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NOMENCLATURE

CHAPTER 2 THERMODYNAMIC PROPERTIES

A
a

Cp
Cv

Cross-sectional area
Velocity of sound
Specificheat at constant pressure
Specificheat at constant volume

Flow per unit area or mass velocity = WA

Gravity acceleration given to a unit mass by unit force = 32.174 ftlsec2
C

Ratio of specific heats =--.!..
Cv

G

g

k

M
V

Mach number =-
a

Molecular weight
Static pressure

m
P

R
ft - lb

Universal gas constant = 1545.32 lb - mole-oRankin
R

Gas constant ==
m

R

r Pressure ratio

S Entropy per unit mass
T Absolute thermodynamictemperature
u Internal energy per unit mass
h Enthalpy per unit mass
V Velocity
v Specificvolume
W Mass rate of flow

a. Angle between two-dimensional shock and incident flow
P Density

x =£2, down stream/upstream flow densities ratio
Px

Wedge angle for two-dimensional shockco

Superscript * (asterisk) refers to conditionswhere M = 1
Subscript 0 (zero) refers to isetropic stagnation conditions
Subscripts x and y refer to conditions upstream and down stream of a shock
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NOMENCLATURE

CHAPTER 3 AERODYNAMJCDESIGN OF DIFFUSER, FLAME HOLDER,
COMBUSTION CHAMBER AND EXIT NOZZLE

3.3

E
f

K

M
m

P

R
Ro
x
u
W:
Wc
cp

\11
E

3.4

v
P
D
rl

3.5

f
n
P
R
T
To

FUEL MIXING

u

Edy diffsivity,square feet per second
Local fuel-air mass ratio (dimensionless)

2

= uRo (dimensionless)
4Ex

Radius of a disk source, feet
mass of a drop, pounds

2

= uMo (dimensionless)
2Ex

Radial distance trom survey point to injection source axis, feet
Radius of ring source, feet
Axial distance, feet
Average aire velocity, feet per second
Air mass velocity, pounds per square feet per second
Fuel injectionrate, pounds per second
Ring source function (see Figure 2, reference 5)
Disk source function (see Figure 3, reference 5)

Diffusion parameter, feet (see Figure 8, reference 5)

FLAME HOLDER

Velocity of stream past the flameholder, ft/sec
Pressure of stream past the flame holder, psi
Flame holder effective diameter, inches (see Fig l(c) & l(d))
= R/4 Selected arbitrarily (see Fig l(c) & l(d))

COMBUSTION CHAMBER

Combustionconcentration exponent
Over-all reaction order
Pressure, atm.abs.
Gas constant. 1.987 gram - ca./(gram - mole)eK)
Reaction temperature, oK
Actual inlet temperature, oK



ToE
V
x

Y
E

<I>

iv

Effective inlet mixture temperature (To corrected for heat loss), OK

Reaction volume, liters
mole traction in combustion gases
= <I>for <I>< 1; y = 1 for <I>> 1

Fraction oxygen consumption efficiency
Equivalence ratio (fuel/air ratio dividedby the stoichiometric fuel/air ratio)
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CHAPTER 1 INTRODUCTION

1.1 INTRODUCTION

The ramjet engine is the youngest of the familyof jet propulsion devices that
includes the rocket, the turbojet and the pulse jet. Because the ramjet depends on its
forward motion to achieve compression of intake air, the engine itself employs no moving
parts and therefore capable of simplicityand lightnessof construction not possible in other
air breathing engines. This plus the high thermal efficiencyit can achieve, makes the ramjet
a favored choice for propulsion of air craft at supersonic speeds.

The principal components of the engine are the inlet diifuser, the fuel distribution
device, the flame holder, the combustion chamber and the exit nozzle.

The various problems encountered are solved by studying the following

a)
b)
c)
d)
e)

Thermodynamicproperties of air and burnt products of typical hydrocarbon fuels.
Abilityto support stable combustion in the wake ofbafJIes.
Correlation of fuel/air ratio stabilitylimits
Prediction of fuel concentration behind injectors
Reaction volume for gaseous system at constant pressure for second order
reactions.

The problem considered herein, are limitedto the geometric design of the various
components of the engine.

1.2 COMPUTER PROGRAM

Based on the information presented herein, a computer program that could be used
to optimize the performance of ramjet engineswas developed by the author in 1984. The
work was publishedby Hewlett-Packard, 100N.E. Circle Blvd., Corvallis, Oregon 97330,
USA, Series 70 Users' Library, under Category No. J050, Catalogue No. 75001775, in
June 19, 1984.
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CHAPTER 2 THERMODYNAMIC PROPERTIES

2.1 INTRODUCTION

Air will be treated as an ideallycompressible fluid. The effect of viscosity is
therefore neglected. The most important consequence of viscosity is probably skin ftiction
due to drag in the boundary layer.

The equation of state for a unit mass of air as well as for many other gases over a
range of states which includes most engineeringapplications is accurately represented by
the relations (3)

Pv = RT (1)

vp= 1 (2)

2.2 TWO - DIMENSIONAL SHOCK WAYE

2.2.1 Equations (3,4)

In two dimensionalmotion the Mach line is represented by a wedge and the lines in
which the plane of motion cuts the wedge are Mach lines.

Shock waves can occur at the leading and trailing edges of an airfoilmoving at
supersonic speeds. The equations relevant to supersonic motion are given as follows

Py tana.x---
- Px - tan(a. - co)

(3)

1

( 5x )
2"

Mx = - csca.6-x (4)

1

My =(~ )2" csc(a. - co)6x-l (5)

(6)

P =pRT

V =M"'kgR T
G=pV

(7)

(8)

(9)
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2.2.2 Mach functions (3,4)

To = 1+ k - 1M2
T 2

1
P ( k - 1 2)

k-l
-= l+-M
Po 2

k

Po ( k - 1 2)
k-l

-= l+-M
P 2

(10)

(11)

(12)

k+l

~ =~
[

2 +(k -1)M2

]

2(k-l)

A* M k+1
(13)
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CHAPTER 3 AERODYNAMIC DESIGN OF DIFFUSER, FLAME HOLDER,
COMBUSTION CHAMBER AND EXIT NOZZLE

3.1 INTRODUCTION

For the ramjet combustion stability,the fueJ/airratio range of operation is one of
most important considerations. Abilityto support combustion, seems to be closely related
to the rate of heat release in the wake of the baffle. The presence of the baffle provides an
extremely low velocity region to which ftesh fuel is suppliedby re-circulation ftom the
outside stream. When the ftesh combustiblemixture gives up to incoming mixture the
flameblows out.

3.2 GEOMETRY OF DIFFUSERS

Application of simplegeometric relations (see Fig 1(a) & 1(b)), the following
equations are obtained

R-ytanaz=
tanco (14)

R~1- B
Y= 100I

(
tana

)2 _
{

cos(a-co)tanco

}

2

cosco cosa

(15)

where, B is the % blockage of the ramjet clear area normal to the flow of air stream.

3.3 FUEL MIXING

The mixing and distribution of injected liquids in high velocity air streams are of
importance in this respect (5).Point-source and non-point source solutions are considered
in this study.

