
US. aoutaunt of m@&v October 1982 
Assistant Secretary, Conservation 

and Renewable Energy 
O f f  i c e  o f  Renewable Techno1 ogy 
Washington, D.C. 20585 
Under Contract $40. D&-f~01-79CS20291 

DEVELOPMENT OF THE UTILIZATION OF COMBUSTIBLE GAS 
PRODUCED I N  EXISTING SANITARY LANDFILLS: 
EFFECTS OF CORROSION AT THE MOUNTAIN VIEW, CA 
LANDFILL GAS RECOVERY PLANT 

DO NOT MICROFILM 
COVER 

5es K G  8GaGeg K G  8%a$ 
m e  D m  off Energy '=& 

m e  8GaGe~ K G  8GaGea 
a~GmemG off E m e ~ g y  a Depa~Gme~ 
m @%a%@@ m e  8GaGe~ KT 
e m  off E m e ~ g y  Depar 
a united b ~ t a t e s ~ ~ m ~ ~ e a  s 
I m @ ~ g y  Dqartm tnt of Fhmig!@ 

.I 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



DISCLAIMER 

"This report was prepared as an account of work sponsored by an egency of the United 
States Government. Neither the United States Government nor any agency thereof, ngr any 
of their employees, makes any warranty, expresa or implied, or assumes any legal liability or 
responslBility for the accuracy, completeness, or usefulness of any information, apparatus, 
product, or process disclosed, or represents that its use would not infringe privately o w d  
rightr Reference herein to any specific commercial product, poses& 61 o e m b  by trade 
name, trademark, m9nufacturer, or otherwise, does not necessnrily constitute or imply its 
endorsement, recommendahon, of favbring by the United Slabs Guwlihncnt or any a g e w  
thereof. The vlews a opinions of ruthurs e ~ p ~ c s d  1~1ei1k rio not necessarily state or 
reflect those of the United States Government or any agency thereof." 

This report has been reproduced directly from the best available copy. 

Available from the National Technical Information Mice, U. S. Department of Commerce, Springfild, 
Virginia 22161. 

Rice: Plinad Copy *04 
Microfkhs A0 1 

Codes are used for pricing all publications. The code is determined by the number of pages in the 
publication. Information pertaining to the pricing codes can be found in the current issues of the following 
publications, which are generally available in most libraries: Enem Research Absnrmfs, ( E M ) ;  
Government Reports Announcements and Index (GRA and I); SciRntifi and Technical Abstrwt Reports 
(STAR); and publication, NTISPR-360 available from (NTIS) at the above address. 



Prepared f o r  : 

October 1 982 u.S. Department of Energy DOE/CS/20291 - 3  

A s s i s t a n t  Secre ta ry ,  Conservat ion L i s t .  Category UC-95e 

and Renewa b l  e Energy 
O f f i c e  o f  Renewable Technology 
Was h i  ngton , D. C . 20585 ~ 0 ~ / ~ ~ / 2 0 2 9 1 - - 3  

DEVELOPMENT OF THE UTILIZATION OF COMBUSTIBLE GAS 
PRODUCED I N  EXISTING SANITARY LANDFILLS: 
EFFECTS OF CORROSION AT THE I'JDUNTAIN V I E W ,  CA 
LANDFILL GAS-RECOVERY pPLANT * + + 
a, tr 

5 55 2 

Prepared by:  
p a c i f i c  ~a ;  and E l e c t r i c  Company 
San Franc isco,  CA 
Under Con t rac t  No.. DE-FG01-79CS20201 

DISCLAIMER 

Neither the United Stater Gwernmnt mr any q e w  thereof. nor any of their emploveer. mkersny 
warranty. exprm or implied. or s n u m  any legal lisbilily or rwnsib i l i ry  far the aaursly. 
mmpleteneu. or usiulnen of any information, apwrafus. Droducl. or pro- disc lo^, or 
rmreentr that its u s  would not infringe privately owned righir Reference herein to any -ifis 
mmmrcial pmdun. procer. or rervia by trade name. trademark. manufacturer. or o!hcrwis. door 
nor nec-rily mnrtifute or imply its endorrement. remmmndation. or fav~ring by the United 
Stater Government or env agency thermi. The viswr and opinions of authors exprared herein do not 

Z!m@~&g D@'pm%m@rnG off Eme~g~ O C .  

3 WmaGea 8GaGeg a 8GaGes 
25~Gmema off E Depa~~mei 
a a m a  BGaGe8 W 
DepaGeG off Energy Depar 
G United States WrnfLGeGL $. 

1me~gy Departz.. en b of Energy 
DlSTRlBUTlON OF THIS DOcUNIEB'I IS UILIMI[Ea 



LIST OF FIGURES 

No. - 

1 .  

2. 

3 .  

4 .  

San Francisco Peninsula Gas Transmission Line 

Mountain View Landfill Site 

Flow Diagram - Mountain View Landfill Gas Recovery System 
Graph of Cumulative Operating Hours vs. Project Life 

Graph of Cumulative Volume of Product Gas vs. Project Life 

Corrosometer Schematic and Readings 

Corrosion Inhibitor Injection System 

Corroded Suction Valve Seat from Second - Stage 
Compressor 

Corroded Suction Valve Cage from Second-Stage Compressor 

Forced Air Interstage Gas Cooler 

Corroded Cooler Tube Showing Holes 

Corroded Cooler Tube Showing Erosion Effect 

Corroded Cooler Tube 

Corroded Cooler Tube 

Corroded Cooler Tubes from First-Stage 

Corroded 4" - Diameter Pipe Elbow from First-Stage Piping 
3" - Diameter Second-Stage Piping Downstream of Cooler 
Showing Distribution of Corrosion Product and Oily Film 

Page 

7 

8 

9 

12 

13 

2 6 

29 

3 6 



LIST OF TABLES 

No. - 
1. Average Gas Composition 

2. chronology of Corrosion and Related Events 

3. Corrosion Rate for Time Period Indicated 

4. Appearance of  Gas C ~ ~ l e r  Tubes Removed Marrh 1981 

5. Mountain View Landfill Ultrasonic Test Data 

6. Analysis of Water from Condensate Holding Tank 



ABSTRACT 

Corrosion of equipment has occurred at the Mountain View, 

California Landfill Gas Recovery Plant. Corrosion is most severe 

on compressor valve seats and cages', tubes in the first and second 

stages of the interstage gas cooler, and first and second stage 

piping and liquid separators. Corrosion occurs because the raw 

landfill gas contains water, carbon dioxide, and oxygen. Some 

corrosion may also result from trace concentrations of organic 

acids present in the landfill gas. -Corrosion of the third stage 

compressor, cooler, and piping does not occur because the gas is 

dehydrated immediately prior to the third stage. Controlling 

corrosion is necessary to maintain the mechanical integrity of the 

plant and to keep the cost of the gas competitive with natural gas. 

Attempts to reduce corrosion rates by injecting a chemical (1 

inhibitor have proved only partially successful. Recommendations 

for' dealing with corrosion include earlier dehydration of the gas, 

selection of special alloys in critical locations, chemical 

inhibition, and regular ylanL i u s p e ~ t i o a s .  



EXECUTIVE SUMMARY 
. . 

The Mountain View, California Landfill Gas Recovery Plant has been 

operating since May 1978. Raw landfill gas from an area of the 

Mountain View Shoreline Regional Park Sanitary landfill is 

extracted under vacuum through 33 wells, compressed and cooled in 

two stages, dehydrated and ctripped of CO and trace organics, 2 

comprcoocd and cooled a third time and ifijcitell iuLu POdllJE's 

natural gas transmission line L-101 which services the San 

Francisco peninsula. Corrosion of plant equipment in contact with 

the gas prior to dehydration and CO removal is a problem. 2 

Corrosion occurs because the gas contains water, C02 and 02. 

Without water, corrosion would not occur. Compressor valve seats 

and cages, tubes in the first and second stage coolers, and first 

and second stage piping and liquid separators have been severely 
0 

corroded. A uniform rust-type coating has been observed on most 

internal surfaces of the f i r s t  and second stages, hil t  lnralizrd 

pitting on tubes and pipes and velocity related erosion-corrosion 

on pipe bends and compressor valves are responsible for major loss 

of mechanical integrity in plant equipment. Corrosion must be 

controlled to preserve employee safety around high pressure piping 

and to avoid high maintenance costs which would make the gas 

economically uncompetitive with other forms of gas. 

Corrosion is monitored on ten corrosometer probes located 

throughout the plant. The probes are useful for detecting general 

changes in corrosion but cannot detect localized pitting. Removal 



and inspection of cooler tubes, process piping, and compressor 

valve seats-and cages was done to determine the extent and nature 

of corrosion attack. 

