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(ii)

A B S T R A C T .

The objective of this thesis was to investigate flame 
radiation and smoke emission phenomena in a combustor typical 
of those in use in aircraft gas turbine engines. One of the 
primary aspects of the investigation was to compare the 
performance of airblast atomisers with that of conventional 
swirl atomisers under as near identical conditions as possible.

A brief study of combustion chamber processes and carbon 
formation and thermal radiation mechanisms was made, with 
consideration of such experimental data as exists in the litera­
ture.

An airblast atomiser and combustion chamber was developed 
to a state whereby testing at rich mixtures at moderate combus­
tion pressures could be performed for short periods. This 
enabled a preliminary comparison to be made monitoring the 
following parameters:-

(i) Flame total radiation.
(ii) Exhaust smoke level.
(iii) Weak extinction.
Data was collected at three different combustion pressures 

for various air-fuel ratios and chamber velocities. The results 
showed that the airblast atomiser offers significant advantages 
over swirl atomisers with regard to total flame radiation and 
exhaust smoke emissions whilst suffering from a poor weak 
extinction.

A more detailed analysis was performed for swirl atomisers 
using the Schmidt Method to establish flame temperatures and 
emissivities. The object of this work was to assess the effects 
of droplet size and combustion pressure on flame radiation.

Owing to the poor atomisation quality and fuel distribution 
of the airblast atomiser used for the preliminary work, two new 
injectors were designed. It was hoped that a detailed analysis 
for these injectors could be performed via the Schmidt Method in 
order to provide a comparison with the swirl atomisers. Unfort­
unately, manufacturing was not completed with sufficient time 
left for this analysis to be completed.
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Air-fuel ratio.
Beer Law absorption coefficient.
Drag coefficient.
Velocity of light.
Mean soot concentration.
Drag force.
Droplet diameter.
Correction for instrument error. 
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V  = Combustor volume.
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^  = * Window total absorption.
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2L = Beer Law absorptivity.
ÇL = Flame emissivity.
Jx. = Viscosity.
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X  = Wavelength.
Ç  = Density.
V  = Kinematic viscosity.

SUBSCRIPTS.
oc = Overall cycle.
TH = Thermal.
f W = Propulsive.
T = Total.
X Spectral.
n Ron-luminous.
6 = Fuel.
5 W = Sauter Mean Diameter
V Liquid.
K = Air.
H = Mass Median Diameter
Û Flame tube.
bb Black body.
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SECTION 1.

INTRODUCTION,

In the conventional gas turbine combustor, the flame 
tube is protected from the searing heat of the flame by film 
cooling. It is essential in the interests of exhaust 
traverse quality and combustion efficiency that the quantities 
of air used for cooling should be minimised, thus this problem, 
which is being aggravated by the continued increase in engine 
pressure ratios, could be alleviated by any process which 
reduced the heat transfer to the combustor walls. The speci­
fication of cooling air is a compromise between achieving 
adequate combustion chamber service life and obtaining satis­
factory exhaust traverse and combustion efficiency.

In Reference 17, Schirmer & Quigg point out that 
combustor durability is a severe problem even in present 
generation engines. A recent unpublished report (40) by 
B.A. Fuller and D.T. Russell, presented as Appendix I, under­
lines the problem of combustor durability in engines in 
current airline operation.. In Rolls-Royce Conway engines, 
for example, combustor repairs represent 5?o - 8^ of total 
engine overhaul costs, and combustor defects are frequently 
the cause of unscheduled engine removal with an indirect cost 
of approximately £4.5 for each hour of unexpired B.C.A.R. 
approved life. In addition to this, approximately 1($ of 
the scrap to N.G.V.s and turbine blades is due to distorted 
thermal profiles and direct combustor debris damage.

It has long been established that thermal radiation 
from the hot gases and material in the combustor can 
constitute the major portion of the total heat transfer to 
the combustor walls. In circumstances where flame radiation 
is such as to be the predominant mode of heat transfer, the 
flame is invariably highly luminous with a high total emit- 
tance. Whilst one is almost obliged to accept the 
convective heat transfer and non-luminous radiation, unless 
combustor geometries and fuels are drastically altered, 
there seems to be a distinct possibility that the important 
luminous component can be significantly reduced, and thus the 
cooling problem eased considerably. One of the objectives 
of this thesis is to investigate the reductions in luminous 
radiation that can be achieved by the application of partially 
premixed fuel injection systems.

The luminous component of radiation is known to emanate 
from the carbon particles formed within the flame, which 
superimpose a continuum of radiation upon the banded spectral 
emissions of the heterapolar gases. Reduction of luminous 
radiation thus implies a reduction in the concentration and 
size of carbon particles within the combustor, if such a



reduction could be obtained, the added benefit of reduced 
exhaust smoke level would be achieved. There has been an 
increasing awareness and intolerance shown towards all forms 
of atmospheric pollution in recent years, and whilst negligible 
toxic pollutants are released, gas turbine exhaust smoke 
emissions have received much criticism. Since the times are 
not far away when suitable legislation will stipulate maximum 
smoke levels, it is most appropriate that methods to reduce 
smoke emissions should receive attention.

Unfortunately, the mechanisms and factors involved in 
the production of carbon in hydrocarbon combustion are not well 
understood, this situation being explicable in terms of 
complexity, not a small factor in this situation being the 
inability to predict and determine the prevailing conditions 
at the sites of carbon formation. This being the case, 
progress can only be made using the best of empiricism, and 
thus there is a requirement for much experimental data, in 
order to improve empirical methods and provide material for 
analytic attempts. Whilst there is a real need for data 
from specialised apparatus in which particular aspects or 
mechanisms can be studied to the exclusion of others, there 
is also a need for data from combustors typical of those used 
in gas turbines. The reason for this is that many of the 
processes and mechanisms oppose one another, thus the relative 
importance and dominance, which may alter with operating 
conditions, can only be established in real combustors. It 
is thus the aim of this thesis to perhaps contribute in a 
humble way to the data from real combustors.



