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1 PREFAC E

A sympos ium on water-in-fuel emulsions was held on April 20

and 21, 1977 at the Depar tmen t of Transpor tation , Transpor tat ion
Systems Center , Cambridge , Massachusetts to provide a forum for
researchers in the use of water-in-fuel emulsions in the combus-

tion process.  Through invi ted paper presenta t ions  and subsequen t

d iscussions and comments among the symposium participan ts , valuable
info rma ti on was made ava i lable rela t ive to emuls ions in combus ti on
and the ir prac ti cal appl ica tion in bo ilers , gas turb ines , and
d iese l s .

Th e p roceed ing s described in this  documen t include abs trac ts
of paper presen tations , question -and - answer periods , and commen ts
on the sign if icance of the respec tive papers .  The transcribed
statements attributed to presenters and participating attendees

have been edi ted , but only for clarification of the transcriptions.

Iden tification of the participants in the tape-recorded

discus si9ns and clarity of meaning in their statements often

depended on recogni tion by the edi tors of the speakers ’ voices and

on the quality of the tape recordings. The editors apologize for

any misrepresentation or misinterpretation occasioned by this

prac tice.

The ed itors acknowled ge the Uni ted States Coas t Guard as
or ig ina tor of the idea for se tt ing up the symposium , and the DOT!

Off ice of the Secre tary for  suppor t . They thank Cap ta in David
Flanagan , Un it ed States Coas t Guard , for h is par t icipa tion as
Chairman . They also thank all contributors of invited papers , and
al l  the a ttendees for the ir presence at the symposium and par tici-
pation in the discussions. The contribution of Leon Tritter , of
Ray theon Service Company , in the prepara tion of this  documen t is
l i k e w i s e  grea t ly apprecia t ed.
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SESSION 1

PROPERTIES OF FUEL / WATER EMU LSION S

Introductory Statement - Captain Flanagan, Symposium Chairman

I ’ m Cap ta in Dave F lanagan , of the U.S. Coast Guard . I would

like first to thank Bob Walter of the Transportation Systems Center

of the Department of Transportation for his great help in setting

up this symposium , and the Transportation Systems Center for its

part as host. I want to steer the meeting directly to the impor-

tan t issues we are here to disc uss , so I w i ll star t at once w ith an
introduction of Dr. Robert K. Whitford , repres enting ou r hos t TSC .
Dr .  Whi tford has been Depu ty D irector of Tran spo rta t ion Sy stem s
Center since 1972. Prior to that he was with the TRW Systems Group
in Cal ifo rn ia , where he was Manager of the Advanced E lectron ics
Systems Office. Throughout his TRW career he was involved with

major aerospace systems . Dr. Whitford.
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WE LCOME
ROBERT K .  WH I T F ORD

Tha nk you , Captain Flanagan. I am glad , on beha l f of TSC , to

welcome you all here for this conference. I am fully aware of the

importance of water-fuel emulsion and their potent ial use in all

phases o..~ transportation. Therefore , since our prime interest here

is to delve into this subject , I will take only enough of your time

to acquaint you , as temporary guests of TSC , with an overview of

our activities.

TSC is a part of OST (Office of the Secretary of Transporta-

tion) , wh ich , li ke the Coas t Guard , is a part of DOT (Department

of Transportation) ; we are very happy to support the Coast Guard

in conducting this conference. Our function as part of OST is to

perform multimodal systems research and an a l y s i s .  We do both tech-

nological work and socio-econolnic work; actually, we are as con-

cerned about putting in new technology as we are with the impacts

and the potential difficulties of trying to implement this new

technolo gy. This gets into the full range of economics , sociolog-

ical impact , and institutional analysis.

I indicated that we provide multimodal support. TSC works

with each of the administrations in DOT. For those of you no t
familiar with the Department of Transportation , I am referring ,

in addition to the Coast Guard , to the Federal Aviation Administra-

tion , the Federa l H ighway Adm in istra tion , the Federal Railroad

Administration , the Na ti onal H ighway Tra f f ic Safe ty Admin istra tion ,

the Urban Mass Transportation Administration , the St. Lawrence

Seaway Deve lop men t Corpora tion , and the Materials Transportation

Bureau. Part of our job is to work on some of the common technol-

og ies that support a number of those modal administrations .

We are concerned about energy and the environment. We have
-—  been deeply involved in noise measurements in support of the

Federal  Governmen t ’s investigations of noise sources. We have been
heav ily involved in investment analysis. A large fraction of the

5

- ~~ ~~~~~~~~~ -



monies that DOT spends goes for Federal Government efforts to im-

prove the total transportation p icture. We are concerned with t-~ :;

problem areas in traffic control: airports and automobiles. There

is constant involvement with research and development analysis to

effect improvements in both areas. As for future trends in the

field of transportation , we also attempt to analyze future demands

and to forecast what ’s going to be required for transportation in

the areas of facilities , in the areas of fuel , and in all of the

things that affect our transportation business.

Additional important functions at TSC pertain to: minimizing

of the fire hazard to subway trains by use of fire resistant

materials in subway cars; increasing security at airports by im-

proving weapon detection devices; and improving our system of navi-

gation communication.

Although I have been unable to go into any detail in the few

minutes I have addressed you , I trust that you now appreciate the

diversity of operations at the Transportation Systems Center , and

the opportunity provided us to make significant contributions to

the nation ’s overa ll transportation capabilities.

And now , I welcome you again to this conference. I hope that

your stay here will be a pleasant one , and that the goals you set

for yourselves will be met. Thank you .

(End of Dr. Whitford ’s presentation)

Captain Flanagan

Thank you , Dr . Whitford. We ’re here to share our information ,

to learn from each other , to improve our research techniques , our

data gathering , and our da ta repor ti n g on a subjec t in wh ich we
a ll have considerable interest. We wo u ld l ik e to deve lo p , if

pos si b l e , minimum guidelines for data reporting by the end of the

conference. At present , da ta reporting on water-in-fuel emulsions

su f f e rs typ ica l l y f r o m  inconsis tency , and from lack of standard-

ization in the computation of water-to-fuel ratios by different

researchers. For these reasons , we w i l l  b e n e f i t grea t ly  by devel-

opmen t of m in imum gu ide l i nes for  da ta re por t in g, and w i l l be i n  a

6
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better position to realize the potential for burning fuels pre-

vious ly  unaccep table  in boi lers , gas turbines , and di esel en gi nes .

The conference is bein g a ttended by gr ea t ly d iverse  g ro up s.
In add it ion to repres en ta t ives  from sev en teen sta tes , we a l s o  h av e
a tt endees f ro m Canada , France , and the United Kingdom . The group

interests are likewise quite diversified; they include vendors ,

academicians , consul tants , gove rnmen t workers , and researchers from

various segmen ts of governmen t and industry. With such a repre-

sentation , we can expec t the opinion s , comments , discussions , and
agreed-upon guidelines to carry weight and exercise influence on

other researchers in the field who will be made aware of this

mee ting ’s resu l ts.

We w il l  be gin our ser ious cons idera t io n of the sub jec t a t hand
by first providing a groundwork on the definitions to be used , and

then a survey of the present status of the application of water-in-

fuel emulsions. I now introduce a gentleman who has contributed

mu ch to this f i e ld , one who is probably well known to those of you

who have researched the burning of hydrocarbons. I refer to Dr.

Drye r, of Princeton University. Dr. Dryer.

7
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OVERVIEW OF STATUS OF APPLICATION OF WATER-IN-FUEL EMULSIONS

FREDERICK L. DRYER

Good morning. I’d like to thank the organizers of this

colloquim for inviting these overview comments. I recall the

first speaker having commented that he only recently became aware

of what the emulsion field is all about. Interestingly enough ,

this experience might also be characteristic among many of the

attendees of these Proceedings. Yet the field of emulsion tech-

nology and its use as a combustion modifier , wh i le no t ex tend ing
back as far as the almost 200-year-old concept of water addition

to combustion ,1 nevertheless began as early as the turn of the

century. As for the use of emulsions for some of the purposes that

we talk about today, even those interests appeared as early as

1953.2 It is a new insight into the effect of emulsified fuel

combustion which has caused the recent resurgence in awareness.

Emulsion technology has emerged as a credible field of tech-

nical interest primarily because of its relationship to control of

emissions from combustion systems . A lthough in many cases emul-

sified fuels have been referred to as fuel extenders , I would
suggest that this is a misnomer. Rather than being directly in-

volved with improvement in combustion efficiency per se, emulsions

provide indirect improvements in operating efficiency through

shortening combustion time or relieving emission constraints .

These effects can be most notable under operating conditions other

than those for which the combustion system was designed and

optimized. However , utilization efficiency improvements are

generally small , in any case , we should  no t expec t improvemen ts
in the vicinity of twenty percent , as reported in some of the trade

literature , but gains in the order of one to five percent.

The cha irman of these Proceedings has also re-emphasized in

his opening remarks that practical , definitive applications

research has not been able to identif y the extent to which emul-

sion technology is either economically or technically competitive

wi th other combustion contro l techniques. This is because 
the9
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de ta i l s  of the exact e f f e c t s  of emuls ions  and emul s ion  s t r u c t u r a l
properties on combustion have often been ignored in these practi-

cal evaluation studies. In this context , I would like to review

very quickly some of the properties of emulsion combustion which

we now bel ieve are impor tan t  to o p t i m i z i n g  combus t ion  mod i f i ca -
tions . The f i r s t  of these properties is emulsion structure .

It is now commonly recognized that the phenomenon of second-

ary atomization , or “micro-explosions ,” is often a very important

property of emulsion combustion. Secondary atomization optimally

occurs over a very short  t ime scale (on the order  of less  than  a
few hundred mic roseconds ) ,  and improves the f u e l/ a i r  m i x t u r e
homogeneity . It  has a l so  been i d e n t i f i e d , p r i m a r i l y  t h rough
research at my own institution , that internal phase size distribu-

tion has much to do with minimizing the amount of water required

to achieve optima l m i c r o - e x p l o s i v e  e f f e c t s .  M i n i m i z a t i o n  of w a t e r
addit ion may be important , e i ther  from the poin t  of reducing sys t em
emergy losses (bo i l e r s  and furnaces)  or f rom the po in t  of m i n i m i z -
ing required s torage (mobi l e  applications). Here , stability must

also be considered.

Si~ b il ity is really the term which distinguishes dispersions

from emuls ions , and much of the  l i t e r a t u r e  tha t  addresses  the use
of emuls ions  rea l ly  is address ing the u~ ? of dispersions. Dis-

persions have relatively high kinetic rates of internal droplet

coalescence , and therefore are generally not opti~ al for secondary
atomization.

A second f ea tu re  which has o f t en  been ignored w i t h  regard  to
emuls ion  combust ion  is superhea t ing  of the i n t e r n a l  phase ;  Dr .  Law
w ill address this problem later in terms of pressure mode ling on

the superhea t ing e f f ec t . Th i s work , an outgrowth of earlier obser-

vations at Princeton , ind ica ted tha t befo re  vapor i za ti on occ urs ,

the internal phase of an emulsion structure reaches temperatures

tha t  are much h igher  than the normal  b o i l i n g  po in t , t h a t  is , the
sa tu r a t i on  tempera ture  of the i n t e r n a l  phase . 3 Th is phenome non
re la tes  to the fac t  tha t  the v a p o r i z a t i o n  t e m p e r a t u r e  w i t h i n  a
homogeneous medium is de te rmined  by n u c l e a t i o n  t h e o r y .  S at u r a t i o n

10
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temperature must exceed the internal nucleate v ap orizati ’i n temper-

ature for the emulsified droplet if it is to vaporize internally,

and this determines under what environm ental conditions micro-

explosions will occur. For example , in the case of decanc/water

emulsions , where the boiling point of the external phase (decane)

is 1 7 4  degrees  C , both analytical and experimental work done by us
show that the internal phase does not vaporize until having reached

temperatures approaching 230 degrees C. Therefore , under atmos-

pheric conditions micro-explosions do not occur for this emulsified

fuel. This is not to say tha t they can ’ t occur at higher pressures ,

as Dr. Law will describe . In any case , the fuel boiling point

r ange , depend ing  on the ambient pressure , determines when secondary

atomization occurs , if at all.

A final potentia l effect of emulsified fuel combustion is one

of modification of the combustion chemical kinetics. Observations

have  been made  w h i c h  suggest that water addition on the fuel-rich

side of diffusion flame structures leads to reductions in gas-phase

soot formation. This may be a result of enhanced oxidation of soot

precursor species.

In addition to consideration of the parameters that I have

just mentioned , one must also be concerned about such physical

property changes as effective heat of vaporization , viscosity,

surface tension , and the heterogeneity of emulsified li quids (in

terms of the effects they may have on primary atomization) . Al l  of

these areas have received some degree of neg lect during practical

evalua tions; thus , one must reach the conclusion that almost all

the p r a c t i c a l  l i t e r a t u r e  l e a v e s  much to be desired on these

ma tters , as well as on the question of how competitive emulsion

combustion technology is with other combustion control techniques.

I’d like to conclude this overview with a summary of poten-

tially important applications of emulsified fuel combustion which

are  based on my own cr iti ca l  rev iew of the f i e l d .  With regard to

i n t e r n a l  combus t ion  eng ines , the use of w a t e r  addition has often

been cons idered impractical , primarily because of the reflex asso-

ciation of interna l combustion systems with mobile transportation.



In t h i s  area , however , one should  note tha t  there is a s ig n i f i c a n t
portion of the current United States stationary NO

~ 
inven tory wh ich

is produced by stationary internal combustion engines; this area ,

I think , offers much promise is terms of emulsified fuel applica-

tion.

W h i l e  the secondary  a t o m i z a t i o n  process p robab ly  has l i t t l e
relevance to carbureted spark ignition engines , the use of emulsion

structures in direct injection systems may be important. In diesel

combustion , emulsions may be a very good technique for improvement

of particulate emissions and NO
~ 

control. This area appears to

have much promise , and this conference , I hope , wil l  address the
problem in some detail. At the same time , we should note that this

is not a new area of endeavor. The first extensive emulsion

studies in diesel eng ines occurred as early as l952;2 in fact , it
was also recognized at that time that secondary atomization in

diesel systems was important. It has been suggested by much of the

prev ious res earch on d ies els that emuls ions do no t per form as fuel
extenders. Specific fuel consumption is changed very little , and ,
under operation at design conditions , the magn itude of change is
similar to what could be done with conventional improvements in

injector design , that is , by improving the primary atomization of

the f u e l .  However , in the area of NO
~ 

and particulate control ,

emulsions offer significant reductions in emissions without the

kind of energy utilization degradation that generally occurs with

other diesel control techniques.

In the field of gas turbines , you are going to be exposed to

two cons idera tions th is morn in g : one of genera l smoke con trol , and
one of extending the acceptable range of fuel specification for

gas turbine systems . I believe the latter area is probably one of

the more promising in terms of extending gas turbine fuel supplies

(by b l e n d i n g , and o the r  approaches) . The area of ex te rna l combus-
tion will also be addressed in these Proceedings; this has been an
area where the fuel extender idea has been espoused by many . How-
ever , most of the gains in efficiency in the externa l combustion
field are not due to improvements in combustion efficiency , but to
relief in emission characteristics of externa l combustion .4
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Finally, there is one very  new area ~f potential use for internal

water phase emulsions systems , namely, that of fire safety.

Bernard W right , from Southwest Research , will deal with this prob-

lem later in some detail. It ’s an area which , I think , shows much

promise for alleviating liquid fuel fire prob l ems associated with

aircraft and ground transport ation.

R e f e r  en c e s

1) Dryer , F.L. “Water Addition to Practical Combustion Systems -

Concepts and Applications ,” Sixteen International Symposium

on Combustion , The Combustion Institute , Pittsburgh , (1977)

pp. 2’9-295 .

2) Cornet , I .  and Nero , W . E . ,  Emulsified Fuels in Compression

Ignition Engines ,” Industrial Eng . Chem. 47, (1955), 2133.

3) Avedisian , C . T .  and Andr es , R .P., “Bubble Nucleation in

Superheated Liquid-Liquid Emulsions ,” To appear in J. of Coil.

F, Interface Sci., (1977).

4) Dryer , F .L., Rambach , G.D., and Classman , I , “Some Preliminary
Observations on the Combustion of Heavy Fuels and Wate r-in-

Fuel Emulsions ,” Aerosp ace and Mechanica l  Sc ience s Re por t 127 1 ,
Princeton University, Pres en ted a t the Cen tral  States Sec ti on
Meeting of the Combustion Institute , Col umb us , Oh io , Apr i l
5 ,6, (1976).

(End of Dr. Dryer ’s presen tat ion)

Captain Flanagan

We l l , it’ s getting interesting already, because the re ar e
those here who will try to provide data to show that , in fact ,

water can be used as a fuel extender. For the record , I hapen to
be one of them . We will continue now with the first paper of this

first session on the properties of fuel-water emulsions . Professor

Dooher , of the Cen ter for  Ener gy Stud ies , Ade iphi University , w i l l
d i scuss  the subj ec t f rom h i s paper  tit led Rheo lop ica l  Proper t ies of
Fuel  Emulsions. Professor Dooher.

13
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RHEOLOG I CAL P R O P E R T I E S  OF FUEL E M U L S I O N
JOHN P . DOO HE R

ABSTRACT

Data on the viscosity of coal/water/oil emulsions , measured by

a Haake Ro tov isco , are given. The emulsions were made ultrasonic-

a l l y ,  using various coals and No. 2 oil. Several concentrations of

coa l , from 40% to 55% , were tested. The coal size distribution is

presented , using a Rosin Ramm ler fit. A strong dependence between

coal type and viscosity and stability under flow is demonstrated .

Photomicrographs of varicus emulsions are presented showing their

internal structure.

The flow characteristics of No. 6 oil are also discussed ,

along with those of emulsions of 15% water and No. 6 oil. The

relationship between preheat temperature and viscosity is explored .

(E nd of Ab st rac t )

Ca pt a in Fl anagan

Tha nk you very  much , Professor Dooher , for your very informa-

ti ve d iscus sion . U n f o r tuna te l y ,  we are still behind in our

schedu le , so please save your questions for the discussion period.

Let us now con t inue  w i t h  the nex t  speaker , D r .  C . D .  11am , of the
Poly tech nic Ins ti tu te of N ew Y o r k .  D r .  E la n ’s presentation is

titled Rheological Investigation of Fuel Oil/Water Emulsions. 

~~~~~-

- -

- 
a-- - 

l~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



SESSION I

PAPER 2

RHEOLOGICAL INVE ST I G A T I O N
OF FUEL O I L / W ATER EMUL S I ON S

CHANG DAE HAN
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R H E O L O G I C A L  INVE STI GATI ON OF FUEL O I L / WA TER EMULSI ON S
C I J A N  C DAL HAN

AB STRACT

W hen two i m m i s c i b l e  f l u i d s , e . g . ,  o i l  a n d w a t e r , a r e sub j e c t ed

to shea r f o r c e s , d r o p l e t s  o f o n e p h a s e  ar e p ro d u ced w i t h i n t h e

o t h e r , f o r m i n g  a d i s p e r s e d  t w o - p h a s e  s y s t e m , i . e . ,  f u e l/ w a t e r  emul-
s i o n .  The q u e s t i o n  as to w h i c h  of t he  two f l u i d s  f o r m s  d r o p l e t s
i n t h e  o t h e r  depends on , among other things , the volume ratio of

each componen t , t he  v i s c o s i t y  r a t i o  of the  i n d i v i d u a l  componen t s ,
and the interfacia l tension between the two fluids. For instance ,

depe n di n g o n t h e co m p o s i t i on r a t i o , the  less v i scous  f l u i d s  may
f o r m  d r o p l e t s  a nd ge t  d i s p e r sed i n to th e m or e viscous fluid , or

the more  v i s c o u s  fluid may form droplets and get dispersed into

the  less  v i s c o u s  f l u i d s .  In  p r a c t i c e , u n i f o r m  d r o p l e t s  are  not
ob t a i na b l e , and the  a v e r a g e  s i z e  of droplets and their size dis-

tribution depend very much on the manner in which dispersion takes

place , i.e., how an emulsion is prepared. It should be pointed

out , f u r t h e r , t h a t  t he  s i z e  of d r o p l e t s  has  a g r e a t  e f f e c t  on the
s t a b i l i ty of a d i s p er sed sy s tem , i . e . ,  an emulsion .

I t  has  been r e p o r t e d  in the literature that the apparent vis-

cosity of emulsions obtained from two mutually incompatible solu-

tions can be lower than that of the less viscous component at

certain compositions of the two liquids , i.e., the viscosity

composition curves go through a minimum . This observation is in
conformity with the results of experiments by Dr. Han and co-

worke r s , who measured the apparent viscosities of two incompatible

m o l t e n  p o l y m e r s .

Therefore , a better understanding of the rheological proper-

ties of fuel oil/water emulsions is of fundamental and practical

importance. For this , research effort is needed to develop experi-

mental capabilities of measuring the flow properties of oil/water

emulsions and also , theoretical capabilities of predicting the

bulk flow prop erties of oil/water emulsions.

17
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A lso , it has long been known that , under certain flow condi-

tions , droplets suspended in an emulsion break up i n  t he f l o w
through a nozzle. This is of particular importance to a bett e r

en g i n e e r i n g  de s ign  of sy s t ems  w h i c h  u t i l i z e  f u e l / w a t e r  e m u l s i o n s
for combustion purposes , e.g., diesel injectors. Therefore ,

research effort , both experimental and theoretical , is needed to

help one establish critical flow conditions at which droplet break-

up may occur , in terms of the flow rate (injection speed), the

volume ratio of fuel and water , and the size of the droplets in the

emulsion.

This paper presents some of the preliminary studies which deal

with the flow properties of emulsions consisting of two polym eric

fluids , and the phenomenon of droplet breakup in a flow channel.

(End of Abstract)

Captain Flanagan

Thank you , Dr. Han. We have one more presentation scheduled

for this first session . Our next speaker is Dr. C.K. law , from the

Department of Mechanical Engineering and Astronautical Sciences ,

Northwestern University. Dr. Law will discuss the investigation of

water-in-fuel emulsion droplet combustion. The title of his paper

is An Analysis for the Combustion of Water-in-Fuel Emulsion l)rop-

lets. Dr. Law .
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AN ANALYSIS FOR TIlE C O M R i J ~~I ION
O F W A T E R - I N - F U L L  E M U L S I O N
DROPLETS

C . K .  LAW

Department of Mechanical
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Sciences
Northwestern University
Evanston , IL
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AN \ N A J Y S I S  F OR ‘ l i i i ,  ()\ l tO - F I O N  OF W - \ T E R —  I N — F I J I  L IMIII , S l fl N I)RO1’LET~
C . K .  J A W

ABSTRACT

The vapo r i : a t i o n  ar id  c o m b u s t i o n  c h a r a c t e r i s t i c s  of a water-in-

fuel emulsion droplet are investi gated by analyzing the m u lticom-

pon ent heat and mass ransport processes in the gas phase and t h e
g a s i f i c a t i o n of an i m m i s c i b l e  l i q u i d  mixture a t  t h e  g a s - l i q u id

i n t e r f a c e .  R e s u l t s  s u b s t a n t i a t e  and  q u a n t i f y t h e  postulates that

w a t e r e m u l s i f i c a t i o n  r e d u c e s  liquid-phase soot  f o r m a t i o n  by sup-
pressing the attainable drop let t emper ature , a nd r e d u c e s  gas-p h a~~c
soot a n d NO~ 

f o r m a t i o n by suppressing the droplet flame temperature

a nd s i z e  and a l s o  b y e n r i c h i n g  t he f l a m e  r e g i o n  w i t h  w a t e r  v a p o r .
By f u r t h e r  c o m p a r i n g  t h e  droplet temperature w i t h  t h e  l i m i t  of
su p e r h e a t  of  water , it i s  s h o w n  t h a t  t h e  o c c u r r e n c e  of m i c r o -
e x p l o s i o n  is enhanced by i n c r e a s i n g  t h e  a m b i e n t  p r e s s u r e ,  a n d t h a t

a t  one a t m o s p h e r e  t h e  f u e l ’ s bo i l i n g  point has to he a t  l e a s t  as

h i g h  as t h a t  of n - h e x a d e c a n e  i n  o r d e r  to a c h i e v e  micro-explosion.

( E n d  of A b s t r a c t )

ç~ p t a i n  F! an  aj~a n

‘Ihank you , D r .  l a w .  We w i l l  now h a v e  a c o f f e e  b r e a k , a f t e r
w h i c h  we w i l l  d e v o t e  our a t t e n t i o n  to  p r e s e n t a t i o n s  f o r  t he  second
s e s s i o n .

( E nd of  s e s s i o n  1)
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SESSION 2
PRODUCTION 01- FUEL/WATER EMULSIONS

Captain Fla na ~~~

Ice w i l l  now i n v e s t i g a t e  a n o t h e r  aspect of the subject as we

enter Session 2 of the symposium , namely , the produc tion of f u el/
wa~te— emulsions. The first speaker of the second session will be

Professor H.S. Fogler , of the University of Michigan. Professor

Fogler w i l l  speak on acoustic emulsification.

23
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PAPER 1

ACOUSTIC E M U L S I F I C A T I O N

H. SCOTT FOGLER
M I NG K. LI

Department of Chemical Engineering
Universi ty of M ichi gan
Ann Arbor , MI

24

— -.-  ___— —- -———*?,,,.II__ __ r• 
- 

— - - - -______________________ 
— 

-~ . .
_ _ _ _

•w - ~~~~~~~~~~~~~~~~~~~~ —-•  

- —



ACOUSTIC E M U L S I F I C A T I O N
H. SCOTT FOGLER AND M I N G  K.  LI

ABSTRACT

A technique has been developed to study the phenomenon of

acoustic emulsification in which oil is dispersed as a fine sus-

pension into water at 20 kHz. The acoustic emulsification process

takes place in two stages . In the first stage , large oil droplets

are formed from eruption of surface waves at the oil-water inter-

face .  In the second stage , acoustic cavitation causes these large

drops to break up into smaller drops.

The criterion of instability for the initial stage of emulsi-

fication has been derived from a linearized stability analysis of

the oil-water interface under acoustic excitation , and the char-

acteristic droplet diameter produced by the instability is related.

The ampl itude of the ul trason ic tran sducer an d ind uced ca pi l la ry
wavelength at the interface and the theoretical threshold amplitude

of v ibra tion nece ssary for the instability of the interfacial
waves are virtually the same . In addition , the size of the large

droplets present in the suspension systems at short irradiation

times agrees closely with the predicated droplet diameters.

It is known that intense cavitational shockwaves can be gen-

erated in the wa ter medium under the in f luence  of an ul traso nic

field. In conjunction with the liquid-liquid emulsification
phenomenon , a theore tical model fo r the deforma ti on and b rea kup of
an oil droplet was examined on the basis of the droplet being

exposed to a cavitation shock. A relation from the model is ex-

pressed in terms of two dimensionless quantities , the Ohnesor ge
number and the critical Weber number ratio. These values are then
plot ted and compared w ith the ones ob ta ined f r om the stud ies on the

• liquid drople t exposed to shock impact from a gas stream . The

remarkable ag reemen t leads one to the conclus ion tha t l a rge  o i l
drople ts originally formed from the oil-water interface as a result

of the instability were disintegrated into smaller ones by the

25



cavitation force until a critical size characteristic of the oil-

water system is reached .

(End of Abstract)

Captain Flanagan

T h a n k  you , Professor Fogler. We have heard , and wi l l  continu e

to hear , about the importance of droplet size distribution; the

difficulty in measuring droplet size and droplet size distribution;

the question of what the droplet size should he; and the effect of

droplet size on stability and on micro-explosions. These matters ,

I believe , will he keyed to our later discussions if we are going

to make systems practical.

We are doing well on time , but I still would like to hold off

on questions until the discussion period. Our next speaker is

Professor D.O. Harper , of the University of Louisville. His topic

is titled Static-Disk , Spiral-Flow Emulsification.

-. _________ — - _ _ _ _ _ _ _- -  
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STATIC-D ISK , SPIRAL-FLOW EMULS IFICAFI ON

DEAN 0. HARPER

ABSTRACT

A static-disk spiral-flow emulsor has been developed and used

to prepare (dispersed phase/continuous phase) (1) kerosene/water ,

( 2 )  isooctane water , (3) carbon tetrachloride/water , and (4)

chlorobenzene/water emulsions. With the first two systems , the

emulsion performance was evaluated in terms of the two overall

pressure drops (between the two pure fluid inlets and the emulsion

outlet) and the corresponding power consumption (calculated from

the sums of the appropriate products of pressures and flow rates).

The emulsions were compared on the bases of light transmittance and

coa lescence t ime . With the latter , two systems emulsion character-

ization was obtained through the use of interfacial polymerization.

In tha t study a d iacyl chlor ide was d i s so lved  in the inl et
organic phase; the inlet water phase was pure . After an organic/

wa ter emu l si on had been crea ted , it was immediately (and contiiiu-

ously) fed to a product tank containing water with a dissolved

diamine. A rapid interfacial polymerization of a polyamide pro-

duced a sol id shel l around the drop lets . The she l l  grew inward
within the droplets until the shell inhibited contact between the
r eac tan ts. The resul ting “sol id” particles were sized with a
Coulter-counter Model TA , yielding log-normal distributions of the
Sauter diameter (volume-to-surface ratio) with known averages and

stand ard dev ia tions . Thes e d ispers ion s we re sh own to be stab le
for  over one yea r .

A d imens ionles s group co rr e l a t ion of the Sau ter mean d iam e ter s
per mitt ed bo th ph eno m enolo gi cal (v iscous , inertial , centrifugal ,
and sur face  forces )  and independen t var iable  ( f low ra tes and ra tio ,
densities , viscosi ti es , in ter fac ial tension , and emulso r diameter
and thickness) analyses. Data from 44 runs resulted in the equa-
tion

28

________ ~~- -
~~~~~~~~~~

—--——— —



0. 19 - 1 . 3 4  - 0 . 5  - 0 . 0 8Sn = 6 . 5 4  Bn Re Th

where Sn , size number dp/t

Bn , Bond number  Q 2 
~p/D

2yt

Re , Reynolds number E Q p/Dp

Th , Thompson number t/D

We , Weber number Q2p/D 2yt

with dp - particle Sauter mean diameter

D - emulsor diameter
- inlet flow rates of continuous and dispersed phases ,

respectively
Q - Ql + Q2
t - emulsor thickness

a - volume fraction dispersed phase = (1 + (Q 1 / Q 2 ) ) 1
- in te r f a c ial tens ion
- densities of continuous and dispersed phases ,

respectively

p - emulsion density = p
1 

+ cz 
~
p

A p - den sit y d i f f e r e n c e = p
2 

- p
1

- viscousity of the continuous phase

p - e m u l s i o n  v i s c o s i t y  = p
1 ( l  -

Captain Flanagan

Thank you very much , Professo r H arper .  We now tu r n our
attention to another approach to the production of emulsions ,

spec i f ic a l l y ,  water in diesel fuel emulsions. This approach will

be discussed in the paper titled Prototype Development for On-Line

Emulsification Through Cavitation of Diesel Fuel with Water, to be

presented by Mr. J.P. Cavanaugh of Daedalean Associates , Inc .

M r .  Cavanaugh .

29
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PROTOTYPE DEVELOPMENT FOR ON-LINE EMULSIFICATION THROUGH
CAV I TATI ON OF D I E S E L  FUEL W ITH WATER

. J . P .  CA VA NAUG H , A.  TIU RUVENGADAM , AND A H O C U R E I N

A B R A C T

\ prototype emulsi fier has been developed to evaluate a con-

cept of producing fuel emulsions on-line in Coast Guard vessels.

This paper examines the equipment requirements of a prototype

device utilizing the phenomenon of cavitation for emulsion forma-

tion. It is shown that stable emulsions of varying concentration

of water in diesel fuel can he produced by this process without

the use of surface active agents. The total energy rate into the

emulsifier is described as a function of concentration , quality,

and amount of emulsion produced.

(E n d  of A b s t r a c t )

Captain Flanagan

Tha nk yo u , M r . Cavana ugh .  We will now hear from Dr. R. C.

Little , whose subject will be Some Generalized Considerations in

the Production of Chemically Stabilized Emulsions. Dr. Little.

31
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( C ) Ml ( ; [NF , R A I ,  I l E D  CON S I D E R A T I O N S  I N THE PRODUCT I ON
OF CIlIM ICALI.Y N I  A E  I L I  Z E D  [ M I J I N  IONS

R . C.  1.1 TTLL AN D R . 1 .  1’ - \ TT FP ~

A BS TRA CT

I f  t h e  f a c t o r s  i n v o l v e d  i n  e m u l s i o n  s t a b i l i z a t i o n  a r e  k r ~~~ r~
w i t h  a n y  d e g re e  of  c e r t a i n t y ,  a s t r a t e g y  c a n  ; I r e s u m a h l y Ft d e v i s e d

b y w h i c h  s u c h  e r l l d s i o n s  c an  he c o n v e n i e n t l y  p r e p a r e d  or  de~ ] I j l s i f i f - i .
In order to underst and emulsification and t h e  o p p o s i t e  p r o c e s s  o f

d e m u l s i f i c a t i o n , one  m u s t  h a v e  m e a n i n g f u l  i n f o r s a t i ’ ) r l  on t h e

c h e m i c a l  c o m p o n e n t s  i n v o l v e d  i n  t h e  e m u l s i f i c a t i o n  p r o c e s s ;  sE e~~i-
f i c a l l y ,  w a t e r , o i l  and a g e n t .  Of t h e  t h r e e  c o m p o n e n t s , o n l y  w a t e r

i s  i n v a r i a n t .  I n  o t h e r  w o r d s , t h e  n a t u r e  of  b o t h  t h e  o i l  a n d  t h e

stabilizing agent may vary c o n s i d e r a b l y .  N o n e t h e l e s s , it is

strongly suspected that the most effective agent to h~ used in

stab i i i i n~ a given emu] s ion w i l l  he dic t a t e d  t o a Ce r t  a i n e~ t n t

by the nature of t h e  o i l  p h a s e .