Injecting a chemical corrosion inhibitor proved only partially 

successful in reducing corrosion. Keeping all internal surfaces 

coated with inhibitor is extremely difficult in a plant of this 

type. Other problems were experienced with the inhibitor' including 

gumming of compressor valves and plugging of pipes. 

Recommendations to control corrosion at the existing plant include 

selection of corrosion and stress corrosion cracking resistant 

alloys in critical areas, continued testing and use of corrosion 

inhibitors, and regular plant inspections'to check for corroded 

parts. Future .plants should be designed to wash the gas of 

chlorides and sulfides so that regular stainless alloys can be used 

without stress corrosion cracking occurring, and to dehydrate the 

gas as early as possible. Routine inspections for corrosion should 

also be conducted. 



INTRODUCTION 

This report is part of a program conducted by PGandE and the 

Department of Energy (DOE) to determine how to most efficiently 

utilize combustible from gas existing landfills. Using the 

Mountain View, California landfill as the model, the following 

. tasks form the basis of the "Utilization of Combustible Gas" 

Program I 

Corrosion Evaluation 

. Gas and Condensate Analyses 

. Investigation of Effects of Air Inclusion 

CO utilization 2 

One of the more serious problems related to landfill gas 

utilization is that o f  cnrrnsion, Corrosion may occur in equipment 

in the presence of hydrogen sulfide, 'oxygen, water, and-carbon 

dioxide. Corrosion may take place in the piping network used to 

draw the gas from the landfill , in the gas compression and 

treatment systems, or in pipelines used to transport the treated 

gas to customers. This report details operational problcms related 

co corrosion and why they occurred at the existing PGandE landfill 

gas recovery plant at Mountain View and discusses methods to 

control or eliminate corrosion.' 



OBJECTIVES OF THE CORROSION INVESTIGATION 

In determining the overall feasibility of a landfill gas 

utilization project, the problem of corrosion must be considered. 

The main objectives of the corrosion investigation are the 

determination of how much corrosion will occur, and the choice of 

the proper materials and systems to be employed to eliminate or 

control corrosion. Specifically, the objectives are : 

1) Determine what chemical compounds in the extracted gas cause 

corrosion and in what concentrations they occur in the gas. 

2) Determine the degree of corrosion resulting from present 

concentrations of corrosive compounds. 

3) Select proper systems to eliminate corrosive agents or 

select proper materials and inhibitors to reduce the effects 

of corrosive agents not eliminated. 



PLANT RECOVERY DESCRIPTION 

The Mountain View L a n d f i l l  Gas Recovery P l a n t  began o p e r a t i o n  i n  

May, 1978,  f o l l o w i n g  f o u r  y e a r s  o f  development work by PGandE, t h e  

C i t y  o f  Mountain View, C a l i f o r n i a ,  and t h e  U.S. Environmental  

P r o t e c t i o n  Agency. The p l a n t  r e c o v e r s  and t r e a t s  l a n d f i l l  gas  

produced by t h e  n a t u r a l  decornposi.tion o f  municipal  s o l i d  waste  from 

a 30-acre  s i t e  w i t h i n  t h e  S h o r e l i n e  Regional  Park l a n d f i l l  i n  

Mountain Vicw. 

The Mountain View L a n d f i l l  Gas Recovery P l a n t  c o n s i s t s  o f  33 

sha l low w e l l s  and a  c o l l e c t i o n  system,  a l l  c o n s t r u c t e d  o f  p l a s t i c  

p i p e ,  f e e d i n g  g a s  i n t o  a  c e n t r a l  gas  t r e a t m e n t  f a c i l i t y  ( F i g u r e  2 ) .  

The gas  e n t e r s  t h e  p l a n t  a t  a  s l i g h t  vacuum, goes thrniigh a l i q l l i d  

s e p a r a t o r ,  i s  compressed t o  abou t  45 p s i g ,  and cooled i n  a s i n g l e  

p a s s  f o r c e d  a i r  gao c o o l c r .  The cooled gas  gues Lhrough a second 

l i q u i d  s e p a r a t o r ,  i s  compressed t o  160 p s i g  and cooled i n  a  

t h r e e - p a s s  c o o l e r .  The cooled gas  goes i n t o  a  t h i r d  l i q u i d  

s e p a r a t o r  b e f o r e  going t o  t h e  t reatment .  s e c t i o n  which c o n s i s t s  of 3  

p a r a l l e l  a d s o r p t i o n  columns c o n t a i n i n g  'beds o f  a c t i v a t e d  a lumina,  

a c t i v a t e d  ca rbon ,  and molecu la r  s i e v e s  which remove o r g a n i c  

m a t e r i a l s ,  w a t e r ,  and carbon d i o x i d e .  The t r e a t e d  gas  i s  

compressed t o  350 p s i g  f o r  i n j e c t i o n  i n t o  t h e  nearby PGandE 

t r a n s m i s s i o n  l i n e  L-101. The a d s o r p t i o n  beds a r e  r e g e n e r a t e d  by 

vacuum a t  a tmospher ic  t empera tu re .  A schemat ic  f low diagram i s  

g i v e n  i n  F i g u r e  3 .  With t h e  e x c e p t i o n  of a  few minor equipment 

i t e m s ,  t h e  p r o c e s s  equipment. i n  c o n t a c t  w i t h  t h e  gas  w i t h i n  t h e  

p l a n t  a r e a  i s  made o f  carbon s t e e l .  

-6-  
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The t y p i c a l  gas  composi t ions ,  p r e s s u r e s ,  and t empera tu res  f o r  each 

compression s t a g e  a r e  g iven  i n  Tab le  1. The p l a n t  i s  designed f o r  

p r o c e s s i n g  1 MMSCF/D of  raw gas  and has  been o p e r a t i n g  a t  abou t  

h a l f  t h a t  v a l u e  f o r  t h e  approximately  9,000 hours  of o p e r a t i o n  

s i n c e  s t a r t u p  i n  June,  1978 (F igure  4 ) .  A t o t a l  o f  over  100 MMSCF 

of t r e a t e d  gas  has  been i n j e c t e d  i n t o  L-101 (F igure  5 ) .  

%en a landfill is covered,  a 1,imited amniint. nf air is t r a p p e a  in 

t h e  l a n d f i l l  w i t h  t h e  munic ipa l  s o l i d  waste  (MSW). Aerobic 

microorganisms c o n v e r t  MSW t o  C02 and wate r  u n t i l  oxygen i s  

d e p l e t e d .  Anaerobic microorganisms produce t h e  p r i n c i p a l  gaseous 

c o n s t i t u e n t s  o f  l a n d f i l l  g a s ,  CH4 and C02. 

When gas  i s  e x t r a c t e d  from a  l a n d f i l l  a t  a  r a t e  g r e a t e r  t h a n  t h e  

gas i s  produced,  a i r  w i l l  i n t r u d e  i n t o  the l a n d f i l l  a c r o s s  t h e  

cover .  Under l i m i t e d  a i r  i n t r u s i o n  n e a r  t h e  s u r f a c e  o f  t h e  

l a n d f i l l ,  a e r o b i c  mlcroorganisms conver t  t h e  oxygen t o  carbon 

d i o x i d e .  Excess ive  a i r  i n t r u s i o n  w i l l  p o i s o n  t h e  anaerobes  and 

cause  methane p r o d u c t i o n  t o  c e a s e .  The n i t r o g e n  i n  t h e  i n t r u d i n g  

a i r  i s  n o t  t o x i c  t o  t h e  microorganisms b u t  does d ~ p r ~ s s  t h e  h e a t i n g  

v a l u e  of t h e  p roduc t  gas .  A d d i t i o n a l l y ,  oxygen drawn i n t o  t h e  

l a n d f i l l  amplifies t h e  corrosion p o t e l l t i d l  uL Llle l a ~ l d f i l l  gas  

drawn i n t o  t h e  gas  recovery  p l a n t .  



TABLE 1 AVERAGE GAS COMPOSITIONS 

AND 

PROCESS CONDITIONS AT VARIOUS PLANT LOCATIONS 

Average Composition 

CH4 (XI C02 (%I N2 (%I O2 (%I H2 (%I H2S (PP~) H20(~~/~SCF) 

Raw Gas 50 3 5 13 1.7 0.3 9-500 (Sat. ) 

Treated Gas 73 5.5 19.5 1.75 0.25 0.2 7 

Temperature Pressure 
Location O F  psig 

C02 
psla 

O 2 psia 

1st Stage Compressor 
Discharge 

1st Stage Cooler 
Discharge 

2nd Stage Compressor 
Discharge 

2nd Stage Cooler 
Discharge 

3rd Stage Compressor 
Discharge 

3rd Stage Cooler 
Discharge 



C
U

M
U

L
A

T
IV

E
 O

P
E

R
A

T
IN

G
 H

C
C

lR
S

 

-u
 

30
 

0
 

C
 

m
 

0
 

:!
-I
 

:J
 'I
- - 71 m

 



PROJECT LIFE 
- 1  - 3- 



IDENTIFICATION OF THE PROBLEM 

Corrosion Mechanism 

Corrosion is the deterioration of a metal as it reacts with its 

environment. Corrosion at Mountain View occurs because water vapor 

condensed water, C02, and 0 are present in the process piping. 
2 

Corrosion caused by the presence of acid gases and organic acids 

may also exist. 

