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1.0 EXECUTIVE SUMMARY 

This repor t  descr ibes  t h e  r e s u l t s  of e r i  f sub r f  ace hydr- - 
carbon venting experiments which were conducted a t  a petroleum f u e l s  mar- 

ke t ing  terminal. 
which had migrated t o  a shallow aquifer .  

ments were to :  

This p a r t i c u l a r  s i t e  was t h e  loca t ion  of a gasol ine s p i l l  

The object ives  of these  experi- 

Quant i ta t ively evaluate  t h e  e f fec t iveness  of s o i l  
venting techniques i n  cont ro l l ing  and eliminating 

hydrocarbon vapors from t h e  unsaturated sand formation 
above t h e  gasol ine sa tura ted  soil; 

Perform q u a l i t a t i v e  and quan t i t a t ive  analyses on t h e  

vapors extracted from t h e  s o i l ;  

Determine t h e  product vapor recovery r a t e s  and equiva- 

l e n t  l i qu id  product recovery r a t e s  a t  varying t e s t  c e l l  
evacuation r a t e s ;  and 

Evaluate t h e  po ten t i a l  of s o i l  venting a s  a means of 

cont ro l l ing  hydrocarbon vapor concentrations in  t h e  
s o i l  and removing s p i l l e d  hydrocarbons from shallow 
aqui fe rs .  

Two test  cel ls  of i d e n t i c a l  configurat ion were in s t a l l ed .  Each 
c e l l  contained 16 vapor monitoring probes spaced a t  dis tances  from 4 t o  44 
f t  from a vapor ex t r ac t ion  (vacuum) w e l l .  

a i r  i n l e t  w e l l s  t o  allow atmospheric a i r  t o  en te r  i n to  t h e  formation. The 

vapor monitoring probes were i n s t a l l e d  a t  heights  of 1, 2, and 5 f t  above 
t h e  cap i l l a ry  zone. 
these probes t o  measure changes i n  vapor concentration and composition while 
ex t rac t ing  vapors from the  vacuum w e l l  a t  th ree  d i f f e r e n t  flow r a t e s ,  (i.e., 
18.5 scfm, 22.6 scfm, and 39.8 scfm). In-s i tu  vapor samples were co l lec ted  

Each c e l l  was configured with two 

In-s i tu  vapor samples were obtained per iodica l ly  from 

1-1 
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w i t h  a gas-tight syr inge and in jec ted  d i r e c t l y  i n t o  a por tab le  gas chromato- 
graph t o  quant i fy  and spec ia t e  t he  vapors,  
sured, in inches of water, a t  each vapor sampling probe and a t  t h e  vacuum 

well t o  determine t h e  area of inf luence during each vent ing t e s t ,  

Vacuum l e v e l s  were a l s o  mea- 

The f i r s t  experiment was conducted with t h e  vacuum pump ex t r ac t ing  
vapors from t h e  vacuum well, Cell A, a t  an average ra te  of 22,6 scfm. 
During t h i s  12-day tes t ,  an average equivalent  volume of 4.28 g a l  pe r  day of 
hydrocarbon product (measured as hexane) was removed from t h e  formation , 
Changes i n  s ta t ic  pressures  were observed a t  d i s tances  up t o  45 f t  from t h e  

vacuum well. 
( those measured p r i o r  t o  a c t i v a t i n g  t h e  vacuum system) ranged from 39% t o  

98%, depending on t h e  probe's depth and d i s t ance  from t h e  vacuum well, 

Decreases i n  vapor conceatrat  ions from t h e  base l ine  l eve l  

The second experiment was conducted in  Cell B with t h e  vacuum pump 
operat ing a t  an average flow ra te  of 18.5 acfm, 
volume of 3.12 g a l  pe r  day of hydrocarbon product was removed during t h e  10- 

day t e s t  period. During t h i s  tes t ,  changes i n  pressure  i n  the  s o i l  forma- 
t i o n  were observed a t  a d i s t ance  of 52 f t  from t h e  vacuum w e l l ,  Decreases 
i n  vapor concentrat ions from base l ine  l e v e l s  ranged from 12% t o  99%, de- 
pending upon t h e  d is tance  from t h e  vacuum well, 

An average equivalent 

A t h i r d  tes t  was again conducted i n  Ce l l  A with t h e  vacuum pump 
ex t r ac t ing  vapors from t h e  vacuum well a t  an average ra te  of 39.8 scfm. 
During the 15-day t ea t  period, an average equivalent volume of 5.86 g a l  per  
day of hydrocarbon product was removed from t h e  s o i l ,  As with t h e  f i r s t  
t o s t ,  s i g n i f i c a n t  reductions i n  vapor concentrat ions were observed, The 
vapor concentrat ion reduct ions ranged from 19% t o  99%, 
s ta t ic  pressure i n  the  s o i l  formation were observed a t  d i s tances  of 44 f t  

from t h e  vacuum well. Af te r  operat ing t h e  system f o r  10 days a t  t h e  39.8 
ecfm flow rate  with ,the a i r  i n l e t  wells open t o  t h e  atmosphere, t he  a i r  
i n l e t  wells were capped and changes i n  t h e  s t a t i c  pressure were observed a t  
each of t he  vapor probes i n  t h e  t es t  ce l l ,  With a i r  i n l e t  wel l s  capped, t he  

pa t t e rn  of reduced pressure became concentr ic  about t h e  vacuum well within 

Changes i n  t h e  

1-2 
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4 h r ,  and pressure changes.were observed a t  dis tances  of 110 f t  from the  

vacuum w e l l .  

with t h e  flow r a t e  remaining constant.  
This e f f ec t ive ly  doubled t h e  radius  of influence of t h e  system 

The e f f e c t i v e  radius  of influence f o r  each c e l l  evacuation r a t e  
was determined by measuring t h e  s t a t i c  pressures  a t  each vapor recovery 

.well. 
from t h e  vapor recovery w e l l s  during t h e  low flow experiments and approxi- 
mately 110 f t  during the  high flow experiments. 
vacuum ( i n  inches of water) versus d is tance  from t h e  vacuum well  very 

close1y.approximates an exponential decay function. 

The rad ius  of influence i n  each c e l l  extended approximately 50 f t  

In a l l  cases,  a p l o t  of t he  

An est imate  of t h e  cumulative hydrocarbon product recovered during 
each of t h e  th ree  experiments was 166 gal .  
ranged from 31.2 g a l  i n  Cell B (18.5 scfm) t o  87.9 g a l  i n  Cel l  A (39.8 

scfm). The r e s u l t s  of t h e  experiment c l e a r l y  show t h a t  t h e  amount of prod- 
uc t  recovered was d i r e c t l y  r e l a t ed  t o  t h e  c e l l  venting r a t e  and the  concen- 
t r a t i o n  of vapors i n  t h e  recovery w e l l  exhaust. 
carbon vapors i n  t h e  vapor recovery w e l l  exhaust remained r e l a t i v e l y  con- 
s t a n t  during each venting period. 

product recoveries  were observed t o  increase i n  a l i n e a r  fashion with re- 
spect  t o  t i m e .  

Cumulative product recoveries 

The concentration of hydro- 

As a r e s u l t ,  t h e  estimated cumulative 

These experiments show t h a t  s o i l  venting i s  not only an e f f ec t ive  means 

of removing hazardous hydrocarbon vapors from the  unsaturated s o i l  zone, but 
may a l s o  be used t o  augment conventional recovery equipment as  a primary 

means of e l iminat ing s p i l l e d  hydrocarbons i n  a shallow aqui fe r .  
l ec ted  during t h i s  study w i l l  be useful  i n  optimizing the  design of subsur- 
face  venting systems f o r  removing s p i l l e d  hydrocarbons and cont ro l l ing  
hydrocarbon vapors i n  t h e  s o i l .  

Data col- 

1-3 
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INTRODUCTION 

This repor t  p resents  t h e  r e s u l t s  of a study which was designed t o  
eva lua te  t h e  e f fec t iveness  of subsurface v e n t i l a t i o n  techniques i n  control-  
l i n g  and removing hydrocarbon vapors from a s o i l  formation a t  t h e  s i t e  of a 

gasol ine s p i l l .  The s p i l l e d  product had entered a shallow aqui fe r  approxi- 
mately f i v e  years e a r l i e r  and conventional recovery methods had been used t o  

recover a s u b s t a n t i a l  quant i ty  of t h e  l i qu id  product. 

The purpose of t h i s  study was t o  design, i n s t a l l ,  operate ,  and 
eva lua te  a subsurface v e n t i l a t i o n  system which could be used t o  augment 

conventional recovery methods used t o  mi t iga t e  hydrocarbon s p i l l s .  

emphasis of t h i s  e f f o r t  was t o  evaluate  the  e f fec t iveness  of forced venting 
i n  con t ro l l i ng  and removing hydrocarbon vapors from t h e  underground environ- 

The main 

ment. In addi t ion ,  sampling and a n a l y t i c a l  procedures were developed speci-  
f i c a l l y  f o r  t h i s  study t o  measure t h e  e f fec t iveness  of t h e  hydrocarbon 

recovery and vapor cont ro l  during venting. 
program w i l l  be usefu l  i n  optimizing t h e  design of subsurface v e n t i l a t i o n  
systems used t o  mi t iga t e  s p i l l s  of t h i s  type. 

