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Abstract  

This annual repo r t  documents the  a c t i v i t i e s  and cont r ibu t ions  accomplished 

Studies 
dur ing FY79 on a research cont rac t  aimed a t  assessing the  f e a s i b i l i t y  o f  t rans-  
por t ing  hydrogen gas through the  e x i s t i n g  natura l  gas pipe1 i n e  network. 
o f  the hydrogen-induced degradation o f  p ipe l i ne  s tee ls  reveal  t h a t  hydrogen can 
be transported i n  these s tee ls  i f  a number o f  precautions are  taken. 
issues are  discussed and plans f o r  f u r t h e r  research are  presented. 

These 
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Hydrogen Compati b i l  i ty o f  St ructura l  Mater ia l  s f o r  Energy Storage 

and Transmission 

I .  Summary 

W. R. Hoovsr 

This research program i s  focused on establ ish ing the f e a s i b i l i t y  of 
t ransport ;  ng hydrogen gas through the natural  gas p i  pel i ne network. As such, 
ttie primary einphasi s has been t o  assess the hydrogen-induced degradation o f  
p ipe l i ne  s tee ls-  
hydrogen p i  pe l  i ne and extensi ve 1 aboratory t e s t i  ng of t yp i ca l  p i  pel  i ne st.eel s 
and t h e i r  weldments i n  gaseous hydrogen. 

This study has included both the operation o f  an experimental 

The resu l t s  t o  date ind icate t h a t  gaseous hydrogen can be transported 
through the natural gas p ipe l i ne  network i f  (a) working pressures are reduced 
i n  order t o  maintain current safety margins and (b) hydrogen accelerated 
fa t i gue  crack growth can be characterized and control led.  Our studies have 
shown t h a t  hydrogen-induced s l o w  crack growth i s  not  a s i g n i f i c a n t  concern. 
addit ion, we have establ ished t h a t  t y p i c a l  p i p e l i n e  weldments are no niore 
susepti b l  e t o  hydrogen embri ttl ement than are the parent nietal s 

I n  

I n  add i t i on  t o  the normal a c t i v i t i e s  conducted under t h i s  contract ,  
we repo r t  here the r e s u l t s  o f  a study of hydrogen storage economics. The 
resul t s  are reported here f o r  completeness even though these a c t i v i t i e s  were 
a special task. 

The technical achievements o f  FY79 which are discussed i n  d e t a i l  i n  the 
fo l lowing sections a r e  h igh l ighted by the fo l lowing major conclusions: 

1. Hydrogen induced slow crack growth does no t  appear t o  be a major 
concern i n  t yp i ca l  p i  pel ine steels. Gaseous hydrogen does, however, 
degrade the bu rs t  strengths o f  flawed pipe1 ine segments and s i g n i f i  - 
can t l y  accelerates fa t igue crack growth rates. 

2. Techniques have been devel oped t o  measure ttie f rac tu re  toughness, 
JIC, o f  p ipe l i ne  s tee ls  i n  h igh  pressure hydrogen. Prel iminary 
r e s u l t s  i nd i ca te  t h a t  the J I C  o f  these steel  s i s  reduced by - 60% 
i n  1000 ps ig  hydrogen. 
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3. Tensile tes ts  of both laboratory simulat ions o f  p ipe l ine  weldments 
and actual p ipe l ine  weldments ind ica te  t h a t  ne i ther  the fus ion zone 
nor the heat a f fected zone are more susceptible t o  hydrogen embr i t t le -  
ment than the parent metals. 

4. Two rather extensive systems studies considering the f i  xed-si t e  
storage o f  hydrogen gas have been completed. For large scale 
storage, i t  was concluded t h a t  underground storage i s  the most 
economical opt ion and i s  ava i lab le  i n  s u f f i c i e n t  quanti ty. For 
smaller scale storage, the optimal storage technique i s  a funct ion 
o f  the quant i ty stored, the cyc le  rate, and the cos t  o f  e l e c t r i c a l  
power. 

We ant ic ipa te  t h a t  FY80 w i l l  conclude the work on t h i s  contract. We 
expect t o  complete the data c o l l e c t i o n  on each o f  the tasks and w i l l  attempt 
t o  in tegrate the resu l t s  i n t o  a f i n a l  repor t  which summarizes the s i g n i f i c a n t  
f ind inys  o f  t h i s  extended research e f f o r t .  



11. Burst Testina 

S. L. Robinson 

In t roduct ion 

Burst t es t i ng  of pipes i s  a d i r e c t  method o f  assessing t h e i r  a b i l i t y  t o  
withstand pressure. 
contained, a d i rec t  measure o f  the prompt or  imnediate loss o f  load carry ing 
a b i l i t y  which the pipe experiences mzy be obtained as a l w s  i n  maximum hoop 
stress a t  burst. 
complex and i s  d i  scussed bel ow. 
BTU throughput per u n i t  t i m e  as a f i gu re  o f  mer i t  i s  discussed i n  l i g h t  o f  
the burst  t e s t  resul ts.  

I f  an aggressive medium such as hydrogen i s  t o  be 

The actual i n te rp re ta t i on  o f  the resu l ts  may be q u i t e  
A1 so, the  overa l l  p i  pel i ne performance us i  ng 

Purposes 

This burst  t e s t i n g  program has two objectives. The f i r s t  ob jec t ive  i s  
t o  provide " fac to r  of safety" informat ion which w i  11 ind ica te  hydrogen 
pressure l i m i t s  under dynamic or  rap id t e s t  condit ions. 
i s  t o  develop meta l lurg ica l  and mechanical understanding o f  embritt lement 
phenomena. 

The second object ive 

Test Method 

The t e s t  procedure was t o  pressurize flawed pipes t o  f a i l u r e  using the 
0 t o  1000 ps i  hydrogen, fol lowed by ni t rogen gas t o  burst. sequence: 

t h i s  manner the  "hydrogen embritt lement po ten t ia l  ,I' which depends upon 
hydrogen pressure, i s  kept constant. 
were also performed. Both in te rna l  and external  p ipe f laws have been tested. 
Lathe-cut and EDM (Electro-Di scharge Machi n i  ng) f 1 aws have been tes ted  i n the 
in te rna l  l y  f 1 awed configuration. 
pressure, and examination o f  f rac tu re  surfaces was performed. 
t i o n  ra te  was 100 psi/min i n  the  tests.  
a t  an ambient temperature o f  50t5'F. - 

I n  

Baseline tes ts  using only n i t rogen gas 

Careful measurement of  geometry and burst  

Actual burst  t e s t i n g  was performed 
The pressur i ta-  

Burst Test Data 

I n  the previous repor t  (SAND79-8200) the burst  t e s t  data was presented, 
An expanded f o r  i n te rna l  longi tud ina l  la the  cut f laws i n  A106-B stee l  pipe. 

t e s t  matr ix  wi th  hydrogen pressure, f l a w  depth and greater range o f  lengths 
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as variables, was designed using the p r inc  pals o f  f a c t o r i a l  experimental 
design ( the  pa r t i cu la r  form chosen i s  a 3- eve1 Box-Benken design). The t e s t  
matr ix i s  shown i n  Figure l A ,  f o r  in te rna l  EDM-cut flaws. However, the 
experiment was damaged by contamination of the hydrogen gas w i th  oxygen i n  
amounts t o  0.9%, s u f f i c i e n  t o  destroy a l l  traces o f  hydrogen embritt lement 
(Hoffman and Rauls, 1962).f1) (This probl m had not been encountered 
previously i n  the burs t  t es t i ng  f a c i l i t y .  Rebuilding the pumps has solved 
the contamination problem.) Consequently the t e s t  resu l t s  are i n d i c a t i v e  o f  
i n e r t  gas tes t i ng  only. The data i s  summarized i n  Figure 18. The data and 
s t a t i s t i c s  developed w i l l  be usefu l  as a basel ine when the tes ts  are completed 
(burs t  t e s t  specimens have been reordered). Data from both burs t  t e s t  ser ies 
have been p l o t t e d  i n  Figure 2, f o r  comparison. The strength proper t ies of 
the two heats o f  mater ia l ,  l i s t e d  i n  Table I are no%iceably d i f f e ren t ;  
the behavior di f ferences are a t t r i b u t e d  t o  these strength di f ferences. 

Anal vs i  s 

The apparent f rac tu re  toughness o f  the flawed pipes may be ca lcu lated 
froni the burs t  t e s t  data. Using the I r w i n  half-penny crack analysist,  the  
stress i n tens i t y  o f  f rac tu re  i s  ca lcu lated from 

a 1/2 * 
H K =  IT^] 

I n  (11, "a" i s  the crack hal f - length,  Q i s  a shape factor ,  and OH* 
the nominal stress a t  f rac tu re  i s  given by 

* k S  

P 
' H 

where a~ i s  the pressure hoop stress, and ks/kp i s  the r a t i o  o f  the she l l  
stress i n t e n s i t y  t o  the f l a t  p l a t e  stress i n t e n s i t y  f o r  the given flaw. The 
r a t i o  ks/k i s  calculdted by Erdogan and Ratwani ( 2 )  f o r  through-cracks. 
Bat te l  l e  Lgboratories used through-crack stress i n t e n s i f i c a t i o n  factors t o  
successful ly cor re la te  p a r t  through-crack f a i l u r e s  ( 3 )  , j u s t i f y i n g  t h i s  
approach. 

