
AN ISOTHERMAL STUDY OF GAS TURBINE COMBUSTOR FLOWS

P. KOUTMOS 
DIPL. ING.

Thesis subm itted fo r the degree of 
Doctor of Philosophy 

in the University of London 
and fo r the

Diploma of Membersh ip o f the Imperial College

Imperia l College of Science and Technology  
(D epartm ent o f Mechanica l Eng ineering)

Ju ly, 1985



To my parents



ABSTRACT

Research work is described which comprises a theore tica l and an 
experimental Investigation of a flow configura tion relevant to ae ro -eng ine  
gas tu rb ine combustion systems.

In the experimental study. LDA measurements are obtained of the 
three mean ve locity components and the correspond ing tu rbu lence  
in tens ities in a water model o f a can-type combustor made up of a 
sw irl-d riven  prim ary zone, annulus fed rows of primary and d ilu tion jets 
and an exit con trac tion nozzle. The effect of the variation of the flow  
sp lit between sw irle r, p rim ary and d ilu tion holes and the in fluence of the 
sw irler geometry on the flow pattern are investigated. At low sw irle r 
flow ra tes, a to ro ida l re c ircu la tion  is formed in the prim ary zone and 
high levels of tu rbu lence energy are generated due to primary jet 
im pingement. As the sw irle r flow  rate increases, the stength of the 
vortex weakens and the rec ircu la tion  region shifts off centre a llow ing a 
forward ve locity to be estab lished on the combustor axis. These
changes have a sm alle r e ffec t on the combustor exit pro files due to 
strong mixing in the d ilu tion zone.

The theo re tica l study is based upon the numerica l so lution of the 
tim e-ave raged transpo rt equations fo r momentum , tu rbu lence kinetic  
energy and energy d iss ipation rate using a fin ite -d iffe rence  form u la tion . 
The computationa l investigations inc lude the ca lcu la tion  of isothermal flow  
fie lds external as well as in te rna l to the combustion chamber. In the 
fo rm er case, the flow in annu la r combustor dump d iffuser geom etries is 
ca lcu la ted . The com parison between pred icted results and
measurements available from  a separate study shows that the varia tion in 
the overa ll pressure recovery and loss coe ffic ien t with changes in 
d iffuser design features (eg inner/outer annulus flow sp lit or dump gap) 
can be pred icted to w ith in 7% of the Inlet dynam ic head.

For the case of in te rna l com bustor flow fie lds , the measurements 
obta ined inside the cu rren t water model are ca lcu la ted. The combustor 
geometry is sp lit Into two zones and the computation of the flow in the 
exit con trac tion nozzle is made possib le by using a general method for 
trea ting complex geom etries with f in ite -d iffe ren ce  methods based on 
simple (ca rte s ian . c y lin d ric a l-p o la r) co -o rd ina te  systems. The 
pred icted mean ve locity d is tribu tions show favourable agreement with the 
measurements In the prim ary and in termediate zones, although the 
d iscrepanc ies increase in the d ilu tion reg ion . Predicted levels of
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tu rbu lence kinetic energy are too low In regions of high anisotropy. A 
param etric study fo r the range of flow patterns observed in the 
experiments Illus tra tes the usefulness and acceptable quantitative  
accuracy of th is type of num erica l approach fo r practica l combustion  
cham ber design at least under isothermal conditions. F inally. It is 
demonstrated that such methods can be applied conveniently and 
econom ica lly to the complex geom etries found in practice .
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CHAPTER I

INTRODUCTION

1. 1 Gas tu rb ine engine combustion chambers -  types,
nomencla ture and design c rite ria

1 .1 .1  P re lim inary remarks

The gas tu rb ine engine has evolved rapid ly in the past 
twenty-five years and today it plays a dom inant ro le in the industria l 
world , being a m ajor com ponent In a range of aeronau tica l, marine and  
land -based app lica tions. This development has been achieved large ly  
due to advances in the a irc ra ft gas tu rb ine , and non-ae ronau tica l 
engines have greatly benefited from  the techn ica l lead given by 
ae ro -eng ines . In recen t years, the demand for improved perfo rm ance , 
conservation of fossil fuels and an increased concern for the grow ing  
atm ospheric po llu tion have drawn pa rticu la r attention to the operation of 
the combustion cham ber, the gas turb ine engine component p rim arily  
related to the above aspects of operation. The combustor is an 
essentia l part of the gas tu rb ine eng ine , its function being to burn fuel 
under cond itions that are conducive to the optimum operation of the  
engine. A comprehensive descrip tion  of the operation and the design  
princ ip les of the gas tu rb ine combustion system can be found in 
Lefebvre (1 983 ).

As the operation of the combustor depends on complex 
physica l, chem ica l and aero therm odynam ic processes it was soon  
realised that improved design requ ires fundamental understanding of 
these phenomena. This des ire fo r more detailed and better knowledge  
combined with the advances in computational flu id dynam ics and the 
advent of powerful com puters has promoted the adoption of a more  
fundamental approach to design which is intended to reduce development 
time and costs. The work reported here was undertaken with the aim of 
con tribu ting to th is type of approach.

1 .1 .2  Combustor types

There are three basic types of combustor employed in a irc ra ft 
engines, namely tubu la r, annu la r and tuboannular.
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(1 ) The tubu la r cham ber shown In Figure 1.1 was used In most of
the early gas tu rb ine  engines. It comprises a cy lind rica l
flam e-tube (a lso  ca lled  "can" or " line r") mounted concen trica lly  
Inside a cy lind rica l casing. From seven up to sixteen 
chambers may be arranged c ircum fe ren tia lly  between
com pressor and tu rb ine . The chambers use in te rconnectors to 
fac ilita te  Ign ition and commonly in troduce the fuel through an 
In jector located on the combustor centre line In the head of 
the can. The com presso r a ir enters the chamber via several 
routes: I) through a sw lrle r device in the fron t of the can to 
help create a flam e -s tab ilis in g  rec ircu la ting  flow region in the 
zone where the fue l is to be burned (p rim ary zone ); (ID via 
d iscre te round ho les on the periphery of the line r to contro l 
the a ir- fu e l ra tio and to dilute the hot gases to a level 
demanded by tu rb ine  b lade -life  considerations (In te rm edia te  
and d ilu tion z o n e s ) .

(2 ) The annu lar cham ber shown in Figure 1 .2  is an annular lin e r 
mounted concen trica lly  ins ide an annular casing. A lthough  
deta ils of the fuel In jection and dilution a ir addition d iffe r from  
type ( 1 ) .  the essentia l features and in ternal flow patterns  
remain very s im ila r.

(3 ) The tuboannu la r cham ber. F igure 1 .3 . represents a 
comprom ise between the tubu la r and annular cham ber; the 
can-type flam etubes are re ta ined, but are located in a sing le  
annular cas ing . Aga in , a ir flow entry routes may d iffe r from  
type (1 ) In te rm s of number, size and location of ho les, but 
no fundamenta l d iffe rences appear.

1 .1 .3  Basic design requ irem ents

The basic requ irem ents of all gas turb ine combustion chambers
can be listed as fo llows:

High combustion e ffic iency
Stable operation over a w ide variety of conditions  
Low pressure loss
Suitable tem pera tu re  pro files at exit as demanded by turb ine  
blade design
Smooth and reliable ignition 
Low em ission of po llu tan ts
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Durability
Size and shape accep tab le  fo r practica l engine arrangement. 
Combustor designs which can achieve at least some of the 

above requ irem ents are best described with re ference to various  
sub-zones (F igu re  1 .1 ) w ith in the total combustor which play d iffe ren t 
ro les in the overa ll operation of the system.
(I) A d iffuser and annu la r feed are required to contro l the entry of

the a ir into the com bustor Itself. These should e ffic ien tly  
decelera te the high ve locity a ir delivered by the com pressor 
and d is tribu te  It in prescribed amounts to the various
combustor zones. Uniform  and contro lled distribution of flow  
through the various en try routes Is essentia l fo r stab le  
operation of the lin e r to m inim ize the pressure loss and to 
enable e ffic ien t flame tube coo ling .

(II) The prim ary zone should contain a stable rec ircu la tion region  
fo r good flam e -ho ld ing  and provide su ffic ien t residence tim e, 
tem pera ture and tu rbu lence so that at least 90% combustion  
comple tion of the fuel can be achieved in this region. The  
fo rm ation of ca rbon monoxide and oxides of nitrogen (wh ich  
are im portan t from  po llu tion considera tions) has been found to 
be sensitive to the loca l flow pattern and tem perature  
d is tribu tion in th is reg ion (N ledzw lecki and Jones. 1974).

(III) The in term edia te zone comple tes the combustion to about 99%  
and in itia tes d ilu tion , completed in the d ilu tion zone to provide  
a desired radia l tem pera tu re  pro file  fo r optimum turb ine blade 
life .
Considerable e ffo rt is requ ired by the combustion cham ber 

designer to satisfy the above demands while mainta in ing pace with the 
development and advances of o ther engine components.

1 .2  Scope and sub ject of the present work

From the above descrip tion . It Is c lea r that aerodynam ic  
processes play an Important ro le in the design and performance of gas 
tu rb ine combustion systems. For example, the flame stab ilis ing  
properties of the prim ary zone depend on the size and strength of the 
rec ircu la tion  reg ion and the overall length of the combustor Is governed  
by the flu id m echanics of the rapid mixing promoted by the Inflowing 
dilu tion a ir je ts . A lthough there are several types of combustion
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cham bers, d iffe ring In size, concept and method of fuel and a ir 
In jection . It Is fo rtunate ly the case that the aerodynam ic features are  
common to all systems. In add ition , since typical Reynolds numbers fo r 
practica l combustion systems are of the order of 10®, the flow is highly 
tu rbu len t and quantita tive and qualitative understanding of the turbu len t 
transport processes which in fluence in ternal aerodynam ics is of prim ary  
Importance (Lefebvre . 1968).

In the past, advances in combustion chamber design have 
been guided predom inantly by experimental work. In recen t years, 
however, th is has led to expensive and tim e-consum ing design  
procedures. As a consequence , the exploitation of theo re tica l 
approaches fo r the evaluation of the aero therm ochem ica l processes is 
becom ing Increas ing ly a ttrac tive . Therefore, the c red ib ility  of a 
theo re tica l approach (usua lly  numerica l modelling) and the degree to 
which It can con fiden tly  com p lem ent experimental investigations is 
cu rren tly  the sub ject of rigo rous testing (Jones and Pridd ln. 1978; 
Jones and McGuIrk. 1979; Bruce et a l. 1979; Swlthenbark et al. 
1979).

The work in th is thesis aims to contribute to the testing of 
such a numerica l p red ic tion  p rocedure . In order to se lect the pa rticu la r 
areas in which the con tribu tion  may most fru itfu lly  be concentra ted , the 
fo llow ing section describes re levant previous work on combustor flow fie ld  
Investigations; th is provides the background necessary for formula ting the 
precise purpose and nature of the p resen t work.

1 .3  Previous work

Research work into gas tu rb ine combustion chamber design  
and performance can be ca tegorised under three headings: global
em p irica l co rre la tions , more deta iled experimental work and numerica l 
m odelling . The fo llow ing review concentra tes on the Internal flow fie ld  
of combustion cham bers, but some consideration of combustor entry 
section design is inc luded in the num erica l modelling section.

1 .3 .1  Em pirica l co rre la tions

Continuous advances In com bustor technology brought on by 
increas ing demands on pe rfo rm ance created the need for the designer 
to be able to co rre la te  the pe rfo rm ance of d iffe ren t combustor types.
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This encouraged the explo ita tion of a systematic approach based on 
simple (usua lly one - or ze ro - d im ensional) analysis and global or 
overall experimental resu lts . A comprehensive descrip tion of the 
fo rm ula tion adopted In th is type of approach together with examples of
Its application may be found In several NASA reports (NASA CR-72374
and CR-72375. 1968). In the present review, only a brie f descrip tion  
of the method will be given toge ther with an assessment of its
capab ilities and weaknesses. Further relevant work is included in Table
1 . 1 .

In the context of an em p irica l theory, the geometry to be
ca lcu lated Is usually s im p lified and the flow in the combustion system  
broken down into d is tin c t but In te racting regions (eg d iffu se r/annu lus  
reg ion , prim ary zone, d ilu tion reg ion e tc ) . The flow in the d iffuser and 
annulus Is assumed uniform  and isentrop lc and Is ca lculated from  
one-d im ens iona l equations fo r the conservation of mass, momentum and 
energy. This ca lcu la tion  thus provides the amounts of a ir that en ter the 
combustor through the coo ling slots and d ilu tion holes (com bustion  
chamber a ir flow d is tribu tion or flow s p li t ) . Inside the combustor in the 
primary zone the ve locity , pressure and tem perature are ca lcu la ted  
assum ing steady one-d im ens iona l flow . Mixing and burning in this zone 
are considered to occu r Instantaneously (ie  the primary zone is assumed  
to be a "s tirred re a c to r " ) . The amount of primary je t a ir which  
rec ircu la tes in th is reg ion (p rim a ry  je t rec ircu la tion  ratio) and the 
penetration of the d ilu tion je ts are estimated from  empirica l form ulae  
based on the co rre la tion  of experimental data. The overall ca lcu la tion  
proceeds by div id ing the com bustor into axial contro l volumes and 
solving the appropria te set of equations at successive stations; overall 
continu ity Is imposed by superposition and adjustment In an iterative  
cycle. The approach allows the estimation of parameters such as 
overall pressure drop, tem pera tu re  d istribu tion at the outlet and on the 
combustor wall fo r a given com bustor geometry.

A m ajor c ritic ism  of this approach Is that spatial varia tion in 
dependent va riab les such as ve locity and temperature are largely ignored  
and no attempt Is made to ca lcu la te  the local features of the flow. It 
can also not provide accu ra te  in form ation in th ree-d im ens iona l and 
rec ircu la ting  reg ions. In add ition , when these methods are extrapolated  
too fa r from  the data on which they were based, they can not p red ic t 
accura te ly even gross opera tiona l cha racte ris tics such as blow out. 
re ligh t, m ixing rates and em ission of po llutants (Osgerby, 1974).
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These de fic ienc ies have given rise to a demand for more deta iled  
experiments or a more genera l analytical approach based upon 
fundamental flu id m echanics and physica l modelling.

1 .3 .2  Experimental research

Experimental investigations reported in the literature range from  
simple a ir and water model flow visualization to high pressure  
combustion tests at fu ll load. For confidentia lity reasons there are
re lative ly few pub lica tions on com p le te , specific design combustion  
chamber flows. Papers found in the open literature tend to concentra te  
on model cham bers, usually with s im plified geometries and running at 
atmospheric pressure. The work cited in Table 1 .2  ranges from  
isothermal to combusting flows in p ractica l and model combustors and Is 
representative of the ongoing research .

The flow patterns in the primary zone of p ractica l 
production -type combustion cham bers were investigated by Clarke et al 
(1963) and Youssef (1 96 8 ). Both isothermal and combusting conditions  
were used to assess the qua lita tive and quantitative co rre la tion between 
the hot and cold flow inside the com bustor. In the form er Investigation, 
restric ted measurements of ve loc ity and local a ir- fu e l ratio were obta ined  
in a full scale can -type  com busto r operating with both gaseous and 
liquid fuels. Comparisons between these results and s im ila r 
measurements obta ined in the same combustor operating with a ir and in 
a water model iden tica l to the metal chamber showed that the prim ary  
zone rec ircu la ting  flow pattern remained essentia lly s im ila r in both 
isothermal and burn ing situa tions. S light quantitative d iffe rences in the 
profiles were attributed to small changes in static pressure, density and 
secondary je t angles due to combustion. in the work of Youssef 
probe-based measurements of ve loc ity and pressure were also obta ined  
under isothermal and reacting cond itions. Comparisons between the 
profiles Indicated that a lthough combustion reduced the strength of the 
reverse flow, it had a sm a lle r e ffec t on the size of the rec ircu la tion . 
Profiles of the axial and angu la r ve loc ities were genera lly s im ilar except 
in the negative ve locity reg ion near the sw irler. In this region however, 
the accuracy of the five -ho le  pressure probe used can be called into  
question due to the high sw irl and the associated pressure grad ients. 
More recently . B lcen and Jones (1985) investigated a can-type propane  
fuelled combustor. LDA measurements of the axial and azimuthal mean
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and fluctua ting ve locities were obtained under isothermal and reacting  
cond itions. The data, however, were restric ted to traverses at the exit 
and through the Jet holes (the  only positions where the laser beams 
could access the Internal com busto r volume) . Good qualitative sim ilarity  
between the hot and cold flow pro files was observed in the primary zone 
espec ia lly at a ir- fu e l ra tios as encountered in gas turb ine practice . 
Quantitative d iffe rences were attributed to density and static pressure  
changes due to combustion and were most evident in the dilution zone.

A lthough the com parisons performed in the above investigations  
were based on a lim ited number of measurements, they nevertheless  
show that the s im ila rities between hot and cold flow, at least in the 
primary zone, are su ffic ien tly  encourag ing to support the use of 
Isothermal models for provid ing useful and cheap information.

As the concern fo r gas tu rb ine generated pollutants grew and 
new leg is la tion was proposed, a wide range of experimental work on 
combustor exhaust em issions was undertaken. Here, by way of 
Illus tra tion , two Investigations that drew attention to the advantages of 
sw irl in reducing levels of po llu tan ts are mentioned. Mularz et al 
(1975. 1975a) and N ledzwiecki and Jones (1974) measured po llu tant
levels of oxides of n itrogen , unburnt hydrocarbon and carbon monoxide 
at the exit of experimental tuboannu la r and annular combustors. These  
employed s ing le sw irle rs or several sw irlers positioned in c ircum fe ren tia l 
rows on the combustor head. The results demonstrated that this 
approach helped to reduce levels of oxides of n itrogen and th is was 
attributed to rapid mixing of combustion gases with dilution a ir over a 
short length toge ther with more un iform  fuel d is tribu tions due to the 
sw irle r. A lthough no m easurem ents were taken inside the combustor 
which would allow d ire c t in te rp re ta tion  of the data, this and other 
encourag ing investigations stim u la ted the in terest fo r more comprehensive  
in form ation . Coupled with the desire fo r su itab le data which would allow  
the testing and development of mathematical models of combustors, this 
created the need fo r more deta iled in form ation . However, 
comprehensive m easurements inside a complex practica l combustor
geometry are d ifficu lt to obta in because of lim ited access and the often 
ambiguous in te rp re ta tion of the data due to uncerta in ties in the
proportions of flow en te ring the coo ling slots and d ilu tion holes. For
th is reason. Investigators have so fa r concentra ted on a particu lar flow  
region and s im plified geom etries where the flow conditions would be
more easily con tro lled .
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Altgeld et al (1 9 8 3 ), Vu et al (1982) and Rhode et al (1983) 
restric ted attention to the prim ary zone and examined the changes in the 
flow structure caused by the In troduction and variation of sw irl In 
Idealised combustor models w ithout d ilu tion jets. These works provided  
useful detailed In formation on the kind of sw irling flow fie lds to be 
expected In combustion systems, but neglected any influences due to 
Interaction between sw lrle r and prim ary je t flows. The existence of a 
vortex breakdown phenomenon and Its subsequent development on the 
presence of a downstream  con trac tion  was investigated by Escudier and 
Keller (1985) but only fo r an axlsymmetrlc geometry. In the same vein, 
many experiments have exam ined only the downstream dilution region  
and the behaviour of rows of je ts in a c ross -flow  (eg Khan et a l.
1981).

A step fu rthe r towards rea lis tic  combustor flows was made by 
Green and Whltelaw (1983) who included both prim ary and d ilu tion  
regions In the same fac ility  but the upstream (com busto r head) and 
downstream (ex it nozzle) geom etry were greatly s implified and the effect 
of sw irl was neglected . LDA measurements were restric ted to one  
component of ve locity but did show the effect of primary je t tra jec to ry on 
the prim ary vortex. Measurements in a rea lis tic  combustor have been 
reported by Jones and Toral (1983) who investigated the same can-type  
geometry as Blcen and Jones (1 98 5 ). These data, however, were 
restric ted to deta iled tem pera tu re  and gas composition maps fo r various  
a ir- fu e l ra tios.

In summary then , a lthough a range of deta iled measurements 
of ve locity and tu rbu lence p roperties have been obtained in s im plified  
(usua lly axlsymmetric) cham bers a comprehensive mapping of the flow  
fie ld Inside a p ractica l combustion chamber has not yet been achieved. 
Despite the d ifficu lty  of pe rfo rm ing such measurements inside an actual 
combustor, th is type of in fo rm a tion could be conveniently obtained In a 
water model whilst re ta in ing an accep tab le level of geometrica l and flow  
s im ila rity  to an actual cham ber.

1 .3 .3  Num erica l m odelling

The num erica l m ode lling approach is based upon the numerica l 
solution of the govern ing conserva tion equations of mass, momentum  
and energy complemented by su itab le physical models. The equations  
are solved in the ir tim e-ave raged form because of the turbulent na ture
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of the flows and various aspects of the flow such as turbulence and 
combustion have to be m ode lled and requ ire some em pirica l input. 
Space does not allow a com p le te descrip tion of the details of the 
modelling adopted by the various Investigators, ra ther an Indication Is 
given of what has been attempted so fa r. and to what extent the models 
have been tested and successfu l pred ic tions obta ined; relevant work is 
summarised In Table 1 .3 .

Serag Eldin and Spalding (1979) used a fin ite -d iffe rence  
technique with a tw o-equa tion  tu rbu lence model and a combustion model 
which assumes Instantaneous reaction to investigate the reacting flow In 
a can-type gaseous fue lled model combustor conta in ing both a sw lrle r 
and d ilu tion je ts . Comparison of ca lcu la ted results with experiment was 
lim ited to tem perature p ro files downstream of the a ir supply holes and 
showed co rrec t p red ic tion  of trends. Quantitative d iscrepancies were  
mainly attributed to the poor performance of the combustion model in 
reg ions where the rate of reaction m ight not be d iffu s ion -con tro lled . 
This could imply that the d isc repancy would increase fu rthe r in the  
region upstream of the d ilu tion  holes. Jones and Priddin (1978) 
Investigated the reacting flow in two can-type gaseous and liquid fue lled  
research combustors. The pred ic tions fo r the gaseous fue lled  
combustor were tested aga inst measurements and showed overestimation  
of species such as carbon monoxide, unburnt hydrocarbon and n itr ic  
oxide. The few ve locity measurements obtained with a seven -ho le  
pressure probe showed tha t the pred ictions overestimated the 
rec ircu la tion  lengths. It was commented that full in terpre ta tion of the 
results and appra isa l of the models was not possible due to lack of 
su itab le data. However, it was concluded that the model provided  
useful ind ica tions, fo r design purposes, of the regions of maximum  
po llu tan t form ation and consum ption . S im ila r techniques were used by 
Jones and McGuirk (1979) to investigate a two-d im ensiona l isothermal 
and reacting flow in a gaseous fuelled model combustor and a 
th ree -d im ens iona l reacting flow in a liquid fuelled chamber. Comparison  
of probe measurements In the two-d im ensiona l axisymmetric cham ber 
with num erica l results showed underestim ation of rec ircu la tion  lengths  
and tem pera ture leve ls; the d iscrepancy between predicted and 
measured tem perature d is tribu tions increased in the th ree -d im ens iona l 
ca lcu la tions. The d isagreem ent was attributed to uncerta in ties in the  
in le t boundary cond itions and the poor performance of the tu rbu lence  
model under strongly sw irling cond itions. The d ifficu lty of obta in ing grid
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Independent so lu tions In th ree -d im ens iona l ca lcu la tions was also  
emphasised. A s lightly d iffe ren t approach was employed by Swithenbank  
et al (1979) who modelled the th ree -d im ens iona l two-phase flow Inside  
a model can combustor. They used a fin ite -d iffe rence  technique to 
obtain ve locity , tu rbu lence and temperature data and em pirica l s tirred  
reactor models to p red ic t to ta l po llu tant em ission levels. Lim ited 
comparisons with experiment were made Inside the combustor, but the 
pred icted exit p ro files of ve loc ity , turbu lence Intensity and tem perature  
agreed well with m easurements. The authors supported hybrid mode lling  
of th is type as the only way, at present, to make quantitative po llu tan t 
em ission pred ic tions due to tim e and cost penalties of more complex  
models.

The d ire c t app lica tion  of numerica l methods in the design and  
development of gas tu rb ine combustion chambers was demonstrated by 
Bruce et al (1979) and S turgess et al (1981 ). The fo rm er work used a 
combination of em p irica l methods and th ree -d im ens iona l num erica l 
modelling to design two fu ll sca le reverse flow annular combustors. A 
one-d im ens lona l annulus flow  model was employed to ca lcu late the  
pressure loss, a ir flow d is tribu tion , je t ve locities and efflux angles at the 
various holes on the com busto r walls and these were used as boundary  
cond itions fo r the th ree -d im ens iona l reacting ca lcu la tion inside the 
combustor. The program  was tested and developed against experimental 
work and applied to assess the e ffect of detailed design changes on 
combustor perfo rm ance . S turgess et al (1981) simulated num erica lly  
the flow pattern inside an experim enta l combustor fo r a large scale turbo  
fan engine. The mode lling enabled the authors to pinpoint qu ickly and 
econom ica lly the cause of changes in dome and line r pressure drop.

The ab ility  of num erica l methods, when applied to s im plified  
model com bustors , to provide resu lts that can usefully be extrapolated to 
actual designs Is ind ica ted in the investigations of Novick et al (1979 , 
1979a) and Green and White law (1 983 ). Novick et al examined the 
isothermal and reacting flow in axisymmetrlc geometries. The
comparison between num erica l ca lcu la tions and measurements, fo r 
reacting flows. Is confined to one temperature map and shows good  
agreem ent. The ca lcu la ted results show the effects of sw irl, 
rec ircu la tion  zone am p lifica tion  and la tera lly Induced secondary a ir supply  
on the flow fie ld  development. A more systematic appraisal of the
numerica l techn ique was attempted by Green and Whitelaw (1983) in a 
th ree -d im ens iona l iso therm al model combustor. Predicted results were
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compared with deta iled LDA measurements of one velocity component 
over the whole combustor and 10-40% discrepancies were found. The 
maximum e rro r was obta ined In ca lcu la tions which attempted to include  
the annulus region In the main ca lcu la tion and was attributed to an 
Inco rrec tly  predicted flow d iv is ion In the annulus. The turbulence model 
was also critic ised  although the numerica l inaccuracy was estimated to 
be equally Important.

The above d iscuss ion illus tra tes that although d irect comparison  
between pred iction and m easurem ent has been realised over a range of 
operating cond itions, a com prehensive evaluation against detailed and 
complete data of all th ree ve loc ity components, turbu lence kinetic energy  
and concentra tion has yet to be demonstrated. It Is further evident that 
testing of the method has la rge ly been restric ted to simple geom etries  
conform ing to simple systems of co -o rd ina te s . The application of the  
num erica l approach In combustors of p ractica l geometry with complex  
boundaries has also not yet been achieved.

The Investigations by Bruce et al (1979) and Green and 
Whitelaw (1983) demonstra ted tha t the pred iction of gas tu rb ine  
combustion systems requ ires a ca lcu la tion  procedure which can ca lcu la te  
the flow fie ld both outside and Inside the combustor, the results of the 
fo rm er ca lcu la tion  provid ing the boundary conditions for the la tter. 
Although em pirica l theory and ze ro - and one-d im ensiona l models have 
been successfu lly used fo r the pred ic tion of the flow inside the d iffuser 
and annulus, recently developed arrangements requ ire more fundamental 
trea tm ent. This has created an in te rest in assessing the capab ility of 
num erica l modelling to p red ic t the flow inside curren tly preferred d iffuser 
geom etries. Examples of num erica l m odelling of d iffusers (in  re la tion to 
the combustion system) are there fo re  summarised in Table 1 .3 .

An early con tribu tion  was made by Livesey et al (1960) who 
Investigated the flow In tube type combustion chamber entry sections. 
Theore tica l analysis of the flow in the entry section under the assumption  
of irro ta tiona lity  did not yield useful quantitative results. It was 
conc luded , however, that even the ideal flow solution could ind ica te the 
trends. More recen tly , d iffusers of wide angle followed by a
downstream sudden expansion ("dum p") were considered by Habib and 
Whitelaw (1982) who used a body fitted co -o rd ina te  mesh to allow  
proper treatment of the near wall reg ions. Detailed comparison between 
ca lcu la tions and measurements showed up to 14% d iscrepancies in the 
pred icted mean axial ve loc ity pro files while the turbu len t kinetic energy
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was underestimated by up to 30%. The authors believed that numerica l 
Inaccurac ies did not con tribu te  s ign ifican tly and the e rro r was attributed  
mainly to the pe rfo rm ance of the turbu lence model. Improved 
f in ite -d iffe ren ce  techn iques and tu rbu lence models have been used by 
Hah (1983) to Investigate the e ffect of the varia tion of the In le t 
cond itions on the pe rfo rm ance of p lanar, con ica l and annular d iffusers. 
The comparison between p red ic tions and measurements showed that the  
results were of accep tab le accu racy fo r engineering purposes and th is  
was used to justify the adoption of more complex turbu lence models.

The app lica tion of num erica l methods fo r pred icting the flow in 
simple d iffusers has provided useful Information about the problems and  
levels of atta inab le accu racy to be expected In the study of the actua l 
combustion system. However, it would also be of Interest to exam ine  
how well the combined d iffu se r and annular supply duct system can be 
pred icted when Influences such as the flow division between inner and  
outer annulus and the presence of the combustor are introduced.

1 .4  Assessment

To achieve s ign ifican tly  increased perfo rm ance , such large  
departures from  conventiona l design may be necessary that extrapolation  
from  em pirica l knowledge of cu rren t systems is dangerous and 
fundamenta l understanding o f com bustor operation is requ ired. C learly , 
th is can only be achieved th rough deta iled knowledge of the aerodynam ic  
processes w ith in the line r and how these Interact with the combustion  
process.

T rad itiona lly , th is know ledge has been gained via a great deal 
of experimentation and very little  recourse to numerica l modelling. This  
can be attributed to the fa c t that the capab ility and the assessment of 
ca lcu la tion  methods has been demonstrated predom inantly on s im plified  
geom etrica l con figu ra tions and flows with simple boundary cond itions. 
From the des igne r's  po in t of view, this de tracts from  the potentia l 
usefulness of the method and the confidence with which It can be 
applied to real prob lems. The app lica tion of these methods in rea lis tic  
con figu ra tions, with boundary cond itions appropria te to gas turb ine  
practice  w ill provide a more convinc ing demonstration of the ir potentia l. 
Because of the deta iled in fo rm ation provided by numerica l methods, a 
rigo rous assessment can on ly be performed by comparing with complete  
th ree -d im ens iona l ve locity data taken in a rea lis tic  configura tion .
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F ina lly, given the comments above on the comparative s im ila rity between 
Isothermal and reacting flow fie lds, this comparison may reasonably be 
performed In Isothermal flows.

1 .5  Present con tribu tion

On the basis of previous rem arks, the contribu tions of this
thesis may be separated into three ca tegories:
(I) To provide de ta iled laser Doppler anemonetry measurements of

the th ree -d im ens iona l ve locity and turbu lence fie lds in an 
Isothermal model, scaled from a current production can -type  
com bustor, re ta in ing as fa r as possible all geom etrica l 
features. The geometry chosen is Identical to that in the  
reacting experiments of Jones and Toral (1983) and Bicen and 
Jones (1985) w ith the on ly om ission being the wall coo ling  
arrangem ents (the  combusting experiments use transp ira tion  
cooled w a lls ) : the geometry has close s im ila rity to the  
combustor used In the Rolls-Royce Spey engine (G radon and 
M ille r. 1968). A lthough the reacting flow fie ld will d iffe r in 
certa in respects from  the Isothermal flow . It Is likely that 
dom inance of the d ilu tion Jet flows in creating the flow pattern  
(a t least in the prim ary zone) encourages the retention of the 
isotherm al flow type of experiment. This alleviates the op tica l 
access prob lems to the extent that measurements should be 
possible over p rac tica lly  the whole Internal volume of the  
combustor. The deta iled mapping of the flow fie ld thus
obtained (lor a varie ty o f flow sp lits between sw lrle r, prim ary  
and d ilu tion je ts ) w ill provide the detailed information requ ired  
fo r adequate num erica l model assessment as described above. 
At the same tim e, useful Information about the prim ary Jet 
rec ircu la tion  ra tio and the in te raction between sw lrle r and 
primary je ts can be obta ined.

(ID To apply to the chosen flow configura tion a ca lcu la tion method
for combustion cham ber flows using a fin ite -d iffe rence  
num erica l model. In pa rticu la r, the work should examine the 
extent to which the model can p red ic t changes in the flow 
pattern brought about by a lte ra tions in the geometry and 
boundary cond itions. A ttention should also be paid to the 
trea tm ent of complex geom etries with a rb itra ry boundaries which
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do not conform  to a simple system of co -o rd ina tes such as
cartes ian or c y lin d ric a l-p o la r. Such geometries always occu r  
In p ractice and a su ffic ien tly  flexib le method for handling th is  
problem  w ith in the numerica l method Is necessary fo r general 
app licab ility .

( I ll)  The above Internal flow fie ld  ca lcu la tions will use in form ation  
obtained In the experimental study as boundary conditions. As 
a firs t step to provid ing these boundary conditions as the
output of a num erica l model, ca lcu la tions of the flow external
to the com bustor in the upstream d iffuser and surrounding
annu lar ducts should be performed. For this study, because
of the cu rren t In te rest in such systems and the read ily
available experimenta l data in the lite ra tu re , a dump d iffuser
system fo r an annu la r combustor has been chosen for
investigation.

1 .6  Outline of Thesis

The rem a inder of the thes is is presented In five chapters. 
Chapter II describes the water flow tunne l, the model combustor, the 
lase r Doppler measuring techn ique and includes an assessment of the 
e rro rs  incurred In the m easurements. The results are then presented  
and discussed with pa rticu la r re fe rence to the effect of the flow sp lit 
between sw irle r, p rim ary and d ilu tion holes and the influence of sw irle r 
geometry on the flow fie ld  development.

Chapter III ou tlines the partia l d iffe ren tia l equations and the 
procedure fo r the so lu tion of the correspond ing fin ite -d iffe rence  
equations. Three methods which enable the application of the numerica l 
method to the ca lcu la tion  of flow con figu ra tions with complex geometries  
are described. Finally, an assessment of the lim ita tions In the physical 
models and numerica l accu racy is provided.

Chapter IV d iscusses the re levance of dump d iffuser geometries  
to gas tu rb ine combustion systems and describes the flow configura tion  
chosen fo r the num erica l Investigation and the performance parameters 
of th is type of d iffuser. Num erica l e rro r estimates are provided and the 
results are compared with available measurements.

Chapter V Is devoted to the numerica l ca lcu la tion of the flows 
of Chapter II. The approaches adopted fo r the e ffic ien t and econom ic  
ca lcu la tion  of the flow Inside the complex model combustor geometry are
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described and the deta ils of the app lica tion of the numerica l model and 
the numerica l accu racy of the ca lcu la tions are discussed. The 
ca lcu la ted results are then presented and compared with experiments. 
The extent of co rrespondence between ca lcu la tions and measurements Is 
discussed with pa rticu la r re fe rence to the ability of the method to pred ict 
co rrec tly  the varia tions in the flow pattern observed experimentally.

Chapter VI concludes the thesis by summarising the present 
work and provid ing some suggestions fo r fu rthe r research.



TABLE 1. 1
EMPIRICAL CORRELATION

Reference Type of Study Remarks

NASA CR—72374 Description of calculation procedures
and CR—72375 accompanied by complete computer program
(1968) for predicting the performance of an

annular combustor.

The analysis calculates the performance of the 
diffuser, the airflow distribution, pressure and 
temperature on the liner walls using empirical 
formulae based on the one-dimensional equations for 
mass, momentum and energy complemented by 
experimental results. The limitations of the 
procedure are also discussed.

Tacina and 
Grobman (1969)

The effect of changes in combustor geometry 
and Mach number on the total pressure loss 
and airflow distribution were investigated 
with procedures similar to those used above.

Results correlate airflow distribution, pressure 
ratio, area ratio, total temperature for various 
geometries in tubular and annular chambers.

Verduzio and Determination of primary jet recirculation 
Campanaro (1971) ratio.

Compares upstream recirculation ratio in a simple 
can-type geometry with a simple empirical analysis. 
Parametric study of primary jet-hole size and 
number is included.

Novick et al Description of an analysis for the 
(1980) calculation of dilution zone

configurations.

A review of design approaches using 
empirical models.

A three-dimensional analysis predicts the 
trajectories of dilution jets through the dilution 
zone and contracting section of the combustor 
nozzle. The method predicts the effects of the 
variation of the rate of lateral jet spread as 
well as the interaction between jets.

Discusses relevance of a range of models 
(0-3-dimensions) and the implications of the strong 
three-dimensional nature of the flow in the primary 
zone.

