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RESUME 

L'Institute of Gas Technology s'est acquitt6 des 2 ans d'un programne exp6ri- 
mental de 5 ans ayant pour objet dt6tudier 1'6ventualit6 de livrer de l'hydro- 
gene par les r6seaux conventionnels de distribution du gaz. Nous avons 
construit et fait fonctionner trois s y s t h s  de distribution "miniature" en 
nous servant d'616ments prCtes ou donn6s a titre gracieux par des fabricants 
et des societ6s gazisres. Les trois prototypes, a savoir: reseaux residentiel, 
comnercial, industriel, ont St6 exploit6s en laboratoire, et des essais de 
s6curit6 ont 6t6 faits, sous des conditions de contr8le serr6, afin d'examiner 
et de comparer le debit de gaz et la d6charge d'inergie, le rendement gCn6ral 
des composantes, les fuites, pour le gaz naturel d'une part, et pour l'hydro- 
gSne d'autre part. Nous somnes en train d'examiner a l'heure actuelle toutes 
les composantes afin de noter les effets apparents de l'utilisation de 
l'hydrogsne. Nous avons d6ja observe de fason experimentale que, dans les 
d m e s  conditions de fonctionnement du m C p  prototype de distribution, la dB- 
charge d'bnergie dans le cas de l'hydrogene pourrait Otre de 80% celle du gaz 
naturel. Nous avons egalement mesure des rapports volu~triques de fuites 
(hydroghe-gar naturel ) de 2.6:l a 4,6:1 pour divers elbments des r6seaux 
miniature. Nous n'avons decouvert aucune condition pami celles representant 
les conditions nomales d'exploitation de la distribution lors de laquelle 
1 'hydroge'ne provenant d'une fuite s'enflamnerait spontan6ment. 

SUFMARY 

The Institute of Gas Technology has completed 2 years of a 5-year experi- 
mental program to supply information about prospects for hydrogen delivery in 
conventional gas distribution systems. We have constructed and operated three 
"model" distribution systems using components loaned or donated by manufacturers 
and gas utility companies. The three models - Residential/Cmercial, Indus- 
trial, and Safety Test -have been operated in the laboratory under closely con- 
trolled conditions to monitor and compare gas flow and energy delivery, gen- 
eral component performance, and leakage for natural gas and hydrogen. We are 
now in the process of examining specific components for any evident effects 
uT t~ydmyen exposure. We have experimentally observed that energy delivery as 
hydrogen could be about 80% that of natural gas under the same operating con- 
ditions using a distribution model. We have also measured volumetric leakage 
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ra t i os  (hydrogen-to-natural gas) o f  2.6:l t o  4.6:l f o r  various d i f fe ren t  com- 
ponents i n  the model systems. We have not found any conditions corresponding 
t o  normal operating conditions o f  gas d i s t r i bu t i on  where hydrogen w i l l  i gn i t e  
spontaneously from a leak. 

INTRODUCTION f . 
This program i s  a multiyear e f f o r t  t o  supply needed information about hydrogen 
del ivery i n  natural gas d is t r ibu t ion  equipment. The imnediate objectives are 
t o  i den t i f y  operating, safety, and materials problems associated wi th the use 
o f  hydrogen i n  conventional d is t r ibu t ion  systems. 

One o f  the major arguments f o r  (nonfossil-based) hydrogen as a future supple- 
ment and eventual replacement f o r  natural gas i s  the expectation tha t  the 
ex is t ing gas del ivery system can be used without major modifications. Natural 
gas constitutes a major port ion o f  the energy used i n  the United States, now 
accounting f o r  20.9 EJ, o r  25.4% o f  the U.S. energy consumption. The incen- 
t i v e  f o r  supplemental fue l  gases (including hydrogen) t o  enable continued 
del ivery o f  energy i n  fuel  gas form i s  pr imar i ly  f inancial .  The embedded 
capital  investment i n  the gas d is t r ibu t ion  industry i n  the United States now 
exceeds $20 b i l l i o n  (109). This includes over 1 000 000 km o f  d is t r ibu t ion  
mains, which carry gas t o  about 45 000 000 customers. Replacement of t h i s  
d is t r ibu t ion  system with another would cost many times t h i s  investment. 
Furthermore, most equipment and l ines  now being ins ta l led  are expected t o  l a s t  
50 years or  longer. 

If i t  i s  practical t o  carry hydrogen safely i n  t h i s  ex is t ing gas d is t r ibu t ion  
equipment, then hydrogen i s  indeed an a t t rac t ive  form f o r  energy del ivery i n  
the future. If moderate problems are ident i f ied  now, then we w i l l  have s u f f i -  
c ient  time t o  define and develop a1 ternat ive operatin procedures. I f  serious 
problems are found, however, then other al ternat ives besides hydrogen) must 
be weighed against major system modifications. 