An active metal, a corrosive agent, and an electrolyte are all 

necessary for corrosion. The corrosive agent becomes disolved in 

the electrolyte, and an oxidation/reduction reaction occurs between 

the metal and the electrolyte. Over time the mechanical integrity 

of metal parts 1s ~mpalred. 

Carbon dioxide and hydrogen sulfide will dissolve in water, causing 

the water to become acidic, and thus corrosive. In the presence of 

oxygen, carbon dioxide and hydrogen sulfide become more corrosive. 

H 0, CU2 and O2 are the principal corrosive agencs in.landfil1 gas. 
2 

H S has not been detested at significant level. Elevated 2 

temperatures due to compression of the gas can also increase the 

corrosion rate. 

If there were no water associated with landfill gas, carbon 

dioxide, hydrogen sulfide, and oxygen would not have a corrosive 

effect on gas piping. 



HISTORY OF PROBLEMS 

The landfill gas recovery plant was not designed with any special 

allowances for corrosion. The extent of potential corrosion 

induced damage to the plant was not known in advance. As a 

demonstration plant, corrosion problems had first to be identified. 

Corrosion inhibition was thought to be sufficient for controllink 

corrosion problems that might arise. 

Prior to the construction of the present demonstration plant at 

Mountain View a test well was inserted into the landfill to examine 

the landfill gas. 

To investigate initial concerns over corrosion, corrosometer probes 

were installed in a liquid separator tank attached to the well to 

evaluate the corrosion characteristics of various metals to 

landfill gas condensate. 

Four alloys were exposed to the condensqte and corrosion rates were 

monitored for approximately one year (see Reference 2). The 

measured corrosion rates are as follows: 

Corrosion Rate (mils/year)* Metal 

Mild steel 

316 stainless 

304 stainless 

Coppcr 

"1 mil = 0.001 inch 

-15- 



It should be noted that the indicated corrosion rates resulted from 

exposure to condensates at ambient temperatures and do not reflect 

actual plant operating conditions. 

The corrosion rate of mild steel determined by corrosometer probe 

measurements was verified by laboratory tests in 1977. A Petrolite 

" corrosion rate recorder and Princeton Applied Research potentiosfat 

were used to record corrosion rates. This test procedure utilizes 

an electrochemical linear polarization method, which is an 

accelerated test to determine probable corrosion rates of metals in 

a specific environment. These tests indicated that the expected 

general corrosion rate could be 8 to 12 mils/year (MPY). In 

addition, the tests showed corrosion could be controlled 

effectively with the use of a inhibitor. 

Corrosometer probes were also installed in the natural gas pipeline 

E-101 downstream from the Mountair1 View facility. The probes 

installed at the Palo Alto meter station and at the Sierra Vista 

Crossover (Figure 1) have been monitored since 1976 and there has 

been no evidence of interxlal corrosion at these locations. 

During the fall of 1978,  four corrosometer probes were installed in 

the Mountain View plant equips~enl; ,to monitor possible on-line 

corrosion. At this time the plant was undergoing mechanical 

shakedown prior to continuous operation. These probe locations 

were selected because existing fittings were available, and 

installation could be easily completed.. 



Corrosometer probe l o c a t i o n s  and i n d i c a t e d  c o r r o s i o n  r a t e s  were a s  

f o l l o w s  : 

Locat ion Cor ros ion  Rate  

Probe Number (Refer  t o  F i g u r e  3 )  ( m i l s l y e a r )  

(115 F i r s t  s t a g e  c o o l e r  2 .6  

(113) F i r s t  s t a g e  s c r u b b e r  2 .4  

(/I7 Second s t a g e  d i s c h a r g e  15 .O 

(1110) Th i rd  s t a g e  c o o l e r  -0- 

Higher c o r r o s i o n  r a t e s  were i n d i c a t e d  s p o r a d i c a l l y  b u t  t h i s  d a t a  

was l a t e r  proven t o  be e r roneous .  Corrosometer read ings  (used t o  

c a l c u l a t e  c o r r o s i o n  r a t e s )  a r e  t empera tu re  s e n s i t i v e  and v a r y  

d u r i n g  t r a n s i e n t s  i n  p l a n t  o p e r a t i o n .  

Corrosometer probes  were monitored u s i n g  a  Rohrback Magna 

Ins t ruments  p o r t a b l e  cor rosomete r .  There  was a  s u b s t a n t i a l  

d i f f e r e n c e  between read ings  when t h e  compressor was o p e r a t i n g  and 

when it was s h u t  down. A chronology of c o r r o s i o n  r e l a t e d  prob- 

lems a t  t h e  p l a n t  i s  inc luded  i n  Table  2 .  

I n  l i g h t .  o f  h i g h  c o r r o s i o n  r a t e s ,  PGandE dec ided  t o  use  a  

chemical  i n h i b i t o r  t o  reduce c o r r o s i o n .  The manufacturer  

d e s c r i b e s  t h i s  i n h i b i t o r  a s  "--a r e a c t i o n  p roduc t  of amide 



amine, alcohol, epichlorohydrin amine adduct with diethylamine." 

This inhibitor controls corrosion by coating.the internal surfaces 

of the pipe by adsorption, thus providing a chemical barrier 

between the metal and the corrosive liquid. To achieve and 

maintain this barrier, sufficient quantities of the inhibitor must 

be injected. 

In the Fall of 1378, a earroaioil i u l l i L i L u r  LreaLlllenc sysrem 

employing a gravity-drip feed applicator upstream of the.first 

stage compressor was tested with little success. 

During December 1979, six additional probes were installed. At the 

same time, a positive displacement high-pressure corrosion 

inhibitor pump with an injection atomizer was installed in the 

piping system upstream of the first stage compressor. 

The six additional probes were located at: (1) first-stage 

compressor suction (before inhibitor injection probe), 1/1 (Refer to 

Pigure 3 ) ;  ( 2 )  first-stage compressnr sllrtion (after inhibitor 

injection), 112; (3) first-stage compressor discharge, 114; 

( 4 )  second-stage cooler discharge, 118; (5) second-stage .scrubber, 

116; and, (6) third-stage discharge, #9. The ten prohes were 

connected to an Automatics recording corrosometer and changes in 

electrical resistance were measured sequentially with a prngrammer. 



Date 

Table  2  Chronology of Cor ros ion  and Re la ted  Events 

O p e r a t i o n a l  Event Cor ros ion  Event 

6- -78 P l a n t  s t a r t - u p  - 

Rust  obse rved ,  compressor v a l v e  
s e a t  guard ,  s u c t i o n  s i d e  

9-26-78 Drip  feed  i n h i b i t o r  system Cor ros ion ,  v a l v e  guard assembly,  
i n s t a l l e d  upstream of s u c t i o n  s i d e ;  p a r t i c l e s  i n  
1st s t a g e .  s e a t s ,  head end o f  vacuum 
4 cor rosomete r .p robes  i n s t a l l e d  c y l i n d e r .  

Bottom s u c t i o n  v a l v e s ,  c r a n k ,  
head ends ,  second s t a g e  were 
b a d l y  corroded.  Top s u c t i o n  
v a l v e s  were s p l i t  and corroded.  

Corroded s e a t s  on t o p  i n l e t  
v a l v e s ,  second s t a g e ,  guards  
l i g h t l y  f o r  c leanup .  

Replaced s e a t s ,  i n l e t  s u c t i o n  
s i d e ,  2nd s t a g e .  

S t a r t e d  a tomiz ing  i n h i b i t o r  
i n j e c t i o n  v i a  pump a t  1st 
s t a g e  s u c t i o n .  Two q u a r t s  
p e r  day of GAS-COR 970. 

Leaking t u b e s ,  1st s t a g e  h e a t  
exchanger .  

Leaking t u b e s ,  1 s t . s t a g e  h . e .  

I n h i b i t o r  r a t e  1 q u a r t l d a y .  
6 a d d i t i o n a l  corrosometer  
probes  i n s t a l l e d .  