The da ta  co l lec ted  during t h i s  

A b r i e f  summary of t h e  r e s u l t s  of t h i s  study a r e  presented i n  
Sect ion 1.0. A descr ip t ion  of t h e  system design and i n s t a l l a t i o n  procedures 

a r e  provided i n  Sec t ion  3.0. Also summarized i n  Sect ion 3.0 a r e  t h e  proce- 

dures employed t o  evaluate  t h e  e f fec t iveness  of t he  subsurface v e n t i l a t i o n  
techniques used during t h i s  study. 

i n  Sect ion 4.0. 
t h i s  study are presented i n  Sect ion 5.0. 

The r e s u l t s  of t h i s  study a r e  presented 

A summary of t h e  r e s u l t s  and t h e  conclusions drawn from 

2-1 
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This sec t ion  descr ibes  t h e  experimental approach used t o  evaluate  
t h e  e f fec t iveness  of subsurface venting of gasol ine vapors. 

3.1 S i t e  Description 

A subsurface hydrocarbon venting study w a s  conducted a t  a petro- 

leum f u e l s  marketing terminal. 

reasons : 

This s i t e  was se lec ted  f o r  t he  following 

o The ground water aqu i f e r  i n  t h e  immediate v i c i n i t y  of 
t h e  terminal was contaminated with gasol ine product 
from a s p i l l  which had occurred approximately f i v e  

years  earlier;  

O 

O 

O 

Conventional l i qu id  product recovery methods have been 
used a t  t h i s  s i t e  t o  recover a s ign i f i can t  quant i ty  of 
t h e  s p i l l e d  product; 

The s o i l  formation a t  t h e  s i t e  was q u i t e  porous and 

permeable and was conducive f o r  using subsurface s o i l  
v e n t i l a t i o n  techniques t o  cont ro l  and el iminate  hydro- 
carbon vapors i n  the  s o i l ;  

The s i t e  offered a hydrocarbon lens  with an a rea  of 

continuous vapors which extended beyond the  confines of 
t h e  venting c e l l s ;  

The depth t o  ground water was s u f f i c i e n t  f o r  i n s t a l l a -  
t i o n  of a venting system t o  simulate in te rcept ion  of 
hydrocarbon vapors p r i o r  t o  enter ing common subsurface 
s t ruc tu res  such a s  residential/commercial  basements, 
u t i l i t y  vau l t s ,  e tc . ;  and 
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o The concentrat ion and v o l a t i l i t y  of t h e  hydrocarbon 
vapor near  t h e  c a p i l l a r y  zone were adequate f o r  con- 
ducting a p i l o t  study t o  eva lua te  t h e  v e n t i l a t i o n  

system design employed. 

A p l o t  p lan  of t h e  study a r e a  i s  shown i n  Figure 3=le  
se l ec t ed  f o r  i n s t a l l a t i o n  of t h e  subsurface v e n t i l a t i o n  system was located 
approximately 100 yd southwest of t h e  poin t  where t h e  gaso l ine  product 

entered t h e  ground, 
60 f t  long and 110 E t  wide. 

The area 

The vent ing system was i n s t a l l e d  i n  a rectangular  a rea  

A s i eve  ana lys i s  of core  samples taken from a study a r e a  adjacent  

t o  t h e  vent ing tes t  cel ls  indicated t h a t  t h e  s o i l  formation was uniformly 

comprised of sand and f i n e  sand f r a c t i o n s  with some t r a c e s  of s i l t  and c lay  
interspersed with occasional  traces of coarse  gravel.  

core  samples co l l ec t ed  from t h e  vent ing system study a r e a  revealed s imi l a r  
r e s u l t s .  
from 30 t o  47% a t  depths ranging from 20 t o  21,5 f t .  

Sieve analyses of 

The analysiti of core  samples shows t h a t  s o i l  po ros i t i e s  ranged 

P r i o r  t o  i n s t a l l i n g  t h e  v e n t i l a t i o n  system, vapor headspace sam- 
p l e s  were co l l ec t ed  from product recovery wells i n  close proximity t o  the  
venting study a r e a e  
t h a t  t he  vapors were weathered gasol ine  product, owing t o  t h e  not iceable  
absence of very l i g h t  hydrocarbon f r a c t i o n s ,  The ana lys i s  results of t he  

heodspace samples indicated t h a t  t h e  vapor composition was comprised pr i -  

mari ly  of C4’cg f r a c t i o n s  (‘L60-7OX) e 

The r e s u l t s  of t he  product headspace ana1yse.s indicated 

The approximate depth t o  ground water i n  t h e  study area was 24.5 
The thickness  of t h e  free product lens  a s  measured i n  t h e  observation E t .  

well on t h e  surface of t h e  water t a b l e  was approximately 19.2 i n ,  
determined from d i r e c t  measurements of two product monitoring wel l s ,  Obser- 

vot ions of t h e  s p l i t  spoon samples show t h e  c a p i l l a r y  zone was approximately 

twelve (12) in. t h i ck  and was located approximately 22 t o  23 f t  below land 
surf  ace (BLS) l 

This was 
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A d i s t i n c t  co lo r  change was observed i n  s p l i t  spoon samples col- 

l ec t ed  wi th in  t h e  vent system area beginning a t  a depth of 19.5 f t  (BLS). 
Core samples co l l ec t ed  a t  t h i s  depth were reddish brown i n  appearance, and a 

very d i s t i n c t  hydrocarbon odor was detected.  
a t  shallower depths were tannish  i n  co lo r  and no d i s t i n c t  hydrocarbon odor 

was detected.  
were observed t o  t u r n  grey in color  a f t e r  being exposed t o  t h e  air. 
co l l ec t ed  a t  approximately 22 f t  BLS and deeper appeared t o  be sa tu ra t ed  

with hydrocarbon product, thus  ind ica t ing  t h e  upper boundary of t h e  hydro- 
carbon c a p i l l a r y  zone. 

S p l i t  spoon samples co l lec ted  

The s p l i t  spoon samples co l l ec t ed  a t  depths below 19.5 f t  BLS 
Samples 

The depths se l ec t ed  f o r  i n s t a l l a t i o n  of t h e  vapor recovery w e l l s ,  

a i r  i n l e t  w e l l s ,  and vapor sampling probes used i n  t h e  venting system were 
based on t h e  r e s u l t s  of t h e  composition of t h e  product vapor a n d . s p l i t  spoon 
ana lys i s  r e s u l t s .  

3.2 Vent inn Svs t em Des inn 

The venting system design evaluated incorporated some of t h e  
design f e a t u r e s  and recommendations obtained from an earlier API-sponsored 
laboratory study ( i ) .  
ing flow r a t e s .  
i d e n t i c a l  dimensions. 
Figure 3-2, 
boundaries of t h e  hydrocarbon c a p i l l a r y  zone p r i o r  t o  i n s t a l l a t i o n  of t h e  
v e n t i l a t i o n  system. 

depths f o r  t h e  vapor probes, a i r  i n l e t  wells (AIWs) and vapor recovery wells 

(VWRs). 
s t r a i g h t  l i n e  configuration. 

A s i n g l e  vent system geometry was evaluated a t  vary- 
The venting system consisted of two paral le l  c e l l s  with 

A diagram of t h e  v e n t i l a t i o n  system i s  shown i n  
Preliminary s p l i t  spoon samples were taken t o  determine t h e  

These d a t a  were then used t o  determine t h e  proper 

Each tes t  ce l l  contained one VRW posit ioned between two AIWs i n  a 
The d i s t ance  between t h e  f i r s t  AIW and t h e  VRW 

was 20 f t  and t h e  d i s t ance  between t h e  second AIW and t h e  VWR was 40 f t .  
The r a t i o n a l e  f o r  t h i s  tes t  ce l l  conf igura t ion  was t o  eva lua te  t h e  e f f e c t  of 
d i f f e r e n t  d i s t ances  between t h e  a i r  i n l e t  and vapor recovery wel l s  with 
regard t o  con t ro l  e f f i c i ency  and e l imina t ion  of hydrocarbon vapors i n  t h e  
s o i l .  The a i r  i n l e t  and vapor recovery wells i n  each ce l l  were d r i l l e d  and 
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A Vapor Campllng Probes 
O VRW = Vapor Recovery Well 
O AIW t Alr inlet Well 
8 Product Monltoring Well 
A Vapor Monltoring Probe 

Probe Depth Probe Number 
13 feet BLS M1 
16 feet BLS 3tl1, h 

20 feet BLS 
21 feet BLS 

Note: M Probes were located midway between centerlines A and B. 

h 

9 

14.20 feet BLS 9 5 
1, 2,4,6, 7, 8, 10,12, 14, 15, 16, 17, M2 r; 

5, 13, M3 

Figure 3-2. Two-Cell Venting System Gonfiguration 
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cased with 2-in. I D  pipe t o  a depth of 20 f t .  
from a depth of 14 t o  20 f t .  