9 
The experimental work described here i s  wi th pure ( c m e r c i a l  cyl inder grade) 
hydrogen, which i s  compared with both natural gas (96% methane) and pure 
methane. Pure hydrogen was chosen as the extreme case f o r  the i n i t i a l  invest i -  
gations, which have as the main objective t o  ident i fy  problem areas f o r  the 
d is t r ibu t ion  o f  hydrogen i n  conventional natural gas equipment. Experiments 
wi th mixtures o f  hydrogen and natural gas are envisioned f o r  l a t e r  phases 
o f  t h i s  program. 

1 - CONSTRUCTION OF GAS DISTRIBUTION MODELS 

During 1977 IGT constructed three model loops using gas d is t r ibu t ion  equipment 
loaned or  donated by 15 manufacturers and u t i l i t y  companies. The 15 companies 
tha t  are program part ic ipants (along w i th  the U.S. Department o f  Energy) are 
l i s t e d  i n  the "Acknowledgment' section o f  t h i s  paper. 

A l l  construction f o r  the t e s t  looos was done i n  accordance with the u t i l i t i e s  
Construction and Material Specifications and the ASME Guide f o r  Gas Transmission 
and Dist r ibut ion Piping Systems - 1976. The two l oca l  gas u t i l i t y  companies 
and several o f  the oar t ic ioat ino manufacturers orovided technicians and eouio- . . ~  - .  .. r- .  . . . . r-. ... .~ . ... ~ ~~~ .. . ,~~ - .  ~ 

- ~. ~ ~~. ~ - ,; . 
ment t o  (11 weld steel i o in t s .  12)  fusion-join o las t ic  ~ i o i n g ,  ( 3 )  hydrauli- 
c a l l y  seal .coup1 ing, (41 make-be1 i -and-spigot cast-iron' jo ints ,  and (5) service 
meters. A l l  subassemblies were leak-tested p r i o r  t o  and a f t e r  integrat ion 
i n to  a to ta l  assembly or  a t e s t  loop. 
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1.1 - RESIDENTIAL/COMMERCIAL DISTRIBUTION MODEL 

The Residential/Commercial Model Loop cons is ts  o f  f ou r  subloops and a bypass. 
The pipe1 i n e  ma te r i a l s  o f  ccons t ruc t i on  a re  (1)  s tee l ,  (2 )  copper, (3 )  p l a s t i c  
(high-molecular-weight, high-densi ty polyethylene),  and (4)  c a s t  i r o n .  This 
model conta ins components and equipment normal ly  i n s t a l  l e d  i n  t y p i c a l  
r e s i d e n t i a l  and/or commercial serv ice.  F igure 1 i s  a s i m p l i f i e d  diagram o f  
t h i s  loop w i t h  i t s  major equipment components. I n  operat ion,  a s ingle-stage 
compressor feeds 0.31 m3(s t ) / h  o f  na tura l  gas o r  hydrogen t o  t h e  model 
a t  a gauge. pressure (Pe) between 4140 and 4480 mbar. The compressed gases 
pass through an a f t e r c o o l e r  t o  reduce gas temperature t o  ambient and then 
through a surge tank t o  dampen pu lsa t ions .  

A regu la to r  reduces the  gauge pressure t o  about 3450 t o  4140 mbar, s imu la t i ng  
pressures i n  t he  d i s t r i b u t i o n  mains and the  se rv i ce  1 ines  t o  commercial o r  
r e s i d e n t i a l  consumers'. With the  c a s t - i r o n  subloop the  gauge pressure i s  
reduced t o  15 mbar by another pressure regu la to r .  A t  the  simulated b u i l d i n g  
1 ine, which i s  the  te rminat ion  o f  t he  se rv i ce  l i n e ,  the  d i s t r i b u t i o n  pressure 
(3450 t o  4140 mbar) i s  reduced f u r t h e r  by a serv ice  regu la to r  t o  15 mbar. The 
gases then pass through a gas meter t o  t he  i n l e t  o f  the  compressor and are  
recompressed and recycled.  Flow i s  c o n t r o l l e d  and proport ioned through the  
subloops w i t h  valves and the  bypass. 