In order to u n d e r s t a n d  t h e  emulsification pro’ e -~s , it is ‘r~~e-
ful to employ some scheme of rating the componen ts involved. In

the case of the stabilizing agent , a numerical scale , the so-called

IILB system , exists. HLB stands for the hydroph ii i c - i  i poph ii ic

balance of the emulsifier molecule , and is determined through a

series of experimental emulsion tests for ea ch agent. The optimum

FJ LR for a given surfactant to emulsif y an oil w i l l  he dict a ted hy

the solubi l it y parameter of the oil. Where the attractive forces

between oil molecules are low , as in the case of low mole cu l a r

weight al iphatics , the s t a b i l i z i n g  agent should have an J I L K  ol II

for the optimum effect. For aroma t ics such as henzene , where the

intermolecular forces are higher , the optimum I J L B  is four u n i t s

gre ater. It i_ s now possible to assign numerical indices t o  b o t h

components of the emulsion which are expected to he va r i a b l e , i. e .

— 
so l u hil ity parameter for the oil and ~Ji ,R n -her for the su rf a c to nt.

The last and most important factor is the nature of the inter -
face itself . Sturdy interfacia l films can he p r o d u c e d  by the
formation of semisolid inte rfacia l material through absorpti on
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proce sses, liq u i d - c r y s t a l  t o r n a t i o n , and e v e n  p o o r l y  ~. e t t ’ - d  f i n e l y

d i v i d e d  p a r t i c u l a t e . T h e  i n t e r f a c i - i l f a c t o r  c a n  p r o b a b l y  Ne in-

d e x e d  t h r o u g h  t h f  u s e  of  p h a s e  d i a g r a m s  ; I T l ! f o r c ’ — a r e a  ~~i rv ’ s

d e v e l o p e d  f r o m  n e a s ’ i r e r e n t s  i t  ~he l i q u i d - I  i’i’i i d i n t c r !  i ’ . h’
co m b ustion c h a r a c t e r i s t i c s  of ch eni a l l y  s t a b i l i z e d  er -u Is~~ons rr-us~~,

to  ~o r e  e x t e n t , be ~ c p e n d e n t  u p o n  t h e  t y p e  o f  i n t ° r f a c i a l  s r u c t i r e

p roduce d b y ~f e s u r f a c t a n t  i n  rhe presenc e of the o i l  ar ’! wa t e r

(fn d of ‘
~h str a ct )

DINCCaSION ; I R T O D

~~~~~~~ n F l a  n a g  an

In order to en sure a re a sonab l ’ order t o  the discussions , an !

if there are no objec tions or other s u g g e s t i o n s , I w i l l  c a l l  f o r

questions for each of t~~e gen t le r - er who presented corn nt s on

specific topics. f i r s t , would anyone like to address any que stions

or m a k e a ny comm ents relative to Dr. Dryer ’s opening r e~~a r k s ?
I CS , Nr . Dooher

P r o  Ic’r-sor_ Doohe r

iou appeared to im ply that , from your st andpoin t , the eKp lo-

sios pheno m enon does r o t  seem to he s i g n i f i c a n t .  Is that your

t hi n ki n g now , Fred , in tern~ of , s a y ,  ho ik rs?

Dr.  Dryer

.\b s o lll t el y not. T h a t  s not my t h i n k i n g  a t  a l l .

C a p t a i n  F l a n a g a n

After having talked with you , I’ m also sure i~ isn ’t .

Dr. Dryer

It ’s quite possible that in boilers or gas turbines secondary
. l t o r - 2 : a t i O n  hecorn es ,ery imp ortant. A s Dr. J aw has ~hown , it takes

a rather high boil in g point range in some cases; however , in a l l
ca - cs of t h e two fuels we ’ ve just m entioned , p a r t i c u l a r l y  the case

for resid u al fue l o i l , the end boiling point range for those

materi a ls extend s well ai ,ove the temperat u re s nece ss ary for
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hom ogenconi ‘ u n i v  I eat ion w i t b o u t  a n y  nuc  I e a t  i o n  s I t e s  . In most of

t h o s e  f i e I ds there is a I so enough pa et  i v u  1 a t e  n o n  t am i on t i on , ca V -

i t  a t i ona  I b u b b l e s (a  i r hubb i es if coo  w i l l  ) , as w e l l  , win i c l i  c a n

c ause univ I en t ion s I t e s  ; ;o indeed , t h e  se c o n da  i v  ;i to n i  i ; ‘;i  t j on s

I mp o t a r t  t i n  t h o e  cases . 1 (Ii I linen n 0 s n i g g e  t t ha t , i n t h e  ca se
of diesel comh n ist ion in w h i c h  i n j e c t o r  r n o d i f i ;i t i o n  h a s  b een  m a d e

o c a u se  u i t i ma t e a t o r n  I :a t i n  , it does n ot a p p e a r  t o me t ha t one

can ta I k ahoti t s i gri i f iv ant i op rovern ent s I ri spec i f i c foe I c o n s  ump —

t i on d u e  t o i nip roved a torn i it ion or see onda ry a t  o ur  i za t i on of fec t s
0n c  c i n n  s t  I I t a I k a h o n  t em i ss ion i m p  n v  e n n n e n  t s an d  b u y  h a c k  cc r t  a i n

impr ovem ents in spec fic fuel consumption that m ay ha v e b e e n  l o s t

t h r o u g h  other control techni q u e s .

I Inna ~~an

A ny further quest ions for Dr. Dryer ’;’ Now , I)r . Dryer , i n  you r

last statement relative to diesels , you  s t a t e d  t h a t  us far as fuel

con sump t ion i s  c o n c e r n ed in t h e  diesel case , if the injecto a n d

combustion sYstem is properly designed , the probability of signi-

ficant fue l savings is very low , in your opinion. Would you com-

men t on the probahi l i l y  of th at i n j e c t o r  design being optimum at

off- load condi t ions~’

Itt - . I) ry e r

I t h i n k  that ‘ s prohab Iv an a rca where there i s some poss i hi I -

I t v  f o r  i m p r o v e m e n t  ii one is t a l k i n g  about full — load operations.

(;v ner all y, injec tor systems Ire designed for f u l l - l o a d  operations.

‘lI ne re fore , that ‘ s the place where you ’ I I  
~ 

r o h a h  I y find I east dat a

on specifi c  fu el consumption. It m a y  interest you to know that

I’ m drawing my comparison from two papers published in l~~S3 and in

l 9 5 !~ on t i n e  s t u d i e s  of e m u l s i f i e d  f u e l s  i n  d i e s e l  c o m b u s t i o n

systems - one on a IV i ttc engine , and one on ;i G e n e r a l  M o l  I ) T S  t w o-

cycle , three-cylinder system . T h o s e  studies indicated that under

very high-pr e ssure atomiz a tion conditions , the kinds of specific

fuel improvements that one could huy were very small. In the case

of  l o w — p r e s s u r e  a t o r n i r - a t  i o n  s y s t e m ’ ;  i n  m o r e  n i l  l v  i t o r n j~~rd s y s t e m s ,
the benefi ts in spe cific l u e l con sum lit ions were r;i t lo ’r l a u g i ’ , in

t i n e  v i c i n i t y  of  8 % .  I n  t h e  o t h e r  ca~~e~~, t h e y  were more nearly
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1 or 2~~; and in some cases , there were d e trimental (‘fleets o f ’ I or

2%. But even the detrimental e ffect s of I or Z% a r e  s m a l l  connp arrd

t o  the losses of 5 to 7~ in  s p e c i f i c  f u e l  c on ’ su i n p t  i o n  t h r o u g h  try-

i n g  to  co n t r o l  NO t h r o u g h  r e c i r c u l a t i o n  i n  d i e s e l  s y s t e m s .

Cap t a I n F I a n a ~~tn

W e l l , we w i l l  d e v o t e  a go od dea l of  a t t e n t i o n  to d i e s e l
e n g i ne s  a n d  to b u r n i n g  of  e m u l s i o n s  i n  d i e s e l s . We ’ l l  ge t  i n t o
t h i s  i n  c o n s i d e r a b l y  m o r e  detail tomorrow . Arc there any further

qu estions for I)r . Dryer?

Dr. Moses

Y e s , I ’ d  l i k e  to  p o i n t  to an  i n t e r e s t i ng  e x a ’ n n p l e  w i t h  respect

to  wha t Fr e d  s a i d .  I ’ m a w a r e  of  a p a p e r  w h i c h  c I a  i t n e d  t h a t  some

incre ases in fuel consumption (assuming c ombustion system e f f i-

ciency to he interpreted in this manner) were found in turbine

combustion. In fact , in this p a rtic ul ar examp le they were trying

to burn a more viscous fue l than that for which the engine was

designed , and they were trying to use emulsion to help pr omote tln( ’

atomization of the fuel. In this case , over a very I im ite d r an g e ,
they din ’! see an initial improvement in combustion e ffi ciency; h u t ,

as  they went to hi gher water concentration , they began to sec t h e

penalty that one normally sees i n  loss of combustion efficiency.

C a p t a i n  F l a n a g a n

W e l l , we h a v e  pe op le  he re  t o d a y  who have  been e x t r e m e l y
s u c c e s s f ul  i n  b u r n i n g  o f f - s p e c  fue l ( t h a t  you might classif y as

r e a l l y  bad s t u f f )  in m a r i n e  gas  t u r b i n e s  t h r o u g h  the u s e  of  f u e l -
pro cessing systems , with water emulsion as the last stage . We ’ll

get into that before the symposium is over. Now , are there any

questions for Professor Dooher? Dr. Dryer.

D r ._Dryer

John , I have a coup le of questions. In your studies on
r h e o l o g y ,  a s  Tom p o i n t e d  out , t he  f l u c t u a t i o n s  of  i n t e r n a l  p h a s e
si ze c a n  have  a si gnificant effect in c a u s i n g  anomalo us rheology

c h a r a c t e r i s t i c s  i n  t he se  sys t ems . I wonde r  w h e t h e r  you l o o k e d  at

i n t e r n a l  p h a s e  s i z e  d i s t r i b u t i o n .  The second q u e s t i o n  ha s  t o  do

-~ - - ~~~ - 
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with the fact that one of the other important p aramet er s  i n  a toni i -

zat ion , i n  fact the important parameter in atomi z ;i t ion , i s sn i r t ; i

tens ion . Viscosity affects atomization prim a ril y throug h th e

head v e locity that arises a t  the atomizer . What is e f f e c t i v e  in
terms of spray droplet size is the surface tension . Yet , I noted

this morning that very little was (lone with regard to how surf ace

tension is affected in these systems. I was wondering if you were

looking into that.

Professor l)ooher

With respect to your first question , it ’s very possible that

when these emulsions begin to break , you get large flocculates

which cause a lot of these irregularities. I would suspect t h a t ’ s

true. To actually look at that is not a very simple thing. You

can ’t just take it out to a microscope as it turns and look a t  it

there are ways of doing that , but at present we ’ re not looking at

that. Right now we are trying to set up the Rotovisc o as a capac-

itor and observe changes in capacitance representing fluctuations.

Tha t ’s certainly an important approach to detecting large fluctua-

t ions.

As far as the relationsip between surface tension and visco s-

ity and atomization is concerned , it depe nd s on whose theory you

want to believe. There are different correlations involved : for

example , in an air atomizing system , viscosity and surface tension

appear to he very important factors.

Dr. Dryer

I wonder if you have a complete development of head velocity.

P r o f e s s o r  Dooher

Yes. As far as surfac e ten sion is concern ed , I guess your

question is , “Are  we l o o k i n g  a t  t h e  s u r f a c e  t e n s i o n s  of  t h e s e
emulsions?” At present we ’re not looking at the surface ten sion.

The du Noüy Ring Technique is probably one of the better techniques

for the surface tensions; we have not looked at sur face tens ions .

I
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cajita in El a naj~~~

Any other questions for Professor Dooher?

Dr.  Sc h w a r t z

have there been any reasonable size industrial tests of coal ,

oil , and water?

Professor Dooher

Yes. General Motors Corporation has , for about a year or

two , been running coal-water-oil tests at a boiler plant. Some of

their results are quite interesting . One test result , in particu-

lar , had to do with the prevailing concern about ash deposits on

boiler tubes. The tests appear to indicate that 99% of the ash

goes out of the stack , which means that you ’re not going to have

detrimental effects on your boiler tubes. This was a very good

result. ERDA (Energy Research and Development Administration)

also has a large project , a program to do demonstration studies on

coal-oil suspension .

As f a r  as I can  d e t e r m i n e , t h e r e  is  no l a r g e  f u l l- s c a le  t e s t

on coal-water-oil emulsions. Most of the testing is on coal-oil

suspensions.

Dr. Schwartz

Do you have an intuitive feeling as to what types of combus-

tion performances you might expect from coal-water-oil systems?

Professor Dooher

Basically, the combustion performances should be similar to

t hose  on c o a l - o i l  s y s t e m s , w i t h  pe rhaps  some a d d i t i o n a l  b e n e f i t
due to the explosion phenomenon in terms of atomization and excess

a i r  r e q u i r e d .

Dr. S c h w a r t z

Our i n t e r n a l economic a n a l y s e s  on the  use of coa l and o i l
emulsified s y s t e m s  have  not  been h i g h l y  f a v o r a b l e .  One of the
reasons is this overall matter of emulsion stability.
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Pro fessor Doo h er

T h a t ’ s r i g h t .

Dr.  Schwart z

Do you have any feelings as to what kind of stability in

term s of tine we ’re talking about here? Do you think these emul-

sions are potentia l ly stable over long periods of time , i.e.,

periods of weeks or months , such that emulsif ication could occur

in a central processing plant and fuel could be shipped as usable

fuel for any industrial or utility applications to destinations

without on-site capability ?

Professor_ I)oohcr

I think that on certain coals that have been tested , this is

a definite possibility. For example , the best emulsion we had was

made with a coal having the Penn, State designation P.S.O.C .99.

T h a t  w a s  run  a f t e r  s eve ra l  weeks , and we got e x a c t l y  the same
rheogram as we had initially.

Captai l Flanagan

Now , is this with water?

I’ rofessor Dooher

T h i s  i s  w i t h  w a t e r  and N o .  2 o i l .  W i t h  No.  6 o i l  you w i l l
improve the stability. So I certainly suspect that this would be

a feasible case , not on all coals , but certainly with some .

C a p t a i n  F l a n a g a n

R i g h t .  A r e  t h e r e  o the r  q u e s t i o n s ?  P lease  i d e n t i f y  y o u r s e l f ,
s i r .

Dr. S p a d a c c i n i

Some of your  comment s  r e l a t e d  to No.  6 o i l - w a t e r  e m u l s i o n s .
You p o i n t e d  out  the  p rob lem w i t h  i nc reased  w a t e r  c o n c e n t r a t i o n  and

:_ i n c r e a s i n g  v i s c o s i t y .  In  the  e x a m p l e  in  w h i c h  you assumed 15%
water , you reached the conclusion that to reduce the fue l viscos-

ity you couldn ’ t preheat the fuel high enough to get the viscosity

down to the ori ginal value. We would agree with that , bu t I guess
it hasn ’t been demonstrated that 15% water is necessary to
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a c h i e v e  the b e n e f i t s  of e m u l s i f i c a t i o n . You can get  significant
b e n e f i t s  a t  5 , 6 , 7 , o r even up to a l m o s t  1 0 % ;  i n  these  cases ,
fuel preheating is not a severe problem .

P rofe sso r Dooh er

The 15% f i g u r e , based on some of our t e s t s  n - i  boilers , i s
about  the u l t i m a t e  f i g u r e  w i t h  the type of e m u l s i f i e r  we a re  u s i n g .
It ’ s conceivable that you can use half of that and still get the

same type of results. It depends on what you ’re looking fo r .

Dr. Spadaccini

It depends on lots of things , such as particulate size and

distribution.

P r o f e s s o r  Dooher

So , with smaller emulsions , you can perhaps achieve the same

viscosity.

Dr. Law

In your last picture you show an explosion with t h e  d r o p l e t s .
Were the droplets suspended?

Professor Dooher

Yes , they were suspended droplets.

Dr. Law

W e l l , then , so f a r  you have not  obse rved  f r e e - f a l l  e x p l o s i o n s ”

P rofes sor Doohe r

Wel l , we dropped them and they exploded . But in terms of

taking a high-speed photograph , these are suspended droplets.

Dr. Law

But you have a l so  observed f r e e  droplets?

Professor  Dooher

Ye s.

Dr. Law

Of c o a l - w a t e r - o i l ?
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Pro fe ssor Dooher

Yes.

Dr. Dryer

I have two comments to make . The first is with regard to

c o a l - w a t e r - o i l  sys tems , One of the more important aspects I see

with respect to dispersions is in the de-agg lomeration of ash

particles as combustion occurs. One can imagine that the solid

components in such a dispersion are going to burn last. Because

they  a re  s u r f a c e  burners , they are diffusion governed. This means

t h a t  w i t h  the amount  of l i q u i d  l e f t  in t h i s  case , t hese s o l i d s
become c o n c e n t r a t e d .  One then f inds  t h a t  w h e t h e r  particles n r e

d iv ided  as 20 m i c r o n s  or as 30 microns , burning creates an agg l om-

erate of a much larger size particle. And in this case , if one

can get the secondary atomization type process , one will get a

de-agglomeration of those particles. The characteristics of com-

bustion are representative of a much smaller particle size as far

as the solid is concerned.

My second comment is that there are some data available in

this area of an empirical nature of the viscosity characteristics

of res id ual  o i l emulsions - in par ticu l a r , data published by the

Battelle Memorial Institute in 1968 and 1970. Studies were made

on about fifteen different representative samples of residual

structures , and they have published data very similar to the kind

of thing that Professor Dooher is talking about.

C a p t a i n  F l a n a g a n

Thank you , Dr .  Dryer , Yes , s i r .

Pr o fe ssor Essenh igh

I ’ d  like to ask the people here for a general op inion on the

impor tance of stability. Look at oil-water emulsions. If you
form your emulsion right by the furnace and then run it in , your

res idence  t ime is maybe h a l f  a second , and then  you don ’t care .
1)0 you really wan t to go for stability there? We do the same

thing with forming coal-oil dispersions and , as I’ l l  mention later ,

- 
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we do t h i s  in two s t a g e s .  The second s t age  c o n s i s t s  of pu t t i n g

i n the i n i t i a l  s t a b l e  c o a l - o i l  d i s p e r s i o n  and then  d i l u t i n g  i t .
Again , you ’re not too much concerned about st ability, because you

are putting it directl y into the furnace , and you don ’t care. The

first stage , the question of having central plants and then ship-

ping it out , leads one to think at first that you do need to have

this stable. Then you think that maybe you don ’t. Perhaps you

can just have i t  semi-st able , and ship it out the way you ship out

‘concrete in a rotating drum or something like that. It may be

very much cheaper to do it that way. You have to think about

d i s t a n c e s , bu t  maybe  t h a t ’ s the  way to go. I wonder i f  anybody

has any comments  about  t h a t .

Captain Flanagan

I would think that , knowing what ’ s to come , we ’re going to he

looking at on-line emulsions right next to the combustion process;

we ’ re look ing  a t  s u r f a c t a n t s  in  s t a b i l i z e d  emul s ions  produced in
hulk and used later. Your concept of the halfway/in-between is most

interesting ; I haven ’t heard anybody talk about that yet. I

believe this is more appropriate for a later wrap-up discussion ,

because we have a lot of ground to cover yet , and you ’re going to

see some p r a c t i c a l  a p p l i c a t i o n s  of o n - l i n e  e m u l s i o n s  w h i c h  have  in
f a c t  worked .  So , w h i l e  I t h i n k  i t ’s e x c e l l e n t  food for  thought ,
I’d like to defer discussions on the benefits of bulk versus on-

line emulsions until later , because we have some presenters who

can provide some valid data on the subject. We l l , moving on , are

there any more questions for Professor Dooher? For Dr. Elan? Dr.

Law , on analysis of combustion - water-fuel emulsion droplets?

Yes , s i r ?

Dr. Z w i l l e n b e r g

I d idn ’t quite understand the assumption that the evaporation

r a t e  of the w a t e r  and fue l  m i x t u r e  is proportional to their rela-

t i v e  p r o p o r t i o n s .  Doesn ’t the  v o l a t i l i t y  have something to do
with that?

A~1
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I )r . l a w

It ’s related to the assumptions of the liquid phase descrip-

t i on. If I as sume there ’s no m ass transfer from liquid phase ,

then they have to come out. The way they come out has to he

governed by the concentration in the liquid phase , which wi l l  he

the original concentr ation.

~~2~i~I!’ ~I~i~~~ n
Yes , I ) r .  I ) r y e r .

P r .  Q~~ e r

I have a comment on that question . When I referred to chemi-

cal kinetic s in my initial overview , I was not referring only to

the effects of pollution . Some effects which occur represent

actua l chemical kinetic involvement of the water vapor in the

proce ss of soot formation or precursor oxidation. So it’ s more

than just the pollution effect. Ed , I’d like to ask you how you

extend your arguments for single droplets to actua l array burning,

since most practical combustion systems are actually array burn-

ing systems.

D r .  Law

Well , there are two cases: droplet vaporization , and droplet

burning. If you talk about array burning , that means group burn-

ing. In group burning, you have essentially a group of droplets

which individually vaporize and give out a fuel vapor , and burn

as an envelope to the whole group . This is one mechanism I’m

referring to; hut in this analysis , the first thing you really

have to know involves the individual vaporization mechanisms.

Dr. Dryer

1)0 you believe that the thin sheet model for flame still

applies in the array burning case?

Dr. Law

This is a highly controversial item . In fact , in the last

few years , a t  just about every meeting on combustion , deba te h as
centered on whether there is a single drop burning or group
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burning . As of now , we have no r e a l l y  d e f i n i t i v e  answer. Ehi g i er ,

of ‘-;h e ffie ld IJniv e rsit y , h a s  insisted th at there is group burning,

ari d some experimental evidence appears to support t h i s  v i e w , a!-

t h o u g h  the  e x p e r i m e n t s  m u s t  he r u n  u n d e r  very specia l cond itions.

I n  the f i n a l  analysis , however , one m u s t  know the rate of oxidiz e r

entrainment in the fuel spray.

When the fuel spray is i n j ec ted into a cum hustor , t h e  r a t e  of

oxidizer entrainment into the fuel spr a y i n t e r i o r , and  hence the

r a t e  of (IC livery of oxygen to the drop I e t r ~‘g ion • tle t ermines the

n a t u r e  of co m b u s t i on s u p p o r t  . Spc .  i f i ca I I y , if t he  r a t e  i f  en -

trainment is very slow , there w i l l  ri ot be enough ( ) ~~~V S ~ ( I 1  i n  the

spray interior to support i nd i v  t du a I d r i p  let c omhus t i on , and g oup

comhu st ion occurs. If , on the other hand , the i n i t i a l  rate of

o x i d i z e r  e n t r y  is l a rge , the n i n d i v i d u a l  d r o p l e t  h u r n i iig i s  poss i

ble .  Much w o r k  r e m a i n s  to he done on t h i s  p r o b l e m .  I , f o r  one ,
am i n te r e s t ed  in  i t , and am a l so  w o r k i n g  on i t .

ç~ p t a in  Flanagan

T h e r e  is a n o t h e r  g e n t  l e m a n  h a c k  there who wishes to ieak.

P r o f e s s o r  I l e n e i n

In the area of diesel combustion , the f ue l i s i n j e c ted at

the supercri tical pressure of almost every component of this dis-

tillate fuel. Under the condition of supercritica l pressure ,

droplet evaporation does not occur. As the temperature increases

to the value of critical temperature , the droplet j u s t  disappears.

Now , if water is added , the supercritica l pressure becomes much

higher , resulting in fuel evaporation and the simultane ou s exi st-

ence of liquid droplets. h as this been taken into account in your

m o d e l ?

D r .  Law

W e l l , i t  t a k e s  t i m e  f o r  the  e m u l s i o n  d r o p l e t s  to  he heated
11) the critical temperatures. There are two c r i t i c a l  temperatures:

the critical temperature for fuel , and the critical temperature

f o r  w a t e r .  Of cou r se , w h a t  you are saying is that the water has

the  h i g h e r  c r i t i c a l  t e m p e r a t u r e .  But  overall it takes some time
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even f o r  the emulsion drop let to reach that c r i t i c : i l ~tagc. ~~o ,

b e f o r e  i t  re a ches  t ha t c r i t i c a l  s t a g e ,  i t  s t i l l  heha~~’s :i~~ a

i i  (f U i d

I don ’ t quite understand you . You say there i s no v ; I p o r

abound the droplet , because there would he heat goin g into the

droplet. Ileat of vaporization is another matter , h u t  there ~oii ld

certainly he vapor around it , in the vicinity of the droplet.

I’rofessor Henein

We will deal with this some mor e in tom orro~ mornin g ’s session.

We will be introduced to more details of the combustion probl em .

Cap ta i n  F l a n a ~~~~
W e l l , with thi s aspect of the problem solved for the present ,

let us move on.

Professor Essenhigh

I’d like to come back to the point about the burning drop-

lets and the flamelets around them . I’ m inclined to agree that

the balance of the evidence is in favor of sheet flames , so that

we have not only spray , but also the flame outs i d e  t h e  s p r a y .
Chigier ’s photographs seem to support that very well. C e r t a i n l y ,

as you get far enough downstream , and there is the better chan ce

for oxygen to diffuse in , you ’re likely to change to a different

system . Hut , from the standpoint of calculated burning time , with

v a r i a t i o n s  in  the flamelet from ten radii to inf i n i t y ,  it mak es at

most about 10% difference in burning time . So , it really doesn ’ t
matter if you consider the flame at infinity, which is equivalent

to evaporation , or close to it. It ’ s only when you ge t to w i t h i n

about five radii or less that this really becomes import a nt. So ,

from one point of view , I think it ’s almost a redundant question.

I f  yo u can ’t do a large-scale experiment with sufficient sensitiv-

ity to say definitely where the flamelet is , then it becomes un-

important. The matter has been given far too lit t l e  attention ,

although perhaps you remember , as I do , experiments done abo u t

twenty or twenty-five years ago by Burton and Cole.
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P r o f e s s o r  Issen hh ~h

~ e I I , t hi i s w i  sn ‘ t s p r a y  • t I i i  s w a s  a I i  I I i r ig  t u b e  . W h a t  t hey

found there was t a t  t h e y  con Id ~et ’  d i  r ec  t I y th e- l i  r ~ e r drops , the

d n op s s i t  h t he  I i t  t c t I i t’ I ~ ‘ I i  Is  n ou n d  t her , a b o o t  40  t o  ~, 1) m i c r o n

an d  I a r ge  r . b - o r  I gIr t in i a i i i  h i  I ow , the v st  - i t i’d c a t i ’g o r I ;i I I y

t hat t fo’ne - ar e no t l : i m e l e t s ;  t h e  t h i n g  just i ’v a p o r i t e’~ . I f  t h e r e

d i d  e x i s t  a t r i r r s i t  u r n  r a n g e , t hii ’ v w e r e  n o t  q u i t e  c e r t a i n  w h e t h e r
j t r i )  n ~ i S t e’d o f  n a r r n f i n d  , or  w h e r e  t hr a c t o  a I c i i  t off occurred

The y ca~nr ’ t o th ’- c o n c l u s i o n  t h a t  on th e num ber siz e 1 s t r ihut ion ,

the m a j o r i t ,  in t i - - i t  n’ur t i- r v a j o r i ; : e i l  : u n i v s a y b e f o r e  a n y  f l a m e —

l e ts were furro’ I , a l t h o u g h  on the mas s b a s i s  t h i s  m a y  n o t  h i ’  t h e

c a s e .  P c r h a p ~ a h o i t  h a l  I of the drup~ v ; i p o r ~ z ed ;  t h e y  ro v e r  h a i l

a chance to form the i r f lar n cl et

D r , L a w

I ‘ m i r n I u r i c  t o a g r e e  w i t ii y o u  t ha t on e  s h o u i  I d n ‘ I ry  too

hard to d i  st  i ngu i sh bet we’’n d r o p  I r’ t vapor i r at ion and drop let burn -

i ng . I)rop let h i u r r i  i r i g j u s t g i v e ’ s you  an  a d d i t i o n a l  h e a t  f l o w  sou r ce

a r o u n d  t h e  I I ; I m r ’  , ~n u y ou  u a n  ;u r h  i t  r a  r i I y t h i n k  of ii ho t t e r sou r i

P e o p l e  h a v e  b e g u n  of  l a t ”  t o  b e c o m e  iri t e’ n r ’st ed i n  w h y  one  w o u l d

w a n t  D o  l o o k  i n t o  d r o p le t c om h ui t ion. F- o r my part , in the special

c as e o f  d r o p let v a p o r i z a t i e r u  ~oir can ar t  u f i c i a i l y  k e e p  a large heat

sou r c e .

F r o f  i - s  ~o r  I ssenhij~

I I  , I ‘ d l i k e  to of f e ’  r a q u a  I Iv i ng  s t  u t  e m e n t  on t h a t  .
s t i i t j i e ~f the cø t : I i u ,t ion of p o l v rier s . a n d  f o u n d  t h a t  ‘ h e ’ - ,e w e r e  b u r n —

i rr ~ t so or three I i r iles fa t cr han o i I drops . The m o l e c u l a r
I r a  g r i m  t s c orn in g off the ‘ , n i  r f:uce were ’ -u I a r g i ’  t h a t  t hr  d i f l u  i o n

c r u ’ f f u i ’ - n i t c  w e r e  v e r y  l o w , and the I l : i n r r l e t  a r o n i n ( l  i t  w a s  t h e n  so

d o ’ ’  u s  to c e l t r a t e  t h e  h ea t t r a n s f e r  an d  ; u c c e l e r : t t e’ t h e  b u r n i n g

r u t ’ ’ , ~~~~~~ i n  l i m i t i n g  c o r i f i t i ~~iu ~ h i ~~c t h a t , y - ~~, i t  C ain g i v e  y o u

d i f f e r e n u e f a c t o r . o f  t w o  o r  t h r e e  r a t h e r  t h a n  a mere ten-percent

d i  I f e r e r u r

- -  - ‘



I) r . l aw

Pi n t the b as ic mechanism of va poriz a tion at interfaces is the

S I  fl(’

P r o I e - - - i 1 s - e n h u~~h

I t  w a s  -u d i f f e r e n t  hea t l o s s .  We u s e d  t h e  s a m e  m o d e l , except

t h a t  we’  c o u l d n ’ t ;u s sn um e the temperature was fixed. The temperature

w a s  r s u n g  as  t h e  t h i n g  b u r n e d .

D r .  l a w

— w r e , as  t h e  d r o p l e t  p r o c e e d e d  o n .

P r o f  e — - ,o r  I s s e n h i g h

N o , n o t  t h e  d r o p l e t .  T h e r e ’ s no b o i l i n g  p o i n t  w i t h  p o l y m e r s .

I c i t h  t h e  p o l y m e r s  there is no fix ed b o i l i n g  point , so you c a n ’t

t a l k  a b o u t  its heating up; you can m erely say it ’ s r i s i n g  in
“ m p e r a t u r c

Dr. l a w

T h a t ’ s h e a t i n g  u p ,  i s n ’ t it?

C~ p~~a i n  F l a n a g a n

A l l  r i g h t , g e n t l e m e n , a r e  you finished?

Dr. l a w

l ’el l , I have a second problem about the Burton and Cole ex-

periment. ‘Ihat experiment , I think , is one-dimensional , so they

don ’t have to solve for that entra i nment problem .

Prof e ssor __Lssenh~ gh

It was a v e rtical tube , premix , so it was one-dimensional in

th a t sense. It was a tr a v e l i n g  flame system , and what I ’ m s a y i n g
is that they could see the indi vidual flamelets around the drops ,

abo ut 4(1 or 50 microns. Below that , it was very indis tinct.

Dr. Law

Below that the smaller droplets were vaporizing. They were

burning as a pre mixed flame.
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Pr o 1 ’ . ‘ir I r’ in P u p

H u ph I . The , w” r e  E nu r i ng  a s a ~ rem n x ed fl ar e’ -

r a p t a m l  I a r i a

Dr. Dry e r , a shor t comment from you.

i r ,  i (~~ i’r

Y e s , sir . There are two ‘:cry interesting experiments which

pen a l o n g  w i t h  the C h u g i e r  ( - x p e ’ r l m e n t  One , by Polym eropo mul o s  and

S e r n ;u s of  R u t g e r s , i n v e s t i g a t e s  t h e  c h a n g e  in  i n i t i a l  p r o p a g a t i o n s
of drople ts ru f ; u r r a y s .  The f i n d i n g s  from this experiment again

indi ra t e ’ the dropl e t combustion generally occurs as an after-

burning sequenc e for sizes above the 20-micron range. ‘Ihe second

expe riment is described in a paper delivered last fall by Dan

R o s n e r  a t  a n ACS m e e t i n g .  The  p a p e r , d e a l i n g  w i t h  c r i t e r i a  o f
d e l a y i n g  c o n f u u s t i o n , a l s o  s u g g e s t s  t h a t  a r r a y  c o m b u s t i o n  i s  m u c h
m o r e  imp o rtant than s i n g l e  d r o p l e t  c o m b u s t i o n .

~u p C a IlL F I ~i f l~i an

1 ; er n t J e m e n , it ’s ge tt i n g  ;u l i t t l e  laLm . However , if t h e r e’ are

s t i l l  q uest ions for our speakers , we w i l l  en ter t a i n  t hem now .

f r .  ~‘tor r 0 f E ’

Yes , I’d lik e to ask t h i s  question of Professor lo g ier. I’d

l u k e  t~~ know about the occurrence of vapor hubbie s , or ~~ r h u b b i e s ,

i n  “ ‘ u l s u o n s  p r o d u c e d  e l e c t r on i c a l l y .  Do t h e y  exist? Do you have

t o  t a k e  p a i n s  t o  m a k e  su re that they don ’ t occsar?

• P r o f e s  so r Fog icr

‘the work we performed was not electronic in nature. We used
o h t ras onic wave s , j u t  tuned p u l s e s  g o i n g  th ro ug h t h e  s y s t e m .

C aj t a i n F 1 a n ; i g~~~

I ;u s - ;u ume you a r e  r e f e r r i n g  to  a c o u s t i c a l l y  p r o d u c e d  e m u l s i o n s .
Is that correct?

Professor logier

‘lhere ’s a difference. ~e aren ’ t passing any sort ol e Ie~~t r o n i c
wi ves throu gh t h € s  s y - t e ’ r s t o  f o r m  e m u l s i o n s .  You  c a n ’ t  do t h a t
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when y o u  h a v e ’  ;i t w r u  p hase sy st em ;  y r i u  c ; i r u  ‘ t f o r m  cm i i i  s i n n s  i v  p ; i s s  -

ing e l e c t u i c r u r u i ’ n t  t h r o u g h .

D r .  M o r r u r u e ’

I ( I i  c m ’  t sn uggest that . I wo o 1( 1 1 i k e ’  t o  k n o w  t h e  e x t e n t  ()

ou :cu ren e of a i r huuhh I c’s i ri t h e  ernu is ion. tIn you h a v e  t o  t a l c

p a i n s  t o kee i i th emui o u t ?  F l o w  o f t e n  do t h e y  o c i u u ’?

lrof e ssur Fo~ i c r

W e l l  , I t h i n k  t h i a t  i f  I h e r e ’  h a d  b e e n  b u b b l e s , t h e y  puss i h l y
i < u u l  d ha v u ’  s h o w e d  up  in t In ’ in i v  r og m u  ~in , pe rh u j is as a ho 1 1 (1w

s ph e r e .  l e t ’ s tak e , f o r  e x a m p l e , C — 2f~N , w h i c h  w i - ;  e m u l s i f i e d , ;u nd

w h i c h  a I m o s t  i n s t a n t a n e o u s l y  s o l i d  i l ied. I f  a i r  h u T h h  I c c  h a d

o c c u r r e d , we s h o n u  I d  h a v e  been  a b l e  to det er t some of t I n - r i  i n  t he

sys tern. We d i d  r io  I I i  ml a n y .  I don ’ t t h i n k  i t  ‘ s r c a  1 I y a P rob I c mii

a t  a l l .

I n c i d e n t a l l y ,  I w o u l d  l i k e  to acknowledg e t h at m u c h  of  t h i s

e x p e r i m e n t a l  w o r k  w a s  done by one of m y  doctoral students , ~1, Ky

l ee’, who is n o w  w i t h  ( ;e ’n e ’ r- a I L l r u t r  K .

I ) r .  Moses

I a l s o  h a v e  two  q u e s t  i o n s  f o r  D r .  F o l g e r . F i r s t , am I

a s s u m i n g  c o r r e c t l y  t h a t  you  w e r e  w o r k i n g  w i t h  t h e  o i l  d r o p l e t s

disper sed in t h e  w a t e r ?

Professor__Fog l e r

Tha t ’ s r i g h t. W ith the current s t u u l i c s  we w e re doing o i l

d r oplets dispersed in the water.

( aj n t r i i n  1 :1 anagan

‘[‘h at ’ s a v e r y  i m p o r t a n t  p o i n t , g e n t l e m e n .

D r .  M o s e s

I t ’ s an e x t r e m e l y  d i f f e r e n t  problem from what we ’ re work ing

w i t h
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C a p t a i n  F l a n a g a n

Yes , oil-in-water versus water-in-oil. I think you should

a l l  recognize that the presentation provided by P r o f e s s o r  l o g i e r

did refer to oil-in-water , not water- ui -f u el.

Professor J:ogler

In our most recent findings , which essentially involved vis-

cosity ratios , it was indicated that when styrenes were dispersed

in to wa ter , there was an inversion of the viscosities analogous

to the di spersing of water into oil , and the viscosity of water

was found to be less than the viscosity of the oil. We hope to

extend these studies.

Captain Flanagan

I have a question for you relative to your polymerization

means of measuring droplet sire and distribution. You did it wi t h
oil in water. Could this he used as a method of identif y i n g
particle size and distribution for water into oil?

P r o f e s s o r  Fo g l e r

think that if you d i d  that you might look at the technique

that was discussed by Professor Harper of the u n i v e r s i t y  of

Louisville. We have used this technique , where you use membranes

to surround the oil and form microencaps ula tions of the water and

oil material. We ’ ve looked at encapsulating en :”uui es with this

technique , where we emulsified the water in oi l .  And tlic n after

we did that , we formed a membrane and tried to keep the drop lets.

So , we have studied the reverse phenom ena with an entirely dif-

ferent application.

The results are essentially the same . The prob le nr comes in

measuring the particle size , because when you put these under an
SJ .’j (scanning electron microscope) , they collapse. It ’ s ver y dif-

fi cult to get just the right thick ness of the membrane so that

these particles wil l  not collapse when you can see them .
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C a p t a i n  F l a n a g a n

I t ’ s a who le  new p r o j e c t  in i t s e lf .

Professor Fogler

Yes.

Dr. Mo ses

I have another comment to make , perhaps academic in view of

the response to my p r e v i o u s  q u es t i o n . I have heard a couple of

generalizations made that this could be done w i t h o u t  a s u r f a c t a n t ,
as if it a p p l i e s  to a l l  w a t e r - f u e l  s y s t e m s .  I t h i n k  we need to be
careful in our generalizations. Maybe in one particul ar water-fuel

mixture with a certain kind of fuel they were able to do it without

surfactants , but that doesn ’t mean that the same thing will apply

to lighter viscosity fuels.

(:aptain Flanagan

Your cautioning us to be careful is well taken . Thank you

very much , gentlemen. It ’s lunch time , so let us adjourn for a

couple of hours.

(End of Session 2)
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SESSION 3

EMU LS I ON COMBUSTION TEST RESULT S -

F U R N A C E S , B O I L E R S , AND GAS T U R B I N E S

Cap tain Flanagan

I welcome you to the third session of the symposium . The

topic of interest for this sess ion centers on test results relating

to c o m b u s t i o n  of e m u l s i o n s .  The f i r s t  p r e s e n t e r  for  Sess ion  3 w i l l
he Professor Issenhi gh , of Pennsylvania State University . His

paper is titled Influence of Particulates on Thermal Efficiency in

Emulsion Firing . Professor Essenhigh.
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I N F L U E N C E  01 P A RT I C I J L A T I ; S  ON ‘ J I l l  PM A I ,  1 , 1  I I C I l  N CY
I N  F MFil , N I ON I-I I? I NC

R OBERT I f .  I N~~I . N f l I G h F  AN D A N C [ I , O S  KOKK IN ( S

ABS TRACT

In previous reported studies of oil/water/ air ( M I S ) cmiii -

sions , the thermal efficiency of a hot wall furnace with w ater

tubes on the furnace floor was found to fall w ith u n c r e u s i n g

water content in the emulsion. ‘l’he effect was attributed to

change of flame emissivity, since gas temperatures rose. Addi-

tion of particles at very  low loading restored the heat t r a n s f e r .
Extension of those particle addition studies to hig he r concentra-

tions has now shown that the efficiency improvement peaks , and

then declines. In a first sequence of experiments using the

ori g inal can-type burner , particles were supplied to the flame

by operating beyond the smoke point (from ÷10% to -5% e xrr ss a i r ) .

Even at 90% , smoke par ticulate measurements showed less than 1~
combustible loss , so the effective thermal input hardl y chamu ’ d ,

I n  a second sequence of experiments , using a commercial (York-

Shipley) , air-atomizing burner , coal was added to the emulsion ,

with adjustment of the oil rate in this instance to maintain the

thermal input at about 1.25 million Btu/hr and excess air con-

stant . Efficiency peaked at  about 50% smoke at all water lev e ls

up to 37.5% , although particle concentration declined . Ef f i c i e n c y

peaked at about 5% coal in the coal/oil dispersion at 10% water

and 20% excess air.

The behavior is attributed to a complex balance between heat

rece ived by the load (water tubes on the lurnace iloor ) di r e s t  l y

from the flame and by that received from the roof and walls hut

attenuated by transmission t h r o u g h  the flame. With a low emis-

sivity flame , two thirds or more of the heat p icked up b y the

load comes from the roof and walls. As flame emi s sivit y (;uhsorp-

tivity) rises , there is more direct heat transfer from ti n e flame ,
hut more of the roof and wall radiation is absorbed by the flame’
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cases. I n i t i a l l y , the flame contribution increases with :u l e ss-

than-corre spond ing decrease in the roof and wall contribution ,

and t I n e  net rises. A t h igh c n m i s s i v i t u e ’ s , t i ne reverse is the case ,

and t i n e  n e t  f a l l s .  The  r e s n u i t  i s  t h e  e f f i c i e n c y  p e a k i n g  observ ed .

I ne ther s u h s t a u m t i a t i n g  this i n t e r p r e t a t  ion , g as temperatures el i

as e l f  r e r e n c y  r o s e  a t  c o n s t a n t e x c e s s  a i r  (coal ; ui l t h i t i o u n ) ,  and

vice ver sa. In the smoke experiments , in te r p r e t a t i o n  i s m o re
c o m p l e x , s i n c e  t h e r e  i s  i m p r o v ed e f f ’ i c  iency due t o  r e d u c e d  e ’x c e s s

a i r . J h  i s , h o w e v e r , a c c o u n t s  f o r  o n l y  a b o u t  h a l f  the e f f i c  i e m i c v

ncrc a se . ‘-I i i  r ’ eov e  u , gas t e m p t ’  r a t u u  r e s  w e ’ r e  b r o a d  I y u n c h a n g e d

w h e r e a s  t h e y  w o u l d  h a v e  i n c r e a s e d  hat!  t h e  e I f ’ i c  i e n c y  i m p r o v e m e n t

been  chue t o  r e d r ,uced  e x c e s s  a i r  a l o n e .

“ ome p r a c t i c a l  a n d  t h e o r e t  i c a l  i m p l i c a t i o n s  of these r e s u l t s

;u r e  a l s o  d i s c u s s e d .

( F m i d  o f  A h s t r a c t

(~~~~j~,i n I 1 ; u n a ~~;u m u

T h a n ~ von , P r o f e s s o r  I s s c n h  u g h .  Ice w i  1 1 now h e a r  f r o m
Dr . \ . ,J . ~ I i ; I  h - n  o f  ~~~~~~~ \ s s u c  u t e s  . ‘I hi e t i t  le  f Ii i s  pre se ’nt a -

t i o n  i s : P r y  i i  m i n a r y  F i e ’ l d  1 e s t s o f  n ic r o (  as I)is ~~ rs m m
I~,i,~’_1s . Dr . sE aler.
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P R E L I M I N A R Y  F I E L I )  TESTS OF M I C R O  GAS 1 1

DISPERSION FUEI,S

AMOS J. SIIALER

A B STRACT

Tests on the laboratory scale (0.5-1 .25 MBtu/hr) have shown

that t h e  comparatively low-cost MCD fuels made of No. 2. oil ,

water , and the e’xtremely fine dual-interface air hubbies charac --

teristic of MGI)’s can , with use of a simp le add-on MCD generator

and no substantial burner modification , he substituted directly

for natural gas in radiant-tube furnaces , without burning out the

tubes and without modifying the air controls .

The results of some very preliminary field firings are given.

These were carried out on operating furnaces at Federa l-M cgu l

Corporation (Lancaster , PA) and at General Motors Corporation

Handusky , Ohio). There have as yet been no extended operations.

The results of the preliminary field tests show that the peak

heat flux is indeed broug ht down to a level where radiant tubes

can he fired with oil-based MCD fuels without burning out the

tubes , and that soot emissions are adequately less than w i t h  oil

a lone .

The MCD generators used in the field were of prototype

nature , and engineering effort is currentl y underway to redesi gn

them into reliable commercial equipment.

Meanwhile , tests continue in the third year at the laboratory

level , the emphasis having been shifted to coal additions to the

oil/water/air MCD fuels. Concentrations have reached 20% coal ,

2 0 %  N o .  6 o i l , 47  1/ 2 %  N o .  2 o i l , and 12 1/ 2 %  w a t e r , w i t h  31) t o

4 5 %  by v o l u m e  of a i r  h u b b i e s .  Coal additions make the MCD fuels

no longer usable as substitutes for natural gas , because they

restore the peak heat flux to and above the levels found with oil

alone. Ilowever , they are of interest for oil -f ired combustion

e q u i p m e n t , not  o n l y  because  of the  e c o n o m i c a l l y  i n t e r e s t i n g  c o a l
substitution , hut a l s o  because  the  t h e r m a l  e f f i c i e n c y  a p p e a r s  t o
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be en h a n c e d . N o f i e l d  t e s t s  h a v e  y e t  been  m a d e  with coal adde d t

t h e  ~1CD f u e l s , h u t  the tests have been conducted w i t h  commercial

burners.

(End of Ahstr a ct I

(~~~~J~~ Flanagan

Thank you , Dr. Shaler. Now , let me introd uc e our next

speaker. lie is Dr. I). S. Volkmar , ‘I’otal , Comp agnie Fr anç anse

de Raffinage , anti his topic is titled Emuls ion Production and

Boiler Performance with the_Total-Bertin Emulsi fier. I)r. V olkm ar.
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~‘ lIl N i  icc pp i DIII I I O\ \ ‘ , I )  P 01 H R  P1 P I ( d i ~ t A N C F .  ~c i’r ~~
‘ J i l l  J i  IT A I — RI  ‘ I  I N  I ~- l T i I , S I i  I I  P

En , S . ‘ ( i I f ~ I,~ P \~
‘l) R . ( \I’PJ I l I I i

A R N I  P A (  1’

TOTA l I I I ’ )  IN c mul s if me ’ u i , i ; m a l l  le ’vn cr w i  t h o u u t  a n y  n m r e c h a —

n i c a l  m o v i n g  p a rt , ‘n s n rr g the s e l f — g e n e r a t e d  v i hr at ion of ;u metal ] i t

d i a p hr agm ( U . N . p a t e n t  No . ~R 1 V L 7 2 )  . I t  n e e d s  r i o  o t h e r  e n e r g y

— mo or e c t b ar n mu n m i o ; l e ’ r a t n ’  p r ’ s s n u r ’ -  d r o p  of the I l u u d  i t s e l f .  ‘Iwo

y m m i i i l s i f i e r s  h mic’ r been d c v - !o p e ’ d (or mu ppi le a ’ n u n s  covering t h e

na rig t’ ~ t~ o 1 301) 1 / Ii cc i i i  i s u on s . ~- t ’ iii an wa n e r d rop d u a me t c rs  o Ii —

s r r c ~’d f o r  h e a v y  f u r l  o i l  a n d  l a r g e  f l o w  r a t e . , wi thout using any

surf a ct i m i t  , arc in the range 11) t o  20 m i c r o n s .

In f i red  c o m h u ; t  i o n  app l i cat ion m a n y  t c ’st ~ have he’’mi ruin ,

u s n ic our c -m n ‘ i i  s i i i  C r . - om e  emu 1 s u Ii e’ u ‘~ a re ’ s u n  r r emi t I y i n l i s t ’  on

indu c t rial b o i l e r s  an ) furna c e s i n  I r m u m ~ e’ , a nd ope rat i n g  p r o b l e m s
hav e - bee-n solved . I t i s  f o n i m u d  t i m a  t t h e  ma i n  e f i  “ct of ennu I si on

F r i  n o  r ug u s a ri i mp ort ant r e’I u s t n m i n i  i n po 11 u t a i n t em u s s  u on s , with

irn most c a s e ’ s , a s l i g h t  r e d u c t  i o n  in  i n c - u  gy c s r n s u m p t  ion :

— Par t i c u l a t e  e’mi ’.si o m i is reduced by b O— 8 0% i n  the case’ of

residual f u e l  o i l  (‘~o. 6 fnu u ’ l o i l )  and pr essor~’ a tomizer ; b y

~I tM’~ w i t h  l i g h t e r  Inc I o i l  (No . 4 o r  No . 5 l iii’ I o i l )  . T h i s  m a
a I I ow a I mu r g e u ed t i c t j o  mi of cxc r s x a i r

- Nflx cnn ss i o n  r e d n u c  t ion depends on sp ecific urn - t ail mi t i sri

It can he import ant In some cases .

- SO 3 emissions can lie reduced , mainly due to excess air

reduct ion . Of  co nnie ’ , c’ ap o rizat ion of water needs some heat and

redu ices t b ’  m mi x imu im fl ame t e’rnp erat iure . On t h e  o t h e r  h a n d , f e e d i n g

the burner wi t h  e m u l s i o n  I D - I N I  water r e ’s uu l ts m u a better f u e l - o i l

- i t  on u z u i  t i o n  a n I  a i t ’ t t r ’  r ;u i r f u r l  m i x  m ng  w h i c h  ma es a d e e r e - m i s c ’  of

e x c e s s  a i r  p o s s i b l e , t h u n ’ ~ l e a d i n g  to  c l e a n e r  h e a t - e x c h a n g e  sur-

f a c e ; :  t l o s e ’  t w o  f a c u o r s  m a y  r e s u l t  i n  a s n i b s t a n t  u a l  i n c r ease  o f

t h e  overall e ffi c i e n c y .
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- t f o r  t I n e  e q s  ~~~~ t o f  a 11) /h  c x  u st  I ng  ho I I c ’  r (0  . 7 m s / l u

o f  r e - s  i d ia 1 i 1 w i t  F m u moc l u I m i t  Sr i  r mu t o of  1 ~,
C i f s i n ) t u j  u -

2 i r ~ ~ I r e - r i c h  f r a n c s  p e r  t o n  of  f u e l  o i l , w h i c h  c o m p : ir ’ - s  f : i v o n m u h l y’

t h  t h ’ -  c ’u ii f 1 - ; i fl~’ C ()tfl F , u s  t i ( IS mu d i i i t i yes

Our e -rn u u l s i  F i ” n  i s  r e - m u ) >r f~~ m u s c -  i ri boiler appi icat i on w i  h

m i n i  y F i ’  I ( I i I , f r o r ;  No , 2 t o -
- u . I t ’  c mi  n mu 1 so o I f  or  u , u ~ r

t e ’chn  i q u e -  t o  r ot  bo - r a p p  i i c m u t u r~n s

( I  n d  o f  A h s f  r ; o t )

mu p t m u i n I I an a gas

L u -  11 , b a n  s o Dr . Vs 1 Isa r , we will have a I ow m m e n  t es  f o r
q u o -  ~~t i o n s  o r  d i  s c u i s s  i o n s  I o I  l o w i ng his paper. I n  a l l  I mu i m e ’  ss

5 u r i c  ‘- 1) r . Vs I km mu r F mu s p roy ‘ l c d  us  w i t h t b n -
~ hon u s  , we- o u g h t  t n

~I ( ~~ t’~
) t 