Each AIW and VRW was screened 

The hor izonta l  d i s tance  between t h e  VRWs i n  t he  two p a r a l l e l  c e l l s  
was 100 f t .  

t i o n s  and depths i n  each c e l l  ( s ee  Figure 3-2). 

of a s ing le  vent c e l l  configurat ion i s  shown i n  Figure 3-3. 
a three-dimensional representa t ion  of a s ing le  t e s t  c e l l  i l l u s t r a t i n g  the  

var ious depths and r e l a t i v e  d is tances  between the  a i r  i n l e t  wel l s ,  vapor 
probes, and vapor recovery wells. 

measure changes in  the  v e r t i c a l  and hor izonta l  d i s t r i b u t i o n  of hydrocarbon 
vapors over time during each venting period. The exact dimensions of each 
c e l l  a r e  given i n  Table 3-1. 

Sixteen vapor sampling probes were i n s t a l l e d  a t  various loca- 
An oblique view of one-half 

This f i g u r e  is 

The vapor sampling probes were used t o  

A preliminary ana lys i s  of core samples from the  study s i t e  re- 
vealed t h a t  t h e r e  were no l ayers  o r  continuous lenses  of impermeable mate- 
r i a l  i n  the  s o i l  column. 
hor izonta l  flow of a i r  and vapor i n  each t e s t  c e l l ,  an impermeable p l a s t i c  
l i n e r  was used t o  cover approximately 150% of the  t e s t  area.  
to :  

In an attempt t o  induce as nearly a s  poss ib le  

This was done 

o Minimize r a i n f a l l  influences;  

o Simulate the  e f f e c t  of a s t r u c t u r e  o r  parking l o t ;  and 

o I s o l a t e  t h e  a i r  i n l e t  wel l s  as  primary atmospheric a i r  

i n l e t  po in ts  . 
The impermeable cap was constructed of 6 mil p l a s t i c  l i n e r  placed 

over t he  ground surface i n  each t e s t  c e l l .  

in.  l ayer  of sand t o  p ro tec t  t he  l i n e r  from weather and foot /vehicu lar  
t r a f f i c .  
grade a t  t he  center ,  and evenly sloped t o  ex is t ing  grade toward the outer  
perimeter of each c e l l .  

Each l i n e r  was covered with a 3- 

The capped area  was elevated approximately 1 f t  above t h e  na tu ra l  

Additional grading was required along the  eas te rn  
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boundaries of t h e  vent ing system (e.g,, Cell B) t o  d i v e r t  sur face  water 
runoff from o the r  a reas  of t h e  s i t e ,  

A product monitoring well d r i l l e d  t o  ground water was located 

approximately midway (50 f t )  between t h e  two tes t  c e l l s .  
vapor sampling probes were i n s t a l l e d  near  t h e  product well a t  d i f f e r e n t  

depths ( e rg , ,  13, 20, and 21 f t ) ,  
probes t o  monitor t h e  p o t e n t i a l  inf luence of one c e l l  on t h e  adjacent  c e l l ,  

I n  addi t ion ,  t h ree  

These vapor probes were used as cont ro l  

The vent ing system was designed t o  evaluate  two la teral  spacing 

geometries between t h e  a i r  i n l e t  wells and vapor recovery wells (e,g, ,  20 E t  
and 40 f t )  a t  two d i f f e r e n t  flow rates, 
were se l ec t ed  t o  study t h e  hydrocarbon vapor removal of t h e  system. 

Flow rates of 18 scfm and 45 scfm 

The vacuum and a i r  i n l e t  wells were constructed i d e n t i c a l l y ,  
First ,  a 4411. bore hole  was augered t o  a depth of 20 f t ,  Schedule 40 PVC 

plas t ic  pipe,  2-in. I D ,  was used t o  case from t h e  sur face  t o  14 f t  in each 
vacuum and a i r  i n l e t  well, 
was used t o  case  t h e  i n t e r v a l  from 14 t o  20 f t ,  The botcom of the  screen 
was f i t t e d  with a s l i p  cap, Af te r  s e t t i n g  t h e  casing i n  each hole ,  t h e  

annular space of t h e  bore hole  was f i l l e d  with pea gravel  t o  a depth of 14 
f t  BLS and a grout seal was i n s t a l l e d  from 14 f t  t o  t h e  sur face ,  

d e t a i l s  of t h e  a i r  in le t  and vapor recovery well construct ion a r e  shown i n  
Figure 3-4, 

Hydrophylic Indus t r i e s  O,OlO-in. s l o t t e d  casing 

The 

The well cons t ruc t ion  was designed t o  f a c i l i t a t e  l a t e r a l  flow of 

a i r  and vapors through a s u b s t a n t i a l  cross-sect ional  a r ea  of t he  vadose 

zone, thereby c rea t ing  a b a r r i e r  f o r  vapor migrat ion t o  t h e  surface,  
design was thought t o  be i d e a l  f o r  con t ro l l i ng  o r  e l iminat ing vapors a t  
depths t y p i c a l  f o r  cons t ruc t ion  of basements, subs t ruc tures ,  o r  u t i l i t y  

during t h i s  study. 

This 

, vau l t s .  No attempt was made t o  eva lua te  o the r  well screening configurat ions 
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Two l i q u i d  r ing  vacuum pumps were used t o  generate  t h e  required 

a i r  flow rates evaluated during t h i s  study. 
A t l a n t i c  F lu id ics .  
t o  metal contac ts  (as do piston-type pumps), thereby reducing t h e  poss ib i l -  
i t y  of vapor ign i t ion .  

The pumps were manufactured by 
This pump design was se lec ted  s ince  they have no metal 

A model A-20 pump was used during t h e  low flow venting periods. 
The model A-20 is designed t o  pump 32 CFM a t  a maximum vacuum of 24 in.  Hg. 
During t h e  high flow vent ing period, a model A-100 pump designed t o  pump 100 
scfm a t  a maximum vacuum of 25 in.  Hg was used. 
l a t i n g  water f o r  t h e  l i q u i d  sea l .  

Both pumps required circu-  

During operat ion (see Figure 3-41, t h e  suc t ion  s i d e  of t h e  pump 

was connected d i r e c t l y  t o  t h e  vacuum w e l l  screens by a 2-in. diameter PVC 

pipe.  
flow cont ro l  valve. 
measurements made with a magnehelic gauge. 
i n s t a l l e d  i n  t h e  vacuum l i n e  was used t o  regula te  t he  vacuum/flow. 

A standard p i t o t  tube was i n s t a l l e d  between the  wellhead and a vacuum 
The flow rate was ca lcu la ted  from d i f f e r e n t i a l  pressure 

A 1-in. b a l l  cont ro l  valve 

A 2-in. diameter PVC standpipe 2 f t  i n  length was at tached t o  the  

wellhead of each a i r  i n l e t  w e l l .  
p ipe diameters below t h e  standpipe i n l e t  was used f o r  t h e  i n s e r t i o n  of a hot 

wire anemometer i n  order  t o  measure t h e  a i r  i n l e t  r a t e s .  

A small hole  located approximately e ight  

3.3 Venting Experiment Test Sequence 

Three experiments were perfórmed t o  evaluate  the  e f fec t iveness  of 
t h e  vent  system configurat ion.  
during each of t h e  t h r e e  experiments. 

conducted i n  Test Ce l l  A and one experiment was conducted in Test Cell B. 
P r i o r  t o  s tar t -up,  base l ine  s o i l  vapor concentrat ions were measured a t  t h e  
vapor probes i n s t a l l e d  i n  both tes t  cells  and a t  t he  cont ro l  probes posi- 

t ioned i n  t h e  cen te r  of t h e  study area.  

Only one tes t  cel l  was vented a t  a t i m e  

Two separa te  venting experiments were 
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During t h e  f i r s t  venting experiment, Test Cell A was opezated 

continuously f o r  Q period of 12 days u n t i l  s teady-s ta te  conditions were 

achieved. An average vacuum flow r a t e  of 22,O 22.0 scfm (1360 scfh)  was 

maintained during Experiment 1. 
r a t ed  wi th  t h e  a i r  i n l e t  wells open. 
a f t e r  12 days and t h e  ce l l  wa8 allowed t o  r e -equ i l ib ra t e  f o r  a period of 14 
doy8 before conducting Experiment 3, 

In t h i s  experiment, Test  Cell A was ope- 
Venting terminated i n  Test Cell A 

Test C e l l  B operated continuously f o r  a period of 10 days during 
An average flow ra te  of 18,5 ~2.3 scfm (110 sc fh )  was main- Experiment 2, 

t a ined  during t h e  experiment. 

t h e  i n l e t  wells open. 

