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SUMMARY

After discussing the fundauental processes which constitute liquid

fuel (heterogeneous) combustion a number of techniques for the suppression

of combustion generated air pollution are reviewed. In accordance with the

need for new combustor concepts which is identified , a laboratory scale Blue

Flame Burner (BFB) was designed and constructed which utilises a Coanda ejector

to generate the internal recirculation of flame products to the spray formation

region. Blue flame (soot free) conditions prevail in which the droplet wake

mode of combustion is obtained. Experimental testing reveals that NO

emissions for this device are very low under fuel rich conditions . Such

operation of the BFB as the initial stage of a two stage configuration which

uses interstage heat removal to inhibit further temperature rise should control

NO emissions and burn out the CO and hydrocarbons formed in the first stage .

Conceivable app li~~~tions for this type of configuration could lie in the

~ -~,i11. to interrn~ ia ’ sized boiler range .

A general anal ysis for a steady state heterogeneous Well Stirred Reactor

(WSR) is present ed in which fuel evaporation , turbulent r ix ing and finite rate

chemi cal kinetics are treated. A mathematical mode l for the BFB featuring a

17 step quasi global reaction mechanism , recirculation an’4 ~ reac tor ne twork

containing 2 WSR’s is thus derived; a general modular com 1:u ter program

suitable for parametric evaluations was developed to facilitate this type of
,-

modelling. Convergence of the mode l solution scheme could be obtained for

fuel lean and stoichiometric conditions only. Reasonably good agreement

between measured and predict ed values of BFJ3 exit flow temperature , NO and CO

pol 1&itant emission s is apparent.

An on - - l in e  di~~~ti1 c :p’Iter techn ique for atitocorrelating hot wire

anemometec s i U l l a l s  10 i i e as u i e  turbulence length scales is described , a method

of correcting Sb h data t~~ r t h e  sys t.er:f time resolution error is also supplied.
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NOMENCLATURE

— SI Units,except where stated —

P (Note. The use of the same symbol to represent more than one variable was

unavoidable.)

< > Denotes the measured value of a correlation parameter.

a Polynomial coefficient.

A Area ; hot wire probe calibration constant (Ch.5-.).

A. Pre—exponential coefficient (Arrhenius factor) in the jth

reaction rate constant (cgs).

b. Back reaction rate constant of the jth reaction (cgs).

b Cut—off frequency, angular.

B Evaporation transfer number , blue flame conditions.ev

B. Back reaction rate of the jth reaction (cgs).

c. Overall gaseous phase concentration of species i (eg gin/gm).

C Gaseous phase specific heat.

C
B 

= C evaluated at region B conditions.

CD 
Droplet drag coefficient.

C Discharge coefficient.v

d. . Third body efficiency of species i in the jth reaction.

d Atom iser or i f ice  diameter .

D
° 

Droplet diameter ; diffusivity.

B Error (Ch.5.).

E ( k ,t) Energy spectrum .

E~ Activati on energy in the jth rcactioa rare constant (cgs)

f Frequency, cyclical.

f. F L - r w . cr d  r e a c t i o n  rate constant of tLe jth r c :o tion  (egs).

F. Forward raa -t i on  r a t e  of t ° r jth reaction ( c g s ) .

F ~o- n i ser : r t - l .  f] -w on: O~~r (in-).

FE Total rnnss ol fuel evaporate l in  a WSR (cgs)

I-E M-a a i t o  of ~uei cvao)~’;i t; 1 Ofl in a USR (ego) .

F.° Standard molar I ore ne rg ’ change of species i (cgs).
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tiF. Change in free energy u i  the jth reaction (cgs).

F View factor.
V

p F f  ] Denotes a Fourier Transform .

g Acceleration due to gravity .

G Transfer function .

h Manometer reading (imp).

Specific enthalpy of species i (cgs).

H Specific enthalpy (cgs).

EL 
Rate of enthalpy loss from a WSR(cgs).

i Stoichiometric fuel/air mass ratio (Ch.4); base of complex

number system (Ch.6).

k Pressure jet atomiser correlation parameter; wavenumber (Ch.2).

K Correlation correction parameter.

K. Equilibrium constant for the jth reaction.

K.~ Equilibrium constant for the jth reaction , pressure units.

L,9. Distance .

in WSR gaseous phase mass (cgs).

di Gaseous phase mass fbowrate (cgs).

th
E 

Mass evaporation rate (cgs).

th
F 

Atomiser fuel mass flowrate (imp).

M Spray size mass fraction (Ch.2).

- - MT Total number of mixed gaseous phase speci es.

MV Thermocoup le emf, mill ivolts.

n Rosin Raminler exponent; eddy f reque ncy ( C h - 2 ) .

n~ Temperature exponen t in the jth reaction r - t t  constant .

nt 
Total number of drops of size P in a spr.i , .

No Nus so] t numb r.

~-:i .u n t  n~ c - -i~~’a l ro e - t i - ”-

I n  al. er~n~-er  01 i’ Ous i - h- - : C speci

p P a r t i a l  p ressure .
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Ra te of production/destruction of species i due to chemical

reac tion (cgs).

P Total pressure .

Pf Atomiser fuel injection pressure (psig).

Combustor (air) pressure drop .

~~D 
Differential pressure across baffle (imp, Ch.5).

Pr Prandtl number.

PU Volume %age of spray remaining unevaporated.

q Dynamic head; heat of combustion of fuel.

Q Volumetric flowrate .

~coND 
Rate of conductive heat transfer.

GRAD Rate of radiative heat transfer.

r Radius .

R Universal gas constant (thermal units); Rosin Ratnmler volume

% oversize.

R(T) Correlation function .

R’ Universal gas eanstant (pressure/volume units , cgs).

Re Reynolds number.

R. Combustor internal recirculation level, %.m t

S Coanda sli t width ( i m p ) .

Samp ling line vacuum (Ch .5) .

SC Rotameter scale reading (Ch.5).

t Elapsed time .

T Temperature; turbulence intensity , ~ (Ch.5).

- . 
- T

L 
Droplet surface temperature.

u ’ Fluctua ting velocity component.

‘ l
1’ Vr’ 1 ç~~~~j~~ ;,

1’ JR 0 - , ’ 0 0  ~ o 1 i - ~ a (c~ - - ) ; v — :  ci~~-’: h — t  ;-r~~o ar cmorr ~ tcr

hr  ~‘,e 
n j ,  :ige ( C- h. 5) .

Relati’~ veloci ty.Rel

Molecmi l ir weight .

- x i , .  —
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x Ro sin Rauunler size parame ter.

Third body in a dissociation reaction j.

X(f) Frequency response func tion .

‘10 0 0  Weight fraction of oxygen in ambient gas.

z Gamma function independent variable .

Greek

Correlation correction weighting function .

Stoichiometric coefficient of species i as a product in

reaction j.

Stoichiotnetric coefficient of species i as a reactant
‘3

in reaction j.

ô( ) Delta function (Ch.6).

r( ) Gamma function .

8 Dimensionless ratio.

T Time disp lacement ; turbulence timescale.

‘r Reactor mean residence time .
• S

TD 
Specific mixing (turbulence dissipation) time.

TSD 
= T

5
/T

1~
. mixing parameter.

Overall burner estimated equivalence ratio-
ov

Proportion of reactor or stream gaseous phise which is

unmixed (gm/gm).

Coanda uni t  mass entra inment  rat io .

fl Entrainment efficiency factor relating theoretical value of ip

to the measured value .

Concentration of species i in the mixed gaEecus phase (gm/gin) .

Concentration of species i in the unmired garoous phase (gin/gm).

Re~o- tor I iqmm id phase tru ss (c . g s )

Li - , u d ~l~zise i . I J S S  I ]r i ’  ra ’rn (ego).

D a -’ i t~

Noi- s.ilised autocorrelation fun tion . 
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Viscosi ty.

o Stefan Boltzman constant.

Index which is zero for lst/2nd order and unity for

3rd order reactions .

- 
- A Mean thermal conductivity of gaseous phase; skewness

P factor (Ch.4/5); turbulence length scale (Ch.6).

Li Increment.

Superscripts

Denotes feed stream conditions.

Denotes Laser measured value .

* Denotes WSR intermediate variable, i.e. after evaporation

and mixing but before chemical reaction in the steady state

analysis; complex conju 3tion (Ch.6).

o Denotes a Standard State value .

— Mean value .

(n) nth Derivative .

Subscripts

I. Reactor inlet conditions.

2 Reactor exit conditions .

A Region A property .

B Region B property.

c Critical conditions.

cs General combustion species (ether than f, 0.., or N2).

f Fuel vapour species.

F Forced convection conditions.

C Gaseous phase .

j General species; Coanda inlet plane conditions (Ch.4,5) .

I Is~’1’i - a t  in S -
~~1) 1 jog cnn’1 ti cr ’s .

n o r  ri. .o - t jun n I r !O - ( v i - ~~ s ’ t (j e t )  condi t ions  (Ch. 4,5).

(noel al r i d  a: •
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o Coanda exi t plane conditions.

x,xx,XX Pertaining to autocorrelation .

00 I~mbicnt conditions.

Abbrevia tions.

BFB Blue flame burner.

- - CLA ChemiluminesCent gas analyser.

ISD Initial  size distribution .

PFR Plug flow reactor.

PSR Perfectly stirred reactor.

ENS Root mean square .

S~fl~ Sauter mean diameter.

NTP Normal temperature and pressure.

WSR Well stirred (partiall y stirred) reactor.

UHC Unburned hydrocarbon.
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CHAPTE R 1.

INTRODUCT ION

At the p r e s e n t  time , a p p r o x i m a t e l y  80 — 90y of thu various fuels employed

iii energy conversion processes are either of the liquid or solid type , this

then exp lains why an increas ing  amount  of combustion research is being directed

at two phase flow systems . The uiinimisat~ on of air pollution generated by

prac t i ca l  l iquid  f u e l l e d  combus to r s  c o n s t i t u t e s  the subject of this study,  wi th

the mathematical modelling of such devices from a pollution standpoint playing

an important role.

The nex t  C h a p t e r  i n t r o d u c e s  the  sub j ec t  more comprehensivel y and sets out

broad objectives for this project , w h i l s t  Chapter  3 de f ines  these ob jec t ives

more fully in relation to a laboratory scale combustor . Chapter 4 provide s the

basic theory needed for the  establishment of a sodel for this device , which is

given in Chapter 7. Chap te r s  5 and 6 are concerned with various experimental

measurements on the laboratory combustor and a compirison between mode l predict-

ions and these measurements are made in Chapter 8. Conclusions drawn from the

-st udy, p lus recommendations for future work , are finall y disc ussed in Chap ter 9.

P 
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C HAPTER .~~~

H~ r ER0UENEOU S COM BUS T iON AND POLLUTION

2.1 Foreword.

Uaving briefl y intr oduced the overall area of rusearch with which this study

is concerned it is convenient to identif y three importan t aspects of two phase

combustion ; these are a) its actua l mechanics , b) associated air pollution , and

c) mathematical modelling. The function of this chapter is the introduction of

each of these in grea ter dep th , pertinent literature also being reviewed. As

w i l l  be seen , much of this literature concern s the gas turbine device ; this is

due to the widespread attention which this combustor has received in response

to increasingly demanding de sign requirements.

2.2 The Combustion Process.

At this stage it is convenient to distinguish between homogeneous and

heterogeneous combustion with respect to this study. The forme r der1otes combustion

of gaseous i.e. sing le—phase reactan ts whilst the latter is defined as two phas e

combustion between gaseous phase oxidant and liquid phase fuel. The exact

mechanism of such heterogeneous combustion is naturall y extreme ly comp lex ,

involving simultaneous heat , mass and momentum t r a n s f e r  th roughout  chemically

reac tin g , two—phase , t h ree— dimens iona l  flow fields which in addition are invariab ly

hi gh l y  t u r b u l e n t .  It is then , perhaps not too surprising that relative ly little

wo rk has been don e on the subj ect , even though combustion research has intri gued

and captivated scientists for more than 5000 ye ars.

in any combustion process fuel and oxidant (usually air) are mixe d together

on a mo lecu lar  scale , they then react to liberute some of the chemical energy of

the fuel as heat; this therma l energy is t :her either emp loyed directly, or

c o n v e r t e d  t o  a third type before hem - -, exp loited to do some sort of work . In

cd~,o of carboriuceous fuels soots a~ u 1~ - rmu d by t h ~ shernical reaction under some

1 o-~~U I  tj u i i S  , i i i  addi tioti a br -ad spo t I Wit  of I t u n d  edy of 0aseatis species may be

p



f ame d as cornb;stion pro duc~~~, depending on f u e l  molecular  weight  and again

prev ailing conditions.

Li quid fuels then have to be vapourised into the gaseous phase and intimately

mixed with the oxidant before homogeneous chemical decomposition via numerous

possible reactions , which constitut.e the flame phenomenon , can ensue . Now such a

fuel m ay eithe r be comp lete ly evaporated and subsequently m i x e d  with oxidan t in a

pred etermined proportion before reaching the flame reaction zone, alternativel y

the two components may be injected separatel y into tie flame , fue l being admi tted

via an a tor n i s i ng  device . Evaporation , mixing and chemical reaction then proceed

simultaneousl y ,  although sequentially, in t h i s  case. The f i r s t  type of f lame

is ref erred to as premixed and the sec ond , as a d i f f usion f lame , since the overall

combustion rate is controllea by diff usion i.e. a mixing process. Practical

flame s are usually of the latter type a l t h o u g h  combina t ions  of the two do ar ise .

Reactants are fed to  and combustion occurs nithin a constraining combustion

chamber , t h r o u g hout  ;h i c h  spatial variations of local species velocities , concen-

t r a t i o n s  and temperatures com~-1 etely characterise the combustion ; these variables

are l a rge ly  de te rmined  b y the  p r e v a l e n t  f low p a t t e r n , which is usually a s t rong

function of operating conditions and combustor gooret ry .

The f l a w  pattern may be characteristically, 1— , 2— or 3—dimension al with

cor responding  increasing comp lexity f r o m  a fluid mechanics point of view , an

additional aerodynamic complexity is provide d by the fact that practical combustor

flow s t - r cuuntered are invariably highly turbulen t. An excellent introduction to

turbulence theory i s provided by 1-linze (1) and the subject will be further

dis cussod in 2.2(c).

The governing lu i d  :rech-mics relations for an’- flow p a t t e r n  are the Navier

Stakes equations w h i c h  are an a l y t i c a l] y r e l a t i v e ly  sir’ple but conversel y extremely

difficuLt to so lve , due to their non—linearity, even without including chemical

I n i L t i a  :n.d t -c-~ 5~ t a , c t~ftects . Henna comparativel y f ew sol ut ions hav e been

uitt a i1e ’ f r  these ~~ j IJ 0 ions. jte ies cii x i n g  r - t n s  t h r a u  h o t  the  f l o a l i e ld  of

.i co m b u : t ~~r ope r -tLLg at f i x o d  voi~~.e a ci p L e s r ~u l  a , 11i€d i -  Ln ~~t z t ly  d pai d on local

k
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transport properties which are a function large ly of local velocities and temper-

atures , species chemical reaction rates though are mainly sensi tive to local

concen trations and temperatures.

Fig.2.l (after Poll (2) ) is included at this point to illustrate the inter-

rela t ion be tween the pr inci pal physical and chemical processes occurring throughout

a he te rog eneo us combust ing flow field. Major links between two processes are

represented by double lines and the flow is consideted to be subsonic , i.e. no

d i r ec t  i n f l u e n c e  of bulk flow on the gas phase temperature. The diagram again

shows the comp lexity of two phase combustion , i t sh ou ld be emp hasised that it

represents a simplification of the overall process but certain major interactions

are evident. The four important processes of atornisation , evap ora t ion , mixing

arid chemical reaction will now be treated separately in more detail.

2.2(a) Atomisation.

For two phase diffusion flames , the f i r s t process which must be achieved is

that of fuel atomisation . Before evaporation can proceed the liquid fue l must

be injected into the combustor via an atomising device and rap idl y disin tegra ted

in to a spray c f  pref erabl y very small droplets; the resulting drops are then

p ro j ec t ed  and d i s p e r s e d  — usua l l y in a preferred direction . A spray of very f ine

drople ts  burns in much the same way as a gaseous fue l so that loca l fue l/air

d i s t r i b u t ion s  can be c o n t r o l l e d  r e l a t i v e l y  eas i ly,  in p rac t i ce  a clo ud of

thousands of drop le ts  is formed whose size varies widely and may lie in the range

1 — 500 mic rons .  The drop s produced in the immediate vicinity of the atomiser

are co l l ec t ive ly r e f e r r e d  to as the “initial spray” and their size diminishe s in

f l i g h t .  Drop l e t s  are v i r t u a l ly always assumed to be of the same shape , i. e.

sp herical.

A r o m i s e r s  are c o n t i n u o u s l y supp lied w i t h  l i qu id  f u e l  and li quid d i s in teg rat ion

u s u a l l y  occur s in stages , each stage is essen t i a l ly a vibratory process so that the

c i c r i d  of dr op lets enters the flame intermittentl y . For mast atomfsers a liquid

sheet  of dec reas ing  th ickness  extends  f r o m  the i omisa r until the sheet thickness

i s  1’r the order  or  t~~c Largest drop ~~re , uns iahict threads c~ l i q u i d  may a lso  be

L_ _ ..~ ,: .-~ i&~ ~~~~~~~~~~~~~~~~~~~ -
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formed as part of the s h e e t .  The drops  by t h em s e l v e s  may be u n s tab l e , i. e.

t hey  nay sh a t t er  or coalesce , the i n s t a b i l i t y  of s he e t s  and drops  is discussed b y

E i s en k L a m  (3) b u t  as yet no information exists concerning the possible effect of

gaseous 1)~ 1dSC turbulence on such instabilities. It  appears  that  the  r e l a t ive

v e l o c i t y  between the d r o p le t  and gaseous phase is  one of rho more important

variables affecting the existence of shatter oi coalescence. Surface tension

forces within t h e  drop tend to r e s i s t  the  det or. ation which results from the

i n f l u e n c e  of cx t c r n al dynamic f o r c e s .  The a:tui l balance of these forces is

inf l u en c ed b y t h t -  li quid viscosit y , surface L o t ion and d e n s i t y  and t h i s  exp la in s

the i n f l u e nc e  of f u e l p h y s i c a l  p r o p e r t i e s  c-n t 0  atorrisation process. The gaseous

phase flow pattern in the atomiser vicinity can also be app rec i a t ed  as having a

considerable effect on this f o r c e  ba lance .

The principal characteristic of any atomiser is the initial drop le t size

distribution produced , this is invariabl y a function of the atomiser type and size ,

as well as the pressure differential experienced by the fluid , (or fluids in the

case of a multi fluid atomizer). This characteristic is extremely impor tant since,

coup led with: i) drop let location , ii) vapourisation rates and iii) mixing rates ,

it determines combustor fuel/air distributions which significantly affect the overall

system performance and stability limits. There are five average or mean diamete r s

which may be calculated for a spray with a known drop size distribution , these are :

1) Average Diameter  n D/ n (2 .1)
L .  ~

2) Mean t i a me ter  = L~ 
o2 i r

~
D (2.2)

( \ 1  
~3)  Mean Volume Diamete r  = / n P  / / n ) (2.3)

\ - _ f t /

3 ‘c ’ -)

~) Mean Surface Diameter = / ~ ~~~~ )  (2.4)

~
) S au t c r  Pc -a u  Dia c t e  r n

t 
t~~ / 

/ ~~l)~ (.~. 5)

~~~ 
- :
~~~~~~~

;
~~ ~~~~~~~~~
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The most frequently used mean size is the Sauter Mean D i a m et e r  (SMD) because of its

importance in mass transfer calculations; a droplet with diameter equal to the SMD

has the same surface area to volume ratio as the entire spray. Various emp i r ica l

correlations have been developed for prediction of a mean diameter for specific

a tomising devices , because of the number of variables influencing such expressions

they are naturall y expensive to de termine and highl y specific as alread y mentioned.

Extensive use of drop let means for representing entire sprays has been made by

combustion researchers , howev er , the practice is considered extreme ly inacc ura te

due to (i) the two orders of magnitude of drop size which are possible , (ii) the

fact that small drop lets beh ave in a very differ ent way to large droplets in a

combustor environment (iii) there being no indication of the distribution of drop

sizes.

A number of mathematical functions have been developed for describing size

dis tributions in order to incorporate drop let spray effects into heterogeneous

combustion models. Mugele and Evans (4) have discussed a number of such distribution

functions of which the Rosin—Racimler (5) expression was one of the earliest , it was

ori gin all y developed for application to powdered materials , in cumulative vo lume form

this function is:

/ , \ n
R = 100 e ¼x ,x , 

(2.6)

where R = percentage of spray by volume whose diameter is greater

- than a given diameter x.

x = drc~~let diameter , m i c r o n s .

x = a size parameter , microns.

n = an exponent which is a distrihutiori parameter.

It can be seen that this distribution function has two fit parameters.

Muge le and Ev an s also describe the N u k t y o m a  and Tanasawa , Log Probability and Upper

Limit distrib ution functions. The Upper Limit expression utilises a third fit

parameter to provide a cut—off at the spray maximum drop size present , it is based

on t i e  differential e~ tti t ion of the Yo~ mal or Gaussian disleintition .

A tomise is in conveniently be ciorsi t ie d according Lu the primary source of

energy which is t r i  ved t o  obtain I iqm i d disintegi ation , a f - em -f desc:~~p t ion of

I - 6 -  
-
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various devices is now presented. Relations applicable to each device are also

included.

fhe  Press ure J et A tomiser ut i l i ses  f ue l pressure  energy for sheet disintegration

to usuall y produce ii conical spray ; liquid fuel is tangentiall y injected into a

conical chamber upstream of the exit orifice so that a swirling spray motion is

induced. An examp le is shown dia gramma t ically in Fi g.2.2(i). The spr ay may be

hollow and have an appreciable cone angle within which contacting with a recircul-

ating ga s f low may be achieved. Al ternative ly the conical  spray may be of the

narrow angle type and have no real gaseous core . The pressure jet atorniser was

one of the earliest fuel injection device s to be developed and usually produces a

wide distribution of drop sizes , this is an inherent disadvantage from a combustion

performance standpoin t if si gnifican t numbers of large drops are formed.

The basic single orifice pressure let atomiser desi gn is frequentl y r e f e r r ed  to

as a simp lex type , modification to this basic desi gn in the form of spi1i , dup lex ,

variab le port and multi p le orifice varieties have also been made for handling larger

fcel flow ranges. From the equation of conservation of energy it follows that ,

over a wide range -~ pressure s , the liquid flow rate is proportional to the square

root of Ule pre~ s mr-o -drop across the atomiser; the proportionality has been termed

“Flame Number ” and is usuall y given in dimensionall y inconsist ent units:

- Flow—rate (gallons per hour) (2.7
blow uncer  F

- 
VPressure differential across orifice (psi)

Flow—rate (gallons per hour)

for an atcwi~.er iri~ t-cting fue l a t P
f 

psi into a combustion chamber operating at

atmospheric pressure. High inj ection p ressures gen e r a l l~- prod uce small drop le ts

although little effect on drop size is observed as P
f 

is increased above about 200 psi.

Bowen and Joyce (6) obtained a convenient ~e-t of empirical correlations for the

pressure jet atomiser which predict the two Rosin Rummi er fit parameters as a function

0 for 0.3 ~ 1- 4.0 gals/hr(psi)2 . Th ey were oh-tam ed by the so—called

“substitut e method ” whe reby t~~e iue l p r - - er’ ies are s i . J o t a d  by wax which is sprayed

_ . _ . _
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as a liquid and solidifies in transit through a coo l a tmosp here . The

particulate end product can then be convenientl y anal ysed for  size by sieving.

The correlations derived are discussed in 4.3. Watkins (7) formulated an

expression for calculating SMD that is app licable to both simp lex and dual orifice

nozzles:
0.209

0.2U
SMD = —0.442 ~~ 

) (2 .8 )

where , 
~~ 

= total fuel flowrate , lb/hr.

= density , lb/it
3.

N = kinematic viscosity , centistokes.

p = mass weighted press ure d i f f e r e n tial , psid

/ W ~~ . + U /~p \
2

= 
I f pri pri f sec sec

For p ressure je t atomisers an exp ression for  V , the initial velocity with

which the drops are projected into the flame from the atomiser sheet , is in c luded

in the interests of comp le teness:

(2g P f
’\~v = c , ) (2.9)v ‘~ /

This crude expression assumes that all drop lets have the same initial velocity and

that the sheet velocity is constan t in the direction of flow . The discharge

coefficien t C in practice is not a constan t but a function of exit orifice diameter
v

and P
f
. At present no refinements to this method exist which can accoun t for

three dimen sional and gaseous phase turbulence effects. lh-wever , it is possible

to compute droplet trajectories for two—dimensional flows , Fi g.2.3 shows the

resul ts of one such set of calculations (due to Mellor (12)) for a range of drop

sizes.

The Rotary A tomiser invariably consis~~ of a spi nni ng cup into which the

liquid is introduced on the inside surface near the axis , this results in a liquid

sheet flowing inside the cup and leaving at the peri phary . The centrifugal energy

— 8 —
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thus  impa r ted to  the 1l uid is exp lo i ted to shatter the sheet, i~ can be shown (3)

that it is essential for the operating conditions to be such that the fluid at the

rim of the cup is in the form of a sheet (not as threads), in orde r to ensure f ine

atomisation . Macfarlane (8) presents characteristics tar an atomiser of this type.

Twin Fl uid Atomisers maKe use of a secondary f l u id , e.g. steam or part of the

combustion air , to imp inge on the li quid sheet in order to emp loy the secondary

fluid kinetic energy for:

a) promoting disintegration

b) controllil i; the spray angle

c) cooling and cleaning the inject .r.

The point of impingement may be either within or external to the atomiser ,

Fi g.2.2(ii) portrays an examp le of the latter type. Secondary f l u id may be

in trod uced a t low , medium or hi gh press ure b ut an op timum f lowra te in terms of

atomisation efficiency exists. This class ot’ atomiser has become widely favo ured

due to the fact that it is cap able of pr oducing inheren tly fine sprays . Felton

and Swithenbank (9) have examined the characteristics of an air—blas t atomiser

with respect to gas turbine stability. Steam may also be usefully errp loyed as a

secondary fluid. Design of twin fluid atomisers also follows emp iric al lines

since little is known of the aerodynamic behaviour of gas streams as they impact

on mobile liq uid surfaces. A typical expression for calculating spray SMD for

an air blast atomniser is (7):

0 ‘~l’~ 
/ w 0.209

— 27779 N I ~ 210SMD — 
0.651 \ —,0.884

where , 
~

= 
a a

W + W
a f

W = air flowrate , lb/hr.

1’
a 

= air velocity , ft/sec.

An ilternative more comp licated expres~;’on tor an int i-r nal imp ingement air blast

u c -s i g n  i s  ~~i V efl b’ l -i ~-eni ~lam (3), se- c ~ i c -  ~~~10t 1 e t  31 (1~’). It is i i -- p -- rtnnt to
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stress the fact that these correlations appl y for specific atomiser geometries ,

f ur ther , no such correlation s exist at present which enable prediction of size

distribution data.

Other types of atomiser which may be used in combustion systems include

Ul trasonic and Hartmann whistle devices , these exp loit vibration and acoustic

effec ts respective ly. Fig.2.2(iii) shows an ultrasonic design in which a piezo—

electric crystal is electricall y excited to oscillate at 6~ kllz in ord er to shatter

fue l into sm-ill drops. A “jet whistle” devi ce is shown in 1ig.2.2 (~ v) , i small

convergent—divergent nozzle is featured , this accelerates a central air stream to

supersonic speeds (M 1.5). A standing sh r ok wave is thus induced when the flow

impinges on an integral b l u f f  bod y located a t a g i se a n c e  ~~~ 
( = wavelength of

tlow oscillations) from the nozzle. The fue l is therc:cre forced to flow through

very large velocity gradients across the shock wave ~:md an extre me ly fine -spray

(mean diameter l0—2 0~~) is formed. Fig.2.2(iv) shows t h u  d i r- e tion in which t h e

utu mi~,ed luel leaves this twin fluid type atomiser , it is import ant te ensure

that the spray droplets do not contact the combustor walls or quenching difficulties

may arise. Locklin and Bol t (94) describe other similar acoustic atomisers.

Vapour i se r  tubes are somet imes emp loyed instead of an atomiser , these produce fuel

droplets plus a little fue l vapour partly premixed wi th air.

Very li ttle work has been done on the evaluation of atomisation times under

combusti on conditions , they are generally accepted as being small and of the order

of 0.1 milliseconds. The most important characteristic for any atomiser is the

spray ini t ial siz e di st r ibu tion , actual measurement of this parameter is discussed

in 5.7.

2.2(b) Evaporation.

Evaporati on is the important heterogeneous combustion process describing

mass—transfer from the li quid phase to the bulk gaseous phase. As stated previously

the Fate of transfer is directly proportional to the in~ crfacial eumm tact area so

t ha t , for a monosize spray , it. has a mai~ i ui ,  volu, - or 1110 SI _ -a 1€ -st drop let diameter.

cle arL y hi g i m  evaporation rates are required for ei rh ~ r high i n t e n s i  l v  or complete

e -  mbo~,t i- -n .
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Fue l injected into a combustor is usually cold so that drop lets mus t undergo

heating until they reach their boiling point before they can be vapourised by

supp ly of their latent heat of vapourisation . Hence , evaporation is essentially

a transient heat—transfer controlled process. Prakash and Sirignano (11)

suggest that through a droplet ’s lifetime a gas—p hase laminar boundary layer

exists which  gives rise to a shear on the drop le t s u r f a c e , hence a liquid_p hare

vL s 0 0 0 . .  boundary layer exists , conseque ntly recirculating motion within the drop—

let is induced. Calculations show that the characteristic time for recirculation

is usuall y le ss than the droplet lifetime , bu t not by several orders of magnitude ,

so that this internal mo riou and convection of heat from the surface to the

inte rLor could vt - r v  likely be the most important mechanism for drop let heating.

For a muiti~ c- p o m m r n t . fue l internal motion will then continually bring the more

Vo i ttil e fractmons t r a m  the interior of the drop le t to the vicinity of the surface ,

where they may dii fu~-t - to  the actua l surface and vapourise . The least volatile

tra ct ion~ will vup o-ar ise last , if the droplet residence time is i n s u f f i c i e n t  to

pe rmi t evaporation of these components then t h ey will p r o b a b l y  “crack ” to form

lowe r hydr crirhons or soots. High molecu lar wei ght nuiticomponent fuels are in

fact m~ r~- susceptible to such li quid phase decomposition reactions.

Very s m a l l  drop le t s  are r a p i d l y  heated  and vapourised whereas the heating

and vu i -o i r ~ - a t i u n  processes are fa r slower f o r  larger dr op s , hence , for a spray of

dro p let ~ whi ch a large  range of dr op lets exists it can be apprec ia ted  that  the

net c- .- r ; - r~~t i c t  r a t e  i s  lar~:ely controlled by. the tra ction presen t and vapourisation

rate of th. large r drops. i!c-n -e the proportion of fue l e v a p o r a t e d  i n i t i a l l y

inur e - t~ us with ti me and lit er slows down , the spray near  drop size alse  increases

during reap -ration and overall combustion , even though al l  d r op le t  d iameters  d iminish

with time .

In considering dr op let tr ajectories under combustion conditions it is usual

1- ’ u~- s r m : ; e tha t all droplets possess the same injection velocity for any given fue l

at nrl- ,e-r. ~ie ll~~ (12) concluded Iron his  inv es tipa ti uns of d rop le t  v e l o c i t i e s  in

a a p t a ~ that not ~dl  d i u p l e t s  ~oy e  w i e 1 - ~ the sam-ic velo cit~’, in tact the initial

Ve l oc ity at the droplets incrca~ ea ~- -~t h di - m;- arre r. At . i r - p l e t  sizes above about

-- ~~~:~
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lOO c a l l  drop l e t s  tend to move at the  same ve loc i ty  for  any atomiser i n je c t i o n

pressure . Hence , the error in assuming that all drop lets possess the same

initial velocity is l ikely to be small in view of the hid that the overall rate

of evaporation from a spray is largely controlled by the large r dru 1 r . The

momentum of large r drops is far greater than the smaller drop lets and they usually

continue on a trajectory relatively undeterred by the local gas flow but deter-

mined by the atonise r spray angle , on the other hand the smaller drop lets follow

the gas streamlire more or less comp letely. It is interesting to note tha t for

relative ly non—ltnninous flames it is sometimes possible to actually observe the

trajectories of toe larger drops by shining a powerful light source into the spray

zone. Cisenklam (3), Mellor (12) and Hunter et al (10) present details of drop-

let trajectory calculations for various sized droplets , see also Fig.2.3. Now

local gas velocities V G(0) in the spray region depend primarily on the prevalent

flow pattern and hence the combustor geometry . Clearly a relative velocity

VR I (t) exists between the gaseous phase and the evapora t ing drop le ts , wlich will

rarely be constant but a function of distance from the fuel injector and hence a

function of time . The initial relative velocity VR I (O) between the gaseous flow

and the li quid drop lets may be expressed:

VR I (O) = V
G
(0) — Vs(0) (2.11)

where V
5
(U) is the atomniser droplet velocity which , as previously exp lained , is

assume d the same for all drops in the spray when they leave the fuel injector.

Thi s initial velocity is very dependent on the type of fuel injector and is

na tura l l y much greater for an air assist atomiser , for examp le , than a pressure

jet atomiser. i t  is clear then that 
~Rel~

0
~ 

can be positive or negative ,

depending on the atomiser/flow pattern confi guration . V
s
(0) is also dependent

on o r i f i c e  s ize  fo r  the  two types of atomiser just mentioned , and is rcduced for

small on f~ c- di - :inc t cr

Since a m c i  at ive vel o~~i to exi sts l e 1 - e e ~ tI c p -ms sti ~- m  and can drop let ,

v is c us dr -~~ forces exist which will either a c e laiam0 or ie~ ard the drop le t

d~ , -~ m m d iim - -. r i m  whi ch of ihc - t m -  velocities ~~5 1a~~u e s t  a t  ai- ~ i n s t a nt  i n  t i m e .

Li -
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In a subsequent section it will be shown that the drag forces , which act to

reduce the gas—drop let relative velocity, have -i large influence on evaporation

rate and are i) a function of Reynolds number ii) inversely proportional to drop—

let diameter. Hence , small drop lets rapidly assume the local gas velocity whereas

larger drops tend to retain their own velocity relative to the gas stream . Gaseous

phase turbulent velocity fluctuations will clearl y affect VR 1 (t) also.

Having introduced the concept of relative velocity between the two phases it

is now convenient to distinguish between the two modes of combustion possible for

an evaporating fue l drop let in a typ ical combustor environment. These are

a) drop let Diff usion flames and b) drop let Wake flames. Under comp letely stagnant

condi tions an evaporating spherical drop is concentrically surrounded by a fue l

vapour film, this is bounded by a thin flame zone, where fuel vapour and oxidant

combine , the vapour p lus flame region being referred to as the Reaction Zone .

This type of combustion is known as a Diffusion flame since the overall rate of 
—

combustion is diffusion controlled. If the relative velocity between the

surrounding gaseous phase and the drop let is increased , as under natural convection

conditions, the rea ction zone distor ts as shown in Fig.2.5(b). When VR 1  is

increased further , as under forced convec tion condit ions , distor tion of the

reaction zone increases , Fig.2.5(c), (d). Assuming V~ > V~ then the reaction

zone is now entirely in the forward half of the drop , whe re due to gaseo us flow

over the drop let surface , a low pressure region of recirculating flow is crea ted ,

and heat transfer rates are high in this region . Under these conditions some

or all of the vapourised fue l burns in the wake of the drop let an.d a degree of

premixing w i t n  gaseous oxidant due possibl y to entrainment into this low pressure

- 
- reg ion pri or to combustion , is possible. This mode of combustion is suitab ly

referred to as a Wake flame , if the rela tive vel ocity is increased still further

the wake flame is extinguished when a critical velocity is reached , this is the

E x t i n c t i o n  Velocity, Sj~ gren (13). Diff usion f la n c  are characteristicall y

y e l l o w  du~ to the soots which are a f t - i - s  fo~~ied , the teaction zone is at high

temperature due to the fact that t U e  1 n-~~m i  and soot  a riI.  ne in  ic-cal l y

— 13 -
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stoichiometric proportions. There exists a minimum droplet diameter ,

approximately 5 microns (p), bel ow which a sing le drop let cannot support its own

individual diffusion flame , (14) , it is widely appreciated that combustion of very

small drop lets resembles homogeneous combustion. When the flame adjacent to the

- - 
drop let is comp letely blown off then the vapourised fue l can almost completely mix

with oxidant before near—homogeneous combustion occurs in a flame zone away from

the evaporating drop lets. For convenience this form of combustion is also

referred to as a bake flume — due to the fact that premixing occurs in both forms.

Wake flames are therefore blue and relativel y non luminous , this type of combustion

is freq uently referred to as Blue Flame Combustion .

N a t u r a l l y  if  V~ > \‘~~~‘ 
as is frequentl y the case fo r  fue l  i n j e c t o r s  in gas

turbine combustors , then the low pressure wake region is situated behind , instead

of in fron t of , the. droplet. Due to velocity fluctuations , the effec t of turbu-

lence on reaction zone shape is to cause a continuous wrinkling and irregular motion

of the zone boundary , Ohta et al (16). Such velocity fluctuations also tend to

reduce the me an value of the extinction velocity. Errimons (17) has pointed out

that at relative velocities between that corresponding to Fig.2.5(d) and actual

extinction , the wake flame may re—attach itself to the forward drop let surface .

Sji3gren (13) demons trated that the critical extinction velocity required to

force a transition from diffusion to wake flame burning is a strong func tion of the

local oxygen concentration . He used wicks which were continuously fed with fuel

to simulate droplet combustion. Fig.2.4 shows the results which were obtained ,

the most remarkable feature of which was the fact that the extinction velocity

falls to zero when the oxygen concentration is diluted to l4— l~~ with nitrogen ,

i.e. effec tively combustion gases. This means that , for an unspecified fuel, it

is impossible for droplet diffusion flames to exist at t h i s  oxygen concentration

since a relative velocity between an evaporating drop let and the surrounding

• gaseous phase will always occur. Sj~mgren also investi gated the effect of using

c a r b o n  dioxide as diluen t , in addition , he i c r  r.-’~ t h a t  tl,e ~~ tincti c-m. velocity was

1,L-opor Lional to the sq iarm rout. ot tb wi ci’ di a ‘- t or .

- 1 -4 --
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There are three basic mechanisms of heat transfer which may be responsible

for drop let heating under flame conditions , these are:

1. Convective transfer. This is a function of droplet diameter ,

~Rel and gaseous phase temperature : convective heat transfer

expressions will be discussed a little later.

2. Conductive transfer. This form of heat transfer occurs through
I

the vapour film surrounding a diffusion type flame . Rate of

transfe r may be given by ( 1 5) :

~C0ND = 12 A —
~~

---
~~

- LmT (2.12)
PL

r
L

wher e, A A (T f 1~ = film coefficient of conduction.

T
f

i
1 

film temperature 
~~

- (T~ + T
G
)

AT = T
G~~~

T
L

= mass size fraction of spray with diameter d.

3. Radiative transfer. It may be shown (14) that radiative heat transfer

from the flame is inadequate to heat the drop le ts to give the required

vapourisation, especially under blue flame conditions. It is largely

a function of gaseous temperature , gas emissivity and drop le t s urface
area. Rate of transfer may be expressed (16):

~RAD = 6 ~ a 
~ (T~

4 — T
L
4
) (2.13)

• PL
r
L

- where , for black—bod y radiation to the drop s and a view factor (F
~
) = I

(no drop/dr op interference assumed):

F .. c • -
~ 1.355 x 10 12 W/ m2K4 Ref.(2)

The fl ue dynami c pr cesses of turbulent mixing and recirculation also influence

drop let heating rates.

Most of the research on drop le t combustion has been devoted to studies of the

combustion c-f stationary isola ted single droplets since it is generally held to be

a prec m r rr ( -m t o  t b -  descri ption of more comp l ex spra .’ combustion. Such research

has usuall y tr ifle - I the overall p r o cro  of mlLu} lCL co.1u stion acimer than considering

‘5
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the evaporat ion process  separa te l y ,  in doing so a very crude chemical reaction

model is incorporated due to analytical complexity. The calculation of evapor-

ation rates for sing le drops is discussed in some de tail in 4.4.

In practical heterogeneous combustion systems an atomising device is

normally used to derive a spray of drop le ts of characteristic initial size

distribution for a given device , see section 2.2(a). Evaporation from sprays

is much more complex than sing le dr op let evaporation s in ce spatial distributions

of both phases mmd droplet collision processes have to be considered. Local

temperature s in mm spray are additionall y affec ted by such spatial distributions .

It has been shown above that droplet dynam ic ef fec ts and evapor ation rates are

very  dependen t on droplet diameter and size distribution functions are necessary

for describing sprays . Nuruzzaman et al (36) employed a model based on a Rosin—

Ramnmler distribution function to calculate the relative charge in combustion

efficiency in a turbojet with oxygen content , they concluded that the use of mean

drop sizes in such considerations was inadequate. For a review of theories

which have been evolved for spray combustion under rocket chamber conditions see

the excellent general drop let combust. .on review of Williams (20).

2.2(c) ~-lixing .

Before vapourised fue l and oxidan t gaseous species can chemically react

the respective molecules , which are initially separa te , mus t be brought together

in close contact , the physical process is designated mixing and possesses a finite

rate . High mixing rates in heterogeneous combustion are sought in order to

maxLnise combustion performance. The process is importan t under combustion

condi tions since it i-’ usuall y the rate—limiting step, it is also one of the most

difficult processes to mathematicall y characterise since it is beyond the present

scope of science to c om p u t e  the motion of individual molecules.

Species mixing is a strong function of gaseous phase fluid mechanics and

molecular diffusion , which both result in si. atial variation of local gaseous

transport pr ,perti .-s , hence it is also int ir:rat e l re]atcd to combustor flow pattern.
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Turbulen t tluid motion , which is undesirable in ducted flows due to the high assoc-

iated pressure drop , is extremely desirable from a combustion standpoin t since its

ir~egular random nature tends to give very high mixing rates , in fact virtually all

flames of technological importance are turbulent. A turbulent flow is classically

regarded as being composed of a large number of distinct fluid masses , or eddies ,

whi ch are each small and fluctuate randomly, their motion being superimposed on the

mean flow of the tluid. Because of the random nature of turbulence statistical

expressions are employed to describe it , it can also be deduced (1) that transport

of a transferable quantity by such random fluid motion is diffusive in nature;

for an introd uction and comprehensive treatmen t of turbulent behaviour refer to

Hinze (1). It can be shown (38) that the energy spectrum , intensity and scale

are the most important turi ulence parameters with respect to mixing. The

turbulence intensity is defined as the ratio of the root—me an—square value of the

fluctuation to the flow mean velocity , and is usually in the range 0.l~~ 0.4 for

prac tical flows .

When vi scous streams of different velocity impinge a shear flow is produced

where predominantly large eddies are forme d which then interact inertially to give

a comp lete size range of eddies , each of defined wave number k a t any instant in

time t, whe re :

k 
2Tn 

(2.14)
I-;

and n eddy frequency (
~ 

(eddy size) 1)

U = mean flow velocity .