2,319 hours  o p e r a t i n g  t ime  
t o  d a t e  

I n s t a l l e d  bypass v a l v e  

Cor ros ion  ( p i t t i n g )  on two 
compressor head end v a l v e s ;  
2nd s t a g e .  



T a b l e  2  ( c o n t i n u e d )  

Date  O p e r a t i o n a l  Event  

3- 18-80 - 

I n h i b i t o r  i n j e c t i o n  p o i n t  
moved to 2nd s t a g e  
rli s r h a r g ~  . 

A d d i t i o n a l  i n h i b i t o r  i n j e c -  
t i o n  p o i n t  a t  1st s t a g e  suc-  
Liuu. 0 .75 quarL/clay aL PsL 
s t a g e , . 0 . 5  q u a r t / d a y  a t  2nd 
s t a g e  

Cor ros ion  Event 

1 s t  s t a g e  c y l i n d e r  gummed w i t h  
i n h i b i t o r ,  probe #8 recorded 
h igh  c o r r o s i o n  r a t e s .  

3 l e a k i n g  t u b e s ,  2nd s t a g e  h . e .  

Leaking t u b e ,  2nd s t a g e  h . e .  

4 l e a k i n g  t u b e s ,  2nd s t a g e  h . e .  

2  Leaking t u b e s ,  one i n  1 s t  s t a g e  
and one i n  2nd s t a g e  h . e .  

2nd s t a g e  c y l i n d e r  gummed up. 

7  l e a k i n g  t u b e s ,  1 s t  s t a g e  h..e. 

Leaking tubes 

Moved i n h i b i t o r  i n j e c t i o n  
from 1st s t a g e  s u c t i o n  t o  
1st s t a g e  d i s c h a r g e .  

7 ,970 hours  o p e r a t i n g  t ime 
t o  d a t e .  

Leaking t u b e ,  1st s t a g e  h . e .  

- 

Replaced cor roded  s u c r i o n  
v a l v e s  (4)  2nd s t a g e  c y l i n d e r .  
New s e a t s  and s p r i n g s  i n  
d i s c h a r g e  v a l v e s  ( 4 ) .  

Leaking t u b e  

Leaking t u b e ,  1st s t a g e  h . e .  



Table  2  (con t inued)  

Date O p e r a t i o n a l  Event 

2-23-81 , I n h i b i t o r  i n j e c t i o n  r a t e  
changed t o  0 .25 q u a r t l d a y  
each  l o c a t i o n .  

3- 8-81 9,239 hours  o p e r a t i n g  t ime 
t o  d a t e  

3-10-81 P l a n t  a l r e a d y  shutdown due t o  
4-16-81 p r e v i o u s  mechanical  problem. 

Cor ros ion  i n s p e c t i o n  o f  
p r o c e s s  p i p i n g  and equipment.  

Corrosion Event  

Leaking t u b e ,  1 s t  s t a g e  h . e .  

Leaking t u b e s  ( 2 )  

- 

Leaking t u b e ,  1st s t a g e  h . e .  



At this time, the corrosion rate indicated by the probe located at 

the second-stage compressor discharge increased from 2.3 mils per 

year (MPY) to 27 MPY and subsequently increased to 55.8, 84.5 and 

129.5 MPY during successive weeks. During the same period, no 

other probes downstream from the inhibitor injection point. 

indicated an increased corrosion rate (Table 3). 

A second corrosion inhibitor injection pump has since been 

installed downstream of thc sccond stage discharge. Subsequent to 

this installation, the corrosion rate on probe 118 has been reduced 

to less than 1 MPY. 

There are two conditions existing in the compressor system that 

affect the performance of the corrosion inhibitor. A liquid 

separator exists between each compression stage, designed to-remove 

water and other liquids that condense with increased prcssilre. 

Since portions of the inhibitor are soluble in water, thcy also are 

removed at the separator. The second problem occurs inside the 

compressor cylinder where, because of elevated temperature, the 

alcohol carrier in the inhibitor evaporates, and a deposit is left 

on the exhaust valves. The inhibitor thus does not reduce 

corrosion occurring on the valve seat. Therefore, both the first 

stage and second stage injection is currently being performed 

downstream of the compression cylinders. This leaves the first 

stage compressor and upstream piping unprotected. 



CORROSION RATE (MILS PER YEAR) FOR TIME PERIOD INDICATED 

CCRROSOMETER PROBES P r i o r  12-14-79 1-15-80 1-29-80 2-11-80 3-14-80 4-11-80 5-12-80 6-11-80 7-14-80 8-18-80 9-15-80 
NC. LOCAT l ON 12-14-79" 1-15-80 1-29-80 2-11-80 3-12-80 4-11-80 5-12-80 6-11-80 7-14-80**8-18-80 9-15-80 10-9-80 

1 Si tc t ion L ine  - 
Upstream I n h i b i t o r  
Pump 

2 Si tc t ion L ine  - 
Downszream l nh i b i t o r  
Pump 

4 1s t  Scage Compressor 
D i scha rge 

3 1 s t  S ~ a g e  Cooler 26 .0  0 0 0 0 0 0 0 0 0 0 0 

6 2nd Stage Compressor 
Scrubber 

7 ,2nd Stage Compressor 
D i scha rge 15.0 1.7 0 0 0 2.0 0 0 0 1 .8 0.9 0 

8 2nd Stage Cooler  
D i scha rge 

9 3rd  Stage Con~pressor 
D i scha rge 

10 3 rd  Stage Coo le r '  0 0 0 0 0 0 0 0 0 0 0 0 

Palo A l t o  Meter 
S t a t i o n  0 0 0 0 0 0 0 0 0 0 0 0 

S ie r r a  V i s t a  
Crossover 0 0 0 0 0 0 0 0 0 0 0 0 

Notes: 

A. 11-11-80 t o  4-22-80 Probe Depleted 
4-22-80 t o  4-28-80 (New Probe) 55.8 MPY 
4-28-80 t o  5- 4-80 84.5 MPY 
5- 4-80 t o  5- 7-80 121.9 MPY 
5- 8-80 Probe Depleted 

B. Probe Not Relaced U n t i l  7-19-80 

* l n h i b i t o r  Pump I n s t a l l e d  i n  Suct ion Line, 12-14-79 

** l n h i b i  t o r  Pit~r~p moved t o  1 s t  Stage Compressor Discharge, and Second l n h i b i t o r  Pump I n s t a l  l ed  a t  2nd Stage 
Compressor Discharge, 7-18-80 

TABLE 3 



The moni to r ing  of. c o r r o s i o n  r a t e s  i n  t h e  a r e a  upstream of  t h e  f i r s t  

s t a g e  o f  t h e  compressor w i l l  con t inue  and should an  u n a c c e p t a b l e  

c o r r o s i o n  r a t e  b e . i n d i c a t e d ,  a  t h i r d  i n j e c t i o n  pump w i l l  be 

c o n s i d e r e d .  



METHODS 

DESCRIPTION OF INSTRUMENTATION, INHIBITOR, AND INJECTION SYSTEM 

Instrumentation 

A corrosometer probe functions as a sensor that accumulates the 

corrosion history of a specific metal in an environment. The 

corrosometer operates on the fundamental principal that electrical 

resistance of a metal increases as the cross-sectional area of a 

conductor decreases due to corrosion attack . A second sensing 

element is encased in the.body of the probe to establish a stable 

reference check (Figure 6). 

When corrosion of the sensing element occurs, its electrical 

resistance changes. The electrical resistance is read on an 

indicating instrument or by a strip chart recorder. Changes in' 

electrical resistance along with time of exposure are used to 

c a l r i i l   at.^ r n r r n s i  nn rate. 

Corrosometer probes are installed inside pipes where internal 

corrosion is suspected. Thus, corrosion rate can be monitored 

externally while the piping system is actually operating. The 

probes may also be used to evaluate the effectiveness of chemical 

inhibitors. 



( r e a d i n g )  c .  C o r r o s i o n  Rate(2lPY) = x 365 x probe .multipuler 
( time) 

FIGCRE 6 a .  S c h e m a t i c  o f  a t y p i c a l  c o r r o s o m e t e r  p robe  
b .  T y p i c a l  d a t a  f rom a  c o r r o s o m e t e r  p robe  
c .  D e t e r m i n i n g  t h e  c o r r o s i o n  r a t e s  from t h e  d a t a  shown i n  b .  

- 2 5 -  



The corrosion monitoring activity was also used to evaluate other 

available probes. Series 2171 (flush element) and Series 2550 

(high sensitivity) probes,were installed at several locations. All 

probes used were effective in monitoring periodic changes in 

corrosion rates. 

