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ABSTRACT 

Thi s report i s  the result of a review of the s tatus 
of rese arch directed toward the reduction of fire hazards 
as sociated with hydraulic sys tems . P arti cular attention 
was given to the prob lems associ ated with the search for 
les s  f lammab le hydraulic f luids . The nature and s i gni fi
cance of tests to evaluate the flammabi li ty of candidate 
fluids and such practi cal cons iderati ons as toxicity and 
corros ivi ty , whi ch affect the s e lection and use of hydraulic 
fluids , were emphasi zed . A s tati sti cal fire-hazard evalu
ation s tudy of each hydraulic system and its environment 
is a key factor in dete rmining the des ired properties of  
candidate fluids and must be  used as  a guide to the search 
for new , improved f luids . 

i i i  
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PREFACE 

To date , improved fire-resistant hydraulic fluids 
compatible with submarine systems designs , operating con
ditions , and envi ronmental and human factors have not been 
found . As a result , the Department of De fense requested 
that the National Research Counci l appoint a commi ttee to 
identi fy means o f  finding and testing suitab le hydrauli c  
fluids for submarines .  

Previous efforts with candidate f luids to replace the 
petroleum-based hydrocarbon f luids presently in use in 
submarines have been unsuccessful for a variety of reasons: 

• Thei r physical properties do not meet the requi re
ments of the hydrauli c system .  

• They do not remain inert to materi als of construc
tion of the hydrauli c system. 

• They are not inert to i tems outside the hydraulic 
systems (important in case of leaks or spi lls ) . 

• They do not protect the system from damage when 
seawater contamination occurs . 

• They are toxi c . 
• And of less  importance , they are expected to be 

too costly . 

The ultimate goals of the sponsor were to find :  

• A single f ire- res istant f luid suitab le t o  replace 
the three petroleum-based hydrocarbon f luids now in use in 
submarine inte rnal main and vital , and external hydrauli c , 
systems . However , the Navy would consider two or even 
three replacement f luids i f  fire res i stance were improved 
and if requi s i te physical properties were equal or superior 
to thos e of presently used fluids . 

• A fluid that i s  or could be made avai lable in the 
quanti ty required (approximate ly 200,000 gal lons per year ) . 

• Laboratory tests that can s imulate submarine con
ditions to determine the required fi re res i stance of sub
marine hydrau lic f luids . 

v 
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Wi th the se goals , the NMAB ad hoc commi ttee was 
es tablished to: 

• Review prob lems posed by hydrauli c f luids in an 
es senti ally closed environment . 

Propose means for f inding new flui ds and estimating 
the l ike lihood of thei r  succe ss . 

• Provide base s for the development of tests to 
determine submarine hydraulic f luid f i re res i stance . 

No known catastrophic fi re attributab le to hydraulic 
fluid has occurred on a submarine- -a credi t to those who 
design , bui l d ,  and operate submarines .  Obvious ly then , 
thi s places a great respons ibility on the commi ttee to 
ass ure that i ts recommendations do not result in research 
directions that would lead to an increased f i re hazard 
potenti al or introduce or aggravate other h azards . 

In order to review the hazards posed by hydraulic 
fluids in a specific envi ronment ,  i t  is  necess ary to know 
the characteristi cs of that environment and the probab i l ity 
that a parti cular fai lure mode wi l l  occur . S imilarly , the 
means of f luid deve lopment can on ly be identi fied fo r a 
specific sys tem after the critical parameters of greatest 
s igni fi cance have been identi f ied and the magni tude o f  the 
des i red p roperties estimated . It  i s  further evident that 
the deve lopment of laboratory tes ts to determine fire 
res i s tance requi res a thorough knowledge o f  the subject 
environment . 

Since speci f ic data were not avai l ab le for submarine 
systems , it became evident th at thi s s tudy could not 
addres s  a l l  of the goa ls listed prev io us ly as they pertain 
to submarine s . I n  view o f  several reports dealing with 
hydraulic f luid f�ammab ility (ASTM , 19 5 9 , 19 6 6 ; u.s. Bureau 
of Mines , 19 7 5 ; Ames Research Center , 19 7 6) , i t  was decided 
that thi s  s tudy should emphas i ze several problems that had 
received les s attention in previous work and were s t i l l  of 
re levance to some aspects of the submarine envi ronment . 
Operation in seawater emphas i zes the p roblem of corros ion 
if s altwater contamination occurs , and the fact th at the 
hydrauli c sys tem exi s ts in a closed , inhabited envi ronment 
makes the problem of toxi city of the hydrauli c f luids and 
the ir reaction products an important hazard cons ideration . 
Since the screening of potenti al hydrauli c  fluids i s  usually 
accompli shed through the use of laboratory tests , the in
terpretation of laboratory tests was the focal point . 

vi 
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To obtain i nformation needed to arrive at the con
c lusions and recommendati ons p resented in thi s  report , the 
committee he ld a workshop . The workshop was chaired by 
Dr . Edward A. Fle tche r because of the illness  of the under
signed . We are indebted to him f or his able ass i stance 
and extensive con.tributions to the writing and editing of 
thi s  report . 

Leaders of  workshop sess ions and contributors to 
various topics of the report were as fol lows : 

Chemis try--Drs . Paul Tarrant and Marte l Zeldin 
Comb us ti on--Drs . Me lvin Gerstein and Edward A .  

F letcher 
Corrosion--Mr . Joseph F .  Rynewicz 
Toxicity--or . Paul L.  Wright 

We also gratefully acknowledge the ass i stance of Drs . 
Charles F .  Reinhardt and Seymour L .  Fries s for their con
tributions to the toxi ci ty discus s i on , and to the following 
for thei r  tutorial presentati ons at the workshop : Keith 
B. Baucom , Wi lliam Cas s anos , Barrett L.  Cupples , Roger 
Hatton , James E .  Jones , Reinhold Kratzer , Walter E .  Lewis , 
and Carl E .  Snyder ;  and to Drs . Robert E .  S i ngler and P aul 
Beche r for technical as sistance . To all  who attended the 
wo rkshop we extend our appreci ation . The committee also 
wishes to expres s i ts gratitude to D r .  Stanley Barkin for 
his coordination of a variety of activities , including his 
ass i stan ce in collecting re levant reports . It  is  a 
ple asure to acknowledge the help of Mrs . Stephanie Paul 
who organized my efforts and typed the o rigi nal drafts 
of this  manus cript . 

Me lvin Gers tein , Chai rman 
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CHAPTER I 

INTRODUCTION 

Hydraulic sys tems are an es senti al part o f  complex 
vehi cles such as aircraft and ships . These systems include 
a network of lines that carry at elevated pres sure a f luid 
whose f lammabi l i ty affects safety throughout the vehicle . 
Cons truction i s  fac i litated by routing hydraul ic line s , 
s team pipes , e lectrical wiring , and various other lines 
through common channels. Thus , failure of one of the com
ponents may involve others ; good planning dictates that 
great e ffort be made to minimi ze fai lures that could be 
disastrous . Any meas ures th at reduce the potenti al of hy
draulic fluid to start or to aggravate fires wi ll contribute 
substantially to the safety of a vehic le . 

It i s  tempting to try to reduce the fire hazard by 
searching for an ide al fluid that wi ll  not burn ; i s  com
patible wi th all materials ; pos sesses the properties of 
lubricity , density , and compress ibi lity nece s sary for 
efficient operation ; and i s , of course ,  plentiful and 
cheap . Such a fluid may s omeday be found , but unti l i t  is 
compromis e will be necessary . The di f f icult problem is  to 
deci de whi ch compromi ses mus t  be made . 

A great deal of research has already been done to 
find hydraulic fluids of  improved fire safety comp ared 
with petroleum-based f luids . Some alternative f luids are 
already in use , but the search continues . It  i s  evident 
that no f luid is completely s ati s factory. Fluids showing 
advantage s in one property often have maj or de ficiencies 
in othe r properties. 

There has been a tendency to place the complete 
responsibi lity for compatibi lity with all other systems 
and components on the candidate fluid. In any serious 
ef fort to improve fire safety , some system alterat ions 
may have to be made to accommodate the characteristics of 
substi tute fluids . 

Wi th regard to fire s afety , the guide lines for fluid 
selecti on have to be  formul ated on the bas i s  of l aborato ry 
tests whose re lationships to the real fire hazards are 

1 
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2 

wel l  established. Each system and i ts environment mus t  
be analy zed t o  establish goals for finding new f luids and 
relaxing requi rements for properties th at are not of maj or 
importance. 

Chapter II of thi s report contains a summary of the 
maj or conclusions of the committee and re commendati ons for 
future work. Whi le thi s  s ection is written so that it can 
be read independently of the remainder of  the report , i ts 
contents res t  on the discuss ion con tained in the re st o f  
the report. 

Chapters I I I -VI and the Appendix contain the main 
body of the cons iderations from which the conclus ions and 
recommendations were drawn . The report is intended ne ither 
as a handbook nor as a complete survey of the state of the 
art , although a bibliography i s  inc luded that could serve 
as an introducti on to the state of the art . Chapters I I I  
an d  IV are introductory i n  nature and are included to 
faci litate subsequent di scuss ion and as s i st in de fining 
some te rms and points of view . Ch apter I I I  deals wi th 
typical fai lure modes in hydraulic systems and Chapter IV 
with a description of some of  the tests used to evaluate 
the combus tibi l i ty ,  corros ivi ty , and toxicity o f  candidate 
fluids. Chapter v, on f luids , reviews the present status 
of availab le fluids , points out promis i ng areas of  research , 
and high lights some of the problems o f  f indi ng improved 
hydraulic fluids . Ch apter VI deals wi th the interpretation 
of combus tion tests in relationship to f i re hazard . 

The use and interpretation o f  laboratory tests i s  
important in evaluating candidate fluids and i n  estab l i shing 
criteria for j udgi ng the nature and degree of a new f luid ' s  
improvement in fire s afety .  Thi s  measure i s , indeed , 
cruci al s i nce only by an evaluation o f  the gains in safety 
can a decis ion be made as to the cost and inconvenience 
merited by that gain . That decis ion cannot be made in 
this report , but the report does discus s the techno logy 
invo lved in establi shing the background for such deci s i ons . 
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CHAPTER I I  

CONCLUSIONS AND RECOMMENDATIONS 

The committee has reviewed the status of knowledge 
wi th re spect to hydraulic- fluid f ire hazards . The fire 
hazard p rob lem is a complex one that depends on interaction 
between fluids , hydraulic systems , and the surroundings . 
Lacking an adequate description of  a g iven sys tem and i ts 
surroundings , we cannot es timate the likelihood o f  success . 
We have examined a variety of f ire safety tes ts and have 
made recommendati ons for future research that we be lieve 
would s igni ficantly improve fire safety . 

The committee has drawn the fol lowing conclusions 
and recommendations . 

CONCLUS IONS 

Knowledge and Unders tanding 

1 .  The search for s afe hydraulic fluids mus t  be 
based on two conditions . 

One i s  a precise knowledge of  the conditions 
under wh ich they are to be used . By this we mean condi
tions that a hydrauli c  flui d  might encounter insi de or 
outside the sys tem as a result of a mi shap or malfunction 
as we l l  as normal oper ating conditions wi thin the hydraulic 
sys tem .  

The othe r i s  an understanding of the re lationship 
between f luid properties and fire hazards . Conventional 
fire ha zard indi ces are often not good predi ctors of fire 
hazard . Competent analysis  i s  needed to corre late tes t  
results with fire hazard . 

Tes t Methods 

2. Present test methods to establish hydrauli c- f luid 
fire hazard are inadequate . They do not adequate ly s imu
late actual conditions ; nei ther do they permi t rel iable 
extrapolation to actual condi ti ons , nor do they provi de 
bridges by means of which such extrapolations can be made . 

3 
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3 .  Methodo logy for the quantitative assessment of 
toxic haz ard to human he alth and the environment from ex
posure to hydraulic fluids i s  ambiguous . 

4 .  Present tes t methods for corros ion res i s tance are 
generally s atis factory but do not s imulate the combination 
of dynamic and s tati c  condi tions typical of hydraulic 
systems . 

Hydrocarbon F luids 

5 .  An ideal hydrauli c fluid is not known to exi st . 
Many fluids wi th improved fire res is tance are not compatible 
wi th exis ti ng hydraulic system components and design 
characteri sti cs . The prime retrofitting candidate f luids 
to replace the petroleum-based hydraul ic f luids now in use 
are syntheti c hydrocarbons th at have phys ical properti es 
simi lar to these petroleum-based f luids . However , they 
offer li ttle in the way of improved fire s afety .  

Nonhydrocarbon F luids 

6 .  Halogenated Materials . Halogenated materi als 
appear to have a very high fi re res i stance , but the ir 
products of combus tion are toxi c and corros ive . Ce rtain 
halogenated materials are very res i s tant to biodegradation 
and may accumulate in bio logi cal organi sms , thus they are 
unacceptab le for any system that could di s charge into the 
envi ronment . 

Three classes--chlorotrifluoroethylene-vinylidene 
fluoride oligomers , f luorocarbon polyethers ,  and f luoro
polyether tri azines- -show p romise , but because of high 
dens ities , for example , may require system modifications . 

1. S i li cones . S il i cone f luids as a clas s  show 
promise . They have good materi al compatibi lity but poor 
lubri city and high compres sibi lity ,  and , unlike halocarbons , 
they burn in a spray tes t .  

8 .  Ary l Phosphate Esters . Certain subs ti tuted aryl 
phosphate esters caus e delayed neurotoxicity . The mos t 
active neurotoxic ,  commerci ally avai lable phosphates are 
those produced from cresols from natural sources . Ex
tens ive tes ti ng h as demonstrated that syntheti c hydraulic 
fluid manufactured from terti ary buty lated phenol is not 
neurotoxi c .  A c lear demonstration of the lack of toxi ci ty 
of the fluid and its degradation and combustion products 
would be required to renew interest in phosphate esters . 