1.2- INDUSTRIAL DISTRIBUTION MODEL 

The ~ n d u s t r i a l  Model cons is ts  o f  one l oop  and a bypass w i t h  s tee l  pipe1 i n e  
ma te r i a l  . Th is  model conta ins  components and equipment normal j y  i n s t a l  1 ed 
i n  t y p i c a l  i n d u s t r i a l  serv ice.  F igure  2 i s  a s i m p l i f i e d  diagram o f  t h i s  
l oop  w i t h  i t s  major equipment components. I n  operat ion,  a two-stage compressor 
feeds ,0.42 m3(s t ) / h  of na tu ra l  gas o r  hydrogen t o  t he  model a t  a gauge pres- 
sure between 11 720 and 12 070 mbar. The compressed gases pass through an 
a f te rcoo le r  t o  reduce gas temperatures t o  ambient, and then through a surge 
tank t o  dampen pu lsa t ions .  A 1 i n e  r e g u l a t o r  i n s t a l l a t i o n  reduces the  pres- 
sure t o  4140 mbar, s imu la t ing  pressures i n  t he  d i s t r i b u t i o n  main. Another 
r e g u l a t o r  downstream, i n  ser ies,  reduces the  (gauge) pressure f u r t h e r  t o  
550 mbar, s imu la t ing  the  opera t ing  se rv i ce  pressures o f  i n d u s t r i a l  components. 
The gases then pass through several i n d u s t r i a l  gas meters ( f o r  example, 
diaphragm, ro ta ry ,  o r  t u r b i n e )  connected i n  ser ies,  t o  t he  i n l e t  o f  t h e  com- 
pressor, and then are  recompressed and recycled.  Flow i s  c o n t r o l l e d  and 
proport ioned w i t h  valves and the  bypass. 

1.3- SAFETY TEST LOOP 

The Safety Test Loop cons is ts  o f  one loop w i t h  a l eak  zone and a bypass. The 
leak  zone provides a space f o r  t e s t i n g  and d e f i n i n g  problems associated with 
mechanical o r  cor ros ion  leaks,  leak  clamps, and ruptures.  The p i p e l i n e  ma te r i a l  
i s  s tee l  except a t  the  leak  zone. F igure 3 i s  a s i m p l i f i e d  diagram o f  t h i s  
loop w i t h  i t s  major equipment components. I n  operat ion,  a s ing le-s tage com- 
pressor feeds 0.42 t o  0.62 m3(s t ) / h  of na tu ra l  gas o r  hydrogen t o  t he  l oop  
a t  a gauge pressure between 3450 and 4140 mbar. The compressed gases pass 
through an a f t e r c o o l e r  t o  reduce gas temperatures t o  ambient and then through 
a surge tank t o  dampen pu lsa t ions .  The gases then pass through t h e  expe r i -  
mental setup i n  t he  leak  zone t o  t he  i n l e t  of t he  compressor and are recom- 
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Fig. 1 
Diagram of Residential/Commercial 

Gas Distribution Model 



Fig. 2 
. Diagram of Industrial 
Gas Distribution Model 
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Fig .  3 
Diagram o f  Sa fe ty  T e s t  Loop 



pressed and recyc led .  I f  excess leakage i s  a problem, t h e  gas f l o w  terminates 
i n  t h e  l e a k  zone and t h e  gases a re  vented t o  t h e  outdoors.  

2  - OPERATION AND MEASUREMENT PROCEDURES 

The th ree  r e c i p r o c a t i n g  p i s t o n  compressors were i n s t a l  l e d  t o  r e c y c l e  and com- 
press n a t u r a l  gas and/or hydrogen t o  t h e  ope ra t i ng  design cond i t i ons  o f  t he  
model t e s t  loops.  An i n i t i a l  40-hour t e s t  was performed w i t h  t h e  Res iden t i a l 1  
Commercial and I n d u s t r i a l  loops a t  design cond i t i ons  us ing  n i t r o g e n  gas. The 
systems operated s a t i s f a c t o r i l y ,  and l e a k  r a t e s  o f  t h e  components and model 
were, charac te r ized .  Dur ing t h i s  opera t ion  i t  was again v e r i f i e d  t h a t  bo th  
t he  systems'and the  i n d i v i d u a l  components, f i t t i n g s ,  and connect ions met i n -  
d u s t r y  requirements f o r  l eak - t i gh tness .  

The Resident ial /Commercial  and I n d u s t r i a l  models were then operated f rom 2 t o  
4 weeks t o  ga in  base l ine  data on f l o w  and leakage w i t h  n a t u r a l  gas. Fo l low ing  
t h i s ,  bo th  models were operated f o r  6 months on commercial -grade hydrogen. ) 

A t  t h i s . w r i t i n g ,  we a r e  i n  t he  process o f  examining equipment and components 
o f  t he  I n d u s t r i a l  Test  Loop f o r  phys ica l  , chemical, o r  metal 1  u r g i c a l  e f f e c t s  
due t o  6 months o f  hydrogen exposure. Each i n d i v i d u a l  component has a d u p l i -  
ca te  t h a t  i s  s to red  i n  o r i g i n a l  cond i t i on .  These were supp l ied  by t h e  p a r t i -  
c i p a t i n g  gas companies o r  manufacturers f o r  comparison w i t h  t h e  hydrogen- 
exposed components. So f a r ,  no m a t e r i a l  s  problems o r  i n c o m p a t i b i l i t i e s  i n  t h e  
d i s t r i b u t i o n  equipment a re  ev iden t .  