SECTION 2

FLAME RADIATION.
2.1 Future Engine Trends.

In the inevitable quest to improve upon engine design 
and performance, Pratt (1?) predicts the following trends 
to increase overall efficiency at a lower specific weight. 
The overall cycle efficiency defined:-

LPRov.
where = overa^^ cycle efficiency

=: tliermal efficiency 

'7-9^6? = propulsive efficiency

Both and will be improved, by increasing
engine pressure ratio, and ^  PROP, by increasing by-pass 
ratio. In addition, lower specific weight will be achieved 
by increasing turbine inlet temperatures, and improved 
mechanical design to reduce weight directly.

These trends affect combustion parameters as follows
(a) Combustor inlet temperature increased.
(b) Combustion pressure increased.
(c) Combustor mass flow increased.
(d) Volumetric heat release rate increased.

Reduced weight will tend to shorten combustors and reduce 
their volume. This trend can only be realised if more 
effective control is gained over combustor heat transfer and 
carbon production. To aggravate the situation, the above 
mentioned combustion parameter trends are such as to worsen 
the heat transfer via flame radiation and, in addition, 
would necessitate the use of increased cooling air, since the 
heat sink capacity of the air is reduced by virtue of its 
increased initial temperature. Sterry (21) also predicts 
this increasing adversity which the combustor will be asked 
to endure, and also points out that the cooling problem will
be critical, since cooling air must be minimised in the
interests of traverse quality and pressure loss. Cooling 
air increases must also be minimised in the interests of 
combustion efficiency since fuel entrainment in the cooling 
air, and quenching, reduce combustion efficiency.
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In anticipation of future problems, it is appropriate 
that much emphasis should be placed upon radiative heat 
transfer from the flame (8). Thiè is so, because although 
the convective heat transfer will increase in future engines, 
the radiative heat transfer is increasing at a greater rate 
as combustion pressure is increasing. Schirmer & Quigg (17) 
point out that for highly luminbus flames,radiative heat 
transfer can constitute 10$ of the total heat release, and up 
to 80$ of the total flux to the walls. Reeves (6) also 
suggests that radiation can be the predominant mode of heat 
transfer to the liner. As will be demonstrated later, it 
is also appropriate that much attention should be paid to 
flame radiation since it is far less clearly understood than 
convective heat transfer, and its accurate prediction at the 
design stage is impossible at present.

It is of interest to note that a knowledge of mechanisms 
involved in the control of flame radiation, is not only 
important for use in the gas turbine field for reduction of 
radiation. Foster (10) points out that such knowledge could 
equally well be used in furnace design where an increase in 
flamé radiation would be desirable.

2.2 The Laws of Radiation.
Whilst a real combustor flame radiates in a manner which 

is usually far removed from that of a black or grey body, a 
knowledge of the laws of black body thermal radiation is 
necessary, since these provide the basis for any description 
of flame radiation.

The basis for the laws and concepts of black body 
radiation was laid down in i860 when Kirchoff postulated that 
the radiation issuing from a small hole into a large cavity 
was black in nature (1). He then formulated his law upon 
which the Schmidt Method, used in this work, hinges. The law 
may be stated as follows:- "At thermal equilibrium, the 
emissivity and absorptivity of a body are the same". (2)

From experimental data, Stephan in 18?9 deduced that 
the total radiant energy from a body was proportional to the 
fourth power of its temperature. From theoretical considera­
tions, Boltgmann, 1884, confirmed this fourth power law, which 
is now known as the S tephan-Boltzmann law for total hemi­
spherical radiation:-

In 1891i Wien, again from theoretical considerations, 
derived his "Displacement Law", which stated that for a black



body,the product of the absolute temperature and the wave­
length at which the maximum spectral radiant intensity occurs 
is a constant. This law, in fact, defines the shift of peak 
of the Planck curve towards the visible as temperature 
increases.

Perhaps the most important law of radiation was 
developed in 1901 by Max Planck. He developed his law 
during an attempt to reconcile the existing empirical laws 
by formulating a universal law from theoretical considerations. 
Planck’s Radiation Law is:-

During the derivation of his equation, Planck was led to a 
postulation which was to be the basis of the quantum theory (1). 
Fig.1 shows the Planck Law for two different black body 
temperatures, and it also illustrates the need for radiation 
studies to be carried out well outside the visible range of 
the spectrum into the infra-red, since this is area of the 
major portion of radiant heat transfer. This is illustrated 
by considering a black body at 2000°K , for example, where 
the percentage of the total radiation from all wavelengths, 
which is passed between 0 and 1 micron, is approximately 7̂ » 
whereas between 0 - 1 0  microns, approximately 96.5^ is passed.