Hence an energy spectrum E(k,t) can be envisaged for any turbulent flow , Fig.2.6

- 
, illustrates the general form of such a spectrum; it. can be shown (38) that the

area under the curve is equa l to the kinetic energy of turbulence , and that the

maximum possible value of the area can be calculated from an energy balance across

the turbulence generation system. The smallest eddies present , which possess the

higoes t frequencies and wave numbers , are frequently referred to as dissipat ion

eddie s since they viscously dissipato the turbulence to heat (the effect on actual

gas temperature is negligible though). This range of eddies actually mix on the

— 17 — 
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molecular scale, their size is two or three orders of magnitude greater than the

molecular mean free path and varies inversely with U. A limit to t h is trend is

imposed by the fluid viscosity and , as for  any fluid—dyn amic process , ~~ e nature of

the flow is determined by the ratio between the inertial and vise _ us 1 -  r~~es , i . e .

the Reynolds number. Energy is transf erred to  t hese  d i s  ;- ~~t i c r  t -d di ~~s l r - m  t~.e

larger eddies by means of a continuous flux through t e  .etr u~~- t r  rar.g.- , ~~i 5~~~i -

pation incre asing simul taneously. The size of t h e  lar~ eddie.s ~s i ni~~~al.y

the order of the dimension of the turbulence gener~ t r .ru •
- 

~irma’ ~..
‘ , and

transfer of energy to , smaller eddies progressi-.-~~1y occurs - re- ’~ rir,. ~~~~~ ,t

eddies can grow in size un t i l  they are of the r d~rr 0 1 t 4 -  s ’ ai ~~~ t~.,~etr ~~ e

flowfield constraining boundaries . It is interest ir.g n o t ’  ~ i~~ t ~t r~- t

largest eddies which have the maximum kinetic energy but i . . d~~~~tr ~r. - - 
~~~~~~~

-

higher wavenuinber range as Fig.2.6 shows , t h i s w a r  :~~r n : - e r  ~~~~~ ~s :‘. : -  r~~ - to

the “energy containing eddies” . An intermediate r~.l ge u ’
~ 5: ~x~ fl— , Uie r’ .~~.

eddies , where the decay process is relativel y slow ; the h ir .  ~~u~~’c nurr ,~r eddies

are independent of the external conditions producing t i— c :r c ~-s ich gene ratt- t : . u

initial largest eddies. For a discussion of the prc ;- er -. ics oh ~~ d c f i ~~i r g

func tions for E(k ,t) refer to (1), (38) discusses the effects of temper~ ture and

pressure on the energy spectrum.

It is convenient to distinguish between two types of fluid mixing; these are

the molecular scale (or micro—) mixing, which , as jus t ment ioned, governs the actua l

species chemical reaction , and large scale (or macro-) mixing which leads to mean

concentration of species.

It can be appreciated then , that in order to fully describe mixing effects,

a detailed knowledge of transport processes throughout the combustor flowfield is

demanded, which in turn imp lies use of the Navier—Stok es equations governing the

fluid dyn-imics for turbulent , uns teady and possibly 3—dimensional flow. This

system of equations cannot be solved at present. However , Spalding et al (39)

have developed an appr~- ach for 2—dime nsional , st eady state recirculating f lows

which treat turbulent flows as though t hey were laminar ones with transport

— 18 —
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proper ties which vary f r o m p lace to p lace . Such a f l o w  is considered to have

“effective” values for viscosity, thermal conductivity and diffusion coefficient ,

which are all spatial functions. Spalding et al discuss various methods of

specif ying these effective values including Prandtl’s so called mixing length

hypo thesis which asserts tha t the effective viscosity is a function of:

i) local fluid density,

ii) a “mixing leng th” ,

iii) the normal ve locity gradient.

:ae mixing length was considered as being more easily es t imated , and perhaps

amenable to more sati sfactory des crip tion by an additional differential equation .

1h~ ov erall technique used will be further discussed in Section 2.6(b).

hiarsha (40) developed a general me thod for analysing turbulent mixing phenomena

that was limited to free , i.e. unconfined , flows . The mixing field was assumed to

exist in a constant pressure environment remote from walls and to be due to the

iateraction of two streams only. These two approaches are both dependent on

empirical input information , which is considered to be unsatisfactory , although both

obtained reasonable results. Much expertise needs to be gained before the analysis

of three dimens i.cu t~ turbuien: mixing effects can be approached with confidence .

Three other types of technique , which are mainly concerned with describing

micro—mixi ng processes , will now be considered , the feature that they have in

common is the fact that local shear stresses , veloci ties and transport properties

are not evaluated. They all therefore require considerably less effort to predict

the sane effects but have enjoyed vary ing degrees of success.

The firs t such approach involves the use of an assumed homogeneous fuel

distribution pattern within a given flowlield . Heywood (41) applied the technique

to predict pollutan t emissions and emp la~-ed an assume d ~1 aussian distribution of

fuel/air equivalence ratio , thus he onl y treated rnaerc—mixi.ng effects. Gouldin

(42) formulated a similar approach t o  treat m icro—n ixmn g phenomena . Both of these

ana lyses , however , are non—fundamental iii that they require experimental inform—

-~tion to r-ir t d cu r iO value b r  a m ix i ng  p ar ~3 i e t er

— 19 —
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The third class of mixing theory has been termed deterministic since such

analyses seek to derive turbulence decay expressions from turbulence theory and

cotnbus tor geometry . An introduction to this type of mode l is provided by Poll (2)

and Rosenwe ig (44). The decay of instantaneous fluctuations in a scalar quantity,

such as concentration or temperature , about its :~oao value is related to the

turbulence field through the micro—scale at hi gh Re;nolds numbers. The determin-

ation and properties of turbulence scales is elabor;~ted in Chapter 6. For

s tationary isotropic turbulence , in which the star~~ tical features have no direct-

ional preferen ce, Rosenwei g obtained an expression b r  scalar dissipation c~ by

means of the scalar energy spectrum function E (k):

1 5
E (k) c • c £ “3 k “3 (2.15)

where , c = a cons tan t,

£ = turbulent kinetic energy d issi p~ tiua.

and 1
-Th /

= b (_ .~_ _ ) 3 
(2.16)

S 
L 2

where b = fluctuation of scalar quantity (e.g. concentration or

temperature) about its mean,

L = scalar :microscale.
S

- When combined with a conservation equation for the scalar quantity over an

elemen tal volume of the flowlield the above two relations yield, for the character-

istic decay time t
m 2 1

~L ‘3
T

m 
= —

~
-— (2.17)

i.e. a function of turbulence parameters only.

Swi thenbank (35,38,45) also utilised isotrop ic turbulence dissipation functions

to develop a deterministm~ a~ proach in which the microscales are further related” to

the available energy for turbulence b e i ~ l a ti un , and combusto~ geometry . In

combustion systems this energ’-- results item the pressure loss across the turbulence

eu~-ratot . An outline of the me th- d used is a i~~en b ios- .

_ _ _ _
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Since veloci ty and concentration fluctuations decay simultaneously (Reynolds

Analogy) , it is f i r s t  hypo th e r i zed  tha t  the degree of mixing achieved is equal to

the degree of turbulent dissipation , within any given flow sys tem. An energy

balance is now performed (45):

Pressure drop across ,,• Energy held Turbulence
baffle or other type . - - - Dissipation

- . . . = in h o w  + kinetic +
or stabiliser i.e. . . energy .

veloci ty profile, energy .
turbulence generator.

Algebraicall y:
KE , -

= ___~~~~~ + 3 ( U ) 2 
-~ (2.18)q q

. 1 —2
where q = dynamic head = ~~- P

For a typical baffle the terms in (2.18) are p lo tted as a function of non—dimensional

dis tance fr om the baffle , Fig.2.7. A characteristic dissipation time T
D 

is now

pos tu lated , note that Dissipa tion and not Diffusion is the process concerned:

T S 
= ~ (2.19)

max

where , C* = a constant (estimated by Swithenbank to be of the order unity).

• ‘ 

~
‘e 

mean size of the energy—containing eddies 0.2X (38).

u’ = maximum value of the r.m .s. turbulent velocity fluctuations .
max

For a constant mean velocity system the characteristic stay time is given by

x

where , X = system length

10 ~ (Fig.2.7).

Hence ,
X

S’r
D 

= T SD ~ 
( )

e U max

. . -t 50 (~~ ) (2.21)
SD flax

The tactor is toime d unmixedness Since high ouluec of this parameter indicate

good mixing , or st r:m ::;;, and vi ce ~-erc -i - Th t hn ~: cuelg’ ; b~. 1 : ; r ce  (2. 18) can

thou be combined with ehuation (2. 21) tm e l jm in iio the maximum turbulence intensity
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term which , although a junction of system geometry is difficult to determine to

any accuracy:

tiP
SD = 50 (-

~~~ ) 2 . 2 2 )

This mixing parameter is particularly app licable to the partially—mixe d reactor

theory originally formulated by Vulis (46), as will be demons trated in Sec tion

2 . 6 ( a ) .  -

The testing 0f these various theories for mixing by experimental means is

extremely difficult for heterogeneous combustion because of the obvious difficulty

in isolating the mixing process. For homogeneous combustion tracer tests may be

performed by injec t ing an inert compound, such as He or Ar , into the combustor and

analysing local combustion gases at points downstream from where the tracer was

injected. The method is subject to sampling errors although useful information

can be gained under carefully controlled conditions.

2.2(d) Chemical Reaction.

Chemical Reaction is arguab ly the mos t fundamental of the processes which

constitute a flame since :

i) it is the step responsible for the actual heat release i.e.

conversion of fue l chemical energy into thermal energy ,

ii) it is the process whereby oxidation of the fuel vapour actually

- - generates the many “new” chem ical species , referred to collectively
as combus tion produc ts ,

• iii) it takes place in the gaseous phase and is common to both single

and two-phase combustion.

The chemical decomposition of the fuel takes place by a number of individual Steps ,

or reactions , each of which nay be exothermic or endothermic and each of which

involve molecular rearrangemen t but cons’~rvation of mass. The number of differen t

reactions and species involved increases rap idly with fuel molecular weight , and

particulate material (soots) as well as gaseous products may result under certain

ccndic ions. The comp le;-~ity oi the situatiou is also hawper~ d by the fact that ,

O~~ L i I  fur hy dr o c a r b o n  b u r r Is of tu d e- rate irio lect , Iwr ~eigi t , m a r ’~ ot  the  ini tial

re -~0tLons -
~- tweefl ~~~~ and oxidant a ie  tm-t k~iown witt~ cii; certiunty. The succeeding

kL~~- - - - -
~~~~~~~

-- •- 
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reactions are h o w e v e r  wel l  known and for any hydrocarbon fue l the final produc ts ,

under comp le te combustion conditions , are predominant ly water vapour and carbon

dioxide .

Each chemical reaction may proceed in a forward and a backward direction

and the characteristic “kinetic rate” of the forward react -in may be gene ra l ly

expressed , for a bimolecular reaction as:

f.
a A  + b B  c C  + d D  (2.23)

b.
J

/
• • r -ja r b Similar for uni— and ter—molecular -

~orward reaction rate = f. tA i I Bj
j  classes of reaction

wher e, [ ] denotes concentration of species A , B, C, D and

a, b , c, d are the corresponding species stoichiometric

coeffici ents.

f - = forward reaction rate “cons tent”

ex~ (- E~~/RT ) (2.24 )

A similar expression can be written for the reverse reaction and it should be noted

that a) f~ is not a true cons tant , b) the overall rate is very sensitive to both

reactant concentration and temperature , c) the rate is independent of any species

veloci ty ~crms . When a sufficiently large ~o oant of time is available dynamic

equilibrium prevails in which the ~o ru -ard  ari backward rates of reaction are

equ -i~~, an equilibrium constLnt K. may be defined:

K. (2.25)

Lnder cu;ucsticn curditions species mean re~ id orcc- L imo s in the flame are

invariably much smaller t h a i r  the t~~m~ required to  reach equilibrium and most

chem ical reactions are kineticall y ratc—l ~ n itou ; Lump-:lred to tue other processes

-1 -ato r- i s a t i o n , evaporation and n~ixing. ch emical reaction rates are considered to

be ver y high (27) under most conditi

— _
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Due to the large ranges of temperature and pressure over which a kinetic

rate expression is required to be valid such kinetic data can be subject to

significant inaccuracies , in some cases order of magnitude estimates only can be

made . Golden (47) reviewed several methods of estimating such rate data whilst

Uaulch et al (4b) have comp iled an invaluable source of kinetic data for high

temperature chemical reactions , recommended rate constan t and equilibrium data

are presen ted (f or specified ranges of application) for each reaction after a

critical evaluation of available data.

At n ame temperatures vapourised hydr ocarbo ns decompose or “crack ” into

smaller hydrocarbon molecules and radicals but the exact mechanism and associated

kinetics by which even the simp lest hydrocarbon disintegrates into other components

is far tr oic understood and is extreme ly comp lex. Such thermal decomposition is

termed pyrolysis and is very impor tan t in the study of soot formation rates.

Soots are particulates formed from the pyrol ysis of hydrocarbon or other organic

molecules in which many thousands of atoms , in a much higher carbon/hydr ogen

ratio than in the fuel molecule , have solidified together. Hence the processes of

dehydrogena tion, condensat ion, chain reactions and polymerisa tion may be involved

in pyr elysis but very many intermediate routes between these processes appear

p lausible .

- . Such mechan isms may be a function of local temperature ,pressure , species con-

centration p lus the fue l chemical constitution and flame residence time . Free

radic al - and reactive intermediate species are generally recognized as being

iic~-crtant part~ c~ pcrt5 jr. such mechanisms. It is known (14) that primary

p’- r J ysis products are 112 ,  CH4, C2112 ,  C
2
H4, with significan t quantities of C

3 
and

C4 hy drocarbons. Green arid Toennies (49) g ive estimates for the characteristic

pyr olysis times of several hydrocarbons. Poll (2) also presents suitable

refere nces in his review for the rates of sp lit ting and hydrogen extraction

re ictions . Due t o  tu e  complication of pyr o lysis reactions many investigators have

~xpresse’l luel d~ c ui 1 osib ioi~ by overall par tial ~-xid aLi ui reactions , some of these

have ht~eO u~ s umed to be i b i t l i :  ~tcl~ l a s t  s:i,i 1st c t t i r  s have I~~e realistically been

-- 24 --

_ _ _  

~~~~~~~~~~~~~~~~~~ ~~~ - 
---- ---- - - --~ .—- -_- -----—-- -- —- - — -•- - - - —-- _ _ _ _ _ _ _ _



r ~~~~
, 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
— - -- -~~~~~~~~~~~ - -- ~~~~ - - ~~~~~~~~~~ 

ra te limited. These overall reactions have frequentl y been terme d “quasi—g lobal” ,

a selection of such reactions are:

(i) For the two—step decomposition of methane (50)

CH
4 

+ 0~ 
-
~~ Co + 2 H

2
0

1 (2.26)
• - CO + ~- O , •-‘- CO

2

Overall ra te expressions:

dX 2
= A~ exp (_E

x /RT ) 
~x ~0 (P /RT )

where , X = CH4, A = 5.3 x io lS 
litres/gm mole sec. E = 57 5 kcal.

X = CO , A = 1.8 x 10
10 

litres/gm mole sec. E = 25 5 kcal.

(ii) C
n Hm 

+ 
~~

- 0
2 

-
~
- n CO + -

~~~ H2 (2.27)

Reac tion rate (51) = A . T e
( l 2

~
900/T) 

I C H ]  102] 
~0 825

where A. = 5.52 x io8

Edelman derived this expression after considering the results of an extremely

detailed investigation of hydrocarbon oxidation conducted by Chinitz and Bawer (81)

in which fue l breakdown was modelled using 69 reactions and 31 species.

(iii) C
8

1116 + 02 
2 C

4 
H
8 
0 (2.28)

Forward rate constant (100),f. S x l0~ T
1’5 e

79O
~~
’T)

2 C4 H80 + 302 
� 8C0 + 8H

2 
(2.29)

- ‘, 4.5
- }orward rate constan t , I = I x 10 T

-3

The above rate constan t expressions are for the forward reactions , the reverse

reac tions are usually ass umed negligibl e. Other investi gators have prod uced com-

pletely globa l kinetic rate expressions , these are unfortunately specific to the

combus tor concerned , eg Odgers (52).

A sele ction of more fundamental chemical reactions which rlay occur under

c cmbustion conuitions is now presented , rate expressions for these re-actions are

gen orill y iv~ i1able f rom reference (48?.
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Methane decomposition reactions ,where M signifies a general third body:

CR4 + M ~~ CU3 
+ H + H (2.30)

CH
4 

+ Ii — CR
3 

+ II , (2.31)

CII , + OH CH
3 

+ F1
2
0 (2.32)

CH , + 0 CU. + OH (2.fl)

CH~ + 0
2 

HCO + H
2
0 (2. i~ )

UCU + OH 0- Co h O (2.35 )

1-ICO + ~1 H + CO :-i (2.36)

Carbon monoxide decomposition reactions:

CO + OH H + ~~ (2.37)

CO + 0 + N CO~ + N (2.38)

CO
2 

+ 0 CO + 0., (~~.39)

Reaction (2.37) being the most sign llic a flt on t}~~se th ree .

Hydrogen combus tion necha r~ sm:

02 + U, OH + OH (2. ~0)

OH + ii , H~O + H (2.41)

• 
0
2 

+ H ~H + 0 (2.42)

O + 11
2 

OH • I-I (2.43)

O + H
2
0 OH + OH (2.44)

117 + N (2.45)

O + H + N  -
~ OH + >1 (2.46)

U + 011 + N ~ H70 + N (2.47)

0
2 

+ N  (2.48)

ihe Zeldovich (53) reaction s for describing nitric oxide tormation are:

. + NO + N (2.49 )

+ iL, � No + 0 (2.50)

Farther oeoctions involving NO are :

N + OH ho + H . (2.51)

- - 011 hO h il  . (2. 52)

2 6
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P’
Whils t Fenimore (5-i) proposed the following reactions which are significant

unde r fue l rich conditions in affecting NO formation :

CU + N 0 HC + N (2.53)

C2 
+ N

2 
2CN (2.54)

C + N
2 

CN + N (2.55)

Pratt (55) has suggested that , under various f lame conditions , the other oxides of

nitrogen nitrous oxiue N
2
0 and nitrogen dioxide NO

2 
can direc tly affec t produc tion

of NO.

Ni trous oxide mechanism (55):

+ 0 + K N 2
i) + N (2.56)

N 1u + 0 :4) + No (2.57)

+ 0 N 0 + °2 
(2.58)

N
2
0 + H N

2 + OH (2.59)

Nit ro~- en dioxide mechanism (55):

NO + 0 + N NO 7 + N (2.60)

O + NO , NO + 0
2 

(2.61)

H + NO . NO + oFt (2.62)

Chemical reactions involving the oxidation of sulphur to sulphur dioxide SO2

and sulphur trioxide SO
3 
are g iven by Lev y (56 ) ,  those not involving hydrogen

su lph ide  H,s are:

- ~ + U SO (2.63)

s + s S
2 

(2.64)

so + o so2 (2.65)

~~~ j + SO S ,~ (2.66)

so2 + o + ~ so
3 

+ ~i (2.67)

SO + 
~2 + N SO

3 
+ K (2.68)

SO
3 

+ 112 SO0 + 11
2
0 (2.69)

•;o + 0 ~ so
3 

(2 .7 0)

+ n0 CO
2 

+ ~~ (2.71)

I

:7
p 
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Other reactions involving SO,~, NO and H2 S in t e rac t ions, plus hydrocarbon inter-

actions and metallic surface reactions may also occur in heterogeneous two p hase

combustion . However , these are very comp lex and the kinetics of such reactions

is generally no t known so that they are excluded from this discussion .

- 
• Due to the very many physical processes involved the kinetics and exact

mechanism of soot formation are largely unknown. As mentioned above , pyrol ysis

chemical reactions play an important role whilst the diffusion mode of droplet

combustion is known to produce very much more soot than the wake mode of

combus tion . This is probabl y due to the cracking of the fuel vapour in the

locally high temperature (stoichiometric) flame surrounding each drop, in the

former mode . The oxidation of soots is known to be slower than their rate of

formation (14) so that once formed the particles tend to remain , and even coagula te

furthe r to produce smoke .

For a homologous series of hydrocarbons the tendency to smoke increases with

molec ular weight , but the reverse is true for olefinic and some aromatic compounds.

• the tendency to smoke is also known to be higher for branched chain and unsaturated

hydro carbon fuels. The luminosity of a flame is related to the rate of carbon

formation . U~ gh pressure seems to favour soot formation, but there is no simp le

relation be tween temperature and soot formation . For a discussion of the effects

of ph ysical processes on soot formation in flames refer to (14).

- 
In premixed flames one would not expect carbon formation from mixtures in

which the re is more than sufficient oxygen to burn the fuel carbon to carbon mono-

xide , hence c~- on formation can be avoided in this class of flame , i.e. also in

the wake mode of two phase combustion.

2.3 Hete rogeneous Combustor Devices.

Four differen t classes of liquid fuelled c :abustor can be identified , bef ore

each of these is described it is important to bear in mind that steady or continuous

: rohustor devices only are the subject of this stud y. Hence the exclusion of

recipr ocating types.

2.3(a) The Gas Turbine.

The gas turbine device has been applied to both mobile and stationary power

— 2b —
p
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~enerd~ ion , by ~ ho i r  m o o t  impor tau f •~~p lication t U (-iO- iS ih: poweri rig of

commerci al and mu Ll ary a i . r c r • L I  t .  The p;is turb ine is a1i~o increa singly hei u~

used r or both O U t O j U  h i l e  p r - h  t i l sion  and as -1 -omp or .en t  ii S t a t  ionarv  p u w~~r gener-

ation cod es for industry.

ui g.2.S shows a schematic of the internal itcw fiel d ci a typ ical g i o  ti~rhir~e

combustor. The pr i mary zone , which is jus t downstr~ am L I  the  f u e l  i n j e c t o r , is

a reg ion on intense turbulent mixing and strong recirculation which serves to

stabilise the combc -:tion . The recirculation is induced by the swirler air

fraction p lus t o  o n t r a i nm o n t  property 01 the fir st row of liner penetration jets

and results in ~°e i:ixiug of hot oc~ hustion products and uel drop lets/vapour.

Combustion is lii ;-~lv o-ou~p leted 1 ~t - secondary : 0  and the dilution zone cools

the combustio n ga~
. 

~rith a t raction of the air to a terperatur e which the actual

turbine blade s can tolerate oith acce;ta °-le stress. \ f i i  t t i e r  t r a c t i o n  of the

total a ir iced is fieq~ en:~ y uaod fur cooling the combustor line r so that as the

diagra:.i shows , the overall turbulent floof ield is highly comp lex . Th e - jul

injector d -vice was initially a pres~ ure jet atomiser or vapour : set tube although

the p~~eS C f lt  rr~ nd is towards airblast ate-mi sers which generato vur ,- h u e  sprays.

For iviotion U5c the gas turbine coabustor is required to be compact , in order

to minim ise the engine overall weight , and to g ive hi0h performance in order to

maximise both pener out 1  at and fuel economy. These requirements then imply high

o - mb u st i a - inten it - a : ~~ ef f i c i en cy ,  whi ch is why large oan ~ir press ure drops are

used to :oaxi:~ise turbulent mixing rates. h i gh engine reli ability is naturall y

vjtuk , in addition , ;as turt ’incs are exj~~cted to ignit e easily and operate

~- 1 fici :ntly over wide rank- - s of tom~crature and pre:sure for long periods. In

view or t h~ se stringent dcaaii d s good q’:ality fuels such as kerosine are normall

used , tue l costs in ;oucral are regarded as being c-f only secondary importance .

h e to the l-i:~~ numbers of gas turbine c e m h u s t - -r s  w h i c h  are in :se , and

c i  1 e - - gri re’1 ui r~ men to , a 1~ r~ e a. auut of rh i rica] and fun damon tel research

n-ark ha~ h r ~ co. - : rated :-n this (‘ 1 c.  The r ma nin ~ n-teroger.i - - u - - c or:bustor

u~. ’ ices are all C tho u s ts t i ~ -:ary ty~

~ 

~!I 1~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- -  

~ 

-

~~~~~ j



V -

~~ 
-

~ 
— - - -~ _ _

2.3(b) Power Generation Boilers.

These are sometime s termed utility boilers and are normally large scale

installations for the generation of power , they are also wide spread throughout

the world , a large range of fuels being used. Liquid fuels used are of lower

grade than aviation gas turbine types , e.g., residual fuel oil , which can contain

significan t amounts of chemically bound sulphur/nitrogen . The fuel is usually

introduced into the combustor by means of a matrix of burners which employ

pressure je t , ro tary cup or twin fluid atomisers to actually injec t the fuel.

Unlike gas turbine combustors which are largely blue flame, these burners produce

turbulent diffusion mode drop let flames which  are yellow , i.e., luminous. Hence

high radia tive heat transfer rates within the boiler section are realised. Peak

temperatures throughout the boiler are lower than those found in the gas turbine

and design types vary widely.

The complete combustion of the fue l wi th the minimum of excess air under

stable , hence easily controllable ,condi tions is the chief requirement of the power

generation boil e-r. Increasing the excess air supp lied to the burners is unaccept-

able since large flue gas heat losses and high air supplj costs would result.

The fl uidised bed c o m b u s t i o n  concept may be app lied to this conibustor device

for either direct combustion or gasification of the liquid fuel , in order to

ob tain high heat transfer rates p lus intense combustion at low temperatures.

Compared tu the gas turbine the powe r generation boiler has received consid—

er ably css attentiou in the way oil research and development.

2.3(c) Industrial Furnaces and Flare stacks.

Liqu id f ue ls are emp loyed in chemical engineering and many other industrial

processes for combustion in furnaces which may be used for small scale steam

raisinh , evaporators at- :! the heating of various solids etc. Aga i ::, yellow turbu—

lent di ftusion mode of droplet combustion g~- nerali y prevails and high heat transfer

rateS ore t ho main requl rer.tc-nt . Low grade dirty fuels triquent i v have to be burn t

as eco nusm -ally an i-ossihle under sto t - le conditions.

Lu se-is :- r~~fin r processes a S i t o ~~t ion  is uften en ‘unture d where  the storage

Cu~~tS 01 ~~u i  tai : ic- e- ~m s h e -  liqu id fuels , i i  t o  ugh  ::: 1 u  o l  t en  p _ a c e - ui: f u e l s  perhaps ,

p — 3t —
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~~~~~~~~~~~~~~~~~~may be prohibitive. In these circumstances it is more economical to simply burn

the fuel in the open atmosphere using a device known as a flares tack , the turbu-

lent diffusion flame is then required to entrain its own combustion air. Both

these kinds of combustor are by necessity in a relatively crude state of develop—

ment, empirical technique s generally being accepted.

2.3(d) Domestic Boiler App liances.

This last class of heterogeneous cornbustor is used for household heating and

includes building heat ing devices in general. These combustors are small scale

and are required to handle low flowrates of relatively low grade fuels such as

dis tillate oils; pressure jet atomisers often being used. They are also desired

to be compac t , quiet , clean, easily con trollable and again economic to purchase

and run . The design of this type of combustor generally proceeds along empirical

lines. Fuels are invariably injected at pressures in the 100 psig range and at

flowrates of around 0.8 gph, problems of nozzle duct blockage are often experienced

at fuel throughputs less than this figure (94).

2.4 Combustion generated Air Pollution.

The field of combustion research has expanded in recent year s to encompass the

study of air poll utant formation as an integral part of combustor performance .

This development has perhaps been spurred by public awareness and accelerated

greatly by the widespread introduction of generally stringent legislation.

-luch he~ tea discus3ion on the subject has been provoked as a result , the consequences

and e- onomic losses attributable to air pollution therefore , are considered well

known (ô2—65) .

Which species discharged into the atmosphere may be considered to be

pollutants ? The answer to this question is convenientl y expressed in the form

ot Table I. below , the major annoyances generally associated with each species is

also presented.

- 3 1 -
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TABLE I. AIR POLLUTANTS.

Pollutant species. Associated major annoyances.

a) Carbon Monoxide (CU) Toxic (reduces oxygen capacity of blood).

b) Oxides of Nitrogen (N0 ,N02
) Toxic (basic constituen t for pho tochemical

smog formation).

c) Hydrocarbons (UI-iC) Toxic , irri tan t or inert — depending on
fuel chemica l composition (basic
constituent for photochemical smog
formation).

d) Oxides of Sulphur (S02, SO
3
) Toxic , readily forms sulphuric acid ,

irri tant, aeroso l formation.
Corrosion.

e) Hydrocarbon organic derivatives Irritants , odourants (basic constituent
(e.g., aldehydes) for photochemical smog formation).

f) Smoke , par ticulates. Numerous e.g., visibili ty reduction,
nucleation sites.

g) Sulp hur compounds (e.g., H2
S) Toxic , odourants.

h) Lead (Pb) Toxic.

i) Other metals (e.g., V , Mn, P) Toxic , a tmosp heric reactions.

The table lists the primary air pollutant species (hereafter referred to as

pollutants), and the first six are almost universally recognized as being the most

serious. It should be noted that possible weather interference has been largely

ignored, so that carbon dioxide and water vapour have not been considered pollutant

entities. Me tallic lead can be neglected in this study since it is a consequence

of internal combustion engine operation , i.e., not of the continuous combustor type .

Ni tric oxide , NO and nitrogen dioxide , NO
2 
are the major oxides of nitrogen of

interest and are collectively referred to as NO , s imilarly the oxides of sulphur

are collectivel y termed SO. Hydrocarbon emissions are the result of inefficient

combustion or incomplete fue l utilisation , hence they are collectively termed

Unburn t Hydrocarbons (UHC for convenience).

The scale of any individual air pollution problem is naturally very complex

and a function of many factors such as emission frequency , cor-:hustor type and

size , etc. ~awy~ r (66) has made an appraisal of the scale of problem presented

by a i ie - r a i t pollutant emissions , major problem areas e--e~~ then highlighted.

Ce-Ie-Je t s l t - I I  combustion pr i Lt sses as a whole 3~~uuuti t for extremely large

proportions of the artificial emission of all major pollutant species , for examp le
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during 1968 and in the Uni ted States , this ~ U - . j  r t i on  was  95~ for NO as Table II

shows. The Table also presents a breakdown oF thc contributing primary sources

of emission for SO , Ct., UHC and I’articulates for that year in the U.S. In each

case the most significant source is underlined , so th at  it can be immediately

ap-preLiated tha t stationary p lant was responsible during 1968 for the highest

emissions of NO and SO
)(~ whilst vehicles in general produced the greatest CO and

UHC pollutant emissions . Production of particulates was more evenly dis tributed.

The natural ra te of generation of NO has been estimated as being about 15 t imes

greater than the corresponding tnanmade ~O production rate , however , the latter is

concentrated in urban areas where actual levels are higher. Even so these levels

rarely exceed toxic thresholds , the rcabuns for limiting their emission into the

atmosphere are mainly that they form secondary - llutants by further atmospheric

reactions.

With the possible exception of particulates , it is widely accepted that

emissi ons of pollutants have been and are increasing with time . Thus Derwent and

Stewart (96) have presented NO emissions data for the U.K. which correspond

to the period 1965—1970, while Bar tok et al (67) estimated future emissions of NO
~

in the U.S. up to the year 2000, based on the continuation of current trends .

In forma t ion on particulates and SO2 emissions in the U.K. f rom 1950 — 1968 is also

available (63).

Leg islation introduced to control air quality has been considerably more

strin gen t in the U.S., moreover , the proposed standards for manmade NOx emissions

have provided the toughest goal. For an example of such U.S. Federal Standards

refer to (66,67). European air pollution problems at presen t are more localised

and less acute so that existing Europc~ i 1t~ ; is l L i o n  is not so rigid.

Having considered future trends in , and tho existing leg islat ion for control

of , air pollution , it can be concluded that there definitel y exists a need for the

ap p l icati t ’n of further related combustion rt•search if the demand s for an overall

reduct io~i in pollutan t emissions in the tur i- 4- are t I C  he n e t .  N o such a resear ch

e t  tort v-il cLea rly oe directed at coo or all ot three possible phases of control ,

these aro:
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1. FUEL TREATMENT. This involves refinement of the existing fuel to remove

impurities. Removal of sulphur containing compounds ensures that SO and other

sulphur containing pollutants are not formed in the combustor , hence corrosion risk

is also averted. Processing to reduce fue l bound nitrogen content helps reduce

NI) but is more significant tar solid fuels. To a lesser extent still , metal—

containing emissions can be o :viOted throug h fuel processing. The other major

pollutants listed in Table I. l u w ov e t  are not atfected by this phase of control ,

and fuel chemical proc essing operations in general are expensive.

2. C 1BUS J1IN MOOlFtC~Y tIN. The next phase of control corresponds to

refinem ent of the ~tvt uai combustion process and can be implemented in either of

two wa~~s .  Fir st ly by a r e la t ’v e i y  mino r  :oo di f i c a t i o n  to the emitting combustor ,

this type of approach is often successful in reducing one or two of the major

pollutants only, and usua~ 1y at the expense of increased emission of one of the

other pollutants. The second approach involves either a major modification to

the combustor , or the app li cation of new design princip les to generate completely —

new combustor concepts. Naturally t h e  extent to which a successful new hetero-

geneous device 0an be created is a function of combustor type but the advantage

gained (or perh aps the goal) is the suppression of all pollutant formation in the

device .

3. EFFLUENT PROCESSING. The third phase or mode of control , as for the

firs t, utilises chemical processing. Combustion e~ t l uents can be “cleaned up ”

by various chemical engineering unit operations in order to actually remove the

poll utant species from the bulk gases after t}:cy have been formed. Again ,

although such technique s already exist to enable the extra-:tion of any pollutant ,

they are extremely cos tl -~. Obvi ously they are only applic able to stationary large

scale combustor types, for which large volumes of flue gases have to be handled.

This mode of control is frequently app lied to Power Station boiler effluents ,

particulates being reCl -vcd by e l e c t r o s t a t i c  precipit -itTi on . Cyc lones  and settling

chambcc~ ace €-> aoi 6j I L .  i l l  other kinds of poi. t i vu) ile t - ~- I i - l o t  i C l i i  equipment; all

three such devices Ito~ ever possess m i lL - r e n t  oisadvantages , sa~ I i  as hi gh initial

cos t, long separation tire , addi tii na l Loan ing 0ud m a i nt e nan o c o s t s .  Examp les
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at  gaseous pollutant processing operations include adsorption onto solids ,

absorp tion into liquids , e.g. by scrubbing and catalytic removal. The former

operations are more app licable to SO~ and NO , as discussed by Bartok et al (67),

whils t Solymosi & Kiss (68) have considered NO
~ 

reduction by catalytic reaction

wi th CO.

From the foregoing it can be appreciated that the second phase of control ,

that of combustion modification , constitutes the most satisfactory solution to the

problem on a long term basis, this opinion is shared by others e.g. (69). As

would be expected adoption of these methods of contro l requires the most research

effort. Hence in the remainde r of this section attention will be focussed upon

pollutant suppression techniques which involve combustion modificati- -n , fac tors

affec ting the formation of the more importan t pollutant species though will be

first considered.

2.4(a) Factors Affecting Emission of the more important Pollutants.

The comp lexity of pollutant minimisation technology is borne out by the

fact that various species emissions are frequentl y conflic ting func tions of com-

bustion conditions. Faced with this situation , many investigators have carried

out fundamental studies on individual pollutants under carefull y controlled

condi tions.

The rate of emission of all pollutants from a heterogeneous combustor depends

on the prevalent rates of atornisation , evaporation and turbulent mixing, but

usually to a greater extent on chemical reaction kinetics. Emission rates are

thus dependent on the profiles of concentration , temperature and velocity

throughout the combustor flowfield . The parameters to which the emission rates

of individua l major pollutant species are predominantly sensitive will now be

discussed.

Historicall y, soots were the first such species to receive attention , this

beil~~ lvd eI - u tandabl y due Lu their visual pr . uIin( rice. ~~~ ~ ineti vs of torn - I_ i on

and destr c ot  ion ot - urhon000 us solids in Ha~ es !Wi, been described in outline in

2. z(d) . It was shu~- n tha t carbon foi r-dtion iii av’ bda] oul ly ptt -~t:ixed type of

flame can he contr olled by t h e .imcunt u t  avail l -l ~ ox 00.1 , i . e  . the combustor

$ 
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air feedr ate, so that significant formation would onl y be expec ted under fuel rich

conditions. This is not true for the diffusion mode of droplet combustion since

locall y stoichiometric , i.e. high temperature flames around the drop always exist ,

pyrolysis of fuel vapour takes place in these flames with significant carbon being

- 
- formed. For this mode of drop let combustion then the emission rate of par ticul—

ates is insensitive to air teedrate or species concentrations because , once formed

partic ulates tend to remain, des truction rates being very low indeed (14).

The sensitivity of soot formation to droplet ballistics and dynamics is

reflec ted in the dependence of droplet mode of combustion on gas—drop relative

velocity as previously explained in 2.2.(b). SjBgren (13) found that the

extinc tion velocity of small droplets is very low so that , coupled wi th superior

evaporation rates , this explains why the wake mode of drop let combustion and

minimal soot Ilorcation is obtained from efficient atomisers which produce initial

size dis tribution of droplets which are weighted in the lower range.

It has been found that soot formation rates are dependen t on the strength of

appli ed electrical fields (70), and also upon fuel additives (usually based on

borium or macgonese) (71).

Clear ly more f u n d a m e n t a l  i n f o r m a t i o n  on hy drocarbon breakdown mechanisms and

kinetics; p lot; icientification of parti culate emissions in terms of par ticle size

d i s t r i b u t i o n s  and chemical composition , is required before a comp le te unders tanding

of all the factors which influence soot emission rates is obtained. However,

empirical :ne thods have had some success in substantially reducing such emissions

fror~ gas turbine combustors.

Emissi on of carbon monoxide , and unburned hydrocarbons usuall y reflect

inefficient or incc’np leto combustion , they bo th decrease with increasing flame

residence time . In order to promote complete combustion rap id atomisation ,

evaporation and nu- ~ing are re ;uired since this assures that all fuel has sufficient

ti;nc to c l ; c - r a i c a l l y  react in the flame . Homogeneous fue l/oxidant distributions

a ti L e r u 1~u a€ ’ - ; i s  c -;rbustor [lowfi.i id is th e ot i~ important factor ,

undor c i ~ C - l ;  , 1 .0 • , e x r ( ~SS oxidant c ~nd i tiuiia exti L e 1  - - I - -. - emission rates of

CO and T h U  r.su lt. IL is importan t to etc-arc I_ n a t tem~eratures are high enough
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in all par ts of the combustor so that thermal quenching of hydrocarbon and carbon

monoxide oxidation reactions does not occur. The effect of increasing either

combustor inlet air temperature or operating pressure is to increase burning rates

and hence reduce CO and Ut-iC emissions. Probably th~ most important parameter

- - 
is the atomiser initial size distribution since this largely governs the evaporation

process and theretore fue l availability. The importance of mixing on CO emissions

from a kerosine—fue lled tubular burner was demonstrateci by Pompeii and Heywood (72)

by means of a stochastic mixing mode l for the burner.

The mos t difficult pollutant to minimise from any conibustor is nitric oxide ,

NO , NO
2 

the other important oxide of ni t r-- -~ en , is formed in only negligible prop-

ortions at temperatures above 1000 K and so will not DO considered any further.

Now NO is formed by the oxidation of either fuel—bound nitrogen or atmospheric

free nitrogen , air be ing the oxidant gen e rally used in any combust-or. The chief

difficult y in controlling NO is that it can be form~ d as a result of very efficient

combus tion , which is rohuired to suppress - .iss ion of soots , CO and UHC ’s The

rate of formation of NO is extremely sersitive to teicperature , so that it reaches

a maximum under near stcicfiiorietric fuel/oxidant proportions , and decreases under

fuel lean or fue l rich condi rico-c . As has been previously explained the rate of

release of chemical energy in most f lames is turbulent mixing controlled , NO

producti on is predominantl y controlled by chemical kinetics though. NO formation

also increases with residence time at flame temperatures , and is dependen t on

local oxygen atom and molecule concentrations as examination of equations (2.49—52,

2.56— b2) will verif y. Ve ry many fundamental and app lied studies of NO formation

have been made, this being no doub t -ictrib utable t o  the fact that its requirements

for minimising usually conflict with the  requiremen ts for sui pressing other

pollutants.
-s

On a fundam ental leve l Pratt and Nalte (55) investi 1 - ated chemically rate—

1irnit~
g ,tc~ 1 cal;  gaseous conibusti - i; of CO t-:i th moist air in a jet stirred reactor ,

this s a device in whi c ; l i  extremel y high tu l 1-ul ence mixing rates are produced by

an air jet. issuing jute a small volume . They found that under conditions of

in Ic- I i .  u lence and ;.i~ ti m i xi TLg sope F - - v ~~~l Ii hr tutu C O n c u n t  at: ons u f  I )  tur.S and
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other reaction intermediates cause nitrous oxide N
20 to ac t as an impor tant

in termediate in NO tormation , via reaction s (2.56—59), for fuel—lean combustion ,

this mechanism be ing important at temperatures less than about 1800 K. Pratt

and Malte found that the effect of turbulent fluctuations was to produce higher

peak temperatures and hence higher NO
~ 

levels , the maximum NO concentration

measured in this system was 32 ppm. The study was very useful s~ nL;e it isolated

the effects of reaction kinetics , the processes of atomisation , evaporat ion ana

mixing being absent. The energy releasing and pollutant formation reactions ,

unlike in one—dimensiona l flow systems , cou ld not be separa ted because the highl y

stirred reactor tested was found to genera te such super—equilibrium 0, H and OH

species concentrations. These species provided an important coup ling effec t

because the reactor was so well mixed. Pratt and Malte (73) also succeeded in

measuring 0 atom concentrations in such a system by direct spectroscop ic techniques.

Bowman et al (74) investigated the relative effects of finite turbulent mixing in

a similar reactor fuelled with methane , maximum measured NO was of the order of

100 ppm. Eberius and Just (75) investigated the influence of hydrocarbon fuel

structure on NO for premixed propane , ethylene and acetylene flame-s. They found

large “overconcentrations” of NO in very fue l rich flames. In adiition they

F found that NO formation could be reasonabl y separa ted into three classes ,

• a) Zeldovich mechanism with equilibrium 0 atom concentration , b) Zeldovich mechanism

with the remaining excess 0 atom concentration , c) other reacti ons involving such

radicals as Ct-I, C and C2. Hyerson (76) carried out an c xp e r i a e n t a l  investi gation

into the reduction of NO by hydrocarbon/0
2 

mix tures in a fl -~- -~ing system of simu-

lated combustion eftluents. It was suggested that 02 could prod uce free radicals

such as CH and C11
2 

by hydrog en abstraction of th e hydrocarbon , this could then

reduce the NO through reactions typified by the exothermic step:

Cl-i + NO CHO + :-~ (2.73)

Clearly ru-re 1i: ~ estig -ati on s ut this t~ pe are needed. All the above fundamental

studios p er il i n  d i ho~ro doneous  c o m b u su o n , s i ; il~-ir s t - dies for I~ Lero ;eneeus

c.::bu -~~:~- . hsvc a~ - L e o n  m ;i0e Ttiu~ Kolirock and ~cet (. ~77) th o- -retical l y

a , d S  tu rbi n e e ; u L ic ith e-- ,pect 1 Nt) formation and nredicted that

hF ) l~~L eIS re citi n g :r: . l i h u l d  fue l. u;i hus~ i n , as l~~~~a -  .-ii ~ c h  by a u nosized
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spray (defined by S~W ) ,  were up to two orders of magnitude larger than NO le;ela

for premixed combustion. They postulated that slower mixing could prolong

radic al concentration overshoots and pr oduce temperature overshoots , thereby

increasing N ) production. Bracco (77) used an analysis of single drop let quasi—

steady state combustion with a simple chemical reaction expression to determine

ra tes ot No formation for hydr ocarbon fuels. Larger NO formation rates are

expected I_ or the diffusion mode of droplet coobustion than for the wake mode since

the former fti ;-;es burn at locally stoichiometric proportions i.e., hi gh tempera ture ,

whereas the air/ t ie- i ratio in ttie latter can be varied.

ftc last i ;aj o r  pollutan t spe-cie s t~ be bri efly considered in relation to

primary variables are the- oxides of sul phur SO. It can be appreciated from

equation s (2.~~3-7l) that SO~ production rates are also dependent on oxygen atom

and m o l e c u l e  c on c e n t r a t i o n s .  It appears that these t~ c species concentrations

pred ominantl y i n f l uence SO~ L or;;atiun , with residence tim e and flame tempera tures

being or less import ance (7~ ). However , when the temperature of the flame gases

falls be low the dewpoint of wFtc r and sulphuric acid , then corrosion occurs.

Banchero and V o r h u t f  (bo ) describe prediction of dewpoints from fuel gas compos—

i ti- -n and temperatur e by r an ~ of vapour—li quid equilibria. SO production is

also a function of tu e sulphur content of the fue l and is zero for a sulphur—free

fuel. Low ox ’ Ce l1 concentrations , i.e. fue l ri ch combustion favours minima l SO- -  x

formation from a sul p hur containing li quid fuel.

~.-~.(b) :anor_Comhusti n ‘dodific atiors aimed at  Suppression of Emissions.

A har e number ot r c l a t i u - l y minor modifications to existing heterogeneous corn—

bu st-u~~s aye- been roposed wuich attemp t to reduce pollutan t emissions , of ten wi th

rc--s~ eo t to onl y’ ‘ne or a t ec maj -r po i~ utant species. Table III. summarises these

moditications and ;ndicates which pollutants are favourabl y affected , it is worth—

while e :cuii t ;-izir~g I L  tau t th at the effec ts of such m o d i f i c a t i o n s  are  n o t  always

l e a  1 ~ d~ u _ u .

~~~ ~~~~ ~~~~~~~~~
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TABLF: III . 
— 

OINOR HETEROGENEOUS COMBUSTOR MODIFICATIONS.

Modification Pollutant species reduced Pollutant species increased

a) Overall fue l rich or ~o it temperature is reduced , Par ticu la tes under cer tain
low excess air

- - 0 also . conditions , CO , IJHC .operation . X

b) Overal l  f uel lea n  or h i )  i i  t e m p e r a t u r e  is re duce d , SO
- x x

high excess air -
- soots , CO and PLC.operation.

c) Change atomistr. Possibly all species for a Soots for some very f ine
Ver y 1 in~ spray. sprays.

d) Multiple a tomiser con— Iossiblv all specie -s for
f i guration s, m odif y ‘~ery fine sprays.
fue l di stribution to
the dtcr:;isei-s.

e) kater injection Can reduce smoke , also :-:o CO and Ut-IC if combustion

if temperature is reduced. reactions quenched.

f) Redistrib ute airflow i:i Difficult t e  assess. Difficult to assess.
gas turbine combustors .

g) Increase air feed CO and UIiC .
temperature .

h) increase uperating Usua l ly  CO and P 11G . Us uall y N O .
pressure .

The effects for these minor  c o m b u s t i o n  m o d i f i c a t i o n s  then are not consistent

for all species az-id are also a t unction of conibustor type , there is general agree-

ment tha t these :codi~~ications are inadequate if realistic reductions in pollutant

emissions are to be made (82).

2.4(c) Emission Suppression by Combustor Redesi gn.

Various major cc-nbu~ tion modifications , which either involve combustor

rede sign or new concepts altogethe r , have also been proposed for suppressing

poll utant formati n. The principles involved and potential emission performance

of each of the tol lo- .5-iny four different heterogeneous c arhustor concepts will now

be discussed :

i) Recirculation conhustors.

i i )  Fue l prevapouri zing ~:d I remixirl g u ’rd i~stors.

iii) Variable ge-on e -tr y combu stor dt - ~~~gn ~~.

St;:- ’ed c ’c’hiis t ;c ’n configurations.

::~~~~_~ ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ 
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In the firs t class of these concepts a portion of the combustion products is

transferred back to the initial spray formation reg ion ou the combustor ilowfield ,

the process is terme d r ec i r cula t ion  and r e s u l t s  in a d i l u t i o n  of the gaseous phase

species. Actual definitions of the rec~ rculati ni ratio parameter vary widely.

The effects of recirculation on liquid phase fuel depends on the temperature of

the recircu la ted gases , if the gases are at relatively hi gh temperature they

increase heat transfer to, and hence t h e -  evaporation rate of , the tue- i drop lets.

Naturally , all recirc ulated gases will have an additional fluid dynamic effect on

the liquid phase in that they will ~ud i f y drop let concentrations and trajectories

since the gaseous phase flow pattern will be - strongly affected. Increases in

flame stability and combustion performance are generall y associated with the intro-

duction of hot recirculated gases into the spray lorination zone, because the pre—

heating/”premixing ” obtained results in the stable ignition of fuel and oxidan t

ovec a wider range of combustor operating conditions. Considering the process on

a smaller  scale , eddies of hot combustion products will p romote the dispersal of ,

and mixing between , cool fue l vapour and oxidant eddies , in doing so the temperatures

• of t hese  reactant eddies will also be raised. The net effect then is that eddies of

reactant species are very rap idly pr epared fo r  i gnition and subsequent combustion.

