liquids must be developed to properly implement this
approach. Additionally, in situ bioremediation may be
considered as an additionally technology to further degrade the
immiscible liquid, if conmplete subsurface dewatering is not

possible.



SECTION 3

SUMMARY

Significant advances have been made in the past five years
in the understanding of volatile and semi-volatile contaminant
behavior as related to vapor extraction technologies. Coupled
modeling of both contaminant behavior and advective air flow,
however remains limited to one dimensional systems. Given the
significant hydrogeoleogical complexity of porous media and
subsequent heterogeneous distributions of immiscible phase
contaminants, the design utility of higher dimensional coupled
models is questionable. Higher dimensional advective air flow
models are being used to design vapor extraction systems. These
models are generally dependent on site specific parameters best
determined in field air pumping tests, unless uniform
hydrogeologic conditions prevail with quantifiable boundary
conditions necessary for model design predictions. Three
dimensional models are being adapted to deal with non-~radial
symmetry and will be necessary to rigorously model multiple
extraction well and extraction well/injection well applications.

Significant modeling and experimental research is needed to
further understand immiscible contaminant behavior in the
capillary zone and adjacent boundary conditions. The
interaction of immiscible phase liquids in the capillary zone
with unsaturated zone infiltration and saturated zone transport
must be the focus of this research. The approach should include
both hydrogeologic characteristics and testing procedures
necessary to determine the influencing factors. Chemical fate
and transport in the unsaturated zone under natural and
advective air flow conditions must also be better understood to
wore effectively apply optimal in situ remediation processes.

Emphasis should be placed on basic research in the above
areas, to be followed at the appropriate time by demonstration
level projects. When demonstration level projects precede basic
research needs, as has freguently been the case in the past five
years, the result generally do not properly reflect necessary
parameter control or monitoring and either inconclusive or

misleading results may be generated.
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Now, BACT-| provides you
with a method of economi-
cally and efficiently decon-
taminating soils. Faster -
More Efficient - More Cost
Effective than excavation,
carbon or platinum catalyst
treatment and no need for
disposal of contaminants.
Performance verified by over
30,000 hours of field opera-
tion and independent labora-
tory test results.

NO EXTERNAL
VACUUM PUMP
NEEDED

The VR Systems Inc. BACT-|
utilizes a specially configured
dual-fuel internal combustion
engine. BACT-l simultane-
ously draws the vapors from
the ground, burns them and
purifies the exhaust. Emis-
sions discharged to atmos-
phere meet or better air
quality requirements.

One method of BACT-l recov-
ery is the use of well casings
embedded within the con-
taminated soil zone. Wells
drilled for the purpose of soil
testing may often be utilized.

In another method, the soil 1s
excavated and placed over a
gatlery of perforated pipes.
This approach additionally
allows storage tank removal
and soil backfiil to be com-
pleted without a delay for soil
cleanup.

GREATER EFFICIENCY

The special BACT- engine {
alone normally burns non-
methane hydrocarbon vapors
(300,000 ppm-pius concentra- I
tions) with 99.9-percent
efficiency. Addition of the
platinum-based catalytic J
converters reduces products
of combustion to acceptable
levels set by air quality man-
agement standards.

SIMPLE, POSITIVE
OPERATION

Vacuum from the engine
(23" Hg available) applied to
the well casing creates a
pressure gradient in the soil
surrounding the casing.
Heavy hydrocarbons are
volatilized and migrate
through the soil and through
perforations in the well
casing. The vapors are
drawn into the intake mani-
fold of the engine and burned
as fuel. This is the first step
in rendering the vapors
environmentally safe. Ex-
haust gases from the engine -
then pass through a catalytic -
converter emission control fo"'
system. This system re- R
duces the levels of all emis-
sions to well below the
current “Best Available Con-
trot Technology™ limits re-
quired for release to
atmosphere.

AUTOMATIC CONTROL FULLY COMPUTERIZED E
A VR Systems trained tech- g2
nician is required only for
startup and shutdown of a
BACT-I Model V3 unit. The
balance of operation is in
automatic mode, protected
by a fenced area, with no
attendant required.

The BACT-1 Model V3C unit
may be started, stopped and
monitored - equipment diag-
nostics and emission sam-
pling {optional) on a 24-hour
basis using the remote base
comand computer. Up to 16
engines can be monitored by
one computer.
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A recent emission perform-
ance test with the BACT-
Model V3 was performed by
an independent laboratory for

ERETN

. _Engine Intake

R 8 AL AT AU

TEST RESULTS

South Coast Air Quality Manage-
ment District. The definitive sam-
pling and analysis showed the
following results:

Total Exhaust after Catalyst

Total Hydrocarbons 318,832 ppm
{HC destruction efficiency - percent

CO 5 ppm

NOX (Engine Exhaust 58 ppm)
Benzene 995 ppm

Ethylbenzene 125 ppm |

Toluene 1005 ppm

Xylenes 1550 ppm

16 ppm

99.99)

<1 ppm

33 ppm

ND* (<6.0 ppb)
ND* (<5.0 ppb)
13.7 ppb

<11.5 ppb

e +ND indicates that the species was not detected at the analytical detection limit shown in parentheses. pph{parts per billion)

SUPERIOR TO PRIOR
TECHNIQUES

By comparison with the
BACT- method, other tech-
niques have proved to be
extremely expensive, time
consuming and difficult to
£, utilize. BACT-l solves the
| problems encountered with
! activated carbon treatment or
with the catalyst bed. There
are no hazardous wastes
generated that must be
disposed of. Water vapor in
the intake from the well does
not adversely affect the
engine performance. By
contrast, activated carbon
loses much of its absorptive
capacity in the presence of
water. The cost and com-
piexity of the use of large
catalytic converter beds is
totally avoided by the small
sized and self contained
BACT-1 system.

LOWEST COST WITH
BACT-I

In addition to its high effi-
ciency and small size, a key
benefit inherent in the BACT-l
is the low cost per pound of
VOC removed, only a fraction
of the cost of any other tech-
nigue or system.

OUTSTANDING SAFETY

The safety record of prop-
erly equipped and operated
propane engines equals or
exceeds that of gasoline
powered engines. BACT-|
has a built-in dual nozzle
automatic fire control sys-
tem. The on board comp-
uter system automatically
shuts down the engine
should equipment failure
occur.
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C.8.C. LIC. NO. 300345 E.P.A. CAD 053841102
8301 W. COMMONWEALTH AVE. ® BUENA PARK, CALIFORNIA 90621
(714) 826-0352

BACT—~1 Case Study

The attached viewgraphs show an example of a successful soil
remediation project utilizing the BACT-1 soil venting engine for
excavated soil clecanup and in-situ soil venting. Over 700 cubic
vards of gasoline contaminated s=soil werec excavated during a tank
replacement. project. This soil was placed itn an above~-grade
gallery and venled using the BACT-1 to meet alr quality
regulations. After remediation, the soil was sent to a Class III
landfill for cover soil. Following tank replacement, tank 2zone
wells were used for in-situ venting of the soil surrounding the
tank hole.

Wayne Perry Construction offers BACT-1 sale or lease;
service/maintenance agreements, pre-installation permitting and
permit compliance for above-grade and in-situ soil wventing. Ve
also offer turnkev soil venting systems including wells,
permitting and construction.

If the BACT-1 Soil Venting Engine meets vyour soil remediation
needs, please call:

Mr. Ron Perry

Wavne Perry Construction, Inc.
8301 W. Commonwealth Ave.
Buena Park, CA 92621

{714) 826-0352

We would be happy to answer technical guestions or discuss site-
specific information.
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VR SYSTEMS MODEL V-3 (BACT

Vapor Extraction System

« Max. Firing Rate: 880,000 BTU/hr

e Max. Flow Rate: 250 SCFM

« Max. HC Vapor Concentration: 250,000 ppmV
« Max. Vacuum: 150 in. w.c. (11in. Hg.)

e Size: 101" long x 50" wide x 65" high

« Supplemental Fuel: Propane or LPG

e Setup Time: approx. 1/2 hour

e Typical Emisgions: HC ... <20 ppm
CO ... <300 ppm
NOx ... 6 - 30 ppm
BTEX .. <100 ppb

U.S. Pat. No. 4,846,134




SOIL VENTING - TANK ZONE WELLS |
VR SYSTEMS MODEL V-3 (BACT - 1) |

Soil Gas Extractlon Rate SCFM
300 F - e e == - - e i e e e e

250 . ‘ / - ym— — Fp—

P \ /' '\1
200 | - \ R
/ ’,/

? \
150 F / \ /’\ /
/ \ _ﬂ/"/

oo 4

50 -

0 L l i [
0 5 10 15 20 25 30 35

California Remediation Site




SOIL VENTING - TANK ZONE WELLS
VR SYSTEMS MODEL V-3 (BACT - 1)
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SOIL VENTING - TANK ZONE WELLS
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SOIL VENTING - TANK ZONE WELLS
VR SYSTEMS MODEL V-3 (BACT -1)

CUMULATIVE LBS HC REMOVED (Thousands)
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SOIL VENTING - ABOVE GRADE
VR SYSTEMS MODEL V-3 (BACT - 1)
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SOIL VENTING - ABOVE GRADE |
VR SYSTEMS MODEL V-3 (BACT - 1)

Soil Gas Extraction Rate, SCFM
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SOIL VENTING - ABOVE GRADE
VR SYSTEMS MODEL V-3 (BACT - 1)

HGC Burn Rate, Ib/day Propane Burn Rate, ib/day
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SOIL VENTING - ABOVE GRADE
VR SYSTEMS MODEL V-3 (BACT - 1)
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V3 STANDARD FEATURES
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AVAILABLE QPTIONS
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FIRE CONTROL SYSTEM
INPUT FLAME ARRESTER
AUTO SHUT DOWN
Migh Water Temperature
High 0il Temperature
Low 0il Level
AUTOMATIC OYL LEVEL REGULATOR
“g" PRESSURE COOLANT SYSTEM
(Safety & Long Life)
16 ITEM PRINTOUT CAPABILITY
WELL GAS FLOW METER
EASTLY TRANSPORTED — ONE MAN SETUP
SHUTDOWN/CALL—UP CAPABILITY
PERMIT ABILITY IN SCAQMD
Soil Remediation (Various Locations)
Underground Tank Degassing (Various Locations)
Above Ground Tank Degassing (In Progress)
L.A. CITY FIRE DEPARTMENT
General Approval
20 MINUTE INSTALLATION CAPABILITY
SLIDE IN/SLIDE OUT ENGIRE PACKAGE
LARGE SERVICE DOORS
PERMANENT STAND OR TRANSPORTABILITY
PRINTER AND PRINTER STAND
15" X 2 VAPOR HOSE
50" STATIC REELS

LCD MONITOR W/DXISC DRIVE

For Report Accumulation
INVERTER TACKAGE

For "Stand Alene' Capability
MONITORING BY MODEM
FOXBORO OQVA
KIT FOR NHATURAL GAS OPERATION

L1/90

AREALICIG AL IEORNIA 92801 o TETEPHONE (714) 826-0483



FRECE HHEET

1. HMODEL V3 VAPOR EXTRACTION SYSTEM $71,000.00

Price Includes The Standard Accessory
Package1 Including Transporter & Stand

2. MODEL V3 VAPOR EXTRACTION SYSTEM 69,500.00

Standard Accessory Package With Stand
Only (No Transporter)

3. MODEL V4 VAPOR EXTRACTION SYSTEM (TWIN ENGINE) 96,000.006

Standard Accessories Packagez Including
Transporter and Stand

4.  ACCESSORIES

V3 Transporter 2,100.00
Modem For Remote Monitoring 400.00
Inverter for "Stand Alone' Capability 550.00
Foxboro OVA 8,247.00
Weather Cover . Quote On Request
Sound Shields Quote On Request

TRAINING: Machine pricing includes a one (1) day Training Program on
operation and Maintenance at our facility in Anaheim. Field Trdining
and set—up is available and quoted on request.

CONDITIONS: Prices are quoted F.0.B., our plant, Anaheim, California and
are subject to all applicable sales taxes. DMV charges for the V3 Trans-
porter are approximately $100.00, and for the V4 Transporter are approx-
imately $160.00. Transporters shipped out of state will be dissued a Cer—
tificate of Origin at no charge.

Freight charges quoted and billed at available rates in effect at time of
shipment.

TERMS: 257 down with accompanying Purchase Oxder, balance, including ship-
ping charges are all due upon shipment.

On Approved Credit, 25% down with accompanying Purchase Order, with balance
due 30 days from delivery date.

lstandard Accessory Package: Printer & Stand, 15' of 2" Vac. Hose, 15°
LPG High Pressure Hose, Static Reel (507).