~~~~~~ i o n s  f ’  r h i m I i  r s . P l e a  so i d e - n i t i fy your se I F

D r .  V o l  i m mimu r

l e t  m e -  add t h i s  H i t  t o  my p r e v i o u s  c o m m e n t s .  T h r ’s e ’  u n i t s  a r e ’
m u I i  e / ~~C r i mt - n t a I ; t h ‘- y’ w e r e  m m i u f  e i n a m a c h  i n °  sh op , a nd t F e y  mu r e

n o t  pr u slir t sr i  m o d e - I s .  A c t u a l  product ion models would no t he

n e m i r l y  m ’ s  m ; u s s i v ”  or  l u em uv y mis w h a t  you  sec h e r e .

Pu o f u - s o o r  i s ;  ‘ - n i h  i p1 ;

~ } i m u t i s  th e - pr ”ssur e drop across t h u s  syste’m?

Dr. Vol ~‘~nm u r

1 he -  orue- I ‘ ye se-en i n s t  a l l  ed on an  i n i l  u s  t r i i i  1 — s i ze  ho i I c -

an’) t h e  p ump w a s  n u t  changed , n o r  was  t h e  c o n t  r o l  s y s t e m .  The

p ump p u t  o ut  a b o u t  110 psi , between 100 and 110 psi. We pumped to
t i n ’ -  s a me  h o r n i e r , mi ni ) m i x far as I know the inlet pressure at t h e

h u r r i e r w a s  i n  the v i c i n i t y  of 100 psi.

b m u j t m u i n H a n a ~~a

Dr . Dryer?
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P m . l ir r - e- u

~~~~ I d you t c -I  1 us m- ,- f m ; u  t t h e  p a r t  i c I e s 1 :t d i s t  r i h u t  i o n  , t lie

Sa inter me an e l i  a n n e  t e r fur tine ri t e’ rn ;u 1 plsi se 
* 

u V

h r  . Vo l k n n a r

i ’ m sorry I cannot be m o n - c’ s i c - u  j i i t t h a n  t o  t e l l  V I O l  t h u

information sent to me from im rmuncc , that i s , in th e - 10 t o  ~0

micron range. I think t h e y  arc g iv i n g  th i s  Inu rt l n e r s tud y , a n d  i f

you  s- i sh s t i l l  f u r t h e r  i n f o r m a t i o n , you  coin Id w r i t e -  to Dr .

Garr et t o .

(~~p~~u i n  F 1 a n m i ~’a n

\m u y m on o quest ions to the previo n us t w i s p i - m u k e r s ?

[)r. S c l n w a r t z

Professor Essenhi gh , what is tl~ - l it-mi t relea se- in r - o n r  u n i t ,
a mid t fi t - mean i-cs i u, I en i  c i -  t i me of  t h e  g a s  , as su uini inn g some I ii i n ig r mu t e  V

Pro_fe s s o r  E s s e n l u i g h

[h e  f u n  m mc cc i s opera tcel mu t I . 2 m i i  1 i o n  W I l l  per h nonu n’ . I c m i m i ‘ t
tell you th t- residence time , h u t  you can  w o r k  i t  o u t . I t s  v o l t i u r n e
i s  4 ( 1  cub  i t  f r e t

Or . Ni l i w m u r t  z

What’ s the approximate t emn p eu a tiun - e’ p rofile in t h i u i s e  u n i t s ?

I un idersta mi d t h m m t you  c a n  vary the flow rm i t e- of tine m e a t  t ransfer

fluid , whatever you ’ re using , so that yo t u  c an  r e a l  I v  p r u -igram any

way you “ ish

P r o f e s s o r  l s ~~e’ n i h  i g h

Only the tube’ s , you m e a n ?  The t u be ’ s ir e simp ly u~;n t e r  cooled ,

so we ‘ re s i m p l y mi-mu x i i  r i n g t I n t -  wa t er  I i  ow mu m i d t he t e m p u -  i mu t u l l e  m I xc’

i)r . Schwartz

flow ;uhout the gas tcmpcr atu r -e , now?
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Professor isx e n i l i i g Fi

tie- have n o t  m nem is ur eel the gas t e m n p e r ’ m i  t u u e  . hVe ‘ cc  p ot i on I

enupe r a t  n r c - s . I don  * t k n o w  i f  y o eu * i t - clone mini v t In r e r - di men s i onm i I

p n-oh i n g  , h i n t  i t  * s one  o f t I nn  so t h i ni p -
~ t h;u t you mcmi n t t o st mu v a nc : i

f r o m  t i n t  i 1 \ I O u  l- n m o m c  ex ;ict I s- limi t ou ’ n - e l o o k  i n g  i on - . i1 t h e r w i  xc  
*

v o n  i i i  I c  up g r e a t  a m o u n t  s of  d a t  mu that you don ’t kni uiw how I i

h a r i e l  Ic ’ . \c t u u m u  I I y 
* 

s-c * m c go i r u g  t o  hmn ye t o  do  t h i  s s o o n e r  or

l ;u t cr 
* 

and t here a r e p roy is i on s for i t 
* 

bu n t we ci on * t ha  cc ’ f l i t ’

tic t i  i i  s

l ) r . :s- i 11 enb e rg

Ico mul d this techn i que have’ army mipp i ica t ion for u t  i i  i t r ’

h o i  l e r s  , w h e r e  mu convective sc - c t ion fol 1om ~s time rad hint sect ion ,

and  s-he- r e- t i n e  e f f i c i e n c y  i s  a h o c u t  R 5~, to start w i t h ?

P r o  le ssor l. sxe n hu i g h

You g e t  85~ e f u i c  i e - n mc v b e-cm iui- c t- of  y o u r  C o n v e c t i v e  s e c t  i o n .

Th e  e f f i c i e n c y  i n  t i n e  r m u d i a n t  s e c t i o n  i x  u s u a l l y  m i h o u t  i 5~ t o

50°~. You ’ re asking ml more comp lic a ted qu estion than t h m i t , be-

caus e- von must decid e’ w h a t  e x a c t l y  it is you ’ re aft e r . i c i t h  a

cut i I I tv ho ii or ~‘ou 
* re il r e m i d v  gctt i n g  a m a x  i mum t h e m m a  1 e l f  i c I e n c y

m erel y Dv having so much fic at transfer smi r f: icu - . Bc t h e  t i m e  y o u

f i n  i s h , you ’ re go i n g  t o  g e t  m i l l  t h e  I n e m u t ocu t . So , ~‘n ii 
‘ re  r io t

g o i n g  to  u se  t h i s  f r o m  t h e  p o i n t  of  v i e w  of i m p r o v i n g  t h e r m a l
e l f  i s  i c - n c  y \ s  mu nm n a t t e r  of  f a c t  , w h e n  n -c  a d d e d  an cm ii  I s  i o n  i n
o u r firing sy stem , the efficienc y mci -nt clown . Wi t h  long enou gh

c- \ch ang e- x i uu - I mice - , ~ n u i i  cml ii b r i n g  i t  b m u c k  n ip  m i g m u i n .  You ’ l l  l i e

doing i t  p r ; u c t i c a l l y  f o r  o t h e r  p u r p o s e s  s n i c l n  a s  NO c o n t r o l ,
j i m  t m c u l m t e  co o t rol 

* or something I i ke that .

I i i . Sha Icr

I s-u ii ~ r h mi ld must one comment to that . I f  v on  * i- c got mu
I m n  m i m i c  e , no. If y o u ’ m e- design in g a ne- nc fnnrnace , p r o b a b l y. I f
you ’ve  g u m  mu f u r n a c e  t h t - r r ’ s no p o i n t  i n  c h a n g i n g ,  b c c m u u i s e  t i ~--

g a i n  w o u l d  c e r t m i  m u I r ’  n o t  )~~u v e r y  g n u - m i t .

_ _ _ _ _ _ _ _



Professor__Essenhjj~~

I c e l l , u n l e s s  i t ’s an add-on for something specific like

control or emissions control , or switch to some other fuel.

I)r. Shaler

Or some less expensive fuel.

Dr. Bastress

I h a v e  a q u e s t i o n  f o r  P r o f e s s o r  E s s e n h i g h .  Bob , t h e r e  is a

sequence of log ic at the beg inning of your talk that I fail to

f o l l o w .  P e r h a p s  you  can c l a r i f y  i t  f o r  m e .  You i n d i c a t e d  t h a t

an incre m use in water with the fuel resulted in a decrease in ef-

ficiency and an increase in exhaust temperature. On the basis of

those observations you said something to the effect that you can-

not attribute the decrease in efficiency to a decrease in flame

temperature , that there had to he a change in em issivity. T don ’t

quite follow the log ic. It seems very logical to me that the

w a t e r  i n d u c e s  t h e  d e c r e a s e  in flame temperature , and hence a

decrease in efficiency. Tell me where we differ.

Professor Essenhi gh

F i r s t  of a l l , i f  you l ook  a t  the  amount  of w a t e r  we ’re adding

and ca l cu lmute the change in adiabatic flame temperature , it’ s too

small. It ’s an awful small amount. The thermal loading of 10%

water is v e r y ,  very small . But it’ s not that alone ; it’ s al so the

fact that the temperature of the gases coming out depends on how

much heat comes out in the roof and the walls , and not in the load.

* So , whm i t we ’re saying is that , whatever the reason may be , we

observe first of all that when the water temperature goes up, less

heat is pulled out in the tubes. That is measured directly. This

means that the heat has to he transferred to the tubes. It comes

from the flame , from the roof , and w a l l s .  When we look at the

roof and the wall temperatures , we not e tha t they a l so  have
dropped. So , not only has the heat transfer from the flame

dropped , hut the heat transfer from the roof and the walls has

also dropped. Th is a l so cor res ponds to a reduced hea t tr a n s f e r
t h r o u g h  t h e  w a l l s .  So , w i t h  more hea t  coming  out in the load , *
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less comes out in the walls , and the balance has to come out in

the s t a c k .  The temperature t he re fo re  goes up to compensa te , and
the heat ba lances  s u b s t a n t i a t e  tha t  the wall losses have also

d r opped .

Now you arc aware that the expression for heat transfer is

h a r d  to  i n t e g r a t e  d i r e c t l y .  However , t he  a p p r o x i m a t e  e x p r e s s i o n
for  heat t r a n s f e r  is c~~

(T
~ ia m e 

- T t h e )
~ 

Therefore , i f  the  to ta l
heat transfer remains the same and heat has been transferred to

the tubes , as already noted , then the flame temperature must have

gone up also .

Dr. Bastress

The gas temperatures have gone up?

P r o f e s s o r  E s s e n h i g h

Gas temperatures have gone up because you are taking less

heat out from them .

Dr. Bas t res s

What about the exit gas?

Professor E’ssenhigh

The exit gas temperatures have gone up, but all profiles

have gone up.

Captain Flanagan

In  f a i r n e s s  to our nex t  speaker , we a re  g o i n g  to move on .
Please save any additional questions for the discussion period

a f t e r  t he  nex t  c o f f e e  b r e a k .

The next speaker  i s  M r .  R .  R .  K i n n e y  of the Gaulin Corpora-

tion . His topic is titled Discussion of Test Results with B o i l e r s

and Gas Turbines. Mr. Kinney.
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DISCUSSION OF TEST RESULTS WITH BO I LERS ANE) GAS TURBINES

RI CEJARI ) R. K I N N E Y

ABSTRACT

Over the last five years we have undertaken a series of test

programs.  Our f i r s t  e f f o r t s  involved  b las t  furnaces , where the
ob jec t ive  was to subs t i t u t e  heavy oi l , i . e . ,  cheaper BTUs , for
metallurgical coke. Due to poor atomization , carbon emissions

were excessive. A water-in-oil emulsion improved secondary

atomization and doubled the quantity of oil which could be

i n j ec ted .

Eva lua t ions  were made on gas tu rb ines , both for smoke reduc-
tion and burning of heavy fuel in lieu of distillate. Seaworthy

Engines of Connecticut installed a system on Seatrain ’s Asialiner.

The objective was to determine if water-in-oil emulsions would

improve secondary atomization of a blended residual/MGI , enabling

the cheaper fuel to he burned effectively. Using centrifuging,

inhibiting, and a 6% water-in-oil emulsion in a Gaulin homogenizer ,

the residual blend is being burned at a saving of $20/ton to $30!

ton.

Combustor ri g tests indicate that water/JPS emulsions

(stabilized with an additive) reduce carbon emissions up to 50%.

F u l l  sca le  t e s t s  a re  now u n d e r w a y .

Also evaluated were several large , industrial boilers

* 
( 100 , 0 0 0 $ / h r . ) .  Where minimum excess air (no emulsion) is above

20% , there is latitude for improved efficiency with emulsions.

Tes ts  showed that  if minimum excess air is 30% or over , and with a

reduction in carbon emissions , a reduction in excess air is

ach ieved , more than offsetting the BIOs required for wa t e r

vaporization.

This leads to applications where carbon emissions per se are

a p r o b l e m , and a water/oil emulsion can alleviate , and perhaps re-
solve , such problems without an adverse effect on boiler ef-

f i c i e n c y .
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We are involved w ith a program evaluating coal-in- water/oil

s l u r r y .  The e m u l s i o n  appea r s  to  enhance  coal s l u rr y  s t a b i l i t y ,
and may provide benefits associated with micro-explosi ons.

(End of Abstract)

Captain Flanagan

Thank you , M r .  K inn ey .  We will save our questions for

Mr. Kinney until the general discussion period . Now we wi ll

continue with the next speaker , Dr. C. A. Moses , of Southwest

Research Institute. Dr. Moses ’ subject is titled The Use of

Fuel Emulsions to Control Exhaust Smoke from Jet Eng ine lest

Cells. Dr. Moses.

_
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TUE USE OF FUEL FMlb I.S IONS TO CONTROL EXh AUST SMOKE FROM IFI [N(; I NI
TEST (:ELLS

C L I  F F O R D  A .  M O SE S

A B ST RA CT

Low-internal-ph ase-ratio emulsions of water-in-fuel have been

investi gated for the ir potenti al in reducing exhaust snuoke fronin

gas turbine engines. The specif ic application that this pro ject

addresses is for a reduction in the plume visibility from eng ine

test cells at Naval Air Rework Facilities where an engine hardware

change is not possible. Results from combustor-rig tests and a

recent full-scale eng ine test are presented.

The combustor experiments were conducted with a combustor r u g

fabricated from Allison T-63 eng ine hardware. The fuel was mu

typ ical JP-5 Navy jet fuel. Continuous decreases in exhaust smoke’

were observed up to the hi ghest concentration tested , a 0.5 wa t e r -

to-fue l ratio. The maximum reduction in exhaust particulate con-

centration was 80 percent , based upon a correlation with the Smoke-

Number. Concentrations of 15% and 30% water were teste d over the
‘1-63 power spectrum , and smoke reductions were observed at all

power points. The greatest reductions were found at the hi ghest

power points , where the smoke problem is the greatest. Measure-

m e n t s  of gaseous exhaust emissions were also obtained . was re-

duced by increases in water concentratio n , with the greatest r educ-
t i o n s  o c c u r r i n g  at  the hi gher power levels. CO and unburned hydro-

carbons increased with water concentration ; the increases were

small at full power , hut became increasingly large at the lower

power conditions. The increases in CO are related to the lowering

of the primary zone temperature , and hence the CO ari d CO 2 oxidati -inu

rates. The increases in URF IC are re- h ated to t h e  incr e -m us e in  f u e l
viscosity when water is added; th u viscosity increase cau m— e- s a

larger SMD of the spray and longer evaporation times. At hi gh

power condLions , the secondary atomizat ion proces ses arc strong

enough to counteract the effects of the larger drops; m it lower

-
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p o w e r , the flame temperatu res a r e  l o w e r  a n d  the s e c o n d ar y  m i t o m i : m i -

t i on p roc esses  l e s s  e f f e c t i v e .  C o n m n l i u u s t i o n  e f f i c i e n c y  w a s  calcul-

ated from the exhaust chemist r v  , a n d  a l w a y s  d e c n t - m i s c d  mci t i m the

a e ld ition of water. The re ductions in ef ficienc y were- ver y small at

f u l l  p o w e r , bu t became quu ite s i g n i f i c a n t  at the low-er power condi-

t ions.

The f u l l - s c a l e  eng ine  t e s t s  w e r e  c o n d u c t e d  with mu J - 7 9  eng ine

mi t  t h e  n a v a l  f a c i l i t i e s  in T r e n t o n , N J , t o  d e t e r m i n e  t h e  e f f e c t s

of emulsified fuel on eng ine performance and oper at ion and on
r e d u c t i o n  i n  e x h a u s t  p l u m e  v i~~ihi li t y from the test cell. A lso

i n c l u d e d  was  a t e s t  of  t h e  f u e l- c o n t r o l  s y s t e m  t o  l o o k  f o r  d e l e t e r -

i o u s  c f i e : t s  c a u s e d  by residual water. The t e s t  s c h e d u l e , con-

s i s t i n g  o f  f i v e  cycles of approximately two hours at full power

f o l l o w e d  by a 2 2 - h o u r  soak , was  e s t a b l i s h e d  to  s i m u l a t e  t h e  per-

f o r m a n c e  p r o o f - t e s t i n g  an eng i n e  mi ght experience at mu r e b u i l d

l ac i  1 i t y .

( E n d  of  A b s t r a c t )

CaLtain Fl  anag~~

This concludes the presentations for today. Ice wil l h a v e  m i

d i s c u s s i o n  a f t e r  the coffee break. Are there a n y  q u e s t i o n s  f o r

t h e  l a s t  s p e a k e r ?  Yes , s i r .

D r .  B a s t r e s s

I’ m quite interested in your c o n t r o l  of smoke , hu t I ’ m also

cxt rem elr ’ impressed by the control of NO , achieving a 50% reduc-

t i o n  at f u l l  p o w e r  i n  NO with 30% water. This combination seems

to provide far better performance than others , and I u r ge you to

p u r s u e  i t  to  see w h e t h e r  p e r h a p s  you h a v e  come across mu s i gnificant

t e s t  r e s u l t .

!)r. Moses

Is your question related to typical emulsions , or to water

injected into the p r i m a r i e s ?

Dr. Bastress

Yes , water injected into the primaries.
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Dr. Moses

I think one thing this g ives us is that it puts the water

where it does the most good in reducing temperatures in the fuel-

rich zone ri gh t in front of the nozzle , and in the fue l  r i ch  core .
I n  t h i s  case  we are inserting fuel intimately close , whereas with

some of  t h e  w a t e r  i n j e c t i o n  techniques the same result is not

achieved.

Dr. B a s t r e s s

Thank you.

Captain Flanagan

I think we ’ re going to find similar NO reductions in diesel

present ations tomorro w . Mr. W i n k l e r .

Mr.  W i n k l e r

In response to your question about NO reduction through

emulsions , we ’ve seen the same thing on a ~ifferent eng ine , a real

gas t u r b i ne .  We try to place t h e  a c t i o n  whe re  the NO x g e n e r a t i o n
is. M ixture of water in the fuel and the total reaction with

w a t e r , f u e l , and a i r  a re  c r i t i c a l  in the very e a r l y  s t ages  of
combustion . If you don ’t provide the proper initial mixture , the

water will have been wasted. That ’s the reason for putting the

water at the inlet of the eng ine . When mixed totally with air ,
it ’s useless. Thus , emulsion is a very effective tool. We ’ve

seen numbers on the same order as those of Dr. Moses.

Captain Flanagan

The characteristics of the emulsion may be very important.

Some experimentation on NO
~ 

was performed at Research Triangle
Park b y EPA , in which the emulsor was nothing more than a gear

pump . This resulted in very little improvement. The question is ,

did they have an emulsion? We don ’t know .

Dr. Dryer

In the research to which you r e f e r , the investigators found

quite an amount of fuel nitrogen in the system. What we ’re talki ng

7S



m i ho j it hi re is t h - r n n a l  N O r e e lu c t  i o n .  h enry S how , of E x x o n , h a  -

p uu h l i s h - l  a pa;~~-r i n n A S1h , N i n t c r  Annual , 1 9 7 5 , in w h i c h  he
o r  r - i m i t r ’ d t h e  a m o u n t  o f  w a t e r  a d d e d  to  t h e  p r i m a r y  zone  w i t h  t h e

:Imf, lin t of  N M r e d u c t i o n .  You  can , i n d e e d , get almost the same

r r - d i i c t  i o n  of  N t )  w i t h  the a d d i t i o n  of 30% water ~f you put it all

i n  t h t -  p r i m a r y  z o n e .  h o w e ve r , something very interesting h a s  been
( ) v ( - r l o c ) k n - ( i . C e ’ r t m n i n  w o r k  performed it  G e n e r a l  E l e c t r i c  has  shown

t h a t  t h e  add i t ion to mu system of from 10% to 12% steam not only

serv e-c effect i v el y m i s  m i m e a n s  of  SO r e d u c t i o n , hu t  a l s o  i n c r e a s e s
the c y c l e  e f f i c i e n c y  o f  g a s  turbines by almost 20 to 30%. It is

co r ire iv ahl e , in fact , that the addition of steam to recycle heat-

ing in n t h e  e x h a u s t  syst e-m combined with direct injection of water

i n t o  t h e  p r im a r y  z o n e  can more than compensate for the price paid

in terms of hi gh - p u r i t y wa ter  necessary for NO reduction in gas

t n rb in u - -c

That ’s an interesting concept. Yes , s i r .

i)r . Zw i 1 Icnh er~

I n o tice t h a t  even with no water addition , the NO
~ 

fi gures
mi r e  q u i t e  l ow , m u c t u a l l y  l o w e r  than the emission standards proposed

by EPA. I I  yoni could meet the EPA omission standards witho ut

m~e t t u n g  i n v o l v e d  w i t h  w a t e r  mi xtures , why were you worried at all
m u h a n i t  t h e  N O c o n t e n t ?

I ) r. ‘-Ia - - e -

Ihis is a n n e  particular combustor which happens to meet the
s i m o n - l a r d s .  ‘rho enn g ine it m ; clI is only about a 250- or 300-horse-
power engine. It ’s not a problem with that eng ine; it just shows
h at you c an  n - j ln i ce NM

i n  . N w  i _ I I r’ o f  e r

Ih a t you can reduce N O .  T h a n k  y o u .

( mu j t m u j n  l m l  an ;u~~an

) c h a t  i s  the IPA r r-qru iremc nt for NO
x
? Is it 75 ppm as propose d?
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Dr . Zwi
~~~~~~eLg