3.3.1 Point-Source Solution or Diffusion Equation

Equation (16) can be solved for several boundary conditions to give time average
fluid concentrations at any point.

UR2

f = Wfu e- 4Ex

41tW:Ex

(see Figure 8, reference 5 for the determination ofE/u)

(16)
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3.3.2 Ring source injector

For ring source injection, the local fuel/air ratio f, is given by

f - Wf cl>
- W'R 2a 0

(see Figure 2, reference 5 for the detennination of cI»

(17)

3.3.3 Disk source injector

For disk source injection, the local fuel/air ratio f, is given by

f- Wf
- W/M 2 \jIa 0

(see Figure 3, reference 5 for the detennination of\jl)

(18)

3.4 FLAME HOLDER

Correlation of fuel-air stabilitylimitswith varying pressure, velocity and baftle size
was obtained by DeZubay (see Ref 4 Fig 8 & Ref 1). The blow-off local fuel-air ratios
vs. stabilitycharacteristic limits are plotted in Figure 8 (4).Where,

Stabilitycharacteristic number = ~

3.5 COMBUSTION CHAMBER

In the design of high output combustion chambers, maximumpossible space heat
release rates are desired(7).The eventual limitation on space heat release is the chemical
kinetics of the overall combustion reaction. The aim of this article is to minimizethe

volume and an optimize the design.

Blowout data correlation for 1.8 order reaction (n = 1.8, f= 0.8), corrected to

4000 K inlet temperature is given in Fig 5 Ref 7. Equivalence ratio cl>vs. ;1.8 data is
plotted in this figure.

For inlet temperatures different than 4000 K, blowout reaction rates for various
effective inlet temperatures relative to ToE = 4000 K are calculated in Figure 9 Ref 7. In

this figure, (;1.8) AT ToE + (;1.8) AT 4000K vs. IToE -400 I0 KMAX. MAX.

for various equivalenceratio cl>of lean and rich mixtures, are plotted.

Flame temperatures in 0 K for a range of To, Eand cl>ofIso-Octane and dry air at
atmospheric pressure are obtained from Table IV Ref 7.
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,to d:\t~ Inrgcly in cut-anti-try procedure::; inv"h'illg use QCall
'hrbitmry number of fuel injection points :md \'ariatjon of the

. geomctric.'\1 I~rrangement and nozzle vaporization charnc-
t.eristics empiric.nlly until a satisCadory fUf'1 distribution
pattern haft uccn found. impressive progN':;s hlls ul'en

~ ;made, however, in the Cf'tahlishment of en~illC'erillg deFign
forlDula..~for predicting t.h(' mte of fuel sprf'.ading from point,
disk, and ring sources in a tlll'bulE"nt st.ream of knowll in-
wnsity (30, 31) and in prf>dict.ionof the dl'grf'Cuf \'/\Vori?.atiun
thltt will ocelli' in Il known time for a pllrtiClllar nozzle type.

C<lmbU81or I)elligra

III the development of thl~first. ramjcll:omhll:;ton.; a major
problem "!lot!encuuntered ill 1ll:linten;wcc of a ::;tablf' Iblllc in
t.he high vclocity flow through the comhustor. A sl)llItion tu
thE" prohlem was fonnd in the introduetio!1 nf bluff bodie:;
(lJafl1eflameholden'l) in the duct, behind which recirculat,iun
zones wcre formed and the flow wa" slIflil'ient.ly slol\' to pE"r-
mit :1st:\ble flame to he !'stahlished. TIll' same r~lIlt Gonld
hE"aehieved by passing thp, inlet material to the cOl\luustor
throulI;h holes or slots in a p<,rfomted plate or cone mountetl
in the duet.. Cumbusturs wit.h the first type uf fI:uncholder
have ('.ol\1eto be G:\lIed baflle-typc combustors, while t.he
latter type are known M "can" combustors.

It was recognized early by the groups at M.I.T. :lnd the
Burf':ul of Standards that a relationship existed between the
flameholder dimensions and the flame blow-off velocity, also
that the blow-off velocity depended 011the fuel-air ratio of
the stream impinging on the baffle. Systematic studies of
the phenomenon by Scurlock (32) at M.I.T., tongweIl (aO, 33)
at Eggo, and DeZubay (34) at Westinghouse showed that blow-
ofTlimit at a given fuel-air ratio was approximately propor-
tionnl to the pressure and effective diameter of the baffie, and
inversely proportional to the velocity of flow past the bame.

The variation of blow-off limit with fuel-air ratio found by
OeZubay is shown in Fig. 8, The experimentnl points in-
dicate the degree of precision of the correlation.Zelim!ki
Rosen, and Walker (35) have shown recently that the De-
Zubay-Longwellrelationship n\ay be improved by a different
~ouping of parameteJ's aQd that a similar relationship may
he applied to ean combustors.

With fuel distribution and stability limits defined in terms
uf the combll.'!tor geometry Ilnd ail' flow, one further mnjor
design criterion, heat release rate, is neeessnry to complete the
hasic requirements for combustor design. For a given cross-
sectional area the latter quantity determines the length of
combustor required to achieve a desired combustion efficiency.

It is evident that the heat release rate for Il baffie combustor

(".'.
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Fig. 8 ' Stability characteristics of di.ks
.. , From "Cba~t.erUstiCs of Diak-ColJtrollod Flame,!' by E. A. Dt'-

Zubay, Jtn'o.Digw. vol. 6t, July 111150,p. /54. .
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Re.f. If

will dep"ntl Ij/I th!' late (or allld!!) at w"ith tl.f' 11:11111;"Jlrl':~,I"
into the IInulu'lI!'d material from th{~I'luhilizinli; 1,:.[[11-.;.!\
comhustor lenbrth will he required th:.t i..:!<"IIII,wlmtgn.atN
t,hnn the dist.'1.n('eJ]I'crled for tI.e fbnu' from nIif' ImfTIf'1.0
spreud to the wall or tu cume ill 1'011tat,t wit.h the fJ:UOt,"IJrI.ad-
ing from anot.hel' l>af\le. III a call cOlnbustl)r the ullburned
mnt.erial is;;ue~ illto tIll.' I'IJll\bu"tioll zone in till' form of jet.~
which Hrc grad,,:lIly cnn~ul\\('d. Thc "jet It'lIgth" in th;.; l:a.,;1'
determine::; tllP J'{'quired ('()IIII"I"tf,r 1p.lIgth.

Several paper'" Imve 1>e1'1Ipublisl.(.'(J fJII ralA''' I,; fl:.rnc
r;prelldiug from bafll(~s(3ti), aud Xelinski, \lattlJ('w and Bag-
nail (37) have !'ecelltly I'I'porterl the result.~ Ilf It "t"dy of the
huming mtf'::;of conIined turl'lIlcnt jct.~.