Odgers (1979)



TABLE 1 .2
EXPERIMENTAL RESEARCH

Reference

Clarke et 
al (1963)

Youssef 
(1968)

Bicen and
Jones
(1985)

Mularz et 
al (1975/ 
1975a)

Altgeld et 
al (1983)

Vu and
Gouldin
(1982)

Type of Study Remarks

3-d isothermal study with air and water; 
reacting study with gaseous and liquid 
fuels at atmospheric pressures in a can- 
type geometry.

Measurements of axial velocity and local concentration of 
air-fuel ratios in air, water and reacting flows are 
compared and similarities between isothermal and reacting 
flow are emphasized.

3-d isothermal and reacting study using 
gaseous fuel at atmospheric pressures in 
a can-type model combustor.

Compares measurements of velocity# pressure and temperature 
within the primary zone. Discusses similarities and 
differences between isothermal and reacting profiles.

3-d isothermal and reacting study of a 
can-type gaseous fuelled model combustor.

LDA measurements of velocity were obtained through primary 
and dilution holes and at the exit. The effect of air-fuel 
ratio and fuel injection were investigated. Similarities 
between isothermal and reacting flow were found in the 
primary zone.

3-d reacting study with liquid fuel. 
Evaluation of a number of swirl can 
combustors at simulated gas turbine 
operation.
2 -d isothermal study of an axisymmetric 
swirl stabilised combustor.

Exhaust pollutants were measured with a gas sample probe. 
Results showed that swirl can combustors reduce levels of 
oxides of nitrogen.

LDA measurements of the velocity and turbulence fields were 
obtained and the effect of fuel injection and exit 
contraction were investigated.

2 -d isothermal study with air of an 
axisymmetric model combustor composed 
of two confined co-axial swirling jets.

Velocity measurements of the axial and azimuthal components 
and their normal stresses were obtained with hot wire and 
pitot probe. The effects of the coswirl and counter swirl 
on the strength of the recirculation and on the turbulence 
levels are discussed.



TABLE 1.2 (CONTINUED)

Reference Type of Study Remarks

Rhode et 
al (1983)

2 -d isothermal, study of an axisymmetric 
model combustor with swirl.

Probe measurements of velocity were performed to examine 
the effect of the angle of the expansion downstream the 
swirler and of the swirler vane angle on the flow field.

Green and
Whitelaw
(1983)

Isothermal study of the three-dimensional 
flow in a model can-type combustor with 
simplified upstream and downstream 
sections.

LDA measurements of velocity were obtained and the 
interaction between annulus and flame tube and the effect 
of primary jet trajectory on the upstream recirculation 
were discussed.

Jones and
Toral
(1983)

3-d reacting study of a propane fuelled 
can-type combustor.

Detailed measurements of temperature and gas composition 
fields were obtained at various cross-sections of the 
combustor and for various air-fuel ratios.



TABLE 1.3
NUMERICAL MODELLING

Reference

COMBUSTOR 
FLOWS 
Serag 
Eldin and 
Spalding 
(1979)

Jones and 
Priddin
(1978)
Jones and 
McGuirk
(1979)

Swithenbank 
et al 
(1979)

Bruce et 
al (1979)

Type of Study Remarks

3-d study of the reacting flow inside a 
gaseous fuelled can-type model combustor 
made up of a swirler and a single row of 
dilution jets.

The numerical model used was tested against measurements by 
Serag-Eldin (1977) and the limited comparison between 
calculated and measured temperature profiles showed correct 
prediction of trends. Quantitative disagreement was 
attributed to the combustion model.

3-d studies of gaseous and liquid fuelled 
reacting flows in two model can 
combustors.

Probe measurements compared with numerical results showed 
overestimation of recirculation lengths and combustion 
species such as HC, CO, NO.

2 -d isothermal and reacting study with 
gaseous fuel and 3-d reacting study with 
liquid fuel.

Probe measurements of velocity, temperature and gas 
composition obtained in the 2 -d axisymmetric chamber were 
compared with numerical results. Underestimation of 
recirculation lengths and temperature were found.

3-d study of a model can combustor under 
isothermal and combusting conditions.

A combination of finite-difference techniques and empirical 
reactor models were used to predict the velocity, turbulence, 
temperature and total pollutant emission levels. Limited 
comparison with experiment at the combustor exit showed 
good agreement.

Extensive 3-d study of isothermal and 
reacting flows in practical combustors.

Two reverse flow annular combustors were designed using a com
bination of empirical correlation and numerical modelling. 
Qoals such as a more durable and fuel efficient system were 
achieved while reducing development time and cost.



TABLE 1 .3 (CONTINUED)

References Type of Study Remarks

Sturges et 
al (1981)

3-d reacting study of an experimental 
combustor for a large turbojet engine.

NovicJc et 
al (1979/ 
1979a)

2 -d study of isothermal and reacting 
(premixed gas-air) flows in 
axisymmetric combustors.

Green and
Whitelaw
(1983)

Isothermal study in 3-d water model 
can-type combustors.

The numerical modelling approach enabled the investigators 
to identify quickly and economically the cause of changes 
in pressure drop and dome overheating.
Calculated results show the effects of combustor design 
parameters such as degree of swirl/ recirculation zone 
amplification and laterally induced secondary air supply 
on the flow field development.

Predictions were compared with available detailed LDA 
measurements of one component of velocity and 10-40% 
discrepancies were found depending on location.

DIFFUSER FLOWS
Livesey et An early theoretical analysis of compo- 
al (1960) nent pressure losses in tube-type gas 

turbine combustion chamber entry 
sections.

The analysis of the two-dimensional flow at the diffuser 
entry section/ under the assumption of irrotationality did 
not yield useful quantitative results.

roo

Habib and Numerical investigation of straight 
Whitelaw walled diffusers up to 45° half-angle 
(1982) followed by a downstream sudden

expansion.

A body-fitted mesh was used to allow proper treatment of the 
near wall region. Detailed comparison of the results with 
available measurements shows maximum discrepancies of 14% in 
the mean axial velocity and underestimation of the turbulence 
kinetic energy by up to 30%.

Hah (1983) Numerical investigation of the effect 
of the variation of the inlet 
conditions on the performance of planar, 
conical and annular diffusers.

Improved finite-difference techniques and turbulence models 
yielded results of acceptable accuracy for engineering design 
purposes.
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CHAPTER II

EXPERIMENTAL PROCEDURE AND  MODEL COMBUSTOR FLOW FIELDS

2. 1 In troduction

This chap te r describes the experimental investigation undertaken 
on the model com bustor to obtain measurements o f the three mean 
velocity components and the co rrespond ing turbu lence in tens ities. 
Experiments were ca rried  ou t. fo r two sw irle rs. over a variety of flow  
sp lits between sw frler. primary and d ilu tion ports representative of 
cu rren t p ractice .

The firs t section gives deta ils of the experimental method and 
cons ide rs . In tu rn , the flow con figu ra tion , the laser Doppler ve loc im ete r 
and the e rro rs  incurred in the measurements. Section 2 .3  presents the  
results fo r each opera ting cond ition  and Is followed by a d iscuss ion, in 
Section 2 .4 , of the In fluence of the sw irle r/p rim a ry  jets mass flow ra tio  
and the effect of the sw lrle r geometry on the flow patterns. The fina l 
section . 2 .5 . presents a summary of the main find ings and conclus ions  
of the experimental program m e.

2. 2 Experimental method

2. 2. 1 Flow con figu ra tion

The model cham ber was inserted in a c lo sed -c ircu it water
tunnel shown schem atica lly in F igure 2 .1 . The combustor. F igure 2 .2 .  
was manufactured from  cast ac ry lic  and consisted of a hem ispherica l 
head section attached to a cy lind rica l centra l barre l of 74 mm in ternal 
diam eter, which te rm ina ted in a c ircu la r to rectangu lar contrac tion  
nozzle. The curved vane aerodynam ic sw irlers were attached to the 
head with the ir cen tra l hub b locked off. The model was located
concen trica lly  In a la rge r d iam ete r tube so that an evenly spaced  
surrounding annu lar passage was formed. Six prim ary holes 10 mm in 
diameter and equispaced around the combustor were located 46 mm 
downstream of the sw lrle r (th is  d is tance was 49 mm when the combustor 
was operating with sw lrle r 2 in pos ition ). A second row of 12
equispaced holes (a lso  10 mm) was placed a fu rthe r 80 mm
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downstream . In what fo llow s, the firs t row of holes will be re fe rred to 
as prim ary holes and the second row of holes as dilution holes.

A sing le constan t head tank CA) supplied flu id to the la rge r
con ta in ing tube to feed both hole rows via the annulus which was 
blocked off at the re ta in ing flange at the farthest downstream end. The
sw irle r was fed separate ly from  another constant head tank (D ) via a
ro tam eter to allow con tro l and regu la tion of the flow rate of the sw irle r  
flu id . The outflow from  the com bustor entered (via a free overflow . B) 
a large sump tank (C ) from  where It was pumped to the two constan t 
head tanks. Photographs of the water flow rig and the model com bustor 
are shown In F igures 2. 3a and b respective ly.

The above geom etrica l cha rac te ris tics  were conceived by 
sca ling down a cu rren t production can-type combustor (R o lls -R oyce  
Spey eng ine , as reported by G radon and M ille r. 1968). However,
devices such as wall coo ling  arrangem ents, plunged holes or add itiona l 
tr im m er holes and nozzle gu ide vane bleed were om itted. This does not 
prec lude them from  fu tu re  work as discussed later. S im ilarly , the two 
sw irle rs used fo r the Investigation were also taken from production  
cham bers (Bhangu et a l. 1983). The geometry of the two sw irle rs is 
depicted in F igure 2. 4b. The de fin ition of swirl number most commonly  
accepted (B ee r and C h lg le r. 1972; Mathur and Maccalum . 1967; Gupta 
et a l. 1984) is

SN « — — S5W_
Gx s w DSW

where:
Gesw = axial flux azimuthal momentum 
Gxsw = axial °f axial momentum 
Dsw = radius (see Figure 2.4a)

( 2 .1 )

For an annu lar vaned sw irle r assum ing uniform  pro files , equation 2. 1 
leads to

2 l-CDh/Dgw)3
SN = - ----------- tane (2.2)

3 l^D h /D gw )2

From the above expression , sw irl numbers of 0 .74  and 0 .8 5  were 
evaluated fo r sw irle rs 1 and 2 respective ly. (A  more accurate value for 
the sw irl number of sw irle r 1. obta ined from  measurements close to the
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sw lrle r exit Is 0. 87. Due to lack o f s im ila r measurements for sw irle r 2. 
however, and fo r the sake of comparison in performance between the  
two sw lrle r types, he reafte r only the sw irl numbers obtained from the  
geom etrica l cha rac te ris tics  w ill be re fe rred t o . )

Qualitative and quantita tive investigations were carried out fo r 
the two sw lrle rs over a range of flow splits between sw irle r. primary and  
dilu tion ports. This was achieved by varying the sw lrle r flow rate while  
the annulus flow rate was kept constant. The range of operating  
cond itions and the co rrespond ing  Reynolds numbers (based on the  
Individual bulk ve locity and the In terna l combustor d iam eter) are given In 
Table 2 .1 . The sw irle r flow rate was metered with a rotameter (see  
Figure 2 .1 ) while the annulus flow rate was evaluated from  the  
In tegration of the measured axial ve locity profile In the annular gap  
between the sw lrle r feed and the la rge conta in ing tube upstream of the 
combustor. The method of de te rm ination of the flow sp lit between the  
prim ary and d ilu tion holes and the reason fo r its variation with sw irle r 
flow , as Indicated in Table 2 .1 . w ill be discussed in con junction with 
the presentation of the measurements of the annulus flow fie ld In 
subsection 2 .3 .2 .

The use of water, ra the r than a ir. as the working flu id has two 
advantages when using la se r-D opp le r ve locimetry. Naturally occu rring  
partic les In the water are su itab le fo r use as scatte ring partic les so that 
seeding of the flow Is usually unecessary. Secondly, su ffic ien tly high  
Reynolds numbers can be achieved at bulk ve locities of about 1 m /s e c  
co rrespond ing to frequencies (seve ra l hundred kilohertz) which can  
conveniently be demodulated by a frequency tracke r. The use of a ir 
would resu lt in frequencies la rge r by an o rde r of magnitude which are  
too high fo r use with a frequency track ing system (Tay lo r. 1981).

2. 2. 2 Ve loc lm eter con figu ra tion , s ignal processing system and
measurement techn ique

Veloc lm eter configura tion

The optica l a rrangem ent of the lase r-D opp le r ve locimeter used 
In the measurements is shown In Figure 2 .6 . It was operated in a 
symm etric heterodyne, fo rw a rd -sca tte r mode (dua l beam mode) with 
ligh t "frequency sh ifting" provided by the ro ta tion of a radial d iffraction  
gra ting . The p rinc ip les and practice  of lase r-D opp le r ve locimetry are



TABLE 2. 1
COMBUSTOR OPERATING CONDITIONS IN TERMS OF FLOW SPLITS

(kgr/
sec)

®sw/™tot ^pr/^tot 
(%) (%)

rod/^tot
(%)

™sw/%>r *d/*»pr Gxsw/Gpr Reynolds 
Number 
(x 1 0 6 )

Vpr/Usw Vd/Uint SWIRLER
TYPE

CASE 1 3.11111 1 0 34.84 55.16 0.287 1.58344 0.03637 5.4 7.899 5.641 SWIRLER 1
CASE 2 3.29425 15 32.90 52.10 0.456 1.58344 0.09180 5.7 4.967 4.986 SWIRLER 1
CASE 3 3.5 2 0 30.30 49.70 0.660 1.640887 0.19242 6 . 0 2 3.430 4.519 SWIRLER 1
CASE 4 3.73333 25 28.40 46.60 0.8802 1.640887 0.34209 6.42 2.573 3.991 SWIRLER 1
CASE 5 3.88888 28 27.26 44.74 1.026 1.640887 0.46562 6.7 2.205 3.703 SWIRLER 1
CASE 6 3.7 35 24.63 40.37 1.416 1.640887 0.89275 6.4 1.593 3.118 SWIRLER 1
CASE 7 3.1 1 1 1 1 1 0 34.84 55.16 0.287 1.58344 0.08584 5.4 3.340 5.641 SWIRLER 2
CASE 8 3.29425 15 32.90 52.10 0.456 1.58344 0.216 5.7 2.104 4.986 SWIRLER 2
CASE 9 3.5 2 0 30.30 49.70 0.660 1.640887 0.454 6 . 0 2 1.453 4.519 SWIRLER 2

(1) mannulus = mpr + md was constant at 2 .8  kg r/se c  except for case 6 when it was 2 .405  kg r/sec .

(II) "Hot = mSw + ^a nnu lu s
(111) Gxsw ~

Gpr =

axial flux of axial momentum at sw irle r exit: pU2sw Asw (assum ing  
pro file )
radia l flux at rad ia l momentum at prim ary holes: pV2p r . 6 .A p r

a fla t axial velocity

(IV) v pr* v d are the mean radia l je t ve locities  
Usw is the mean axial ve locity at sw irle r exit
U jnt is the mean axial ve locity at a c ross -sec tion  upstream of the d ilu tion jets.
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extensively described In a number of texts (eg M elllng . 1975; Durst et 
al. 1981; D ra in . 1980) and there fo re  only a descrip tion of the features  
and advantages of the p resent design will be given here.

The basis of the dual beam anenometer is the in tersection of 
two equally Intense, coheren t ligh t beams to form  a measuring probe  
known as the “sca tte ring vo lume". The scatte ring volume is a region of 
in te rfe rence between two e lec trom agne tic  waves producing areas of high  
and low energy w ith in the reg ion . As the ligh t Intensity of the beams is 
Gaussian in rad ia l d is tribu tion  the measuring volume is an e llipso id in 
shape with boundaries usually defined as a frac tion ( V e 2) of the 
maximum Intensity, and shown in F igure 2 .6 . A pa rtic le  passing
through the measuring vo lume with ve locity V in the plane of the beams 
In the d irec tion of the m inor axis, produces a period ic variation In the 
scattered ligh t Intensity due to the In terference of the light beams. The 
Doppler frequency fQ of the pe riod ic  scattered ligh t intensity is given by 
(D urs t et a l. 1981):

fD 2 V.sine
A (2.3)

where 2e is the angle o f the beams and A the wave length (F igu re  
2 .6 ) .  Hence, the ve loc ity of the pa rtic le  is linearly related to the
frequency of the scatte red ligh t intensity and the constant of
p roportiona lity Is uniquely de fined by parameters that are independent of 
the flow (assum ing no varia tion in wave length due to density changes ). 
Natural contam inants found in water lie w ithin a su itab le size range for 
use as scatte ring pa rtic les whose instantaneous velocity fa ith fu lly  
represents that o f the water (M a iling  and Whitelaw. 1973).

A m ajor advantage of the lase r-D opp le r ve iocimeter is the  
provision of d irec tion  sensitiv ity essentia l in flows with reg ions of 
re c ircu la tion . This is achieved by a rrang ing a frequency d iffe rence  
between the two beams which form  the symmetric heterodyne  
ve iocim ete r. A com prehensive review of frequency sh ifting techn iques is 
given by Durst and Zare (1 97 4 ). For the magnitude of the Doppler 
frequencies encountered in th is experiment (severa l hundred kilohertz) 
the frequency sh ift is conven ien tly derived from the frequency d iffe rence  
between the firs t o rde r maxima of a rota ting radia l d iffraction gra ting . 
The grating provides the frequency sh ift and sp lits the Incident beam to 
create the two channels of the ve ioc im ete r. F igure 2 .6 .
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Two fu rthe r advantages concern ing the demodulation of the 
Doppler signal can be m entioned. The firs t is that frequency sh ifting  
Increases the separa tion , in frequency space, between the shifted  
frequency and the pedesta l frequency, associated with the time of 
cross ing of a pa rtic le  across the ligh t beams (Durst and Zare. 1974). 
The second advantage is tha t it provides the ab ility to se lect a range of 
the Doppler frequency dem odu la to r, which can accommodate the spread 
(due to tu rbu lence) of the ve locity probability density d is tribu tion at every 
poin t in the flow by varying the magnitude of the frequency sh ift which is 
applied (see also under "Dopp le r s igna l p rocess ing ").

The frequency sh ift applied by the grating Is. fo r the firs t o rde r
maxima:

f s -  2.N .0 (2 .4 )

where n Is the angu la r ve loc ity o f the rota ting grating In hertz.
The transm iss ion phase d iffrac tion  grating used in the present 

design was m anufactured by the Techn ische Physische th o -th . Holland, 
designated "type H". The p rinc ipa l characte ris tics are summarised in 
Table 2 .2  and fu rthe r In formation Is given by O ldengarm . Van Krieken 
and Raterlnk (1 9 7 6 ).

The ve loc im e te r inco rpo ra tes three lenses which are shown in 
Figure 2 .6 . The func tion  of these lenses can be summarised as 
fo llows:
Lens L I: focuses the laser beam on the grating to m inim ize d is to rtion of 

the firs t o rde r d iffrac ted beams. Its focal length in fluences the 
size of the fringe  volume and determ ines the number of fringes  
that are in it.

Lens L2: makes the d iffracted laser beams para lle l. Its foca l length  
dete rm ines the beam separation S and the beam expansion 
ratio ( b o / b o ) .

Lens L3: focuses the two beams at the foca l region of the beams thus 
fo rm ing the sca tte ring volume. Its focal length Influences the 
size of the sca tte ring volume and determ ines the Intersection  
angle.

The measuring vo lume has the form  of an e llipso id with major (by) and 
m inor (bx) axes (F igu re  2 .6 ) .  defined at the e” 2 level of intensity, of 
length:
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b
cos©

(2.5)

rp
by— ---- (2.6)

sin©

where:
4 x . f 1 . f 3

b - -------- (2.7)
TT.b0 .f2

and rj Is the re frac tive Index of water. The fringe spacing sx Is: 

x
6x *= ----- (2 .8 )

2 sin©

The Table 2 .3  summ arises the princ ipa l characte ris tics o f the 
la se r-D opp le r ve locim ete r.

Doppler s ignal p rocessing

The function of the signal processing system of a lase r-D opp le r  
ve locim ete r is to process the Doppler signal produced, via the 
photom u ltip lie r ( in  the present work of type RCA 4836 ). by the optica l 
system into a form  that may be sta tis tica lly analysed. The range of 
e lec tron ic  devices that are capab le of processing th is type of signal 
Includes frequency ana lysers, frequency counters, frequency tracke rs , 
filte rbanks and photon co rre la to rs . The de ta ils , advantages and 
disadvantages of each of these processing systems are described in 
deta il by Durst et al (1 9 8 1 ). In turbu len t water flows one of the most 
convenient methods of s igna l processing Is by using a frequency tracker 
and th is was used fo r all p resent measurements.

The frequency tracke r operates In the frequency domain  
provid ing real tim e demodulation of the Doppler s ignals and yie ld ing an 
analogue s ignal con tinua lly proportiona l to the ve locity of the flu id , 
su itab le fo r fu rthe r s ta tis tica l processing . The operation of the 
frequency tracke r employed in the present work (Cambridge consultants  
CC01) has been described In deta il by Taylor (1 98 1 ). Consequently.
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PRINCIPAL CHARACTERISTICS OF THE RADIAL DIFFRACTION 
( TRANSMISSION PHASE) GRATING

TABLE 2 .2

Number of line pairs (N) 16384
Spacing ( m ) 6.08 (±0.14)
Diffraction angle for first 
order maxima for wavelength 
of 632.8 nm (degrees) 5.98 (±0.14)
Disc diameter (mm) 35
Efficiency of diffraction 
for first order maxima (each) 25-30%
Long term stability 0 .1%
Short tern stability (5fJ) (r.m.s.) 0 .2%
Shift frequency (MHz) 2

TABLE 2 .3

PRINCIPAL CHARACTERISTICS OF THE LASER-POPPLER VELOCIMETER

5raw He-Ne laser 
Focal length of lenses:

LI (nominal)
L2 (nominal)
L3 (nominal)

Beam diameter bo, at e“2 
intensity of laser

X - 632.8 nm

fl *= 110 mm 
f2  = 300 mm 
f3 = 300 mm

0 .8 mm
Half angle of intersection, e (in air) 5.98 degrees
Fringe separation
Intersection volume diameter at e”2

3.037 jun

intensity level (in water) 
Intersection volume length at e-2

0.111 mm
intensity level (in water) 
Calculated number of fringes within

1.416 mm
e-2 intensity level with no frequency shift 
Velocimeter transfer constant (MHz/msec-1)

37
with no frequency shift 0.329
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only the genera l cha rac te ris tics  of its operation will be described below  
with emphasis placed upon the precautions taken for the co rrec t 
demodulation of the Doppler s igna ls.

The concen tra tion  of the na tu ra lly -occu rring  scattering points, 
which give rise to Doppler s igna ls , in water Is such that the probability  
of find ing more than one pa rtic le  in the measuring volume of the 
ve loc lm e te r Is small. Consequently, the occurence of Doppler s ignals is 
a d isc re te , ra ther than a continuous process. The co rrec t operation of 
the tracke r depends on being able to distingu ish the presence of a valid 
signal from  the noise base line and on a su ffic ien tly low drop out rate of 
the signa l. The c rite rion  of a su itab le signal is based on comparing the 
amplitude of the s ignal a t the Input with that of a va riab le -leve l 
com para tor. The level of the com para to r Is set so that this Is la rger 
than the noise level at the Input. In add ition , frequency trackers are 
designed to detect s ignal drop out and to hold the previous measured  
frequency. Thus, high drop out rates d is to rt any fu rthe r sta tis tica l 
processes such as true In tegra tion to determ ine the mean frequency. 
Taylor (1 981 ). A lthough the drop out rate in water flows Is not 
norm ally s ign ifican t, seeding of the flow with m inute quantities of m ilk 
increases the scatte ring pa rtic le  concentra tion and thereby increases the 
sca tte ring pa rtic le  arriva l ra te .

A fu rthe r re s tric tion  in the operation of the tracker Is tha t of 
the "tracking range" which requ ires that the Doppler frequency to be 
demodulated lies w ith in the se lected tracking range at a ll times. This 
can be expressed as a maximum perm issib le turbu lence intensity which 
is a function of the mean Doppler frequency (see Durst et a l. page 
228) and is a potentia l lim ita tion  in highly tu rbu len t flows. In add ition , 
the rate at which the tracke r can fo llow  a highly fluctuating signal is 
also lim ited by Its dynam ic response and maximum slew rate ( ie  the 
maximum rate of change of frequency with time that can be fo llow ed ). 
These lim ita tions can usually be avoided by using optica l frequency  
sh ifting to reduce the overa ll "tu rbu lence intensity" to less than 15%. ie:

✓ fl)2 V fD2
— -----< - z r “  (2 .9 )
^D+fS fD

The voltage analogue of the Doppler frequency was processed  
by a true in tegra to r ( fo r  the mean ve locity ; DISA model 52B30) and an 
RMS meter (DISA model 55D35) and the ir output was read on a digital
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vo ltmeter (S o la rtron  LM1450) . A schematic diagram  of the processing  
equipment Is given in F igure 2 .7 , includ ing the wave forms of the
Doppler signal at each stage.

Measurement techn iques

In o rde r to traverse the model with the lase r-D opp le r 
anem om eter, the op tica l com ponents and the photom ultip lie r were 
mounted on a rig id  m ild steel op tica l bench which In turn was bolted to 
a th ree -d im ens iona l travers ing bed. The optica l orientation of the  
ve loc lm e te r fo r the m easurem ent o f axial, azimuthal and radial ve locities  
Is shown in F igure 2 . 8 . The effects of re fraction of the laser beams on 
passing through the curved tube walls due to the d iffe ren t re tractive  
Indices of a ir, water ( i) = 1 .33 ) and perspex ( t) = 1 .4 9 ) . were
m in im ised by Immersing the model and the conta in ing round tube in a 
plane walled trough filled  w ith d is tilled  water.

Measurements of the axia l, azimuthal and radia l ve locities and 
the co rrespond ing tu rbu lence in tens ities were obta ined fo r various e 
planes passing through the cen tre  line of the com bustor at a total of 13 
axial loca tions spanned by the positions where beam in terfe rence was 
experienced e ithe r by the curved com bustor head near the sw irler or the 
nozzle geometry. The m easurem ent points and the system of 
co -o rd ina te s  are shown In F igure 2 .9 . Due to the c ircum fe ren tia l 
dis tribu tion of the firs t and second row of holes every 60° and 30°
respective ly, the com bustor c ro ss -se c tio n  (exclud ing the nozzle section) 
may be divided into six geom etrica lly  identica l secto rs , ie the geometry 
repeats Itself every 60 °. Consequently, the flow is expected to exhib it 
cyc lic  repe tition over a 60 ° sec to r at least up to the position whereby 
the nozzle w ill d is rup t th is behaviour. To investigate the extent of this 
period ic behaviour of the flow , rad ia l planes at e = 0 ° . 15°, 30 °. 60° 
were studied and measurements were obtained over the whole d iameter 
so that two opposing secto rs were In fact exam ined (see Figure 2 .9 ) .  
The whole In terna l com bustor geom etry could be rotated using the rear 
re ta in ing flange to bring the re levant e plane into position. Further 
comments on the cyc lic  nature o f the flow patterns w ill be made in the 
presentation of the experimenta l resu lts . The actual e planes and the 
axial loca tions on which measurements were made for each operating  
condition are shown In Table 2 .4 .
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MEASUREMENT LOCATIONS FOR EACH OPERATING CONDITION
TABLE 2.4

OPERATING CONDITION MEASUREMENT POSITION e PLANE

CASE 1 b,c,d, f ,h,k, l,m 0°
CASE 2 a,b,c,d,f,g,h,i,j,k,l,m 0°,15°,30°,60°
CASE 3 b,c,d,f,h,k,l,m 0°
CASE 4 b,c,d, f,h,k, l,m 0°
CASE 5 b,c,d,f ,h,k,l,m 0°
CASE 6 c,d,f,h,k,l,m 0°
CASE 7 b,c,d, j,k,l,m 0°
CASE 8 b,c,d,f,g,h,i,j,k,l,m 0°, 30°
CASE 9 b,c,d,f,g,h,i,j,k,l,m 0°

A lim ita tion lay in the measurement of the radia l ve locity which  
became progressive ly more d ifficu lt as the measuring volume approached  
the pipe wall because of the increas ing re fraction and d ispers ion at 
so lid - liq u id  in te rfaces. The fu rthest position at which measurements
could be re liab ly obta ined corresponded to about 80% of the radius. 
The de te rio ra tion  in the signa l qua lity of the radial ve locity as the 
measuring volume lies fu rthe r off axis impairs the re liab ility  of 
demodula tion. As a consequence . V ve locity measurements w ithin the 
curved com bustor head were not obta ined and. In the rest of the 
p ro files , some values fa r from  the pipe axis have been deleted in the 
presenta tion of the results on the grounds that they were unre liab le .

2 .2 .3  Lim ita tions in the accuracy of the measuring technique

This section presents the e rro rs  incurred in the measurements 
of the ve loc ities and tu rbu lence in tens ities. The sources of broadening  
of the ve locity probab ility  density are brie fly discussed and quantified.
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Estimates of the systematic and random erro rs of measurement are also  
Included.

Doppler broadening

The Doppler frequency probab ility density Is affected by sources  
othe r than true ve locity fluctua tions at a point. These sources increase  
the variance of the Doppler frequency probability density (and hence  
increase the measured values of normal stress) with the effect that the 
d is tribu tion is broader than tha t of the velocity. The most s ign ifican t of 
these e rro rs in re la tion to the present measuring system are fin ite trans it 
time broaden ing, mean ve loc ity g rad ien t broaden ing, instrument noise  
and sho rt-te rm  fluctua tions in the ro ta tion of the gra ting .

F inite trans it time broaden ing of the Doppler spectrum arises  
because signals from  Individual sca tte ring partic les last only for the time  
requ ired to traverse the sca tte ring volume and the random arriva ls and 
departures of Individual pa rtic le s Into and out of the scattering volume  
cause phase and frequency fluctua tions which give a fin ite  width to the 
measured Doppler spectrum . Melling (1975) and George and Lumley 
(1973) have given fo rm u lae fo r the evaluation of this e rro r, in 
accordance with o ther workers (Edwards et a l. 1971).

Mean ve locity g rad ien t broadening occurs when a mean ve locity  
grad ien t exists across a fin ite -s ize  scatte ring volume and may be present 
in both lam inar and tu rbu len t flows. The varia tion of ve locity is 
proportiona l to the g rad ien t and to the dimension of the volume para lle l 
to the grad ient. A s imple method of evaluating this broadening e rro r  
has been proposed by M elling (1 97 5 ).

The analogue output of the tracker has a noise component 
associa ted with it. so that even if a continuous sine wave of constant 
frequency is applied to the tracke r input, the output has a small root 
mean square component referred to as "Instrument noise" broadening. 
F ina lly , de te rio ra tion  in the quality of signals obtained with a rotating  
gra ting as compared to . fo r example, a beam sp litte r, stem mainly from  
im perfections In the m anufacturing process (b leach ing ) and inherent 
v ibra tions caused by its ro ta tion .

The various sources of broadening are summarised in Table
2 .5 . toge ther with fo rm u lae  fo r the ir magnitude and estimates of the 
con tribu tion in the flows of th is  chapter.
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Measurement e rro rs

Apart from  the above described sources, e rro rs arise In the 
evaluation of the mean ve locity and turbu lence Intensity in re la tion to the 
accuracy of the vo ltage output of the tracke r (which affects- the mean 
voltage) and through the averaging of voltages correspond ing to Doppler 
frequencies (vo ltage output of mean and RMS m e te r). The accuracy  
(system atic e rro r) of the vo ltage output of the tracke r is quoted by the 
manufacturer as 1 % of full sca le deflection and this e rro r is removed by 
ca lib ra tion  to the level of the random e rro r in the measurement of the 
mean velocity. The systematic e rro r orig inates as an offset In the 
ca lib ra tion  curve of the tracke r output. The voltage output of the tracke r 
is:

Vx= ( f v  + f s ) Gr + V0 ( 2 . 1 0 )

where:

\ / l  Is the tracke r vo ltage output 
G j Is the trans fe r function
V0 is the offset vo ltage g iving rise to systematic e rro rs .

If the d irec tion  of the frequency sh ift Is reversed then , assum ing fs> V  

v 2= ( f s -  f v ) Gt  + v o ( 2 . 1 1 )

Hence:

vx + v2
Vo - ------- + Gp.fg (2.12)

2

and thus the systematic e rro r Is reduced to the precis ion (random  
e rro r) of m easuring V-| and V2 (Tay lo r. 1981). This has been Included  
in the systematic e rro r fo r U, V. W quoted in Table 2 .6 . Random  
e rro rs  In the true  in teg ra to r output are ±1% of the mean voltage  
measured. Random e rro rs  In the output of the r. m .s  unit are 1% of 
fu ll sca le de flec tion co rrespond ing  to a maximum of 3% fo r the sm allest 
value measured In any one range.
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TABLE 2. 5
SOURCES AND MAGNITUDE OF NON TURBULENT DOPPLER BROADENING

SOURCE FORMULA MAGNITUDE

Gradient of mean 1
velocity (effect on -
mean) 2

Gradient of mean 1
velocity (effect on -
variance) 2

^  2 a2u
( — ) (-— ) Melling (1975)
4 drz

by 2 au 2
c— ) (--) Melling (1975)
4 ar

10“4 Ub

4 X 10“3 Ub2

Finite transit time 
(effect on variance)

U/2tt A 2 George and
{-------------} Lumley (1973) = 5 x 10“5 Ub2
2(bx/4) 2sin©

Tracker instrument from direct measurement (1.2xl0~2)2 (m2 s*"2 )
noise (effect on Durao and Whitelaw (1974)
variance)
Grating jitter (short 
term stability, see 
Table 2.2) (effect on 
variance)

A 2
{60 fs -----} Manufacturer's

2sin© specification
. . . (1.2xl0~2)2 (m2 s“2)

TABLE 2 .6
SYSTEMATIC AND RANDOM ERRORS IN MEASURED QUANTITIES

QUANTITY SYSTEMATIC ERROR RANDOM ERROR

U, V, w up t o  0.04 Uh ± 1%

✓u2 / v 2 ✓ w2

~ / 9
— L 0.003 ± 1% t o  ± 3%

Ub Ub Ub

k
L 0.006 ± 3% t o  ± 8%

Ub2

X 0.4 mm ± 0.02 mm

r 0.3 mm ± 0.03 mm
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Detailed analysis of the errors involved In the Instrumentation 
as used In the present work are given by Melling (1975). Table 2.6 
summarises the estimates of accuracy (systematic error) and precision 
(random error) associated with the measurements presented in the 
present chapter.

2.3 Results

This section describes the flow visualization studies and the 
experimental results for each of the operating conditions described in 
Table 2.1. Radial profiles of mean velocity and turbulence intensity are 
presented for the two swlrlers and the range of flow splits between 
swirler. primary and dilution holes. Contours of the mean axial velocity 
and turbulence intensity at the exit from the nozzle are also provided.

2.3.1 Flow visualization studies

A qualitative picture o f the flow field, for the various swirler 
mass flow rates was obtained using flow visualization via hydrogen 
bubbles produced from a 1 m m  stainless steel wire inserted through 
tappings in the larger containing tube and entering the combustor 
through the primary or dilution holes. A vertical sheet of light 2 m m  
thick was produced from a light source and photographs of the bubble 
streaklines were taken with shutter speeds ranging from V e o  to V 4  
sec. The film rated at ASA 400 was then overdeveloped. In addition, 
flow patterns were investigated with dye Injected through a small hole in 
the perspex plug which blocked off the hub of the swirler.

These investigations revealed that very different flow patterns 
could be created inside the combustor with variation in the level of 
swirler flow. For cases 1 and 2, a stable and symmetric toroidal vo rte x  
was identified upstream of the axis of the primary ports (Figure 2.10a). 
The entry angle of the primary jets was close to 90° and their 
contribution to the upstream recirculation can be clearly seen. Although 
the trajectory of the dilution jets Is less steep than that of the primary 
jets, they are still able to create a small but weak recirculation on the 
can centre line as depicted by the few hydrogen bubbles found upstream 
of the wire, in Figure 2. 10b. Dye injected at low forward velocity via a
1.5 m m  hole on the combustor centre line In the swirler hub confirmed
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In case 2 the strong backflow by being rapidly dispersed and mixed 
throughout the primary zone (Figure 2.10c). This pattern is highly 
desirable In combustion chambers as it ensures rapid mixing of the 
injected fuel with primary zone fluid.

The general flow patterns for 15%. 20% and 25% swlrler flow 
levels, as deduced from the flow visualization, are shown schematically 
in Figure 2.11. As the swirler mass flow rate increased, the 
dominance of the primary vortex was reduced, giving rise to a double 
vortex structure as depicted in Figure 2.11c. Vortex B is mainly the 
result of the flow separation caused by the swirler hub and Is influenced 
by the strong swirl and the downstream flow pattern. Although the 
p r im a ry Jets do not p e n e tra te fully along their geometric axis (as in 
cases 1. 2). the low pressure In the primary zone causes strong 
curvature of the local streamlines with the result that some of the jet 
fluid travels upstream in this region. Part of this fluid contributes to the 
formation of Vortex A (Figure 2.11c) while the rest exits from the 
primary zone through the region near the centre line. Due to the 
higher swirl momentum In this case, the primary jets are aslo deflected 
circumferentially so that primary jet fluid can mix In the upstream and 
downstream direction on planes other than its entry plane. At this 
swirler flow level, a processing motion could be identified on the 
combustor centre line but this was suppressed downstream of the dilution 
holes.