It’ s 75 ppm at l~~% 02~
Ca~~ta i n F l a n a ~~aru

‘thank you.

Mr. White

1) id you  m a k e  mi ni y mit t e m p t  t o  m e a s  ii ri- emu 1 si on sta In i lit v ? You

seem to draw the conc lu ’-.ion t h a t  b e c a u se you ’ ve i n c r e a s e d  the

amoun t of surfac ant , you have a more stable emulsion. But , i n
far t i i you mu l l  more surfacant , you m a y  h a v e  ha d  t h e  same  ;n m o n u n  I

of stahi I it  v hut suur mu 1 I c r  droplet si ~~~~‘- ;

Dr. M a e  -

Look ing mit it - - t r ic t l y  f nom a beaker Stand point , I m u g  r ee  w i t h
your statement. As for the- ~mo~i~ t of s ’u r f m i u t a n t , i t  t o o k  b e t t e r
thin 1% of  s n u r f m i c t a n t  to have wh at appeared to be mu r e m i — o n a h l y

visible stable emulsion without dramatic cre aming , just sepm i ratu on.

We did do some work with t i n e  micr oscope ; some photomicrogr ap hs are

uncluded in t h e  p a p e r .  We a l s o  varied the drop si ze. One of our

reasons for choosing the (; m unul in system was t h a t  we c o u l d  v a r y  t i n e

energy that we were putting into it , and t ha t , thereby, we c o u l d
change the d i spersion su r e and the characteristic of the emulsi on.

W i t h i n  the range over which we could oper ate , this did not m i ffect

the smoke reduc t ion potent ial of the soot. However , the range

that we could operate over , I to 11) microns , is - - t i l l  very small

compared to the drop size in the spray, which is in the v i c i n i t y

of 80 microns. So , it is r e a s o n a b l e  to expect th at there wouldn ’ t

he much of an emulsion in th at range.

C a p t a i n  F l  a na g an

I have one quick question. You say your percentages are by

volume . Do you calculate your percent age as water over water p lus

fuel volume?

Dr. Moses

It was done both ways.
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m i ; t m u u t i  1 - o p a  i n n

i t  V o n  ‘ mu vu ’ u s  , I Ii ’ m u , s m i s  t h ’- I :i ‘- r c m i  I c i i  I a t i a ni  , S :u

by vo I r i m - m u -  N

D r  , l ose ’ -
-

I, ’ - t ’ s s m u y ~3 l / ~ p ” r m ’ - n t  by  v o l -i : ’- , r h mu t is , ‘ r i ’ -  h a r t  s m i l e r

u n - I t m r  ; ; i  r t mc o r —  I

C ~‘t u n  l I - i n  mi - m i l l

\ c t u : u l ] v , a s  I s’ i t , r h ’ d m u t ;i m -me ’ r~ ’ rep o rt ’ ’I h~~f I i  w a r s .  ‘ ‘ i i

- r i  I y mi’i m-~e ha cr- -I m i :u h i  vo I am m o ’ m i n i h~ we i gh  I , i i  ‘~ c - -ru F ‘- mc ’ - I ho-

of ci  I c -n Ui 1 n 1 ii ’ pe r c  - ‘n ag e  i s - l u  lIeu u -n I

I) : - ‘ l ’ s ’  —

1 he d ; u  I ml m u ; i l r - ; i  r ed o u r  h e -  g r ap i s  in I wa w m ny  s . ( i r -u ’ - - ipp 1 u - -s

m u w:u l u - r - ’ o - f u ” I  r a t i o .  f a r  r ’ c m n m n l i e , - r i  t h i s  b a s i s , mu f n f t y - ~~ r -- r m ’ : u r t

- r i a m - a u  I ml r ”  I e r 1 a one- p m u r I wm u I e r m i ri-I two p mu r t  S ) I i ’ - I -

b e t a  i n  F l m i n m u g m i n

‘-r i - i  Ii r ,uc m u 1 i r i  i f mu wm u 1 C T - t 0-  ~‘ r m i i u  I S u 0 fl r a t  i a ?

H r .  ‘P - ‘- -

ru mu s m u t  “ r - a ‘e- u t i  1 5 i or r mu t ii , , i t  ‘ 5 on e- t h i r r l  - Tb mit n s , S m i t  ‘-  r

c a m s  r u t  ‘- a ru e - I h n r e l  o I t h ‘- “m i 1 s n o n

I I - ‘ r u a ~~ m i r i

•\ Il r i g h t .  ~~u ’I r h - u i t  u s  i r u ’ l ’ u l - ,~e’ in mi L ) f ’ ’  E r r- ru ) , u n !

o ’r c o o t  F~ i u n  w i t h  ‘Oil m l i s ’ uu s i o f l  p e r n o d .

01 s ;tJs SIo’-~ P I P  10 1)

( :up t ;i n i l  m u ru a g ml n

e w i I I ‘u p r- r u I h i  mc li sc n u c s  ion per i od w i t  h a n n i n v  j I  mu i on f o r

p’ r I i l l  c r 1  I n i ’ - -
~ I ‘ins I ro n I he g e n u -  a I mu ad i n - r i m cm f o r  m u n y  ‘ i f  o u r

p r ’ - s r - n t ~ ’ r m c .  P r I o r i ’  we b e g i n , I w u s h  t o  a n n o u n c e  t h a t  mu o m u p l e  o f

o u r  r r - ~~u - n r e ’ r h m i v n ’  l i m i t t o  l e a v e .  ,\ f e w  i n r l i v i d n u - ’ u l s  h a v e  d i r e c t - - I

f u i ” s f i i n i S to t h ’ - : -  i n  w r i t  m u g .  T h e  p r n - s e n t ’ - r s  h m i v ’  e i ’ h e r  m n n s w - r r ’ - d

I he i nd i v i d i i  m u I s , or  w i 11 c mi  I I t i n  n - i n n  mu s soon m u m ;  p u ’  s u h I  e a n d  I - l I k t o
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t h e r m . The q u e s t i o n s  t h a t  I saw u-.ere not of gc-nera l interest , but

were on rather spe ciu i c itens of i n te r e s t  to  t h o s e  p a r t i c u l a r

i n d i v i d u a l s . I don ’ t t h i n k  that the group has lost a great deal

in  t h i s  r e spec t. Le t  us beg in , then. Yes , sir.

Dr.  P e t e r s o n

I h a v e  a q u e s t i o n , t I don ’ t k n o w  ti whom to address it.

Cap ta in F l a n ~~~ nn

-Ui  r i r ~h t , ~o m u h e a d  and  m u s k  anvu ,vn ’ , and  I ’ l l  see wha t  I can

d o .  Go on .

Dr . Peterson

Maybe Mr. Kinne y of G a u l i n  c o u l d  a n s w e r  t h i s  one .  L a s t

.-\ugus t , the sixteenth Symposium on Combustion was held at MIT. At

one of the discussion sessions , the comment was made ti~at when

wa ter was  added to a gas turbine burner , the NO contribution from

the fuel bound nitrogen increased , suggesting some change in

!-:inetics. In some of these other fuels - lower-grade fuels - quite

f r e q u e n t ly the n i t rogen  concen t ra t ion ’ s a good deal hi gher than in

c l e a n e r  f u e l s .  I t  is possible that water addition might increase

the nitric oxide emissions?

‘-Ir. Kinney

Are you ta l k i n g  about gas turbines s p e c i f i c al l y ?

Dr. Peterson

Yes.

Mr. Kinne y

Well , I believe that in all cases fuel nitrogen is extremely

low compared to the air nitrogen source. I think that Matt Winkler

may be in a better position to answer that. As far as change is

concerned , I w o u l d  expect that with fuel nitrogen you ’ve no t go ing
‘o have any effect with an emulsion , and that the only effect

wou ld he on air nitrogen. I would also expect that fuel nitrogen

conversion can be affected in ways pretty much unrelated to

emulsion or to percent water in emulsion form .
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Dr. Peterson

Now , t h a t  w a s  t h e  point. The statement actually made was

that water changes the conversion rate of the fuel-bound nitro gen

by somehow changing the kinetics. Daniel Moore from General

Electric made this statement .

Captain Flanagan

Matt Winkler is from Seaworthy and works not exclusively,

but certainly a great dea l , w i t h  f u e l  sys tems , particularly gas

turbines and boilers. 10 you have anything to add , Matt?

Mr. lcinkler

I agree in general with Dick’ s comments from my past observa-

tions. The primary burden you ’re dealing with is thermally

generated NO , not fuel-bound NO and water emulsions. Water , inx V
general , and emulsion s, in particular , are so effective in control-

ling that aspect of it , that the argument in its favor is over-

whelming. I don ’ t know specifically the answer to your question ,
as there are subtle differences in the reaction rates of fuel.
Howev er , I assume from what I have seen that the results are over-
whelming in the direction that I have indicated.

Captain Flanagan

I have a question relative to the Navy test facilities , on
the problem of smoke . The addition of surfactants was necessary

to reduce smoke in these particular tests. You were using JP 5.
Correct? JP 5 is a distillate fuel which , according to the

discussion by Dr. Law about the possibility of a micro-e xplosion ,
has a threshold of pressure below which micro-explosion will not

occur. It is possible , then , in the case of this combustion can

and this aircraft eng ine , that you did not have micro-explosion

at all? What kind of pressures were in that combustion-can?

Dr. Moses

At full pressure you operate at pressures in the nei ghborhood
of five atmospheres.

80
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Cap tain Flana gan

Does tha t  apply to JP 5?

Dr. Moser

Yes , a little under five atmospheres .

Dr. Dryer

The end boiling point for JP 5 is about the temperature with

wh ich you ’re concern ed.

Dr. Moses

About 500 to 530 degrees Fahrenheit.

Dr. Dryer

The impor tan t  po in t  there  is that micro-explosion or

secondary atomization may not occur very early in the droplet

l i fe t ime . How ever , very early in the droplet lifetime is not the

time during which liquid phase heterogeneous formations of carbon

particles are very important. It turns out that in the later life-

time of the droplets , in most cases , the droplet temperatures get

very close to , i f not beyond , the levels of nucleate vaporization .

Also , the number of levels that Ted Wald showed you are about 20

to 4 0 degrees h igher than those produced through the kinetic theory .

A pape r soon to be pub l i shed  from P r ince ton  w i l l  cov er the
complete theoretical kinetic development for predictions of

nucleate boiling temperature and emulsion structures. We have

compared the analytical results from that theoretical model with

our own exper imen ts , and we find agreement within one or two degrees

of the statistical upper limits of nucleate vaporization. That

is no t to say , how ever , that vaporization will not occur below that
l imit when con tam inan ts in fuel  ar e taken in to accoun t .

~~pta in  Flanagan

I t  is cor rec t  tha t  i t ’ s necessa ry , in th is  p a r t i c u l a r  case ,
to have a micro-explosion for NO reduction anyway?
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Dr. D r y e r

A b s o l u t e l y .

C a p t a i n  F l a n ~~gpp

For smoke reduction it ’s probably necess ary , and it p r o b a b l y
did i m m i p ; m e n  i n  t h i s  a p p l i c m i t i o n . I s  t h i s  i~e n e r a ll v  a g r e e d ?

Anonymous

No , it ’ s not mt~ reed upon. It ’s not clear whether it ’ s

kinetic or another action .

h r  . I_ arc

It’ s cooler because of the addition of water in the

vapori:a t ion process.

Cap tain F1ana~ an

Ri g h t , so t h a t  t a k e s  care  of t h e  \O~~.

Dr. Law

No. That takes care of the l i q u i d  p h a s e  or p y r o l s i s .

Dr. Moses

I t  is my opinion , and perhaps Mat t ’s , that in list i l l a t e  f u e l s
in this boiling range , the liquid-soot kinetics formation of

cenospheres is not the importan t phenomenon for soot formation in

primar y rones , mainl \- because of gas-phase kine tic reactions that

tak e I-lace , leaving a lot of soot behind. Primaril y , it ’s

dominated by the presence of a r o m a t i c s  in the  f u e l  w h i c h  a r e
easily stripped of their hydrogen. But the carbon ring is quite

stable , and aromatics are relatively stable when compared with

p a r a f f i n s .  \ t  t he  same time , however , in the kinetics that ensues ,
if i t occurs round the droplet , or if it ’ s in the bulk or in a

sheet flame around a lot of droplets , the presence of water does

affect the reaction kinetics. Increases in the presence of water

will drive the reactions away from the presence of free carbon.

So , although it ’s not clear whether or not that happens , there is
a possibilit y that it does affect the kinetics in the gas-phase
reaction. It ’ s also not clear whether the micro-explosions do , in
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tmuct , take place. There have not been any base experiments which

s h o w  that this takes place in a typical fuel spray , in a t\’pical

t u r b i n e  c o m b u s t i o n  cell. However , if it does take place , the

p h e n o m e n a  t h a t  go on would appear to contribute to the reduction

of soot formation . In one instance you have the formation of

smaller fuel droplets which will vapori:e earlier. Another im-

portant consideration is that initially all these fue l drops have

a directed motion , in one direction , as they come out of the

atomizer. If micro-explosions take place , we now have a mechanism

for sending small drops of fuel perpendicular to the ori ginal

directed motion . This will increase the air-/ fue l mixing process ,

which has a very drastic effect on soot reduction .

Cap tain Flanagan

Then there is the heavier fuel case.

Dr. Moses

In a heavy fuel case the liquid-phase reactions are dominant.

Captain Flanagan

Dr. Dryer , you have a comment .

Dr. Dryer

I don ’t see how you can discount cenospheric formations in gas

turbines or in diesels. It turns out that the droplet size dis-

tribution in those cases is so small that , if liquid-phase

heterogeneous reactions occur , the particle sizes formed are going

to be ve ry close to those that are formed in the gas phases . The

only reason you can distinguish between li quid-phase heterogeneous

soot in boilers from gas-phase soot in boilers is that the particles

are so big in the atomization process that the liquid-heterogeneous

process leads to a very bi g soot particle. In the case of diesels ,

or of gas t u r b i n e s , it is going  to lead to the same s i ze  p a r t i c l e s ,
and the particle-size distribution analysis is not going to provide

the distinction.

-‘ - ~~~~~



Dr. Moses

I t ’ s not only the particle-size distribution , hut also the

s t r u c t u r e  of p a r t i c l e s , which  tend to be hexagonal pl atele ts that

are built up.

Dr. Dryer

No one has been able to prove that that doesn ’t happen in

the  l i q u i d - p hase .

Dr. Moses

I t h ink  it ’s more l i ke ly  to occur in the nucleation in the

gas-phase reaction s at these rates than for the hydrogen to be

stripped off of aromatic rings that are still in the liquid phase.

Dr. Dry~~
You have substantiating data for that?

Dr. Moses

Emerich and Phillips have done photoelectron micrographs of

the soot particles in the exhaust as functions of the fuel type ,

fu el charac teris t ics , and the l ik e .

Dr. Dryer

Can you be more specific? Do you have substantiating data

ind ica t ing  that  the same process does not  occur in the l i q u i d -
phase?

Dr. Mose s

Ther e i s none.

Captain Flanagan

Yes , s i r .

Dr. Shaler

I think the trou b le is tha t we ’re maki ng com p aris on s be twe en
completely different things. Dr. Moses ’ unit is operating in the

vicini ty of 1 , 000% excess  air , whi le  t h -~ r e s t  of us have

been talking about 10% to 12% excess ai -
. The whole  ch emical

I
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sequence is very different . I would be willing to go along w i t h

Dr. Moses ’ explanation that this has to do with the fuel , and

p a r t i c u l a r l y  the a r o m a t i c s .  I t ’ s not  at  a l l  t h e  same p r o b l e m  as

smoke related to fuel oil , utilities , gas , and radiant tubes.

Dr. Dryer

In terms of the soot-formation mechanism , it’ s not different.

You are still running the primary zone very nearly stoichiometric ,

not much excess air at all. It ’s only an overall excess air.

Dr. Moses

This primary zone is very close to stoichiometric. It’ s more

fuel-rich. If anything , it ’s fuel- rich , expecially in the core

around it. It ’s not uniform. The soot formation t a k e s  p l a c e  in

the fuel-rich core , in front of the fuel nozzle.

Captain Flanagan

Are there  any more ques t i ons?  Yes , s i r .

Dr. Muraya nu a

I would l i k e  to know about the p o s s i b i l i t y  of soot reduction

due to the w a t e r - g a s  reac tion , wh ich we know as C÷H 20 
-
~ C0+H 2.

Dr. Dryer

I t  has been suggested many times that the water-gas reaction

is a mechanis m through which soo t reduc ti on occurs .  Howeve r ,
there has recently been some work done in France by Fugay suggest-

ing that the reduction is not related to the water-gas reaction .

Fugay relates the reduction to the substantial increase in

hydroxyl-radical concentrations in the fuel-rich region of the

combustion zone , where oxidization occurs at a more rapid rate

than in the precur sor spec ies which f ina l ly  polyme ri zes and
nucleates to form carbon. This work concludes that the addition

of metal  p a r t i c l e  m a t e r i a l s  increases  the r eac t i on  ra te  of h dro-
gen atoms and wa ter , and forms hydroxyl. The same thing occurs

in putting water in an emulsion structure , bringing up the old

adage : “We ’ve got a pound of water for every pound of fuel
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burned; w hy  do we n eed to  add more ” The answe r is we need to
add more because we ’re adding it in mu fuel-rich region. And , by

adding it in the fuel-rich reg ion , we ’ re putting water where it

can react with hi gh concentrations of II atoms and produce

hydroxyls.

Captain Flanagan

Thank you. Yes , sir.

Dr. Tuteja

I w o u l d  l i k e  Dr .  Dryer  to e l ab o r a t e  somewhat  on the soot
precursor to which he referred in his discussion of Fugay ’s

findings.

Dr. Dryer

The soot precursor analysis is probably the most wide-open

f i e l d  in combust ion  research t h a t  can c u r r e n t l y  be considered in

terms of soot-formation mechanisms. Every one has been dealing

in the area of nucleation for controlling soot formation. I feel

that we can ’t do much about nucleation processes. There are just

too many ions , and there are too many radicals in combustion

sys tems  to do very  much in terms of c o n t r o l l i n g  the number  of
nucleation sites. What we can do is decrease the concentration

of precursor species through oxidation , and not through additional

reactions. By doing that , we lower the polymerization rate; a

lower polymerization rate enables us to lower the nucleation rate.

This is an area of current interest in our own laboratory , as well

as in a number of other laboratories. I don ’ t believe that there

is any available information as to what these precursor species

look l ike .

Captain Flanagan

I am interested in putting together a list of topics for

research. I hope that in our last discussion session tomorrow

you will help me formulate those areas of r e sea rch  from which we
can all benefi t. For example , we might wish to investigate the

si gn ificance of on-line real-time droplet size distribution , or
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perhaps to study the precursor of soot formation . Another examp le ,

t h o u g h more pertinent to me , indicates the direction our investiga-

tions could take. The United States Navy currently uses distillate

f u e l , w h i c h  c o s t s  f o u r  times as much as bunker C and three times

as  m u c h  as NSFO , j u s t  to keep the  f i r e  sides of Navy boilers clean.

There must he a cheaper way to do this. If I can get the consensus

of the group , we will add this to our discussions and recommenda-

tions. I’ m quite confident that I can then have people in hig h

places transmit this information where needed , with recommendations

for research that would help our energy program .

Mr. Winkler

You mentioned keeping fire sides clean on Navy boilers ,

switching from NSFO to distillate fuel. Most of our exnerience of

late has been in the area of gas turbines , both General Electric

and the Pratt and Whitney units . We have observed that generally,

w-hen emulsions are fired on residual oil systems , the turbines are

cleaner than when standard distillates are fired without emulsions .

Captain Flanagan

W ell , we could ask them about this.

Mr. Winkler

-\side from that , if you have ash bui ldup because of the ash
that ’s in the residual oil , plus the additives that you put in to

inhibit the vanadium , there is buildup and fouling on the turbines.

However , it ’~ not from carbon , since it is distillate that ’s being

fired. W ith most distillate turbines , when you get to work around

with them very much , you get pretty dirty. No so with these

engines.

C a p t a i n  F l a n a g a n

You appear to have other problems .

\Ir. Wink ler

That may be a misnomer , but the fact is that in two cases

tha t we know of , bo th of wh ich have accumula ted many tho usands of
operating hours , that ’s the case.
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Captain Flan tgan

I’ m asking the group again to think of more ideas of the
type we have just brought up. Please jot them down , and we ’ll

tackle them tomorrow .

I believe some researchers are going to indicate that it ms

poss ib le  to fou l  up a good emulsion burning system h~ adding a
chemical surfactant. We ’ve heard just the opposite today, so I

hope we can get to the bottom of that. Yes sir.

Mr. Ballard

Has anyone done anything w ith the addition of water on flu e-

gas and dewpoints in the formation of acid? What i s  t h e  e f f e c t

of adding w a t e r ’?

Captain Flanagan

From a corros ion  s t a n d p o i n t ?

Mr. B a l l a r d

Yes .

Capta in  F lanagan

I do not know . Mr. Wilson , f ro m ADL , may know. He worked

in t h i s  area , and he was here e a r l i e r  t o d a y , bu t  I don ’ t see h i m
no w. Yes , s i r .  J im ?

Mr. Whi te

In a recent issue of Chemical Engineering, a McGraw-Hill

publ icat ion , there ’s an article on the effect of various con-

stituents in flue-gas on the dewpoints for condensing sulphuric

acid.  That  may be of he lp .

Capta in  F l a n a g a n

Does thi s includ e bur n ing  of emu l s ion s ’

Mr. W h i t e

No , it ’s just a general discussion of combustion of different

things , and of when you can exp ect to have a lo t of acid c ome out
of the f l ues .  So you ’d have to look at what the emulsion was , and
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w h a t  i t  c o n t a i n e d , and , i f  you b u r n e d  i t , to  m a k e  some iu d ~~m~u~t s

on t h e  r e s u l t s .  For  e x a m p l e , i f  you  ge t  a v e r y  s n a i l  a m o u n t  of
sulfur trioxide , you can expect that it will have q u i t e  an e f f e c t

on ev er ything.

Captain Flanagan

I would like to know if anyone here has had experience in

burning emulsion s in boilers , and if so , whether he has experi-

enced corrosion problems on the tubes or uptakes. Has anyone
here been associated with the burning of emulsions in boilers f o r

periods sufficiently long to permit detection of such corrosion

probl ems?

Mr. Kinney

On the Trans-Indiana , which has been running about eight

months , they ’ve inspected the boiler at least twice , I believe ,

with no indication of corrosion problems .

I ’ m familiar with that Chemical Eng ineering article that

Jim White referred to. Calculatic~n included in that article

indicates that with the addition of five percent water to the

known water from combustion , the dewpoint temperature is affected.

I read the arti cle very qu ickly  and hav en ’t had a chance to

review it , but as I remember , the temperature decreases by 10 to

15 degrees. Actually, the five percent water addition represents

a relatively small change ; it goes from one pound per pound of

fuel to 1.05 pounds per pound of fuel.

Mr.  Whi t e

Well , I don ’t think that the addition of water is the chief

factor in the effect noted. You ’d have to look at the surfactant .

Mr. K inney

We ’ re t a l k i n g  about b o i l e r s .  We have done n o t h i n g  w i t h  No .  2

— 
fue l s  or w i t h  s u r f a c t a n t s .

Capta in  Flanagan

Tha t ’s my next question . What kind of fuel is being burned
in t h i s  bo i l e r ?
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M~~~~~nne

No.  6 fuel.

Capt~u in Flanagan

No. 6 fue l ’?  T h i s  has  n a t u r a l  s u r f m i c t a n t s , mis you know , so

there is no addition involved.

Mr. Kinney

Yes , s i r .  The o n ly  w o r k  t h a t ’ s been done  w i t h  t h e  s u r f a c t a n t s

being added is on No. ~ or a jet fuel , where it is a p p a r e n t ly

unstable. You have to have a chemical additive to build stabil-

ity, or at least tn ensure stability for this test program .

