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A MODEL FOR FUEL—AIR MIXING IN ThE TEXACO

CONTROLLED COMBUSTION STRATIFIED CHARGE ENGINE

Bhag C. Jam , James C. Keck , and Joe M. Rife
Department of Mechanical Engineering
Massachusetts Institute of Technology

Cambridge, Massachusetts 02139

ABSTRACT

A jet model with standard turbulent entrainment assumptions

has been developed to predict the spray formation processes in

engines . The model has specifically been applied t~Jthe Texaco

Cc.. dontrolled Combustion System, stratified cha;ge engine. While

the analysis has been carried out as part of a general effort

to develop a model to predict the performance of the engine,

the potential use of the jet model, by itself, as a design tool

has also been demonstrated through a parametric study.

Some characteristic lengths useful in evaluating different

fuels have also been described. The purpose has been to show

that the performance model developed for the engine can be used

for a large number of fuels of practical interest.
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Introduction

One of the major inputs required for predicting the per-

formance of an eng ine is the rate of burning of the fuel and the

condit ions under which this takes place. A simple thermod ynamic

model can then be used to predict the pressure inside the engine

cylinder. These pred ictions require modelling of the controlling physical pro-

cesses inside the engine just before, during, and just after com-

bustion. For stratified charge engines with fuel injection and

diesel engines, the spray formation processes play the most im-

portant role in determining combustion characteristics and, as a

result, the overall performance of the engine. An understanding of

these processes is therefore essential in developing a model to

predict overall performance of these engines.

The purpose of the research work to be described in the following

pages has been to carry out a spray analysis as part of the general

effort to develop a model to predict the performance of the Texaco

Controlled Combustion System (TCCS) stratified charge engines; given engine

geometry, operating parameters and the fuel properties. The complete

performance model is described in another paper~
1
~~.

The analysis begins with the assumption that the process of

the spray formation in engines can be studied using continuum models.

Such an approach has been used earlier by Rife and Heywood~
2
~ in

studies of diesel combustion in a rapid compression machinc~;and they

conclude that the motion of the fuel jet can be satisfactorily

analyzed with such models. As reported by Rife and Heywood~
2
~ , this 
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appro.ich assumes that  the fuel breaks int o  drop lets near the nozzle

o r i f i ce  and t1ia~ the r e l a t ive  velocity of droplets in the jet flow

is smal l. They have also concluded that special entrainment as—

su inption s are not required for model l ing the fuel jet In an engine

so that  standard entrainment  coeff ic ients  can be used.

Ou r paper s tar ts  wi th  a brief descr ip t ion of the TCCS ,

s t ra t i f ied  charge engine. A character is t ic  lengths anal ysis is

then ca rr ied out , partly to determine the applicability of the jet

model to th is  specific engine and par t l y to determine the range of

fuel properties over which the performance model is applicable.

A jet model based on the empirical turbulent entrainment parameters

is presented . The results of a photographic study of the spray

formation to confirm the applicability of the entrainment assumptions

are given, and the Jet model is used in a parametric analysis to

demonstrate its use as a design tool.

TCCS Engine Description

The Texaco Controlled Combustion System, illustrated schematically

in Figure 1 requires co—ordination of air swirl, fuel—injection and

positive ignition. The high air swirl is obtained by a shrouded in-

let valve and is amplified during compression by the combustion

chamber configuration . The combustion chamber is a cup in the piston

with a cylindrical upper section and toroidal bottom and the diameter

of the cup is approximately half of the cylinder diameter.

The high pressure injection system is based on diesel engine

injection components and uses a special version of the standard

L. _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Roosa Master Pencil Nozzle. The distinguishing feature of this

nozzle is a special flat seat and a single—hole orifice in ;tead of

the more usual conical seating, multip le—hole sac—ti p design . All of

the remaining details are essentially the same as a standard pro—

duction nozzle. Valve opening pressure is usually set in the range

of 1500—2000 psi. The positive ignition system specially developed

for the engine and called The Texaco Ignition System (TTIS) is a

high energy , multi—spark unit with controlled duration~
3
~ .

The fuel is injected into the swirling air flow in a downstream

direction near the end of the compression stroke. The first in-

crement of fuel is ignited as it reaches the spark plug and a

flame—front is established immediately downstrcam of the spark plug.