At even higher swirler flow rates, case 6 . a filament of fluid 
exists in the vicinity of the combustor axis which hardly mixes with the 
surrounding flow as the dye picture in Figure 2. lOd indicates. This 
filament is obviously related to the existence of a processing vortex core 
on the can centre line. Such a feature has been observed previously 
(eg Rhode et al, 1983); the present flow seems to be slightly different 
however in that the vortex core appears without the flow first undergoing 
large scale vortex breakdown as was the case for Instance In the 
measurements of Rhode et al. Flow visualization studies at this level of 
swirler flow rate with the primary jet holes completely blocked off. 
revealed the existence of a targe recirculation region downstream of the 
swirler and no evidence of a forward flow in the vicinity of the centre 
line within the primary zone as indicated above. Apparently, the 
interaction between swirler fluid and primary jet fluid influences the 
nature of the vortex breakdown considerably. As Figure 2. lOd shows, 
the vortex core In this case emanates from within the primary zone;
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this flow pattern would have an adverse effect on the distribution of fuel 
In this region and should be clearly avoided In gas turbine combustor 
design.

Investigations of the same type carried out for swirler 2 showed 
similar results. However, flow patterns obtained with the first swirler at 
a certain flow rate could be reproduced with the second swirler at a 
lower flow. This can be related to the fact that the second swirler due 
to its higher swirl number and decreased area imparts higher axial and 
azimuthal momentum to the incoming flow. Comparison of the 
performance of the two swirlers on the basis of swirler/prlmary jets 
momentum ratio rather than mass flow ratio (Table 2. 1) readily explains 
the above behaviour.

The above description of the observed flow fields will now be 
quantified using the measured velocity data which are presented in the 
next two sections for the various operating conditions.

2.3.2 The flow patterns upstream of the combustor and in the
annulus

Axial velocity and turbulence, intensity data were obtained at 
x/Dc = -0.74 (Dc = In te rn a l combustor diameter) upstream of the model 
and are depicted in Figure 2. 12 for case 2; these are representative of 
all operating conditions because they did not change qualitatively with 
variation in the swirler flow rate. Axlsymmetric profiles with flat velocity 
distributions and low turbulence levels were measured in the annulus 
supply tube. Inside the separate feed for the swirler. the velocity 
profiles were significantly peakier, this being caused by the upstream 
effect of the swirler. the lower pressure near the centre line causing the 
fluid to accelerate in this region of the supply pipe. (Note that the 
radial co-ordinate in the figures of this and all subsequent sections has 
been non-dimenslonallsed using the inside diameter of the larger 
containing tube (D = 160 mm) and the velocity used for
non-dlmensionallzatlon Is the bulk velocity for the particular case under 
consideration.)

The behaviour of the flow In the annulus Itself is of direct 
relevance In practical cases since the local static pressure distribution 
determines the proportions of mass flow through the ports. In addition, 
flow patterns In the vicinity of the ports are Important in identifying
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local regions of low velocity with Implications for wall heat transfer and 
formation of high temperature spots.

Radial profiles of the axial velocity and turbulence intensity in 
the annulus are presented In Figure 2.13 for case 2 and e = 0 ° (in line 
with primary holes). 15° and 30° (mid-way between primary holes). 
Examination of the annulus flow development in these three planes 
indicates that three-dimensionalities occur mainly In the Immediate 
vicinity of the primary and dilution ports (planes c. d. e and j. k). 
Local acceleration of the flow is evident at stations c(e = 0°) and 
k(e = 0°. 30°) upstream of the entry to the ports, while a low velocity 
region is formed downstream of the primary holes (station e. 0 =0 °). 
As the flow develops dowstream. transfer of momentum from other 0  
planes compensates for this low velocity region so that an axlsymmetrlc 
velocity distribution is found at plane g (about 2.5 hole diameters away 
from the axis of the holes). Half-way between the ports, the developed 
axial velocity profiles show a bias in the location of the maximum velocity 
towards the combustor wall which is consistent with turbulent annular 
flows (Brighton and Jones. 1964). In this middle region of the annular 
passage where the flow was axisymmetric and uniform, the axial velocity 
profile at plane h was integrated to obtain the mass flow split between 
primary and dilution holes and the calculated values are included in 
Table 2.1. As shown in Figure 2.13. the turbulence levels in the 
annular flow were low and of the same magnitude as in the upstream 
section.

Measurements obtained for other swlrler flow levels showed that 
the changes In the flow pattern inside the combustor (discussed in the 
next section) with variation in the swirler flow rate, exerted only a small 
Influence on the annulus flow in the immediate vicinity of the ports. 
The change in the flow spilt between primary and dilution holes (as 
indicated by the values quoted in Table 2. 1) Is related to the change in 
the flow conditions at the hole as a result of the above effect. In
general, the above depicted flow behaviour in the annulus is considered 
to be representative of all operating conditions.

2.3.3 Model combustor flow fields

The velocity and turbulence fields for the various operating 
conditions and for the two swirlers will now be described In terms of
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profiles along a diameter at the successive axial measuring locations 
defined In Figure 2.9.

Swlrler 1
Case 1 (msw = 10%, m p r = 34.84%, m^ = 55.16%. m sw/mpr = 0.28)

Figure 2. 14a shows radial profiles of the axial velocity and 
turbulence Intensity for case 1. W ith in the primary zone, planes b. c.
a backflow region is formed by the combined action of the swirl and the
primary jets. The length of this recirculation deduced from axial velocity 
measurements on the combustor centre line agreed well with the flow 
visualization discussed above. At plane d, through the geometric axis of 
the primary holes, the still negative velocity on the combustor axis 
indicates the contribution of the jets In the upstream vortex. The centre 
line velocity increases rapidly up to plane f as the jets merge and travel 
downstream. A local recirculation region is formed at this plane near 
the combustor wall as the main flow Is entrained into the low pressure 
region behind the jets. The shallower trajectory of the dilution jets is 
evident from the off centre line peaks in the axial profiles at planes I
and m. The shallow penetration Is due to the lower velocity ratio
(jet/cross-flow) for the dilution jets as compared to the primary jets 
(see Table 2.1). The blockage associated with this penetration is still 
sufficient to create a small recirculation near the centre line (also 
identified in the flow visualization).

Swirl velocities. Figure 2. 14b, within the toroidal vortex are 
low compared to those downstream. The maximum W  location changes 
position from the middle of the can radius at station b progressively 
moving towards the axis at planes c and d as the inflowing jets carry 
some swirling f lu id  towards smaller radii. The deep penetration of the 
primary jets and the associated blockage effect force the majority of the 
swirling fluid to exit from the primary zone at planes other than those 
containing jets and away from the impingement point. As this fluid 
passes downstream. It Is also entrained into the low pressure regions 
behind the jets leading to a swirl profile shape as seen on plane f. 
The profile shape then remains close to solid body rotation with slowly 
decaying levels of maximum swirl velocity until the shallow entry of the 
dilution jets again forces swirling fluid towards the centre line. This 
movement to smaller radii Is one reason for the enhancement of the W  
component as Illustrated in Figure 2. 14b. plane I. Another reason
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contributing to this Increase Is the slight non-cyclic behaviour of the
dilution Jets which Is depicted in the axial velocity profile at the same 
station. These deviations from the cyclic pattern are thought to be 
related to annulus flow disturbance caused by the presence of a 
r e c ir c u la t io n  z o n e  In th e  a n n u lu s  d o w n s tre a m  o f the holes due to the 
blocked off area at the rear retaining flange. The presence of this
recirculation In combination with the low velocities in the annulus has
been found to lead to unsteady annulus flow with random circulations
about both the can axis and the axis of the hole (Gradon and Miller,
1968; Lefebvre, 1983). Although In actual production chambers this 
problem is usually remedied by the use of splitters across the dilution 
hole and flow bleed downstream in the annulus. In the present model 
this would have rendered a large part of the dilution zone region 
inaccessible to the laser beams. Since the mode of measurement of 
the W  component Is to traverse along a diameter of the combustor, it is 
expected that If this plane does not coincide with the plane on which 
aV/ar = 0 then large W  components may be measured.

Radial velocity profiles are depicted In Figure 2. 14c. The 
dominance of the primary jets in the formation of the primary vortex is 
evident from the presence of the strong inward V velocities, typically 1.5 
times the maximum axial velocity, over most of the diameter at plane d. 
These high V velocities disappear rapidly upstream (plane c) and 
downstream (planes f, h) of the entry plane, so that large pressure 
gradients and strong curvature of the local “streamlines" can be 
expected. Radial velocities in the dilution jets (x/Dc = 1.70) do not 
disappear as quickly in the axial direction (x/Dc = 1.87) as would be 
expected from their less steep trajectory.

Nearly uniform levels of axial turbulence intensity (Figure
2. 14a) are found within the recirculation region while at plane d large 
axial gradients and the impingement of opposing jets gives rise to higher 
values on the centre line. The maximum value of the RMS of the swirl 
component was measured In this position and is twice that of the axial 
turbulence intensity. Indicating the strong anlstropy of turbulence in this 
region (this will be further discussed in subsection 2.4.1). The radial 
turbulence intensities (Figure 2. 14c) exhibit similar behaviour to the 
azimuthal ones with similar centre line values and rates of decay except 
at the entry plane of the dilution jets.
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Case 2 (msw = 15%. rhpr = 32.90%. = 52.10%. m sw/rripr =
0.456)

More detailed measurements were obtained for this case over 
the whole Internal flow f ie ld  at 0°. 15°. 30° and 60° In order to
Investigate the extent of the expected cyclic behaviour of the flow. As 
m e n tio n e d  e a r l ie r. flow patterns In the combustor are expected to repeat 
fo r  e v e ry 60° sector (u p  to the position whereby the nozzle will distort 
this behaviour). This Is further discussed at the end of this 
presentation in the light of the experimental results.

The main features of the flow patterns for this case, illustrated 
In Figure 2. 15. are very similar to those found In the previous case. 
The toroidal vortex found previously is again sustained In the primary
zone by the still Impinging primary Jets (Figure 2. 15a; planes a. b. c. 
d). However, due to the higher axial and azimuthal momentum of the 
swlrler flow, the strength of impingement has been reduced as is evident 
from a decrease in the maximum negative axial velocity by about 2 0 %. 
The persistence of very low swirl velocities in the vicinity of the primary 
ports (Figure 2.15b) underlines the dominance of jet fluid. Although in 
case 1 these low values were found In the region 0.16<2r/D<0.5
now they extend over a radial distance of only 0.3<2r/D<0.5. 
implying a somewhat shallower penetration. The jets, however, still 
produce an effective blockage so that the swirl velocity profile 
downstream Is similar to that obtained In the lower swirler flow rate 
(solid body rotation). A similar type of swirl velocity profile has been 
measured by Altgeld et al (1983) in their investigation of a swirl
stabilised model combustor.

Compared with the rapid changes occurring near the 
Impingement point, the flow develops relatively slowly In the Intermediate
zone (x/Dc = 0.82 - 1.50) as radial transfer of momentum
compensates for the low axial velocities In the near wall regions; v e lo c ity  
gradients, however, are still high since the centre line axial velocity has 
halved between stations g and k, a distance of only 0.5 Dc. In the
dilution zone, the double S shape of the axial velocity profile at plane m
is typical of that measured in several rows of jets in cross-flow 
experiments (eg Khan et al. 1981). The levels of anisotropy in the
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turbulence field at the plane of the primary jet entry and the subsequent 
development of the three turbulence intensities are similar to that of the 
previous case.

Figures 2. 16 and 2. 17 present, in a similar format, the 
velocity and turbulence fields at the 15° and 30° planes respectively.
Examination of the profiles of the three velocity components in these 
planes reveals axisymmetric behaviour of the flow well within the primary 
zone (x/Dc = 0.13 - 0.27) and in the intermediate zone
(x/Dc = 0.95 - 1.50). Three-dimensionalities start to intrude only in 
the vicinity of the primary and dilution ports. This Is clearly depicted in 
the very different distributions of the radial velocity between 0°. 15° and
30° planes at station d and between 0° and 15° planes at station I.
Due to the Impingement of the primary jets, primary zone fluid can only 
exit from this region through the 15°and 30° planes, resulting in the
local acceleration of the flow in the near wall region at planes c. d and
f. Illustrated in Figures 2.16a and 2.17a. This is accompanied by an 
increase in the swirl velocities near the wall (Figure 2. 17b; plane d) 
leading progressively to the solid body rotation type of profile. 
Deviations from axisymmetry are less evident in the turbulence field, 
apart from differences exhibited in the distributions of the three 
intensities at the entry planes of the jets.

The extensive measurements obtained for the present case 
confirmed cyclic behaviour of the flow over a 60° sector up to plane I, 
where noticeable deviations occur. This is unlikely to be caused by the 
nozzle (which ultimately destroys the cyclic behaviour) as good 
repeatability is observed again at plane m. One possible cause is the 
asymmetric behaviour of the dilution jets previously discussed. Further 
examination of the upstream effect of the nozzle will be undertaken with 
the help of the theoretical approach in Chapter V.

Case 3 (msw = 20%. m p r = 30.30%. m^ = 49.70%, rnsw/mpr 
=0.660)

Radial profiles of the three velocity components and their 
turbulence intensities for the 20% swirler flow case are shown In Figure 
2.18. At this level of flow split between swirler and ports, significant 
changes have started to appear, especially in the primary zone. It 
should be noted that although the change in swirler flow represents only 
a 5% Increase in terms of the bulk flow, it constitutes a much higher
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Increase In terms of swlrler/prlmary jets mass flow ratio (Table 2.1). 
The maximum axial negative velocity at station b (Figure 2.18a) now 
occurs near the middle of the radius, while on the centre line the value 
is only -0.1 Ub as compared to -1.5 Ub in case 2. (Since bulk
velocities between consecutive swirler flow levels are different by only 
5%. comparisons on the basis of nondimensional quantities between 
such cases is valid.) Although at the lower swirler flow rates of 10% 
and 15% the backflow was clearly Influenced strongly by the upstream 
contribution of the jets, this contribution seems now to be restricted to 
the near entry region, as indicated by the higher negative axial 
v e lo c it ie s  fo u n d  a t p la n e s  c a nd d. The associated shallower trajectory 
of the primary jets is depicted in the radial velocity distributions in 
Figure 2. 18c. At plane d. the radial gradient of the V component has 
been reduced by about 25% (over that of the previous case) while at 
x/Dc = 0.48. positive V velocities were measured over the whole radius. 
This lack of impingement leads to shapes of axial velocity profiles with 
off centre line peaks (Figure 2.18a. planes c and f). The absence of 
these peaks, however, at x/Dc = 1.09 indicates that the primary jet 
fluid finally did penetrate to the axis of the combustor but at some 
distance within the intermediate zone (x/Dc =* 1.0). Maximum 
positive axial velocities are now of order Ub as compared to 2 Ub in 
case 2 .

Swirl velocities within the primary zone (Figure 2. 18b. planes
b. c) show overall an increase but follow trends similar to those found 
in the lower swirler flow cases. At plane d. the insufficient penetration 
of the primary jets allows swirling fluid to exit from the primary zone 
region in the vicinity of the centre line, resulting in the azimuthal 
velocity distribution seen at plane f. The swirl peak near the centre 
line, however, is quickly destroyed by the continuing off axis penetration 
of the primary jets, eventually giving rise to the familiar solid body 
rotation type of profile at plane h. In the dilution zone, the absence of 
the small backflow found in the lower swirler flow rates at x/Dc = 1.70 
is the result of the further increase in the cross-flow now being able to 
completely deflect the dilution jets. In all other aspects, the flow 
distribution in this region has been little affected by the primary zone  
flow changes.

The above described mean flow variations influence the 
turbulence field in a consistent manner. In the primary zone, due to 
the weaker impingement of the jets, all three turbulence intensities have
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been reduced, the greater effect being on the azimuthal and radial 
components; ✓w2 and W 2 still have their maxima on the combustor axis 
at planes c. d and f but their magnitude is now significantly reduced; 
for example, at p la n e d their centre line value is only 1 . 1  Up. 
representing a reduction o f 40% over the levels of the previous case. 
In the dilution zone, the absence of the small recirculation has led to a 
decrease in the turbulence kinetic energy production on the centre line. 
Turbulence is now generated primarily in the shear layers between the 
bulk flow and the incoming jets.

Case 4 (msw = 25%. m p r = 28.40%, m^ = 46.60%, msw/™pr ~
0 . 88)

The flow development for the 25% swirler flow level is 
presented in Figure 2. 19. Examination of the axial velocity profiles in 
Figure 2. 19a shows a further decrease in the levels of the primary zone 
negative axial velocities, confirming the trend underlined in the previous 
case. The maximum negative axial velocity in this region has now 
moved from plane c (where it was found in case 3) to plane d and is 
only -0.5 U^, representing a reduction of 50% compared with case 3. 
In addition, a low positive axial velocity has now emerged on the can 
centre line at station b (as observed In the flow visualization) 
progressively Increasing at station c and leading to a value of 0.25 Ufc 
at plane d (as opposed to a value of - U 5 found in this position In 
case 3). The presence of vortex B, as observed in the flow 
visualization. Is not evident from the axial velocity field distribution 
because measurements very near the swirler hub were not obtained, due 
to beam Interference with the curved walls. The decreasing trajectory of 
the primary jets is illustrated In the profiles of the radial component in 
Figure 2. 19c. where now at the jet entry plane zero V velocity fluid fills 
the central core up to 30% of the radius. Consequently, the primary jet 
fluid does not have the necessary momentum to reach the centre line 
throughout the whole length of the intermediate zone and eventually 
mixes with the bulk flow to produce a relatively flat profile at plane k. 
The radial distribution of the tangential velocity in the present case is of 
Rankine type (combined free-forced vortex; Beer and Chigier. 1972), 
as shown in Figure 2. 19b (planes f to k) and this is now retained 
throughout the intermediate zone as a result of the complete lack of 
primary jet penetration. The distinct centre line peaks found in the
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distributions of all three turbulence Intensities at planes h. k and I are 
related to the non-turbulent contribution (Bradshaw. 1976) as it is from 
the periodic rotation of the mean flow within the c e n tra I processing 
core. These peaks, however, are reduced at station m  as the 
processing core Is disturbed by the strong mixing and the pressure 
effects of the dilution Jets (see also subsection 2.3.1).

Case 5 (m sw = 28%. m pr = 27 .26% , m^ = 44 .74% . msw/r^d = 1 026) 
Case 6 ( mgyy = 35%, mpf = 24, 63%, m^j = 40 ,37% , mgy^/m^j = 1 .416)

Figures 2.20 and 2.21 Illustrate the flow distributions for the 
28% and 35% swirler flow rates respectively. In both cases, the flow 
development Is quicker than that of the 25% swirler flow level, as is 
shown by the rapid changes in the axial velocity distributions at planes 
f. h and k (Figures 2.20a, 2.21a). As the angular momentum of the 
flow eventually increases, the onset of a central processing core shifts 
farther upstream so that at 35% swirler flow rate It emanates from within 
the primary zone. This is Illustrated by the centre line maxima found In 
the mean and turbulent components of the axial and azimuthal velocities 
at planes c. d and f (Figure 2.21a).

In both cases, turbulence levels remain similar to those found 
at the 25% swirler flow case, apart from the centre line region which Is 
Influenced by the processing core. The winged shape of the profile of 
the azimuthal turbulence Intensity at plane d (Figure 2.21a. b) has also 
been found under isothermal and combusting conditions by Bicen and 
Jones (1985) in their investigation of a similar model combustor. In 
general, fewer measurements were obtained in the above swirler flow 
cases since they exceed swirler flow levels likely to be found in current 
practice.

Swirler 2

The performance of the second swirler will now be investigated 
u n d e r operating conditions similar to those of swirler 1. At this stage. 
It is useful to summarise the major differences between the two swirlers. 
These are:
(1) The larger number of vanes employed by swirler 2 ( 2 0  as 
compared to 18 of swirler 1). This, In effect, results In an Increase In 
space/chord ratio (Figure 2.4a).
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(2) The geometry of swlrler 2 corresponds to a ratio of Dsw/Dh = 1.5. 
while that of swirler 1 corresponds to D sw /D fr  = 2 . 6 . As a 
consequence, swirler 2 has a smaller outlet area by about 57%.
(3) The swirl number of swirler 2 (based on the geometry) Is 0.85. 
while that of swirler 1 Is 0. 74.

Comparison of the axial and azimuthal velocity distributions 
within the primary zone between Figures 2.14 and 2.22 (depicting the 
flow fields obtained from each of the swlrlers operating at 1 0 %  swirler 
flow rate) reveals that the higher axial and azimuthal momentum 
imparted to the swirler flow In case 7 has resulted In a decrease in the 
maximum negative axial velocity (by about 2 0 %) and an increase in the 
swirl levels (by about 30%). As the swirler flow Increases to 15%. the
differences In swirler geometry Influence the primary zone flow patterns 
significantly as comparison between Figure 2. 15 (case 2) and Figure 
2.23 (case 8 ) Indicate. Swirler 2 has now incurred a reduction in the 
magnitude of the maximum negative axial velocity of about 50% (plane 
c) and has shifted Its location away from the centre line, denoting the
considerable lateral spread of the primary jets due to their shallow entry
(Figure 2.23c. plane d). As a result of the different primary jet
trajectories, the flow development at the Initial stages of the intermediate
zone is very different between cases 8 and 2 (compare axial and swirl 
velocity profiles at plane f) but thereafter efficient mixing and the 
effectiveness of the dilution jets result in very similar distributions at
plane m. Similar variations are encountered in the flow patterns of
case 9 (Figure 2.24). At this level of swirler flow, swirler 2 produces 
a positive velocity within the primary zone (Figure 2.24a. plane c) and 
encourages the onset of a central processing core (Figure 2.24a. 
planes h, I), features which were obtained with swirler 1 at the higher 
swirler flow level of 25%. The similarities and differences between the 
flow patterns obtained with the two swlrlers will be discussed in more 
detail In subsection 2. 4. 2.

Levels of turbulence generated in the primary zone under
operation with swirler 2 are significantly reduced over those of swirler 1 . 
as Indicated by the reduction In yw^ and Vv^ (plane d) by about 42% 
and 50% at swirler flow levels of 15% and 20% respectively.

Exit conditions

Since exit conditions from the combustor are important in
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engineering terms (they affect the performance of downstream 
components such as nozzle guide vanes and turbine blades) . a 
complete mapping of the axial velocity and turbulence Intensity fields was 
undertaken. Figure 2.25 shows contours of the axial velocity at the exit 
for swirler flows up to 25% Including results from both swlrlers. while 
Figure 2.26 depicts the corresponding axial turbulence intensity
contours.

Figure 2.25 shows that non-uniformities in the axial velocity 
field spanning a factor of 2 . 2  remain for the lower swirler flow cases 
(1. 2. 3. 7 and 8 ) while this factor reduces to 1.9 for higher swirler 
flows. When the dilution jets penetrate sufficiently and mix rigorously
with the bulk flow (low swirler flows), they lose their Identity and do not 
contribute any individual features at the exit field (Figure 2.25. a. b. 
e. f). In contrast, the kldney-like shape of the contours in Figures 
2.25c and 2 .2 5 6 . similar to the well documented shape found In various 
jet In cross-flow investigations (Atkinson et al. 1980). is likely to be the 
result of some individual contribution from the dilution jets at the exit 
field. As the angular momentum of the flow In the can increases
further, a minimum can be identified In the centre of the nozzle (Figure
2.25g). This Is thought to be related to the central processing vortex 
core which, although strongly accelerating inside the combustor, being 
detached and hardly mixing with the main flow, cannot follow the sudden 
acceleration of the bulk flow, due to the contraction of the nozzle, and 
retains Its velocity. A similar minimum in the combustor exit axial 
velocity profiles has also been found in the Isothermal study of a similar 
model by Blcen and Jones (1985). In general, the spanwise 
asymmetries which occur (the model geometry Itself is symmetrical about 
a vertical plane through the nozzle centre) are caused by the swirling 
nature of the flow as it enters the nozzle.

The axial turbulence Intensities at the exit. Figure 2.26, exhibit 
a spanwise variation of about 1.8 for all cases. Maximum levels are 
encountered near the centre of the nozzle with maximum local turbulence 
Intensities /u2 /U|0cai of about 20% except In case 9 (Figure 2.26g). 
where the precession gives rise to values of the order of 40%.

2.4 Discussion

Several further aspects of the flow field are of interest in this 
study because of their Importance to the design of combustion
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chambers; these Include: the size and strength of large recirculation 
regions, interactions between Jets and local recirculations, the influence 
of swirl on the development of the flow and the levels of turbulence that 
are generated. Further, the distribution of the mean and turbulence 
field at the chamber exit are Important since they would Influence the 
quality of the exit temperature traverse (pattern factor). The following 
three subsections discuss these aspects In more detail.

2.4.1 Influence of flow split between swlrler and ports

It Is evident from the descriptions of the flow patterns In 
subsection 2.3.3 that the most dramatic effect of the variation in the 
flow split between swirler. primary and dilution ports Is on the flow 
distribution in the primary zone. (Although the total flow rate through 
the combustor was varied at the same time, this merely produces a 
change In the overall Reynolds number of the flow; this was. however, 
always sufficiently high (5.4 - 6.7 x 104) to lie in a Reynolds number 
independent flow regime.) The effects can best be explained as the 
result of the variations in the trajectory, depth of penetration and 
strength of impingement of the primary jets, all of which are observed to 
be strongly dependent on the ratio of swlrler to primary jets mass flow.

The different flow patterns obtained with the variation of the 
above ratio are summarised In Figure 2.27a, which combines the axial 
velocity profiles In the primary zone (planes c, d) for 15%, 20% and
25% swirler flow level and Figure 2.30a, which displays the centre line
development of the axial velocity for swirler 1 and a variety of flow
splits. As the swirler/primary jets mass flow ratio increases from 0.45 
to 0 . 6 6  and then to 0 . 8 8 , the location of the maximum negative velocity 
at station c (Figure 2.27a) moves from 2r/D = 0 to 2r/D = 0.1 and 
then to 2r/D = 0.26 respectively. This is accompanied by a sharp 
decrease in its value from 2.34 U 5 (case 2) to 0.3 U 5 (Case 4).
representing a reduction of about 85% in terms of absolute velocity. 
This change is in accord with a reduction in the primary jet trajectory, 
as illustrated by the steep decrease in the axial velocity gradient on the 
centre line at plane d in Figure 2.30a.

These variations are expected to influence significantly the 
primary zone recirculation ratio, a parameter important in describing the 
performance of primary zone configurations (Green, 1981). The 
magnitude of this parameter for recirculations Induced solely by an
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opposed jet system may be estimated from empirical formulae proposed 
by Way (1956). Rosenthal (1959) and Verduzio and Campanaro (1971). 
However, accurate Information Is lacking on recirculation ratios for 
primary zones which utilize a combination of swirler and opposed jets 
(Lefebvre. 1983). In the present investigation, this quantity has been 
determined by integration of the negative part of the axial velocity profile 
at plane c:

This station was chosen because of its proximity to the eye of the 
primary vortex (deduced from the flow visualization) so that the above 
Integration yields, as close as possible, a maximum estimate of the 
recirculating fluid within the vortex. Figure 2 . 28 shows the variation in 
the recirculation ratio m r/(msw + m p r) with increase in the swirler mass 
flow ratio m sw/mpr for the range of flow splits (swirler 1 ). The curve 
Indicates an almost linear decrease with increasing m sw/mpr In the 
region 0.2 < m sw/mpr< l . 0. At low levels of swirler flow
(msw/mpr~ 0. 3). up to 74% of the total (m sw+ m  pr) participates in 
the toroidal vortex. Assuming that all of the swirler fluid in this case 
contributes to the recirculation, then the contribution of the p r im a ry jets 
amounts to about 64%. For this case (with jet trajectory near 90°) 
empirical formulae would yield a value of 50% (Rosenthal. 1959). 
Consequently, one can estimate that the extra 15% is due to the 
influence of the swirler. At higher swirler flow ra t io s  (m sw / f n pr >1.0), 
m r/(msw + m p r) can be severely reduced to less than 1 0 %.

found by Bicen and Jones (1985) in their investigation of a geometrically 
similar chamber under combusting conditions. They provided LDA 
measurements of the axial and tangential mean velocities and turbulence 
intensities at planes through the ports. Their results with the combustor 
operating at flow splits similar to those of case 5 of the present 
investigation exhibited good qualitative and quantitative similarity with the 
results of the present work in the primary zone. This can be seen in 
Figure 2.29. taken from Bicen and Jones (1985). which depicts the 
axial velocity distribution along the primary jet axis under combusting 
conditions with gaseous propane fuel and at an air-fuel ratio of 70. It 
clearly shows that all qualitative features found In the similar profiles of

'o
(2.13)

The primary zone flow patterns discussed above have also been
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the present study (see for example Figure 2.20a. plane d) are also 
Identified u n d e r combusting conditions. It is likely then that the 
variations In the primary zone flow patterns observed here would 
Influence combustor performance, since under reacting conditions 
parameters such as mean residence times, blow out velocity and heat 
release rates are directly related to the mean flow velocity and 
recirculation ratio.

The flow behaviour in the Intermediate zone Is also of interest 
in the design of combustion chambers. The near wall flow development 
and localized stagnation regions are critical In determining the location 
of wall cooling arrangements and additional trimmer holes for Improved 
chamber durability (Lefebvre. 1983). The location of the small
recirculation regions just downstream of the primary holes and the slow 
axial development of the flow near the combustor wall in the Intermediate 
zone in cases 1 and 2 coincides with the location of hot spots identified 
in an experimental production chamber reported by Bhangu et al
(1983). The rate of flow development and the maximum axial and 
angular velocities In this region are a measure of the mixing which is 
essential for the complete destruction of any hot streaks remaining in 
the primary zone efflux. Inspection of the profiles at station k 
(Figures 2.14 to 2.24) indicates that deviations from a uniformly flat 
distribution are a minimum at this plane In all cases. This, in the
lower swlrier flows, can be attributed partly to the swirl (In the 
Intermediate zone) and primarily to the deep penetration of the dilution 
Jets while at the higher swlrler flows. It is the strongly swirling flow field 
that leads to rapid development at the early stages of the intermediate 
zone. In either case, the primary zone flow variations have a smaller 
effect on the dilution zone profiles as Illustrated in Figure 2.27a (planes
I. m) with the result that the velocity profile at plane m  is quite similar 
under all conditions.

The c e n tra l processing core Identified near the centre line fo r  
swlrler flows higher than 25% (swlrler 1) has also been found by other 
workers u n d e r Isothermal and combusting conditions (Syred and Beer, 
1974; Blcen and Jones. 1985). Its occurrence can be related to the 
stability of the swirling flow field according to the radial distribution of 
the angular momentum (Gupta et al. 1984). The Rayleigh criterion 
states that a swirling flow Is stable If W. r increases with r and unstable 
if W. r decreases with r. At low swlrler flows (cases 1. 2, 3). the 
former Is true and no precession was identified. At 28% and 35%
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swirler flow levels, however, the Ranklne vortex type of distribution of 
the angular momentum Implies that most of the profile is unstable and in 
these cases a processing vortex core was observed.

The levels of turbulence generated throughout the combustor 
are Important since they affect the entrainment rates in the primary 
zone, the penetration of the jets and the mixing rates In the dilution 
zone. Under combusting conditions, they Influence the stability limits, 
combustion efficiency and Ignition performance (Lefebvre. 1983).
Turbulence kinetic e n e rg y profiles evaluated f ro m  the three individual 
turbulence intensities are depicted In Figure 2.31 for various operating 
conditions. At the lower swirler flows Ceases 1 and 2). the turbulence 
fields are very similar with maximum turbulence production occurring in 
the primary jet Impingement position (Figure 2.31a. b; planes c. d. f). 
The very high values of turbulence kinetic energy at this position are 
related to the large values of yw2 and yv2. The anisotropy of the 
turbulence field at the region of Impingement (where Vw2,
✓v2 = 2.5/u2) can be explained by examination o f the exact equations
for the transport of the individual normal stresses (Rodi. 1970;
Bradshaw, 1976) and. in particular, those terms which express the 
generation of each component. For a three-dimensional flow, these 
read:

au _ au __ au
P(u2 ) = -2 {u2 — + uv — + uw ---)

ax ar rae

av _ av _ av v
P(v2 ) = -2 {uv — + v2 — + vw ---} + 2 —

ax ar rae r

V _ _ aw _ aw _ aw
P(w2 ) — -2 {— w2 + uw —  + vw —  + w2 ---}

r 3x dr rd9

At the impingement position both aU/ax and aV/ar are very large. The 
production term for u2 on the centre line is -2 u2 aU/ax (only the 
underlined terms are non zero on the axis) which is a sink while the 
counterpart production terms for v2 and w2 are v2 aU/ax and w 2 aU/ax 
(aU/ax = -2 aV/ar on the axis) which have large positive values 
(sources). The high anisotropy observed in this position can thus be 
interpreted as the result of relatively large values of P(u2) and P(w2) 
(or P(v2)) with opposite signs. The absence of large convective
transport near the Impingement position Is important in allowing the
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production terms to dom ina te , giving rise to centre line maxima of u2 . 
v2 . w2 and k. S im ila r behaviour of the three normal stresses has been 
observed by Taylor and Whltelaw (1984) at the rear stagnation point of 
rec ircu la tion  reg ions behind b lu ff bodies. At h igher sw irle r flows oU/ox 
(and hence aV /a r) are sm a lle r near the centre line (F igure  2 .3 0 a ).  
The rad ia l position of the maxima of the three normal stresses now lies  
In the region of la rge aU /a r and aU /rae (F igure  2. 19a, b. c. plane 
d ) . P roduction of tu rbu lence  now occurs predom inantly In the curved  
shear layers through shear stress — shear stra in in teraction and this  
gives rise to maximum values of tu rbu lence kinetic energy away from  the 
cen tre  line (F igu re  2 .3 1 d . e ; plane d ) . This, however, shoud not be 
taken to Imply that the en tire  production of tu rbu lence occurs due to 
shear since the maximum values of yv2 and /w 2 are still re lated to 
re la tive ly high values of aV /e r away from the axis of the can (F igu re  
2 .1 9 c ; plane d ) . The va ria tion  In the turbu lence kinetic energy fie ld , 
portrayed in F igure 2 .27b  which gathers the turbu lence kinetic energy  
pro files fo r 15%, 20% and 25% sw irle r flows and in Figure 2 .30b  which  
displays the cen tre  line development are in agreement with the 
arguments of the above paragraph.

S ince the dom inant production of tu rbu lence , for the lower 
sw irle r flows. in the im p ingem ent region is mainly by normal 
stress ~ normal stra in In te raction ca lcu la tion  of these flows using the k~<s 
tu rbu lence model may be inaccu ra te  (a t least fo r the turbu lence in this  
reg ion ) because sca la r effective viscosity models do not adequately  
represent normal stresses. On the other hand, accord ing to the above 
argum ents, th is de fic iency should be less severe In the ca lcu la tion of 
the h igher sw irle r flows.

2 .4 .2  Influence o f sw irle r geometry

The varia tions in the flow d istribu tions obtained by the two 
sw lrle rs accrue mainly from  the d iffe rences in geometry which were 
summarised in subsection 2 .3 .3 .  The effect of the sw irle r geometry on 
the flow patterns Is dep le ted in F igure 2 .3 2 a , b which combines the 
axial ve locity and tu rbu lence k ine tic  energy p ro files in the primary  
(p lanes c , d) and d ilu tion  (p lanes I, m) zones fo r 15% sw irler flow 
rate. As a resu lt of its sm a lle r ou tle t area and h igher swirl number 
(im p ly ing h ighe r axial and azimuthal momentum Imparted to the sw irler 
f lo w ) , sw irle r 2 reduces the prim ary je t tra jec to ry and the strength of
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the prim ary vortex. In acco rd  with the weaker impingement, levels of 
tu rbu lence In the prim ary zone are also reduced (F igu re  2 .3 2 b , planes
c . d) . As d iscussed In subsection 2 .4 .1 .  due to effective m ixing In 
the Intermediate and d ilu tion  zones, d ilu tion zone flow patterns are less 
affected by the primary zone varia tions (F igu re  2 .3 2a . b. plane I, m) .