The final important concept is that of the grey body.
A grey body emits less radiation than a black body at the same 
temperature, and at any wavelength ^  , the grey body emits
a fixed proportion of that emitted by the black body, such 
that:-

’2.XtV\C^X (2)

The equation is usually stated in reduced form:-

N.B

OA

(4)



— - a CerwstâvxV ̂ —  (5)
«V X NVc-V.

and

C-X s   C6)

For real flames, S)\ is very rarely a constant for ail 
wavelengths, as illustrated in Fig.1, although one must 
assume that the flame is grey for all techniques of esti­
mating flame temperatures and emissivity that use total 
radiation rather than spectral or monochromatic radiation. 
This is discussed more fully in Section 7*

As pointed out in ref. (4), the ending "-ivity" 
should strictly only be used to describe a property that is 
independent of size or shape, i.e. a specific property. 
Where a property is dependent on size or shape, the ending 
used should be "-ance". Throughout this thesis, however, 
the terminology used conventionally in the literature has 
been adopted and, for instance, the term "flame emissivity" 
is used, whereas "emittance" is the correct term, since 
flame emittance is definitely a size and shape dependent 
property.

The Nature of Flame Radiation.
All materials radiate energy, the amount depending 

on the material properties and the temperature. In combustor 
flames, the important materials are unburnt fuel, air and 
combustion products. From temperature considerations, only 
the combustion products and heated excess air need be con­
sidered important radiators.

As previously hinted, the most important radiators in 
gas turbine combustor flames are the carbon particles formed 
during combustion. These particles may be very small in 
size compared with the important wavelengths, and thus 
contribute very little to the total radiation from the flame, 
when this situation exists the flame is called a "non- 
luminous" flame. This term has little to do with the 
visible properties of the flame, since non-thermal radiation 
of an electronic nature such as chemi-luminescence, can often 
make a flame very bright and yellow to the eye, whilst 
radiating little thermal radiation in the important infra-red.



Where, however, the carbon particles have sufficient size 
and concentration to emit substantial radiation in the infra­
red, the flame is then termed "Luminous".

(i) Non-luminous Flames.
Gases are selective emitters in that they emit 

a large proportion of their total radiant energy in 
discrete wavelength; bands. (6) (2) (1) (3). In each 
band, high resolution spectroscopy has shown that 
many spectral lines exist (3) (4) which are caused by 
well defined quantum number changes within the molecule. 
Hodgson (3) points out that there are three types of 
quantised energy transitions

In a general transition, one particular type of 
transition dominates the energy change and the bands 
are correspondingly named:-

Due to the energy distribution defined by the Planck 
equation (see equation (2) Section 2.2 and Fig.1), the 
bands of most interest are the vibrational bands from 
1 to 30 fik.. Whilst the change in vibrational quantum 
number defines the spectral position of the band, the 
actual lines within the band are defined by simultaneous 
vibrational and rotational transitions, thus the 
vibrational bands are often referred to as the 
"vibrational-rotational" bands (3)«

At the temperatures encountered in furnaces and 
gas turbine combustors, the only species that emit 
significant quantities of radiation are heterapolar 
molecules of unsymmetrical structure such as carbon 
monoxide, carbon dioxide, water vapour and hydrocarbons. 
In the gas turbine combustor, the molecules of main 
interest are the carbon dioxide and water vapour in the 
combustion products. Both carbon dioxide and water 
vapour emit in two important spectral bands at about 
2.8 flL and 4.3 /*- » this is illustrated in Fig.1, and 
shows that the spectral emissivity in these bands can 
be quite high. This fact may well be of importance 
in the measurement of gas temperatures by narrow band

(1) rotational transitions
(2) vibrational transitions
(3) electronic transitions

(1) rotational changes,

(3) electronic changes
(2) vibrational changes (infra-red)

(visible)
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pass pyrometry, since, if as appears to be the case, 
the spectral emissivity in the 4»5 band were 
nearly constant over a wide range of conditions, a 
pyrometer with filters such that only this band is 
viewed, could be used to give gas temperatures with 
a single reading. This is currently being considered 
for use in gas turbine control systems such that 
combustor exit temperature could be monitored as a 
control system input rather than jet pipe temperature 
as currently used in the interests of thermo-couple 
durability. Such a system would enable one to sail 
closer to the wind during engine transients, since 
the control system programme would not need to have 
built-in estimates of factors such as turbine thermal 
capacity and turbine acceleration work in order that 
turbine inlet temperature can be controlled from jet 
pipe temperature. Since maximum turbine inlet 
temperature is one of the most important engine 
operating limits and also is an important cycle para­
meter, one would like to directly monitor this anyway.

Whilst the spectral emissivities in the 2.8 
and 4.5 bands may be approaching unity, the
effective total emissivity as defined by the Stephan 
Boltzmann law, postulating an equivalent grey body, 
is usually very low, typically in the region of 0.05 
to 0.10:-

(ii) Luminous Flames.
Whilst pre-mixed flames tend to be of a non- 

luminous nature, emitting radiation in discrete 
spectral bands, diffusion flames with many fuels 
generate carbon particles: which can emit radiation 
that is essentially black-body in character. Thus, 
superimposed on the banded molecular radiations is 
a continuum in the infra-red which can raise the 
effective flame total emissivity to a high level, and 
thus drastically raise the total radiant flux issuing 
from the flame.