S imi la r ly ,  Tes t  Cell B was a l s o  operated with 

Upon completion of Experiment 2, Test Cell A was vented a t  a high 

f low rate f o r  a period of 15 days, 
during t h i s  period was 39.8 21.0 ecfm (2390 ecfh) ,  

of t h e  experiment, Test Cell A was vented with t h e  a i r  i n l e t  wells open. 
The a i r  i n l e t  wells were capped on t h e  t en th  day of t h e  experiment, and t h e  
t e s t  c e l l  was vented €or an  a d d i t i o n a l  f i v e  days, The a i r  i n l e t  wells were 
capped t o  determine what e f f e c t  t hese  wells played i n  con t ro l l i ng  o r  elimi- 
na t ing  hydrocarbon vapors in t h e  s o i l ,  

The average vacuum flow maintained 
During t h e  firnt 10 days 

The t e s t  sequence used t o  eva lua te  t h e  e f f ec t iveness  of t h e  vent  
eysten conf igura t ion  is summarized i n  Table 3-2, 

3 04 Ventinn Svstem I n s t a l l a t i o n  Procedures 

This s ec t ion  descr ibes  t h e  procedures which were used t o  i n s t a l l  
t h e  v e n t i l a t i o n  system a t  t h e  test  s i te ,  

304.1 I n i t i a l  S i t e  Charac te r iza t ion  and PreParation 

P r i o r  t o  i n s t a l l i n g  t h e  var ious  components of t h e  v e n t i l a t i o n  
eyeten (6.8, , vapor probes a i r  i n l e t  wells, vapor recovery wells , vacuum 
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TABLE 3-2. TEST SEQUENCE SUMMARY 

Comment 
Average Cell Flow 

Rate (SCFM) 

09-17. to 09-28-84 Install venting system and 
validate sampling protocol 

09-29-84 Collect core samples in Test -- 
Cell A 

10-01 to 1043-84 Perform baseline vapor probe 
measurements in Test Cells 
A and B 

10-03-84 

10-15-84 

10-15-84 

10-17-84 

Start-up venting system in 
Cell A (Experiment 1) with 
air inlet wells open 

22.6 52.0 

Terminate venting in Test n 

Cell A and collect core samples 
in both Test Cells A and B 

Perform baseline measurements 
in Test Cell B at each vapor probe 

Start-up venting system in 
Test Cell B (Experiment 2) 
with air inlet wells open 

18.5 22.3 

10-25-84 Drill new product well (F-3) -- 
10-27-84 

10-29-84 

11-09-84 

11-13-84 

Terminate venting in Test -- 
Cell B and collect core samples 

Perform baseline vapor probe 39.8 21.0 
measurements at each vapor 
prove and start-up vent system 
(Experiment 3) with air inlet 
wells open 

Cap air inlet wells and 
collect vapor probe static 
pressures daily 

39.8 21.0 

Terminate venting in Test -- 
Cell A and collect core samples 

11-14-84 Terminat e study 
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pumpe, and product monitoring we l l s )  headspace samples from various product 

monitoring wells and s p l i t  spoon samples obtained from the  proposed study 

area were co l l ec t ed  and analyzed (see Sect ion 3 .5 .8 ) .  Based on t he  r e s u l t s  
of t hese  analyses,  t h e  dec is ion  was made t o  loca t e  the  subsurface vent ing 
system i n  an area near: an e x i s t i n g  product monitoring well (P-2). 
preliminary core  sampling da ta  were used t o  accura te ly  loca t e  t h e  hydro- 
carbon c a p i l l a r y  zone. 
depths f o r  i n s t a l l a t i o n  of t h e  vapor sampling probes, a i r  i n l e t  wells, and 
vapor recovery well. 

The 

This information was then used t o  s e l e c t  t h e  proper 

P r i o r  t o  i n s t a l l a t i o n  of t h e  subsurface vent ing system, t h e  study 

area wa8 c leared  with a front-end loader/maintainer . The loca t ions  se lec ted  
f o r  i n s t a l l a t i o n  of t h e  vapor sampling probes, vapor recovery wells, and a i r  
i n l e t  wel l s  i n  each tes t  c e l l  were measured and marked. 

then made t o  i n s t a l l  t h e  vacuum pumps and power drop, 

Preparat ions were 

3 .4 .2  Vacuum System and Product Well I n s t a l l a t i o n  

The vacuum system described i n  Sect ion 3 . 2  was i n s t a l l e d  midway 
between t h e  two tes t  cel ls  (approximately 50 f t  from t h e  cen te r l ine  of each 
c e l l ) .  
each individual  vapor recovery well, 

A 1-in. diameter PVC pipe was connected from the  vacuum pumps t o  

A product recovery well, located approximately 3 f t  from t h e  
cont ro l  vapor probes (Mel through M-31, was d r i l l e d  t o  ground water. 
well was d r i l l e d  approximately two weeks a f t e r  vent ing had begun, 
product well (F-3) was d r i l l e d  i n  c lose  proximity (It5 f t )  t o  an ex i s t ing  
product monitoring well F-2. 
ou te r  casing of t h e  product recovery well a t  depths of 16, 20, and'21 f t  

The 
The new 

Three Type K thermocouples were taped t o  t h e  
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3.4.3 Vapor Sampling Probes Design and I n s t a l l a t i o n  

The vapor probes used f o r  t h i s  study were spec ia l ly  designed t o  

map t h e  concentration and composition of hydrocarbon vapors i n  t h e  s o i l  a t  

var ious  depths and d i s t ances  from each vapor recovery w e l l .  A schematic 
diagram of t h e  vapor sampling probe is shown i n  Figure 3-5. Each probe 
c o n s i s t s  of a hollow steel  d r i v e  t i p  attached t o  a 1-in. diameter steel  

d r i v e  sha f t .  

nected t o  t h e  d r i v e  t i p  with a s t a i n l e s s  steel NPT t o  Swagelok. union was 

in se r t ed  through t h e  d r i v e  sha f t .  The d r i v e  t i p  was mounted t o  t h e  end of 
t h e  steel  d r i v e  s h a f t  u s h g  a metal c o l l a r ,  O-ring, and lockwasher attach- 
ment. 

A 1/8-in. diameter seamless s t a i n l e s s  steel  sample l i n e  con- 

The O-ring washer was used t o  seal t h e  d r i v e  t i p  t o  t h e  c o l l a r ,  thus 
preventing a s h o r t  c i r c u i t  between t h e  hollow cav i ty  of t h e  d r i v e  t i p  and 
t h e  ou te r  s teel  d r i v e  sha f t .  

The ground probes were i n s t a l l e d  i n  t h e  vadose zone a t  depths 

A 4-in. hollow s t e m  ranging from 16 t o  22 f t  below t h e  ground surface.  
auger was used t o  d r i l l  a p i l o t  ho le  wi th in  2 f t  of t h e  f i n a l  depth. 

probe was then in se r t ed  into t h e  p i l o t  ho le  and driven t o  the f i n a l  depth 
using an impact hammer. 

f i l l e d  with cement grout t o  seal t h e  probe and prevent t he  migration of s o i l  

vapors t o  t h e  surface.  

Each 

The annular space around each probe sha f t  was 

Af te r  i n s t a l l a t i o n  (but p r i o r  t o  grouting),  each vapor probe was 
pressur ized  t o  200 l b  t o  c l e a r  t h e  per fora t ions  i n  each d r i v e  t i p  and t o  
check f o r  leaks  between t h e  d r i v e  t i p  and t h e  ou te r  d r i v e  sha f t .  
procedure was a l s o  e f f e c t i v e  i n  determining i f  a probe had penetrated in to  
t h e  f r e e  product zone. 
d r i v e  t i p  penetrated through t h e  sa tu ra t ed  f r e e  product zone. 
pu l led  and reset i f  t h e  d r i v e  t i p  w a s  observed t o  have penetrated through 

t h e  c a p i l l a r y  zone o r  developed leaks through t h e  ou te r  d r i v e  sha f t .  

This 

A resonating bubbling sound could be heard i f  t h e  
Probes were 

The end of each vapor probe sampling l i n e  was f i t t e d  with a 

Swagelok. union f i t t e d  with a s i l i c o n  rubber septum. A gas-tight syringe 
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Figure 3-5. Schematic Diagram of Vapor Sampling Probe 
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was inser ted  i n t o  t h e  septum f i t t i n g  t o  withdraw vapor samples from each 

probe f o r  ana lys i s  of vapor concentration and composition using GC ana lys i s  
techniques. 
t h e  i n t e r n a l  volume of the  sample t r a n s f e r  l i n e  while maximizing the  exter-  
n a l  probe sur face  area t o  provide an accura te  measurement of s o i l  hydro- 

carbon vapors i n  t h e  immediate v i c i n i t y  of each probe. 

The vapor probes used i n  t h i s  study were designed t o  minimize 

3.4.4 Validat ion of Vapor Probe Sampling Techniques 

I n i t i a l l y ,  four  vapor sampling probes were assembled and in- 

Two probes were i n s t a l l e d  t o  a depth of 20 f t  i n  each of t h e  two s t a l l e d .  

t e s t  c e l l s .  
concentrat ions and composition i n  each test  c e l l .  
from t h e  probes were used t o  v a l i d a t e  the  .sampling and a n a l y t i c a l  protocol  

employed during t h i s  study. The r e s u l t s  of t h e  i n i t i a l  measurements indi-  
cated t h a t  t h e  vapors appeared t o  be uniformly d i s t r i b u t e d  hor izonta l ly  i n  
Cell A, but were somewhat more va r i ab le  and lower i n  concentrat ion i n  Cell 

B. The composition of vapors were homogeneous in both test  c e l l s .  Repeated 
sampling of a s i n g l e  probe indicated t h a t  t h e  sampling and a n a l y t i c a l  tech- 
niques were reproducible. 