An important consequence of recirculation is that the residence time of the

actual recycled gases is increased although the mean gaseous residence time is in

fact reduced. Oxygen concentrations in the flame zone are also reduced by dilution

due t 5  recycled combustion products. Recirculation would also be expected to

irm -~ .e radi cal concentrations although it is extremely difficul t to predict the

net e f f e c t s  e- r  any species w i t h  any c e r t a i n t y .

It has ion?; been kno~~ that recirculation reduces flame luminosity (83) and

tn e prim ary reason for this is the reduction in cxrgen  concentration which results.

As explained in 2.2(b) the extinction velocity is a strong function of oxygen con—

cen tri~ ic n and for diluent gases predominantl y composed of nitrogen , i.e. combustion

k r u u c t s , this cri tical velocity falls to zero at oxygen concentrations less than

about 142 (13) for an unspecified fuel. Hence blue flame combustion , due to

the wake mode of d r p let combustion , is ob tained at recirculation levels which

— ‘4~ _ —
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produce mean dilutions of oxygen  corresponding to this concentration . Soot

formation rates under blue flame conditions are extreme ly low so that recirculation

has a strong effect on emission of this pollutant. Thus Kamo et al (83) noticed

a c r i t i ci l  r e c i r c u l a t i o n  level  f o r  t h e i r  oil burne r at which t lame colour changed

f r o m  ye L lo w to blue and combustion noise was reduced. The effect of excess air ,

as well as recirculation , on smoke emissions was also studied , Fi g.2.9 shows the

resu1t~ t at were obtained for this particular burner. Another factor contributing

towards the reduction in soot emissions by recirculation may well be the increased

combus tion radical concentrations obtained (15), clearly a more detailed under-

s tanding of h ydrocarb on pyr ol ysis mechanism s is required.

The effect of recirculation on other gaseous pollutants will be discussed for

specific heterogeneous combus tor designs after the various techni ques for  prod ucing

recircuiatjon have been first described. These fall into two categories , ex ternal

and i~zternal1 y generated recirculation (with respect to the combustc r casing).

Th e former category involves the use of external ducting and a pum p to transfer

combustion products from the exit to the inlet p lanes of t ue combustor. Cooling

of the gases , which is undesirable , is inevitabl e to some extent and , due to the

peri phery equi pment required , the combustor becomes both cumbersome and expensive

to operate. Hazard (84) investi gated the effe~ ts of externally—generated

recirculation (EGR) on two kerosine—fuelled burners which were both swirl stabilised j
and wa ter cooled , one was operated fue l rich and the other fue l lean . It was found

tha t EGR was considerab ly more effective than excess air in suppressing NO formation

due t~ the reduction in local peak teinj e ratures obtained. Blue flame combustion

was usually obtained , CO emis sions were generally below 3 gm/kg fuel at firing rates

above 20 lb.fuel/hr. but were approximatel y independent of EGR level. Unfortunately

the sensitivity of NO emission to burner cooling rate was not investigated.

In the second category, recirculation within the combustion chamber is

accomplished throug h the exp loitation of fluid dynamic phenomena to generate a

region of re-verse flow. An obvious advantage to this approach is the high temper—

atur~ of t h e -  r e c i r c u la t ed  gat-~ s which t avourabi’- - i ncreases t u e - i evaporation rates.

-
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One of the earliest oil—tired burners developed to operate in the blue flame

reg ime was the Ventres blue—flame burner (85); this was equipped w i th a low

pressure air/oil atomiser and featured fuel evaporation within a horizontal

vapouriser tube. Combustion products recirculation into the inlet of this tube

was promoted by an eductor effect , and secondary air was added at various points

throughout the combustor to complete the combustion. After startup , which was

achieved by conventional high voltage ignition , quiet and stable blue flame oper-

ation was obtained at firing rates of 0.1 — 0.3j gph on a variety of fuels

ranging from kerosine to heavy oils. Stack gas analyses of 12—14% CO
2 

content ,

with no smoke , were consistentl y obtained , emis~~i u of other species was not

studied. Another early ,  high in tensi ty ,  combustor designed to run on a variety

of li quid fuels under blue flame conditions is described by Reman & Verkoren (86).

Feed air entered the combustion chamber via a swirl—inducing air registe r which ,

together wi th combus tor geometry , was resp onsible for the establishment of a double

vor tex flow tha t generated intense recirculation in the central low’ pressure region

of the f lowfield. A wide range of fuels was again used , each was injected by

means of a pressure jet atomiser , at a high injection pressure of 400 psi. High

flue gas CO2 
levels were measured and no smoke formed , al tho ugh high air pressure

dr ops ( 20” W.G .) were required to drive the recirculation region. Heavier

fuels were preheated before atomisation to keep their viscosity at or below 200cS.

Pollutan t emissions were not investigated for this burner.

- 

Coop er and Mar ek (87) inv es t iga ted two me thods of achieving controlled

internal recirculation by exp loiting f l u i d  dynami c prop er t ies , these were

a) reverse flow within a vortex , b) attached jet entrainment. Prototype blue—

f lame burne rs were desi gned and constructed using each method but tests revealed

that satisfactory blue flame combustion over a wide range of operating conditions

could not be obtained for the vortex flow design . However , s nokefree , quiet

blue flame combustion was successfull y dcmonstr , ted at excess air levels varying

f r o m  stoichio ruetric to 3O- and - i t  inlet air ri ssures as low as 2” W.G. for the

atta ozi~ d jet bar : t . Fi 6. 2. 10 show- s a s e c t ion a l  v i~ - th rcs oii this burne r , it

can be seen s t i l t  the l i t  i e - t  air is de- c, -
~ d by a solid surf ice , i t t *  i ‘owing

~-4~
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through a slit. As a re-suit the air jet stream is attached to the solid surface

and a pressure drop across the jet layer generates entrainment of ambient gases,

the phenomenon is known as the Coanda effect and was used to cause internal

recirculation of combustion products. The slit width was 1/16” so that excessive

inlet air pressure drops were avoided , al thoug h rel at ive ly  low m ixing ra tes were

inevi table . Examination of Fi g.2.lO reveals that this combustor device features

a degree of both fue l prevapourisation and fuel vapour/primary air premixing bef ore

the reaction zone , combustor walls are also convection—cooled. Fuel oils were

injected at firing rates of 0.65 — 1.1 gph by means of pressure jet atomiser

(100 psig) and up to 75% recirculation was deduced by gas analysis. CO emissions

were less than 20 ppm although fuel rich operation and other pollutan t emissions

were unfortunately not investigated. Instability and blow off was erraticall y

detected at excess air levels above 30%. Two other problems encountered were

cooling of the oil nozzle and slit mis—orientation due to thermal expansion , al though

both of these could be overcome to some extent by slight redesign. Torborg and

Janssen (88) obtained further experimental perf ormance data for this burner and in

addition measured the spectral radiation characteristics of the device in the range

0.3 1.1 ultraviolet ‘ 3.0 II infra red. The relativeiy high background radiation

detected indicated that the ultraviolet region was best suited to flame sensing.

The radiation intensity was observed to decrease when either air/fuel ratio or the

recirculation rate were increased. Nagey et al (89) modified Cooper and Marek ’s

basic desi gn and experimentall y ded uced t h e -  e f f e c t  ~ 1 r e c i L c u l at i o n  r a t i o  on NO

and CO pollutant emissions althoug h th e - I n c  a sed  was not specified. Presumably

due to the resulting reduced oxygen—c~~o~entratia., increased recirculation si gnifi-

cantly reduced l4O~ emissions but increased CO emissi ons, in terms of net pollutant

emissions the optimum re- -ircuh tion level was 502 , at wdnch NO and CO emissions
x

were 4 and 8 ppm respecti- -elv i.e., ‘‘ or’: low . reeve ()h) t e s t e d  a p r o t o t y p e  b lue

I ~~2a t  burner w h i c h  ut~ 1ised a coaxial Coanda t - a:ctor hcv~ ce to generate internal

recircula un of combustion products , t ie - air J U L  t~as - t t ~~- ,~~l to t h e  curved su rt ace

‘t L b  0~~ - - - t  o r  t b r  it , as  shown in Fi g. 2. 11. Pressure icr ato”i tion of residual

40
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tue l oil was emp loyed and soot—free blue flame combustion was obtained over a

range at  air/fuel ratios; relatively high inlet air pressure losses of the order

of 3 psi g were needed to drive the recirculatiun region. Burner operating limi ts

and radiation levels (2p spectral region) we-re measured with the burner actually

installed in a furnace . Initial startup invar i abl y constitutes a transient

operation problem for alt recirculating type burners , preheating of the comp le te

burner using a gaseous fie l such as propane is the solution to t~ is difficul ty which

is usually adopted.

1-ledley (91) investigated the influence of re-circulation ratio on the volumetric

combustion rate , i.e., combustion intensity, f or an ideal i sed  oil f i r ed  sys tem and

concluded that:

i) For adiabatic combustion products recirculation the combustion rate

is incre ased , op timum levels depending on exten t of fuel burn out.

ii) Recirculation of non—adi abatic combustion products may increase or

decrease reaction rates , depending on the extent to which they have

been cooled.

In the second class of heterogeneous combustor concepts an attempt is made to

transform the problem from the two phase regime to the single phase , homogeneous

combustion , domain. To achieve this desirable aim the liquid fuel is invariably

injected wi th some ot all of the combustion air into a separate initial section of

the combustor , where it is atomised , evaporated and mixed with oxidant as completely

as possi 1-Le - . The rc-actaat mixture then flows into the combustion zone of the

chamber wnere it is burnt comp letely in the wake mode in a premixed , i.e., easil y

controLled flame . Nine-c the air/fue l distributions are then adjustable it

toll ‘ws th-i. conditi~- us m a y  he- theoretically opti.mised for minimal net pollutants

emission . In ;r tct ~~e t~ e inlet air tergeratu re- s are usually insuffici ent to give

comp lete fuel prev~ po-arsaat1sn unless tb’ air can I-c rehea ted in some way.

It has al rc i iv h oe -n r ’ntioned , 2.4(a), that NO f~- rn,t ticu is a strong function

ofT loca l p - .2 t e m p e r a t u r e s .  He nce , in some i ccal  f 1 c s ~ i e ld  r e g i o n  where turbulent

~~, h 1 t S  ci I nd i l c h t  i i  I ti-1 loan (:)ml )sition e x i s t , Lem; I , t u l T c gradients will

fl~~ - & - S s  t i i i ~ ‘Iso ex~~- t t  ~‘ e -ak  t cIO~- c l O t a ’~~eS ~ l, ng tb. grad ients t i  then

~—
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correspond to the stoichiometric mixture , i.e.,maximum value . Under these peak

temperature conditions NO formation will similarly be extreme ly hi gh , and con-

siderably greater than that for the average temperature of the overall mixture.

In a prevapourising/premixing corabustor con hi gu ration this situation is avoided and

NO emissions are controllable . Emission of soots should be also avoicoble and
x

suppression of othe r pollutants possible. N o detailed investi gation ol  the

emission characteristics of a prevapourising/premixing t.-1:e of ccmbustor appears to

have been repo rted to date. This m a y  be partiall y att ri’: utable to the tact that

such combustors possess two inherent disadvantages. Firstly coubustor volume s

are increased , orid secondl y there are risks of fuel prei gnition , or flashback , under

cer tain flow o:cditions. For gas turbine combustors these possibilities are

extremely unacceptable , the occurrence- of flashback in aviation types is very diffi—

cult to avoid due to the large range in both inlet temperatures and operating

pressure over which they are required to function.

The aim in designing a liquid fuelled combustor to utilise variable geometry,

the third c o n c e p t , is to be able to vary par t or all of the two phase flow pattern .

If this is possible , then distributions of concentration , temperature and velocity

for both phases- may be also var ied , hence pollutant emissions may be radicall y

changed an d p o s s i b l y  controlled. Vary ing the feed air distribution throughout

the combustor is obviously one such way in which variable geometry could be used.

For example , in a gas tur b in e combustor the amoun t of air supp lied to the dil-,.tion

zone cou ld poss ib l y be var ied , in this way the degree of quench ing achieved and

hence th e  r a t i o  of Cc) p l u s  UIlC to NO could be similarly varied. Nagey et al (89)

postulate that variable geometry will pr obabl y be necessary to control combustor

tem ;ecatures w-i thir narrow lim its if t h e i r  r e c i r c u l a t i o n  c:-m b u s t c - r (based on the

work of Cooper N ~arek (87)) was to be able to power vehicles which could satisf y

the Lni ted States l97~i Federal Emiss inn requir e-n- nts . The use ct variable

geometry in practical combustors is nowever , greatly itam i-ered by ml ch a n i c a l  c orn—

pl exi ti.& ~~~, the aui J~ of cam 1 ‘ coving parts could be gr c u L l e -  ~n .- d so thai

reli i h i h r ’ , not t’’ ~e-fl~ art  cu ,~r ’ ~, would i n e v i t - l i g  s o;L . i ~- , ~sti c ted contr ol

looj;s weit ic ) in same O u c o S  be ,I c c~,, a1~ - c m  aC t u ~~t e -  L i - ’ - a t  L~ible ~ & c . t . e- t I  j ,  additiona l
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problem t h a t  can be envisaged concerns the material s of which additional par ts

in general should be made in order to withstand highly turbulent , high tempera ture

combustor environments for large periods of tim e- . let another unkno~~ is the

response rate which would he expected of an actuating control system for effecting

geometry modific ations to combustor operation.

The fourth important concept which may be applied to design low emissions

~eterogeneous combustors is that of multi stage combustion , in which the heat

release from the fuel is designed to take pl ace in more than one distinct stage.

Clearly many such configurations could be envisaged , of varying comp lexi ty, although

relatively little attention has been focussed on this area. Low NO emissions can
x

taeoretically be achieved from a 2 stage combustor in which the 1st stage is operated

fuel rich to control temperature and therefore NO formation , and in which combustion

of the CO/d C generated in the 1st stage is comp leted in the 2nd stage . Interstage

heat removal should ensure that temperatures in the second stage do not rise to a

leve l where signifi cant further NO formation occurs. The problem with this

scheme is that soots would form in the 1st stage which take extremely long residence

tic~ies to burn out . Wend t et al (92) discuss a b u r n e r which utilises 2 stage heat

release to minimise SO and N O .  The burner  is desi gned to run stably on gaseous

f uels , part of the fuel is burn t at “moderate ” e:-a’ess air to avoid soot formation

and the remaining fue l is injected downstream of this primar~’ zone . A reversal

of the normal pollutant formation re ,u L l i o n s  is claimed , resulting in low SO and NO

emi ssions for clean fuels. Yarnag ishi et al (93) investi gated a gaseous combustion

scheme in which 2 stage air addition and NO fue l dop ing were featured.

Four combustor desi gn techniques which could show considerable promise in

progressing towards the goal of two phase combustion with minima l emissions of each

major pollutan t species have been discussed , it is evident though tha t new, improved

methods of emission control will also have La be devel -pe - - d to reach this goal.

— _c)-t_ 
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2.5 Combustor Mode 11in~j.

The design ot  heterogeneous combustion equipm ent in the past has generally

proceeded along emp irical lines , wi tti a great deal of emp hasis placed upon rigoro us

experimental testing tha t can be both excessive ly time consuming and expensive.

Mare tundamental design techni ques , whi ch as a ru le are emp loyed for other types of

engineering calculations , have not been developed for heterogeneous combusrors

because -of their inherent complexity whi ch was outlined in Nection 2.2. In recent

years , however , a great deal of in terest Ii t o  been aroused in the analytic al des-

cri ption , or mathema tical modelling, of both single and two phase combustors.

Such mode l i~ n~; see-ks to predict combustor leriormance parameters , from theore tical

conside rations , iu orde - to aid the design pro cess and reduce purely emp irical

development to a minimum . The current requiremen t for low pollutant emissions

from combustion process s has added another dimenrion of complexi ty to combustor

design. As dis cussed in Section 2.4 various minor and gross combustor modifi-

cations have been ptoposed for suppressing the amount of pollutant species

emit ted in the exhaust stream from various combustion chambers. The value of a

,outhematical model for predicting pollution characteristics , in addition to

general combustion performance , can che-refore be appreciated. A suitable model

should aim to be capable of parametric evaluation of a particular combustion

modifica tion , with respect to the net emission of all major pollutant species , in

this way optimum confi gurations could be quickly arrived at. An advantage to this

apprc- :h is tha t sets of species whose respective emission indexes (kgpollutant/

kg fuel) vary in conflicting manners with operating c on d i t i o n s  c o u l d  be effectively

s:udi:J , provided that the mode l adequatel y described the v-~rious chemical and

physical processes that we-re introduced in 2.2.

Idea~ ly then an analytic al model should be capable of predicting the following

primary performance variables under a wide range of combustor operating conditions :

i) All major 1u - Il utant species production rates.

L i )  L er a ~~i C j, , , LU~-, L j O i i  e f t i c i e ne- - .

i l k )  C . i o t h u s L u e  I e - - L i . 1 e a ~- r a t - ~s
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iv) Combustor blowoff stability limits.

v) Combustion intensity.

vi) Overall pressure losses.

No such mode l e x i s t s  at present which is capable of predicting all this data!

However , various attempts have been made to predict one or two of these variables ,

in each case it was necessary to simp lif y the situation somewhat by iden tifying

the pro cesses which the relevant variable (s) depended most strong ly on. These

processes were then treated mathematically as accurately as possible , wi th varying

degrees of success.

Two distinct types of modelling have- emerged to date , each of which will now

be discussed.

2.5(a) Ch ot-aical Reactor Models.

The underlying assumption on which this modelling technique is based is that

a combustor internal flow can be approximated by a suitable network of chemical

“reactors” . The mean combustor flow pattern , pl us variation of mixing rates

throughout the flowfield , predominantly control the sequencing of the reactors in

the network. As will be seen shortly the reactors normally used in any particular

network are of t~. types , each of these represen t discrete microsystems in which

hea t, mass and momentum are conserved.

The first type of reactor is termed stirred or zero—dimensional. Chemical

and physical properties at every point throughout the reactor and within the exit

stream are identical for a Perfectly Stirred Reactor (PSR). The PSR constitutes

a theoretical ideal since infinitely high turbulent mixing rates are required to

realise such homogeneity, typ ica l combustor pressure losses , however , result in

finit e mixing rates so tha t a Well Stirred Reactor (WSR) is defined in which a

degree of unmixedness exists. Highly stirred WSR ’s have charac teristicall y good

continuous ignition of fresh reactants (wide turndown) but  poor burnout.

The se- - rid type of reactor is referred to as a p lug—flow or one—dimensiona l

re-act~ r (PFR). fr this device system properties are a function of one space

coord i~~.~Le , which is us iall y the mean flow directi on i i  a c u t  h tu ou s  fla,c system ,

n-c or  s— m i ;.~~ ti c being parmi tted in s u b  a system. PFR’  s unders tandably produce

— 50 -
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good burnout (referring again to reactors in which combustion is present) but on

the other hand poor turndown , since fluid mixing rates are very low by defini tion.

The properties of these two extreme concepts could be illustrated by a hypo-

thetical tracer experiment , in whi ch a step—function concentration of a tracer

substance is introduced into the fe - ed stream to each system at some instant. The

sys tem resp onse , i.e., subsequent tracer concentration in the system exit stream ,

for an ideal PSR would be an immediate exponential rise with elapsed time . The

corresponding PFR resp onse we -mid s imo l y be the appearance at  the same step input

at the exit , precisely one mean residence t i c  later. The cesidence time distri-

bution function for a reactcr is the negative ml the respont - function time

derivative and can be used to estimate reactor volumes , as ue-nionstrated for a

pulverised anthracite flame by Beer and Lee (98).

It should be noted that additional classes of two , three and four (including

time) dimensional reactors could also be defined , but their anal ysis rab i d l y

increases in comp lexity .

It is considerably easier to mathematically describe chemical pr ocesses

within combusting reactors of either type , than it is to similarly treat two phase

• fluid dynamics and other physical processes , unless of course the reactor volume

in a particular network is made differentiall y small. An important consequence

of this situation is that the chemical reactor modelling of combustion systems has

inherently greater pot ential for predictions of the type i), ii) and iv) mentioned

in the at-ave section . More specificall y, it is especially suited to the prediction

of ma~ ar  pollutan t species emission rate s, since these rely heavily on the

incorporation of comp lex chemical reaction kinetics as discussed in Section 2.2(d).

Physical combus tion processes ace also important in this context , hut to a lesser

extent.

No w- the species and ene r 0 ~- balances for a stirred reactor result in a set of

non—line ar simultaneous equations , solution of these gives species concentrations

aud L e p i  c t  Lure vi thin t t t - i t  r e a c t o r .  In a p lug f los t . pe reactor the conventiona l

LiL~ l Lichit inue i too I “e s a st epwi se n u m t - r i  Ca 1 i t t  e t i ~~ L jolt -I I I to  chemical
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reaction rate equations along the flow path; associated problems of internal

size, solution stability and computation time may be overcome by treating a PFR

as a series of diff erent ially small (ideally )WSR ’s. Solution of these species

and energy analytica l conservation expressions for each reactor in the network

yields the primary model results of combustor exit flow composition and temper-

ature . Realisti c flowfield spatial species and temperature distributions are not

obtained , unless of course a large number of again differentiall y small reactors

consti tute the network.

Turning new to the chemical reactor modelling of actual combustion devices ,

examination of available literature shows that the gas turbine has received by far

the greatest attention (2). Swithenbank and loll et al (45) developed a

homogeneous model which used Odgers global kinetic rate expression (52) to enable

predic tions of combustion efficiency and stability limits for a 5 reactor network

(2) to be made . The agreement between these predictions and corresponding

experimental measurements was certainly encouraging, although the model was not

capable of realisti c pollutant emissions predictions. Hammond and Me llor (99)

used a qua sigloba l reaction kinetics scheme for predicting NO and CO emissions

plus cer tain perf ormance variables for a liquid hydrocarbon fuelled gas turbine ;

atomisation , evaporation arid mixing effects were not considered and no comparison

with actua l measurements made . Roberts et al (100) produced a gas turbine model

which inc luded monosized spray evaporation calculations for similar predictions

whilst [celman and Economos ~lOl) developed a considerably more detailed model

formulation for emissions predictions , again for the gas turbine device . Quasi—

global kin etics and turbulent mixing processes were treated f-c r twe phase flow

witi-. swirl , a comprehensive range of predictions was therefore produced. For a

more detailed discussion of these and other models , for gas turbine combustors ,

see Poll (2).

Very lit tle chemical reactor modelling work for other types of heterogeneous

combust ars has been attempted , this is surprising in view of the fact that the

• 
flowlield in sonic of these devices is considerably lesa comp lex than tha t of the gas
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turbine . Bartok et al (102) considered the prediction of NO levels from a

utili ty boiler type burner which was fired with gaseous methane . The model

incorporated convective and radiative heat transfer within a simplified plug f l o w

reactor and global combustion. Predicted trends were shown to be of the correct

form. Breen , Bagwell et al (103) developed a mode l of NO formation in power

station boilers , again for honiogeneous combustion. Turbulent mixing and detailed

isotherma l reaction kinetics were considered for assumed tlame residence times.

Two main problems are- invariably encountered in stirred reactor modelling,

these are:

a) The determination of a representative reactor sequence for a

par ticular combustor flowfield.

b) The incorporation of all chemical arid physi cal processes within

each reactor. More speciricall y it is apparent that a rigorous

analysis ot a heterogeneous WSR has not been available to date.

2.5(b) Continuum Models.

The second approach to: combustor modelling does not attemp t to subdivide the

flowfiel.d into a series ot :iruite zones but rather to deduce concentrations ,

velocities and temperatures at every point throughout the flow , hence the term

corltinuun1 modelling. The analytical task then , is to solve the governing fluid

dynamic (N avier Stokes, 2.2/2.2(c)) equations for turbulent , chemically reacting

• flows . Mu ch useful work has been done in this field by Spalding et al (39) who

have developed a techni que based on the assumption that the time dependent chara—

cter of turbulence may be ignored , this allows such f lows to be treated in the same

wa~ as laminar ones which have spatiall y dependent transport properties. The

differe ntial equations to be solved are then rewritten in finite difference form

for a grid of po ints usuall y non—uniformly distributed throug hout the flowfield ,

values for velocity , temperature , etc . are computed at each point. Characteristi—

cally two—dimensional flows have been considere -c to date , these htve been eithe r

wi th or without recirculation , i.e. described by partial differential equations

which i t  e t a t : h e - i a a t  i- a lly ar bol cc or c-li -t i c respe . ti v - ly . Three dimensional

I lows ace ti - ilyl icdil l- cons ii ~ rahl y m o r e  cv  p lea and the nudell i j of such ilows
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r has no t been attempted to date . Since the solution of two—dimensional problems

by fini te differ ence - techn iques requires very large amounts of computer storage

• 
and proces sing time , it is extreme ly di fficult to incorporate realistic chemical

reac tion kinetics , as this would increase the number and complexity of governing

non—linear equations. Continuum modelling then is , at present , potentiall y more

applicable to predictions of the type iii), v) and vi) in Sec tion 2.5 above , ra ther

than to the predic tion of poll utant emission rates. A basic problem encountered

with this modelling technique concern s the grid size , which determines the number

of poin ts in the flowlield at which the finite difference equations must be solved.

Clearly a minimum number in term s of a d e q u a t e  flow descri pti on (in relation to

turbulent eddy sizes) exists , at the same t ime an upper limit is imposed by the

available computer storage space and running tire.- , so that an optimum must be

sought.

Anasoulis et al (102) succeeded in obtaining axisymmetric solutions of the time—

averaged Navier Stokes equations for two dimensional flow fields in which heterogeneous

effects were included. A simp le equilibrium chemical kinetics scheme was employed

to characterise hydrocarbon oxidation whilst NO formation was rate—limi ted , to speed

calculations a simple turbulence model together -cith a field relaxation technique

was used. Predominantly aerodynamic predictions were presented , as would be

expected , and limited comparison with actual experimental results made .

Continuum modelling then is primarily a fluid dynamic research tool at present ,

indeed it is also true that a considerable amount of time and cffort is required to

become familiar wits the many mathematical techniques emp lvyed in such models. In

the L -uture however , one can envisage t h a t  con t i nuum type r:lv lels will provide

superior combustor predictions of all kinds when more sophis ticated mathematical

methods and more powerful computers have been developed. The accurate description

of two phase , three dituenscor l aerodynamic effects , with combustion reaction

kinetc~~~, sh o u l d  then be more tias ible.
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The u t - u i : 5 - . - c  t o t  subjects ot ht terogenLous combustion mechanisr :, air

— po lluc i - - n I d  m a t h e m a t i c a l  modelling have then be..at introduce-.I and m u .  rrelated

From this discu ssici the following importan t points emerged:

1) 1he major variables influencing the proc c-sses of atostisation ,

evaporation ,mixin g and chemical reaction were identified.

2) Teciini t~u.- s for suppressing pol lut-ints emissions were revi e-vc - i .

3) Ihe need for a etotl;eniaticol reed.- 1 for prfiicting c i i  ss 1 -
- a c c  the

sajor pollutants trots two pLus . cucbu~ tors was emp ha si-.~~.i.

4) Su-r h a model should be of the I.e- cat reeer.c r type and ~i1c~ dc the

IL ir processes mentioned in 1), r .action I~in otics being t i &  t . .ost

it - :  c L ar e t

5) Nc rigorous analysis of a hotervgonLccs NSR is .~~
- - i i l~ b1e.

~ - i t .  r e s t - a r c h  -sork h a s  b r , ~~- : L e - i t r  ‘e l  c h - . p - cs tctrO :re , eth er

.m-v - cs L u n g rec- . i ve- c  c - i t t  c i ?  h ILl.: ~~~~~~

— --
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CHAPTER 3.

THE BLUE FLAME HETEROGENEOUS COMBUSTOR

3.1 Introduction.

As emphasised in 2.4, 5 and 7 the gas turbine is the only heterogeneous , i.e.,

liquid fuelled , combustor type to have received any real attention in the way of

pollutan t emissions suppression or modelling. Promp ted by these observations a

low pollution combustor , of medium intensity and hence direct app lication to inter-

mediate sized boiler equipmen t, was designed to enable studies of emission perform-

ance optimisation to be carried out. To eliminate the formation of particulate

effluent this burner promoted blue flame combustion through the use of internal

recirculation of combustion products. Using these design principles a proto type

burner was constructed for actual laboratory testing; this Chap ter describes the

burner and fully iden tifies the experimen tal and theore tical projec t aims in

relation to this device.

3.2 Design of the prototype Blue Flame Burner.

It was shown ~n 2.5(c) that recirculation of combustion products to the spray

formation region of a liquid fuelled combustor not only enhances flame stability

but is also responsible for the establishment of blue flame conditions in which

fuel/air ratios are controllable , i.e. , Drop let Wake Mode of combustion .

Sj~ gren has suggested that this is due to the oxygen dilution effect , which decreases

the- critical velocity (2.2(b) ) to zero effectivel y (13). In orde r to derive blue

fl ame cen d ~~t ions  a b urner was designed , for operation at  atmospheric pressures ,

which featured a Coatida e-~ ector device for the generation of a controlled amount

of rtrcir cul atio n . The desi gn requirements for this device were :

i) good ~ ixi ng between the hot recirculated combustion products and the fuel

~- ray .n .d good subsequent mixing between this mixture and the feed air.

I h e  t u r n e r  is r equ i r ed  for the promotion of p revapour i sa t ion  and pre—

c t - i : . .,  i lu~ flame stability, whilst hi gh species  mix ing  ra tes  r e su l t

f r e t  the ~. i u t e r .  Hence lart;c turbulence dissipation rates are required ,

so ta-it luiXi . 0 .  use ot  the in 1*: t a i r  p re s su re-  e n e r g y  i_ s made .
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ii) a me an s of c o n t r o l l i n g  th e  degree - of internal recirculation .

i i i )  the devic e- should  be compact to enable easy accommodat ion into the

burne r combustion chamber.

iv)  p h y s i c a l  robus tness  and c a p a b i l i t y  at withstanding high temperatures.

Fi g . 3 .l  shows a scal ed long itudi nal suction throug h the ~.re- totyp~ blue f lame

burner , which  was of tubular constructAo.I . The Coanda ejector consisted of a

narrow annu la r  s l i t  a d j a c e n t  to a curved  s u r fac e , the  e j e c t o r  t h r o a t , and was

positioned ii’ the combustion chamber as shown in Fi g. i.2(i). Air is introduced

to the chamber via the coanda slit and is attached in the for., of a jet layer to

the curved surface , attachment occurring by vi rtue of the Coanda effect. Since

the re is a p r e s s u r e  drop  across th i s  luer (see Fig.3.2(ii)), the jet flow has a

fin ite entrainment appetite , this is satisfied by the internal recirculation of

combustion pro-lucts around the periphery of the coanda uni t, as shown in Fi g .3 .2 ( i ) .

The expe cted gaseous flow pattern in the remainder of the burner  is a l so

illustrated in this diagram , as is the main flame zone . Fig.3.3 presents details

of the actual construction of the coanda unit , no te that accurate machining of the —

two princi pal compcn ents A and B was demanded. These two components were spaced

apar t  at a distance corresponding to the slit width S which was determined by the

thickness  of the b rass  shim interposed between the two; as will be seen in 4.5

the slit width controls the ejector entrainment ratio and hence the internal

recircul ation ratio . A and B were machined from mild stee l and locked together

by three screws; the comp lete ejector was held in position by two brass bushes ,

pl us two mild steel spacing sleeves , Fig.3.l. Now there is a design criterion

fo r  the ac tua l  a t t achment  of the air  j e t  to the curved surface, this is (90) that

the ratio of the curved surface radius to the s l i t width should be at least 25.

Air was fed  to the e j e c t o r  u n i t  Iron  the a i r  manifold formed by the burner head—

p la te , t a i l p l a t e  and i n n e r/ o u t e r  c a s in g s ;  no te  also that a small “reservoir”

exists behind the slit for cooling purposes p lus the damp ing of i n l e t  a ir  pressure

r i . uctua t : - as.

F tie L aas i’ ‘ected ilito the combustion e hj i : h e i  h~’ I c u J . S  of a simp le pressure

j e t  a t - . : - l  S O t  f l O t I l J l t . l  t ly 0 . 05 g-.il/hr(psi ) 2 F] ow N u be.  (0. ~ gal ‘hi dt 160 p s i ) ,
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which is shown in d e t a i l  in Fig.3.4. The atomiser was of r e l a t i v e l y  low fuel

throug hpu t  but  was used so tha t  good atomisation , i.e. a relatively fine initial

size d i s t r i b u t i o n, would be achieved.  I t s  spr ay angle was onl y 45°, this  minimised

the undesired imp ingemen t of the spray onto me ta l  s u r f a c e s .  The a tomiser  was

mounted on the end of a wa te r— coole  copper  fue l gun so tha t  i t  would not overhea t,

in additi on a sintered bronze fue l filter was used as a blockage—preventing

precaution . The atomiser seated onto an annealed copper washer , Fi g .3 .4 .  The

resulting fuel spray is firs t mixed with combustion products , to prepare it for

igni t ion , and then p rog res s ive ly  with feed air through the  coanda ejector throat.

In this way bl ue flame conditions plus a degree of preva;)ocisation and premixing

(2.5(c)), pri or to the am reaction zone downstream of the e jec to r , are both

obtained.

I t can be appre i aced , from Fig.3.l , that the feed air is preheated in its

passage throu gh the air manifold , this again promote ’; rap id vap ourisation of the

fuel spray. The most important feature of the burner is the ability to control

the overall flame fuel/air distributions and hence roan flame temperatures , due to

the design requirement of Wake - Mode drop let combustion .

Exc pt where previous ly described the burner was cons tructc-’i throughout

of mild steel -~~a:e a very large prototype lifetime was not essential. As

• detailed in Fig.3.l , the larger sections of t Ie - burner were fastened together by

means of 8
” BSW nuts and bolts , thin asbestos sealing gaskets being interposed

between each section .

3.3 A Two_ Sta- -- ~ Combus tor Configuration for Minimal Emission of Pollutants.

The blue flame burner unit describe-d in 3.2 is intended to form the first

- ‘ stage of a 2 stage combustor configurati - .-:: for liquid fuels which is potentiall y

capable of min imal emission of all major pollutant species. It should be possible

to operate this first stage fuel—rich , as explained in 3.2, so that prevailing

temperature s in this unit could be substictial lv reduced , without the usual

t - c rt:ation of soots , due to the blue flame peration . Since NO formation is so
x

strongly dependent on peak temperature , see 2.5(a), t e  emissions of this pollutant

species f rom the first stage should be low. Sct
~ 

should be similarl y controlled
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because it is predominantl y sensitive to  local oxygen concentration. Combustion

is then completed in the second stage with secondary air where the CO and UHC,

evolved as a result of the first stage fuel—rich operation , are burned off . Inter-

mediate heat removal between the two stages is emp loyed to red :~ c the second stage

flame temperature to levels where further N0
~ 

formation is small. L r i~~s ion s of

all the major pollutant species from the 2 stage combustu- r ~h uil d then be supp-

ressed , provided that complete combustion of UHC ’s etc. is obtainable in the second

stage. As explained in 2.5(c) the 2 stage combustio :. ide -a is ce rtainl y n ot new ,

although the concept of using a blue flame burner for the- first stage perhaps is.

The 2 stage conbu~ tor described above is illustrated schem aticall y in Fig.3.5, it

is anticipated that control of the 2 stage device could be effected by means of

a peak—seeking control system with an infra red detector on the second stage to

sense overall stoichiometric operation .

This p ro j ec t  focusses  i t s  a t t en t i on  upon the blue flame burner , i.e., the

firs t stage unit , since the characteristics of this device largely control the

overall combus tor performance with respect to pollutan t formation . The succeeding

stages of heat removal and final burnout are considered to be relatively conventional

operations and to require less attention at present.

3.4 Modelling of the Blue Flame Burner (BIB).

The value of an analytical mode l for predicting the emission performance of

heterogeneous combustors was clearly demonstrated in section 2.6. For the actua l

• optimisation of the BFB emission performance it was therefore decided to develop

such a mathematical model. The mode l was required to be app licable to this

particular combustor , but to proceed preferably along ge-nc r - i lines to enable

applica tion to other liquid fuelled combustor t y pe s .

The prediction of soot formation for the BFB is conveniently not required by

definition. As mentioned in 2.2.(d) the reaction kinetics for Ct) and NO formation

are reasonably well known , hence a primary requiremen t of the model was that it

s h o u l d  be capable ot prediction of these two species; since the e m i s s i o n  index of

each et t~~. SC S~~e-~ Ie~ fr~~ j :cr t ly vary i n  a L u n f l i u t i n g  manuet (2.5(a)), this shou ld

provide good te-sc toi th e model. i c  r e au ti tu kinetics describing SO~ formation
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are no t widely agreed upon , so that the burner was run on kerosine since this

fuel is usually rel at ively sulphur—free.

The BFB should also be a convenient device - to mode l since its expected flow

pa ttern , 3.2, is relativel y simp le; this is certainly true when compared wi th

that of a gas turbine , 2.4(a). The BIB flow pattern in fact is largely two—

dimensional.

As concluded in 2.7, a WSR submode l in which evaporation , turbulent mixing and

comp lex re-action kinetics are all incorporated is required. The stirred reactor

network should also include interna l recirculat ion effects , hence a submode l for

the coanda ejector unit entrainment parameter is needed.

3.5 Experimental Measurements Required.

Kerosine, then , has been selected as a test fuel for the BFB due to modelling

considerations , use of this fue l has a second advantage in that it can be atomised

extreme ly efficientl y ,  this being due to its favourable physical proper ties.

Hence sprays of relative ly f ine initial size dis tribution should be produced by the

pressure jet atomiser , this is desirable from a blue flame combustion standpoin t

due to superior ev.~y-~r~~tion rates p lus lower extinction velocities , 2.2(b).

Testing of t i . - p r o t o t y p e  burner , with kerosine as the fue l, is hence required in

orde r to a s c e r t a i n  p r a c t i c a l  b l u e  f l ame operating limits ; in addition , the

necessar~- air pressure drop to drive the burner needs determining. Clearly the

p r o t ot ~- ; c  should  a lso be t e s t — r u n  on lower grade fuels.

In order to test the emission performance of the BFB it was decided to

nicocore the composition of its ex i t  flow with respect to CO and NO over a range

of operating conditions. It would then be po - -sib l e to directly compare the experi—

mentally—determined values for emission c’~ the -se - two major pollutant species , wi th

the corresponding predictions of the m athe -ma ti cal mode l for these species. This

type of critical comparison is considert: d to to essential to the development of

realistic models.

A ~e-e-~ ;.d type of c~ p e -i icu -ota l measuremen t is clean ) ue-~~ ssitated , this being

thai. - -t eudo 1 input itif emm at ion. i-jr st l- , t c t’ntn,e r f i. tw - -at tern require s

d~ i~er le-d expeL L etit a l i ve -uti gat leti , so that th e s:i table stirred reactor network

•4;; * 
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can be conf i rmed  for this flowlield. Further to this it is apparent that any

measurements which could assist the characterisution of flowfield turbulent mixing

r a t e s  would  be ext reme ly v a l u a b l e , 2 . 2 ( c ) ,  t h i s  w o u l d  c e r t a i n l y  aid the selection

of reac tor types (i.e. WSR or I’FR) needed throughout the network. Secondly the

entrainment characteristic of the Coanda ejector unit , and hence the coinbustor

interna l recirculation characteristic , requires actual measurement. Also the

atomiser fue l mass flow/injection pressure calibration requires determination .

The other importan t atomiser characteristic to be measured , for a range of operating

condi tions, is the initial drop let size distribution produced.

3.6 Summary.

1. A blue flame burner (BFB) has been designed and constructed.

2. The BFB is intended to form the first stage of a 2 stage heat

release combustor which is potentially capable of minima l emission

of all major pollutant species.

3. The BFB stage forms the subject of thi s study since the charact-

e r i s t i c s  of this device largely control the overall emission

performance of the 2 stage conf iguration .

4. It is proposed to develop a mathematical model , of the chemical

reactor type , for this burner. Prir.iary predictions required are

BFB CO and NO emissions.
x

5. The exper imenta l  cha rac t er i s a t i on  of BFB ex i t  f low composi t ion ,

with respect to CO and NO , is required.

- 6. It is intended to compare the results of 4. and 5.

7. Various additiona l experimental measurements are required as model input

information , these have been identified.

Project objectives have thus been defined more fully.
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CHAPTER 4.

THEORY .

4.1 Introduction.

This Chapter presents the basic stirred reactor theory which , as outlined in

2.6(b) and 3.4, is required for the const ruc t ion  of a mathematical ~~del of any

he terogeneous combustor to enable the prediction of pollu tant emission performance .

Whils t this analysis, given in 4.2, is of comple tely general application, the

succeeding analyses for the blue flame burner (BFB) spray atomisation and evapor-

ation processes are unavoidably more specific , 4.3 and 4.4 respectively. In

addi tion, a simp le mode l £ :tr the coanda ejector entrainment performance is given

4.5, this enables the prediction of burner internal recirculation levels to be made .

4.2 Heterogeneous Well Stirred Reactor An~~~~sis.

In the WSR analysis the liquid p hase is considered as being presen t in the

reactor in the form cf a spray of fuel droplets , around which the bulk gaseous phase

coexists. Contrary to usual practice the volume of the reactor occupied by the

liquid phase is assumed to be finite even though it is ..moall due to relative densities.

This allows the development of a mo’e rigorous analysis which is capable of general

application, and in par ticular to the case of a heterogeneous combus tor primary WSR,

in which very dense fuel sprays may be present. It should be appreciated that for

most reactors the ratio of gaseous phase to liquid phase volc-ne is very high indeed.

Although the three processes o~ evaporation, mixing and chemical reaction

usually proceed more .r less simultaneously in any combustorr 2.2, it is convenient

to forrmulatc the anilosis so that they are considered to occ-o : in any STEADY STATE

r eac to r  in serie- :, wiiLc c Foec.s reasonable i :ric 1’ l’ . This rtartiog point enables

t he- &c~’ml ua t i -m o~ re - . : ‘ - ~~
-
~ ~- m o . u s  phase rp ec~es c~mce~~~ *i ~~’5 after the evaporation

~‘r ! ~ i - - i r , ;  ‘ :r : c e n - - os. ~~ c i n  J o tc r mo d iu t e  C~~n c o m t ’a t i o n s ’ thor effectively define

re ho:, m- :e .io ‘ f o o -~ ‘~ tho chem ical 1t nc~~ on pco c r c-. , i.e. PSR type calculations .

- us t t -
~ ~rIerm - i hown 0 T~ L Jo IV belo~-i , the oxidan t h-’ing assumed to

— 
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TABLE IV. WSR COMBUSTION SCHEME

(1) Liquid fuel -
~
- Evaporated fuel (unmixed) EVAPORATION

(2) Evaporated fuel (unmixed) -
~

- Evapora ted fuel (mixed) )

Oxygen (unmixed) -
~ Oxygen (mixed) MIXING

Nitrogen (unmixed) -
~ Ni trogen (mixed) )

(3) Evapora ted fue l (mixed) }

+

Oxygen (mixed) }

-‘- Combustion products
Oxygen (mixed)

+

Nitrogen (mixed) }

to consist  of oxygen and nitrogen i.e., a i r .  It is important to consider the

mixing between these two components of air since NO pollutant predictions are

required; the intimate mixing of the oxygen and vapourised fuel species on a mole-

cular scale is a prerequisi te of combustion .

The feedstream to , or product stream from , any reac tor is assr~~ed to be

• composed of any or all of the eight general species in the above scheme — with only

fuel existing in the liquid phase. This is important as the analysis then becomes

comple tely general, enabling app lication to any reactor in a particular network.

Fig.4.l shows the composition of the general two phase steady state reactor, note

that the liquid phase is drawn coalesced in the interests of simp lici ty. Transfer

from the liquid phase to the gaseous phase is provided by a mean fuel evaporation

rate FE; the rest of the variables to be used are fully exp lained in the Nomenclature

The analysis also assumes that the product stream conditions ate identical with those

in the reactor and that the mean residence t ime of each phase itt the reactor is the

same . The latter assumpt ion is theoreticall~ incompatible with the existence of

i rc-lative v~ J r ~~it ‘ -
~~ ~- :a -- th~ hulk pases or . the fuel droplet s, although it great ly

sim -- ’ifier h o .h ~~c ~- t ; o a’ .”ai:; and t h - - co.~~ ~~~~~~~ o~’ ft’n~ c”~r-tmib ution around

nv :oir ticulor rencter -~~ . -~‘-h . This assnr ~ot ion  is o--:ployed as a f i r s t  approxi—

m it i o n  in t h i s  stud; -  l o t  ~ r e f i n e me n t  could ~c ma to inc~ rp or o t e  unequal phase

resili ence t im e  cf fe~ ts.

— ‘~t .t —
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The other assumption made is:

Rate of formation of mixed fluid (mass of unmixed fluid) /t ,

this rate being considered to be the same for each of the three species in (2)

listed in Table IV. T
D 

is the characteristic turbulence dissipation time , which

may be shown (2.2(c)), to be re lated to the system geometry and operating

conditions .

Total reactor mass = Tn + e (4.1)

Total reac tor vo lume = -~~~.- -4- -~~— = V + V = V
~
D

G ~L C L

The reac tor mean residence time is defined using exi t conditions , since these

are representa tive of reactor conditions , as:

= _a. = _~~~. (4.2)
Tn

2 
C~

Using (4.1)

T 
V (4 3)

S f m ~
+ —

Gaseo us phase mass balance.

• . . dm (4.4)
in

1 
- m

2
+ F ~ ~~~~m~-

Liquid phase mass balance.