25tandard Accessory Package: 80 column x 25 Line Display, 3}" (720K) Disk
Drive, 15" of 3" Vac. Hose, 15' LPG High Pressure Hose, Static Reel (50"),
and Inverter Package.

PRICES ARE SUBJECT TO CHANGE WITHOUT NOTICE EFFECTIVE 10/90C

1338 KNOLLWOOD CIRCLE « ANAHEIM, CALIFORNIA 92801 « TELEPHONE: (714) 826-0483 FAX: {714} 8268746
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SIECTION 1.4

INTRODUCTION AND SUMMARY

Encrgy Systems Associates (ESA) was contracted by Wayne Perry Construction, Inc.

(o conduct cmissions pecformance (estng of a gasoline vapor exteaction and treatment system at
Downey, California. This system consisted of a VIR Systems engine

with Aftermarket catalysts.

Fmission tests were canducted to comply with South Coast Air Quality Manngement
District rules and regulations for:

- total hiydrocarbons

- non-methane hydrocarbons by GC/MS

- NOx, CO, CO,, O,

- lead and lead compounds (total lead)

- {low rate

Eniissions tests were performed on August 16, 1989. Testing was performed by Mike
Schmitt and Russel Pence of ESA. David E. Potts served as Wayne Perry Construction’s testing
coordinator, Henrique Nascimento of the SCAQMD witnessed portions of the testing.

The results of the tests are summarized in Table 1-1. Table 1-2 summarizes CMIsSIoNs

ol trace organic species. Detailed results are presented in the Appendices.

-1 SR 49400-1161



TABLL 1-1
SUMMARY OIF EMISSION RESULTS

VIR SYSTEMS ENGINE WITL] AFTERMARKET CATALYST
DOWNEY, CALIFORNIA (AUGUST 16, 1989}
3-Way 2-Way
Enginc Engine Catalyst Catalyst
Intake IExhaust Exhaust Exhaust
Temperature, °F 94 950
1,0 % 8.5 12.7
Flow rate, waclm 171 308
Flow rate, dscfm 35 99
0,% 79 1.5 0.5 6.5
CO, % 8.7 £2.7 13.7 9.6
NOx: ppm 28 76 71
ppm @ 3% O, 26 67 88
1/ hr 0.0511
CO:  ppm 5 7,240 43 <1
ppm @ 3% O, 7 6,680 38 <1
1/l 0.0012 0.0004
HC:
CH,, ppm 252 13 44 1214
NMHMC, ppm as CH 45,810 9 19 35
NMTIIC, ppm @ 3% O, 63,077 8 17 44
NMIIC, 1b/hr as CIy 6374 0.0085
Destruction efficiency, % 99.86
Tead: .
micrograms per dscl 0.075 0.518
micrograms per dscl
@ 3% O, 0.103 0.644
fb/hr 5.45 x 107 678 x 107

" from August 15, 1989 testing
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SUMMARY OF EMISSIO
WAYNE PERRY, DOWNEY, A
AUGUST 16, 1989

TABLE 1-2

NS TESTS FOR TRACE ORGANIC SPECIES
FTERMARKET CATALYST

2-Way Catalyst Exhaust

Specics Cngine Inlet
benzene:
125 ppm ND (< 6.0) ppb
Ib/hr 0.0800 ND (< 0.00001)

1,2-dichlorocthane:

Ib/he

ethylbenzenc:

Ib/hre

woluena:

y/hr

xylenes:

lin/hr

ND {< 20.0) ppm
ND (< 0.01700)

ND (< 25.0) ppm
ND (< 0.0231}

205 ppm
0.1660

445 ppm
04110

ND (< 6.0) ppb
ND (< 0.00001)

ND (< 5.0) ppb

ND (< 0.00001)

8.4 ppb
(.00001

ND {<10) ppb
ND (< 0.00001)

NI indicates that the specics was not detected,

Values in parentheses indicate the analytical detection limit for these

samples
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EXPLANATION
@ Vacuum Gauge
STEEL BRAID -~
®  Flow Meter HIGH PRESSURE FMIES R 1B
éz Sampling Port FLEXIBLE HOSE
(350 PS| WORKING PRESSURE
- 1750 PS| BURST PRESSURE) )
&' SLATTED | GATE .
ONE LINE
CHAIN-LINK [ VALVES FLEXIBLE TELEPH
FENCE | 2" PVC HOSE
- ©® 3 . VR SYSTEMS
A BACT-1
e #8 Cu
9 m/ | ©@ 2 MODELV3 | GROUND
S — (ICE) WIRE
BAOPANE TANK Pl | | 2 GALLON WATER {
S || TRAP WITH HIGH
LOCKING (499 GALLONS) | | LEVEL SWITCH ]
WELL PLUGS . ,
— | g
At i
[ - 1 1
12' EX W Cu COATED
1 c
HEY 35535#}9 GROUND ROD
VALVE
SECONDARY MOISTURE
) CONTAINMENT ACCUMULATOR
\2/ AigHa ‘;ﬁpﬁxg VESSEL (55 GALLONS)
WELL G-5
WELL CR-1 NOT TO SCALE

Attachment C. Process Flow Diagram - Former Chevron Service Station #9-4816, 301 14th Street, Oakland, California
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Site Safety Plan
Date: February 28, 1992
Job # 4-582-83
A .Site Description
Client: Chevron USA, Ine.
Location 301 14th Street, Qakland, California
Area affected [X] 160 f6 x 100 £t [ ] acres
Surrounding land use [X] Residential [ ] Agricultural { ] Industrial [X] Commercial
Topography [X] Flat { | Hilly | } Open Excavation [X] Paved | ] Unpaved
Weather conditions

B. Waork to be Performed: Soil Vapor Extraction and treatment with internal combustion engine.

C. On Site Control [X] A safe perimeter has been established. Its boundaries are defined by
[] tape | ] traffic cones [X] other Fencing has been instaled around the gite.

X] The contamination reduction zone is designated as follows: The area within site fencing.
[X] The support zone is designated as follows: The area within site fencing,

D. Hagzard Evalustion
(X} The following substances are known or suspected to be on site,
X3 Concentration range in water (mg/1) and soils {mg/kg) are as shown. Ground water results from latest quarierly sampling event
from Alton Geoscience consultants to Chevron USA,

Substance Free-Phase In Ground Water In Soil TWA
TPH-Gasgoline approx. 2.6 {6 310 - 8 700 ND - 6,100 800 ppm
Beneene not_applicable 180 - 1,600 NDp -19 10 ppm
Toluene not applicable T 11 - 1,200 ND - 57 100 ppm
Ethyl Benzene not_applicable 2.6 -« 150 ND - 120 100 ppm
Xylene not applicable 6.8 - 580 ND - 740 100 ppm
Total Lead not applicable ND ND notapplicable

[x] Material Safety Data Sheets {(MSDS) for the substances at the site are attached.

Air concentrations may exceed 10% of the Lower Explosive Limit (LEL).
{1 Air concentrations may exceed OSHA Permissible Exposure Levels (PEL) 8 hour Time Weighted Average {TWA) for the
following substances: QSHA levels are above air permit levels. The ICE will not be operated if air concentrations exceed air

permit levels. Consequently, OSHA levels will never be exceeded.

General Safety Hazards:
[] Underground utilities and/or process lines have been identified. A line detector survey is [not] required.
] Nitrogen cylinders or tanks will be used. Safety and operating instructions have been reviewed,

X} Parsonnel are aware of safety hazards associated with lifting heavy items, moving machinery parts, slipping, falling and operating
or working near electrical equipment,

(x] Propane tank (499 gallons). MSDS for propane is attached.

[} Confined space entry is required. All personnel have reviewed confined space entry procedures. A confined space entry checklist

has been completed and it is attached to this plan.

E. Air Monitering
The following air monitoring instruments shall be used on site at the specified intervals:

[x] Combustible Gas Indicator System LEL sengor shuts off engine for air concentrations exceeding 10% LEL
[] Oxygen Indicator Work wil! be performed in open spaces, therefore, no oxygen monitoring will be necessary.
X Organic Yapor Meter or OVM/FID will be used during trenching activities

(X} Color Tubes (Refer to Attached Flow Chart): Refer to attached Hazard Evaluation. Logic Diagram
Substance Concentration Range Pump Strokes
Bengene 1-20ppm . 10 strokes at 50mL /stroke

E:\ALL\CHEV\550\682X1FE2. WP - - 3/4/92, ©Weiss Associates



F. Personal Protective Equipment
The required personal protection level is: D . Specific protective equipment to be worn is as follows: Hard hats and Steel toe
boots, Lovel of protection will increase to C by SSO if concentrations exceed PEL's.
Protective clothing materials for the involved substances are Nitrile gloves, boots and splash shield {only if skin contact with gasolme is

likely).

Respiratory protection shall consist of half face respirator if needed Protection Factor = 10
The required respiratory cartridge is organic vapor. Use SM brand NIOSH appr'd. TC-~23C-4386

This cartridge is expected to provide adequate protection for _ 8 hours.

[x] All personnel at the site have been trained in the proper use and care of protective equipment. All personnel have 40 hour

SARA training and 8 hour refresher courses records on file at WA Human Resources Department.

G. Decontamination Procedures
Personnel and equipment leaving the site shall be decontaminated as follows:
Soap and water for personnel and steam cleaning for equipment.

H. Heat Stress Monitoring
The expected air temperature will be 60° F. Adjusted air temperature
[Tadj = Tair{F) + (13 x % sunshine)] is not expected to exceed 70° F.

[1 A Health Alert Warning (air temperatures likely to exceed 95° F') has [not] been issued by the weather service.
[x] Warkers are trained to recognize heat stress symptoms.
[X] The Site Safety Officer will monitor pulse rate and temperature of workers showing signs of heat stress and modify the work

schedule accordingly. A disposable oral thermometer is part of the field kit. No team member will work if his/her oral
temperature exceeds 100.6° F,
[X] Drinking water and disposable cups are available during work.

[. Emergency Procedures
Pergsonnel Injury: The Site Safety Officer and Project Team Leader should evaluate the nature of the injury and contact should be made

for an ambulance and with the designated medical facility (if required). An incident report form should be filed.
Fire/Explosion: The fire department shall be alerted if necesaary. All personnel shall be moved to a safe distance from the involved area.
There is [not] an alarm system at the facility. [ ]| The client has explained to us the procedures to be followed if their alarm is activated.

Oral communications are possible at all times. | ] A [horn] [megaphone] will be used to issue emergency signals.
Ewmergency escape routes have been identified as follows:
North along Harrison 8t., then left onto 15th St., and right onto Broadway. Proceed for about 1 mile on Broadway then furn left onto

30th Street. Proceed two blocks uphill to Summit, than go right for 1/2 block. Hospital is on right.

J. Emergency Medical Care

Hospital Providence Hospital , at 3100 Summit s
phone _(510}885-4500 is located _§ minutes from this location. A map of alternative routes to this facility
is attached. First-aid equipment is available on site at the following locations:

Firat-aid kit In WA vehicle

Emergency eye wash In WA vehicle

Other Fire extinguisher, located in equipment enclosure.
List of emergency phone numbers:

Agency [Facility Phone # Contact {if applicable)

Police Oakland Police g11

Fire _Oskland Fire Dept. 911

Client Chevron USA (510)842-9581 Nancy Vukelich

Any injuries sustained while working are covered under Worker's Compensation insurance. Any injured WA employee should inform the
medical care facility that this is a worker's comp claim and that our policy is Firemans' Fund #8 09 WZP 8053 17 65. Copies of the
Doctor's report on injury should be forwarded to our carrier Fireman's Fund, P.O. Box 1799, Rohnert Park, CA 94527-9508.) WA
employees must also notify Beth Springston at WA (510-547-5420) the same day so that this claim can be filed properly.

Any injured sub-contractor employee will be covered under their employer’s policy. If they do not know their information, call Beth
Springston at WA, She has certificates of the insurance policy for all approved sub-contractors.

Emergency medical information is presented in the attached MSDS.

E:\ALL\CHEV\550\532X1FE2. WP - 8/4/92, ©Weise Associates



All aite personnel have read the plan and are familiar with its provisions. The following personnel are designated to carry out job functions
at the site:

Name Signature
Project Team Leader Tom Berry
Site Safety Officer Jim Martin
Field Team Leader
Field Tearmn Member
Field Team Member
WA Office Advisor Fatima Lelic

E:\ALL\CHEV\550\682X1FE2.WP : 3/4/92, ®Weiss Associates
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Figure 1. Hospital Route Map - Chevron Service Station #9-4816, 301 14th Street, Oakland, California
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Hazard Evaluation - Gasoline and BTX

NO \I Unless other contaminants are present, no air
Gasoline monitoring, is needed (odor threshold 0.25
smell ppm)
N
Benzene in YES

ground water
<0.5 ppm

YES J Norespiratory protectionneeded. Exposureis
well below PEL-OSHA 8 hour TWA for TPHG,

| BT and tead.