Probe data was monitored at first with a portable Rohrback Magna 

model CK-3 corrosometer. This instrument is accurate and reliable, 

but is manually operated and requires almost full-time use to 

monitor the rapidly changing conditions. 

Later an Automatics corrosometer model 4800 and corrosomeLer 

programmer model 4900 were installed. These instruments were used 

to provide continuous monitoring of the ten probes on a programmed 

sequence. This instrumentation is more useful in determining the 

effectiveness of inhibitor injection and detecting when operating 

upsets occur. 

During the test periods described above, only one brand of 

corrosion inhibitor was used (NALCO Visco 970). The inhibitor was 

recommended by a chemical company (NALCO) who has provided . 

inhibitors to PGandE for the control of corrosion in a variety of 

environments. 



The i n h i b i t o r  i s  d e f i n e d  by t h e  s u p p l i e r  a s  a  r e a c t i o n  p r o d u c t  o f  

amide amine a l c o h o l ,  e p i c h l o r o h y d r i n  amine adduct  w i t h  

d i e t h y l a m i n e .  T h i s  p roduc t  has been p a r t i a l l y  e f f e c t i v e  i n  

c o n t r o l l i n g  c o r r o s i o n  a t  Mountain View a t  v a r i o u s  l o c a t i o n s  i n  t h e  

sys tem.  

A s  d e s c r i b e d  above,  it i s  a p p a r e n t  t h a t  an  i n h i b i t o r  luust be  

i n j e c t e d  a t  s e v e r a l  l o c a t i o n s  i n  t h e  system. Two such l o c a t i o n s  

a r e  now b e i n g  u t i l i z e d  and one a d d i t i o n a l  l o c a t i o n  may be r e q u i r e d .  

One problem a s s o c i a t e d  w i t h  t h i s  i n h i b i t o r  which was n o t  

a n t i c i p a t e d ,  was t h a t  o f  gummy d e p o s i t s  on corrosometer  p r o b e s ,  

v a l v e s ,  c y l i n d e r  heads and p i s t o n  'heads.  When t h e  v o l a t i l e  

components o f  t h e  i n h i b i t o r  evapora ted  a t  h i g h  t empera tu re ,  a  

r e s i d u e  (stemming v e r y  l i k e l y  from p o l y m e r i z a t i o n  r e a c t i o n s )  o f  

d a r k ,  v i s c o u s ,  o r g a n i c  amines was d e p o s i t e d  and adhered t o  ho t  

s u r f a c e s  o f  m e t a l s  i n  t h e  compression s t a g e .  

Another i n h i b i t o r  i s  c u r r e n t l y  b e i n g  e v a l u a t e d  t o  J e t e r ~ ~ ~ i r l e  whether 

it may be  b e t t e r  s u i t e d  f o r  t h i s  a p p l i c a t i o n .  

F i g u r e  7 shows t h e  l a y o u t  of t h e  i n h i b i t o r  i n j e c t i o n  system. The 

c o r r o s i o n  i n h i b i t o r  i s  pumped a t  a  predetermined r a t e  i n t o  t h e  

p r o c e s s  p i p i n g .  I n h i b i t o r  i s  c u r r e n t l y  i n j e c t e d  downstream of t h e  

f i r s t  and second s t a g e s  o f  t h e  compressor.  
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F i g u r e  6 shows t y p i c a l  d a t a  from a  corrosometer  probe a long with 

c a l c u l a t i o n s  o f  c o r r o s i o n  r a t e .  

S p e c i f i c  probe t y p e s  have d i f f e r e n t  probe m u l t i p l i e r s .  Probes may 

be s e l e c t e d  t o  measure c o r r o s i o n  r a t e s  i n  t h e  ranges  of 2 ,  4 ,  10 o r  

20 m i l s  p e r  y e a r  (MPY). The s e l e c t i o n  i s  based on t h e  expected 

c o r r o s i o n  r a t e ,  and d e s i r e d  s e n s i t i v e l y  of r e a d i n g s .  



Loca t ion  of Probes 

The cor rosomete r  probe downstream of  t h e  p l a s t i c / s t e e l . p i p e  

t r a n s i t i o n  (probe ill, F i g u r e  3 )  has  i n d i c a t e d  a  v a r y i n g  c o r r o s i o n  

r a t e  th roughbut  t h e  moni to r ing  p e r i o d .  Ra tes  from 1 . 0  t o  32.0  m i l s  

p e r  y e a r  have been recorded .  

f 

An i n h i b i t o r  i n j e c t o r  was p laced  a t  t h i s  l o c a t i o n  i n  mid 1979. I t  

was hoped t h a t  t h e r e  would be a  r e d u c t i o n  o f  t h e  c o r r o s i o n  a t  t h e  

s u c t i o n  v a l v e  o f  t h e  f i r s t  s t a g e  o f  t h e  compressor.  The i n j e c t o r  

was a  g r a v i t y  feed  system,  which d i d  n o t  work s a t i s f a c t o r i l y .  I n  

l a t e  1979 a  p o s i t i v e  d i sp lacement  pump was p u t  i n  t h e  p l a c e . o f  t h e  

d r i p  f e e d  system. While c o r r o s i o n  a t  t h e  f i r s t  s t a g e  of t h e  g a s  

c o o l e r  c o n t i n u e d ,  it was n o t i c e d  t h a t  t h e  i n h i b i t o r  formed a  s o l i d  

d e p o s i t  on t h e  exhaus t  v a l v e s  o f  t h e  f i r s t  s t a g e  o f  t h e  compressor 

and t h e  e n t r a n c e  t o  t h e  f i r s t  s t a g e  o f  t h e  gas  c h i l l e r .  The 

d e p o s i t s  were a t t r i b u t e d  t o  t h e  c o n t a c t  of t h e  i n h i b i t o r  w i t h  t h e  

h o t  s u r f a c e s  i n  t h e  compressor c y l i n d e r ,  and perhaps  t o o  h igh  a  

r a t e  o f  i n h i b i t o r  i .n jcct ion. .  The i .nject .nr was then m n v ~ d  t.o a  

p o i n t  j u s t  downstream of  t h e  f i r s t  s t a g e  of t h e  compressor,  i n  J u l y  

1980. Gummy d e p o s i t s  i n  t h e  h e a t  exchanger  have con t inued  t o  be a  

problem. Some c o o l i n g  t u b e s  have c o l l e c t e d  s u f f i c i e n t  i n h i b i t o r  

condensate  t o  b lock  t h e  flow of g a s .  



C o n s i d e r a t i o n  i s  be ing  g i v e n  t o  t h e  p o s s i b i l i t y  of u s i n g  s t a i n l e s s  

I 
s t e e l  components, a n o t h e r  i n h i b i t o r ,  and a n  i n h i b i t o r  i n j e c t o r  w i t h  

a  b e t t e r  c o n t r o l  o f  i n j e c t i o n  r a t e .  

Downstream of  t h e  f i r s t  s t a g e  o f  t h e  c o o l e r ,  c o r r o s i o n  on t h e  

cor rosomete r  p robe  has  been e l i m i n a t e d  w i t h  t h e  i n h i b i t o r .  Cooling 

t u b e  f a i l u r e s  i n  t h e  f i r s t  s t a g e  may have been enhanced by 

ViBfa t ion  o t  a c c e l e r a t o r  rods  w l t h i n  t h e  t u b e s ;  t h i s  could  have 

broken t h e  i n h i b i t o r  f i l m  and induced a n  e r o s i o n / c o r r o s i o n  t y p e  o f  

f a i l u r e .  Appearance of t h e  t u b e s  on v i s u a l  i n s p e c t i o n  g i v e s  no 

i n d i c a t i o n  t h a t  t h i s  a c t u a l l y  is  o c c u r r i n g .  Tubes i n  t h e  second 

s t a g e  c o o l e r  do n o t  have a c c e l e r a t o r  r o d s ,  however, and f a i l u r e s  i n  

t h i s  s t a g e  cannot  b e  e x p l a i n e d  i n  t h i s  f a s h i o n .  

The cor rosomete r  probe i n  t h e  l i q u i d  s e p a r a t o r  downstream of  t h e  

f i r s t  s t a g e  c o o l e r  i n d i c a t e d  no c o r r o s i o n  u n t i l  March o f  1980. The 

r e l o c a t i o n  o f  t h e  i n h i b i t o r  i n j e c t o r  upstream of t h e  c o o l e r  reduced 

t h e  c o r r o s i o n  r a t e  i n  t h i s  l i q u i d  s e p a r a t o r .  

The s e a t  o f  t h e  second s t a g e  compressor s u c t i o n  v a l v e  has  corroded 

and t h e  gummy r e s i d u e  of t h e  i n h i h i t o r  has  been c o l l e c t i n g  a t  t h e  

~ u c t i o n  and d i ~ c h a r g c  v a l v c 3 .  