The perfo rm ance o f the primary zone operating with each of 
the sw irlers can be exam ined by comparing the rec ircu la tion  ra tios  
produced In each case. F igure 2. 33 (d isp lay ing the rec ircu la tion  ratios  
fo r sw lrle r 1 and 2 plotted toge ther) shows that fo r msw/m p r less than
0 .5 5  sw irle r 1 produces h ighe r levels of m r / ( m sw+mpr ) by about 8% 
while fo r msw/m p r >  0. 55 both sw irle rs yield s im ila r values. This can 
be explained as fo llows: A t low sw lrle r flows, the main contribu tion to 
th is ra tio Is made by the prim ary je ts. As sw irle r 2 produces a flow  
with h igher axial mom entum , it Is able to counteract strong ly the  
upstream  contribu tion of the je ts. When the sw irle r flow rate Increases, 
the sw irling flow plays a m ore dom inant ro le in the primary zone flow  
pattern. S ince the second sw irle r possesses a greater en tra in ing  
capab ility  than sw lrle r 1 (due  to the h igher sw irl number, la rger number 
of vanes, h igher vane aspec t ra tio and space /cho rd  ratio (K illk , 1976)) 
it is expected to be able to  balance the adverse influence of the axial 
momentum on the prim ary je t con tribu tion . This is demonstrated in 
Figure 2 . 33b where the rec ircu la tion  ratio is plotted aga inst the 
sw ir le r /p rlm a ry  je ts momentum  ra tio . In th is graph , which dep ic ts an 
alm ost linea r re la tionsh ip  between the rec ircu la tion  ratio and the  
momentum ra tio , the h ighe r en tra inm en t rates of sw irle r 2 at the h igher 
sw irle r flow rates are c lea rly  evident and confirm  the above arguments.

Two In teresting fea tures can be mentioned with regard to the 
perfo rm ance of the two sw irle rs . The firs t is that sw irler 2 causes a 
grea te r variation on the flow  patterns, over a sm a lle r range of sw lrle r 
flows, than sw lrle r 1. This is c lea rly depicted by the cen tre  line
development of the axial ve loc ity and tu rbu lence intensity produced by 
sw lrle r 2 (F igu re  2 .3 4 a . b ) . Comparison between Figures 2 .3 4  and
2 .3 0  reveals that the level of varia tion on the centre line pro files of U 
and k obta ined with sw lrle r 2 by changing the input flow from  10 % to 
20% can only be obta ined with the firs t sw irle r in position If Its Input 
flow is varied by 15% (e g  from 10% to 25% ). The second feature  
conce rns the overa ll pe rfo rm ance of sw irle r 2 and follows from  the 
considera tions of the above paragraph. It seems possible that flow  
patterns obtained with sw lrle r 1 a t a certa in flow rate (eg 20%) can be
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"reproduced" with sw irle r 2 In position at a lower flow rate (eg 15%) fo r 
the range of measured flow  sp lits . This Is not so suprising If one  
re la tes these changes In flow  sp lit between sw irle r and primary ports to 
changes In Input momentum . In Table 2 .1 . the ratio msw/m p r has 
been transla ted to a ra tio  o f sw irle r to prim ary jets momentum . 
Inspection of these figu res read ily explains the above find ings; for 
example, the momentum ra tio  fo r case 7 Is very s im ila r to case 3. It 
follows from the above d iscuss ion that In o rde r to Increase the  
entra inm ent rates of the prim ary zone rec ircu la tion  In the present
configura tion It may be p re fe rab le , fo r stab le r opera tion , to Increase the  
vane outle t angle Instead of decreasing the ra tio Dsw/D hub ‘ In 
production cham bers, however, the choice of sw irle r geometry Is a lso  
affected by the requ irem ents of the in jection system.

2 .4 .3  Exit cond itions

The presentation of the axial ve locity d is tribu tions at the exit 
from  the nozzle In subsection 2 .3 .3  showed that nonun iform ities
spanning a fac to r of 2 remained fo r almost all cases. In the lower 
sw irle r flows (10% . 15% ). these arise mainly from  the low ve loc ities
near the upper co rne rs o f the c ross -sec tion  and the high ve loc ities  
occu rring  In the lower surface of the nozzle (F igu re  2 .2 5  a. b. e. f ) . 
The fo rm er Is re la ted to the ve loc ity de fic it near the wall at station m 
(F igu re  2 .27a ) and the loca lly  expanding c ross -sec tion  of the nozzle 
( lo ca l separation cannot be excluded and this is fu rthe r discussed in 
Chapter V) while the la tte r Is caused by the sudden c ross -s tream
elevation of the geometry. At h igher sw irle r flows (20% . 25% ), the 
decreased tra jec to ry of the d ilu tion jets reduces the width of this low  
ve locity reg ion (F igu re  2 .2 7 a ; plane m) while the stronger sw irl
encourages m ixing, resu lting  in a m ild improvement as seen in F igures  
2 .25 d , g. Comparison of the quantity (U m ax -U m in )/U b  between station  
m and the exit can give an estimate of the effectiveness of the nozzle In 
suppressing any nonun ifo rm ities o rig ina ting in the d ilu tion zone. This 
has a value of 2 at plane m (fo r all cases) while at the exit Its value is
1 .5  at low sw irle r flows (cases 1. 2, 7. 8) and 1.1 at h igher sw irle r 
flow rates (cases 3. 4 , 9 ) .

Turbu lence in tens ities at th is position are also of In terest; 
damping of the fluc tua tions is achieved by promoting Intense m ixing in 
the d ilu tion zone leading to a reduction of the tu rbu lence Intensities at
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the exit. Comparison of the maximum value of / u 2 between the exit and 
plane m ind ica tes that tu rbu lence Intensity levels at the exit have been 
reduced by about 45%.

2. 5 Summary

This section provides a summary of the most important find ings  
and conclus ions of th is chap te r.
1. The primary zone flow  d is tribu tion is strongly dependent on the

flow sp lit between sw irle r and prim ary ports. Variation of the 
sw lr le r/p rim a ry  je ts mass flow  ra tio showed that:
a) At low sw irle r flows (m sw/m p r ^  0 .4 5 6 ) , a large and 
stable re c ircu la tion  is formed w ith in the primary zone with 
maximum atta ined negative axial ve locities of order 2. 5 U5 .
b) At in te rm ed ia te  sw irle r flows (m sw/m p r = 0 .6 6 6 ) . the 
prim ary je t tra jec to ry  is decreased with subsequent weakening 
of the prim ary vortex. Maximum negative axial ve locities are  
reduced to 1 1 )5 .
c) As the sw irle r flow Increases fu rthe r (m sw/m p r ^  0 .8 8 0 ) .  
the prim ary je ts  fail to penetrate to the centre line of the 
combustor. The prim ary zone Is now occupied by a double  
vortex system with maximum negative axial ve locities of 0. 5 Ub-
d) The decrease in sw irle r flow rate results in a steep
reduction in the prim ary zone rec ircu la tion  ratio
m r / (  m sw + ^p r5 • The decrease Is almost linea r for
0 . 2 < m sw/m p r < l . 0 (sw ir le r 1 ) .
e) A p rocess ing co re  is established on the centre line  
throughout most o f the com bustor length for msw/m p r ^  1 .026  
and its onset is c lose ly re la ted to the d istribu tion of the 
angular momentum of the flow.
f) Levels o f tu rbu lence kinetic energy production throughout
the com bustor are re la ted to in te ractions between incom ing jets 
and the m ainstream  flow. H ighest turbu lence levels were
generated in the p rim ary zone under conditions of strong
impingem ent of the p rim ary je ts and were of o rde r 3 .5  U2b 
( m s w / ^ p r ^ 0 - w h i l e  at h igher sw irler flows 
( ^ s w ^ p r  ̂  880) these were reduced to 1 U2b-
Examination of the Reynolds stress transport equations showed 
that d iffe ren t term s dom inate the equations in each case.



56

2. The Influence of sw lrle r geometry on the primary zone flow  
pattern was exam ined by comparison of the flow fie lds obta ined  
with each of the two sw lrle rs used. The investigation showed 
that:
a) Sw lrle r 2 (possess ing  a sm alle r outle t area and h igher 
sw irl number as compared to sw irle r 1 ) weakened the prim ary  
zone re c ircu la tio n . Incu rring reductions In the maximum  
negative axial ve loc ity  of about 20% at 10 % sw irler flow ra te , 
and 40% at 15% and 20% sw lrle r flows. Maximum levels of 
tu rbu lence k ine tic energy were also reduced by about 50% and  
20%. fo r sw irle r flow  rates of 15% and 25% respectively.
b) in gene ra l, sw irle r 2 produced a greater variation in the 
prim ary zone flow , over a sm alle r range of changes in the  
Input flow , than sw lrle r 1.

3. The severe changes in the prim ary zone are re flected In the  
flow development at the in itia l stages of the in term ediate zone 
but e ffic ien t m ixing th roughou t the rest of the in term ediate zone 
and the in te rac tion  between the d ilu tion je ts and the bulk flow  
resu lts in a sm a lle r e ffect on the pro files of the dilution zone.

4. Nonun ifo rm ities in the axial ve locity pro files at the exit span a 
fac to r of two fo r a ll cases. Maximum turbu lence in tens ities at 
th is position were of the orde r 0 .5  Up, representing a 
reduction of about 50% over those em erging from the d ilu tion  
reg ion.

5. As discussed in subsection 2 .4 .1 .  the flow fie lds obta ined in 
the present investiga tions are representative of the reacting  
flow in s im ila r geom etries , at least in the primary zone. 
Consequently, under combusting cond itions, the prim ary zone 
flow va ria tions may In fluence combustor performance through  
the ir e ffect on a ir - fu e l ra tio , m ixing rates and heat re lease  
rates. A lthough , in gene ra l, these changes were not read ily  
apparent on the d ilu tion  zone and exit flow patterns, it should  
be noted tha t fea tures o f operation under combustion, such as 
em ission of po llu tan ts , a re  re la ted to the history of the flow at 
exit from  the prim ary zone.

6 . S ince the flow sp lits used In th is Investigation are typ ica l of 
those encoun te red In trad itiona l and cu rren t combustor designs  
and the flow behaviour obtained is s im ila r to that observed in 
rig testing o f fu ll-s c a le  production chambers (G radon and
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M ille r, 1968), the flow patterns obtained In the water model 
are representa tive of the aerodynam ic behaviour of practica l 
combustion systems. Although the above underlined trends  
can be found In s im ila r can -type chambers (to  be discussed in 
Chapter V ) . the absolute levels of sw lrle r/p rim a ry  jets mass 
flow ra tio at which the described variations occu r and the  
re la tive effect of the sw lrle r flow rate on the flow pattern are  
also dete rm ined by the geom etric configura tion and may vary 
from  one arrangem ent to the other. F inally, the
comprehensive measurements presented here are su itab le data 
against which the resu lts of numerica l ca lcu la tion schemes may 
be com pared. The ab ility  to predict this Isothermal flow  
accura te ly would represen t a s ign ifican t step in the appra isa l of 
a real com bustor p red ic tion  procedure.
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CHAPTER III

THE CALCULATION PROCEDURE

3. 1 In troduction

This chapter presents the details of the ca lcu la tion methods  
used to obtain p red ic tions presented in subsequent chapters. Section
3 .2  describes the govern ing partia l d iffe ren tia l equations and the  
turbulence closure used. The appropria te boundary conditions and the  
procedure lor the num erica l in tegra tion of the above equations on a 
f in ite -d iffe ren ce  grid  are a lso described . Section 3 .3  considers the  
applica tion of the num erica l p rocedure to the ca lcu la tion of complex  
geometries and d iscusses th ree methods used in conjunction with the  
present work. In Section 3 .4 .  the accuracy of the ca lcu la tion methods  
Is discussed in term s of the lim ita tions imposed by the tu rbu lence  
model, by the num erica l techn iques and by the approximations involved 
in the assumed boundary cond itions .

3. 2 Descrip tion of the equations

3 .2 .1  The govern ing equations

The genera l equations which describe the flow of an 
incom press ib le . constan t p roperty . Newtonian flu id . expressed in 
cartes ian tensor fo rm , are:

Mass conserva tion :

du±
-----  » o (3 .1 )
3Xi

Transport equations for momentum :

dU± a l  ap a2u±
-----  + ----- (U -jU j) = - ---------+ V --------------- (3 .2 )
a t a x j p a x i a x j ax j

where Uj is. in genera l. a func tion of three space co -o rd ina tes
time.
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Although these Instantaneous equations represent a closed set. 
the spatia l and tem pora l reso lu tion which would be required of the 
numerica l In tegration fo r an accurate solution for a flow of engineering  
Interest is far g rea te r than cu rren tly  available computer storage. This is 
because such flows possess cha rac te ris tica lly  very high Reynolds 
numbers, they there fo re  are genera lly turbu len t. The number of mesh 
points which must be used to resolve all important length scales is of 
the o rde r (Reynolds num ber) 3 /4  in one d irection (Tennekes and 
Lumley. 1972) and the re fo re  high Reynolds number th ree -d im ens iona l 
ca lcu la tions are not possib le . The standard approach Is to decompose  
the dependent variab les in to mean and fluctuating components and to 
average the equations s ta tis tica lly . For constant density flows, a 
convenient decom position and averaging may be represented by:

(3.3)

+ r 
U-jdt

with

Ui = Ui + Ui
where

t o_ 1
Ui = lim — 

t * oo t

t0

Ui = 0

The equations 3. 1 and 3 .2  may then be re -w ritten  in averaged form  to 
give ( fo r steady mean flow s):

aui
—  =  o (3.4)
axjt

a(UiUj) l  dp a aui
---------------------+  ------------  ( V  --------- -  U± U j ) (3.5)

3Xj p axi axj axj

Due to the n on - lin e a rity of equations 3. 1 and
decomposition and averaging procedure produces a set of equations 
(Reynolds averaged equations) 3 .4  and 3 .5  that are no longer closed. 
The excess of unknowns over ava ilab le equations is re ferred to as the 
closure problem  and requ ires the determ ination of the Reynolds stress  
tensor ujuj via a tu rbu lence m ode l; th is is dealt with In the next 
subsection.
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3. 2. 2 The tu rbu lence  model

Exact transpo rt equations fo r UjUj may be derived from the 
instantaneous equations, but conta in co rre la tions of even higher order 
(eg UjUjUfc) which must be modelled If a closed set of equations Is to be 
obta ined. Much work has been invested in recent years (eg Launder et 
al (1 9 7 5 ). Bradshaw (1 9 7 6 )) in attempting to formulate a su itable  
closure fo r the transpo rt equations fo r the Reynolds stresses (second  
order c lo s u re ) . S ince th is work is still in progress and no c lea rly  
superio r model has yet em erged and bearing in m ind the computational 
expense Involved In such a model (Involving in th ree -d im ens iona l flows 
the so lu tion of six extra partial differential equa tio ns ). only s im p ler levels 
of c losu re  are conside red appropria te  at th is stage fo r the kind of 
th ree -d im ens iona l flows under conside ra tion here.

A f irs t o rde r c losure  of equations 3 .4  and 3 .5 . where  
transpo rt equations fo r the UjUj are not d irectly solved, depends upon 
the in troduction of an eddy v iscos ity concep t (Boussinesq. 1877) where  
the Reynolds stress tensor is re la ted to the mean rate of stra in via:

___  aUi auj 2
uiuj * (—  + — ) k 6j_j (3.6)

axj axi 3

where v\ is a sca la r eddy v iscosity and 6,*j is the kronecker delta.
Various models have been suggested fo r describ ing (G ibson  

et a l. 1984), but the one which o ffe rs ( fo r the type of problem studied  
here) the best com prom ise of maximum realism  and acceptable cost Is 
the so -ca lle d  two-equa tion level o f c losure . The best tested model at 
this level Is the k -e  model which describes via the follow ing set of 
equations:

*2
Vt - —  (3.7)

€

a a ak aui
— (u±k ) ----- (— — ) - U ± U j — - 6 (3 .8)
axi axi axi axj

a a vt de € aUi e2
— (Ui«> »= — ( — — ) - Cl - uiuj ----- c2 (3 .9)
axj. axi axi k axj k
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where k ( = u2 j /2 )  Is the tu rbu lence k ine tic energy and e Is Its rate of 
d iss ipation. The above are modelled equations and therefore contain  
em pirica l constants whose value must be ca librated against experimental 
data. The fu ll set of constan ts for equations 3. 7 to 3. 9 is given below  
and was obtained by op tim isa tion of the mode l's performance aga inst a 
range of tw o-d im ens iona l shear flows (Launder and Spald ing. 1974):

CM = 0.09. Cl = 1.44, C 2 = 1.92. <rk = 1.0. a e = 1.3.

In what follows in th is thes is , th is version of the model and its constants  
will be used In unaltered fo rm . Fu rthe r Information on the model and 
Its derivation may be found in Bradshaw (1976) and Gibson et al
(1 984 ). The set of equations 3 .4  to 3 .9  now form a soluble set.

3 .2 .3  The f in ite -d iffe re n ce  formula tion

The num erica l so lu tion of the above partia l d iffe ren tia l 
equations is achieved by using a standard fin ite -d iffe rence  method as 
has been described by Patankar (1 980 ). The fo llow ing subsection  
brie fly outlines the deriva tion of the fin ite -d iffe rence  equations and 
in troduces the type of d iffe renc ing  used; a more detailed descrip tion  
may be found in Patankar (1 9 8 0 ). The fin ite -d iffe rence  forms of the 
partia l d iffe ren tia l equations govern ing the flow are derived with re fe rence  
to a su itab ly d isc re tised  ca lcu la tion  domain which usually extends to the 
boundaries of the flow. The method of d iscre tisa tion uses a staggered  
grid which involves pressure and sca la r quantities being stored at nodes 
placed between the ve loc ity sto rage locations. This facilita tes the 
fo rm ula tion of the f in ite -d iffe re n ce  equations and helps to avoid spatia lly  
osc illa to ry  pressure fie lds to which an unstaggered system is prone  
(Patankar. 1980). However, th is necessita tes the adoption of d iffe ren t 
contro l volumes fo r the ve loc ities and pressure (see Figure 3 .1 ) .

The transpo rt equations may be transformed into the general 
framework (a fte r m ultip ly ing by the density) :

d d a<|>
--- ( pCJj4>) = --- (I*---) + (3.10)
ax j a x j a x j

where <t> can be 1. U. V. W. k or e (overbars are now om itted and 
upper case le tte rs ind ica te tim e -ave raged  quan titie s ); = put/<7<t>
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appropria te diffusion co e ffic ie n t and cr<j> Is the appropria te turbu len t Prantl 
number. S<j> represents all rem a in ing  terms as the "source" of property  
<t>. For a genera l va riab le «t> the fin ite -d iffe rence  equation Is derived by 
In tegration of equation 3. 10 over a contro l volume; this is illustra ted  
below in tw o-d im ens iona l ca rtes ian  form :

' 3(ptJct>) d( pV<t>)
{— “ —  + — — — } dvol -dx dy

a a<t> a a<t>

+ si (r^ »  dvo1

vol vol

“ I (S4>) dvol
vol

(3.11)

or. In fin ite -d iffe ren ce  te rm s:

Ae 9e ((3.—Fg) + Fg 4>p} — A^ {Fw 4>yjf+ (1—Fw ) 4>p}

+  A n  <3n ( ( 1 - F n > 4 *  +  F n  -  A s  4 s  ( F s  4 > s +  ( 1 - F S >
= (Sq^ + Sp4> 4>p) Vol (3.12)

where Ae Is the east face  area of the contro l volume 
qe Is the east face mass flux (= peUe ) . and 
Fe Is the east w e igh ting fac to r fo r d iffe renc ing used In the 
convection term s.

The type of d iffe renc ing used is the “hybrid" scheme (Spald ing . 1972) 
which consists of a com b ina tion of upstream and centra l d iffe renc ing , 
being chosen accord ing to the ra tio  ( fo r any ce ll face) of the convective  
flux to the diffusive flux (P e c le t number) thus:

1 l
Fe « - + --- for |Pee |<2 (central differencing)

2 Pee

Fe * I 1 for Pee ^ 2  (upwind differencing) (3.13)
L.0 for Pee ^-2

where eg:

qeAx
Pee = -------

re
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and a x  Is the local mesh spacing In the x d irection at the east face. 
The source term  In equation 3 .11  has been Integrated over the contro l 
volume and linearised to enhance num erica l stab ility (Patankar, 1980). 
The transpo rt equation fo r 4> In fin ite -d iffe ren ce  form Is then re -a rranged  
and with the help of the con tinu ity  equation re -w ritten  as:

( E - Sp^) 4>p= E <t>i + Su^ (3.14)
i«l,N i=l,N

where E represents summation over all ce ll faces (N  =6 in 
1=1. N

th ree -d im ens iona l p ro b le m s ). The transport equation fo r a ve locity U 
can be expressed as:

( E aiu - Spu ) Up= E aiu Ui + A* (PW - Pp) (3.15) 
i“l,N i=l,N

where the pressure g rad ien t acting upon Up enters the fin ite -d iffe rence  
equation as a source term  and Is an unknown: Its determ ination will be 
discussed in subsection 3 .2 .5 .

3 .2 .4  The boundary cond itions

Equations s im ila r to 3 .1 0  are of the e llip tic  type. E llip tic  
partia l d iffe ren tia l equations must be supplied with conditions on the 
variab les at a ll points on a c losed boundary surrounding the fie ld . The 
specifica tion of these cond itions varies accord ing to the type of boundary 
and the dependent variab le under considera tion .
(I) Inlet boundary

The values fo r each variab le  are assigned fo r each grid node 
at the entry plane. These can be deduced from  knowledge of the
pa rticu la r situation which Is being modelled, eg from experimental 
measurements; any values not available from p rio r knowledge must be 
guessed.
(ID Symmetry plane

At a symmetry p lane , o r an axis of symmetry, both diffusion  
and convection fluxes normal to the boundary are zero.
( i l l)  Cyclic boundary

In can -type com busto r prob lems. It Is usual, due to the 
d is tribu tion of the d ilu tion po rts , fo r a section of the flow domain to 
exhibit a pe riod ic repe tition around the can periphery (F igure 3 .2 a ) .
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For such cases, the in teg ra tion  domain need only cover one of these  
repeated sections, thereby reducing the size of the ca lcu la tion dom ain ; 
cyc lic  boundary cond itions must then be prescribed at the boundaries of 
the periodic section. C yc lic boundary conditions imply that (F igure
3. 2 b ) :

4>1 “ 4>m
4>2 “ 4>m+i (3.16)

A convenient method fo r dea ling with th is type of boundary in can 
com bustor s ituations Is described In Serag -E ld in  (1977 ).
(Iv) Wall Boundary

The physical boundary cond itions fo r velocity at a solid wall are  
zero normal and tangen tia l ve locity . Further, the tu rbu len t k ine tic  
energy and the normal g rad ien t of the energy dissipation are zero:

de
u -  v -  w -  k = — « 0 (3.17)

an

Two Important features resu lt from these cond itions and d istingu ish near
wall reg ions from  other parts of the flow. F irstly, very steep grad ients
prevail In the d irec tion norm al to the surface. Secondly, viscous effects 
can be im portan t and the presence of the wall influences the eddy
struc tu re  so that sm a ll-s ca le  tu rbu lence is no longer Isotrop ic. As a 
consequence , the assum ptions made in the high Reynolds number 
version of the k -«  tu rbu lence  model described above are no longer 
app licab le . It Is possib le to account fo r these effects by using closely  
spaced grid nodes to resolve the grad ients and by modifying the 
tu rbu lence model so tha t low Reynolds number phenomena are more  
appropria te ly modelled (see  Jones and Launder. 1973); th is does,
however, incu r a high penalty In computational cost due to the grid  
fineness. In many cases , a lgeb ra ic p rescrip tions known as "wall 
functions" (Launder and Spa ld ing . 1974) can obviate the need fo r a fine  
grid to resolve the d is tribu tions near the viscous sublayer while allow ing  
fo r the effect of the wall on the rem ain ing of the flow.

The em pirica l law of the wall (S ch lich tln g . 1968; Townsend. 
1980) can be used to bridge between the wall cond ition and the 
dependent variab le ou ts ide the viscous sublayer. The sem l-em p irica l 
re la tion given by:

U+ * y+ (3.18)
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can be used In the viscous sublayer and the universal law of the wall 
given by:

1
u+ « - In (Ey+ ) (3.19)

K

can be used fo r matching In the ine rtia l sublayer. The dimensionless  
ve locity and d istance are defined as follows:

rw
U+ = CJ/(—  ) l / 2

P
t w

y+ = p.y. ( — >1/2 / m
p

(3.20)

where r w Is the wall shear s tress, U Is the ve locity para lle l to the wall 
and y is the pe rpend icu la r d is tance from  the wall. The complex nature  
of the near wall reg ion is thus represented by just two zones: viscous  
( 0 ^ y +^ n . 5 )  and Inertia l ( 1 1 . 5 ^ y +) .

A convenient way of im p lementing the law of the wall fo r 
ca lcu la tions involving flow separation is through a modified version  
suggested by Launder and Spald ing (1974) which reduces to the above 
under loca l equ ilib rium  cond itions:

puc^1/4k1/ 2 l
----------- = - In (Ey+ ) (3.21)

t w  K

where now

y+ = ----------t--------

The generation of tu rbu lence k ine tic energy in the wall region also 
requ ires the grid  to resolve steep grad ien ts ; th is is avoided by use of a 
modified form  of the genera tion term  incorpora ted into the source term  
in an approximate fo rm , eg:

cmV 2 pk u
Suk « ------------ (for a horizontal wall) (3.22)

y In (Ey+ )
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The near wall values of energy diss ipation rate are prescribed using the  
defin ition of tu rbu lence length scale near the wall and the assumption of 
a local equ ilib rium  reg ion (G ibson et a l. 1984):

k3/3
1 = ---- = C,T3/4 K y (3.23)

6

Hence:

CM3/4 k3/2
= ---------- (3.24)

Ky

«w Is fixed at a near wall mesh node by a ltering the appropria te source  
terms as follows:

su€ = G €w
(3.25)

Sp* =  -G

where G Is a large number (see  d iscuss ion In subsection 3 .3 .2 ) .
(v ) Outlet boundary

At an ou tle t boundary. It Is assumed that zero g rad ien t 
cond itions exist In the d ire c tion  normal to the outle t plane.

3 .2 .5  The so lu tion of the fin ite -d iffe ren ce  equations

The so lu tion of a lgeb ra ic  re la tions of the form of equation 3. 14 
Is requ ired at each g rid  node in te rna l to the area of in tegration fo r each  
dependent variab le. The method of so lu tion used here Is an im p lic it, 
iterative technique (the  SIMPLE technique (Patankar and Spa ld ing. 
1972)) which makes successive adjustments to the ve locity and pressure  
fie ld until a set of values which simultaneously satisfy momentum and 
continu ity is obta ined. The method involves a guess and co rre c t 
procedure fo r the pressure and the derivation of a pressure co rrec tion  
equation which rep laces the con tinu ity  equation. This a lgorithm  Is 
described in deta il in several p laces in the lite ra ture (eg  Patankar and 
Spald ing, 1972; Patankar. 1980) and is. the re fo re , not reported here.

The equations fo r all va riab les, includ ing the pressure  
co rrec tion , reduce to the same a lgebra ic  fo rm , ie:
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<t>p E cLî i "t* (3.26 )
i-l,N

Solution of equation 3 .2 6  is ob ta ined, assum ing a| and bp to be known, 
by means of lin e -b y - lin e  app lica tion of the standard tr l-d lagona l matrix 
a lgorithm  (Roache, 1976). The assumption of known coeffic ien ts Is 
necessary to linearise  the equations; ite ration of each equation Is then  
not pursued to convergence but merely to obtain improved estimates of <t> 
(Patankar, 1980). The improved estimates are then used to ca lcu la te  
new values of a| and bp and the applica tion of the above a lgorithm  Is 
repeated until convergence of the whole set of a lgebra ic equations Is 
obta ined.

3 .3  Methods fo r ca lcu la ting  complex geometries with a rb itra ry  
boundaries

The ca lcu la tion  of flow systems of practica l engineering in te rest 
often requ ires that the num erica l procedure is capable of representing  
the flow In complex geom etries whose boundaries do not readily conform  
to any simple fram e of co -o rd in a te s  such as cartesian or cy lind rica l 
po lar systems. The num erica l computation of such geometries with 
irregu la rly  shaped boundaries poses d ifficu lties re lated to the accura te  
fo rm u la tion and im p lem entation of boundary conditions and the e ffic ien t 
and econom ica l use of the g rid  nodes of the specified mesh. Methods 
to overcome these prob lems and endow the fin ite -d iffe rence  techn ique  
with geom etrica l flex ib ility  may be summarised under the headings of 
conform ing and non -con fo rm ing  g rid  meshes.

The fo rm e r approach involves the use of cu rv ilinear grid  
systems (o rthogona l o r n o n -o r th o g o n a l) , usually generated num erica lly , 
whose co -o rd ina te  lines are co inc iden t with all boundaries (boundary  
fitted m eshes). The pa rtia l d iffe ren tia l equations 3 .4  and 3 .5  In o rde r 
to be solved on such a mesh are themselves transformed and can take 
on very complex fo rm s. An extensive descrip tion of grid generation  
methods and the appropria te  so lu tion a lgo rithm s, the ir advantages, 
disadvantages and lim ita tions is given by Thompson (1982 ).

In the methods which adopt non -con fo rm ing meshes, the flow  
domain Is usually overla id by a regu la r orthogonal co -o rd ina te  mesh 
(ca rtes ian  or cy lind rica l p o la r) ; the d iffe ren tia l equations therefore re ta in  
the ir s imple fo rm . The spec ifica tion  of the boundary shape and the
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Implementation of boundary cond itions In regions where the boundary  
surface Is Irregu la r to the mesh depends on the particu la r trea tm ent of 
the boundary ce lls . The app lica tion  of both of the above methods in the 
ca lcu la tion of flu id flow prob lem s, the ir merits and drawbacks are 
discussed by Gosman and issa (1 984 ).

The three fo llow ing sections present three methods that have 
been used for the ca lcu la tion  of the flows presented in Chapters IV and 
V. Section 3 .3 . 1 describes a procedure fo r the generation o f a 
cu rv ilinea r orthogonal g rid  while sections 3 .3 .2  and 3 .3 .3  d iscuss two 
methods that fa ll into the second ca tegory of the above c lass ifica tion .

3. 3. 1 A method fo r generating cu rv ilinear orthogonal meshes

In tw o-d im ens iona l geom etries , conform al meshes equiva len t to 
a potentia l flow so lu tion fo r the problem  under study are w idely popular 
and have been used by various workers (Thom  and Apelt. 1971; Johns. 
1980; Thompson. 1984). W inslow (1967) started from the two Laplace  
equations fo r the ve locity po tentia l and stream function of an Irro ta tiona l 
flow in the geometry under conside ra tion :

a2<t> a2g>
ax" ay2

= o
a2vj/ a2vp

ax2 ay2
(3.27)

so that the boundaries of the flow are described by lines of constant 
stream function or constan t ve locity potentia l. The inverse form  of 3 .27  
is more convenient fo r num erica l ca lcu la tion and is derived by using the 
genera l transform ations:

a<t> 1 ay ag/ l ay

ax J ag/ ax j a<t>

ag> 1 ax ag/ l  ax

ay J ag/
f

ay j  ag>

re thei Jacobian J of the transformation

T — ax ay ax ay
u —

ag/ a<t> a<t> agt

(3.28)

(3.29)
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This yields:

d2x d2x d2X
a 2/3 r- ny ■■ = u

d<t>2 d<pd\JJ d̂ i2
(3.30)

d2y a2 y d2y
a --- - 2P ----+ y --- = 0

34>2 a<t>aq; avj;2

Here. a. p. y are the quadra tic  functions:

dX 2 dy 2
a = (-- ) •t- ( —  )34; avl;

dx dx dy dy
p -------+ ------ (3.31)

3<t> 3vi/ 3<J> avl;

dx 2 dy 2
y -  <— ) + (— )

3<t> 3<t>

It should be noted that orthogona lity requ ires satisfaction of the 
Cauchy-R leman equations which under general transformation become:

dx dy dy dx
—  *= a —  ; —  = -a —  (3.32)
3vl; 34> 34; 94)

where a Is the aspect ra tio given by:

y
a2 = - (3.33)

a

For an orthogona l mesh equation 3. 30 then reduces to:

dzx a 2 x
--- + a2 --- «r 0
d<p2 avl;2
d2y a 2 y
--- + a2 --- = 0a«t>2 avl;2
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the centra l term  being e lim ina ted by the orthogonality condition.
The method fo llowed in the present work is that of Gosman and 

Johns (1979) who solve the inverse equations 3 .34 . This is done so 
as to avoid the need fo r in te rpo la tion  of the 4>-\p so lution in order to 
obtain the x. y co -o rd ina te s  of the lso-<f> and iso—vp lines which would be 
requ ired If equations 3 .2 7  were solved d irectly . Gosman and Johns  
(1979) expressed the equations 3 .3 4  in f in ite -d iffe rence  form  using 
second orde r cen tra l d iffe rences with constant step sizes (a lthough the 
values of A«t> and Avp may be d iffe ren t) eg:

(xE-2 xP+xw ) (xn—2xP+xs )
a ------------ + y -----------  = 0  (3.35)

A4>2 Avp2

where the five po in t num erica l scheme is shown In F igure 3 .3 . The 
associated functions a and y  can also be expressed via centra l 
d iffe rences as:

**rxS 2 yN-ys 2
a -  ( ----------- ) + ( --------- )

2Av|/ 2Avp

x e-x w 2 ra-YW 2
y  = ( ---------) + ( ---------)

2A4> 2A<f>

(3.36)

Equation 3. 35 may be then expressed In the form

ApXp= AjjXn + ASXS + aExE + (3.37)

and an equation s im ila r to th is may be derived with y as the dependent 
variab le .

Boundary cond itions are requ ired to ensure that the
co -o rd ina te  in te rsections on the boundaries are linked to in ternal grid  
points with a line that is o rthogona l to the boundaries (except in
s ingu la rities on the s u r fa c e ) . The boundary must firs t be specified in 
the physical plane with a d isc re te  or continuous descrip tion of its
co -o rd ina te s . In itia lly . the co -o rd ina te s  of the in te rsections on the 
boundary are guessed and are then refined through subsequent iteration  
with the equation expressing the orthogona lity conditions. The method 
requ ires that the boundary is continuous and exp lic it in the firs t 
derivative over the region of in te rest. This is arranged when the
boundary is specified as d isc re te  points by fitting  a piecewise parametric



71

cub ic polynom ial to the boundary co -o rd ina te s . Gosman and Johns 
propose an Iterative equation to express the boundary cond ition . A 
stra igh t line Is passed from  the boundary point through the firs t in ternal 
grid  node which , fo r a near horizontal boundary may be expressed by 
the equations:

dy -1
yP « - (— )g xP + C 

dx
(3.38)

dy -1
yS = _ ( — )B Xs + C 

dx

where the superscrip ts P and B re fe r to the internal and boundary values 
respective ly (F igu re  3 .4 ) .  The s lope of the boundary curve (d y /d x )e  Is 
obta ined with firs t o rde r accu racy from  the equation:

dy yE _ yB
( — )b -----------------dx Xs - x5

(3.39)

where the supe rscrip t E ind ica tes the estimated value from  the previous 
ite ra tion (F igu re  3 .4 ) .  A fte r e lim ina ting  C and y® the corrected  
loca tion fo r the co -o rd in a te  po in t x® is obtained from the Iterative 
fo rm u la :

dy dy -1
yE _ yP— Xs  (— )B -  xP(— )B

dx dx
x® g. ----------------------------

dy dy -1
~ (  —  )b  "  ( —  )b 

dx dx

(3.40)

The value of x® may be updated several tim es with this equation before 
the in terna l nodes are reca lcu la ted . Once the value of x® is found, the 
curve describ ing the boundary is used to obtain y®. For a near vertical 
boundary equation 3. 40 Is rep laced by a s im ila r one for y® obtained in 
an analogous fash ion. The above procedure has been described here 
in some deta il because it was used to generate the meshes employed In 
the ca lcu la tions of Chapter IV.

In p ractica l app lica tion o f the above method, situations often
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arise where the boundary con figu ra tion  does not s tric tly  fu lfil all the 
c rite ria  requ ired fo r a pe rfectly orthogona l mesh. It is possible, fo r 
example, for the boundary In te rsections at the four co rners of the 
domain over which equations 3 .34  are solved, to be non-o rthogona l and 
in th is case local o rthogona lity  e rro rs  arise. In add ition , deviations  
from orthogona lity occu r In the v ic in ity of s ingu la rities where the 
requ irem ent that the boundary must be continuous in the firs t derivative  
Is vio lated. This problem  arose In the ca lcu la tions reported here and is 
re fe rred to In Chapter IV.

The meshes generated in the above manner correspond idea lly  
to an orthogonal cu rv ilin ea r system of co -o rd ina tes and the governing  
equations transform ed to th is new system can be written in the common  
form :

d a
--- (1-2 I3 P U1 $) + --- (ll 3-3 Pu2 ) =
d C l  3 C 2

(3.41)
a  a<p a 1 $  3$

--- ( 1 2  I3 ------) + --- (ll T3 ------) + !l 1 - 2 I3 s<t>
dCi ii aci ac2 12 d 2̂

In this equation. 4> represents any of the dependent variab les, U i and 
U2 are the mean ve loc ities in d ire c tions 1 and 2 (F igu re  3 .5 ) and is
the co rrespond ing d iffu s iv ity . 1-j. I2 . I3 are the m etric coeffic ien ts
which re la te increm en ts in the co -o rd ina te s  to increm ents in physical 
space (Gosman and Johns , 1979) and £-\. C2 are co -o rd ina tes
correspond ing to lines of constan t stream function and velocity potentia l 
obtained as d iscussed above (F ig u re  3 .5 ) .  The m etric coeffic ien ts were 
obta ined from the mesh genera tion program  using cub ic polynom ials to 
connect the constan t po tentia l o r stream  function loca tions. They were 
inco rpora ted into the flow so lu tion  program  using surface in tegra ls to 
obtain the ce ll face areas, vo lumes, arc lengths and radii of curvature  
(wh ich are linked to the varia tion of the angle p. F igure 3. 5. through  
the m etric coe ffic ien ts , Gosman et at (1 9 6 9 )) . The detailed procedure  
fo r the estim ation o f these geom etric  parameters is presented by 
Gosman and Johns (1 97 9 ).