In dTed, buth b:lfllcsand callS may hn tlllJu~ht of a.';dcvice....
to illtruduce sour('!'s of ignitilJlI frolll the burncd nlaterial into
the ent.ering t'oluhust ible mixture. The rate of heat r-clt'a":l:
d!'pcnds t"en 011thc mixiug mte and t.11l'rate of <:ltlllbu,;t.iou
once an i~nitiol\ ,,:ullrceha~ becn pro\'ided. OIl!' i.';Jr"lt.hus to
cOlIsidpr typ!'s uf mixing dc\'ief':; tlUlt mi~ht Ip:~dlo maxilllum
heat relem:c rate This line of !'casonillg fcd ..\n'rv and Hart.
to consider whllt pnrformaJH:e Inight. be eXjll'('!.!.'''ill a ('UIII-
hust.or in whieh perfect ill!<t:lntanf'ou" mixillJ! ('ould I",
achieved (38). 1'h(')' fouod that Ildinite hlf,\H,fT lilllits \\ 'HlI,1
eixist for ::;ucha l'ombust.or, ,It.fined hy the dll'llIil'al killdj,'
behavior of the fuel, and that a maximum heal. n:II':L"'(~rale
proportional to the square of t.he:pn,s;;lII'e for a s('I:CIIIlI-orcler
reaction could be "ompnkd. Experimcntal wurk by Lnug-
well and Weis8 (39) at Essu, who developed a :spllC::ri,':Ll1'\'-
aetor in which very high m~xillg mte8 could be IlI:hicn'd. and
by the Applied Physics Laboratory group have shuwlI that.
the theoretical maximum h('at release rate for hydrocarl '011
fuels at normltl inlet. temperatures is approximately .JUO111ilJiun
Btujatml.8 ft8 hI'. The largest experimental value that has
been reported for a I'ILllIjetl:umhustor i.. about 20 million Btu,'
atm2 fV hI' (40). The comparison :shows clearly that great
gllins in heat relea!<erate are posRible if more eHit-ient.lIIixin~
deviees than simple cans 01'bames can he developed.

Fud Metering ancl Control

No publishecllll:Lterial has h(len found on fuellnetcrillg and
control systems for ramjets. Huwev<,r, the requin'lIIents of
the system are apparent and l\Iay be readily uutlined. Up-
emtion of the ramjet frum sea le\'c! to altitudes in excess of
60,000 ft will lead tu a vllriation ill nil' flu\\' rate uf a fadur of
ten to fiftecnfolel. In additiun there will ue requirement fur
a two to fourfold variation ill fud flow at a given 1\lacl. num-
ber and alt.itude bet.\\'een a (elln \'alue fur low-drug ('rui"l: and
a rich value for aCl'eleration and mauenvcr conditio(\.,;. Thus
the meter must be designed to control fuel fluw withill, say,
::i::5%oveJ' a fiftyfold variatiou in tot.al flow. The r('quirc-
ment is a stringent one that ]pads to It need for prcI,i"e con-
struction and close toll'ranee,;. Intdligrnee for the speed
control may be pro\'ided in a number of ditTt'rent ways, the
genera.l features of whieh are readily apparent. Fur ex-
ample, fuel mte may be sct proportioual to mm prcs.-;ure
which is approximately proportional tu the air l'I\.tonear t.he
de!ign Mach number. Mach lIumber may be determined by
the mtio of ram pressure to static pres::;ure antl I\.t:OlTeetioll
Ilpplied to the measured ram pres::mre to adjust fuel flow to
the correct value to cause the vehide to achie~'e the desired
Mach number. If velocity control is desired, a mellSureme.nt
of the tot.al tempomture muy be used I\.SIl basis for conversion
of Much number to velocity. Mecluwical. hydraulic, or
electronic sel'vo systems IIlUYUe employed to .nchieve the'
desired accuracy a.nd quickness of l'e,"pO!1seof the control
system. The systl'm mu~t. of course, be designClI to be
insensitive to inertial loads either from the rooket boost or
from flight maneuvers. Attention is ILIso n.ec:essar)' to'
possible effects of aircraft angle of nttnck on thu 8eusiug .,
elements and coutrol requirement.s, and 011the po~sibilit.y.or
unstable operut.ion resulting fl'om intemctiuu between llle,.
combustor or the rliffllllf'lrand the metel'i\1~ !:Ylltem. ;; ..,.

J1!:'rPnOl'uz.sJON.
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.',tfil''ib~~Pt eq~.J. ...,,' W;iI.z. "flau-, !.\' 11,,'a"lH IIIIt 11". sli...
.,.trihtttJi)n dOWU8t.ro:unoC an Injt'ClioD IIOUree0111.'cun .Icwflninl'

. . lf~~sn"Ut'of> )>ehnVI'II... ailolnt.. H It dOH, tbf'fl th... t..lal~'tlifiu.siv-
itY.~~&106 be dirf<:~ dt't.onnln«1 from Olo .lc~ or Int.t~rt...pt
iir :bo"lh. .
~. The ~'ta of a \)'pieaJ run with coutrastl't'alll low-velocity
hQ(!Cuonof Dielle) 011t.h~h a &mall t.ul>eare iJlustratfotl in
Fit;u1'tl7.
. ./:
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fI,.. 1,. PobttSourc. InJedlO8Iof 01...1 Fuel

I 10

'For thiI run,. in a J()..ineh pipe, air velodt). \\"&8200 feet per
J .ecood at JSO- F. and atmospherie. pre88Ure. The dbtributloo

.I~ wu measured M inchee do"fl'1l8treatn of the eource, a tube 'I.
ineh inlnaide di4meter t.hrough which (uel W&8 injected at

'-'C/ 7.6 f~ per .econd. The data are very well repreeent.ed by a
wai&ht line. ID tbil run .. in othera cited here, the datA are
oorrectod (u.tU&lly lel!l than 10%) for material balance and (or.
1IpTa)'asymmetry (l1IlULllylea than 0.10 inch); the dbtribuUon
for one haI( the dud !8 IUperimpotted on the other half, 10 that
. ensle average curve can be drawn. From the .Iope in Fiaure
7, B calculata to. 0.46 equare 'foot per eec:ond, and from the
ID~, 0.47 8quant (oot per IeCOnd. Thu. it !8 ,00""0 tbAt
thi8 injector behaVe8 /UIa point lIOurce and that. the diffu8lvitie8
~ from .\ope and intert'ept Are conmtent..

By meam o( testa of the type above, the effect on f: of 8everal
vlU"iables wu investigated briefly. 10 BOrne CMEl8,the lIOuroN
deviated slightly from true point behavior. For these ruM,
.ppropri.a~ dWt-eource col'l't'Ctions were made M dHCrihcd bel01ll'.

The influeo<'e o( duct lIue on E WM determincd by comparioc
the d.Un.ril.ut.lons obtained in 6- and lO..inch pipes under ot.her-
wi8e identical oonditions. Soh'enl naphtha was injcct«l, at.
thn!t! rates. t.hrouih " tube '/1' inch in OI1t.8idediameter hy 1In inch
iD inside diameter, 1 inch Ionl. InjeetiOD was oontl'lUltreanl to an
air velocity of 286 (eet per IIecODdat atmOllpheric pl't'8Surt! And
300- F, At. diffusion dl8tanre of M inch08, tho follo"'inC rel!ulbl
were obtained:

,.., hUeC't!ODRa...
Lb./s....