Copyright © National Academy of Sciences. All rights reserved.

Fire-Resistant Hydraulic Fluids in Enclosed Marine Environments
http://www.nap.edu/catalog.php?record_id=19857

http://www.nap.edu/catalog.php?record_id=19857


5 

9 .  Water-Based F luids . Water-based fluids offer 
improved fire re s i stance in thei r  formulated states , but 
many leave f lammable residues when the water evapor ates . 
Generally they cannot be subs tituted for petroleum-based 
f luids wi thout system modi fication .  

RECOMMENDATIONS 

Fire Hazard Analys i s  

1 .  A thorough f ire haz ard analys i s  should b e  made o f  
the system in question .  Such an analys i s  s hould include 
consideration of  pos s ible fai lure mode s , the properties of 
all flammable materi als as wel l  as those of  hydraulic 
f luids , and the potenti al o f  the environment to furni sh 
i nteractions that can lead to ignition .  

Modified Condi t i ons o f  U se of Fluids 

2. Serious attempts should be made to f ind ways in 
whi ch the condi tions under whi ch hydrauli c f luids are used 
can be modified to improve s afety , such as changes in the 
ambient condi tions and sys tem characteristics . 

Improved Fire Testing 

3 .  Research to deve lop improved f i re tes t  methods 
for hydraulic f luids should be undertaken . 

4. A research program should be initiated to develop 
laboratory tes ts that correlate with the fire hazard in 
the system cons idered . Emphasi s  should be p laced on how 
the surroundings may act ei ther as a promoter or inhibite r  
of igni ti on and combustion processes . 

Toxicity Evaluation 

5 .  The recommended approach to toxicity evaluation-
a tier approach-- i s  one in which p reliminary , i . e . , s imple 
and acute , toxici ty evaluation i s  conducted early in the 
development o f  a fluid , and further toxic ity evaluation 
( chroni c and special) proceeds as interest in the f luid 
deve lops . 

The toxi city of hydraulic f luids presently in use 
should be tested according to the procedures recommended 
for new f luids and thus serve as a basi s  for comparison . 
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Corros ion Testing 

6 .  The tes t for corros ion res i stance should be 
changed to an " on-off "  procedure to s imulate s tati c condi
tions . The test specimens should be not only stee l , but 
also galvani c couples of the materials that s imulate actual 
material combinations in the hydraulic sy stems . 

Guidelines for Ini ti ating Syntheti c Work 

7. Guidel i nes suggested by all of the above recom
mended research should be considered before new synthetic 
work i s  undertaken . The intent is  not to stifle new 
development work but i s  to thwart new synthetic e f forts , 
was teful of t ime and effort , th at improve fi re s afety 
properties at the expense o f  introducing other prob lems 
such as a toxi c threat from the hydr aulic f luid . 
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CHAPTER I I I  

FAI LURE MODES AN D  FIRE HAZARD 

In evaluating the risks associ ated with the use of  
hydraulic fluids we mus t keep in mind that the hazard is  
a consequence of the way the f luid interacts with its 
surroundings . I t  depends not only on the properties of 
the f luid but on the nature of acci dents as we l l  as routine 
use , and on the environment in whi ch the f luid may be 
p lace d .  The fal ling beam that s l i ce s  through a hydraulic 
line i s  also like ly to cut the nearby electric cable , whi ch 
wi l l  produce an arc far from where i t  is anticipated that 
there would ever be one . An overheated pump bearing may 
s imultaneous ly produce a very h ot surface and a f luid leak . 
The number of hazardous s ituations i s  l imi ted only by one's 
imagination . In ci ting s ome fai lure modes and hazards in 
this secti on ,  we point out what seem to be the generic 
natures of the mos t likely predictable hazards . 

S ame of the fai lure modes that can occur are the 
fo llowing : 

1 .  A stream or spray i s  ej ected from a break or leak 
in the hydraulic sys tem . It encounters sooner or later 
( the time invo lved changes the nature of the h azard) an 
igni ti on source such as a spark , f lame , or hot surface . 
In this example , the difficulty of correlating f luid prop
erties with the seriousnes s o f  a hazard i s  we ll i l lustra
ted . I f  the leak is  not too large , the f luid igni te s 
quickly , and the flame is observed , the hazard might be 
quickly eliminated . I f  the leak does not ignite quick ly 
and produces a fog that accumulates and i s  subsequently 
ignited , the result i s  likely to be a di s as trous explos ion . 
Because hydraulic sys tems operate at high p res sure , leaks 
must be anticipated that can lead to hazards as soci ated 
with igni tion of the fluid sprays and fogs formed . 

2. An air bubble i s  suddenly compres sed in the hy
draulic system . It i s  the belief of the commi ttee that 
the nature o f  thi s hazard i s  general ly not wel l  unders tood . 
It is  wi de ly he ld that chemi cal reacti on takes place only 
at a fluid-air interface ; this i s  probably not true . The 
pres sure i s  quite likely to be above the cri ti cal pres sure 
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of the f lui d .  Moreover , after compre s s ion , the air is  
qui te like ly to be at a temper ature above the criti ca l 
temperature of  the f luid . The ai r space , after the com
press ion , more closely res emb le s  a hot , inhomogeneous , one
phase region that contains a fuel-air mixture having a wide 
range of compos i tions . The likelihood that such a mixture 
wi l l  exp lode is very dependent on how ef fectively it i s 
cooled by its surroundings . 

3 .  A hydraulic fluid s pi l ls or drips onto a hot 
surface , wets i t or forms a poo l , and is eventual ly igni ted . 
Pe rhaps i t  undergoes a pyro lyti c chemical change or i s  
separated by di sti llation i nto two or more components , one 
of whi ch i s  eas i ly ignited by the surface or a nearby 
spark or f lame . 

4 .  Porous or wi cklike materi al s uch as polyure thane 
foam insulation or s team pipe lagging s lowly becomes im
pregnated wi th hydraulic fluid whose compos ition may change 
over long periods of time ultimate ly to produce a hazardous 
situation .  There are real ly two dis tinct haz ards here . 
One s tems from the fact th at s ome fluids that cannot be 
eas i ly igni ted when they are exposed to a flame can be 
eas ily igni ted by a flame when they are held on a wick . 
The other s tems from the fact that when combus tible mix
tures , especially in large vo lumes , are insulated agai ns t 
heat loss , they can self-heat and igni te spontaneously . 

5 .  Hydraulic lines often parallel electrica l  power 
lines . Leaking fluid may interact with e lectrical i nsula
tion (perhaps in the presence o f  water) to provide con
ducti ng paths that become fire hazards . 

The f luid properties that a ffe ct the nature and 
degree of fire hazard differ fo r di fferent fai lure modes . 
I f  one fai lure mode i s  more probable than others , and 
would p roduce a s erious fi re hazard , improvements in the 
fluid property to reduce the fire risk as soci ated with that 
fai lure mode may substantial ly increase s afety even if the 
properties as sociated wi th other fai lure mode s  increase 
the fire risk as sociated wi th thos e modes . 
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CHAPTER IV 

TESTS 

A large number o f  diverse types of tes ts can be used 
to characteri ze the properties of candidate hydraulic 
fluids . A complete descrip tion , even a complete listing , 
o f  all the available tests i s  beyond the scope o f  thi s 
report . Thi s  chapter brief ly describes some o f  the maj or 
types of tests used to evaluate combus tibi lity , corros ivi ty , 
and toxicity . I t  should be unders tood that each clas s of 
tes ts may have many var i ati ons th at are not d i s cus s ed here 
but may be found in the literature . 

COMBUSTION TESTS 

There is a vast technical literature on combustion 
tes ts . These tes ts are i ntended to provide a smal l- scale , 
reproducible , and conveni ent method for p redicting the 
behavior of combustibles in practical , full-s cale situa
tions . They attempt to predi ct when a given s i tuat ion wi l l  
lead to an unwanted fire o r  explos ion and also guide the 
selecti on of f luids , des ign of systems , and es tablishment 
of operating procedures to e liminate or at least minimi ze 
fi re risk . Unfortunate ly this obj ective i s  often not 
reached . It  i s  o ften replaced by a listing of tes t  results , 
ranking of materi als , and o ther numeri cal data that may 
provide little o r  no ins ight into the actua l fi re hazard . 
I f  conclus i ons are drawn from " handbook " tes t  data wi thout 
regard to the s igni ficance of the results and resolution of 
apparent contradi ctions , s ubsti tutions may be made that 
increase the fire risk rather than reduce i t ,  or converse
ly , use ful materials may be unneces sari ly exc luded . Because 
of the complexity o f  real fire haz ard s ituations , those 
tes ts that most closely res emb le the actual p roblem are 
often the mos t  useful . I t  i s  not always feas ib le to des ign 
such tes ts , however , and a variety of " s tandard " tests have 
evolved , some o f  which are briefly des cribed be low . A 
mo re detai led di s cus sion of  the relevance , advantages , dis
advantages ,  and interpretati on of s ome of these tes ts wi ll  
be di scus sed in the interpretation of tes t results . ( See 
Chapter VI • ) 
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Flash point 

The flash point (ASTM D- 9 2) i s  one of the mos t wide ly 
used measurements to as ses s the fire ri sk of f luids . The 
temperature of a sample of liquid i s  varied and the vapor 
above the l iquid i s  tes ted wi th a small  f lame to determine 
whether the vapor- ai r mixture i s  flammable ( fl ashes) . I f  
the liquid conti nues to burn after i gnition o f  the vapor
ai r mixture , the measurement i s  cal led a fi re point . Thi s 
tes t i s  intended to measure whether a liquid spi ll at 
ambient temperature wi ll provide a vapor-air mixture that 
can be ignited by a f lame , spark , or other ignition s ource . 
Because the liquid/vapor vo lume ratio in the test does not 
usual ly conform to the conditions exi sting in the sys tem 
being evaluated , the comp lexities of mixtures of  f luids 
cannot be adequately cons idered . 

Thermal igni tion 

The most wide ly known thermal ignition test is  the 
ASTM Autogenous Igni tion Temperature Measurement (ASTM D-
2 1 5 5) . In this tes t ,  a measured vo lume of liquid fue l i s  
dropped into a heated flask containing ai r a t  1 atm pre s sure ; 
the temperature at which igni tion occurs is recorded . Thi s  
test i s  intended to measure the lowest temperature a t  which 
a liquid impinging on a hot surface w i l l  ignite . 

Due to the complexity of  the thermal igni tion proce s s , 
a large number of other tests have been devised to s imu late 
other geometries such as exposed hot pipes , venti lated 
surfaces , surface materi als vari ations , and scale . Although 
the igni tion of spi lls on hot surfaces is a widely acknowl
edged fire hazard , the testing , unde rs tanding , and inter
pretation of thermal igni tion data are some of the most 
di f ficult problems i n  fire hazard evaluation . 

Compression ignition 

Ai r in contact with hydraulic fluid can be rapidly 
heated by compres sion .  A number of tests have been devi sed 
to estimate the sus ceptibi lity of hydraulic fluids to com
pre s s i on i gni tion ( e . g . , Mi l itary Speci f icati on MIL-H-
19 4 5 7 ) . These include compre s s ion in a modi f ied motored 
di esel fuel  cetane number rati ng engine ( CFR eng ine) and a 
variety of  tests involvi ng rapid compre s s ion in pipes . In 
typi cal pipe compre s s i on tests , ai r at pres sures comparable 
to those found in hydraulic sys tems is  suddenly admi tted 
through a valve into a smal l-diameter pipe whose inner 
surface has previous ly been wetted wi th the test flui d .  
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The laboratory tes ts generally d o  not s imulate the heat 
trans fer characteri stics of actual h ardware . 

Spray ignition 

In a sense , spray igni tion tests fi l l  a gap between 
the tes ts of vapor-air mixtures and those of liquid pools , 
solid j ets of l iquid , and liquid drop impingement . In 
these tes ts , a spray or mis t is expos ed to a flame , a spark , 
a hot surf ace , or another igni tion s ource to determine 
whe ther i t  will  ignite , conti nue to burn , propagate flame , 
etc . ( e . g . , ASTM D- 3 1 19) . There i s  no accepted " s tandard " 
tes t for spray ignition in spite of i ts obvious importance 
in high-pressure hydrauli c sy stems . Thi s  clas s of  tes ts 
i s  also very di fficult to interpret . Results obtained from 
dif ferent tes ts often seem contradi ctory because of  the wide 
range of variables th at can inf luence the results . 

Other tests 

Hydraul ic fluids can be s ubj ected to the wick test-
also cal led the windshield wiper or pipe cleaner tes t  
( e . g . , Wright Ai r Deve lopment Center , 19 5 2) . A wick , wet 

wi th the f luid being tes ted , is attached to a windshield 
wiper and i s  repeatedly passed through a flame . The number 
of pas ses leading to igni tion is recorded . This tes t  is 
obvious ly affected by vo lati lity , but it permits observation 
of the igni tion of residues formed by evaporation (water 
mixture s , for examp le) o r  decomposition . 

In an effort to s imulate s i tuations not sati s f actori ly 
represented by the types of tes ts described and to overcome 
their shortcomings ,  many other tes ts have been devised 
( e . g . , spark ignition) . Some o f  these have re lative ly 
broad appli cation , whi le others apply to unique si tuations . 