The m ajor advantages of the above method are that wall 
boundary cond itions are eas ie r to im p lement and that it allows better
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con tro l over the grid d is tribu tion  than methods which use non-con fo rm ing  
grids. However, the need to generate the mesh may in some cases be 
a m ajor task and the Increased complexity of the fin ite -d iffe rence  
equations due to extra co -o rd ina te  curvature terms requ ires considerab ly  
additiona l e ffort and storage requ irem ent. Further, the above method is 
res tric ted  to tw o-d im ens iona l geometries (o r th ree -d im ens iona l 
con figu ra tions whose th ird  d irec tion  is formed by rotating the system  
about an axis) due to res tric tions in the generation of 
cu rv ilin ea r-o rthogona l g rids in fu lly  th ree -d im ens iona l geometries (see  
Thompson 1982. p 2 0 1 ); fo r example, the model combustor of F igure
2. 1 could not be handled In its en tire ty because of the exit nozzle.

3. 3. 2 The caste lla ted approximation

This subsection d iscusses a method widely used for#
representing irregu la r geom etries where the Irregu la r surface is restric ted  
to a small area of the flow domain while most of the system conform s to 
a s im ple frame of co -o rd ina te s . In such cases, it is possible to employ  
a regu la r grid and improvise on the fin ite -d iffe rence  form ula tion so that 
it can handle the irregu la rly  shaped boundary while avoiding the need for 
genera ting a specia l mesh. The incorpora tion of the solid boundary  
w ith in the ca lcu la tion  domain is accom plished by rendering inactive (o r  
“b locking off") some of the con tro l volumes of the regu la r grid so that 
the rem ain ing active con tro l volumes approximate the irregu la r boundary  
(F igu re  3 .6 ) .  The “b lock ing off" operation consists of m odifica tions in 
the fin ite -d iffe ren ce  equations so tha t, when solved, the resu lt is 
appropria te to the value tha t the dependent variable would attain inside  
the so lid boundary. For example, all flu id ve locities are zero beyond a 
con fin ing wall. The method used is then to express the source terms 
fo r such grid nodes In the form :

Su0 = G *W

Sp^ = -G (3.42)

where G Is a large num ber (-*► ») and <f>w Is zero. Then equation 3. 14 
can be re -w ritten  as:

4 4
( E a ^  + G) <|>p= E a ^  4>i + G 4>w 
i=l i=l

(3.43)
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The solution of 3 .4 3  fo r a ve locity located at node P within the wall 
would be:

4>p = ----------  “ --- “ O (3.44)
Eai^ + G G

It is necessary also to specify the wall functions fo r these internal walls 
In the same m anner as fo r ca lcu la tion  domain boundary walls.

This method Is usually employed In two-d im ensiona l geometries  
as In fu lly th ree -d im ens iona l geom etries the d ifficu lty of properly indexing  
the blocked off ce lls  to rep resen t as accurate ly as possible the irregu la r 
surface and the necessity o f specify ing wall functions fo r each of the 
resu lting steps makes the method less attractive . A fu ther disadvantage  
of the method is Its lack of flex ib ility  and Ineffic iency in terms of grid  
node d is tribu tion (s in ce  nodes outs ide the flow domain are wasted). 
Although a variety of flow con figu ra tions have been successfu lly  
ca lcu la ted with the above approach , there are situations where large  
erro rs  can be in troduced by the caste lla tlon and th is Is fu rthe r d iscussed  
in Chapter IV.

3 .3 .3  A genera l method fo r fu lly th ree -d im ens iona l geometries
with a rb itra ry  boundaries

This section in troduces a more general method fo r ca lcu la ting  
fu lly th ree -d im ens iona l geom etries of a rb itra ry shape. The procedure  
makes use of a non -con fo rm ing  orthogonal mesh (ca rtes ian or 
cy lind rica l po la r system of co -o rd ina te s ) so that the boundaries of the 
flow domain may in te rsec t the mesh at irregu la r positions resulting in 
irregu la r shapes and sizes of boundary ce lls . In the present approach, 
the crud ity of the caste lla ted approach is avoided by allow ing d iffe ren t 
types of boundary ce lls to exist. Each boundary ce ll possesses its own 
f in ite -d iffe ren ce  fo rm u la tion and boundary cond ition , depending on its 
shape and position re la tive ly to the solid surface. This approach has 
been used previously in th ree -d im ens iona l boundary layer type flows 
(M cG u irk and Spa ld ing. 1973) but not fo r fu lly e llip tic  flows as studied  
here. A com puter program  which incorpora ted the basic methodology  
described below was availab le (P ridd in . 1979) but had not been fu lly
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debugged and was insu ffic ien tly  developed to enable It to be applied to 
the kind of complex geometry represented by the nozzle of the model 
combustor described In the previous chapter. The fu rthe r development, 
testing and app lica tion to th is problem  was achieved during the work 
presented In th is thesis.

Defin ition of geometry

The geometry of the flow system to be ca lcu la ted is specified  
in the fin ite -d iffe re n ce  code by provid ing the in tersections of the grid  
lines with the boundary surface. The descrip tion of the surface can 
e ithe r be given In a continuous form  (eg as an a lgebra ic function In 
simple cases) o r. genera lly , as d isc re te  points which can be input into 
a surface fitting  rou tine which then provides the continuous specifica tion  
of the boundary. A lthough there a re  four separate grids (sca la r. U. V. 
W) there are only three independen t sets of boundary in tersections since  
staggering along a grid line does no t change the po in t of in tersection of 
tha t grid line w ith the surface.

S ince a cartes ian or cy lind rica l po lar grid mesh is re ta ined. It 
Is likely that the grid  covers areas outside the flow domain. In the 
present method, the undesirab le sta ircase shape of the castellated  
approximation Is avoided by allow ing four d iffe ren t types of boundary 
ce lls . The co rne rs  of all ce lls  are f irs t a lloca ted an identifying tag 
accord ing to whether it lies Inside or outside the flow domain. This
enables the c lass ifica tion  of ce lls  as follows (F igu re  3 .7 ) :
1 ) fu lly in te rna l ce lls  -  ail co rne rs lie complete ly inside the flow  
domain (Type A ) ;
2) boundary ce lls , fu rthe r subdivided Into three ca tegories:
a) ce lls  which are fu lly external to the flow domain (Type B; all 
co rne rs outside)
b) ce lls in te rsected by the boundary whose node lies inside the flow  
domain (Type C)
c) ce lls in te rsected by the boundary whose node lies outside the flow  
domain (Type D ) .
The above fo rm u la tion helps to apply the appropria te boundary condition  
to each of the boundary ce lls . The part of the boundary surface  
conta ined w ith in a boundary ce ll Is approximated as a plane surface  
(equ iva len t to a p iecew ise linea r f it  to a curve in tw o -d lm en s lo n s ). In
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genera l, a fin e r mesh Is usually needed to resolve highly convoluted  
boundary surfaces.

The boundary In te rsections are used to ca lcu late the geom etric  
quantities , re la ted to the boundary ce lls , which are needed fo r the 
f in ite -d iffe ren ce  fo rm u la tion . These are the ce ll face area of that pa rt 
of the ce ll lying Inside the boundary (th is  value normalised by the total 
face area Is actually s to re d ) . the pe rpend icu la r d istance from the grid  
node to the boundary, the d irec tion  cosines of the normal to the  
boundary and the area of tha t part of the boundary contained w ithin the 
ce ll ( F igure 3. 7 ).

F in ite -d iffe rence  m odifica tions

Each boundary ce ll In the d iscre tlsed domain is treated in a 
d iffe ren t way accord ing to its c lass ifica tion . The appropria te  
m odifica tions In the f in ite -d iffe re n ce  form u la tion fo r the three types of 
boundary ce lls  are:
a) For fu lly external ce lls  (Type B) the value appropria te to the 
dependent variab le in th is position is fixed in a manner s im ila r to that 
described In subsection 3. 3. 2.
b) In the case of boundary ce lls of Type C. the co rrec t fluxes at the 
faces of th is ce ll are obta ined by multip ly ing each flux term  ca lcu la ted in 
the normal way by the values of the normalised areas appropria te to 
each ce ll face.
c) When the ce ll node fa lls  outside the boundary (Type D) as in 
Figure 3 .8 . a specia l p rac tice  Is adopted. The fluxes fo r these ce lls  
(A  in F igure 3 .8 ) are ca lcu la ted and added to an ad jo in ing ce ll whose 
node Is Internal to the flow dom a in , so that the conservative property of 
the fin ite -d iffe re n ce  fo rm u la tion Is reta ined. In the example shown In 
Figure 3 .8 . the flux at the south face of ce ll A cance ls the flux at the 
north face of ce ll B and the new ce ll "abef" is used to determ ine the 
value of the dependent va riab le at P. Those "add -on - ce lls are  
trans fe rred  to those ad jo in ing ce lls  with which they have the la rgest 
con tact area. The on ly exception to the above approach Is in the 
fo rm u la tion and so lu tion of the pressure co rrec tion  equation. In this  
case, a value fo r the pressure co rrec tion  Is ca lcu la ted at Q. based on 
the mass source fo r ce ll A. This Is because, fo r the configura tion of 
Figure 3 .8 . the ve locity at SN will be corrected by (P p -P Q )  and so 
although P is external to the flow domain. V is Internal and hence the
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pressure co rrec tion  Is requ ired . In this example, cell B would not 
normally have been treated as a boundary ce ll of Type C as It is not 
Intersected by the boundary, but the addition of ce ll A to It causes it to 
be treated as a Type C ce ll.

Boundary cond itions

The boundary cond itions requ ired fo r the solution of the 
fin ite -d iffe re n ce  equations fo rm u la ted In the manner described above are 
genera lly those presented In subsection 3 .2 .4 .  However. the 
Implementation of the wall functions deserves special attention. The 
procedure allows each boundary ce ll to have associated with it a value 
fo r each dependent va riab le ; fo r the present problem this Is requ ired  
due to the existence of ho les with through flow at the boundary. The 
components of the boundary ve loc ities In the grid d irections (U b * Vb * 
Wb > are Interpolated using area weighting for staggered ce lls . These 
ve loc ities are then resolved Into a component normal to the boundary  
( VBNS) and one lying in the plane of the boundary (VBT) (see Figure  
3 .9 ) .  If VBNS Is non ze ro , that portion of the wall is treated as an 
Inflow region (see be low ). If not. the wall is assumed solid and the 
standard log -law  expressions are used (see subsection 3 .2 .4  Iv ) . For 
the ve locity com ponents, the wall shear terms are incorporated into the 
a lgebra ic equations using an effective wall v iscosity (T b ) .  The ve locity  
components at the near wall node are also resolved into components, 
normal to the boundary (VPNS) and para lle l to the boundary VPPS so 
that the ve locity g rad ien t norm al to the wall may be calcu lated from :

au (VPPS-VBT)
—  - ---------- (3.45)
an PD

where PD is the pe rpend icu la r d istance from  the node to the boundary  
surface .

A specia l p rac tice  was also necessary fo r the implementation of 
th rough flow via d ilu tion holes on the boundary su rface ; the fo llow ing  
paragraphs describe the procedure adopted In the context of the present 
method. In genera l, the boundary values fo r each dependent variable  
can be used to rep resen t the ve locity and tu rbu lence properties of the 
flu id  en tering through the surface . However, if the plane of the hole 
(and consequently the boundary surface In th is region) does not
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co inc ide with the mesh su rface , the resultant velocity component normal 
to the boundary (VBNS) w ill not necessarily (due to the in terpo la tion  
Involved) be of the co rre c t magnitude. As a result, the ca lcu la ted  
influx of any property th rough the boundary:

FLh “ Pb VBNS AB 4>h (3.46)

will a lso not co rrespond to the desired influx specified from the boundary  
cond itions, when summed over all ce lls ad jacent to the hole. In this 
expression, p b  Is the density of the ente ring flu id . A q  is the area of the 
boundary surface conta ined w ith in the ce ll and <t>n Is the value of the 
dependent variab le at the hole. The above discrepancy can be 
co rrec ted  by using a density modified by a factor defined as follows:

fLchPb '= pb ---- (3.47)
FLh

where FLqh  is the requ ired influx and FLh ,s the numerica lly in terpolated  
one. This task Is performed at the beginning of the Iteration cycle so 
that at subsequent ite ra tions the flux at th is position is determ ined by the 
expression:

FLh= Pb ’ VBNS AB 4>h (3.48)

which Is then Introduced Into the fin ite -d iffe ren ce  equations through the 
source term .

A lthough the complex geometry techn ique described above was 
developed with the purpose of ca lcu la ting  the exit nozzle of the model 
com bustor (F igu re  2 .1 )  and s im ila r systems It provides a general 
capab ility  of ca lcu la ting  fu lly  th ree -d im ens iona l geometries of any 
arb itra ry shape. Its advantage over methods that use conform ing  
non-o rthogona l meshes is the reduced computational e ffort involved In 
solving the s im p le r partia l d iffe ren tia l equations. Its main drawback is
Its Ine ffic iency In term s of g rid  node d is tribu tion . S ince the grid covers
areas outside the flow domain g rid  re finem ent In im portant regions may 
resu lt In many redundant nodes In irre levant parts of the mesh.

Particu la r de ta ils of the app lica tion of the methods described In 
the previous subsections to the flows of Chapters IV and V are discussed  
in the related chapters.
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3. 4 L im itations of the ca lcu la tion  approach

The method of ca lcu la ting  turbu len t flows outlined In the 
previous sections may now be applied to the flows of in terest here and 
compared against experimenta l data. If d iffe rences between pred ictions  
and measurements a rise . It is Important to remember that Inaccuracies  
may be due to several qu ite d iffe ren t sources of e rro r. D ifferences  
between experiment and ca lcu la tion  may be seen as the result of Cl) 
de fic ienc ies in the tu rbu lence m odel, (II) numerica l inaccuracy in the 
f in ite -d iffe ren ce  techn ique , ( i i i)  uncerta in ties In the boundary cond itions  
and (iv ) approximations re la ted to the specifica tion of the grid and the 
geometry. These are fu rthe r d iscussed below.

3 .4 .1  Lim itations of the tu rbu lence model

The tw o-equa tion k -e  tu rbu lence model described in subsection
3 .2 .2  Is the most extensively used and tested turbu lence model In a
variety of flows that range from  unconfined developing wake regions  
(Pope and Whltelaw, 1976) to strong ly confined rec ircu la ting  flows 
(M cG u irk and Whltelaw, 1983). A consisten t underpred iction of 
rec ircu la tion  lengths and peak tu rbu lence kinetic energy levels has been 
observed in tw o-d im ens iona l flows and has been attributed to the inab ility  
of the k-e model to represent flows with strong streamline curvature or
highly an iso trop ic trubu lence . The flow visualisation and experimental
data presented In Chapter II Ind ica te that both of these phenomena are  
present in the cu rren t flows. The effect of stream line curva ture in 
tu rbu len t flows a lte rs the loca l tu rbu lence structure and, consequently , 
the development of the mean flow (B radshaw , 1973). Most
experimental investigations have been with two-d im ensiona l curved wall 
boundary layers (Irw in and A rno t-S m lth , 1975) and It has been observed  
that tu rbu len t transpo rt decreases if the angular momentum of the flow  
increases with rad ius and v ice -ve rsa . This in fluences also the division  
of the tu rbu lence energy between its components (the normal stresses) 
and Is not Included In the standard k-e model, as a resu lt of the eddy 
viscosity hypothesis and the approximations in the derivation of the 
modelled k and e equations (T ay lo r, 1981). Several changes in the 
model have been proposed fo r tw o-d im ens iona l flows in order to account 
fo r the desired e ffect upon the tu rbu lence transport. Launder e t al 
(1977) suggested a m odifica tion to the energy d iss ipation rate equation
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decay term  so that an Increase In angu lar momentum with radius would 
Increase the local d iss ipa tion rate and hence lower the tu rbu len t 
transpo rt. An a lternative to the eddy viscosity is the use of an a lgebra ic  
stress model (Launder. 1982) this being an in termediate stage between 
eddy v iscosity c losures and fu ll transport equation c losures. Calcu la tions  
with th is approach have been reported fo r two-d im ensiona l rec ircu la ting  
flows involving stream line curva ture effects (Leschziner and Rodl. 1981) 
and these methods exhib it be tter agreem ent with experiment than the 
standard k -e  model. The possib le merits of a lgeb ra ic -s tress  m ode lling , 
however, are likely to be res tric ted to tw o-d im ens iona l rec ircu la ting  flows 
where they can be applied in a local s tream line co -o rd ina te  system. In 
these c ircum stances , the model reduces to an eddy viscosity type with a 
variab le coe ffic ien t (Leschz ine r and Rodi. 1981). In more complex 
flows, the existence of m ultip le non -neg llg ib le  stra in rates and the 
non-ex is tence of a stream  function with which to analyse the flow loca lly  
imply that all six non -ze ro  Reynolds stresses requ ire consideration and 
the non -lln ea rlty  of the a lgeb ra ic  equations gives rise to the possib ility of 
non-un ique  so lu tions and num erica l so lu tion d ifficu lties (M cGuirk and 
Whltelaw, 1983).

A more fundam enta l a llowance fo r the effects of stream line  
curva ture Involves the use of a Reynolds stress model in which modelled  
transpo rt equations fo r all Reynolds stresses as well as fo r e are solved 
(see . fo r example. Launder. Reece and Rodl. 1975). The use of this 
model results in qua lita tive ly accu ra te  pred ic tion  of the curvature effects  
on tu rbu lence (G ibson and Rodi, 1981) and automatica lly ensures the 
separate considera tion of norm al stress normal stra in In teraction. This 
model, however, has not been extensively tested in complex rec ircu la ting  
flows and is substantia lly more expensive than the two-equation model.

For in te rna l flows requ iring  so lu tion of the full
th ree -d im ens iona l equations. It is not yet c lea r how s ign ifican t Is the 
stream line curva tu re e ffects on the tu rbu len t structure as fa r as Its 
In fluence on the mean flow is concerned. Regions of large stream line  
curva ture In the cu rren t flow are also regions of la rge pressure grad ients  
and the re la tive im portance of the tu rbu lence terms may be less than in 
tw o-d im ens iona l curved boundary layers. It is. the re fo re , probable that 
the two-equa tion model represents the best cu rren t comprom ise. In 
strong ly confined re c ircu la tin g  flows, where the physical boundaries or 
cond itions d ic ta te , fo r example, the mean size of the rec ircu la tion  the 
defects of the standard k -e  model are not so great (G reen , 1981).
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Further comments on the pe rfo rm ance of the k-«s model will be given In 
the d iscussion of Chapters IV and V.

3. 4. 2 L im itations of the fin ite -d iffe ren ce  technique

The optimum method of d lsc re tls ing  the terms In the partia l 
d iffe ren tia l equations govern ing the flow (Equations 3 .4  to 3 .5 ) Is by no 
means c lea r when the convective te rm s are considered. For dom inantly  
convective flows, the s im plest method, known as “upwind d iffe renc ing" 
(Gosman et a l. 1969; Roache. 1976) estimates the convection by 
assum ing a stepw ise varia tion between nodes to ca lcu la te the value of a 
flow variab le at the ce ll face ; which nodes are used depends upon the 
d irec tion of the preva iling ve locity at this face. The centra l d iffe rencing  
scheme assumes a linea r va ria tion between nodes when estimating  
convection and. In genera l, is more accurate . Central d iffe renc ing , 
however, when used in ca lcu la tions of h igh ly convective flows, leads to 
unstable num erica l behaviour (Roache . 1976). Upstream d iffe renc ing
although stable In high ly convective flows gives rise to a firs t o rde r 
truncation e rro r (p ropo rtiona l to g rid  node spacing) which is of the form  
of an erroneous d iffus iona l flux o r “fa lse d iffus ion". This tends to smear 
the local g rad ien ts of a flow va riab le , especia lly in flows with strong flow  
to grid line skewness and can dom inate the true physical d iffusion  
(Raithby, 1976; Spa ld ing, 1972). The hybrid scheme (Gosman et al, 
1969) used in the present work is a combination of upwind and centra l 
d iffe renc ing depending on the ra tio  o f the convective to the diffusive flux 
( lo ca l Peclet number. Equation 3 .1 3 ) .  However, it still reta ins the 
inherent weakness of upwind d iffe renc ing  in that large numerica l d iffusion  
effects are possib le .

McGuirk et al (1981) have shown that the solution of the 
f in ite -d iffe ren ce  equations may be viewed as a so lu tion of a partia l 
d iffe ren tia l equation which is made up of the o rig ina l equation plus 
additiona l term s due to the trunca tion  e rro rs involved in the differencing 
approximations. The num erica l accuracy of the so lution depends upon 
the re la tive im portance of the added terms to the orig ina l terms in the 
d iffe ren tia l equation. It is the trunca tion e rro r of the upwind d iffe rencing  
scheme which gives most cause fo r concern. McGuirk et al (1981) 
present a method fo r estim ating the effect of the additional numerica l 
truncation e rro r term s due to upwind d iffe renc ing by evaluating an 
ou t-o f-b a la n ce  residua l using (a  poste rio ri) cen tra l-d iffe rence



82

approximations to the term s in the governing equations. Details of the  
method may be found In the above re fe rence , here only the methodology  
Involved Is d iscussed.

The accuracy of the so lu tion can be improved by increas ing  
the number of grid points w ith in the regions where the ou t-o f-b a lance  
residua l is a large term  In the a lgeb ra ic equations and this may be 
estimated by exam ining the balance between all terms in the equation on 
a physica l basis (eg  nett convection , pressure g rad ien t, nett physical 
d iffus ion , fa lse d iffu s io n ). McGuirk and Rod! (1978) have also used 
th is method in a tw o -d im ens iona l re c ircu la ting  flow.

Improvements in the accu racy of the numerica l ca lcu la tions  
have also been attempted by using h igher orde r fin ite -d iffe rence  
schemes. H igher o rde r approximations to the convection terms  
(Leonard , Leschzlner and M cGuirk , 1978; Leschziner. 1980) are more  
accura te  because the lead ing te rm  in the truncation e rro r is a h igher 
power of grid spacing . Ano ther method Is the skew-upw ind d iffe renc ing  
procedure (Ra ithby. 1976) which is derived by extending the concept of 
upwind d iffe renc ing In s tream line co -o rd ina te s . The application of these  
d iffe renc ing  schemes is s till under development and both can exhibit 
under and overshoots in the so lu tion requ iring specia l attention to ensure  
physica lly rea lis tic  values (eg  no negative turbu lence kinetic energy  
va lu e s ) . One d isadvantage is the g rea te r complexity in the specifica tion  
of the boundary cond itions. These methods are . there fore , not readily  
app licab le  to geom etries with wall boundaries specified w ith in the 
ca lcu la tion  domain (G reen , 1981) and have not been considered ready 
fo r app lica tion to the cu rren t p rob lem .

3 .4 .3  Boundary cond ition  approximations

Errors in the ca lcu la tion  can also arise from assumptions in 
the boundary cond itions such as those involved in the derivation of the 
em p irica l wall func tions described in subsection 3 .2 .4 .  These were 
orig ina lly  form ula ted fo r tw o -d im ens iona l boundary layer flows in the 
absence of a pressure g rad ien t. The log -law  approach assumes that 
the resu ltant ve locity pa ra lle l to the wall is in the d irection of the 
resu ltan t shear stress and this has been called into question for 
th ree -d im ens iona l wall boundary layer flows. More refined wall laws 
have been suggested, fo r example by Van de Berg (1 975 ), where 
account is taken of the varia tion o f the shear stress vector near the wall
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and the loca l pressure g rad ien t. However, there Is little  evidence to 
justify the ir use at p resent and even these are only valid when the 
deviations from the simple law are not large. Use of any of these laws 
fo r ca lcu la tion  at po ints Involving separation along a wall surface where 
they are not valid (S im pson . 1976) w ill create e rro rs In local mean 
velocity grad ients through w rongly prescribed shear stress d istribu tions.

Inaccurac ies in the num erica l solution may also stem from  
uncerta in ties in the boundary cond itions , such as those re lated to the 
symmetric behaviour of the d ilu tion  Jets discussed In subsection 2 .3 .3 .  
Further e rro rs  can be Introduced due to the specifica tion of the grid  and 
geometry. The e rro rs  associa ted with the non-o rthogona lity  of the grid  
lines In the meshes generated with the procedure described in 
subsection 3 .3 . 1 and the caste lla ted approximation are discussed in 
Chapter IV. The accu racy of the boundary descrip tion and the 
im p lementation of the boundary cond itions in the numerica l method 
presented in subsection 3 .3 .3  are examined in more deta il in 
Chapter V.

3 .5  Summary

The tim e -ave raged  Navler-S tokes equations together with a 
tw o-equa tion k -e  tu rbu lence model have been presented for
Incom press ib le , constan t p ropertry flow. A descrip tion of a numerica l 
procedure used to solve the above set of equations in fin ite -d iffe ren ce  
form  has also been given. Three methods which endow the
fin ite -d iffe re n ce  procedure w ith geom etrica l flex ib ility and make possib le  
the ca lcu la tion  of complex tw o - and th ree -d im ens iona l geometries have 
also been described. F ina lly , the lim ita tions of the ca lcu la tion method 
were discussed in te rm s of e rro rs  Introduced from  various sources.
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CHAPTER IV

THE CALCULATION OF THE FLOW FIELD EXTERNAL TO COMBUSTION
CHAMBERS

4. 1 In troduction

This chap te r presents ca lcu la tions of the flow external to a 
com bustor, th is being part o f the task of an overall combustor pred iction  
procedure as mentioned In Chapter I. An annu lar combustor dump 
d iffuser geometry has been chosen fo r the ca lcu la tions and the 
num erica l techn iques described in Chapter III applied to the chosen  
con figu ra tion . Section 4 .2  d iscusses the relevance of dump d iffusers to 
gas tu rb ine combustion cham ber systems; the flow configura tion chosen  
and the parameters which describe  Its performance are also outlined. 
Section 4 .3  presents the fin ite -d iffe re n ce  meshes employed and two 
approaches used to s im ulate the combustion cham ber body; the 
boundary cond itions and the num erica l e rro r Incurred in the pred ictions  
are also described . In the fo llow ing section, the results of the 
ca lcu la tions are presented and the d iscrepanc ies between measurements  
and pred ic tions d iscussed. F ina lly . Section 4 .5  provides a summary of 
the main find ings and conc lus ions drawn.

4. 2 Annu lar combustion cham ber dump diffuser systems

4. 2. 1 Relevance to gas tu rb ine combustion chambers

In the combustion system of a gas tu rb ine , it is necessary to 
use a d iffuser upstream  of the com bustor to decelerate the high velocity  
a ir stream delivered by the com presso r to avoid high total pressure  
losses (Le febvre . 1983). A typ ica l a irc ra ft gas tu rb ine combustion  
system using a *fa ired" d iffuse r Is shown in F igure 4. la .  High velocity  
a ir supplied by the com presso r passes through an in itia l d iffuser A and 
is then divided Into th ree streams: two main streams pass through  
diffusers C and D and are then fed to the Inner and outer annuli to 
en te r the liner through prim ary and d ilu tion ports; a th ird stream  
com pris ing a small p roportion  of the tota l a irflow  passes into the primary  
zone via the so -ca lle d  snout (B ) .  It Is important that the annulus flow  
has su ffic ien t sta tic pressure to achieve adequate penetration of the
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dilu tion Jets and that the co rre c t proportions of a ir en te r the combustor 
through the dome and the various ports to maintain stable operation and 
good quality ou tle t cond itions.

In a fa ired d iffuse r system th ick boundary layers can form on 
the walls of d iffusers C and D as a result of the adverse pressure  
grad ien ts : asymmetries can also appear due to the tu rn ing of the flow. 
These facto rs Increase the poss ib ility  of undesirab le features such as
separation and large non -un ifo rm itie s  in the annulus flow (S tevens and 
Fry. 1973). Another disadvantage of the fa ired system is its sensitiv ity  
to the non -un lfo rm ltle s  o f the com pressor outle t ve locity profile  
(Lefebvre . 1983). In modern high by-pass ra tio engines where a
re la tive ly low gas genera to r flow Is compressed, re la tive ly small annulus 
heights are used in the d iffusers feed ing the inner and outer annuli. 
M anufacturing to le rances and d iffe ren tia l thermal expansion and d istortion  
during operation can then give rise to s ign ifican t varia tions in d iffuser 
geometry with consequent effects on performance (F lshenden . 1974).

In an attempt to overcome these prob lems, modern engines  
are moving towards the use of the "dump" d iffuser system shown in
F igure 4. 1b. This system has fou r components In which diffusion takes 
p lace. A. B. C. D. which can be compared d irec tly  with Figure 4. la .  
The flow is in itia lly  dece le ra ted in a short pred iffuser and then  
discharged into the dump reg ion where a free surface diffusion continues  
in the reg ions C and D. These regions are bounded on one side by 
the head of the flame tube and on the other by the boundary S -S of the 
vortices in the co rne rs of the dump region. In th is system , the
sharp -edged sp litte rs of the fa ired system have been replaced by the  
blunt com bustor head and th is is thought to render the system less 
sensitive to varia tions in the approach flow (F lshenden . 1974). In 
add ition , th is geometry is s im p le r to manufacture and has fewer c ritica l 
dim ensions than the fa ired system.

The perfo rm ance of dump d iffuser systems was examined 
experimenta lly by Klein et al (1974) who focussed attention on the effect 
of the com pressor exit cond itions on the overa ll performance. They 
found that the overa ll loss coe ffic ien t of the system was increased with 
simulated com pressor exit non -un ifo rm itie s  (b lade wakes). Flshenden  
and Stevens (1977) have undertaken a more extensive investigation of 
dump d iffuser flows. The overa ll static pressure recovery and total 
pressure loss were evaluated and the Influence of the pred iffuser 
geometry, the d ivision of the flow  between the two annuli and the
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distance between the flame tube and the pred iffuser exit were
investigated. No theore tica l investigations of this d iffuser type have been 
reported and the numerica l investigation of axisymmetric wide angle  
diffusers followed by a downstream  sudden expansion by Habib and  
Whitelaw (1982) Is of little  d irec t re levance to the complete annular 
system since it did not inc lude the presence of the combustor body.

The cho ice of accep tab le d iffuser shapes and optimum outer to 
inner annulus mass flow sp lit fo r a given combustor size and shape is 
cu rren tly based on experience or experimental in form ation .
Furtherm ore , knowledge of the more standard fa ired -type  diffuser 
perform ance is of little  use as the flow patterns in the two diffusers are  
rad ica lly d iffe ren t. P red iction methods employing simple analysis, used 
fo r the evaluation of faired systems (see . for example, NASA CR-72374; 
Adkins. 1978) are not d irec tly  app licab le  due to the grea te r complexity  
of the flow development in the dump system. Fundamental knowledge of 
the flow behaviour in these systems is therefore requ ired if designs are  
to be realised e ffic ien tly  and econom ica lly . The aim of the present 
investigation is to use existing measurements to develop and appraise a 
ca lcu la tion  method for the tu rbu len t flow fie lds in dump d iffuser systems.

4 .2 .2  Flow con figu ra tion  chosen fo r the numerica l
investigation

The flow con figu ra tion chosen fo r the present study is that of 
Fishenden (1974) since th is work provides data over a range of 
varia tions in geom etric and flow variab les. The geometry is shown in 
Figure 4 .2  and represents an axisymmetric annular system which  
com prises an In itia l p red iffuser, equal Inner and outer annulus heights  
and a com bustor with a sem i-c ircu la r head.

Numerica l investigations of simple wide angle diffusers have 
been undertaken by various workers ( fo r example. Sala et al (1980) and 
Hah (1 98 3 )) and the possib ility of ca lcu la ting the flow properties and 
the effects of the varia tion of the in le t conditions on the performance  
has been considered in some deta il. The present investigation does not 
inc lude the pred iffuser section and is concerned with aspects of the flow  
re lated to the flu id  dynam ic behaviour in the dump region (2 -3 ) and the  
settling length (3 -4 ) of the system of F igure 4 .2 . A ttention is focussed  
on exam ining the extent to which the theo re tica l model is capable of 
describ ing the deta iled flow development in these regions and the
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variation of the overa ll pe rfo rm ance parameters with changes in geometry  
and flow cond itions. In pa rticu la r, the effects of the flow division  
between the two annuli (flow  sp lit: S = m0/m j )  and the d istance
between the com bustor and the p red iffuse r exit (dump gap: Dq > are
studied. The perfo rm ance param ete rs of the in itia l section (1 -2 . F igure  
4 .2 ) were taken from  the experimenta l investigation (F ishenden . 1974) 
and added to the pred ic ted behaviour for section (2 -4 ) so that the 
overall pe rfo rm ance (1 -4 )  could be evaluated and compared with 
measurements. The range of investigated cases is given in Table 4 .1 .

TABLE 4. 1
INVESTIGATED DUMP DIFFUSER CONFIGURATIONS

Dump gap (Do/h2) Flow split (S ) Prediffuser data
a 2/a1 L/hi

oH 1.3, 1.72, 2.57 1.4 12° 1.900
1.5 0.882, 1.473, 2.303 1.6 12° 2.850
0.5 1.199, 1.71, 2.485 1.6 12° 2.850

As in the experim enta l work, no bleed flow fo r cabin a ir or 
into the com bustor via film  coo ling rings or d ilu tion ports has been 
simulated in the ca lcu la tions . The ir inc lus ion , however, in future work 
is not precluded and th is is fu rthe r d iscussed in Chapter VI.

4. 2. 3 Perform ance parameters

The pe rfo rm ance parameters of a branched duct system as 
investigated here are defined In the same way as for simple diffusers. 
The equations fo r the present system , however, must take into account 
the varia tion In the d iv is ion of the flow (F ishenden . 1974).

For incom press ib le . spatia lly non-un ifo rm  flow. the 
mass-weighted mean tota l pressure at any c ross -sec tion  can be written  
(Sovran and Klomp. 1967):
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Pt  « Ps + a 1/2p U2 (4 .1 )
where Ps and a are the mass-weighted mean static pressure and the
velocity profile energy coefficient and are defined as follows:

Ps l/m
A
Psdm

a = l/m
A

U o(— )2 dm 
U

(4 .2 )

with U as the bulk mean ve loc ity (=  m /p A ) . Designating A P fi- 4  as the 
mean total pressure loss between sta tion 1 and 4. the energy equation  
fo r the system may be w ritten (F ishenden and Stevens. 1977):

*1 (Ps + a P/2 U2)i = m4i (Ps + a p/2 U2 )4i + (4.3)
“*40 ( p S +  a  P /2  tj2 )4o  +  mi AP^i - 4

Defining

™4i ps4i + *40 ps4o“ *1 Psl
CP1—4

*1 al P/2 Ul2 
(s ta tic  pressure recovery coe ffic ien t)

and

(4.4)

APti—4

0C1P/2U!2
(to ta l pressure loss coe ffic ien t)

we obtain

(4.5)

*4i( ap/2U2 )4i + m4o( ap/2U2 )4o
cPl-4 “ 1 ------------------- ”------------ *1-4

*1 al P/2 Ui2 (4.6)

In troducing the flow sp lit S = (m 0 /m |)4 and the area ratios
AR0 = A40 /A ]  and ARj = A4 | /A t th is equation may be rewritten:

3- CC4 0  • S3 a4i
CP1_4 = 1 ----------(------- + ----) - Ax-4 (4.7)

«!<1+S )3 ARq2 ARi2



8 9

The second term on the the righ t hand side of equation 4 .7  shows that 
the overall pressure recovery of th is system depends on the geometry 
(AR0 and A R j) . the d iv is ion of flow (S ) and the exit ve locity profile  
dis to rtion (a 40 and ct4 |) and represents the reduction In static pressure  
recovery due to Ine ffic ien t d iffus ion , ie excessive kinetic energy flux 
rem ain ing at the exit (F lshenden . 1974). The th ird term represents a 
loss term  due to viscous effects.