0.102
o 1150
0.102

DIII\I8IYJI)'. Sq. Fool/l'e<'.
e..i""h pipe IO-Ioch pi...

O.M 0.68
0.66 0.68
0.66

Dlft'usivity in t.he l~iDch pipe is only slightly greater than
diftusirity in the 6-iDch pipe. Data of T01I\'leand Sherwood (9)
OD~ iDject.ionin lone 6- and l2-inch ducti abo"'cd di1l'usiv-
is.;' to h. ~ to duot .ise, as oont.raaW to the I'OIUh.ll
b~e. CODfirmlnItheir data Is the faqt that the ecaJe of Dormal

. ....
. ~."\
o :

..'~,. :;,: .I:~,'::>,.,:~,
..J"r'O';-:O:.,..,,."... -. ..

turl.ul"IIt:".. ill 11,1'""/lIN ..I a pipe. ~, ar:cnrllillK to T".\'I'.r (IJ),
:l1'Jlr...,illll'IA'h' Wllp..rLional tA. pi~' di"rn,.t~'r, Itr.-allilll( tJlJ'lt
tllP. .li(J'u~ivi')' lIboultJ he proportional 10 the PoCIlloof turl,ull!".....
one woulcl ~)(pt1Ctthe <iilTush'it}. to VIU'}'directly wilh f,ip<>.1i4m.
I'IN.

I 101ll't'\'~r. tile lleale of turhuJcnce ~ very 8(!nmth'e to duot
lenith, for !thort ductII, and to the nature of the Bow pr<,'('cdinc
the I'('t,tion of interl'llt. Therelor.., onl' cannot ~utomatic:all.\'
n88Ume a direct chanp of difilJ$i\'ity with duct diAmeter. Thi»
18borne out hy t.he data pl'CfIent.cd hero, iD ",'hicb ooJy a SII1811
increase \!rat ohserved. . Some testa under aicular conditions in a,
duct approximA~ly 2 feet in diameter I"t'JIUltedin dUTusivitiM
110jarger dum thoee ohaerved in the l()"incb pipe. Th..,re ar"
two f8rtoTft rCllp<)Miblo (or the IImaU e/Tect. of duct diameter 011
diffusivitv. (I) Tho 8CIllcof turbulence in t.fu>setesta prohl~t.Jy
dcpen.lt-d primarily on the upstl'f'4m perfOTat.edplate and not on .

duct tlue (&8 there WM IMUfficip.nt ICDith for normal pipe tur-
hulence to develop). (2) At tbese high vclocit.ie8 and I!hort
di/TWlion di"tan~, there L. enouah time for only ahout one
"cycle" of the turlndont I1ir fiuctuation. In BOrne CA!I('II.tim..
WM insufficient for even ODe cycle. Thus, one would eXpec't
_le to he 1e88important than t.urhulent inttln.a.ity in determining
eddy di1fusivit}'.

.0014

.....

k.001'
...
I.

i .00'0

r~
!t
Q'

z=jO JOO 1150 400
,.." vn.o"TY- tt - n./Slt:.

IlOO

FI._'. DIlFudOl8Par , El., for TwoLIq.1cb

Data of Littlt' and Wilbur (6) show that the intensity of tuJ'o
bulenr.e (in lIonnal pipe now) ill Approximately a constant frac-
tion of the ml'lU1 fiow velodt.,)', u, Because the di1TWlivit.,)..E,
is proportional to tJle turhulent inten.a.it,)., one would expect E
to .,.tU)' dir.'ct.ly ,,'ith the flow velocity-le., Elu should be a
COlIst.4nt. The ratio, E/u, the "diffusion parameter," WMde~r-
min",,1 at /leVerA)air velocilil'tl for poiut. injcotion of both nAphthA
and Dit'8e1 oil. In theee \.e8ts, at atffi08pheric preowure, tlistn-
hutions wen' l1I"o.surcd in a &-inch pipe 17 inch 08 dowDllt~1U of
the in;P('tor. The reault.'i. in FiltlJrl' 8, show that the ciifiusiou
pl\/'Bnwte/'S approach oo.rh oth!'r at low velociti08 but that thl'
paramet.t>r for Diesel oil hooomcs much lower at high v"Jocitiee.
Rt'Csllinlt that the DiI:_1 oil does Dot eVILporattl at all, the data
show the dccf('&I!ein diffusivity of liquid cirope relative to a vapor
(nu)!:!tof thl' naphtha ,.,as tlvaporatet1 under th~ teet cond.itioD.!l)
&8 veJocity incre88('S, This is in accordance with Equation ,5.
wh.ich predicts such a falliD« off as the fl't'quency of turbu~nt
fluctuation (prOportion~1 to averag9 velocity) in0rt'Q,SQ8. Some
falling off of the naphtha parameter is also ~videD~ This ~
lUlls from the fact that the naphtha is oDly ehiefly, not com-
pletely. evaporated, Thus ~be diffusion paramet.cr is not eoo-
.tant with velocity because of the pmte.noe of eome liquid drope..

The dab of Towle and ~herwood (9) on p8t'OUI inj«tiorI
(01 carhon clioxide in air) 8ho~' It()rntl decrease of the ditl'U8ioIl
paramet(>r wit.h increa.siul velocit)., In thl'6-inch dud Elu

dropped from about 0.00J1 to 0.00076 (oot whl'n yelot'ity ......

:'.'.

1';
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tabo. AAumina lha~ the inj''Olion tll'vil'f' 1101'1not gN'otl}" lIi..
turb the Aow, thtl diffusion ptOCl'.88and tbI' l"dd.,' dilJ~ivit)' no.
main ~ erne, 80 that the difTc'l'eoc(', in distrihution mu.t rl..wt

imrb tbtllni\i&l oondition.. It bu hent! loun.1 thAt ror UllU1}'of
. th~ .J~.llon. p.nOOWlten.odIn prncticl.!, lI1urh mono of the mixin.

f?tIUlL8'from thl' initinJ .prradinK tJ.on Irum f~t.I)' trun.port.
IniuaJ Ipnoadina nlUlt be accounted for IUIa a,oulldar}" condition

.111dullon. 01 the differootiaJ equatioll of difflllion.

PO~tI1tCJI SoWTlOI'fIt or f)1P'rl:tlIO:oi El./l'ATIOS. Equa.-
lion 1, tbI' bMlc. Nluation ror rody diffusion, can be IJOlvlld for
8e\"p.ral boundary condition. to Jtive lill1~ Dnrngt. fluid concf!l).
tntion. a" allY point. Thi. information i~ ulldul tor OIany
pt1rp08et, but it Mould be kept ill milld t.bat /lotJling i. Ipccificd
u to inltAnt.an,'Oul variatiolll of fluid clIuce/ltratiun. Infomla-

lion 11Iout vllriat.ioll" ,,'ith tinll' may bn r,'quirl'<.l for prl'citlPl.v
""ahating the mixin, (or 8Omf' c"mhu~t.ion purl"""". Howc'vcr,
time IVI.'l'B«f' roncentration. hRVf' h''''1I round u rul in mOtll
application..