PID
reading
< 50 ppm

Potential for explosive mixture exists. Imple-
ment monitoring for combustible vapors. If
levels exceed 1,300 ppm, proceed with extreme
care. Ifievels exceed 3,200 ppm, stop working.
Ventilation os inerting should be imple-
mented. Do not ventilate if concentration
exceed the UEL.

Explosive mixtures are
unlikely

o

-

J A suppled air respirator with full facepiece on

pressure demand is required. If not available,
implement ventilation or wait until tube read-
,I ing <1 ppm.

NOTE: A full facepiece air-purifying respira-
tor can be used only if concentration < 10 ppm
and exposure time is less than 60 minutes.

Wear air purifying
respirator with organic
vapor or

wait until pPID
reading < 50 ppm



GASOLINES: AUTOMOTIVE (<4.23g lead/gal)

GAT

Common Synonyms Walery kqued Cogrogx:solrop‘p:‘:e Gasolne: ador 6. FIRE HAZARDS 16 HATARD ASSESSMENT CODL
Mator spet &1 Flash Point: —36°F GC. {See Hazard Assessment Handbaok)
6.2 Flammable Limits In Alr: 1.4%-7 4% A-TUV-wW
Floats on waler Flammabie, mmtaling vapa is g . 63 Fire Extingulshing Agents: Foam, carbon
dicde, dry chemcal
64 Flre Extinguishing Agents Not to be
Siop discharga f possible, Kee, ple away : ectv
Shur: ofl bgnﬂ?on Souices and capﬂm dapadment 65 u’: Waterfdmai ge '":“ tlo: 11.  HAZARD CLASSIFICATIONS
Stay vpwind and use waler spray to “knock down™ vapor .5 Speclal Hazards of Combus -
Tsalsie and romova discharged matenal Products: Nona 11.1  Code of Federal Regulations:
Notty kocal hantth and poliution conlrol agencses 6.6  Behavior In Flre: Vapor 1s heavier than ar Flammable lquid
and may trave! considerabie dstance to a| 112 MAS Hazard Rating for Bulk Water
source of igniton and flash back Transpartation:
FLAMMABLE 67  ignition Tempetatute 853°F Categary Rating
Flashback atong vapor ¥rail may occur, 64 Etectrical Hazard: Class 1, Group D Fee . . . 3
o ear (oarm oo oo &e  Burning Rate: 4 mmimin o
t5h vl 'y 0 n
Wat:-?umey be |n[?|’f0C|.Ne on fire 6.10 Adiabatlc Flame Temperature: Vapor imtant ., . |
Fire Coot axpased conlaineds wilh waler Dala nol avallable Liqud or Sold rtant 1
6,11 Stolchiometric Alr to Fuel Ratlo: Pogons .2
Data not avarable Water Polution
6.12 Flame Temperature Data not svalabie Human Towcity “ 1
Aguan Toxcily . -2
Aesthetic Eftact . 2
CalL FOR MEDICAL AID 7. CHEMICAL REACTIWITY Roactmty
VAPOR Other Chemicals . 0
reitating &0 . and theoat, 1 React!vfty With Water: No reacton Water o
M inhaled, wili ca i . headache, difrull b i 7.2 R y wilh Ci No s
" o{ I?ss g, CONSONUSISS reaction Selt Reachon | . L)
ove to fresh ar.
{t breathing has slopped, gve arihcial fospralen 7.3 Stablity During Transport: Siable 113 HFPA Hazard Classification:
It beeathing 15 ditheuil, arvd axygan 7.4 Neutrallzing Agents tor Acids and Category Classification
Caustics: Nol pertinent - Health Hazard (Blue) .. 1
Liauio . tyeneri Flammabdty (Red) v 3
Imitating to sk and eyes - 7.5 Polymerization. Not perinent "
Exposure 1 swailowod, will CAuSG nausea or vomiing 76 tnhibitor of Polymerization: Reactvity (Yallow), W e 0
Remaova centaminaled clothing and shoes
Flysh attacled Brans wih planty of water Hot perinent
IF IN EYES, hold ayelxds opan and liush with plenty of water 7.7 Molar Ratio (Reactant t¢
IF szA.'r':FnOWED and viclm 158 CONSCIOUS, have wiclm dnnk walter Product): Data not avalable
DO NOT INDUCE VOMITING 78 Reaclivity Group: 33
12, PHYSICAL AND CHEMICAL PROPERTIES
121 Physlcal State at 15°C and 1 atm;
lf:h\HMFUL TO AQUATIC LIFE IN VERY LOW CONCENTRATIONS. Liquad
19 shoeglod
Water May bo dangerous f H enlers water inlakes, 122 Molecular Weight: Not pertinent
Pollution | oy tocat heatth and widide officuts 23 Bollitg Polnt at 1 atm:
Noufy oporalors of nearby waler intakes 140--300°F
= 60--189'C = 333—472'K
1. RESPONSE TO DISCHARGE 2. LABEL 3. WATER POLLUTION 124 Froozing Point: Not pertment
. L 125  Critical Tetmperature: Not partinent
{See Hesp Mathads 3 2.1 Category: Flammabie liqud 8.1 Aqustlc Toxicity: 128  Critical Pressure: Not pertnent
1ssye waming high flammabiity 22 Clags: J B0 ppri/ 24 he/prvenile Amenican 127 Specific Gravity:
Evacuslo area shad/TL,/fresh water 07321 at 20°C {kqud)
Dspersa and Hush 81 mg/ /24 lavende Amencan 128 Uquid Surlace Tenslon:
shad/ T /sall water 19-23 dynes/cm
8.2 Wateriowl Toxicity: Gata not available = D019—0 023 N/ al 20°C
4.3 Biological Oxygen Demand (HOD): 12.8  Liquid Water interfacial Tension;
B%, 5 days 49-51 dynes/cm
3 CHEMICAL DESIGNATIONS 4. OBSERVABLE CHARACTERISTICS 8.4 Food Chain Concentration Potential. = 0049--0 051 N/m at 20°C
31 €Q Compailbliity Class: Miscallanagus 4.1 Physlcal State (as shipped): Liqud Nene 1210 Vapor (Gas) Specific Gravity: 34
Hydtocarbon Mixures 42 Color: Colorless to brown 1211 Ratlo of Specitic Heats of Vapor (Gas)
32 Foimuta (Mixtuia of hydrocarbons} 43 Odor Gasoline {est} 1.054
3.3 IMO/UH Designation: 3 1/1203 12,2 Liatent Heat of Vaporization.
34 DOT D No: 1203 130—150 Btu/lb = 71—81 calig
15 CAS Regletry No: Data not available =30 —2.4X10% Hkg
- 1213 Heat of Combustion —18,720 Blu/ib
= —10,400 cal/g = 4351 X 10% Jrkg
5. HEALTH HAZARDS 9 SHIPPING INFORMATION :: :; :eﬁ" °; Ds;“mml“o"f Not pertinent
3 leat o lution: Nol pertinant
5.1 Personal Proteciive Equipment Protectva goggles. gloves 9,1 Grades of Purity Vanous octane ratings, 12.16 Heat of Polymerization Not partinent
52 Sympiloms Following Exposure; Iilabon of mucous membranes and stmulation foliowed by midary specifications 1225 Hest of Fuston: Data viot avalablo
deprasson of contral norvous system Braathing of vapor may &lso cause dizzness, headache, 9.2 Storage Temperature: Ambieni 1226 Limhing Value:-Data ot avalable
and inccordnation o, i mora sovare cases, anesthasia, coma, and respiratory arest. i kqud 93 Inert Atmosphere, Ho requirement 12.27 Reld Vapor Pressure- 7 4 psia
enlers lungs, il will causa severe kritalion, coughing, gagging. pulmonary edersa, and, later, 9.4 Venting, Open (flame arrester) of P
wgns ol blonchopreumonia gnd proumomts Swallowing may causa urequiar heartbeat prassura-vacuum
53  Treaiment of Exposure, INHALATION and oxygen, enforca bed N
rast i hquid 13 in lngs INGESTION do NOT induce vomiing: stemach should be tavaged (by
dociord} d appiociable quanity s swallowod EYES. wash wilh copious guantity of water SKIN
wipa off andd wash with soap and water
54  Threshold Limit Value 300 ppm
55  Short Tetm Inhalatien Limits: SO0 ppm tor 30 min
58 Toxicity by Ingestion. Grade 2, LDso = 05 to 5 g/kg +
51 tate Toxiciy: None N
58  Vspor (Gas) [reitant Characteristics: Vapors cause a shght smarting of tha eyes or respieatory
systerm 4 prosent in hugh concantiations The eHect is temporary
59  Liquid of Solid irvitant Characteristics: Minimum hazard {f spited on clothing and aflowed fo NOTES
remann, may causa smarting and reddaning of the skn,
5.10 Odor Threshold. 025 ppm
5.41 {DLH ¥alue: Data not avalable
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GASOLINES: AUTOMOTIVE (<4.23g lead/gal)

12,17
SATURATED LIQUID DENSITY

12.18
LIQUID HEAT CAPACITY

12.19
LIQUID THERMAL CONDUCTIVITY

12.20
LIQUID VISCOSITY

British thermal
empaerature Pounds per cubic Temperature British thermal unit Temporature untt-lnch per hour- Temperature N
.{degeeees F oot (degpreees ) per pourkl-F (daggeees 2) ua:gpfaotot)-F (deg?’eees ) Centipoise
astimate
45 46.270 ic 458 40 908 46 S21
50 46.130 15 462 60 900 48 B14
55 46,000 20 A64 60 .8 50 507
60 45,850 25 AB7 70 883 52 500
65 45710 30 470 80 874 54 494
70 46.580 35 472 80 B85 &6 487
78 45,400 40 475 100 856 58 Af1
80 45.240 45 A78 110 847 60 A75
85 45.080 50 480 120 838 62 469
90 44.910 55 493 130 829 64 463
95 44,750 60 486 140 821 66 ABT
100 44,570 4] 488 150 812 68 451
105 44380 70 A9 160 803 70 446
110 44,210 75 A%4 170 794 72 Ad0
115 44.030 80 496 160 i1 74 435
85 A99 180 J78 76 A30¢
a0 502 78 424
85 504 80 418
100 507 B2 A4
105 510 B84 410
86 A05
112 A00
50 .396
22 a3,
94 387
86 382
12.21 12.22 12.23 12.24
SOLUBILITY IN WATER SATURATED VAPOR PRESSURE SATURATED VAPOR DENSITY IDEAL GAS HEAT CAPACITY
Temperature Pounds per 100 Temperature Pounds per Temparature Pounds pef cubic Temperature British thermal unit
{degrees F) pounds of water (degreas F) square inch {degreas F) foot (degrees F) per pound-F
| D N D
N A o A
5 T T T
0 A A
L P
u N E N
B (&} R 8]
L T T T
E |
A N A
v E v
A N A
| T I
L L
A A
B -8B
L L
E E