+The analysis vsed i s  the general ized f l a t  e l l i p t i c a l  crack i n  an i n f i n i t e  
s o l i d  w i th  the crack plane normal t o  the  stress, due t o  A. tireen and I. 
Sneddon, Proc. Cambridge Ph i l  SOC. Vol 46, p. 159-163, 1950. The i n i t i a l  
ca lcu lat ions are due t o  I r w i n  and the generalized analysis w i l l  be re fe r red  
t o  by t h a t  name. The analysis appl ies t o  a l i n e a r  e l a s t i c  mater ia l  and f o r  
penetrat ions less than 50%. Addi t ional  correct ion fac to rs  are ava i lab le  f o r  
1) the e f f e c t  o f  a f ree  surface, 2 )  l oca l  p l a s t i c  deformation and 3)  the 
effects of a pressurized crack face. These correct ions w i l l  be incorporated 
short ly.  
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The results of the calculation are summarized i n  Table 11. A 25% 
reduction in toughness in 1000 p s i g  hydrogen in t h i n  wall pipe will cause 
the 15% loss i n  burst pressure reported previously (SAND79-8200) . This 
result may be compared t o  the calculation in our previous report in which a 
15% loss i n  toughness was obtained, us ing  an empirical methodology. The 
magnitude of this loss is  similar t o  t h a t  reported by S t o l t t  (this report) i n  
A5lb grade 70 steel i n  spite of the differences i n  crack orientation and 
test  procedure. 

The predicted loss of toughness has several implications for hydrogen 
pipeline operation and BTU throughput  capability. First, the factor of 
safety as measured i n  either ( a )  a conventional b u r s t  test or by ( b )  fracture 
toughness methods, i s  reduced by the presence of hydrogen. To a t t a in  an equi- 
valent factor o f  safety i n  the burst test ra t ing o f  1000 psi H2, the 
pressure m u s t  be reduced t o  85% of the inert gas rating.* The fracture 
toughness ra t ing  i s  based on an assumed f inal  inspection by hydrotest a t  150% 
Maximum A1 lowed working Pressure (MAWP) . 
flaw has a stress intensity o f  less than 2/3 K i n e r t  cri 

2/3 Kcri tical = 
H2 reduces the toughness t o  K 
MAWP the possible l i m i t i n g  flaw would be stressed t o  3 ~ 4 ~  inert 

for methane operation (factor of safety = Kcri tical /Koperational w i t h o u t  re- 
hydrstesting, the MAWP mus t  be reduced t o  2/3 KC 
- C 

‘MAWP)inert = (MALIP)H2. T h i s  is  a more severe pressure ?eduction t h a n  
the burst test  results imply. Iherefore, depending on the methodology 
used, the working pressures of a pipeline must  be reduced from 15% t o  25% 
i f  hydrogen is  t o  be t t  ansported. 

This assures t h a t  any surviving 
. However, 1000 ps i  

cri Therefore, a t  100% c r i t i ca l  
H2 -314 Kinert 

crft ical .  
i nert 

- :/2 K i n e r t .  

To give the same factor o f  safety on stress intensities as 

= (2/3)(3/4)Kinert 

(m’@)insrt 
H2 

= 75% 1 /2 The new operating pressure is then 

The BTU throughputs of hydrogen compared t o  methane can now be calcu- 
lated. According t o  Gregory (5) equivalent BTU th roughpu t  requires 120% of 
the pressure used t o  transmit methane, owing t o  competing factors of vis- 
cosity (low for H2) and compressibility (worse for  H2). 
is  approximately linear w i t h  pressure, t h u s  i n  the burst-test rated case, 

BTU th roughpu t  
. - - *85% methane = 0.71 3 methane. In the toughness controlled case, 
QH, 1.20% P methane - . - - *75 methane = 0.63 methane. If  lowered factors of safety can be 
‘H2 1.20 P methane 
accepted, or  i f  re-hydrotesting t o  higher pressures can be performed .tnen 
these cal cul ated throughputs may be rai sed. 

Assuming methane t o  be inert, as indicated by Nelson (4) .  * 
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TABLE I 

STRENtiTH PROPERTIES AND MATERIAL ANALYSES 

Analysis C Mn S i  P S  ( k s i )  %EL 

A .15 .41 .30 .U15 .U15 57.89 70.1 40 

c .26 .79 .17 .013 .033 45.9 77 .c) 35 

TABLE I 1  

FIRST ORDER TOUGHNESS DATA CALCULATED FROM BURST TEST DATA 

Materi a1 s K ~ * K S  I 4TR K ~ * K S  I $ii Section+ 
( A i r )  (lW0 p s i  Thickness 

hydrogen 

A 104 77 .090 inches 

13 93 ( i ncompl e te  .120 inches 

+Section thickness ef fects  niay be present, which would account i n  p a r t  f o r  
the di f ferences seen i n  Figure 2. 

See footnote, page 8 . * 
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Figure 1A. Three-level Box-Benken Experimental Design Applied t o  Burst 
Testing o f  Flawed Pipes. 
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I11 . Experimental Pipe1 ine Operation 

S.  L. Robinson 

Introduction 

Prompt losses i n  the ab i  1 i t y  of a pipe t o  safely carry h igh  pressure 
hydrogen were assessed by the burst test .  
required t o  assess long term losses i n  properties because short time test  
methods are not yet adequate t o  predict long-term performance. To answer 
t h i s  need, the experimental hydrogen pipeline loop was constructed t o  
expose pressurized pipe specimens t o  hydrogen for  extended periods of time. 

However, long exposure times are 

Pur Dose 

Pipeline testing i s  intended t o  gather data  on the effects of long-term 
exposure of flawed and unflawed pipes t o  h igh  pressure hydrogen i n  a pipeline 
environment. The identification of sustained load cracking is  the principal 
concern. 

Testing S t a t u s  

Test Cycle 111 i s  i n  progress, h a v i n g  begun 1 July  1979. Tests i n  
progress are listed i n  Table I ,  which  includes the time of exposure of each 
test assembly. A hydrogen pump failure was experienced i n  late September 
1979. The pipeline will continue i n  s tatic operation u n t i l  the end of Cycle 
111 i n  order not to introduce large amplitude fatigue cycles ( h i g h  AK, low R 
ratio) i n t o  the test  modules i n  the pipeline. 

Shortly after the i n i t i a t i o n  of Cycle 111, transducers placed on the two 
most severely flawed modules began indicating pressure increases of the order 
of 10 psi compared t o  an i n i t i a l  helium pressure of 20 psi. The interpretation 
of these changes i s  d i f f i c u l t  because of temperature variations i n  the pipe- 
1 ine. However two analyses were performed. First a permeation calculation 
of the flawed area was performed. Using l i m i t i n g  case assumptions, hydrogen 
concentration i n  the helium due t o  permeation through the flaw was predicted 
t o  be about  0.05 v/o hydrogen. Second, gas samples were drawn from the test 
assembly annul  us and analyzed for hydrogen, g i v i n g  measured Val ues of 0.76 
and 0.67 v/o. These measured values are much higher t h a n  the predicted 
values, yet 10 t o  20 fo ld  lower than the transducer values. Transducer error 
is an attractive explanation, except that only the most severe flaws showed 
the pressure rise. T h i s  confl ic t  has not been resolved. Post-mortem analysis 
will be required t o  determine the actual behavior of the flaws i n  the modules 
wi t h  suspect pressure transducers. 
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Analysis of Cycle I1 Failures 

A t  the beginning of cycle 11, two test  pipes failed upon pressurization 
a t  500 t 10 psi after exposure t o  1000 psi hydogen for  6 months, w i t h  
no evidgnce o f  leakage, etc. Analysis of the failures involved stereo scanning 
electron microscopy of the fracture surface, and stress intensity calculations 
based on the Irwin method previously discussed under Burst Testing. 

Stereo photoniicrographs of the fracture surfaces of pipe #34 are shown i n  
Figure 1. 
clearly defined fatigue striations prior t o  the f inal  overload cycle. T h i s  
corresponds t o  the number of operational ly required pressure cycles, t o  0 ps ig  
and back t o  1000 psig. 
and 5 th  (failure) load  application. 
value from laboratory data of Wal ter and Chandler ( 1) are i n  excel lent 
agreement. 
fatigue caused the premature failure of the test  pipes. Carzful scanning 
electron rnicroscope study has revealed no evidence suggesting sustained load 
cracking as the operative crack extension mechanism causing failure. 

The fracture surfaces away from the crack t i p  were found t o  have 4 

Table 11 l ists  the stress intensity i n  the ls t ,  3rd,  
The measured, and the predicted da/dn 

The concl usi on reached i s, t h a t  hydrogen accelerated 1 ow cycle 
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TABLE I 

TEST CYCLE 3 FLAWS 

Assembly Wall Flaw Flaw % Penet rat i on Location Exposure 
Number Thickness Length Depth I = i  nternal Test 

(i nches ) ( i  nches) ( i  nches) E-external (Cycl es ) 

1 0,163 (But t  We1 d) Vari a bl e Vari ab1 e I 1-3 
a 03- 08 

2 0,103 NO NE ----- ----- ----- 1-3 
3 0.121 1.0 0.104 86 I 3 
4 0.073 10.0 0.015 21 I 1-3 
5 0.121 6.0 0.096 79 I 3 
6 0.117 3.0 0.093 79 I 2-3 
7 0.122 3.0 0.089 73 I 2-3 
8 0.126 12.0 0.092 73 r 3 
9 0. I15 1.0 0.098 85 i 3 
10 0.119 3.0 0.100 84 E 3 
11 0.117 3.0 0.105 90 I 3 
12 0.120 1.0 0.092 77 I 3 
13 0.122 10.0 0,088 72 I 2-3 
14 0.130 10.0 0.090- 69 I 2-3 
15 0.122 12.0 0.09ot 74 I 2-3 
16 0.123 2.0 0.090 73 I 2-3 
17 0.123 6.0 0 099 80 E 3 
18 0.118 12.0 0.101 86 E 3 
19 0.118 1.0 0.095 81 E 3 
20 0.114 1.0 0 . 098 86 E 3 
21 0.119 1.0 0 . 099 83 I 3 



TABLE I 1  

STRESS INTENSITIES I N  LOW CYCLE FATIGUE FAILURE OF TEST P I P E  34 
_ _  -~ 

Pressure Pressure AK (da/dN) (da/dN)t % Penetrat ion 
Cycle ps i  KSIJm Measured Predic ted 
Number 

1 0 - 1000 47.0 2 . 6 ~ 1 0 - ~  1.9-2.0 25 
inches ~ 1 0 ’ ~  inches 

inches i nc hes 
3 0 - 1000 57 5x 1 Om3 ~ x I O - ~  40 

(ex t  rapol  a t  i on) 

--- 100% 5 0 - 500 50* --- 

*Data o f  Walter and Chandler f o r  SA-105 s tee l  a t  1000 ps i  H2. 

k,/kp = 6.4 from Erdogan and Ratwani 

Crack parameters: a = 0.015 inch, leng th  = 10 inches, 25% penetrat ion,  
i n i t i a l  w i l l 1  th ickness = 0.059 inches. 