CORROS ION TESTS 

Cor ros ion tests , like combus tion tes ts , attempt to 
s imulate in the laboratory the corrosion problems that 
might occur in practi ce . These tes ts attempt to s imulate 
the environment of the real  system in some cases and ,  in 
others , to provi de an arti ficial envi ronment to obtain in 
a relative ly short time an unders tanding of the types of 
problems that may occur ove r extended periods of time in a 
real  sys tem . The predi ction of long-term effects may be 
particularly si gnificant in the case of hydraulic fluids and 
hydrauli c systems s in ce exposure of the f luid to the com
ponents of the system could extend over a very long period 
of time . 
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Corrosion tes ting procedures 

A hydrauli c  fluid sys tem cons i s ts o f  components that 
are manufactured from aluminum, low- alloy s teel , s tainles s 
s teel ,  copper , nicke l , bras s , bron ze , and titanium alloys . 
For thi s re ason the hydrauli c flui d  mus t  not be a good 
e lectrolyte ; in othe r words , i t  mus t be of ve ry low con
ductivity to inhibit corros ion , parti cularly galvani c 
corrosion .  The f luid mus t  also be able to inhibit corros ion 
when seawater acci dentally intrudes . Corros ion by a hy
drauli c fluid can be lessened by inhibitors . 

Some halocarbon-type flui ds used as hydrauli c  f luids 
would introduce the pos sibil ity of hydrolytic formation 
of corros ive acids such as hydrochlori c acid , s ince wate r 
intrus ion i nto the hydrauli c  system can be as s umed with 
certainty . Although the amount of acid produced by 
hydrolys i s  may be minute , surface corros ion can occur . 

Past corros ion problems have been stres s - corros ion 
cracking of  aluminum valves and corros ion o f  s teel valve , 
bearing ,  and pump components th at resulted in wear or 
fracture and mal functi on of the components . These problems 
have been resolved through the selection of an aluminum 
alloy res i stant to s tress-corrosion cracking and the addi
ti on of corros ion inhibitors . Any new hydraulic fluid 
must have corros ion i nhibition properties at leas t as good 
as these . 

The present corrosion tes t  requi rement for submarine 
hydraulic f luids is ASTM D- 6 6 5 . This  test method is  not 
considered adequate s ince it exposes a s teel specimen to 
a continuous ly stirred hydraulic f luid- seawater mixture 
for a period of 48 hours . Thi s  does not s imulate the 
static conditions that frequent ly prevai l in submarine 
hydraulic sys tems . 

ASTM D- 3 6 0 3  is  a test method quite s imi lar to ASTM 
D- 6 6 5  in that it exposes a vertical ( and hori zontal) test 
specimen to a continuous ly stirred mixture of hydrauli c  
fluid and dis ti l led water fo r 6 hours . By also using a 
ho ri zontal tes t  specimen an attempt is made to get infor
mation under static conditions . 

I t  i s  recommended that the corros ion tes t  requi rement 
be changed to an " on-o f f "  modi fi cat i on of ASTM D- 3 6 0 3 where 
the test specimens are exposed to the hydraulic f luid-sea
water mixture under s tatic and dynami c condi tions . The 
recommended s tatic peri od is 16 hours as opposed to 8 hour s 
of continuous s tirring .  The tes t  spe cimens evaluated by 
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this method should be not only stee l but also galvanic 
couples of the materials th at s imulate actual material com
bi nations in the hydraulic sys tems . ASTM G- 1 methods should 
be used fo r preparation , cleaning , and evaluati on o f  the 
test specimens . 

Candidate hydraulic fluids in the halocarbon fami ly 
mus t  be tes ted for the pos sible formati on of mineral acid . 
This i s  accomplished by determining the acidity of the 
hydraulic f luid by pH meas urements afte r introduction o f  
sma ll quantities of wate r ove r  a long period of time such 
as 3 0  days . 

Overall performance tes ting of  a candidate hydrauli c  
fluid should inc lude a tes t  period of 4 weeks i n  th e  s imu
lated hydrauli c system at David Tay lor Naval Ship Research 
and Deve lopment Cente r (DTNSRDC) as the f inal qual i f ication 
test of the hydraulic fluid . Thi s  tes t  should cons i s t  o f  
8 hours o f  operation and 1 6  hours o f  nonoperation each day , 
5 days a week . At the end o f  the test period , the system 
components s uch as valve seats and pump beari ngs should be 
examined fo r evidence of corrosion . The tes ting period in  
the s imulated hydraulic system should be no les s than 24  
hours when the hydraul ic fluid i s  contaminated with seawater . 

Water-emuls i fying- type and the corrosion- i nhibited 
water-base fluids are promi sing hydraulic fluids from a 
corros ion protection standpoint . Both o f  these f luids in 
past tes ting programs have demons trated thei r  corros ion 
protection capabi lities . 

TOXICITY TESTS 

In an inhabi ted area , hydrauli c f luid toxici ty becomes 
a signi f icant concern . Not only is the toxici ty of the 
fluid i tself  impo rtant but a ls o of i ts p roducts of hydroly
sis , therma l degradation , and combus tion .  It i s  pos sible , 
for example , for a re lative ly nontoxi c fluid to p roduce 
toxic reaction products . 

A comprehens ive di s cus s ion of a toxi city tes t  program 
is  presented in the Appendix .  Thi s  program cons titutes a 
tier approach to toxicity evaluation in that early in the 
deve lopment of hydrauli c  f luids , on ly s imp le or acute 
toxici ty testing would be performed . Results from these 
tes ts would de lineate the need for further toxicity 
evaluation ( chronic o r  special tests) . A br ief summary of  
thi s  program i s  presented in thi s section o f  the report . 
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I nhalation toxicity 

Acute Toxicity .  Groups of te s t  animals are exposed 
to measured atmospheric concentrations ( as aerosols or 
vapors) of the tes t material . The anima ls are observed f or 
phys ical , behavioral , or body weight changes fol lowing ex
posure . The approximate lethal concentrati on ( ALC) and 
concentration caus ing death in 5 0  percent o f  the expo sed 
animals ( LCS O) are determined . 

Subacute Toxici ty .  Animals are expos ed to fractions 
of the ALC or LCSO and are compared wi th a control group 
not exposed to the tes t  materi al .  Hi s topatho logic examina
tion of half the animals from both groups is performed at 
the end of the tes t  period . The remaining anima ls are 
tes ted after a recovery-observation period , usually 1 4  
days . 

Dermal and ocular e f fects 

Animals are exposed to various concentrations of the 
tes t  materi al  to e stablish skin irri tation by observations 
of erythema , edema , and necros i s , and eye irritation by 
observing inj ury to the cornea , iri s , and conj unctiva . 
Acute toxici ty i s  e s tabli shed by skin tes ts where sk in 
contact with the irri tant leads to mortality . The approxi 
mate lethal dose-skin ( ALD-Skin) i s  defined as the lowes t  
dose that produces de ath by appli cati on to the skin . Sub
acute toxicity is establi shed on the bas is of histopatho
logic tests at levels below the fatal level . 

Combustion products 

The combus tion products of a hydraulic f luid may be 
toxic . The toxi cology of some highly toxic gases produced 
by combus tion is given in Table 1 .  

CO may be produced from any carbon- con taini ng com
pound . NO and N02 may be produced from ni trogen- contai ni ng 
compounds ,  while  NHJ and HCN may result from nitrogen i n  
the presence of hydrogen and carbon . Halogen-containing 
compounds can produce HX , x 2, and cox2 (where X represents 
the halogen) . 

The equi l ibrium concentrations of the maj or combustion 
products of some typi cal fluorine- containing compounds are 
given in Table 2. The f luori ne compounds were se le cted 
s ince this fami ly of compounds often s hows improved behavior 
over hydrocarbon-based fl uids in laboratory combustion tests , 
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and s i nce many of  the compounds , per s e , are not highly 
toxi c . The combus tion products contain species listed as 
high ly toxic in Tab le 1 .  COF 2 , whi ch does not appear in 
Table 1,  hydrolyzes to form HF on contact with water . 

Because the combustion products s trongly depend on 
the conditions of thermal degradati on ,  the toxicity tes ts 
should attempt to dupli cate the type and concentration of  
pyrolysi s or  combus tion products that might occur during 
the use of the hydrauli c f luid . 
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Table 1. Toxicology of Some Highly Toxic Gases Produced by Combustion [Concentration (ppm), 
760 mm, 25°C) 

Gas LTV• Danprous O.S to 1 h Fatal O.S to 1 h Effects 

co so 1,S00-2,000 (1 h) 4,000 Combines with hemoglobin in blood to form 
carbohemoglobin thereby preventing 02 tran• 
port. CO is a chemical asphyxiant. 

NO n.a. 100-1SO 400-800 Forms nitrous and nitric acids in presence of 
N02 s 02 and 82 0 in respiratory tract. Nitrates form 

methemoglobin while the nitrates lead to edema 
of the lungs. The latter are more dangerous. 

HCI s 1,000-2,000 (dangerous 4,3SO Neutralizes tissue alkali in upper respiratory 
for brief exposure) tract. Causes death due to edema or spasm of 

larynx and upper respiratory tract. 

Cl2 SO (short exposure) 1,000 (brief exposure) Hydrolyzes to nascent 02 and HCl in respira-
tory tract. 

COCI2 0.1 12.S 2S (O.S h) Hydrolyzes to HCI and CO at bronchioles and 
alveoli of the lungs. Pulmonary edema and 
asphyxiation. 

HF 3 S0-2SO (brief exposure) tnceration of mucous membranes, chemical 
pneumonia. 

COF2 n.a. Hydrolyzes to HF and CO. Similar to COCI2. 

H2S 10 400-700 800-1,000 (high Irritant; combines with alkalis in skin to form 
concentrations Na2S; pulmonary edema at high concentrations. 
instantly fatal) Asphyxiant; paralysis of respiratory center. 

HCN 10 400-700 100-200 Protoplasmic poison. Combines with enzymes 
associated with cellular oxidation. Death 
occurs through asphyxiation. 

NH3 so 2,S()().6,S00 (O.S h) S,000-10,000 Pulmonary edema. 
(rapidly fatal) 

•Lower threshhold value; tlme-welpted averap concentrations for a 7- or 8-hour period. 
Nou: Data from Table Vlln J.P. Wa1ner, "Survey of Toxic Species Evolved in the Pyrolysis and Combustion of Polymers," 

Fire Re�earclt AlntNca tllld Relllew. 14 1-23 1972 based on: 
"Effects of Chronic Exposun to Low Levels of Carbon Monoxide on Human Health," National Academy of Sciences 

Publication 1735, Washlnston, D.C. 1969, Standard Book No. 309..01735-1. 
L. T. Falrhall,llldultrllll Toxicology, 2nd ed., WUliams and Wilkins, Co., 1957. 
M. B. Jacobs, Ant,ytiCIII Olmtlnry ofllldultrltll Poiloru, Haarrb and Solvena, Vol. 1, lntenclence, 1944; (also 1967). 

F. A. Patty ,lndu1trltll Hygiene tllld Toxicology, Vol. 1, Genel'lll Prlnclplel oflndultrltll Hygiene tllld Toxicology, Wiley, 

1958;Vol. 2, Toxicology, Wlley,1967. 

E. R. Plunkett, Htllldboolc oflndultrltll Toxicology, Chemical Publlshinl Company, Inc., New York, 1966. 
N. I. Sax, Dtutgeroru Propertle. oflndwtrllll Mtlurlllb, 3rd ed. Rheinhold, New York, 1968. 

Source: National Academy of Sciences (1977d). 
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Table 2. Equilibrium Products of Combustion of Various Fluids (StoiChiometric Composition) 

Products of Combustion 

Fluid* OK CF4 co COF2 C02 F N2 

A. 1898 0.081 0.008 0.172 0.081 0.016 0.64 

B. 1888 0.064 0.007 0.161 0.091 0.014 0.61 

c. 1800 0. 119 0.004 0.193 0.080 0.007 0.60 
700 0.143 0.117 0.107 0.61 

D. 1800 0.100 0.004 0.185 0.087 0.007 0.57 
700 0.180 0.031 0.167 0.57 

E. 1800 0.009 0.029 0.064 0.119 0.001 0.62 

*A. Calculated on the basts of (CF )n in dry air. 
B. Calculated on the basts of (C�)n In air saturated with water. 
C. Perfluorodi-n-pentyl ether in dry air. 
D. Perfluorodl-n-pentyl ether In air saturated with water. 
E. (c4F5C1H2)n (chlorotrlfluoroethylene-vinylldene fluoride). 

Source: Fletcher, 1979. 

HF Cl 

0.054 

0.050 
0.050 

0.11 0.033 

Cl2 

0.010 .... 
..... 
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CHAPTER V 

FLUIDS 

A large number of f luids have been considered for 
many applications where improved fi re res i stance i s  des i red . 
Some o f  these f luids were specifi cally se lected as potential 
hydrauli c  f luids whi le others were selected for other pur
poses and then examined to determine i f  they could serve as 
hydrauli c f luids . I t  i s  beyond the s cope of this report to 
des cribe al l of the substances that have been or could be 
considered to have potenti al as hydraulic f luids . 

The substitution o f  one fluid for another in a hydrau
lic system may not be a simple matte r .  The new f luid may 
not be compatible with seals , gaskets , and other e lastomers ,  
or the new fluid may requi re des ign ch anges in the sys tem 
to correct for changed properties . I t  i s  o f  some practi cal 
value to examine potential hydrauli c f luids in three 
catego ries: 

• Fluids o f  improved fi re resi s t ance th at are 
complete ly compatib le with the exi sting hydraulic 
systemJ 

• F luids o f  improved f ire res i stance that would 
requi re minimum modi fication of the exi sting 
hydrauli c systemJ and 

• Fluids o f  greatly improved fire res i stance that 
could only be used with maj or modi fication or 
redesign of the hydrauli c  system . 