A IIOlution to Equation J enn bf' uhtnillec.l hy wcllllllling 11du(:t
lure' l'/lOUgh IJO that wall l'/Trellt arl' lII'gJijti/'I,.. Le.t 1111air
rtrPam Row tJ1rougJl th" duct with /I v,'locitr, 11,which i. conHt:lIIt
at "'11point". If we a.uUJne "!.eAdy 1It.nt<!,DcOll8tl1nt, f:, and IIf'!tli-
pble mixinc in tile mp-anfio,,' di rt.ion. z. rOIllJlurfodu) mixinl(
perpendicul:sr, r, to thc lIuwJi...dioll,:tlll'lI,

(H)

"
I
~
i..
..u.
~
...
;0

II.\' 11IIIRto'riull."IIIIICC' in f~.\'Ii/lllriCIlJ cflordi"',\.I III E'IUI'tJOII (j.
I is thl' f\1l').llir rllti". tlll' '''('111 ml1Jl3 rlltif) of fu," t" a'r. ~

th.., injf'rh.d liquius in IJII8 work w"rc' al\4"Y8 0111'"f two h),tlr'>-
cnrholl rud8, tJ1r tf:nna "ru.!," and "inj':ctio/' liquid" art' .IN'd
int,'n:hnng''ft!.I)' in ...hnt fo\lo 'fIll' t,'mll diff',"""..Iighth' rrom
n tru,' ru,.1 concentration. Huw'"\'('r. it i. .ufficit'nlly arrur..tP
(vVl'r tlll! ran~ of iut-'rt'st) for thi~ \4'ork and, o..cnu8(! or it.
conv('ni,'lIc(', ill U8l-dtllmughout tbill n'port.

A partiL'ular iht.f'gral ur Equot.if)IJ 6 can he lound u.in. tlll~
follo...ing lJoundary condition. n mnLt'riaJ baJ.nCt.. acrOflR any
JI('f.tiflll;

11', - 2rW: ;: '" I,dr
(7)

TI... f('lIull is l1...u

(8)

E'Iul1tillll 8 ,J"~rriIH'" l"" fu," ,Ji~In"uli"n ,IU\\,III'I,.-I1111or a
poiut Jl(Jurl"'. /( ill th" ru,Jiul dis!..:"",,' frolll 1111'~urv,')' point
(lit \\'Ilirh th~ local rur-I-uir rutio is d""ir,~I) to tll'- 11Xi8of tlle
illj...:tiulI p..int, a/ll' z is tJlI' di~II".r". 1II"IUlUro.'lIalonl[ thl' in-
j"('I iClIIpClint u..d..- from tl... inj~ctiulI point. to thf' lIurvcy poiut.
A p()int.-lIf)urc~ l'qul1tion \\'hi('11rlifft'rs "lilthtl,\' from Equation 8
"11.. I n propo/ll.d by otl..'r invl!1ltilt"I..r... -('.g., (9). HU\\'f'vl'r,
fur tl... runlt" of r:fJlHlilioll~IIr inu'r('Ht. h,'rl', tJll' variation IJt'Iwf'C'n
til, l'QUlltiulIII ill Ulllllllly of 11...ordt'r of a fc'" t.c,nt.h. of 1%;
ulthouK" J';quAlion 8 ill IIIIt I'xa<:l.,ita U('('urncy ill mar.! t.han adl"
qUII\.I'h,.r,' nnd, in 1111'"piniun or !.hI' authors, it i. cOl1sidl'rubly
IIilllpl..r \.I,UIII'thl1l1th"I'xurt f''Jlllltioll of (9).

="<lSP<JlST 8tJI'Rc:t: SOLL'TI<lS". It WIUInot...! ahove thAt It
point JI.urrf' is ort"1I " v,'ry poor approximation to an actual
ru,'1 injl.f'ti.IIt "('"if','. Howl'v,'r, RUY nOlipoint 80urre may be
l'if-tlJrc~1 1110r.on"illtinp; of 1111illfinile numht>r of point IOU/'re8
propf'rl)' I1rrungf'd.

t'llJppo""! th(,11that. 11rillI/:""IHce exi..I.., dclillilllS U rin6t source a8
a ,'irl'ulur linc .ourr" CIfrucliUl' Ho; liquid is inJl"{'tcu uniformly

'.

.,..
D''''en''OI''e. Rln, Soufce Function- -/>
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.8rotmd the riDs. 'Thb 8ituation can be handled by firRt&ll8um-
iD, tha, N ~ amaI1aree exilt, makinlf up a circle of radiu"
B; . U IV, It the total ruel rate to the clrole, tbe rate to eacb
112'0le e1earI;rW,IJ4/2r, wheref.6 it the anglesubtendedby each
~. From FIiure I it oao be ~ that. the diataooe R variee
ar6UDd the circle but oao be dveu by

Il" - Br + llI...~.~ fJ08ll- .

. .' R, [I +(~r - ~. 00111]

~'. " {"'..''..

(10)

Tb. limit u. the iAtecral

1- W~

(2. \ -vIll [ (R')
' 2R, ] l

Jo Gp) 4Bz ~ + R. - R. 001 tJ rd6 (11)

W'boee.,Iutlon it, Ie&tinSvJql4Ez - K.

W,K ~~[.;~ <:')1-: (
U
)1.- Jf':Rlr e . 1. 2K Il.

I. .. . ~I~ B-el funr.tion"of tbe ftl'llt kind. zero urtJor.
The aubecrizlt or 1l, bu twoendropped for ooDveni~nre~twt"Cn
~ (I and 12; R it DOWdefined u the radial di.talll'l!
from \be ui8 of AnYInjection lIOurreto the .urv,,>' poillt.
, F.quaUoa12may bf!.Implifiedto .

w
.1-W:Ni.

.. \', ~. ~ -...-

.,"'; . trbore .~ '~illJ)etWn of only tbo"dunl!nll!onJ,.JIIi fCl'IIUIJ'K alld
, . ,. "RIR.," ~t.od in F~1"II2. A .Imple expreMillll, J';quatio/l 13,
7? .'- thu-!.y'AlJAbJ.8for tb. fuel diltr,jbution down~tr~MIIIof a ring

~o: ~;7.";f: ,;, ' ;'r.

7 ~ .

(12)

(D)

Speci6r applicalion of thi8 ('quatioll, and the point..lIOUr~1'
and dlak-tIOurcc ~'Quation., i. dil\Cu,.,ro at Qlater poillt.

A procedure exactly analogou. to dl'rivina: thl' ring-tIOUrrl'
equation rrom the poillt-lIOurcl' I'qulltio/l ran be ullt'd to obtain 11
di.k-eource eqUAtion from th~ ring-lIOurce equation.