By means o f  var ious  r e g u l a t o r s  o r  s t a t i o n s  i n  t h e  two major  loops, t he  opera t -  
i n g  pressuresl a re  reduced as t h e  gases pass from the  feeder  main (10.35 t o  
13.80 bars ) ,  t o  the  d i s t r i b u t i o n  main (3450 t o  4140 mbar), and t o  t h e  p o i n t  
o f  se rv i ce  (345 t o  690 mbar f o r  the  I n d u s t r i a l  Loop and 15 t o  25 mbar f o r  t he  
Res ident ia l  /Commercial Loop). Meters a r e  i n s t a l  l e d  e i t h e r  i n  s e r i e s  o r  i n  con- 
t r o l l e d  subloops so t h a t  comparat ive f l o w  measurement data (on n a t u r a l  gas and 
hydrogen) can be taken. A t  a s imulated b u i l d i n g  l i n e ,  t he  gases a r e  f i l t e r e d ,  
recompressed, and recyc led  t o  t h e  loops.  The Resident ial /Commercial  and I n -  
d u s t r i a l  models a re  designed t o  operate con t inuous ly ,  whereas t he  Safe ty  Test  
Loop operates when spec ia l  ( leakage)  t e s t s  a re  performed. Using l o c a l  pressure 
and temperature measurements, a1 1 gas f lows a re  reduced mathematical l y  t o  i n -  
d u s t r y  s tandard c o n d i t i o n s  (m3, 15 C, 1013.25 mbar). 

Eleven components (coup l ings ,  unions, a pressure r e g u l a t o r ,  and a f l o w  meter)  
a re  prov ided w i t h  sheet  metal o r  P l e x i g l a s  enclosures t o  mon i t o r  and compare 
leakage of n a t u r a l  gas and hydrogen from these s p e c i f i c  .components. Volumetr ic  
displacement (o f  l i q u i d )  and gas ana l ys i s  (by gas chromatography o r  mass spec- 
t rograph)  were t he  methods se lec ted  t o  measure t he  leak  r a t e s  o f  these com- 
ponen t s  . 
To ta l  system leakage i s  determined by measuring makeup gas a d d i t i o n s  t o  t he  
h igh-pressure s i de  o f  t he  t e s t  loops ( a f t e r  t he  compressor). The makeup gas 
q u a n t i t i e s  a r e  being determined by pressure decay f rom c a l  i bra ted  c y l  inders .  

3  - PRELIMINARY OBSERVATIONS AND RESULTS 

The hydrogen- to-natura l  gas vo lumet r i c  f l o w  r a t i o  can be p r e d i c t e d  f o r  laminar  
and t u r b u l e n t  f l o w  by us ing  equat ions for gas f lnw. Fmp i r i ca l  ( t ransmisc ion  
or d i s t r i b u t i o n )  p i p e l i n e  f a c t o r s  can be inc luded,  and t h e  r a t i o s  o f  energy 

- d e l i v e r y  can l i k e w i s e  be p r e d i c t e d  by i n c o r p o r a t i n g  t h e  d i f f e r e n t  hea t i ng  
values ( c a l o r i f i c  con ten t )  f o r  hydrogen and n a t u r a l  gas. A1 so, leakage r a t i o s  
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can be calculated fo r  diffusional flow (by using the square root of the r a t i o  
of molecular weights) and f o r  stream1 ine flow through an o r i f i c e  (from the 
Bernoul 1 i theorem). However, the gas properties,  which d i f f e r  widely between 
hydrogen and natural gas o r  methane, and the  importance of even s l i gh t l y  
d i f f e r en t  operating conditions make experimental measurement and confirmation, 
when possible,  very necessary fo r  gas d i s t r ibu t ion  components and systems. 

3.1- GAS FLOW AND ENERGY DELIVERY 

The high heating value of hydrogen i s  12.1 MJ/m3(st), whereas natural gas heat- 
ing values are  commonly i n  the range of 35.3 t o  41 MJ/m3(st). Thus, the flow 
of hydrogen' must be increased by a fac to r  of about 2.9 t o  3.4 ( r e l a t i ve  to  
natural gas under the same temperature and pressure conditions) to  del iver  
energy a t  a r a t e  equivalent to  t h a t  of natural gas. A previous study ( 1 )  con- 
sidered the gas flow equations fo r  laminar, pa r t i a l l y  turbulent ,  and turbulent 
flow hydrogen and natural gas in pipes. 