As fuel injection continues , additional fuel and air reach the

flame front at the spark plug and the fuel is burned almost as

rap idly as it is injected . For full load ,the fuel injection interval

approximately corresponds to the time for one air swirl and the over-

all, fuel—air ratio is near stoichiometric. Lower loads are obtained

by decreasing fuel injection duration and quantity so that operation

is typically lean of stoichiometric and the overall air to fuel

ratio may approach 100:1 at idle conditions. These basic conceptual

details behind the Texaco Controlled Combustion System are an intro-

duction for our analysis ;and additional hardware details can be

found in References (4—7).

The performance model for the Texaco stratified charge

engine assumes that the rate of chemical heat release

during the rapid combustion phase is determined by the mass rate

I

— — —  —~~~~~. ,-- — — . - —. ~~~ -~~ ~-— . .  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ,~~~~~~~~
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Of I nj t r l  ion and the amount of gas m ix t u re  cut rained by the fuol j e t

as it  rc, el es the spark plug. This linpi ics that most of the fu el has

cvaiuoi.ite d by the tine it  reaches t he  spark plug. The assu ept  ion

that the combust ib le  f u e l — a i r  m i x t u r e  at the spark p lug is i i~nic diat ely

igni ted requires  that  the fuel  je t  “h i t ” the spa rk p l u g

and tha t  mix ing  in the j e t  produces combus t ib l e  f u e l — a i r

mixtures in the spark plug vicinity. We will look into the spray

f ormat ion process to de termine the cond it ions p laced on our anal ysis

by these implied assumptions.

C har a c t e r i s t i c  L~~~~~h_Anal ysis

A schematic of the spray and various characteristic lengths for

the ~~~~ eng ine and the fuel spray are shown in Figure 2. The

important characteristic lengths are:

(1) Distance between nozzle—tip and spark plug plane L

(ii) Jet break—up length L
b

(iii) Droplet deceleration length Ldec

(iv) Droplet evaporation length Lev

(v) Momen tum length L
mom

As suggested previously,  our combustion model is app licable if most

of the fuel is evaporated by the tine it reaches the spark p lug

plane. For con tinuum jet models to app ly we requ i red:

(a) Rap id jet break—up and drop le t decelera t ion occuring w ithin

a few orifice dia meters or “at the nozzle tip ”.

L , L <<< L
b dec sp

(b) Most of the fuel must be evaporated by the time it reaches

the spark plug.

L ~~~L

~_:i~- ~ •
~~:~~::=~~

-j : -~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ -~~~~~~~
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The momentum length L def ines  the length scale over which themom
momentum introduced into the jet by entrainment of the cross flow

is equal to the initial momentum of the jet. The momentum length

determines the relative bending of the jet  centerline. If~L << Lmorn sp

we can neglect the bending of the jet centerline due to cross flow;

otherwise ,the e f fec t s  of cross flow must be included in studying the

space—time history of the jet .

The relationships between the characteristic lengths , f uel

properties and injection system parameters have been established

in the appendix. The various characteristic lengths have been

calculated for a wide range of fuels. These characteristic lengths

have then been compared with the distance between nozzle—tip  and the

spark plug to ascertain the relationships required for our simple

performance model~
1’
~~. The types of fuels considered include

met h anol , gasoline,diesel and a wide—range dis t i l late .  The physical

propert ies of these fuels used in the calculations have been

listed in Table 1 and the results of the calculations, the

characteristic lengths for each of the fuels, are given in Table 2.

The characteristic geometric length L for the present arrangement

is 1.5 centimeters . On the basis of our characteristic lengths

analysis, we have concluded that a single performance mode1~~~ can

be used to predict the performance of the Texaco engine for

a large number of fuels of practical interest including

met h anol , gaso line , JP—4 , diesel and a wide—range d i s t i l l a t e

since~

(a) The injection velocities used in practice are higher
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than those required for “im mediate ” b reak—up of the je t .

(b) Deceleration of droplets is rapid — within  a mi l l imeter  or

so from the nozzle tip.

(c) Most of the fuel evaporates by the time it reaches the

spark plug.

In addition since the momentum length and L are comparable, we also

conclude that the effect of cross—flow has to be included in the

jet mixing analysis. We now desctibe the jet

model used to calculate the space—time history of the fuel jet in the

engine. This analysis is used to compute the amount of gas en-

trained by the fuel jet and the trajectory of the jet centerline.