Aaume a ditlk source to exi8t, de6ning a di~k source 8.11the
eDUre area bounded by a riroJe of r&diu. M; liquid i8 injected
unifomlly over the di8k IIrpa. . Con8ider tbe area to conain
of N AnnulAr rinlt8, earh o( IIveral'! ru.diU8R.. Sum up the con-
tribution of ellrh rina: tU! .\' - co.Thi8 procedure xivel' thE'
integral

-..HI -..Rj
W ;:" -18'-

(
R.1i

)- =-~u r 48. . Il",.. I. ~.,- rill. (H)
W.2...EzJ.!' 0 2Ez

unfortunately, this iDteval prohably cannot he evaluatt'<1in
dOled form \\;th famihal'-t.e., tabulated-function.. How-
ever, Equation 14 CADhe writtell WI

IJ',
1- W:j,{1'" (15)

where "', 1\ fUllr.tin/l u( the diml'lI~i(l/lIE'88 a;roU1Jflp ( -11.\(1 i 2 Kz)

and RI.'!, i8 plotted in Figurl' a from computt'r-raJruJaud
tables. Equation 1.'5 then is 11simple cxpreMion (or the fu.1
dbtribution downstream of 8 disk source.

Although thE' disk and rlnlit IIOUrel'8are 8uffici!!nt (ur thl8 work,
it ill I'vid('nt that the above t.-<-hnlqud are applicllhl\! to I'OUrct'8
of any planl' rcoml't.r)'.

Experimental Procodurel

Mixture Sampllq M.thoda. Thl' p4"rforllllllu'tt of a -."olt'm
I. inRUI!IJrl...olIot 0111)"I,)' tli~trihuliu/l. tht. lu..-al IIIU.~ ratio of
illjt'(.'t..." Ruid to rUr. hut 1,.\' tl... ,'ulllliti,," of UII' flllltl ..i.t'.. Iiqui.1
..r 8:IU'''''"-. Two ,1i1ft-fl'III "'I,,'ri""'"lul It,,'hlli.~u.'~ h"n' thuII
I}{ICIJ"".~I ill thi. work, 1111..(ur /II"IU'Urillt[ .111'tli8lrihution Cl!
liquid fu('l. (1111.lmpl"I..\ UlloI"Ill' (ur 1I1I'1I~uri1lK(u,.I.. ,,'I,it-h al'1'
chil'fly J(IIt<l"IU~ul tI... IIII'''''"I'jlll( III"ti Th,. (u ",r 1,,,'hllIlIUt',
(If I..our ('OrN'''IIOIIoJ.to i/ljl'd iO/lnf r",,"u\'ullltil., 1i111l1.1IInd th..
latt.'r to i"j"I.tioll n( " v..ry vnhllil., litlllltJ. '1'1...tlillt,iI,utiul\
fnr Imy 'j""'rnu:tli,,.., (parti"II,' Vl\I"",rizi/lK\ li'IUitl will lwo ",tC'Iu":
wh,'r.. I",lwl"''' Ih,. "..IIItilt' 111111""II\'"btlilt. t'xlrl'IIIt'..;. tht'IIIII"-

nuotJilltc, tlllltrihuljll" \,,,It Lhll' hI' at I.'''''L Im...! I."J b~' tl\l' h,(J
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Early work su~ge8WJ t.hat it. would he pOl'sihle I.u con-elate
Uic blowout dalli by plot.t.in~ t.he hlowout. e'lui\'alence rAt.io
~ainst. a correlating group of t.he type N IVP", wh~r~ N,J,l?the
ffiMS flow, V the reaction volume, ]> lhe ptCl.<>'uie:-and n some
ii'nknown pressure exponent. To determine this exponent it is
df"Rirable, Cor1\ given value oC N I~'P" (and tllII~ pre,,;umably Cor
1\ given value oC equivalence rat.io), to vary N, V, and P inde-
pendently as wide!y ns possible. Minimum valuf'.9 oC V are set
by the in«:rca.~ingly large surCuee-t.<>-volume ratios of smaller
spher06. The resultB wuuld be unde8imble inc~rea5cd surfaee
P.ffocts and heat )o,.:"es. The upper limit 10 V and sphere size is
sot uy laboratory limitat.ions or air supply and exhaust. capacity.

The range oC hlowout pressures Cor the data of Tahle II is
shown in Fi~lre J. This range is, oCcourse, ronditionet! hy mass
now limitations in order to maintain a given NIl' P" for a given
V. Thus t.he low pressure limit.at.ion i8 really a minimum mass
flow limitation. Al lower l\1allS flows, lieat losses Crom the
sphere I'eeome progressively l\1ore important and cause unde-
sirably large corrections. Where J atmosphere is 1101.the upper
pressure limit, this limit is Rct hy t.he upper limiting mass flow.
l3eyond t.his mass flow, damage t.o the reador is so rapid and
Revere that t.here is IIOt.enough time to obt.ain useful data. These
consit!erations apply for lean mixtures. 13ecause of poor repro-
t!ucihility ant! reactor damuge, 110att.empt was made to inve~t.i-
gate thoroughly the rich range. }'.

For these reasons, mass flow;oJin t.he small reactors, were varied
from ahout 0.16 to 2..i gram-n~oles oCair per second;. in the large
reactor, extreme values were not attempted nnd mass flow rat.es
variet! from about 2.4 to G.a gram-moles per second. Tn all. cases the inlet fuel-air mixt.ure ent.ered at ahout 4000 K. The

over-all equivalence ratio rnnge extended from about 0.4 to 2.0.
Equivalence Ratio. All blowout data are tabulated in Tllhlc

II in order of increasing equivalence rat.io. Durinl!; all fIInll
wit.h lean mixtuI'Cs a small wal.er-(~ooled prohe (Figure") made
from three eoncellt.ric lengthll of st.ainless st.ed hypodermic t.ubinll;
was k..pt. in posit.ion in t.he sphere,'. as Rhown in Figures] and 2.
Through t.his probe, a sample oC t.he combustion gasps was
withdrawn eont.inuously, "ompre,.:scd by n diaphragm pump,
pa.ssed 1hrough a packed Curnace t.o complet.e comhustion, and
t.hen let! to an oxygen met.er (paramagnet.ic~ type). By simple
stoichiomet.ry, the residual oxygen in the completely burned
gasel! eould be translated to CCJuivalence ratio, q,. The q, HO
obtained is the value t.abulated in Tahle JI. For rieh mixture8,
t.his t.echnique is not applicable without modification, and the
q, !?;iven in Tahle JI was (~ornputed Crorn 1.11('individulll air and
fuel rates

The 1.abulated air rales wcre ,'aleu-

bt.ed Crom t.hese eql1ivalencl~ ralios and
t.he known Cuel rates; the eombined
accuracy oC oxygen met.er and fll'" rate
W/i8 h('lieyed t.o be greatl~r t.han t.hat oC
lhl' orifice. However, in all I'a,.:es lhe
air rat~ "') ealculated a~l'I~ed with t.he
:.ir rate indicat.ed by t.hc orifice meter
wit.hin a few per cent. The stat.ie pres-
oure, 1', was that. ohlained In' t.he
prl;J;sure lap shown in Figure I.