Some notable differences between hydrogen and methane with respect to  gas flow 
and energy del i  very a r e  out1 ined below. 

Units - H2 CH 4 - 
(High) Heating Value ~ ~ / m ~ ( s t )  12.1 37.6 
Viscosity Pa s 8.5 11 . O  
Specific Gravity. - - 0.07 0.55 

For laminar flow, i  .e .  , Reynolds number (Re) < 2000 - 

' avg flow velocity Hz = 1.3 x avg flow velocity C H 4  

Re = 0.2 ReCH 
H 2 4 

For pa r t i a l l y  turbulent flow' (2000 < Re < lo5)  - 

.flow velocity Hz = 2.6 x flow velocity C H 4  

Re = 0.4 ReCH 
H2 4 

For turbulent flow (Re > lo5)  - 

flow velocity H z  = 2 .9  x flow velocity C H 4  

Re = 0.5 ReCH 
Hz 4 

Some conclusions of the previous study (referenced above) follow: 

Usually, the natural gas flow i n  d is t r ibut ion mains i s  
, pa r t i a l l y  turbulent ,  b u t  conditions of laminar and f u l l y  

turbulent flow occur. If hydrogen i s  t o  be delivered i n  
t h i s  o r  a future  system bu i l t  fo r  natural gas service ,  
cer ta in  operating and procedural changes a r e  t o  be an t i -  
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c ipa ted .  I f  vo lumet r i c  f l o w  r a t e s  f o r  hydrogen were about 
325% (on t h e  average) o f  those f o r  n a t u r a l  gas, an equ i -  
v a l e n t  amount o f  energy would be de l i ve red .  However, if 
the  p ipes and opera t ing  pressures a r e  unchanged - 

For laminar  f low,  t he  vo lumet r i c  f l o w  r a t e  o f  hydrogen 
w i l l  be about 130% o f  t h a t  o f  n a t u r a l  gas and t he  de- 
l i v e r e d  energy w i l l  be o n l y  40% o f  t h a t  o f  n a t u r a l  gas. 

For p a r t i a l l y  t u r b u l e n t  f low,  t he  vo lumet r i c  f low r a t e  
o f  hydrogen w i l l  be about 260% o f  t h a t  o f  n a t u r a l  gas 
and t h e  del  i vered energy wi 11 be 80% o f  t h a t  o f  n a t u r a l  
gas. 

For t u r b u l e n t  f low,  t he  vo lumet r i c  f l o w  r a t e  o f  hydrogen 
w i l l  be about 280% o f  t h a t  o f  n a t u r a l  gas and t h e  de- 
l i v e r e d  energy w i l l  be 85% o f  t h a t  o f  n a t u r a l  gas. 

For a l l  ca tegor ies  o f  f low,  t h e  Reynolds number f o r  
hydrogen w i l l  be one-ha1 f o r  l e s s  than t h a t  o f  
n a t u r a l  gas, and t he  designed- for  ca tego r i es  o f  f l o w  
migh t  be downgraded, e.g., p a r t i a l l y  t u r b u l e n t  t o  
1  aminar, i n  some instances.  

To d e l i v e r  t h e  same q u a n t i t y  o f  energy, t he  hydrogen 
gas d e n s i t y  i s  bes t  increased by i nc reas ing  t he  
opera t ing  pressures o f  t h e  p i p e l i n e s .  

I n  our  experiments w i t h  t he  Resident ial /Commercial  D i s t r i b u t i o n  Loop ope ra t i ng  
on hydrogen, we ad jus ted  t he  pressures so t h a t  t h e  c a p a c i t i e s  o f  t he  res iden-  
t i a l  meters would be balanced and n o t  exceeded. With t h e  adjustments ( b y  
va lve t h r o t t l  i n g  and/or se rv i ce  r e g u l a t o r  s p r i n g  adjustments),  we a t t a i n e d  a  
vo lumet r i c  hydrogen f l o w  r a t e  o f  about 300% t h a t  o f  methane. Methane has a  
heat ing  value o f  37.6 MJ/m3(st).  Adjustments i n  energy d e l i v e r y  t o  about 97% 
t h a t  o f  methane were made, which were w i t h i n  t h e  ope ra t i ng  range o f  va lves,  
r egu la to r s ,  and meters. 