Assumptions o f  t he  I r w i n  analys is  break down f o r  PEN > 5m. 
possib le  but have not been made. 

Correct ions are * 
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LEFT RIGHT 

Internal  long i tud ina l  25% v-notch, 10  inches long 
Test pipe #34 

FATIGUE FRACTURE NEAR CRACK T IP 

Figure 1A. Stereo Scanning Electron Micrographs Near Fatigue Fracture Crack T ip .  
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I V .  Fracture Toughtless Measurements o f  F e r r i t i c  Steels  i n  High Pressure Hydrogen 

R. E. S t o l t z  

I n t  roduct i on 

Measurements o f  t h e  e f f e c t  o f  h igh pressure hydrogen on t h e  f r a c t u r e  
toughness o f  A516-70 s tee l  have been made i n  support o f  our program f o r  
evaluat ing s t r u c t u r a l  ma te r ia l s  f o r  hydrogen t r a n s p o r t  and storage. E f f o r t s  
i n  t h e  previous year, FY 1978, concentrated on e s t a b l i s h i n g  basel ine data i n  
a i r  and t h e  ef fects o f  hydrogen a t  one atmosphere (1). This r e p o r t  deals 
w i t h  the  e f f e c t s  o f  h igher  hydrogen pressures, 1000-3000 p s i ,  on toughness 
and f r a c t u r e  resistance. 

Faci 1 i t y  Devel opment 

Considerable e f f o r t  was expended i n  the past year  t o  design and const ruct  
an experimental f a c i l i t y  f o r  toughness t e s t i n g  i n  hydrogen a t  h igh  pressures. 
The niajor coniponents o f  the systern i nc lude  a gas source and p u r i f i c a t i o n  
system, h igh  pressure pump, t e s t  vessel, and mechacical l oad ing  frame. 
goal o f  t h e  system design i s  t o  provide accurate simultaneous reco rd ing  o f  
the load and specimen displacement f o r  toughness evaluation. 
unique features o f  t he  system are described below. 

The 

Some o f  t he  

The pressure vessel i s  a 2 inch diameter bore, s t a i n l e s s  s t e e l  vessel 
ra ted  t o  7500 p s i  maximum working pressure. 
riianned operat ion o f  t h e  f a c i l i t y .  Figure 1 i s  a schematic o f  t h e  vessel. 
The p u l l  r od  i s  designed w i t h  an i n t e g r a l  f latrye and a balancing pressure 
charnber so t h a t  upon p ressu r i za t i on  no r e s u l t a n t  l oad  i s  placed on t h e  
sample. This al lows f o r  accurate load moni tor ing external  t o  the  vessel. 
The vessel i s  a l s o  f i t t e d  w i t h  a fou r -w i re  h igh pressure feed-through so t h a t  
e l e c t r i c a l  s igna ls  froi i i  t he  i n t e r n a l  LVDT displacement gage can be monitored. 

This pressure l i m i t  a l lows f o r  

A Schaevitz inodel 099XS-B LVDT and CHS-025 s igna l  cond i t i one r  was 
selected f o r  measuring the  s t r a i n  on t h e  sample i t s e l f .  The gage i s  accurate 
t o  0.001 in. out  o f  a 0.100 i n .  f u l l  scale range. D r i f t  t e s t s  were conducted 
t o  monitor any e f f e c t s  o f  hydroyen pressure on s igna l  output. 
d r i f t  was detected a t  e i t h e r  1000 o r  3000 ps i  hydrogen pressure over a one 
hour exposure. 

No measurable 

Load vs. load-l ine-displacement data i s  recorded i n  two ways. An analog 
signal  i s  recorded on a conventional x-y recorder. A d i g i t a l  s igna l  i s  a l s o  
recorded on a K ico le t  201 t r a n s i e n t  data recorder equiped w i t h  a f l o p p y  disc. 
The t ime constant i s  adjusted t o  record 200-1000 data p o i n t s  f o r  each load  
v s .  displacement t race.  The d i g i t a l  data i s  then processed by a Text ron ix  
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4051 mini-computer. Since the toughness i s  d i r e c t l y  proport ional  t o  the area 
under the load-displacement t race (see below) a program was w r i t t e n  t o  
ex t rac t  t h i s  quanti ty. The x-y p l o t  provided an addi t ional  check on the data 
when necessary. 

ExPeri mental Procedures 

A l l  t es t i ng  was performed on specimens from the A516-70 heat used i n  the 
previous study (1). Double edge notch (DEN) samples were used i n  a l l  t es ts  
and are shown i n  Figure 2. The pressure vessel geometry d ic ta ted  using an 
axi-symmetric specinien design. Sanples were cu t  from the s t a r t i n g  p l a t e  i n  
the L-T or ientat ion,  as was done previously. 
Hickerson (2) only one notch was fa t igue precracked, so t h a t  hydrogen crack 
growth occurred only a t  t ha t  locat ion.  Tests were performed a t  0.02 in/min 
extension ra te  i n  hydrogen gas p u r i f i e d  t o  ‘lppm water and oxygen. 
loading, samples were heat t i n t e d  and broken open t o  determine the amount o f  
crack extension. A t r a v e l l i n g  microscope, accurate t o  0.301 in .  was used 
f o r  crack length nieasurements. 

Fol lowing the approach o f  

Fol lowing 

The load-displacement curves were converted t o  appl ied J (energy f o r  
f rac tu re)  by the procedure used by Hickerson (2) .  The formula f o r  J i s  
given by 

K 1  
E Bb T E  J = - + - [ 2 ( A  -A ) - Pe(Vc-Ve)] 

B and b are the sample thickness (0.250 i n )  and remaining ligament width, 
respectively. 
geometry, load and crack length using formulas given i n  Ref. 3. 
values, AT, AE, Pc, Vc ,  Ve are given by Figure 3. 
T oad-di spl acement curve, AT, was t h a t  determi ned from the d i  g i  ti zed data . 
Fina l l y ,  once J was determined f o r  each sample and condit ion, the resu l t s  are 
p l o t t e d  on a curve o f  J vs. crack extension. 

The e las t i c  crack extension force, K,  was determined from the 
The remaining 

The area under the 

Results 

Tabulated resu l ts  f o r  DEN tes ts  performed i n  a i r  and a t  1000 and 3000 
psi hydrogen are given i n  Table I wi th  the data displayed graphical ly i n  
Figure 4. A crack b lun t ing  l i n e  i s  drawn w i t h  slope Zaf (af  i s  the 
average o f  the y i e l d  and u l t imate  strengths o r  63,500 ps i  1. 
are determined a t  the in te rsec t ion  o f  the J vs 2 l i n e  and the b lun t ing  
l i n e .  
curves, dJ /da. 

The JIC values 

These values are given i n  Table I1 along w i t h  the slope o f  the 3 vs 2 

Fracture surfaces o f  specimens tested i n  a i r  and a t  1000 and 3001) ps i  
hydrogen were exami ned by scanni ng e lect ron microscopy. Figure 5( a) shows 
the f rac tu re  surface generated i n  a i r ,  along w i th  a correspondSng t yp i ca l  
microstructure taken a t  the same magnif icat ion (Figure 5 ( b ) )  . Dimple 
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rup tu re  by v o i d  growth and coalescence i s  the f r a c t u r e  mode i n  a i r .  
f r ac tu re  features do n o t  correspond i n  sca le t o  e i t h e r  the f e r r i t e  g r a i n  s i z e  
o r  p e a r l i t e  colony size.  
small i nc lus ions  present i n  the sample served as v o i d  nuc leat ion s i t es .  
These inc lus ions  have been i den t i  f i e d  as a1 umi no-si 1 i c a t e  p a r t i c l e s  and a re  
present due t o  the use o f  aluminum as a deoxidizer.  

The 

Rather, as shown a t  p o i n t s  ( A )  i n  the f ractograph, 

Figures 6 and 7 show the f r a c t u r e  features i n  1000 and 3000 p s i  hydrogen. 
I n  a l l  cases a companion photograph showing t4e m ic ros t ruc tu re  i s  inc luded so 
as t o  compare the s i z e  scale o f  the f r a c t u r e  features wi th  those o f  t ne  
under ly ing a l l o y .  Void growth i s  completely suppressed and replaced by a 
mixed quasi-cleavage and d u c t i l e  t e a r i n g  f r a c t u r e  process. 
the f r a c t u r e  surfaces, Figure b ( c )  and 7 ( c )  correspond 'n s i z e  t o  the f r e e  
f e r r i t e  regions, wh i l e  the clucti l e  t e a r i n g  regions correspond t o  the pear l  i t e  
colonies. It i s  n o t  c l e a r  whether the i n t e r - l a m e l l h r  f e r r i t e  w i t h i n  the  
p e a r l i t e  co lon ies f a i l s  by a cleavage o r  by a d u c t i l e  process. 