Cor ros ion  p robe  #7, upstream of t h e  second s t a g e  c o o l e r ,  was one of 

t h e  o r i g i n a l  f o u r  p robes .  I n i t i a l l y ,  a  c o r r o s i o n  r a t e  o f  15 mpy 

was i n d i c a t e d ,  b u t  t h e  r a t e  was reduced s u b s t a n t i a l l y  when t h e  

f i r s t  i n h i b i t o r  pump was i n s t a l l e d  i n  December 1979. 



Several tubes in the second stage of the heat exchanger have failed 

due to corrosion. Visual inspection revealed pitting in these 

tubes. Deposits of inhibitor residue were also found. 

The corrosion rate indicated by the probe downstream of the second 

stage cooler rose dramatically in March 1980. A second inhibitor 

injection pump was placed upstream of the second stage cooler in 

July 1980, and the corrosion-rate there has been reduced to less 

than 1 MPY. 

The corrosion probes downstream of the third stage of the 

compressor and third stage cooler have never shown any evidence of 

corrosion. Furthermore, no gummy deposits have collected at these 

locations. 

Corrosometer probes in the transmission line downstream from the 

plant have not indicated any corrosion during the monitoring 

period. -, 



Effect of Inhibitor 

Since pressure equipment is involved, it is essential that 

corrosion be under complete control. The plant experience has 

shown that the inhibitor selected was n'ot completely effective. 

This stemmed probably from the difficulty of inhibiting the 

severely corrosive combination of oxygen, carbon dioxide, and water 

and partly because of the problem of transporting inhibitor to all 

steel surfaces in a complex system such as this. There i s  also the 

difficult problem of monitoring the corrosion inhibition other than 

by direct inspection of the process equipment. This latter 

approach is impractical because of the long response time. 

Prior to shutdown of the plant for corrosion inspection there.were 

indications that corrosion had become severe: (1) corrosion of 

certain suction valves in the compressor, (2) failure by leakage of 

a number of cooler tubes.in both the first and second stages, 

(3) indications by ultrasonic measurements of corrosion of the 

plant inlet piping, and (4) indications of significant corrosion of 

a few corrosometer probes locatod in various plant streams. A 

chronological listing of various items of corrosion experience 

together with pertinent plant operating factors is given in Table 

2. A partial inspection .of the plant following shutdown the week 

of March 16, 1981, revealed corrosion of piping downstream of both 

the first and second compression stages. 



A description of the major examples of corrosion experienced in the 

plant follows. 

Compressor valve corrosion. Suction valve seats on the second 

stage compressor corroded badly, and required replacement. A 

typical example of a corroded seat is shown in Figure 8. No 

corrosion failures of the valve plates have been reported. These 

were said to be of a stainless steel alloy, not further identified. 

Examination of the compressor on March 20 revealed no corrosion of 

the suction valve seats, which were replaced in January 1981. The 

valve corrosion problem has been mainly limited to the two lower 

suction valves of the second stage compressor with no major 

corrosion problems with the two upper suction valves or the four 

discharge valves. Examination of the cages of the various valves 

confirmed this experience, since only the cages from the two lower 

suction valves showed the same severe localized corrosion as 

experienced on the seats (Figure 9). In the case of both the seats 

and the valve cages, corrosion appeared to be associated with high 

velocity. There was no corrosion product (such as rust) present in 

the corroded area. In the one case where orientation of the cages 

was known, the severe corrosion was located on the side away from 

the center of the entry manifold. The other corroded valve cage 

showed corrosion to be also localized on one side, but in this case 

the orientation of the cage relative to the manifold was not known. 

In all cases the corrosion damage was severe, the depth of attack 

being as great as 0.2 inch. 



Fig we Corroded suction vafve seat from second-stage compressor 



Figure 9: Corroded suction valve cage from second-stage compressor 



The p i s ton  and cyl inder  of the  second s tage compressor showed no 

s iqns  of corrosion damage. Some scoring had occurred, but  it 

appeared t o  be of mechanical o r ig in .  

Gas cooler tube corrosion. Fai lures  by leakage'have occurred on a 

number of gas cooler tubes. The cooler tubes a r e  of 16 gauge, 

5/8 inch diameter carbon s t e e l  with aluminum f i n s ,  and a r e  11 f e e t  

long. The tubes i n  t he  f i r s t  s tage cooler have 1/4 inch diameter 

s t e e l  acce le ra to r  rods ins ide  the  tubes t o  increase  gas ve loc i ty  

and heat  t r ans f e r .  In the f i r s t  s tage cooler the re  have been 

23 f a i l u r e s  out  of a t o t a l  of 70 tubes, the  f a i l e d  tubes being 

plugged b f f  as  they were detected.  There was no obvious pa t t e rn  t o  

t he  f a i l u r e  d i s t r i bu t i on .  I n  the  second s tage cooler there  have 

been 7 f a i l u r e s  out  of a t o t a l  of 58 tubes. Six of t he  f a i l u r e s  

occurred i n  the  second pass of t h i s  stage,  and one i n  the  t h i r d  

pass. There were no acce le ra to r  rods i n  t h i s  stage.  No f a i l u r e s  

duc t o  c o r ~ o o i o n  have occurred i n  the  t h i r d  s tage coolet .  The 

d i s t r i bu t i on  of leaks can be seen i n  Figure 10. 

A number of tubes from both the  f i r s t  and second s tage  coolers were 

removed f o r  examination. Photographs of t yp i ca l  examples a r e  given 

in Figures 11, 12, 13, 14 and 15. The in t e rna l  surfaces of the  

tubes were covered with a red-brown rust-type coating.  Removal of 

the  coating by l i g h t  sand b l a s t i ng  revealed t he  presence of 

exLensive corrosion of an i r r egu l a r  p i t t i n g  type. The p i t s  had 

rounded edges and were of various s i ze s  and shapes. 
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Figure 12: Corroded cooler tube showing erosion effect (left side, 7A, first stage) 





Figure 14: Corroded cooler tube (right, 7A, first stage) -1 
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The holes in the tubes were about 0.1 inch in diameter. There was 

no pattern of the corrosive attack relative to the circumference of 

the tubes. Variations in severity'of attack occurred among 

different tubes and along the length of individual tubes. Table 4 

describes the appearance of the tubes removed for examination. ! 

two tubes from the first stage showed the most severe attack, 

corrosion being most severe in a zone beginning about one-fourth of 

the tube length from the inlet and extending along the remainder of 

the tube. The holes were in a zone 2 to 3-112 feet from the inlet 

end. The three tubes from the third pass of the second stage 

cooler (tubes 3A, 4A, and 4B) showed only mild corrosion with minor 

pitting? 

Pipe and vessel inspection. This consisted of ultrasonic 

measurements of wall thickness, boroscopic examination of internal 

surfaces, and destructive inspection of piping suspected of being 

heavily corroded. A summary of the ultrasonic probe readings is 

given in Table 5. The readings indicated that the 8 inch line 

upstream of the first stage compressor had possible corrosi6n loss 

of wall thickness of up to 0.02 inch. This corresponds to values 

of up to 0.04 inch loss measured in April 1980 in this same general 

location. No significant thickness loss was measured on the 4 inch 

line downstream of the first stage liquid separator, except for the 

elbow near the inlet to the separator. This elbow was removed for 

examination (see below). No significant thickness loss was noted 

for the 3 inch line downstream of the second stage cooler except 

for an elbow at the inlet to the liquid separator, which indicated 



Table 4 Appearance of Gas Cooler Tubes Removed March 1981 

Location Tube No. (Refer t o  ~ i g u r e  10) Appearance 

1st stage 2A 

1st stage 7* 

2nd stage, 
3rd pass 

2nd stage, 
3rd pass 4A 

2nd stage. 

3rd stage 

Rust type coating over en t i re  
surface. Irregular localized 
corrosion - no def in i te  pattern 
except less  severe near in le t .  
One hole about 41 inches from 
i n l e t  end. 

Rust tvpe c~attng ~ v t t  entite 
surface. Irregular localized 
corrosion - no def in i te  pattern 
except l e s s  severe near i n l e t  
9 holes (about 0.1 inch 
diameter) a t  25 t o  32 inches 
from i n l e t  end. 

Rust type coating over en t i re  
surface. Numerous small 
shallow p i t s  - no def in i te  
pattern. 

This Lube had not fa i led  a t  
the t h e  of iaspcctiuu. 

(similar t o  3A) 

This tube had an appearance 
similar t o  3A but had failed.  
Nu lreles could be found however, 
aurl Llre hole #nay have been 
no larger than a pinhole. 