These probes were used t o  determine t h e  uniformity of t h e  vapor 

In addi t ion ,  t h e  da t a  

3.4.5 System Operation 

During each venting per iod,  t h e  appropriate.vacuum pump configura- 
t i o n  was connected t o  the  vapor recovery wel l  i n  t h e  c e l l  under t e s t .  A 

standard p i t o t  tube was used t o  obta in  c e l l  flow r a t e  measurements. The 

c e l l  flow r a t e  measurements were corrected t o  standard conditions (e.g., 
68'F and 29.92 in .  Hg). Af te r  s tar t -up,  minor adjustments of t h e  c e l l  
vacuum were made u n t i l  t he  des i red  flow r a t e  was achieved. The vacuum 
pressure corresponding t o  t h e  desired flow r a t e  was noted and t h e  vacuum 

system was then maintained a t  t h e  same condi t ions u n t i l  each experiment was 

terminated. 

each venting experiment . Duct ve loc i ty  measurements were made on a d a i l y  bas i s  during 
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3,s SamDlinp. and Measurement Procedures 

A v a r i e t y  of measurements were made during t h i s  study t o  monitor 

t h e  e f f e c t  of subsurface v e n t i l a t i o n  on t h e  v e r t i c a l  and ho r i zon ta l  d i s t r i -  

bu t ion  of hydrocarbon vapore in t h e  s o i l ,  A number of core  samples were 
co l l ec t ed  before,  during, and a f t e r  t h e  venting study i n  an e f f o r t  t o  char- 

a c t e r i z e  t h e  hydrocarbon vapors present  i n  t h e  i n t e r s t i t i a l  spaces between 
t h e  s o i l  p a r t i c l e s  and t h e  volati le/semi-volat  i l e  hydrocarbons adsorbed on 
t h e  s o i l  p a r t i c l e s ,  

During t h e  v e n t i l a t i o n  study, t h e  following parameters were mea- 
sured t o  eva lua te  t h e  e f f ec t iveness  of t h e  subsurface v e n t i l a t i o n  system, 

These included: 

o Hydrocarbon concent ra t ion  and composition from each 
vapor recovery well; 

o S o i l  vapor concent ra t ion  and compoeitioa a t  var ious  

depths and d ie tances  from t h e  vapor recovery and a i r  
i n l e t  wells; 

o A i r  flow rate measurements a t  each a i r  i n l e t  and vapor 

recovery well; 

o S t a t i c  pressure  measurements at  each vapor sampling 
probe; 

o Estimates of hydrocarbon vapor and product removal 
r a t e e  ; 

o S o i l  temperature a t  t h r e e  levels; 

o Hydrocarbon product l ens  thickness and depth t o  ground 
water as measured in  t h e  observation well; 
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Physical cha rac t e r i za t ion  of t h e  s o i l  formation (e.g., 
p a r t i c l e  s i z e ,  permeabili ty,  bulk densi ty ,  p a r t i c l e  

dens i ty ,  t o t a l  porosi ty ,  moisture, pR, conduct ivi ty) ;  

Character izat ion of i n t e r s t i t i a l  pore space hydrocarbon 

vapors; and 

Character izat ion of vo la t i le / semi-vola t i le  hydrocarbons 

absorbed on t h e  ' s o i l  p a r t i c l e s .  

The sampling and a n a l y t i c a l  techniques used t o  evaluate  t h e  sub- ' 

sur face  v e n t i l a t i o n  system removal e f fec t iveness  a r e  described below. 

3.5.1 Determination of Vapor Recovery Well Hydrocarbon Concentration 

and Composition 

. The concentrat ion and composition of hydrocarbon vapors i n  the  
vapor w e l l  exhaust were determined by per iodica l ly  sampling the  e f f luen t  

from each vapor recovery w e l l  (VRW). 
draw a known volume of gas from a sample por t  mounted on t h e  wellhead of 

A gas-tight syr inge was used t o  with- 

each VRW. Each sample was analyzed on s i t e  by GC-FID using the  procedures 
described i n  Sect ion 3 .5 .9 .  The elapsed t i m e  between sample co l l ec t ion  and 
ana lys i s  was approximately f i v e  minutes. The ana lys i s  r e s u l t s  were used t o  
determine t h e  concentrat ion and r e l a t i v e  composition of hydrocarbons i n  t h e  

V R W  e f f l u e n t  exhaust. In addi t ion ,  t he  d a t a  were used t o  es t imate  vapor 
emission and product recovery rates during each venting period. 

The d i r e c t  vapor sampling technique used i n  t h i s  study i s  much 

prefer red  over sorbent tube co l l ec t ion  methods. Direct vapor ana lys i s  is 
less subjec t  t o  sampling e r ro r s  due t o  va r i ab le  co l l ec t ion  e f f i c i enc ie s ,  

a r t i f a c t  formation, va r i ab le  solvent  recovery e f f i c i enc ie s ,  sorbent concen- 
t r a t i o n ,  and sample degradation. 
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3.5.2 Vapor Probe Measurements 

Subsurface vapor sampling probes were used t o  charac te r ize  t h e  
concentrat ion of hydrocarbon vapors a t  var ious d is tances  from t h e  a i r  i n l e t  

wells and vapor recovery wells during each vent ing experiment, 

t i o n  of t h e  vapor probe i s  given i n  Sect ion 3 .4 .3 .  
A descrip- 

A gas-tight syr inge  was used t o  withdraw vapor samples f o r  analy- 
s is  using t h e  GC-FID techniques described i n  Sect ion 3,5*9,  
pl ing ,  a 10 mi l l i l i t e r  (u&) gas-tight syr inge was used t o  withdraw a sample 

from the  perforated d r i v e  t i p  located a t  t h e  base of each sample probe 
sha f t .  

t i g h t  syr inge through a septum f i t t i n g  at tached t o  t h e  end of t he  sample 

l i n e  (see Figure 3-51. 
by withdrawing 30 mL of vapor (‘b9 residence volumes) before  co l l ec t ing  a 
sample i n  a 1 mL gas-tight syringe. The sample wa6 then in jec ted  d i r e c t l y  
i n t o  a gas chromatograph and analyzed f o r  vapor concentrat ion and composi- 

t ion .  Between sampling, the gas-tight syr inge was f lushed vigorously with 
u l t r apure  a i r  and sample blanks were analyzed peciodical ly  t o  ensure accu- 
rate sampling. 

During Sam- 

The sample was withdrawn from t h e  probe t i p  by i n s e r t i n g  t h e  gas- 

The 10 mL syringe wae used t o  purge t h e  sample l i n e  

3.5.3 A i r  Flow Rate Measurements from A i r  I n l e t  and Vapor Recovery Wells 

A i r  flow r a t e  measurements were made d a i l y  a t  each a i r  i n l e t  well 
and vapor recovery well under t e s t r  
recovery well was used t o  determine the  exhaust flow r a t e  which i n  t u r n  was 
used t o  c a l c u l a t e  estimates of product vapor and l i q u i d  product recovery 
rates. Flow r a t e  measurements made a t  t h e  a i r  in le t  wells determined the  
r a t i o  of i n l e t  a i r  t o  exhaust a i r r  

The effluent;  ve loc i ty  from t h e  vapor 

Vapor recovery well flow r a t e  measurements were made using an in- 
l i n e  standard p i t o t  mounted between the  wellhead and the  vacuum/£ low cont ro l  
valve. 
d i f fe rence  between t h e  ve loc i ty  pressure  head and the  duct s t a t i c  pressure 

A magnehelic d i f f e r e n t i a l  pressure gauge was used t o  measure t h e  
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( A P ) .  

the duct static head and ambient pressure. 
ture measurements were also made to correc the actual flow rate measure- 
ments,to standard conditions (68OF and 29.92 in. Hg). 

The static pressure was obtained by measuring the difference between 
Barometric pressure and tempera- 

The equations used to compute the vapor recovery well flow rates 
.are as follows: 

where : Pd = absolute duct pressure (in. Hg) 
Pa = ambient pressure (in. Hg) 
P, = static pressure (in. Hg) 
V, = vapor recovery weil velocity (ft/sec) 

pitot 
85.48 = pitot tube constant 

Td = duct temperature (OR) 

AP = differential pressure (in. H20) 
MW = average molecular weight (28.08 lb/l,-mole) 
Qa = actual flow rate (ft3/hr) 

Q, = standard flow rate (scfh) 

2 A = cross-sectional area of duct (ft ) 

528OR = standard temperature in O R  (68OF) 
29.92 in. Hg = standard atmosphere 

Air inlet flow rates were made with a temperature compensated hot 
wire anemometer. This sensor measures the velocity of the gas stream by 
sensing the cooling effect due to a moving stream over a uniformly heated 
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metal sphere. 

a i r  i n l e t  standpipe where the a i r  en te r s  t he  well .  

was located approximately 8 duct diameters below the  duct entrance,  
wire anemometer was purchased new f o r  t h i s  p ro jec t  and was fac tory  Cali- 
brated in  a laminar flow chamber. 