A n o t h e r  case in p o i n t : i f  ou run mu b o i l e r  w i t h  e m u l s i o n s  and

cut the excess air , you tend to reduce ~‘our SO f o r m a t i o n .  N o t

very much , because you ’ve got a catalyzed reaction , hut direction-

ally at least. Jf you tend to reduce the excess air , you should

reduce the SO
3
.

Captain Flanag~ n

Now , let ’s not forget what the gentleman ’s orig inal question

was. [-fe ’s interested in changes in dewpoint , increased corrosion

problems , etc., on tubes and uptakes , correct?

Mr. B a l l a r d

Yes , sir.

C a p t a i n  F l anagan

Now I can s t a r t  p o i n t i n g  to people who want  to speak on t ha t
in f u r t h e r  d e t a i l .  Mat t  W i n k l e r .

Mr. Win k l e r

I can ’t answer your question directly, because we haven ’t
as yet got the answer in our testing. One of the test objectives
of t he  MARA D Program , in w h i c h  s i x  s t e a m s h i p s  are o p e r a t i o n a l , and
one of them throug h use of emulsified fuels , will be the investi-

gation of cold-end deposits and cold-end corrosion . The ship has
not run long enough to provide an answer to that question , but

the answer will be forthcoming in due time . Secondly, I th ink a
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lot of the problems that we have seen , in the uptakes of marine

b o i l e r s  in par t i c u l a r , have to do with a hig h concen t ra t ion of
carbon solids. Much of the sulphurous-type mater ials condenses

on the carbon particles and creates problems there. We ’ re hope-

ful , from ts’hat we ’ve initially seen , tha t the results of the

emulsion firing will cut the carbon loading to such a significant

degree that the effects of these slight depressions in the dew-

point will be reduced. They won ’t manifest themselves as deposits ,

and hence additional corrosion .

Cap tain Flanagan

But , from a testing standpoint , that ’s conjecture .

Mr. W i n k l e r

The da t a a r e  b e i n g  g e n e r a t e d  right now . They ’ re just not

available at present.

Cap tain Flanagan

Dr . V o l k m a r .

Dr. V o l k m a r

Some of t he  i n f o r m a t i o n  in the paper I gave is based on tests

that are now being conducted with Electricity du France , a F rench
utility where they ’re burning No. 6 fuel with water emulsion and

no surfactants. They claim a considerable reduction in particu-

lates , mostly because the carbon is all burned up, with resulting
reduction in SO3, which has already been menti oned. That ’s about

all I can say about it. I hope that Electricity du France will

provide details on it sometime soon.

C a p t a i n  F l a n a g a n

I have a comment  to m a k e .  I f  someone f e e l s  t h a t  I ’ m
technically wrong, please speak up and prove your point. Crude

o i l  No. 6 , Bunker  C , Navy spec ia l , these heavier fuels all have

surfactants in them by their nature , so that it usually is not
necessary to obtain stability by addition of chemical surfa~ tants .

Does anyone wish to rebut this?
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Mr. W ink l er

No , I a c t u a l l y  ~m in t to support i t .  Th~ l i g h t e s t  m a r i n e  f u e l

t h a t ’ s p r e s e n t l y  b e i n g  made  a v a i l a b l e  in  p o r t s  i s  ( 10 R e d w o o d -

second oil , which is the highest di1uti c ’n ~ith d i s t i l l a t e .  Tn

emulsions that we ’ve made in our gas-turbine test ships , ~e can
see essentially no separation of the emulsion after a ear.

Captain Flanagan

Af ter a year? Sounds impr c- ;sive.

Mr. Winkler

And tha t ’s wi th no additional surfactants . It’ s with the

li ghtest concentration of surfactant because of t h e  h i g h e s t  d i l u -

t i o n  r a t i n g .

Captain Flanagan

You refer to no additional surfactants. But when you get

into the distillate fuels like the clean diesels , the JPs , and

other clean fuels , you ’ll note that they ’re clean enough so that

very li ttle , or no , surfac tants are there. Dr. Dryer?

D r .  D r y e r

I’d like to corroborate Matt W in kler ’ s comment. But now J

want to bring up something else , namely, that we start to talk

about coal-derived , or shale-oil-derived fuels. The arom atic

content of these materials goes up. It appears that the surfactant

level of these materials is more commensurate with the formation

of fuel-in-water emulsions than it is with water-in-oil emulsions.

One f i n d s  t h a t  w i t h  m u l t i - p h a s i n g  or the s t r u c t u r e  of o i l  i n  w a t e r ,
the phase of the oil becomes a very signif icant problem .

Captain Flanagan

Oh , you ’re speaking specifically of coa l-derive d and  sh a le
d e r i v e d  o i l .

- 

D r .  D r y e r

I ’ m speaking specific a ll y of the t’uels that huve i n c ~
aromatic content. Sooner or later we ’ll he concernt -d ~ i th -

control of the aromatic contents.
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Captain Flanagan

Very in teres ting excep tion , one that will undoubtedly con-
tinue to give concern.

Mr. Winkler

In the same area we have found that , generally , if you have
25% by volume or greater of a residual heavy oil blended into a

distillate , you wi l l  have enough na tural  sur fac tan t to ob ta in a
stable emulsion at relatively low-percent water. We ’ve be en
working at a level under 10%. The second problem you will

have is that if you have a highly paraffinic heavy o il, you will
tend to have a relatively poor emulsion. Asphalt-based heavy oils

are excellent; paraffinic oils are marginal , even though they are
redisuals.

Capta in Flanagan

As a matter of fact , I’d say that Dr. Little even uses NSFO
as if it were a surfactant.

Mr. White

I’d like to make one comment about corrosion. Dr. Walter

Boyd , of Battelle Columbus , is , in my op inion , one of the mos t
knowledgeable men in the country in the study of the effects of

corrosion on bo ilers and inc inera tors.  Perhaps , if you get in
touch with him , he wi l l  help answer your ques tions regard ing the
potential effects of emulsions .

Captain Flanagan

All  r igh t, now . Any new questions?

Professor  Fogler

Yes. It has been shown that you can form mists with applica-

tion of acoustics. You can have fairly controlled particle size.

I wonder if people have looked at the possibility of using this

concept on burners. I know that some work was done on it a while

back. It was looked at briefly by Young at Esso. But I wonder if

anyone else has thought of atomizing and controlling the particle
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size by controlling the frequency to get very uniform particles ,

and therefor e, very uni form burning.

Captain Flanagan

I don ’t know .

Profes sor Fog ler

Is there any reason why it migh t be unfeas ible?

Captain Flanagan

Do you have a comment , Dr. Dryer?

Dr. Dryer

Yes. The very uniform particles that you talked about are

about 200 microns in size. Am I correct?

Professor Fogl er

Tha t ’s at one frequency. Actually, the size of the par ticle
var ies , at the h igher f requencies , inversely with frequency to the

two-thirds power.

Cap ta in Flana gan

Can you get down to one m icron?

Dr. Dryer

Can you get 10 microns ?

Professor  Fo g ler

Yes , 10 microns. It depends on the properties of the fluid

you ’re atomizing . I think that 200 microns corresponds to about

100 kHz. But there are currently available generators that could

eas ily go up to 1 MHz.

Captain Flanagan

Wha t is the ir power eff iciency?

:_ Profess or Fog ler

I ’ m not aware that anyone has measured the efficiency . I

think that in the emulsification process we have calculated an
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effic iency of about 40 percent in terms of cavitating surface , but

that ’s as fa r  as we ’ve gone .

Captain Flanagan

Has anyone tr ied to use acoustically produced fine and atom-

ized material for a uniform droplet size in the combustion process?

Dr. Shale r

The Pennsylvania State Government asked us that same question .

Pro fe ssor Essenh ig h and I c a l c u l a ted ~t, and found it uneconomical

to go to the ul trason ic ran ge , even with the 40 percent figure you
quoted , wh ich is slightly higher than the figure we arrived at.

Captain Flanagan

Yes , si r .

Mr. Roman ik

Ichat droplet size? You mentioned a figure that could possibly

go under 10 microns. All right. Now , Dr. Shaler , what droplet

size were you looking at as atomizing with a mechanical emulsifying

dev ice?

Dr. Shaler

Fifty . Thirty to eight-micron size.

Mr. Ro manik

Okay. Why ten microns?

Dr. Dryer

W e l l , if you go back and look at the work of Burgoygne and

Cohen , published back in the mid-fifties , you ’ll find that you

have to get droplet sizes on the order of 10 to 20 microns before

you can burn essentially as a pre-mixed flame . What happens in

the case of 10- to 20-micron droplets is that they completely pre-

vapor ize in the passage through the flame front.

Mr. Romanik

Then you ’re not talking about emulsions .

— 
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Dr. Dryer

He wa sn ’t talking about emulsions .

Ca pta in Flanagan

The discussions of the last twelve minutes have not included

emuls ions.

Dr. Dryer

In terms of emulsions , I do believe that you can get down
much below 10 microns , or on the order of 1 to 3 microns , dependin g

upon your primary atomization size , if for no other reason than for
water conservation . And I personally believe that ’s the signifi-

cant difference between working at 20% water , or 30% wa ter , or 6%
wa ter.

Captain Flana gan

Dr.  Dryer , I’ll be as direct with you as you have been with
us .  What experimental basis do you have to say that you need

below 10 microns for burning an emulsion?

Dr. Dryer

If you correla te the percentage of water in which you look at

the carbon par t icula te reduction , you wi l l  f ind tha t the be tter
the emul sifiers , the lower and narrower your size distribution is ,

and the less water you need.

Captain Flana gan

Down to the sub-microns?

Dr. Dryer

Down to the micron level.

Ca pta in Flana gan

Just down to microns? The smaller that particle , the h igher

— 
the internal pressure due to the interfacial tension , right? Can

you get it so small that a micro-explosion won ’ t occur due to the
interfacial tension pressure?
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Dr. Dryer

Interfacial tension pressure is not that severe until you get

very far below the micron range.

Dr. Law

When you get below or~e micron , then you start to worry about

it.

Anonymous

Now , you ’re talking abou t one micron as wha t, a minimum ?

Dr. Dryer

On this matter of range coverage , le t me ra ther g ive you my
ruAlsidered opinion of the whole problem .

Captain Flanagan

This is a considered opinion .

Dr. Dryer

Yes , and based on considerable critical analysis of what is
avai lable ,  not just in the fundamental areas , but in the prac tical
combustion field. It looks to me as though one can make some

general conclusions about what can be done with emulsions for any

one practical combustion device . If , however , you are to get
specific conclusions about economic and technical viability, then

it appears as though you have to do it almost by specific applica-

tion for different types of units. In line with this , two things
that have to be considered are the internal phase size and size
distribution , that means that one has to be able to control them .
To me that turns out to be a very important property of the kind
of emulsifier one is going to pick in terms of use on various
devices. I have to be able to determine how much I can vary the
particle size or the particle site distribution. In my opinion
you want to get very narrow size distribution over all cases .

Captain Flanagan

It’s interesting to note how little material is available in
the literature on particle-distribution data. It seems that not
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more tha n one a rti cle  in ten p rov ides such da ta. The re ason , I

think , is that it is extremely difficult to do.

There  ar e some techn iques ava i l ab le , though. I hope tha t in

the discussions that follow tomorrow , some of the wo rks tha t Dr .
Dryer ’s doing at Princeton with a device that does do this on-line

in real time will be examined and clarified.

Dr. Dryer

There are some fundamental results on hand . There are also

some results that I interpret differently than does Dr. Moses in

his tests which , I bel ieve , show that internal-phase particle size

is a f ac tor in wha t can be done w ith emuls ions , and that the size

range ex tends down in the order of microns , depend ing upon wha t

the primary atomization is.

Anony m ous

D r . Dryer , we bo th know tha t if , dur ing a pro g ram , we come up
with some arbitrary data , we somehow have to account for them .

Now , for  in stance , what will be the relative cost in making 5- to

10-micron water droplets and getting them ultrasonically with

primary atomization at 30 to 80 micron s , as opposed to getting

everything from one to one-and-a-hal f microns and getting them in

oil droplets that are three to five microns ? Where do you stop?

Dr. Drye r

There are some devices and also some emulsif ying systems ,

not those that have been discussed today , tha t g ive very narrow
particle size distribution , one mi cron or so , that are very low -

energy-intensive systems , if  low is wha t you ’re buying  in term s of
30 to 80 microns .

C a p t a i n  F l a n a g a n

We ’ll probably hear about some of them tomorrow . There are

a number of emul sors  on the marke t , or rather a number of them in

the  p a t e n t  o f f i c e .
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Dr. D r y e r

I would like to ask Dr. Sha l e r a ques t ion .

Captain Flanagan

~\ll right , go ahead.

Dr.  D r y e r

Dr. Shaler has suggested that emulsions might be a way of

r e p l a c i n g  g a s - f i r e d  a p p l i c a t i o n s .  I wonder how much has been con-
sidered in terms of economics relative to blue-flame burners and

relative to a system , recently marketed by Allied Chemical , which
is  c h a r a c t e r i z e d  by free vaporization of disti llate s , and which ,

they claim , is a blue-flame system much like natural gas.

Dr. Sha le r

There isn ’t a radiant furnace equipped with blue- flame

burners. I dont ’ know why not . They are ahead of me in th is , and
yet , I don ’t know what ’s holding them up.

Dr. Schwartz

May I address that?

Captain Flanagan

Go a h e a d .

Dr. Schwartz

I was anticipating a question such as this. The whole ques-

tion of what you can do in terms of substituting for natural gas
has always been a very d ifficult one . In terms of process applica-
tions , process hea ters , and indus tr i a l  bo i le rs , radiant heat trans-

fe r  is very impor tan t . I t ’s a very difficul t problem if you ’re
go ing to attack it by emulsion . If you change the emissivity and

the  r a d i a t i o n  c h a r a c t e r i s t i c s  of the f lames , you w i l l  demonstrably
change the operational behavior of those units. I’m not convinced ,
in looking at both the Allied Chemical approach and at emulsified
f u e l s , t ha t  you can do t ha t  in e x i s t i n g  process u n i t s .  Serious
prob lems  e x i s t ;  for  example , there  is no way you can burn coal in
process units without gasifying it or liquefying it before
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combustion. There may not be any way of substituting fo r  na tura l
gas , even by going to a very good emulsifier system . It ’s some-

thing that will have to be looked at. Now , I had a call from a

gentleman at our Deer Park refinery a couple of weeks ago. After

see ing the Appl ied Chemical sys tem , he said , first of all , that he

did not want to change the burners. If you buy emulsified fuel ,

you have to change the burners.

Capta in  Flanag~ n

No , no t necessar ily .

Dr. Schwar tz  -

You still have to. Let me put this in the form of a question.

I f  you wen t to the No.  2 emuls i f ied  sys tem , which is curren t ly
operating on steam atomization , would you require continued atomi-

za tion if you emuls i f i ed?

Captain Flanagan

I don ’ t know .

Dr. Schwar tz

Then there ’s a significant economic incentive to investigating

it.

Captain Flana gan

We could possibly control the droplet size distribution , or
do someth ing about the right water-to-emulsion percentage. We

don ’t really know . Yes , sir.

Mr. Ba l l a rd

I feel that steam atomization is almost impractical , in a
sense.  There ’s too much steam at low loads , and j u s t  about none
at f u l l  loads .

Cap ta in  F lanagan

Wel l , I th ink  tha t  the app l ica t ion  you were t a lk ing  about
began wi th  steam atomizat ion .
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Dr. Schwartz

The uni ts are curren tly opera ted with steam atomi zati on. The
question put to me by the gentleman at the refinery had to do with

the pre-combustion vaporization system . He wanted to know if

there is an economic advantage to prevaporizing , perhaps with

steam , and atomizing in the combustion chamber. Although I have

no direc t evidence to substantiate it , I think that it would be

advantageous to prevaporize.

Ca pta in Flanag an

I think people have to try these things. Yes , Mr. Matt

Wi nk le r .

Mr. Winkler

Two general comments. One relates to a boiler which , I

think , is somewhat similar to the one you ’re discussing . On one

of the tests we ran in our government program with steam atomizing

nozzles on existing marine boilers , we cu t in the emuls ion and then
proceeded to operate underway,  reduci ng excess a i r , t r imming  the
boile r , and so on. Due to a problem in the system , the homogenizer
and the emulsions had to be cut out momentarily, and , at the levels

at which it was operating on steam atomization , the boiler and
pe riscope went black i n s t an t ly .  The only way we could get it back
on was to open the regis te rs  a very s i g n i f i c a n t  amount .  So , in
answer to your question , it is not a mat te r  of subs t i t u t i on ;
ra ther , it is a mat te r  of adding to , and by a very s i g n i f i c a n t
amo unt .

Captain Flanagan

Now Mat t , whe n the emulsor went out , you were pumping , l e t ’ s
say X gallons of emulsion to the burner , some of which was water.

Mr. Winkler

There was a time when we had tc break the l ine .

Captai n Flanagan

So when you went to pure f u e l . . . .
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Mr. 1~inkler

The boiler was shut off when the unit was shut off.

Captain Flanagan

When you went to pure fuel , you really had more fuel. In

other words , if your pump puts out ten gallons of emulsion per

hour , and the emulsion cuts out , then you ’re putting out ten

gallons of pure fuel , are you no t?

Mr. iVinkler

No , because we are bypassing the amount we are not using

around the emulsor , i.e., a f ixed percen tage of the total f l o w
through the unit. The flow to the boiler was actually on less

fuel , because we took some water out.

Captain Flanagan

Well , then , that ’s a pretty valid test if that was really the

case .

Mr. Winkler

And that was with existing technology .

Dr. Dryer

They had very similar results in their tests at IFR.

Captain Flanagan

So we had a micro-explosion , and we were ge tting second ary
atomization.

Mr. Winkler

In addition to steam atomization .

Anony mous

Matt , when you sa id less  fue l , d idn ’t you mean less volume?

In other words , the water sub trac ted ou t more or le ss fue l .

Mr. W inkler

No , the bo i l e r  was se t up to opera te on a ra ti o of water plus
fue l , and the con tro l l e r  that was holding the f low to the burner ,
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the automated controller , was set up to hold that ratio against

the existing steaming conditions of the boile r. When the unit cut

out , and had to be bypassed around it , the f low throu gh the boi ler
then was controlled on the same ratio , except that there wasn ’t ,

you know , water going....

A non y no us

Then , you are talking about the same flow , the same firing

rate.

Mr. W inkler

Essentially the same firing rate. The other comment I want

to make is that it ’s impractical to use emulsified fuels on

radiant boilers. I’ ve never looked into the situation directly;

however , in work with the turbine combustors on residual oil

and emulsion we ’re dealing with a distance that ’s roughly 18

inches. At 18 inches the residual oil is atomized , vapor ized ,

secondarily atomized , burned , quenched , d i lu ted , and ex ited in to
a turbine . Now , distillate is an infinitely easier thing to burn

than residual oil with the ends that exist in it. If we can do

that in 18 inches , I r ea l l y  f ind  it hard to believe tha t you
couldn ’t emulsify and burn distillate in the forty or so feet that

I heard mentioned.

Dr. Shaler

Icel l , it ’s not only the flame length. The long ones are

indeed about forty feet.

Dr. Schwartz

Right , It ’s not only the flame length that’s importan t, but

also the radiation characteristic. If you try to heat up a pro-

cess stream which will come within a very narrow temperature range ,

then the radiation characteristics of the flame become the most

significant parameter in determining the substitutability of fuel.

Anonymo us

Whe reas , i f you ’ve got to completely burn fuel with the rating

at the same temperature and the same chemical composition , the
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radiation properties will be the same .

Captain Flanagan

Total radiation , but the amount of radiation in the ultra-

violet and visible regions can be quite different. I understand

that water emulsion can rather significantly change the percentage

of energy in these regions , but I don ’t have any da ta to p rove it .

Dr. Moses

In some of the early work that we did on the combustor , we

had a radiation sensor mounted on the primary cell. This was a

very wide-angle sapphire window with a solid angle of about 150

degrees. This window did not cut off until somewhere about 5 1/2

microns , so that it got most of the flame radiation below that

wavelength. The reductions in flame radiation were about 20 to

25% , with 10% water , and the flame temperature at that water range

was down about 10 degrees.

Captain Flanagan

So you have data to indicate that the radiation went down with

10% water.

Dr. Dryer

I f ee l , from data of different sources , that this reduction
in radiation has to do with a reduction in particulate mass and
nothing more. There ’s some work tha t suppor ts tha t con ten tion ,
published in Combustion Science and Technology a couple of years

ago by N. M. King , who looked a t rad iative emiss iv ity of f l ames
wh ich contained additional water vapor. He found no change whatso-

ever in waveleng ths rad ia ted , or in the amount of radiation occur-

ring when they didn ’t have any particles.

Ca pt a in F lanagan

For the layman , it’ s k ind of incandescin g part icles tha t are
• - do ing us in , and water can reduce those.

Dr. Dryer

The infrared continuum from particles far outweighs any of the
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spec t ra l  r a d i a t i o n  in most  of the sys t ems  t h a t  are r e a l l y  s o o t y .

Cap ta in  F l a n ag a n

So , f rom a p r a c t i c a l  s t a n d p o i n t , w a t e r  can 

Dr. Dryer

Depend ing on whe ther or no t there are precu rsors the re .

Capt ain Fl anag an

.Can be of assistance in reducing that radiant heat.

Dr. Shaler

I ’ d  l ike to add ano ther b it of labora tory ev ide nce , namely

that by adding 500 ppm of par ti cle ma ter ial , th is can bea t no t

just coal.. .1 have also added magnesium oxide.

I w i s h  you could convince  P ro fesso r  E s s e n h i g h  t h a t  i t ’ s more
p a r t i c u l a t e  than  i t  is the p recur so r .  I f a i l  to see how the
spectral  r a d i a t i o n s  f rom p recurso r s  are enhanced by the  p resence
of a w a t e r  vapor system .

Dr. Shaler

You are , I be l ieve , also c o n f u s i n g  two t h i n g s .  Th i s  m o r n i n g ,
in reply  to ano ther  ques t ion , he made the  po in t  t h a t  the  f l a m e
tempera tu re  i n t eg ra t ed  over h i s  fu rnace  is not lowered by the
add i t ion  of w a t e r .  This  is a d i r e c t  s t a t e m e n t  of f a c t  based  on
the concept of hea t  ba l ance .  The s tack t empera tu re  is h i g h , and
so is the temperature all along the profile.

Dr. Dryer

How does t h a t  change the  argument  you j u s t  made?

Dr. Shaler

You ’ re not reduc ing  the r a d i a t i o n , and any b u i l d u p  of t he
— p r o f i l e  is pure ly  a matter of decrease in particulate.

Dr. Dryer

I f  I understood h im c o r r e c t l y  t h i s  m o r n i n g , he m e n t i o n e d  t h a t
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most of his change in radiative characteristics of his flame was

due to the precursor str ucture , not the changes in mass of partic-

ulates in the flame cell. Is that correct?

Captain Flanagan

I don ’t think he used the term “precursor.”

From the Audience

Yes , he did use the term “precursor. ” He related the pre-

cursor to the smoke , and he may have been referring to the soot

which is present in the primary zone as a precursor to the exhaust

smoke . That ’s the way I understood it.

Dr. Dryer

I ’ m not sure. The word “p recurso r” has been reserved
specifically for the hydrocarbon fragments which precede polymeri-

zation and nucleation to solid particles.

Captain Flanagan

Yes , sir.

Mr. Blackburn

I would like to address this to Matt Winkler. In the marine

bo i ler app lica t ions , what was the size of the plant , in terms of

horsepower , and how much wa ter were you us ing , transla ted in to tons
of water per day or pounds per hour?

Mr. Winkler

On an h o u r l y  ba si s , 8,000 pounds an hour , 5 to 7% wa ter.  I
don ’t rem ember the other one , bu t I could work it ou t . I t ’ s no t
very sign i f ican t because we ’re using potable water and not evapora-

tor water , and the sh ip normal ly  carr ies  a more than adequa te
supply  of po t ab le  wa ter to take in to accoun t tha t we ’re talk ing
abo ut . These sh ips had been cons idered fo r h igher concen tra tions
of water , but , beca use of the ava i lab le  evapora t ive capaci ty and
c a r r y in g cap ac ity ,  the Government elected not to do that.
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Captain Flanagan

I believe I questioned where the water came from . I think
at l e a s t  one of t he  i n s t a l l at i o n s  is us ing  contamina ted  d ra ins  as
your water source.

Mr. Winkler

Yes , we ’ve done bo th .  I t  r e a l l y  isn ’t important in the

boiler .

Anonymous

Excuse me , water purity is important , though , in the flam e
in the addition of water to the fuel , as far  as the superhea t ing 

-

temperature is concerned.

Captain Flanagan

One way to look at it is to take the manufacturer ’s fue l
specificat ions , such as on metals. He ’d have a hard time claiming
no varranty if the water in the fuel contaminants plus the water

contaminants were still less than his minimums . So far , you ’ve
got to have clean water for gas turbines. Small amounts of metal

can have quite an effect. Although you ’re using po table wa ter ,
East Coast potable water , which is pre tty clean , I think you ’d
have a tough time if you went to Long Beach , where it is terrible.

You ’d never use Long Beach water.

Anonymous

I have a question of a general nature that I would l ike to
ask. How clean would water injected into gas turbines really

have to be?

Captain Flanagan

I believe I can answer that . It depends on the application.

The fuel sys tem of a diesel engine and how it operates are

uniquely related by operational requirements.

Anonymous

No , gas turb ines.
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Cap tain Fl anagan

Gas tu rb ines  are d i f f e r e n t .  If your ’ re in te res ted  in the
gas turbine case , then I wi l l  defer  to Matt  Wink l e r  for  h is
comments on the gas turbine case and the cleanliness of water .

Mr. Winkler

Mos t manuf acturers have spec if ica tions for wa ter tha t are
ex tremly stric t, to the point where you have to run a great deal
of wa ter and r equ ire a lo t of capi tal equipmen t if you ’re go ing
to do much NO

~ 
reduction with water . That ’s one of the reasons

why we felt this work with emulsions to be significant , because
it does cut the water use drastically. We have experience from

our gas turb ine appl ica tions on residual oil us ing potable wa ter ,
not distilled or deionized or demineralized , bu t jus t shoreside
potable water. Granted , it’ s no t Long Beach wa ter , but it is
po table , and there ’s a fair amount of mineral concentration in it.

You do not use a lot of water. Even if you wash the turb ine
occasionally to remove the ash buildup in it , it is not really
that great a problem. The manufacturers of gas turbines  w i l l
d isagree strongly, bu t I ’ m not a manufacturer of gas turbines ,
so I can say wha t I ’ m saying . If you ask them , they insis t  on
dem inera l ized , de ion ized , and dis tilled water , bu t I have my
reserva tions , as I have noted. I hope my answer is to the point

and satisfies you .

Anonymous

How many hours of running are you t a lk ing  about? I mean
running  w i t h o u t  any problems .

Mr. W i n k l e r

Well , the fleet has an accumulation of a little over 10,000
opera ting hours.

Anonymous

No , I mean with one engine .

- 
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Mr. Winkler -

One of the engines has an operating time of over 2,000 hours
r ight  now , I believe . The e f f e c t s  of the wa te r  are not obvious ,
p r imar i ly  because only about 5 percent  water  is be ing  used .

Anonymous

Do you have any idea what the salt content of your potable
wate r was?

Mr. Winkler

I have it recorded , but I ’ m a f ra id  I cannot quote it at t h i s
moment.

Captain Flanagan

Did you take a sample here in Boston , or New York , or
Bayonne, New Jersey?

Mr. Winkler

The sample was from New York .

Captain Flanagan

You could call up the New York munic ipal  water  supply agency
and they would probab ly tell you what you ’ re a f t e r .

Mr. Winkler

Actua l ly ,  I have the numbers , but I j u s t  don ’ t have them
wi th  me , now.

Dr. Dryer

Matt , please answer this  ques t ion  r e l a t i ve  to your t e s t s .
Do you believe that the amount of mixing distillate and residual
that you ’ve got so far is limited by the engine performance
characteristics , or is it still limited by the amount of preheat
available on the ships? In other words , could you go at a higher
mixing rate than you have even now?

Mr. Winkler .