The radiation from a cloud of carbon particles 
depends both on the particle size and the total mass 
concentration. The carbon particles can only radiate 
appreciably when their size is large enough to emit at 
the important wavelengths in the infra-red, thus very

(7)



9

small carbon particles could well be present in some 
non-luminous flames, some workers (7) have postulated 
that carbon particles are present in all hydrocarbon 
flames so long as fuel is burning. Unfortunately, 
far less is known about the factors that affect the 
formation and size of carbon particles and the radiative 
properties of such particles, than is known about gas 
vibrational-rotational emissions; more thought is given 
to this subject in Section 3*

2.4 Prediction of Flame Radiation.
(i) Non-luminous Radiation.

Penner (4) presents the theoretical methods that 
are available for the calculation of vibrational- 
rotational gas emissions. The various theories and
models illustrated generally require extensive use of 
the principles of wave mechanics, and exact numerical 
solutions require the knowledge of a considerable 
"number of spectroscopic gas constants. Penner points 
out that whilst it is now possible to perform exact 
calculations for some diatomic gases, for which 
extensive spectroscopic studies have revealed the 
various constants, for polyatomic gases, this is not 
yet possible. He suggests that in principle there 
is nothing to prevent calculations for polyatomic 
gases such as carbon dioxide and water vapour, but 
such processes are prevented due to a lack of knowledge 
of the spectroscopic constants. Apparently, however, 
some success has been obtained with semi-theoretical 
correlations utilising such spectroscopic data as 
exists, although, for engineering purposes, a continued 
reliance upon empirical methods is necessary for the 
moment.

Whilst such theoretical methods are comparatively 
recent developments, empirical methods were formulated 
by R. Von Helmholtz in 1900. He proposed a very simple 
model which fitted in with the then popular view of 
chemiluminescence being the nature of flame radiation. 
Hottel (5) points out that such attitudes lingered for 
many years and flame radiation was frequently quoted as 
a percentage of heat of combustion.

In 1924, Schack published his work with furnace 
flames, which laid the foundations for flame radiation 
calculations based on a thermal radiation concept. It 
is rather illuminating to consider that Planck had 
already developed his radiation law nearly a quarter 
of a century beforehand, his law clearly indicated the 
nature of radiation and the importance of emissions in 
the infra-red.



The classical method of estimating the emissivities 
of carbon dioxide and water vapour is due to the work 
of Hottel and others. They performed extensive 
experimental work with both gases, and also correlated 
the results of other workers to present the famous 
emissivity charts. These charts present the emissivity 
of a hemispherical volume of gas radiating to the centre 
of its base, as a function of the product of the gas 
partial pressure and the hemisphere radius, and the 
absolute temperature of the gas at a total pressure of 
one atmosphere. For other pressure levels, they 
defined an overall emissivity correction factor for 
the total pressure range 0.05 to 5*0 atmospheres.
Penner (4) points out the dangers of extrapolating 
empirical data beyond the range for which the data is 
valid, and Durrant (8) emphasises that as a result of 
this, the work of Hottel is no longer applicable to 
present and future generation, gas turbine heat transfer 
calculations where pressure ratios of 25:1 or 30:1 
place such calculations far beyond Hottel1s work.
Hottel*s work does, however, provide for gas temperatures 
up to 5000 R, and provides a further correction factor 
for mixtures of the two gases where the coincidence of 
spectral emission bands makes the one gas slightly 
opaque to the other, and thus the total emissivity of 
the mixture is slightly less than the sum of the two in 
isolation at the appropriate partial pressures.

The actual use of the charts is laborious and 
Reeves (6) successfully reduced them to an empirical 
formula which is valid over the same range of conditions:

Reeves (6) noted that by suitable choice of variables, 
supposedly non-luminous flame emissivities approaching 
unity could be obtained, suggesting that some of the 
flames examined by Hottel were in fact luminous.

(8)

For distillate fuels where:-
P  = pressure (atmospheres)

= fuel air ratio 
L-. = optical path (feet). 
T = temperature (° K)
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In conclusion, one can say that the emissivities 
of non-luminous flames can be estimated with fair 
accuracy up to pressures of 5 atmospheres, but beyond . 
this into the range of current interest, very little 
useful data exists that could be of use to the designer.

(ii) luminous Radiation.
McAdams (2) states that the theoretical prediction 

of luminous emissivities is not well advanced from an 
engineering point of view. To emphasise the 
importance of this fact, and that of the problem in 
general, the International Committee on Flame Radiation 
has been set up at Ijmuiden, Holland, with the broad 
objective of developing a recommended procedure to 
predict flame radiation.

The nature of carbon particles formed in a 
combustor is discussed in Section 3* In order to 
perform heat transfer calculations for radiation from 
carbon particles, a knowledge of the temperature of the 
particles is necessary. Schirmer & Miller (9) state 
that there is evidence to suggest that such particles 
are at the same temperature as the hot gases, which, 
considering their size and formation mechanisms, would 
seem quite reasonable.

Most attempts to predict the radiation from clouds 
of carbon particles have hinged on the solution of 
Maxwell’s equations for the interaction of electro­
magnetic waves with a homogenous sphere of unit perme­
ability as formulated by Mie.(lO) (11). The Mie 
equations express the fractions of incident radiation 
upon a cloud of uniform particles, scattered and 
absorbed by the cloud, and take the form of Bessel 
Function series. In Ref.10, these Bessel functions 
are expanded in power series, which prove so convergent 
that, it is stated, only the first term need be con­
sidered. With the assumption that scattering of 
radiation is unimportant, the following equation defines 
the spectral emissivity:-

£ÿ\-erç.
f

72-
<9>

where Y\ = real relative refractive index of soot
\C= absorption index at wavelength 
C = mean soot concentrationC. = mean soot concentration .. a



N.B. The complex refractive index of soot,VY\ % 
is defined

tv\= L-VÇj   do)

Equation (9) may be directly compared with an empirical 
equation used by Hottel & Broughton (2) for the correla­
tion of luminous flame data of the form:-

where

where and d, are constants.
The form of the equations (9) and (11) is, in fact, 
very similar to Beer's Law for a uniform absorbing 
medium which may be written:-

< ! > =  —  (13)

where = spectral absorptivity
CX— = absorption coefficient
\ = medium thickness

In Ref.11, a similar technique to that used by Foster
(10) was employed, but here account was taken of the 
non-luminous background radiation which led to the 
following equation:-

i T  = \ -  —  (i4)

Whilst these theoretical equations have provided 
good correlations with experimental results under 
certain circumstances, their general application 
to gas turbine combustors would seem to be hindered

1 % =  [ - $ & ) *  v X

is frequently used in the form:-

m  -

en)

  (12)



by an inadequate knowledge of the optical properties 
of combustor carbon particles, and the inability to 
predict carbon concentrations.