4. 3 Details of the ca lcu la tion

4. 3. 1 F in ite -d iffe re nce  meshes used

A lthough most of the geometry in the dump region and the 
settling length fu lly conform s to a re c tilin ea r system of co -o rd ina te s , the 
combustion cham ber requ ires specia l attention due to the presence of 
the curved section. In itia lly , a cy lind rica l po lar grid was used and the 
curved combustor head was simulated in a castella ted fashion accord ing  
to the method of subsection 3 .3 .2 .  A typica l cy lind rica l po lar mesh is 
shown in F igure 4 .3 . toge the r with the approximation of the head 
surface. The second approach employed body-fitted cu rv ilinea r  
orthogonal meshes which conform ed to the irregu la r shape of the 
cham ber and were generated w ith the method discussed In subsection
3 .3 .1 .  The procedure was firs t to generate a mesh which included the 
upper half of the dump reg ion up to the beginning of the para lle l walled  
section. Such a mesh of 50 x 50 (£■ ], C2> 9 r,d nodes Is shown In 
Figure 4 .4 . This mesh was then re flected to include the lower half and 
subsequently extended in the downstream  d irection to include the flow in 
the annuli. The resu lting  g rids being excessively fine (up  to 100 x 100 
grid nodes) were com puta tiona lly expensive and se lection of grid lines, 
based on e ithe r em p irica l knowledge of regions of steep grad ients and 
angled stream lines o r systematic exam ination of the truncation e rro rs  in 
previously performed ca lcu la tions (see subsection 4 .3 .3 ) ,  was 
necessary to obta in the meshes fina lly  used. Two such grids of 31 x 42 
and 80 x 92 grid  nodes produced with the above method are shown In 
Figure 4 .5  a. b. O ther meshes were also generated to accommodate  
the changes in con figu ra tion  due to the variation in the dump gap (see  
Koutmos and McGuirk. 1983).
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4. 3. 2 The boundary cond itions

The boundary cond itions fo r the numerica l solution were taken, 
where availab le, from the measurements of F lshenden (1974) and were 
as follows:

(I) Zero ve loc ities were assigned at all solid surfaces and wall 
functions used to connec t the firs t in ternal node to the wall. 
These w a ll-law s were applied to the curved combustor head in 
both the stepwise approximation and the body-fitted meshes.
(ID Zero g rad ien t cond itions were applied at the outle t which 
was located at one annulus gap downstream of station 4. 
Tests were performed with the outle t boundary fu rthe r removed 
from  station 4. but no sensitiv ity of the so lution to the location  
of the zero g rad ien t cond ition  was found. The appropria te flow  
sp lit in the two annuli was obtained in the follow ing way: the 
outle t ve locity In the streamwlse d irection was corrected at 
every ce ll in both annu li, ie:

U40k+1 = U4 ok + U4o*nc (outer annulus)
(4.8)

U4 ik+1 = U4 ik + U4 i*nc (inner annulus)

where the superscrip ts k+1 and k re fe r to the velocity of the 
outle t boundary and in the preceding grid line respectively. 
The value of the co rrec tion  increm en t was obtained by 
balancing the overa ll con tinu ity equation accord ing to the flow  
sp lit in the two annu li:

(mQ-miast/o)
U4oinC - ------------

PA 4 0
(4.9)

( ± )
U4ixnc . -------------

P^4i
where

s * “ inlet 
---------

(l+S)

“inlet 
“i = ------

(4.10)

(l+S)
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where m |n |et is the to ta l mass flow rate at the Inlet and m|ast 
represents the mass flow rate before co rrec tion . When the
so lu tion Is converged U*nc should have a neglig ib le value and
Implies that the g rad ien t of U Is zero at the outle t while the
appropria te flow sp lit is assured.
( I ll)  The mean ve locity at the pred iffuser in le t (1 ) was 
26 m /s e c . giving rise to a Reynolds number based on the
hydraulic diameter of 1 .6  x 1 0®. To test the Influence of 
Reynolds number, the mass flow rate was reduced by 30%. 
but this did not have any Influence on non-d im ensiona l ve locity  
pro files. The axial ve loc ity pro file  at the exit of the p red iffuser 
was available fo r each case (Table 4. 1) from the experimental 
Investigation and was used as boundary condition at the in le t of 
the ca lcu la tion  domain (p lane 2. F igure 4 .2 ) .  The tu rbu lence  
kinetic energy at sta tion 1 was estimated from measurements of 
the axial normal stress assum ing isotropy. The tu rbu lence  
kinetic energy at station 2 was then estimated by assum ing a 
level of increase between station 1 and 2 s im ila r to that found  
experimenta lly by Habib and Whltelaw (1982) in the ir 
investigation of w ide angle con ica l d iffusers followed by a 
downstream sudden expansion. This gave a value of k in le t of 
✓ k/U2 = 0 .0 8 . Varia tion of th is value by ±20% did not have 
any apprec iab le e ffec t on overall performance o r on the deta ils  
of the flow. The energy d iss ipation rate at the in le t was 
ca lcu la ted using a mixing length formula tion based on the 
dimensions of the p red iffuser exit (equation 3 .2 3 ) .

4 .3 .3  The app lica tion of the numerica l model

The governing equations were solved in two-d im ensiona l form  
using the num erica l scheme ou tlined In Chapter III. The Iterative cycle  
of the so lu tion procedure was term inated using a convergence crite rion  
based upon the ra tio o f the in tegrated continu ity e rro rs in all ce lls and 
the total mass flow rate. The solution was considered to be converged  
when th is ra tio was less than 10 “ ^ .

The Influence of the number and location of grid nodes was 
determ ined by perfo rm ing ca lcu la tions with d iffe ren t grid arrangements  
and the grid re finem ent process was aided by the method outlined in 
subsection 3 .4 .3 .  The cy lind rica l po la r grids used ranged from 25 x 25
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( x , r) to 45 x 58 grid nodes (F igu re  4 .3 ) but fu rthe r grid re finem ent 
was not pursued due to the poor resu lts obtained with th is method (see  
subsection 4 .4 ) .  The Investigation with the boundary-fitted meshes  
encompassed levels of grid fineness of 31 x 42. 52 x 62 and 80 x 92 
(C\. C2> 9 rld nodes and these meshes required computer times to
obtain convergence of about 2. 7 and 28 CPU m inutes, respectively (on  
an AMDHAL V 8 ) . The fin e r grid d is tribu tions were arrived at by 
exam ination of the local Pecle t numbers and evaluation of the truncation  
erro rs  associa ted with upw ind -d iffe renc ing  in the numerica l so lu tion . 
The ou t-o f-b a la n ce  term  was de te rm ined using the method of McGuirk et 
al (1 981 ). This was then plotted aga inst the remain ing convection , 
diffusion and source term s in the equation under investigation to assess 
its re la tive im portance . F igure 4 . 6  a . b shows radial profiles of the 
ou t-o f-b a la n ce  term  In the axial momentum  equations, plotted fo r the 
80 x 92 mesh at two axial loca tions where the e rro rs were found to be 
typ ica l. Half-way In the dump gap ( x/D q =0 .47 ) the e rro r is m inimum  
inside the rec ircu la tion  reg ions and s ligh tly increases in the shear layers  
bordering the two vo rtices, as the flow in these regions is deflected by 
the com bustor head and is not a ligned with the grid . Truncation e rro rs  
are of o rde r of 23% of the true d iffus ion in the centre core flow as It 
emanates from the p red iffuser. This is not surpris ing since as shown in 
Figure 4. 6a in th is reg ion convection almost balances pressure grad ients  
and any level of num erica l d iffus ion would be large compared with that 
of the small physica l d iffus ion . A t x/D q a* 1 .75  (F igu re  4 .6 b ) s im ila r 
pro files are plotted in the two branches of the system near station 3 
(F igu re  4 .2 ) .  The d is tribu tions show that in th is region the e rro rs  are  
un im portan t but in re la tive term s are  la rge r in the inne r branch where  
the maximum e rro r is o f o rde r 5% of the physical d iffusion.

In genera l, trunca tion e rro rs  were su ffic ien tly sm all, as 
demonstrated above, to be conside red unimportant over most of the 
ca lcu la tion  domain. The reg ion causing most cause fo r concern is the 
cen tra l co re  reg ion approach ing the combustor head; th is demonstrates  
the unsu itab ility of solving the fu ll e llip tic  equations in a region where  
the Euler equations are c lose r to rea lity (Thom pson. 1984). Further 
improvement would requ ire excessively fine meshes with consequences  
on com pu te r-run  tim e and storage . The effectiveness of the grid  
re finem ent undertaken here and the accep tab ility of the finest mesh 
pred ic tions was also determ ined by the re lative changes found in the 
so lu tions obtained by repeated mesh re finement. On the basis of the
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above, the 80 x 92 mesh was then employed In the ca lcu la tion of the  
geom etries with a dump gap of 1 . 0  whereas fo r the configura tions with
dump gaps of 0 .5  and 1 .5  the 52 x 62 mesh was considered acceptab le
(as w ill be demonstrated below) to examine trends In pred icted  
behaviour.

E rrors In the num erica l so lution can also arise due to the 
non-o rthogona lity  of the g rid  lines evident in the region near the centre  
of the combustor head (m aximum  e rro rs  were 40 °, F igures 4 .4 . 4 .5 ) .  
This deviation from  orthogona lity  is the resu lt of the presence of a 
singu la rity In the geometry of the surface which bounds the domain in 
which the mesh was genera ted (F igu re  4 .4 ) .  As discussed in 
subsection 3 .3 .1 ,  accura te  so lu tion of the inverse Laplace equations
requ ires spec ifica tion of a boundary which is continuous in the firs t 
derivative; th is requ irem ent is v io la ted at the leading edge o f the
com bustor head. Further, the im p lica tion of f irs t-o rd e r accu racy In 
equation 3 .3 9  fo r loca ting in te rsections w ith the boundary Is that the 
orthogona lity constra in ts are less rig id ly  applied at boundary ce ils than at 
in te rna l nodes where the second o rde r accura te scheme of equation  
3 .3 7  is applied (a lthough the cond ition  of orthogonality o f the grid line  
In tersections with the boundary itse lf Is strong ly a p p lie d ). Equation 3. 37 
is not app licab le at boundary in te rsections because it would requ ire the 
use of nodes outside the ca lcu la tion  domain.

Estimation of th is type of e rro r was attempted by comparing the 
ca lcu la ted results obta ined from  one of the above meshes against those  
obtained with a grid w ith Improved orthogona lity (F igure  4 .7 b ) .  The 
Improved mesh had maximum non -o rthogona lity  e rro rs of 1 0°  (and this  
at on ly a few ce lls near the cen tre  of the head) which corresponded to 
a s ign ifican t reduction of non -o rthogona lity  compared with the o rig ina l 
mesh in the region of in te rest. The improved mesh was achieved by
generating a very fine  g rid  and then se lecting and adjusting the grid  
lines in the region of In terest. The same number of grid nodes in both 
meshes were d is tribu ted in a s im ila r manner so that any d iffe rences in 
the results could be re la ted to the improved orthogonality. Further 
quantifica tion of the orthogona lity e rro rs  would requ ire adoption of a 
non-o rthogona l trea tm ent o f the governing partia l d iffe ren tia l equations 
(see  Dem irdzic, 1982).

The two meshes yie lded very s im ila r results in most reg ions of 
the flow ; the main d isc repanc ies were concen tra ted , not su rp ris ing ly , at 
the leading edge of the com bustor head. F igure 4 .7 c  shows the static
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pressure d is tribu tion around the head obtained with the two grids and 
compared against measurements fo r the configura tion with dump gap 1 . 0  

and flow sp lit 1 .3 . The s ta tic  pressure at the wall was extrapolated  
from the fie ld values with a th ird  o rde r polynom ial fitted to the pressure  
values at the firs t three In terna l nodes. A lthough no Improvements in 
the stagnation sta tic pressure were obta ined, it is evident that mesh 1 

d isto rts the pressure d is tribu tion  around the flame tube, especia lly In the 
in itia l stages of the curved head. The predicted position where the flow  
starts to dece le ra te  around the head is s im ila r in both cases while the 
levels of m in imum  sta tic p ressure are lower in mesh 2. The static  
pressure recovery is s teeper in the ca lcu la tions with mesh 2 , resulting  
In an improvement In the overa ll s ta tic  pressure recovery of about 0 .01  
of the in le t dynam ic head (m esh 2 produced an overall static pressure  
coe ffic ien t of 0 .3 3  aga inst 0 .3 2  of mesh 1 ). The lengths of the 
re c ircu la tion  reg ions In the two co rne rs . the subsequent flow  
development in the se ttling lengths and the outle t profiles (except the 
levels of sta tic pressure) were very s im ila r in both cases. In genera l. 
It was found that the e rro rs  were conta ined loca lly in the region of the 
non-o rthogona l ce lls  around the com bustor head and the ir e ffect was 
seen to be la rgest in the s ta tic  pressure d is tribu tion . The level of e rro r  
and the d isc repanc ies in the de ta iled comparisons between the two grids  
are considered to be sm all. Consequently, the grids generated w ithout 
specia l ad justment to m in im ise orthogona lity e rro rs  in the s ign ifican t 
reg ion were considered adequate fo r the purposes of the present 
investigation.

4. 4 Results and d iscuss ion

The ca lcu la ted flow  pattern with the cy lind rica l po lar grid  and 
the caste lla ted approximation of the combustor head (F igu re  4 .3 )  is 
Illustra ted In F igure 4 . 8a in the fo rm  of a plot of the stream function  
contours fo r a dump gap of 1 .0  and flow sp lit of 1 .3 . The rec ircu la tion  
reg ions formed at the dump c ross -sec tio n  are c lea rly identified and the 
in fluence of the flow sp lit is evidenced by the s ligh t upward inc lina tion of 
the stream line which im p inges on the combustor head and the d iffe ren t 
rec ircu la tion  lengths of the two co rne r vo rtices. A lthough th is flow  
pattern is ce rta in ly  qua lita tive ly co rre c t as confirm ed by experimental 
observations (F lshenden . 1974 ), it seems that the rec ircu la tion  regions  
are too sm all. The experiments show that the separation stream line in
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the branch with the h ighe r flow reattaches on the horizontal casing wall 
almost level with the end of the curved combustor and not half-way  
round as shown here. This level of d isagreem ent Is much la rge r than 
that usually found In re c ircu la tin g  flow ca lcu la tions using s im ila r 
num erica l techniques and tu rbu lence models (eg 15-20% d iscrepancy in
sudden expansion flows; Gupta et al (1 984 )) and w ill be furthe r
d iscussed below.

The pred icted static pressure d istribu tions around the
com bustor are plotted against the measurements In Figure 4. 8b;
although the loca tion of the maximum sta tic pressure at the stagnation  
poin t Is pred icted w e ll. Its magnitude Is underpredicted by 20%. 
Further comparison between the pred ic ted and measured location of the 
minimum  sta tic pressure ind ica tes that in the measurements the flow  
acce le ra tes from  the stagnation po in t to about two th irds of the way 
round the head before d iffus ing into the surrounding annuli while in the 
pred ic tions diffusion is in itia ted at a d istance of only one th ird  of the 
way round the curve. The jumps in the sta tic pressure d is tribu tion in 
th is reg ion co inc ide  with the caste lla tion in the approximated head shape 
and provide evidence of fu rthe r disadvantages of th is kind of approach  
fo r complex geom etries where the flow d irec tion Is towards the boundary  
wall. The d iffe rences between the pred icted and measured ve locity and 
sta tic pressure p ro files at station 3 (F igu re  4 .8 c ) plotted along the 
extension of the com busto r head radius (F igu re  4 .2 ) .  confirm  the 
excessive amount of d iffus ion present in the pred ictions. It is noteable. 
however, that th is is not accom panied by a static pressure rise and, 
consequently , to ta l head loss resu lts . In the ca lcu la tion , the flow is 
unable to gain any more sta tic pressure up to the exit from  the settling  
length and th is resu lts in an underestim ation of the overall static  
pressure recovery by about 57% with attendant total pressure losses 
about 78% h igher than the measured value. The pred icted ve locity  
pro files at station 4 (F ig u re  4 . 8d) are qualita tive ly Inco rrec t with the 
maximum in the ve locity p ro file  located away from  the com bustor wall in 
stark con tras t to the m easurem ents.

The above d isc repanc ies between measurements and 
ca lcu la tions in both overa ll pe rform ance and in the details of the flow  
are c lea rly  re la ted to the poor pred ic tion of the flow development in the 
reg ion around the com bustor head. Inspection of the various term s In 
the axial momentum equation with the residua l balance techn ique of 
McGuirk et al (1981) (see  subsection 4 .3 .3 )  showed that the re lative
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Importance of the trunca tion e rro rs  remain ing in the castella ted solution  
was s im ila r to that of the trunca tion  e rro rs in the so lution obtained with 
the 31 x 42 boundary - f itte d  mesh. The exam ination, however, also
showed that In the v ic in ity  of the stepped approximation physically  
un rea lis tic  grad ients In the ve locity and pressure fie ld (Koutmos and 
McGuIrk. 1983) led to steep reductions in total pressure as indicated by 
the above d iscuss ion. A lthough the stepped approximation has been 
used with some success In various flows, in the present configura tion It 
is positioned ad jacen t to a strong ly acce lera ting layer of flow that 
approaches the steps (w h ich can perhaps be thought of as acting as 
excessive surface roughness) thus resulting In total head loss. A 
s im ila r approximation of the s lop ing walls of wide angle diffusers was 
used by Saia et al (1980) and the marked increase In the d iscrepancies  
between measured and pred ic ted sta tic pressure profiles near the 
caste lla tion Implies effects s im ila r to the above. Although the
representa tion of the curved walls w ith the above method will Improve as 
the grid Is fu rthe r re fined , the approach is de fin ite ly Ineffic ient in term s  
of grid  node d is tribu tion and not worthwhile pursuing in view of the 
improvements obta ined with coa rse r boundary-fitted meshes which o ffe r 
s ign ifican t advantages over the cy lind rica l po lar grids In con tro lling  
numerica l d iffusion e rro rs  due to better a lignm ent of the flow stream lines  
with the grid lines.

A plot of the pred icted stream  function contours obtained with 
the boundary-fitted  mesh of figu re  4 .5 b  fo r the same configura tion and 
flow sp lit Is illus tra ted in F igure 4 .9 a . This ca lcu la tion now produces  
co rne r eddies with re c ircu la tion  lengths of 2 and 1 .4  dump gaps (Dq ) 
fo r the ou te r and inne r vortex respectively which represent an 
improvement o f about 18% over the results of the previously discussed  
ca lcu la tion . Both fine r grids used (52 x 62 and 80 x 92) produced the 
same reattachm ent lengths, be ing 8% longer than those obtained with 
the 31 x 42 g rid . Ind ica ting the d im in ish ing Influence of grid density. It 
is extremely im portan t in th is flow fo r the ca lcu la tion method to be able  
to represent adequately the two rec ircu la tion  regions as the flu id  
captured in them is useful In the design process when cabin a ir bleed is 
utilised in an engine environm ent or in the development of the 
vo rtex-con tro lled  d iffuser systems where flow suction Is attempted to 
achieve Improved perfo rm ance (Sm ith . 1979). Furthermore , the size 
and shape of the two sta tionary vortices defines the size and shape of 
the region between the separation stream line and the combustor head
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which Influences the amount of tu rn ing , acce lera tion and subsequent 
diffusion of the flow. The re c ircu la tin g  flu id fo r the above configura tion  
flow sp ilt was found to be 1 1 % and 6% of the total mass flow rate for 
the outer and inne r vortex respective ly.

The pred icted and measured static pressure d istribu tions  
around the flame tube are shown in F igure 4 .9 b , where the e ffect of 
grid re finem ent Is a lso Inc luded. The magnitude of the pred icted
m inimum static pressure is now much c lose r to the measurements while  
Its position lies ha lf-w ay around the head. Implying an ea rlie r static  
pressure rise than the m easurem ents. The consisten t underpred iction of 
the stagnation sta tic pressure on the  combustor head (which is thought 
to be associated with the rem a in ing truncation erro rs in this reg ion . 
Figure 4. 6a) could in fluence the flow  development around the head and 
con tribu te  to the above d isc repancy ; in add ition , the performance of the 
tu rbu lence model can be ca lled into question in this region where 
stream line curvature e ffects on the flow are possible as discussed  
below. The ca lcu la ted s ta tic  p ressure recovery is overestimated up to 
the end of the flame tube head but underpred icted in the la ter stages of 
the se ttling length subsequent to the flow turn ing in the axial d irec tion . 
The pred icted overa ll s ta tic pressure recovery and loss coe ffic ien t have 
now s ign ifican tly  improved and the results of the 80 x 92 mesh show  
levels of agreem ent w ith in 7% of the in le t dynam ic head (o r 14% in 
te rm s of absolute v a lu e s ) . The strong acce lera tion of the flow around  
the head is represented well w ith the boundary-fitted mesh (F igu re  
4. 9c) and the sta tic pressure p ro file  is now consisten t with flow over a 
convex surface with aP /ah3 >  0. As Implied by the co inc idence of the 
loca tion of the zero ve loc ity in the measurements and ca lcu la tions, the 
size of the rec ircu la tion  in th is position is predicted well. A lthough the 
in itia l ve locity pro files at en try to the annulus (F igu re  4 .9 d . pro file  (a ) )  
are d iffe ren t in each branch due to the d iffe ren t rec ircu la tion  lengths, 
e ffic ien t m ixing over the se ttling  length produces inner and outer profiles  
of s im ila r shapes at station 4 (F ig u re  4 .9 d , pro file  ( b ) ) .  The biasing  
in the location of the maximum ve loc ity towards the combustor wall, in 
the developed p ro file . Is cons is ten t with tu rbu len t annu lar flows (B righ ton  
and Jones, 1964) and with the measurements of Chapter II and is borne  
out by the p red ic tions. Once aga in , the d im in ish ing returns aspect of 
the g rid  re finem ent is Illus tra ted in the ve locity profile pred ictions.

F igure 4. 10a shows the sta tic pressure d istribu tion fo r the 
same dump gap and a flow  sp lit of 2 .5 7 . As the flow in the outer
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annulus Increases, the h igher acce le ra tion of the flow near the head 
causes a more severe decrease In pressure In this branch, resulting In 
an asymmetric Cp d is tribu tion In both the measurements and the 
ca lcu la tions. As the dump gap Increases by 50% (D G /h 2=1 • 5) . the 
flow Is allowed to in itia lly  dece le ra te  in the dump region and turns 
around the head with a reduced dynam ic head so that a lower adverse  
pressure g rad ien t (F igu re  4. 10b) results. Asymmetries In the Cp 
d is tribu tion in th is case are genera lly reduced in both measured and 
pred ic ted results.

The In fluence of the varia tion of the flow sp lit on the overa ll 
perform ance fo r a dump gap of 1 .0  is Illustrated in Figure 4 .11 . The 
effect Is small In the region of flow  sp lits between 1 .0  and 2 .0  with the 
maximum pred icted and measured Cp obtained at a flow sp lit of about 
1 .7 . The g rea te r loss incu rred  at flow splits h igher than 2 .3 , is the 
result of a s teeper decrease In s ta tic pressure (F igu re  4 .1 0 a ) . The 
severe adverse pressure g rad ien t on the combustor walls does not cause  
loca l separa tion , however a la rge pressure loss is generated in the 
ad jacent reg ion where the flow  d iffuses rapidly. S ince in most cases  
both the measured and pred ic ted ve locity pro file  energy coeffic ien ts are  
very close to unity (F igu re  4 .1 1 b ) .  they do not contribu te s ign ifican tly to 
the d iffe rence between the actua l and Ideal pressure recovery and the 
major loss of available energy Is due to in ternal mixing and viscous  
effects ( a -j- 4) .  In genera l, the trends In the varia tion of Cp and A are 
close ly followed by the p red ic tions and the level of agreement with 
measurement is mainta ined at about 7% of the in le t dynamic head. 
This compares well with the resu lts o f Sala et ai (1980) and Habib and 
Whitelaw (1982) who used s im ila r fin ite -d iffe ren ce  techniques and 
tu rbu lence models in the ir investigation of s im p ler configura tions.

The pred icted varia tion in performance with changes in flow  
sp lit fo r the con figu ra tions with dump gaps of 0 .5  and 1 .5  and the 
effect of changes In the dump gap on the overa ll sta tic pressure  
recovery and loss coe ffic ien t fo r a constant flow sp lit of 2 .48  are 
depicted In F igure 4. 12. The trends Identified In these graphs can be 
explained by deta iled exam ination o f the pred icted flow fie ld . For small 
dump gaps, there Is strong acce le ra tion around the head and the 
ca lcu la ted resu lts show tha t the ve locities in the higher flow branch  
(ou te r) rise to values approximate ly 1 .5  times those at station 2. The 
steep rad ia l g rad ien ts which then exist under these conditions Imply high 
generation of tu rbu lence and. consequently , high transfe r of momentum
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and energy towards the vortex. As the flow sp lit Increases, the strength  
of the vortex Increases and the above process Is enhanced. The above 
facto rs combined with the high dynam ic pressure at station 3 which  
causes steep adverse pressure g rad ien ts , accounts fo r the Increase in 
loss as the dump gap decreases (F igu re  4 .1 2 c ) . At large dump gaps, 
the flow diffuses In the dump reg ion p rio r to acce lera tion around the 
com bustor head and crea tes m ilde r adverse pressure grad ients (F igu re  
4. 10b) thus resu lting In the trends of F igure 4 . 12c. in genera l, at 
la rge dump gaps the overa ll loss coe ffic ien t is insensitive to flow sp lit 
va ria tions as F igure 4. 12b ind ica tes. The overall level of agreement 
between measurements and ca lcu la tions in the above configura tions Is of 
the o rde r of 10% of the in le t dynam ic head (fo r the grid  of 52 x 62 g rid  
nodes) and the de te rio ra tion  in the case of dump gap of 0 .5  is
a ttributed to the h igher trunca tion  e rro rs  due to the increased d ifficu lty
of a lign ing the flow with the g rid  lines in this geometry.

A lthough no tu rbu lence  data are available from  the 
m easurem ents, some comments on the performance of the tu rbu lence  
model can be made in te rm s o f the pred icted results. Levels of 
tu rbu lence k ine tic energy were 60% h igher than the in le t value in the 
shear layers form ed between the vortex and the core flow emanating
from  the p red iffuser while Inside the rec ircu la tion  region they were 20%  
h igher than the in le t value. In all investigated cases, the maximum  
levels of tu rbu lence were found in the high branch flow near station 3. 
where the strong ly acce le ra ting  flu id  borders the rec ircu la tion  and were  
of o rde r 3k|n |et. As the flow  tu rns around the combustor head In the 
v ic in ity  of stagnation (F igu re  4 .9 a ; flow concave to head) and then  
downstream  of station 3. re tu rns to the axial d irection (flow  convex to 
head) extra s tra in  rates are in troduced due to the curvature whose
effects are known not to be well p red ic ted by the k-e tu rbu lence model 
as d iscussed in Chapter III. Fu rthe r, the effective viscosity hypothesis Is 
unable to represen t asym m etric flows where the position of zero ve locity  
grad ien t and zero shear stress do not co inc ide (Reece. 1976). 
However, ne ithe r of these effects seems to be dom inant In the present 
flow pattern where la rge pressure grad ients and convective flows were 
seen to dom inate (F igu re  4 .6 ) .  A fu ll assessment of the performance  
of the k -e  tu rbu lence model can only be undertaken on the basis of 
deta iled com parisons with tu rbu lence data and after the remaining  
trunca tion  e rro rs  in the v ic in ity  of the stagnation on the combustor head 
have been com ple te ly removed.
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In genera l, the resu lts could be Improved with respect to the 
tu rbu lence model pe rfo rm ance by using an a lgebra ic stress model 
(Launder. 1982) or the spec ifica tion  of em pirica l formulae fo r the
constants In the k-«s model as functions of the Richardson number
(Launder et a l. 1977; Rodl. 1979) which have been shown to yield
improved results (Rod i. 1979; Hah. 1983). It is c lea r, however, that
In o rde r to explo it com p le te ly the m erits of such improved turbu lence  
models a h igher o rde r num erica l scheme that responds more e ffic ien tly  
to grid  re finem ent should be used In para lle l and the results of Rodi 
(1980) and Hah (1983) ce rta in ly  confirm  th is. This is especia lly  
requ ired in the present complex geom etry where it is almost Impossib le  
to a lign a prio ri the mesh with stream lines over most of the flow domain  
and very fine meshes are necessary to obtain an acceptable level o f grid  
independent so lu tions as the above investigation has shown. 
Neverthe less, the num erica l study has high lighted the practica l problems  
in the ca lcu la tion  of th is flow and provided useful ins igh t into the deta ils  
of the flow and the in fluence of such parameters as the dump gap and 
flow sp lit. Most Im portantly , it should be emphasised that although  
absolute values were In e rro r, the trends In overa ll performance caused  
by changes in the above param ete rs were reproduced fa ith fu lly by the 
present num erica l method -  a most im portant consequence for 
eng ineering design ca lcu la tions.

4 .5  Summary

The num erica l p red ic tion  of tu rbu len t flows in branched annular 
dump d iffuser systems showed that:

(I) The cho ice of co -o rd ina te s  and the representation of the 
curved com bustor head are very important in the ca lcu la tion of 
th is flow system . The use of a cy lind rica l po lar co -o rd ina te  
mesh and a caste lla ted approximation of the curved head 
caused excessive to ta l pressure loss in the v ic in ity of 
d iscon tinu ities In the approximated surface and resulted in 
underestim ation of the rec ircu la tion  lengths (by about 40%) 
and the overa ll s ta tic pressure recovery (by about 57% ).

(ID The use of a boundary-fitted  mesh helped to represent
the flame tube head accura te ly and enabled s ign ifican t 
Improvements in the pred ic tion  of the overa ll performance and
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the deta iled development of the flow to be achieved at a much 
lower level of g rid  density. Solutions obtained with the 80 x 
92 mesh produced co rne r rec ircu la tion  lengths 18% longer than 
those of the cy lind rica l po la r grid while the overall static  
pressure recovery and loss coe ffic ien t were predicted to within 
7% of the In let dynam ic head. Detailed comparisons between 
measurements and p red ic tions showed that the ca lcu la tion  
method represents well the ve locity and static pressure profiles  
at the in itia l stages of the settling length and the exit. 
Param etric stud ies over a range of operating conditions  
Indicated that the e ffect of the variation of the flow sp lit and 
dump gap can be p red ic ted .
(Hi) In view of the high grid density required to obtain  
accep tab le grid  independent so lu tions with the 
hyb rid -d iffe renc ing  scheme employed in the above
investiga tions, it is suggested that the ca lcu la tion can be 
Improved by adopting a h igher o rder f in ite -d iffe rence  method 
which w ill m in im ise num erica l d iffusion at a lower computational 
cost. Further improvem ents can also be brought about by the 
explo ita tion (a fte r the above has been implemented) o f a 
tu rbu lence model which represents better than the k-e  model 
the e ffect of the s tream line  curvature.
(iv ) Despite the rem ain ing d iscrpancies between measured  
and ca lcu la ted resu lts , the ca lcu la tion method is capable of 
provid ing results fo r dump d iffuser flow systems which are of 
su ffic ien t accuracy fo r eng ineering purposes. The pred icted  
results in the annulus are also of su ffic ien t accuracy to be 
used as boundary cond itions fo r the ca lcu la tion of the flow  
inside the combustion cham ber.
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CHAPTER V

THE CALCULATION OF THE FLOW FIELD INTERNAL TO COMBUSTION
CHAMBERS

5. 1 In troduction

This chapter presents the application of the numerica l 
techn iques described in Chapter III to the ca lcu la tion of flow fie lds  
in terna l to a combustion cham ber. The study is mainly concerned with 
the flows encountered ins ide the water model combustor of Chapter II. 
but the Isothermal flow fie lds In d iffe ren t geom etric configura tions of 
practica l in te rest are also cons ide red . The follow ing section describes  
the approaches adopted fo r the e ffic ien t ca lcu la tion of the complex  
model combustor geometry and provides deta ils of the fin ite -d iffe ren ce  
meshes used. The boundary conditions and the details of the 
applica tion of the num erica l model are also discussed. The series of 
ca lcu la tions of the flows of Chapter II are presented in section 5 .3 .  
while section 5 .4  provides a brie f assessment of the capab ilities of the 
model in re la tion to the d isc repanc ies between measurements and 
pred ic tions . Section 5 .5  presents ca lcu la tions of the isothermal flow  
fie lds inside a geometry d iffe ren t to the model used here, but 
representative of a cu rren t production can-type combustion cham ber. 
Finally, a summary of the main find ings and conclusions of the 
investigations is given in section 5. 6 .

5. 2 The ca lcu la tion  deta ils

5 .2 .1  A rrangem ent of the ca lcu la tion and fin ite -d iffe ren ce  
meshes used

The flow con figu ra tion  of in terest in the present investigation is 
the in terna l flow region of the water model combustor of F igure 2 .2 .  
As discussed In Chapter I. in most p ractica l cases the flow development 
and the loca l pressure grad ien ts in the annulus determ ine the jet 
tra jec to ries and mass flow  through the ports. The accurate num erica l 
pred iction of the Internal com bustor flow fie ld  requ ires the specifica tion  
of accura te je t entry boundary cond itions and this in the absence of 
experimental data, often necessita tes the ca lcu la tion of the annulus flow.
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In the present study, however, re liab le  and accurate information about 
the primary and d ilu tion je t entry conditions was available from the 
measurements of Chapter II so that attention could be focussed on the 
Internal flow, thereby e lim ina ting the uncerta in ties that can accrue from  
the ca lcu la tion of the annulus (G reen and Whltelaw, 1983).

The e ffic ien t ca lcu la tion of this model combustor (which  
comprises three d is tinc t geom etric s e c tio n s ) . necessita ted the adoption  
of an approach which allowed the co rrec t representation of the 
in te racting flow reg ions encountered inside the various combustor 
sections. whilst m in im is ing computational e ffort. The detailed  
experimental investigation of Chapter II and the available techniques for 
trea ting complex geom etries described in Chapter III provided useful 
d irec tions as to the manner in which the above task could best be 
achieved. The measurements ind ica ted the consisten t cyc lic behaviour 
of the flow over a 60 ° secto r up to the second row of holes (p lane I) 
where asymmetries started to appear in the profiles. It was therefore  
decided to adopt a zonal approach where the whole combustor flow  
domain was sp lit into two overlapping zones (F igu re  5 .1 ) .  Zone A 
comprised the hem ispherica l head of the combustor and the cy lind rica l 
barre l and zone B which included the downstream portion of the can 
conta in ing the second row of holes and the c ircu la r to rectangu lar 
nozzle. In th is a rrangem ent, zone A can be calculated with a 
cy lind rica l po lar grid which reduces the number of grid nodes to those  
requ ired to resolve the flow domain in the 60° sector. The inc lus ion of 
the d ilu tion jets in this domain is necessary in o rde r to introduce the ir 
effect on the upstream  flow in the la tte r stages of the intermediate zone. 
A cartes ian mesh can then be employed to ca lcu la te zone B with the 
use of the method described in subsection 3 .3 .3 .  Starting the 
ca lcu la tion  of zone B at a c ross -sec tio n  in the in term ediate zone well 
upstream o f the d ilu tion  holes allows for any non -cyc lic  behaviour of the 
dilu tion jets due to the upstream  effect of the nozzle. The results of the 
ca lcu la tion  of zone A were used as boundary cond itions at the in let 
plane of zone B which is located at plane j (F igu re  2 .9 ) .  Numerical 
tests with the ca lcu la tion  of zone B starting downstream of the dilution  
holes (p lane m) yie lded results in fe rio r to those obtained with the above 
arrangem ent which was considered to be optimum in terms of economy, 
accuracy and reso lu tion of the flow fie ld . The d ilu tion jets could be 
neglected in zone A which would then term inate at the beginning of zone 
B but in this case simultaneous so lu tion of the two domains would be
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requ ired , resu lting In excessive storage requirements and possible  
uncerta in ties In the boundary conditions needed to link the two 
ca lcu la tion reg ions. At th is stage, only a one-way coupling has been 
taken into account ( le  the ca lcu la tions in zone A in fluence those in zone 
B but not vice versa) . Further testing Involving a two-way coupling and 
repeated ca lcu la tions in the two zones will be undertaken when the 
results of the present ca lcu la tion  are fu lly analysed.

The range of f in ite -d iffe re n ce  meshes used for the ca lcu la tion  
of zone A are shown In F igure 5. 2. The in fluence of the representation  
of the hem ispherica l com bustor head geometry was examined by 
comparing the num erica l so lu tions fo r the flow in zone A. obtained with 
two d iffe ren t approaches while using the same fin ite -d iffe rence  mesh 
(g rid  1. F igure 5 .2 ) .  In the firs t, the curved combustor head was
simulated with the caste lla ted approximation of subsection 3 .3 .2  while In 
the second, the genera l a rb itra ry boundary method discussed in 
subsection 3 .3 .3  was used. The comparison showed that both methods 
yie lded identica l results in a ll reg ions of the flow and. in pa rticu la r. In 
the v ic in ity of the curved com bustor head. The above tests suggested  
that the stepped approximation of the curved walls, in the present flow, 
does not incu r e rro rs  as im portan t as those found in Chapter IV; the 
reason is thought to be tha t the flow in this case is d irected  
predom inantly away from  the irregu la r boundary. In add ition , the 
comparison provided a fu rth e r con firm a tion about the correctness of the 
assumptions employed in the boundary ce ll trea tm ent of the general 
arb itra ry boundary method. As a resu lt of the above tests, and because 
of the higher com puter storage requ irem ents of the general a rb itra ry  
boundary code (by about 1 0% in the above te s ts ), all fu rthe r
computations of th is zone were performed with the cy lind rica l po lar grids  
of F igure 5.2 and the caste lla ted approximation of the curved combustor 
head surface.