Jet Model:

From the characteristic lengths analysis, we conclude that the

fuel jet breaks into droplets near the nozzle orifice and that the

relative velocity of droplets in the jet flow is small. A quasi—

steady jet model, similar to the one used by Rife and Heywood~
2
~

is used to analyze the motion of the fuel jet. The model is based

on the turbulent entrainment assumptions of Moult and Weil
I$)

. In

this analysis,the rates of entrainment for turbulent plumes

introduced by Moult and Weil have been modified ,to Inc lude the

ef fects  of large dens i ty  v a r i a t i o n s , as suggested by R i cou— Spa l d i ng~
9
~

and Escudier UO) . The jet  geometry is shown in Figure 3. The

governing equations for the jet motion are:

________________________
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Conservation of Mass:

~~

- (pwb
2u) = (.,..2. )

l/2  2iibp [a lu — V~~ + 
~t~

Tnfl (1)

Conse rvat ion of Momentum:

Ho r izontal  component:

4 (pi~b~ u 2 Cos 0) = V Cos 0 
~ 

(p~Tb
2
u) (2)

Vertical Component :

L (prb 2u 2 Sin 0) = V Sin 0 
~~ 

(p~ b 2u) (3)

Conservation of Fuel:

~~

‘ (pirb2u X
f
) = 0

where b = jet radius

s = distance along the jet  t ra jectory

u = j et veloc it y

V = cross—flow velocity

V = component of V normal to un
= component of V parallel to u

X
f 

= mass fraction of fuel in the j et

a = entrainment parameter for the parallel flow

= entrainment parameter for the normal flow

0 = inclination of jet to horizontal

p = mixture density in the j et

p = densi ty of the surround ing gas

0 inclination of V to horizontal

With these governing equations , the problem reduces to an initial

-~~ -.. —.-—- —~~~~~~~~~~ .- --—- -- , ---~~~--.-- -.~~- —- - -- . —-- - , - .
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v.i inc pr~ b1cm m d  knowing the  in it I ml. cond it ions of t h e  f u e l  J et  and

the nature of the cross—flow , the eq uati ons can be numer i c a l l y

integrated to obtain the sp a cc—ti ie history of the jet . Be fore

using this model to obtain the rates of entrain m ent and the  space—

tim e his tory of the j et ; a n umber of spr ay pho tograp hs we re taken

in a high pressure bomb to determine the character of our nozzle

and ver i f y the jet model.

Phot~~~~~~hic Studies of Spray:

A bl ock d iagram of the system used is shown in Figure 4. A

variable speed motor (Range 0—1600 RPM) was used to drive the

injection pump . The motor also had a variable tri gger signal unit

mounted on it which could give a si gnal before start of injection.

Th is signal was used to trigger an oscilloscope with a variable

time-delay unit. A delayed tri gge r si gnal f ro m the osc il losc ope

tri ggered the driving unit for the micro—flash system. [The driving

unit for the micro—flash could also be triggered manuall y if desired .}

The micro—flash unit gave a very intense flash of microsecond

duration. The orig inal unit was modified from a line source with

a parabolic reflector to a point source and a Fresnel lens was

used to obtain uniform intensity throughout the field of view.

Various diffusers and aperture settings were used to reduce the in-

tensity of the li gh t a t the f i l m  p lane to prevent over—exposure.

Ni trogen was used to pressurize the vessel and a small f low through

the vessel was maintained during injection to scavege the fuel

vapor out of the vessel to improve resolution of the jet boundaries.

Fuel was injected horizontall y to preven t the sp lashing on the
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plexiglas windows that occurred when vertically downward inje ct ion

was used . A number of photographs w ith d i f f eren t delay tim es were

taken for each set of operating conditions to stud y the his tory of

the jet development and to compare it with the predictions of the

jet model. The cracking pressure for the injector was set at 100

atmospheres (1500 psi) and ambient densities in the pressure vessel

of up to 16.5 atmospheres were used. The variable speed motor and

the injection pump were driven at 640 RPM , corresponding to an

engine speed of approximately 1280 revol uti ons per min ute , and

various injection rates were used . While few details in the

interior of the jet can be seen in these photographs; the boundary

of the jet as it developed with time was very clearly visible.

Interior details could not be seen within the jet because of the

hi gh drop let density within the jet; relatively high jet velocities ;

the presence of large amounts of fuel vapor within the pressure vessel;

and poor quali ty of p lex iglas windows. A typ ical set of pho tographs

is shown in Figure 5. The pho tographs are for an ambient density of

16.5 atmospheres , close to conditions in the chamber at the beginning

of injec tion , and a fuel flow rate of approximately 35 cubic

millimeters per injection . Diesel fuel was used for all the photographs.