BENZENE

BNZ

Common Synonyms Walary hausd Colartess Gasohne-lke odor 6. FIRE HAZARDS 10. HAZARD ASSESSMENT CODE
gc""'":g:c 6.1 Flagh Polnt. 12°F GG ({See Hazard Assensment Handbook)
6.2 Flammable Limits in A#: 1 3%-79% A-T-U-V-w
Floats on watar_ Flgmemable, unietng vapor s piodsoed Freezng 63 Fire Extinguishing Agentss Ory chermcal,
foam, of carbon doxwde
6.4  Fire Extinguishing Agents Not to be
Uned: W, naftectve
Avod cantact wit baud and vapor Keop people away fater may be J 11. HAZARD CLASSIFICATIONS
65 Special Hazards of GCombustion
wear goggles 8nd seil comanaed dreathing apparatus 14 T
St off igevton sourcas and calf re depanment Products: Not pertnent - CW'FW: Foderal Reguiations:
Stop dischacge if possidle 65 Behavior in Fire: Vapar 1s beawier than air mabie lqud
5t ¢ and USE waler spray lo ' knotk down  vapor N
ol g amove Gechargas matorial and may travel conmderable distance to a] 112 NAS Hazard Rating for Bulk Water
Notity Igcal hoalih and pollulion conliol agonces source of igribon: and flash back Transportation:
6.7 Ignition Temperature: 1097°F Categary Rating
FLAMMABLE 68  Eectrical Hazard: Class L Group D Fire - 3
Fiashback along vapor trail may occur : Glass I, Group Health -
Vapos may o f wrded wi en enclosed area 63  Buming Rate: & & mm/run
. Vapor lntant 1
wear las anc sell comanad brealling appatatus .10 Flame Ti o;
Eatingus! ?vnlh dry chemical foam, or carbon dioxde Dala not avarable Ligusd o Soixd (mfant 1
1 Water may be melfective on hie 6,11 Stokchlometric Alr to Fuel Ratio: Poisons... . L 3
Fire Cool akpases contamners wih waler il Water Polubon
6,12 Fiame Temperature: Dala not avasaie Human Toxicrty -8
Aquatic Toxcity 1
Aesthetic Effect, 3
CALI FOR MEDICAL AID 7. CHENHCAL REACTIVITY Reactvity
YAOR and throst 7.4 Reactivity With Water: No reacton ﬁ":c"ﬁ““’“‘s -2
bervia YOS, NOSe throa £ SRR .
I dohaled, wil cause headach tveng, ot kass ol T2 y with C No Setf !
raachon feacvon . .. 0
Move |0 fresh ar NFPA Hazard Classification.
11 Broat has stopped, gve arthical respration 7.3 Stabiiity During Transport: Stable 13
If broattung s Gittcull, guo oxygen 74 Meutrakizing Agents for Ackds and Category  Classification
o ayes Caustics: Not pertnent Health Hazard {Bhue) - 2
to skn and - Flammabrdity (Red| .
Harmtd i swallowed 7.5 Polymerization: Not perinent R ) ""mm' M N 3
Exposure 76 (ntibltor of Polymerization. eactity (Yallow) °
flemave conlamnaled cloltung and shoes
Thush Easgcstcd areas with ploaty :‘Ij vﬁau'e‘f o . Not perbinent .
¥OIN . hold eyolds apen a lush wath plenty of water 77 Molar Ratic (Reactant to
1
I SgA'kﬁKOWED and wictim 15 CONSCIOUS, have victm dnnk water Product) Data not avalahie
7.8 Reactivity Group: 32
12, PHYSICAL AND CHEMICAL PROPERTEES
121 Physical State at 15°C and 1 atm;
HARMFUL TO AQUATIC LIFE N VERY LOW CONCENTRATIONS. Liquid
Water May bo dangarous d & enters walor ntakes 122 Moleculsr Weight: 78 11
123 atm
Pollution Nality kical heatih and wiidhfe othcals Bowuing Polat at 1 )
Nolify operators of nearby water wtakes 176°F = 80.1°C = 853 ¥°K
124 Freezlog Point
420°F = §5°C = 278 T'K
i. RESPONSE YO DISCHARGE L LABEL B WATER POLLUTION 125  Critiosl Temperature:
{Sew Resp Maethode Handbook) 2% Category: Flammabie kqud 8.1 Aquatic Toxicity: S520°F = 2889'C = 562 1°K
lasua wareg tegh Rammabidy 22 Clesa: 3 5 pp/6 hrfmenndw/lethal/distiled 26 Critical Pressure:
Rasincl 80055 water 710 psia = 481 aim = 4.89 MN/m?*
20 ppm/24 tefsunfsh/TL,/tap water 27 Specific Gravity:
8.2 Waterfowl Toxzicity: Data not availabie 0.879 at 20°C (hqu)
83 Biological Oxygen Demand (BODY 128  Uquid Surtace Tension:
12 kb, 10 days 20.3 dynesfcm = 00289 N/m at 20°C
8.4 Food Chaln Concentration Potentlal: 12,0 Udquid Water Interfacial Teaslon:
3 CHEMICAL DESIGNATIONS 4, OBSERVABLE CHARACTERISTICS None 350 dynes/em = 0035 N/m at 20°C

3.1 CG Compatibiity Clats: Aromatc 4 1 Physical State (as shipped): Liqud 12.10  Vapor (Gas} Specific Gravity: 27
Hydrocarton 42 Color: Colortess 12.11 Ratio of Specific Heats of Vapor (Gasy

3.2 Formuia: GsHs 43 Odor rathe: 1061

3.3 {MO/UN Designationr 3 2/1114 odor, characleasbc odor 12,12 Latent Heat of Vaporization:

34 DOTIO Mo t114 169 Btuith = 94 + calig =

35 CAS Registry Nos 71432 394 X 10° Jkg

12.13  Heat of Combustion — 17460 Blu/ih
= 9690 cal/g = ~-4060 X 10* J/kg
5. HEALTH HAZARDS 9 SHIPPING INFORMATION 1214 Heat of Docomposition Mot parinent
12,15 Hext of Solution Mol perynen!

55 Personal Protective Equipment Hydocaribon vapor canster, supphed fx o & hose mask, 21 Grades of Purity: 3218 Heat of Polyrerization: Net perinent
ykocanbon msoluble rubbier or plasto gloves, chemscal goggles or face splash stwold, Industnal pure 99 4% 1225 Heat of Fusion: 30 45 cal/g
hydaocarhon-asoluble 8pron such as neoprend : Ttuophene-free . 904+ % 1226 Limiting ¥afwe Data not available

52 Symg Follawing Exp. Dy tion, pabior, followed by flusteng, weakness, Nitrabon . BB % 1227 Raid Vapor Pressure 322 psia
L he. b chest o Coma and passible dagth industnal 90% 85+ %

§3  Treatment of Exposurs: SKIN flush with waler {oflowed by soap and water, cemdve Reagent 99 4%
contammnataed ciatikng and wash sk, EYES fush with plenty of walec wabi straton subsides 9.2 Storags Temperature: Open
WHALATION remova fiom axposure snmechately Call & physiaan IF breathung s wragular or 9.3 {nerl Atmosphere, NO reguirement
stoppod, sladd rosuscilation, adminster oxygen 9.4 Venting Pressure-vacuum

S4  Thieshold Limit Value: £0 ppm

55  Short Term Inhaltion Limits: 75 ppm for 30 men

56 Toxkity by ingestion' Grade 3, LOwe = 50 10 500 mg/kg .

57 Late Toxicity: Levkema

58 Vapor (Gaa) ritent Characterhtics: H prasont m high concentrations, vapors may cause ardaton
ol eyes or respialory syster The affect rs (emcrary

59 Liquid or Solld lrritant Characterstics. Mowmum hazard If spiied on clottwng and allowed o

NOTES

romam, may CAuse smartmg &nd reddenmg of the sk
5.10 Odar Threshokd: 4 68 ppm.
511 10LH Vadue' 2 000 ppm

JUNE 1985




BNZ

BENZENE

12,17
SATURATED LIQUID DENSITY

12.18
LIQUID HEAT CAPACITY

12.19
LIQUID THERMAL CONDUCTIVITY

12.20
LIGUID VISCOSITY

British thermal
am Pounds per cubic Temperature Brtish thermal unit Temperature : Temperaiure .
zdegeg;a;lg? to%t (deg’:ees Frj per pound-F (dEQQees [a] ”“2;;3;:‘6'1?,;{? 2""' (degaaes 5] Centipoise
55 55,330 45 394 75 888 §5 724
B0 556.140 50 356 80 981 &0 693
65 54,960 55 388 85 875 65 665
70 54,770 80 400 90 969 70 638
75 54.580 65 403 a5 g62 75 812
80 54,400 70 405 100 956 a0 .588
85 54.210 75 407 105 .850 85 566
a0 54.030 80 409 10 944 80 544
95 53.840 85 A1 115 937 95 524
100 53.660 80 414 120 a3 100 505
105 53.470 95 416 125 9286 108 AB7
110 53 290 100 418 130 919 110 470
115 53,100 135 912 115 453
120 52,920 140 906 120 .438
125 52.730 145 800
130 52.6540 150 893
136 52.360 166 887
140 52170 160 881
145 51,990 165 875
150 51.800 170 868
155 §1.620
160 51,430
185 51.250
170 51,060
176 50.870
12,21 12.22 12.23 12.24
SOLUBILITY IN WATER SATURATED VAPOR PRESSURE SATURATED VAPOR DENSITY IDEAL GAS HEAT CAPACITY
Temperature Pounds per 100 Tempearature Pounds per square Temperature Pounds per cubic Temperature British thermal unit
(degrees F} pounds of water {degrees F) inch (dagrees F) fool (degrees F) per pound-F
77.02 180 50 881 50 01268 0 204
60 117 60 01639 25 219
70 1,635 70 02108 50 .234
80 1.989 80 02681 75 248
90 2.547 20 03371 100 261
100 3.227 100 04188 125 275
110 4.049 110 05172 160 288
120 5,033 120 06317 175 .301
130 6.201 130 07652 200 313
140 7.577 140 09194 225 325
150 9.187 150 10960 250 337
160 11.080 160 129680 275 349
170 13,220 170 15270 300 360
180 15,700 180 17850 325 3N
190 18,520 190 20750 350" ° a8
200 21.740 200 23970 375 392
210 25.360 210 27560 400 402
425 412
450 421
476 431
500 440
525 449
550 457
575 465
600 AT74




TOLUENE

TOL

10.
{See Hazard Assessment Handbook)

HAZARD ASSESSMENT CODE

AT-U

11, HAZARD CLASSIFICATIONS
11,1 Code of Faderal Reguiations:
Flammable tiquid
112 NAS Harard Rating for Bulk Water
Tranapottation:
Category Hating
FHE s s e 3
Health
Vapor Initant PR 1
Liquid or Sold Inmtant B |
Water Polirion
Humen Toxery. . .0 - ..e o 1
Aguati; Toxcity. . . .. 3
Aesthebc Effect . ... . ... 2
Reactty
Gther Chemicals w 1
Water. ... Q
Salf Reaction... . - o

11.3 NFPA Hamand Classification:

Categoty Clasatfication

Health Hazard (Blue} - ... 2
Flammabitty (Red) .. . 3
FRasctty (Yellow). . . e @

124

122
123

124
125

126

127
128
129
12.10
121

12,12

1213

12.14
12.15
1216
1225
1226
227

PHYSICAL AND CHEMICAL PROPERTIES

Physical State ot 15°C ankd 1 atm;
Liquid
Molecular Weight: 92,14
Boting Point sl 1 atm:
231L9°F = 1106'C = 383.8K
Froexing Point:
—AZ0F m wB50°C = 1782
Critical Temperature:
BO5A'F = 3186'C = 591 8°K
Criticat Prossure;
5961 psin = 40.55 atm = 4.108
MMt
Specific Gravity:
0.867 al 20°C (hquid)
Liquid Surface Tension:
20.0 dynesfom = §,0290 N/m at 20°C
Liquld Water interfacial Tenslon:
36 1 dynes/om = 0,036t N/m a1 25°C
Yapor (Gas) Specitic Gravity:
Not pertinerit
Ratio of Spectlic Heats of Vapor (Gas):
1089
Latent Heat ot Vaporization:
155 Br/lb = 86.1 cal/g =
361 X 10° J/kg
Heat of Combustion: —17,430 Bw/Ib
= -~8B86 tallg = —405.5 X 10* J/kg
Heat of Decompasitian: Not pectinant
Hent of Solutlon: Not partinent
Heat of Polymerization- Not perunant
Heat of Fuslon: 17 17 calig
Limiting Value: Oata not avaliable
Reld Vapor Pressure: 1.1 psla