The anemometer was inser ted  through a small opening i n  the  

The measurement point 
The hot 

3.5.4 Vapor Probe S t a t i c  Measuremente 

S t a t i c  pressure measurements were made a t  each vapor probe a t  

l e a s t  once during each venting experiment. The s t a t i c  measurements were 

mude by connecting one end of a magnehelic gauge t o  the  sample l i n e  on each 

vapor probe and measuring t h e  s t a t i c  presaure (probe vacuum) r e l a t i v e  t o  
ambient pressure.  

zones of inf luence a t  various dietances and depths within each t e s t  c e l l  

during the  venting study, 

These measurements were made t o  document the  evacuated 

3.5 .5  S o i l  Temperature Measurements 

The s o i l  temperature was measured a t  t h r e e  d i f f e r e n t  depths (e ,g , ,  

16, 20, and 21 f t )  a t  t h e  observation well .  
measured a t  t he  product recovery wel l  (F-3) located midway between the  two 

t e s t  c e l l s .  

from each thermocouple. 

The s o i l  temperature was 

A d i g i t a l  e l ec t ron ic  readout displayed t h e  temperature reading 

3.5 .6  Hydrocarbon Thickness and Depth t o  Ground Water 

An e l ec t ron ic  device which senses the  d i f fe rence  i n  conductance 

between hydrocarbons and water measured t h e  thickness  of t h e  f r e e  hydrocar- 

bon layer  in t he  observation well .  
with the  same device. 

The depth t o  ground water was measured 
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3.5.7 Physical Character izat ion of S o i l  Core Samples 

The physical  measurement parameters used t o  charac te r ize  the  s o i l  
core  samples are described i n  t h i s  sect ion.  

Sample Collect ion - Core samples were co l lec ted  using a s p l i t  

A hollow stem auger was used t o  core  down t o  spoon core  sampling too l .  
wi th in  18 in. of the  sampling .depth. 
1 1/2-in. diameter brass  sample s leeves each 6 in. i n  length was dr iven t o  

f i n a l  depth. 
sleeves containing t h e  s o i l  samples were removed. 

f o r  hydrocarbon cha rac t e r i za t ion  were capped with spec ia l ly  machined alumi- 

num end caps. 

A s p l i t  spoon t o o l  equipped with th ree  

The s p l i t  spoon was withdrawn from t h e  bore hole  and t h e  brass  
Core samples designated 

A diagram of t h e  core  sample sleeve i s  shown i n  Figure 3-6. 

S p l i t  spoon samples were co l lec ted  i n  each test  c e l l  before and 
a f t e r  each vent ing period. 

core  hole  a t  19-20.5-ft and 20.5-22.0-ft depth in te rva ls .  
were chosen f o r  ana lys i s .  
Radian labora tor ies  i n  Austin,  Texas i n  r e f r ige ra t ed  containers.  

Two s p l i t  spoon samples were co l lec ted  from each 

Selected samples 
The samples were then labeled and shipped t o  

P a r t i c l e  S ize  - P a r t i c l e  s i z e  determinations were made using ASTM 

Method D422. 
p a r t i c l e  density.  
t h e  p a r t i c l e  s i z e  d i s t r ibu t ion .  

This method requi res  t h a t  a hydrometer be used t o  determine 
The sample was passed through a dry s ieve  t o  determine 

Permeabili ty - The permeabili ty coe f f i c i en t  of t h e  s o i l  was mea- 

sured on sleeved core samples using a constant  head permeameter and U.S. 
Army Corps of Engineers Method EM 1110-2-1906. 

The t e s t  cores were l e f t  i n  t h e  inner brass  s leeves in which they 

were sampled. 
cyl inder .  
with water t o  remove a l l  a i r  voids. 

applying a l a rge  back pressure  t o  the  t e s t  specimens. 

Porous polyethylene d i sc s  were placed over each end of t h e  
The e n t i r e  cy l inder  was sealed i n  a permeameter and sa tura ted  

This was accomplished by i n i t i a l l y  
Then under a constant 
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head of pressure,  water flowed through t h e  tes t  specsmen. 
coe f f i c i en t ,  K, was ca lcu la ted  from the  following equation: 

The permeabili ty 

K = (vh/tPA) ( 5 )  

where : K = permeabili ty coe f f i c i en t  (cm/sec) 

v = volume of leachate  (cm3) 
h = height (o r  length) of s o i l  core  specimen (cm) 

t = time of t e s t  durat ion ( sec)  
P = pressure (cm of water),  and 
A = cross-sectional a r e a  of core specimen (cm 2 ) 

Bulk D e n s i t y -  The bulk densi ty  of t h e  s o i l  represents  t h e  com- 

bined mass of s o l i d s ,  l iqu ids ,  and a i r  contained i n  the  undisturbed bulk 

soil sample volume. 
t o  determine bulk densi ty .  

f o r  volume determination. Af te r  recording the  volume, t h e  e n t i r e  s o i l  
sample was t ransfer red  t o  a ta red  watch g l a s s  and placed i n  an oven a t  -110 

- +5OC u n t i l  a constant weight w a s  obtained. 
using the  following equation: 

S o i l  samples co l lec ted  i n  undisturbed cores were used 
Each sealed core sample was ca re fu l ly  measured 

The bulk densi ty  was calculated 

where : 

mass an 

D = t he  bulk densi ty  (g/cm3) 

M = oven dry weight (g) 

vb = bulk volume (cm31 

Part ic le  Density - The p a r t i c l e  densi ty  of a sample descr ibes  the  
volume occupied by t h e  s o l i d  p a r t i c l e s  i n  t h e  s o i l  sample. Par- 

t i c l e  densi ty  was determined on oven-dried samples of s o i l  according t o  ASTM 

D854. 

(constant volume vesse l )  and f i l l i n g  a l l  voids with hexane. 
densi ty  of t h e  s o i l  can be ca lcu la ted  based on t h e  volume of hexane d i s -  

placed by the  s o i l  and the  dry weight of t h e  s o i l .  

This method consisted of placing t h e  dr ied  s o i l  i n  a pycnometer 
The p a r t i c l e  

An exception t o  the  ASTM 
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method was taken i n  repor t fng  t h e  r e s u l t s ,  

cle dens i ty  as a s p e c i f i c  g r a v i t y  (i,e., relative t o  water), it was reported 

as a mass per  u n i t  volume (g/cm3>, 

Ins tead  of repor t ing  t h e  p a r t i -  

Tota l  P o r o s i t x  - Tota l  po ros i ty  represents  t h e  void space i n  un- 

d is turbed  s o i l .  
p a r t i c l e  dens i ty  measurements , 

Tota l  po ros i ty  was ca l cu la t ed  from t h e  bulk dens i ty  and 

The bulk dens i ty  of t h e  s o i l  was measured on an undisturbed core 
sample a s  described i n  previous Equation 6 ,  
descr ibes  t h e  volume of s o i l  occupied by s o l i d  p a r t i c l e s  was determined by 
t h e  following equation: 

The p a r t i c l e  dens i ty  which 

P = M/Vp (7) 

where: P = p a r t i c l e  dens i ty  (g/cm3) 

M = mass of oven dry s o i l  (g) ,  and 
Vp = volume occupied by s o l i d  p a r t i c l e s  having a mass M (cm3) 

The f r a c t i o n  of space i n  a s o i 1  column occupied by s o l i d  p a r t i c l e s  

i n  a bulk s o i l  sample is  defined as Vp/Vb i s  equal t o  D/P by solving from 
Equations 6 and 7,  
bulk volume occupied by nonsolida ( i .e*,  t h e  a i r  and l i q u i d s  i n  void spaces) 
a s  ca l cu la t ed  below: 

To ta l  poros i ty ,  Sts represents  t h e  percentage.of t h e  

Moisture Content - Selected core samples were analyzed f o r  mois- 

t u r e  content using ASTM Method D2216, 
t h e  core  sleeve t o  a sea led  conta iner  and weighed' 
placed in a drying oven a t  110 &,SOC with t h e  conta iner  open, 

were d r i ed  t o  a constant weight, 
and cleaned p r i o r  t o  determining t h e  tare weight of t h e  conta iner ,  
moisture content,  W, of t h e  sample was ca lcu la ted  as follows: 

S o i l  samples were t r a n s f e r r e d  from 
The s o i l  samples were 

The samples 
The conta iner  was emptied o f  i t s  contents 

The 
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where: W = moisture content X 
w1 = mass of conta iner  with moist specimen (g)  
w2 - mass of container  with oven dr ied  specimen (8) 

wc - mass of conta iner  (g)  

S o i l  DH Value - Hydrogen ion a c t i v i t y  was determined with an Orion 

7018 d i g i t a l  temperature compensated pH analyzer equipped with a g l a s s  
e lec t rode  pa i r .  

(pH) i n  se l ec t ed  s o i l  core  samples. 
EPA Method 150.1 was used t o  determine hydrogen i n  a c t i v i t y  

Conductivitv - Conductivity was measured i n  selected core samples 
using EPA Method 120.1. The s p e c i f i c  conductance was measured with a Lab- 
Line LECTBO Model MCI-MARK IV. 