• . .-, dc
0
1 

— 

2 
— FE = (4.5)

Note: < >

Mass balance on unmixed fluid_in th~~~;asccus jhaso .

d (ra~ )U • , • 1_i
___  = m ~ — m  ~ — —- + FE
dt I u 2 u

i .e .  a l l  evaporated i ~c~ttid enters rh unmixed fluid before mixing.

~ -~r 
+ 

~~ ~u 
- - —--s + ( 4 .6 )

t o t r i c t ~ r’.~ ~~;:-~-~.J-~ frc-—i ~~~~~~~~~~

I_ i • Im —---- 1:: ( -  -• q- ) — -— - - + I- (1 — : -  )
dt 11 T tip
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dp
Now, at steady state = - . = 0 so that:

m/th
In in 2 

= 
S (4 7)

rn
1 

in2 — FE 1 — F~E/th2 (1—s)

where, = FE/fn
2 

(dimensionless) (4.8)

Hence :
(q t  ‘ —

~~
) ( 1 — 8)

O = 
u - ~~~~~ + — (l—~~~ )11

~ ‘(l— ~3) + ~
•
.
. = 

U (4.9)
1 + ts~

where ,

~
t SD 

= T
S/TD 

= unmixedness parameter (2.2(c)).

For given TSD’ 
FE and feed conditions then , (4.9) and ( 2 . 2 2)  define the proportion

of the steady state reactor gasecus phase which is unmixed (final reactor value),

in practice this will be small for all hut inefficient reactors.

Composition of feed stream for fuel vapour reactant:

rn1 Cf = rn
1~~~

wf 
+ rn

1
(l — 

~~~~ ~
‘f

. .  C~~ = 
~~~~

‘ w~~’ + (l— ~~ ’) Yf
’ (4.10)

Similar ly for feed stream oxygen, ni trogen and also for any other general

combustion species (subscript cs and only existing in the r -ired gaseous phase):

C ’ = ~ 
‘w ’ + (1 — 

~~ 
‘)  -

~~~
‘ (4.11)

I , 0 u 0 u

C’
N 

= 
~ 

W
N 

+ — 

~~~~~ 
T N 

(4.12)
2 

u 2 2

C’ = (1 — j
’) y ’ ( 4. 1 3 )

Analogously the reactor composition may be expressed:

= 

~~ 
+ (1 — ~~ 1

ç

C + (1. — 
i

2 2 / ) (4.14)
* )

C ,. - . + (1. •
~ 

(4 ) 5

F -
. 

h1

* )
c ~~ ( 1  - ) 

~~Ii CS -

— (-5 —

-- -
-, 
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~~~ (1) th e super scri .nt * denc .t os  intermediate values i.e. before chemical

reaction.

( i i)  0 1
f + W~~~ + U ’

N 
= I + + ~~~ = 1]

2 2 2 2

Unmixed fuel vaoour mass balance.

d(n~ Of
) mift W~

(it 
— = rn

1 ~u 
W j

’ — 
~~

Z u W~ + FE — (4.15)

But, L.H.S. of (4.15)

u 
flI()

f dt 
+ 

~ u
0 f dt 

O

d~ f
since —

~~
-
~
-— = 0 also.

. 0 (1—6 ) 
~u

’
~f ~u

C
f 

+ 
~ 

— 

~~~~ 
T SD

(l— L) L)
f ~~~f 

B o ’(l—B)
= 

~~~~~~~~~ 
~~~ (l-e) 

— (4.16)

using (4.9)

Unmixed oxygen mass balance.
CL)

d(m~ o~~) 
U 0

2
• 

dt 
- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
(4.17)

d~0

Hence using the above technique and ~~~~ 
= 0

-- 6 )  00

00 ~~~~~~~~~~~~~~~~~~ 
(4.18)

2 ~~~ (l 
— 

( )  i-

Um si;’ed uitropy n r-i~ass L-c’ l ::arc

51~( (f
d (r12 0 ,  ) - u N
______ = 

~ 1~ u
’0N,(

’ - tt
~~~ti0 N 

-- _______ (4.19)

So that: -(1 — 6)  0
N

0
N

2 

(4.20)

T~ c :- ’
~~~r t~ ~‘~~ya :h~ ro irod o~ nrr~ s~ mar f o r  thm *n .teLa~r l i i at c  concentrat ion s

o~ the mi --’:~ - c - s::rats flp” r ’ e ~ ~- ‘ - .~: . (‘a r - n ~~os , n r r r  b:~~ca c m s  a r r  m c~ p er f .or rod

cr t’~e r’~ :-:s~ pot :i~a r~~ Ct ~~ rea ’-~~~- p a r ’~ ’1ts p : - a r o .

— ‘
_
- -5 —
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Mixed fuel vapour n-~ss balance .

d(m(1—~ )y *) 
~~ 

O
f

______________ — m
2 ~~~~~ 

+ . (4.21)

(Jy *

Expanding the L.H.S. of (4.21) and using —*-—- 0

O = (l_B)(l
~~ u

’)
~~f

’ - 
~u,1f

* + 
~u
0fTSD

( l— 6 ) (1 —
~~~

,
~~~’)1

f’ 

+ 
~~

U
f

T cD
• 1 * =

£ (1- ~~~)

- 
- Hence, using (4.9) and (4.1.6) r~ 

‘(1— ~ )w f
’+~ l

(1_6)
~~

_
~~.

’)(i+tSD)Yf
’+(

~ u
’(l_B)+B) 

[
~ -U ,(1_

~~
)
~~ 

~ j  

T5~

(1 + ¶ 5;.) ) — 

~u
’
~~ 

— 6)  —

• If
* 

( l_ 6)( l_
~ U

t ) ( l + T CD)Y c ’
~~
:5D (

~~C1
’ ( l_ 13 )W

f
’ +6) 

(4.22)

• (1 — .3 ) ( l  — 
~~~~~

‘)  +

~ ixe d oxygen mass balance .

d(m (l_
~0
)Y*O ) m$ W~~~

____________ = th (l- -~ ‘)y ’
~~~2

(1
~~ 
)~ * + - — (4.23)

1 U -,~ u 02 tJ)

Usiog - —
~~~~

- 0, a — ;imiia r ea:sression is obtained:

• 
(l_

~~
)(i_p

U
’)(l+T

sD)i
’
Q 

4 T~~~~~Ô ’ (l—B)o ’
~

1* = — — 
- 

—- — .. • .  (4.24)

- ~~ - 2 (1 — S)(l — 
~~ ~) -

~~

~1ixcd nitrogen mass bal ance.

) m
~~

CL)
N

= fi,(l-~ ‘)y
~~, 

— 
~)(1~~ )T* + (4 .25)

I )t - . U N
2

So th~~~. 

* 
~i-() (l- -~. ’) 

~~~~~~~~~~~~~~~~~~~

= - ._ - _ .
~~~~~~~~~~~ 

(4.26)
( 1 — 

~
) (1 — + T ra
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General combus tion (non reactant ) species mass balance.

d(m (l—4 )y * )
U CS 

— = — 

~~~~~~~~~~~ 
(4.27)

dt

(1_ ~ )(l_q~~’)(1+t 5~)1’~~5. 
* = (4.28)

CS (l_
~
)(l_ t

~
t u

’)  + TSD

Equa tions (4.22 ,24 ,26 ,28) thus define the required homogeneous feed prior

to chemical reaction . Examining these:

A — For ~ 
‘ = I

U

i.e. a feed of unmixed reactants only .

1* = (l—B)w f
’ +

= (l~~)~~ 
‘ and = (l—B)w ~

2 2 2

1
* = 0

Cs

— For ~ 
‘ < 1

U

i.e. As; T SD ~ 0 , . • ÷ 0
1* +

1*0 ~ ‘ 
~~~~~~~~~~

2 2 2 2

- - 1* ± 1’
Cs cs

or TSD~~~~
÷ 

: 1* -
~~ ( 1—~ )C

f
’ +

-
~
- (l—B)C ’

0 ,

2 2

*N (1- -e)( ~~~~2

Y *cs

Havin~; def ined the ‘ip.termcdiate ’ coriposition of the gaseous phase , i.e.

af ter the ev~pora ti.rn a~-’d mixing proces sor , t i ’ o  f u r th e r  balances can be made

in order to Charactorise the reactor gaseous phase final cc’r’positiofl, i.e. after

the final chemical reaction process. fl-rrn halarces are t l -~ familiar ra te—

- -



limited PSR governing equations , in modified form , al though again for steady

sta te. During the chemical reaction process the mixed gaseous phase concentrations

1* change to give the final values ~ ; the unmixed gaseous phase concentrations ~.

naturally are unaltered although these species do contribute to the mean gaseous

phys ical proper t ies  of i) enthal py ,  ii ) spec i f ic heat , iii )  densi ty  and iv) molecular

we ight .

Chemical reac tion, mi xed species mass ba 1~ nce.

______  - 

) (l  
- 

~~) + 
~i = 0 (4.29)

for i 1, MT . MT = Tota l  number of mixed gaseous species.

Chemical reaction, gaseous phase energy b a l a n c e .

MT NT

(-~~*~~~ )~~* - y.h.)(l-~~) + ~~~~~~~ h~)~ = (4.30)

i=l i=rIT+1

= 0 for adiabatic operat ion .

The species chemical kinetic production/destruction rate is:

= (a . .  -- 
~..)(F. 

- B.) (4.31)

Now the forward and backward (respectively) reaction rates are related to the

reactor gaseous phase (mixed) species concentrat ions by the expressions:

MT
0-  1J

F. = f.X. J (~~ (l-~~ )y .) 
~4.32)

k~~-r

B = b .X .°i1
~~ ~~~ (~--~~,

)1
~

) (4 .33)

whore X. i a t i  r I . - d ~~ i d i  rsaciat es re i r t i  - ‘s :

-- .50

-

~ 
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MT

X
i 

= d~~. (i-..
~ ~~~~~ ) 

(4.34)

The forward reac tion rate constants are defined as:

f = A . T 3 exp (-E ./RT
2
) (4.35)

The backward reaction rate constants are simultaneously fixed by means of the

roi -ti on equilibrium constants:

b - f K- - 
-~ 

— 

-~ -~ (ó . • —a • ) (4.36)

K. = K~ (R ’T3~~~ 

13 13 

(4 .37)

KY = exp (—-\F./RT2
) (4.38)

= exp 

[~~ 

~~~ (~~..
_
~~.~~)F.

°/RT~~ (4.39)

The sy s te~r of equations is comp .i .eted with the equation of state~

NT

~c 
4-~ T1 = p~ R’T 2 ((l— ~~) ~~~~~

-) + p,~R ’T
2 

(~ ~~~ 
(4.40)

i~~l

No~ the thc r 5a 1 pr oper t ies c-f each species are described by means of the general

polynomials:

3 4
- - 

C / R  = a, + a .)~ +~ .1
3
1 - + a

4
T + a

5
T (4.41)

11
1

/RT a
1 

+ -
~~~

- T 

~~~~~ 

1
2 

-

~~~~ 

T
3

a

+ 
~~ 

T
4

a

+ 

~~~ ~a 

(4 .42)

F
T

/RT a
1
(l-lnT)- ~~ T 

- 
~~ T

2- ~~ T
° - ~~~ T

4 
+ - a

7 
(4.43)

the coeff icients for  a large range rf species ~re presenta-~ 1.-~’ McBride et al (110),

a1 , -, far ~~~~ .- ‘~ sçeei  em -r~~ ~~ )‘i.’~en for e~ ..h c-~ the two r rsusc~r; a rang ar 300±1000K

- 
- ~~~~~~ ‘ ‘~ ~~~~~ r o n ~ cr~ ~o~s Ii r t~~u;: I - - t a - e t i .ned , this ti’ay

- ~~~‘ - or - ’ - ~ final ‘_ ‘ &i . rli ri - ’~.~~~. ;-
~~L~~-:-sr

a -~~~~~~
. 
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Cf 
= 

~u
0f 

+ (I — 

~u~~f 
. (4.44)

C = 
~ 

+ (1 — 4 )y ~~ (4.45)
U

2 2

C u + (1 — t~ )y (4.46)

~~~ 
= (1 — (4.47)

The complete system of equations (4.l-’47) characterises the general heteroger~ous

partially stirred reactor, WSR, for steady state operation . Application is readily

extended to the homogeneous case by specifying:

C 1 
= c

2 
= = 0

V = V~

4.2(a) WSR Solution Technique.

Equations (4.1—47) constitute a highly non linear set of equations, due very

largely to the exponential dependence of chi”mical reaction rates upon temperature ,

(4.35,38). In addition ~E is a complex fu~iction of temperature T2 and staytirne t~~’

as will be shown in 4.4. Hence the WSR governing equations have to be solved

iteratively, as Fig.4.2 illustrates. This technique is based on the numerical

method of PSR solution developed by Osgerby (115), in which a Newton Raphson

Correction procedure is emp loyed to converge on the FSR system solution, from an

initial guess. Before this ~1SR solution technique can be used it is necessary to

supply a reaction kinetic scheme, rate data , thermodynamic daLa plus the prevailing

feed conditions . Fig.4.2 also shows the initialisation steps required by the

technique, note also that an equilibrium composition calculation constitutes the

initial guess. Details of the equilibrium calculation are given in Appendix E.

An inherent advantage of the WSR fornulaticn presented above, 4.2, is that the

already developed Net-it- n Raphson mathematical procedure of Osgerby can be

incorporated , after a certain amount of modification which is outlined in Chapter 7.

Further details of ~~~ a’~ttial Mcwton Rapismon procedure 
,r o given in Reference (115).

- -  ‘I --
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4.2(b) PFR Formu1atio~~ 

-

~~

As described in 2.5(a) a PFR may be reasonably approximated by a series of

P 10 WSRs in order to simulate the characteristic burnout produced by this type of

reactor. The first WSR “subvolume~ may be solved using the iteration technique

just described whilst the second and subsequent subvolumes may be solved in the same

way but with a modified initial guess. The new initial guess is provided by a

linear extrapolation for T and ‘y1 from the previous subvolume converged values.

4.3 Pressure Jet Atomiser Characteristics.

As explained in 2.2(a), Bowen and Joyce (6) obtained a set of empirical

correlations for describing the Rosin Rammler Initial Size Distribution (ISD)

characteristic for any given pressure jet atomiser and injection pressure Pf.

A modified version of these correlations yes employed for the prediction of atomiser

ISD in the blue flame burr-er mathematical m dcl.

Using the same notation as in 2.2(a)

- k
X (0.3358 - 0.02427 F) (4.48)

f

• 
log10 

k 2.7008 + 0.2162 F (4.49)

= 

F 
0.O25C9 1) 

(4.50)

As discussed in Chapter 7 the values of x predicted by (4.48) did not correspond to

the experimentally determined , (5.7), value . The value of the ratio (x/S~~) as

predic ted by(4.48—50) did correspond to the experimentally—deduced value however.

In view of this, the above correlat:lons were adjusted so that they predicted the

measured Rosin Rammier parameters (superscrip ted variables):

x (0.6119 — 0.011 P
f
) )

) (4.51)
SMD” CMD(O.6119 — 0 0-11 Ps.) )

t - ’o  Rn i. in F iar- 1.cr e: ~~~~ s ;~iv~n ~~ t’-o equation :

F(1. - JH) = f~—~-~ 
(4.52)

— 72 —

— —--—- .
~~~~
..
: 

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

-
- 

~~~~~~~~~~~~



--

since the Gan~na Function F(z), which is defined mathematically ;

F(z) 

f 

t
Z 1  

e~~ dt (4.53)

has the following recurrence relation :

F ( z + l )  = zF ( z )  = z! (a > 0) (4.54)

Now, for the following range of a and hence n, the Gamma Function may be conveniently

fitted by the polynomial:

2 3 4 5r(z+l) = 1 + a
1

z + a
2

z + a
3
a + a

4
z + a

5
z (4.55)

a1 
= — 0.5749

“2 
= 0.’)~~l2

= - -  
~~~~~~~~ 

)‘~

a =4
= — 0.11)11

for z = (1 - 1/n) and 0 ~ a ~ 1 i.e. n ~ 1

the polynomial being obtained from hastings (118). For given x”, SND’t then,

equation (4.52) may be iteratively solved for n.

Before the above correlations can be used it is first necessary to know F as

f(P
f) as accurately as 2ossible fo r  the BFB atomiser , the experimental determination

of this function is full’; covered in (5.6).

Fig. 4.3 shows the ISD characteristic for  this atomise: which is predicted

using equations (4.48-55); the volume fraction of the spray in each of 20 size

intervals of l2~ is given for a range of fuel injection pressures . Thus the size

distribution of the fue l spray generated by the burner atomiser can be directly

compu ted and used as input to the evaporation calculations.

4.3(a) ~~~~~ Jni i a I Mean Ve1oci~~~~

Equation (2.9) ~ ‘~‘ ~e u :ed to calculate v (o), the spr;-.y initial mean velocity,

fo r  a j~:c.~ - - r e ~~~~ a’~~~ir~ — j - - - -
~~~~ r!i n~ th ~t C t e coef1~.c~ i-r~: of discharge at any

2~~ is ~~~~~~~~~~ ~~er 
(~ fl : -  

~~~ a of ~~~~~~~~~~ ~~~ ~~ of fo r  a range of

~-~C .‘~~ - ‘- ‘-~~r ~~-i i -
~ 

--r --- -~r o t i c - -! - i - -
~- - ~~t c r :;  ~ F . 4 .4 .  Nce-i d for  the bluep 0

73 — 
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flame burner atomiser is 0.008 inches , i.e. outside the range of Tipler ’s data,

as Fig.4.4 shows this data was extrapolated (by means of a crossp lot) to this value of

d0. The extrapolated curve was fitted by t }-c simp le expression:

C = 0.0564 + 0.0117 Pf
2 + 0.00312 P

f (4.56)

(0 ~ Pf ~ 200 psig)

For kerosine fuel of densi ty 790 kg/rn
3
, equa tion (2.9) becomes:

V (o) 4.179 C(Pf)~

Now the cone angle of the atomiser is 45°, as illustrated in Fig.4.5, so that the

mean droplet t r a j e c t o r y  en~-le 0 is eciual to 11.25
0. Hence the final expression

for V (o):

V (o) 4.179 ~~ (P
f
)2 cos ~ = 4.098 ~~~(P

f
)2 (4.57)

hence i cr  eav P t~:e c . r r c i j . as d~ og V (o) i s  r ead i ly  computed for use in the time

depc:s~ c:~t evapora tion calculations. The actual atc-misation process is assumed to

be ins tantaneous. 
-

4 . 4  Ev;-porarion Theer’- .

T~~ b rsic rcquircrc.nt of any theory which attempts to describe the evaporation

rate of a mul tisire fu~ 1 spray i.s for an ex~-r cssion which describes the evaporation

ra te of a drople t of gi-men diameter. Virtually all the expressions proposed to

date have been for the Diffusion Mod2 rather than the Wake Made of droplet

combustion .

Prober t (ic’! was the first investigator to assume that ti- e evaporat ion rate

th~ is propor tional re droplet diameter , ~e derived the well kno~~s d
2 

law which has

been widely emp loyed in comb ustion r~~dels for  monosize sprays and frequently

validated experimentally, e.g. (19). Many of the drop let coL.bustion models that

have been formulated to date have bc-en based on the spherico—synmetric approach

for steady state i.rcb ac5. c c c nd it i . c n r -  and i irgle componen t spherical fuel drop lets,

these r”~’~--~ s 
‘rs-;e i~cd- a c-~~ ~~~~

- Ui~ ii r— --’c - Fig . /p . (~ i~ 1ustrates the

~ p ’ re - ‘  ~ .- o  i s ,  S oonc,~ ~-~ rc~
1 i n  such ~~r o-ich.  The

~lr ~~— ‘ ‘. cv ~~~~—i t ec  ;‘--“~ m r s  as e of s- a -nt ’ . - : , slam r~~. -‘yi ’~nt and fuel are

ini t iall y F e p a r a t .  ~~~~~ ~~nl \-aj-csr an ’~ o~~i.~~in t  h -rn  in a r~~r c~~.er diffusion—

- 

—

~~
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controlled flame surrounding the vapour film. Heat is transferred by conduction

from the flame zone to the droplet to provide the latent heat of vapourisation of

the fuel drop let. The following simplifying assumptions are usually made:

- 
- i) exothermic chemical reaction between the fuel vapour and oxidant

occurs in the flame zone, where they coubine in stoichiornetric

proportions.

ii) chemical reaction occurs instantaneously so that the flame zone is

infinitely thin , the partial pressures of both fuel vapour and

oxidant are zero at this point.

iii) chemical reac tion proceeds to comp le tion , so that it requires no

activation energy .

iv) the droplet teciperot ure is uniform and equal to the fuel boiling point.

v) radiation and therma l ditfu~ ion effects are negligible .

vi) the Lewis number is unity.

Godsave (21) obr~ ined an expression for i~- which was a function of flame radius,

this suffers the drawback that this radius is extremely difficul t to estimate since,

as has already been demoam trated (Fig.2.5), the reaction zone distorts under the

smallest relative velocity — even without taking turbulence effects into account.

Other examples of solution s to the spberico—svnmietric mode l governing mass and energy

balances are provided in references (22—26). All of these are naturally app lic.ible

to the diffusion mode of droplet combustion and all assume cons~ ant transport prop-

erties in order to siv~plif~ the derived expressions for practical une. The latter

is a drastic assumption since transport j-r;rert es are a strong fs~~cticn of both

chemical compositi oa a-~~ tE-~m-crature .

yore sophisticatcd ora~ yses of evaporat- cn effects have hc a developed with

vary ing degrees of i~-io~ css , for a revi cv of th-~~n roe Williams (yr).

For the U~ R nc-1a1 aed h1~ie f l ame  cc rd it ~ -: - ’-.~, ,  .0 .  dac- p let v:~~o mode of

combustion , an exDre -
~;i’- a droplet evaaorat~ - c  rare c-r i-; is rcquired since the

b~i:nia~; prccc-s , u’-ic~ in i - a , a ~ iio s-~~~~~~.r n — n  -e~.n ~~c t~-~~e model , is

describ ed by renarate reaction kinetics. The v ;aou r is ed  fuel in the wake mode

of - oab p r  t~ on in- coon c’r’~ cH t o  mi:: and subneqi--~niTh :-aac- lz ~~~~ th ox idan t  downstream

f r ;n ~ t ’-ic drc)~ cr of ca-i g~r . -a n- 1 i m r w ;se d  in  2 . 2

— 7 _
~ 
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-
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4.4(a) Blue Flame Combustion, Evaporation Rate Expression .

Now in the general spherico—syir1metric evaporation model of Wise et al (120) the

following equation for static evaporation rate th
E is derived:

4rA r 
‘
~O ~i C ‘

~0 ,~~~
= 

L 
in[~ (1 + 

2’ 
~ 

— 
~~~~ 

(
~ + T

L 
— T )(l + 

~ 
2] (4.58)

CB P D B CB P D B A
Bwhere , = 

~2 
= 

AA B A

Instead of making the common assumption of constant thermal properties it is now

assumed that, for blue flame conditions , the ratio of Y0 ~/i is very small. This
2’

is justified by the fact that the gaseous oxygen concentration is sma anyway under

these conditions , 2.2(b) and 2.5(c), also by the fac t that the stoichiometric

oxidant/fue l ratio foz kerosine is about 14. Hence (4.58) becomes:

4~ A r  C
th
E 

= 
~:L ln [

~~~

_ ..
~~~

( + T
L

_ T
~)1

4i~A r
= 

B L in fli + B —1 (4. 59)
L evj

C
where, B = —

~~ (T —T ) = Evaporation transfer number for blue flameev L L
conditions.

The evapora tion expression (4.59) is realisticall y independent of either oxygen

concentration or stoichiometric mixture ratio , the expression reflects the observation

that evaporation is a heat transfer controlled process.

The region B properties of specific heat 
~B 

and thermal co~ductivity A
B are

considered to be approximately those of nitrcic-~, and to be fun:tions of temperature.

Specific heat C
B 
as a f(T) is easily calculated by means of the polynomial (4.41),

the appropriate coefficients being obtained from McBride (110). The thermal

condietivity k 1~ may be described by t’
~e modified Eucken r’ethc~d 1~c to Misic and

Thodos (121), which em :Jo”5 crit~ cal ~ropei t c s~

2 / 3
fl ( 1  ‘T ~

T

c
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Inserting nitrogen properties gives:

= 1.432 x IO 5 CB~~ 
— 44.67)2/3 (4.60)

Both these thermal properties were evaluated at the mean of droplet (B.Pt) and

ambient gas temperature.

4.4(b) Droplet Dynamics Effects

Up to this point evanoration rates under stagnant conditions only have

• been considered , however since in all practical heterogeneous combustors a relative

velocity between the two phases always exists , it is necessary to include droplet

- : dyn amics and forced convection effects. The normal method of describing the

increase in evaporation rate which accompanies forced convection is to apply

an empirical correlation of thu type first postulated by Fr~ssling (31)

mE F  (1 + a Ret’ Prc) (4.61)

where; a, b and c are constants of gonerally a,sumed (26) values 0.276, ~ and

respectively; the suhscrint F denotes forced convecticn conditions. Inserting

typical values for Pr (26) , equation (4 .61) becomes:

mE F  = ~ + 0.244 Pe 2) (4.62)

As mentioned in 2.2(b) viscous drag forccs cause either acceleration or

retardation of drop lets whenever VRel (t) ~ 0 , hence the Reynolds number , which is

defined:
2 V  r p

Re = 
R” 1 L G (4.63)

is also a function of ti-e . Now drop let dynamics depend on gaseous phase and

droplet phase physical properties , as well as combustor flow pattern and the droplet

drag coefficien t It is conventional (15 ? 7O) to c~~ :nrc th~ drag coefficien t

of evaporating drop lets wi~~ th~sc of ~r~oot~- inort rp~~~e~;, although the former is a

st — ~~~ 1 amount ir’.ss tl i.ir. ~~~~~~ litter . Fi ~~~ 7 ‘p ~~~~, t  S ~ u~~~1 (~:~~a due to Rosenhead

(33~ ‘ - r  C~. ~
- -

~ ~1n tt ed ere F° ”- ~~ ~~ -~~‘‘ an~ t f~ ~~ i i n g  correlat ion

~~~~ t .~- Zah~ :

u . i~t + (4.64)
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which t i i t s  the data reasonah i s u c c e s s f u l l y .  In order to incorpora te  drag

e f f e c t s  an expression i~ re~~u ir e d  fo r  the ir -r ’lera t ion  expc r ien~:i -! i -  an individual

c~rop1et .  Vincen t  (26)  der iv e d  such an ex :~r ~-
~ ; s c  !i:

dV 3 C  p , V 2
Rel D (. Rd 

4dt 8 t
L 

1 L

In general it can be apj ~r cc i a t ed  that  fo rced  c~~uv ec t i on  is more -~i g n i fic a nt  fo r

~rger drops whose Re is i e i t ia l ly  hi gh , and as d iscussed in ~ .2 ( b ) ,  tends to remain

hi gh. The re1ati~ e ~~ l ” e i ty  is de f ined :

V R 1
( t )  = 1V c (t ’

~ 
— 

~s
(t
~ 

(4 .66)

For a discussien of the effects of natural convection and turbulence on

evaporation rates refer to () ,16) respecti~~~y.

4 . 4 ( c )  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

In order to calcu 1~~tr  f u e l  evapor at Ler -  rates under typical conditions- in the

blue f lame burner  a t im u sr e :  techni que was devised ( s i r - J a r  to tha t  described by

Vincent (26) ) in whj cl~ one dimensional  f low i s  ~‘-;~- u:- - d .  In i t i a l  atomiser re la t ive

ve loc i t ies  and the IhD were  coir’ uted u s i n g  the .-h Tvc Q” UJtIOnS , drag forces  etc.  were

reca lcu la ted  a ft e r  each t~ :~e increment .  21 ~r r ~~ s i ze  i~~t e r .~als , each of which

were represen ted  by the in~e rwaL iean d i a n c t u r , t e ~~e c oz : ~~ dered and the comp lete

t imes tep  procedure is g iven in the fl ow c h a r t  1-i - .4 . 8.  A c o m p u t e r  program was

wr i t t en  to handle  t he se  ca lc~ l~~t i~~ns , t i l ls  ~~~~~~ r”~~ified t.~~ c::ab~ e incorporat ion in

the Bi’B mode l, and is ~ul i~ desc r ibed  in  C~ ipt€- r 7. T h i s  Ch ao te ’ :  a lso presents a

separate set of evaporat ion c h a r a c t e r i s t i c s  fo r  the blue flame ~-urn or  that  were

obtained using this tieiestu-- techni que .

4 . 4 ( d )  WSR M: an E: ’ eo rat ion _ P a t e s .

The WSR analysis  p r c s (~~te 1 in 4 . 2  ~ecjuires  an express~~cn t ~~
--  i~~, the reactor

n e n  e Japor at ~ ra ra te , u h i  h dof ~ nes t ) ’  r et  t - e l . reiss t ;  .e~~f c.r ~~~~~~~~~ the li qu id  to the

~::c~~~’~~ H.-~re. ~~~~~ ‘
~~. 4 . ’) S L OY S , F r : - ~~~i f  ~ - ‘~c 1 n - ~~ ~pr a-~ r e m a i n i n g

1~ ~~t . en ~~~~~~ ~ 1 u~ t. dec ea~~~c i ’ - ’ ~linca r 1 - _ i ~: ~- - ‘. lows t ha t  the

C )~~~t ’ . ) f l  :~~~:“ of t : . - o~~ re • . t o t  c r n ~ t~~n - . ‘ ‘ ‘ n t 0 ’ ’  j ’~~r :~~- . ii la~ VSR in which

,
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fuel drop lets exist. Hence a means of estimating the mean evaporation rate is

required. Now it can be shown, Poll (2), that although it is not strictly

permissible to analyse any process occurring within a stirred reactor in a non—

integral manner, a separate PHASE may in fact be so treated. Thus the evaporation

process is envisaged as proceeding in a plug flow “sub reactor”, surrounded by the

stirred reacting (gaseous) phase. In this way the spray mean evaporation rate may

- 

• be estimated by calculating the total fuel evaporated for the elapsed time in the WSR,

and dividing this quantity by the stay time r5. It should be emphasised that this

forms only one of the possible approaches.

Now PU(t) can be evaluated by means of the timestep technique described in

4.4(c) above , it is also assumed that all of the fuel spray remains in the reactor

for the stay time as required by the WSR analysis. Again , it should be

• emphasised that it is possible to modify the analysis to incorporate more realistic

differential phase stay times.

Consider time t sho~m in Fig.4.9:

Amount evaporated during time increment At at elapsed time t

= area of shaded region

= ~ (100 - P i J ( t - -A t ) )  + (100 - PU( t)) (4.67)

Total fuel evaporated in reactor £

t +r

= 2C0 - P U ( t - t ~t)  - P t : (t )~~ 
~~~~~~~~ ~~~~ 

(4.68)

t =

h ence the required r c~~e evap o r a t i o n  rate fo r  i e i ~~t cr  c.:

FR = 1 / T 5 (4.69)

4.5 Internal Recirc u l ation Nodel.

Clearly a theoretical model i~ rew ircti  f c r  the ~re~~: ce rn of the degree of

in~ crnal recircr: lat inn ~‘cr.erated in the BFB by t he Coanda c~ cc nr device , plus

m i  .~~ :e~ ~~~~~~~~
- 
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jet flow. The governing equations were found to be very nonlinear and highly

complex. Hence the theoretical treatment of the Coanda flow was limited to the

• 
simpler momentum exchange type analysis.

Fig.4.l0 illustrates the two dimensional Coanda geometry and the nomenclature

to be used , the two dinensional idealised flows are also shown. The theoretical

model for steady state ejector operation is due to Swithenbank (38) and is presented

here.

Ejector mass balance.

V.dA . + p.V .A. — p f V d A  = 0 (4.70)

To simplify the analysis constant area mixing is assumed, .~~~. A1 
= A

0

Ejector momentum balance.

~~ v.2~~ + P~ V~
2A~ 

- 

~ 0 
r v0

2
cb~ = 

r (P P.)dA (4.71)

By the Bernoulli relatic-n :

(P — P . )  ~p . V . 2 (4.72)

Hence (4.71) may be reexpressed:

~ 1 ~ 2 2 
2

V . = ~~--~~~~
- (

~~0 
V dA - 

~ p .  V.  dA) (4.73)
i i

The skewness factor A may be defined as (38):

p 2 fA v2 d &

(
/ V dA

2 ~ .2r \ (r)r en

= ~~~~~~~~ ——~~~~~~~~~--- • - (4.74)

,f 4~
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Hence (4.73) becomes: - - -— -
~~~~

-- _.—. _
~~~~~~

.

2 2 ~
= 

~~ 
p A  

- 

~~ p .  A )] 
. (4.75)

A mass entrainment ratio ~1’ is now defined:

th. + th .
_.2 . _______ = 

1. 
~ ... (4.76)

V. A. P.in. j  in .

Now for perfect mixing, the following relation can be deduced (38):

= 

th. 
+
~~~~~~

Pj = P
iT * ~~~

. i_ l)+ 1]  (4.77)
in0 in0 

L._

Substituting(4.77)and(4.75)into (4.76)then yields the desired expression for P:

2P . A 1
1 ‘2/ P .A.

4, = .3 .3 ) (4.78)
2~~ /0

—, 1 ~

where r~ is an efficiency factor which relates the theoretical entrainment ratio to a

corresponding measured quantity, the estimation of this parameter for the BFB Coanda

unit is described in 7.2(a). For isothermal (non—combusting) flow, constant density

prevails so that (.78) may be reduced to:

/ A. 
~~= - ) (4.79)

~ 2 A - A. (1 - 1/~)2 /
0 1

which is of quadratic for- -,. h-however fo r  the cn~~~ur t ion case e~~-~~tion (4 .78)  is not

so s imple  and has to be solved i t e r a t i vely .  The er.trainn’ont ratio of the ejector

then is a funct ion  of area . aid dens i ty  r at i o s , p ’ us the inlet ard exit skewness factors.

Due to the L ih h veio:ity air jet the in le t  r t~r~~ee ts  fac t -nr  ~ ou 1e~ !-e expected to depart

from un i t y ,  the exi t p lane skewness wculd he expcct ~ d to be rel .-- ’:cd to  the turbulent

mixing rate ard the Coanda threa t  length , F-ut ~~~~ so st.r- ngl .v . Fi g . 4 .l l  dep icts the

c~ r~~ at ’ - r~~e~ ~~~~~~ f cr  vari r -n -
~~‘ n — n  c ’ -e r!~’-- ~~~~~ ~~~e tnr s , n i s  a n r i i n ~~

T~~~ 1 e~~ in -’~~ n c c ~~r 1 - o t in ~ b ~~~~~~~ ‘ ;~ t~~
-1. ~~~~‘ L~~e ~ o~-nd a e i ec rnr  m:’~’

• 
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a. —
~
- = 100 (1 — 1) 

~ • 
(4.80)

m t

The iritial m a n  gaseouS phase flow velocity 
V
~
(0) may be approximated as being

that gaseous velocity ‘chiCh exists at the Coenda unit inlet plane:

VG
(0) = Vi = 

~~~
. 

~~ ( iii— ~~~~ 
(4.81)

1. 1
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EXPERLMENTAL MEASUREMENTS.

5.1 Introduction.

This Chapter is concerned with the acquisition of the experimental data wnich ,

as outlined in Chapter 3, was necessary for model input and actual characterisation

of the blue flame burner.

The experimental system was housed in a laboratory located at the University

of Sheffield research site , Harpur hill , Buxton. Mean atmospheric pressure at

this laboratory was about 730 mm Hg.

5.2 Burner Facili ty and Operation.

Plate 1 depicts a front view of the overall burner facility, the burner exit

is ri gged with a ra~ p lir :~, stage unit which is equipped with thermocoup le , pitot

and gas sampling probes. The construction of the burner itself has been described

in Chapter 3; as Plate 2 shows it s~as rigidl y rrounted in a horizontal position

by means of a stand. A fume ejector , which is not visible in either of these

photographs, was also assembled to the rig for the purpose of rapidly removing the

hot burner exit flow f rem the building. The ejector was of the 0.22 in Olin

Matheson Coanda type and was driven by the mai;~ air su;-2 1y system, Fig.5.l. A Reavell

rotary compressor driven by a 67.5 kW electric motor was used to derive the main air

supp ly ,  up to 0.3 kg/s of air at 250 kN /m
2 gauc .e pressure was available. The

compressor was lizi;ri .:ntc-d u:~i-~r pressure  ar c h cooled F-v a ccr e~nuo’rs flow of cold

mains water. The air wac passed through a 9 t. Lre i~ er y e n  ~‘h~ch removed any

compressor c-il fr ~~D th e  a~Lr , i t  also rcrn ve~ cn~ 12w frec uor F:cssure fluctuations.

Before r e a ch i n g  th~ b u r n e r  or fume e j e c t o r  th e  air was h—a s sc ~ thvough a f i l t e r  to

remove en’ rcr ain~ nc~ oil drops or condensa tion  which n-iy have eccurred in the

~~~~~~~~~~~~~ li nc’- . ~~~~ ~a~ c~ rg thr~~1; ’.h a cc~ no~ v;- l vr t 1~~ ni~ v: umctric flowrate , 
-

~i-” ~~ I r-~nf- w:-n r~ - ‘ - rt ~~~~~~~ ~~~~~~~~~~~ ~r 1—~~n t r - h  at 150 C,

!‘ -
~~ ‘ e f e v - 2  en~~- t~~~ h v - ’o r  a r  ~~~~~~~~~~ -

.- . mnnc~’eter monit or d

~~
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Fig.5.2 illustrates the fuel supply system , throughout the majority of

experimental runs kerosine was used as the fue l although some tests were performed

using a light residual fue l oil , 5.3. Kerosine was supp lied f rom a pressure

vessel (approximately in te rna l  volum e 0.11 m3) which was p ressur i sed  to 180 psig

using ni trogen , the maximum atorniser fue l injection pressure was 160 psig. After

passing through a filter to remove physical impurities the kerosine flowed, via a

needle valve , to the actual water cooled copper fue l gun and thence to the pressure

jet atomiser. The needle valve regulated the kerosine injection pressure, which

was registered on a h c u r — h o n  p r e s su re  gauge wh: so  ca l ib ra t ion  was checked with a

Budenberg dead weight testcr.

The blue flame r e c i r c u l a t i n g  burner  was “warmed up” us ing  gaseous propane as

a fuel, this was injected into the Coanda t - ’ i t  th roa t  by means of an igni t ion

probe inserted into the burner th rough the cait orifice . Practice was required

before  troub le f ree  li ght ing  up of the  burne r  ;;as obta ined , under some conditions

the pro r  irn e t en ied  to s tabi l ise  at the burner exit  o r i f i ce . The fo l lowing

pr oc  — ip loyed fo r  l igh t ing  up the burner :

1. -in pr opan e  r a r p l y  to p i lot  li ght an igni t ion probe~ ignite p i lot  li gh t .

2.  F i l l  f u e l  vessel and p r e ss u r ise  to  ] h ~° ;~~~I3 with N 2 .  • -

3. Turn on cool ing  wacec  to fue l  gun . ,-

4. Check compresscr oil , tu rn  on cool ing  w a t e r .

5. Starr compressor motor .

6. inser t  the li gh ted  propane i g n i t ion  p-’h e  i n t o  the b u r n e r .

7. Open main air ~; c ? , -c slowly un :il s~~i~ Ia cc ’mbusti cn ( b lu ~ ) -f propane and air

• takes p lace . LJ1OW five minutes  for  t h e  burner to var;i up .

8. Open fuel injection needle valve until ~.*out 40 psig is indicated.

9. ln c r e .se f i l  a ’~d a i r  f lo w r a te s  ~‘ra ~ ua 1ly r:-.-it i l  r t e a ±~ conbustion is obtained.

t - ~~.1 t~- -~ f~ 
- n p - , t .

you t -~ 
-
, - i C; t I t .  cr o c i  n - -~ I 1 - ~~n y~~ oh ~~e’~ t~r he completely blue ,

~s re ’j 4 r- ~- . n- ’ ’ ~:
1 :; ~~~~~ ir ~- - -e cn’ r~~

-
~n ~~

- -~~~ ‘-~~~. -i--n v c-- n into the burner exi.t

n~~ ’ce. ~ LI - “ t ’ ; e t  S t o a ’~ 
- n : . t e  t c -  ‘era ’ - r -e  combust ion  chamber

w i l l s , ~~~t ~~‘~ ‘ t V ~ C’— :~ ~~1 U-
~~~~

i-
~ , gJ .~ ci r~ ’~ 

— 
~ !~~‘

- 
~~~~~~~~~~~~~~~~~~~ ~u-’ u taken before

s ady ~~~~;- t: wa r; cc-r u ‘- ‘ -o tha t t b - t r - ~ c- b r i -  c”~’.-b 1—n “r c r ’-r  -
. Ih e  [lane was

• -- 0/; --
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L C lY~~~~~~~ U ~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ conditions, under fuel rich

condi t ions  t h i s  was  a l so  the case- a l though  the  f lame outer  edges were yellow at

over ,ill eq u i v - i l .e:iear , 
~ 

> O .h  ‘fj r ~~ in 5 . 8( f ) ) .  Close to fue l r i c h

b l c~-;reit the [lane ‘ a -c’e rap let el y ye l low and mean temperatures in the ex i t  f low

dropped rap i d l y ,  rr’~ nr t i n - s e  c o l i t i o n s  was ~
- 2.0. Combustion noise increased

as the throu gh out  v u ;  j c ;n eaued .  F l a n e  len-th increased as ~ was increased , at
- - ov

s toichiometr~ c cond ’t ions the flame protruded about 5 cm out of the ex i t  or if ice .

The burner  was o b a ;v - c ~ t be extvc -ael y ct ;a l e  anj  easy to control , the s t a b i l i t y

loop was not  cetcrr; .ad since the mode of op e ra t ion  c~;an~ ed as the l imits  were

approached.  A “ scaling ” of the c’c~h u st i o n  chamber wal l s  was apparent  af ter many

run s had be an  p e r fc -cc~ --1, t fis wa ; to be en~ ac ted  si :iu-c the comp lete burner  was

cons t ruc ted  of m i . it e tea l  ;.hich o: i~- - u a ~ r e l at i v e l y low temperatures , 5 .8(g) .

5.3 Resic~u— i 1 Fue l  0~~l Tr~~cs .

Clear l y fuel s  of lowe - ~, cada t h u  I c-rcu - i ou  are of p r ac t i ca l  i n t e r e s t , such

fe e l s  way coatala scb~-t a nt i a 1  arnurto of c t r i ‘ er  or witr’-y~en containing compounds ,

a l -so f r c ,~ cerba~~. TIn r soon for us i n ;  i - -  r - - s i o c  as a t es t  fue l were presented in

Cba~ t er 3.  Irv ;- trial IceIn ~~
-‘

~ a l to c n ~ nia very n - n y  I v i r o c a r h o n  components

of hi gh rsoleceler  wei~- ht  a:’ c~ w v  ~e ~-n t ~ v i scous , in some cases emuls i f i ca t ion

is necessary fo r  s at i c fa c t- r ;  fuel isi ecticu.

A h r in i  t es t  w.~s cc’n b~c~~ d to d n t c r c -~ he r .  easi ly such over grade fue ls  - -

could ha h~ nd lc  by the F-lee f~ ane F- ;na~ r. L~ ~ t r e s idua l  :~~-l  oil wa s  used to 
- 

-

tir e- n~-e bo~ nc :  a f t - e u  it he~ ~cc ;- ~:e - ie : ted 17 ~-~~s s - i P~ i t  c J~~h teo separa te

ha -i t 1r;~ cr i l  i in a ~-ea~ ir ’i: ;a t  a , i: ~~ t i ~-; s .~ ic~~liy i.~ dnta ined at 
-