O i l  coating, 
No significant corrosion. 



a poss ible  l o s s  of 0.03 inch. Because of the  indicated high 

corrosometer readings i n  t h i s  locat ion,  a sect ion of piping about 

12 f e e t  long was removed f o r  v i sua l  examination (see below). 

1. Examination was made of t he  4 inch pipe elbow i n  the  l i n e  from 

the  f i r s t  s tage cooler discharge t o  the  l i qu id  separator.  The 

elbow was located a t  the  end of a hor izontal  run j u s t  before 

the  gas stream entered the  l iqu id  separator.  Flow i n  t he  

elbow was from hor izontal  t o  v e r t i c a l  upward. A photograph of 

the  elbow i s  given i n  Figure 16. The i ~ e r  surfaces were 

covered with a uniform rust-type coating. Severe corrosion 

was evident i n  an area of about four square inches on t he  

outer  bend a t  t he  downstream end of the  bend, ending a t  the  

weld joining the  elbow t o  t he  v e r t i c a l  piping. The maximum 

depth of a t t a ck  was appr,oximately 0.1 inch,  and had the  

appearance of being ve loc i ty  re la ted .  The pipe j u s t  above the  

elbow showed no s ign of severe a t t ack .  

2 .  The 3 inch diameter hor izontal  piping downstream from the  

second s tage cooler was examined. The length  of the  sec t ion  

examined was about 12 f e e t  long. A t  the  end neares t  t h e  

cooler,  t h e  upper hal f  of t he  pipe was covered with brown 

rust- type coating,  and t h e  bottom half  had an o i l y  f i lm,  

possibly corrosion inh ib i to r .  I n  the 'midsection of the  pipe 

t h e  o i l y  f i lm covered the  e n t i r e  i ~ e r  surface  of the  pipe 

(Figure 17). A t .  t he  end of t he  pipe the  upper hal f  was 

covered with the  brown rust- type coating and the  o i l y  f i lm was 



Figure 16: Corroded 4"-diameter pipe elbow from first-stage piping 
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confined to a band along the bottom. Before cleaning the pipe 

there were no signs of significant corrosion damage. After 

cleaning by light sand blasting, the pipe was examined 

visually. Measurements indicated no significant general 

corrosion. Numerous small pits were found in a wide band 

along the bottom nf the pipe. The maximum depth of thc pits 

was about Q,Q2 inch. 



TABLE 5 

Mountain View Landfill 
Ultrasonic Test Data 

Top of Pipe 
2nd Reading 2nd Reading 

Bottom of Pipe 
2nd Reading 2nd Reading 
w/Paint w/out Paint 

Inch + 0.006" Inch 2 0.006" 

Pipe 
Size, 
Inch - 

Nomina 1 Wt , 
Inch f 10% 

- 

w/Paint w/out paint 
Inch + 0.006" Inch 2 0.006'' Location 

1st Stage 
Compression - 
Suction 

1st Stage 
Compression . -  

Discharge 

2nd Stage 
Compression - 
Suction 

2nd Stage 
Compression - 
Discharge 

3rd Stage 
Compression - 
Dixharge 

NOTE: The following must be taken into consideration.while studying the above table. 

1) The accuracy on the ultrasonic thickness gauge is + 0.006". 
2) The nominal wall thickness can vary up to + 10.0%. 



DISCUSSION AND CONCLUSIONS 

Adequacy o f . p r o b e  d a t a ,  t e s t i n g  program, and u t i l i t y  of cor ros ion  

i n h i b i t o r  i n  c o n t r o l l i n g  cor ros ion .  

Due t o  t he  heterogeneous na tu re  of t he  co r ros ive  environment, i . e . ,  

a  d i spersed  l i q u i d  phase i n  a  predominant g a s  phase,  corrosometcr 

probes would no t  be expected t o  r e f l e c t  a l l  pos s ib l e  cor ros ive  . 

condi t ions .  T h n s ~  Least detec ted  a r c  associated with l u c a l  high 

v e l o c i t y  condi t ions  o r  with l o c a l  s tagnant  water phase condi t ions .  

Corrosometer probes and s tandard  cor ros ion  specimens 'would be 

expected t o  r e f l e c t  only t h e  genera l  cor ros ion  condi t ion  a t  t he  

probe l o c a t i o n ,  n o t  l oca l i zed  e f f e c t s  elsewhere i n  t he  system. For 

a  system such a s  t h i s ,  t h e  va lue  of t h e  probes i s  not  i n  monitoring 

t h e  s e v e r i t y  of  cor ros ion  condi t ions  i n  t h e  var ious  l o c a t i o n s ,  bu t  

r a t h e r  a s  means of determining when changes i n  t h c  genera l  

c o r r o s i v i t y  of t he  gas stream occur.  They provide a  means f o r  

c o r r e l a t i n g  cor ros ion  e f f e c t s  wi th  some opera t ing  change, such a s  a  

change i n  i n h i b i t o r  concent ra t ion ,  i n h i b i t o r  type, o r  ~ t r c n m  

composition. The p re fe r r ed  way t o  monitor e f f e c t i v e l y  the  s e v e r i t y  

of  cor ros ion  i s  by inspest. inn of t he  p ip ing  and v c s s e l s  i n  thuue . 

lucaLions where experience has 'shown cor ros ion  t o  be severe ,  o r  

where t h e r e  . i s  a  l o g i c a l  reason f o r  a n t i c i p a t i n g  a  severe cor ros ion  

environment. An o r i f i c e  type specimen can be used t n  evaluate  t he  

v e l o c i t y  e f f e c t s  observed i n  t h e  compressor i n l e t  and i n  t he  pipe 

bends. Such a  specimen c o n s i s t s  of a  f l a t  p l a t e  o r i f i c e  i n s e r t e d  



between f l a n g e s ,  t h e  d iamete r  o f  t h e  o r i f i c e  be ing  s e l e c t e d  t o  be 

s l i g h t l y  l e s s  (abou t  25 p e r c e n t )  t h a n  t h e  I . D .  o f  t h e  p i p e .  

E v a l u a t i o n  i s  by a  combination of weight  l o s s  ,' diamete r  

measurement, and g e n e r a l  appearance a f t e r  exposures  o f  s e v e r a l  

weeks. 

The probes  i n d i c a t e d  moderate c o r r o s i o n  r a t e s  p r i o r  t o  t h e  s t a r t  o f  

the '  i n h i b i t i o n  program, and i n  t h e  l i n e  upstream from t h e  f i r s t  

i n h i b i t o r  i n j e c t i o n  p o i n t .  The o n l y  l o c a t i o n  showing s i g n i f i c a n t  

c o r r o s i o n  r a t e s  f o l l o w i n g  i n h i b 2 t i o n  was i n  ~ o c a t i o n  8 ( F i g u r e  3 ) ,  

downstream from t h e  second s t a g e  c o o l e r ,  and t h i s  d u r i n g  March-May 

1980. One o p e r a t i n g  change made d u r i n g  t h i s  t ime was t h e  

i n s t a l l a t i o n  of a  bypass  from downstream o f  t h e  second s t a g e  

s e p a r a t o r -  t o  t h e  i n l e t  o f  t h e  l i q u i d  s e p a r a t o r  upstream from t h e  

f i r s t  s t a g e  compressor.  The amount o f  gas  bypassed v a r i e d  from 
b 

about  11 t o  32 p e r c e n t  o f  t h e  t o t a l  f low d u r i n g  a  p e r i o d  from March 

th rough  December 1980. The q u e s t i o n  has  been r a i s e d  whether o r  n o t  

t h i s  bypass  o p e r a t i o n  could  be r e l a t e d  i n  some way w i t h  t h e  r i s e  i n  

c o r r o s i o n  r a t e s  o f  t h e  probe a t  Loca t ion  8.  One p o s s i b i l i t y  t h a t  

can be proposed i s  t h a t  t h e  e f f e c t  of t h e  bypass  o p e r a t i o n  would be 

t o  reduce t h e  wa te r  c o n t e n t  o f  t h e  gas  e n t e r i n g  b o t h  t h e  f i r s t  

s t a g e  and t h e  second s t a g e  compressors .  Assuming that .  wa te r  a c t s  

a s  a  c a r r i e r  f o r  t h e  i n h i b i t o r ,  t h i s  could  lower t h e  amount o f  

i n h i b i t o r  t r a n s p o r t e d  through t h e  second s t a g e  c o o l e r  i n t o  t h e  l i n e  

where t h e  probe was l o c a t e d .  I t  i s  a l s o  p o s s i b l e  t h a t  some nlinor 

change i n  p o s i t i o n  o f  t h e  probe occur red  which exposed it more 



effectively to a.corrosive water phase, or there was a change in 

flow pattern. This is unlikely. Either explanation is difficult 

to prove without further experimentation. 