Various empirical methods have been suggested 
to account for luminosity in flame radiation calcu­
lations, Reeves (6) presents a modified version of 
equation (8) of the form; -

'° +  k L - A —  (15)

where is a function of combustion pressure, P  
and fuel air ratio, ,typically for gas oil fuel:-

N  s ^V(?S Ÿ  0*O2.'£^— 0 ‘O \ s \   (16)

Another approach used by Lefebvre & Herbert involved 
the definition of a luminosity factor such that:-

f  -  6  -  ̂ -r) 1 (17)

At one atmosphere for a kerosene flame in one chamber,
= 1.7» and in another chamber also at one atmos­

phere, was calculated from wall and gas temperatures 
to be 1.97. (8)

Whilst these empirical correlations may well give 
good agreement for one chamber size and geometry, 
reservations must be placed on their application to 
geometrically different chambers operating at different 
conditions.

In conclusion, one can only assume that the 
prediction of luminous radiation in real combustors 
at realistic conditions is equally ill-advanced as 
the prediction of non-luminous radiation, and a great 
deal more experimental work is required if the situation 
is to be improved.

The Geometry of Combustor Radiation.
Due to a combination of Lambert's Cosine Law, the 

Inverse Square Law and the effects of optical path length, 
the radiation of a general gas volume to some surface is 
very complex geometrically. There have, however, been



exact analytic solutions for certain uniform gas volume 
shapes radiating to certain surfaces. The usual way in 
which such geometry is allowed for is in the evaluation 
of a factor applied to the geometrical path length, to 
define an effective path length to be used in radiation 
calculations.

For application to combustor flames, the situation 
is complicated by the definition of the relevant gas 
volume, since the flame geometry and temperature fields 
are extremely complex. In the literature, however, 
most workers have adopted a factor of 0.6 to the flame 
tube diameter to define an effective optical path length. 
This is, in fact, the factor for a right-circular cylinder 
with height equal to diameter, radiating to the whole 
curved surface, and this factor will be adopted where 
necessary in this work.



SECTION 5.

SMOKE EMISSIONS AND COKE DEPOSITS.
3.1 Importance and extent of the problem.

It is interesting to note that the problem of 
atmospheric pollution in the form of smoke is not a new 
one. In 1288 A.D., Edward I banned the use of soft 
coal in place of wood in the lime kilns near London, due 
to the unsightly smoke which was seen to issue forth.
Today, there is increasing attention drawn towards all 
forms of atmospheric pollution, and it is understandable 
that gas turbine smoke emissions should be at the fore­
front of discussions, since they are amongst the most 
clearly visible of all forms of smoke sources. In 
the literature (14) (22) it is pointed out that toxic 
pollutants such as carbon monoxide, the oxides of nitrogen 
and sulphur and hexane are present in only insignificant 
quantities, however, the large volumes of smoke generated 
by large airliners at take-off represent a considerable 
nuisance factor in the vicinity of airfields. Toone (7) 
quoted some military engines as producing up to 36 lb. of 
smoke per hour, which, although this represents a neglig­
ible loss in efficiency through unburnt carbon, could be 
of great importance in the detection of the aircraft at a 
distance. Ref.22 points out that smoke has also been a
considerable nuisance in carrier launch and recovery 
activities.

The importance of the problem is underlined by the 
fact that both Rolls-Royce (22) and Pratt & Whitney (14) 
are expending considerable efforts in an attempt to reduce 
smoke at the design stage by an understanding of the 
mechanisms and design features which affect smoke production. 
Considerable effort is also being put into attempts to 
improve the smoke level of existing engines. Typically, 
the smoke production of the Spey Mk.312 was reduced from 
33 to 15 parts per million via better primary zone oxygen 
distribution usihg flanged chutes to improve air penetration.

Coke, the carbon deposits within the flame tube, is 
less of a problem today than it used to be. This is the 
result of both improved design and the fact that the increased 
combustor temperatures tend to burn deposits away. Carbon 
deposits are, however, still a problem (23) on colder 
components such as the fuel injector, where excessive deposits 
can indirectly cause liner damage by altering patternation 
and cone angle to cause hot spots. Liner distortion and 
cracking can be a problem where uneven deposition occurs, 
causing severe temperature gradients and differential expan­
sion. Coke deposits have been of importance in smoke



research, since the soft coke deposits, which originate as 
smoke, have provided valuable information concerning the 
nature of smoke before being subjected to exhaust burn-out.

Carbon Formation Mechanisms.
Carbon is formed in fuel rich regions at high temper­

ature. Gas and smoke sampling in the primary zone of Dart 
combustor (7) showed good correlation between lack of oxygen 
and carbon quantities to confirm this generalisation. The
actual mechanisms involved in the production of smoke are 
exceedingly complex with a fuel such as kerosene, since the 
chemical composition is equally complex. Whelan (24) states 
that 159 different compounds with boiling points below 300°C. 
have been isolated, varying from methane CV^to n-tetracosane 
C 24.W Thus the variations in structure and oxidation 
sub-reactions of all these compounds makes the isolation of 
carbon releasing reactions impractical.