The answer to that is de f in i t e ly  yes.  We t r ip led the v is-

109 

—
-- ~~~~~ - ~~~~~~ 

-- 
- 

- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ,- 

— --
~~~~~~~~~~~~~~~~~~~~~ -



cos i t y  from our i n i t i a l  s t a r t i n g  po in t  to 600-second oil , which  is
about the  p o i n t  where  most  mar ine  d iese l s  operate on b l ack  o i l .

The m a j o r i t y  of the w o r l d ’ s m a r i n e  d i e se l s  opera te  at 600 or
800 Redwood seconds and below . Most of them do not operate  on

1 
u n l i m i t e d  bunker  for  a number of reasons , the p r i m a r y  one be ing
related to exhaus t  v a l v e s .  We increased the  v i s c o s i t y  f rom 200
to 600 seconds , and saw almost  no change in the  opera t ion  of the
engine , none t h a t  we could  d e t e r m i n e  from inspec t ion  of the
e n g i n e s , or w a s h i n g ,  or w a t c h i n g  the  per formance  of the engines
th rough  our var ious  m o n i t o r i n g  s e c t i o n s .  At the  present  t ime ,
our sh ip  t e s t s  i n d i c a t e  l i m i t a t i o n s  in the  ex ten t  to which we can
heat the fuel , and also in the amount of heat we can provide at
var ious  s tages  of the sys t em.  These l i m i t a t i o n s  w i l l  be removed
in the f u t u r e  by methods  devised to recover was te  heat ; fo r  the
presen t , however , we must  endure these l i m i t i n g  f a c t o r s .

From the  s t a n d p o i n t  of the sh ip ’s gas tu rb ine , we are
e x t r e m e l y  l i m i t e d  in the  space a l l o t t e d  for  combus t ion  sys tems .
We know that pure fuel on the walls of the combustion chamber will
affect the walls adverse ly . There fore , w i t h  the  chamber con-
stricted to a space measuring 18 inches in length and width , a

number of problems w i l l  be simpl i f ied if we can come up wi th a
properly propor tioned emulsion. For a practical limitation on the

turb ine eng ines , we probably would look for between 1000- and

1500-second Redwood oil.

Ca pt a in Flana gan
p 

Provided you had unlimited heat.

Mr. Winkler

We will have. Even though we don ’t now , it’ s just a matter
of time .

Dr. Dryer

You say you m igh t be able to go to some thing  very close to
pure res idual o i l?
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Mr. t.inkler

linlimited bunker C in the marine marketplace right now is

r u n n i n g  2 1/2% to 3% sulphur and 3500 to 4 , 000 seconds Redwood .
Th e 1500 bu nker has abou t 10% cu tter stock , or dis t i l la te cu tt er
stock in it. It’ s abou t 90% unlimited bunker. Right now we ’re
running on material that ’s abou t 2 5% cutter stock and 75% unl imit ed
residual. It ’s pre tt y heavy stu f f , relative to what the gas tur-

b ine w as des igned to run on , but the d if f e r ence  is clearly the
emulsion. We ’ve run tes ts in laborato ries using various gra des
of residual o il in conven tional combus t ion atom iza tion scheme s ,
and the results are very , very short-lived ; you get either very

heavy fouling rates , or very heavy corrosion ra tes , or both.
Understand that in the present system we ’re not using air or steam
atomizing . We are using conventional mechanical nozzles with the

wa ter emu ls ion as the pr imary source for  prov id ing the necessary
fine particles for combustion in a very small confined area.

Captain Flanagan

It ’s getting late. We still have a lot of comments. Here ’s

a gentlemen who hasn ’t had a chance to make any .

Mr. Higgins

With regard to a question about water , the Coas t Guard pu t

out an addendum in 1967 for auxiliary equipment on shipbcard

vessels. That addendum says that the Captain , under the juris-

d iction of the Coast Guard with a shoreside facility and at the

d i scre ti on of h is Chief  Eng ineer , wil l  accep t the wa ter as
“drinkable. ” The wa ter coming on board would be of the type tha t

you could categorize as drinkable if you could use it in the fuel

burning application , and v ice versa.  They won ’t let any th ing else
on board.

Cap tain Flana gan
— All righ t. Another question. Yes , sir.

Dr. Tutej~,

I wan t to ask somebody about the purity of water required in
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the case of diesels.

Captain  Flanagan

Tomorrow we will talk about diesels. I hope there will be
some discussion on water quality . The general consensus , accord-
ing to what I’ve heard so far , seems to be tha t the wa ter qual i ty
is not a very c r i t i c a l  f ac to r .

Mr. Winkler

Tap water is what ’s been used .

Captain Flanagan

Tap water is what has been used in all of the practical tests

that I know of. To my knowledge there has been no indication of
problems with it. However , we do no t have thousands of hours on
a single engine . It may be an old idea , but it hasn ’t been
applied very much yet. Yes, Dr. Dryer?

Dr. Dryer

I’d like to address one other comment that was made about the
possibility of secondary atomization with distillate fuels for
spray combustion systems . It’ s something we ’ve looked at , and I
am willing to tell you about the data. We haven ’t published it ,

becaus e we don ’t believe that the precision of the results really

warrants that at this point. We ’ve done some tes ts in wh ich we
used an air-assisted atomizing approach , as well as a high-
pressure atomizing approach , of atomizing distillate materials ,
No. 2 fuels , home hea t ing  oil , in to  a burner  system , a propane
a i r -burner  sys tem.  That is , we ’re us ing the heat of p ropane—ai r
combustion to support the combustion of the spray . It turns out
that the propane air-combustion system is run very air-rich for
that reason alone. We have followed the size distribution of the
droplets  from issuance into  the combust ion  region , through the
combustion reg ion , us ing  h igh-speed  flash photomicrography . It’ s

a very difficult experiment , because of the fact that the parti-

cles , as they decrease in size , don ’t follow gas streamlines.

Because of tha t, you tend to look at very small particles; the
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large ones just don ’ t fol low the gas streaml ine , and that’ s where
the imprecision in the data comes from. We ’ve been able to see
qualitatively from those tes ts tha t , indeed , there i s a seconda ry
atomization which occurs from comparison of pure fuel atomization

and its droplet-size distribution through the flame , with 20%

water in emulsion form and its droplet-size distribution through

the flame. One finds a very rapid decrease in droplet-size dis-

tribution near the flame zone in the case of emulsion. So , there

is some evidenc e, which I again admi t , is no t conclus iv e , and this

is one of the reasons why we haven ’t pub l is hed it . Th is sys tem
that I’m discussing was a one-atmosphere pressure system , based

on the boiling point range phenomenon that I discussed earlier.

Dr. Law

But you haven ’t real ly taken p ictures of m icrosys tems, have
you?

Dr. Dryer

Here are p ictures.

Dr. Law

These are all really inferences.

Dr. Dryer

These are pictures of droplets and their droplet-size dis-

tr ibution through the flame. We have taken pictures in the case

of our suspended drople ts , which is more than a presumption - it ’s

a fact - that micro-explosions occur in free droplets of residual
oil. There ’s no doubt about that. In the case of distillates ,
we are hopefully less than a couple of weeks away from looking
at free droplet combustion of distillate emulsions.

Captain Flanagan

In one atmosphere pressure?

Dr. Dryer

In one atmosphere pressure . I’ m sorry , not of distillate
emuls ions , bu t s imi l a r  to emulsions based on wa ter and very heavy

_ _ _ _ _ _ _ _ _ _  
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SESSION 4
SECTION 1

E M U L S I O N  COMBUSTION TEST RESULTS -DIESEL E N G I N E S

Captain Flanagan

Welcome to the fourth session of this symposium . We will

spend this period examining the timely topic of emulsion combus-

tion test results with respect ~o d iesel eng ines. Let us begin ,

th en , by listening to the comments of Professor N. A. Henein , of
Wayne State University. Professor Henein will base his remarks on

h i s  p r e p ar ed paper  e n t i t l e d  “ D i e s e l  I n j e c t i o n  S y s t e m s :
C h a r a c t e r i s t i c s  W h i c h  A f f e c t  W a t e r - F u e l  Emuls ion  P r o p e r t i e s . ”
P r o f e s s o r  H e n e i n .
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SESSION 4

PAPER I

DIESEL IN J ECTION SYSTEMS :
CHARACTE RISTICS WHICH AFFE CT
WATER-FUEL EMULSION PROPERTIES

N . A .  HENE IN

Depar tmen t of Mechan ical
En g ineer ing

Wayne State Un iversi ty
De troi t, MI
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D I E S E L  I N J E C T I O N  SYSTEMS : CHARA CTER I STI CS
WHICH AFFECT WATER-FUEL EMULSION PROPERTILS

N . A .  H E N E I N

AR ST RAC I

The severe operating conditions in the diesel injection

systems are analyzed , with emphasis on their possible effect on

the water-fuel emulsion properties. The characteristics of the

following systems are studied: the distributor pump used in the

LD465 multi-fuel Army engine , the Unit-Injector used in the (V -5 3

Detroit Diesel Allison Division engine , and P-T system used in the

NH-250 Cummins engine. The following parameters are studied in

each system : fuel recirculation , overflow , cyclic pressure

variations , maximum pressure variations , maximum pressures reached ,
cavitation , and temperatures. The critical areas in the diesel

injection systems where the demulsification times might be rela-

tively much shorter than in the continuous injection systems are

sunmarized .

The definitive future studies needed for water-in-fuel emul-

sion evaluation in diesel inj ection system s are explained .

(End of Abstract)

Captain Flanagan

Thank you very much , Professor Henein. I have another

interesting announcement to make. Late yesterday the Department

of Transportation announced the award of a University grant to the

University of Michigan . Dr. Fogler , who was one of the presenters

yesterday, is the principal investigator. The particular task of

this project will involve investigation of the physical properties

of fuel-water emulsions. It will be a laboratory effort , and will

• include consideration of various fuels , water-to-fuel ratios ,

viscosity, lubricity, corros iveness , effects on machine parts , and

other properties similar to these. I anticipate some interesting

results for designers from this effort. I also would like to
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mention that the Coast Guard proposed this investigation , and to

express my pleasure that DOT has agreed to fund it.

The second paper this morning is on engine performance and

fire safety characteristics of water-containing diesel fuel. There

are going to be two presenters , M r. E. C. Owens and Mr. B. R.

Wright , both from the U.S. Army Fuels and Lubricants Research

Laboratory. M r .  Owens will lead off , and will then introduce

Mr. Wright for his supplementary remarks . Mr. Owens.
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PAPER 2

EN G INE PERFO RN ANCE AND F I R E
SAFETY CHARACTERISTICS OF
WATER-CONTAINING DIESEL FUEL

E. C. OWENS AND B. R.  WRI GHT

U.S. Army Fuels and Lubrican ts
Research Labora tory

San An tonio , TX
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E N G I N E  PER FORMAN CE AND F I R E  SAF ET Y C H A R A C T E R I S T I CS
OF WATER-C ONTAINING DIESEL FUEL

E . C . OWENS AND B.  R. WRIGHT

AB STRACT

Recent flammability evaluations conducted at U.S. Army Fuels

and Lubricants Research Laboratory (AFLRL) have shown that water-

containing diesel fuels are more fire resistant (even at tempera-

tures above the flash point) than the same fuel withou t the water

added . These findings led to this project to evaluate the compat-

ibility of such fuels with a full-scale diesel engine and to

further assess the fire vulnerability reduction imparted by the

water.

Blends of base diesel fuel plus 2-percent surfactant plus as

much as 10-percent water were evaluated in an unmodified LDT-465-1C

engine , a multi-fuel diesel eng ine with wide field use by the

U.S. Army . No significant changes were observed in powe r output

when operating the eng ine at equal base fuel flow rates. The smoke

reduc t ion ef f ects were incon c lu s ive , hut the nonvisible emissions

were substantially altered . Oxides of nitrogen emissions were

decreased as much as 30 percent , but were accompanied by a 250-

percent increase in unburned hydrocarbons . Ballistic tests

conducted with 20mm high-explosive incendiary tracer rounds demon-

strated diminished fireballs and self-extinguishing ground fires

at temperatures 14 degrees C (25 degrees F) above the base fuel

flash point. Tests with the base fuel alone resulted in catastro-

ph ic f i r eb a l l s  and ground fires under such conditions. When 0.1

percen t of a polymer ic hy drocarbon an t imi st agen t was added to the
10-percent (or S-percent) water multiphase fuel , fire effects were

al mos t tota l l y el imina ted.

The potential fire-safety benefits and lack of major detri-
mental engine effects make these water/fuel blends attractive

candidates for fire-resistant fuels.

(End of Abs trac t )
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Captain Flanajan

Tha nk you very much , gentlemen . We will continue with our

next speaker , now , and save our questions for the discussion

period , which will occur immediately after the coffee break . I

now introduce the next speaker , Mr. W . F. Marshall , of Bar t l esv i l l e
Ener gy Research and Developmen t Admi n istra ti on (ERDA) . H is pape r

is entitled “Use of Water-Fuel Emulsion in a Diesel Engine : Test

Results ,” Mr .  M a r s h a l l .

1-
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PAPER 3

USE OF A WATER-FUEL EMULSION
IN A DIESEL EN GINE : TEST RESULT S

W . F .  MARSHA LL

Depar tmen t of Energy
Bartlesville Energy Research

Center
Bartlesvi lle , OK
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USE OF A WATER-FUEL EMULSION IN A DIESEL
E N G I N E : TEST RESULTS

W. F . MARSHALL

ABSTRACT

The Bartlesville Energy Research Center is conducting an on-

goi ng res earch pro jec t involv ing con trol of emissions from eng ine s
operated in underground mines. The use of water-fuel emulsions

has been suggested as a means of reducing emission levels while

maintaining , or improving , fuel  economy . In order to a l low
assessment of the potential benefits of water-fuel emulsions , tests -

were conducted in which a heavy-duty diesel eng ine was ope ra ted
on d iesel fuel  and an emu ls i f ied mix ture con ta in ing 2 0 percen t

water-80 percent diesel fuel.

Results of these tests indicate that the use of the emulsified

fuel did not yield any benefits with respect to emissions or fuel

economy .

(End of Abstrac t )

Captain Flanagan

Thank you ve ry much , Mr. Marshall. I hope all of our

audience will stay on for the remaining presentations , becaus e ,
interestingly enough , we are go ing to hear of tes t resul ts wh ich
provide data just the reverse of most of the data given us until

now . Th is is indeed a stran ge si tua t ion , one wh ich leads the
Coast Guard to conjecture as to why valid and accepted test pro-

cedu res by respec ted researchers  should produce such confl ic t ing
data. The re must be some reasons for these valid research data

being so different. I don ’t know for sure what they are . The

work that ’s been repor ted so fa r  th is morn ing does , in fact ,

always include a chemical surfactant. That may be a key.
--  There may also be some droplet-distribution size effect , and

perhaps other effects that we haven ’t even gotten close to yet.

Now we w i l l  go the nex t pape r presen ta ti on , to be g iven by
Bob Wal ter , of the Transpor tation Sys tems Cen ter , who has contrib-
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uted so much to setting up this conference. Bob ’s paper relates

to work being done he re a t the Transpor ta ti on Sys tems Cen ter , and

is titled “Use of a Stabilized Ten-Percent Water-in-Diesel Fuel

w i t h  a D e t r o i t  Diesel  6-71 Eng ine. ” Bob.
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PAPER 4

USE OF A STABILIZED TEN-PERCENT
WATER-IN-DIESEL FUEL WITH A
DETROIT DIESEL 6-71 ENGINE

R. WALTER

U.S. Department of Transportation
Research and Special Programs
Adm in is t rat ion
Transpor tation Sys tems Cen ter
Cambrid ge , MA
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USE OF A STABILIZED TEN-PERCENT WATER-IN-DIESEL
FUEL WITH A DETROIT DIESEL 6-71 ENGINE

R .  WALTER

ABSTRACT

S t a b i l i z e d  w a t e r - i n - f u e l  e m u l s i o n s  were run in a marine-

conf igured Detroit Diesel 6-71 engine on a dynamometer test stand .

Measurements were made of eng ine performance , fuel consumption , and

emissions. The engine was operated at variable speed and variable

load condition s to simulate propeller loading, and at constant

speed and variable load conditions to simulate generator loading.

In addition , the injection timing was varied from normal to 7.20

of ret ard and 7 . 2 0  of advance in 3 . 6° intervals. At all test

poin t s the eng ine was ru n wit h bo th no rmal fu el and emu ls ion.  The
emulsion used was 10% water in fuel with 2.5% stabilizer which

produced an average droplet size of approx imately lum . The eng ine
performed well with emulsion with a slight degradation in fuel

economy at normal and advanced injection timing and no change at

7.2° or retarded injection timing . In general , with emulsions ,

NO
~ 

and smoke decredsed sl ightl y, UBHC incre ased s ignificantly,

and CO e ither increased or decreased , depend i ng on eng ine speed
and load .

(End of Abs tr act )

Captain Flanagan

Thank you very  much , Bob. I think it would be wise now to

move on to the next two papers , which  take the approach of no
chem ical su r f ac tan t runn ing in d i es e l s .  Th is appear s to be qu it e
a d i f f e r e n c e  from the previous approach. After the paper presen-

tations we will have a little t ime for discussion . A number of

our group w ish to be heard relative to the mate rial we ’re discuss-

ing today. What we ’ll do is to perm it th em to present  the ir
commen ts , after which we will allow questions from the floor.

We ’ll hear from as many requestors as our time schedule will per-

mit , and in th is way , perhap s, we w i l l  come closer  to the true
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situation.

The next paper , to be del ivered by our Un it ed K ing dom f ri ends ,

is going to be dually presented , with Dr. R . V. Thompson leading

off , and Mr. A. B. Constantine following. First , Dr. Thompson .
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THE APPLICATION OF EMULSIFIED FUEL S
TO D I E SEL ENG I NE PERFOR MAN CE

R. V. THOMPSON AND A. B. CONSTANTINE

ABSTRACT

Detailed are the results of tests applied to a series of

diesel engines. The results obtained involve a range of fuel oil s

and , in all cases , the use of ordinary tap water dispersed as a

water-in-oil emulsion applied to the main supply pump.

The latest results apply to hig h-speed diesel eng ines capable
of producing approximately 170 BHP at 2000 RPM . The results of

both the laboratory tests and road trials indicate average fuel

sav ings in exces s of 5% , together with a reduction of oxides of

nitrogen averaging 50%. In all cases , a proprietary emulsor has

been used to produce the required emulsion .

Illustrations are provided of the test results and various

components of a stripped-down hi gh-speed diesel engine which has

com pleted approx imately 12 months of experimental abuse.

(End of Abstract)

Captain Flanagan

Tha nk you very much , gentlemen . We are engaged in a single-

cylinder diesel test program , one that ’s going to he talked about

in the next paper. In connection with our fuel emulsion work in

the Coast Guard , we learned , through an American manufacturer , of
Dr .  Tho mpson ’s work in Great Britain , and of his application of a

par ti cular  emul s or , and of the availability of some data on diesels.

We were provided these data , and on reviewing them , we found them
quite promising . At the time , there was some question as to

whe ther  we should inc rem en ta l l y  i nc re ase ou r f un d ing for work by

Sou thwe st Resear ch Ins ti tu te , through the Transportation Systems

Cen ter , relative to a different emulsor operating in a different

way. Before dec iding to spend that money , I went over to Great

Britain to see if the data were real , and to get some more infor-

mation on the truck engine and the six-cylinder diesel eng ine
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mentioned by these gentlemen . They started the engine , and

showed me where the controls were. I tested the water. It didn ’t

have ether or any- other chemical in it. In fact , it was just

plain tap water. I asked them to set up some more instrumentation

for the eng ine under test , because I wanted to know a little hit

more about how much power the emulsor was absorbing. In terms of

horsepower , their data indicated one-ten th horsepower. When they

left the area , I took some data myself , and my data points fell

statistically within theirs , so I believe the grap hs they showed

me. With engine operation at near top speed , medium speed , and

low speed , I have obtained the same data on the same engine. We

are definitely interested in those emulsion s .

Now we will hear from Mr. John Storment of Southwest Research

institute. He will discuss emulsified fuels in single-cylinder

diesel engines. The paper on which his comments are based is

titled “Ongoing Tests with Emulsified Fuels in a Sing le-Cy1ind er

Diesel Eng ine. ” Mr. Storinent. 

~~~~~ - -- - -~~~ - 
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0 N G 0 I N ( ;  TESTS W ITH E M U L S I F I E D  FUELS I N
A SI~~1~L E - C Y L I N I ) E R  DIESEL ENGINE

.1. STOR ME NT

ABSTRACT

A s i n g l e - c y li n der , f o u r - s t r o k e  cyc le  d i e s e l  eng i ne was
ope r a t e d  on u n s t a h i l i z e d  w a t e r - i n - f u e l  e m u l s i o n s .  Two p r o t o t y p e
dev ices  were  used  to p r o d u c e  t he  e m u l s i o n s  o n - l i n e  w i t h  t h e  e n g i n e .
More t h a n  350 t e s t  p o i n t s  were  run w i t h  t he  b a s e l i n e  d i e s e l  f u e l
and e m u l s i f i e d  w a t e r - i n - f u e l .  The w a t e r  con t en t  of t h e  e m u l s i f i e d
f u e l  v a r i e d  f r o m  abou t  2 pe r cen t  to  more  t h a n  23 p e r c e n t  by v o l u m e .
S t a t i :~ticall y si g n i f i c a n t  dec reases  in f u e l  c o n s u m p t i o n , ran g i n g
f r o m  1 .5  p e r c e n t  to  5 percent were obtained w i t h  e m u l s i o n s  in 20
out  of 36 speed/load condition s at which the engine was operated .

An i n c r e a s e  of 2 . 5  pe r cen t  was measured at  one c o n d i t i o n  o n l y .
iso of t he  e m u l s i f i e d  f u e l s  dec reased  ox ides  of n i t r o g e n  by up to
6() p e r c e n t  and Bosch Smoke N u m b e r s  by up to 70 pe rcen t , wh er eas
unburned  h y d r o c a r b o n s  i nc r ea sed  up to 130 p e r c e n t .  Carbon  m o n o x i d e
c h a n g e s  w i t h  e m u l s i f i e d  fuel varied from a decrease of 50 p e r c e n t
to an i n c r ease o f 17 0 percent , depending on speed , laod , and water

c o n t e n t  of t h e  f u e l .  No problems were encountered in engine

o p e r a t i o n  at  any  t e s t  p o i n t  w i t h  the  w a t e r - i n - f u e l  e m u l s i o n s  u - ;ed .

(End of A b s t r a c t )

(:~ p~~j n  E l a n a g a n *

We h a v e  a w h o l e  s e r i e s  of r e q u e s t s  to make  c o m m e n t s  r e l a t i v e
to  t h e  material that has been presented today . I ’ m g o i n g  to t r y
to ge t  t h r o u g h t h e m , and t h e n  open t h e  f l o o r  fo r  q u e s t i o n s  or
comments. Dr . D r y e r  f e e l s  t h a t  he h a s  some v a l i d  m a t e r i a l , soo n
to he published , which is directl y related to the apparent
anomalies that we are seeing in reported data on diesel fuel con-
sumption with and wi thout surfactants. He will he followed by Mr .

*(:aptain Flanagan ’s statement reopens Session 4, which was recessed
at the end of a discussion peri od on Mr. Storment ’s presentation.
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Jim White , who w i ll b rie f ly  exp lain the difficulties in character-

izing the emulsion on the work that has been reported by Southwest

Research. Then Professor Henein will describe his feelings on the

use of emulsions in diesel systems , using blackboard demcnstrations.

Dr . Mu rayama , of the University of Hokkaido , Japan , would like to

tell us about work going on in Japan relative to small emulsors.

So , let us lead off  wi th Dr . D ry er .
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SUMMARY OF REMARKS ON CAV LTD E M U L S I O N  TESTS
F.  L .  DRYER

D r .  D r y e r  summarized the results of a study by CAV Ltd., of

G r e a t  B r i t a i n , on wate r additi on to diesel combustion . Using a

f o u r - c y l i n d e r  r e s e a r c h  e n g i n e  w i t h  one c y l i n d e r  mod i f ied fo r
s p e c i a l  w a t e r  a d d i t i o n , CAV studied the effects of this addition

t h r o u g h the foll ow ing meth ods:

o A s p i r a t i o n  th roug h the a i r  i n t ake

o Direct injection into the combustion chamber with a

second i n j e c t o r

o C o i n j e c t i o n , w i t h  fuel mixed in the injector

o C o i n j e c t i o n , w i t h  fuel mixed before the injector.

The r e s u l t s  of t h e s e  t e s t s  i n d i c a t e d  t h a t :

1. I n j e c t i o n  de l ay  time increased with increasing water

c o n t e n t .

2 .  UBHC e m i s s i o n  inc reases  were smal l  u n t i l  m i s f i r e s  became
a prob lem .

3. CO e m i s s i o n s  were  si g n i f i c a n t l y  d i f f e r e n t  when the wa te r
was a s p i r a t e d  or directl y injected .

4. NO,~ emissions were reduced up to 80% with 30% water
d irectly injected .

5. Soot (smoke) emissions were reduced more than 80% with

30% water directly injected .

6. Fuel economy was basically unchanged .

CAV con c luded tha t second ary a t o m i z a ti on played no role in
the results , because the water and fuel droplets were separate.

However , based on th e ob serv ed soo t reduc t ion and “ spike ” in the
com bu st ion pressure , Dr. Dryer d isagreed with this conclusion .

(End of Summary)
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Cap tai n Flana~gan

J im White would like to com ment on the difficulty in

charac terizing the emulsions that are being used on the single-

cylinder test by Southwest Research.
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SUMMARY OF REMAR K S ON EMULS I ON CHARACTERIZAT I ON
J .  WHITE

Mr. Whit e (U SCG , R 6 D)  p r e s e n t e d  t he  r e s u l t s  of c h a r a c t e r i z a-
tion tests of the water-in-diesel fuel emulsion produced by the

Daeda l e an A sso ci a tes , Inc . (DAI) cavitating emulsor. These tests

were performed at DA I’ s facilities and at Southwest Research

Institute (SWRI) during the single cylinder engine tests (see

abstract of Paper 6, Session 4, by J. Storment) . These character-

izations were by measurements of demulsification times , photo-

microscopy, and visual observations. The results obtained are

listed below :

1. Contrary to previously reported results , the DAT

emulsor did not produce emulsions that were stable

for two to three weeks. The period of stability

was only a matter minutes.

2. With a relatively cool emulsion (<75 °F), separation

of water and fuel was complete in approx imately ten

minutes.

3. With a warmer emulsion (75° -80 °F) , separation is

complete in approximately five minutes.

4. Based on sedimentation theory, the emulsion droplet

diameters are 100 um to 300 urn.

5. The single-cylinder-diesel-engine (SCDE) trans fer

pump sl i gh tly degraded emulsion stability.

6. The SCDE fuel injection pump slightly enhanced emulsion

stability.

7. The SCDE injector output was an emulsion .

8. Photomicroscopy was of limited value in characterizing
- emulsions because of the rapid creaming rates in con-

junction with the time involved in getting the sample

to the microscope.
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9. A device  t ha t  can s i ze  and count emuls ion  drople t s
o n - l i n e  is needed , but is not a v a i l a b l e .

10 . An emu l sion in excess of 2 0% wa ter was too uns table
to be run w i t h  the SCDE .

(End of Summary)

C a p t a i n  F l a n a g a n

Now Professor Henein would like to convey some thoughts

relative to diesel systems and the manner in which emulsors and

emulsions might be affected by the diesel fuel systen. itself.
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SUMMARY OF RE MARKS ON E MULSIONS
AND THE DIES EL FUEL SYSTEM

N .  A.  HENEIN

Department of Mechanical
Eng ineer in g

Wayne State University
Detroit , MI
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SUMMARY OF REMARKS ON EMULSI ONS AND TUE D I E S E L  FUEL SYSTEM
N.  A. H E N E I N

Professor Henein explained the differences in fuel injection

sys tems amon g d iesels , and be twe en d i e s e l s and the spa rk  ignition

eng ine. He discussed the physical characteristics of the direct

injec ted and prech ambe red d ie sel eng ine , and the relationship of

these characteristics to diesel combustion , fuel consumption , and

emission formation . In the course of his talk he presented a

number of observations , of wh ich the following are representative

of the overal l  approach to h i s  presen ta tio n :

1. Slow-speed eng ines have shaped injector spray patterns

and low combu sti on chamber swir l charac teri sti cs.

2. High-speed engines have simple injector spray patterns

and h igh induced sw ir l charac teri st ics.

3. Depending on engine speed , type , and operating condition ,

from 10% to 70% of the  fue l  d rop le t s  hit the cylinder

w a l l s .  Some of these d rop le t s  may rebound f rom the  w a l l s ,
whereas o thers  may s t i c k .

4. The fuel on the cylinder walls is heated up by conduction

from the wa l l , and ignited later in the combustion process.

5. It is not known whether , in the burn ing of an em u l s i on ,

the fuel on the walls would micro-explode.

6. The ignition delay period is the most important single

combust ion cr iterion in the diesel  eng ine.  I t  de ter mi nes
the ratio of premixed to diffusion types of combustion .

7. Emission produc tion is directly related to the fuel con-

sump tion and the ra tio of prem ixed to d i f f u s ion
combustion .

(End of Summary)
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D I S C U S S I O N  P E R I O D

Ano nym o u s

D i d  you say that at  h i g h lo ads m o r e  f u e l  w o u l d  he on t h e

walls ? That seems to contradict your pre vious indication that

t he re w a s  m o r e  f u e l  in  t h e  s p r ay .

P r o f e s s o r  H e n e i n

Yes , i t  sho u l d  be on t h e  w a l l .

A n o n y m o u s

Typicall y ,  w h a t  f r a c t i o n  of f u e l  w o u l d  he b u r n i n g  o f f  t h e

w a l l ?

P r o f e s s o r  I l e n e i n

If  you ’ r e talki n g ab ou t light l oads , y ou cou ld expect about

10 p e r c e n t  of t h e  t o t a l  to  h i t  t he  w a l l .  In  cases  of h i g h  l oads ,

f i g ure  about  70 to 75 p e r c e n t .

Anonymous

Se v e n t y  p e r c e n t  on t he  w a l l ?

P r o f e s s o r  Hone in

Oh , y e s .

Captain F lan aE an

For long periods of ignition .

Professor Henein

Yes. At full load the fuel hits the wall and stays thero .

Captain Flanag~~

But you must admit this is very much a function of the engine

design.

Professor Henein

Of c o u r s e .  I ’ m ta lki n g about h i gh - s p e e d  e n g i n e s .  W i t h s low-
speed engines , you ’ll find that this might he f i v e  or t e n  p e r c e n t ,
but with hi gh-speed eng ines a good portion of the fuel hi t s  the

wall.
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I)r. Wilson

I s  i t  your  u n d e r s t a n d i n g  t h a t  t h i s  fog of f u e l  d r o p l e t s  in
a i r  that ’s c o m i n g  out  of  t h e  i n j e c t o r  h o l e  c o l l a p s e s  into a liquid

F i l m  a t  t h e  w a l l , or does  i t  bounce o f f  and make another jet , a

w a l l  j e t ?

P r o f e s s o r H e n e i n

W e l l , p a r t  of i t  wou ld  he reflected , but the majority would

s t a y  on t h e  w a l l .  The l i q u i d , as you know , does not  bounce like

a t e n n i s  h a i l .  onc e  i t  h i t s  t he  w a l l  i t  f o r m s  a f i l m .  Pa r t  of i t
h i l l  he r e f l e c t e d  due t o  the  i n i t i a l  e n e r g y ,  but mos t  of it w i l l
re m a i n  on t h e  w a l l .

D r . __W i l s o n

In  t h e  c u r r e n t  m o d e l s  of t h i s  w a l l  j e t  phenomenon , e . g . ,  the

C \ V  m o d e l , i t  fo r ms a sp r a y on t h e wall.

P r o f e s s o r H e n e i n

A s you p r o b a b l y  know , m o s t  of these models fail to simulate

the combustion diesel eng ine . In f a c t , people are working on
models even now , and as yet are not considered as representing

what happens in the engine. The CAV model is just one of the

models being used , hut is not t h e  model representing combustion

in die se l engines. I know about six people who are ri ght now

working on developing a model for combustion in open chamber diesel

eng i n c - .

Isi— there direct evidence that 70 percent of the fuel is in

a l i q u i d  film on the wall?

Pr ofo - - o r  I l ene  in

T h a t ’ s abo u t r i g h t .  I f  it ’s lower , we haven ’ t measured it ,

h u t  my g u e s s  i s  t h a t  70 p e r c e n t  is  about  r i g h t .

D r .  D r y e r

S p r a y  p e n e t r a t i o n  is  a d i r e c t  f u n c t i o n  of the droplet size.
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II secondary atomization is important , the penetration must have

changed .

Professor Henein

I d oubt t h a t  secondary  i n j e c t i o n  w o u l d  t a k e  p l a c e  b e f o r e  t h e
f u e l  h i t s  the  w a l l .

~~p t a i n  F l a na gan

G e n t l e m e n , I t h i n k  the  d i s c u s s i o n  is  q u i t e  u s e f u l .  On the
o t h e r  hand , we ’ ve got  a l o t  o f g round  to cover , a n d I t h i n k we ’ re
g e t t i ng i n t o  a r eas  w h e r e  ve ry  l i t t l e  d a t a  are  a v a i l a b l e .  I t h i n k
i t ’ s q u i t e  u s e f u l  to r e a l i z e  t h a t  t h i s  may or may no t  he a p r o b l e m .
I wo u ld l i k e to  mo v e on , and t f  you could  wrap  u p ,  I ’ d  app r e c i a t e
it.

Professor H e n e i n

Let  me m e n t i o n  a n o t h e r  sys tem d e s i gn , the  “M” s y s t e m  r e f e r r e d
to t h i s  m o r n i n g .  In t h i s  sys t em , i n j e c t i o n  of t he  f u e l  t o w a r d
the  w a l l  provides f o r  c o n t r o l  of e v a p o r a t i on  and t e m p e r a t u r e  of
t he f i l m .  The ori g ina l design of the eng ine in this s y s t e m  re-
quires that there he no separation between the vapor and the wall ,
and that a certain optimum surface temperature should exist at

which the system is to operate. According to the theory of this
system operation , the v apor d i f f uses away from the li quid and forms
a mixture. About 5 to 10 percent of the fuel is then injected into

the engine in the form of droplets before i gnition. Thus , the

fuel is believed to contain a premix charge of fuel with air.

Now , what can we say about the performance of the emulsion
in this film? I don ’t yet know , nor do I kno w , as of now , where

nicro explosions will take place. We need to find an answer to

this. The answer to this question may also explain why some of
the results shown on the LD-465 eng ine differ from those on the

Detroit diesel eng ine , or from those conveyed to us by our

colleagues from the United King d om.

Anoth er eng ine that commands our attention is the swirl eng ine.
Our involvement with the variou s types of eng ines shows the need
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for u n d e r s t a n d i n g  the  c o m b u s t i o n  p r o c e s s  in  d i e s e l  cn ~~i r e s  hefor (

we can u n d e r s t a n d  t h e i r  e f f e c t s  on e m u l s i o n .  We sho u l d  he a b l e
to p r o v i d e  a g r a p h  r e l a t i n g  w a t e r - i n - f u e l  e m u l s i o n , i c ~n i t i o n  d e l a y ,
and c e t a n e  c o u n t  n u m b e r .  I n  f a c t , t h e  d e s i g n e r , b y l o o k i n g  at t h e
ce t a ne n u m b e r , co u ld  come up w i t h  t h e  i g n i t  ion  d e l a y ,  and t r a c e
the possible source of eng ine noise , which could then also be

verified by a cycle analysis. One of the problems we must contend

with concerns the relative values of the cetane number and the

c o m p r e s s i o n  r a t i o  a t  w h i c h  t h e  eng i ne t e s t  is  m a d e .  I f  we have a

ce tane  n u m b e r  less than  15 , we w i l l  ha ve to d e a l  w i t h  v e r y  h i g h
compression ratios whereb y to rate the fuel. If ~c use emulsions

i n fu e l s  f o r  wh i ch t h e c e t a n e  num be r i s  l o w , we ge t  i n t o  a n a r e d
where the tests f o r  c e t a n e  n u m b e r  become u n r e l i a b l e .  For  t h i s
reason , we have come up with a new scheme which enables i i ;  to

obtain the zero cetane number. This new procedure would he very

suitable for rating diesel fuels.

C a p t a i n  F l a n a g a n

T h a n k  you , P r o f e s s o r  H e n e i n .  T h e r e  a re  two  more  p e o p l e  who
w ou ld  l i k e  to speak to us relative to s m a l l  e m u l s o r s .  A l s o , I
would  l i k e  an a n s w e r  to t h i s  question before we move away from
consideratio n of diesels , and diesels burning fuels with surfac-

t an ts  and w a t e r , and diesels burning nons urfactants emulsions.
Does anyone  have  any  r e s u l t s , or t h e o r i e s  t h a t  are  c l o s e  enoug h
t o t e s t  r e : u l t s , t h a t  n i g h t  shed l i g h t  on why t h e  s u r f a c t a n t e d
f u e l  does no t  g i ve the  r e s u l t s , in  m a n y  cases , t h a t  the non-sur-

f a c t a n t e d  e m u l s i o n  does?  Yes , s i r .