An asses sment of  the improvement in f ire s afety 
achieved by substi tuting one f luid for another cannot be 
made unti l a study has been conducted to determine the 
importance of e ach combus tion-related fluid property on the 
fi re ri sk in a specific sys tem and i ts environment . For 
example , an improvement in autogenous igni tion temperature 
(AIT)  o f 2 0 0 °F ( such as from 5 0 0  to 7 0 0 ° F) may be o f  

minimal s igni fi cance i f  there are no surf aces wi th a tem
perature above 4 0 0 ° F  or i f  there are many surfaces wi th 
tempe ratures in excess of 8 0 0 °F . On the other hand , i f  
there are many s urfaces with a temperature of 5 5 0 ° F , and 
none greater than 6 0 0 °F , the change in the fluid may bring 
about a considerable improvemen t in fire s afety . A s imi lar 
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argument could be made for other properties . To j udge the 
relative merits of various candidate fluids and to guide 
the deve lopment of new fluids , it is neces sary to evaluate 
the p roperti es that can reduce fi re risk to the greatest 
extent , and the magn itude of property ch ange requi red . The 
lack o f  such evaluations of speci fic  systems has been one 
of the maj or weaknesses in the search for improved fire
res i stant hydrauli c  fluids . The tendency has been to search 
for or synthes i ze fluids and compare them on the bas i s  of 
tes t  data whose signifi cance has not been estab lished . 

In addition to the improvement in fi re s afe ty , the 
replacement f lui d must usually be comp letely compatible with 
the exi s ting system .  Although i t  i s  neces sary to consider 
cos t  of a changeover and the complexi ty of mak ing changes ,  
in any serious effort to improve s afety i t  i s  unreasonable 
to place the entire burden of compatibi lity on the fluid . 
Incompatibi li ty of a new hydrauli c fluid with electri cal 
insulati on may be an adequate reason for re j ection in a 
situation involvi ng complex wiring sys tems in close proxim
ity to hydrauli c l ines ; but incompatibi lity with wal l paint 
or floor ti les may be an inadequate reason to rej ect a f luid 
that meets all  other requirements and p rovides greatly im
proved fire safety . 

HYDRAULI C  FLUID SPECIFICAT IONS AND IMPORTANT CHARACTERI STI CS 

To show the properties required of hydraulic fluids , 
the curren t speci fications and some important physi cal and 
chemical properti es or requi rements of the three petro leum
based hydrauli c  flui ds presently used in submarine s are 
listed in  Tab le 3 .  Mo s t  of these properties are concerned 
with practical cons iderations ; flash point is the only com
bustion test . Corros ion tests are included , but toxi city 
tests are not speci fied because the hydrocarbon materi als , 
long used , were not expected to be toxic ;  f or example , 
MS 2 19 0-TEP has been used i n  submarine environments for at 
le ast 2 5  years wi th no known harmful effects . 

COMBUSTION TEST COMPARISONS 

The only hydraulic f luids like ly to rep lace petro leum
based hydraulic f luids , wi th mi nimum o r  no system changes ,  
are other hydrocarbons . Unfortunate ly , i t  i s  not c lear 
that the change s in flash point and igni tion characteri s tics 
warrant a substituti on .  Se lected combus tion properties of 
MIL-H- 8 32 8 2 , a syntheti c hydrocarbon fluid , and MS- 2 19 0  TEP 
are compared in Table 4 .  
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tABLE 3 .  Chemical and Physical Properties or Requirements of Petroleum-Based Hydraulic Oils 

Ctaracteristics 

Specific gravity 60/60"F (15 .6° /15.6°C) 
Pour point, degrees F (max.) rC> 
Flub point, degrees F (min.) rC> 
Viscosity, centistokes, 

at 2 1 0" F  (99"C) 
at 1 00° F  (38"C) 
at 40"F (4.44°C) 
at o•F (-1 7.8"C) 

Viscosity Slope, ASTM 
Neutralization number (max.), 1111 KOH/g 
Neutrality, qualitative (Methyl Orange) 
Corrosion, at 21 rF, copper strip appearance ratma3 
Rust preventive characteristics in the presence of 

•water, 48 hours
4 

Water, percent (max.) 
Emulsion, after 30 min settllila time, 

oil layer (max.), m1 
water layer and lacy cuff (max.), ml 
lacy cuff (max.), ml5 

Foaming characteristics: after 1 ().min collapse time, 
Sequence I, m1 (max.) 
Sequence II, m1 (max.) 
Sequence Ill, m1 (max.)

6 

Oxidation test, time required in hours to reach 
neutralization value of 2.0 mg KOH/g (min.) 
Total sludge, mg (max.) 
Total Fe, mg (max.) 
Total Cu, 1111 (max.) 7 

Cle•nliness, mg/1 00 ml (max.)1 
Bearing compatibility9 
Work factor (min .)9 
Load-carrying ability, lb/in. I I  (min.) 
Wear test, scar diameter, mm (max.)12 

!�=:: :� ::t::::;:l1 .  3
ASTM D-130. 4
Modlfted ASTM D-665 , Procedure B. 5
Moclified ASTM D-140 1 .  6
ASTM D-192. 7
Modiflecl D-943. 

Military Symbol 

2075T-H1 21 1 ar-H1 2I9o-nr 

0.86 0.87 0.88 
-20 (-28.9) -10 (-23.3) 20 (-6.67) 
3 1 5  (1 57) 325 (163) 400 (204) 

4.3-5.3 5.3-6.7 8.2 (min.) 
82- 1 10 
870 (max.) 

1 200 (max.) 2400 (max.) 
0.775 0.77 1  0.680 
0.20 0.20 0.30 
neutral neutral neutral 
1 (max.) I (max.) 1 (max.) 

pass pass pass 
0.05 0.05 0.05 

40 40 40 
40 40 40 

3 3 3 

300 300 300 
25 2S 25 

300 300 300 

1000 1000 1000 
100 1 00  1 00  
1 00  1 00  1 00  
1 00  100 100 
4.0 4.0 4.0 

passlo 

0.9 
2200 
0.33 

:sAE ARP-785. 
1 0 FED-STD-79 1 ,  modified Method No. 34 52. 

Evidence of aipificant corrosion or deposit will be 
1 1 disqualifying. A new bearing is required for each test. 
1 2 ASTM D- 1 947. 

FED-STD-79 1 ,  modified Method No. 6503. 

Copyright © National Academy of Sciences. All rights reserved.

Fire-Resistant Hydraulic Fluids in Enclosed Marine Environments
http://www.nap.edu/catalog.php?record_id=19857

http://www.nap.edu/catalog.php?record_id=19857


2 2  

Table 4 .  Selected Combus t ion Properties of Two Hydrocarbon Fluids 

H�drocarbon F luid 

Combus tion Property 8 3 2 82 2 190-TEP 

Flash point , ° F  4 2 5  415 
F ire point , •F 490 475 
AIT (ASTM D- 2 15 5 ) , O F 650 745 

Only a detai led s tudy of a speci fic sys tem could 
es tablish whether a higher f lash point , fi re po int , and 
AIT result in signi ficant improvement in fire s afety . 

There are a number of nonhydrocarbon-based f luids 
that appear to have some potential to decrease fire risk 
if  system changes are made , parti cular ly the replacement of 
elastomeric materials in s e al s , gaskets , etc . In thi s  
catego ry , too , the degree o f  improvement in s afety cannot 
be e stabl ished unti l a sys tems study has been made . F luids 
providi ng improvements in f l ash point , fire point , S IT , 
and s everal other properties are compared in Table 5 .  

Table 5 .  Combustion Properties of Some Nonhydrocarbon-based Fluids 

Combus tion Property 

Pipe Flash Fire CFR ( Com-
SIT a Cleaner Point Point press ion 

Nonhydrocarbon-Bas ed Fluid ( O F )  (Cycles ) ( o F )  ( o F )  Ratio ) 

MIL- H- 194 5 7  triaryl phosphate 
ester 104 5  100+ 5 15 690 >42 : 1  
Skydrol I I -B 500B 9 50 - 360 420 -

S i l i cone 7 70 100+ 540 6 15 < 35 : 1  
Fluorocarbon 1190 - - - -

Wate r-glycol fluidb 486 - 2 80 c 2 8 S c  > 50 : 1  

aspontaneous ignit ion temperature . bApproximately 5 0  percent water .  
cAfter water i s  driven off . 
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I gni tion temperatures for a variety o f  hydraulic 
fluids are given in Tab le 6 .  The 0 . 4 6 -m sphere experiment 
is a departure from the ASTM procedure and i l lustrates 
clearly that the ASTM procedure does not g ive the "minimum" 
i gnition temperature . Some reversals also occur . For 
example , Skydrol S O OC has a higher ignition temperature 
than Skydrol S O OA in the 0 . 4 6-m sphere and lower in the 
ASTM tes t . 

The phosphate esters create many compatibility prob
lems , some of maj or s igni ficance . The compres s ion i gnition 
characte ristic , whi le better than th at of hydrocarbons , may 
sti l l  be less than des i red . 

The s i licones also look promi s i ng , the maj or concerns 
dealing wi th problems of lubricity , which may be overcome 
by additives , and their reduced bulk modulus , whi ch may 
require des ign changes . In addi tion ,  unlike halocarbons , 
s i l i cones burn in a spray test . 

Water emul s i ons and solutions o ffer the pos s ibil ity 
of improved fi re res istance over that o f  the base f luid , 
but the organic bas e  i s  often quite flammable and a serious 
haz ard can exi s t  under s ome fai lure modes . Lubricity may 
also be a problem . 

Halocarbons are of continuing interest and offer maj or 
improvement in f ire-test evaluations . These compounds are 
not unreactive , howeve r ,  and maj or concern exis ts wi th 
respect to the corrosivity and toxi city of the hydrolys is , 
pyro lys is , and oxidation products of compounds containing 
halogens . Some compounds o f  thi s  class react exp los ive ly 
with alloys high in aluminum and magnes ium under high 
shearing condi tions ( ASTM D- 3 1 15 ) . 

TOXICITY 

Each fluid possesses i ts own characteri stic toxicologic 
properties . A ruptured line or loose fi tting could aeroso
lize hydraulic fluid into the envi ronment and result in 
direct exposure vi a inhalation and skin and eye contact . 
Furthermore , the aerosol could impinge on a hot surface 
or ignition source resulting in potenti al high- leve l ex
posure to pyrolysis  or combus tion products ; adsorb to 
charcoal air filters wi th subsequent prolonged de sorption 
posing a long-term , low- level exposure hazard ; or pas s 
through the hopcalite catalyst used in submarines , re
sulting in long- term , low- leve l exposure to subsequent 
reacti on products . Oral exposure of personne l involved in 
an accidental f luid discharge is less likely . 

Copyright © National Academy of Sciences. All rights reserved.

Fire-Resistant Hydraulic Fluids in Enclosed Marine Environments
http://www.nap.edu/catalog.php?record_id=19857

http://www.nap.edu/catalog.php?record_id=19857


Tab l e  6. Data on Fl ammabi l ity of Hydrau l i c  F luids and Lubri cat ing Oi l 

Minimum S IT ,
°

C 
F luid F luid type 

0 . 46 -m sphere 

DTD 585 
XRM 206 A 
Oronite M2 
Skydro l 500A 
Skydro l 5 00C 
MCS 4630 
Si lkodyne H 
Hydraunyco i l  
Reo lube Hy d  2 1  
Aeros afe 2300 
Hij et I I I  
OX- 3 8  
( lubri cating oi l )  

* 

Mineral oi l 220 
Synthet i c  hydro carbon 247 
S i l i cate ester 2 70 
Phosphate ester 2 85 
Phosphate ester 3 1 0  
Organo phosphate 293 
Chlorinat ed s i l i cone 375 
Diester 2 70 
Phosphonate -based fluid 256 
Phosphate es ter 2 76 
Phosphate ester 2 86 

Diester 2 7 1  

Two ASTM methods were avai l ab le ;  where both tests were 
made , the t est giving the minimum value was chosen . 

* *  
Extracted from fi rm ' s  techni cal brochure . 

Source : MacDonald and Cansdale , 1974. 

( l iquid) 

AS1M methods 

225 
340 
404 
59 3 
482 
3 88 
480 
400 

405 
5 2 8  

* 

* *  
F l ash point , 

oc 

9 3  
204 
2 10 
200 
200 
2 1 0  
300 
2 10 "' 

.Do 
1 85 
1 7 1  

2 1 6  
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Hydrocarbon-based hydraul i c  f luids 

There i s  little in the way of  acute toxici ty to man to 
be expected from inges tion of smal l quanti ties o f  the hydro
carbons . I f  the mixtures contain signi ficant proportions of 
components in the c 5-C9 range , the pos sibi lity ari ses that 
bio-oxidation to mono- and diketones wi l l  produce analogs 
of a compound , such as 2 , 5-hexanedione , that i s  severely 
neurotoxi c to mammals . 

A second health hazard , chroni c exposure to aromatic 
compounds pres ent in hydrocarbon mixtures--especi al ly 
benzene , toulene , and polynuclear aromati c hydrocarbons-
can i nduce leukemogeni c or carcinogeni c proces ses . 

Ary l and aralkyl phosphate esters 

Members o f  this important clas s  o f  f i re-resi stant 
hydraulic fluids can pose mul tiple threats to human health , 
based on three types of intrinsi c  toxi city . Fi rst , depen
ding on the s tructure of o rtho- or para- consti tuents in the 
ary l nuclei , the very real threat o f  i rrevers ible , de layed 
neurotoxicity is present following chroni c exposures . Such 
toxic potency i s  exempli fied by the wel l-documented neuro
toxi c actions of tri-o-toly l  phosphate as a mode l compound 
of the series used in ester mixture s . However , syntheti c 
phosphate e s ters produced from terti ary butylphenol do not 
induce delayed neurotoxi ci ty (National Academy of Sciences , 
19 7 7c ) . 

A second facet of  intrins i c  toxi city from phosphate 
esters lies in the pos sibi lity of direct action of the se 
compounds on organ targets other than nerve , leadi ng to 
loss of function . 