Materials Selection 

Corrosion resistant alloys. It is believed that the alloy most 

l i k ~ l y  to be resistant to thc ocvcre eorrasioi'~ cayerie~lcrd 111 Lht! 

LreaLlnerit plant would he 'i'ypr 3 l b  stainless steel (Tyyc 314L 

stainless steel for welded items). The major uncertainty about the 

use.of Type 316 stainless steel in.this service is the possibility 

of stress corrosion cracking if the process stream contains 

significant chloride ion. Chloride ion can also cause crevice 

corrosion of stainless steels. At present there is insufficient 

inforsla Lion available as Go the chloride contents of the various 
4 . 

separated water streams to provide a hasis for an estimation of the 

probability of a stress corrosion cracking problem existing. The 

one analysis available is for the water from the condensate holding 

cank and would consist of water from all the separatmr vessels. 

The analysis was made in 1978 by Nalco (Table 6). The chloride 

content was 158 ppm, a value s u f f i r i ~ n t l y  high to be s f  concern 

from the scaadpoint ot chloride stress corrosion cracking of 

aust.enitic stainless steels. 



DISSOLVED SOLIDS 
CATIONS 
Sodium, Na ( c a l c . )  
Calcium, Ca 
Magnesium, Mg 
Barium, Ba 

Sum o f  Cations 

ANIONS 
Chloride,  C 1  
S u l f a t e ,  SO4 
Carbonate, C03 
Bicarbonate ,  HC03 

Sum of Anions 

TDS CALCULATED 

Tota l  I ron ,  Fe 
Acid to' Phen, C02 

OTHER PROPERTIES 

pH ( u n i t s )  
Spec GraviLy . 
Turb id i ty  (j t u )  ---" 

TABLE 6 ANALYSIS OF WATER FROM 

CONDENSATE HOLDING TANK 

(ANALYSIS BY NALCO 10/78) 

RESULTS AS COMPOUNDS 
mg/ 1 

a s  NaCl 
a s  Na2S04 
a s  CAC03 
a s  CaC03 

CaC03 STABILITY CaS04 SOLUBILITY 
(Index) b e g /  1 1 



In the event that an alloy resistant to chloride stress corrosion 

cracking should be used, there are a number of possibilities. The 

selection is determined by cost and availability in the forms 

required for the equipment items being considered. These alloys 

include : 

carpenter 20 Cb-3, Inconel 625, Ha.stelloy G, Incoloy 82.5, 

Ebrite 26-1, San?.trik 3RE60, Titaniwil (grade 12). 

Evaluation of Type 316 stainless steel and alloys selected from the 

above list could be accomplished by exposure of test heat exchanger 

tubes in the gas cooler and by use of orifice type specimens 

previously described. 

The possible presence of hydrogen sulfide in the untreated gas 

could cause sulfide stress cracking ef fec ts  if high strength steel 

alloys are used in any of the equipment items handling this gas. 

If certain limits of.hydrogen sulfide are exceeded in a specific 

process stream, materials selected for use w i t . h  that stream 3hnllLd 

conform to National Association of Corrosion Engineers Standard 

MR-01-75, "Sulfide Stress Cracking Resistant Metallic Materials for 

Oil Field Equipmeut." The suggested limits for hydrogen sulfide 

contents are: 

1st stage, 45 psig. . . . . . : . . . .  80 ppm H2S 

2nd stage, 160 psig . . . . . . . . . .  30 ppm H2S 

3rd stage, 350 psig . . . . . . . . . .  15 ppmHiS 



Hydrogen sulfide is not usually observed in the landfill gas but 

one analysis showed 150 ppm H S in the raw gas.. 
2 

Relative cost of corrosion control options 

Options for corrosion control include: (1) metal part replacement 

(use of different alloys); (2) dehydration of the raw gas; and, 

(3) the use of a scrubber in front of the system. To replace all 

metal parts with corrosion resistant alloys would prove very 

expensive. Only where valves and pipes are subjected to severe 

corrosion can these materials be economically employed. 

Dehydration of the gas woilld eliminate virtually all corrosion but 

is relatively expensive and difficult to achieve at low-pressure. 

Positive control of corrosion of carbon steel can be achieved if 

the gas stream can be dehydrated to such a low value that there is 

no possibility of a water phase forming on the steel surfaces. One 

possible criterion would be for all gas streams in contact with 

steel to have a dew pnint a t  lenot 10 - 20°F below the lowest 

possible temperature that the equipment is likely to exper: 1 ence . 
Monitoring of the dehydration system should include frequent water 

content measurements of all critical gas streams as well as 

corrosometer probe monitoring at all interstage cooler outlet 

lines. A water spray wash could be installed in front of the 

system to remove much of the entrained water. Although the gas 

would be saturated with water the wash water would remove much of 

the chlyrides and fluorides which would allow alloy replacement 

downstream with less concern for stress corrosion cracking. 



I f  oxygen could  be  removed from t h e  gas  s t ream,  t h e  c o r r o s i o n  . 

problem would be l e s s  s e v e r e ,  b u t  t h e r e  would s t i l l  be a  problem. 

One advan tage  o f  removing oxygen would be t o  improve t h e  

p r o b a b i l i t y  of s u c c e s s f u l  a p p l i c a t i o n  of i n h i b i t i o n .  Oxygen can be 

reduced by d e c r e a s i n g  t h e  a i r  i n t r u s i o n  i n t o  t h e  l a n d f i l l .  To do 

t h i s  would r e q u i r e  improving t h e  cover  on t h e  l a n d f i l l  o r  r educ ing  

t h e  g a s  f l o w r a t e .  Reducing t h e  gas  f l o w r a t e  w i l l  i n c r e a s e  the u n i t  

Gost of the gas .  Removing oxygen from t h e  g a s - i s  d i f f ' i c u l r  a11d 

expens ive .  

Effect :  of  c o r r o s i o n  on o t h e r  u t i l i z a t i o n  methods 

I f  o t h e r  methods o f  u t i l i z a t i o r ~  o f  l a n d f i l l  gas  a r e  t o  be employed, 

c o r r o s i o n  w i l l  s t i l l  c o n t i n u e  t o  be  a  s e r i o u s  problem. -For 

example, i n  combustion o f  t h e  gas t o  g e n e r a t e  e l e c t r i c i t y  c o r r o s i o n  

a g e n t s  w i l l  s t i l l  e x i s t  i n  t h e  g a s .  Sreps nust be t a k e n  t o  p r o t e c t  

t u r b i n e  b l a d e s ,  b o i l e r  t u b e s ,  ur e ~ ~ g i a e  manif6ldc  and v a l v e s .  

However t h e  gas  i s  t o  be  u t i l i z e d  c o r r o s i v e  c o n s t i t u e n t s  i n  t h e  gas  

w i l l  have t o  be cons idered  where meta l  components come i n  c o n t a c t  

w i t h  them. 

I 

RECOMMENUA'I'IONS 

P r e v e n t i v e  measures f o r  c o r r o s i o n  c o n t r o l  a r e  chemical  i n h i b i t i o n ,  

c o r r o s i o n  r e s i s t a n t  a l l o y s ,  d e h y d r a t i o n ,  and i n s p e c t i o n .  



For the existing plant, periodic inspection of pressure equipment 

items and process piping will be made to detect any corrosion 

damage before mechanical integrity of the system is reduced. 

Inspections will include ultrasonic measurements, X-ray 

examination, visual examinations, and wall thickness measurements 

as appropriate for the particular equipment items involved. 

In general, all items exposed to the gas stream at temperatures 

below the dew point will be inspected. Preliminary inspection 

revealed that bends and other locations where local turbulence 

could occur are subject to severe corrosion. Inspection will be 

made of areas where stagnant water layers can collect since these 

could be sites of differential aeration corrosion cells. Pitting 

in these locations could be quite localized. Included in this 

category would be the various liquid separators, carbon 

pretreatment vessels, and those portions of the adsorbers which are 

exposed to the gas stream at temperatures near or below the dew 

point. 

Process considerations make it difficult to dehydrate the gas 

stream prior to the second compressor stage, and some other 

corrosion control measures will be required for those equipment 

items exposed to the wet gas up to the second stage. A combination 

of corrosion inhibition and corrosion resistant alloys will be 

employed to control corrosion prior to dehydration. 



Future plants should be designed to either dehydrate the gas as 

soon as possible to eliminate corrosion or wash the gas prior to 

compression to remove chlorides and sulfides so that regular 

stainless alloys can be used without fear of stress corrosion 

cracking occurring. Corrosion inspections should still be a 

routine part of plant maintenance. 
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