D r. T u t e j a

My comment  is not  s t r i c t l y  r e l a t e d  t o  w h e t h e r  or no t
surfactants have any effect. I do w i s h  to p o i n t  out , h o w e v e r , a
difference between those eng ines which have shown reductions in

• NI) and others which have not. Today you have hea’d Dr. Dryer

refer to test results which indicated NO emission reduction in

the CAV en g i n e .  I , for my part , refer you to test results on Nfl
~

reduction published by Cummins five or six years ago. The dis-

tinguish ng feature which I stress is that both Cummins and
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Detroit Diesel injection systems are ver y-high-pressure i n j e c t i o n
systems , whereas all the injection systrms used in the other

eng ines are Bosch-type injection systems having lower peak injec-

tion pressure. I so u l d  l i k e  t o  hear some additional op inions on

t h I s

I)r. flry~~

I would like to make sure that the results represented here

as  well as the Cummins work represent all the work that has been

done in the fiel d with diesel and diesel emulsion . There has been

wo r k  extending back to 1953 by Cornet and Nero at the University

of California at Berkele y . They published two papers in Indus-

trial Eng ineering Chemistr y . There have been more recent papers

published by Vichn i ev s k y et al. at the CIMAC conference in

Barcelona , Spain , in April of 1975. The paper is probably

;ieri i lahi e from the University of Paris in French. We have trans-

lated the paper at the Guggenheim Laboratories. It ’s a very roug h

translation , hut it would at least allow one to see what it ’s

abou t. The interesting thing about the CIMAC paper is that they

actuall y did what Professor Henein suggested that somebody should

d .  Essentially, four different eng ines were involved , and I can

tell you what they were: models MONO 520NS , Riccardo E(~/T, Poyard

6L85 , and A grom 472. These models cover the range of combustion

chambers from open to Comet V , to toroidal , to open; some types of

inj ection sstems from direct to swirl; and a number of different

compression ratios and a number of different injector sizes. They

have made some general conclusions as to the results. The gener al

conclusions read something like the following : “The injection in

a compres sion ignition engine of an emulsion of oil and water

presents a certain interest concerning reductions of emis sions in

oxides of nitrogen at the exhausts. This reaction can a t ta i n  ver

large proportions , as hi gh as 70 percent in comparison with engines

fed with pure fuel oil. It is the same for the emission of soot

which permits the increase in power of certain engines b y 0

percent , keep ing the same smoke limits , corresponding to operations ,

with pure fuel. The efficiency can be slig htly increased or
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decreased , depending upon eng ine design and operating configura-

tion . The emission of carbon monoxide is diminished from 30 to

SO percent from direct injection eng ines and in cr eased for sw ir l
injection eng ines , remaining, how ever , within acceptable limits.

Good operation of the eng ines imposes a limit of 20 percent of

water in fuel emulsion structure. Above this value , starting is

difficult; at low speeds the ignition occurs badly, and unstable

operation may result. Another limit of the utilization of

emulsions may be the mechanical integrity of the motor due to the

hi gh pressure spike which occurs upon ignition . The emulsions

increase , of ten cons ide rably , up to 200 percent , pres sure grad ien t
beginning with the ignition. ” That paper is relatively conipre-

hensive on this kind of study . I should say that all that work

done by Vichnievsky was done with stabilized emulsions , and no t
with dispersion systems. There have been a number of other unre-

ported studies and unpublished studies which again have corrobor-

a ted , as I have said before , the res ids  (re sidual fuel  o ils) . I
believe that , in general , the las t three papers are comparable in

the end results.

Captain Flanagan

Well , how do you ex pla in the results of the work in the
Bureau of Mines , and of the Navy ’s work w ith su r f actan ted fuel
where there was no apparent improvement in efficiency , and r ea l l y
not much improvement in emissions?

Dr. Dryer

There is a problem with surfactant stablized emulsions in many

systems , including such systems as the Bosch or high-pre 3sure

injection pump systems. We have performed experiments on high-

p r e s s u r e  h o m o g e n i z a t i o n  of surfactant stabilized diesel emulsions ,
and have found t h a t  above some p res su re  between 3,000 and 5,000

ps i  the  s u r f a c t a n t  is  e s s e n t i a l l y  de s t royed .

Captain Flanagan

W h a t  d i d  you ge t ?
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Good question . It’ s literally destroyed in a high-pressure

process. No chemical analysis has been performed , hut I can

guarantee you that the surfactant is destroyed , because the

emulsion is destroyed . Its stability is destroyed .

Anonymous

Is that true for the Gaulin system?

Dr. Dryer

That’s exactly the system on which the experiments were per-

f ormed.  For p ressures above 5 ,000 psi , one gets into trouble.

Anonymou s

Are you say ing that you get so much energy that you can break

d own m any of the polyme r typ e emuls if iers?

Dr. Dryer

I think that is part of the problem . I would have to admi t

that , as T see it , a goodly share of the quality of the dispersion

has nothing to do with what we do anywhere in the feeding system

except in the inj ector. If we can get a good uniform dispersion ,

regardless of the size of the injector , then , depending on the

desi gn of the ejector , we will obtain a certain performance

characteristic.

Dr. Moses

I’d like to point out one other major difference between the

d iesel work and the boiler and turbine work that may play a role

in this , namely, the typical dropsize of the spray. In the

pressure atomizers that we find in turbine eng ines such as I used ,

the SMD of the spray is typically on the order of 7S microns ,

significantly larger than dispersion sizes that we have been talk-

ing about (e.g., in the range of 1 to 3 microns) . In diesel

engines the spray size is generally lower than 10 microns , and may

actually be down in the range of below 5 microns. Now we ’re down

very c lose  to the d ispers ion s i ze tha t we ’re talking about.
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Capta in  F lanagan

No t only tha t , but we just had to go through a little poppet

valv e, which is itself a homogenizer.

Mr. Kinney

Going to Jim White ’s comments on trying to look at stability

or to evaluate the emulsion quality to determine whether you have

emulsions , we have had similar problems making determinations

m icroscopically on light fuels. It ’s impractical. First you get

a clus tering of water droplets , and then a coalescing effect. We

tried to run experiments similar to your procedure of using a

settl ing techn ique and wa tch ing for creaming . When you get to the
po in t of creaming , the emulsion is broken much earlier than that

point .

Mr. White

I agree.

Mr. Kinney

You have , f i r s t of all , a clustering effect , then a coalescing

ef fec t , and then a Stoke ’s Law effect. By the time you see the

cream ing, the emulsion w ill already hav e been long ine f f ec ti ve.
Wha t we have seen on l ig ht fuels not stabilized is that they will

break instantaneously - in a matter of two or three seconds.

Suppose , for example , that you have an emulsion with 15 percent

water . In our opinion , a t leas t hal f , or more , of that water

immediately becomes ineffective in that it is either clustered or

coalesced to five , or ten , or much larger water droplet sizes.

This accounts in part for the fact that when you think you have 15

percen t, you have only two or three percent , or two or three

micron s ize , that is effective relative to the primary droplet size.

This is one of the major question s concerning the required water

droplet sizes; it is definitely related to the primary atomization

droplet  s i ze .

Cap tain Flanagan

From these results you could categorize the emulsion as going
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downhill at the low-pressure pump , and uphill as it goes throug h

the h igh-pressure system , and as for what we get out of the

ejector , there is uncertainty involved .

Dr. T u t e j a

I wish to comment on Dr. Moses ’ statement on droplet size.

We have calculated the Sautier Mean Droplet size , according to the

established correlations , to be between 20 and 30 microns rather

than between five and ten microns.

Captain Flanagan

Are you referring to the Cummins engine?

Dr. Tuteja

No , Detroi t Diese is .

Ca p t a i n F la n aga n

Detroit Diesels are on the order of 20 to 30 microns?

Dr. Tutej~i

Twen ty  to t h i r t y  m i c r o n s .  It all depends on such factors as

w h a t  injector you are using, the size of wall , and so on.

Dr. Law

I have a partial hypothesis on the effect of the emulsi fier

on the droplet combustion process. If I may, I can br iefly out-

l ine it. I think it will really change the vaporization process.

Yesterday I discussed how the droplet would vaporize. If you hav e

a parent droplet and a water micro-droplet , but no emulsifying

agent , then it is possible that the water micro-droplet and the

fuel are both accessible to the hostile environment , and they can

bo th  v a p o r i z e .  However , i f  you put  in an emulsif ying agent , the

surface tension will probably prevent the micro-droplets from

getting into the gas phase , so that it may not be possible to

vaporize them all. As a droplet vaporizes , there will be more

than a micro-droplet to keep on pushing inside. Then what you ’re
really vaporizing initially is probably just the fuel. If this

were influenced by how much fuel and water you can deliver outside
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the combustion chamber and by the droplet temperature and the

m i c r o - e x p l o s i o n , then you could determine how easily you can get

t h e  w a t e r d r op l e t s  outsid e and cause them to vapor ize .

C a p t a i n  F l a n a g a n

T h a t ’ s a v e r y  interesting hypothesis.

Dr. Dr~~~

~I r .  W r i g h t  r epo r t ed  some r e s u l t s  t h i s  morn ing  tha t  don ’t seem
to corroborate that at all. He showed results on flash tempera-

ture of the material was suppressed by water-and-fuel surfactant-

stabilized emulsion s, and the on ly way you can suppress  f l a s h
temperature is to suppress the vaporization rate of the fuel.

Anonymous

I also would like to comment on Dr. Law ’s hypo thes is . In all
the ignition systems that we ’re fam iliar with and which have pub-

lished results available , there is a delay in the ignition . The

law of ignition delay would seem to indicate that there is a loss

of evapora tion . Th is is based on the fac t tha t local evapora tion
of the water would reduce the local temperatures , and this temper-

ature reduction would increase the delay . These data do not

cor roborate the hypothesis suggested by Dr. Law .

C a p t a i n  F l a n a g a n

Maybe the hypothesis ought to be given a little further

consideration.

Dr. Moses

I ’ d  l i k e  to recommend an experiment for  use here similar to
one that is already being performed at SWRI. In that experiment

a single-cylinder picture-window type of engine is used to permit

tak ing of high-speed motion pictures of initial stages of the

combustion process , injection , and flame speed . This work has

— made possible observation of differences between premixed areas ,

and the d iffusion flames and the burning fuel spray .
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c~i t a i n Fla~~~~an

T h a t  sounds  v e r y  i n t e r e s t i n g . At  t h e same  t i m e , t a k i n g
m o t i on p i c t u r e s  of d i e s e l  c o m b u s t i o n  c h a m b e r s  w h i l e  t h e  eng i ne i s
r u n n i n g  i s  no t  a t r i v i a l  matter. We w o u l d  l i k e  t o  do a l o t  of
t h i ngs , b u t  t h e y  i n v o l v e  m o r e  money  t h a n  we h a v e  a v a i l a b l e .

Dr. I ) rye r

We h a v e  done t e s t i n g  on t he  r e l a t i v e  d e c a y  r a t e s  and  the

maximum particle size and internal phase size , produced during

decay versus time in  v e r y  d i l u t e  water-fuel emulsion str R turc s ,

unstable and with no surfactant. In  t h e s e  t e s t s  we p e r f o r m e d  a
d y n a m i c  p h o t o g r ap h i c  p r ocess , in  w h i c h  we made a c r u d e  premix of

the water and fuel , using a W a r i n g  b l e n d e r  and a magneticall y

c o u p l e d  g e a r  pump o p e r a t i n g  a t  a v e r y  h i gh speed - n e a r l y 10 , 000

rpm . We w e r e  u s i n g  t h a t  a p p r o a c h  because we were certain that we

w e r e  not  c o n t a m i n a t i n g  t he  s y s t e m  in t e r m s of any  source  of natural
— ; ii r f a c t a n t s .  TI- ic t e s t  runs  used c o m b i n a t i o n s  of n - d o d e c a n e  and
w a t e r  - 97 percent pure n-dodecane , and water. The reason ~or the

ve r y sm a l l  p e r c e n t a g e  of w a t e r  was the opacity of t h e  m a t e r i a l .
I)u r i n t e r - - s t  c e n t e r e d  e s s e n t i a l l y on the downstream of the hi gh-

sp~~ed pu m p .  We i n s t a l l e d  a c o m m e r c i a l l y available , high-intensity

u l t r a s o n i c  e m u l s i f i e r , w h i c h  i s  c u r r e n t l y  be ing  marketed in the

U n i t e d  ~, t a t e s . On t h e  d o w n s t r e a m  of the emulsifier , we spi it off

p a r t  of the flow , roughly 18 g a l l o n s  per  hour  and b e t w e e n  10 and
4 0 p s i , and p a s s e d  i t  t h r oug h a v e r y  n a r r ow o p t i c a l , t r a n s p a r e n t
s e c t i on .  We t h e n h a c k l i g h t e d  t h a t  s e c t i o n  w i t h  a h i g h - s p e e d , h i gh-
intensity strobe and photographed the internal phase droplet size ,

u s i n g  about  2 0 - p o w e r  m a g n i f i c a t i o n  and  a 3 5 - m m  l e n s  a t  1 , 0 0 0 t h of
;i second . We found  t h a t  the decay time for an  e m u l s i n n  s t r u c t u r e
t h a t  is unsta hilized and has no av a i l a b i l i t y  of natural surfactants

i s  much  f a s t e r  t h a n  t h e  two or t h r e e  seconds  s u gg e s t e d  by

~I r .  K i n n e y .  We believe it ’s less than tenths of seconds  to  d e c a y
t o  p a r t i c l e  s i z e s  of 70 m i c r o n s  or m o r e .  And I m u s t  a g a i n
emp hasize that these 70-micron particles were obtained with only

one percent of water added to the system . As we went to higher

percent ages of water add it ion to the system , we could see an
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increase in the number of small particles that were still available

in the sys tem , but the number of large particles also increased .

Again , I emphasize that one 70-micron particle is worth a lot of

one-micron particles. We also found some interesting things with

regard to this commercially available ultrasonic emulsifier. The

emulsifier system alone cost well over two thousand dollars. We

ran it for wards , backw ard s, and with several different pressures

and spacings between the anvil and the transducer. There was no

discernible difference between the respective detected outputs

from the high-speed gear pump and ultrasonic emulsifier.

Professor  Thompson

I would like to refer to a certain peculiarity which limits

the widespread applications of the ultrasonic devices. Specific-

a l l y ,  the pressure within the cavitation area , i.e., between the

anv il and the ha mm er , must be maintained at between 15 and 24 psi.

Dr. Dryer

That ’s ri ght. The pressure range you mentioned falls w i t h i n
the reg ion  I j u s t  d e f i n e d , and is well within the range recommended

by both commercial and manufacturing sources.

Professor  Thompson

Wel l , this  mean s, of course , that you can operate at only one

f low r ati o. So , if you want to go to a fully modulated system ,

you ’ll find it difficult to achieve through the medium of

ultrasonics. There is another very interesting point that has

been brought  out t h i s  m o r n i n g .  W i t h  r e spec t  to h i g h  d i s t i l l a t e s ,
as we have indicated from our own tests , you canno t  m a i n t a i n  a
signif ican t emuls ion for  a very  long time.  We ’re talking in terms

of twen ty or th ir ty seconds , or thereab outs. I f , on the other

hand , you ’re talking abou t the heavier fuel oil , then , of course ,

you can main tain the emu ls ion for  an indef in it e per io d .

If we diver t slightly from the immediate topic of the confer-

ence and take a look at the world-wide supply of fuel , we w i l l  h e
reminded that there is only one main source of high distillate ,

155

~l—
- 

~
-
~~~W -~

-
~ 
p—



-

namely, the North Sea. Even that supply will run out by about

1990. Consequently, people are going to be concerned with the use

of h e a v y  c rude  o i l , residual oil , and so on. It seems to me t ha t

we have emp hasized high distillates at the present time , when we

ou g h t r e a l l y t o  be talking in terms of the residual oils and muck

t h a t  w i l l  be th rown i n t o  t h e  e x h a u s t  s y st e m .

W e m u s t  a l s o  r e c o g n i z e  t he  f a c t  t h a t  f u e l  i s  g o L g  to  become
so muc h a l i q u i d  f u e l  c om m o d i t y  t h a t  i t ’ s g o i n g  to  he ‘ ‘~rv

difficult f o r  an a u t o m o b i l e  u se r  to have  access  to l i c ’  - f u e l s .
c o n s e q u e n t l y ,  we m a y  have  to move away  f r o m  t h a t  a r e a .  I t  seems
a l s o  t ha t  as f a r  as  t he  d i e s e l  e n g i n e  is  c o n c e r n e d , the diesel

eng ine  m a n u f a c t u r e r s  s h o u l d  s t a r t  t h i n k i n g  a b o u t  a l t e r n a t i v e  f u e l s .
In the l93Os , for example , we were runnin g diesel eng ines on c o a l .

Maybe  we w i l l  ha ve to  do i t  t h a t  way  a g a i n .

T h e m a i n  p o i n t , as I see it , i s  t h a t  we a r c  a t t h e  mom en t

st r e s s i n g h i g h d i s t i l l a t e s  as a short-term solution to the energy

c r i s i s , and t h a t  w i t h  reasonable application of emulsified fuels

we ca n r e a l i z e re su l t s  t h at appear possible to attain and which

w i l l  a l s o  p r o v i d e  us w i t h  a t o l e r a b l e  i n t e r i m  p e r i o d . W i t h i n  the

ne x t  f i v e  or t e n  y e a r s  we ’ ll  have  to dea l  w i t h  h e av y ,  m u c k y  t y p e
of f u r l .  When t h a t  t ype  of f u e l  comes to be used , t hen a p p l i c a -
t i o n  of w a t e r  to the  f u e l  w i l l  p r o v i d e  the kind of environmental

c o n t r o l  t h a t  w i l l  be d e f i n i t e l y  needed . These are some of the
p r o b l e m s  t h a t  w e ’ l l  h a v e  t o  c o n f r o n t  in an o v e r a l l  approach.

Captain Flanagan

Unfortunately, Dr. Thompson was not present at yesterday ’ s

c o n f e r e n c e , and  hence  is  u n a w a r e  t h a t  t h e s e  p o i n t s  w e r e  b r o u g h t
ou t  fo r  gas  t u r b i n e s  and b o i l e r s , and to some e x t e n t  fo r  l o w - s p e e d
d i e s e l s .  The re ’ s no question about the fact that we ’re going to

h a v e  to l e a r n  how to  b u r n  i n f e r i o r  f u e l .  We can expect to use

some r e a l l y  bad stuff in the long-term - a c t u a l l y  in the not too

d i s t a n t  f u t u r e .  We ’ re e x i s t i n g  now on a sor t  of s h o r t - t e r m  r e s p i t e

by c o n c e n t r a t i n g  on e x i s t i n g  d i e s e l  e n g i n e s  and the like.
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I wan t  to  t a l k  a bit about the discussions to be held after

l u n c h .  The d i s c u s s i o n s  a re g o i n g  to  c o n c e n t r a t e  on two areas.

They w i l l  p r o v i d e  you with the opportunity of investigating the

d i r e c t  io n w h i c h  t h i s  c o u n t r y  s h o u l d  t ake  in d e v e l o p i n g  systems

d i r r ~~t l y  r e l a t e d  t o  t h e  e n e r g y  c r i s i s .

F i r s t , p l e a s e  t r y as q u i c k l y  as p o s s i b l e  to establish some

minimum data reporting guidelines from research in this area. If

you cannot come this afternoon , p lease fill out the discussion

c a r d  and g i v e  i t  to  me so t h a t  I can take advantage of your

f e e l i n g s  on how we s h o u l d  r e p o r t  data in this area. We ’ll go

t h r o u g h  them as r ap i d l y as we can , and attempt to obtain a consen~
s u s .  I f  we ca nnot  o b t a i n  a c o n s e n s u s  on t h a t  particular type of

data r e p o r t i n g , we w i l l  i n d i c a t e  it in the report as having

obtained no consensus , and leave it open for a p e r c e n t a g e  v o t e .
P l e a s e  do t h a t  q u i c k l y .

Seco n dl y ,  I w o u l d  l i k e  to i n i t i a t e  d i s c u s s i o n  on where we go

from here . We will want to get answers for questions such as:

I. How should the Federal Government and industry use the

information provided here and the data being made

a v a i l a b l e ?

2 .  W h e r e  s h o u l d  we look n e x t ?

3 . W h a t  i s  needed m o s t ?

4 .  W h a t  w i l l  p r o v i d e  the max imum beneficial returns?

We he r e a r e  a technical group which can furnish technical guidance

to p o l i t i c i a n s , b u r e a u c r a t s , and i n d u s t r i e s .  I f eel that many of
yo u have  s t r o n g  s e n t i m e n t s  abou t what should be done next. Should

we ask the instrument manufacturers to proceed with development of

a system that allows us to measure particle size distr bution in

the free stream , or is it more important to concentrate on

residua ’ fuels than on distillates , and where in par ti cu la r?
Should we point out to people that emulsion bu rning must be

tailored to application , not only in gas turbines and boilers , but

also in diesels? It ’s th at k ind of inpu t tha t I ’l l  need from you
to w r a p  up a good final report that will carry some weight , and to
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help me to get some things done. There are peop le present a t  t h i s

con f e r e n ce , and o t h e r s  on the outside w i l l i n g  t o  l i ~- - t rri to us , w h o

a r e  in  a position to make a real difference.

We ha ve two more  p r e s e n t e r s  who w o u l d  l i p -  to  s u m m a r i z e  t h e

r e s u l t s  of work  t h a t  has heen  done  and  h a s  n o t  been  r e p o r t  ~-d on

toda y .  I w ould l i k e  to  c a l l  on I ) r .  M u r ay a m a  of t h e  I ) n i v e r ~ i t y  of
E l o k k a i d o , Japa n , who w i l l  spea k to  us a h o u t  e m u l s o r s  lo- - in g d e v e l o p -
ed in  -J apan . D r .  M u r a y a m a .
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N I I M M A R Y  fl}: R I -~i A R N N  ON T }IF USE OF )Nh JI ,S I O N S  I N
HJRNACFS AN )) DI [SI- I. EN GINI S

T. ‘lURAY.-\~I~

P r o f . ~Iii ravarna h a s  u sed o i l - i n - w a t e r  emulsions to incinerat e

li quid organic waste s in a furnace , and water-in-oil emulsions t o

power a single cylinder , fishing boat , diesel eng ine. He concen-

trated his remarks on the method used to produce water-in-oil

emulsions. The emulsions were produced in static mix e rs w h i c h
were developed in association with Toray Eng ineering Co. ITD ,

Japan. Two sizes are available. One is 6 cm long , 10mm in

diameter , and has three mixing cells; the other is 8 cm long,

10 mm in  d i a m e t e r , and  has  f i v e  m i x i n g  c e l l s .

A non-ionic ~urfacant made from cow-hones was used in order

to avoid secondary pollution from metallic ions. Emulsions con-

taining up to as much as 80% by volume of water to diesel oil were

made , and burned in the engine. The surfactant concentration was

held to between 1.0 and 1.5%. The emulsion produced in five

passes throug h the static mixer has a water drop let diameter of

approximately 3 microns. The emulsions produced are relatively

stable. It takes 40 days for a 20% separation of the emulsion to

occu r . The separ ation occurs in the form of oil on the upper

surface of the emulsio n. Prof. Mri raya ina feels that this indicates

that the water remains emulsified , thus eliminating possih ie

corros ion problems.

( End of S u m m a r y )

(~j~~t a i n  F I a n a g ~an

Ichat k i n d  of o i l  d i d  you u s e ?

Dr~~~~~~~y~~~a

D i e s e l  o i l .

C apt~~ i n F l a n a ~~~n

S t a n d a r d  m a r i n e  d i e s e l  o i l ?
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Dr . ~Iri r a~ :~ a

Ye s . I don ’ t ~ri~~ t h e  r a t e d  n u m b e r .

t a ‘i i  1- I i  n ‘
~~
; an

\ l  I r i ~~ht . ‘ nd  -~ on sac RO percent water?

Dr. ‘-h ir a

Yr - s , aith - - )  t o  o i l .

C j~~a in }- I ;I roigan

To o i l , ~ n i t  v n u  s t i l l  c l a i m  t o have  a w a t e r - i n - o i l  e m u l s i o n ?

n i  - ‘- hi  a,-am a

~% i t e r  i n - o i l , : r s.

(a2tain _ F1 a~~~gan

The v o l u m e  r a t i o  of w a t e r  to o i l  is  0 .8  - is t h a t  r i g h t ?

I)r . Mu r a y a m a

I t ’ s m o r e  e f f i c i e n t  in r e g a r d  to  micro-explosion .

OU S

W h a t  i s  t h e  u p p e r  i n l e t  p r e s s u r e  on t h e  h o m o g e n i z e r ?

D r .  Mu r a yam a

The  p r e s s u r e  d r o p  is n e g l i g i b l e , because  t he  v e l o c i t y  i s  one
m e t e r  pe r  s e c o n d .

A no n y no us

W h a t  was  t h e  t o t a l  p r e s s u r e ?

l)r. M u r a y a m a

A r e  you a s k i n g fo r t h e  t o t a l  pressure of the feed pump?

(
~~p~ a in Flanagan

Yes.

D~~~~~~~~~~~ a

I don ’ t have the exact data , hut I think perhaps in the
v i c i n i t y  of on r ’  or o n e - a n d - a - h a l f  i t m o s p h e r e s .
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p~~~in F l a n a g an

Do y ou i n te nd to  p u b l i s h t h e s e  d a ta , or a r c  the y perhaps

alread y published?

Dr. Murayama

I ’ m working on a manuscri pt at the tJniversit y of l~isconsi n .

I hope to present this paper at the next SAE meeting . But as for

the emulsifier , if any one here is interested in the emulsifier ,

I can very easily provide the information on it. And i f  you wish

to use the emulsif ier , you can obtain it from the Kinka industry,

one of the  b i g g e s t  c h e m i c a l  i n d u s t r i e s  in Japan. I do not repre-

sent the industry in any wa s- , hut an engineer :i~ soc iated w i t h  the

industry is working with us. The emulsifier at pre sent is not

cheap, because it is being manu factured strictly as a n in-plant

product. However , if in the fut ure it becomes a mass-production

item , it will he avail able for use as  fuel for automobile or

marine engines.

ç~ptain_ Fla~~~~p

Thank you , Dr. ~1ti r iv:irna . ~~~~ ave o n e mo r e p r ese n t e r  who  h a s

p r o m i s e d  to l i m i t  h i s  c o m m c n ~~s to  t h r e e  m i n u t e s .  I introduce you

to  M r . H . A l l i g e r  of  Heat S’.-st emc li lt t : i s o n i c s .  You ’ ve a l r e a d y

heard  of one app lic a tion 01 h i s  - r n n i l s o r  e a r l i e r  t o d a y .  Mr. A l l i ger .
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SUMMARY OF REMARKS OF THE OP ERA T I N G CHARACTE R I ST I C S OF
THE SON I CATOR DI SRUPTOR ULTRASONIC PROBE

H.  ALL I GER

Mr. A lliger explained the operation of the ultrasonic probe

and its applic ation to fuel emulsions . This device operates by

a p p l y i n g  an AC voltage to a crystal , causing it to vibrate. These

v i b r a t i o n s  t r a v e l  down on a horn  t h a t  a m p l i f i e s  and c o n c e n t r i t e s
this acoustical energy into the fluid. The alternate compression

and r a r e f a c t i o n  of the  sound waves  produce  c a v i t a t i o n  in  t h e
li quid. As the bubbles formed by this cavitation collapse ,

enormous pressures are produced in the liquid at the distance of

2 to 3 Un from the probe tip. The device has provisions for use

in a continuous batch-flow process and for controlling the ambient

pressur e and temperature. The device is available with flow-rates

up to 3 gallons per minute. The larger device is approximately

18” X 18” for the generator , with a 24°-long probe. The power

consumption is 2000 watts. Such a unit will produce an emulsion

with particle sizes down to 1 Un.

(End of Summary)

Captain Flanagan

I think most of the people who have been working on making

emulsions for the last 12 to 15 years are familiar with sonics and

sonic princip les , and their ability to make emulsions. One of the

things that has been brought out is the need to have the

appropriate pressure , in making an emulsion , in order to get

cavitation to occur where you want it to. This device also must

have a certain pressure range in order to make an emulsion . Is

that correct?

Mr. A ll i ger

Well , the idea of getting the pressure around the probe is as

follows. When you apply pressure to the fuel oil that you ’re *

emulsifying, you remove the air in the fuel oil , and when there ’s

no air in the fuel oil , the intensity within the cavitation
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hubble goes up greatly - not one or two times , but ten times ,

perhaps twenty times , or even one-hundred times. If there ’s a ir
in the collapsing cavitation bubble and the temperature and vapor

pressure go up, the bubble will collapse on an air cushion . In

the cavitation process you should try to keep the temperature

down and the pressure up. However , wit h re spec t to the pressure ,

there is a maximum pressure buildup at which you get the greatest

intensity within the cavitation bubble. If you increa se the
pressure beyond this maximum , the intensity will go down .

Mr. Wright

You don ’t have to have increased pressure to make an emulsion .

We were able to increase our flow rate with normal pressure. It’ s

true that increasing pressure gives us more intensity , and tha t ’s

what we used it for. But in most of our work we used normal

pressure.

Captain Flanagan

In order to gain  more  i n fo rma t ion  in the shor tes t  poss ible
time on appl icable me thod s of mak ing emu ls ions , let us concede
th at a number of devices are available. Now , wha t k ind of f low
ra tes can be ha ndled w it h ul trason ics today?

Mr. All iger

Our l a r g e s t  u n i t  is a 2 ,000-watt unit , and it w i l l  make
perhaps  three ga l lons  per minu te for  very f ine emulsion , at one
micron , on a continuous flow basis.

Cap ta in Flanagan

And it s phys ical s ize is approx ima tely wha t?

Mr. A lli ger

A foo t and a half  by a foo t and a foo t and a half  for the
generator. The probe is perhaps a foot and a half or two feet

long , and four inches or five inches in diameter .

Cap ta in F lanagan

And it’ s a 2,000-watt unit?
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Mr. Alliger

Yes , 2,000 watts.

Cap ta in F l a n a g a n

Tha t r ea l ly  is some thing .

Mr. Alliger

Right.

Captain Flanagan

Are there any ques tions tha t anyone in the aud ien ce would
like to ask , so tha t we can wrap it up and move on to lunch?

Profe ssor Harpe r

Do you hav e any ev idenc e tha t these par t icle s i ze s ar e
independent  of f requency?

Mr. All iger

Professo r Fogl er comm ented yes terday tha t as you increa se
the frequency , the particle size goes down . I believe , with
Professor Fogler , tha t tha t does take p lace .  Howeve r , you can get

much more energy into the system at the lower frequencies. Thus ,
at a low frequency you have a relatively large droplet which shows

much more a c t i v i t y .  A high frequency makes this initial particle

smaller , bu t the ne t e f f ec t at th is h igh f requency is a grea t

r educ t ion  in activity. The cavitation bubble is smaller , and you
have less intensity inside the cavitation bubble. In summary, the
higher f r equency g ives a be tter in iti al e f f e c t , but it is q u i t e
difficult for the particle to get down to a tenth of a micron at

the h igher f r e q u e n c y .

Cap ta in F lanagan

It’ s somewha t mis lead ing to consider  the f r ee  su rface  wavele t

drople t as a model for a cavitation emulsifying system. They ’re
— really different phenomena. Getting energy into the system is

what tears up the droplets.
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Professor  Harper

I’d like you to clear up a point . I thought one of the

limitations of ultrasonics is that you cannot have a variable

frequency , var iable intensity instrument .

Mr. All iger

You do not have variable frequency. A frequency is f i x e d  by
the crystal in back of the probe.

Professor Har per

I th ink  tha t  we who work from a f u n d a m e n t a l  po in t  of v iew
need va r i ab le  f requency and ~-a r i a bl e  intensity to give us the

desired f l e x i b i l i t y .

Mr. A l l ige r

Obta in ing  va r i ab l e  i n t e n s i t y  is easy .  It ’ s j u s t  a m a t t e r  of
tu rn ing  an i n t e n s i t y  control  d i a l .  However , in my twen ty  yea r s  of
experience wi th  u l t r a s o n i c s , I ’ ve never heard of a frequency effect.
There is nothing that  v ib ra tes  at the na tural  resonan t f requen cy .
For example , our wavelen gth is measured in inches , whe reas you r
emulsion is in microns , The explosion and the collapsing cavita-
t ion bubble are the parame ters tha t make the d i f f e r e n c e .  Th er e is

no frequency effect. The sign if ican t cons idera ti on is ampl itude.

Professor  Thompson

Apart from the frequency problem , there is the add it ional one
that with an ultrasonic device you cannot modulate the flows .

This stems from the need to maintain the pressure between the

anvil and the hammer area , thus limiting the application to a con-

tinuous flow . In other words , in an on-off boiler system , I f a i l
to see how you can put something that size on a diesel engine .

Mr. Alliger

Tha t ’s not necessarily so. If you have an ul trason ic
instrument whose power you can vary , then , when you increase the
flow you increase the power. Normally , people use their instru-

men t r i ght to the end . If you use it right to the end , and you

- 
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t ry  to i n c r e a s e  the flow , you will not get as small an emulsion .

Professor Thompson

I do n ’t th ink that ’s the situation . As soon as you increase

the flow , you vary the pressure of the fluid which is entering the

emulsifier. The emulsifier then exhibits certain diff iculties in

its ability to produce cavitation at the wave that is distributed

forward and back. If I remember correctly, the proprietary unit

works at the second harmonic , the frequency at the hammer itself.

Mr. A lliger

I s that Tymponic?

Professor Thompson

Yes. I presume the Tymponic unit is the one you ’re talking

about.

Mr. Al liger

No. There is a degree of similarity, but our unit design is

exclusively ours.

C a p t a i n  F l a n a g a n

Let inc f i r s t  answe r P r o f e s s or  Thompson . You can overcom e

your difficulty by var y ing the outlet hole. By varying it , you

can keep the pressure the same and have a bigger flow .

Dr. Dry~~

We were aware of th is pressu re ef f ec t and the gas bubbl e
effect in terms of those experiments I told you about on the

internal phase size decay . In fact , we degassed the fue l  and
operated under an accumulated type system that had a variable

pressure on the entire system in addition to the centrifugal pump

sys t em .

Captain Flanagan

But isn ’ t i t  true that you were using essentially the

Tympon iCs ultrasonic dev ice?
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Dr. Dryer

No. It was a Cottel type reactor built by Crest Ultrasonics

in Tren ton , New Jersey. I grant you that there is a similarity

to the TympofliCs device.

Mr. A l l i g e r

Yes , but remember , there are many of these  probes  a r o u n d .

Captain Flanaj~n

And they  have been used in making fuel and water emulsions ,

certainly in the laboratory . Thank you , Mr. Alliger. Now , we ’ll

leave for lunch and reassemble for our final disucssion period .

(End of Session 4, Section 1)
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SESSION 4

SECTI ON 2

DI SCU S S I O N  OF PR OPOSED G U I D E L I N E S

In the final discussion period of the symposium , guidelines

were sought for finding solutions to unanswered questions which

were brought up during the previou s sessions. Comments were

exchanged as to the resolution of conflicting test results des-

cribed in the existing literature , and suggestions were offered

concerning the continued use of the emulsion process in the future

development of engine fuels. The discussion began with the

follow ing statement by Captain Flanagan.

captain Flanagan

The attachment on the mailing that was sent to the attendees

included guidelines for minimum data reporting in fuel-water

emulsion research. For those of you have not broug ht this with

you , there are additional cop ies on the literature table in the

hack of the room . I would appreciate it if you would have a copy

of this in hand to look at , so that I will not have to repeat or

to write down any particular guideline. I think it will make

things move faster.

What do we intend to do with these guidelines? We intend to

publish them along wi t ’i the other material we are publishing : paper

abstracts , attendees , and discussions. If we can reach a consenu s ,

we will recommend them for researchers who are making, and burning ,

fuel-water emulsions. We will break down the guidelines into

minimum data which should he reported on the emulsion itself , and
guidelines for record i ng work on diesels , gas turbines , and
boilers.

— - - 
- - 

I 

~:~
___ 

- —~~~ - — - - ~
--