I n  our  experiments w i t h  t h e  I n d u s t r i a l  D i s t r i b u t i o n  Loop ope ra t i ng  on hydrogen, 
the  vo lumet r i c  f l o w  r a t e  was about 245% t h a t  o f  n a t u r a l  gas (98% methane, 37.2 
MJ/m3 [ s t ] )  w i t hou t  making any adjustments. Hence, t h e  energy de l  i v e r y  w i t h  
hydrogen was 80% t h a t  o f  n a t u r a l  gas under t h e  same ope ra t i ng  cond i t i ons  w i t h  
t h i s  model. A1 though a  d i r e c t  comparison t o  an equ i va len t  l e n g t h  o f  p i pe  may 
n o t  be v a l i d ,  t h i s  observa t ion  tends t o  subs tan t i a te  t h e  p r e d i c t e d  case o f  
p a r t i a l l y  t u r b u l e n t  o r  t u r b u l e n t  f low.  

Comparative f lowmeter readings i n  t h e  I n d u s t r i a l  Loop a r e  presented i n  Table 1  
f o r  t e s t s  on n a t u r a l  gas and hydrogen ( a  534-hour cumulat ive t e s t  on n a t u r a l  
gas and 935 and 1170-hour cumulat ive t e s t s  on hydrogen). A l l  meters a r e  of 
a  d i f f e r e n t  brand (manufacturer) :  The mean va lue  o f  t h e  average f l o w  r a t e s  i s  
6.72 m 3 ( s t )  f o r  n a t u r a l  gas, 15.75 m3(s t ) / h  f o r  hydrogen (Test  I ) ,  and 
16.43 m 3 ( s t ) l h  f o r  hydrogen (Tes t  2 ) .  
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Table 1. Comparative Flowmeter Readings i n  Natura l  Gas and Xydrogen Operations 

Natura l  Gas (534 Hours) 

Mean Flow Rate,* m3/h 6.72 
Sample Standard 
Deviat ion ,* % 4.3 

Average Flow Deviat ion 
Rate, m3/h From Mean, X 

Turbine , 
4000 CF/hr 6.613 -1.7 

Diaphragm No. 1, 
1000 CF/hr 6.876 +2.2 

Diaphragm No. 2 ,  
1000 CF/hr 6.657 -0.8 

Diaphragm No. 3, 
1000 CF/hr 6.590 -2.0 

Rotary, 
3000 CF/hr 

Hydrogen 
Tes t  1 (935 Hours) Tes t  2 (1170 Hours) 

Average Flow Deviat ion Average Flow Deviation, 
Rate, n3Ih , From Mean, I .- Rate, m3/h From Mean, % 

* Based on t h e  t h r e e  diaphragm meters and the  r o t a r y  meter. 



3.2- GAS LEAKAGE - HYDROGEN VERSUS NATURAL GAS 

Figure 4 p r e sen t s  ba se l i ne  na tu ra l  gas  leakage  da t a  f o r  t h e  I n d u s t r i a l  Model, 
and Figure 5 p r e sen t s  hydrogen leakage d a t a  under t h e  same cond i t i ons .  To 
determine t h e  leakage o f  a t e s t  loop ,  t h e  compressor leakage i s  sub t r ac t ed  
from t h e  combined system leakage.  In t h e  I n d u s t r i a l  Loop experiments ,  t h e  
overal.1 na tu ra l  gas  loop  leakage r a t e  was determined t o  be 2.0 dm3(s t ) /h  and . 
t h e  ove ra l l  hydrogen loop  leakage r a t e  was found t o  be 6.40 dm3(st) /h .  There- 
f o r e ,  t h e  observed volumetr ic  leak  r a t i o  i s  6.4012.0 = 3.20. In terms of 
energy l o s s  v ia  leakage ,  t h e  r a t i o  i s  (3 .2 x 12.1)/37.2 = 1.04 (energy l o s t  
a s  hydrogen t o  energy l o s t  a s  na tu ra l  g a s ) .  
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The volume o f  t he  I n d u s t r i a l  Model i s . a b o u t  0.71 ;m3, and t h e  c i r c u l a t i o n  f l o w  
r a t e  i s  25.5 m3(st) /h.  Hence, t he  average leakage o f  hydrogen "per pass" 
through the  loop i s  6.4 dm"st)/h + (25.510.71 passes/h) = 0.18 dm3(st)/pass, 
o r  about 0.025% per pass. 