F l a t  rey ions on 

D i  scussi on 

Table I I and Figure 4 summarize the r e s u l t s  d f  hydrogen pressure on 
f r a c t u r e  toughness and s tab le  crack growth resistance. 
1 atm hydrogen (1) a s i g n i f i c a n t  decrease i n  f r a c t u r e  res is tance occurs i n  
nydrogen gas, when compared t o  a i r .  

As was the case w i t h  

I n  comparing the J IG  values obtained i n  the c u r r e n t  work, approximately 
900 i n - l b / i n Z  i n  a i r  vs. 250 i n - l b / i n 2  i n  1000-3000 p s i  hydrogen, wi th  
those measured i n  the e a r l i e r  s t u d y ( l ) ,  650 and 350 i n - l b / i n Z ,  some account 
must be taken f o r  specimen geometry and thickness. The e a r l i e r  experiments 
employed a comPnct geometry w i t h  a 0.750 i n .  thickness, w h i l e  the present  
t e s t s  used double edge notch samples which were 0.250 i n  t h i c k .  
f o r  a Val i d  t e s t  i s  g iven by comparing the thickness, B, t o  the q u a n t i t y  25 

The c r i t e r i a  

- . For b = 0.750 i n ,  the maxirnum v a l i d  J would be 1500 in - l b / i nZ .  However, 
m 
f o r  0.250 t h i s  value i s  on ly  500 i n - l b / i n 2 .  
DEN sample, 901) i n - l b / i d  i s  most l i k e l y  an overestimate. 
i n  hydrogen, 350 f o r  1 atm and approximately 250 f o r  1000-3000 p s i  gas 
pressures are a l l  v a l i d  and i n a i c a t e  t h a t  on l y  a small degredation i n  toughness 
occurs a t  the increased gas pressures. 
curves i n  1 atm hydrogen and 1000-S00U p s i  are a1 so i n  the same range, 
approximately 2-3 x 104 p s i .  
toughness and crack res is tance undergoes a r a p i d  sa tu ra t i on  and t h a t  l a r g e  
changes are n o t  ev ident  between 15 p s i  ( 1  atm) and 300U p s i  hydrogen pressure. 

Thus, t h e  a i r  va lue f o r  t he  
The JIC values 

In add i t i on ,  the slope o f  the 4 vs. g 

It appears t h a t  the e f f e c t  o f  hydrogen on 

This sa tu ra t i on  e f f e c t  has been observed i n  o t h e r  instances o f  hydrogen 
ass i s ted  f rac tu re .  
fa t igue crack growth r a t e s  a f a c t o r  100 over t h a t  i n  a i r .  
pressure t o  1000 p s i  f u r t h e r  increases the growth r a t e  only by an a d d i t i o n a l  
f a c t o r  o f  two. Clark ( 5 )  i n  a review o f  the e f f e c t s  o f  hydrogen on sustained 
load cracking i n  43411 shows a s a t u r a t i o n  i n  crack growth th resho ld  wi th  
hydrogen pressure. The threshold does n o t  change s i g n i f i c a n t l y  from 100 t o  
300 p s i  hydrogen pressure. 

Ne1 son (4) r e p o r t s  t h a t  115 p s i  hydrogen accelerates 
Increas ing the 
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The l a r g e  change i n  f r a c t u r e  toughness i n  going from a i r  t o  low hydrogen 

Two poss ib le  r a t e  l i m i t i n g  mechansims e x i s t  which may ue 

pressures (approximately I S  p s i )  and the sa tura t ion  i n  e f f e c t  a t  pressures 
15-3000 ps i  suggests t h a t  embri t t lement i s  no t  a simple l i n e a r  func t i on  o f  
l a t t i c e  s o l u b i l i t y .  
responsible f o r  the v a r i a t i o n  i n  p roper t ies  w i t h  pressure. F i r s t ,  the  
amount o f  hydrogen on the surface i s  r e l a t e d  t o  the surface adsorpt ion 
k ine t ics .  
the adsorption k i n e t i c s  are independent of pressure. I f  the f r a c t u r e  process 
i s  r e l a t e d  t o  the adsorption o f  hydrogen a t  the crack t i p ,  then s i g n i f i c a n t  
reduct ions i n  f rac tu re  resistance should not  occur a t  pressures grea ter  than 
1 t o r r .  

Experiments i n  pure i r o n  ( 6 )  show t h a t  above 1 t o r r  (10-3 atm) 

Secondly, i f  d i s loca t i on  t ranspor t  o f  hydrogen i s  the r a t e  l i m i t i n g  step, the  
maximum amount o f  embri t t lem n t  w i l l  occur once the d is loca t ions  are  saturated 

t i o n  o f  1 (one H f o r  each l a t t i c e  spacing o f  core) would be present a t  a room 
temperature concentrat ion o f  3 Thi s Concentrat ion i s  readi  l y  achieved 
i n  s tee l  s a t  r c m  temperature. !gym'It i s  present ly  d i f f i c u l t  t o  d i s t i n g u i s n  
between these two step i n  the embri t t lement process and experiments a t  low 
hydrogen pressures are planned t o  d i f f e r e n t i a t e  between the two e f fec ts .  

w i t h  hydrogen. Tien, e t  a1 , r7 1 ca lcu la te  t h a t  a d i s loca t i on  core concentra- 

A second observation on hydrogen ass is ted  f r a c t u r e  i n  low carbon s tee l  s 
l i k e  A 5 l b  i s  the lack  o f  sustained load cracking a t  pressures up t o  5000 p s i  
hydrogen ( 9 ) .  The absence o f  sustained load cracking i s  most 1 i k e l y  re1 ated 
t o  the quasi-cleavage process, i n  the fo l l ow ing  way. 
tests ,  such as those reported here, and i n  fa t igue tes ts  t 4 )  the f e r r i t e  
f rac tu res  by "quasi-cleavage". 
fat igue s t r a i t i o n s  i n  the l a t t e r  case. However, f a t i gue  s t r a i t i o n  format ion 
i s  c o n t r o l l e d  by p l a s t i c  deformation. This suggests t h a t  p l a s t i c  deformation 
i s  essent ia l  t o  the quasi-cleavage process, so much so t h a t  the term cleavage 
( i n d i c a t i n g  f rac tu re  under normal stresses) may be incorrect .  Beacham (10) 
has shown t h a t  i n  a l O Z U  s tee l ,  hydrogen lowers the y i e l d  and f low s t ress  i n  
to rs ion  over a l a rge  s t r a i n  increment. 
process o f  hydrogen ass is ted f l ow  r a t h e r  than hydrogen assi s ted f rac tu re .  
The key observation necessary t o  t h i s  argument i s  t h a t  the f r a c t u r e  plane i n  
the f e r r i t e  i s  a sl i p  plane no t  a cleavage plane. Experiments are c u r r e n t l y  
planned t o  determine the o r i e n t a t i o n  o f  the f r a c t u r e  plane. A s i m i l a r  
s i t u a t i o n  o f  transgranul a r  ( o r  cleavage-type) f r a c t u r e  dur ing p l a s t i c  
deformation occurs i n  tes ts  o f  pure n icke l  i n  hydrogen. It has been shown 
t h a t  hydrogen induces f rac tu re  on (111) planes i n  n icke l  and t h a t  hydrogen 
lowers the f low st ress curve and enhances p l a s t i c  deformation (11). 
f rac tu re  process i s  one of d i s loca t i on  accumulation on the s l i p  plane and 
eventual rupture by a s l i pp ing -o f f  process. I n  t h i s  case no t r u e  cleavage 
occurs even though a c rys ta l  lographic f r a c t u r e  plane i s  observed. 

I n  both r i s i n g  load 

The on ly  d i f fe rence i s  the presence o f  

Thus "quasi-cleavage" may be a 

The 

The above discussion has d e a l t  w i t h  the s i m i l a r i t i e s  o f  the c r i t i c a l  

Some d i f fe rences  i n  JIC and &J/da e x i s t  between 15 p s i  and 
parameters f o r  i n i t i a t i o n  o f  f rac tu re  and f r a c t u r e  propagation as a func t ion  
O f  pressure. 
l 0 W  ps i  (Table I 1  1. Comparing the f r a c t u r e  surfaces features reveals  1 i t t l e  
d i f ferences i n  the f rac tu re  o f  the f r e e  f e r r i t e .  Some greater  t ea r ing  occurs 
a t  15 ps i  i n  the p e a r l i t e  so t h a t  d i f fe rences  i n  toughness and f r a c t u r e  
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res is tance may be re1 ated t o  the f a i l u r e  o f  the inter- lame1 l a r  f e r r i t e  w i t h  
t e  p e a r l i t e  colonies. 
reducing the f e r r i t e  volume f r a c t i o n  o r  spherordizing, the a l l o y s  would 
reduce the toughness i n  hydrogen. Thus the pear l  i t e  mic ros t ruc ture  i s  1 i k e  
the l e a s t  sens i t i ve  t o  hydrogen ass is ted f rac tu re .  

Since the p e a r l i t e  acts  as a " d u c t i l i z i n g "  region, 
n 

Y 

Summary 

An experimental f a c i l i t y  has been developed f o r  measuring the e f f e c t  of 
hydrogen on f rac tu re  toughness o f  p i  pel  i n e  steels.  I n i t i a l  r e s u l t s  i n d i c a t e  
t h a t  hydrogen lowers the c r i t i c a l  f r a c t u r e  parameter, J I C ,  froin 650 i n - l b / i n *  
i n  a i r  t o  -350in- lb/ in2 a t  15 ps i  hydrogen and t o  250 i n - l b / i n 2  a t  30UU ps i  
hydrogen. 
by the variat. ion i n  - J w i t h  crack extension a lso  occurs i n  hydrogen. 

f rac tu re  mode i n  the f r e e  f e r r i t e  and a tea r ing  across the pear l  i t e .  The 
quasi-cleavage process has a strong component o f  p l a s t i c  deformation and i s  
l i k e l y  caused by hydrogen ass is ted f l ow  not  f racture.  