3.5.8 . Analvsis of Vola t i l e  Organics i n  S o i l  Core Samples 

The ana lys i s  of v o l a t i l e  organics i n  s o i l  can be broken down in to  
th ree  ca tegor ies :  a )  organics  i n  t h e  i n t e r s t i t i a l  pore space; b) organics 

adsorbed t o  t h e  s o i l  p a r t i c l e s ,  and c )  organics within the  s o i l  p a r t i c l e s .  
Since t h e  s o i l  cores  sampled consis ted pr imari ly  of sand with small amounts 

of c l ay  in te rspersed ,  only t h e  f i r s t  two cases were considered f o r  t h i s  
study. I n  any given s o i l ,  t h e r e  e x i s t s  a dynamic equilibrium between 
organics  i n  t h e  gas phase, trapped between the  s o i l  p a r t i c l e s ,  and t h e  

organics  adhering t o  t h e  p a r t i c l e s  themselves. 
organics  e i t h e r  on o r  between t h e  s o i l  p a r t i c l e s  can d i s t u r b  t h e  equilibrium 
and g ive  misleading a n a l y t i c a l  r e s u l t s .  

organics i n  s o i l  and a t  t h e  same t i m e  minimize the  d is rupt ion  t o  the  equi- 

l ibrium a r e  described herein.  

Any attempt t o  remove the  

The procedures used t o  analyze 

Determination of Sorbed Orpanics on S o i l  P a r t i c l e s  - Extractable  

v o l a t i l e  organic carbon (VOC) f r a c t i o n s  were removed from s o i l  samples 
t h e  following manner. A weighed amount of s o i l  was suspended i n  tetraglyme 

3-27 

                                      
                                         
                                      
                                         

Copyright American Petroleum Institute 
Provided by IHS Markit under license with API 

Full document details: API Publ 4410-1985 scan

http://www.avadocuments.com/doc/api-publ-4410-1985-scan
http://www.avadocuments.com/doc/api-publ-4410-1985-scan


and allowed t o  e q u i l i b r a t e  undisturbed f o r  a t  least one hour, 

t r a t i o n  of t h e  s o l u t i o n  was 1 gram of s o i l  i n  1 mL tetraglyme, 

of t h e  e x t r a c t ,  no more than 100 pL, was placed i n  a Belar tube containing 5 
mL of organic-free water and purged wi th  inext  gas. Loes of v o l a t i l e  f rac-  

t i o n s  was prevented by minimizing exposure of t h e  e x t r a c t  t o  a i r  during t h e  

t r a n s f e r ,  

The concen- 

An a l i q u o t  

Determination of I n t e r s t i t i a l  S o i l  Vapor Concentrations 

jHeadsDace1 - A s o i l  headspace technique was used t o  d e t e m i n e  VOC concen- 
t r a t i o n s  i n  porous, dry s o i l  samples, 
using a 5 mL gas-tight eyringe, A cleaning wire was inse r t ed  i n t o  t h e  

syr inge  needle t o  prevent plugging, A syr inge  needle, equipped wi th  a 

preseure-lock valve,  was inse r t ed  i n t o  t h e  c e n t e r  of t h e  s o i l  core,  with 

c a r e  taken t o  minimize d is turbance  of t h e  s o i l .  
t ioned ,  t h e  cleaning wire was removed and t h e  syr inge  was a t tached  t o  t h e  
needle. 
c o l l e c t i n g  t h e  headspace sample, The pressure-lock valve on t h e  syr inge  was 
opened p r i o r  t o  sampling and then  closed immediately a f t e r  withdrawing the  

eample. The pressure-lock va lve  was then  re-opened while t h e  needle t i p  was 
immersed i n  a beaker of water, 
drown i n t o  t h e  syringe, no s o i l  headspace was co l l ec t ed ,  
t h e  needle was examined and t h e  sampling procedure was repeated, 

apace sample was in j ec t ed  d i r e c t l y  in to  t h e  cryotrappiag system. 
syr inge  plunger was then pushed t o  t h e  des i red  i n j e c t i o n  volume, and t h e  
sample was in j ec t ed  i n t o  t h e  GC f o r  ana lys i s ,  

Headapace samples were co l l ec t ed  

Once t h e  needle was posi- 

The headspace was allowed t o  e q u i l i b r a t e  f o r  5 minutes before 

If no bubbles were observed o r  if water was 
If t h i s  occurred, 

The head- 

The 

Analy t ica l  Conditions - The a n a l y t i c a l  procedure cons is ted  of t h e  
following operations:  

o Col lec t ion  o f  VOCs through a Permapure. d r i e r  onto a 
cryogenic t r a p ;  

o Flash thermal desorp t ion  onto  a fused s i l i ca  c a p i l l a r y  
GC column; 
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o Detection of t h e  VOCs by flame ioniza t ion  de tec tor  (FID), 

photoionization de tec tor  (PID) , and Hall e l e c t r o l y t i c  

conductivity de tec tor  (HECD) ; and 

o Computer-assisted da t a  reduction. 

Table 3-3 presents  t h e  de t a i l ed  a n a l y t i c a l  condi t ions f o r  each of these  
operat  ions.  

3.5.9 On-Site Analysis of Hydrocarbon Vapor Samples 

A Shimadzu Model GC Mini 2 gas chromatograph equipped with a flame 

ion iza t ion  de tec to r  (GC-FID) was used on s i t e  t o  immediately analyze t h e  
hydrocarbon vapor samples co l lec ted  from t h e  vapor recovery wells and vapor 

sampling probes. 

temperature programmed oven. 
used t o  generate  sample chromatograms and reduced run reports .  

The GC was equipped with a heated sample i n l e t  and a 
A Hewlett-Packard Model 33908 in tegra tor  was 

The a n a l y t i c a l  column used t o  separa te  the  var ious hydrocarbon 
component f r ac t ions  consis ted of an 8 f t  by 1/8-in.. s t a i n l e s s  steel  column 
packed with 20% SP 2100 and 0.1% Carbowax 1500 on 100/120 mesh Supelcoport. 
A l l  analyses were made a t  isothermal column oven condi t ions of 100°C, A 
ni t rogen c a r r i e r  flow of 40 mL/min was maintained during each run. 
de tec tor  i n l e t  was maintained a t  a temperature of 250OC. 

The 

Gas-tight syringes were used t o  i n j e c t  samples co l lec ted  from the  
vapor recovery wells and vapor sampling probes. 

0.1 t o  1 mL depending on t h e  expected concentrat ion range of the  sample 
analyzed . 

In j ec t ion  s i z e s  ranged from 

Two types of gas standards were used t o  c a l i b r a t e  t h e  f i e l d  GC. 

These consis ted of quan t i t a t ive  and q u a l i t a t i v e  standards.  

response was mult ipoint ,  ca l ib ra t ed  d a i l y  with a s e r i e s  of t h ree  benzene i n  

The FID de tec tor  

a i r  standards obtained from Scot t  Environmental. The concentration of each 
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TABLE 3-3 GC-FID/PID ANALYTICAL CONDITIONS 

Instrument: Varian 3700 GC o r  equivalent  in te r faced  t o  a laboratory 
data  system possessing a minimum of 48K of RAM 

Detectors:  

PID/PID S p l i t  Ratio: 4 : l  

FID, PID, HECD (Halogen Mode) 

GC Column: (2)  60m x 0.32mm I D  SE-30 fused s i l i c a  c a p i l l a r y  columns, 
d f = l U  

GC Car r i e r  Gas: Helium @ 2 mL/min 

Column Head Pressure:  13 ps ig  

In j ec to r :  Cryogenic t rap 

Transfer  Lines and Valve Oven Temperature: l l O ° C  

Cryotrap Desorb Temperature: 180'C 

GC Program: =5OoC t o  100°C @ 6°/min, I H  - 2 min, 
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benzene standard was 10, 100, and 1000 ppm-V, respec t ive ly ,  The t o t a l  
organic response (TOC) i n  p a r t s - p e r m i l l i o n  carbon (ppm-C) was obtained f o r  
concentrat ions ranging over t h r e e  orders  of magnitude. An average response 
f a c t o r  f o r  benzene was used t o  determine the  concentrat ion f o r  each chrom- 

atographic  peak. 
mine t h e  t o t a l  hydrocarbon response. 
obtained from Sco t t  Environmental was analyzed da i ly  t o  es t imate  the  reten- 
t i o n  times of t h e  individual  carbon f rac t ions .  

contained methane, ethane, propane, N-butane, N-pentane, N-hexane, and N- 

heptane i n  a i r .  

The sum of the  responses f o r  a l l  peaks was used t o  deter-  
A seven-component q u a l i t a t i v e  standard 

The q u a l i t a t i v e  standard 

A semi-qual i ta t ive ana lys i s  of t h e  hydrocarbon vapors was obtained 
by d iv id ing  t h e  chromatogram up i n t o  var ious carbon f r ac t ions .  
f r a c t i o n s  reported during t h i s  study are a s  follows: 

The carbon 

o 

o c3-c4 

o c, + 
o C3=C6 and 

The sum of t h e  responses of t h e  individual  carbon f r ac t ions  was computed f o r  
each ana lys i s .  
ppm-C . 

The response of t he  individual  f r a c t i o n s  was reported i n  

3.5.10 Estimates of Hydrocarbon Vapor and Product Removal Rates 

Estimates of hydrocarbon vapor and product removal r a t e s  were used 

t o  evaluate  t h e  e f fec t iveness  of t h e  venting system design. 
t h e  hydrocarbon concentrat ion and flow ra te  of t he  vapor recovery w e l l  

exhaust was used t o  c a l c u l a t e  t he  hydrocarbon vapor mass recovery r a t e s  and 

l i qu id  product removal rates. In addi t ion,  cumulative product recovery 
estimates were ca lcu la ted  f o r  each venting r a t e .  