The f in ite -d iffe re n ce  mesh used fo r the ca lcu la tions of zone B 
is shown In F igure 5 .3 . A cco rd ing  to the requ irements of the general 
arb itra ry boundary method, the whole geometry to be ca lcu la ted was 
conta ined w ith in the rec tangu la r box com pris ing the mesh, as indicated  
in F igure 5 .3 . The d im ensions of the nozzle were measured d irectly
from  the water model com bustor and the descrip tion of the nozzle
c ross -sec tion  at several successive axial locations (F igure  5 .4a ) was
input to a surface fitting  routine which constructed the surface of the 
nozzle and the ad jo in ing can section from  the d lscre tised data (F igure
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5 . 4 b ) . The In tersections of the grid  lines with the surface were then  
obtained and used to ca lcu la te  all near boundary quantities required by 
the a rb itra ry boundary flow ca lcu la tion  code as described In subsection  
3. 3. 3.

Due to the lim ita tions of the cartesian and cy lind rica l po lar 
systems, the sim ula tion of the prim ary and d ilu tion holes required  
specia l a ttention. In the ca rtes ian mesh used in con junction with the 
general a rb itra ry  boundary method, the procedure described in 
subsection 3 .3 .3  was used to obta in the co rrec t fluxes through the 
d ilu tion holes. In the cy lind rica l po la r grids used in the ca lcu la tion of 
zone A, the method applied Is s im ila r in concept to that described in 
subsection 3 .3 .3 .  but is fo rm u la ted in a sim pler manner due to the 
co inc idence of the grid  su rface with the plane of the holes. The actual 
hole shape (in  th is case c ircu la r) is used to determ ine which con tro l 
volume faces, in the plane of the hole, e ither lie complete ly inside or 
are In tersected by the hole surface. The flow variables in these ce lls  
are then ascribed boundary values appropria te to the boundary conditions  
In the hole and the co rrec t fluxes a re  obtained by multip lying the density  
of the je t flu id at these nodes by an area ratio as follows:

A±
Pb = Pfluid • ------ (5.1)

Atotal
In the above fo rm u la . Aj is the area of that part of the ce ll face which  
lies inside the hole and Atotal ls the total ce ll face area (F igure  5 .5 ) .  
The area ra tio  Is one fo r ce lls  lying complete ly inside the hole and in 
the grids 2 and 3 In Figure 5.2 Its value was about 1 . 1  -  1 .2  fo r ce lls  
Intersected by the hole surface . Further comments about the use of 
co rrec tion  fac to rs of th is type w ill be made in subsection 5 .2 .3 .  In 
genera l, the above procedure allows a better simulation of the hole  
shape, th is sim ula tion improving as the grid is re fined; it represents a 
more accura te  method of In troducing d ilu tion holes into the ca lcu la tion  
domain than those used by Green and Whltelaw (1983) and Bruce et al 
(1 979 ).

5. 2. 2 The boundary cond itions

The boundary cond itions fo r the ca lcu la tion  were mainly taken 
from  the measurements and the ir implementation Is accord ing to the
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discuss ion of subsection 3 .2 .4 .  These fo r the ca lcu lation of zone A 
were as follows:
(I) Zero slip ve locities on all so lid walls and the wall functions  
described In subsection 3 .2 .4  were used fo r the near wall nodes.
(II) On the combustor cen tre  line, boundary conditions appropria te to a 
symmetry axis were applied (see  subsection 3.2.411).
(HI) The pe riod ic nature o f the flow over a 60° sector allowed the 
cyc lic  boundary cond itions, described In subsection 3. 2. 4111. to be used 
fo r a ll variab les at the edges of the pe riod ic domain (F igure  3 .2 b ) .
(Iv) At the sw irle r in le t, un iform  axia l, azimuthal and zero radial 
ve locity pro files were spec ified . The axial ve locity was determ ined from  
the appropria te mass flow rate through the separate feed for the sw irler. 
The tangentia l ve locity was ca lcu la ted from  the defin ition of the swirl 
number (equation 2 . 1 ) assum ing uniform  axial and azimuthal ve locity  
d is tribu tions at the sw irle r exit. The magnitude of the swirl number for 
sw irle r 1 was available from  measurements close to the sw irle r exit 
(cases 1 to 5. table 2. 1) while fo r sw irle r 2 (cases 7 to 9) the sw irl 
number was evaluated from  the sw irle r geometry. Numerical tests made 
with non -un ifo rm  ve locity d is tribu tions and non-zero  radia l ve loc ities at 
the sw irle r exit (by using triangu la r pro files with peak values of 1 .5  
tim es the mean axial ve loc ity co rrespond ing to the bulk flow through the 
sw irle r fo r the U and W and 0. 6 tim es th is value fo r the V component) 
did not show any improvements in the pred icted flow fie ld mainly due to 
the intense mixing in the prim ary zone caused by the primary jets. No 
measurements of the mean and tu rbu len t quantities were obtained in the 
v ic in ity  of the sw irle r inside the com bustor due to the re fraction of the 
lase r beams on the ir passage through the hem ispherica l combustor 
head. Detailed pro files of the th ree normal stresses were, however, 
obta ined immediate ly upstream  of the sw irle r inside the separate feed 
and the tu rbu lence k ine tic energy d is tribu tion deduced from  these was 
used as the in le t boundary cond ition . A 20% variation in the in let 
tu rbu lence k ine tic energy boundary condition was found to have no effect 
on the ca lcu la ted tu rbu lence k ine tic energy d istribu tions downstream of 
the sw irle r due to the very high levels of turbu lence generation In the 
prim ary zone reg ion . The boundary cond itions for the energy d iss ipation  
rate at the sw irle r exit were evaluated from  the turbu lence kinetic energy  
values assum ing a length sca le proportiona l to the sw irle r exit height 
(equation 3. 23 ).
(v ) At the prim ary and d ilu tion ho les, the axial and azimuthal ve locities
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were available from  measurements and were used as boundary conditions  
at the plane of the hole. The radia l ve locity at the jet entry was
ca lcu la ted from  the mass flow  rate at each hole. The measured values 
of the axial and azimuthal normal stresses were also used to determ ine  
the k ine tic energy boundary cond ition  (assum ing /v ^= /w ^ ) and from that 
the energy d iss ipation rate was ca lcu la ted with the assumption of a 
length scale p roportiona l to the hole diameter. A variation of the radial 
ve locity by about 6% (rep resen ting  a percentage which is s im ila r to the 
estimated e rro r in the In tegration performed to obtain the flow split 
between the holes) had no s ign ifican t qualitative e ffect on the flow  
pattern. A 40% increase in the turbu lence kinetic energy boundary 
cond ition increased the maximum turbu lence kinetic energy found In the 
prim ary je t im p ingem ent position by about 3% and decreased the 
maximum negative ve locity by about 1.5% .
(v i) Zero g rad ien t cond itions (a<t>/ax=0) were applied for all variab les at 
the outle t plane. The so lu tion was not sensitive to the variation In the 
loca tion of the outle t plane from  3 ( fo r grid 1, F igure 5 .2 ) to 6 ( fo r  
grid 3) hole d iam eters downstream  of the d ilu tion jets.

The boundary cond itions for zone B are s im ila r to those for 
zone A with the in le t boundary cond itions fo r th is zone provided by the 
ca lcu la tion  of zone A at the beg inn ing of the overlap of the two zones. 
Aga in , un iform  d ilu tion je t en try cond itions around the periphery of the 
can were used fo r the d ilu tion  je ts in the ca lcu la tion  of this zone. A 
representa tive set of the boundary conditions fo r the ca lcu la tion of the 
flow in case 2 (Tab le 2. 1) is given in Table 5. 1.

TABLE 5. 1
BOUNDARY CONDITIONS USED FOR THE CALCULATION OF CASE 2

U(nv'sec) V( iry'sec) W( nv/sec) k( m2/sec2 ) e( m2/sec3)

swirler exit 0.463 0 0.55 7 x 10“4 3.46 x 10“3
primary holes 0.15 2.3 0.08 9.5 x 10”4 2.9 x 10“3
dilution holes 0.27 1.82 0.18 1.33 x 10~3 4.85 x 10“3
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5. 2. 3 The app lica tion of the numerica l model

The equations fo r ve locity , pressure, turbulence kinetic energy 
and energy d iss ipation rate were solved In fin ite -d iffe rence  form , in the 
th ree -d im ens iona l domain using the numerica l techniques outlined In 
Chapter III. A convergence c rite rion  s im ila r to that described In 
subsection 4 .3  was used and the Iterative process was term inated when 
the overa ll continu ity e rro r was less than lO - 4  of the total mass flow. 
The in fluence of grid node d is tribu tion  and mesh size was determ ined by 
perform ing ca lcu la tions with d iffe ren t grid arrangements. The range of 
cy lind rica l po lar grids used encompassed 18 x 9 x 9. 34 x 14 x 12 and 
45 x 18 x 15 (x . r. e) g rid  nodes (F igu re  5 .2 ) with storage and 
com puter run time requ irem ents at each level of grid fineness given in 
Table 5. 2.

TABLE 5 .2
COMPUTER STORAGE AND EXECUTION TIME REQUIREMENTS (AMDAHL

V8)

GRID SIZE STORAGE TIME

18 X  9 X  9 352 k 6 min

34 X  14 X  12 900 k 30 mins

45 X  18 X  15 1900 k 74 mins

The level of increase in grid  lines was grea te r in the axial d irection  
where the la rgest grad ien ts were identified in the experimental results  
(90%  and 32% increase In grid  lines in the firs t and second level of 
grid re fin em en t). The increase was sm alle r in the azimuthal d irection  
as th ree -d im ens iona litie s  were small away from the primary and dilution  
je ts (30% and 25% increase in g rid  lines in the firs t and second level of 
grid  re fin em en t).
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The d ifficu lty associa ted with grid re finement in 
th ree -d im ens ions , due to lim ita tions in computer storage capacity and 
the high cost of com puter tim e, has been discussed by Jones and 
McGuIrk (1 979 ). However, con fidence in the so lution can be gained by 
Inspection of the re la tive changes occu rring  in the so lutions obtained in 
the successive ly refined meshes. The effectiveness of the grid  
re finem ent process Is Illus tra ted In Figure 5 .6 . which shows radial 
pro files of the axial ve locity and turbu lence kinetic energy obtained with 
the th ree grids of F igure 5 .2  and plotted at five axial planes which  
exhibited the grea test sensitiv ity (p ro files  presented in this and all 
subsequent subsections in th is  chapter have been non-d im ensiona lised  
and plotted s im ila rly  to those in Chapter II and the plane numbers are 
the same as those In F igure 2 .9 ) . The changes In the axial ve locity  
pro files as the grid node density increased from  18 x 9 x 9 to 34 x 14 x 
12 (rep resen ting  an average increase in grid lines in all d irections of 
60%) were about 30% In most stations with the maximum effect at plane 
d where the results changed by more than 70%. The turbu lence kinetic  
energy d is tribu tions showed grea te r sensitiv ity than other variables  
(pa rticu la rly  in the v ic in ity o f the prim ary je t impingement position) with 
overa ll changes in the firs t level of grid re finem ent of about 60% at most 
stations. At the second level of g rid  re finem ent to 45 x 18 x 15 grid  
nodes (rep resen ting  an average increase in grid lines of 30%) the 
changes in the mean axial ve locity were about 1.5%  while in the 
tu rbu lence k ine tic energy they were about 3%. This c lea rly  
demonstrates the d im in ish ing in fluence of the grid node density on the 
so lu tion . As both the fin e r grids gave essentia lly s im ila r so lu tions, as 
Indicated by the d is tribu tions of F igure 5 .6 . the results of the 
34 x 14 x 12 mesh were conside red acceptab le in terms of economy and 
accuracy. Consequently, th is mesh was used to obtain the ca lcu lated  
results of zone A presented In subsection 5. 3.

The cartes ian mesh of 12 x 10 x 9 grid nodes shown in Figure
5 .3  was used to perform  a ll the ca lcu la tions fo r zone B. No fu rthe r 
grid  re finem ent was pursued due to time lim ita tions. The favourable
comparison between the ca lcu la ted results obta ined with this mesh and 
those obta ined with the fin e r cy lind rica l po lar grids in the regions where  
they overlap and the dom inance of large pressure grad ients in creating  
the flow pattern in the d ilu tion region (as discussed below) could  
suggest that th is level of g rid  node density is likely to represent the flow  
qualita tive ly accurate ly . A fuller assessment of numerical errors In this
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reg ion can only be made by using a s ign ifican tly fine r mesh as has 
been done for the zone A ca lcu la tions.

The h igher e ffic iency of the grid re finement process inside the  
combustor (a t least in zone A) as compared to the same process  
undertaken in the ca lcu la tions of the dump diffuser can be attributed to 
the dom inance of the prim ary and d ilu tion jets in creating the flow  
pattern in this type of com bustor. This results in large pressure  
grad ients which have been found to dom inate most regions of this type  
of flow (G reen . 1981; Serag E ld in . 1977). In the present 
investiga tion , the axial pressure g rad ien t term was found to dom inate by 
about two orders of magnitude the o ther terms in the axial momentum  
equation inside the prim ary zone; in add ition , the high generation of 
tu rbu lence kinetic energy caused high tu rbu len t v iscosities (v/j) and this 
effective ly reduced the loca l ce ll Pecle t numbers in this region. These 
suggest that the in fluence o f num erica l d iffusion is likely to be small in 
these regions (G reen . 1981). The zonal approach and the use of
cyc lic  boundary cond itions also con tribu ted to this aspect.

Numerical e rro rs  can also o ccu r from the method of co rrection  
of the fluxes at the je t en try p lanes via a false density factor as 
described in subsections 3 .3 .3  and 5 .2 .1 .  It was found that when 
these co rrec tion  factors were h igher than about 1 .3 . a c ircum ferentia l 
pressure grad ien t was created in the v ic in ity of the hole which lead to 
increased spread of the je t. In the ca lcu la tions of zone A. the 
co rrec tion  factors were lower than the above value ( fo r grids 2 and 3) 
and such e rro rs  did not in fluence the so lu tions. In the ca lcu la tions of 
zone B. however, co rrec tion  fac to rs of about 3 were used due to the 
non -co inc idence  of the plane of the hole with the grid surface (as  
discussed in subsection 3 .3 .3 )  and the coarseness of the grid . This 
po in t w ill be addressed again in the presentation and discussion of the 
results.

5 .3  Results

The ca lcu la ted results fo r all investigated cases of Table 2. 1 
are now presented and compared w ith the measurements in terms of 
rad ia l profiles and con tou r plo ts of the three mean velocities and 
tu rbu lence k ine tic energy. The fo rm e r type of comparison provides 
deta iled in form ation about the accuracy of the ca lcu la tion method in 
pred ic ting  the loca l g rad ien ts while the la tte r provides an evaluation of
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the overa ll level of qua lita tive correspondence between measurements
and p red ic tions.

Mean ve locity profiles

Figure 5. 7 shows the comparison between experiment and 
ca lcu la tion  fo r the radia l p ro files of the axial, azimuthal and radial 
ve loc ities fo r the sw lrle r flow  level of 10%. In the primary zone, the 
negative axial ve loc ities near the centre line were underestimated with a 
maximum d iscrepancy of about 30% occurring near the primary je t 
im p ingem ent position (p lane  d ) . The level of agreement improves w ithin  
the rec ircu la tion  region (p lane  b) and In the in termediate zone, planes 
f. h. k. The radia l ve loc ity d istribu tion at plane d is, however,
p red icted well Ind ica ting the co rrectness of the je t entry boundary  
cond ition . The increased d iscrepancy in the pred iction of the axial
ve locity in the v ic in ity of the prim ary je t impingement position is re la ted  
to the perform ance of the tu rbu lence model and w ill be discussed fu rthe r
In the presentation of the tu rbu lence results.

Swirl ve loc ities are pred icted fa irly  accurate ly up to station d 
but the rea fte r the sh ift of the sw irl peak towards the combustor wall is 
not pred icted co rrec tly  and the Rankine vortex type of profile is re ta ined  
in the ca lcu la tion  in con tras t to the measured solid body rotation type of
d is tribu tion (p lanes f. h ) . Larger sw irl ve loc ities are predicted in the
vicinity of the wall as the flow enters the Intermediate zone, but the
peak ve locity s till remains near the centre line.

As discussed In subsection 5 .2 .1 .  due to the overlap of the
two ca lcu la tion  domains, the d ilu tion region pro files were ca lcu la ted in 
both zones and the resu lts of each ca lcu la tion have been plotted at 
stations I and m. In the ca lcu la tion  of zone A. the radial ve locity
gradient at plane l (Figure 5. 7c) is predicted correctly near the d ilu tion  
hole ind ica ting that the je t entry boundary cond itions are co rrect. The 
penetration of the d ilu tion je ts near the axis is. however, underestimated  
and th is allows the bulk flow', in the calculation, to exit from the d ilution  
je t plane through the cen tre  line region leading to a large overestimation  
of the axial ve loc ities at th is position (F igu re  5 .7 a . plane I) . In
con tras t, in the ca lcu la tion  of zone B. a lthough oV/or is initially 
underestimated at th is station (due to the coarse representation of the 
holes in the zone B ca lcu la tions ) the penetration of je t flu id to the
centre line Is pred icted co rrec tly . The ca lcu la tion  in zone B clearly
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shows Improvements In the qualitative features of the axial ve locity  
profiles (eg the off cen tre  line  axial ve locity peaks at plane m and the 
low centre line axial ve loc ity at plane I ) . The maximum level of 
disagreem ent in th is region Is about 50%. The results also indicate that 
the variation In the pressure fie ld caused by the acce lera tion induced by 
the nozzle does In fluence the flow in the upstream region. In this  
zone, d isc repanc ies also stem from  the asymmetric behaviour of the 
dilu tion je ts , as d iscussed in subsection 2 .3 . and this can explain the 
diffe rences In the p red ic tion  of the swirl ve locity ; the use of large  
density co rrec tion  factors at the je t holes in the ca lcu la tion of zone B is 
also thought to con tribu te  to the Inaccuracies .

The ca lcu la ted resu lts fo r the 15% sw lrle r flow level (F igu re
5. 8) genera lly exhib it levels of agreem ent with the experiment s im ila r to 
the previous case. This im p lies tha t all the re lative changes that have 
occurred in the flow pattern due to the increase in sw irler flow (ie  
increased sw irl ve loc ity leve ls, decrease in primary je t tra jecto ry and 
prim ary zone maximum negative axial ve locities) have been simulated  
co rrec tly . Comparison between measurements and pred ictions at the 
various e planes where m easurem ents were taken (F igure  5 .9 ) and at 
se lected positions where the azimuthal variation was large showed very 
s im ila r levels of th ree -d im ens iona lity  which in both experiments and 
pred ic tions was confined to the v ic in ity  of the primary and dilution holes.

F igure 5. 10 disp lays the pred icted flow fie ld for the sw irle r flow  
of 20%. The com parison shows that the steep primary zone flow
varia tions and overa ll trends th roughou t the combustor, identified in the 
measurements, have been pred ic ted well. Inside the primary vortex, the 
ca lcu la ted axial and radia l ve loc ity profiles at plane b Indicate the
co rrec t upstream con tribu tion  of the primary je ts ; th is is related to the 
accura te pred ic tion  of the prim ary je t tra jec to ry at plane d (F igure  
5 . 1 0 c ) . A lthough the ca lcu la ted  swirl pro file  is now in qualitative
agreement with the measurements at exit from  the primary zone (F igu re
5. 10b. plane f) in the downstream  development, d iscrepancies s im ila r 
to those found in the lower sw irle r flows arise and remain throughout the 
in term edia te zone. In the d ilu tion zone agreement with experiment has 
now genera lly improved, as compared to the previous cases. One 
reason fo r the improvement Is thought to be the higher axial and
azimuthal momentum of the c ro ss -flow  which Is now able to de flect the 
dilu tion je ts strong ly and suppress any in fluences aris ing from the
unsteady annulus flow ; Improvements in the pred icted turbulence field
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(see d iscussion below) also contribute to the above.
The pred icted ve loc ity fie ld fo r 25% sw irle r flow level is 

depicted In F igure 5 .1 1 . Comparison between the pred icted and 
measured axial ve locity pro files at planes c and d fo r the successive
sw irle r flows of 10. 15. 20 and 25% clearly Illustrates that the
underlying trend of a decrease in the strength of the primary vortex has 
been ca lcu la ted qualita tive ly and quantita tive ly co rrectly . This can be 
attributed to the cons is ten tly  accurate pred iction of the prim ary jet
penetration (F igu res 5 .7 . 5 .8 . 5 .1 0 . 5 .1 1 c . plane d) . In common
with the m easurements, a positive axial ve locity has now been ca lcu la ted  
on the centre line w ith in the primary zone at planes c and d. It
seems, however, that the pred icted length of the rec ircu la tion  region
ad jacent to the sw irle r hub is too long, as implied by a ca lcu la ted
negative axial ve locity found on the centre line at plane b. The axial
ve locity peaks measured on the combustor axis, due to the processing
motion, were not pred icted by the ca lcu la tion scheme although a s ligh t 
tendency for an axial ve loc ity peak may be observed in the zone B 
ca lcu la tions. This causes the large d iscrepanc ies near the centre line
at planes h, k. The p red ic tion  of the sw irl velocity profiles in the 
in term edia te zone has now improved s ign ifican tly as compared to the
previous cases and th is is also re la ted to improvements In the pred iction  
of the tu rbu lence fie ld  as d iscussed below. In the dilution reg ion , the 
d iffe rences between the pred ic ted pro files in zone A and zone B at plane 
m are genera lly reduced ; th is denotes that the upstream effect of the 
nozzle decreases with increas ing bulk flow and shallower penetration of 
the d ilu tion je ts.

As the sw irle r flow increases to 28% (F igure  5. 12) and then 
to 35% (F igu re  5 .1 3 ) .  the overall level of agreement genera lly remains 
s im ila r to that of the previously exam ined cases. In the in termediate  
zone, however, the d isc repancy In both axial and azimuthal ve locities  
near the centre line  has now increased fu rthe r due to the inab ility of the 
numerica l method to p red ic t the increas ing effect of the strong rotation  
and precession in th is reg ion . (No te non-zero  swirl ve locities on the 
axis in the m easurem ents, eg F igure 5. 12. plane h onw a rds ).

The ca lcu la tion  of the flow patterns obtained with sw irle r 2 
operating with 15% sw irle r flow is shown in F igure 5. 14. Comparison  
between F igures 5. 8 and 5. 14 reveals that the variations in the primary  
zone flow pattern caused by the in troduction of sw irler 2 are well 
reproduced by the ca lcu la tions. The decrease in primary je t penetration
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(F igu res 5 .8 . 5 .1 4 , plane d) and the resulting reduction in the 
maximum axial negative ve locity in the primary zone were ca lculated to 
within 20%. In common with the measurements, the pred ictions show 
that In the in term edia te zone sw irle r 2 reduces the levels of axial velocity  
while increas ing the angu la r component. S im ilar levels of agreement 
were obtained In the ca lcu la tion  of cases 7 and 9.

Turbu lence k ine tic energy profiles

The pred icted tu rbu lence k ine tic energy d istribu tions fo r the 
various sw irle r flow levels are depicted in Figure 5. 15. At the lower 
sw irle r flow of 15% (F igu re  5 .1 5 a ) . turbu lence kinetic energy profiles  
are pred icted well inside the prim ary zone, plane b. while the 
d iscrepancy increases in the v ic in ity o f the primary je t entry plane where  
tu rbu lence energy levels are underestimated by about 40%. In the 
discussion of the measuremetns in Chapter II. It was suggested that the 
anisotropy of tu rbu lence and the increase in /u ^ .  y'v^, y'w^ and hence k 
in this position was mainly due to normal stress — normal stra in  
generation te rm s; this im p lies that transport of each component of 
Reynolds stresses should receive separate consideration if co rrec t levels 
and partition ing of tu rbu lence k ine tic energy were to be ca lcu la ted. The 
underestim ation of tu rbu lence levels in this region illustra tes the 
weakness of the k-<= tu rbu lence model and th is de fic iency Is likely to be 
responsib le for the increased d iscrepancy in the mean flow pred iction in 
the prim ary je t im p ingem ent reg ion . As the individual normal stress
d is tribu tions become more uniform  and of s im ila r magnitude at the later 
stages of the in te rm edia te zone, the ca lcu la tion of turbu lence energy 
levels improves (F igu re  5 .1 5a . planes h. k ) . The pred iction of 
tu rbu lence k ine tic energy again de te rio ra tes in the d ilu tion region where 
tu rbu lence is generated by both shear and normal stresses due to the 
steep penetration of the d ilu tion je ts at this sw irle r flow.

Better agreem ent between measured and pred icted turbulence  
levels is seen at the sw irle r flow of 20% over the whole combustor flow  
fie ld . Maximum d isc rpanc ies are now found at plane f (about 30%)
where primary je t flu id continues Its penetration to the centre line and at 
plane I (abou t 60%) where the d ilu tion jets enter the combustor. 
Further improvements are obtained at 28% sw irler flow with the level of 
discrepancy in the prim ary zone now reduced to about 25% (p lane f ) . 
The centre line peaks in the tu rbu lence kinetic energy d istribu tion due to
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non -tu rbu len t con tribu tion from  the precessing motion are not found in 
the ca lcu la tion  and th is is cons is ten t with the mean flow pred iction.

Centre line pro files and con tou r plots of the mean and turbu lence fie lds

Figure 5. 16 illus tra tes the centre line development of the 
pred icted and measured axial ve locity and turbu lence kinetic energy for 
15. 20 and 25% sw irle r flow rates. In the lower sw irler flows, maximum  
d iscrepanc ies are found near the je t entry planes (d . I) and are  
associated with je t im p ingem ent. Consistent improvements in the 
pred ic tion of both the mean and turbu lence profiles are shown in the 
h igher sw irle r flows (F igu re  5. 16. b. c) whilst the precession of the 
vortex core is the main reason fo r the underestimation of the flow  
development at the la te r stages of the intermediate zone.

An overa ll evaluation of the degree of correspondence between  
experiment and ca lcu la tion , as the flow patterns change due to the 
varia tion of the sw irle r flow , can be gained by comparing on the basis  
of con tour plots (F igu res 5 .1 7  -  5 .2 0 ) .  In these, the measured data  
are on the upper half while the pred icted data are on the lower ha lf: 
the resu lts o f zone B ca lcu la tion  were also included for the d ilu tion  
zone. At the lower sw irle r flow of 10% (F igu re  5. 17a) the steep
penetra tion and dom inance of the primary je ts in creating the upstream  
rec ircu la tion  is evident In both the measurements and the pred ictions. 
The length of the prim ary vortex is ca lcu la ted co rrec tly  while Its width is 
sligh tly underestim ated. The ab ility of the method to pred ic t the small 
rec ircu la tion  reg ions near the com bustor wall downstream of the primary  
holes is encourag ing for Its use in the design process, since the 
designer w ishes to know of such small stagnation regions which cause  
overheating , hot spots and in fluence c r itica lly  the life of the chamber. 
The pred icted swirl ve loc ity con tours near the centre line (F igure  
5 .1 7 b ) . associa ted with the maximum swirl ve loc ities , p ro ject deeper 
into the in term edia te zone than the measured ones, ind ica ting that radial 
transfe r o f angu la r momentum  is underpred icted in this reg ion. This 
can be re lated to the underestim ation of turbu lence energy in the primay 
je t im p ingem ent reg ion as shown in F igure 5. 17c: the loca tions of 
intense tu rbu lence genera tion are pred icted well in both primary and 
dilu tion reg ions. S im ila r co rrespondence between je t penetration and 
high generation of tu rbu lence has been found in the computational 
investigations of Green (1981) and Bruce et at (1979 ). In the dilution
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zone, the d iffe rences In the radia l location of the measured and 
pred icted maxima In the axial ve locity contours (F igure  5 .17a) indicates  
that the d ilu tion je t penetra tion is underestimated. The swirl ve locities  
In th is zone are also s ign ifican tly  underpredicted (F igure  5 .1 7 b ).

The steep reduction In the strength of the primary zone vortex 
as the sw lrle r flow level Increases to 20% Is evident In Figure 5. 18a. 
The levels of negative ve locity Inside the vortex are pred icted well 
although its size is again underestim ated. The penetration of the 
dilu tion je ts Is a lso underp red ic ted as Indicated by the quantitative  
diffe rences of the axial ve loc ity contours in that reg ion. The pred ic tions  
of the tu rbu lence fie ld is now in better agreement with the measurements  
as compared to the previous case.

The complex prim ary zone flow pattern measured at 25% sw lrle r 
flow level Is pred icted accura te ly as Illustrated in Figure 5. 19a. The 
strength and loca tion of the centre of the vortex is ca lculated co rrec tly . 
The pred icted sw irl ve locity contours in th is case (F igure  5 .19b) are In 
better agreem ent with the measurements downstream of the primary je t 
entry plane and th is can be associa ted with the improvements In the 
ca lcu la tion  of the tu rbu lence k ine tic energy in this reg ion , as shown in 
Figure 5. 19c.

Predicted radia l ve loc ity contours fo r the 15% and 25% sw irle r 
flow levels are dep icted In F igures 5 . 20a and b respectively. In the 
lower sw irle r flow case, the loca tion and spacing of the high radia l 
ve locity contours Implies tha t the la tera l spread and depth of penetration  
of the prim ary je ts Is pred ic ted well. The dilution je t penetra tion, 
however, is underpred ic ted as ind ica ted by the position of the zero and 
negative ve locity contours In th is reg ion. As the ve locity ra tio  
je t/c ro s s - f low  Increases (F ig u re  5 .2 0 b ) , the tra jec to ries of the primary  
and d ilu tion je ts decrease in both the measurements and ca lcu la tion . 
The s im ila rity  In the pred ic ted and measured latera l spread of the 
prim ary je ts In the azimuthal d irec tion  Is shown in Figure 5 .20c .

Calcu la tion of the flow Inside the nozzle and at the exit from  the 
combustor

F igure 5.21 Illus tra tes pred icted axial ve locity profiles at six 
axial loca tions inside the d ilu tion zone and nozzle section. These were
obtained from  the ca lcu la tion  of zone B at the 90° and 0 ° planes, 
passing through the com busto r centre line. In the vertica l m id -p lane .
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the acce lera tion caused by the contrac ting nozzle is evident in the flow  
development at the three downstream stations. The presence of the 
dilu tion jets (en te ring  at x /D c=1 .7 ) is re flected by the peaks at 
x /D c=1 .93 . Comparison of the flow development between the two planes 
reveals that small but no ticeab le  asymmetries intrude at x /D c=1 .93  as 
the d iffe rences in the ve locity peaks at this station show. Large 
deviations from cyc lic  behaviour, however, occur only at x /D c=2. 16. 
This demonstrates the pred ic ted upstream influence of the nozzle. The 
small negative ve locity reg ion found at x /D c=2 .43  (e=0°) is the result of 
a loca l adverse pressure g rad ien t on the expanding walls of the nozzle 
(lo ca l angle of expansion 15°) and its existence was suggested in 
subsection 2 .3 . These low ve locities near the wall contribu te to the 
axial ve locity de fic it found in both the measured and ca lcu la ted exit 
profiles. A lthough no measurements were obtained inside th is reg ion , 
due to beam In te rfe rence with the curved walls, the ca lcu la tion  of the 
flow Inside the nozzle provided useful ind ica tions about the flow  
development in th is reg ion and contributed to the in te rp re ta tion of the 
exit pro files.

Detailed com parisons between the predicted and measured axial 
ve locity d is tribu tions at the exit fo r 15 and 25% sw irle r flow level are 
shown in F igure 5 .2 2 . while the overa ll level of qualitative agreement 
can be seen in the com parison of the correspond ing contours (F igure  
5 .2 3 ) . In the lower sw irle r flows (F igu re  5 .22a , 5 .2 3 a ) . maximum
discrepanc ies of o rde r of 35% are found near the sides of the nozzle

walls and in the reg ion where the flow acce lera tes near the bottom of
the c ross -sec tio n . The h igher ve loc ities identified In the pred ictions  
near the walls can be a ttribu ted to an underestimation of the adverse  
pressure g rad ien t on the expanding nozzle walls. S lightly better 
agreement Is obtained at 25% sw irle r flow level (F igure  5 .22b . 5 .23b) 
with the maximum d isc repancy reduced to about 25% and found near the 
centre of the nozzle. This Is consis ten t with the Improved agreement 
obta ined in the p red ic tion  of the d ilu tion zone profiles as discussed
previously. Overall, the qualita tive agreement (wh ich Is perhaps all 
which can be expected due to the coarseness of the grid used fo r the 
ca lcu la tions of zone B) can be considered as fa ir. A lthough the
pred icted axial ve locity fie lds fo r both cases are more uniform  than the 
measurements they c lea rly  ind ica te regions of local acce lera tion as can 
be seen by the loca tion of the contours 2 .15  (p red ic ted ) and 2 .75
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(m easured , case 2) and 2 .0  (p red ic ted ) and 2 .4  (m easured , case 4) 
shown In F igure 5 .23a . b.

5 .4  Assessment

The results presented In the previous subsection showed that 
good qualitative agreem ent was obta ined between measurements and 
ca lcu la tions fo r the range of flows Investigated. Quantitative  
d iscrepanc ies were h ighest In reg ions of strong impingement of prim ary  
and d ilu tion je ts where an iso tropy o f the turbu lence fie ld was iden tified ; 
in such loca tions, underestim ation of the turbu lence kinetic energy was 
found to in fluence the p red ic tion  o f the mean flow. Improvements in 
these regions were Identified at higher sw lrle r flows when anisotropy was 
reduced. The range of Investigations c lea rly Illustrated the fa ilu re of the 
k-e tu rbu lence model to p red ic t accura te ly flow regions which are  
strong ly an iso trop ic and possess rapid spatia l changes in the turbu lence  
structure and confirm s s im ila r c ritic ism s by various workers (B radshaw . 
1973; Leschziner and Rodi. 1980; Taylor and Whitelaw. 1984).

A lthough the poor perfo rm ance of the turbu lence model is 
prim arily  responsib le fo r the inaccu rac ies identified in the primary zone, 
in the d ilu tion region add itiona l e rro rs were introduced due to the 
asymmetric behaviour of the d ilu tion je ts. The unsteady annulus flow  
and the random c ircu la tions in the v ic in ity of the dilution holes, as 
discussed in subsection 2 .3 ,  are expected to a ffect the je t entry  
cond itions (eg by a lte ring the ve loc ity fie ld and mass flow rate at the 
hole In an in te rm itten t m anner) and consequently influence the d ilu tion  
je t development inside the com bustor in a d iffe ren t manner than that 
implied by the boundary cond itions used in the present ca lcu la tion. The 
high W ve loc ities measured In the d ilu tion zone (p lanes I and m) could  
be associa ted with th is behaviour (a s  discussed in subsection 2 .3 , case  
1) and the large underp red ic tion  of the W component in the d ilu tion  
zone can be partly re la ted to th is effect. These effects were genera lly  
seen to be sm alle r as the c ro ss -flow  increased at the higher sw irle r 
flows. Further, the use of la rge density co rrec tion  factors fo r the 
dilu tion je t fluxes (zone B only) has been found to increase the 
spreading rate of the je ts , as d iscussed in subsection 5 .2 .3 ,  and this  
can be considered partly responsib le  fo r the underpred iction of the radial 
grad ient of the radia l ve loc ity near the dilu tion hole (F igure  5 .7 c . plane 
I ) . Numerica l d iffusion e rro rs  are also possib le in the ca lcu la tion of
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zone B due to the coarseness of the grid used. The favourable  
agreem ent between the ca lcu la ted results of this zone with those
obta ined with the fine r meshes of zone A and the dom inance of large  
pressure grad ients on the flow development, as discussed In subsection
5 .2 . suggests that the ir e ffec t is likely to be small. Nonetheless, a
comple te evaluation of th is type of e rro r in this zone must wait until a
fin e r mesh is used.

The present work also showed that the numerica l model 
becomes Inaccurate In reg ions where Instab ilities and pe riod ic  
osc illa tions Induced by the stongly sw irling flow fie ld contribu te  
s ign ifican tly  to the flow fie ld  development and substantiates s im ila r
suggestions by Gupta et al (1984) and Gouldin et al (1985 ).

The extensive com parisons between measurements and 
pred ic tions showed tha t despite the above discussed de fic ienc ies the 
ca lcu la tion  method Is capab le of provid ing accurate qualitative and useful 
quantita tive Information about the de ta iled flow development over a wide 
range of flow patterns and boundary cond itions. Important aspects of 
the flow , such as large sca le re c ircu la tio ns , regions of high turbu lence  
genera tion . Jet penetra tion and tra jec to ries  and in teraction between 
sw lrle r and primary Jets were pred icted adequately fo r pre lim inary design  
purposes.