The tip position and the radius of the jet as a function of time

was measured from photographs similar to those in Figure 5 and this

data was to test the jet model. The spreading angle and jet radius were

measured and used to calculate the value of entrainment parameter ‘ci’

in the jet model in these computations. The pho tograp hs were taken

in a quiescen t atmosphere and the value of the entrainment co-

efficien t B was not tested. The entrainmrnt parameter ‘ci ’ w.is

~~~~ -- ... ----.- . . Jc ~~~ .- -.-- - 
~~
--

~~~~
-
~~~~~~~~~ ~~~~~~~~~~~~~~~~
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observed to be approximatel y 0.08 w h i c h  compare s  very well with

the val ue of 0.11 used by I lo ult  and We il~
8
~ and we have ch osen to

use their entrainment coefficients of a = 0.11 and B = .6. We

concl ude from the pho togr aphs , that the assumptions required for

a continuum computation are appropriate and that classical en-

trainment parameters can be tused . To determine the appropriate

val ue for the in it ial je t rad ius, the jet model was used to compare

measured and compu ted penetration—time history of the fuel jet

and two different cases were considered . In one , the scal ing

parameter , effec tive initial jet radius , was assumed to be

equal to the orifice size with a coefficient of discharge equal

to 1.0. In the other case , the discharge coefficient of 0.61

for a sharp—ed ged orifice was used to get the effective initial

jet radius and the initial momentum of the jet. The predictions

of the je t model were then p lotted in the form of jet radius and

ti p position as a function of time and compared against the

ac tual values obtained from the photographs. As can be seen from

FI gures 6 and 7, a d ischarge coefficient of 0.61 gives reasonably

good agreement between the theoretical pr edi ct ions and exper im en tal

da ta. This step is impor tan t , since the flat seating orifice used

in this eng ine is qu ite d i f f e r en t fro m the sac t i p n o z z l e  used by

Rife and Heywood . In these calculations , an effec tive initial

jet radius of 0.0223 centimeters has been used for an orifce of

0.0288 cen timeters.

_ _  _ _ _ _ _  ~~. . .
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The je t  mo t ion has been studied in a two dimen sional  plane

c o n t a i n i n g  the nozzle and the spa rk p lug. The gas ve loc i ty  insid e

the  cy l inde r has been assumed to be a solid—bod y ro ta t ion  and the

magni tudes  of this solid bod y swi rl have been obtained from a gas—

motion analysis carried out by Martin~~~~. The nozzle o r i f i c e  is

assumed to be a “sharp—edged o r i f i ce ” wi t h a discharge coe f f i c i en t

of 0.61 to obtain the e f fec t ive  initial jet  radius and two dif-

fe rent mean values of ini t ial  momentum have been used — one based

on t ime—averaged mass rate of f low ( total  mass of fuel  injected

pe r inject ion divided by the injection dura t ion)  and the other

time averaged momentum . A third limiting case has also been

conside red where the inject ion pulse is assumed to be a square

wave wit h its height equal to the maximum injection velocity ob—

ta m ed du ring the inject ion pulse . For th i s  case , it is a lso as—

sumed that the inject ion dura t ion  changes to vary  engine output

and tha t  the  mass rate of injection remains constant at all loads.

The dens i ty  r a t i o  used for r a t e — o f — e n t r a i n m e n t  ca l cu l a t i ons  is based

on the condi t ions  at the beg inning of in ject ion . In our s tudies ,we

have found that a jet velocity based on the average momentum

appea rs to y ie ld the most app ropr i a t e  resu l t s  wi th  the inject ion

system used on this  engine. The calculations have been carried out

for two engine speeds , 1500 and 2500 RPM and for light and medium

loads. The i n i t i a l  je t  veloci t ies  used are given in Table 3.

Typical jet centerlines are shown in Figure 8, and the gas—fuel

ratios at the spark plug for all cases are shown in Figure 9.