F igure  6 presents base l ine  na tu ra l  gas leakage data, and F igure  7 presents 
hydrogen 1 eakage data fo r  t he  Residential/Commercial Loop, opera t ing  under t he  
same cond i t ions .  . The o v e r a l l  na tu ra l  gas loop leakage was determined t o  be 
0.363 dm3(st)/h, and the o v e r a l l  hydrogen l oop  leakage, 1.22 dm3(st)/h. The 
observed volumetr ic  l e a k  r a t i o  f o r  t he  ,Residential/Commercial Loop i s  1.221 
0.363 = 3.36, and the  energy l o s s  r a t i o  i s  (3.36 x 1.2.9)/37..6 = 1.08. 
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The volume o f  the  Residential/Comrnercial 'Model i s  about 1.19 m3, and the  
average leakage o f  hydrogen "per pass" i s  0.079 dm3(st)/h, o r  about 0.007% 
per pass. 

Figures 4 through 7 show th ree  notab le  aspects o f  system leakage: 

1. The model l oop  leakage ra tes  are  q u i t e  small .  

2. Loop leakages are r e l a t i v e l y  constant, and' no s i g n i f i c a n t  new leakage 
. appears t o  be developing w i t h  time. 

3. Compressor leakage increases w i t h  t ime as r i n g s  and seals wear. 

Table 2 l i s t s  and compares na tu ra l  gas and hydrogen leakage observed w i t h  t he  
components enclosed. The hydrogen-to-natural gas l eak  r a t i o  ranged from 
2.61 :1 t o  4.64:l .  I n  general, t he  leakage i s  very small ( l ess  than 10 cm3 
per day f o r  na tu ra l  gas o r  hydrogen) fo r  a l l  o f  the-enclosed components except 
f o r  t he  2- inch threaded p ipe  coupl ing.  We had determined from the  assembly 
checkout t e s t s  and the  onset of t e s t i n g  t h a t  threads on t h i s  p a r t i c u l a r  2- inch 
p ipe coup1 i n g  j o i n t  were damaged and t h a t  leakage would probably be s i g n i f i c a n t  
( i n  t h i s  case, 13% t o  17% o f  Residential/Commercial Loop leakage). A1 though 
more data are  being co l l ec ted ,  p re l im ina ry  i n d i c a t i o n s  are  t h a t  rubber coup l ing  
seals and valve-stem seals are  e x h i b i t i n g  leakage-rates 4 t o  5 t imes h igher  
f o r  hydrogen than f o r  na tu ra l  gas. 

3.3- SPECIA'L LEAK TESTS 

A sec t i on  o f  t he  Safety Test Loop was f i t t e d  w i t h  1- inch- ips  p l a s t i c  p ipe  w i t h  
t h ree  simulated leak  holes (3.175, 1.58, and 0.76 m diameter) .  Hydrogen a t  a 
f l o w  r a t e  of.39.2 m3(s t ) / h  and a gauge pressure o f  3795 mbar i n  t he  p ipe  
sec t ion  was al lowed t o  escape through each hole, separate ly ,  and the  tempera- 
t u r e  of t he  escaping hydrogen stream was monitored w i t h  a thermocouple and a 
s t r i  p-chart  recorder. 

The data i n d i c a t e  t h a t  t h e  process o f  expansion o f  hydrogen through a ho le  i n  
a p ipe  i s  dominated by an ad iaba t i c  expansion s i m i l a r  t o  t h a t  through a nozzle. 
Hydrogen i s  noted f o r  p e c u l i a r  behavior du r i ng  i s e n t h a l p i c  expansion; i t  heats 
because i t s  Joule-Thomson inve rs ion  temperature i s  202 K, whereas f o r  na tu ra l  
gas t h i s  i nve rs ion  temperature i s  950 K. However, the  observed expansions 
through the  created leaks coinc ided w i t h  a coo l i ng  o f  t he  gas genera l ly .  
Only a t  c e r t a i n  po in t s  i n  the  l eak ing  gas stream very near t he  hole d i d  t he re  
appear t o  be some Joule-Thomson i sen tha l  p i c  expansion e f f e c t s  t h a t  would 
account f o r  observed hydrogen temperatures being lo o r  Z0C above ambient. These 
e f f e c t s  a re  n o t  s i g n i f i c a n t  and would n o t  i n i t i t a t e  au to , ign i t ion  o f  a hydrogen 
leak.  