6. FIRE HAZARDS {Continued)

Common Synonyma Waltary hquid Colortess Plaasant odor & FIRE HAZARDS
e anzona 61 Flash Point: 40°F CC; 55°F OC
Mothyibenzol 62 Flammable Limits in Al 1 27%-7%
Floats on waler Flammable, imtating vapoe 15 produced 63 Fire Extinguishing Agents: Carbon dioxde
of dry chemical for smalt fires, ordinary
foam for large fires
Stog discharga d possiblo Keep peopie away &4 Fire Extinguishing Agents Not to be
?)M °"w2‘x';"°:d‘°"“"s and call tra d""‘:":;’: Uned: Water may be ineffectve
ey up! al 50 walee spray 10 “hnocl n" va
M«;d contacy mu'; g anﬂa‘{u Pt 6.5 Special Hazards of Combustion
splate and remava discher matenal Products: Not pertment
Nolity 1ocal hoalih and poilulon conliol agencies. 66 Behavior in Fire: Vopor is heavier than air
and may travel a consklerabla distance 1o
FCAMMABLE a source of igvtion and Rash back
Flashback slang vapor trail may eocut 67 Igation Temperature: 367°F
Vapor may o o igrvled in'an eaclosod area. 6.8  Electrical Hazard: Class |, Group D
Waar tos and solf contaned beaallung apparatus 6.8 Burning Rate’ 5.7 mm/min
Fxtnguish with dry chemical, feam, o carbon doxde
Fire Waltrc‘? r:uy be ineffectve on hira 6.10 Adlabatic Flame Temperature.
Cool expasoed conlainers with waler Data not avakable
Continued)
CALL FOR MEDICAL AID 7  CHEMICAL REACTIVITY
VAPOR
Jrhating o rose and throat FA Rncﬂvfty With ‘V‘Vat«: No reaction
H inhated. causo nausea. vomkbng, headache, danness, 72 R y with No
difficuit Lh g, of losa of cor reaction
Mova 10 fresh air
Hf broathing has stoppad, gvo Aridaal respiration 73 Stabliity During Transport: Stable
Il broathng diflicult, gve oxygen 7.4 Neutralizing Agents for Acids and
LIGUIC Caustica: Not padinent
fritabny to skin and éyas 7.5 Polymerization: Not perinent
Exposure 1l swallowod, will causa nausea, vomimg of 1038 of CONSCIOUENGSS. : 76 nhibitor of Polymerization:
Ramova contaminatad clothing and shoes Not pertinent
Flush atiecied areas with plenty of water
IF IN EYES, hold ¢yelds open and flush waih plenty of water 7.7 Moler Ratlo {fleactant to
F SWALLOWED and ettt 5 CONSCIOUS, have woim dnnk water Praduet): Data not avadable
of milk
DO HOT INDUCE VOMITING 7.4 Reactivity Group; 32
2 mmﬂc “a in tigh concentrabions.
1o
Water May bo dangoraus i it onters wator intakes
Pollution Notty local haaith snd waidido officsals
Notrfy operators ¢f noarby water intskes
1. RESPONSE TO DISCHARGE 2 CABEL 8. WATER POLLUTION
(Sea Rowp thode Hendbaok) 21 Category: Flammabla kauid 8.1 Aquatic Toxicity:
Issue waming-high flammabikty 22 Chaen:d 1180 mg/A/96 he/sunfish/TLa/fresh
Evecuats arca waler .
8.2 Watertowl Toxicity: Data not avallable
23 Biologkal Oxygen Demand (BOD):
0%, § days; 36% (theor}. & days
8.4 Food Chain Conceniration Potential:
None
3. CHEMICAL DESIGNATIONS 4. OBSERVASLE CHARACTERISTICS
3.1 CG Compsatibility Class: Aromatic 4.1 Physical State (as shipped)- Liquid
Hydrocarboa 4.2 Cofor: Golordoss
32 Formule: CeHWGHs 43 Odon Pungent, aromatc, benzena-ike,
3.3 INQ/UN Designation; 3 2/1294 distinet, pleasant
34 DOTYID No.: 1284
45 CAS Reghsiry No: 108883
5  HEALTH HAZARDS 9. SHIPPING .NFORMATION
5.4 Personal Protective Equipmaent: Av-suppliad mask, gogglos or face shiokd, plastc gloves. a1 Grades of Purity; Hesearch, reagent,
521 Symp F g Exp: * Vapors kmiate oyes and vpper respratory iract, cause dgnness, nitraton-all 898 + %, wdusinat
hoadache, Anosthesia, respiratory aresl Liquid imates eyes and causes diying of skin f contains 94 4 %, with 5% xylena and
aspvalod, causes coughing, gapaing, distress, and rapdly developing puimonary edema I small amounts of banzene and
ingosted causay voming, griping, diasrhea, depressed 1espuation nonaromatic hydrocarbons, 904120
5.3 Trestment of Exposure: INHALATION remaove 1o fresh akr, grva arkficsal respiration and axygen less pure than mdustnal
nooded, call a doctor. INGESTION do NOT induce vonibng, call a doctor, EYES flush with 92 Storage Temperature: Amblent
wator for o Joast £5 min, SKIN: wipa off, wash with soap and water. %3 Inert Atmosphere No requirement
§4 Theeshold Limh Yalus: 100 ppm 9.4 Venting: Open (flame amester} of
55 Short Term Inhatation Umite: 800 pprm for 30 mn ressure-vacyum
66 Toxicity by Ingestion: Grado 2; LDse = 0.5 lo 5 9/kg
57 Late Toxkity: Kidnoy end Iver damagoe may follow ingeston
58 Vapor (Gae) lrritant Charactertatica: Vapors causa & shght smarbng of the eyes of respiratory N
sysiem of plosant in high conoentrations. The etfect = temporary .
59 Liquid or Solid lrritant Charscterfatics: Minimum hazard M spilled on clothing and aflowed o
romaln, may cause smarting and 1eddening of the skm
5.10 Odor Threshold: 0 17 pom
511 IDLH Value: 2,000 ppm 6.11 Steichiometric Air 1o Fuel Ratio: Data not aveleble
6.12 Flame Temperature: Data nol availablo
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TOLUENE

12.17
SATURATED LIQUID DENSITY

12.18
LIQUID HEAT CAPACITY

12.19
LIQUID THERMAL CONDUCTIVITY

12.20
LIQUID VISCOSITY

Pounds per cubic e | British thermal unit Temparature Britsh thermal Temperature -
T(gggprgglgf faot T(gggprggglh por pound-F : (degprees Fy “"g""c" per hour- (degeees F} Centipoise
quare fool-F
—30 57.180 1} 396 0 1.026 0 1.024
—20 56.870 g 397 10 1.015 5 878
—10 56,850 10 389 20 1.005 19 835
0 56.240 15 A0 30 904 15 894
10 55.930 20 402 40 983 20 857
20 £6.620 25 403 50 arz 25 821
30 55.310 30 404 €0 8962 30 788
40 54,990 35 408 70 851 35 157
50 54,680 40 407 B8O 840 40 Tq27
60 54.370 45 4058 90 829 45 .700
0 54.060 50 A10 100 919 50 673
80 53.7650 55 A1 10 808 &5 649
a0 53.430 60 A13 120 .B97 60 625
100 53.120 65 414 130 .Ba6 &5 603
o 52.810 70 415 140 876 70 582
120 52.500 75 M7 150 .B6S 75 562
80 A8 160 B854 80 544
85 420 170 BAD 85 526
90 421 180 .8as3 80 509
95 A22 180 822 85 493
100 A24 200 811 100 AT?
105 425 210 800
110 A27
118 A28
120 A2
125 A3
12.21 12,22 12.23 12.24
SOLUBILITY IN WATER SATURATED VAPOR PRESSURE SATURATED VAPOH DENSITY IDEAL GAS HEAT CAPACITY
Temperature Pounds par 100 Temperature Pounds per square Temperature Potinds per cubic Temperatura British thermal unit
{dagrees F) pounds of water (degrees F) inch {dagreas F) foot, {degrees F}) per pound-F
68.02 .050 0 038 (¢} 00070 1] 228
10 057 10 00103 25 241
20 .084 20 00150 50 258
ao A21 30 00212 75 .268
40 A72 40 00296 100 281
50 241 50 00405 125 294
60 331 60 00547 150 306
70 449 70 00727 175 319
80 600 80 00854 200 Reted |
a0 792 a9 .01237 225 343
100 1.033 100 01584 250 355
110 1.332 110 02007 275 367
120 1.700 120 02518 300 378
130 2.148 130 03127 326 389
140 2690 140 03860 350 400
150 3.338 150 04700 375 AN
160 4.109 160 08681 400 422
170 5.018 170 06840 425 432
180 6.083 180 08162 450 443
190 7.323 190 09675 475 453
200 8.758 200 11400 500 462
210 10.410 210 13340 525 472
550 482
575 491
800 500




ETHYLBENZENE

ETB

Phocyloihang

EB

Lequid Colorless

Camnon Synonyma Sweal gasoline-hke
odor

Floats on water Flammable, smtaling vapor is produced

Avoed contact with haurd and vapor Keep poople away

Wesr gogglas, sallcontaned brealting apparatus, and rubbar overcloting
{ncluding gioves)

Shut off gnition seirces and cell Iva depariment

Slop thscharga d pogsible

Siay upwind and use waler spray to knock down  vapor

isolake and remove discharged maledaal

Notdy tocal hoatih and petlulion contiet agencres

FLAMMAGLE
Frashback along vapad rail may occur.
Vapot may expiade € wrded v an anclased acea
Woar goggles, sell conlamed trealhing apparatus, and mhber everciothing
(Incluging gloves)
F- Extnguwsh wilh dry chenveal, foam of carbon dinde
ire Walor may ba inelleckve on fwe
Cool oxposed contmngs wilh waler

61
6.2
53

6.7
L2
69

6. FIRE HAZARDS

Flash Polnt 80°F QC,59°F GC

Flammable Linatis In Al | 0%-6 7%

Fire Extingulshing Agents! Foam [most
effecive), water 1o, cabon Soxds o
dry chemical

Fire Extingulshing Agents Kot to be
Used Not pertinent

Special Hazards of Combustion
Products. lrmating vapors are genorated
when heated

Behavlar in Fire: Vapor 15 heavier than ar
and may travel consderable distance 1o
the source of giniton and flash back

ignition Temperature: 560°F

Etectrical Hazard: Not perinant

Burning Rate: 58 mm/min

€.10  Adiabatic Flame Temperature

Daia Not Available

{Contimued)

10. HAZIARD ASSESSMENT CODE
(Se# Hazard Assessment Handbook)
A-T-U

CALL FOR MEDICAL A

7 CHEMICAL REACTIVITY

11 HAZARD CLASSIFICATIONS

111 Code of Federn| Regulations:
Flammaeble Iquid
112 NAS Harard Rating for Bulk Water

Transportation®
Category fatlng
Fre N 3
Health
Veapor lmtand ., Lao 2
Liguid of Sclid Instant o2
Poisons ., . 2
Water Polution
Human Toxicedy . . . 1
Aquatic Toxicrty .3
Aesthatc: Effect., .. . 2
Reactivity
Other Chemmicals PV |
Water . . L.ooe 0
Selt Reaction. . e O

11.3  NFPA Hazard Clagsification:
Category Classitication
Haalth Harard (Blus).., ...
Flammatnity (Red) ... ..
Raacimty (Yelow) . f

oW

12, PHYSICAL ANO CHEMICAL PROPERTIES

121 Physicel State at 15°C and 1 atm:
Liquid
122 Molecular Welght: 10617
23 Poliing Point at 1 atm:
2IT2°F = 136 2°C = 400 4°K
124 Freszing Point:
—139°F = —85°C = 178'K
125  Crticsl Tamparaturs;
BET0'F = 343.0°C = GIT.1'K
12,6  Critical Pressurs;
523 psla = 356 atm = 361 MN/m?
127 Specific Gravity;
0.867 at 20°C (hquid)
12,6 Liquid Surface Tenson:
29 2 dynes/cm = 00292 N/m ot 20°C
129 tlquid Water interfacial Tension:
35 48 dynesiom = 003546 N/m a1
0°C
12.10 Vapor (Gas) Specific Gravity:
Not perinent
12 11 Ratlo of Spechic Heats of Yapor (Gas):
1071
12,12 tatent Heat of Vaporization:
144 BluMth = 60,1 catig =
335 X 10° Jikg
12,13 Heat of Combustion: —17,780 Blu/ib
= 8877 calfg = —413.5 X 10° Mg
12.14 Heat of Decomposition: Not pertinant
12,15 Heat of Solutlon: No! pertnent
12.16 MHeat of Polymerization: Not perinent
12.25 Heat of Fusion: Data Nol Avalable
12.26 Limiting Value: Data Not Availsble
12.27 Reld Vapar Pressure: 0 4 psia

§ FIRE HATARDS (Continued)