The thi rd threat i s  posed by the newly expressed 
concern that agents that can phosphorylate macromolecules 
and thereby induce delayed peripheral neuropathy may also , 
on prolonged exposure , be capab le o f  induci ng processes 
leading to carcinogenesis , mutagenesis , or teratogenes i s  
in the human . 

As with al l indus trial chemicals , appropri ate tests 
mus t be conducted to i denti fy acceptab le materials with 
low potenti al toxi city . 

Ethylene glycol-water mixtures 

Much i s  known about the intrins i c toxicity of ethylene 
glycol in man and in animal models , on both acute and 
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chroni c bases . The me tabolism o f  s uch products as g lyoxylic  
and oxali c acids has been we ll worked out . The contribution 
to haz ard from thi s parti cular component of the hydraulic 
f luid mixture i s  not adj udged to be highly signi fi cant . But 
the contribution to biohazard s temming from i nter actions 
between some corrosion inhibitors and antioxidants added 
to the mixture cannot be i gnored . 

SUMMARY 

A s ummary of the qualitative es timate of characteris
tics of potential fire-res istant hydrauli c  f luids is given 
in Tab le 7 .  

Three maj or new candidates appear promi s ing for future 
appli cations provided that system des i gn and material com
patib i l i ty are tai lored to the ir us e .  These compound 
clas ses are chlorotri fluoroethy lene-viny lidene fluoride 
oligome rs , fluorocarbon polyethers , and f luoropo lyether 
triazines . Al l are likely to be ve ry expens ive , and the 
latter clas s has essenti ally the s ame characteri sti cs as 
the polyethers . Furthermore , the toxi colog ical properties 
and envi ronmental acceptab i lity of  these f luids are unknown . 
These compounds all contain appreci able amounts of  halogen 
atoms and have an inherent ly high density ( 1 . 7 to 1 . 9 )  wi th 
which the system des ign would h ave to be compatib le . In the 
event that fluid dens ity i s  too high for the system , the 
commi ttee recommends , as an alternative to sys tem des ign 
changes , that e f forts be made to deve lop blends of these 
compounds wi th othe r materi als to lower the dens ity without 
compromis ing other properties too drastically ; for example , 
a blend of  chlorotri fluoroethylene-vinylidene f luoride 
copolymers wi th hydrocarbons , esters , or s i li cones , etc . 
The presence of halogen atoms poses a toxicity prob lem with 
products of  combus tion . 

Potentially use ful f luids may exi s t  for mo re fi re
res is tant hydraulic fluids . Those requi ring the leas t 
changes in materi als ( for example , lower vapor pres sure or 
higher fl ash point hydrocarbons derived from a-olef ins ) 
also provide the leas t improvement in f i re s afety . A 
thorough hazard analys i s  could we ll provide a quanti tative 
bas i s  by which compounds could be as sessed and that could 
guide future fluid synthesis programs and additive se lection . 
A better understandi ng of  the quanti tative nature of the fire 
safety improvement might also provide better motivation for 
materials and des ign changes to accommodate fluids that are 
truly superior from the s afety point of view .  It i s  not 
reasonab le to requi re that the improved hydraulic f luid 
carry the complete burden of as suring compatibi lity . 
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Table 7 .  Qualitative Estimate of Characteristics of Potential Fire-Resistant Hydraulic Fluids 

Charactr r i s t i c  

Flash Point 
AIT 

�ity 

Cotpatibility 

Bulk !-t:rlulus 

Oxitli: t.i ve 
Stzhility 

Wbricity 
Viscr.si ty-Terrp. 

i:'.ropertics 

COl: rosion 
Inr.ibi tion 

'Ibxicit/ 
Hydrolytic 

Stability 
Cost 

Life-time 

F luid C l as s  
Chlorot r i f l uoro-
e t hy lene/V iny l -

Cyc l i c  a idene F l uor ide Synthe t ic 1'r i - Aryl 
Phospha zenes O l i go•ers Hydrocarbons 

ICII  CF ) (ClC F ) (NIL H- 3 8 2 8 2 ) 2 2 x  2 3 y 

Phoaph11tn 
P.aters 

+ + + 
+ + + 
+ + + 

+ +
b 

+ 

+ ? + + 

+ + + + 

? + + + 

+ + + +I-

? + +I- +I-

? + + +/-

+ + + + 

high high low low 

? + + + 

Water/Glycol F luoropo l yet her 
S i l i cones Type Tr i 11 z inea 

Pluida 

+ + + 
+ +/- + 
+ + 

+ ? 

+ ? 

+ + + 

+I- ? 

+ + + 

+I- +I- + 

+ + + 

+ + + 

high low very 
high 

+ _e + 

FEY :  + indicates satisfactozy; - indicates unsatisfactory performance; ? irxlicates unknown behavior; 
+/- indicates that performance depends oo oorrlitioos and/or fomul.ation. 
a. Not discussed in �h detail at the workshop to support further oorx:lusioos am :recc:mnendaticns. 
b. Assumes suitable elastareric seals. 
c. Refers to primary material , not by-products of reactioo. 
d. B'J avoidance of OCI'lbination of amino am nitrite additives . 
e. Due to inability to separate carponents after seawater intrusion. 

F l uorocarbon 
Polyc thP-ra 
(1: F l u i d s )  

+ 
+ 

+b 

+ 

+ 

+ 

+ 

+ 

+ 

very 
high 

+ 

Pol yol e s te r s 

+ 

? 

? 

? 

+ 
fl.) 

+ -...J 

+ 

low 

+ 
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CHAPTER VI 

INTERPRETATION OF TEST RESULTS 
WITH RESPECT TO FIRE HAZARDS 

Ideally , te s ts should explicitly predi ct when a given 
situation wi l l  lead to an unwanted f i re and when it will 
not . Unfortunate ly , s uch tests do not exi s t .  There is 
much concern wi th the deve lopment and standardi zation of 
tes ts and the rankings of  mate ri als accordi ng to how they 
perform in them . These rank ings often endow subs tances 
wi th advantages or penalities they should not have . As 
long as tes t results are interpreted wise ly and mature 
deci s ions are made about how p ar ticular tes ts relate to 
parti cular hazard s i tuations , they have value . Improperly 
interpreted , they can be mi s leading . What we usua l ly want 
to know is the answer to the ques tion : I f  so and so happens 
in such and such a place , wi ll there be an ignition and ex
plosion or f ire? Ideal ly , we would like yes or no answers 
to questions that i nvolve complex interactions between many 
components of compli cated systems ; howeve r ,  we do not wish 
to engender a hazard we are trying to avoid by conducting 
imperfect tes ts . Since we cannot preci sely scale fire 
hazards , the obj ective of good tes ting i s  to do manageable 
things on a small scale that can provide us wi th an intel
lectual bridge , in which we have confidence , for making 
reasonab le predi ctions about what wi ll  happen i n  potentia l ly 
hazardous s i tuations . 

S tandardi zed tes ts neces s arily con tro l  and fix as 
many variables as pos s ib le . Thus , these tests can serve 
only to guide the deci s ion process . I t  is wrong to use 
tes ts or tes t  results as a device for avoiding the di fficult 
task of a thorough system analys is . Nevertheles s , proper ly 
interpreted , and wi th their results related to the charac
teristi cs of a potenti ally hazardous s i tuation , such tests 
can be useful . Speci fi cation of f luid properties based on 
laboratory tests may be s imply our best j udgment as to what 
we can hope to accomplish with the knowledge and technology 
avai l able to us . The following section relates the inter
pretation of tes t  results to the hazardous s i tuations 
previous ly mentioned . Since the deve lopment of a perfectly 
noncombustible hydraulic f luid i s  unlikely , we have some
times made observations in th is section about how increased 
s afety might be achieved wi th les s-than-perfect f luids . 

2 9  
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STREAM OR SPRAY F ROM A HYDRAULI C  SYSTEM 

A s tre am  or spray of a combustib le f luid from a 
hydraulic sys tem may produce many k inds of hazards . For 
example : 

• The spray itse l f  may be igni ted by sparks or 
open f lames wi th which i t  comes in contact . 
I t  then becomes a torch . 

• I t  may not be ignited immedi ate ly . I f  i t  is a 
very coarse spray , i t  may collect in a poo l on 
the floor or deck where i t  may eventually be 
igni ted by an external sour ce . In s ome ci rcum
s tances , i t  might spontaneous ly igni te . 

• A fine spray might fi l l  a ch amber with a fog of 
combus tible droplets and subsequently be igni ted 
by a spark or flame , or it might be carried 
through a venti lating sys tem far from i ts origin 
to an igni tion source . 

• I t  may imp inge upon a hot surface o r  settle i nto 
a hot chamber where , after some time and after 
having undergone a change in composition , it 
ignites . 

It  i s  evident that a break in a hydraulic line can 
produce many di f ferent kinds of  situations and that no 
s ingle tes t result or sma ll set of tests is  an adequate 
measure of the hazard . 

I f  the spray is  fine , al l sprays that fall  within a 
combustible compos ition range may be igni ted by a flame 
or an energetic spark . The fact that a f luid has a flash 
point we ll above the temperature of the spray wi l l  not 
prevent it f rom burning and p ropagating flame f rom a 
dis tant i g n i t i on s ource . 

Fl ash point is not a di rect measure o f  the magnitude 
of this haz ard . I f  the spr ay happens to impinge against 
a hot surface in a wel l-vent i lated are a ,  the f luid with 
the low f lash point ( and , hence , high volati lity )  may 
simply evaporate , be di luted by air , and b low away , whi le 
the f luid wi th the high flash point ( and , hence , low vola
tility )  may retain contact wi th the hot surface long enough 
to undergo an eventual igni tion . Thus , the use of f lash 
point as a hazard predi cto r in some s i tuations involvi ng 
sprays and c louds of  droplets might produce a mi s leading 
resul t .  
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F lash and fire point tes ts represent a generic fami ly 
that meas ure the temperature above whi ch the vapor pres sure 
of a f luid is gre at enough to allow formation of a comb us
tible gas mixture above the s urface of the l iquid . In thei r 
several arrangements they are p robab ly the most thorough ly 
s tandardi zed and wide ly used and unders tood of the combus tion 
tes ts . They p rovide a quick , intui tive ly perceivab le measure 
of the temperature above whi ch a cle an  pool of l iquid 
(perhaps from a course s pray ) might be expected to ignite i n  
the presence o f  a flame ( and usually a rough meas ure of the 
speed with whi ch a flame may be expected to propagate across 
a pool ) . However , a high f lash point does not guarantee 
safe ty even in pools ; for examp le , poo ls of liquids that 
contain wicks o f  s and or di rt can be ignited and w i l l  burn 
at temperatures be low their f lash points . 

I t  would appear that the bes t tes t  for as sessing the 
pos s ib i li ty o f  a spray being ignited by a spark or open 
flame would be one of the seve ral spray igni tion tes ts that 
are now undergoing deve lopment . However , these te s ts 
il lustrate an important shortcoming o f  fire h azard tes ti ng 
programs and p rocedures in general . Their main ob j ective 
should not be a ranki ng of  various s ubs tances in the tests 
but an i nterpre tation of the obs ervations made during them ; 
nor should the p rimary goal be reproducibi l ity but rather 
interpre tation for the purpose of p redicting what may happen 
in a s ituation that i s  not care ful ly control led . Fo r examp le , 
a fluid th at " pas ses " with flashes and s treaks and a little 
f lame spread in a tes t  that has been careful ly standardi zed 
to be reproducib le may pres age a di sas trous p ropagation 
through a l arge cloud o f  real mi s t  that has characteristics 
a little dif ferent from those of the tes t spray .  It i s  
evident that more severe tes ts than those now i n  use shou ld 
be deve loped .  Pe rhaps they should embody the use of  s uch 
devices as large-s cale ign ition s ources , oxygen enrichment , 
and f luid preheati ng . The obs ervations recorded should 
i nclude any evidence of p ropagation away from the igni tion 
source , s i nce l arge vari ations are made in spray patterns 
and characteri sti cs . There i s  also a need for analytical 
models that wi l l  be use ful in the unde rs tanding of the 
propagation of flame s  through sprays and mis ts . 

Inasmuch as the consequences of ignition of f luid from 
such a fai lure mode are like ly to be very serious , we 
be lieve th at the use of preventive measures such as addi
tional spray shie lding of  hydraulic lines i n  fire hazard 
areas and the e limination of igni tion sources from regions 
in which protective spray shie lding is impractical should 
be explored . 
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Another approach to the reduction of  spray and mis t 
f lammabi li ty i s  to increase the N 2/0 2 ratio of the envi ron
ment ( Carhart and Gann , 19 7 4 ) . I f  the pressure i n  an en
closed space i s  increased to above atmospheric by the addi
tion of N2 , the phys iolog ical e f fects are negl igib le , but 
the f lammabi l i ty of hydrocarbons is dramatica l ly decre as ed . 
For example , at a total pressure of 2 atm , in  an atmosphere 
containing 10 percent 0 2 , hydrocarbons would be very di ffi
cult to igni te , but the oxygen pre s s ure would s ti l l  be the 
0 . 2  atm required for respiration . 

AI R COMPRESSED IN THE HYDRAULI C SYSTEM 

When a gas is  compres sed adi abatical ly , i ts temperature 
goes up . When the gas is ai r and i t  is compres sed by a 
combus tible liquid , mixtures that can i gni te spontaneous ly 
can be produced . I f  they do igni te , the hydraulic sys tem 
may rupture . Such s ituations have been addre s s ed by com
pre s sion igni tion tes ts exempli fied by the pipe compres s ion 
tes t  or by comp ression in a CFR engi ne . Neither tes t , in 
the opinion of thi s  committee , i s  adequate . 