A concomi tan t  reduct ion i n  res is tance t o  crack growth, g i w n  

Fractographi c analysi  s shows t h a t  hydrogen induces a quasi - c l  eavage 
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TABLE I 

S U W R Y  OF J-TEST DATA 

Sample No. J ,  i n - l b / i n  2 Aa, i n  

A i  r - 

1000 p s i  H2 

3000 p s i  H2 

0- 3 

0-1A 

0-4 

1-1 

1-2 

1-3 

1-4 

3- 1 

3-2 

3-3 

3-4 

900 

1200 

2500 

548 

828 

1298 

1560 

670 

806 

1294 

1804 

-0075 

-0115 

-0315 

-0115 

0245 

0424 

0455 

-0239 

0249 

0507 

1002 
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TABLE I1 

SUMMARY OF J -TEST RESULTS 

Environment JIG, in - lb / inZ  dJ/da, ps i  

4 Air 890 6.6 x 10 

1000 p s i  HZ 24 1 2.8 lo4 
4 1000 psi  H, 26 2 2.1 x 10 

28 



I I l l  I 1 1  
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Figure 1 .  Schematic o f  Hydrogen Test Vessel. 
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LOAD, P 

0 VE 

DISPLACEMENT, V 

VC 
AT = ONV, = J 

0 
A€ = OMVE = 

PdV = AREA UNDER ONV, 

P, VE 

Figure 3 .  Critical Parameters for Calculating J I c  from Load-displacement 
Curves. 
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Figure 4 .  Energy for Crack Extension, J v s .  Crack Growth. 
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Figure 5 .  Fracture Surfaces o f  A516 Tested in Air, ( a )  Fracture Features, 
( b )  Comparison Microstructure. 
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V. Hydrogen Embri ttl ement o f  P ipe l  i ne We1 dments 

3. R. Spingarn 

I ntroduc ti on 

Any evaluat ion o f  the feas i  b i  1 i ty o f  t ranspor t ing gaseous hydrogen 
througn the natural  gas p ipe l i ne  system must consider the e f fec ts  o f  l a rge  
var ia t ions  i n  pipe chemistry and microstructure.  Since i t  would be i m -  
p rac t i ca l  t o  invest igate a l l  possible base metal and weld microstructures, i t  
i s  important t o  t ry t o  i s o l a t e  the mater ia ls  most suscept ib le t o  hydrogen 
embrit t lement and then se lect  safety fac to rs  w i t h  these mater ia ls  i n  mind. 
I n  general, many inves t iga tors  have found t h a t  m i l d  s tee ls  do not  d isp lay the 
dramatic changes i n  proper t ies of ten associated wi th hydrogen e f f e c t s  and thus a 
rank order i  ng o f  materi  a1 s and microstructures i s not  a s t ra ight forward task. 
I n  t h i s  study, the un iax ia l  t e n s i l e  t e s t  was used t o  t ry t o  contrast  a wide 
var ie ty  o f  1 i nepi pe base metal s and we1 dments. 

The chemistr ies o f  the mater ia l  s tes ted  dur ing the l a s t  year are 1 i s t e d  
i n  Table I. For a l l  mater ia ls,  except the A516-USA and A516-JAP p l a t e  
steels, specimens were machined from l i nep ipe  recent ly  removed from the 
ground o r  about t o  be placed i n  service. The pipe ranges from the conven- 
t i o n a l  C-Mn compositions commonly used dur ing the l a s t  25 years f o r  X42 and 
X50 grade 1 inepipe, t o  more modern X60 through X70 grade p ipe whose composi - 
ti on i nc l  udes 1 ow a1 1 oy addi ti ons f o r  i ncreased strength and improved 1 ow 
temperature toughness. Base metal (BM) specimens were or ien ted  para1 le1  t o  
the r o l l i n g  d i rect ion,  whi le  seam weld (SWJ and g i r t h  weld (GW) specimens 
were c u t  perpendicular t o  the weld. It i s  assumed t h a t  the mater ia ls  and 
weld p rac t ice  f o r  a l l  the pipe studied met the spec i f i ca t ions  o f  A P I  1104 
appropriate t o  the time o f  p ipe i n s t a l l a t i o n .  The mechanical proper t ies of 
these specimens do not always agree wi th reported values on s im i la r  mater ia l  
for  two reasons: ( 1 )  reverse bending was sometimes necessary i n  order t o  
machine the t e n s i l e  bars, and ( 2 )  subsize specimens were used (as i l l u s t r a t e d  
i n  Table 11, d i f f e r e n t  diameter specimens show s i g n i f i c a n t  va r ia t i ons  i n  
d u c t i l i t y ) .  For pipe diameters smaller than 3/16 inch  only  a subsize specimen 
could be obtained, thus i n  order t o  t e s t  a l l  mater ia ls  on an equal basis, a 
small t e s t  specimen was selected. The t e s t s  were a l l  ca r r i ed  out  a t  an 
extension r a t e  o f  0.02 inchedminute i n  a h igh pressure H2 t e s t  c e l l .  
Tests were conducted i n  e i t h e r  a i r  o r  6.9 MPa h igh  p u r i t y  H2. 
over1 ay mechanical t e s t  resul  t s  and match machine compl iance, a1 1 experiments 
were conducted on the same tes t i ng  machine. The microst ructure o f  the base 

I n  order t o  

metals and weldments were i l l u s t r a t e d  i n  the previous report.( 1! 
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Results and Discussion 

The t e s t  r e s u l t s  are summarized i n  Tables 11-VIII. Each reported value 
represents the average o f  two specimens. 
w i t h i n  2% o f  the reported average, and thus strength d i f ferences o f  1-2 k s i  
are not considered s ign i f i can t .  
defects were discarded. From the smooth bar t e n s i l e  tes ts  two broad conclu- 
sions can be drawn. 
neg l i g ib le  e f f e c t  on y i e l d  strength and UTS f o r  a l l  Dase metal chemistr ies 
ana we1 d metal microstructures. (2 
reduct ion i n  area ( R A )  i n  H2, f o r  a l l  the l i nep ipe  tested were v i r t u a l l y  
the same (Figure 1). With the exception o f  A106-BM which showed unusually 
high RA i n  H2, and ARC-GW where weld defects were apparent on the f rac tu re  
surface, the remai n i  ng mater ia l  s ( i nc l  uding both base metal and we1 dment 
microstructures) re ta ined approximately 35% smooth bar reduct ion i n  area 

The data scat-er was general ly 

We1 d specimens w i t h  obvious macroscopic 

(1) The presence of the external  H2 environment has 

The duc t i  1 i ti es as measured by percentage 

H2. This corresponds t o  about a 50% RA l oss  due t o  the hydrogen environ- 
ment. There were regions o f  H2-induced surface cracking on a l l  specimens 
however as t y p i f i e d  by the s t ress-s t ra in  curve shown i n  Figure 2, the H2 
e f f e c t s  do not  appear s i g n i f i c a n t  u n t i l  a f t e r  the UTS i s  reached. Indeed 

n 

i t  
i s  general ly observed t h a t  specimen necking develops a t  s t ra ins  beyond the 
UTS, and our resu l t s  strongly i nd i ca te  tha t  the branching o f  the a i r  and H2 
s t ress-s t ra in  curves does no t  occur u n t i l  s t r a i n s  l a rge r  than the UTS. Thus 
the cracking dnd H2-induced d u c t i l i t y  loss  are c l e a r l y  t i e d  t o  the l oca l i za -  
t i o n  o f  f low a t  the specimen neck. 

Since the e f fec ts  o f  H2 become most pronounced when the s t ress and 
s t r a i n  are loca l ized,  as dur ing necking, the notched bar t e n s i l e  t e s t  i s  a 
more sensi ti ve measure o f  hydrogen embri ttl ement than the smooth bar test .  
kotched bar t e n s i l e  t e s t  r e s u l t s  are also presented i n  Tables 11-VIII, where 
the reported stresses are based on the minimum area a t  the notch, and t e n s i l e  
d u c t i l  i t i e s  are based on inches o f  extension, as wel l  as % RA. 
stress-elongation curves are shown i n  Figures 3-5. Using in te r rup ted  t e n s i l e  
tes ts  i t  was found t h a t  i n  the gaseous hydrogen environment, the speciniens 
are undffected by the H2 u n t i l  surface cracks develop, and from t h a t  p o i n t  
the cracks grow and f rac tu re  fol lows. 
grow coincides w i th  the separation o f  the a i r  and H2 curves and corresponds 
c lose ly  w i t h  the load maximum f o r  the ti2 specimen. 
notched specimens were presented i n  Figure 1. 
mater ia ls  tested average 9% notched t e n s i l e  RA i n  H2, f o r  the s p e c i f i c  
geometry studied i n  these tests .  Again, the d u c t i l i t y  was found t o  be 
i nsens i t i ve  t o  the chemistry o r  microst ructure o f  any mater ia l  . 