An excellent review by Schalla and Hibbard (12) 
discussed the results of many workers mainly using single 
compound fuel, and compares the many different mechanisms « 
which are proposed for carbon formation. It would appear 
that both liquid and vapour phase reactions are of importance, 
probably very early in a droplet * s lifetime thermal dehydro­
genation occurs before coming into contact with oxygen, then 
in the vapour phase further dehydrogenation occurs due to 
active radicals. This dehydrogenation process receives 
further weight from energy considerations, since the activa­
tion energy is low for many hydrocarbon dehydrogenation 
reactions. For acetylene:-

H  -v C2.H3.  U j f *  C X H  —  (1)

the activation energy is only 5 kilocalories per mole. This 
is in contrast to reactions of the Boudouard type as proposed 
by Behrens (24):-

co -v u  c oh 
©\H-vco  coz+ w

For this type of reaction there is a formidable energy barrier.
The active radical dehydrogenation processes have been 

partially confirmed by combustion with the concentration of 
these active species suppressed,and reduced smoke level was 
detected. (12)

Whelan (24) and Schalla and Hibbard (12) point out that 
acetylene is probably involved in many of the smoke forming 
reactions. Acetylene is willing to pyrolyse to carbon and 
hydrogen most readily at flame temperatures, and would thus 
be an excellent carbon generator, and in addition acetylene



is present as a product at the pyrolysis of nearly all 
hydrocarbons. In Spectroscopic studies, Cole & Minkoff 
(24) found acetylene very often present at hydrocarbon 
pyrolysis, but addition of extra acetylene to flames 
produced no extra carbon, which may be an important argu­
ment against the theory. However, many other workers 
consider acetylene to be very important in smoke formation.

Schalla & Hibbard (12) conclude from their review of 
smoke forming mechanism investigations, that the final 
mechanism to convert the small molecules and radicals to 
free carbon is as yet unknown for certain. It seems 
unlikely that polymerisation of Ĉ> radicals following 
acetylene pyrolysis is the final answer. Much evidence 
points to simultaneous polymerisation and dehydrogenation, 
which makes the chemistry of smoke formation exceedingly 
complicated. (Schalla & McDonald (24) point out that 
whatever the smoke mechanisms may be, under nearly all 
circumstances, the smoke forming tendency increases with 
increasing combustion pressure, which is of utmost import­
ance in that the consequent luminous radiation component 
likewise increases.)

Combustor coke is generally seen to be of two forms, 
a hard and a soft variety, both existing in varying 
proportions. The hard variety is thought to be the result 
of liquid pyrolysis of fuel droplets impinging on the hot 
liner wall with the deposition of the heavy non-volatile 
residues which yield hard deposits upon final pyrolysis.
The soft variety of coke is thought to be smoke particles 
which reach the wall and become trapped in the hard coke 
matrix as it is undergoing final dehydrogenation, or under 
certain circumstances may form deposits independently.

The Nature of Smoke.
Whelan (24) states that X-ray and electron diffraction 

techniques have shown that smoke particles are not amorphous, 
as was originally thought, but consist of an agglomeration 
of chrystallites with a lattice structure similar to 
graphite. A typical analysis of smoke shows about 96% 
carbon, 1% hydrogen, with the remainder thought to be oxygen. 
The chrystallites are typically about 20 angstrom with the 
smoke particles being almost spherical of diameter 0.01 to
1.0 micron (12). Toone (7) states that sampling in the 
predilution zone of a given chamber showed more smoke than 
in the dilution zone, therefore smoke particle burn-out 
must occur. This is confirmed by the eroded nature of 
exhaust smoke particles under the electron microscope.

The burn-out phenomenan could allow one to postulate 
the presence of smoke at all times in, say, the primary gone.



At low pressures, the size could be such as to be easily 
consumed before leaving the chamber. This need not imply 
that luminous radiation must be present at all times in 
the primary zone, since, as pointed out by Schirmer (25)» 
their small size could be such as to only absorb and scatter 
at short wavelengths in the visible, and thus contribute 
nothing in the important infra-red, being transparent.

It has been shown in Section 2 that for the purposes 
of estimating flame radiation, both carbon particle size 
and mass volumetric concentration would need to be known 
at the radiation site. The experimental techniques avail­
able for the measurement of these quantities with accuracy 
have only been developed comparatively recently for applica­
tion in the primary zone. Toone (7) has shown that sampling 
should be isokinetic, and a more recent classified report 
shows the sophisticated techniques that are required to 
overcome the problem of carbon deposition in the sampling 
line and meter, due to condensation of the water of combustion.

In conclusion, one may perceive that it is impossible 
at present to make accurate quantitative predictions of the 
size and mass concentration of carbon particles in any sort 
of flame from a theoretical point of view. This situation 
exists because the carbon formation mechanisms are not fully 
understood, so that no theory can exist. There is also 
very little empirical data available from which reliable 
estimates can be made of carbon concentrations in combustor 
flames.



SECTION 4.
COMBUSTION PROCESSES.

4.1 Effect on Flame Radiation and Smoke Emissions.
It may be possible in the future to calculate radiant 

heat fluxes to the wall of a gas turbine combustor in some 
detail using a machine solution to an elemental model. This 
would imply that both luminous and non-luminous radiant 
fluxes could be accurately calculated for an element from 
a knowledge of the composition and thermodynamic state 
existing within an element, this proposal is discussed in 
Section 2. A further, and more difficult, implication 
is that one could predict the composition and thermo dynamic 
state that exists at all points within the combustor. This 
prediction could only be performed with a quantitative 
knowledge of the following combustion processes and para­
meters and their mutual inter-action:-

(a) Combustor aerodynamics.
(b) Fuel injection and distribution processes.
(c) Flame mechanisms.
(d) Fuel type and chemistry.
(e) Operating conditions.