~~~~~ ~~~~~~ ‘ 
~~~ ~~~~~~ - - i  ,.

~ 
-o~~~~~~ -’ at cn ~ s a tj  a. The f u e l  j -

- 
. oil cc~oi~’. i o . a  I eon r o . h e L i t e~ ~~~ S Ia - c ’~ y b ’r~ i t  w~ ~~~ 11 found tha t

st a l e  1 o l e t i a c Id La c-F- ’:-: n e c , uacl r a ~c- rw .c of t ::i ‘au r at  ics , u s ing

a n r e i s ur e  i ct  ct c n ~a:c r .  Tb-u ; - y n n r r u - p  of r yhe.~ooc f~o’us cc  det~-c tcd  and ~he
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It was concludod that the burner could be modified to handle co~~ercial

lower grade fuel oils although much more work is required on the combustion of

such fuels.

In the next four sections , 5.4-7 , a series of measurements conducted on the

burner  and i t s  fue l  a t or n i se r  under cold i .e .  non coinbust ing  condi t ions  are desc r ibed .

5.4 Quantification of t he  Burner Internal Recirculation Characteristic.

The stirred re- cctor tas del network requires knowledge of the fraction of the

f l ow leaving the Co~ nda un i t  ex i t  p lane which , at some d i s tance  d ownstream o this

point , r e c i r cu l a t e s  r ’- -n uu I the uni t  back to the  inlet plane.  This  rec i rcula t ion

was necessa”y t o  sat i :  Cy the en t ra inment  al -p e t i t e  of the at tached  j e t , 3.2.  The

actual  q u a nt i f f c at i  - ; of the in te rna l r e c i r c u l a t i o n  cha rar it e r i s t i c  was accomp lished

by a novel technique ‘~-, .-: ich necess i ta ted  a F- - f f l e  being in s e r t e d  in the combustion

chamber to comp lete ’. - -  b i cok  o f f  t h e  r e c i r cu la ri o n  p a t h .  Hence the technique could

not be app lied undo;: ‘:cnbuntior, condi t ion s .  In these measurements  hot wire

anemometry was emp lu -ed to actually measure velocity profiles of air passing through

the e jec tor  un i t , u s - of a hot wire  probe also required ecid  f low condi t ions .

The aluminiura 1 -a f f l e  r ing was secured to the  rear  of the  Coanda un i t  by means

of three screun , two ) r ings  made of  rubber  a lso  ensured that  a reasonab ly gas

t i g h t  seal , a.; Fi g . .~ - ~ shows , was o tainrc1 . Pressure  tapp inds A and B were set up

and connected tc or inc1.~ ccd 1.5 ” wat er  ear - : - rna tu ~~. The f e l  g-- was removed and

an a~~r jnl~~t t O O p ’~- - :; ci :ouiar f l c : -  ii .tvil -.n cr asrcrc.l’Ied tr  th~ combustor  head

p late as F i ;;. :~~ ’ s~-~~ r , a ~~ erdar- a: sour e Y C : -  in oduced ii-~ o t h i s  tube.

The f low d i st  n t ’ ’ d o f i ~ :r ~ nd this aii st ro-ax tc si rolat e  t F - ’  ‘~‘c ircula ted  f low

thrc-u~h the anI -iilar ~no besoecri the Coanda ui-it and the combu t on chamber; the —

r ad iu s  of the  d i s t r i b u t o r  was equal  tn  t l io  ( :afl ~~~I un i t  outer  ‘n-dius . At any

c~~:r - - - r i f l o w  s et t i ng  - the r e conda rq  f low r a t e  U -  could he vat ~~d un til zero differ—I

e t i u . I. pressure ac - - - c s  the F a f f l e , as read on the water’ manooc or , was obtained.

r’r - r - ’ - -1 ;’y ‘ ‘ - - i  0 .  ri ch rodr~~ed c- re di~~i ey o ; H .-;I cure was then the 
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For a slit width S of 0.020” the baffle differential pressure was

measured as a function of Q. for various settings of Coanda jet flow Q.. Fig.5.5

presents the set of characteristic curves that were thus obtained for this slit

width. Similar sets of curves were derived fo r  values of S corresponding to

0.315” and 0.010”, Figs. 5.6 and 5.7 respectively. Curves of entrainment ratio

— as a function of Coanda jet throughput Q. using this measuremen t technique were

also constructed , Fi g .5 .8 , these are discussed in Chapter  7. The data enables

evaluation of the simple Coanda ejector er.trainment analysis presented in 4.5

after values for the skew-ness fac tors  have been derived. Values for these were

measured experimentall y using hot wire anemometry.

The blue flame burner was turned th roug h 1800 and remounted on i t s  s tand so

that a DISA 55Pll min ia tu re  hot wire probe cculd be traversed inside the combustion

chamber , the b a f f l e  having been removed rod the fue l gun repos i t ioned .  The hot

wire probe p lus probe support was secured to an adj us table  mcunt ing block which was

fixed to a traversing mechanism , this mechanism enabled two dime ;sional traversing

in a horizontal plane and was also 3clted t a  the burner stand. The comp lete

system was a c c u r a t e ly  aliyned ::ith the ;- -nc-hns ter nxis cf symoetly and a pair of

scales set up to i n d i c a t e  the  p o s i t i o n  of t 1i~ p robe .  The pi’ole sias connected to

a DISA 55D05 ba t t e ry  opera ted  cons tant  tc : ne ;- ;t i i r c -  Anemomet er , whose f requency

response was f r equen t l y checked us ing a square  wave gener2t ~~~. As Fi g . 5 . 9

de nic ts, the DC level of the anerri omot er cu tpu t  si gnal was mea- n :r - d  by a Fluke

8000A di g i ta l  vo l tmete r  a f t er  tu rbulence  low frequency compownt s had been

sr :rar essed by means of an RC f i l t e r  ( t ime cons tan t 0.815 secs~~. This al lowe d

st a F - l e  read ings  of the ar-cooncifer macn bri cl . ;  v o l t a g e  to be e~~s *l v  obta ined.

A D~~S\  RI’b~ me ter  ( 55D 35 )  e-a s U; ed to rc a~ r ’r c tF-c .-r n ern -~ e t cr r O” t -  ot P-7F- vo l tage

and a tnlartron C1)14 r osci l  J o rcope  ecrplc~ cd t :. ra r . i t - -r  ane~ 
-
~ - - cr response.

T :-; ho~ ‘nine -~no ’:-e :n~~ ce ’ i~~’n ’t e d  in an cm fnc n . ~ c-t t’-o’- t c n ~~~
‘ °- is shown in

i w . r  ~~~ - : - ~~ ~~~~~~ ~~ an~ a m a 11 . p i’-o : he r - - ~~n ol e -r e l y p o s i t i o ne d  in 

— .- - - c -  - 
- 

o~- - 
~ i s  a ‘ i ~-t - 

-‘ - -- - - r n  ‘ncr :‘-‘r i v— ’- :-- i  on a

- ‘ — - - - - - r n ’ - : -  — ‘L i O f l C C 1 C V - ~~~5 1 _ , ~ i r ~ ; ‘o ’ - - - - ’- - -’ ’ c- --~-- n ~-~ere less t i n - ’:  

r ’e ‘ ~ C- u’ ‘ - -- -e c - — ~~e o  - e n -  r - ”.~~ - n o .  ~ i i c h  was
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ature of the air issuing from the jet was measured using a Comark 3001 digital ther—

niotoeter. The anemometer output characteristic is:

+ A1J
045 

(5.1)

Velocity profiles in the Coanda throat exit plane were measured using the

hot wire anemometer setup , for various flowrates a_. , typ ical results for a_.

300 lit/mm are presented in Fig.5.ll , slit width S was 0.010” . In order to

calculate the exit skewness factor A0 a polynomial was f i t t e d  to th i s  v e l o c i t y

profile , this was:

U (r) = 8.7 + 2.015 x 10~ r
2 

— 1.763 x 1O7 r3 rn/sec (5.2)

where r = radial distance (inches) from Coanda central axis. The form of this

velocity profile was the same for ,ill a _ .

Velocity profiles in the Coanda throat inlet plane were similarly measured ,

after the combustor headplate had been removed to gain access and the combustor had

been again ro ta ted  thr e -ugh 180 0 . A r ani  : cf icr S 0 .010” w~ s again

invest i gated , typical  r e s u l t s  fo r  = 300 i l t,- ’ : . in  be ing pr esc -n ted  in F ig .5 .12 .

A s imple  polynomial wan c l a m , used to f i t  t -hc  n ’a n - i r e - l  velocity p r o f i l e , th is  was:

= ~ .5 + 20.83 r rn /sec. (5.3)

where r is as defined above .

Substituting the curves (5.3 ,2) into tb; p—ne -m e l a n a t i o n  (4.74) yielded the

respective results of Coanda inlet and exit .-ncss f n t : r ’

A . = 1.045 )
1 (5.4)

= 1.153

Th ese are app rcx ina t~~~v independen t of H
5.5 Invest ig~ t ie t  e - f  t b . tni l’usto : 1 i- -u :t t r : o .

The flow p a t t cr -  in  th e  b lue  l ame c s . ’; . t  - n  was i n v e n t ’ i - ’ ’~~d u s i l i g  the hot

wire  anemometry eqi~i ’ - nt . Probing  ‘.~it1 rir ‘ e  - ‘ er ’aer was I - ted by the  e x i t

o r it i c e  d iameter  so t i n t  r an v e lo c : t ies e l ’~r c  th e  reu ’- ’ il  ‘y r ,‘‘;-1 across  the

•--x ~ t ‘r i ~~i c c  d i a r r t o r  -n~~
-- V — r e  det e i c i n I  - ‘ . ‘- - ‘ - - c - - ‘nero - ide for  S = C.010 ”

cc - - 
- , - - 1 J i  / i i i a .  , I - 

- - -  — -  - -. : - t i  i t  u c i  e oht 1-:

-~~~~ i ‘~ f 1 ’l ( ’  t ] r ~ 1 - - ’ - —  J ( t ~ & :I a: a f - i C f j ( j  1 (‘‘ rflr j cInhcFS h ;~~, n c e  f rom the
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Coanda exit plane (t i, ,  tex and b are cief3ned in Fig.7.1).  The highest axial 
-

rican velocity measured was 19 rn/see, it is imnortant to note that these were

again for cold flow throughout the combustor. Combustor exit mean velocity

profiles were completely flat.

Estimates only of axial turbulence intensities were made using the anemometry

system, although accurate ucasureulerits of this parameter cannot be made with a hot

wire anemometer, the estimates obtained do succeed in giving a qualitative picture

of how the parameter varies throughout the combustor . As equation (5.1) shows the

hot wire anemometer ou t put Iharacteristic is highly nonlinear , one method of

estimating turbulence intensity T from the co~nc:oeter RMS voltage is (103):

T = — --- --— 100% 7
~ is ~~~~~~~~~~~~~~~~~~~~~~~ 

. 44 5% (5.5)
‘~ (V 

~~~~~~~j

This relation as.,u’ncs:

- ‘  
(II - -= V~~~, ~~~ ( .6)

Hinze (1) ha3 si.sa-nri tha t  va lues  of turbulence i n t ens i t y  measured by a hot

wire anemometer are o v I re s t i ma t e d  by a large amount ‘ r high turbulence in tens i t ies .

For isotrop ic turbulence it was calculated that , to a f ir st  approximation , the

error E was given by:

f = + ~~ _i_ ; % (5.7)

Estimates ot c,-)ni)ust-; a~~ al turbulence intensity were made, using relations (5.6)

oad (.7), i n c  Q. = n - , 4 ~,50h lit/niri . g - - - r ’it s obtained ~rc given in Fig.5.14

the distancn m-o rdin -nts :~~ n a~ -~im  beer no::- di r  -r s io n a l i  r e d .

The hot wire i’ ’:L- c i n  ‘nan 1 i r thr— -: c- :ed to moo: crc: turbulence autocorrelat ion

iUtlCt ]Ofls using a d :r .t.a~ ~er —n —li n e -~~iy r ’ s  t — ; h n i que wh i ch is dealt wi th

in Chap ter 6.

5.6 Ato:niser Fue l t-k s l’low as a Fun t o n  of Tn~eetion_Pro- r 1 ’r e

A re 1 ;r~ .”cl p I c’: r’-r-u ’ur ;h1’tit proF ru - c jet n :-’H se~ . - - high atomising

i :  - ‘ I - e~ c o -i- :c ;o~o’~ ~e~ tr pe -f-niee d on t~}r~ h~~uc f l a m e  i~~~ er , this resulted 

- 

~ t - : - -
~~ 

— - 
‘ ‘- n - at  i n  e t~. - -- ’~~~- :- :’n - - c P~ tun -c i’() psig. The

• - - -  
°~~~~~~

° -
‘ ~~~ •

( ‘ c i - - - - - - — --- - 0 , ’- ,_O h ! .  o ’: :~ 160 pr ;~ - .
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The atonicer r~tss fl ow as f(P
1
) characteristic for kerosine was determined

as accurately as poss ib l e  using a direct weight neasurernent technique . The fuel

containing pressure vessel was p laced on an ’Avery weighbrid ge’ set of scales.

Kerosine ‘as allowed to discharge from the containing vessel through the complete

fuel system and atoniter for a known t i r e  interval at fixed P
f
. The decrease in

pressure vessel u c ig ht  ‘as recorded and the 1: S flc~irate FUEL compu ted, the

procedure was rc:-:Ited for other  values of P~~. The ricss flow calibration char-

acteristic thus c~ t-:iim,~ I is presen ted in li g.5.l5 , the curve was fitted by a simple

quadratic expression Per uco in the theoretir l model:

ul
FLTEL 

= ~1, d-~8 P1 - 0.0274 P
f 

- 1.710 . lb/hr (5.8)

5.7 Atomiser Initial sire Distribotion (ISD)_ Measurerent.

As exp lained in 4.3 co:neiaticns ex~ st ’-or a pressure jet atomiser which

predic t the ISE ch~ racteric tic of the spray produced for any value of Pf. Until

recently no convenient exoccinental means exicted for the actual measurement of

the atomiser is~ , a ne’n i crer tecl:r1~ cc ’e iea~ been dev el oped at Sheffield

Universi ty (~~~
‘
~
) to prcvide a saluti oc: to  t~~is pro.b] .cu. Ti i.s optical technique

was ese l to :ae’ast: -at~-- (*2 Fl. r - e ,n c o d  b ’. - t i e  ~- r c c s - e c  j e t  atomiser  which was used

in the blue flomr: bu rn-ar , cver a comp lete rer c C’~~ P f~

The operatmn~ principle is not-; hrie~~1y r cm - : r i b e d  hut the complete theoret ical

- - analysis is g iven by S,-;ithenbank et a) (104). The amount of diffraction of

incident  li ght  pro duce -i  b y a drop let cr particl.e varies inve~ re1y with droplet

(or p a r t i c l e )  size , so the ’. iP a p a r a l l e l  ruc- -. lochromatic l~gLt beam is transmitted

a f ie l d  ~ - , dn:~~ic ts, a div c:g nc of tic: orig~nol bce i is produced.

If a i- n o- s i.s a-:-;: aced t : -  fc C e ;  t O e  d e f c 1 i i i b t  t h e n  i t  c c :  i-a sLo~’n (104) that

a ci ’c - :u la r e n r ~’~ intc-erit; p at rore is ~-; c O e i in t h e  foca r— e of this lens,

furt: e-r.zar r~’is ;nte:ioit ~— a ’ - e: r u .: l et e ’ - ‘ c~ ‘ne te::iscrs ~ ‘— H ze dis tribution 

f l -
~~~~~~~~~~~~ 0 )  r-~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ F~g.5. 6(A) 
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As Fig.5.l~(A),(B) shows , a photodetector device (l?rico~nition Svstenis Polar

Coordinate type WPD—6400) ~uv located at the focal  p lr ’ne of a 30 cs-i focal length

lens to enable energy intensity pat.terns to be electrica) ln transduced. Fi g .5. 16(T( )

represents the complete erpor im~ntal arranp,er’cnt that was emDloyed for ISD measurement ,

signals from the 32 photodetector elements ~iere amplif ied by a flecognition Systems

Sampling Unit, which also disp layed a digitired value for any selected el emen t

voltage . A 1 mW Nc/He laser provides a convenient nonocliro eatic light source,

optical components A ,fl L C ensured a paral~ cl bean of s-cItable intensi ty  was produced

and a micro—traversing chanisri , on which th e  detector was mounted , enabled

accurate alignment cf the c 1’tics.

Actual c’e-rurcr’ent of the s-pray size d i s t r i bu t i on  (cold conditions) was very

rapid and sir ’ol~’ irr velved the raasureiacnt of c- -n -h photcde-t ector elcuiient voltage for any

par t icu la r  fue l in jcat i cn  pressure. A ha- I - -n r: -vl ret cf rc c- ’ in ~ c ~i1s- f irst: obtained

without the cj’ rav , ~ ‘ order  to account : fe ;: ~‘:~ ovfe r t  :‘c -e t n  - hi m t  pa~ t icu 1ate

matte r or 1m b’: variat4 c-~n i u r nr ith  the 3 ar -n: : i r-a i p ~ ! -  ~ h e r o  two ro t s o~ da ta

for  any P f ~ere s - ’ -~1icd cc i op ;t t  to a rr~ ~ I : ~~ tel. c : - ; t ’ter pr ep o-am which ,

based on the th coret ical c~alysis given in (104), ovalunted the required energy

intensity prof i les  and thcn the weight fraction of drops present in each of 31 size

ranges. The program (given in (104)) a lt o  ca lcu lated  the form Pnin”- 1 er d ist r i b u t i o n

function which best fitted the measured dem o , as e~rnlained in 2.2(a) this fue ’ction

features two f i t  parameters.  This fl~ SIC p rop ram produced a “plo t” of the measured

dat a and the f i t ted  flosin Ra~e1er function en the toletync i— r i - h / o u t p u t  dev~.ce.

Fig.5. 17 presents an ee~arnn) e of such an lET ) P-~~a p lot fo r  P 1 100 p r i g ;  the range

of injection pressure investigated was Pf 
Ed) ~~- 11:0 ps ig (20 p si~g increments) .

The program printout gives the above mentioned data  for  each of the 31 size classes ,

the corresponding x and n , p ’ti’: a s ta t i s t ica l  er:~~ c-~ f i t  torn , In the

normalised data p lot “+“ 
~~~~~~~~~~ a weight  fr a - - t ion .  data poin t  c c i  tb : fl i s a point  on

the f i ~: l - - ; d nu ~~~~;; ‘h~” C)~~ (0 :0’  iC to 0 00 ) 1  0 1( ~ the- I w o  - ‘  n or , n o 4 r i r~~1 cocording

h’ the  ~r~~ -t ”  o :‘.e~ clet :- c :. ~‘ t e  0 1 r th at  t ’ e : - - :~ r’ : - 1, - : - - -l1 d . )t ) cl ; : ’n ;t er

rl r u; - e , 3 1:S ‘at Lb ~~~~ ~-f th e r-i ~~t. The H r  s-rn - 5 c ‘ r ’ s ul  or~ c1 c’ ’ a -~~ rr~ i ’~~ nl t construct

F]’° ~~~~

a) Pec- 4 n :r. 1~~ . ‘r’ - - n - r p  r ’ z  ~~
‘• r~~cr u- a :  a f - ~-. . -:~~ - r - —
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The point of measur e-e lY ‘~ the 1 - e l  s: r a y ,  i.e. d i e  t a r ce  of the laser beam

from the atomiser was 10 cm and corre:;p-.-n - ’- -i t m  t he  f u l l y developed spray region.

ISD c h a r a c t e r ict i c s  measured under  t h e s e -  - - l  L r I i t : e u s  ;u °e d i r e c t l y relevant to the

combustion case ~-v d e f i n i t i o n , t ae  d i re c t  me: scot-cent of t~ e size distribution of

sprays  evapora t ing  under  combus t ion  cundi t ois would be e x t r e m e l y  u s e f u l .  This is

hampered though by t: -e i :eod f or  cle~n: ~ ; i i d -  w : t a  s igh t  i r i n o  he -:r r rhus t or ,Ref .  (61) ,

and the existence of  flame 1im~:t e ntss jen .

5.8 Gas Sa~pling ~1easuremerts.

As previously exp lained in Clt a tcr -‘ a imary aim c-f ~ic experimental program

was the measurement -
~~ tO~ b lue  liar .- or: m::~~r exit flow gas composition , with respect

p a r t i c u l a r l y  to the po i lu:.ai:t s C: a-a 1 00 . l O i s  s e l Yi on  teen desc r ibes  the desi gn ,

cons t ruc t ion  and t e st  lag c~ t ::e ~- is  ea : -e l i o .~ r ’r t e c ’ , t h u  r: u;~~t ;  ob ta ined  using the

sys tem are then pr e; ue d

5 . 8 ( a )  Problems A s s o c i a t e d  ~ : t h  Gas Saa-p1i~~~~

A number of p r c b l cr o c  are r a i s e d  when a gas samp lia  pr obe is int rod uced in to

a two phase flow. Apart t r a m the ob ,’ru: ieu- f-e-uling c-f droplet trajectories , the pr obe

d i s t o r t s  the  gaseous strod e l i n e s  a t  the  p o ia t  in I b e  f l o w  where the probe is located.

Thi~ distortion of the streamline . cara-ues a pe rt-i ation c-f the concent ra t ion

gradien ts of all species in the firm , at pre:on~ this situation cannot be alleviated

by the adoption of op t i ca l  m e a s r~r Ii ou: L e ch n i ( -e- s since , as cx~’~ ained in (59) , these

techniu~ucs are insufficiently devc ]cu ’c-d. The use of a sampling probe was therefore

un a v e-i d a b l e  and one of t he  two types  ha d to be s c h ct e d .  The f i r s t  type consists

of a small  q - a r t z  tube , th  e x t e o r - e l  ni in~ orn l d i a m e t e r s  :0 a few millimetres ,

stretched and snaped until the t u b e  en t r a n c e  d i - n - c t e r  is af the order  10 — 100 
~~
.

~-low , i n  or -h- i t0., obtain a Y r  - r ue  s’er :t n t i ’, r :  Sd t r ~ . l C , the compos i t i o n  of the samp led

gases ~“ t u u ;  u L i.  d o  - d t o  ~ pa ’. ~l .’a~er east be iden t i ca l  ‘ith the composit ion

or , ‘ t - ~. - I  H or  I I - - - o~ L ht -  c I ~an e r -  t i e  t~~b~ - , In t - t i L l  tie s requires  tha t  che tu —

i - a l  t t - - . t i o u s  i a  t e e  ~j u u 1 , . d  e a r - e s  01 st lr ~ rapidl y ~- t t e ~~ ni e, d f t _ e r  th *2 y enter
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-
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the probe , t!L S,i0’plt h:~~ I - - be “quenched ”. as ey~. 1ai j~t rj 
~ ~~. 

I ;emical

reaction rates are sensitive to the temperature and concentrations of the gases

(consequently to the pressure also), so that the desired quenching of the gas sample

can be achieved by either (i) a rapid reduction in sample pressure , or (ii) rapid

conduction of heat from the samp le to the probe walls to lower its temperature .

In the narrow throat of the quartz probe the sampled gases are supersonically

expanded to lower the pressure , rapid thermal exchange also occurs. An advantage

of using such quartz “microprobes” is that , since the quar tz  is inert , sol id surface

chemical reaction is virtually eliminated. A considerable disadvantage of the micro—

probe is that the sampled mass flow is extremel y small  and can be computed (105) to

be of the order of a few gm/se-°, which  is se0- illy insufficient to continually

supp ly gas analysers. ~f~croprobes a re  t h u s  norr~al ly  restricted to small scale

investigations.

For larger scale systems the larger water—coole d sampling probe is normally

used, the internal diameter is invariably of the order of 1 mm and the external

diameter of the order of say 6 mm. Expansion is not usually imparted to the sample ,

heat conduction being used to cool the sampled gases.  The probe is invariably cooled

with water although heated water under pressure or steam are sometimes used in an

endeavour to prevent the condensation of water vapour present in the sample when wet

analyses are needed. The thermal stresses which a metallic sampling probe

experiences when immersed in a turbulent high temperature flowfield are considerable ,

this constitutes an additional comp lexity which has to be taken into account when

designing a water cooled probe. Although sufficient sample mass flow can be

supplied , the water cooled probe has a considerable drawback in that transition metals ,

which are normally emp loyed for probe construction , can provide ideal environments for

surface chemical reactions; all chemical reaction within the probe being extremely

“ode s irab 1~’.

L i i i  s s’li t.:ce r e a r - t i  -e i’r~Jb !toti i S  -ost ac ut e  when saitip ltng tot  NO specieb

~tj f l e i t  is I-no-in (1 11 6 ,107) that tinder reducing environment conditions the chemical

i edu ct  i i n  of n i t r o g e n  ox i d es  by carbon monoxide , hydrogen and othe r reducing agents

‘ - - i t s  in the presence ot a metallic surlace . The result is t h i t  00 concentrations
x

— -4
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lower than the true value s are measured by the anal yser. In an effort to overcome

this  problem many investigators (106) have constructed their probes l ru:-u stainless

steel since this material does not display as high a tendency as pure transition

metals (e.g. Cu, Ni and Fe) to promote surlace reactions , stainless steel also being

of good mechanical s treng th and oxid ises  onl y very sl owl y . A solution to the problem

is to line the probe inner wall with a silica tube or coating, this is difficul t fur

smaller probes however. There are two ccrencnly used techniques for measuring NO

and NO , these are Non Dispersive Infra Red (NDIR) Gas Analysis  which rel ies on

absorption of infra red radiation , and the now more commonly  emp loyed Chemiluxninescen t

Analysis (CLA) which operates through determination of chemilurniniscent radiation from

the reaction between NO and ozone . The second technique will be discussed in some

detail shortly, it utilises a converter ce-nu -tructcd of heated stainless steel tubing

to conver t N O
2 

to NO in orde r to estimate N(
~~ 

(i.e. NO and NO
2

) .  To inves tiga te

the possibility that one or more components of fuel—rich combustor exhaust gas may

interfere with NO
~ 

measurement when using a CLA , Siewert (107) carried out a series

of interference tests. The analyser p lus converter were exposed to each of the

princi pal components of fue l rich exhaus t  gas for known amounts of time before standard

concentrations of NO in N2, plus NO2 
in N

2 
were admitted to the analyser. Only

hydrogen was found to exhibit interference but H
2 
was discovered to have a considerable

effec t. Immediately fo l lowing  11
2 

exposure zero NO (or NO
2

) was detected , measured NO

then increased gradually with time at a rate dependent on (i) exposure time to any

concentration of H ), and (ii) converter temperature . No such interference was

obtained when the converter was bypassed so this component must have been the source

of the interference . Siewert then conducted measurements of NO in undiluted fuel—
x

r ich  exhaus t  f rom a spark i g n it i o n  en~rine , in which  H 2 but  neg li gible NO2 was

expec ted .  A f t e r  pu rg ing ~ i th air the CLA—measured NO
~ 

concentration initially agreed

c l o s el y  w i t h  both  Cl-A NO and ODI R 00 ~eeasurements . The NO reading then decreased

‘~ i t  h r i ree t - - - i i u 1 i ~~~u i u . a u  SI  aL i l  sed v a l u e  as ouch a~. 95% le ss tb~ n the other NO read ings;

i - u -  ~o- -asHg ne’ i~~~ -
~ t o t ( )  ‘ -e l  u i  h e ’  t - d - i , s’  e d s .- s , ao l  i i)  h i gher converter

i i - i t t ’ s  b~ i u - ~ x e c o r d e u .  Based on t I o ’s~ tests Siewert pr- sttil ated an interference

m e - l t a n i  a wh ich  s :~~pe~ - L u - 1 t he  ac-.iul~e l i t  on 1 ( t . ~ on the metal surface and consequ €-Ii t

- 4 -
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NO interaction . The result of flowing air through the converter before each

test would be to  ensure that t I e  ox i d i sed  f o r m  of the metal , rather than the reduced

form existed. Similar interlerence ef loi ts would be expected when actually samp ling

fue l  r ich combustion gases with a s r - i i n l c - s s  s tee l  probe , a l though no detailed study

to investi gate such ettects in relation t i prevailing temperatures exists.

A n o t h e r  p r o b l e m  encouuu ter c ’l when sau..p l i n g  probes are used concerns the rate

at which  th e  samp le is w i t hdr a w n  fiat: t lu- probe. As mentioned above a distortion

of the s t reamlines ups t ream at t he  pr obe ~s imposed , it is obvious that this dis-

tortion is a function of s -ii.IpliL ’u, r a te. lu minietise unwanted distortion the mean

veloc i ty  of the gases at the  p t u b e ’  en t r z n u  c~us t c l ea r ly be equal  to the mean

veloc i ty  of the gases in this vicinity -.-hi ch would  exis t  in the absence of the probe ,

this condition is roferred to as ISO\INET1C SAMPLING. The effect of sampling

velocity upon measured gas conpositi-’n 10- e~~n examined by Longelle & Verdier (105),

who fo und a si gni f icant du p e n d e a c e .

5 .8 (b )  Desi gn of Satn2 l in ~~ Probe.

In view of these complications ~ater cooled stainless steel probe was designed

for the purpose of measuring the blu .~ t l am e burt-icr exit flow gas composition . The

• probe was designed to be m ounted  j iL i11 ~xLra un i t , s ince traverses into the actual

combust ion chamber were not required. This unit was composed simp ly of a 4” long

flanged section of 4” ID p ipe and compa t ib le  w i t h  the burn er  cons t ruc t ion .

The diame ter of the b urner exi t orific e-, where the probe ti p was to be located ,

was only 3.8 cm so that an importan t requirement of the probe design was that its

crosssec tional area should be as small as practicable. This unfortunately implied

tha t  the ID of the probe i n n e r m o s t  tub e should  be cor responding ly small, hence the use

of a silica tube as an inert central l in i n~ had to be precluded.  Fi g .5 .4  is an

exploded v iew of the probe  r i p  s e c t ion , the p ro b e  consis ts  of three concentric

s t a i n l e s s  s t ee l  h ”p od e rmic  - ihe s —~h ich are a t tached  to a stainless steel tip by means

- f Si [vt- c uol d -~r~ ui 5 -a cIte - - n ti e ~ ‘e~ - ‘ ~ r : l  OD e-a s -~~~. 8 nv-i and the i nner

I ’ . ~~~~ 4 1  1 l~~~e - I . en.; 0.84 mm Ii). C o n s t r u c t i o n  of the

i ’ . - c ti -1 ,-, i -~ u~ i~ d i t  ~ 1 , do- t o  i t  s a i l  d i u c u s i  LO S  and was cer ta in ly

I - a  ~ie~~ei P 1  L Ie ’ tact t i - u i  d JO be~~U ~~~~~ ~ . j u u i  iTe l i c  f a  ~i l i t a t t -  mo u n t i n g  of the p i u b e ,
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as shown in Fig.5.l9. It was vital that the 3 tubes remained concentric so that

the cooling water could flow ea~ ily along the narrow probe annuli. In order to ensure

that the tip,  which experien ces considerable therma l and mechanical stress , was

adequately oled and the samp le e l f  i :ient l y quenched the cooling water f l owed through

the innermost channel first before reaching the tip. No difficulties with any

excessive samp le condensation in the probe were encountered. A disadvantage of the

innermost hypodermic low ID was that , under isokinetic sampling conditions, relatively

low cooled samp le flowrates to the ~,as analysers would be unavoidable , however

sufficien t flow was in fact obtained.

A detailed heat transfer analysis of the probe was not attempted as a design

aid since such an anal ys i s  would be very complex mathematically — due tc the large

range of temperatures and hence thermal properties , which are encountered throughout

the probe. Instead , an approximate  heat transfer evaluation was made to estimate

the necessary cooling water  mass f l o wn a t e , and then relatively detailed calculations

performed to assess the efficiency of the resultant probe design in quenching chemical

reactions occurring in the sample flow through the probe. Results of these

calculations , details of which appear in Appendix B, proved the vital quench cap-

ability of the design.

As Fig.5.l9 shows, the overall length of the probe was about 26 cm. The

diagram i l l u s t r a t e s  how the pressur i sed  cooling water was supp lied to the probe , a

thermis tor  device (GT24) was emp loyed to meas ure the tempera ture of the probe ou tle t

cooling water  in order  to monitor  prooe heat  transfer rates. Fig.5.23 presen ts the

temperature—output voltage characteristic for this device. Flexible polythene

t ub ing  was used to t r a n s f e r  cool ing  w a t e r  to and f rom the prob e and brazing was used

in the cooling water manifold construction . The probe inner sat iple capillary was

expanded to  ~
“ OD stainless steel tubing it-i th i s  m a n i f o l d  and connected to the

~~~~ - lb ~ 1 1 , 1 sut np t e l in e  by C - l OS  of a Sw a g e l i k  ~~
“ s ta in less  s teel  f i t t i n g .  This

I Ltt i fl~ alSo l:otis, d a r:hr ‘me l A l u I : Tc l he~ i - i  n - ’,-ie , of apI raxil u, t a l v  0. 7 mm bead

ii ~~~ e ’ t c - J :  ‘ l I i .  w a s cd lo  c~~Li aLc t h e  p rebu nmp’e e a i ’ f i O ~’ t t ~:~erat ULe which

‘v i,  ., ~ -J 1 is  - d ‘~ t l n t - ’ r - - d L  ‘ I  t o t  i h-  ~~ L u i  j I I t ’ UL l i i IL 5  t i l l cj t . i .  calculations. Brass

1 a t i i i ~~ fit L II- ,S m o u n t e d  t I ~ ~~~-jt1l 1 L~~ a ,; ~,i~~ 1)e’ to the actual saiui~ l in g  stage and enabl ed

-Il,

p -. ~~~~~~~~~ . . ,~~~~~~~~~~~~~~~ ., ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~-



--

F -

reasonably simple prob e rcrIcva! . P1~u t -  3 shows the gas sampling probe. As shown

in F’ig.5.19 a ~
“ OD stainless steel p itot probe was similarly mounted into the

samp l ing  stage for the- purpose 01 estimating the burner exit flow mean velocity, the

pitot was connected directl y to a 1. 5’ inclined water manometer. A bare 1.0 mm bead

diamete r  P t / P t  l3~i Rh thermocouple , mounted  in a mild steel tubular probe , was used

to estimate the burner exit flow temperature . The probe was mounted by means of a

clamp to the sampling stage unit and the thermocouple signal connected to a Fluke 8000A

digital voltmeter as shown in Fig.5.20 , which  also presents  details of the Chromel

Alunel thermocouple and thermistor signal measurement circuits. Cold junctions for

the two thermocouples were not required , as w i l l  be explained further on.

Translation of the burner exit flow tac rinocc uple signal into mean gas temperature

taking into accoun t radiat ion heat lo~ ses is fully described in Appendix C.

5.8(c) The Sampling Probe Co ling System.

Pressurised cooling water was used to cool the probe , high pressure being

required by virtue of the probe narro w annul i , F i g . 5 .4 .  P rel iminary  estimates

showed that a cooling water mass flowrore of the order 0.25 kg/mm would be needed to

cool the probe and quench the sample. 1-lence a high pressure cooling water system 
-

was devised in which a finite quantity of water  was discharged to the probe from a

pressure vessel which was pr~ ssurised by means of nitrogen cylinders . The system is

shown schemat ica l ly in Fi g.~~.21 , an empty gas cylinder was modified and used as

a conta in ing  pressure  v e s s e l .  Before  p r e s s u r i s i n g  w i t h  n i t rogen the vessel was

fitted with mains water as shewn , a fil ter was also connected into the discharge line

as a blockage preventing precaution to remove any pa r t i cu l a te  ma terial , e.g. rust, f rom

the water before it entered the samp ling probe annuli. To inhIbit rust  formation in

the pressure vessel air was excluded ° t  o i l  t i t : e s by ensur ing  small residual pressure

of N 2 wa .s a lways  p resen t .  The rate  of d i scharge  of water through the complete probe

cooling s7t~ter’ is a 1 C i l c u l  ‘f pi  he i n j c l i o n  1- t e s s u r e  ~.as det :crmined by direct 
-

~~~ 
~~ht a — r e  , - a t , ( .65 th - s ch ,ca cte :i ; c ‘-~

a_ a 1p - i ’ - ’: J r c l ; -  J i n c a r  for  ~f l _~e c t  u - I !

- - -, - I I  £~~~ 
- -

~ si -~~is in t i ~~ .L. -~~~- t i e ~ T :Le vessel ~n t e r n u t l  vo 1~~ e was

e ,i . i- , ,i~~- l - ~~~. u2-~ 11~~) 1~~i 1~~ t h u  s r es~ 1 t , the vesseL emptying tir characteristic was

I i - c  talc -d ated , 1 - i g - - ‘Jo eust te ~d -q : 0 1 , 2  pcob e - - o o l i n g  on in j e c t l e - n p r e s s l u l e
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of 100 psig i.e. 0.33 kg/mm mass flow was used in all gas sampling runs. As

Fi g.5.22 indica tes , the pressure vessel emptying time corresponding to this flow was

72 minu tes , this then represented the maximum amount of sampling time during which the

probe could be safely immersed in the flame .

5.8(d) Samp ling Line and Gas Analysers.

As outlined in Chapter 3, the measuremen t of the CO and NO /NO pollutant species

in the burner exit flow was the main ~ii m of the gas sampling data acquisition . Before

describing the analysers emp loyed for this purpose , the samp ling line used to transmit

the quenched sample from the probe to the arialysers will first be described. Fig.5.26

illustrates this sampling line , in order to elimirite the possibility of NO surface—

cooled samp le interac tions the actual iJ ne- was constructed comp letel y of ~~
“ OD Teflon

tubing and Swage lok ~~
“ stainless steel titt i s used throughout to connect the various

components in the line (106). As Fi h.5.26 shows,the system was operated in either

of two modes: I) Normal samp ling, ii) Purg ing of the probe with air. The second

mode ‘f operation was selected at all time s during which actual withdrawal of samples

from the burner was not req uired and served two important purposes. Firstly it

enabled the samp ling line and probe to be maintained fr - - of any solid/li quid deposits ,

and secondly it was used to directly check for any probe — N0
~ 

interference reactions

of the type described in 5.8(a). In the second mode of operatiar the water trap ,

filter and sample flow rotatmeter we r-2 bypassed , filtered air being pumped back t~ u-~ -u gh

the probe as shown in Fig.5.26.

During the sampling mode the samp le was passed through a water trap in -rd t r

condense out any water vapour presen t in the sarp le , the tr ap cacs i—t ~~d of a ~ 1ass

coil immersed in a mixture of wat er/silt /icC , con 1e ’i- ,ott - - !r i i ~ nt - . i n ’ - a smal l  Ve ’~~~~t l

as shown . The sample then flowed t1iroug~ a ~‘auz e/glass iih r~ (bou - si1is ~~te ) Iliter

to reras” an y  small particles , before reacl in .~ a :11-ri ~c r  (C6) 11 —2000 cc/mm

ro~ O~~, ter -~l~ic1i I ad an isO t . t al re gul,stor ‘ 1:,it w a  is~-d t o  - t~-r u. In- s iu;~ I c  I - -‘ .

‘ - u  t P u  u, a - e t~’u ~ n ’ cs  . ‘ - I  ti I ‘
~~~~

. S... - Tile a uul; !l~.( -

t -  t~~o ,  -~~t t I e’ ~en~ r~ wu ,, at t h e  r e - .  ~p i &  ~-ut~ r.g d ;a1 -u .~~r: 
p ;;’ 0 o r ) ,  -

i i i )  j ul-i as d. i .  .a 3 - a , ! a~ ,e’ ~~~- - r  • t l~~ s 1,sttea side -- t,~~- p ~~ ~-~ s u nde r - ,~cu’an,

a h,-tace a i)L~ s~~ t e  g au g e , 0 - rim P p -, Bou& d ora  t ype , was v-ed to  mon i t  r 1 ha ~

- i b

-~~~~~~~~~



pressure . Three glass 3—Way taps were also emp loyed in the system to enable

either of the two operating modes to be set. The lengths of all interconnecting

Teflon tubing were minimised so that the overall residence time of the sample in the

system was correspondingly minimised , residence times were estimated to be typically

7 seconds . Due to:

i) low sample line residence times,

ii) inert materials used to construct the actual line,

i i i)  r e l a t i ve ly  low N O  concen t ra t ions  a n t i c i p a t e d  in the samp le ,

iv) a v a i l a b l e  k ine t i c  ra te  data  (48) ,

the gaseous phase oxidation of N O to NO2 via t-q uation (2.61) in the samp le line was

assumed negligible- (lob), this was later cu-ufirme d experimentally. Leakages into the

sample line were found to be neglig ible , this was performed by passing a standard NO

containing gas through the probe and de t e rm ir i ng  the composition of the resulting gas

wh ich reached the NO anal yse r .x
The analys er selec ted for  NO/NO measurement  was of the continuous type and was

the Thermo Electron model b A  modular type , see Pla te  4 , and u t i l i s e s  the chemi—

luminescent chemica l reaction between NO and 0
3
:

NO + 03 °2 
+ + hv 

- - 
( 5 . 9 )

(A 0.6 — 3~~)

li ght emission occurs when e1o-u tr oni e~ ll y excited NO2 molecules  revert to their grc-und

state . Fig.5.27 shows a schematic of the principal components which comprise this

inst rum~- r -rt pius the ancillary equipmeflt necessary for  its operation. To determine

Ne - a c ~~rtration n (i.e. :~~- + ‘~0~) the sample flow is diverted through an NO2 
to NO

- ~~- ‘ a r t e r , -I the type t~- st - .d in Siewert ’s experiments (107). Instrument output is

lirear so ‘ : -
- 
, in a~ l cases , calibra tic- n is performed using a sing le standard gas

( ‘
~~~~

-- pprr ; the ran~ cs O’ e t  -~) i c h  the  anal yser  was operable were zero up to each of

2.~a , It , .i’~, l a ~~~, ~5O , 1 : 1 1 , 2500 and 10000 ppm .

- - - . a : ~ i s ~~ t - LOOt 1 .  a 1--  1 hr u s (1 ana T - ::e t -~- - rie~~r s of a bypass

a ,~~~~- t .— , iii i . e  ,.s, ~ i h  t a - s  t J ,  h ,~~~ss tls ,wra t and a set of

I ~. ~ t,, l e ,  .. - Cs .1 LC~~U r a t O1S t i . i i . t a i u a ~ d the corr e t flowrates of 0
3 
and

- t)ie It i l t i u l l  ch.~ss j , i  , ~ I u i -  u.” - - s  ~‘;r~- s ~i t c - l  by ~i Welch 1399 \Tacul:un l’uxnp .

S ~~
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Fig.5.27 shows how each of i) zero gas , ii) calibration gas or sample gas could be

adm itted to the analyser by means of a 3—way valve . Zero gas used was air external

to the laboratory and filtered before reaching the instrument , laboratory air was rot

used due to the slight build up in ambient NO levels anticipa ted dur ing burner

operation . The instrument output response was monitored by means of a Chessell 301

miniature chart recorder which had three 10 mV input channels , chart scale width was

10 cm and t h e recorder response was extreme ly rap id.

The c-j erating conditions under which the NO
~ 

ana lyse r  was run were :

a) 0
2 
pressure:— 2 psi.

b) Reaction chamber vacuum:— :3—15 urn:: Hg.

c) Sample vacuum:— 5 ins. I-hg.

d) Sample flow:— 0.5—2.0 scf!i, typic all y 0.7 scfh of which 5% reached the

reac t ion chamber , the remainder being bypassed.

Whenever the instrument was required for actual data acquisition it was turned on at

least 24 hours beforehaad to ensure that it had comp le tely warmed up. The photo—

multi p lier dark curren t was then read (usually 0—0.5 ppm), before the instrument was

zeroed and calibrated i.e. ready for use. Calibration gas used was 950 ppm NO in

• N
2.

Two Grubb Parsons SB2 Infra Red Gas Analysers (IRGA) were used for the purpose

of continuousl y meas ur ing CO and Cu 2 concentrations in the samp led gases. As

Fig.5.28(A) shows , they were connected in series , this posed no real disadvantage

from a response time point of view sin ce steady state readings only were required.

A wa ter manometer was connected as shown , sufficient flow to the analysers was

assured if  a pressure drop across them of 4” W .G., i.e. 500 cc/mira was registered. 
2

Both IRGA ’s were connected to the remai ning chann els of the Chessel l  minia ture char t

recorder after the output potentiometers on each analyser were first substituted with

1 o ’e r  range t ypes , t h i s  enabled sensitive adjustment of the output signal in the

~:
- - , O — 1~ u~V. t j .~ ~~~ is) i i  I ust r a t~ -s t e  pL ~~1~~ r p l  ccr-p onc-n ts conipri sing the

i

wd~ esipi d is ~ei~ b in ~ a I  a bt i - 1ied has aa~- t Jaaiiu g 7% C02 ,  3%

( I  ‘ised fc-a c- a i ibt j tiun ~, ‘ 1 2 ’ U S ~~~S. Bath J F (A ’ s ~~C t C  St l u ’ i c C O  t~~~ore use and were

- l~
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-
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left permanently switched on to assure steady state operation. As Fig.5.28(A)

shows , it was a simp le mat te r  to check the zero/cal ibrat ion of each instrument

before making any actual measurements.

As Fi g.5.26 shows , provision was also made in the samp ling line for the

connection of another analyser , however this take—off point was normally used

whenever batch samples were required to be accumulated in samp le bottles for

analysis by gas chromatograph. This method of analysis was used for checking

IRGA operation and for the estimation of CH 4 levels , as the la tter were fo und

to be typ ically < 1% they were not in fact further investigated.

5.8(e) Isokinetic Samp ling Procedure.

Due to the impor tance of samp ling isokineticably which was stated in

5.8(a), an experimental procedure was devised that enabled the sample mass flowrate

to be adjusted so that i sokine t ic  samplin :. , under any burner  exit flow conditions

could be obtained as a c c u r a t e l y  as poss ib l e .  it is perhaps worth mentioning

that various gas sampling probes have been designed which feature additional

cap illaries , these allow simultaneois measurement of static and dynamic pressures

within the probe . The sample flowrate from the probe can then be adjusted until

these pressures balance and the isokinetic sampling condition is achieved.

Such pr obes s u f f e r  three drawback s aowe’ cr , firs tly construction difficulty is

enhanced , secondly the overal l  proba cross—sectional area is inevitab ly

in creased and las t ly the  add i t iona l  c a p i l l a r i e s  nay be pron: to blockage .

Four va r i ab l e s  are rc- r~u r r e d  to he :~ i~ urc-J from th e ri . t o  provide inpu t

data fo r  the p rocedure , they arc :

i) tnerr ucoup l L- or - . )~ v l t age  oi:~~— u t , NV m u  li\— ol t s .

ii) p itot probe uTtanenrote r~-ad in , h ’ W.G.

i i i )  r ig  ambient temperature , TR ~
C (as ~~-a sur ed usi: a Conuark

dig i a 1 t h a ]  1- - : e t e r )
~1

i ~~
) s u - 1 I I i  - — - - ~a sue , 0 151

h e l e t ] - -  c ] a : - I t  u p ~m. : t ~ ~‘~ s t~~auv - L ’~~d i s : ’ -  )~ e ’~~i: - 0 - d  u~~in gas

~ :~~~‘ 
i t  e , a a le t  I d l i a l i u s a  heat losses hid L e e t i  t ’r t e c l e d .  u s ing  the technique

• I • ~~~ ~ ) I ~~~ I ~~lI ~~~~~~~~~~~~~~~~~~~~ I .  sLug thai ~ ~ s i d  lii - e t h a ~~i with ~~~ e-I UaL~~ofl of s t a t e

-- 101
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a curve of burner exit flow densit~ p as a function of the variable MV was

constructed , assuming the gases to be composed predominantly of nitrogen.

This curve is presented in Fig .5 .2~ and -~-:a s fitted by the quadratic equation :

p = (0.497 - 0.0325 MV + 0.00072 MV
2 ) kg/ rn 3 (5.10)

8 ~ MV ~ 18 millivolts

The burner exit flow mean velocity V was computed from:

V = (498~~~8 h ) 2 n i/ sec (5.11)

Now, mean isokinetic sample flowrat.e is given by:

2
th1 = IT V 

~

- k g/ s e c  (5.12)

where , d = Probe sur 1:le cap i l l a r y  ID = 0.84 x 10 m .

Measurements of the probe samp le exit flow temperature with the NiCr/NiAl

thermocoup le established that this temperature never exceeded 27
0 C (see next

sect ion 5.8(f)), hence after passir g the cooled water trap , the samp le tempera ture

was assume d to be close to ambient .