Measurement of 
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Before t h e  vapor and l i qu id  recovery est imates  could be calcu- 
l a t ed ,  it was neceeisary t o  convert the  vapor recovery wel l  concentrat ions 
from a ppm-C ( p a r t s - p e n n i l l i o n  carbon) bas i s  t o  a ppm-V ( p a r t s - p e r q i l l i o n  
volume) bas i s  and der ive  an average molecular weight for  t h e  hydrocarbon 
product vapor. The concentrat ion of each hydrocarbon f r a c t i o n  was converted 

t o  ppm-V by dividing t h e  concentrat ion i n  ppm-C by the  average carbon number 

f o r  each component f r ac t ion .  
on the  r e l a t i v e  concentrat ion of each component c l a s s  observed in t he  soil 
headspace samples. 

hydrocarbon (TEIC) concentrat ion reported in ppm-V. 
was f u r t h e r  determined t h a t  t he  average carbon number f o r  t h e  hydrocarbon 
vapors was 6. Therefore, an average molecular weight of 86.18 (N-hexane) 

wae used t o  es t imate  t h e  vapor and product recovery r a t e s  obtained during 
the venting study. 

The average carbon number was estimated based 

Each component c l a s s  was then summed t o  obta in  t h e  t o t a l  

Based on these  da ta ,  it 

The equation used t o  est imate  t h e  hydrocarbon vapor recovery r a t e s  
f 01 lows : 

o r  

where : Vr - vapor recovery r a t e  ( l b / h r )  
Vc = vapor concentrat ion (ppm-V) 

86.18 = average molecular weight by vapor ( lb / lb-mole)  

Q vent ing r a t e  (SCF/hr) 

The following equation was used t o  compute the  l i q u i d  product 
recovery r a t e :  
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where: LPr l i q u i d  product recovery rate (ga l /h r )  

Vr = vapor recovery ra te  ( l b / h r )  
Pd = product dens i ty  (5.51 l b /ga l )  

.3.6 SamDlinn Freauencv 

The sampling and measurement frequency f o r  those parameters used 

t o  eva lua te  t h e  hydrocarbon vapor removal e f f i c i ency  of t h e  subsurface 
vent ing .  system are described i n  t h i s  section. 
procedures were divided i n t o  two ca tegor ies :  on-site sampling and ana lys i s  
and o f f - s i t e  ana lys i s .  

The sampling and measurement 

The 

O 

O 

O 

types of sampling and analyses performed on s i t e  included: 

sampling and ana lys i s  of hydrocarbon vapors from vapor 
probes and vapor recovery wells; 

measurement of a i r  i n l e t  and vapor recovery w e l l  flow 
rat es ; 

measurement of s o i l  temperature a t  t h r e e  depths; 

ana lys i s  of QC standards;  

measurement of product l ens  thickness and depth t o  
ground water; and 

per iodic  c o l l e c t i o n  of s o i l  core  samples f o r  d e t a i l e d  
charac te r iza t ion .  
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Types of analyses  conducted off s i t e  included: 

o ana lys i s  of s o i l  core  samples f o r  hydrocarbon product 
adsorbed t o  s o i l  p a r t i c l e s ;  

o ana lys i s  of s o i l  core  samples f o r  i n t e r s t i t i a l  hydro- 
carbon vapors i n  the  s o i l  column pore space; 

o physical  cha rac t e r i za t ion  of the  s o i l  core  samplee 
(erg.  , p a r t i c l e  s i z e ,  permeabili ty,  p a r t i c l e  densi ty ,  
bulk dens i ty ,  poros i ty ,  moisture, pH, and conductiv- 
i t y ) ;  and 

o ana lys i s  of hydrocarbon product samples f o r  v o l a t i l e  

hydrocarbons (headspace) . 
P r i o r  t o  s ta r t -up  of t h e  v e n t i l a t i o n  system, the  hydrocarbon vapor 

l e v e l s  i n  t h e  s o i l  were measured a t  each vapor probe i n  each test  c e l l *  

Af te r  s tar t -up of t h e  vent ing system, only one t e s t  c e l l  was operated a t  a 
time (see Table 3-21, 
c e l l  under tes t  were sampled t h e  f i r s t  day a f t e r  vent ing was begun and every 
o the r  day the rea f t e r .  
pled. 

During each experiment, a l l  16 vapor probes i n  t h e  

Each day one probe was chosen randomly t o  be resam- 
The sampling schedule f o r  each group of vapor probes was as follows: 

Probe Number A i r  I n l e t  Well Spacing Sampling Frequency 

1#2,3,4,5,6#7,8 
9 (Vapor Recovery Well) 

10,ll 12 , 13,14 , 15 , 16,17 

20 f t  

NIA 
40 f t  

- -- 

Every o ther  day 
Daily 

Every o the r  day 

A i r  flow r a t e  measurements were made a t  each a i r  i n l e t  well .and 
vapor recovery well on a d a i l y  basis .  
bient: temperature, barometric pressure,  lens thickness ,  and depth t o  ground- 

water measurements were made' d a i l y *  

S o i l  temperature at: a l l  depths,  am- 
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Some measurement6 made on s i t e  were obtained on a per iodic  bas i s .  
S t a t i c  pressure measurements from each vapor sampling probe were obtained a t  
least once during each venting experiment. During t h e  l a t t e r  p a r t  of t h e  A- 

c e l l  high flow vent ing experiment (Experiment 3 ) ,  s t a t i c  pressure measure- 
ments were made d a i l y  i n  t h e  vapor probes i n  Cell A, 
were made with t h e  a i r  i n l e t  wells capped. In  addi t ion,  s o i l  hydrocarbon 
vapor measurements were obtained pe r iod ica l ly  a t  t h e  cont ro l  vapor probes 
during each venting experiment. 

These measurements 

S o i l  core  samples from each test  c e l l  were co l lec ted  before  and 

a f t e r  s tar t -up each venting study experiment. 

co l l ec t ed  a t  two depths ranging from 19.5 f t  t o  22 f t  a t  18-in. depth 

in t e rva l s .  
Selected samples were analyzed f o r  i n t e r s t i t i a l  pore vapor concentrations 
and adsorbed hydrocarbon product. Eight core samples were se lec ted  f o r  
physical  cha rac t e r i za t ion  f o r  a l l  parameters except permeabili ty (e,g., 

p a r t i c l e  s i z e ,  permeabili ty,  p a r t i c l e  densi ty ,  bulk densi ty ,  porosi ty ,  mois- 
tu re ,  pH, and conduct ivi ty) .  

f o r  permeabili ty (two i n  each c e l l ) .  

S p l i t  spoon samples were 

Nine core samples were co l lec ted  during t h e  venting study. 

Four of t h e  e ight  core  samples were analyzed 
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DATA PRESENTATION 

The r e s u l t s  of t h e  subsurface hydrocarbon venting study a r e  pre- 

sented i n  t h i s  sect ion.  

4.1 I n i t i a l  Baseline Character izat ion 

P r i o r  t o  s tar t -up of t h e  subsurface hydrocarbon venting system, an 

i n i t i a l  charac te r iza t ion  of t he  base l ine  concentration of hydrocarbon uapors 
was performed. 
Table 4-1. A s  expected, t h e  basel ine 'vapor  p r o f i l e s  ind ica te  a very d i s -  

t i n c t  v e r t i c a l  d i s t r i b u t i o n  of hydrocarbons i n  each cell .  Typically,  t h e  

vapors were more concentrated a t  depths approaching t h e  cap i l l a ry  zone. 
vertical  d i s t r i b u t i o n  of t h e  s o i l  hydrocarbon vapors ranged over th ree  
orders  of magnitude i n  concentration from depths of 1 t o  5 f t  above the  
c a p i l l a r y  zone. 
t h e  measurement zone 1 f t  above t h e  cap i l l a ry  zone (21 f t  BLS). 

The r e s u l t s  of t h e  i n i t i a l  basel ine survey a r e  presented i n  

The 

The s o i l  hydrocarbon vapors were t h e  most concentrated i n  

Baseline vapor concentrations measured a t  16 f t  BLS ranged from 58 

t o  113 ppm-V. 
BLS ranged from 3,450 t o  28,000 ppm-V. 

11,000 t o  51,500 ppm-V a t  depths ranging from 21 t o  21.5 f t  BLS. 

The vapor concentrations between the  depth of 20 and 20.5 f t  
The vapor concentrations ranged from 

In general ,  t he  base l ine  vapor concentrations were more uniformly 
d i s t r ibu ted  i n  C e l l  A than C e l l  B. The basel ine vapor concentrations i n  
T e s t  C e l l  B were more highly concentrated i n  t h e  20-ft a i r  i n l e t  spacing 

than t h e  40-ft a i r  i n l e t  spacing. 
t i o n  of vapors i n  C e l l  B may have been the  r e s u l t  of:  

The d i f fe rence  i n  t h e  l a t e r a l  d i s t r ibu -  

o i r r e g u l a r i t i e s  in t h e  s o i l  formation, and/or 

o posi t ioning of t h e  B-cell on t he  boundary edge of t h e  f r e e  

product plume. 

4-1 

. - .  
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