Apart from  the deta iled In form ation, overall quantities of 
Importance to des ign , such as the prim ary zone rec ircu la tion  ra tio , can 
also be extracted from  the ca lcu la ted results. The primary zone
rec ircu la tion  ra tio  was evaluated from  the pred ictions in the same 
m anner as that described in subsection 2 .4 , and is shown in F igure
5 .2 4 . compared with the experiment. Good qualitative s im ila rity  is 
exhibited fo r the range of sw irle r /  p rim ary je ts mass flow ratios.
Maximum d isc repanc ies o f about 17% are found at the lower 
sw lr le r /p rlm a ry  je ts mass flow ra tios while a s ligh t Improvement is 
observed fo r the h ighe r sw irle r flow ra tios consisten t with the discussions  
of the previous subsection . The observed good correspondence between 
experiment and ca lcu la tion  illus tra tes the potentia l usefulness of the 
method In estim ating the prim ary zone rec ircu la tion  ratio In
con figu ra tions which com bine sw irle r and primary jets for which no 
In form ation cu rren tly  exists.
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5. 5 Further ca lcu la tions

In the preced ing sections, the ab ility of the ca lcu la tion method 
to provide useful results on the Influence of sw lrle r/p rim a ry  jets mass 
flow ra tio fo r the spec ific  con figu ra tion Investigated experimentally was 
demonstrated. It Is c lea r, however, that the primary zone flow pattern  
is also dependent on several geom etric features such as the distance  
from  prim ary Jets to sw lrle r exit and the com bus to r/sw lr le r diameter ra tio  
(Lefebvre . 1983). Bearing the lim ita tions of the pred ictions In m ind, 
the ca lcu la tion  scheme was used to quantify the effect of the  
sw ir le r/p rim a ry  je ts mass flow  ra tio on the flow pattern (unde r Isothermal 
cond itions) Inside a geom etrica lly  d iffe ren t configura tion with 
sw ir le r/com bus to r d iam eter ra tio  tw ice that of the water model and where  
the d istance from  the p rim ary je ts to sw irle r exit was increased by 40%; 
th is could be evaluated by experim ent but at g rea te r inconvenience and 
cost.

The geometry chosen fo r Investigation is shown in Figure 5 .25a  
and c lose ly resembles In Its d im ensions that o f current production 
can -type  com bustors ; it com prises a sw lrle r (the  same as sw irler 2 of 
Figure 2 .4 ) and two rows of prim ary and d ilu tion holes; wall 
transp ira tion  flow is also In troduced between the two rows of holes. It 
was assumed that the flu id  was a ir and 790°k and 315 psia were the 
cond itions at Inflow to the cham ber (these are typica l conditions at a 
com pressor o u t le t ) . S ince only the primary zone flow was to be 
investigated, the ca lcu la tion  domain excluded any downstream nozzle and 
a cy lind rica l po la r mesh o f 45 x 18 x 15 (x . r. ©) grid nodes was 
used; the pe riod ic  nature of the geometry allowed cyc lic boundary  
cond itions to be used on the bounding planes of the 60° sector 
considered .

F igure 5 . 25b shows the axial development o f the flow inside
the prim ary and In itia l stages of the in term edia te zones. The 

th ree operating cond itions chosen fo r study have sw lrle r/p rim a ry  je ts  
mass flow ra tios s im ila r to those used in the water model investigation  
and are depicted in Table 5 .3 .
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TABLE 5 .3
OPERATING CONDITIONS FOR CONFIGURATION OF FIGURE 5.25a

®sw mpr mtr ri'tot msw/mpr

case a 0.088 0.2345 0.182 0.494 1.97 0.375

case b 0.1336 0.2228 0.173 0.469 2.073 0 .6

case c 0.175 0.216 0.131 0.476 1.3695 0.81

As the sw lrle r flow Increases trends s im ila r to those found  
Inside the prim ary zone of the water model combustor can be seen. At 
station x /D c=0 .538  (th rough  the geom etric axis o f the primary je ts) the 
gradual increase In the positive axial ve locities suggests a decrease in 
the primary je t tra jec to ry . This resu lts in a sh ift in the location and 
decrease in the magnitude of the maximum negative and positive axial 
ve loc ities at p lanes x /D c=0 .419  and 0 .711 ; the above variations can be 
compared with the changes in the axial ve locity pro files at planes c. d, 
f inside the water model. The backflow near the sw lrle r increases with 
sw irle r flow and a reg ion of re c ircu la tion  is identified near the curved  
com bustor head due to the flow expansion and sw irl e ffect (A ltge ld  et 
a l. 1983; a s im ila r small re c ircu la tio n  had been pred icted in the water 
model fo r the high sw irle r flows but was not shown in the comparisons  
of subsection 5 .3  due to lack o f measurements near the sw lrle r). The 
pred icted prim ary zone re c ircu la tio n  ratio fo r the above configura tion  
(ca lcu la ted  from  the In tegra tion of the negative part of the axial ve locity  
pro file  at x /D c= 0 .39) is compared against tha t obtained from  the 
pred ic tion  of the water model com bustor operating with the same sw irle r. 
in F igure 5 .2 5 c . The com parison Indicated that the configura tion of
F igure 5 . 25a resu lts In a less steep varia tion in the range
0 . 3 < m sw/m p r < 0 . 65 and produces a primary zone rec ircu la tion  ra tio  
which is h igher by 25% than tha t of the water model combustor. This  
can be attributed to the reduced in fluence of the sw lrle r flow on the
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primary jets due to the g rea te r d istance between sw irle r and prim ary  
holes.

5 .6  Summary

The ca lcu la tion  of the tu rbu len t Isothermal flow inside a model 
of a can -type  gas tu rb ine combustion chamber was obtained by using a 
numerica l model based on the fin ite -d iffe rence  solution of the 
th ree -d im ens iona l tim e -ave raged  equations governing the transport of 
mass, momentum , tu rbu lence k ine tic energy and energy d iss ipation  
rate. The economic and e ffic ien t ca lcu la tion of the flow inside the  
complex model geometry was achieved by sp litting the whole com bustor 
into two overlapping zones: zone A com pris ing the can section and the 
two rows of holes and zone B made up of the exit nozzle and part of 
the upstream cy lind rica l ba rre l Includ ing the d ilu tion holes. The flow  in 
the firs t was ca lcu la ted with a cy lind rica l po lar grid and cyclic boundary  
cond itions were used In the 60° secto r considered. The computation of 
the nozzle was made possib le by using a general method capab le of
handling th ree -d im ens iona l geom etries with a rb itra ry boundaries w ith in  
fin ite -d iffe re n ce  methods based on simple co -o rd ina te  systems.

1. The range of investigations showed that the ca lcu la tion method
was capable of p red ic ting  qualitatively and quantita tive ly the 
effect of the varia tion o f the flow sp lit between sw irle r and 
ports and the in fluence of sw irle r geometry on the flow  
development.
(a ) In the prim ary zone, in the lower sw irler flows, the
maximum levels of d isc repancy were found in the v ic in ity of the 
prim ary je t im p ingem ent reg ion and were of order 40%. These  
were attributed to the fa ilu re  of the k -e  turbulence model to 
describe accu ra te ly  the tu rbu len t transport in this reg ion of 
high an iso tropy, as ind ica ted by the underestimation of the  
tu rbu lence k ine tic energy by about 40%. At h igher sw irle r
flows, due to sha llower penetration of the primary je ts ,
an isotropy was reduced . turbu lence was generated
predom inantly th rough shear and the pred iction of the mean 
and tu rbu lence fie lds was improved. In genera l, im portan t
varia tions in de ta iled and global features of the flow (eg
decrease in prim ary je t tra jec to ry , levels of negative axial
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ve locity . Increase in swirl ve loc ities , reduction in primary zone 
re c ircu la tion  ra tio ) were co rrec tly  reproduced by the ca lcu la tion  
method.
(b ) In the In term edia te zone, d iscrepanc ies found at the 
In itia l stages were a ttributed to Inaccuracies in the pred iction of 
the flow In the p rim ary je t Impingement reg ion. Agreement 
between m easurem ents and pred ictions Improved s ign ifican tly  at 
the la te r stages where the measured d is tribu tions of the three  
normal stresses became un ifo rm ; fo r the h igher sw lrle r flows, 
the effects of the centra I processing core on the flow  
development were not pred icted and th is lead to increased  
d isc repanc ies in the axial and azimuthal ve locities near the 
cen tre  line .
(c ) The d isc repanc ies were observed to increase in the 
d ilu tion zone which was ca lcu la ted in both zone A and B. 
Comparison between the results obta ined from the two zones 
showed tha t under cond itions of d ilu tion je t impingement the 
upstream  effect o f the nozzle extended up to the d ilu tion je t 
entry plane while at h ighe r sw irle r flows th is e ffect was 
reduced. Apart from  the de fic ienc ies due to the tu rbu lence  
model which were pa rticu la rly  evident in the lower sw lrle r flows 
when the d ilu tion  je ts penetrated and formed a backflow, 
add itiona l e rro r sources were identified in th is zone. The 
observed unsteady annulus flow near the dilu tion holes is 
thought to In fluence the d ilu tion je t entry conditions and the ir 
subsequent development inside the combustor in a manner not 
described by the boundary conditions used in the ca lcu la tions ; 
th is e ffect was observed to be sm a lle r In the h igher 
je t /c ro s s - f lo w  ve loc ity  ra tios . In add ition , the use of high 
density co rrec tion  fac to rs  to obtain the appropria te d ilu tion je t 
fluxes in the ca lcu la tion  of zone B is also expected to in fluence  
the d ilu tion  je t spread.
(d ) The ca lcu la tion  of the flow development inside the nozzle 
ind ica tes its e ffec t on the upstream flow as discussed above 
and revealed flow separa tion from  the expanding nozzle walls:
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th is was con tribu ting  to the low ve locities near the wall at the 
exit c ro ss -se c tio n  In both measurements and ca lcu la tions. At 
the com busto r exit fo r the lower sw lrle r flows (eg 15%) the 
maximum d isc repancy between the pred icted and measured  
axial ve loc ity p ro files  was 35% while this Improved to 25% at 
h igher sw irle r flows. Overall, although the pred icted axial 
ve locity d is tribu tions at the exit were much more uniform  than 
the m easurem ents, they provided useful ind ica tions of the 
reg ions of loca l acce le ra tion .

2. The observed maximum d isc repanc ies are sligh tly la rge r than 
those found in the ca lcu la tion  of axisymmetric swirl stab ilised  
combustors (eg  W hile lm i. 1984); this Is not su rp ris ing , 
however, s ince the d iffe rences are concentrated in regions  
where the p resen t flow Is s ign ifican tly more complex, ie 
prim ary Jet Im p ingem ent pos ition , d ilu tion zone. The level of 
agreem ent between measurements and ca lcu la tions In the 
present study Is s im ila r to that found In the computational 
Investigation o f a geom etrica lly  s im p le r model com bustor w ithout 
sw irl by Green (1 98 1 ).

3. The pa ram e tric  study over the wide range of operating
cond itions approp ria te  of gas tu rb ine practice (pa rticu la rly  the 
lower sw irle r flows) has shown that this type of numerica l 
approach can provide useful qualitative and quantitative results  
about the de ta ils and g loba l aspects of the flow fo r practica l 
combustion chamber designs at least under isothermal
cond itions. It was also demonstrated that such methods can 
be applied conven ien tly and econom ica lly fo r the complex 
geom etries as found in p ractice .
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CHAPTER VI

CLOSURE

6 . 1 Ach ievem ents and conc lus ions

This chap te r ou tlines the main find ings and contribu tions of the 
present thesis and puts forward some recommendations fo r fu ture work. 
Contributions a re  c lass ified  under the ca tegories of experimental and
computationa l work.

6 .1 .1  Experimenta l work

Laser Doppler ve loc im e try was used to obtain ve locity and 
tu rbu lence data inside a water model o f a can-type combustion chamber 
com pris ing a sw irle r. annulus fed prim ary and d ilu tion ports and an exit 
con trac tion nozzle. The e ffec t o f the variation of the flow sp lit between 
sw irle r and ports and the in fluence o f sw irle r geometry on the flow fie ld  
were investigated.

An increase in sw irle r flow decreased the tra jec to ry and
penetration of the prim ary je ts  and this resulted in a reduction in the
strength and size of the p rim ary zone vortex. This increase in 
sw lr le r /p r lm a ry  je ts mass flow  ra tio  was. the re fo re , accompanied by a 
reduction in the prim ary zone rec ircu la tion  ra tio ; the variation was 
almost linea r fo r 0 . 2 < m sw /  m pr < 1 . 0  ( fo r sw irle r 1 ). For sw irle r 
fiows h igher than 25% of the to ta l flow rate, a centra l processing core  
was observed on the can axis. A change in sw irle r geometry,
com pris ing a decrease in sw irle r exit area and an increase in swirl 
num ber, resulted in a reduction o f the primary je t tra jec to ry and levels 
of maximum negative ve loc ity and tu rbu lence energy inside the primary  
zone. Maximum levels o f tu rbu lence energy and anisotropy were 
associated with strong je t im p ingem en t and were reduced with increas ing  
sw irle r flow . Overall, the steep varia tions in the prim ary zone flow  
pattern had a sm a lle r e ffec t on the  combustor exit pro files due to strong  
and e ffic ien t m ixing in the d ilu tion  zone.

The investigation provided quantitative information about the  
in te raction between sw irle r and p rim ary je ts and quantified the e ffect o f 
sw irle r flow on je t pene tra tion , reg ions of rec ircu la tion  and intense  
tu rbu lence genera tion . Very litt le  in formation inside a rea lis tic  geometry
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existed on the above aspects of the flow which are Important in the  
design of actual combustion chambers. S ince the measurements were 
obtained Inside a p rac tica l con figu ra tion under operating conditions which  
are representative of gas tu rb ine  practice (pa rticu la rly  the lower sw irle r 
flows) they are of d ire c t re levance to the flow fie lds inside actual 
combustion cham bers. The data taken were also su ffic ien tly
comprehensive to be su itab le  fo r the appra isa l of combustor pred ic tion  
methods.

6 .1 .2  Com puta tiona l work

As a firs t step In assessing the capability of the numerical 
ca lcu la tion method to p red ic t the complete d iffu se r-annu lus -com bus to r  
system , the tw o -d im ens iona l flow inside a practica l dump d iffuser 
geometry fo r an annu la r com bustor and the th ree -d im ens iona l flow inside  
the water model com bustor were Investigated; erro rs that could arise 
from  the In teraction between the In ternal and external ca lcu la tion domain  
were thereby e lim inated In th is  separate investigation.

In the fo rm e r ca lcu la tio n , the numerica l solution of the 
governing equations was achieved on a boundary-fitted mesh necessary  
to represent co rrec tly  the flow around the curved combustor head. Due 
to the very fine meshes requ ired to m in im ise numerica l d iffusion e rro rs  
aris ing from  the hybrid d iffe renc ing  scheme presently used, adoption of 
a h igher o rde r f in ite -d iffe re n ce  scheme was recommended fo r the  
efficient ca lcu la tion  of th is type o f d iffuser. The Investigation showed 
that trends in the varia tion in the deta ils of the flow and In the overa ll 
perform ance caused by changes in d iffuser design features (eg  
in n e r/o u te r annulus flow sp lit o r dump gap) were pred icted adequately  
fo r eng ineering design purposes. The accuracy of the pred iction of the  
flow in the annulus was a lso encourag ing fo r the ir eventual use as 
boundary cond itions in the ca lcu la tion  of the flow inside the combustor.

A zonal approach was adopted fo r the ca lcu la tion of the water 
model combustor. A cy lind rica l po lar grid was used to ca lcu la te  the  
can section and a general method fo r handling three-dimensional 
geom etries with a rb itra ry  boundaries was fu rthe r developed and employed  
to ca lcu la te  the flow Inside the exit nozzle. Calculated results were in 
favourable agreem ent with measurements in the primary and In term edia te  
zones with the maximum d isc repancy In the pred iction of the mean flow  
of 40% (a t the lower sw irle r flows) found at the primary je t im p ingem ent
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position. This was a ttribu ted to the poor performance of the turbu lence  
model In th is reg ion of high an isotropy. as Indicated by the
underestim ation of tu rbu lence  energy also by 40%. The pred iction of 
the mean and turbulent fie lds was genera lly Improved at h igher sw irle r 
flow levels. The d isc repanc ies were h igher in the dilu tion reg ion , where  
In addition to the tu rbu lence model de fic ienc ies, the asymmetric
behaviour of the d ilu tion je ts and the use of high density co rrec tion  
factors fo r the d ilu tion  je t fluxes. In the ca lcu la tion of the nozzle,
contributed to the inaccu rac ies . The ca lcu la tion of the exit nozzle
showed that Its upstream  e ffec t extended up to the dilution je t entry  
plane and decreased as the d ilu tion  je t penetration was reduced; 
maximum d isc repanc ies a t the com bustor exit axial ve locity pro files were  
of o rder 30%.

The extensive com parison with measurements showed that the 
num erica l ca lcu la tion  method was capab le of pred icting the e ffec t of the 
varia tion of the flow sp lit between sw irle r and ports, and the in fluence of 
sw irle r geometry on the flow development. Detailed aspects of the flow , 
such as the prim ary and d ilu tion  je t tra jec to ry , the primary zone flow  
d is tribu tion and the loca tion of reg ions of intense turbu lence genera tion , 
were also pred icted adequately fo r pre lim inary design purposes. 
Overall, the pa ram e tric  study over a range of operating cond itions  
appropria te to gas tu rb ine  p rac tice  showed that, at least under 
isotherm al cond itions , th is  type of approach can provide useful 
qualita tive and quantita tive in fo rm a tion  about the e ffect of geom etric and 
flow variab les fo r the flows ins ide p ractica l gas turb ine combustion  
cham bers. The fu rthe r deve lopm ent of the general a rb itra ry boundary  
method was also a s ign ifican t step In removing the lim ita tions in the 
app lica tion of th is type of method to the complex geometries found in 
practice .

6 . 2 Future work

Several ca tegories of fu ture work are envisaged for the  
app lica tion of laser Dopp ler anem om etry and numerica l ca lcu la tion  
techn iques in the design of p rac tica l combustion chambers.

The laser Doppler anem om eter Is now a widely used Instrument 
fo r the m easurement of mean ve loc ity and tu rbu lence quantities inside a 
range of p ractica l flow con figu ra tions . In the design and development of 
gas tu rb ine combustion cham bers , the application of LDA in con junction
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with the use of the well established water and cold a ir models can  
provide quantitative In fo rm ation in cases where the degree of accuracy  
and reso lu tion required Is greater than that achieved by flow visualization  
and pitot probe m easurem ents. For example, accurate quantifica tion of 
the high ly tu rbu len t prim ary zone flow pattern would be very d ifficu lt to 
achieve with a probe as the steep varia tions inside the water model 
suggest. The deta iled data provided by th is approach are also suitable  
fo r subsequent com parison w ith ca lcu la tions.

With re fe rence to the experimental investigation of Chapter II, 
the present work can be extended In several areas. The present 
measurements exam ined the in fluence of the flow sp lit between sw irle r 
and ports and focussed atten tion on a spec ific  combustor design. As 
mentioned In subsection 5 .5 ,  the flow  pattern inside the combustor also  
depends on the pa rticu la r cham ber geometry. The work can be 
extended to Investigate the effects of geom etric features such as 
com bus to r/sw ir le r d iam ete r ra tio and the location and size of prim ary  
and d ilu tion holes. The rea lism  of the model can also be increased by 
Inc lud ing coo ling r ings , tr im m e r ho les and d iffe ren t port configura tions  
(chu tes , plunged h o le s ). The cho ice  of suitable geometry can be 
made by re fe rence to cu rre n t p rac tice  or the numerica l approach can be 
used to provide p re lim ina ry ind ica tions as demonstrated in subsection
5 .5 . A ttention should also be paid to reduce or. if possib le, e lim ina te  
any in fluence of the unsteady annulus flow near the d ilu tion holes, on 
the d ilu tion je t en try cond itio ns ; th is could be achieved with flow bleed 
at the downstream end of the com bustor. E lim ination of the above 
uncerta in ty Is pa rticu la rly  Im portant when the data are compared with 
ca lcu la tions. Care, however, should be taken so that any of the above 
m odifica tions does not render im portan t regions of the combustor 
inaccess ib le  to the lase r beams. The present measurements could also 
be extended to inc lude measurements of concentra tion and Its 
flu c tua tion , obta ined sim ultaneously with the ve locity and turbu lence  
data, possibly by use of the lase r induced fluorecence techn ique (see  
Johnson and Bennet. 1981). Th is type of data Is requ ired for the 
evaluation of cu rren t ca lcu la tion  procedures fo r combusting flows (Jones  
and P rldd in , 1978).

In the app lica tion of the numerica l approach to the ca lcu lation  
of the flows Inside the dump d iffuser geometry and the model 
com bustor, the quantita tive agreem ent with measurements was good 
enough to encourage fu rthe r work in various areas. In the dump
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d iffuser Investigation, a more accura te method for generating orthogonal 
cu rv ilinea r meshes could be used (eg the analytic solution of the 
Invlscld flow aroung a cy linde r) . This and the use of a higher order 
f in ite -d iffe ren ce  schem e, as suggested in subsection 6 . 1 . 2 . would 
remove the rem ain ing e rro rs  In the solution and allow a fuller 
assessment of the tu rbu lence model. It is also possib le to Increase the 
rea lism  of the geometry by in troduc ing  flow through the combustor via 
the head, prim ary and d ilu tion  holes and examine the ir Influence on 
perform ance . The represen ta tion of the d ilu tion holes would then 
requ ire the use of the th ree -d im ens iona l equations and this would 
Increase the com puter s to rage requ irem ents.

The favourable level o f agreem ent between measurements and 
pred ic tions in the ca lcu la tion  of the water model combustor suggests that 
the ca lcu la tion  method can be used In practica l s ituations. Parametric 
studies can be undertaken to investigate qua lita tive ly the effect of 
geom etric and flow va riab les ( le  location and size of ports, 
sw irle r/com bus to r d iam eter ra tio , simulated fuel in jection) on the flow  
pattern. The method can a lso be used in para lle l with the experimental 
approach as suggested above. The lim ita tions of the present model In 
pred ic ting  the present flow o r the equivalent combusting flow with little  
quantita tive e rro r concern each of the component parts of the ca lcu la tion  
schem e; the g rid  system , the fin ite -d iffe ren ce  scheme and the 
tu rbu lence and (even tua lly ) the combustion models. The genera l 
arb itra ry boundary method presented here s ign ifican tly  broadens the 
app licab ility  of the method but requ ires fu rthe r testing In a range of 
flows and geom etries ; in p a rtic u la r, the e rro rs aris ing from the use of 
high co rrec tion  fac to rs should be quantified . The use of a fine r mesh 
to ca lcu la te  the present nozzle geom etry could possibly reduce these  
co rrec tion  facto rs . Because of the ine ffic iency of the method in the use 
of g rid  nodes, as d iscussed in subsection 3 .3 .1 .  it is recommended  
that work should be d ire c ted  towards the development of a 
th ree -d im ens iona l approach that makes use of non-o rthogona l boundary  
fitted meshes (see Gosman and Issa. 1984) which may be a more  
econom ic a lternative . It was also suggested, in subsection 5 .6 . that 
the use of improved f in ite -d iffe re n ce  techniques and turbulence models 
could help to reduce the p resen t level of d iscrepancy (which is like ly to 
increase in the combusting ca lcu la tion . Green and Whitelaw (1 983 )) and 
the present Isothermal type of flow  is a most convenient case to test 
the ir perform ance . In gene ra l, the above improvements in the model
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will undoutedly broaden the scope of the ca lcu la tion method as a re liab le  
design tool.
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diffuser swirler annulus

combustor

/-------------------------------------------------------------------------------------------------------------- /



1 4 6



PUMP1

Figure 2. 1 Diagram of water tunnel



CO

Figure 2. 2 Model combustor geometry
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(a)

( b )

( a )  t h e  w a t e r  f l ow  r ig  

Cb) t h e  m o d e l  c o m b u s t o r

F i g u r e  2 . 3  P h o t o g r a p h s  o f



1 5 0

e = vane outlet anglec = chords = spacez/c = vane aspect ratios/c  = space/chord ratio

(a )

swirler 1

swirler 2

dimensions in mm
( b )

Figure 2. 4 (a) Geometrical definitions of fla t-vane swirler
(b) Geometry of the two swirlers used in 

Investigation
the
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F i g u r e  2.  5 P h o t o g r a p h  o f  t h e  two  s w l r l e r s



L K S E e  5~ W  H e - w e

COLLIMATING 
I S M S  L *  I M A G I N G

'  ' \ 8  L E N S ,  L a
F O C U S S IN G  \  /  C O L L E C T I N G
LENS, Ut \ /  L E N S ,  L«.

11

JE A D I A L  P H O T O M U L T I P L I E R
tUFFE-LCTtOW
G E T T IN G

E L L I P S O I D A L  M E A S U R I N G  
VOLUM E

Figure 2. 6 Optical arrangement of laser Doppler velocimeter
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D 'G lT ^ L  VO LTrM 6.TS .fc .

Figure 2 .7  Schematic diagram of processing equipment and signal
waveforms
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Figure 2. 8

velocity

Beam orientation and direction of traverse for 
measurement of velocity components



XD c
a 0. 135 (0. 135) 0 plane
b 0.270 (0. 270)
c 0.486 (0. 527) 1 0°
d 0.621 CO. 662) 2 150
e 0. 756 (0. 797) 3 30°
f 0.824 (0. 864) 4 60°
9 0.959 (0. 999)
h 1.094 Cl. 135)
l 1.229 Cl.270) _,cn
j 1.364 Cl.405) on
k 1.500 Cl. 540)
1 1.702 Cl. 743)
m 1.870 Cl. 910)

axial locations In parentheses a r e  
for operation with swlrler 2

Figure 2 . 9 Co-ordinate system and network of measurement points
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( a )  p r i m a r y  j e t  e n t r y  a n d  u p s t r e a m  r e c i r c u l a t i o n  ( c a s e  2)

( b )  d i l u t i o n  j e t  e n t r y  ( c a s e  2)

F i g u r e  2 .  1 0  F l o w  v i s u a l i z a t i o n  p i c t u r e s



15 7

( d )  d y e  f l ow  v i s u a l i z a t i o n  ( c a s e  6 )

F i g u r e  2 . 1 0  ( c o n t i n u e d )
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(a)

V O E T E X  a.

(C)

Figure 2.11 Flow pattern deduced from flow visualization
(a ) case 2. (b) case 3. (c ) case 4
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Figure 2. 12 Axial velocity and turbulence Intensity profiles upstream of
the model combustor



cr>o

Figure 2.13 Axial velocity and turbulence intensity profiles in the
annulus (case





(b)

O '!
PO

<a> axial. ( b) azimuthal, (c) radial



Figure 2. 16 Velocity and turbulence field for case 2 (e -15 °)

cnco

(a) axial. (b) azimuthal. (fi) radial



(C)
Figure 2.17 Velocity and turbulence field for case 2 (e=30°)



O (\j

(a) axial. (b) azimuthal. (e) radial



cr>cn

< a) axial, <b> azimuthal. <c> radial



cr>'-'J

(a) axial, <b> azimuthal,  ̂o i radial



Figure 2.21 Velocity and turbulence field for case 6 (e=0°)
(ai axial. t bi d2lmuihdl



Figure 2 .22 Velocity and turbulence field for case 7 (e=0°)
(a) axial. (b) azimuthal. (c) radial



Figure 2 .23  Velocity and turbulence field for case 8 (e=0°)

o

(d) avial. (b) azimuthal, (c) radial



Figure 2.24 Velocity and turbulence field for case 9 (e=0°)
i a )  a x i a l .  t  b )  a z i m u t h a l .  ( e i  r a d i a l
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(a) case 1

o
(b) case 2

Figure 2 .25  Axial velocity field at exit from the nozzle contraction
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Y

Figure 2.25 (continued)
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(a) case 1

Figure 2 .26 Axial turbulence Intensity field at exit from the nozzle

contraction



IK
1 7 5

1 . 0

0 . 5

O
(e) case 7

Figure 2.26 (continued)



c d

c d

(a)

l m

(b )
Figure 2 .27 Influence of flow split on

(a) axial velocity field

"vjcn

(D) turbulence Kinetic energy field
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Figure 2 .28  Primary zone recirculation ratio (sw irler 1)



1 7 8

z (mm )
0 20 AO 60 80 100

i---------------1

Figure 2 .29 Axial velocity distribution obtained Inside a can-type  
combustion chamber geometrically sim ilar to the current 
water model under combusting conditions (taken from  
Blcen and Jones. 1985)
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Dc
(b )

Figure 2. 30 Centre line development of
(a) axial velocity
(b) turbulence kinetic energy (sw lrler 1 )



b

(e=0° .  swlrler 1 )

08
 L



Figure 2.31 (continued)



c d

0 1 U /U.and k /U h21 --------------» b b
c d

Figure 2. 32 Influence of swirler

l m

(a)
l m

(b )
geometry on

(a) axial velocity field
(b) turbulence kinetic energy field (15% swirler flow ieve»
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( b )

Figure 2 .33 (a ) ,  (b ) Primary zone recirculation ratio and comparison
of the performance between swirler 1 and swirler 2
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Figure 2 .34 Centre line development of
(a ) axial velocity
(b) turbulence kinetic energy (sw irler 2 )



V COfsTTCOL  
.v o l u m e

P E E S S U 2 E  o z  
s c \ l * £  c o N iT e o u  
V O L U M E

w  C O N T R O L

( b )

Figure 3. 1 Velocity and scalar control volumes for a 
three-d imensional calculation domain
(a) U. V and scalar control volumes in x-y plane
(b) W and scalar control volumes In y-z plane
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Figure 3. 2

(b)

Cyclic boundary conditions
(a) Physical domain with periodic repetition
Cb) Calculation domain with cyclic boundary conditions

applied at period ic axes
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X

Figure 3 .3  Numerical mesh fo r stream function -  velocity potential 
solution

X

Figure 3.4 Boundary calculations: layout and notation
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Figure 3 .5  Two-dimensional plane of orthogonal curvilinear 
co-ord inates

AVAVA v\/ / / /  ^-Boundary

y Y Y / // / ,//\//,Y // / /, / / Y / ^ ^ c a s te lla te d  approximationY / // 3/ // / // Y4 A
// 4 —►'/>

Figure 3. 6 Castellated approximation
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cell type B

cell type D

PD: pe rpend icu la r d is tance from  ce ll node to boundary

normalised boundary ce ll face area of that part of the ce ll lying inside 
the boundary:

AY1.AZ

(AY1+AY2).AZ
(in  tw o -d im ens ions)

Figure 3. 7 Boundary cell classification and geometrical quantities
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N

Figure 3 .8  Adding on of an external cell

VPPS

Figure 3. 9 Velocity vectors In a boundary cell
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Figure 4. 1 Gas turbine combustion chamber diffuser systems 
(a ) “faired* diffuser
(b) “dump" diffuser



= 38-1 mm 
^5=1302 mm 
R -  66.67 mm

<£>ro

Figure 4 .2  Flow configuration Investigated
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Figure 4 .3  Cylindrical polar mesh of 45 x 58 (x, r) grid nodes and 
castellated approximation of the combustor head

Figure 4. 4 Mesh generation
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Figure 4. 5 Boundary fitted meshes of 31 x 42 and 80 x 92 (C |. C2>

grid nodes



-03 -0/2 -0.1 O o.l O.z

y: radial distance of each grid node measured from the bottom casing
of the diffuser 

R: 2RC + y4o + y4|
y0 j  radial distance of each grid node measured from the position of 

intersection of the grid line with the combustor wall 
Ayo J  radial distance from the combustor wall to the casing

(b)

cn

Figure 4. 6 Truncation error analysis. Abscissa non-dlmenslonallsed
with M J ^ / D q
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Figure 4. 7 Orthogonality erro r estimates



197

- s o -40 Tr 4-0 ©o  

l . Z

0.6

0.4

Cp = ■

-0 .4

- 0.8

Cc) static pressure d istribution on combustor wall

Figure 4. 7 (continued)
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Xc.
- f tO  - 4 0 o  * 4 0 f io

1-2

<=P
o.e

3 . 4

o

- 0 .4

O.S

Figure 4 .8  Cylindrical polar grid results



(c ) velocity and static pressure profiles at station 3

(d) velocity profiles at exit from the settling length

Figure 4. 8 (continued)



2 0 0

-8 0  -40 *40 8 0

\ . Z

0.6

0 .4

O

- 0 . 4

-O .S

Figure 4. 9 Results of calculations with boundary fitted meshes



(c ) velocity and static pressure profiles at station 3

the settling length (b)

roo

Figure 4. 9 (continued)
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(a)

(b )

Figure 4. 10 Predicted and measured combustion chamber static
pressure distribution (boundary fitted meshes)
(a) DQ /h2 = 1 . 0 . s = 2.57
(b) DQ /h2 = 1 0 .  s = 2.30
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1.0 2.0 g  3.0

(a)

Figure 4.11 Predicted and measured variation In performance with flow 
split CDG/h2= 1 . 0)
(a ) overall static pressure recovery and loss coefficient
(b ) velocity profile energy coefficients at station 4
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( b )

Figure 4.11 (continued)



2 0 5

(a)

Figure 4. 12 Predicted and measured variation In performance with
(a , b) flow split (c ) dump gap
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( b )

Figure 4.12 (continued)
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(C)

Figure 4. 12 (continued)



Figure 5. 1 Arrangement of calculation for water model combustor
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approximation of curved

Figure 5. 2 F in ite -d iffe rence meshes used in the calculations of

zone A



Figure 5. 3 F inite-d iffe rence mesh used for the calculations of zone B



Figure 5 .4  (a) Description of the nozzle cross-section at successive
axial locations

(b) Surface of the nozzle and adjoining can section
comprising tho calculation domain for 2ono B
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d ilu tion hole boundary

Figure 5. 5 Correction of fluxes through the dilution holes



-----------------grid 1
-------------- GRID 2
-----------------GRID 3

i------- 1
0 1

JJ_ JlUb ' us

Figure 5. 6 Grid refinement process for cylindrical polar meshes used 
for zone A (a ) axial velocity. (b ) turbulence kinetic
energy
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Figure 5. 7 Comparison of calculated and measured velocity fields for
case 1 (e=0°) Ca) axial, (b) azimuthal, (c) radial

214



Figure 5. 8 Comparison o f calculated and measured velocity fields for
case 2 (e=0°) (a) axial, (b) azimuthal, (c) radial



e = is° 6 = 30°0 = 0°

Comparison of calculated and measured velocity fields at
various e planes for case 2 (a) axial, (b) azimuthal.

rv>
cr>

(c? radial



ro

Figure 5.10 Comparison of calculated and measured velocity fields for
case 3 ( 9=0 °) (a) axial. Cb) azimuthal, (c) radial



( 0

Figure 5.11 Comparison of calculated and measured velocity fields for
case 4 (e=0°) (a) axial, (b) azimuthal, (c) radial
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(c)

Figure 5. 12 Comparison of calculated and measured velocity fields for
case 5 (e=0°) (a) axial. Cb) azimuthal, (c ) radial



(a)

(b)

Figure 5. 13 Comparison of calculated and measured velocity fields for 
case 6 (e=0° ) (a ) axial, (b) azimuthal
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Figure 5. 14 Comparison of calculated and measured velocity fields for
case 8 (e=0°) (a) axial. Cb) azimuthal, (c) radial



Figure 5. 15 Comparison of calculated and measured turbulence kinetic 
energy profiles (a) case 2. (b) case 3. (c ) case 5
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(a)

Figure 5. 16 Comparison of calculated and measured centre line axial 
velocity and turbulence kinetic energy profiles
Ca) case 2. (b) case 3. (c ) case 4
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Figure 5. 16 (continued)
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Figure 5. 17 Comparison of calculated and measured contours for 
case 1 (e=0° ) (a ) axial velocity, (b) azimuthal
velocity, (c) turbulence kinetic energy



2 2 6

Figure 5. 18 Comparison of calculated and measured contours for 
case 3 (e=0°) (a) axial velocity, (b) azimuthal
velocity, (c) turbulence kinetic energy
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Figure 5. 19 Comparison of calculated and measured contours for 
case 4 (9=0°) (a ) axial velocity. (b) azimuthal
velocity, (c) turbulence kinetic energy
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measurements predictions

(C)

Figure 5 .20 Comparison of calculated and measured radial velocity 
contours
(a) case 2 (e = 0 ° ) , (b) case 4 (e=0 °), (c ) case 2
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•jj- =  1 - 3 6  1 - 6 2  1 - 9 3  2 - 1 6  2 - 4 3  2 - 7 7

Figure 5.21 Calculated axial velocity field Inside the nozzle (case 2)
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U_
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ro
coO

Figure 5.22 Comparison of calculated and measured axial velocity 
fields at the combustor exit <a> case 2 , (b) case 4



measured predicted

Figure 5 .23  Comparison of calculated and measured axial velocity

contours at the combustor exit (a) case 2. (b) case 4



filpr

Figure 5.24 Comparison of calculated and measured variation of the
primary zone recirculation ratio
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(C) ITIpr

Figure 5 .25 (a) combustor geometry
(b) mean velocity field inside the primary zone
(c ) primary zone recirculation ratio