~~~~~~~~~~~~~~
— . 

i— 
~~~



SUMMARY OF DISCUSSION
ON P RO P OS ED G U I D E L I N E S
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SUMMARY OF DISCUSSION ON PROPOSE D G U I D E L T ~~ES

Captain Flanagan began the anal ysis * of the guide li nes (see

attachment at the end of Session 4, Section 2) b y s u g g e s t i n g t h a t

the following data should be made available for emulsions (Al):

o Quantitative chemical analysis of the fuel

o Trade name

o Type , additive , and source

o Presence of natural surfactants

o Cetane and octane ratings , if ap p l ic a b l e .

There followed an exchange of op inions between Captain Flanagan

and the members on the floor as to which of these data could

actually he obtained , since some data were generally considered

proprietary (e.g., fuels and lubricants) . After some discussion

it was agreed to modify the original list to provide additives ,
pre sence of surfactants , and cetane and octane ratings if available.

The next item considered (A2) pertained to the physic al

properties of fuel. This included :

o V iscosity

o Heat content

o Density

o Viscosity index .

Mr. Wi nkl er (Seawor th y ,  Inc.) commented that caution was

necessary on tests relating to the above parameters. His state-

ment was based on the fact that generally, tests on the pure fuel

provided data that were invalid for mixture s containing thac same

fuel.

—
Because of time limitation , analysis of the item s listed in the
attachment was confined to those items considered most si gnificant ,
and also to items which appeared potentially controversial.
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i)r. S h a l e r  (SMS A s s o c i a t e s )  s u p p o r t e d  M r .  W i n k l e r ’ s obse rv a -
t i o n by n o t i n g  t h a t  m e t a s t a h l e  e m u l s i o n s  w o u l d  h e a r  no r e l a t i o n  t o
t h e ’  s ame  p r o p e r t y  of t h e  fu e l  as f a r  as app l i c a t ion  was c o n c e r n e d .
The p r o p e r t i e s  of the f u e l , acco r d i n g  to I ) r .  S h a l e r , w o u l d  no t  he
r e f l e c t e d  i n t h e  e m u l s i on , at l e a s t  w i t h  r e s p e c t  to  d i e s e l s .

l f l  r c~~p o n s e  t o  t h i s , C a p t a i n F l a n a g a n  n o t e d  t h a t  any r e p o r t
on the b u r n i n g  of an e m u l s i o n  w o u l d  he inconclusive without in i t i a l

b a s e l i n e  data on t h e  p u r e  f u e l , and t h a t  t h e r e f o r e  d a t a  on the

p u re fu e l d i d  p r o v i d e  a u s e f u l  purpo se.

i h e r e  was some q u e s t i o n  as to  whether t h e  c e t a n e  r a t i n g  of an
e m u l s i o n  c o u l d  c o n v e n i e n t l y he ob t a i n e d  b y the  s t a n d a r d  ASTM
method of o b s e r v i n g  the  b o i l - o f f  r a t e .  The preferable procedure ,

acc u rd ing to Captain 1:Ianagan , w a s  to a p p l y  a c h e m i c a l  f u e l  t o  an
engine , c h a n g e  t he comp ress i o n  ra t io , and de termine when it knocks.

Heat content was c o n s i d e r e d  n e x t .  The in i t i a l  assumption was

t h a t  t h i s  i n f o r r i i a t i o n cou ld  e a s i l y  he m ade  av a i l a b l e  f r om m o s t

ha n d b o o k s .  h o w e v e r , a n i m p o r t a n t  p o i n t  was  made  f r o m  t he  f l o o r
tha t t h e  s o u r c e  of i n f o r m a t i o n  was  v i t a l  f o r  a t r u e  r e p r e s e n t a t i o n
of t h e  da ta p r o v i d e d . I t  w a s b r o u g h t out  t h a t , f o r e x a m p l e , N o .  6
f u e l  f r o m  h r a : i l  i s  d i f f e r e n t  f r o m  No . ( f u e l  o b t a i n a b l e  in  San
Pedro , Cal i f o r n i a , or  f r o m  N o .  t~ f u e l  c o m i n g  from N orway, or
I)e n m a r k , o r Sw e d e n .  T h e r e f o r e , a p rope r  g u i d e l i n e  w o u l d  he
necessary to ensure that the correct fuel is mixed in the prepara-

t ion of an e m u l s i o n .

V i s c o s i t y  i n d e x  w a s  d i s c u s s e d  b r i e f l y ,  a n d i t  was  d e t e r m i n e d
to  he no t  v i t a l  d a t a , a nd was removed f r o m  t h e  l i s t  of d a t a
req u i r e m e n t s .

I t e m  Al  was  s t i l l  not  c o m p l e t e l y  r e s o l v e d .  A p a r t i c i p a n t
f rom t h e  f l o o r  r e t u r n e d  to  t h i s  i t e m  to  d i s c u s s  t he  portion of

emulsion data relating t o  c h e m i c a l  a n a l ys i s  of t he  f u e l .  T h i s
immedi a tel y brought u p  the question of which elements were to he

analyzed . (ap tain Flanagan referred to fuel sent by the U .S.

(Mast Cuard to a private laboratory for standard quantitative

chemical tests , which determined the amount of carbon , hydrogen ,
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and sulfur pre sent. lie pointed Out , however , that the tests for

t~~~se elements were n o t  hased on ASIM standards , hu t ra the r on
i f  i c  r e q u e s t  h y t h e  I t .  S. C o a s t  ( ; u a r d  f o r  t h e s e  p a r t  i c ul a r

qua n t it i e I -

Mr. (~in kle r then de scr ibed the A S I M  standards in terms of

th r e E- separate specifications , iden tified by number according to

their use and degree of complexity. In particular , the f u e l
specific a tion numbers were cateCorized as Spec. No. 396 for burner

f u e l , Sp e c .  N os . 375 and ~i75 for diesel fuel , and the most complex ,

Spec . No. 2880 for gas turbine fuel. Mr. Winkler ’s categorizations

we re c r i t i c i z e d  for not providing actual data beyond specification

numhering. lie replied that the important aspect of the numbering

was t h a t  the industry used these numbers as criteria for supplying

users with their individual requirements. Beyond that , i t  was
the user ’ s prerogative to provide their own analyses for their

own guidelines on fuel obtained by specification number.

1he  n e x t  i t e m  ( A 3 )  i n v o l v e d  c o n s i d e r a t i o n  of t h e  w a t e r  source.

M r .  W h i t e  ( I J S C G )  as ked w h e t h e r  the  i n t e n t  was to a im f o r  a
quan titative analysis or for j u s t  a source  d e s i g n a t i o n , e . g . ,  tap

water. Captain Flanagan felt that a quantitative anal ysis was

the preferred objective , especially in the case of the gas turbine ,

and , in all probability, also for diesels. When his op inion was

questioned , he stressed the importance of correlating the results

of research with t h e  f e a t u r e s  t h a t  c o n t r i b u t e d  to t he  r e s u l t s .
In support of this , he cited the possibility of a combination of

clean fuel mixed wi t h  had water ruining a gas turbine. If no

report was forthcom ing as to  w h a t  was  in t h a t  had w a t e r , then
nothing would h a v e  been l e a r n e d  f r o m  t h a t  e x p e r i e n c e ;  hence the
need  f o r  a q u a n t i t a t i ve guideline on the nature of the water source.

M r .  W i n k l e r  added  t o  t h i s  d i s c u s s i o n  by n o t i n g  t h a t  much  work
was being done recently on investi gation of diesel exhaust valve

corro sion , especially on modern high-speed , highly turbocharged

m a ch ine s. These  i n v e s t i g a t i o n s  i n d i c a t e d  t h a t  p r o b l e m s  a s s o c i a t e d
with formation of sulfi d es in turbines are being evidenced in

die s el exhaust valves also , and that other paramet ers causing gas
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turbine problems are causing similar problems in diesels. On

questioning b~- Captain Flanagan as to the importance of high temp-

erature and high gas velocity w ith respect to the water source ,

Mr. ~.Vinkler replied that the basic problem is the metal valve

temperature , at about 12000 F and up.

Ite m -\6 , distribution of water d’-oplet size , came up for

discussion . This entailed measurement , where the sample is taken ,

time elapsed from discharge from the emulsion , droplet size

determination , and sensitivit y to t ime .

Dr . Dryer (Princeton University) brought to the group ’s

attention that viscosity, surface tension , and interfacial tension

of the emulsion were not y e t  discussed . They were briefly consid-

ered in general terms until Captain Flanagan asked whether regular

techniques were adequate means of measurement. Dr. Dryer replied

tha t  t he r e  were d i f f i c u l t i e s  in measur ing  each of the  p r o p e r t i e s .
He r e f e r r e d , in p a r t i c u l a r , to  a p r ev io us d i s cuss ion by P r o f e s s o r
Dooher  ( A d e i p h i  Resea rch  Cen te r , I n c . )  of t h e  p r o b l e m s  i n v o l v e d  in
viscosity measurements , and ~arned against the use of typical

annular cylindrical type viscosit y measurement systems. Because

of very small amounts of creaming at the surfaces of the cylinders ,
the apparent measured viscosities are m u c h  different from the

true viscosity. Cone and plate systems , which are possible methods

of measurement , also are to a degree ques tionable , s i n c e  i t is
very difficult to avoid creaming in these cases also. Captain

Flanagan , in accepting Dr. Dryer ’s observations , expressed the

thought that where the techniques used are difficult and different

f rom clas sical labo ra tory pr ocedur es , we ought to request inputs

from the users when they implement these techniques.

Guideline items relating to the engine were next considered ,

with Captain Flanagan listing the items included in these cate-

gories. Professor Henein (Wayne State University) added some

parameters to Captain Flanagan ’s l i s t , and prov ided some details

on injector size , ty pe , and injector opening pressure , and on the
importance of timing of the eng ine and the injector. According

‘0 P r o f e s s o r  H e n e i n , the  s t a r t  of injection and the t ime lag from
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the pump r eac t ion  to ac tu ~~i i n j e c t i o n  have to  be determined . From

this information it is p o s s i b l e  to e s t a b l i s h  s t a t i c , and p oss ibl~-
dynamic , timing of the beg inning and end of injection .

Measurement  of ce tane and d e t e r m i n a t i o n  of the  c e t a n e  number
were cons idered  for an engine having a variable compression ratio.

It was agreed that determining the compression ratio and the

i g n i t i o n  de lay  were a p p l i c a b l e  to runn ing  c o n d i t i o n s  in a s t a n d a r d
eng ine , which , once it runs , is knock ing .

The s u b j e c t  of eng ine  noise  was i n t r o d u c e d  as a drawback
which had to be considered. Eng ine noise appeared to be directly

related to use of an emulsion. A discussion then ensued on

i gn i t i on  delay , knocking , and the  ex i s t ence  of pressure spikes

due to emulsions. Dr. Dryer stressed that from his experience , he
failed to notice any pressure spike due to emulsions in low-speed

residual fuel oil diesel systems. Captain Flanagan granted that

D r .  Dryer ’ s conclusions  were correct to the extent of Dr. Dryer ’s

observa t ions , but i n s i s t ed  tha t  the re  was s t i l l  s u f f i c i e n t  room
for future research to come up with more substantial proof of

Dr. Dryer ’s present contention .

Captain Jacobsen (USCG) provided some comments on i tems B2k
and B2c. In th e for mer ca tegory , he stated that data should be

reported either at actual ambient conditions , or according to

some part icular standardized ambient conditions . He also referred

to the question of injector opening pressure , wh ich is no t

particularly applicable to all diesel engine fuel systems . He

gave an example  of a t e s t  on a Cummins diesel engine , stressing

the need for knowing the calibration card number in order  to f ind ,
and record , the fuel rates or fuel pressures. Professor Henein

commented a t th is p o i n t  t ha t  in eng ines o t h e r  than the Cummins ,

an i n j ec t ion  sys tem u s i n g  a needle  valve re qui res ad jus tmen t of
the opening pressure for proper calibration . This , accord ing to

H Professor  Hene in , is an important technique , and the injector

opening p r e s su re  has to be recorded .

Ca pta in Jacobsen ’s second conc ern was w ith da ta on d i f f e r e n t
deg rees of en gi ne load ing , namely, idle , mi dpower , and full load .
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Guidelines for app lication were urgentl y needed. To illustrate

the need , Captain Jacobsen indicated , as an examp le , the fact that

it is especially important to know the correct data for applica-

tions where an eng ine is operating at less than full load in an

emulsion fueling capacity. This discussion was expanded to

include data not only on loading , but also on the connection

between engine speed and loading.

Dr. Muravama (University of t~isconsin) now proposed an add i-

tion to B2d. He claimed that during his work on applying emul sions

to engines , his associates reported an increase of hydrocarbons

and an increase in exhaust odor , resulting in a severe problem in

the construction of engines and in installing them aboard shi ps.

This reference to odors triggered a general exchange among the

conference members on the problem of identif ying odors quantita-

tivel y. Captain Flanagan suggested that while odor is a

significant factor which should be included in the guidelines , it

ought to be regarded subjectively, and no attempt should be made

to apply any numerical value to it.

There was renewed discussion on item B2c concerning the

relationship between eng ine speeds and loads. Questions arose as

to whether the guideline was to specify particular loads at rated

speed , corresponding to an engine ’s actual requirements at the

t i m e  of i t s  sa le , or whether the guideline should include an

engine ’s capability for idle or lesser speeds with varying loads

to meet conditions other than actual engine performance. The

general consensus on this was to appoint a subcommittee of experts

in the industry , and to have it , at some future time , issue a

decision adaptable to the entire industry .
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ATTACHMENT
GU I D E L INE S FOR M I N I M U M  DATA REPO RTING IN FUEL/WATER

EMULSION RESEARCH

I t  is unders tood  t ha t  many t echn ica l  j o u r n a l s , conven t ions ,
and symposia have page limits for technical papers. If the guide-

line material cannot be included in the body or the appendices of

a technical paper , it is recommended that authors collect and make

available on request the guideline data to colleagues. The paper

should indicate that data so available.

These data are considered essential to advancing the under-

s t a n d i n g  of the phenomena or in eval ua t ing the concep ts wor th.  If
cost and time demand modest efforts , da ta no t ma t~ked with # should

be deleted first.

A. The Emulsion :

#A l . A quantitative chemical analysis of fuel. Trade name.

Type. Additives. Source. Presence of natural

surfactants. Cetane/Octane rating (if applicable) .

A Z .  Phys ica l  p rope r t i e s  of f u e l .  V i s c o s i t y .  Heat content .
Density. Viscosity Index .

A 3. Water source. Quantitative analysis.

A4 . Temper a tur e of mi x ture before  and af ter emuls ify ing.
Temperature when delivered for burning .

#A5. Percent water in emulsion by volume or weight

( spec ify  wh ich) . Method of determining percentage.

Acc ur acy of percen t determination .

#A 6. Distribution of water droplet size. How measured .

Wher e sample taken . Time elapsed from discharge of

emulsor and droplet size determination . Sensitivity

to time .

#A7 . Type of emulsor. Trade name , model , or ava ilable
de ta i ls if expe rimen ta l .  Flow ra tes.  Pressures

181



ATTACHMENT
G U I D E L I N E S  FOR M I N I M U M  DATA REPORTING IN FUEL/WATER

EMULSION RESEARCH (CONTINUED)

before and after emulsor. Physical princ iples used
in emulsion formation .

#A8 . Piping diagram showing return flows , sample points ,
fitting s , s izes , and componen ts (pu mps by type ,

orifices , etc.)

#A9. Total energy rate into emulsor .

#Al 0. Special additional treatment such as surfactant

additions , additional agitation , etc .

B. Burning in Compre ss ion Ignition Engines:

#B l. Engine type , model , number of cyl inders , bore ,

stroke , compression ratio , conf igura ti on , injector

size and type , condition , asp ira ti on , and valve timing .

#B2. Basel ine performance data on pure fuel to include:

#B2a. RPM , fuel f low , torque or ho rsepowe r , exha ust
tempera ture , intake air temperature and humidity .

#B2b. Type and accuracy of load determination

(d ynamometer) .

#B2c. At least idle , midpower , and full load data

shou ld be taken . Mo re da ta po ints des ir a b l e .

#B2d. Exhaust gas analysis including smoke and

part iculates.

B2e. Governor and rack settings if available.

#32f. Timing of beginning and end of injection.

B2g. Cylinder pressure versus crank angle if avail-

able.

B2h . Presence of detonation knock.
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ATTAC HMENT
GUIDELINES FOR MINIMUM DATA REPORTING IN FUEL / WATER

EMULSION RESEARCH (CONTINUED)

BZi. Upstream and downstream pressures and temper-

atures around turbochargers and blowers.

B 2 j .  Lube o il typ e and cond iti on before burn ing
emuls ion (fuel dilution , viscosity, ac id ,

s lud ge , wa ter) .

B2k. Ambien t temperature , coolant tempera ture , lube
oil temperature.

B3. Emulsion burning data.

#B3a. Same as AS , A6, A8 , Ag .

#B3b. Same as B2a , B2c , B2d , B2e , B2f , B2g ,  B2h , B2i ,

B2k.

B3c. Lube oil cond ition af ter specif ied hours runn ing
on emuls ion.

B3d. Any change in the condition of injectors , fue l
pumps , p iston , or rings after specified hours.

C. Burning in Spark Ign ition Engines:

#Cl. Baseline data from running on pure fuel. Same as

Bi excep t dele te inject ion and add igni tion type ,

timing , spark plug data.

#C2. Actual emulsion burning tests. Provide data as with

diesels  above wi th  appropr ia te  a l lowance for  engine
d i f f e r e n c e s .

D. Gas Turb ines:

Essentially same data as C. with the addition of combustion
— chamber temperatures and inner spindle rpms if applicable.

Thrust mass flow-rate should be recorded if a free turbine is

not used . If free turbine is used , torque and f ree turb ine
rpm or HP as wel l  as up and down s t ream t empera tu r e s  are
required .
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ATTACHMENT

GU I DELINES FOR MINIMU M DATA REPORT IN G IN FUEL / WATER
EMULSION RESEARCH ( CO NT INUE D )

E. Boilers:

E l . A com p lete descri ption of the boiler is needed includ-

in g burner  and ti p si z e s .

~E2. Baseline data should be collected on pure fuel based

on measured exhaust gases at minimum excess air and

smoke number specified (Bacharach or equivalent) not

exceeded .

#E 3. Stack gas analysis should be repeated with emulsion

burning at minimum excess air and smoke number not

exceeded .

~E4. Steam flow rates and pressures should be carefully

repor ted.

E S .  F i r e s i d e  and w a t e r s i d e  c l ean l ine s s  should be c a r e f u l l y
reported before and after each test with hours on

emu ls ion re por ted.

E6. Water vapor in flue gas is important.

F. All Cases:

#Fl . Specify and show the allowance for heat content of

surfactants used in calculating efficiencies.

# F2. Specify and show the energy absorbed by the emulsifying

equ ipment in computa t ions  of e f f i c i e n c y .

(End of Session 4 , Sect ion  2)
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SESSI ON 4
SECTION 3

SUMMARY OF PRESENT TRENDS AND FUTURE GOAL S FOR APPLICAT ION
OF IVATFR-TN-FUEL EMULSIONS IN COMBUST ION PROCESSES

INTRODUCTION

The f i n a l  d i s c u s s i o n  of th e confe rence involved an evalua t ion
of e x i s t i n g  activity with respect to water-in-fuel emulsions , and
also an attempt to anal yze the future potential contribution of

the emulsions to fuel efficiency , fuel economy , compat ibility with

d i e s e l  en g in es , and e n v i r o n m e n t a l  r e q u i r e m e n t s .  The ques tion of
a d e q u a t e  means  of r e s e a r c h i n g  the f i e l d  was the first item

di scussed .

R E T R O F I T T I N G  AND NEW PRO DUCT S

I t  is a popular  b e l i e f  tha t  most  of the diesel engines that

are going to be in use in the foreseeable future have already been

manufactured , and ar e actu al ly in use now . Since there are at
present vast numbers of combustion processes throughout the world ,

it would be quite proper to think of the possibilities of retro-

fitting the many existing systems according to the most modern

concepts. Implementing the proposed changes would contribute to

improved efficiency and to minimization of pollu ten ts.

-\t the same time , there is the question of the extent of

r e sea rch  to be p e r f o r m e d  on new produc ts. For exampl e, if a new
emulsor were to be produced which could satisfy increased perfor-

mance requirements , there mi ght be some question as to how much

re search effort ought to be expended in new designs of diesel

eng ines , and bo i le rs , and gas turbines. Then , too , decis ions
m i g h t  have  to be made on whe ther to emphas ize NO

~ 
reduc t ion or

i m p r o v e m e n t s  in combustion . The question of research for new

produc t s  and accompany ing equipment  des ign  changes m e r i t s  ca re fu l
s tud y .
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G U I D E L I N E  OBJE CT I V ES

Two o b j e c t i v e s  m u s t  be cons idered  in e s t a b l i s h i n g  a c c e p t a b l e
g u i d e l i n e s :  c o m m e r c i a l  and a c a d e m i c .

COMMERCIAL OBJECTIVE

T h i s  o b j e c t i v e  is r e f l e c t e d  in the need for suitable water-

i n - f u e l  e m u l s i o n s .  There  is a re la ted  f a c t o r  which  should  be
considered , i.e., e l i m i n a t i o n  of s u r f a c t a n t s .  For e x a m p l e , in
transportation systems such as shipping and air traffic , it will

he necessary to bunker at locations where fuel is available. In

t h i s  case , p u t t i n g  in s u r f a c t a n t s  could pose a prob lem.

ACADEMIC OBJECTIVE

The academic o b j e c t i v e  relates to the need for the industry

to u nde r s ta nd thoroughly the factors involved in setting up

reliable systems at low first cost. For this objective to be
realized , academic proj ects would be created to investigate

methods and techniques for satisf ying this need.

POTENTIAL AREAS FOR FULFILLMENT OF OBJE CTIVES

Tbree approaches are presented to illustrate the potential

a r e a s  in wh ich  the commerc ia l  and acad emic ob jec tives ca n be
r e a l i z e d :

1. The p o s s i b i l i t y  of r e d e s i g n i n g  b o i l e r s

With further investigation of the design of ship

b o i l e r s , i t  m i g ht  be p o s s i b l e  to minimize , or even
eliminate , complex auxiliary equipment associated with

air heaters.

2 .  Improvement  of the gasoline engine

F u r t h e r  e x p e r i m e n t a t i o n  on g a s o l in e  eng ines  can
prov ide improved operation capability.
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3. A p p l i c a t i o n  of r e s i d u a l s  or s o l i d s  in fuels

Methods  could be devised to provide a catalytic

effect for burning of residual matter (e.g., dross left

over from coal mining processes) to use up combustible

material within the residual matter. This would make

available additional energy supply from sources heretofore

cons idered  pure  w a s t e .

PROBLEMS RE LATED TO FUTURE PRACTICE IN COMBUSTI ON PROCES SES

The discussion turned to what could be contemplated for the

future in the matter of problems associated with the combustion

processes .  A s u g g e s t i o n  was made , and followed , to translate

these problems in to  s h o r t - t e r m  and long-term goals.

SHORT - TERN GOALS

Short-term goals were defined as centering on problems out-

standing and likely to predominate for intervals up to abou t ten

years. The short-term problems implied present awareness of their

ex istence , and the question of whether existing conditions could

be improved by addons , e . g . ,  adding  of e m u l s i o n s .  In a d d i t i o n ,
short-term problems included such inquiries as what was needed for

bo ilers , gas turbines , d iesels , and spark ignition engines to

obtain best results.

Three bas ic  goals  were specified for which guidelines were to

be es tabl ished , and on the basis of which it was hoped that efforts

would be made to realize their short-term potential. These goals

were :

1. Reduced pollu tants.

2.  Improved combus t ion  e f f i c i e n c y .

3. Ability to burn cheaper fuel.
— The op in ion was exp ressed , though no t whol ly endorsed , that

emulsif ica t ion could poss ibly satisfy all three goals.
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A n u m b e r  of s u g g e s t i o n s  were  made  as to  how to  a p p r o a c h
t h e s e  g o a l s .  Th ese i n c l u d e d  r e c o m m e n d a t i o n s  fo r  t h e  F e d e r a l
Gove rnmen t  to  p r o v i d e  money  fo r  r e s e a r c h  on e m u l s i o n s , investig a-

t i on of r e s i d u a l s  r a t h e r  t h a n  d i s t i l l a t e s  w i t h  r e s p e c t  to  t h e
short term , easily applicable retrofit emulsion systems , and

separate studies of boilers and furnaces to assess the energy and

dollar impacts by industry type. The Federal Government was

encouraged to provide much greater funding for research on boilers

or furnaces of large-scale industrial systems. Since current data

applied to boiler systems of capacity not greater than about

35 ,000 pounds per hour , it was felt highl y desirable that the pro-

gram should be expanded to look into systems ranging up to capac i-

ties of about 100 ,000 pounds per hour.

The discussion continued as to the justification for requests

from the Federal Government for funding of various projects. An

important fact was brought out that seemed to substantiate the

legitimacy of these requests. The Energy Policy Conservation Act

of 1975 states that in some cases energy impact statements are to

be developed for certain situations. In order to convince the

Government , a high degree of credibility had to he established.

In the case of emulsions , this credibility could readily be

established , because , in tests and actual operation , not only did

emulsions not evidence any detrimental characteristics , but they

were in fact shown to improve emissions , and the efficiency of

particular diesels. These facts , plus the on-hi ghway situation

of enormous consumption of the nation ’s petrochemical supply,

should p rov ide  conclusive inducement for the Government to agree

to the funding proposal. Emulsification , even if a p p l i e d  only  to
buses  and t r u c k s , cou ld  r e s u l t  in a g r e a t  s a v i n g  of f u e l .  T h i s
r e a s o n i n g  b o l s t e r e d  the  t h i n k i n g  t h a t  f u n d s  m i g h t  be f o r t h c o m i n g
in a n s w e r  to properly presented requests.

RELATIV I IM PRO VEMENT S FROM APPLI CATION OF EMULSI ONS

There were additional statements favoring continued work  on
the application of emulsified fuels and affirming the validit y of
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requests for funding such work. On the question of efficiency, the

greatest benefit from the use of emulsified fuel was derived on

application of the fuel to equipment of relatively low-efficiency .

This point was brought Out in the distinction between seagoing

boilers , with efficiencies of about 85 to 90 percent , and boilers

t y p i c a l  of domes t i c  and small industrial sys t ems , in w h i c h  the
efficiencies ranged in the mid-Seventies. In the latter case ,

there was easily room for an improvement in efficiency of at least

f i v e  p e r c e n t .

The second b e n e f i c i a l  c h a r a c t e r i s t i c  of the  e m u l s i f i e d  f u e l
was illustrated by reference to its application in the gas turbine.

Since the large air-fuel ratio in a gas turbine makes possible

extremely hig h combustion efficiency , the question of increased

efficiency in combustion for the gas turbine is of small conse-

quence. However , with use of emulsified fuel , the gas turbine

evidences an improvement in the NO
~ 

count; actually, a count

reduction to below the new specification of 75 parts per million .

Finally, the diesel eng ine can benefit both from the stand-

point of improved efficiency in fuel consumption , at least 5 per-

cent , and of reduction in the NOx and smoke count of about 50

percent. These improvements could cause a significant economic

impact with respect to costs and the saving of fuel.

The factors described above should serve as impetus for

investigation the emulsification process further to determine why

these beneficial results are attainable. An understanding of the

process would substantiate the existing empirical data , and wou ld
spur f u r t h e r  a n a l y s i s  to perhaps  inc rease  the  p o t e n t i a l  b e n e f i t s
to be o b t a i n e d .

A suggestion was made to consolidate the ideas expressed on

the u se of the emu ls i f ied fu e l in order  to ar ri ve a t a conse n su s .
• Q u e s t i o n s  were  then  asked c o n c e r n i n g  f u e l  ex tens ion  under  o f f - l o a d

c o n d i t i o n s  in d i e s e l s , and determination of the amount of smoke

and particulat es that might be considered safe for boilers that

could burn heavier fuel. Many suggestions were made , includ ing
cleaner burning, flex ibilit y of operation , f u e l  cho ice , reduc ti on
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in maintenance requirements , and reduction of fire hazards.

LONG-TERN GOALS

The first long-term goal suggested was the possibility of

improving staged combustion , which was relevant to fuel-nitro gen

conversion . The improved staged combustion was introduced as a

factor to be investi gated for improvements in burning efficienc ’--

and in the abilit y to reduce the NO count.
- x

Another top ic of special concern for the long-term goal had

to do with low-speed , heavy-fuel-burning diesels. It was

predicted that these diesels , which had been phased out over the

last 20 years , would make a significant comeback. This prediction

was based on t h e  f a c t  t h a t  d i e s e l s  could  be powered by a fuel of

which the Third World has a permanent source of supply and of the

type t ha t  did not  r e q u i r e  a h i g h  deg ree  of m a i n t e n a n c e .  A l s o ,
these diesels could burn almost anything , expeciall~ with water
emulsions.

The above s t a t emen t s  to t he  group were u n c o n t e s t e d , w i t h  the
e x c e p t i o n  of one c o n t r a r y  v i e w p o i n t .  The group was u rged  to
c o n s i d e r  the s u l f u r  con ten t  and e m i s s i o n  r e q u i r e m en t s  of the f u e l
th a t th e low-speed diesel was going to burn . The Clean Air Act

had the  e f f e c t  of s t e e r i n g  the t rend  away f rom heavy , c o n t a m i n a t e d
f u e l s .  T h e r e f o r e , even though  the l o w - s p e e d  d i e s e l s  could v e r y
efficiently use the heavy fuel , it was neces sa r\ -  to u n d e r s t a n d
th a t , so long as the  Clean Ai r  Act r emained  in the statute hooks ,
the advan tage  of the  low-speed  d iesel  w i t h  r espec t  to f r e e  use  of
heavy , c o n t a m i n a t e d  fue l  would have to be considered within the

c o n t e x t  of the l i m i t a t i o n s  stated in the Clean Air Act.

At t h i s  po in t  in t he  l o n g - t e r m  goal  d i s c us s i o n , a p roposa l
was made c o n c e r n i n g  an approach  to the realization of the long-

• t e r m  goa l s  as we l l  as of the s h o r t - t e r m  goals. The proposal
recommended the setting up of a l i s t  s p e c i f y ing both  t y p e s  of
g o a l s .  Th i s  l i s t  would  i nc lude , among o ther  p r o v i s i o n s , t r a d e o f f s
which  would d e t e r m i n e  short-term and long-term economic impacts ,
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and so provide the basis for rational requests for funding by the
Federal Government .

The final item of concern on the long-term basis related to

the potential for the future use of diesel engines in the auto-
motive field to meet a 1985 standards requirement of 27.5 miles to
a gallon of fuel. The diesel engine , however , might not comply
with the maximum allowable NO

~ 
and smoke emission requirements.

This prompted the suggestion of a tradeoff : gasoline conservation
for the price of relaxation of pollution restriction .

All the recommendations were accepted , with the intention
that concrete proposals would result from their having been aired .
The conference ended with an expression of thanks from Chairman
Flanagan to all the participants for attending the conference and
sharing in the proceedings.

(End of Session 4)

(End of Conference)
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