In the pipe compres s ion tes t ,  ai r at a pre s sure com
parab le to the p ressure in a hydraulic sys tem is  suddenly 
admitted through a valve into a sma ll-diameter pipe ( o f  
the order of a few centimeters ) whose inner surf ace has 
been previous ly wetted wi th the tes t f luid . We bel ieve the 
tes t  to be inadequate for the fol lowing reas ons : 

1 .  The method of air i ntroduction into the tes t  
section does not a lways s imulate ei ther the temperature or 
p res sure that would result from the many likely ways i n  
which air might inadevertently b e  compres sed i n  a hydraulic 
sys tem . The test was orig inal ly devi s ed to simulate an 
occurrence that led to an explos ion and fire in an aircraft 
carrier hydrauli c system . I t  does simu late that parti cular 
situation and a fluid that fai l s  it is not des i rab le . 

I t  i s  not a good gene ral tes t for compres s ion 
ignition . In this tes t the ai r i s  f i rst expanded into and 
sub sequently recompres sed in the tes t  chamber .  I t i s  quite 
likely that the air wi l l  not reach as high a temperature as 
it does i f  a pocket of air i s  compressed by the flow of 
hydraulic f lui d .  

2 .  In  many operational hydraulic sys tems there is  
apt to be a large excess of hydraulic f luid ; i . e . , there is  
an unlimi ted reservoir of f luid at a pressure probably above 
i ts critical p res sure , in contact with ai r heated to a 
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temperature prob ab ly also above the cri tical temperature of 
the fluid . There is thus no c learly defined surf ace of 
dis continuity be tween vapor and liqui d phases . There is 
ins tead a hot , high ly compressed , one-phase region that 
contains a mixture of hydraul i c  fluid and air continuous ly 
varying in compos i tion from that of pure fluid to pure air . 

I t  i s  unlike ly that the p ipe tes t ,  in which hydrau
lic f luid comes only from a wetted surface , can s imulate 
the condition most l ike ly to cause an ignition as des cribed 
above . 

3 .  The pipe tes t  i s  conducted i n  pipes of a few 
centimeters in di ameter ; however ,  hydraulic systems often 
contain chambers of the order of mete rs in di ameter . The 
tes t  does not take into consideration the fact that the 
s i ze of the devi ce may play an impo rtant role in determining 
the l ike lihood of a comp re s s ion ignition , and that systems 
that have small surface-to-vo lume ratios , i . e . , large sys 
tems , are more like ly to igni te when subj ected to a given 
pres sure s tres s  than are small ones . 

The effect of the s i ze o f  the device can be in
fe rred from the following exe rci se . I n  thi s exerci s e , we 
do not mean to imply that the results are quantitatively 
corre ct .  Our purpose i s  to demonstrate that an important 
problem of scale exi s ts . 

The rate of temperature ris e , dT/dt , in a s ub s tance 
that can undergo an exothermi c chemi cal reacti on can be 
reasonably we ll  approximated by 

d T  
d t  

. -

... . -i ' � .... 

�� o kwC O R ( V - 1 ) e - E / R T kA ( T - T 0 ) 
( 1 ) 

where � � 0 is  the isothermal internal energy change associated 
with the re action , kw is a constant characteri stic of a 
given reaction , C o R i s  the ini ti al concentration of reac
tants , v is the order of the reaction , c v  is the cons tant 
volume heat capacity , E is the activation ene rgy , R is the 
universal gas constant , k is the appropriate coeffi cient 
for heat trans fer to the walls , A is the surf ace area of 
the containment ves se l , V is  i ts volume , and T o is  i ts wall 
temperature . The firs t  term on the right s ide represents 
the rate o f  temperature rise due to chemi cal re action ; the 
second term represents the rate o f  temperature drop due to 
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heat les s to the wall . Thi s equation i s  a s tarting point 
for the development of Semenov ' s  thermal explos ion theory .  
It i s  also a convenient s tarting point for eva luating the 
effect of the s i ze o f  a device on the likelihood of  i ts 
having a thermal exp losion . 

After a sudden compres s ion ,  the f luid phas e w i l l  be 
much hotter than the wal ls . We postulate that if , after 
such a compress ion , conditions are s uch that dT/dt < O ,  
i . e . , that the mixture will  s tart to coo l , i t  is unlikely 
to explode . Conversely , i f  dT/dt > 0 ,  the mixture i s  likely 
to exp lode . The l imiting condition i s  therefore the con
dition for which dT/dt = 0 and the condit ion that leads to 
an explosion i s  the condition that 

- 6 lJ  k C e - E / R T _> k A  ( T - To ) o 00 O R 
v 

( 2 ) 

The effect of scaling can be s implified . We note that 
A/V = a/r ,  where r is a typical dimens ion of the reaction 
vessel  and a is a cons tant that depends on i ts shape . For 
example , a is  3 for a sphere . I f  a fluid ( here as sumed to 
be an ideal gas with constant heat capacities equal to those 
of air at ordinary temperature , y = 1 . 4 )  is  subj ected to a 
sudden compre s s ion from 1 atm , immedi ately after the com
press ion the following conditions p revai l :  

where P R • compress ion ratio ( s tarting at 1 atm ) , 

a nd 

" o R P 
C o R  • -y • Rr • 

where z i s  a cons tant . 

p 
------� • z P o . 7 1 4 
R T o P 0 . 2 8 6  

( 3 )  

( 4 ) 

( 5 )  

We also as sume that k = k 1 atmP o
.

s
, i . e . , that the heat 

trans fer coe ffi cient is proportiona l to the square root 
of the p ressure . Expres sion 2 can then be rewritten , 
as suming the ambient temperature T 0 to be 3 0 0 ° K .  The 
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chamber dimens ions that wi l l  p roduce thermal exp los ions are 
given by the express ion 

r > C ( p 0 . 2 8 6 - l ) e E / 3 0 0 R p 0 · 2 8 6 

P 0 . 2 1 4  
( 6 )  

where c i s  a constant that depends on the parti cular kind 
of f luid w i th whi ch we happen to be concerned . 

It  i s  now pe rtinent to ask the following question : 
If , in a compress ion igni tion tes t i n  whi ch a combus tible 
mixture i s  kept compressed in a chamber whose wal ls  are 
at ambient temperature ( 3 0 0 °K ) ,  one observes an igni tion at 
a given pressure , wh at pres sure wi ll lead to an igni tion 
when the s i ze o f  the chamber i s  di ffe rent from that of the 
test  chamber? The answer is that i f  the ch amber is larger , 
the i gni tion pressure w i l l  prob ab ly be subs tantially lower . 

Insofar as hydraulic sy stems are concerned , a more 
pertinent ques tion i s : To what pres sure should one compres s 
in a small tes t chamber in order to dis cover whether a large 
fluid-air space that h as been s udden ly compressed to hydrau
li c system pres sure ( 2 0 0  atm) is dangerous ly near to a s tate 
leading to an igni tion? 

An approach to an answer is to be found in F i gure 1 
for two values  of E/R . I n  Figure 1 ,  the abscis s a  i s  the 
radius of a cy lindri cal pipe in which the pos s ibi lity of a 
compre s s i on igni tion exis ts . On the ordinate i s  plotted 
the pres sure to which one would have to s uddenly compress 
a tes t  mixture in a tes t  pipe having a 1 . 0-cm diame ter in 
order to achieve a condition comparab le to the spontaneous 
ignition condition in a larger pipe when ai r in the large r 
pipe i s  suddenly compress ed to 2 00  atm . For examp le , i f  
the activation energy th at characte ri zes the ignition 
reaction is 4 0  kcal ( E/R = 2 0 , 0 0 0 ) , a mixture that ignites  
in  a cy linder having a radius of 1 m in the hydraul i c  sys tem 
would not h ave ignited i n  a 1-cm diame ter pipe unless i t  had 
been comp ressed to ab out 110 0 atm . I f  the activation energy 
is 80 kcal , a tes t  compress ion to 4 0 0  atm in a 1- cm pipe 
would " simul ate " compression to 2 0 0  atm in a 1-m radius 
component of a hydraul i c  system . 

In the foregoi ng pres entation , the prob lem has been 
ultras impli f ied and the extrapolati ons go far beyond those 
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F i gu re 1 .  Rad i u s of a Cy l i nder  i n  wh i c h 
Con tents  Exp l odes on Sudden l y  Comp res s i ng 
to 200 a tm versus  P ressure I n  a 1 -cm 
D i ame te r  P i pe .  

E/R • 20,000 

E/R • 40,000 

2 4 6 8 
RADIUS OF CYLINDR ICAL PI PE (meters) 
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acceptable for quanti tative calculations . Nevertheles s , 
they i l lustrate the point that the p ipe tes t i s  f ar from 
adequate . 

A simi lar criti cism could be made of the CFR engine 
tes ts . But in addi tion ,  in the cetane engi ne te s t ,  because 
the comp res sion is followed by an expans ion , the tes t  is an 
even less realistic s imulator o f  the hazard that i s  likely 
to exi s t  in practice . 

Finally , the poi nt should be made that , because of 
inertial e f fects , a pressure much higher than the system 
s tati c pres sure can be experienced in an air bubble in a 
hydraulic system . 

I t  is  evident th at better compres s ion igni tion tes ts 
than are now available shou ld be deve loped . They should 
be characteri zed by the fol lowing features : 

• They should permi t compres s ion to pres sure s 
substanti ally greater than the maximum pressures 
that might be encountered in the hydraulic system .  

• I t  shou ld be pos s ib le to vary the s i ze o f  the tes t  
chamber or  i ts surface- to-volume ratio for the 
purpose of evaluating scaling parameters . 

• They should maintain fluid compre s s i on for a 
reasonable pe riod of time . 

• The interpretation should take account of  the 
pos s ib i l i ty that p ressures much higher than the 
sys tem s tatic pressure can occur . 

Education of persons who operate and repai r hydraul ic 
sys tems as to the serious ness of the hazard s eems l ike ly 
to he lp prevent compres sion ignition accidents . In addi
tion , purging o f  systems with N 2  or s ome other inert gas 
to e liminate trapped air should be examined . 

FLUID SPILLS OR DRIPS ONTO A HOT SURFACE OR INTO A CHAMBER 

The s praying or s treaming of fluid from a rupture in 
a pressuri zed hydraulic sys tem is bound to attract atten
tion .  S lower leaks , drips , and spi l ls may produce less 
obtrusive hazards in several ways . They may p rovide pool s  
or f luid- soaked thermal insulation , rags , o r  di rt .  O r  they 
may drip into hot chambers or cavities where they can be 
heated to a temperature at whi ch they will autoignite . 
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Under such condi tions , a f luid that cannot ordinarily even 
be burned , such as a di lute organic f luid-water solution , 
may lose water , leaving a combus tible material that may 
then igni te . These hazards may be sub s tantia lly reduced by 
frequent inspections and good housekeeping . 

Results of a f lash or fire point tes t are he lpful in 
determining the like lihood that a clean poo l of liquid may 
be igni ted by a spark or flame . Si nce it i s  s trongly de
pendent on vapor pressure , flash point also may be used as 
a ( sometimes unreliable ) measure of the rate at whi ch such 
a flame wi ll  spread across a poo l of liquid . The flame 
spread also depends on vapor pressure . F lame spread can 
also be mi s leading if i ts magni tude is taken as an un
qualified meas ure of a fire h azard . A re lative ly volatile 
fluid with a low flash point may evaporate and be blown 
away from an environment in which a fluid wi th a high f lash 
point woul d spontaneous ly ignite . There are no tes ts to 
assess unambiguous ly and rel i ab ly the hazard in all  s i tua
tions of thi s  kind.  

The windshield wiper tes t i s  a kind o f  acce lerated 
aging te s t  that can call attention to the exi s tence of a 
hazard that would p robably be mi ssed in a fire or f lash 
point tes t  or in a spray ignition test and pos s ib ly even in 
a compres sion igni tion tes t .  The hazard is the k i nd th at 
can arise when aging or heating can caus e a slow separation 
of components of a hydrauli c  f luid , a s low thermal decompo
s i tion , or a change in structure . A water-based polyol 
fluid , for example , might be unignitable in a properly done 
flash point tes t .  Nevertheles s , i t  could become hazardous 
in the l agging on a s team pipe or after it had los t  water 
by evaporation . The pipe cleaner tes t  would have a better 
chance of revealing the hazard th an the other te sts . 
Present practice of  counting the number o f  cycles to an 
igni ti on , however , and reporti ng that as s ame sort of measure 
of safety i s , in the opinion of the commi ttee , pointles s .  
The windshie ld wiper test te l l s  the observer that a partic
ular f luid can , under conditions simulated by the test , 
become hazardous , but i t  imposes much too limited a range 
of variability to be cons idered a guarantee of safety . 

Spontaneous ( S IT)  and autogenous igni tion temperature 
(AIT)  tes ts also s imulate aging to some extent . They are rel
atively widely used . SIT values are often cited as measures 
of relative hazard , but they should be used only with gre at 
caution .  These tes ts are , like many of the other tests 
reported here , unrealistic for quantitative evaluation of  a 
hazard because they differ from real si tuations in not 
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presenting the f luid being te sted with catalyti c sur faces , 
dirt , and other things that may greatly affect the processes 
leading to pyrolys i s  and ignition . In addition , thi s tes t , 
like the compres s ion ignition tes t , is  subj ect to mis inter
pretation be cause of s caling effects . Nevertheless , i t  
can give information that can he lp make decis ions . 

The e ffect of  s c aling on the results is not s o  important 
wi th these tes ts as it is wi th the compres s i on ignition tes t  
because the SITs of  the fluids under cons i deration are much 
higher than ambient temperatures .  I t  is thus not likely 
that a f luid would f ind i ts way into a l arge hot environment . 
Neverthe les s , a mi s interpretati on of an S IT might lead one 
to overlook a potential hazard th at depends on the s i ze of 
a space in which a spi ll  occurs . 