The inlct mixture temperature, 1'0,
wus int!ieat.cd by thermocouplc!! lyinf.!:
iMide the inlet tube!! ant! with jUllctions
at the point.:! where the inlet tubC6 enter
the jnsulat.in~ shell. It should be noted
that there is no error due t.o prehcat.inf!;
of the irdet mixture within the inlet
tubClS and hall (if the lut.ter are within
I,he TI,lU:uon voluJllc). Tltis hcat is
limply re,'ycled through thl, reuctioll
z.on<t--t.hlJ apparent Joss in flame tem-
~rat.urp rer,ovored as I<n equivalent in-

rrease ill iuJel tCII11'f'r:llun'. There j" a I'light errur ('lIu!!eJ by

preheating oC t.he iulct IlIix!.urtJ ill Ihe sect.ion of inlet tube
IIct.ually pa~sing through till.' hot firebrick w!llI. lIowevcr, thill
error has beeu neglected.

Effective Inlet Mixture Temperature. Vl'spite th,. pn,RI.'wc
oC Ihe insulatiuf.!: ~11f'11.t.here is 60llle hellt IuSI'!hy ('olJdll<:tion
thwugh the "hell. The rl.':wtor is lIonudialml.ic 10 till' exlenl of
Ihis loss. 13y means IIf un opticul pyromewr, use!! by sighting
lhrou/.(h sight port. ant! exit hole, bot.h interior l'l.'rarnie unt!
exterior nickel average wall tempemtures were lIIea.~urct.l. The
ohserved tempcmturc difTI,ren1.ial vuriet! frulII ahout 2500 t.o
7000 1\. with abpolul() ilJtl'J'ior t.elllpl'ratul'l's 1.0 about 20000 K
Heat loss through tll(' hric'k shell was ('omputl'd from this differ-
ent.ial awl t.he brick \.hermal eondudivil.'y. Vuluf's of lhe latter,
HUJlpliet! b.v t.he mallufarturer, IIveral!;ed nhllut 0.002 /.(mll1-<::lIo-
J'ies per (seeond) (CII1.)(0 K.) in the temperature I'IIIIf.!:eof intercst.
In the equation for ~phl'ric:d c;ondu('lion, \.he pre.~PIH'eof lhe exit.
holes \Vus ignured. The~(' hoft,,, (WC;up.vIwt.wcpn ahuul. 10 alld
25% oClhe interior surf:r<'c area alld less t.han 10'!., of \.lIeexterior
surface area. Althollf.!:h some error is t.hus illtrudw.pd, it. tplld~
t.o be ofTset by radlalioll Croll! lhe hol. walls uf thl' ,'xi\ holes.
Thpre is lIegligi"le dire radialioll IOS8frulI! tI", ""0' '0111" of
I.hc hule he('au~e, lookinf.!:alullf.!:t.11I:holc 'LXis, ulle S(.t.s ollly the
rclatively cool eellt.ral injpdiulI hall. (Jr...e the I"'at. loss haH
heell COlllputet!, it is 1I10,.:t('ollvcllient!v expresset! as all (,fTect.ive
10wNing oC t.he inl!'t t.c'nlperalu\'(~; reador behaviur is not in-
lIuenced I,.v I.he fad lhat a f.!:i\'en:lInount of hcal. is lost hy cun-
c\uetion thr'ollgh the w:rlis rathcr t.han hy being absent from the
inlet mixt.ure. Lowering of the elTedive inlet tempemt1ll'e is
directly ('ompul.ed bv dividinl-( t.he heat loss by t.he product. uf
enlering tu tal 11laSS flow ant! il.s Hpecifie heat.

The varia\.iulIlI in re;...!.ioll volllllle for a givell reaelur t.ype
(Table I) wel'l:'(,hiell.v due 1.0small dilTcrelU'cs ill the di:Jnll:ters of
t.he mall.\' firnbril,j, shells usnd. VUI'a f.!:i\'nllinlet asscmhly alld
nic;kl'l shcll, ILt!uzell or IlIol'(~lir"',ri,'" lincrs IIla.v h:I\'(' "el'lI IIsed.
Thc life oCa liller is I:ril.i"all.v d"I)('I"h,"I. 011t.he c;undit.ion.~of op-
eml.ioll. A singl/" lillt'r IlIif.!:htlasl fol' only onc or I.woruns at. high
mass fluw8 alld IH:ar-stoi,'hiolnelri(, equivalm\(:e ratios. For
vcry lean 01' very rieh Juixt.ul'c,,:at low mass lIows, a liller woult!
remaiu intact. (wil.llOlIl fusin:-: or ('\,(lInhlillg) Cort.en or mure runs.

Tal.le 11 also ilH.llldl:s the f.!:I'OUP8l'I"...clat.illg m:J":s fluw, pres-
sure, and rc:U't.ion vuhllue ,'oITcd-ed 10 a base of .IOUoK. inlet
t.emperat.ure. The IIlcthod or (.Ol (.tioll Crom T,,~;(Lhe cJTcctive
inh'( I("JlI":mlul'l', tllf' :o<'t.ualinll't !.1!llIperal.urf' millus the efT",,,-

.
N/VP'.I. GRA "'Olf S

Fi":lIrc 5. Dlowout dnta corrclat iUII ror 1.II-orolcl' reno'lion (It = 1.11.f = ().II).
corrected l.. 4()()OK. illlct lClllpcrature

f't//JlPI.'
f
.,.

0.. O.~
0.539 2.82
0.9. 0.93
131~ H911

.. ,.
.;'~JI .

t:tlllivnlt".uu U..tio cl)

0.6 0.7 0.11 0.'1 1.11 1.0 1.1 I.:': 1.5 1.0

8.92 19.3 32.6 1.7 .8.0 48.0 35.6 26.3 '1.13 1.51
0.92 0.91 0.11'1 0.117 0.83 11.75 0.76 0.11 0.18 ..111
1655 1800 1'115 2010 2035 1'195 1941t 18110 1115 \&.71)
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hent ItJ:!I'c~afTect thc 1,Iuwollt ra.t.('.Jjill
redllcillg toull p-nthnlpy; tf,C cnUmlpy
loss i!< an:QlIlIted for hy 1111equivalent
decrea~(~ iu illleL temperntllrc. .

. Equat ion 4n Wllfllllso u",'oI. with theM
';allll' "Oll.-lllllt~. to prl'<ll/'t the doL-da.qh
eurv(' of Figure. 8. Valllc.q of E from
about 1.0 to O.!I were ~illlpl.v 8uh~tjtute<r
with thc cCJJTC:<jJoudingT, tu obtain the
I'llI've. AILhough the data point.q fall
helow lIIo"t of the curve, the eIlil:ienciell
at hlOl\'lJllt are in re:lsf)llabl~ agree-'
mellt.

1n lIlI.\' C:Lq,~,the l:OIT"HpOlldelll'eof t
fur given .\"1V /,..., rCj;:mlletl>! of indi-
vidual value" of .Vallll /', Ip-ndsercoenl'l'
to the "'~:Il:tioll rule COIICCpt. The exa,.t
level of predict-e(1 elliciclll'Y o(:pelll.ll\ on
the f(':u:tallt" a~sullle". Fur c\:Lfnple,
if UX)~CIIWl'f't~reacLin:.: \l itll C,II.. ratller
t.h:1II <:al'holl lIlolluxid, thu~ Teqllil'illK
the u~(' of E(IUalioll ill rather thnu
E'Iual.ioll 4a.--agl'eemellt heL\\'cclI ob-
served Illld p",'dict('d pfli(.ieneil'q would
I,,: e\l'''''':lIt.