~~~~ ~~~~~~~~~~~~~~~~ ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ —~~~~~~~~ - ~~~~ -. --
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It is seen tha t , in most C a S e S , the distance between the spark plug

and the j e t - c e nt e r  l ine is less than or equal to the jet  rad ius  so

that  t he je t  w i l l  “hi t ” t he spark p lug. In t h i s  conte xt , it mus t

also be noted tha t  while the je t  is assumed to be symmetric  about

the cen te r l ine  for the analysis , in pract ice , the c ross—flow wi l l

probably result  in a skewed d i s t r ib u t i o n  ensur ing  the “ h i t t i n g ” of

the spark p lu g in all cases for the present arrangement of spark

p lug location and injection and swirl matching .  Figure 9 shows the

gas— fue l  r a t io  at the spark p lu g. As can be seen , whi le the load

cond i t i ons  a f f e c t  cen t e r l i n e  t r a j e c t o r y ,  the gas to fuel  r a t i o

at the spark—p lug p lane is almost independe nt of both the load

and the speed . This favorable system occurs because an

inc rease in i n i t ia l  momentum enhances the en t r ai r men t  f rom the

t angen t i a l  r e l a t ive  veloci ty  vector but reduces the t ime for the

fuel  to reach the spark p lug p lane resu l t ing  in less e n t r a i n m e n t

f rom the cross—f low . The overall resul t  is an almost cons tant  gas

to fuel  rat io at the spark p lug over a wid e r an ge o f in i t i a l  j e t

momen tu rn.

The resul ts  obta ined from this anal ysis , spec i f i ca l ly the

gas—to—fue l  r a t io  at the spark plug,  can be used d i rec t ly in the

pe r fo rm ance  model to compute engine per fo rmance .  The j e t  model

itself , howeve r , ca n also be used as a design tool to predict  the

ef fects  of changes in the in jec t ion  system , a i r  swirl or the spark

p lu g locat ion r e l a t i ve  to the n o z z l e .  Some of the p red ic t ions  of

t his  model along with a d iscuss ion of i ts uses as a desi gn tool are

given in the next  section .

_ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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Predictions of the Jet Model and Its Uses as a Design Tool:

As explained above, the jet model was primarily designed to

calculate input parameters for the combustion model under present

design conditions. For example , computed space—time history of

the jet demonstrates that the spark plug is “hit ” by the spray

and the gas to fuel ratios at the spark plug location are corn—

bustible under present operating conditions. However, a major

objective in developing this model is to construct a design tool

which can adequately pred ict the effects of design changes on the

engine performance, suggest possible improvements and clearly in-

dicate various trade—offs involved in any design changes under

consideration. Having shown that the model adequately explains

the development of the spray under present design and operating

conditions , we now proceed to examine the effects  of certain changes

in the design conditions. We will use the jet model to study the

e f fec t s  of changing one design parameter at a time on the jet tra-

jectory and the rate of growth of the jet. We will use the value of

gas—to—fuel ratio at the present spark plug location as the indicator

of the rate of growth of the fuel je t .  Af ter  changing one design

parameter , we will always come back to the present design con—

ditions before changing another parameter. In the process , we will

look for various trade—offs involved and the possibilities for irn—

provelnents. The parameters to be changed include initial jet

veloci ty ,  magni tude  of air swirl , density rat io , initial jet  radius

and the ang le of injection .

Let us f i rs t  look at a typical relationship between the
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gas—to—fuel  ratio at the spark plug and the location of the spark

plug relative to the injector as shown in Figure 10. The location

of the spark plug relative to the nozzle can be an effective way

for controlling the rate of heat release during rapid combustion

phase and a relationship similar to Figure 10 will exist in all

cases in this parametric study. Values of the parameters required

as inputs for the jet model are listed in Table 4 for the case of

2500 RPM and medium load. Also listed are changes in the value of

each of the parameters that have been studied in this analysis.

These changes cover a wide range of potential operating conditions.

The effects on the rate of growth of the jet as seen by the gas—to—

fuel ratio at the present spark location are given in Table 5 and

trajectories for many of these cases are shown in Figures 11

through 13. The trajectory is plotted in the common plane con-

taining both the nozzle and the spark plug and all figures include

the present design locations of the injector (origin), spark plug

and their axis.

As we can see from Table 5, a large variation in the initial

jet velocity causes only a small change in the value of gas—to-fuel

ratio. However, the trajectory is sign if icantly affected as shown

in Figure 11; and because the relative magnitudes of the initial

momentum and cross—flow momentum change — a larger initial velocity

results in reduced bending of the jet.