Representative 

The p o i n t  a t  which cracks begin t o  

The % RA values from 
One can see t h a t  a l l  the 

It i s  c lea r  f rom the tables t h a t  the high strength s tee ls  tested w i l l  
t o le ra te  very l i t t l e  l oca l i zed  s t r a i n  i n  the presence o f  H2. The values 
for  the c r i t i c a l  elongation t o  i n i t i a t e  crack growth ARU(H2), measured as 
the elongat ion a t  maximum load were cor re la ted  w i t h  a v a r i e t y  o f  t e n s i l e  
parameters. The quant i ty  AEu(H2) was found t o  cor re la te  best w i t h  notch 
y i e l d  strength measured i n  hydrogen (Figure 6) ,  whi le  poorer cor re la t ions  
were found using t e n s i l e  strengths, d u c t i l i t y  and work hardening rate.  I n  
view o f  the l a rge  measured range o f  values i n  ARu(H2) i t  can be concluded 
t h a t  the H2 embritt lement o f  m i l d  s tee l  cannot be simply explained on the 
basis o f  l oca l i zed  p l a s t i c  s t ra in ,  o r  f o r  t h a t  nratter on l oca l i zed  stress, 
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since the maxinium load during notched bar testing a1 so varied considerably. 
The surprising conclusion t h a t  can be drawn i s  t h a t  the notched bar fracture 
in i t ia t ion  i n  H2 i s  strongly dependent on the macroscopic plastic flow 
properties of the material i n  question, and only mildly dependent on chemistry 
or microstructure. This suggest that  the materials and welding options for 
H2 service are somewhat limited. Further, i t  can be seen tha t  steels 
whose yield strengths (or  tensile strengths as well, since the h i g h  strength 
mild steels generally have low work hardening rates) approach 100 ksi will 
tolerate almost no plastic strain i n  the presence of H2. 
cautioned t h a t  these results are only applicable t o  crack i n i t i a t i o n  during 
ri si ng 1 oad testi ng , such as monotonic tensi 1 e testi ng , burst testing and 
rising load fracture toughness testing. The insensitivity t o  chemistry and 
microstructure dur ing  H2 testing m a y  not hold true for fatigue cycling or 
sustained load cracking. Additional work needs t o  be conducted along these 
lines. 

I t  should be 

The effect of H2 on crack propagation during uniaxial tensile 
testing i s  more d i f f i c u l t  t o  describe due to  the restrictions imposed by 
testing small specimens. 
fracture ( a  macroscopic description of quasi-cleavage) varied significantly 
from material t o  material , a s  illustrated i n  Figure 7. The depth of H2- 
induced crack penetration ranged from almost none for ASS-BM t o  almost 100% 
for  A M - G W .  This penetration depth does not correlate well w i t h  any of the 
smooth or notched bar tensile properties, b u t  can generally be predicted from 
the amount of post-necking strain and the f ina l  fracture stress. The greater 
the post-necking strain and the smaller the f ina l  fracture stress, the 
greater the extent of H2-induced f l a t  fracture as m i g h t  be expected (except 
for materials fo r  which virtually no f l a t  fracture i s  observed). 

I t  was found that  the extent of H2-induced f l a t  

The enti re crack growth process occurs dlrri ng the dccreasi ng 1 oad 
port ion of the load-elongation curve. Thus the crack l e n g t h  is increasing 
while the stress i s  decreasing i n  a f u l l y  plastic body and i t  i s  difficult t j  

assign any meaningful toughness values t o  this test. Final ly ,  the H2 
cracks are entirely transgranular dur ing  constant crosshead extension however 
there are some suggestions t h a t  the cracking may turn intergranular during 
load relaxation. More tests are planned t o  confirm ths observation. 

Concl usi ons 

1. A wide variety of linepipe steels and weldments were tested i n  uniaxial  
tension i n  a gaseous 6.9 MPa hydrogen environment. The hydrogen had 
negl iyible effect on smooth bar yield and tensile strengths and notched 
bar yield strength. Ductilities were affected by the presence o f  H 
w i t h  a smooth bar RA loss of SO%, a smooth bar RA i n  H2 averaging 38%, 
and a notched bar RA i n  H2 averagjng 9%. 

2. The notched bar ductility degradation was found t o  be insensitive to  
chemistry and microstructure, b u t  highly dependent on yield strength. In 
other words , embri t t l  ement was dominated by pl asti c flow behav i or , rather 
t h a n  microstructural features. 
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3. Var ia t ions i n  the extent o f  H2 crack penetrat ion have been observed 
and attempts w i l l  be made t o  cor re la te  these var ia t ions  w i t h  upcoming 
f rac tu re  toughness tests.  

~ Future Work 

The emphasis i n  our fu tu re  work has s h i f t e d  t o  f rac tu re  toughness 
studies o f  p ipe l ine  weldments and higher s t rength p ipe l i ne  steels. To 
accomplish t h i s  we have obtained a h igh strength low a l l o y  (X60 grade) 
p i p e l i c c  steel from Kaiser Steel Corporation. One l o t  o f  mater ia l  contains a 
s ing le submerged arc weld, wh i le  a second l o t  contains two submerged arc 
passes on opposite sides o f  the p la te.  The weld condi t ions c lose ly  approxi- 
mate those empl oyed during 1 i nepi pe seam we1 ding These specimen p l  ates w i  11 
permit  us t o  measure J- in tegra l  toughness val ues f o r  both tempered and 
untempered material.  The welded p la tes  are cu r ren t l y  in-house and have 
successful l y  passed radiographic inspection. 
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I TABLE I 

I BASE METAL CHEMISTRY 

C Mn P S S i  V Cb Aa. Cu N i  Mo 

A516-USA 

A516- J AP 

A106-B 
( typo  1 

A14 

EXPTL. 
ARCTIC 

BF ti 

DG 2 

Ati 3 

021 

-26 

<.30 

.ll 

.06 

.22 

14 

. 26 

1.04 0012 0020 .21 

. 79 -013 .os3 .17 

.3-1.06 >.10 

1.44 .013 .002 .27 .090 .040 -037 

1.70 .010 0009 .20 .062 

1.23 011 .020 

. 98 0015 .012 .29 (001 <.012 

1.39 .006 .022 .03 .os0 

.29 27 

. 30 

41 



TABLE I1 

A516 

ZRA e~~~ 13. 2%** UTS 

(a)  A!jlb-USA+ 

Smooth* A i  r 
Smooth H 
Notch*** A?r 
Notch 

( b )  A516-JAY 

Smooth* A i  r 
Smooth HZ 
(C) AS16-JAP 

Smooth+* A i  r 
Smooth H2 

54*4 
52.8 
74.b 
78.4 

52.7 
52.1 

54.6 
54.d 

77.6 
79.b 

110.0 
91.1 

82 .u 
82.8 

78.2 
77.8 

12.4 
14.9 
.036 I' 
.010" 

14.0 
13.9 

18.4 
18.0 

17,l 
19.5 

.050" 

.013" 

21 .& 
10.3 

25.0 
24.4 

69.5 
43.1 
29.6 
5.4 

72.0 
37.0 

71  .O 
46.2 

* *Reported results are average o f  two tes ts  
Specimen diameter = 0.113 inch 
Notch y i e l d  stress equals stress a t  .UO1 inch p las t ic  elongation 
Notch geometry: 90" angle, .001-.002 inch root  radius, Dn/Do = *b5 

++Specimen diameter = 0.252 inch 

** 
*** 

. 

* 
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TABLE 111 

A106 GRADE B 

%A e~~~ UTS .2x  U 
-- 

( a )  Base Metal 

Smooth A i  r 67. U 131.0 6.6 14.0 58.2 
72.9 83.5 3.9 10.8 50.0 
89.6 106.4 0019" .033 25.8 

Smooth H2 
Notch A i  r 
Notch "2 89.7 97.8 . 008 .012 8.0 

( b )  G i r th  Weld 

Smooth A i  r 57.0 89.2 11.3 20.9 77.2 
55.8 80.2 9.4 13.6 39.9 
82.b 104.2 . U38 0057 49.4 Notch A i  r 

Notch H2 78.4 87.4 0010 .Ol5 14.3 

Smooth H2 

TABLE I V  

A14 

U .2% UTS e~~~ %A 

Smooth A i  r 90.7 100.5 7.3 15.8 77.0 
82.1 94.7 10.8 14.5 37.3 

123.1 137.1 .Olt3" 0038 45.5 
Smooth H2 
Notch A i  r 
No t c  t i  "2 121.8 122.5 . 002 . 006 8.7 
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TABLE V 

EXPTL ARCTIC - GRADE 

%RA 
, eU e~~~ UTS .2% U 

( a )  Base Metal 

Sinoo t h  A i  r 101 .o loti. 3 6.5 14.5 77.4 
100 . 8 106.2 6.7 12.3 37.4 
144.0 148.9 .008" .025 41.8 

Smooth t42 
Notch A i  r 
Notch H2 137 . 5 137.5 . 001 .004 8.6 

( b )  Sean Weld 

SlTlOO t tl A i r  94.1 99.4 ti. 2 12.3 69.2 
93.2 98.3 5.2 9.5 36.8 

143.4 145.2 . 00b bo12 35.0 Notch A i  r 
Notch H2 141 .O 141 .O .o01 .004 10.0 

Smoo t ti H2 

( c )  G i r t h  Weld 

SNlOOth A i  r 79.8 97.6 7.0 14. ti 8i) 00 
66.3 88.b 0.8 1.6 16.2 

130.8 148.5 .012" .018 20.5 
Smooth H2 
Notch A i  r 
Notch H2 128.7 13U.6 .o02 . OQ4 9.0 

TA8LE V I  

0F 5 

%RA e~~~ UTS .2% U 

( a )  Base Metal 

Smooth Air 73.1 87.7 10.5 15.5 56.7 
73.3 88.6 11.0 14.9 36.0 

105 . 6 116.8 .009" .u12 21.0 
Smooth H2 
Notch A i  r 
Notch "2 106.8 109.9 . 003 . 004 6.1 

( t ) )  Seam Weld 

Smooth A i  r 74 08 91.7 7.7 12.8 55.6 
Smooth H2 73.2 90.5 8.6 10.2 3u.5 
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TABLE VI1  

DG 2 

%RA e~~~ UTS .2% U 

(a)  Base Metal 

Smooth A i  r 60.0 88.3 13.1 18.6 60.5 
62.2 86.6 12.0 15.1 37.1 
98.7 118.5 .015" .018 15.5 Notch A i  r 

Notch H2 93.7 102.5 . 005 . 006 7 .O 

( b )  Seam Weld - ERW 

Smooth A i  r 74.4 91.7 7 .u 10.0 40.0 
SmQo t h K2 72.3 90.0 5.6 6.1 20.4 

Smooth H2 

TABLE VIII 

AG 3 

%RA e~~~ UTS .2% U 

( a )  Base Metal 

Smooth A i  r bl.9 86.1 tr.7 13.0 49.2 
61.1 85.5 8.1 10.0 26.6 

1uo. 7 122.d .023" .030 22.8 Notch A i  r 
Smooth H2 

Notch H2 1Ql . 1 113.3 . 008 . 010 8.4 
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Figure 6 .  Correlation of  notch elongation in hydrogen w i t h  measured notch 
yield strength. The correlation suggests t h a t  base metal chemistry 
and microstructure have minimal effect on notch embrittlement. 