Application of thermal explo s ion theory and the use 
of considerations s imi l ar to those that led to expres s ion 
6 in the section on comp re s sion ignition sugges t  that the 
condition for spontaneous ignit ion in a space whose wal ls 
are at a temperature To  i s  given by 

( E/RT0/ ) i  
r > B T  O Re E ( 7 ) 

where B is  a cons tant that depends on the hydraulic fluid . 
Thus , T 0 i s  a spontaneous ignition temperature . B and E 
might presumably be evaluated in a series of  s caled tes ts . 
Figure 2 shows how spontaneous ignition temperatures would 
be expected to depend on a parti cular dimens i on of the 
tes t  chamber for three di fferent values of E. Suppose , 
for example , that l aboratory tes ts a re done in a chamber 
having a dimens ion of 5 em ( 0 . 0 5  m ) . If E/R is 2 0 , 0 0 0 , then 
if the S IT me asured in the laboratory is 8 0 0 ° K ,  the S IT in 
a 1-m compartment would be 6 3 0 ° K  and in a 10-m compartment 
i t  would be 5 5 0 ° K .  I f  the SIT  were 5 0 0 ° K ,  i t  would be 4 30 ° K 
in a 1-m compartment and 3 9 0 ° K  in a 10-m compartment . 
Spontaneous ignition i s  thus not likely to p resent much of 
a hazard wi th mos t  hydraulic flui ds . Neverthe les s , i f  there 
are large spaces in whi ch spi l ls may be sub j e cted to high 
temperature s or to large surfaces that are at temper atures 
much higher than ambient or to catalytic surfaces , the 
in creased hazards of spontaneous igni tion associated with 
their s i ze should not be overlooked ,  and tests should 
perhaps include the e ffects of s i ze on S ITs . 
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INTERACTIONS RESULTING FROM PROXIMITY OF HYDRAULI C LINES 
TO STEAM PIPES AND ELECTRIC POWER LINES 

A situation may ari se in which materials ( such as 
those used for l agging s team pipes ) accumulate , over long 
periods of time , hydrauli c f luids and hydrauli c f luid 
residues and decomposi tion products from leaks . Fluids may 
drip onto power lines and react with insulating materi als . 
It is  apparently not uncommon to have lagged s team pipes and 
hydrauli c lines and power lines running through common 
channels . The commi ttee feels that such prob lems are bes t  
dis cussed with speci f i c  sys tems i n  mind . Lacking a speci fic 
system , we can only guess about what kinds of s ituations may 
be expected to arise and what the sources o f  fire hazard 
wi l l  be . It seems evident that in such a s ituation , pre
vention of the hazard is as much a matter of good house
keeping as it is a matter of hydrauli c fluid properties . 
Vi rtual ly anything can became a fire hazard if  one is care
less  ( or foolish ) enough with i t .  

SUMMARY 

The lack of corre lation between fire hazard and the 
numerical value of a measured property in any s ingle 
standardi zed tes t is not surpris ing . In ignition , flame 
spreading , and other combus tion phenomena of interest 
because of  their haz ardous nature , the way the surroundings 
interact with the combustible substance is what produces the 
result . The surroundings may act either as a promoter or 
inhibitor ( or both )  of igni tion and combus tion processes . 
Some phenomena of importance in ignition and combus tion have 
a s trong dependence on the effective volume o f  the system , 
others on the ef fective surface area . The s i ze and shape of 
a system are therefore important variables . But such effects 
are hardly ever addressed in standard tes ts that purport to 
evaluate fire hazards . The modification of standard tes ts 
to provide a better bridge between the laboratory and prac
tical sys tems is thus a maj or problem for future work . 
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APPENDIX 

TOXICITY TEST PROGRAM 

The use of hydraulic fluids in high-pressure sys tems 
encapsulated in closed envi ronments generates a variety of 
poss ibilities for human exposure to these materi als . The 
fluids can be emitted from containment in the form of fine ly 
divided aeros ols , f luid sprays , and drips or s low leaks , 
making poss ible human intake by inhalation of aeroso ls or 
vapors , by skin contact , or by accidental i ngestion . There
fore , it is clear that acute or chroni c exposures in con
fined spaces to these materials may pose hazards to human 
health , which directly depend on the nature of the chemi cals 
involved , the dynami cs of intake , the intrinsic toxicities 
of the components , and the mechanisms by whi ch they may be 
metaboli zed or excreted . It i s  important that the magnitudes 
of these chemi cal hazards , both to human health and to other 
life in the environment , be assessed on some s cale of values 
in order to make it poss ible to reach rational decis ions as 
to whether the benefi ts o f  deployment of these hydrauli c  
f luids are commensurate wi th the biological hazards attendant 
on the ir use . The remainder of this section deals explici tly 
with the factors that enter i nto the human haz ard as sessment 
for use of various chemi cal clas ses of hydraulic fluids . 

NATIONAL REQUIREMENTS FOR HAZARD ASSESSMENT 

The exposure of  humans and other biota in the envi ron
ment to chemicals used for speci fic operational purposes 
i s  being increas i ngly regulated under federal legis lation 
th at extends to al l sectors of national endeavor . Parti c
ular reference can be made to the powers inhe rent in two 
laws that can apply to mi litary operations as wel l  as to 
occupational activities in the civi lian se ctor : the 
Occupational Safety and Health Act of 19 7 0 , adminis tered by 
the Occupati onal S afety and He alth Adminis tration of the 
Department of Labor ; and the Toxi c Substances Contro l Act 
of 19 7 6 , administered by the Envi ronmental Protection 
Agency . Under these regulatory acts , stri ct limitations 
can be placed on the extent of hazard permis sible for 
humans exposed to operational chemic als , even in their 
deployment in closed environments as p art of mi litary plat
forms or weapons systems . The restr i ctions th at can be 
imposed under these authorities , to avoid " unreas onable risk" 
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to human health or the envi ronment ,  can range from s trict 
control of  the specific us es permi s s ible for a given chemical 
down through control of the leve ls of exposure resulting from 
a given use in terms of exposure times and permi s s ible ambi
ent concentrations . These restrictions can also be rules 
th at speci fy abso lute bans on us e ,  promulgate res tri ction on 
volumes of chemicals deployed , or speci fy requi rements to 
develop a bro ader in formation base for research and deve lop
ment on whi ch a quanti tative h az ard as sessment can be 
developed . Each of these powers ultimately requi res a 
decis ion-making proces s  for each potential use of  each impor
tant chemical by an admi ni s trator attempting to balance 
operational benef its versus biological and other h azards . 
Therefore , the development of c lear , unambiguous methodo logy 
for h azard as ses sment that wi l l  be generally accepted by the 
nation i s  a matter o f  high priori ty . 

THE CONCEPT OF HAZARD ASSESSMENT 

I t  would be mos t grati fyi ng to report that a clear 
analytical s tatement exi s ts , and i s  bro adly supported , 
relative to quantitative as sessment of  potenti al h az ard to 
human health and the environment from exposure to an oper
ational chemi cal s uch as a hydrauli c f luid . Such a s tate
ment and the s teps required for its implementation do not 
exis t  in a ful ly expli cit form , although the phi losophy 
underlying the gene ration of a useful mathematical express ion 
for a hazard function from factors contributing to hazard 
has been probed in recent publi cations ( National Academy 
of Sciences , 19 7 Sa , b ) . 

Therefore , at present , an ad hoc rati onale for bio
logi cal ha zard as ses sment re lating-;D potenti al exposure to 
a given chemi cal i s  bei ng deployed i n  an experimental 
fashion , most notably in recent times by the Toxic Subs tances 
Control Act Interagency Testing Committee . Thi s  rationale 
assumes that the hazard function H can be generated by a 
linear combinati on of factors F o f  the form 

Hazard (health , environment ) = H = aF 1 + bF 2 + cF 3 + 

dF 4 + • • • •  

where the factors F 1 , F2 , • • •  re late to speci fic contributors 
to the total hazard function and can be quanti fied on some 
numeri cal scale , and the coefficients , a , b ,  • • •  can be used 
as normali zing factors to bring the separate numerical 
scales onto a common basi s ,  or to weight the contributions 
of the various F factors to the total haz ard as ses sment for 
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a given chemical in a given mode o f  use . For p resent 
purposes , the H function for hazard ass es sment of hydraulic 
fluids deployed in confi ned spaces , wi th the added pos s i 
bi lity of  leakage t o  the aquatic or terres tri al envi ronment ,  
would be cas t  i n  the line ar array 

Hh e = aF intrins i c  + bFexposure + cFdecomposi tion + ' 
toxi city products 

dFenvironmental 
effe cts 

where : 

Fint+iQs i c  i s  a rel ative measure or index of the 
tOX1 C1ty 

intrinsi c  toxicity of a given chemical , s ay on a 
s cale of 1 to 10 , as as ses sed by a maj or biologi cal 
effect in a tes t  animal or on a targe t organ s een 
in acute or chroni c exposures ; 

F is an intens i ty i ndex factor encompas sing 
exposure 

the modes of exposure , the numbers of people poten
tially exposed , the concentrations encountered , the 
time factors involved , and the probabi lity that ex
posure wi ll  result in chemi cal entry and retenti on 
in the body ; 

Fdecomposi tion is an index factor reflecti ng the 
products 

i ntrins ic toxici ty ( summation )  of decompo s ition prod
ucts that might be generated from deployment of a 
given fluid under environmental condi tions ( tempera
ture , pres sure , etc . ) that could cause decompos i tion 
or by metabolism in a target organi sm ;  and 

Fenvironmental is an i ntens ity f actor ref lecting the 
effects 

p robability ( again on a numerical s cale ) that some 
important organism ( s )  in the environment might be 
adverse ly af fected by leakage of the f luid to the 
external envi ronment .  

As suming the legitimacy of linear combination o f  F 
factors to form a hazard function H for a given chemi cal 
in a given use and exposure pattern , the coeff i ci ents 
a , b , c , d would for s implicity be given uni form weights of 1 ,  
and used s imply as normali zing coef ficients to make the 
numerical scales of the f our F factors equivalent . 
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An important cons ideration i n  the evaluation o f  the 
Fintrins ic factor relate s  to the emphas is placed on the 

toxicity 
weighting of acute toxi city signs versus chronic toxi ci ty 
manifes tations leading to i rrevers ib le ef fects in animal 
models or  man . As a tentative worki ng guide in this respect , 
i t  i s  recommended that acute effects be surveyed firs t . 
When such effects are large ly negative , and information on 
chronic de leterious effects is absent , the toxicity index 
i s  governed by the acute findings . When posi tive effects 
in man or animal models are avai lab le on both the acute and 
chronic exposure bases , the latter w i l l  be given higher 
weight in generating the i ntrins ic toxici ty index for the 
given exposure modali ty . 

Some hydraulic fluids may possess  unique toxi c effects . 
For example , some phosphate esters have been shown to induce 
delayed neurotoxicity in man and tes t  animals (Johannsen et 
al . , 19 7 7 ) . Such speci f ic toxic effects should be recogni zed 
and dealt wi th i ndependently from the general toxicity . 

The following general format provides a minimal toxico
logical evaluation of hydraulic f luids . Thi s  program consti
tutes a tier approach to toxicity evaluation . Early in the 
development of hydraulic f luids , only simpl e or acute 
toxicity tes ting would be performed . Results from these 
tes ts would delineate need for further toxicity evaluation 
( chronic or special tests ) . 

At the conc lus ion of  all toxi ci ty testing , the data 
would be used in conj unction wi th p roper hazard evaluation 
to determine the optimum hydraulic f luid for use in the 
given environment .  For reference , an example cl assi fication 
sys tem for acute inhalation and dermal toxi city is  p resented 
be low . More detailed descripti ons of  these procedures have 
been published (National Academy of Sciences , 19 7 7a ) . 

INHALATION TOX ICITY 

Acute toxicity 

Groups of  tes t  animals ( 6- 1 0  per group , generally rats ) 
are exposed to a given atmospheric concentration of the test 
materi al ( as an aerosol or vapo r )  for a s ingle 4-hour ex
posure . Atmospheric concentrations of the tes t materials 
and parti cle size analysis  of any aerosol should be de
termined . Mortali ty , body weight , and outward observations 
that denote toxicity are recorded during exposure and for 
a postexposure recovery pe riod ( generally ab out 14 day s ) .  
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Gross autopsies are conducted on al l animals dying or 
s acri f iced during the tes t or observation period . Hi sto
pathologi c exami nation of the test animals would be optional . 
The approximate lethal concentration ( ALC )  i s  defined as the 
lowes t concentration th at produces death in the exposed 
group . The LCS O  i s  defined as the concentration expected 
to cause death in SO percent of  the exposed animals .  

Subacute toxi city 

Tes t  groups of 10 to 20 rats are exposed to fractions 
of the ALC or LCS O  ( e . g . , 0 . 0 3 and 0 . 3 ) for 4 to 6 hours a 
day , S days a week over a 2- to 4-week period . Atmospheric 
concentrations of  the tes t materi als and particle s i ze 
analysis of aeroso ls should be measured . S imultaneous ly , a 
con tro l group of  animals i s  s ub j e cted to the same procedures 
minus compound adminis tration . Upon termination of the tes t  
sequence , h alf of the anima ls from both groups should be 
s acri ficed for his topathologic examination o f  all major 
organs and tissues . The remaining rats are re tained for a 
recovery-observation period ( generally 14 days ) . At the 
conclus ion of this period , the remaining rats are s acr i f i ced 
for comparative hi s topathologic examination . 

DERMAL AND OCULAR TOXICITY 

Skin and eye i rri tation 

The interes t i s  to determine whether a material wi ll 
inj ure the skin or eye after direct app li cation . Gui nea 
pigs or rabbits are the animals o f  choi ce , depending on the 
specific tes t .  Wi th skin i rri tation , observations for 
erythema , edema , and necros i s  are recorded as a functi on of 
the amoun� of material applied . In the case of  eye irrita
tion , inj ury to the cornea , iris ,  and con j unctiva are 
evaluated (Code of Federal Regulations ) .  