100

()US~;1t VEil SI'ACE 11E,\T 11EU;AS~;
HATES AHE VEHY 11/<;11

Th,' IIIIIXilllullI value uf N / V1'1.1 of
Figure;) (diR~o(:intion I:OITc(.ted) iHuuout
48. 1-;()ul1tion4n pl'eoiets that the com-
lHJstion ellieiel1l:y iR O.~:t This mte of

reaction corre~ponds to a space heat release mle of ahout :3.0 X
108 13.t.u. per (honr) (I'uhie f"ot) (IItlll.,.8). Such a /'lite i~ un
order of lIIugnitlH.lt: ~reaLer thall thc higlw>!LpllbliRhcd e.~p(~ri-
lIIelltal vahl!' (11) f,,1' all appl'f,,'illble volunll' 1.110\\'111.0 the
lIuthnr". Lllell of otl,,:r dal.1I m:ll,c" oireet eUlllparison of theRe
results impol!l!ihle, This rate \\'ill not Ul'eel!l!aril.vl'OIT"SPOIIOto
the previouRI.v disclIRsed highl'st lo('al rate appeurill~ in hlluilmr
tlnllleH. In 11IlIm;nal' flanlB, it is ,'ertaillly pussible l,hllt a happy
('ombirlllt.ion of heat allll III:tSRdifTuHion.~ma.\' ~ive a 101:111com-
bination of temperaLure and read ant clllU'enLmtion" thllt'rel!ults
in 11rate higher than ohscrved here.

In prcviouR theol'f:t ienl trcatmcnt.'i of homogeueou~ CUlllbuHtiun
(1, S, 9, 11" 16), it was aSl!ullleu that the over-all reaction ordor
WllS2.0 with eqllal ('ombustil,le IInd oxygcn expunenl~. If such
URdlllIlptions are lIIade in this case, the data cnn be ploUed a~
shown ill Figure 10. However. there is u pn's"ure treno ill the
lean dllt~1 points-lower presslJI't. pointq fall below ano to the
ri~ht. The solid curve l"'I<t tit$ t.he lean oata with Equation 4a
using I~ = 42,000 lIIul th!! ri..h data with ElJllatiun iu ano thl."
Hllme E.'. The lIIost sigllificant devilltium. again OCl'ur for very
rich mixtur(!:j when' the dul.alLTl' lIIost Ilu('~tiunal>le.

If the further uSllalnSBulllp\.Jon i~ mude that tho l,omhustihle
ma.terial iHoriginal fuel (rather than l'UrhonlUonoxide), Equation
7a is used for the lel1u data. Thus the doLLc11curVl' of Figure 10
wa~ calculated with a best-fitting H of 40,000 ano this Slime E in
Equation 71>for rich mixtures. The lit here is poorer, particu-
larl.v near", = I.

For both eurvei', /,; \\':li' cllO~en for t.J1tJrich mixturc equation so
:18 to make N / Vpt ut '" = I ,'oineicle for both lean nnll rioh
branches. All of the cIat.u of FiJ.:ure I(I wero I'orrocted to a 4000 K.

inlet tempp.l'lltme rderen(:1J h)' IIRillg Figure H. Figt1l'l'!) i.. negli-
gibly in error for ~lI\all \'Ill'iat.iuu~ ill 1'.:,11.01' f.

Althuu~h use of N / I' I"~ withf = I is a RIi~htl." lUun~ (:ollvenient

uPJlI'/J~inl:lLi(ltl, it prediets 1I0IIII'wllllt upt.imist.i., hel<l. releBSel! (at
I 'ws.~urc" hi!;l1t'r than t.he pre"l!ure.. \I~('d \. Thus, t.ho maximum

ob~cl'\'od .V/ V I"~ j,; 7,~ (,'orret:ted fur luw presl<ure dill.oIOl'iation).

luul the IJIlLximnm valucs pr~li(.ted I.)' t.ho two CtIT\'t\::I"rt' t).~,a and

Calculated hlowout reaction rules ror various efl'cctive inlet
tenlperattlrcs

Itclulh'c to rDlc~ ut ToE =:a 4000K.
..:quolion8 ond coltKlunlt& us Mhown in .~icure 5

Figure 9.

By usingf = 0.8 iu Equation 4a, the lean data were be.~t COI'l'C-.
lau..1 with nn B of 42,000 ealories per mole. The $1Ine f and E
were used in Equation 7b to fit the rich data of Figure 5. Com-
puted values of N /Vl'l.8, E(wiLhin 0.01), alld (:orrespolluillg 'J' nI'C
t.abubtcd in the Cllption of Figure 5. DifTe/'ences in /,;result frolll
the different. IlSHumptions IIHto the nature of the combustiblc !lnd
the combustiou ga~ compositiou for the lean and riell mixture>!.
The I<emithcoret.ical curves computed from these cOlIstant.~ arc
~howu in Figure r.. The d:).Lapoiut..'i ucar '" ~ 1 in Figure 5 (aud
Figure 10) were obtained ut relatively high LemperaLure and low
pressure. Dissociation corrections to re:ll:tion temperaturc lit
these low pressUl'cs are greater than t.hose incorporated in the
atmospheric pressure temperatures of Tahle IV. ThuK the tem-
peratures are lower and reaetion rates corresponoingly lower.
The !>emitbeoretical eurve reflects the data correcteo to aLmoll-

pheric pressure reaction t.emperature, thus elimiuating thill
extra diRsociat,jon efTect at low pressure. This correct.ion did not
exceed 8% in N IVP1.8 lit any point. H.eduet.ion in flame tem-
pera ture at low pressures ill illustrated by the fullowing Bureau of
!\1iuCl" clIl"ulntioni' (2) for C,oH.. fuel at To = .1000 K. lino t =
1.0'

P

1.000
0.398
0.158
0.100

F1ame 1'emperBture8. 0 K., at Equivulence Hatio, q,
0.667 0.818 1.000 1.222 i~oo
1935 2177 2350 2313 2119
1033 2163 2317 2297 2115
11120 214/1 . 2282 2275 2110
1926 .2136 2263 2263 2107

. Once t,be values of the kinetic eonstnnls iu Equntio/ls 4a 111\(1ib
hft\'e been cstahli1!hed. the blowout valuc.~ of N IV pl.H and <!>
ean he recomputcd for varioufl inlet tempemtures. All inlet tem-
perature other t.han 4000 K. implie><only n different l' for ILJ.:ivcn
t in the, equati')QI'- The hlolVout N IV 1)1.8for a ~iven 4>eun t.lwn

'be oomp:J.red, for vnrioulI Toe. to the hluwout value for the salllC
4>ut Tot - 400°)\:. .This hll.HI,een clone in Figuw H, URing the
kiln-tic constAnt\! i>f the eurves of }<'igure 5. FigurH !J WIIS1\::1(,,1in
TtJ,le n tQ (~or.,.cctthe hluwout rates to .J.OtJ"K for cfTedive iult\l.

1..eJOI)l!rat.url'_~other than,4000 J(. It is elp~lr from this lijlure how
,:/- ';.
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