Hence , samp le volumetric flowiate at rotameter conditions is:

• 2
= it V — . 6C- ,000 lit/mm (5.13)

— 
23 273 (730—s ~S) 

k— 

~~~4 
(~ 73~~ -3 760 g/m (5.14)

The rotameter cal ibrat ion was at N . T . P . ,  F ig .5 .3O , so that  i t  was necessary

to app ly a densi ty correction before the rotameter could be used for measuring

samp le f lowra te:

= Q (— -—---)
~~ 

(5 15)
~N TP R 

~ NTP

Now , the calibration curve Fig.5.24 was fitted by the linear relation :

SC 5.16 0 + 0./,6 , (~o 8) (5.16)

-  ~~~ 
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~~ r ~~ — I + 0.46 . (5.17)
(730 — AS1 ~J

where p~ is given by (5.10).

A Hewlett Packard HP25 electronic calculator was prograimned to compute SC,

using (5.10) and (5.17), from the four rig variables. The sample line regulator

could then be adjusted until this flowrate was indicated on the rotameter. ~S

was a function of regulator settin g so tha t the program allowed up dating of SC

as the sample flowrate was varied. The advantage of using the portable calculator

was that the isokinetic samp le flowrate for any experimental conditions could be

rapidly and easily set (essential due to finite sampling run times) whilst working

on the rig.

5.8(f) Gas Sampling Runs.

With the blue flame burner fired on kt:rrasine a series of data acquisition

runs was made to measure exit flow velocities , temperatures and CO/C02/N0

species concentrations for a range of operating conditions. Such data was

acquired after burner steady state exit flow temperatures had been reached (s” 15

minutes), at which point the cooled sampling probe was mounted into the samp ling

stage. The probe was purged as described in 5.8(d) whenever not actually

samp ling; a single probe failuro, as manifes ted by a water leak from the tip ,

was experienced after 10 hours sampling time . This was remedied by resoldering

the tip. Due to the limited sample flow available analysis for either CO/CO
2 

or

NO was made during each run , throughout which f requent  zero and calibration

checks were made . The maximum probe cooling water exit temperature

observed was 430 c.

The maximum sample temperature at the probe exit  measured throughout the

samp ling runs was 27 0 C, this value was used in the quench efficiency calculations ,

Appendix C.

f t I. l i - i t  1-  ~~a t’]:i~ p i o a e d th at , a f e t  a l t  c ,n d i t i t n s , the NO
2 

conten t of toe

alip 1.  d g t ’-~t-s is aes t~~ ~-ede d 5% ~if ti : nicasured 0 .  “h” i-~0 Aasalv ser (CLA)

~ th~ r~ I - a ~e a-ed a LI I ~ i i i  the ~0) uI ~~ Ie , so i l - a t .  use of t l . - CIA converter and

- - s i a c  t h e  asbo ( j~~i._u ia it~~i[erer ce e r i - t ;  IC a t h i s  de ’jC~ (~,.8(a)), were avoided.
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A series of tests under various conditions w i:; carried out to determine whether

or not the actual probe could introduce similar interference errors , the procedure

used was :

1. Set the isokinetic sampling rate , 5.8(e), and measure the corresponding

NO concen ration with the CLA for the probe located in the hot exit flow.

2. Turn off sample pump ; change from sampling to purging ~~de and swit ch

pump back on. (Air pumped back through the probe and hence no surface

(reduction) interference reactions).

3. Turn off sample pump ; quickl y change from purging to sampling mode and

turn the pump on again.

4. Examine the time dependen-Ty of ti-ac CLA—ineasured NO response using the

chart recorder. Compare stt-n d y state value with 1.

Fig.5.2c shows typ ical transie ;t responses observed for  CIA—de tected NO us ing

the chart recorder , for bo th stoichiometric and fuel rich overall burner operation ,

where the estimated overall equivalence ratio for the burner q is de f ined  as:

Fue l flow rate = = - 0.0 129 + 0.00641 P~
2 O.0002O7 P

f kg/mm ... (5.18)
Ai r flow rate = 1AIR = ~~~• x lO~~ kg/mm (5.19)

Applying a density correction to to allow for the rotamneter calibration (NTP):

1.227 -3
mAIR 

= Q. p ( ) x 10

P 730 + 25 .4  P 2

= 7.554 x lO~~ 
~~~

. \ 273 + T~~~~~~~ 
kg/mm (5 .20)

where , P~~ = blue flame burner air manifold pressure , “Hg.

T = rotameter air temperature , °C.
ROT

Hence , 
~ov is g iven by :
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steady state levels are regained. These kinks are due to the pressure pulse

t ransmit ted by the p ump when i t  is turned on. It is importan t to note that  onl y

a decay of about 5% in steady state response is apparent for rich operation only,

hence it was concluded that possible interference reactions within the probe

would have minima l  e t f e c t  on the a c c u r a c y  of ~~iJ gas sampl ing  m e a s u r e m e n t s .  S i m i l a r

tests  were conducted for Co/CO2 measurement , b r  which zero decay in steady state

- - leve l was observed.

Fig.5.3l shows the CO2 measured in the burner exit flow as a tunction or L~~.2

indicated air rotameter readin .~ (i.e. density correction not app lied , small)

and for a range of P f . Fi g.5.32 ~resents the similar characteristic for CO

pollu tant emissions , it  should be r o t e d  t ; i t all  i~as ~
; ar-:p li:a& data was obtained

under isokinetic sampling cenditia aod is expressed  on a dry b a s i s .

In the next series of runs thc BFB ~~i emiss ion  cha rac t e r i s t i c  was measured ,

soon a f t e r  coinriencing t h i s  series the burne r be atme noticeab~~ noisier , wi th exit

f low mean tempera tures somewha t hi bher than usual. On dismantling the burner the

recycle path  was found to be pa r t i~~i1y b - l o c k ed  with f lak e d / o xid i s e d  mild  s teel

which had lifted away from the combustion chamber w~ 1l. 8emoval of this materiai

caused a recuxnption of norm -a l BFB operatic-n . NO etrissions and exit temperatures

were determined for each of these ~ “modes ” of operation , Figs . 5.33, 34, 35 present

this data for 3 values of Pf and for the former mode of operation . Figs. 5.36, 37,

~ give the same characteristics fcr exactly the same conditions but for the latter ,

i.e., normal , mode of operation . The former set of curves then, correspond to

reduced levels of internal recirculation , accordingly higher values of NO and exi t

temperature were observed than fo r  normal  bu rne r  opera t ion .  Note that selected

values of 
~~~~~~ 

are additionally given on each plot (non linear scale) and that in all

cases NO dec reases as 
~~~

. is reduced from stoichiometric proportions , until a

oinhn sm is attained , af t€ - r this point it increases again as the burner operation

a ~~~~~ 
- la -rn I I- ~- ~~ ~~~ I - f o e  ‘1- 11o~ - F l i t . i t t -  It-

0 -  -
~ i - -

~~ ‘ - a  ~ c + ~ a ot  ~he S-t I 1 I - ~~ i d i f-  (It LI. o as ,t~ ed gas

a - . 
~~~~~~~~ 

t , l y - ~~~~ a - - - s i - a , - -  a - s  t a , (~i a  a d  NO. ih j~ - L V C S  ~eie obtained

t i e  t -  s m ade et L~ I-5 a 1c  rat on ~ da - -
~~ ab ed above), as vere the transient

I csji- ise ( ‘il . V~ , g i l - l i  in Fi 
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The BFR air manifold pressure 
~~ 

as f(h~~) is depicted in Fig.5.39, it is

only a weak function of Pf. Anothe r burner operating characteristic , the exit

flow mean velocity as f(~3
) is given in Fig.5.40, this is also only weakly

dependent on

5.8(g) Addi tional measurements.

CO , CU 2 , NO profiles in the BFB exit flow orifice were found to be nearly flat

with the maximum in each occurring on or close to the burner central axis.

Since a cooling of the recircLlated combustion products is to be expected

during flow around the Coanda unit it was decided to estimate the mean temperature

of these gases just prior to entry of the inlet p lane of this uni t, i.e. after heat

exchange. A Pt/Pt 13Z Rh thermoceuple (bead diameter 0.4 mm) was thus mounted

throug h the burner headp la te af ter bein g conven tionally coated with silicon to

minimise ca tal ytic effects. Radiation heat losses experienced by this therino—

coup le were assumed to be low. T?~b 1e V presen ts the resul ts tha t were ob tained ,

this temperature is seen to be 1100 70 K.

Finally, Plate 5 shows the condition of the burner combustion chamber and

Coanda unit after completion of all the above tests. Note the “scaling”

exhibi ted by these mild steel components , particularly (i) combustion chamber —

immediately downstream of Coanda (i.e. main flame zone), (ii) Coanda unit —

rear face~ Note also the absence of such effects in the cooler recirculation

and exit flow regions.

TABLE V. MEASURED MEAN GAS TEMPERATURES; BFB RECIRCULATION PATH

Indicated ~ . (l i t/ m i n )  5 10 500 450 400 380 35-i 320 300 280 2~~O

A-—Temperature(K); P =160 p s ig  10 13 1033 V41 1114 114: 1138 1 ) 9 0  l I l f a b  —

B— Te mp er -a tu r e ( K ) ; P f = 1 2 ( 1  p s i g  104 1024 1U33 1U49 — ll2~. 113 8 1114 
— 1u57

C Temp eratmmre(K ); I’~ =8() psi g 1(’~ 3 ~033 ~‘-4i 10~a 9 — 111 6 1~~f-6 1114 111 4 1074

1”b --

—

~
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CHAPTER 6.

ON-LINE AUTOCORRELATION MEASUREMENTS

‘a

6.1 Introduction.

- 

- 

The phenomenon of turbulence and its influence on physical mixing processes

in heterogeneous combustion has been introduced previously, 2.2(c) and 3.5, whe re

it was shown that energy spectra , intensities and characteristic scales are the

ralost important turbulence parameters with respect to mixing. The various eddy

size ranges comprising the energy spectrum were also identified in this section ,

rates of turbulent mixing are governed by the energy containing eddies although

the actual process is carried out by the dissipation eddies. Because a) relatively

little is known about the behaviour of turbulence eddies under hot or isothermal

conditions , b) turbulent mixing processes are fundamental to all types of combustion ,

it was decided to measure typical turbulence scales encountered in the blue flame

burner internal flow. Use was made of the hot wire anemorictry setup that  was

employed for mean velocity measurenents described in 5.4, this unfo r tuna tely r uled

out investigation of the hot flew. This Chapter then , describes an extremely

interesting technique tha t was developed for the estimation of characteristic

- - turbulence scales by the on—line analysis of hot wire anemometer signals , using a

di gital computer.

It is possible to make reasonable estimates for characteristic turbulence

scales from turbulence correlation functions , these are of t., I types.

6.2 Cross Correlation Function.

This is defined mathematically:

R ( t )  = 4 f x ( t ) y ( t -r ) d t  (6.1 )

Y L  the a ?O s .~j a I i ~~~: ( L , and ( t )  ot ’ a~ , a e - I  f ~~ c:m ‘ - -‘o l i t  1- t ic pat-h es placed close

~- g~~ h r -  jp the • -rb - i 1 e~~ ~ ‘ I W ~~ tie t I ’ r - t i a i n  rd ~tes the s i r - il as it y between ne ui

t h ~ ~~t ’etOi s nd d L m n -  shifted vtarsioli ot  :1 a - ther ~avet o:--i . It is possible to
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derive characteristic eddy length scales from the form of curve (6.1) but the

method has the serious drawback that spurious results can be obtained due to the

eddy shedding of the forward probe . In addition , the limited area available at

the burner exit for the insertion of probes , ruled ou t the accurate posit ioning

of more than one probe within the combustor flowfield.

6.3 Auto Corre lation Function.

This function is defined:

R (t) = 

~ 
x(t)x(t-~) dt (6.2)

The autocorrelation function relates the similarity between a waveform and a

time—shifted version of the same waveform . It is again possible to derive chara-

cteristic length scales from the curve , this approach has the considerable

advan tage tha t a sing le probe is required to measure this curve. When a particular

eddy is distant from the probe IR xx
(T)I is zero and when the eddy is central about

the probe jR (T ) has the value unity; hence the time taken for the eddy to sweep

past the probe can be deduced and consequently the eddy size estimated.

The autocorrelatiors function is convenient to work with also since:

R (r) = R (— -r)
xx xx

As Fig.6.l(ii) depicts the curve maximum occurs at T = 0, the diagram~shows

also that for a typical autocorrelation function there is a zero crossing before the

curve gradually settles back to zero. The autocorrelation shown in Fig.6.l(ii) is

of the normalised type p (t), where :

p ( t )  = R (r)/R (O) and —l~ p (-r ) ~ + 1 (6.3)

As will be seen shortly, it is possible to transform (6.i) to the frequency

domain by means of the Wiener—Khintchine relation to obtain the orresponding Powe r

Sjc-c trtsc , whi ch can give useful information concerning the dominant turbulence

It I ~-~~a -

t a t rlal! ar - ~~~~~~~~ i ~ u~~. t a C O i - t , - l a ’ 0a1 k L \ t- d h - t i - t s~~~1es , the mac lu

- -~~~ ~~~~~~ ~ as d~-~ 
-~~~ I l a~~ the in t cgmal 1 tt~e n i r a n aj i s c u  it Oe O 1~5 e l a ti o n  f u n c t i o n :

-
~~ 

- p (i)dt (6.4~
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F It is then, simply the area under the curve. Now for a turbulence of relatively

low intensity i t is possible to invoke Tay lor ’s Hypo thesis to obtain the corresp—
a 

onding length scale A . This hypothesis states that time variations in the flow

velocity observed at a fixed point would be approximately those due to the

convection of an unchanging spatial pattern past the point with the mean flow

velocity U. Hence,

A -t U = U I p (-t)dt (6.5)ma ma J xx
0

This macroscale is also known as the integral scale , it tends to select the average

size of the largest eddies in the turbulence spectrum . The micro time and length

turbulence length scales are definea mathematically:

= — 
1 (6.6)

ml. p~~~(O)

and using Taylor ’s Hypothesis again,

A . = -r . U , .~~~. A 2 
— j~

2 1 (6.7)mi mi. mi (2’t(o
xx

The inicroscale is charac terised by the correlation function near the origin since the

shape of the curve in this region is attributable to the smallest eddies of

corresponding high frequency presen t in the turbulence . For small values of T the

autocorre lation curve may be approximated by a parabola, Fig.6.2, this is known as

the osculation parabola . The micrc length scale A . is considered to b~ a measure

of the smallest eddies , to measure t h i s  to any real accuracy naturally requires

that the length of the hot wire proLe be of the same order as the smallest eddies

present. It is well known that thE correlation function may be expressed in the

form of a Taylor Series:

~ (-t ) = 
~. + 1 2  r~i ~ !~~ r~—~ 

+ ... (6.8)
L~~~T J ~~~~ LarJ~~

I~akin g C U  v Lim e tir~~ 2 I ~rr-aa ot this series , ~‘e can dad a-c nra E X ~~~i C - S S i ( f l  far the

l a - ~ ~- a - - i 1 _ l a , asi - i ~ ~ I)-

1 - 
~~~ 

-
~~~~

-
~~~

- (6.9)
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and (6.8) can be conveniently reexpressed:

p(-r) 1 — ~~ _:~
__ 

+ 

~kzd~ 
p~
4
~~(0) ~ + (6.10)

6.4 Correctioi~~of Measui-ed Autocoirelation Length Scales.

Any correlation measuring system has a finite time—resolution power, this

causes a smoothing of the correlation function which is naturally undesirable, the

time—resolution power is characterised by amplitude and phase attenuation at high

frequencies. It can be shown (113) that the time resolution error is usually

negligible for a properly adjusted hot wire anemometer, so that the time resolution

error (i.e. finite frequency response) of the correlation measuring system need

only be evaluated. Before describing the correlation measuring system used a

method for correcting measured autocorrc-1at~ - r length scales is presented , the

method is due to Ande r sen (114). Measured autocorrelations and associated length

scales are bracketed as < > . Fig.6 .3 illustrates the general setup in which a

hot wire anemome ter is used to transduce the turbulent velocity fluctuations and

X(f) is the frequency response function for the Total Measurement System. X(f)

has separate phase and amplitude ccmponents .

Now it may be shown that (1) the power spectrum of the output signals

is related to the power spectrum of the input signals G (f) by:

<G (f)> = x(f)*x(f).G (f) (6.11)

where , * denotes a complex conjugation .

The Wiener—Khintchine rel~ tion is:

F [R(T)] = f R ( t) .e ’
~~ d~ ~G(f) (6.12)

where, F denotes ~i Four ie r  T z a n s f - r m ;  w = 2a~f

Hence , (6.11) may be rewritten :

k (~~ - I - ~~ t ~ X ( f f - t -  8 (t )  (6.13)

or , -~ r n a m  - u t  :~~ - m c  a:setm: l ~~a i : . r

- tic ’ -
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<R (t—t)> ~~(t) = K~~ <R xx ( r ) >  . (6 .14)

after transforming to the time domain, where ,

= F ’ = the Wei ghting Function describing correlation

correction

K = the Operator for correction of measured

autocorrelations .

The problem then is to derive an expression for to enable measured auto—

correlation functions to be corrected for the finite frequency response j
property of the total measuring sysrc . As a first approximation this property

is represented by the characterist~ a:s of a low pass filter , i.e.:
I

X = .j .—
~~

- -—- (6.15)

where , p iw

= b /2Tm = filter cut off frequency.

Therefore :

—l

= F
1 

[(b:-P) ~~~~ ~ 
= F

1 
[i 

- -L
i]

= 6( t) — ~_L2~ ó~
2
~ (t) (6.16)

b
a

Since , (1 14) :

F l (p hl
) = 61

~~~(t); 6 = delta function

th -(n) n derivative

So that (6.16) into (6.14) becomes:

a,
—a

- 
~~~~~(T t )  - - a  xx (t  ) J t

- -3

C) - 1 -~~~ -~mI I j ( • I ~ —— ( — I ,  — I— I , .-.
, aX 1 2

1 - I
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<R (T)> T~~~~T .  ~

Since, (114):

r ~
(n) (~ ) R (r-t)dt = (-l)~ ~~~~ (t)

- a)

Hence, th required correction expression for this case is:

( 1 
2

= - 

~~~~~~~ ) 

(6.18)

An expression for the undistorted macroscale A in terms of <A > , thema ma

measured macroscale, may now be deduced . Frori (6.5):

—

U ~~~ - > dt
<A > • 

xx R (O)
ma xx

A
ma <R (0)>

- dt xx

this is because X~X = 1 at f = 0.

Hence, using (6.3),(6.l4) and (6.18):

A
ma 

= ~~l 
- 

~~~~~~~ ~~~~~~~~~) 
~~~~~~~ma \. b

Inser t ing (6.10) into this equation gives:

<A > — A  <-r > — T
ma ma 

— 
cia ma — 

1
2 7 6.19 )

A b <-r .>
ma x mi

An expression tor the undistorted nu croscale A - in terms of <A . > , the measured
mi mi

rnicroscale , may now be similarly obtained. Using (6.10):

= - 

<t mi>
2 

~ 

~ ~I~~~~ (O) > 2

Si 1- . 
- 

-.

- (~~) ( - - - _ _ _ (
_ _
‘ )  I -  -- _ 

- ~ 
a
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. (6.20)
S u b s t i t u t i ng  -r — 0 in to  (6 .20)  and using the previous result (6.19):

2 2
/ ~ / b <-r . >

= — 
1 

— 
__L. <p~~~~(0)> ) ( x mi 

—

2 b 2 2 2
<-~~ > x 1 + b  < t . >

mi x mi

So tha t , us ing  ( 6 . 6 ) :

2 — 2 ( 4 )
<-r . > 1 + (b / < -u ~>) <

~ 
- (0 )>mi x ml (6.21)

-r 2 1 + ~~
‘

Equations (6.19) and (6.21) enable approximate corrections to the measured

macro and micro scales respectively t be made using a simple frequency response

analysis. This treatment could be made more detailed if X(f) for any actual

measuring system is accurately known .

6.5 Autocorrelation Measurement Facility .

A PDP 8/E digital computer was used for the on—line acquisition of autocorrelation

data , a DISA 55D0 5 hot wire anemometer being employed to transduce isothermal turbulent

velocity fluctuations. The comp lete hot wire anemometry setup has beers previously

described in (5.4,5.5),see Fig.5.9,5.l0. After appropriate filtering, the hot wire

anemometer signal (from point A of Fi g.5.9. Fig.6.1(i) shows a typical hot wire

anemometer output signal at any instant in time, the DC Level having been removed ,

note the range of frequencies preseni;.) was fed into a LAB 8/E (Dec Standard

Equipment) interface system, before actuall y entering the compater which was

progranined to contro l i) data acquisition , ii) data storage z~ d iii) data

processing to derive the required autocorrelation function.

Fi g.6.4 schematically shows the complete hardware arrange nertt which was used ,

I ~ fun~ L1-aa a t  a ha I i  1 l e t  nt - I I (t~I~ F ‘~ i i  1~ a discumased short]’,- . A s ti is diagram

- -
~~ ~~~~~ r - a -  • j j a a .  d i  I j a  deck ~~~~~ 1 l I t - , ~~ 

- a i~~~~~~ 1~~h ]e  1, .i1t~~r an e d i a t e  and

a I C a t a  - a~ ‘~~~~ 
- - I - I ~~~~~C I  w .s ~~Leue tive !’- c-~ ~t o~ I -  e by a teleL~.,-e d ’ i i..
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Hot wire anemometer signals were digitis~d by an A+D converter Lefore being

processed by the PDP8/E, a multiplexing unit was needed for the electronic scanning

of information input channels — although only one channel was required for auto-

correlation measurement. An electronic clock unit provided input to the computer

since time—dependent calculations had to be performed. On the output side a

Visual Display Unit and an XY Plotter were connected via a D-~A converter. The

VDU enabled instantaneous display of either the input anemometer signal or the

computed autocorrelation function as desired , throughout the caur so of data

acquisition. From equation (6.2) it ca~ be appreciated that a considerable amount

of time is required to accurately ccmpute an autocorrelation , hence the value of the

VDU for monitoring purposes. The ~Y Plotter was used for making hard copies of

any particular curve disp layed on the VDU , tL~ XY plotter was synchronised to the

VDU device .

Now the sampling of continuous information is in fact a critical operation

which is subject to important restrictions. The most important limitation to

continuous sampling of information ~as first formulated by Shannon , whose theorem

states that the maximum frequency of a sampled signal must not be greater than one

half the frequency corresponding to the maximum samp ling ra te  of t m e  system.

Freq uencies greate r than th is maximtm value are incorrectly interpreted ~s lower ones ,

unless they are removed noise is int roduced into the samp led s ignal.  As wi l l  be

discussed below the maximum samp 1in~, rate of the autocorrelation measurement

facility was 0.1 millisec so that the maximum frequency which could be sampled was

5000 Hz , hence the use of the f i l t e t  network F which is shown in more detail in

Fig.6.5. Since only the f l u c t u a t i r g component of the anemometer signal was

required the DC level was removed by mean s of the hi gh pass section of the f i l t e r,

time constant R’C ’ = 0.1 sec. Freçuencies greater than the maximum permissable

‘~Je~~ - Sma )j~~eSSed by :eans et the differ ential amp lifier , whose bandwidth was set at

o - n ) )  H~ . li e h i l t  j - - -~~~l L i i  a uiup ! i c i e m  ‘- i~~ thus ci1a cL i- -~~ 
- a - L - l  as a ~~C a W p a ss  

cl ‘ a’’~ d - - - ~’~--~cl t h a  s L ta ta , 1 d - ’mt I t  3 dli at. I a m % !’i a) H~ ; the Late .f

sir ~-m ’ d.~~ -a +~ - - - ds b- ’- ~~ ‘ -  -
~ ‘ a ’  en s-i~ -~ tha L i t . was 10 dB down at I~~~1S f t e qu e n c y , a
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low pass fil ter section of t i l i t u  constant i-~C 0.2  mil l i sec  was thus  used. Now the

range of signal vol tage which could be led to the A-~D conver ter was 1 volt , the

input potentiometer located on the interface was therel re adjusted to ensure th-it

the tiltered signal was within this range . It th ~ u1d be appreciated that the net

- - measuring system exh ib i t ed  app roxit -iatoly the characteristics of a lowpass filter

of cut off frequency 
~~ 

= 5000 Hz.  The technique descr ibed in 6.4 was used to

correct  measured au toco r r ela t i ons  jot t I i5  associated time reso lu t ion  e r r o r .

Turning now to the s o f t w a r e  side of the PDP 8/li c-c.- 1 iuc technique , a

s tandard  (Dec) progra ia C0kI)3 was employed  fo r  the  a c q u i s i t m a : i  of a u t o c o r re la t i o n

data. CORD 3 comp letely handled the input ~‘f loformati-un to the system , da ta

storage and evaluat ion of the normn a1 is~ d uu toco r re i a t i c :n  func t ion , control  of CORD 3

was e f fec ted by cleans of high le~-el commands ~ransrnitt~~-J from the teletype. The

max imum samp ling rate of the hardware plus software crrnbinat ion  was 0.1 milli sec .

Processing of the aca . ired data will he described in 6.7.

6.6 Experimental Procedure.

The turbulence autocorrelation function was measured at various points along

the combustor cen t ra l  ax i s .  At each poin t of measure- a n t the location of the hot

wire  probe was accura te ly  set by means of i t s  t r a v e r s ing  mechanism , a f t e r  the

probe had first been calibrated so that U at each point could be determined.

All data was obtained at air input flowrates of 3 0 i  ]it.1t i n. Since the initial

section of the autocorrelatic’n curve I.e. before the zero crossing, is of most

importance , the range of disp laced tirie i over which each curve was acquired was

0 * 10 niillisec . Ac ca~-h ceasurernent point the correlation fiunct ion was

“built up” for an in tegrati at time of It least 30 .iins , combustor conditions being

fr equently checked L r uu~ 1 a u t  this p e r i o d , t~~. and anemometer bridge voltage were

p e r i~~d i c a l l y recorded.  The a c q u ir e d  i a J t e ~~~~ I r e l a t i o n  f u n c t i o n  was then s tored as

a d j -a ti 1 c ‘‘n a m a -iit - t i t  1.1 1 - - ~ - m i ’ i L — a - j u e , u I  ~.l ) a t :S i Ug .

6 . ,  t L O ~~d~~ s : a L  a a t  !\ it aa ~~~~~ i a L i t i Li fl Dat -I i . , ~ -~~s - ’ N ‘ c ’ a in -~~ .

- ‘ I .- t - 1  ~~J U~ d il L - t i l  &i ~)at~~o,~ a - a L t us i a L ~~ t~~ a ~t ~c c u r a te i y  u s i n g

th - - ~~~~ p l u t a a  and A~ ~-~~~ - ~l ~~~~~~~ O~~~~ ) a I a a t ~~ t t a O C l  t C ~~~t l~~ d to A~, S i te .
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A standard (Dec) program DAQUAN for data processing was employed for controlling

the XI p lot ter , the p lot routine incorporated in this program was extremely

sophisticated and had provision for:

a) Controlling the VDU monitor (on which the particular curve was first

disp layed) .

b) Synchroniz ing the XY P l o t t e r .

c) Calibrating the Plotter.

d) Plotting a graticule plus scales on the paper as well as the curve .

e) Overall control of the plotting routine from the teletype.

f) Providing a linear interpolation between each point.

Before the actua l au tocor re la t ion  data f i l e  could be loaded into DAQUAN a

series of conversions was necessary to ensure tha t  the data had the correct format

and was in the range , 0 ~ (data  value ) ~ 1000 . A BASIC program was wri tten to

handle th i s  conversion and also coirpute measured cor re la t ion  timescales , the

program then corrected these values for the time resolution error as deta i led

in (6.4). Appendix D describes tiTis program in some detail. Multiplication

of these timescales by the prevailing mean velocity C then yielded the required

estimates of micro and macro length scales for that measurement point.

Using the above measurement ard processing techniques data was acquired for

a range of poin ts along the combustor central -‘xis , Fi g.6.7 is an example of a

measured autocorrelation for k/( Z 4 + ~ex~ 
= 0. In each case isothermal flow,

charac ter ised by t~ = 300 lit/rain , was prevalent . Fig.6.6 then shows the

profiles of A and A thot were cerived , these results are discussed inma ru.

Chapter 8.

- 1 -

~~~~ T . ..~~.- . - - ,
— -.~~~-- - - .~ - --‘-- -- -

_ _ _  —
— — ~~~~ .— 

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



- -

p - -—---- - ----- -

CHAPTLR 7.

THE ORETICAL MODE L AND PREDICTION S

7.1 Foreword.

This section presents details of the n i a themat i ca I  a ’o d el  w h i c h  w-~s derived for

the blue flame burner and utilised the ~;ener.il s t i r r e d r eac to r  and evapora t ion  theory

given in Chapter 4. A great deal of mode l h it - ut information was obtained

experimentally, as described in Ch~ptLr 5, t h i s  data is hence discussed in this

Chapter ra ther  than in the succeeding one . Mode l predictions are then presented.

7.2 The Blue Flame Burner St i r red Reactor  Network.

In 3.2 the BFB “expected” flog pattern was described in order to explain the

burner operating principle , confiriiation of th is  f low pa t t e rn  was provided by the iso-

thermal hot wire anemometer measurements of U and T% , 5.5. Examination of Fig.5.l2

shows the position of the high vebcity attached layer, this profile decays to that

shown in Fig. 5.11 at the Coanda exit  p lane due to mixing across the attached layer.

Notice that the centre line velocity is increasing as would be expected. As Fig.

5.13 shows this axial clean velocity continues to increase until 2. 0.15 (2.
4 

+ 2 . ) ,

a ft e r  th is  point U decays until a constant value is reached at 9.~~ 0.55 (9.4 
+ $1 ) .

- - Now the Coanda exit flow is a type of enclosed j e t  f low , as i l l u s t r a t ed  in F i g . 7. l ,

wi th  the point of impingement on the cornbustor wall Z occurring at distance 9.
3

= 0.55 (2.
4 

+ from the Coanda exit p lane . Hence the boundary of this enclosed

jet, prior to Z , is given approxima tely by the dashed line in Fig.7.l , U thus

decreases ~u this reg ion as the flow effective cross secti- -na~ area increases.

R e c i r c u l a tio n  of combustion p roduc t s  Ir . ’r-a the f lame zone tab , s p lace across th i s

boundary. Fig.5.l4 shows that the axial turbulence intensity varies as the

neu~ j-r nt- a l of [ , d~ . .il ~ t s h o u l d  be emp h a s i s e d  t h - u t  l-i g. 5.1/ i pro~aides  only the t i en d

t ’ , -c d - a t  d a . - l e  .~ i ,,a i A t U d C  a f , d > a A J I  I - .  l’a a I ~~J- &~~. .S  O f Jc~ el~~r a t : n g  f l ow ~ue

h i  - a-~ ‘ sa d i - -- th— ’-  - 
~~~~ 

- - - --j ; J / ~ ati d a a j  - - ~~ i sa - c a~ a. d ! S  t l i i  a i U ~~ il the  d iss ipat ion

e ‘ - ~ -, - 
~;- -a c .~e ‘ - h t t , ~~., a- p~ - La~~~~ - ‘S , ‘ ‘ a -  f a a  ~- a  • V J ‘~~~~ J e ~e1s as i. ea-~ui ted

t a C  L O L L  t t;J~~:r,~ re ~ h .it U decreoses s I i ~~t ::i~’ j a a s t  b - ~ a a ’ e a 0.83 (k. + 

~e~)’ ~

- H -  -

~.k ~~ ~~~~~~~~~~~~~
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~
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this is due to the fact that a small a~ otLIl t of flow recirculates at this point as

shown in Fig.7.l. Beyond this point U increases to a new constant value at

9. 0.9 (2- + 9. ) due to a contraction of the flow by the exit orifice .4 ex

1~rom the above flow pattern considerations it is possible to deduce a stirred

- 
- reactor U~twork to model the BFB combusting flow at steady state , assuming the hot

flow pattern to be essentially the same as the isothermal flow; this network is given

in Fi g . 7 .2 .

Since the mean gaseous res idence  t ime in the Coanda un i t  throat  is so small

(volume 30 cm3) it fo l lows  tha t  a stirred reactor (stable) could not be used to

represent this region , hence the t h x o at  i s  assumed to act as an isothermal mixer of

a tomising spray , feed air ~ind r e c i r c L - ~ u t e d  gases. The mean gaseous residence time

in this  volume is assumed to be equ~1 to the ;pray atomisation time . WSR 1 is used to

approximate the main flame zone , i ts  v du m e  is assumed equa l to the t runcated cone

bounded by the dashed l ines in Fi g. .l , i. e. 241) cm 3. Equat ion ( 2 . 2 2 )  and Figs.

5.39 , 43 were used to es t imate  the mixing parameter tSD for this reac tor , its value is

thus 300 . The secondary lame zon is represented  by another wel l  s t i r red reactor

WSR 2, r a the r  than a PFR du.~ to two Cain considerations . Firstly the leve l of CO2

in the BFB exit flow, Fi g.5.31, is ru t ce~apatible with comp~ -’te burnout, and secondly

the relatively high levels of U and l - ~ in the exit flow suggest insufficient

dissi pation of turbulence energy . The volume ~SR ) is the combustion chamber volume

downstream of the point Z i.e. 280 c-rn 3, 
~SD fo r  t h i s  reactor  was t he re fo re  set to

a low value — it  was e s t i m a t e d  as bc ing L f the order of 7. P la te  5. which is

discussed in 5 .8 (g) , also c o n f i r m s  the tosition of the  sun t iame and cooler ~cr.es.

Both stirred reactors in ~i p .7.2 arc assumed to operat u -id i i- -itically as a first

approximation .

7.2(a) Blue Flame Burner R e c i r cu l a t i o n_ Level .
I

jieastiteuents of the B~ b in t eino l i t~~ i r c t i ] a t i n c ~ ch ar u  t ,  r i  ~;t ic- ui-o’er  i so the rma l

.1 -~ a) ’  - i a ’  a 
~~~ . -

~~~~ • t t ,  - a t - ~- a I  1’ 5 ~+ .  l i a -  ) J~ a l i t - a S  -5 r~~~~) foe  3 values

• - ~. d ’  ~ S. a ~~ ‘ -
~~

- t f l pa~ -’ ’ j ~~~~aj  a s (  a d i t 1  t a - i  A a -a d A ~~1 ’ e a a  iii this S C L L a a c i

- • i t }  ‘or S il _ talO t - -  - - -s , ‘ a-~. It / A .  2~~, r t e r i  th is  the~~t t t j a ~~~l

L a d y  ‘-e dir~ ,_t~ .J i i a d  c - t s  the a p r  ~~~ Ic- ~~~~~~~~ in !i.g.5.8. Hence i t s

l a b  -- 

-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
___
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estimated that the entrainment efficiency factor fl relating the theoret ical  value

of i4~ to the typical measured value , = 0.39 for 250 l i t /m m .  The justifi—

cation for permitting this term in (4.78,79) is provided by the fact that the simple

momentum exchange analysis given in 4.5 is almost independent of the “mixing length”

between the Coanda inlet and exit planes , since the influence of the skewness

factors on p is comparatively weak, Fig.4 .ll. All hot tests made on the BFB were

conducted for the above value of S , also , it was necessary to assume that this value

of it prevailed under combustion conditions. The term p . in (4.78) corresponds to

the recycle gas composition and is evaluated at the measured recycle gas mean

temperature given in Table V. The a ir f eed dens i ty p~ is evaluated at temperature

TAIR, which is the estimated air temperature as it passes through the Coanda slit.

Hence Rint is now directly available via (4-80) .

7.3 Spray Evaporation Data.

The molecular formula for the kerosine fuel used in all tests except 5.3 is

assumed to be C12H24, this is reasonable as its ultimate chemical composition is

86.3% C, 13.6% H2 and 0.1% S. Other propertiec of the fuel are density 790 kg/rn
3
,

B.Pt.= 493 K ac~—l LHV 300 kJ/kg .

In order to estimate fuel evaporation rates in WSR
1 

and WSR
2 

the geiteral

theory given in 4.4 is used, where t~t 1O 4 sec. Equation (5.8) is used for

- - ca lcu la t ing  ‘flJ~L 
arid (4.48-+52 ,55) Emp loyed for calculating the fuel spray ISD.

Note t h a t  these correlat ions have been ad jus ted  so that  they in fact predict the

experimentally measured data given r n  5 .7 , a lso , x” <

The evaporation calculat ions  g~ven in 4 .4  are essential ly for  1—dimensional

flow by necessity . Als-a , al though V R 1 (t) exists between the two phases, it is

convenient to assume equal phase residence times in all reactors to avoid excessive

anal yt i cal comp lex i ty .  Drople t —dr op let in te r fe rence  e f f e c t s  within the spray
F -

~
a re  neg l e c t e d .

I U ] ~~~ J d ~ tl i t ,  ‘-a j - - - a  ~u mo tel for tt-~ Lt l B  Fi gs / . 3 -~5 ~.aere p r ed i c t ed ,

a ho w a t ( t me I - 
- C ‘ as e f~~~- - ‘ I -~~ I a - u  oa  - 1 . a - .- sens ~i i v i ? y f

a a ‘) t u I - 0 -  arid I’ i s • et a tcd i i  , - s  - 7 3, -, • a -  - ~ - 1 i t i
£

~~~~~~~~~~ ~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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7.4 General WSR Input Data.

The identity and order of the gaseous species used in the WSR aaystew of

equations is as fo l lows :

( H ,N ,0,0H ,H20 ,Kero ,CO ,N0 ,N 2 0 ,CO2 , H2 , 02 , N 2 )
~~~xed

; (O 2 ,~~~~
K

~~
0) tj n~~i xed

hence the va lues  ol: the integers :— N 9 , MT 13, NT 16. The f o u r  e l ement  conserv —

ation balances which are used for  cal’~u la t i n g  y~ for  the las t  f o u r  mixed species are :

(Carbon) = 12 Kero + CO + CO 2 (7 .1 )

(H ydrogen) = ~H + ~OH + H
2
0 + 12 Kero + H2 ( 7 . 2 )

(Oxygen) ~0 + ~OH + ~H2O + ~CO + ~NO + ~N2
0 + CO2 

+ °2 
(7 .3 )

(Ni t rogen)  = ~N + ~NO + N 20 + N
2 

(7.4)

The chemical reaction mechanism and associa ted k ine t ic  data used to describe

kerosine combustion in the BFB mode l is g iven in Table VI.

TABLE VI .  BFB MODE L REACTION ME CHANISM

Reaction A. E.(cal/mole)
—3— —3— —3—

I KERO * 602 * 12H2~ 12CC .5520001•09 .1240001405 .1000001.01

~ Co é OH a C D ?  4 H .560000!’1? ,5440001.03 0.
3 H e 02 • 04 0 .2200001s15 ,865O00E~ O4 0.
4 0 • 4? a CM H .1~~OO00E 1 1 .4680001*04 .1000001*01
5 4 0 a OW M .5500001*16 ,2?80001*04 0.
0 H OW a 420 ‘ M ,1400001’24 0, — .Z0~ ”O 0E.01

N 4 4 • 42 ó .3000001*16 0, 0.
~ 

~ • • 02 ~ .4700001*16 o, — .2800rol.oO
9 F~ * 02 a NO 0 .6400001*10 .3 150001*04 .1000001.01

IQ Pd~ * 0 • NO 4 N •760000E*14 .3800001*05 0.
11 4 4 04 • HO H ,3200001*14 0. 0.
1~ N~ • Q a 420 .1622001*12 .1601001*04 0,
13 N~ O e 0 a NO NO •458100E*16 .1213001*03 0.

- • 14 N~ O 4 0 a 42 02 ,3811001*14 ,121300!*0S 0,
15 N~ 0 4 9 a Pai 2 4 OH .2951001*16 ,5420001*04 0,
10 04 ~2 

a 4 920 ,219 0001*16 .2391801*04 0.
1~ OM ‘ 04 a 0 ‘ 420 .5!50001413 .3930001*03 0.

Note that the first reaction is the quasiglobal reaction (2.27) with n 12 and m — 24 ,

the reverse ra te  fo r  t h i s  step is zero . The remaining 16 reactions were previously

in t roduced in 2 . 2 ( d ) , the k i n e t i c  data fo r  these  r e 3 c t ~~ons was t a k e n  5 rc:c Baulch

et al  ( 43) .  It is apparent  f rom Table  VI t ha t  NR = 17. The co~~t t i a ~i e n t s  in rae

the rsuod-ata pol ynomia ls  (4.43) wore obtained from M c b r i d e  et al (110) for  a l l  spec ies

e x o O~~t g-~seous k e r o s i n e , the techn iu ’~~ devised fo r  o b t a i n i n g  the c o e t t i c i e u t s  fo r

t h i s  m m  a r - a n t  species is ~iVen it1 Append ix  A.

— ‘ a t )  —
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The equations used to  amp ute equilibrium composition for any specified T are

given in Appendix F , in orde r to add i t iona l ly c a l c u l a t e  T q~ the equilibrium

(adiabatic) flame temperature , it is necessary to iteratively solve a :io ’. ha]oi ce

involving produc t speciea heat contents and heats of formation . Hence this “f u ll ”

equilibrium calculation ic ve~ y time consuming, Fig.7.6 shows the results c-f such

a calculation using a modified computer program written by Burdett (la6). T1 i s

the reactor feed temperature and the equivalence ratio is defined:

Fue l/ oxygen  
= 

18(Carbon) 
= 

3 [( 7 . 1 ) RHSJ (7  5)
~WSR (Fue1/oxY~ en)

5~ Q1~~ 
l2(o~ ygen) 2 r(7.3) RHS3 

~WSR is convenien tly defined in this ~-~-
~y since a reactor feed stream may contain any

species which appears  in ( 7 .l , 3) as r e a c t a n t s .  It was found that the temperature

(T eq 
— 200) provided a good i n i t i a l  guess ~~~~~~ commencing t f e  WSR so lu t ion  procedure

shown in Fi g.4.2. In order to avoid the timo com umis~ computation of (T — 200)

in the model , each of the curves in Fi g.7.6 were fit ted by ti o’~~ strai gh t l ines ,

linear interpo1a~ ion being used for  any 1~ between triCSc - curves. lit- above relation

for 
~WSR all owed this guess to ~- o applicable t~ all  ~ ~~rs in a network .

7.5 Computer predictions.

The computer program GRASP ‘-i-at; do —:eloped for general heteroc~enecus combustor

simulation studies in accordance with the reqamirements in 2 . 5 .  It is intended

that a wide var cty ot stirred reactor ne two rks ~:ciy be investigated using this

basi c pr~ gram. GRASP is presented and fuily described it-. Appendix b .

7.5(a) Eff ect of i~~~ on WSR temperature.

As mentioned in F(a)parametric tviluations are effici er~t1y carried out using

Subr ou t ine ~AL r E R  of GRASP , this faciLi~~’ was used to determine the effect of

T SD on ~~~~~ perforcn a~:ce with respect to 1
~~ 

Fi g . 7 . 7  shows the r e s u l t s  o b t a i n e d

t a i r a S 1 r I g~~ C ~‘SR f ed  w i t h  a i r  and comp l e te l y  vapour i sed  k e r a s i n e , 
~~ SR

i- hI- rescit s are ~a, ivet for th ree  l O V L ~~.S of r e c i r c u l a t i o n .

.3(b) .et,eral k-SR - r a s e  r - --it ant,

It was found t~ a~i t  ~~~~ soiuti on osc illst iom -r occ-irred for bt f u l l  scheme given

mn ~~~~~ .~~~~, thi s v,i s  -~~~~ a -  ~~~a by -- - t  - s t t i n g  the iote r:eci at ( concentrations ‘t

H r  the t i— s t 10 t c - - i : - ~~rj t u~ e i te ritL ;nt a aam al y. ~~~~~~~~~~~~~ 
a 

- i- T 2 and at th i s  j~a in t

~ 

~~~~~~~~ l~~~~~~~~ b-~~~~~ - - - - 
- 

_ _ _ _  



1 1 a  v e - t y  C iI a~ t~ L~ t o  t~~~-~~ a i i O~~t t i . I [ L t ,  t~~~~~~a a  a , !  c-~ t a ~ 1 O a  - WJ~. ~l;o et c-a -m u t e -cc -c

in t i a t  ‘~~ : m a b l e  d u r i m a ~~ t h -~a s~~1’~~x ’m: ot  m e c y c l e  I O ( pS unde r  c e r t a i n  cor~di ’  i o n s ,

m r i  the WSR ato d a --aN r a t t ar e T
1 

‘~~~t~~ f xed a~ te 15 i cc -p a  01 ca l c ul at i o n  a c - n

o s c iL at i o n s  in 
~2 

a~~a 1 t -  educed to ~~~~~~ b , i . e .  ceg l i g i b l e.

I n t r c d u - ~i t . . r e c i r c i m i a l  i n  c-I  a ~ a u t a U s t j Ofl  
~

- i  - h i t s to a s~ n ,- le 1i - 1 a~ J t u e l l e d

~~~ lowers  tue reactor t em p ertt :Ia - , for a WSR !c-d~~-j 1h vapourLsed fue l the opposite

c t  f e c - t  is app arent. lhi s ~a h t - i i  - r - c t : - ’: i s  due L a , h& a r e - d o e d  r e a c t o r  r and m ,cace FL

~~i rcft resuNs , l i ~~s - 4.9 , 7.3~ 5.

a-tfla atIic r ~~ act W~~-~ obs~- r-i jut, -~-a~ tit: t - .a i lu r e  ~ i the  s o l u t i o n  scheme to

~~Ot t V e~~~~ ti under  i-cc - ri~~l - cea~~d~ :00 5 , the I c - t h a - -2 a. - roud &-r; a !  ti ci crotl y under f uel

le ac and S t a I oh .  . I - t r i c  a~~~tUi 1 L o s .  h~~~tv e~~. Th~- f c c - i rich CO~ i V e r~~ et : C t  p rob l em

is dj s~~.sst- -i ir the u to-:t cua~att -r.