YAPOR 7.1 Reactivity With Water: No reaction
irmiatng o . noso and theoat - .
1f knbatedd, wall cause dannass Of ddlcult braathng. 7.2 Y with C No
Mo I?"!!esrl\‘lu:lls' d gve anilicdl respealion reacton
s e dheun: arve oxygen 7.3 Stsbilty During Transport: Stable
7.4 Neutralizing Agents for Acids and
LIquIp y Caustics: Nol pectinent
ﬂmnﬂ:.:mund . 7.5 Polymerization: Not pertingnt
Exposure Aemove contaminaled clothing and shoes 7.6 InhibHor of Polymerizstion:
Flush atlocied araas wih plenty of wales Mot pertrant
IF IN EYES, holg oyofids open and Hush with plerty of water
IF SWALLOWED and wicim s CONSCIGUS, have vichm drink watet 7.7 Molar Ratio (Reactant to
o rmdk Product): Data Not Avadable
0O NOT INDUCE VOMITING 78 Resotivity Group: 32
HARMFUL TO AUQUATPC LIFE IN VERY LOW CONCENTRATIONS
Water :ﬂ‘x"b’g mwﬂ fl entars waler inlakes
Pollution fotty Jocal haaiih and widita cfikzals
Naldy oporators of nearhy water intakas
1. RESPONSE TG (MSCHARGE 2. LABEL 8. WATER POLLUTION
{500 Resp da Handbock) 2.1 Category: Flammabie kud 8.1 Aguatic Toxicty:
Mochanical contalament 2.2 Ciass:d 28 ppm/56 hr/bluegil/TLa/tresh water
Shousd bo removad 8.2 Watertow! Toxicity: Ddta not avallable
Chamical and physical voatmant 33 Blologleal Oxygen Demand (BOD):
2.8% {thaor), 5 days
84 Food Chain Concentration Potential:
Nong
3 CHEMICAL DESIGNATIONS 4. OBSERVABLE CHARALTERISTICS
31 ©G Compatiblity Class: Aromatc 4.1 Physical Siate (as shipped) Liqud
rypdkocarbon 4.2 Color: Colorless
3.2 Formuls CrHiCHaCHa 4.3 Odon Aromatc
3.3 IMO/NR Designation; 3 371175
34 DOT D Wo: 1175
3.5 CAS Reghilry Ho: 100414 .
§  HEALTH MAZARDS 9. SHIPPING IRFORMATION
5.1 Parsonx Protective Equipment: Seif-contamed braaiiung apparatus, satety goggles 9.1 Grades of Purity: Research grade
52 Sy f 9 Exp Inhalalion may ¢ause Writation of nose, daznass, deprasson 9% 98%, pure grade 99 5%, technical
Modarale imiation of oy0 with comaal injxy possibla Imitates siun and may cause phsters grade. §2.0%
5.3  Treatment of Exposure: INHALATION d dl aflects occw, remova wickm to fresh a, koop fm 9.2 Storage Temperature: Ambront
waim and quiet, and ge! medical halp promptly, i beaathing stops, give arthcial respwation, 9.3 Inert Atmospherae: No requirement
INGESTION indute g only upan phy gpproval, material in lung may cause 9.4 Venting: Open (ffame amesten) o
ehamvcal pnoumonis SKIN AND EYES: promptly flush with plenty of water {15 min for eyas) Pressure-vactum
and got modical attention. remove and wash: contaminated clothing bafora reuse
34 Theeshoid LimH Vaiue: 100 ppin
55 Short Term inhalation Limits: 200 ppm for 30 men
568 Toxiity by ingestion: Grade 2, LDso = 05 to 5 g/kg (ral)
57 Late Toxkity: Dala not avadable
58  Vapor (Gas) lnilant Charscieristics: Vapors cause madecate umtation such that ml vl '
ind high concentrations unpleasani The affect is teporary
5.9 Liquid or Sokid Irritant Characteristics: Causes smaring of the skin and frst-degron bums on
short oxposUre; may CAuSa secondary burns on kng exposure
5.10 Odor Threshald: 140 ppm
511 IDLH Vakue: 2,000 pom €11 Stoichiometric Alr to Fuel Ratlo: Da1a Not Avalable

6.12 Flame Ti

Dala Not Availabd
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ETB ETHYLBENZENE

ATy
12.17 12.18 12.19 12,20
SATURATED LIQUID DENSITY LIGUID HEAT CAPACITY LIGUID THERMAL CONDUCTIVITY LIGUID VISCOSITY
. - . British thermal
LI nds per cubic Temperature British thermal unit Temperature T Temperature "
Tompes | TR (degraes F) per pound-F (dogreas ) U aoate oot (degrees F) Centpoise
40 54,990 40 A02 —80 1.065 40 835
50 54.680 50 404 —80 1.056 50 774
60 54,370 €0 407 —70 1.047 60 719
70 54,060 70 A0 —60 1.037 70 670
80 53,750 80 A12 w50 1.028 80 626
a0 53430 a0 414 —40 1.018 20 586
100 53.120 100 A7 -30 1.009 100 565G
110 52.810 110 419 —20 1,000 110 518
120 52,500 120 421 —10 .990 120 A88
130 52.180 130 424 4] 981 130 A61
140 51.870 140 426 10 971 140 A28 .
150 51.560 150 420 20 962 150 414 ! 5
160 51.250 160 431 30 953 160 393 2 §
170 50.940 170 434 40 943 170 374 4
180 50.620 180 A36 50 934 180 356 ~ ..
180 50.310 190 439 60 824 190 340
200 50.000 200 441 70 815 200 325
210 45.690 20 443 80 006 210 A1
20 896
100 B8Y
110 877
120 868
130 858
140 849
160 840
160 830
12.21 12.22 12,23 12.24
SOLUBILITY IN WATER SATURATED VAPOR PRESSURE SATURATED VAPOR DENSITY IDEAL GAS HEAT CAPACITY
Temperature Pounds per 100 Temperature Pounds per square Temperature Pounds per cubic Temperature British thermal unit
(degrees F) pounds of water {degrees F) inch {degrees F) foot {dogrees F} per pound-F
68,02 020 80 202 80 00370 —4Q0 —007
100 370 100 00654 —350 026
120 644 120 01099 —300 060
149 1.071 140 01767 —260 093
160 1.713 160 02734 —200 425
180 2.643 180 04087 —150 A57
200 3.953 200 05926 ~100 A87
220 5747 220 .08363 —50 217
240 B.147 240 A15820 0 246 .
260 11.290 260 15510 50 274 %
280 15.5320 280 20490 100 301 )
300 20.410 300 26570 150 327
320 26,730 320 33910 200 353
340 34.460 340 42620 250 377
360 43.800 360 52850 300 A0
380 54.950 380 54720 350 424
400 A48
450 467
500 AB7 ,
550 507
600 525




m-XYLENE

XLM

10. HAZARD ASSESSMENT CODE
(See Haxard Assessment Handbook)

A-T-U

A

11. HAZARD CLASSIFICATIONS
Code of Federal Regulations:

Ftaramable kiund
11.2 NAS Hazard Rating for Bulk Water
Treansportation:
Category Ratlng
Fire - 3
Haalth
vapor laitant 1
Lqud or Solid kentant R |
Pasons 2
Water Polution
Human Toxcry . 1
Aquati; Toxiaty waer 3
Aesthel; Effact awow B
Reactty
Other Chomicals 1
Water. . . .. 0
Bl Reaction .. o
113 NFPA Haxard Claasiication:
Categary Clasalflcation
Health Hazard (Blue) -
Flammabity (Red) ... 3
feactnty (Yellow) . .., 0

12.  PHYSICAL AND CHEMICAL PROPERTIES
121 Physical State at 15°C and 1 atm:
Loqud
122 Molecular Weight: 106 16
123 Boléing Point at 1 atm:
269 4°F = 1319°C = 405.1°K
124 Freezing Point:

B4DF = —479°C = 225 3K
2.5  Critlcal Temperature:
E508°F = 3438°C = BI70°K
128 Critical Préssure;
5138 alm = 34 95 psia = 3 540
MN/m?
127 Specitic Gravity:
© 864 al 20°C {Iqur)
128 Uquid Surfacs Tenslon.
28 6 dynes/cm = 0.0286 N/m al 20°C
129 Liquid Water Interfacial Teaslon.
36 4 dynasfem = 0.0364 N/m al 30°C
1210 Vapor (Gas) Speclilc Gravity:
Moy perlinent
1211 Ratio of Specitic Heats of Vapor {Gas):
1071
12,12 Latent Heat of Vaportzation:
147 Bui/lb = 818 cal/g =
343 X 10% Jikg
$2.13 Heat ot Combustien: 17,564 Btu/lb =
—9752 4 cat/g = —408 31 X 105 J/kg
1214 Heat of Decomposition. Not pertnent
12.15 Heat of Solution: Nol periinent
12 16 Heat of Polymarization: Not pertinent
12.25 Heat of Fusion: 26 07 cal/g
12.26 Limiting Value: Data not available
1227 Rekd Yapor Prossure: 0 34 psia

NOTES

Lommon Synonyme Watery kquid Colortass Swaet pdor 5. FIRE HATARDS
Lﬁumwmm“ 6.5 Flash Point B4°F GG
62 Flammable Limits in Al 1,1%-6 4%
Fioats on water Flammable, knlatng vapor 15 produced €3 Fire Extingulahing Agents: Foam, dry
chemical, or carbon dioxde
64 Flre Extinguishing Agents Not to ba
Slop discharge ff possitly Koop peopla away Used: Water may be ineffective.
G e v 65 Speclal Hazards of Combustion
Isciate and remove discharged atonal Products: Not pertnent
Notty local heatth s pollution conlrol agancs 66 Behavior in Fire. Vapor (s heawvier than ar
and may travel consderable distance to a
source of igniion and Hash back
6.7 (gnition Temperature: 886°F
o apar trai may ocour 68  Eiectrical Hazard: Class |, Group O
Vapot may o) lt iponed in an enclosed area 69 Buming Rate: 58 mm/min
Wear sait broaiming 810 Adisbatic Flame Temperature:
Esxctinguish wilth foam, dry chamical, o cargon digxide Data not availabie
Fire mnr may gg neffecive an bre 3
exposod conlanars wilh watar 6.11 Stolchiometric Alr 1o Fuel Ratio:
Data not avalable
612 Fiame Tempsatature: Data nol avalabie
CALL FOR MEDICAL AID 7. CHEMICAL REACTIVITY
vAPOﬂ m’ﬂ 050, 8nd hros 7.1 Reactivily With Water: No reacton
H hhaind haadache, dn‘ﬁcuﬂ breathryy, of Joss of 12 Reactivity with Common Materials: No
Movo 1o fresh av. Toachon
a - 7.3 Stabiiity During Transport: Stable
opped Ut
:: grg:m 'r;afid’hlcuh gweg:)?cy‘:g::cm respuston 74 Neutrallzing Agonts for Acids and
Caustics: Nol periinent
1"“'5"“9 10 skin and eyes 7.5 Polymerization: Not pertinent
EXPOSUfe 1 swatiowod. wil cause nausea, g, & loss of co ] 7.6 Inhibltor of Polymerization,
Remoss conamastos colhngan Sooes Ko et
IF IN EYES, hold eyelds open and flush with plenty of waler ¥.7  Molar Ratio (Reactant to
IF SWAELOWED and wictio is CONSGICUS, have vicum dnak water Product): Data not evadable
DO NGT NOUGE VOMITING 74 Reactivity Group: 32
HARMFUL TO AQUATIC LIFE IN VERY LOW CONCENTRATIONS
Water m l:amemus If it enters water intakes
PO"U“OH Moty local heatth and witdide officials
Noidy operstors of nearby wator intakes
1. RESPONSE Y0 DISCHARSE 2 LABEL 8. WATER POLLUTION
(5e¢ Rewp Methode Hendbook) 2.1 Category: Flamwnable bquid 8.1 Aquatic Toxiclty:
Lssus warning-high flarnabilty 22 Clasa: 3 22 ppm/96 he/bluogll/TL o Firesh water
Evacualy area 8.2 Waierfowl Toxiciy: Bata not avarable
Shoutd be removed 8.3 Biological Oxygen Demand (BOD}:
Chomical and phrysical irgatman 0 lo/lb, 5 days, 0% {theor ), B days
8.4 Food Chain Concentration Potential.
Data nol avallable
3. CHEMICAL DESIGNATIONS 4. OBSERVABLE CHARACTERISTICS
31 €O Compatibility Class: Aromabc 4.1 Physical State (as shipped) Ugud
Hydeocarbon 4.2 Color: Colodass
32 Formuda: m-CaMe(CHs)r 4.3 Odor: Like banzene, charactensiic aromatic
33 IMO/UN Designation: 3 2/1307
34 DOTID Hoa: 1307
35 CAS Registry No 100 309
§ HEALTH HAZARDS 9. SHIPPING INFORMATION
51  Personsl Protective Equipment: Approved canster of air-supplied mask; goggles or faca shield, %1 Grades of Purity: Research 99 99%,
plastc glovas and bools, Puro 99 9%; Techncal 99 2%
6.2 Symptoma Followlng Exposure: Yapors cause haadache and dizziness Liquwd imtates eyes and 9.2 Storage Temperature: Arbrent
skin, 1f taken lnlo lungs, causes severa coughing, distress, and wapidly davelopmy pulmonary $.3 Inart Atmosphere: No requrement
edoma If Ingasted. CAUSS NAuses, voatng, cramps, headache, and coma, can be latal Kdney 9.4 Venting: Open (#ame amester) or
s lever gamaga can cocur Pressule-vacuum
§3% Treatment ¢ Exposurs: INHALATION, remove to frash ai; administer artficial respration and
oxygan it roquived; call a doclor INGESTION do NOT induce vomiting, call a doctor, EYES
fush with water for at loast 13 min SKIN, wipe off, wash with sosp and water.
54  Thweshokd Limit Vaios: 100 ppm
£5  Short Term inhalation LimHs: 300 ppm for 30 min
£6 Toxkcity by Ingestion: Grade 3, LDso = 50 to 500 g/kg
ST  Lxte Toxicity: Kidney and lver damage
58 Vapor (Gas) frrilant Characteristics: Vapors cause & slighl smarting of tha eyes or respratory
sysiom if present in high concentrations The effect is temporary.
59 Liquid or Solid trritsnt Characteristics: Minimur harad If spited an clollung and aflowed 1o
romain, may CAUSe smarting and reddening of tha skin.
510 Ocor Theeshokd: 005 ppm
511 {DUH Yalue: 10,000 pom