With such knowledge, one could predict local carbon 
concentrations, and thus resultant smoke emissions, with 
a knowledge of the carbon formation mechanisms, this is 
discussed in Section 3» Some of the effects of the above 
processes are fairly well understood in isolation, but 
the effects of interaction and dependency make their 
combined action extremely complex. The situation is so 
complex that such solutions will probably not be obtained 
in the near future. It is nevertheless important that 
these processes should be understood, even if only 
qualitatively, in order to provide a basis for the design 
of combustion experiments and subsequent analysis, so as 
to make progress by empirical methods. Thus it is 
appropriate that combustion processes should be briefly 
discussed here with emphasis on those aspects that particu­
larly affect flame radiation and smoke emissions.

4.2 Combustor Aerodynamics.
(i) Entry Velocity Profile.

Scull & Mickelsen (12) point out that entry 
velocity profile is most important for good diffuser 
performance. If the profile is unfavourable, high 
pressure losses can occur in diffusion which affects 
overall cycle performance if flame tube pressure
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drop is maintained. Combustor inlet diffusers are, 
of course, designed as far as possible to cope with 
such maldistributions as exist. Bad profiles can 
also lead to maldistributions of secondary and cooling 
air, with the attendant adverse effects on flame tube 
durability.

(ii) Air Distribution.
Perhaps the most important air distribution 

factor is the split of air to the primary zone.
Lefebvre (13) points out that primary air split has 
an important effect on every aspect of combustion 
performance. British primary zones tend to be 
stoichiometric, whereas American engines have featured 
over-rich primary zones in many engines. In stoichio­
metric primary zones, burning velocities and chemical 
dissociation are at a maximum (13), although stability 
limits are wider in an over-rich primary zone. This 
wider stability is important in the altitude relight 
criterion, and is probably a major factor in the use 
of over-rich primary zones. Lefebvre (13) points out 
that an over-rich primary extends the stability limits 
by both creating longer residence times for mixing and 
evaporation and reducing local air-fuel ratios in the 
last strongholds of combustion as the mixture is 
weakened off. An over-rich primary zone, however, 
has the important disadvantage that smoke production 
is always higher (8) (13). Durrant (8) reports a 
three-fold increase in engine smoke at nearly all 
engine speeds for an over-rich primary, although he 
does not state the equivalence ratio in operation to 
achieve this. He also points out that a stoichiometric 
primary zone does not appear to be as sensitive to 
variations infuel type as far as smoke level is con­
cerned.

Whilst the smoke level and therefore combustor 
carbon concentration is higher when over-rich, this 
need not necessarily imply that total radiation is 
increased. The emissivity of the flame will increase, 
but the local flame temperatures may well be lower to 
compensate (8).

In view of the increasing effort to reduce smoke 
levels, it may well be that the over-rich primary zone 
will fall from favour, and acceptable stability limits 
maintained by other design features. Beckwith (14) 
reports that Pratt & Whitney have successfully demoh- 
strated a variable geometry combustion chamber such 
that the primary zone runs stoichiometrically under 
normal flight and take-off conditions, but for ignition 
at altitude, a proportion of the primary air holes are



blariked-off to create the over-rich conditions favour­
able to good ignition. He says that it is hoped that 
improved design of atomisers particularly will make 
such complication unnecessary. Some success has been 
obtained with presumably over-rich primary zones (14) 
by feeding extra air to the centre of the fuel cone, 
which is known to be a favourite centre for carbon 
formations (8).

Having decided the amount of primary air, the 
proportions of air to the intermediate and dilution 
zones are perhaps less important here than considera­
tion of cooling air. The cooling air quantities are 
decided by the cooling design features used and the 
estimated total heat fluxes. It is essential that 
cooling air flows should be minimised from the view­
point of traverse quality and loss of combustion 
efficiency via entrainment of unburnt fuel and 
quenching (13)»

(iii) Combustor Pressure Loss.
Because of the low flame speeds available and the 

limits to which overall air velocity can be reduced 
in a sensible volume, flame stabilisation is achieved 
by a recirculatory system. It is inevitable that some 
pressure loss will be incurred. Scull & Mickelsen(l2) 
point out that the pressure loss used in real combustors 
is a compromise between achieving a sensible combustor 
volume and minimising the loss of cycle efficiency 
through pressure drop.across the combustor. Combustor 
pressure drop is typically 4$ to of inlet total 
pressure.

Pressure drop is an important factor in creating 
the turbulence levels required from mixing and evapora­
tion considerations, and is also important in the dilution 
zone in respect of traverse quality (12). Since increased 
pressure drop will influence penetration and thus primary 
zone oxygen distribution, it may well be an important 
factor in the control of smoke production and flame 
radiation. Toone (?) showed this to be the case in 
three different combustors where the following smoke 
reductions were noted;-

(a) In one combustor, 3# increase, reduced smoke 70%,
(b) In another n " 11 37%
(c) " " " 1# " " " 30#

From a cycle efficiency point of view, there is obviously 
a limit to the extent to which this mechanism could be 
used to reduce smoke, and it may well be that the actual 
air distribution, particularly in the primary zone, at



a given pressure loss factor will prove to be of more 
use via suitable design.

Pressure loss factor is also of importance in the 
use of unassisted airblast atomisers, since this 
dictates the velocity available at the atomiser. This 
is particularly important at engine cranking speeds (15), 
where the low driving force is critical in obtaining 
suitable atomisation for ignition. Miller (16) 
estimated that for typical combustors with a clean 
burner design, velocities in the region of 240 ft./sec. 
could be obtained at the site of atomisation.