51 



E, 
0
 

0
 

m
 E, 
0
 
0
 

m
 

-
2
4
 

m
u

 
W

L
 

c
u
 

W
 

VI 
c

w
 

L
 

m
 

W
 

L
a

J
 

+
J

*
 

u
 L
a

J
 

~
r

n
 

m
o

 

-
m

 

.- 
a
=
 

m
-a

 

o
h

 
e
-
 

W
L

 

$
2

.
 

52 



VI. Economics of Hydrogen Storage 

J. J. Iannucci and S. L. Robinson 

Introduction 

hydrogen embrittlement phenomena. 
i n  s ize,  location etc., and is equal i n  importance t o  safety, r e l i ab i l i t y  and 
availability. The question of scale or amount stored relates heavily t o  
economics and t o  the decision: t o  store or not t o  store. The problem has 
been naturally divided into two parts. 
of bulk storage, as would be necessary t o  emulate o r  replace the national gas 
supplies. 
energy storage for fuel applications, or  chemical commodity uses. 
trade-offs are discussed, costs developed, and possible research avenues 
poi nted out. 
hydrogen; this discussion i s  not pertinent t o  mobile applications. 

Storage of  hydrogen i more than simply a technical issue influenced by 
Economics o f  storage is  the major factor 

First we consider the national scale 

Secondly, we consider a smaller scale, which might re la te  t o  
Possible 

Throughout, we are  discussing only stationary storage of 

B u l k  Hydrogen Fixed Si te  Storage Analysis 

For hydrogen t o  play an  important role i n  our energy future, 11 asp cts 
o f  i ts  usage scenario must be examined and understood. 
production, transport, and end use are crucial areas for investigation, b u t  
what of storage? Widespread ut i l izat ion of hydrogen may depend on the 
abi 1 i ty  t o  store appreci ab1 e quantities t o  smooth m i  smatches between supply 
and demand. Storage of hydrogen may present special materials challenges due 
t o  hydrogen embrittlement phenomena and hydrogen's low heat content which 
may lead t o  different trade-offs i n  storage design and performance than occur 
w i t h  natural gas. The necessity, viabil i ty and preliminary economics of bulk  
hydrogen storage are examined i n  this paper. 

Certainly hydrogen 

I t  has been assumed i n  th is  work that (1) hydrogen will be plentiful and 
available i n  a l l  regions of the country; ( 2 )  the widest possible usage 
of hydrogen wil l  be as a substantial replacement for natural gas i n  hea t ing  
and electrical  generation applications by d i s t r i b u t i o n  through existing 
natural gas pipelines and/or a similar pipeline system. Feedstock applications 
are also examined. 

Storage of hydrogen (as w i t h  any fuel)  will only be desirable if there 
are m i  smatches between product i on, d i  stri but  i on and usage rates . 
t h i s  i s  true for any energy commodity, i t  is especially true for  hydrogen, 
as i t  is neither a source of energy nor a necessary element i n  any envisioned 
energy economy. However, i t  may be an at t ract ive medium of energy transport, 

Whi 1 e 
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d i s t r i b u t i o n ,  end-use, etc. Hydrogen w i l l  be produced as a gas. Storage o f  
gaseous f u e l s  i s  usua l l y  unat t rac t i ve ;  however, there  may be instances when 
the  storage of hydrogen would be bene f i c ia l  and perhaps necessary. 
the  examples o f  o i l  o r  na tura l  gas--these are produced a t  a constant ra te ,  
not a t  t he  convenience o f  a u t i l i t y  company as hydrogen might. 
cheaper t o  t ransmi t  hydrogen a t  t he  maximum product ion ra te ,  r a t h e r  than t o  
s to re  i t  t o  smooth the  f l ow  rate.  
t he  product ion r a t e  t o  match t h e  instantaneous transmissiort capacity. 
rate,  avoidance o f  storage a t  t h e  product ion s i t e  may be a v iab le  p o s s i b i l i t y .  
It may even be poss ib le  t o  avoid storage o f  hydrogen a t  a d i s t r i b u t i o n  s i t e  
by ad jus t ing  product ion ra tes  t o  match t h e  actual  o r  p red ic ted  consumption 
rates. 
issue but ra the r  t o  get t o  t h e  heart  o f  the  matter; hydrogen storage i s  
expensive i n  any form (as i s  t h e  storage o f  any gas), and indus t r y  w i l l  avoid 
i t s  storage whenever economically o r  opera t iona l l y  possible. 
o f  hydrogen storage i s  here in  examined by i n v e s t i g a t i n g  l i k e l y  sources and 
patterns o f  hydrogen production, d i  s t r i  but  i on 1 i m i t a t i o n s  and end-use consump- 
t i o n  scenarios. 
storage, t h e  hydrogen energy cyc le  was broken i n t o  th ree  sectors:  production, 
d i s t r i b u t i o n ,  and end use. 
be bene f i c ia l  towards smooth and economical operation. 

Consider 

It may be 

A l te rna t i ve l y  i t  might be b e t t e r  t o  ad just  
A t  any 

This concept o f  storage avoidance i s  not an attempt t o  s k i r t  t h e  . 

The necessi ty 

To determine t h e  needs and cha rac te r i s t i cs  o f  hydrogen 

I n  each o f  these sectors storage o f  hydrogen may 

Hydrogen storage a t  constant product ion r a t e  s i t e s  w i l l  not be needed 
(as there i s  no advantage t o  s t o r i n g  a t  a l l  ). 
locat ions (such as so la r  powered conversion p lan ts )  present a s l i g h t l y  
d i f f e r e n t  p ic ture.  Here a t radeo f f  e x i s t s  between the  cost  o f  storage 
( t o  smooth t ransmission ra tes  and hence lessen p i p e l i n e  s izes and cos ts )  
versus the  cost o f  t he  t ransmission l ine .  
case, storage i s  a more expensive opt ion than simply overs iz ing  t h e  tsansmis- 
s ion l i n e s  t o  handle t h e  maximum product ion rate.  This r e s u l t ,  o f  course, 
depends on t h e  cost  o f  storage and the  cost and length  o f  t he  t ransmission 
l i n e ,  but nonetheless i s  q u i t e  broadly appl icable. Unless extremely inexpen- 
s ive  storage i s  ava i l ab le  ( l ess  than 100$/MBTU, 1972 d o l l a r s )  o r  t h e  length  
o f  the  l i n e  i s  extreinely long (say, more than 100 mi les),  storage i s  not t he  
pre fer red  option. 
storage opt ions versus distance t o  t ransmission l ines.  
peak e l e c t r i c i t y  f o r  e l e c t r o l y s i s  i s  very s i m i l a r  t o  the  s o l a r  case and f o r  
s i m i l a r  reasons storage i s  not a t t r a c t i v e  here e i ther .  

Var iab le product ion r a t e  

For t h e  so la r  hydrogen product ion 

I n  Figure 1 the  breakeven distance i s  p l o t t e d  f o r  ava i l ab le  
The case o f  us ing o f f  

Hydrogen storage i s  most important and bene f i c ia l  a t  d i s t r i b u t i o n  s i tes.  
This storage w i l l  be seasonal i n  nature (as na tura l  gas storage i s  used 
current ly) .  Even accounting f o r  hydrogen's lower heat ing value (w i th  
respect t o  na tura l  gas) the  cur ren t  underground na tura l  gas storage f a c i l i t i e s  
would provide almost a l l  o f  t h e  seasonal storage requirements envisioned. 
(Further, t h e  amount o f  underground na tura l  gas storage i n  t h e  U.S. continues 
t o  increase wh i le  t h e  consumption o f  gaseous f u e l s  i s  decreasing.) 
t h i s  o r  s i m i l a r  storage not be acceptable f o r  hydrogen service,  t h e  next best 
a l t e r n a t i v e  may be a ove ground constructed vessels i n  t h e  1000 $/MBTU range. 

o f  the  cost  o f  above ground hydrogen storage would be 7x1012 (seven t r i l l i o n )  

Should 

Since c u r r e n t l y  7x10 8 MBTU of natura l  gas storage i s  used, a rough estimate 



dol lars.  This would probably be unacceptable t o  both hydrogen u t i l i t i e s  and 
t h e i r  customers. 
i nexpensi ve storage, such as cmversion o f  current natural  gas f a c i  1 i ti es t o  
hydrogen service. 

Hence e f f o r t  should be put i n t o  assuring t h e  v i a b i l i t y  o f  

Storage a t  the end use po in t  i s  not r e a l l y  an issue. I n  a postulated 
scenario o f  widespread hydrogen usage, hydrogen w i l l  be ava i lab le  on demand 
from d i s t r i b u t i o n  and del ivery  networks as natural  gas now is .  Residential 
users w i l l  almost never be in te r rup ted  and i n d u s t r i a l  and comnercial users 
w i l l  p re fe r  o i l  as a back-up heat source rather  than expensive hydrogen 
storage. Thus storage a t  the end-use po in t  w i l l  r a r e l y  be required. 