Acute toxi ci ty 

Tes t  animals , generally rabbi ts , are exposed by direct 
application of the tes t  compound to the skin for a 2 4-hour 
period and he ld pos texposure ( generally 14 days ) during 
which signs o f  toxi ci ty and mortali ty are recorded . Hi s to
pathologic examination would be optional . The ALD-skin i s  
de fined as the lowes t  dose that wi l l  produce death in one 
or more of the tes t groups . The LDS O  i s  defined as the 
dose expected to cause death i n  S O  percent o f  the treated 
animals . 
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Subacute toxici ty 

Test animals , general ly , rabbits , are exposed to 
fractions of the ALD or LD SO  for 4 to 6 hours a day , 5 days 
a week over a 2- to 4-week period . Following each exposure 
the materi al is washed from the skin and the animals are 
returned to their cages . General observations may be 
supplemented by c lini cal biochemistry and/or histopatho logic 
evaluati on of ti ssues . Treatmen t groups are compared with 
concurrent control groups . 

PYROLYS IS AND COMBUSTION TOXICITY STUDIES 

No speci fic protocol has been adopted by a government 
agency for thi s type of tes t .  Because the products of 
thermal degradation s trongly depend on tes t conditions , the 
inves tigator s hou ld attempt to duplicate the type of 
pyrolys is or combus tion that might occur i n  product use or 
disposal . In some appli cations , combustion devi ces are used 
to rid reci rculated ai r of some noxious substances . I t  i s  
mos t pertinent to inqui re what would b e  the e f fect o f  s uch 
devices on new kinds of hydraulic f luids . 

Different appli cations may require different tes t 
designs (Wright and Adams , 19 7 6 ; National Academy o f  
Sciences , 19 7 7b ) . Thus , toxi city should b e  evaluated i n  
both f l aming and nonflaming combustion modes near the auto
ignition temperature of the tes t  material . Chamber oxygen 
concentrations and temperatures should be moni tored during 
each exposure . The procedure sugges ted herein fol lows 
guidelines recently is sued by the National Academy of  
Sciences ( 1 9 7 7b ) . 

The apparatus may be comprised o f  an exposure chamber 
and a pyrolys is or combus tion device , such as a tube fur
nace , heated cup , or torch . Gro ups of tes t animals , 
typically 6 to 10 rats per group , are exposed briefly ( 30 
min)  to the pyrolysis or combusti on atmospheres . The run 
begins when a weighed amount of fluid i s  placed in the pre
heated cup or furnace . The resultant gases may be either 
diverted into ( dynami c operation )  or accumulated i n  ( static 
operati on ) the exposure chamber . A maj or index is  animal 
mortali ty occurring during the exposure and 14-day pos t
exposure period . The mortali ty obs erved shou ld be compared 
with the concentration of expected degradation products , 
s uch as CO , C02 , and others . An examp le i s  the use of 
chlorinated hydrocarbons where HCl would also be an expected 
combustion product . Following the exposure , b lood carbo
xyhemoglobin ( CO-Hb ) levels should be measured in dead rats 
to dete rmine whether the mortality is due to elevated CO 
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concentrations o r  to the pres ence o f  same other agents . If  
no rats died during the test ,  two may be  s acrificed for the 
CO-Hb determinati on so the s everity of  the CO exposure may 
be estimated more quanti tative ly .  Dose response data may 
be obtained by vary ing the amount of test materi al combus ted . 

In addition to mortality , i t  is becoming increas i ngly 
evident that s ame measure of animal incapaci tation is  
necess ary i n  the total evaluation o f  pyrolysis  or  combus tion 
toxicity . This  could be particularly important i n  a closed 
environment where there i s  little room for error in dai ly 
operations . There i s  no single accepted test for incapacita
tion , although several techniques ( rotorod , exercis e  wheel , 
shuttle box , hind- leg flexure , and others ) are currently 
being evaluated . At this time , se lection of an appropriate 
incapacitation test is best le ft up to the parti cular i nves
tigator . 

Because pas s - fai l  cri teri a are not e s tab li shed for this 
type o f testing , the results can only be evaluated sub
j ective ly .  S li ght vari ations ( up to threefold ) in perfor
mance should not be consi dered s igni ficant . Di fferences of 
10 0- fold in performance (materi-al A versus others ) ,  or 
production of toxi cologically s igni f icant amounts of un
expected toxican ts would suggest a potenti al haz ard in use .  

Other indi ces such as his topathology or detai led blood 
chemis try may be included in  the tes t  protocol . Data ob
tained in the p re l iminary evaluation of acute toxicity may 
warrant these more i n-depth studies . 

SPECIAL TOXICITY EVALUATIONS 

When unique toxi c effects are obs erved , specifi c 
testing programs may be initiated . In the cas e  of delayed 
neurotoxici ty , the protocol developed by Johannsen et al . 
( 19 7 7 )  would be appropri ate for comparing the neurotoxi city 
of the candidate fluid with the neurotoxicity of known 
neurotoxins such as tri-o-cresyl phosphate . 

More s ubtle toxic ef fects such as carcinogeni ci ty are 
normally expres sed over longer periods of time and would 
not be observed in the tes ts des cribed earlier . Animal 
carcinogenicity studies are so expens ive and time-consuming 
that i t  would not be poss ible to thoroughly tes t  al l s us 
pected carcinogens .  Therefore , short- term tests are being 
deve loped to screen materi als for their carci nogeni c poten
tial . These tests evaluate materi als for thei r mutagenic 
potenti al , which i s  corre lated wi th carcinogeni c potenti al . 
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One of  these tes ts , the Ames Tes t ( s almone lla/mi crosome ) , ·  
has demons trated a reasonab le corre lation between mutageni c  
potential and known animal carcinogens . The tes t i s  brief , 
inexpens ive , and p romising as a pre l iminary s creening tes t  
t o  determine the need for long- term animal carcinogen 
tes ting . 

Animal carcinogen s tudies require l arge groups o f  tes t  
animals ( 6 0  to 1 2 0  rats/sex/leve l )  whi ch are exposed to 
atmospheres containing the tes t materi al . Frequently a 
second te s t  spe cies i s  de s i rab le .  Two to three groups are 
exposed to di fferent concentrations o f  the test mate ri al 
for 6 hours a day , 5 days a week for 18 to 2 4  months . 
S imultaneous ly , a group o f  control animals i s  subj ected to 
the s ame procedures minus compound adminis tration . Toxi c 
signs and animal body weights are recorded on a regular 
bas is . General hemato logy , c lini cal chemis try and urinalys is 
are perfo rmed at appropri ate inte rvals ( e . g . , 3 , 12 , and 2 4  
months ) throughout the tes t .  Likewise , gross  p athology and 
his topathologi c examinati on of the tes t animals are also 
performed at appropri ate i ntervals . The as sessment o f  car
cinogeni c potential i s  pos s ible on ly after detai led exami
nation of the chemi cal , p atho logi c ,  and clini cal data . 

In addi tion to neurotoxi cologic , mutageni c ,  and car
cinogeni c testing , other s pecial toxi city tes ts might be 
n e ces s ary . For examp le , i f  women of chi ldbeari ng age may 
be exposed , it  would be advis ab le to conduct teratogeni c  
toxi ci ty tes ts . These and other types of toxi ci ty tes ts 
have been dealt with in more depth e lsewhere (National 
Academy of S ciences , 19 7 7a ) . 

Where continuous , round-the- clock e xposure i s  involved , 
i t  might be necess ary to des i gn a speci fic tes t  protocol to 
assess the toxi ci ty as soci ated with continuous 2 4-hour 
exposure to these compounds over a period of 60 to 9 0  days . 

ENVIRONMENTAL FATE 

Hydrauli c f luids are intended to be used i n  enclosed 
fluid systems , thus limiting their dis tribution into the 
environment . Howeve r, accidental disch arge or di s charge 
during maintenance operations cannot always be prevented . 
Consider ation o f  probab le envi ronmental effects o f  candidate 
fluids mus t be inc luded in the early stages of evaluation . 
These factors are the degradab i l i ty o f  the materi al ( photo
chemi cal , chemical , and biochemi cal ) ,  the toxi ci ty of the 
material and i ts s tab le metaboli tes , and i ts bioconcentration 
potential . 
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The determi nation of expected environmental levels can 
be calculated on the bas is  of the expected production , use , 
and dispos al patterns and the chemistry and degradati on of 
a material . Both mi nimum and maximum expected leve ls should 
be calculated . 

Acute toxi city tes ts should be run on a representative 
invertebrate and one or two fish species . Water fleas , 
b lueg i l l  sunfish , rainbow trout , and fathe ad minnows are 
the species of p re ference . By dete rmini ng the LCSO of a 
material , data are obtained for comparis on wi th other 
materials and for anti cipation of p roblems caused by spil ls . 

The b ioconcentration potenti al o f  a candidate hydrauli c 
fluid can be as sessed by determini ng i ts water/octanol par
titi on coeffi cient . For examp le , chlorinated hydrocarbons 
that are eas i ly s tored in body fat have high partiti on co
effi ci ents . Ultimate ly , actual in vivo accumulation s tudies 
wi th representatives of the spe cies�risk may be neces sary . 

Should a materi al readi ly degrade , the aforementioned 
abbrevi ated hazard evaluation should be carried out on i ts 
stable me tabo li tes . 

The fol lowing are sugges ted as an approach to evaluate 
the toxi city of hydrauli c  flui ds to aquatic o rgani sms in 
the environment . This  abbrevi ated fo rmat provides a be
ginning hazard eva luation of mate rials and also generates 
a baseline on whi ch the need for further toxicity tes ting 
could be planned . More detai led des cr iptions o f  the pro
cedures li s ted below are provided in the re ferences . 

Chemis try 

Calculations can be made to determine the oxi dation , 
reducti on , hydrolys i s , and photo-oxidation potential of  a 
material .  Synergistic reacti ons need als o to be assessed . 
Does the fluid volati l i ze , solubili ze in water , or se lec
tively partition into organic solven ts ? 

Biocon centration potenti al 

The octanol-water p artition coeff i ci ent i s  a phys i cal 
measurement that may be used to estimate the bioconcentra
tion potential of a hydrauli c f lui d . By shaking the mate
ri al in a s eparatory funne l containing disti lled water and 
n-octano l , the lipophi li city of the compound can be 
de termined . The concentration of the material i s  measured 
in each phase and the parti tion coe ffi cient is calculated 
as the ratio o f  the concentrati on in the octanol phas e to 
that in the water phase ( Kimme rle et al . ,  19 7 5 ) .  
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Biodegradation 

Primary biodegradati on i s  defined as the dis appearance 
of  the original materi al due to bacteri al action as evidenced 
by a speci fic analyti cal technique . Two p rocedures that have 
been wide ly used i n  primary biodegradati on measurements are 
the semi continuous activated s ludge ( SCAS ) tes t ,  whi ch s imu
lates a secondary sewage treatment p roces s ,  and the river 
die- away tes t , whi ch s imulates the natural envi ronment of a 
river . 

I n  the SCAS tes t  activated s ludge and its l iquor from 
a domesti c sewage tre atment plant are spiked with the tes t 
materi al ( general ly in ethanol)  and syntheti c or raw sewage . 
The mixture is  aerated fo r 2 3  to 1 7 6  hours and al lowed to 
settle , and a liter of e f f luent i s  drained and analy zed for 
the tes t  material . The result is  expressed as percent degra
dation . The cycle i s  reini ti ated by the addi tion of water , 
sewage , and tes t materia l ( Saeger and Tucker ,  19 76 ) . 

The river die- away tes t  cons ists of  expos ing a low 
leve l of tes t materi al to organisms in natural river-water 
s amples . Periodically , water i·s analy zed for concentrations 
of the tes t  materi al . Steri le wate r controls are i nc luded 
to veri fy th at changes in concentrat i on are due to degrada
tion and not phys i cal or chemical phenomena . The duration 
o f  the tes t  i s  generally 6 weeks . The result is  expres sed 
as h alf- li fe of the tes t material ( S aeger and Tucker ,  19 76 ) . 

Acute toxicity to invertebrates 

Groups of test organisms ( 5- 10 per group , generally 
first ins t ar  daphnids ) are exposed in a s tati c system for 
4 8  hours in at leas t four concentration levels . Mortality 
and behavior observations are made at 2 4-hour intervals 
(U . s .  Environmental Protection Agency , 19 7 5 ) . The LCSO 
is calculated by probit , logi t ,  or moving average method , 
or by that of Litchfield and Wi lcoxon , 19 4 9 . 

Acute toxi city to fish 

Groups of tes t o rgan isms ( 5-10  per group , generally 
fingerling f athead minnows , b luegi ll s unfish , or rainbow 
trout) are exposed in a stati c system for 9 6  hours to at 
least five concentration leve ls .  Mortali ty and behavior 
observati ons are made at 2 4-hour intervals , (U . S .  Envi ron
mental Protection Agency , 19 7 5 ) . The LCS O  is calculated 
by the s ame methods as described in invertebrate acute 
toxi city above . 
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Addi tional tes ting 

A deci s ion may be made to do further testing at thi s 
point . An i nvertebrate chroni c study o r  in vivo bioconcen
tration s tudies may be des i red , s houl d  further-Informati on 
be requi red . 

SUMMARY 

In summary , a tier appro ach to toxicity evaluation i s  
proposed . Preliminary toxi city evaluation should b e  con
ducted early in the development of a f luid . Based on 
these res ults further toxicity evaluation ( chronic and 
special ) might be p ropose d .  Use of the resulting data 
in conj unction w i th the phys i cal properties of the hydrau
lic fluid and a p roper hazard evaluati on should provide 
an adequate bas i s  for the select i on of an optimum hydraulic 
flui d .  
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