JUNE 1988
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12.17
SATURATED LIQUID DENSITY

12.18
LIQUID HEAT CAPACITY

12.19
LIQUID THERMAL CONDUCTIVITY

12,20
LIQWD VISCOSITY

) " . British tharmal
‘emperaltre Pounds per cubic Temperature British thermal unit Temperature . Temperature .
T('deggeeswr;) toF:)t (dageees F) per pound-F (degprees ) U”:gﬂg?eﬂfg:)?_%“" (dagprees F) Centpoise
15 55.400 40 387 35 862 15 .938
20 55.260 50 383 40 953 20 .98
25 55,130 60 .398 45 944 25 862
3e 64,890 70 404 50 835 30 827
35 54,850 80 410 55 926 a5 794
40 54710 80 415 60 917 40 764
45 54.570 100 421 65 .908 45 735
50 54.430 110 A2G 70 899 50 J08
55 64,280 120 432 75 890 55 682
80 54.160 130 437 80 881 60 658
65 54.020 140 443 85 .B73 65 835
70° 53.880 150 448 a0 864 70 813
75 53.740 160 454 85 855 75 592
80 53.600 170 460 100 B46 80 572
85 53.460 180 465 B85 554
80 53.320 1080 AN
85 53.180 200 A76
100 53.050 210 482
12.21 12.22 12.23 12,24
SOLUBILITY IN WATER SATURATED VAPOR PRESSURE SATURATED VAPOR DENSITY IDEAL GAS HEAT CAPACITY
Temperature Pounds per 100 Temperature Pounds per square Temperature Pounds per cublc Temperature British thermal unit
{degrees F) pounds of water {degrees F} inch (degrees F) foot (degreas F) per pound-F
i 60 090 60 00172 0 247
N 70 127 70 00238 25 260
S 80 A77 80 00324 50 273
e} a0 242 90 00435 75 286
L 100 326 100 00577 100 .299
u 110 434 110 00764 125 a1
B 120 571 120 00975 150 324
L 130 743 130 01247 175 336
E 140 956 140 01577 200 348
150 1.219 150 01977 225 .360
160 1.538 160 02455 250 371
170 1.924 170 03023 275 383
180 2.388 180 03691 300 394
180 2.938 190 04473 326 406
200 3.590 200 065382 350 417
210 4,355 210 06431 378 427
220 5.247 220 07635 400 438
230 6.282 230 09009 425 449
240 7.476 240 10570 460 A5%
250 8.846 250 12330 475 469
260 10.410 260 14310 500 A79
525 4B9
850 493
675 808
600 517

o
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i0  HAZARD ASSESSMENT CODE
{See Hazard Assessmont Handbook)
A-B-C-D-E-F-G

1L HAZARD CLASSIFICATIONS
11.t Code of Federal Regutations:

Flammable gas
11.2 NAS Hazard Ratlng for Bulk Water
Tranaportation:
Category Rating
Fra. PPN 4
Health
Vapor ltant w0
Liquit or Solid Irmitant P ]
Porsons . ]
Water Polution
Human Toxciy . o
Aquate: Towcty,, . o
Aasthetic EHect o~ 0
Reactnaty
Other Chemicals . . o
]
0

Category ClassHication

Healih Hazard (Blye) . 1
Fammability {Red] . L. 4
Reactoty (Yellow) . . 0

Common Synonyma Liqualed compressed  Colarless Odoress may have 6. FIRE HAZARDS
gas skunk odor added
Crmethytmelhans &1  Flash Polnt. —{56'F CC
62 Flammable Limits in Alr 2 1%-9.5%
R e B Famabia wsibie vapo 63 Fire Extinguishing Agents. Stop flow of
gas For small tires use dry chemicals
Cool adjacen! areas with water spray.
Siop discharge if possible Keop peoplo away 6.4 Fire Extinguishing Agents Mot to be
Shut off ignion sources and call lrg :epal;‘lmenl Used- Water
Stay upwand and use water spray lo knock down” vapor
Holity kocal heallh and paiiutda CONtro! 3gencias 6.5 Speclal Hazards of Combustion
Products: Not perinent
6.6 Behavior In Fice: Contaners may explode
Yapor 1s heavier than ar and may ravel a
long dislance (o a sowce of gnitlon and
FLAMMABLE
tasners may axploda in fe flash back .
Ftashback al vapor lrad may occur 6.7 ignitlon Temperature: 842°F
Japor may axpiade d gaad n an anclosed area 68  Electrical Hazard: Ciass |, Group D
Z ssibile
Fi C(;.l.P e-;ou ?orlxlgonefls and protect men electing shut off with water 69 Burlng Rate: 8 2 mm/min
re Lot fita burn 610 Adlabatic Flame Tsmperature: 2419 (Est)
{Contmued)
GALL FOR MEDICAL AID 7 CHEMICAL REACTIVITY
:‘n?ﬂ";m, ] ot theoat 7.4 Reactivity With Waters No reaction
" z-m.bdmfc.m'd—n.m. ddficuti breathing, or 72 Reactivity with Commaon Materials: No
loss[oi CONSCIUSOSS reaction
Move 1o fresh ai
i brealhng has st , give artificial raspiraton 7.3 Stabllity During Transport: Stable
i brealhing 15 ditheult, grve oxygen 7.4 Neutralizing Agents for Ackls and
Caustics: Not perinent
",fg,"'égm frostbde 7.5 Polymerization: Not perinent
Exposure Flysh atlectad aroas with plenty of water 7.6 intiblter of Potymerization:
©0 NOT AUB AFFECTED AREAS HNol partment
7.7 Molar Ratlo {Reactant to
Product) Data not avadable
7.8 Aeactivity Group: 31
HNot harmiul to aquate ko
Water
Pollution
1. RESPONSE YO DISCHARGE 2. LABEL 8. WATER POLLUTION
{Seo A Meihods Handbook) 2.1 Category: Flammable gas 41 Agquatic Toxicity:
t35100 warning-high llammatylity 2.2 Class: 2 None
HRoslrict accass 8.2 Waterfowl Yoxichy: None
Evacunte sroa 8.3 8Blotogleal Gxygen Demand (B0D):
None
24 Food Chain Concentration Potentlal:
None
3, CHEMICAL DESIGNATIONS 4. OBSERVABLE CHARACTERISTICS
3.1 CG Compatibility Class: Parafiin 4t Physical State {as shipped):
32 Formuta; CHiCH(CHs Liquahed compressed gas
3.3 (MO/UH Ossignation: 2 071978 4.2 Colon Colorless
34 DOTID Mo.: 1978 4.3 Odor: Faml gassy
3% CAS Reglstry Mo: 74986
5. KEALTH HAZARDS 9, SHIPPING INFORMATION
S1  Personal Protective Equipment: Sefl-conlamad brealfung apparatus for high concentrations af 9.1 Grades of Purity: Rasearch, instrument, or
gas Pure. 9935+ % Technical, 7.50 %
52 Symploms Followlng Exposurs: Vaponoing kqud may cause frosthite Concentrabions in ar 9.2 Storage Temperalure: Ambient
groster than £0% causo duziness i a few minutes 1% concentrations gve the same effect In 9.3 Inert Atmosphere: No requirement
10 min High concentrations causa asphywabon .4 Venting: Safety relief
53 Traatment of Exposuce: Aemave to open ax I victm is overcome by gas, apply arificial
resphaton Guard sgainst seff-ingry if confused
5.4 Threshold LimH Value: Asphyxant
5.5 Short Term Inhalatfon Limits: Dala rot available
56 Toxkcity by Ingestion: Not pertingn!
57  Lale Toxkeity: None i
58 Vapor (Gas) Irrftant Charecterislics: Vapors are nommtating fo the eyes and throat ‘
59 Liquid or Solkd limitant Characteristics: No apprecabla hazard. Prachcally harmiess (o the skn
bocause d evaporatos quckly
S5. 10 Odor Threshold, 5.000-20,000 ppm
5.11 |1DLH Valuse: 20,006 ppim
6.11 Stolchlometric Alr to Fuel Ratio: 15.60 {Est}
+8.12 Flame Temperature: Data not avalable

12, PHYSICAL AND CHEMICAL PROPERTIES
121 Physicst State at 15°C and 1 atm:
Gas
122 Molecular Welght: 44 09
123 Bolilng Point at 1 stm:
—4348'F = —421°C = 231.1'K
124  Froozing Polnt:
~3059°F = —182.7°C = 85.5'K
125 Critical Temperature:
206 0'F = 96,67°C = 369.67°K
126 Critical Pressure:
616.5 psia = 41,94 atm = 4 248
MN/m ‘
127 Specific Gravity:
0.590 at —50"C {liquxd)
128 Liquld Surtace Tension:
16 dynes/om = 0016 Nfm at -47°C
129  Liquid Water interfacial Terslon; (est}
$0 dynes/om = 005 N/m at —50°C
12,10 Vapor (Gas) Specific Gravity: 15
12.11 Aatio of Specific Heats of Yapor (Gas):
1,130
1212 Latent Heat of Vaporization:
183 2 Btw/ib = 1018 cal/g =
4262 X 10% Jikg
12,13 Heat of Combustion --19,782 Blu/Ib =
—10,880 cal/g = —460 13 X 10°% Jrkg
12.14 Heat of Decomposition: Not periinent
12.15 Heat of Solutlon: Not pertnent
1216 Heat of Polymerization: Nol perlinant
1225 Heat of Fusion: Onla not avalable
1226 Limking Value: Gata not avadabla
1227 Reld Vapor Pressure: 190 psla

6. FIRE HAZARDS (Continued)

JUNE 1985



PRP

PROPANE

12,17
SATURATED LIGHAD DENSITY

12.18
LIQUID HEAT CAPACITY

12,19
LIQUID THERMAL CONDUCTIVITY

12,20
LIQUID VISCOSITY

British thermal

ture Pounds per cubt Temperalure , | British thermal unit Temperature o Temperature o
Taograss F oot | (degrees P per pound-F (degreas P e ot e (degrees F) Gentipoise
—180 41 480 —50 546 N —145 433
—175 41,290 0 —140Q 413
—170 41.100 T —135 .395
—1656 40.910 —130 .378
—160 40.720 P —125 362
—155 40.530 E ~—120 347
—150 40 340 R —115 933
—145 AQ 150 T —110 a2
—140 39 960 | —106 309
—135 39770 N —100 297
—130 30.580 E —95 287
—125 39.390 N ~—90 277
—120 39.190 T —B5 268
—115 30.000 --80 259
—110 38.810 —75 251
—105 38.620 —70 243
—100 38.430 —656 238
—95 38.240 —~60 229
—a0 38.050 —55 222
—85 J7.860 —&0 216
—80 37.670 —45 210

—75 37.480
—70 37.290
—65 37100
—60 36.910
—55 36,720

12.21
SCOLUBILITY IN WATER

12.22
SATURATED VAPOR PRESSURE

12,23
SATURATED VAPOR DENSITY

12.24
IDEAL GAS HEAT CAPACITY

Temperature Pounds per 100 Temperature Pounds per square Tamperature Pounds per cubic Temperature British thermal unit
{degrees F) pounds of water (degrees F) inch (degrees F) foot {degrees F) per pound-F

1 —230 002 —230 100003 0 349
N —220 004 -—220 00007 25 J65
3 —210 009 —210 D006 50 381
o ~-200 019 —200 00031 75 3987
L —190 039 —190 00060 100 413
u —180 074 —180 .00109 125 A29
B —17C 134 —170 00190 160 Ad4
L —160 230 —160 00316 175 459
E —1i50 380 —150 00504 200 AT4
—140 605 —140 00777 225 489
—130 831 130 01160 250 504
—12¢ 1.393 —120 01685 275 519
—110 2.029 —110 02384 300 533
—100 2.586 —100 03296 326 548
—90 4017 —80 04463 350 562
—80 5.480 —B0 05929 375 576
—70 7.344 —70 07741 400 530
—B60 9,680 —60 09948 425 603
—50 12,570 —B0 12600 450 B17
—40 16.090 —40 15750 475 .630
—30 20,340 —30 19440 500 643
—20 25.400 —20 23730 5256 657
! 550 668
575 682
600 695
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1. INTRODUCTION

The following test program/safety analysis is performed under P.GC.
#4980 to VR Systems. It describes the potential hazards and the
system features that have been incorporated to improve safety and
minimize the potential for fire or explosion. It is based on
énalysis and test of the BACT—1 system, information contained in
the operating Ainstructions manual, information in products
literature, and conversations with Tom Davis and Dale Henderson of
VR Systems.