Changes in the swirl rates greatly influence the gas—to—fuel

ratio at the spark plug; because the cross—flow is about six tim es

more efficient in entrainment than tangential flow. Remember that

- - - - --

~

--- --

~

-. , ...- - - . ~
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the tangential entrainment parameter ci 0.11 and the cross flow

8 = 0.6. The effect on the trajectory as shown in Figure 12,

is a result of a change in the relative magnitudes of initial

momentum and the cross—flow momentum or, stated differently ,in the

momentum length.

A change in the density ratio has a small effect both on

gas- to—fue l rat io  and t ra j ector y w i t h  a r educ t i on  in the density

ratio slightly increasing the gas—to—fuel ratio at the spark plug

and a small increase in the bending of the jet.

A change in the effective initial jet rad ius significantly

affects boih the trajectory and the gas—to—fuel ratio. Note that

trajectory scales directly with the initial radius so that on a

dimensionless diagram of the jet centerline , the trajectory does

not change. A smaller initial jet radie s gives an increased value

of the gas—to—fuel ratio at the plug and increased bending of the

jet centerline.

The jet centerline resulting from various values of the angle

of injection are shown in FIgure 13. A zero angle of injection

implies vertically downward injection normal to the air swirl.

Such a change in the angle of injection sharply increases the

gas—to—fuel ratio as shown in Table 5.

The parametric inalysis just described brings out some of the

t r ade—offs  involved in the design of the in ject ion system and the

engine. It also demonstrates a techni que for testing possible jut—

provements in the design for better overall performance of the

engine. For example , one of the ways to improve the performance
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and the maximum pow*~r rating of this eng
ine Is to improve Its

vo lumet r i c  efficiency by reducing the requirement of air swirl.

Clearl y, a reduction in swirl will affect both the gas—to-fuel

ratio and the trajectory. While a change in the jet centerline

t ra jec tory  can be compensated for by moving the spark plug, we

have also concluded that any reduction in the gas—to-fuel ratio

at the spark plug will adversely affect the engine performance.

Thus, we would like to reduce the swirl and , at the same time,

maintain the gas—to—fuel ratio at the spark plug at least as high

as the present value. Our parametric analysis shows that this

goal can be achieved : by moving the spark plug farther away

from the nozzle tip ; or by reducing the nozzle orifice size; or

by reducing the angle of injection with respect to cylinder axis;

or by a combination of any of these changes. Thus, giva~t a new

value of the swirl rate, we can calculate the changes required in

other parameters and the new location of the spark plug which will

compensate the effect of reduction in the swirl and build

gas—to—fuel ratio as desired . As another example, consider a

reduction in the initial velocity of the fuel jet. Such a re-

duction would permit us to work with lower injection pressures. We

have shown that such a change would have a rather small effect on

the gas—to—fuel ratio , and therefore , gas—to—fuel ratio con-

siderations do not constrain the value of initial velocity to any

great extent.

These are just a few examples to show that the model can be

uses as a design tool in evaluating various possibilities for 

.. . — . -  —~~--- --- ------ .-- --‘---- 
-

I---~---~-
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improvemen ts in either the design of the injection system or in the

perform ance of the engine. Of course , in many such cases, the model

wil l  onl y give par t ia l  information and other considerations — like

physical limitations in bringing the spark plug and the injector

closer or in changing the angle of injection e tc . ,  will  enter the

p ic tu re .  But the u t i l i t y  of the model as a design tool is clear.

L ~~~—- - -.~~~~~~~~~~ - - ., — - --—,— --~~~~. .~~ ~~~~~~~—- ——--,-~~~~~ .-~~~~~~~~~~~ --. -
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Conclusions

(i) An analysis of the development of spray in the Texaco

stratified charge engine has been carried out. The analysis

is based on a jet model with standard turbulent entrainment

assumptions. While the analysis is specifically for the

TCCS engine; we believe that the model is general enough

to be applicable to diesel engines and stratified charge

engines using fuel injection.

(i i)  Some character is t ic  lengths useful in evaluating different

fuels have been described . Most of the fuels of practical

interest  have been shown to sa t i s fy  our c r i te r ia  for a

simple engine performance model.

(iii) The spray analysis can be used as a design tool to gain

insight into some important fuel injection , swirl rate

matching and combustion characteristics of the engine. We

have illustrated our claim with a parametric analysis

using jet model.