The storage requirements i n  a scenario of  widespread hydrogen use are 
sumnarized i n  Table I. 

I n  sumnary then, the  most pressing need f o r  hydrogen storage i s  not a t  
the production point  (even f o r  i n te rm i t ten t  production) o r  t he  end use point ,  
but ra ther  a t  d i s t r i b u t i o n  locations. This i s  consistent w i t h  current 
natural gas practice. Conversion of natural  gas storage t o  hydrogen service 
may wel l  provide f o r  storage a t  the  d i s t r i b u t i o n  point. 

S m a l l  Scale Fixed S i t e  Hydrogen Storage 

o f  hydrogen ( locat ion,  scale and cost) i n  a scenario of widespread usage. 
Snia11 users may des i re  t o  s to re  hydrogen, provided conipatible, a f fordable 
storage inodes are avai lable. I n  t h i s  study, present ly ava i lab le  and some 
possible fu tu re  technologies are studied w i th  the  i n t e n t  o f  i d e n t i f y i n g  the  
m i  n i  muni cost storage technique f o r  various combi nat i ons o f  quant i t y  , cyc l  i ng 
frequency and p a r a s i t i c  energy costs. 
l e n t  (34 MBTU), and a least-cost  s ize  scale are i d e n t i f i e d  f o r  each technology. 

The previous paragraphs addressed t h e  nat ional  problem o f  bu lk  storage 

Peg points  o f  10 MwHr e l e c t r i c  equiva- 

Three basic storage forms are considered: pressurized gas, cryogenic 
l i q u i d  and hydride; a f ou r th  form, a microballoon storage i s  a lso estimated. 
For each form i t  i s  necessary t o  develop (1) i n s t a l l e d  cap i ta l  cost, (2) 
f i l l i n g  and emptying equipment costs, and (3) p a r a s i t i c  energy consumption 
costs. 

For storage o f  pressurized gas, a var ie ty  o f  conventional pressure 
vessel forms are avai lable. These can be characterized by operating pressure; 
low (<500 ps i ) ,  moderate ( t o  2000), high (2000-5000) and very h igh (5000-10000 
psi  ) pressure. 
vessels (low pressure), s tee l  pipes (inoderate pressure) , and s tee l  pressure 
vessels (high t o  very h igh pressurt,;. 
possible. The question o f  an optimum pressure was considered. 
data f o r  pressurized storage i s  surrmarized i n  Figure 2 with pressure as the 
variable. I n  f a c t  the  cap i ta l  cost minimum i s  very broad (due t o  the  constant 
amount o f  mater ia l  required t o  hold a given amount o f  gas independent of 
pressure) . 
rap id ly  increasing thicknesses w i th  increasing pressures, t o  ensure safety. 
A t  some pressure (probably 3000-5000 p s i )  a change over t o  c o s t l y  mater ia ls  

Those considered are, standardized API spherical and spheroidal 

Commercial estimates were used where 
Capital  cost 

A t  high pressure, hydrogen embritt lement phenomena d i c t a t e  
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i s  necessary due t o  embr i t t  ement phenomena. 
h igh pressure a v a i l a b i l i t y  greater  than 5000 p s i )  could make these opt ions 
a t t rac t i ve .  Economically, ow and moderate pressure storage look most 
a t t r a c t i v e  w i t h  i n s t a l l e d  costs below $1500/mi l l ion BTU. 

Only t h e  poss ib le  necessi ty o f  

Nonconventional pressure vessel technologies inc lude (1) prestressed 
cast i r o n  (PCIV) w i t h  i n t e g r a l  l i n e r ,  (2 )  prestressed concrete, (PCCV), ( 3 )  
f i 1 ament wound metal b l  adder, and (4) underground us ing  overburden pressure 
t o  lessen s t r u c t u r a l  requirements from t h e  gas conta in ing  bladder. The P C I V  
vessel i s  not as economical as sone o f  the  conventional vessels, but  appears 
t o  approach compet i t ive costs i n  large sizes. 
The PCCV vessel appears t o  have a pressure optitnun1 and scales we l l  t o  la rge  
sizes. It has a low pressure cost  minimum which appears coiripetitve w i t h  
conventional vessels; i t s  safety may be a quest ion mark. Fiberglass wound 
metal bladders were uncompetit ive; rep lac iny an inexpensive mater ia l  w i t h  one 
more expensive (per u n i t  load ca r ry ing  a b i l i t y )  could not be otherwise. 
Bur ia l  o f  pressure vessels i s  a l so  uneconomical, due t o  t h e  costs o f  under- 
ground construct ion;  great  depths are requi red f o r  s i g n i f i c a n t  s t r u c t u r a l  
con t r ibu t ions  froni t h e  overburden. Opt im is t i c  costs  have been developed by 
some authors f o r  d r i l l i n g  i n  bedrock, etc., but  these are s i t e -spec i f i c .  

I t s  inherent sa fe ty  i s  a t t rac t i ve .  

The i n s t a l  l e d  c a p i t a l  costs o f  cryogenic hydrogen storage are developed, 
and seen t o  be a t t r a c t i v e  (<$75/MBTU) f o r  l a rge  scale storage; a t  small s izes 
the  cost  i n  $/MBTU i s  near t h a t  f o r  gas storage, about $1400/MBTU. 
storage c a p i t a l  costs approach $3400/MBTU, because o f  t he  h igh p r i c e  o f  
hydr ide and t h e  volume , plus  t h e  necessity o f  a pressure vessel 
storage has t h e  lowest vessel c a p i t a l  cost, cur ren t  est imates being i n  the  
$18-32/MBTU range. 
however, as a f a c i l i t y  must be b u i l t  t o  f i l l  t h e  spheres. 
included l a t e r  i n  t h e  ove ra l l  system costs. 
stored somewhere, a l b e i t  a t  ambient temperature and pressure and i t  i s  t h i s  
small cost  t h a t  i s  shown. 

Hydride 

Microbal loon 

This microballoon vessel cost i s  decept ive ly  smal 1 
This cost  i s  

The f i l l e d  microballoons must be 

Single cyc le  p a r a s i t i c  energy costs are determined: p ressur iza t ion  
costs, l i q u e f a c t i o n  costs, combined heat and pressure f o r  t h e  microbal loon 
system a l l  where developed and appl ied t o  the  appropr ia te system. Cycl ing 
requirements (daily, weekly and seasonal) were added t o  t h e  above cos t i ng  
data. 
cap i ta l  p lus  p a r a s i t i c  energy (present valued) p lus  cyc l  i ng requi  rements) was 
ca lcu lated us ing  e l e c t r i c  ra tes  as a parameter. 
shown i n  Figures 3 through 8, and summarized below. 
used f o r  t he  comparisons shown i n  the  f i gu res  are l i s t e d  i n  Table 11. 

Using two scales, t he  34 MBTU and optimum size,  t he  t o t a l  cos t  ( i n s t a l l e d  

The r e s u l t s  are g raph ica l l y  
The s p e c i f i c  cond i t ions  

For e i t h e r  the  34 MBTU o r  t h e  optimum scale, energy i n tens i ve  systems 
such as l i q u e f a c t i o n  o r  microballoons, f a red  poor ly  f o r  dai ly cyc l ing .  Low 
pressure storage was the  most economical technique, w i t h  costs ranging from 
1200 $/MBTU (present value) depending upon energy costs. For weekly cyc l ing,  
a complex mix developed dependent upon energy costs. For seasonal cyc l ing,  
the  energy in tens ive,  low c a p i t a l  cost  systems, were super ior  i n  l a r g e  s i res ;  
for  small (34 MBTU) quan t i t i es  microbal loon storage appeared t o  be super ior  
( less than $lOO/MBTU) w i t h  low pressure and 1 iquefac t ion  storage cos t i ng  
$1100-1500/MBTU. The costs obtained are estimates, and ind i ca ted  c l e a r  
choices f o r  l a rge  seasonal, and both l a rge  and smal 1 d a i l y  cyc l  ing. Several 
choices are v iab le  f o r  t h e  other  duty cycles. While microbal loon storage 
estimates are rough, t h i s  technology does look promising. 
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The complete text o f  these reports i s  available as Sandia reports, 
Applications Analysis o f  f ixed Site Wdrogen Storage, SANI78-8272, 3, J .  
Iannucci and S. Le Robinson, and Technolodes and Economics o f  Small Scale 
Hvdroclen Storam, SAM79-8646, S.-. Iannucci 
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TABLE I 

SUMMARY OF STORAGE REQUIREMENTS 

Appl i cat  i on Storage Requi rements 

Continuous Product ion  Poi n t  None 

Intermi t t e n  Production Point  Cavern Storage Viable  Only 

D i s t r i b u t i o n  Point 

End Use Point  

Current Natural Gas Technology 
And Capacit ies May Be S u f f i c i e n t  

None 
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EXPLANATION OF STORAGE TECHNOLOGY DESIGNATORS 

Storage Design 

100 p s i  Prestressed Concrete 

3 X  ps i  Prestressed Concrete 

900 psi Pipe Pressure Vessel 

2700 p s i  Welded Steel Vessel 

8100 psi Superall cy Pressure 
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Figure 3 .  Seasonal cycling of storage for small quantities of hydrogen (34MBTU). 
Life cycle costs for seasonal storage are dominated by vessel costs, hence 
the flatness of the curves versus parasitic electricity costs. 
Table I1 for key to curve designators. 
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Figure 5. Daily cycling of storage for small quantities of hydrogen (34MBTU). 
Daily cycling is very energy intensive, hence the least expensive system 
is PVO which requires no compression. See Table I1 for key to designators. 
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