In addition, system operation was observed at two sites; a tank
degassing operation was witnessed at a site in Seal Beach,
california and a soil remediation operation was witnessed at a site
located at Carmenita and Rosecrans in Norwalk, California.

2. SYSTEM DESCRIPTION

The BACT-1, Model V3 is a system that utilizes a basic internal
combustion engine, supplemented with propane gas, to extract and
burn vapors from underground gas storage tanks and contaminated
soils. After preparing the well head for soil remediation, or the
tank for degassing, the BACT-1 system is connected via a 2 or 3
inch hose. Vacuum from the engine creates a pressure differential
which extracts the vapors from the tank or from the soil. LPG gas
is used to supplement the combustion process and ‘ensure a
consistent ctombustion of the vapors.

The system is process controlled by a KAYE Process Link data
acquisition system which provides system monitoring for efficient
operation, recording of data and emergency shutdown in the event of
a system fault or failure.

z
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The following is a list of system faults which will result in shut

down of the system:

a)

b}

c)

d)

e)

)

g)

Engine RPM - The system will shut down if the engine speed is

above 300 RPM and the o0il pressure is below 40 psi for more
than 10 seconds or if the engine speed exceeds 3000 RPM.

0il Pressure — see above.

0il Temperature - The engine will shut down if the oil

temperature exceeds 240°F,

Coolant Temperature - The system will shut down if the engine

coolant temperature exceeds 2Z0°F.
Fire -~ If a'fire Oor excessive temperatures are sensed in the
engine compartment, the system will shut down and a fire

suppression system is activated.

High Water Level ~ Water in the suction line is separated from

the vapors and removed by the water trap. When the water trap
is filled to capacity, it éan no longer remove the moisture
which will be passed into the engine. To prevent this, a
level indicator has been installed so that if the water
reaches a preset level in the trap, the system will shut down.
LPG Disconnect — Vacuum pressure from the engine opens a valve
in the LPG filter lock-off which allows the vapors to enter
the engine carburetion system, With the wvacuum 1line
disconnected, the engine simply runs out of gas and shuts
down. Similarly, 1if the line from the LPG tank is cut or
disconnected, the engine will continue to operate only until

the remaining gas in the line is consumed.

2
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h) power Loss - If external 120 V power to the system is lost,

the engine will shut down.

i) Battery Voltage — The system will shut down if battery voltage
ig less than 11.9 volts and the engine speed is greater than
1800 RPM; or if battery voltage is greater than 16.5 volts.

3. CODE COMPLIANCE .

it was discovered, in researching the applicable codes and
standards for a unique machine like the BACT-1, that there is only

limited application to this type of process. Only one, a section
prescribing clearances from combustibles for incinerators might

apply and is reproduced below.

Uniform Fire Code

Article 11 - General Provisions Against Fire

Section 11.109 - Clearance between incinerators and combustibles.
A minimum clearance of 10 feet shall be maintained between
incinerators and all rubbish, dry grass, weeds, vegetation and any

other combustible material.

Though the above code applies to incinerators the intent is clear
and the application can be ijnferred to any system that generates
high temperafures. VR Systems recognizes this and has specified
the 10 foot requirement in the operation instructions manual.

4. SUMMARY

The safety/test analysis of the BACT-1 Model V3 system consisted of

evaluation and inspections of the system in operating and non

3
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operating settings, including start-up and shutdown operations.
The review of_the BACT-1 vapor recovery system reveals many good
safety features and there appears to be a very low risk of fire or
an explosion occurring during routine operation of the equipment.
some of the key safety features and practices taken in the design
and system setup are listed in Section 4.1 below.

4.1 Safety Featureas

4.1.1 Fmarqgancy Shutdowns

The system operation parameters and sensor output signals are input
to the system computer which trigger system shutdowns.

4.1.2 Static Line

The system is bonded with a static line to reduce the potential for
ignition of explosive vapors by static discharge.

4.1.3 . Flame Arresters

Flame arresters are .employed at the tank connection during
degassing and in the engine compartment between the engine intake

and vapor filter.

4.1.4 Accassible Operating Instructions

The operating instructions are conveniently mounted in place over
the microcontroller area in addition to being contained in the
operating instructions manual. These minimize the chances of an
operator attempting to operate the machine without instructions if,

for example, the operations manual was lost or misplaced.
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4.1.5 Low Maintenance

The system requires low maintenance which results in low repair
frequency. This reduces the change for human error leading to an

unwanted event during start-up, shutdown or maintenance,

4.2 Qparational Procedures

The Operational Procedures for VR Systems BACT—1 Model V3, V3C
Permitted by SCAQMD pursuant to Rule 1149 Tank Degassing, Rule 1166
Soil Vapor Extraction have been previously reviewed and approved by
the Los Angeles Fire Department. They are included in Appendix B

for reference.

4.3 Safety Hazards

The BACT-~1 system has a proven safety record. Product literature
states that over 30,000 hours of accident free service have been
performed. As stated earlier, the probability of fire or explosion
is very. low while the system is operating at steady-state.
However, the most likely time for an accident occurs during start-
up, shutdown or maintenance as a result of human error.

The operation start-up and shutdown procedures describe, 'in detail,
the proper  steps required for safe start—up and shutdown of the

system.

As part of the analysis, the following 1list of questions was
formulated to evaluate the hazards associated with non steady-state

operation of the system.

a) It is possible for a fire to start after the fire

extinguishing system has emptied.

5
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b) Is the system "Jjimmy proof"? Can the system interlocks be
easily bypassed should an operator wish to continue operation

with a system fault present?

ch Can the system be restarted after shutdown without system

failures being corrected (i.e. by reset) ?

d) Does the computer represent a single point failure mode, i.e.

could damage to the computer cause system shutdowns to

malfunction?
5. DISCUSSION
5.1 Resolution of Safety Hazard Questions
a} Fire Re—start —. The volume of dry chemical fire suppressani

supplied with the system matches that required by the compartment
volume and the expected amount of fuel that would be available to
burn in a compartment fire. - The likelihood of a second fire

starting or a re—start of the initial fire appears Vvery remote.

b) override of Interlocks = The only way a set point can be

modified, which in effect would override the shut down, is to
reprogram the computer. This can only be performed by VR

Systems.

c) Unauthorized System Re—-start - The interlocks and system

shutdowns described in Section 2. function as a result of set
points being exceeded. In all cases except fire and power
failure, the system can be re-started, but the micropfocessor
will read the same fault and shut down the engine inmediately

if the fault 1is not corrected.
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d) Computer - Failure - If damage to the microprocessor were to

occur, it would most likely happen as a result of an outside
event external to the system. Damage to the microprocessor

could result in a loss of system control.

The parameters necessary for fire or an explosion to occur:
ignition source, fuel and oxygen, are not normally present in
quantities that present a hazard if system control were lost. The
intent of most of the system shutdowns are to prevent damage to the
engine. Shut down of the system is a vital step in minimizing the
potential for a catastrophic event to occur. It is a reasonable
expectation, that because of the sensitivity of the computer to the
system faults, that an outside fire or explosion would cause the

system to shut down.

5.2 System Shutdown Tasting ' .

System testing was performed to verify system shutdown for the
system faults specified in Sections 5.2.1 - 5.2.5, below. The test

report is contained in Appendix A.
5.2.1 LPG Cutoff

The LPG vacuum line was disconnected to test for engine shutdown.

5.2.2 Powaer Failure

Engine shutdown was verified during a power failure.

5.2.3 Operatihq Parameters

0il pressure and temperature, RPM, battery voltage and coolant

"
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temperature values that were out of the specified operating range

were input to the system computer to test for shutdown,

5.2.4 Fire

The response of a fire sensor to a fire in the engine compartment
was simulated by shorting the wires together which normally close
a switech and activate the fire suppression system in addition to

shutting down the engine.

5.2.5 Licquid in Suction Line

System shutdown as a result of a high level of water in the water
trap was simulated by removing the water level sensor and manually
raising the float. As the water level rises, the float rises until
it reaches a level which closes a switch and triggers system
shutdown.

5.3 Actual Systaem Operation

The operation of the BACT-1 system was witnessed in both modes; a
tank degassing process .was observed at Seal Beach, CA by NIS
personnel and Capt. Jonathan Hall of the L.A.F.D. and soil
remediation was observed during some preliminary soil and ground
water level testing being performed for VR System customers at a

site in Norwalk.

The utilization of static lines was observed. One static line was
fed from a reel contained in the BACT-1 unit and connected at the
hose/well head union. Another static line was connected opposite
the first connection at the well head and clipped to a grounded
conduit approximately 25 feet away. -
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APPENDIX A

SYSTEM SHUTDOWN VERIFICATION TESTING
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ABSTRACT

On September 13, 1990 the VR System BACT-1, Model V3 Vapor
Extraction System, was tested to verify system shutdown as a result
of system faults. In the test, faults were simulated by either
manually closing a switch or changing the set points to levels
outside the normal operating range, and were lnput into the system
computer. In every case, the computer read the faulty inputs and
shuf down the system.
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I. OBJECTIVE

The objective of the test was to verify the system shutdowns of the
VR Systems BACT-1, Model V3 Vapor Extraction Systen.

II. INTRCDUCTION

A BACT-1, Model V3 System, Serial No. 23, was tested at VR Systens,
located at 1338 Knollwood Circle, Anaheim, CA. Testing was
performed by introducing set points outside the normal operating
ranges of the system and verifying that the system would shut down.
Emergency shutdowns, as a result of fire and power outage, were
verified as well.

The test data was recorded by the system computer printer. A copy
of the printed output is provided at the end of the report.

IIT. TEST RESULTS
A 1list of the shutdown tests performed and the results are

described below:

A. Systaem Operating Parametars Exceeded

1. Engine ..Overspeed -~ Engine RPM is fed into the
computer wvia coll pulses, much like a tachometer.
A set point of 2000 RPM was entered into the
microprocessor and the engine RPM was increased
above that point. At 2001 RPM the engine shut

down.
2. -~ Low ©Oil Pressure - A set pint of 80 psi was
entered into the microcontroller. The real

operating pressure was 70 psi. This was read as a
fault and the system was shut down immediately. It
was necessary to test for shutdown at a pressure
higher than the normal set point to -avoid having to
drain oil out of the reservoir and operate the
engine with less than the recommended o0il in the
system. :

"
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3. High ©Oil Temperature - The nominal operating oil

temperature is approximately 150°F. A set point of

- 140°F was entered into the system, which resulted
-in immediate shutdown.

4. High Engina Coolant Temparature - The nominal
operating coolant temperature 1is approximately
140°F, A set point of 138°F was entered into the
system, which resulted in immediate shutdown.

5. Low Battery -~ Shutdown due to a low battery was
demonstrated by checking the charging voltage. A
set point of 13.4 volts was entered. The actual
amperage was 13.5 wvolts, which shut down the
engine.

Water in Suction Line

To simulate a high water level to the system
microcontroller, the level sensor was removed and the
float switch was manually raised to represent high water
level. The engine was shut down. -

Fire Suppression

The fire suppression system operation was simulated by
shorting two sensor wires together, which represents the
switch closing after a fire in the engine compartment was
sensed. The engine was shut down and would not re—start.
This satisfied the two-point requirement of the fire
suppression shutdown.

1LPG Cutoff

LPG cutoff was verified twice. The vacuum line to the
filter lock—-off. was disconnected before startup and
during operation. In the first case the engine would not
start, and in the second, shutdown resulted in
approximately two to three seconds. The two to three
second delay was a result of the engine combusting the
vapors that remained in the carburetion system after
disconnection.

Power Failurae

Power was removed from the BACT-1 System during operation
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by disconnecting the 120V plud at the receptacle, at which time the
engine shut down.

Iv. CONCLUSIONS

The design set points for the operation allow for a 10 point
hysteresis on the actual values being monitored. This corresponds
ro *10 RPN, +]1 psi, *17F, etc. The actual response of the systen
to faults in testing exceeded these tolerances, as in the overspeed
shutdown where the system shut down at 2001 RPM at & set pint of

2000.

Based on the test results discussed in Section 111, the system
shutdowns do function as stated by the manufactureIr VR Systems,
and will terninate the vapor recovery operation under the
foreseeable fault conditions as designed.