IL . ~~~~~~~~~~~~~~~~~~~ -—~~~~~~~~~~~ -
.- - - --- -- —— ~~~~~~~
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Ap p e n d ix :  Cha rac t e r  1’; t i c  Le~~~ths . ysif

Break-u 1:

It is gene ra l l y reco gn [zed t h a t  there are several

different modes of jet breaking—up d epending upon the velocity

of the f lu id  j e t .  Four modes were iden t i f i ed  by Haenlein (12)

i ncluding “comp lete and immediate disruption of the jet”.

Other modes were analyzed mathematically by Weber~~
3
~ but

t here is no t rea tment  by either Haenlein or Weber of this  mode.

A similar definition of atQmization modes was stated by oiinesorge
(14)

along with emp iricall y d e f i ned di mens i onles s numbers to pred ict the

bounda ries between the d i f f e r e n t  modes. He d ef i nesthe mode boundaries

by rela t ing a number ~ charac teristic of the fluid to the Reynolds

numbe r Re .where

1/2
Z = T1/ (OP f

d) (A— i)

and fo r mode boundaries

Z = Z ~Re)

where

= absolute viscosity of the f luid

o = surface tension of the fluid

Pf 
= l iqu id dens i ty

and d = nozzle diameter

A simple dimensional analysis of the important forces (neglecting

gravity) will show that the two relevant dimensionless numbers are

the Weber Number W~ = pV2d/a

L~. 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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and the Reynolds Number Re = pVd/ri

The c h a r a c ter i s ti c  number Z can be formed for  these two d imensionless

gro ups by eliminating velocity.

The minimum Reynolds number for immediate disruption is then given

by Ohnesorge in terms of a power law

Z = c(Re)° (A—2)

where

n = —1.26

c = 1096

So tha t  fo r immediate and complete  break—up ( i .e .  L.~ 
<< L ) :

Re ~ 259/Z 0.8 (A—3)

This correlation is based on dimensional analysis and has been

verified by Burt and Troth~~
5
~ . The characteristic number Z can

be calculated given fluid properties and the nozzle orifice size.

Substituting this into Equation (A—3); we can establish the minimum

Re for immediate disruption of the jet for the given fluid.

Dece leration of Drop let s

Equating the change in momentum of the drop let to the ae r od ynamic

drag  force , we can give the characteristic deceleration time as:

0 ~~~~ 
) / c v . . (A-4)dec d rop r a d i n i ti a l  
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where

D = drop le t  dia m eter
d rop

P f 
= f l u i d  dens i ty

p = air d e n s i ty
a

CD coe f f i c i e n t  of drag

V . . = in i t ia l  v e l o c i t y  of the drop letin i t i a l

relat ive to air

The corresponding decelerat ion length then is

L = t x V . • . D (p fp )/c (A— 5)dec dec ini t ial  drop f a D

and for the model to be app licable

L < < Ldec SP

p~~plet Vapo r i za t ion

Based on Bee r and Chigier G6) , the cha r acter istic vapori zat ion

t i m e  can be g iven as

T ~~D2 IA (A— 6)ev drop

whe re A is the evaporat ion cons tan t .

For a s ing le s t a g n a n t  d rop in an in f i n i t e  a tmosphere , the

evapora t ion  cons tan t  A is g iven as:

A 5 8 k l~ ( 1 + B ) /D f C (A 7 )