The hydrogen l eak  from t h e  0.76-mm ho le  was i g n i t e d  w i t h  a match. The leak  
i g n i t e d  i n s t a n t l y  and e x h i b i t e d  a s l i g h t l y  v i s i b l e  flame about 15 cm long.  
The flame d i d  n o t  damage the  p l a s t i c  p ipe  wh i l e  supp l ied  w i t h  an i n t e r n a l  p ipe  
gauge pressure o f  3795 mbar. When the  pressure t o  t he  t e s t  sec t i on  was turned 
off, the  pressure i n  t he  t e s t  sec t i on  decayed and the  hydrogen flame softened, 
shortened, and began t o  me l t  t he  p ipe a t  t he  leak  hole.  A t  t h i s  p o i n t  the  
flame was ext inguished w i t h  a wet rag. A f t e r  t he  i g n i t i o n  t e s t ,  the  p ipe  
around the  l eak  h n l ~  f e l t  warm t o  the  touctl. 
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Table 2. Residential/Commercial Model Enclosed Component Lesk Rates 

Hp Leak 
NG* Leak Rate Rate 

Tes t  1 Tes t  2 Tes t  1 H.1 Leak Rate/NG Leak Rate 
(352 h r )  (457 h r )  Average (933 h r )  H2 Tes t  I /  H2 Tes t  11 H2 Tes t  11 

Component -cm3/24-hr day NG Test  1 NG Tes t  2 NG Average 

2-in. h y d r a u l i c a l l y  appl ied  0.079 0.127 -0 .103  0.362 4.58 2.85 - 3.51 
coupling;  rubber  s e a l  on 
s t e e l  p ipe  

2-in. coupl ing  w i th  3-bolt  0.051 0.079 0.065 0.206 4.04 2.61 3.17 
.. cons t ruc t i on ;  rubber  s e a l  

on s t e e l  p ipe  

2-in. weld j o i n t ;  s t e e l  p ipe  0 0 0 0 -- -- -- 
2-in. h y d r a u l i c a l l y  appl ied  ' 0.74 0.94 0.84 3.43 4.64 3.65 4.08 
t r a n s i t i o n  coupling;  rubber 

. , s e a l  on po lye thylene  and 
s t e e l  p ipe  

2-in. p ipe  th read  coupling;  -- 1100** 1100** 4900** - 4.45 4.45 
s t e e l  p ipe  

2-in. i n s u l a t i n g  j o i n t ;  s t e e l  <lo** <lo** <lo** <lo** -- -- -- 
p ipe  

2-in. compression coupling;  <lo** <lo** <lo** <lo** -- -- -- 
s t e e l  p ipe  

' . 2-in. f langed j o i n t  wi th  <lo** <lo** <lo** <lo** -- -- -- 
asbes to s  g a s k e t .  

. R e s i d e n t i a l  s e r v i c e  r e g u l a t o r  <lo** <lo** <lo** <lo** -- -- -- 
R e s i d e n t i a l  meter <lo** <lo** <lo** <lo** -- . -- -- 
2-in. i n s u l a t i n g  union w i th  <lo** <lo** <lo** <lo** - -- -- 
threaded ends; s t e e l  p ipe  

* NG = n a t u r a l  gas. 

** Ins tan taneous  l e a k  r a t e  by t h e  bubble p i s t o n  method; 10 cm3/day minimum detectable leakage. . . 



CONCLUSIONS 

The cu r ren t  natura l  gas d i s t r i b u t i o n  system i s  an e f f e c t i v e  method f o r  d e l i v e r -  
i n g  f u e l  gas t o  r e s i d e n t i a l ,  comnercial, and i n d u s t r i a l  consumers. It has 
evolved over decades, i s  comprised o f  many d i f f e r e n t  ma te r ia l s  o f  construct ion,  
and operates a t  pressures from m i l l i b a r s  up t o  several bars. I f  the operat ing 
pressures and d i s t r i b u t i o n  p ip ing  are no t  changed, we conclude the  fo l l ow ing  
f o r  hydrogen del  ivery :  

Under (normal ) tu rbu len t  f l ow  condi t ions,  hydrogen energy d e l i v e r y  w i l l  
be 80% t o  90% o f  natura l  gas energy de l ivery ;  t h i s  i s  exper imental ly  
confirmed. 

Under laminar f l ow  condi t ions,  hydrogen energy d e l i v e r y  
might be o n l y  about 40% o f  natura l  gas energy de l ivery .  This 
i s  a p o t e n t i a l  problem area s t i l l  subject  t o  experimental 

. v e r i f i c a t i o n .  

The overa l l  hydrogen-to-natural gas leak  r a t i o  f o r  a d i s t r i b u t i o n  
system w i l l  be about 3.25:1, and the  o v e r a l l  energy loss  r a t i o  w i l l  
be about 1.04:l. The hydrogen-to-natural gas leak  r a t i o  f o r  
i n d i v i d u a l  components w i l l  range from 2.5:l t o  5:1, depending 
upon the  permeation charac te r i s t i cs  o f  the  mater ia l  o f  const ruc t ion 
and the j o i n i n g  methods. 

Hydrogen leaks w i l l  no t  i g n i t e  spontaneously; hydrogen escaping 
from a leak  expands somewhat a d i a b a t i c a l l y  and cools. 
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