7 5(c) P ~ — d~~ l r~~su l t~ - s

in 7.2 it wa~ - c -x~- la ined  i - h u t  1 vilia 01 for th~ 2n~ r e - a t - i - o r  in t u e  Bi~-

net’~~i~ g i v e n  I :  !-~~‘. 7 .. 02 to oe- est ~~~~at ed , t ; & o a a a  t t e  o u ~ t u e nce - f  t h i s  ~~~ - L i e

c-ri ~.u due CO Cc1J F~~ 1a)fl aa f e a r  t h e  b i b  mode l ~~ia~~ i u v e s t i _ a ~ r a - : 1 , ru salt s are p r e - ---r t~oJ ic

i b e  Vii. l: ~~1 t i c -  ~j a~~~ 1 ~- : a d r c t f or t s the i n di c a t e d  : - ~ t : c - r  t:~~r. the ca

cot re-c t ed va ceO of - . art used SO t i i ~.t a - rt a t  cumLarison ~- t t ~~~t - t 1 .  cia dc- 1 and eaocred
j

o l l u t an t c- :. .issi -us oar. Lae - c-_ moo . In the e~ m e r i c a c t a i  ~us - - 
~~~~ 

:- Iris sy Erea c , I

~a y  v _ m i - e r  in t h e  , - i r I - i e  ~- i1 1 con d e;ns~ ou t in r~e -c ~
- , 53 1:4 line and wate r

t r a p ,  it . i s -i S 5’~ ~. - ‘ t!,at - -~~ of  t h e -  w a r e  r \‘ej OU t  a a ~~~d c t a se d  c o t  mu t h e  s v s t a c  sc that

a -  dc- I a r c -  dli’ io ns , I . e .  ~- :-it flow ccripo- ~it 1c-~ s t-a c i-r re ot e -I a aarding ly .

—a

-
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-
~~~~~~~~~~~~~~:-~~~~~~ ‘

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

--



--  - - —-— ------— - -- —— --- —~ ———_ - - - _ _ _ ~ — _

TABLE V I I .  t I L l  iii —. 1: Effect of WSR
2 

t51~~on pia jiutan t emissions.

N e t w o r k  as sh e av e  it ;  i - 1 g . 7 . 2 .

BFB cond iti-ot ~~: l~ U c--si b , l a d :  o ut e d  -~~~ 500 l i t / m m , 
~ cc 

~ Hg

TA I R  = ~~~ K , ‘ROT 
= •hO K , r t - c i r a m l a t e d  i m - ~~ t a.-ctpe - -ratur e = 1025 K.

= O . 7 u ~.Qv

Mode l p r e d i c t i o n s :

--_---——
~~

i--
~~ -

~~~

~WSR = 0.62 
~2 

= 1454.5 K N~ = 1.57  ppm C( a 0. ’+5Z CO 2 7.36%

Nero . = 5.29 ppc: 0 . . 8. 457.( m : x e d )  2 ( m i x e a ;

WSR~ ~X IV F~~)W COMPOSITION

(9u4 H
2
0 removed)

‘SD ~W SR T2 NO CO CO 2 02 (m ix ed)  ~era(n.ixed)

(K) ( ppm) (f;) (7.) (7.) (7.)

300 0.70 :724.~ 4.9t+ 0 3 8  9. ;~ 6 .5 6 0. ~~
50 0.70 1721. 4 4.87 0.37 9.77 6.to 0.035

10 O . t~ 1 7 : - h . 6  4. ei 0 . 3 2  ~t .b 7  a , 7 6  0. 32

7 0 .6 -’ lL~~~.4 4 .4 8  0.33 b .ô i  6.3- . 0.031

M P A i R L D E x i l  L - . a )  a L I I 1 u ~-~ (J - m g s. 5.31 -
~~ 38)~

T = 139~~ a N~~ = 5 .3  -pu CO = 0 . l~i CO , 4 .5%

Th e T a h i e  sL o w s  t he  e m  c~~t ttiem. of unmi x t - d r e s s  in WSR , on BIB emiss ions  oi  ~O , CO

and m ixe d 02~ 
No r :: reaa~tanLs .

7 .5 d) ~t FB ~ a de l  r e s u l t s  as a f u n o t  : - r  Qf and T
—- — 

~~~~~~~~
— ~~~ a i  R

Tab l e  ‘~ i i I  pr e s e nt s  :- d t - l  a - ~1c t1onS t a t  a :- ‘n:a’- of air flow rates and c - -s ti -_ a;a d

f e c - i  air _‘ e n t r y  t e cap era ture  ~~~~~ a - r r - - sp o n d i n g  m e a s u r e d  eml i sions  of N t , CO

and CO
2 p

lus t law t e : ; -  a t  ura- are a~,a’ n incl uded. a ’cta;Ja ;trt d with the predi ri - i d

v-~ lce5  oi U -  
- 

the  m e a s u r e d  va lue s ~or t h i s  SL a t es ace - ~.thc -r low , this Lser~ cticn

,3; ~cus: -t ~- i  iro 8.1(b), CL j a t i j  0 ex c l u d e d  t rura thi a re-i: ;a~ n i r ~ p r e d .  ct I O n s .

7 . S a t :) BIB Mouc i r e - c - i t s  o~ a l inac - i - tar t of P~~ .

‘ ab l e  l ’  art- -c -ma ts rn-a l a- I pr edict ions U-c a ran~ e of and constan: a t l i

f Iuwr - t t a.
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TABLE IX. “Li. N0~LLt L i f t on po l lu tan t  emiss ions

Net work aaS s l i -owa in Fi g .  7. 2 .  ~~) ia ; ‘SD

BFB conditions: = 430 li t/m m , P = 7 . 3 ” H g, T ROT = 288 K .

Mode l prt - d i a i - i a  a - ar i d  corresp ( ding meacured values ( 1 t  igu . 5.31 -
~ 38):

- 
‘ ~ I FLOW ~~ASURE D E X I T  FLOW

WSR
1 ~~~~ 2— 

(~~~7 I 1 . removed) Cot-IPOSITION

P 4. T~~~ -~ 

~~~~ 
T2 

Nt~
) Co 

~WSR T
2 

NO CO T NO CO

(psig) (K) (K) t~p~;a) (7.) (K) (ppm) (7.) (K) (ppm) (7.)

80 353 0 .7 10  0 .59 1433.2 1.78 0.38 0.69 1723 .6  5 .76  0.35 1570 5 . 2  —

130 353 0 . 77 6  U . o 8  1533.8 2 . 0 8  0.51 ~~~~ 1791.2 7.03 0.44 — — 0.15

120 453 0.1327 0.74 1~~4 3 .4  2 . 9 6 O. L- 9 0.81 18 7 6 . 7  11.35 0 . 5 7  1675 14.4 0 .4

140 553 0.865 0. ‘~~ 17 1~~.7 4.26 0.83 (L 85 1954.8 19.70 0.76 — — 0 . 7

160 b53 O.89i 0.83 1779.5 6 . 7 1  L . 04 0.88 2009.0 29.07 0.90 1830 35 1.2

7 . 5 ( f )  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

As an ex 1 c a r t -  a t  some ;a~~ e a J i C t i O m a a a  oa.- re made for the EFEa network wi th  no WSR
2 i. e.

a s ing le Va$ R
1 

reoct - . r of vO- -: :ae ecj u i \ ’ a i i e a t  to the 2 t - t : o r  r e a c t o r s , t h e  r e s u l t s  appear

in Table X .

TABLE X .  ia .nR1 o~L MODEL: Sit~g1e WSR1. ~f f e cr  of a i r  f l u vr a t e  on p o l l u t a n t

e m i s sl in s .

cc shoi-_ Tm itt Fig. 7.2 ba; t n a a  WSR2. Volume = 523 cm 3 .

300 as be a  t o .

P f 
= 120 ;-sig , T

~~t - R  353 K , 288 K.

_______— 

1
— 

~~~~TI-TiT7t~ IIE A SU RE D E X I T  FLOW
BFB a \ l) [ ’  I )  

- 

(9O” h c- _d 
— 

COM P O SIT I Oa

- p 
~

- :- - - T N- .~ CO T NO COcc ov - a~~a k

( i/ ~d i - )  (“ Hg) (K)  th a—anl (7) (K) (ppm) (I’)

t - 2 - a  15. 4 a) 5 l8  0 5 5  1319.7 1 . 7 5  O . 3  1430 1.2

500 8 0. 7 :, 
a 

is :c- :. 7 I 3.’-2 .4- .7 I )~h 5 .3 0.1

43La 7.3 0.827 0.78 1685.-4 5. h~i 0 .6 6  1675 1 4 . 4  Q~~t

37. 5.~ u. a)t) 0.(a:, 1839.7 13. 4 7  13 9  1761 28 1.55
_ _ _ _  -~~~ -_  -_~

__
~~

_
~~~~

___
~
_

~L~
_
~~

_
~
_
~
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t L k l ’ i V a k 8.

1 ~o-u:~ I O N

8. 1(a )  ~~- ri a r a . . t a l ’ae~~ cra -iaa- m r t c - - M o d el inc- mt d a t a .

Determera ~~ ion i-at the J3FB reci z a o i a l  ec r a c h a r a c te r i s t  c 13 .  
- 

(Q~ ,S) using the
m t

b.a t~~1e t a ~~~ : a a : j , d a m u  t o r is- r O a - r a ai~ ~a)i~d~ :ions was :1a.-scri[~ed in 5.4, in o r d e r  to use the

s imp le  r e - c i r c u l a t i o n  t h e o r y  g iven in 4 .5  it was necessary to estimate the efficiency

t a ct or  Ci , f a t  a a ’ 3  um tive conditions . This has been covered in 7.2(a). On the

basis of th~’ : r e a- c a r e a a . a . r : t s  g iv e n  in 5.5 , plus tc -a discussion contained in 3.2 and 7.2,

the BFB f l o w  p a t t e r n  wo s de te rmined  s u f f a c ~ oii ti y accura ta1~: Lai enable deduct ion of

the mode l stirred re-~ia :t- r raeta-ork -n a m  Fig.7.2. The fuel spray ISD correla tions

given in — .7 were adjusted so that they p r o c :  -:ted the  expe r imen ta l l y  measured values ,

5.7 , t h is  has beer,  exp l o i n e d  in 7.3 . i- i g.5.1.8 shows the difference in x and n

bet ween t h e -  un c o r ra a c t e d  c o r r c - la ions and the raeasure:r:erats; the large d i f f e r e n c e  in

x is due to toa t act tlaat t the 1i~ -~ ton i-cr for the atomiser was only 0.05 g a l / h r (p s i ) 2

w h i l s t  h a - a-s-r i  ~a J -’ici ’ s : or r e l a t i o n s  were  de r ived  f o r  t h ~ range 0.5 ~ F’ ~ 4.0 gal/

hr (ps i )

~.l (bi Exp e :loft a al measuremnenis — BIB charamnteri stics.

Gener a i ~ burner  a - l a c t a t i n g  c h a r a c t e r i s t i c s  were descr ibed  in 5 .2  and the

i- R O N I I SP I E C F  shows t L e -  1H . o- a. c o lou r  for three fuc l a cir r a t i o s , a lso , Fi gs.  5.36 -
~ 38

depic t the 1-ractical blue f l a:’te- a~ aera ~ ing l im i t s .  In orde r to achieve such wide

l i m i t s  however .  f c - c d  air j-r &a saaurc drops are hi gh, F i g .5 .3 9 ;  it may be poss ible  to

reduce these t i a r a  a: gh use a a f  l a r ~o c r  Caaaada slit widths if overa l l  pe r fo rmance  is

not  in , i - t a r e  d.

The taO hnique and ~ar c -~~ram given in a\c-t a a - a r l c ix  B fo’ assessing the quench

e r f i c i e n c y  c~ a wa te r  o-ooled s am o l i n g  p r o c -c  wi - s ::-m ind tai be g a : :  ~c u l ar 1y  u s e f u l  and

is rt:e -- -m - — - -d as an aid to the -  :~es i gn of s - i c r -  p r t -  1~~; . L s i n g  the techni ques giver

in 5 .8  t I~a- iIFB CO arid NO p o l l u t a n t  e m r : s s l O f l S  a- a n - - -aa. a s aro d a’ver a r 3n~;e of o p e r a t in g

ca.mnd i -~~tons , 1-igs . 5.U 38. N a . and t a . - r m t a e -~~
- a ’ u r a  l a ’ C 1 S  wer e ob served to decrease

I t t ’,: a blo i - i -C d : scove-red in tot re-c r euli t i c a n path was t i r a a a . a 0 , i t  is e x t r e r n i - l y

j :0 ~a r t s t i n ~, t o  n-: aO I t - c t  a s i a i l ar  d e c r a - j a ~ - : :  ho::: “ariables with increased R.
1 
was
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d e t e c te d wbil ~ t u s i m n ~ b a a  t : ::mi .a-~t~ It - a -J~~l , 7-5 (p ). Emissions of NO from the

BF’8 are thcai ’,-er v low , (:a~axirra.n: at 5 ) p~~~- ’ - i ) es pecial l y under subs ta ant ial l,’ fuel

rich or j ut- i lean condition. , alth ough (13’ emissions are a j n  I c  h i gh , Fi g. 5.3z ,

and peak at aroun d 133 - T~i~~~- is ,;uod r easora  t’en to :- uppo -a- t h a t  the 2 stage

c ooubus t or  c e ’n i i ,m, u r a t  i - a  dccc : ab- ~ d ira 3.3 wo0ld he effoctive in - a c -  e a a a i f i~~~ NO

and CO emissio ns . This is ~ aus - NO ii~~i~ d in theBFE ca:: be maintaine d at

very low levels -iti de r fuel i-mci: conU~ t~~’ns ( i i  .~~~~. 8 gpo:), it should also be

p o s s i b l e  to d c , i~;n the ltteI sr~~;e so that all the - - -  }3— gc-:a er ~~ted CO is ox I i s e - d  to

CU , ,  exces~~ive t e m p e r atu r e  tis e in this i — m ~~~ shou d  natur ally be avoided. Th€

s e c o n d a r y  maxima an the 13 - i - t a r - -s occur w~-ien the bl ue flame fuel rich limits have

been exce~-ue -d ac-C the dr apie t cl f fisicr. sc-ide of cena - -astion prevails , 2.2(b).

As mentioned in 7.5(d) the n:.~~~ u:ed “a-h, leer e1s ,( F : t .5 . !~, r it e  intuiti ve - ly

very  low- so tha t their a1c cur~~cy is extreme ly doubtful. The model a - a -- hi otions

for CO 2 given in Tables VII ac-h V I I I  emp has i se  this point , the p r e d i c t i o n s  ~or

t h i s  species  seem s - er :  r ea sonab le .  The re-Ison for the er r o n e o u s  CO 2 measure-

ments would appear to be am: invalid calib ration hai r : , the validi ty of the IRGA

chart at CO
2 

concetar -~tior:s ‘ 7% was regrettm ’r l y  O a c - t  :aacked since no such

standard gases  were  a v a i l a b l e .  Th e calibration chart for the  CO IRGA however

was comp letely verified art -u comp lete a:oniidence i~s p laced in ti-te data g iven in

* Fig.5.32. Acc -:rnta - CO2 measure:aen:s ar t fcrt-L~’-t:- te]v tint of prime importance

to ~rii - s prjert .

8.2 The du tocorreidtion results.

As o u t - m e d  2 . 5 1 a ) ,  thas der~ - c i t i o n  of tha i  most suitable reactor network

for a part i cc-olar c ’ a d - ’as ’.or  is one of thai characteristic rob lems encountered in

s t i r r e d  re -actor muh c -L 2 ng . a -a r t  a a ’f l~ tile nacan a l ow p a t t e r n , ~aa-o w ] e d g e  of two

o t l e - r  pr p ertie. a of  th e  flow would he u se ful in the evaluati on of combustor

mixin~ ;- itt erri.t , t l,e °e- ~rsa tha i -  turbu~ er-_ c s tra~ctorc rita d the spatial t:;r~ ulence

di~ sipa:raa ’ru rates. Cle~~r~~ a ccncinuuni c-odd (1 5(b)) ~ocld appear capable of

the pred a ’ ‘io n o~ these , the -alt era:a ti ’e g ;a r - -  is to tr y and de’~uce th i s

inLa roation ox c - i- r i~ ta 1 ly. The i- n—1ic - e t e c la n it - ue for neasurini : auto correlation

f a a ’ c t a a:  s d e s c r i t , : a i  - - - ‘ - ten ~ i a e - t :  is a sit-p a i - a  2: r ec t i on  01 the imp l io n t~~t I ‘fl
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of t h e  L a t t - . : a i j ~~~~~~ d L  s -‘ ~ t i c  t I d :  l~~ng t h scale an~ or:::’,tin r. provides a

ia S t O i U i  ~:istghi - L~~ ta )  t o  L O T  b a mle - r a ce st~ a a- ture . Fi g.~~~.ta s) a the am a-nai l ; - r - ~~i l e

of the  c or r e c t e d  r i a l  , t is :- ;orthwlai Ic raoting that the efiuc t , of tra~

orrect a- on va-; S a t - I  - r i  - a:g ly s i -_ a l l  m d  typically < 113. The act s on  of removing

h i gh r e - - g a c i a c  j e t - ;  f rom tue tul h r i l a  :a - - w ou l d  ate expected to seal -star iti rial y all i c t

a . hut thi s did not p rov e  to - ) e -  the case. ‘this may to p a rta ta ly due to the

~~CL  i - t a - m t  i - t a t -  expressan O !a ’t  X t  f )  t~ i:es accoun t of Irequencies pre sent in the

:aiasu red Si  goal  - .t i_ s i n a J t - ; a e a  h i - t a t ,  of the actua l bandwidth of frequ : ’aci c-s pr esent

it: the  t o o t uier.ce. hsa U I C C a S L a i - e -  i-i ) a j  would be expected to be relatively COnStant

slatOC t~~~a -  fi n : ti-c ~engrh o~ tte L i -  wire limits the size oa t the smal les t

discernabit- cal-die s; it sl:ou t d also be sari -I t h at  the raicroscale is expected to

be l a r g e r  than the  s i ze  of ~he so t e s o  a issi pa t ing eddies , Bradshaw (12i).

It would i-h as :a ge:r des)  r ob l e  ta rep ince t i e Hot lu re !\rIeac -ometer  w i t h  a

Laser  Dopp ler  type to as limac -ata : t h i s  d i f f i c u l t y , exac t ly  the sane t echni que c o u l d

be appa i - e d to this t t a a r a s d : i c e r.

13ow ~ is n a r m a a l I y  considered to be representative of the energy containing

e d d i e s  which  a t e  r e spons ib l e  r o r  gaseous phase mix.:::~- , t he m e a sur e d  2 gr O w s

la n ea r l y w i t h  d i s t a n c e  on--tr eat: : fror- the Coanda . T h i s  t y p e  of deperdi-nc c- is

very rea scat-abi e and as beer~ I~~utml f-o r i - t i - h e r  t y p es or i I -ow by O t : a a O r a-ta~t -- - a - a, ,

hi -ares (125). 0:: a practi: ni ri-st e it has been demonstrated , (38 ) ,  t ha t  wh er e a s

i s c t - p r e - : - : t - :- t e ly  rtm d a a g e : m c a e n t  of tei :pe-rature , ~ - - is roughlY (temperature)~

Use of the l a s e r  l1opp ler t 0 t n m i q u e  a-’a a ’Oe-i , w o u l d  c i r cumven t  the  ne e d  fo r  such

t:a ’i’reC t ions.

~‘ . 3 The BFB r :atneoaa tac il mod c- l

The so lu t ion  oscill -mtiot .s descrihed itt 7.5(b) are a resa~lt of incorporating

so rc-irm~ t e a n a c r a t a i r e  d ep e n d e n t  - - i t o b i e s  (p hysic al p r -opt - r I i i-~~l it - ito the c-i de- i , .2 ,

s.s~ ~- -t ~ii ~~~~ ~ : -~ ,,~~ are a c t -  l1y in 1he Newtoc- Raphson scheme , Fig.4.2.

a - 0siat’ fl of a relaxation scheme in Tub raic -ine - TEST for renycie in - ag

- -~~L a a  i a  i- i Ort S w-c aa I 0 a p p e a r  ‘a-- - rto-w ha a , since -:u dc -si rable steio hanga:s in i t

recycle ti ow crc-pc S i  t 101: arid t , f . c - j a a, - ur e  c o u l d  tien he doama c P.

- -  [2 1- : - -
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l a t h i ng 10 t I e  a - P .  ‘ L c i a  ( a ’ I ’ V a  r~~- - r ioe  p roble m , t)me hR Ne~~t a , R ; a t ’ h s o n

s c i u t a m e  which forms a Ian - :, or  t h e  a~ dcl  (e alaar i ctIs ( 4 . 2 9 -~~4 o ) ) i s  de. i i- tlj

0s 1 e t a - v (~ 15), who clui :.is it to be etl icient o-~-er a wide range i f  jaressur es ,

s tay  t i r e s  -no d st oi chi -~~ct r). i t : -,~ e a t : t , t e s t i n g  Osge rhy ’ s PSR t — r - ~~t ra a :  (115)

revealed that a . - i : ve r g t : nce  c o u l d  not be a t t a i n e d  n u d e r  I uel r i c h  c o n d i  ti -us

except at a sing le point -a--hen the scheme f o r  a d j u s t i n g  the c o r r e c t ion  t i - a t - s h a d

been aic -d ilie d. ~ :thout this aiter~a tt - -a : , and at all othe r points tested , over—

a r  (a-o r e oc t-ally) ‘aridi -r correction resulted. Clearly the corr~ ction procedure

r e q u i r e s  op t i m i s a t i o n  and t h i s  is a n um e r i c a l  m a t h t - r a t i c s  p rob lem.  This

u n f o r t u n a t e l y p r e c l u d e s  the use of the BFB mode l fo r  fue l  r i ch  (
~

- > 1) conditions

only -mt present.

S.-. lIode i predict ic-tus discussion.

P r e d i c t e d  sp ray  evapora t ion  c h a r a c t e r i s t i c s  fo r  the BFB are given in Fi gs.

7 . 3 - - 7 . 5 , the stepuo-J effec t is due to the disappearance of comp lete  im t i -r v a l s  at

appropriate elapsed t in e -a s .  The f i r s t  set of curves show tha t  P U ( t )  is s t rong ly

ca -p c-c -d en t on T via the physical properties , the next  set shows P U ( t )  is onl ,-

weakl y d e p e r - I e i t - t  on Q. and hence 
~Rer 

As expected P U ( t )  is s t rong ly  depencs-nt

ar m P f ,  Fi g . 7 .5 , t i - is naturally reslects I C  i n f luence  of drop sizes and the ISD.

I n  a l l  cases at least S-:” b evaporation is obtained after 3 m Sec.

Fi g . 7 . 7  conveniently isola tes the effect of mixing on the temperature of a

h o n a - o g e a u e o u s l y — t a - d WSR s - _ c  :1-rca: t€ C~~ t O a i i - i t i O f l  levels , in each case blowout  occurs

~ i- ~ ~ 
5. h a t e  a l so  the  dependence of a) reactants burnout and b) pollutants

t—!fllS lOflS on W d a R~ ai:arixedntass w : a i c b  is ~~t les:tt -d in Table V I I , ~
t

SD 
= 7 b e ing

nornia I ly s e l ec t e d .

iha :  in f l u e n c e  of each of the modal  pr imary var iab les  on p r e d i c t i o n s  may be

dj ~~’tac - a dgad from Tables VII  -
~~ :: the  t e mp t a t i o n  of op t irn i s ing  the values  of these

(and ot ;er )  ç : o r m o a - t e r s  Lu ag reement  between p red ic t ions  a ii aa f  s p e c i f i c

n t - a c t - r e d  v a iu e s h a s  1-er - a - resisted. It  is very  encourag ing tha t  bo th  the correc t

t i -re n a l -; in , and o r d e r s  at nairitt aU c of , BFB exit flow pollutan t concentrations md

tan:g- a r ~a t a r e  are ;redL ted , e.g. Tal le Viii. Psing the relatively simp le i-eat t i - t m

m i s t - tu r I’e-ra --,inc C ( J a L a t ’ t t S t l a - I t -  a, ;; vu in t a b l e  VI the p t a  dic ta d NV and CO
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emiss ions  are quite C lOt - t a- to , aithougla usually a li tt le lowe r than , the measured

values for fue l lean n d  stoichiometric conditions.

Sec t ion  A) of Table V I T  presen t s  predictions as a function of air t i n a t a  t a t e

b r  eons ’arut fuel feedrate and estimated air inlet temperature , agree-Inc-nt with

the meac :a rement s  is — : a ’r y  r e ; i a a ) r a I ) I e .  Section B) of th i s  table reveals that

pr~ d lctiou s are modera te l y u t a n s i t i v e  to TAIR , f o r  = 0 .704 then a 1bhP

n i -c r ea se  in i t s  va lue  r e s u l t s  in roughl y a 36K increase in exit temperature , note

also the effect on N(~’ and CO. Clearly TAIR is not a constant  f o r  BFB o p e r a t i o n

over a range of conditions but is strongly related to prevalent flame temperature .

Table IX shows the predictions ti -a r constant Q. and a range of Pf~ 
the estimat ed

T is allowed to increase with : in this set of predict ions .
A1R

It can be seen from Tables VIII , J Y  tha t  at opera t ing  points corresponding

to at < 0.87 the predicted CO exceeds the meas ured val ue , the reverse is trueov

fo r  -

~ 

> 0 .87 .  However , the magni tude of the d i f f e r e n c e  is a lways  less

than 0.3Z (ac tua l  c o n c e n t r a t i o n , not percen t e r ror ) .

In most cases the measured exit temperature is less than the model value ,

this suggests two things. Firstly the latter temperatures may be sli ghtly high

since both reac tors  are  assumed to opera te  adiabatically, if heat loss data

were ava i lable  then  non zero value s of fL
L 

could be utilised. Combustor heat

loss has been p a r t i a l l y  a l l owed  fo r  in that  measured t e m p e r a t u r e s  of the  cooled

recycle i-low itave been d e l i b e r a t e l y  employed .  Secondl y,  the e x i t  t c o p c - r a t u r~

oaeasureneii-t technique used , 5.8(e), is undeniabl y approximate; even though thernaa —

couple r- idi at i on heat losses have been cor rec ted  us ing  Appendix C it should be

remembered that forced convection and/or turbulent beating effects , plus

conduction losses , have been ignored. Pet-ice the measured temperatures are

e:-:pe: ted to be on the low side .

In spite of i-ha : above V I a -  p r e d i c t e d  NO :s inva r i ab ly  less than the m e a - au r e d

values , this rna’i indi -nte that some significan t NO formation steps are to- i ss i ng

f r a m  the  reac t  ton nechani;- ::, , e.g. of i - t ar:  type (2 .5 1÷55) .  CO ; a r e d a  t a a ’ n S  Orr

r a - - a s O f l t d - a l e  in sp i t a -  u I  t he  f e t  r h a t  a s i n g l e  d e s t r a c t  i o n  r e a c t i o n  only  i s  U- a r d
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For an ex amp le of o t h e r  s ;a ~~ciCs  p r e d i c t i o n s  r e f e r  to the GRASP program so:: i s

o u t p u t  g iven in F ( e )  which u sa t u l l y gives  the composi t ion  of a l l  ne twork  s t reams .

P r e d i c t i o n  of R .
~~ 

are governr- J l ar g e l y by the measured recycle  f l o w  temp n r a tu re

and are typ i c a l l y 35 % . Almost complete fuel vapourisation is predicted and

in WSR , ~~~ ,2 P SR ov

Al though pr edicted and measured exit temperatures agree well for the sing le

WSR
1 

par tial model , Tab le X, this is only superficial since incomp le te  fue l evap-

o r a t i o n  is a p p a r e n t .  Agreement  for  CO and NO is not so good as fo r  the f u l l  t::cdel.

Parametric evaluations were found to be particularly easy to carry out using

GRASP . An important conclusion of this discussion is that experimental measure-

ments naade for comparison with ma rlaema ti cat models should be of the hi ghest

poss ib l e  a c c u r a c y .
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CHAPTE R 9.

CONCLUSIONS AND SUGGESTIONS FOR FIJTLJRE WORK

9.1 Conclusions .

1) Pollution suppression techniques applicable to heterogeneous combustors

have been discussed , it was concluded that the approach of combustor redesign

constitutes the most satisfactory solution. The present need for a general

mathematical model capable of predicting realistic pollution emissions was

identified and the potential of stirred reactor modelling demonstrated.

2) The emission performance of a laboratory scale Blue Flame Burner (BFB)

which was fuelled with kerosine was experimentally determined, blue flam e (soot

free) combustion was obtained for overall equivalence ratios of of at least

0.5 -a~ 2.0. This performance was obtained at the expense of high inlet air

pressures which were typically 2 - - 4” Hg for fuel rich conditions but it m a y  be

possible to reduce these by increasing the Coanda ejector slit width. A low

throughput pressure jet atomiser (0.05 gal/hr(psig)~) was used to ensure the

production of fine sprays , for which the Rosin Rammler “mean” drop size was

measured as 4O—~7O p using a laser diffraction technique. The maximum detected

NO for  the BFB exi t f low was 40 ppm al though concentrations as low as 8 ppm , under

fuel rich conditions , are practicable . CO emissions peaked at around 7~ al tho ugh

incorporation of the RFB into the 2 stage configuration would eliminate this and

probably all major pollutant species.

3) A completely general analysis for a heterogeneous WSR operating at

steady state has been derived in which the processes of evaporation, turbulent

mixing and finite rate chemical kinetics are included. The analysis was used

to cons t ruc t  a model for  the BFB which addi t ional ly  fea tu res :  i) a tomisa t ion

to the experimentally measured ISD, ii) 17 step quasiglobal reaction mechanism ,

iii) a simp le internal recirculation sub—mode l, iv) measured temperatures of the

cooled recycle flaw and v) a stirred reactor network employing 2 adiabatic WSR ’ s.
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4) The mcdular computer program GRASP was developed to enable the solution

of a wide va r ie ty  of heterogeneous s t i r red  reactor  netwoLks and was used f o r  the

BFB mode l calculations.

5) Compared to the measured values the correct trends in, and orders of

magnitude of , BFB exit flow NO , CO and temperature T are predicted using the

mathematical model. Convergence of the model solution scheme could be obtained

for  fue l  lean and sto ichiometr ic  conditions onl y,  9 . 2 .

The amount by which the predicted T exceeded the measured T increased from

typ icall y — l % at = 0.52, to+12Z at = 0.99. However , measured T is

expected to be on the low side since a simp le bare thermocouple p lus approximate

radiation heat loss correction were employed; predicted T is likely to be a

little high in view of the adiabatic WSR assumption. The difference between

measured and predicted NO was as much as 42%, the magnitude of the corresponding

difference for CO emissions was always <3% (actual concentration , not % error).

6) Experience gained through the use of GRASP confirmed it~ suitability to

i) general model~ parametric evaluations and ii) use by a relatively inexperienced

design engineer.

7) Modi f ica t ion  to the reac tion mechanism , e.g. addition of SO formation

reactions, are particularly easy to implement using GRASP .

- 
_ 8) A convenient on—line digital computer technique for measuring

turbulence autocorrelation functions and length scales has been presented , a me ans

of correcting such measurements for time resolution error has also been developed.

The effect of the correction depends on the assumed system frequency response

function .
d

9 .2  Su~ gest ion~ fo r  f u t u r e  work.

1) In order  to extend the app l i cab i l i ty  of the mode l to fue l r ich

a - ; a d t t i o n S  the c o r r e c t i o n  procedure of the basic PSR Newton Raphson solu t ion

scheam ’- , w h i c h  is due to Osgerby  (115), requires numerical optimisation in order

t- avoid the hithert o experienced over— or under—correction which is often a

characteristic of ~i e wt~ n Rap t- -on tec hniques.
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2) The t e s t i n g  of C RASP fo r  othe r s t i r red  reactor  ne tworks , e spec i a l l y

those featuring PFR ’s arid different reaction mechanisms, is natural ly required.

Comparison between predicted and measured pollutant emissions should be retained

as a prime o b j e c t i v e .

3) Experimental measurements to ascertain actual BFB heat loss rates

could be u se fu l l y carried out , th i s  would enable similar heat loss terms to be

incorporated into the WSR analysis , hence more accurate temperature predictions

could be made .

4) Th e evaluation of BFB emission performance for fuels other than

kerosine , and which contain significant amounts of sulphur should clearl y be made

in orde r to examine SO suppression.

5) A logical extent ion of this project is the experimental testing and

model l ing of the 2 t-~tage cornbustor design. It would then be possible to deter-

mine more precisely the extent to which the suppression of all major  pollutant

species is possible  wi th  this type of configuration.

6) F ina l ly it is recommended that further computer on—line techniques

(involving possibly Laser Doppler anemometry or Photon Correlation) be developed

for the elucidat ion of turbulent  combusting flow s t ructures, and the measurement

of spatial  turbulence diss ipat ion rates , to aid the construction of st~,rred

reactor networks.
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APPENDIX A.

Estimation of Kerosine Thermodynamic Data.

The WSR submode l requires  thermod ynamic data for  al l  gaseous phase species as

an i n p u t .  Chapter 4 describes how a 7th order polynomial for each species is used

to descr ibe the thermodynamic functions of heat capacity, enthalpy and f ree  energy.

Two sets of the polynomial coefficients a 1 7  per species are necessary since the

two temperature ranges:

300 ~ T < 1000 K

1000 ~ T ~ 5000 K

are emp loyed , i .e .  14 coefficients/species. As explained in Chapter 7 no such

coefficients were available for gaseous kerosine, this species appearing in the

quasiglobal chemical react ion. This appendix describes the methods that were used

to estimate the set of polynomial coefficients for gaseous kerosine.

Due to the marked lack of such thermodynamic data for kerosine i.e. the

hydrocarbon C1~H~~ it was necessary to approximate the species properties by

consider ing them to be equal to the a r i thmet ic  mean of those corresponding to

Uridecane C11H24 and Dodecane C12H26. This ‘eems reasonable when one considers

tha t  i) the thermal p rope r t i e s  for  such high hydrocarbons are very comparable

ii) keros ine  tends to behave very much as a pure hydrocarbon. Since reaction

(2. 27) is cons idered  irreversible free energy data for the reaction is not needed ,

hence val ues fo r  a1_6 only are required for kerosine:

C °/R = a~ + a2 T + a 3 T 2 
+ a4 T

3 
+ a

5 T
4 (C °Cal/mole K) (Al)

H
T
°/RT = a

1 
+ -# T + .-

~~~
- T

2 
+ -

~~~~ T
3 + —

~~~
. T 4 

+ _

~~~

- (H
T
° cal/mole) . . .. (A2)

These 6 coefficients could be determined in each temperature range if values of

at ~La differen t temperatures in each range were known, the solution of 6

simultaneous equations then being required. The exact methods used to calculate

a 1_ 6 in each temperature range are now given.
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A(a) 300 * T < 1000 K Range.

Values of(H~°/RT) were first compu ted at T = 300, 500, 600 , 700 , 900 an-i

1000 K for Undecane and Dodecane from the Enthalpy Fun ction (LI
T 

— ) f or these

2 species at these 6 temperatures from (108) ; H
0
° for either paraffin was

calcula ted f ro m :

-~ (AH 1
0 )

0 
= (H

~
°) c~~~ 

— fl(Ho
°)
C(graphite) 

— 

~ o
°
~~~~ g 

(A3)

where, m~Hf
° = Heat of formation of the hydrocarbon (ideal gas s t a t e )  from

carbon (solid state) and hydrogen (ideal gas state) at

298 .16° K, cal/mole.

(m
~
mH
f
°)
T 

= as above but at absolute temperature T(K)

Hence substituting these 6 values of HT
° and T into (A2) gives 6 linear s imu ltaneous

F equations in the 6 unknowns a1_6 , a FORT RAN IV computer program was written to solve

these equations , the program is discussed in A(c) and presented in A(d).

A(b) 1000 ~ T ~ 2000 K Range.

Insufficient high temperature data for hydrocarbons placed an upper temperature

limit of 2000 K on the range of the second pol ynomial. Values of LI
T
° were obtained

at T = 1000 , 1200 , 1400 , 1600 , 1800 , 2000 K; for  the f i r s t  3 temperatures data for

was again ca lcu la ted  using the above procedure . For the l a t te r  3 temperatures

the following equation was einp loyed~

a . (
~
Hf
°)
T ~~~~~CnHm 

— n(H
T
°)C(grap hi te) 

— 

~ ~
°)~~

2
~g~ (A4)

Val ues of (I-if
°)
T
were computed using the technique developed by Souders et al (109)

which is based on the p remise that thermodynamic functions within a molecule are

addi tive , so that the value s for the whole molecule can be built up from an

assignment of definite contributions to the various molecular constituent groups.

The technique (maximum error < 3%) p lus necessary da ta is f u l l y described in this

reference , values of H,~° for  carbon and hydrogen were taken from (110). The

coefficien ts a1 6  for this temperature range were calculated in exactly the same

~- o o i e r  as A ( a ) .  -
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A(c) Thermodata Program Description.

Program MASTER BB3DATA was developed on the Sheffield University ICL 1907

computer for the evaluation of the coefficients a1_6 for kerosine in each of the

two temperature ranges using the above techniques. The program can also be used for

• the fitting of polynomials to other species for the derivation of corresponding

coefficients.

After reading in all the necessary thermo data the L.H.S’s B of equation (A2)

are first calculated , a (6x6) matrix A of the corresponding temperature coefficients

is then computed:

A .X = B (A5)

where , X = a1 6

A standard subroutine F4ACSL was called to solve the simultaneous equations for X,

the routine uses a Crout method; before this routine could be used a matrix trans-

formation operation had to be performed, see A(d). This was necessary due to the

non linearity of the column s in the matrix A. Having evaluated X , i . e .  a 1_6,

arid 1L1
,° were computed throughout each temperature range, the results of which

appear in the program output which follows the program listing below in A(d).

A(d) Thermo Data Program Listing and Output.

• Program MA STE R BB3DATA is now presented together with sample output for the

first temperature range only, FORTRAN IV was employed.

. a A S T ~~~ B~~ ii~~ 1P

• C 1- iF .~~- : - A 1 4  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ h i ~- U r L , - t A c ’.- 1 - / I f f l D E L A N E

C E a ~~T ’ A L k Y  (~~~t /( ’  ( L E

C -, I- t- I -‘ P - I I Y C r L / t-~ ~ • 
:.~ p

1 -ft’. -) I i r a . J\ A ( ~ e) ) ~m 14 ( 1’~ ) ~ F I ‘J 1 ( C i )  , 1 ( ñ ) , Pill ( ~~ 
) , 1[) ( ~ 

) ~~~ aar ( ~ ) , C p r- ( 
~ 

)
i’ I ‘- ‘- ~ -~ h ~ ( ~~) , I ( P a )  X ( b )  , ~ ( 3 (i ) , F N ( 4 1)  , C P ( 4 1 )  , 11 (‘1)
~ I -~t ‘iS I IN V i l  ~ ) , V ?  (3) , N (5) , l-(~~ (3) .HC (3) , ‘4 ( ~

[ ‘ 1  l i e  L~~1 
,,

~

L SF  1 L • ‘I • ‘- ‘ S
h’ l- A~~(/,1) (1(1), I~~1 ,~~)
I F (t — l )  , / ( , t :~~ )

/ (  ~ F~ - P ( / , 1 )  ( p - t i ( I ) , I ~~ 1, n )

S •. - - ( / , 1) ( ‘‘ 1- ( I ) , I 1 , r ’ )
-~ ~~,

5 1
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k F: A t ’  ( 
~? .1) ( P i l l  (I) • 1:1 3) • ( 

~4 D ( I) • I ~1 , 5)
N F A P C / , 1) ( V 1 ( K -~~ 

) , = 1 • 3) • ( v/ ( ~ K ) , K p. = 1 , 5)
I~1- A l 1  (1 , 1)  ( R i  ( K  K ) ,  K K 1  ,5) ,  ( R~~

( K k  ) , K K~~1 , 3)
F A ’ i (  ~ , 1) ( pii ( K ~ 

) • K P . 1 , 5 ) ’  C ,i’i( P - K ) ,  K 1  ,3)
00 ~ ‘5
T I )  • * (- * (~~~ ( p ~ + c — ~ its . 1 e, ) / 1 111 ) U • 

I)

-~1 U ( ~. K + 3) = ( ~ • ~~* V i  C K p. ) ) + ( ~ • I I  * V ~ C K ) ) + ( 
~ • i,) * N’) ( p p ) ) + ( • , * N ~ ( p P ) )

1+ T Li—e - ,~~.~ -
‘4u (PK+ 3)= (1 IIIIU .O*l-I L J(K y + 5) )+(i1 •(,*HC KK))+ (1~~.U*~~h (Kp . )
1. II ( + 3)  ( 

• 1 * Vi ( K ) ) + (11, • ~j * V ~ (~~. p. ) ) + ( .~? • ml * N 1 ( K~ ) ) + ( “ • (1 * ~ ( ‘ K ) )
-
~~

~ () ( ‘ a .  p, + 3) (1 “(1$ • I I  * ~1 8 ( K + 5)) + (1 ~ • (‘ * ‘-I C ( K  K ) )  + ( 1  3. 1 * -1 ~ ( K K

- - 14 ( p. ~ + ~) = ( ‘-I (I ( P ~ + 3) + p49 ( p. K + 
~) ) / (/ ~ u * N * I ( K p. + 3))

~~ CUt ~T 1 .Ut
I —4 $

Si t h U  ~s3 1 = 1 , 1 -

b (I ) (I)/(F (!)*~~.U*k)
53 (~~) 1 It. II

C. Si I UP Ii ~m P . Cu 1- F l- S . ‘~A I k I A

~)3 HI J 1,b
.~ ( J ) 1~~~ ,

f ’ j  I~ tJ K ( i 5
- - 

~ C (‘— 1) * ~, + J ) ( 1 (J ) * * K -1)) / ~
C~

() t U a ~ T I ~m Ul -
A (5 U + J) = 1 UI 1 (J)

lu C J N T I  ~U I .
C - ‘ i A 1~~ I ~ T N A N ~~FU~~ - l A E 1 U t ~

UP 15 J 1,6

~ (J ) ~~A ( ‘~+r~* ( J—1 ) )
15 (~U N T 1 N U ~

00  ~~l l  ~~~~~
• 30 ( :)~ -~ I I  - ‘mUF

9 ’  ‘.0 P z1 , O
A C e,+$N * K h- —1 ) ) = 1. 0

4 i ; 3 ‘-m 1 t ( I F

N I I F ( S , f )

~.5 J~~1 •o
,.. ‘P  I ~ (3, 

C s) (p ( J + / ,* ( K — i ) ) ,  =1 ,~~)
4~, i 3’- - r I -- ,U~

C S U L v f  M A T~~I~
(I =

I N 1
(:~~ 1t . l - 4 a , C S L ( A , h , re , u 4 f , N p ~,1N,~~ ,L , I p , I 1 ,A M , t i N ,t-.! F - I t . F )

a 
I F  C L 1  ) ô i l , ($ l , t ) l l

• . -~ -~1 l F (3 , 5 )

~- T = 1 5
= ~‘ u • i i

I, 1 T tJ ~5

( i )  w~~1TE (3, 4 )
-•- ‘ - ‘+ 1
‘K I $ ‘ C) $ 

•

/ = I’, ’) • C)

C T~~ A - a , S C - U m ’ -i C ’ t Y ’ .()M I t ,L ((‘i- I- I- S .
I ‘a a b  ~~- )  , m ,

a . ( I I ) —~~(II ) I i - ( I I )
( 

~c I -
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I—~~~~ a . ( a - i 1  ) ( i $ ( 1 )/ ’- i l )*( T i(~ ) * * ( ~ 1 1 — 1 ) )

i l l )  C )~~1 j~ -~ l J t -

F ~ ( 
- ) = A C 1) + I ,  ~~ ( ~ (6 )  / 11 C ~ ) )

S p :-~ 1 
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I )
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I . ~) -
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( a~1 ~ ) A ( M 

~‘ 
) * C 1 1 ( ~i ) * * ( -

~ 
— 1 ) )

S b -  SjN1 4- C P”~ 
( M2)

1 -I 1 I, - C I I C I I —

cP ( m ) :x(1 )+-~U- .’-
,~~a ( ) ~~~( 3 , 9 )  1 1(  i ) , C P ( ~~- ) , p H ( r a l )

1 I S O  I ~~ 1 r ‘~~S F
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A(e) Discussion.

The actual computed values of the required coefficients appear in the
p

program output, A(e), whilst Fig.A.1 presents graphical comparisons between the

available thermo data and the fitted polynomials. The fits obtained for each

temperature range are excellent although, for the second temperature range,the

function C~°/R diverges rapidly as would be expected after T > 2100 K,ie outside

the range of fit. However, actual model temperatures encountered were <2000 K.

I
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APPENDIX B

Gas Sampling Probe — quenching Calculations.

This Appendix presents details of the calculations that were made to determine

the efficiency of the gas sampling probe in quenching chemical reactions occurring

in the sample. The method uses a simple heat transfer analysis plus chemical

reaction rate data to determine the practical reductions in chemical reaction

possible in a water cooled probe which imparts no expansion to the sample.

The decrease in temperature of the sample after it enters the probe is assumed

to be exponential:

T — T = (T — T )  exp (-x/L) (Bl)

where, T = sample temperature at any distance x from the probe

entrance .

T = initial sample temperature , i.e. at probe entrance .

T = probe mean wall temperature.

L = order of magnitude of flow distance required for the

equalisation of T with T

Now L is given approximately by (105):

L = c t h  (B2)
p I,

where, Nu = 4 for a cylindrical pipe.

C = sample mean specific heat, cal/gm K.

A = sample mean thermal conductivity , cal/cms K

p = sample mean density, gm/cm3.