L 
—- -—--—.-~~~~~~~—--- , ,

~~~~~~~~ —- ::~~~~~~~~~~:.~~~~~-
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where

B = C(Tg—Ts)/Q = Transfer number

Q latent heat of vaporization and sensible heat

to raise drop let temperature to boiling point

Tg = mean gas tempec~ ture

Ts = drop let surface temperature

Pf 
= density of the fuel

C = specific heat of air

and k = thermal conductivity of air

A number of phenomena excluded by the assumption of

a “single stagnant drop in an infinite atmosphere” can modify the

evaporation rate of a drop let and the most important is the forced

convective motion of the gas relative to the droplet. The effect

of this phenomenon is included on the basis of a correlation

(17)given by Ranz and Marshall for  Reynolds number between 0 and 200

and low values of B.

A =A (l + 0.30 ~~~~~ Re 1’~
2 ) (A— 8)

where Sc = Schmidt  number of the gas (equal to the ratio of momentum

t r ans fe r  to the mass ~r a n s f e r )

SL = p 
,

p D (A — 9)

IL - , . - . - - - •-~~~~~~—--~~. —~~~~--  ~~~~~~ - -~~~~~-- --~~~~~~~~- -~~~~~~
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and the Reyno lds  number  (Re) is

R e = p  U D  hi (A— b )
‘ d rop

where p and p are the densi ty and viscosi ty  of the gas far  ups t ream

from the drop let ; D is the dif fusion coef f i c ien t  and U~ is the gas

velocit y r e l a t ive  to the drop let. In our case , for

drop lets of about ten micron size, the above correlation gives

(A ./ A ) 10— 11 where A~ is based on the i n i t i a l  je t  ve loc i ty .

Since the a c t u a l  case is somewhere in between we wil l  take

A = ( A .+A )/2  6A ( A — i l )
1 S S

Equa t ions  (A— 6) ,  (A—7) , and (A—li)  wi th  the knowledge of mean drop let

d iamete rs  can be used to ca lcula te  a cha rac t e r i s t i c  length  of

vapor iza t ion . We will  require that it be less than or comparable to

the d is tance  between nozzle tip and spark location so that almost all

of the fuel  is vapor ized by the  t ime it reaches the spark plug.

L . Lev SP

Momentum Length Cons idera t ions

The momentum length  def ines  the length scale over which the

sum of the momentum flux of the cross—flow across the jet boundary

becomes equal  to the  in i t i a l  momentum of the j e t .  This  w i l l  d e t e r m i n e  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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whether the bending of the spray axis must be included in the

analysis. From Hoult and Weil~
8
~ and Escudier

00
~ the momentum

length is:

= (pu 2
b
2
/ p V 2J~

1”2 
(A—12)

where p initial density of the liquid jet

u initial velocity of the jet

b ini t ia l  radius of the je t
0

p density of the cross—flow

V ve locity of the cross—flow

4

I

IL ~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Table 3 : INITIAL JET VELOCiTIES FOR SPRAY ANALYSIS

Vo lume
Injec ted

RPM 20 m3/ i n j  45 m3/inj 
—

j nin3Ic~ veloc i ty,crnlsec tj ~in
3/CA° veloc i ty,crn/sec

1500 (1) 1.80 10,387 2.67 15 ,365

(2) 1.10 6,354 2.00 11 ,553

(3) 3.50 20,140 3.50 20,140

2500 (1) 1.21 11 ,553 1.88 18,099

(2) 1.00 9,62? 1.67 16,077

(3) 2.75 26,475 2.75 26,475

Initial Momentum based on

(1) TIre averaged rro~rentum

(2) TIme avera ged rr.ass rate of flow

(3) Square wave with maximum injection
veloci ty

L 
. J
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Table 4: LIST OF INPUTS FOR PARAMETRIC ANALYSiS

USING JET MODEL

Present Opera ting Conditions at 2500 RPM, 45 !T1fl 3 fue1/in jecti2~

Initial Jet Velocity = 18, 100 cm/sec

Swirl-Solid Body Rotation — 10 x Engi ne Speed

Density Ratio-Fuel-to-gas = 85

Effective Initial Jet Ra- = 0.02227 cm
di us
Angle of Injection 340

Range of Values for Parametric Ana l ysis

Parameter Range of Value s

Initial Jet Veloc i ty, cm/sec 6,000 12 ,000 18 ,100 24,000 30,000

Swirl-Sol id Body Rotation 0 5 10 15 20
(t ines engine speed)

Density Ratio 45 65 85 105 125

Effective Initial Jet Radius , cm 0.005 0.01 0.0222 7 0.04 0.06

Angle of Injection, degrees 0 17 34 51 68

(Zero angle implies vertically down injection).
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Table 5 : PREDICTIONS FROM PARAMETRIC ANALYSIS USING JET MODEL

CAS-TO-FUEL RATIO AT THE PRESENT SPARK PLUG LOCATION

Parameter Value of the Parameter Cas io Fuel Ratio

Initial Jet 6,000 cm/sec 9:1
Veloci ty 18,100 10.6:1

30,000 10:1

Swirl 0 x Engine Speed 4:1
10 10.6:1
20 15:1

Density 45 13.3:1
Ratio 85 10.6:1

125 9.5:1

Effect ive 0.005 cm 17:1
Initial Jet 0.02227 10.6:1
Radius 0.060 6:1

Angle of 0 degrees 17:1
Injection 34 10 6:1

68 5:1
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Figure 9: Predicted Gas-To-Fuel Ratios for Present Desi gn Conditions.
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Figure 10: Effect of relative spark location on gas-to-fuel ratio
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