Hence , the time to flow over this distance T
f 
is:

C d2

— 
t f = L/ V  = 

~~~~~~~~~ 
. p .  ... .E (B 3)

Now chemical production/destruc tion reaction rates are extremely sensitive to

- temperature , equation (2.24), so that even a moderate drop in T produces a con— I

siderable reduction in reaction rate . It is now assumed that a decrease in reaction -
:

rate by d factor cf 100 is sufficient to quench a sample so that composition changes
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and corresponding quench time to obtain this order of magnitude are now derived

u for a general chemical reaction in which:

T6 . exp (—E/RT) (B4)

where , u(T) = general chemical reaction rate, mole/cm
3 sec.

5 temperature exponent.

E = activation energy, cal/mole.

Hence: u(T ) ~ T 6 exp (—E/RT )

(T —a~aT)
6 

exp (—E/R(T~~~T))

where , tiT = actual temperature drop experienced by the sample.

So that the corresponding reaction rate ratio is:

w(T~~~T) cS —p 
= (

~~~~
_ T~ E T B5

w(T ) 
exp RT (T — 

~T)p p ~‘ p p

Rearranging:

6 in (1 — !) f l n(  
P )_ (B5)

For 6 = 0:
• 

~ 

w( T )~~~ E .  t T
~ w (T —~ T) ,) RT~ (T~ —ti T) (B6)

For E = 0:
a 

u ( T ) 
~T — 6

a~~T —ea T) = (1 — 

~~~) 
(B7)

p p

F o r 6 = E = O :

w (T —i~T) = u ( T )  (B8)

Hence for any given E, R, T and ‘5 it is possible to calculate the actual tmT

required to achieve w(T~~~T) 
100, clearly a minimum reaction activation energy

exists for which this is possible however. Having found ~T then, x/L can be

obtained from (Bi) and the reaction quench time t
q 
estimated (order of magnitude):

C d
2 p

r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
p p  p (B9)

q V L V L 4 A  Nu
p

It should be noted however, that although (B6 ,7,8) are solved trivially,

equation (135) has to be solved iteratively.

— 143 —
I

~ 

-~~~~~ -- 
. :~~~~~

-
~~~~~~~~

-: 
~~~~~ -• — 

~
- --

~ 



A FOW IV computer program was developed on the Departmental PDP 8/E 

- .

digital computer for the purposes of testing whether  or not the gas sampling

probe designed, could quench any general chemical reaction . The temperature

estimates used were:

T 2000 K ; T 300 K , see 5 . 8( f ) .
~~max. w

B(a) Probe Quenching Program and Output.

The listing of this program , together with the corresponding output is given

below. the output presents quenching efficiency details for each of the 17

chemical reactions used in the WSR model.

C A b  ~~4~~~-~L T ~’J 1i J i f  LI~~~ 4~~a)j~j)~~u j) $•~~~. ) g~~ -~~J~~~a - ( ~~ A

C A S :~~~~-~~~~~ . ’J f  -u r ~ ~- ‘~~ - Jmi ~H 1 ’~(~ ‘Jr JP 1.)  3L-1 :~EA CT 1— J
i .I ~~ ~u !  , -~ I ~

—
~~

- C ~~m ) , ~~~ C ~~~~- ) ., -‘1 C 3~ ) , -( L (  ~~ ) , ( A  i (  ~~- ‘- )
i - I Y J : ~T . ~u ’ ~ m— ’ -m C ,-~~ ) ,  t-~1 C 3y1 ), r— (  j~p ), .l-ç ( 3a4)

c l~ :x=-\: : ’~t l T  o~~ ~~ F~ CO\ 1~ ~~~~~ I 1~~ •’ -~.~~-A I ~~~~~~ t~X~s-’U ~~h.~’1 a

C - - <  :- r-~~CTI O’J -:~;1 t~ C-J~J S i A  -li t~- C T I  V A T !  J’J - n

r F~. d A S  cuN ~~V’- -J i  (CAL’~~UL~~.- -~)
-, - - -mTT ~~(- i , 1)

1 ~~~a a j - V ~ ) ( / /  ~~~~~~~~~~ 01~ k (EAC1 I 0’J S “)

~~F-A1)( L4, 2)~~~ra

2 C~
(
~ -~’a’.A T(  I ~)
~~a ’ m )~~( LI, 4 )  C 1E .<( I t’ ) , t -X (I  h) , I = 1,  “J~ )

3 H)~--M 4 f C ~~~.2,~~:-’ .1)
HP= :—~. 4l9E-~1I
I = ~~. 1 - ~

1’ ~~~~ U \ r :  I T A T . b - J : ’J ~ I Y r .  ~~ 
L~~~~~ a,J

( ~~~~~~~ 
I - I . 4

m I — i C
/

• -
~ )

-~~ = 1 • 7 - )  a’.

0= ( 0 ‘ / 2 -~. a~~) I - (  ~/3 .  (~/1 I) * (1 • Q1E I~ 3)
= IL 0. 1* C i~~~

- 4a ,-; u~ C kP*-I” ,a~. v~ ) )/( ~,<*‘ ] U )
‘~~: ! i : - .(  a , 5) I IiC iI

- ~ u~~- ’A I C / /  “ 4PPi-i f~ I-~ A. 1 ± ~. ~ Ai~iP L E  U u 3 L I - j ~~ 1 I ’~~. = ‘~~~r ? .  .‘,
1 ‘ - : 1 I ! 1 T  —,--

~~~~~~
‘, 1/)

~~~~L i I D - ~ ~~A i~~~ -:(~i I U  1.”~ FUk Q U E N C H E D  H E A C T I u ~ I~~

~1O PU
I r C C : ‘< C T ) ) ‘~l I , p 1~, ~4 -I

~ . = , j . -, - ~~94 ,  I T — i  ~~
- ~* (I /DI - .-~

~c C T . - ) — i - - ’~~~) ~ ) , 3 4 , 3 / 4
i-A ) I C I  ( a )  = T I  / C I  • -I + ( ~x C l~ 

) ‘C r 1  * ~~. 6i~ ~ 2)  ) )
• l - ~ ( I ) I
a ( )  1 ’ )  1 :/

~— C ~ C I~~ ) = - ~~i-~
( •Y. ( I~~ ) + 1 , I M / C  i I +  i r — I ~r M )  ) )

J-i ,J aaa 1
. l - ~ C T  r - )

I ) - ,
1 I - I ~

- C i i  — I i - ~ ) / 0 1- ’~a

- - ( I). - - -a -t- C I~ ‘J I ‘)  I - a~u I f l C  1 . 1 (  I I ~~ / I  J ) ) ) )
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44 LICT H )=2 ’-’.O
c--a m~ I ( 1  i~ ) EX (  I i ’ )  ~ 01 C I :i ) /(11 * ( I I  — IJ~ C I t~ 

) )

}~~ ( 1  i-i )  4. 611 ~~—~+ ( i r X  ( Ti c )  * C ALOU C 1 • 0—C DT( I H) /11))))
I rCAR ~~C i~ (7 H )—E 2C Tz~) )— 0.~)1 ) 4/, 4/, 4~3

43 I I C I k ) = 0- i C I i~) + I — - lU
I F ( f l f (  I R ) .  ;i. DTN~) Ci i - i  9~
~ -J 10 60

11 ’ ~- 0 ( I i - O = E Y P ( ” X ( T R )  / I I ) ) / C C  1. ( - 1 ( C ) T N ) / I J  ) )**TEX ( Ii’))
l- c J= I

. ! - ~ ( 1h ) = 2
• - ; u  IL) 5i~1

4 / X I . ( I i — )  !‘C L O G (  DTM / C U I  — 0 1 ( 1 0 ) — I C )
I- ~ JC I. ’) T A l i 1* X t ~ ( I F-c )

.J ~( (I ii) = 1

3-I U O a ~ f I ~~ UE
i , R I T E C  ‘4,6)

DO ic ~ IR= 1 ,~ l
!r (J K C ! H ) . N~~. 1 ) G j  lu 714

~~T I r C 4 ,  / 2 )  T o ,  D T C  T i-~),cLC 1 k), IA J ( I l—C )

T F C J ~-LJ . (~D . 0 ) ( 4 O  ~3 ‘4
-~o I TE( /-I, ~-< )

J R I  f i ~C4 , 9)
DO ~~
I F ( J - ’~C ! H ) . N o . 2 ) G U  TO ‘-~~

-
~~

~~~ T E C  4, F12 ) In ,  H O C  I F )
P - i  CUNTINU~
9(3

6 FOR -~AT (” ***CaJMPLEIEL Y a~~-j k a J C H 0 l )  h E A C I I - J ’ai~~*~~ s
1 ‘• , /)

7 r 0~~M A T C  H E A C T I O - ~ ~J C J - 1 F k O  DEL I A  -r X / L
I ~ U E N C H  TI~1EC~~ILLT5EC)”)

/ 2  r o k a ’ A l (  1H ~~6X , I~~, 1 U X , r 6 .  1 , 4 X , I ~~ . U,  1 l’ , t 6. A)
• F’ r U R -’IA T C / / ”  *+ * pt ~~~j T 4 L L y  OUroJC ’- 1i~U ~~C i I U ~~~~ **

1 ,/)

9 ~ U ’ ~~ i C  “ I- r . A C T I O \ 1 ‘JU YO ’EO 1 .  U i  (-~U C H I ’ J u )
rW-~MA fC1’ ÔX , 1 2 , 2 6 X , F 6 . 2 )
~aJ TO 99

I-)

OF ~4CfI Li -J5 ?
1 /

I IULI’4 ‘.~ -i
• I - i  5 -~C / -~• 4

• 1 c

1 •- - 1 - - 1 /4 LC F ’ ’ I . - i

a -i • - ‘~ — - ‘ / H - - l  • I

1 . 1 1
‘I . -0-4 a- l •Ø
1. ‘ ~1 J- .C)

• 
- 3U (-~ ~~ •

a _ _ I . 0
-1 • - - -- 1 1 ~ 1 i • U

-~~~~~I l  
~~
‘-)

~~ ~a~~ •

- 4 . ‘ •  —~

u~ 1 1
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A O L )  - o X !  - ~~~~ ~~~~~ n! a. COOL ! ~G f T  IF-. = (4 . 1  1 O M I L L ! u-) u C

***C 0\ PLET’LLY O J C~
- ICHEI) FcrAC’l I O’JS* 4’*

lIr ’ a~ ~i U ~~~~ r~!’ 0~.L 1(3 1 X / L  QUENCF-I I I~’ftC 4ILLI LrC )
1 / - 7 u . Y i  1.631-1

-~ 1- 1 4 3.1 U . 9 5 1  -4 .  1~~~~7
/ 4  1 2 3 7 . J I  1 • 3t4 1 ~J. 1432

137 1.) 1. 6L i ~ 
1. 1 P 12

1 39 1 . 2 1 • 2 a ’ 1  ‘ .l - L--~k /

I c U h3.  -31 u - ’~ • / l’j ‘I • (0 1
1” ~3 6 3 .U  1.~ i ) 9  1. 0 7 8 1
I ~ l 2 b 9 . 1 1 . 3 5 0  1• 1 1480
i c  1 o 1 U . F’ 2. -~2 ~~. 2 /~~0

ak**P A PTT 21 I~~ (a , j ~~ J C H E D  RF -ACI I-J~~S***

~- ‘ - A f l f I~ ) )  ~~t -  °~~~~‘- -~~:~~ O~~~C u~ Q U E N C H I~~ b ~
4 .6 /

— 0 . 1 1 1

6 0. 12

/ 1 .0 -1
c1.s9

11
1 - -’ -j3~ - 3

- i i •

B(b) Probe Quenching Efficiency .

The reaction numbers in the output given in B(a) correspond exactly to those

in the reaction kinetics section of the WSR submodel. Virtually all of the reactions

are predicted to be quenched , reactions 2 and 17 being the only notable exceptions.

The other partially quenched reactions in fact are special cases of zero or negative

activation energy and as such would not be expected to be “quenched”. The results

of these calculations then , appear to verify the quench efficiency of the gas

sampling probe design; the method used is relatively simple and constitutes a

useful water—cooled probe design aid.
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APPENDIX C.

Calculation of Ambient Flame Gas Temperature from Thermocouple

Bead Temperature

As exp lained in 5.8 a Pt/Pt.13Z Rh thermocoup le was used for the purposes of

estimating mean values of bu rner exit flow temperature Tf (°C). Due to heat

transfer considerations the thernx couple bead temperature Tb does not equal this

value , a heat balance in fact is necessary to relate the two . This Appendix

outlines the method by which Tf was calculated from Tb.

Fig.5.l9shows a sketch of the thermocouple, whose bead was approximately

spherical and of 1 mm diameter. For any output signal MV the bead temperature

was determined through the use of standard conversion tables, since no cold junction

was used , room temperature was added on to this value.

Thermocouple bead steady state heat balance:

fRate of heat transferred\ fRate of heat transferred\1 f Rate of heat transferred
to bead by convection 

~
) =~ from bead by radiation 

) 
+~, from bead by conduction

from gases ‘~ to the combustor walls / “ along the leads

• 
~ l

.

~~~

. h A
b 

(T
f 

- Tb
) = a ~ (c T

b
4 

- T 4) + 53 
(Cl)

where , T — mean combustor wall temperature , K.

Ii heat t ransfer  coef f ic ien t, 4—
C = bead emissivity

a = Stefan Boltzmann constant , 5.67 x 10 8 

m2 K4

— absorptivity of walls

bead diameter, m.

Forced convecc~on and turbulence effects constitute additional complexities but were

neglected since first order approximations only are required; it is further

• assumed:
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1~ q
2 >53k in practice q

3 can be minimised by the use of small diameter

leads .

4 4ii) T
b ~

Tu , 
T is difficult to measure without resorting to the implant-

ation of further thermocouples.

For heat transfer to a cylindrical object

h D bNu —
~~-— 2.0 (132)

Now A and c are not constants but functions of temperature, in the interests of

mathematical simplicity both these thermal properties were expressed as linear

relations.

A A .  6.13 x lO~~ T f + 3.01 x 10 2 . ~~ (B3)

For 500 ~ ~ 1800
0 
C, using data available from (111).

C - Cp~~ nurn = 9.63 X 10~~ Tb + 0.05 (B4)
wire

For 500 
~ 
T
b ~ 

1700 K, using data from (112)

Substituting (82,3,4) into (Bl) and rearranging gives:

2(T —T )f b (6.13 x 10 Tf 
+ 3.01 x 10 2) = a (9.63 x 10 ~ T

b 
+ 0.05) T

b
4 (B5)

b

For speciiied Db ai~i Tb 
then, equation (B5) is quadratic in Tf~ the deshed gas

temperature . A FORTRAN IV program was written for use on the Departmental PDP 8/E

digital computer , in addition to evaluating Tf for any given Tb the program

estimates the density of nitrogen at corresponding Tf for use in the isokinetic

gas sampling procedure , 5.8(e).

C(a) Gas Temperature Estimation Program and 0ut~ut.

The program listing, plus output for three different thermocouple bead

temperatures is given below .

2 -  • j  i u ’~I a t A j I’~~ — - ‘ P  1 A j , -, c- r~~-~~~’

a - - -. - - 
- ) — a - I —

~ 
• - -u - .: 0 a 

—

- ‘ 1 : 1  4 -  ~‘/ ~~ I I - - . - /a , l- ’ ) - a~~I -

a I (1 -a’ 
~~

— -  2

-n - -  1 a l  i “ I - - -

I I ~~~~~~- -  ta - - -

I ( .,
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I ”
\ j (  a ,~ -a ) ~ 1

j O = t 1~~l 4 - i -  I
1 4

~c . (a 
~

• . . ( ~~. I - m i s  i - I - / I l  ) . - 1 ) - *  
~~. 

‘• i

: - ( \  u u ~ I C C t - + - -‘ I ~ . 1 ~
) * V / ~~• ) 

~ L i 3 ( V ~~u-m

= I • - a ~ — — ‘ (
1 . /~~~~~~— 1 3

~~~~~a _ ( \ V j  )
= ( I -

~~
- ~L ) + ( I —~ 

- 
~ :‘ 

-2 - m  
~ / a’~ f • —~ 

)
I r = ( ( — ~) + ~) I a j (  ( 0 ~ ~- ) + ( ‘a • (3 v C) ) ) / C a ’ . 1 * 4 )

- 

- 
a~J = ( ~~~~~ • i / ’~~~• L ) V (  / ‘.1/ Ill . 4)*(~’,3.l/(~ l IJ.0 +1r ))
, , . T j i - ( 1 - i , 4) I r , , ~O

~-- r L,~ - - 4 ’~ I C  r • -i )
r j V ~ , t C 1 - m , ” r I  [4 :. I r ’  — ~~~~ i, ’ L l ~~a ) (~U •~ )~~~~~~~

‘
~~~‘ )‘~‘‘ ,r 8. i,’’-{b/’-i ’’,//)

14 r i . ’’~ ~~~~~~~~~~~~~~~~~~~~~~~~ 1 4- - ’ [ “ )

-
~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I -’~~IT , J ~ H m ’2 1 aJ~~~~~ JJ!-~~’ al. l ’ J ~~r-~J-~~”)

~~i ~~~~ I

+ a - ’~~,, -,

t
~~~~~

- ‘‘ a L J r ’~~~ 
• A t ) 1 A j I J ~C a~ - .~~j ~~~~~~~ ~~~~~~~~~~ 0 A ’

r-’~~ -- ~~~ 
, j 1— 1I. r ~~~~ m

I • I

r I  2 - ’ ’- . I~~-~~ I 1 4 0 . D u i a F -~~i U ~
-
~~~

=

a I~~ --~. 
- u ~~~~ J i - l~~~ I r ’ -  m’

1 ’ l
r t -~-~~~-- - i — ’ P  i a 4 ~~~’’ . 4 : 04 L~ -- a U ~~~~= i . L  ~~1-< l~~/ < . 4

- S -;U L ) L I  a- a- - 4 ,

F l ’ 4 1 . 1
r I  - 2 -  ~~~~‘1 1 ~~~~~ ~~~~ 

u 
~~- 4 . : - ai ‘ . I t - ..<Ij /a ’ i

C(b) Discussion of Method.

Catalytic bead heating from surface reactions and possible droplet inter—

fer~inent effects have also been excluded from this method as these are very 
diffi—

cult to incorporate . Fig.C.l shows Tf as f ( Tb) for the thermocouple used in the

experimental measurements, due to the fourth power effect the difference between

the two variables clearly becomes more important at higher temperatures.
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A [ ’PEN DLX D.

Autocorrelation Data Processing Program.
V

D(a) Program Description.

A BASIC Program ACPROC.BA was written for the purpose of converting the range

of autocorrelation data before the plot routine could be used. The program also

evaluated the measured time scales by means of equations presented in Chapter 6

and corrected these for the ne~ time resolution error of the autocorrelation

measuring system, using equations presented in (6.4).

A standard program (Dec)COND14 was first of all emp loyed to convert each data

f i l e from CORD3 format, to B,ASIC format. The next step in the processing routine,

which is illustrated in the printout given in D(c), involved the running of program

ACPROC .BA . A listing of the actual program appears in D(b). The program takes as

input a data file which is the result of this format conversion and generates an

output file in which the value V of each point lies in the range : 0 ~ V ~ 1000.

Negative values of V being converted to the range: 0 g V g 200 and positive

values: 200 ~ V ~ 1000. ACPROC .BA was written so that , for curves in which the

zero crossing did not occur in the 100 points (i.e. 10 millisec)of disp laced time r ,

it was possible to extend the curve by typ ing in extrapolated values until the

zero crossing was cbtained. This naturally affected the macroscale since under-

es t imat ion  of the area under the curve would have resulted without this modification ,

area under the curve after the zero crossing was neglected since this oscillates

about the disp lacement axis and is very small. Area under the curve was

estimated, and hence <Tma>~ using Simpson ’s Rule . A least squares curve fit is

then performed for the normalised autocorrelation curve to derive the constants

<T .> and <p ~~
4

~~(0) > for the osculation parabola. Finally equations (6.19) and

(6. 1) are applied , in order to correct these measured time scales for the time
I,

resolution error of the measuring system. All pertinent data is printed out.

Having run this program , COND14 was then run a second time in order to

convert the output file format from that of BASIC, to that of DAQUAN . The program

DA’-j VA~ could then be ca L led and the converted data file loaded for disp lay and

I~- 
j u t t i ng .
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D(b) Data Processing Program ACPROC.BA

A C P ~~0C BA 3.0 05-NOV-15

1 HEM -- PHOm3 RAM FOR P R O C E S S I N G  A U T O C O R R E L A T I ON  DATA
• 2 REM -- 1 CO (’4VERSION OF DATA TO DAQLJAN INPUT

3 DIM y(200),Z(100),X (10),x(I0)
14 P R I N T  “-“JO. OF EXTRA POINTS M ?“
5 I N P U T  M
6 ! F >1=O GO TO 2O
7 P1-II ’JT “SPECIFY EXTRA POINTS”
8 FOR 1= 1 TO M
9 I’JPUT ~ (I)
10 NEXT I
20 FILE-I#1 : ”PSACI.TM ”
60 F !L E v N ~~ 2: ” P S AC I . T P”
70 ! ‘ J P U T # 1 :A , P , C , !) , E, F
12 PRI’Jr#2 :A ,R,C ,:,F,F,1000
7 5  !‘u J P U T # l t G
~Y1 FOR 1= 1  TO 99
9(4 I N P U T # 1 : T
100 T1=2 (4’~+%00*T~~G
1q2 J= I+ 1
1(44 Y (J) 1/U
110 PhI~~i#2 : I i
1 -~~ -~~- :“J EX l I
121 r O U  1= 1  TO M
1 22  T 2 = 2 0 ~i+ - ,V0 *7~( I )
123 J= I+ I 0(4
1~~ 14 Y ( , J ) Z ( l )

• I D  P m t ! ~ i I w : : T2
126 ‘J~ : x i  I
1 3 aj  ~ I 0 ~~, — i ’

14(4 P~-I ’JI
1541 P) I T~~~~r

- - I (
~~‘ P H I  N i  “ ; j~~~ - u r h S I  UN C O M P L E T E ”

17 (4 P~’ I J 1
1 / - :) P x - ! \ J T
180 Y (I) 1.
185 P = 0 .  ~~ I 4 1  1
19~ ~~rM  - -  2 I N T E G H A [ ! O N  PY S I M P S m J N ’ S  hO LE
21 ~ --a -~M —— P 1  I ‘JC0E~IE’J I
21r 1 S=0.~
2 1’. I~ I - a~r C J / U ~~~ ( U / 2 )  GO TO 2 1 4 3
2 1 6  •i= .J— I
h R  ~< 1 = ( J - J ) / 2
2 - ’ 1 FW- . — J = 1  TO i-C l
230  L=2*’J
2- ’a -

2~~I S S +( 4 . -~~*P *Y ( L ) , 3 . @ )
2 fF/ I S = S +(  ~1 . 0 *P *Y ( R ) / 3 . O )
2 1 1  ‘J r :XT N
2 R - I  $~= S + ( 4 . ( 4 *P *Y ( J - 1  ) / 3 • O )
2 ’ ) ’I  S S + C (YCI)+Y (J))*P/3.0)

p 
— 151 —

~~~~~~~ 
-
~t~ 

-
•• - - 

~~
-
~~~~~

- -
~~ 

—-~~~~~~~~~~~~
-

~~
--
~~~

-:



r 
w - 

~~~~~~
--- - —w - -~~~~~~~ - ~~~.

• 1 “r-~~m ~~a2 
~~. i r  I -J I r a ,  1,! -a-a ”;  5

31 1
3 ~~ I ~ I
3 3 - 1 h -:M —— 3 ! - ~~5 i 5’-)-F A ~~~ p 1 IT OF ‘J U H M A L I S~~L A U T U C w -~~ ELA~ I L~
34r-l 

~~~ r , , a~~r I  I O~ A z ~ UuJ 1) P EA~c
3~ f)  r’ Oj  1= 1  Tj  (4
3o :) ~~( I ) — 1 .  a)
31” J E X T I
3 1-la) r ‘j r .  = I I U 1 1
3’)) X C I  )= ( ( I — i  ) - *p ) * * ?
0 1 )  H ( 1 ) — ~~( 1 ) + 1 . L 1
4 1-3 ~ (2)a~a ia(2)+X( I )
‘4~40 j (  3 ) = : ’ (  3 ) + X (  I ) *X (  I )
143 1  ( 4 ) = H ( o ) + X ( ! ) s * 3
44 (4 U (  ) m~( 5 ) + X (  I ) * *4

I ri (6)-~~(6)+YC! 
)

46I~ (4 C 7 )  r t (  7 )  +Y ( I )  *X C I )
41(4 ~(~‘)=i ’CK )+ Y( I 

)
~~X ( I )*X ( I)

4 1  ‘JEX I I
491 41=h(3)*h (D)— F~(4)-*HC 4)

~~~~~~ 91 = a - ( 3 ) -*~~( 4 ) h (2 ) ” H (  5)
sb  C 1 = h ( 2 ) * R ( 4 ) — x ~ ( 3 ) * h( 3)
5 2 1  Dl = H (  1 ) *h (  5 ) — I ~ C 3 ) *R (  3~
53(4 E1 = F- (--~)*h (3)—Fl ( 1 *hC4)
~~/4(4 ~~1sr i ( I ) *~~~( 3 ) - a , ( 2 ) * H ( 2 )

~ y) ~~ A1* (4.C 1 )+R1*ri (2)+C1*h (3)
56 — )  U = C A I + ! i ( 6 ) + B 1 * R C  / ) + ( ~ 1 * H ( 8 ) ) / ~
~ /0 ,-1 (Hl+H (6)+D1*H ( 1)+r11*11 (8))/Z

P 58(4 .~= C 1*H 6 H E l * R ( 7 ) + F 1 * h ( - 8 ) ) / ~
59(4 P~~T ’J I “RO=A+~’VT** 2+C*i*+4”
60-3 P ’~ I - ’JT “ (3= ”; U
61 ) (4a~IN r ’ ~~~~~

- = ’;  ~
6~~3 ~(4T -J I “ ~~~~~ a
63~ ( 4 -~ I~~T

T ’J I
6 4 D  t a r ~M — -  - .  ‘J i- a r ~C i I U . ’J 01 !-~E4~~- J h b V  M I C R u & M A C h J  l I M E  SCALt. 5
f, L4 1 :-‘ r:’i —— t- J:- . SY5  I rF/j l~ m~ 3J~~ ’JCY }--. z ~ S PU N S E
6-~ ~~~~~~~~~~~~~~~~~~~~~~~
(-a ’~~ ~ = s + I~~~

a .a .  :~

“j1 ~ U — 1 . 1 / ( 2 . . i $~j )
6”1 ~~i= 1 • ) / (  :—~*O ) a

f) 9 )  4 1 - ( ( * ~~, - ) + 1. , ) ) / ( ( 4 :3 + 1 . ( 4 )
7 -1 - 1 ( 1  =~~f l r l ( (  / 2 )  * 10 1, )  - 

-

1 1 _ I  fl=S 0i ( f l )V I A ’~~1

I t s  ~ =~:~~1 ‘ 1 - ’

1211 ~~1 5/( 1. -3+ P1)
I ~ ‘—‘:-‘ T ~ “ < I - ~ A >=~ ’ ~ ; ‘ -~~~~c’’
14 ?:-~I ‘~ I “ T1A - “ 51 ‘‘~-~p EC’’
/ a n  r~~i ‘JT
7~~-~ P k - I ’ J J
/ ,~~ ~ ,‘I\J T “

i ~~~- ‘ ~- -
~ i ~ r “ L’l ~~

- ;  ~‘ 1 ; ‘‘~~SE C ”

D(c) Da ta Proces s in& Routine.

The teletype listing given below shows the complete processing routine used.
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HH-~I~Y

No . - ‘ i ~ EX ’LhA t-’UI~~TS M
111

CO~~’i~~~ S Iu’J  CuNiPLr~fE

r S l T ~ ’( 3 TE 01 j .N T E G h A I . ’~ 0 . 0 ( 4 2 4 9 / 4 3 3

t-L ~~A+~~* I~’~~2 + C *T * *4
4= -),94(k;)j(4

R — D 1 3 7 2 3
C •263”~ljr+ ’1I2

< i ’ 4 >  2 . 4 ) 4 3 4  ‘1S~~1
2./4fl74 ~1~~EC

~ i~~T > =  - 1 . ) ( 4 6 5 5 5  M S E C
T N !  , ).9~~~~~1Vu 1 ~1SEC

H ~-:‘~ !‘Y

• H Cl-N I)! [4

• 1 ’< P ~ - ( 3 ( 1  . IP
* t , t \ < - -~

-‘‘ C

. H I ) ( 3 0 U a~~ -~

~ i ( ~~ •’~~~(3~~ i : ’~

T T 1 L ~~: f l I S P L A Y  ~~JD PLOT UTOCuHRELAIION CUh-o~. : P o I N T !

u ’-( , 44J I

•- 4 : ‘P: - ’~C 1 •

a J - . pO~~~aj T ~~~ 1 - 1 1
P 1  S. [ a ~

L T N ~-: ~ IU T  IY
V ‘I a

‘ ‘ ~ U I I ~r i -  ‘ - r  a
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APPENDIX E.

Calculation of Equilibrium Composition.

The concept of chemical equilibrium was introduced in 2.2(d), this appendix

then describes the method used for calculating flame equilibrium composition

which, as mentioned in 4.2(a), is employed as an initial guess for WSR solution.

The following dissociation equilibria are used:

~~~ 
p0

CO
2 

� CO + 
~ 
02 

K
1 

2 (El)
pCO

~H
1120 � H2 

+ 
~ 
02 

K2 
= 

2 2 (E2)
02

~OH~~H
H20 � ~ H2 

+ OH K3 
= 

2 (E 3)
02

~~H2 
� H K4 

= —i- (E4)

~H2

p0
• 

~ 
02 

� 0 K5 
= —i- (E5)

p02

p
+ 02 ~ NO K6 = 

NO (E 6)

2 2

• K — (E7)
~~N2

.- ~
2

Now:

~c 
pCO + 

~CO2 
(E8)

nil 
~
H2O 

+ 
~OH + 2 (E9)

~ ~C02 
+ 
~C0 

+ 
~H2

O 
+ 2 p0 

+ 
~~ 

+ ~o + ~NO 
(E lO)

“N 
= 

~ N 
+ 

~N0 + 2 
~N2 

(El l)
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The total pressure is considered to be 1 atmosphere so that:

P = p. = 1.0 (E12)

Now, the ratios n0/n11, nc
/nH and r~~

/nH must clearly be the same for the feed

- 
- composition and the equilibrium composition so that the values of these ratios

for any particular feed, together with equations (El—l2), form a closed system at

any temperature T. At any known T the equations can be solved by a modified

iterative triangulation process (116), provided that K1.7 which are functions of

temperature, are also known. K1_6 as f(T)  were obtained from Reference (14) whilst

K7 as f(T) was taken from Reference (117). When the equilibrium flame temper-

ature (adiabatic) is also required a heat balance, involving species heats of

formation and heat. contents (14), must be additionally satisfied, so that further

iteration is needed. Using the basic method (116) a FORTRAN IV computer program

was developed to enable the calculation of flame equilibrium composition for a feed

of variable temperature and general composition, in terms of the chemical species

used in the WSR model described in Chapter 7, the program was capable of operating

in the two modes:

• a) specified -flame temperature,

b) mknown equi l ibr ium flame temperature (adIabatic) .

A simplified version of the program, SUBRO UT INE EQIJILB , is described in Chapter 7

and presented in Appendix F; the program operates in the former mode .
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APPENDIX F.

PROGRAM GRASP

F(a) Program description.

The FORTRAN LV computer program GRASP (General Reactor Analysis and Simulation

Program) was written to enable stirred reactor combustion calculations to be carried

out for a wide range of reactor networks and options. GRASP was used to derive

the BFB model predictions which are presented in 7.5; a listing of GRASP appears

in F(f). The program was run on the Manchester University CDC 7600 regional

computer due to the large storage and computation rate facilities. GRASP requires

approximately 36K storage .

GRASP is organised into a PROGRAM control se~~ent plus a set of SUBROUTINES.

Table XI lists these routines and identifies the function type and contributing

authors of each , it ~nay be seen that certain SUBROUTINEs have the status of a

Module . A Module is considered to be a unit in which specified chemical and/or

phys ica l  processes occur , the func t ion  of a Module then is the evaluation of the

• composition/T/P of its output stream(s) — for defined input stream(s). TEST

and LOOP1 have a different status as will be appreciated shortly. For each Module

a 30 element UNIT list is defined which contains pertinent data. GRASP is

dimensioned so tha t  to 10 Modules may be used in any reactor network . Modules

are numbered left-~ri ght in any network, e.g. Fig.F.l which is the GRASP e!~uivaleut

of the BFB model Fig~7.2. - -

All Modules are interconnected by streams of distinct composition/T/P which

are represented by a 25 element FLOW l is t , up to 20 streams may be used in a

network at present. All elements of UN IT and FLOW , p lus the various program

control var~ abtes , are defined in GRASP .

a) ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-
[hi’- conStitut~~s the ‘ Executive” or control section of GRASP , it controls data

~- ; - A -J i n ~~, the calling of each ~-k~dule in sequence an d selection of the require d

p~~i n t ou t  ruutiues. I t  more than o~e run is requiied Ihen DAI FER is called icr

t H u .  aj J j fj Ld Lj O U  t ~j L O a  d~ I l L j - n t  intucw~iii~r n .
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b) V3R ~ C INE “:C-LJ) LI

This  r z i r~-a - f-s called by the PROGRAM segment each time a new Module is to

be entered , the type number of each Module is given in this routine .

c) SUBRO UTiNE DLOAD

DLOAD reads all the reactor network parameters including UN IT and FLOW p lus

various network options. If required a printout of the loaded UNIT dri d i ndependent

FLOW data is made .

d) SUBROUTIN E DALTE R

DALTE R loads the modified input data if N RUN S >1. For each run a maximum of

20 changes to each of the UNIT and FLOW arrays  may be implemented.

e) SUBROUTINE WRITE 1

WRITE 1 outputs the final flow analysis after all recycle loops and individual

Modules have been solved.  In addition a separate set of information regarding

the state of all WSR and PFR network modules is printed. Output Channel 3 is

pr inc ipall y used by GRASP for  data pr intout .

f) SUBROUTINE WRITE2.

WR ITE 2 ou tpu ts  the values of the UNIT and independent FLOW arrays whenever

called , i.e. performs a useful intermediate check of this network data.

g) SUBROUT INE WRITE 3

WRITE3 was written specifically for the BFB reactor model; it prit~~s out

air and fuel feed t iows and initial mean velocities , also the fuel spray ISD,

and R .
i.nt

h) SUBROUTINE WSR

This r o - ~~iri e is the control and initialisation section of the most important

Module in GRAS? , i t  is cal led f o r  the solut ion of a single WSR or a chain if in

a PFR , WSR employs S service rout ines.  The order of species used must be the

-,a~o in all the \-ar.ious calculations , data input and FLOW list , the order is (with

r e f er ~- c u . - to the BFB mode l) :
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GASEOUS PHASE I 
LIQUID

(Mixed) (Unmixed)

MODULE WSR 1 2 3 -~ 5 6 7 8 9 1 10 11 12 13 14 15 16 17

FLOW List 9 10 11 12 13 14 15 16 171 18 19 20 21 22 23 24 25

BFB MODEL H N 0 OH H 20 Kero CO NO N 20 1 CO 2 H 2 02 N 2 02 N2 Kero Kero

÷ Independent species -*~~÷ Dependent (Fuel )
species

WSR may be operated in either the constant temperature or constant enthalpy

mode , the latter being usually used. Note that P and ih1/V must be specified.

The mdin f u n c t i o n s  of WSR are i) -eading of input data, ii) initialisation

before COMP is called and iii) the setting up of the output FLOW and UNIT lists.

For any WSR which is either n - a - a t in a recycl€~ Lo op or for the 1st pass throug h one

which is located in such a ion :, it is necessary to guess T and in order to

estimate r~ . EVAP is then called to compute , BB1 is then called before

calcula ting 
~wSR 

and finally entering EQUILB for a modified equilibrium initial

guess . I-or the 2nd and subsequent passes through a WSR (in recycle) the initial

guesses b r  -y
k
, T, 

~G and are. set to the previous converged values for that

:‘~odt-1e .

i) SUBROUTINE PFR

PFR calls WSR 10 times (4.2(5)), i f  i n  a recycle  loop and LOOP > 1 the first

subvolume initial guesses for T, and are set to the previous values for that

Mu~i’iJ e subvolume 
— an equ i l ib r ium guess at that  T is then used to derive initial

values for v.. A se t  of l OGICAL variu.~-1e s control EVAP and WSR when solving a PFR.

j )  -- ~~~~~~ INI. ~ I XE~ R

Mr:c P enables streams to be ad iaba t ica l ly mixed/sp l i t  at any point  in a network ,

th us ~i’-~e:a1 IdSS and heat balances are performed on the gaseous phase , BB3 supp l ies

t ’ t spec -~~~~ ~~e c i f i c  hea t  t~~rTns. A separate  mass balance is performed on the

- I - . - . , r &~~~i~~ihle sensible heat for this phase and V
Rel 

= 0 being assumed.

-~~
- 

~~ e - - pu r  -;~~r~-- it is necessary to supply the appropriate sp lit

- K L K l ~ l i : ,t .  ~:I~I-~R was also used to set  the tempera ture  ol

— 158 — 

_:~ ~~~ —— ~~~~~ - - ~~~~~~~ - -~~~~~ -—~~~~~~~~~~~~~~ - 
j



r ~~ 

- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

k) SUBROUTINE COAN

CUAN was written for the BFB model, it describes the operation of the Coanda

internal recirculation unit for this combustor. From values of TAI R , TROT , ~~
and P the calibration—corrected air mass flowrate is calculated. COAN is alsocc

cal led  by EVAP wh~-n VG
(O) is needed , equa t ions (4 .7 8,81) being employed. (4.80)

is then app lied for evaluating ~~~~ 
and hence the sp l i t  f rac t ions  for  Module N o . 6 .

COAN also feeds 2 network control para:u~-aters into EVAP .

i) SUBROUT INE PJE T

PJE T is ~ general routine for pressure jet atomiser calculations although it

contains the BFB device mass flow calibration. From the single variable Pf PJET

returns 
~
i
~L~EL (eqn. (5.8)), V (O) (equs . (4 .56 , 57 ))  and the spray ISD(eqns .

(4.48— ~-52,55)) for use in EV~ P .

m~ SUBROUTINE TEMP RE S

TEMPRES enables T or I (or both) for any network flow to be set to desired

values .

n) SUBROUTINE TEST

TEST is a standard routine developed by Burgess et al (123) for the iterative

so lu t ion  of recycle  loops , to a spec i f ied  accuracy . A convergence promoter may

be used to increase the rate of convergence .

o) SUBROUTINE LOOP 1

LOOP 1 is the 1st Module to be entered after a recycle loop has been solved ,

NCYCLE and LOOP are reset according to whether or not further recycle is required.

p) SUB ROUTINE COMP

COMP so 1 ves (4.29-’-40) by means of a Newton Raphson iteration scheme, BB4 being

called for the partial derivatives required to evaluate a composition change ,

cHOU-;~ reduces the int ~~ration matrix thus generated. A scheme for reducing the

correction terms to ~:revent over—correction is used , when the species eqn . (4.29)

and energy b a l an -~e (4 30) are satisfied contro l is returned to WSR. EVAi  i s

ca~ 1ed t~ r t~i~ fir~~r IC) temper -~~-~re iterations to obtain y.* for good es t i r tt ~ s of

T and r , in thi!; iri ’ us cil lr jtn rv iteration was avoided. BB1 is called Cdu ~ t i
S -

are m oditied and BBi each rtme I changes.
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q) SUBROUTIN E BB 1

BB1 evdl udteS the coeillcients :1 the element conservation equations used for

the WSR dependent species. The first time through BB1 the independent species

conservation coetuici~ rit are ro~~d.

r)  S~ flP P0- bB~

BB3 computes species i-nthil p y ,  s p e c i f i c  heat and free energy values, it may

be called from MIXE R, ~~~ or CO~fl~. The 1st t ime through BB3 a set of 14 coeff-

icients for each physi cal sp ecie s are read in , these coefficients correspond to

those in (4.41-#43) . This data ~cr Ke ro and N , is also available to E VAP for use

in (4 .59 ,bu).

s) SUBROU fINE BB4

BB4 contains the chemical k i n e t i c s  of ~~e system being investigated, the

1st time through kinetic data in~ iuding participa t ing species , ra te cons tan ts,

3rd body e f f i c i enc i e s  and reverse rate options for each reaction are read. If

it is specified that 1K = 1 then the 1st chemical reaction is selected as the

quasi—g lobal finite rate pyrolysis step (2.27). BB4 produces a p r in tou t  of the

above data, e.g. Table VI for the BFB model. The partial derivatives required

in COMP are then computed.

t) SUBROUT INE EVAP

E VAP evaluates ~~~ for  specif ied T and for  any network WSR. Since this

involves time dependent quan t i t i e s  a number of control parameters are required for

incorporation into both the WSR and recycle loop iterative solution schemes, these

parameters are de firp d in GRASP . An option is provided for region A or B thermal

properties in (4.59). EVA? was written as a completely general evaporation/mixing

routine , it requires additional inputs of spray ISD , V5
(O) and V

G
(0).

u) SUBROUTI N E EQU I LB

EQUILB generates an equilibrium initial guess for WSR composition when T
1 
and

are- specified. As exp lain ed in ?
~
4
~

(T eq~
2OO) is curve fi tted , an al terna tive

‘alue of T may be s u p p l i e d  i f  IEQ ~ 1 is selc- :ted. The equations given in Appe ndix

*S are ~~~~ used r -  compute the equ~ 1ihr ium
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v) SUBROUT INE CHOLE S

CHOLES is a standard service subroutine which reduces the iteration ici~t rix

generated in COMP by means of the Choleski factorisation method.

w) SUBRO U TINE RATE S

RATE S evaluates the values of the rate constants and their derivatives required

1
in 8B4. Equations (4.36-~-39) are emp

loyed for this purpose and are calculated

using free energies derived from BB3.

~ Lo~ ~~~~~~~

~~~~~~~~~~~~

GRASP modulor equ~vcii~~c~~ 4 ~~\G  7 2 .

p

F L G . F . l  GRASP MODITL E NE T WORK FOR TilE BFB MATHE MATICAL MODEL.
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TABLE XI. £‘rogram GRASP , bLeakdcwn of Routines.

Subroutine Function type Contributing outhors
p t —

PRO GRAM SEGMENT 1 B ,F

MODULE 2 B

DLOAD 3 B

DAL TE R 3 B

WRITE 1 B , F ,P

WRITE 2 4 B

WRITE 3 4 P

WSR 5 P ,F,O
PFR 5 F,?

MIXE R 5 F ,P

COAN 5 P

PJET 5 P

TEMP RE S 5 B

TEST 5 B
LOOP 1 5 P

COMP 6 O,P

BB1 6 0

BB~ 6 0 ,?

3B4 6 O ,P , F

EVA? 6 P

EQ UI LB 6 P
CEOLES 6 0

RAt ES 6 0

B = Bur-~ess , Robson & Wells 
— joint authors of chemical en~’inee ring flowsheet

program PRI ME R:  R e f . ( l 2 3 ) .

0 = O5~~Lr5v 
— au thor of a PSR progra m : R~ t.(i 15 )

i- c  h ~- i ~ — 
~uti~~: of ;~rogram GRA SI , ve r s io r  - - Pf~ t y p e  ca l cu la t ions .

P = i~~r — ccii L- author of s’SR vers ion of GRA SI

1 = N~ i~ cot:troi segment.
2 

= Module se1~~ction segment.

3 = Data  u~ ;ut  or modi f l c a t i -n .

4 = Data pr1nt:c~~L.

5 =

-
~ ~SR ~-~-~ iu1e service  rou t ine .

-- [62 —

~~~~~~~~~~~ ~~~~~~~~~~ -t4~~~-~~~ -



F(b) P r i - 5r a m  ita t i j u t

iwo d i t~ input tiles ~~LC  ~~~~~~~~ Ly GRASP , the 1st is read b y DLOAD ~also

DALTER it NRL— S ~ 1) ,  di t a 16 r~~ -~tfied ~n ~~~~i-~~ LST t~~rt-:~ t , F(c). The 2nd inpu t

f i l e  c o n t a i n s  in t oiic ~t ~~~ :~ re~ u i red i~y ~~~ BBI and bh- ., s t a n d a r d  forma t is used ,

• F(d). Species ~~ cie s and m u f t c u i ar  -~~-~~ght s  are C O i l t  i i ~~ e - ’ in a WSR DATA statement.

F(c )  BF1I No de l ;  tyLical uodule  n e t w o r k  da t a  i t 0 .

S F X E C L

I
L! ST * 1 ,~~,3,4, 5,6.7.8,9, O,

~ D~ Pal , ~ ,3,4,5,6i7 ,8,9.l 0,1 1 .12 .13. 4,15,16,
~~R I~~’~ 3*1 ,~~,
$
$U~~1l L11.1,9 , 3*~~, 3~ 8* 0 ,  ~~~~~ 3 ,  288. 11* 0,8, 0,

1, 2=1 ,6, ?,9.0, 300, 13.0, 240,
16.6, 

~~~, 1~ ~~~~~ 10, 7*0,14*0, 1035, 1,

~ljIT9e 9 , ~*1 ,~~0,11 ,9*0,7,13*0,280,

P [ 0 W 1 a 1  .4*0,353,0 ,96,1 ,17*0,
cLO l~~,i*C),300,Q .96,i ,1?*O,
F L ~~~~~ 9,4*Q,3C~C~~~ .96,l8* Q,
$
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ERRATUM

Line 884:— Add ZPP(20)
Line 921:— Rep la ce ZPP by ZPP(J)
I.ine 922:— Replace ZPP by ZPP(J)
Before Line 923:— Insert IF (YS(J)/YO(J).LT .—1) GOTO 775

ZPP(J) = 8.37
COTO 777

775 ZPP(J) = O.37/ZPP(J)
Li ne 928:— Rep lace ZP by ZPP (J)

This correction gives satisfactory convergence for all stoichiometries ti’sted
(from 8.5 to 2.0).
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PLATE 1. FRONT VIEW OF BURNER RIG.

PLATE 2. SIDE VIEW OF BURNER RIG.
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PLATE 4. GAS ANALYSERS .

CO21CO IRGAs on the lef t 1
NO/NO R 

CIA to the right.

PLATE 5. BLUE FLA~€ BURNER COMBUSTION CHANBER

AND COANDA UNIT.

Components removed af ter  tests completed.
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