Fuel Injection and Distribution Processes.
The method and quality of fuel injection is proving 

one of the most important factors in the control of flame 
radiation and smoke levels. For many years, pressure swirl 
atomisers of the simplex, duplex, duple and spill types have 
operated entirely satisfactorily at the pressure levels of 
previous generation engines, but with the continued increase 
of engine pressure ratio, increasing attention is being 
focussed on other methods of injection in an effort to reduce 
flame radiation and smoke. Schirmer & Quigg (1?) point out 
that modern design trends must increase flame radiation 
unless some radical change in fuel presentation, such as 
premixing, is employed.

Graves & Bahr (12) point out that the experimental 
and theoretical work into the atomisation process is not 
sufficiently complete to permit direct application. There 
is no general theory in existence based on the mechanisms 
involved. Atomisation may be regarded as occurring in 6 
steps:-

(1) Stretching of the fuel into streams or sheets.
(2) Small local ripples or protuberances are formed

as a result of liquid or air turbulence.
(3) The sheets and streams break down to form

ligaments under the influence of aerodynamic
and surface tension forces.

(4) The ligaments collapse to droplets.
(5) Further droplet breakdown can occur due to

aerodynamic forces.
(6) Droplets may re-combine or agglomerate to form

larger droplets.
All, or combinations, of these mechanisms are present in 
atomisation by any injector system.

Three main types of fuel injector warrant considera­
tion, for application to high pressure ratio engines, namely
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vapourisers, pressure swirl atomisers, and airblast or 
airspray systems, which may be considered to approximate 
to a premixed system.
(i) Vapourising Systems.

Vapourisers of the classical "Walking-stick" type 
have proved effective in comparatively low pressure 
ratio engines, but there appears to be considerably 
doubt as to their suitability for high pressure opera­
tions. The reasons for this statement are twofold, 
firstly,their mechanical durability when immersed in 
the luminous flames at high pressures must be suspect, 
and secondly, it appears that above about 2 atmospheres 
combustion pressure the vapouriser acts more as a crude 
airblast atomiser than a vapouriser. Further 
disadvantages of vapourising systems are that a pilot 
atomiser is required for starting; since the vapour­
ising tube is mechanically part of the combustor, 
design and development is difficult; fairly natrow 
stability limits prevail and a slow response to fuel 
flow changes is often evident. Advantages claimed 
for the system include moderately high heat release 
rates, as illustrated in Fig.2. the outlet temperature 
traverse is fairly insensitive to fuel flow, since the 
fuel is air borne, and only a relatively low pressure 
fuel system is necessary. Perhaps the most important 
advantage possessed over pressure swirl atomisers is 
that the partial premixing of fuel and air tends to 
produce less carbon and thus smoke levels and luminous 
flame radiation are lower.

The vapouriser thus does not warrant further 
consideration, since it will be shown that all the 
advantages, but only some <bf the disadvantages are 
shared with the airblast atomiser. There has been 
very little theory developed to adcount for vapouriser 
performance, and thus the systematic design of a 
vapourising chamber is not possible, which is a serious 
disadvantage in "new technology" engines.

(ii) Pressure Swirl Atomisers.
These types of atomisers have been the most widely 

adopted fuel injection system for many years. They are 
mechanically robust and easy to develop. Swirl atomisers 
do need high fuel pump pressures to be able to cover the 
flow range required (l8), even with duplex or duple 
systems. The exhaust temperature traverse is dependent 
on fuel flow, since the fuel distribution is largely 
governed by fuel momentum rather than chamber aero­
dynamics.



Swirl atomisers are known to create fuel rich zones 
within the primary zone, the main zone being in the 
centre of the fuel cone near the nozzle. Toone (7) 
clearly illustrates this with a map of oxygen contours 
in the primary zone of a Dart combustor. These fuel 
rich zones are the source of probably the main advantage 
and disadvantage that has been claimed for the system. 
The main advantage being the very wide stability limits 
created, and the main disadvantage being the production 
of large quantities of carbon within these zones, thus 
offering considerable flame radiation and smoke 
production at high pressure.

Although no theory based on the mechanisms of 
atomisation has been developed for these atomisers (12), 
several workers have developed empirical equations to 
correlate their performance. To define the flow 
performance, dimensional analysis of the relevant 
variables yields the following relationship:-

As shown in reference (19)i Reynolds Number effects 
are generally neglected, and thus equation (1) reduces 
to:-

(1)

— k ... - CôAsWiftj (V.w!) (2)

where fuel mass flow rate
fuel density

A
fuel viscosity
differential pressure across 

the fuel nozzle
\ = a characteristic dimension

= atomiser constant, Flow Number



Over wide pressure ranges, the Flow Number is not, in 
fact, constant, but allowance can be made for this, and 
the concept is extremely useful.

An excellent review by Graves and Bahr (12) 
discussed some of the empirical dropsize equations 
that have been developed. Longwell obtained the 
following equation by a drop freezing technique

C  ̂ = constant.

Consideration of equation (1) assuming a constant 
Reynolds Number shows that in equation (4):

Thus comparison of the equations of Longwell and 
Watson show a fair similarity with regard to the 
general form of the equation and the indices on the 
nozzle fuel pressure differential and nozzle 
characteristic dimension, although the effects of 
fuel viscosity are accounted for in a different manner.

i 072 +\or y- e   (3)

where <

Watson proposed an equation of the form:-

(4)

(5)
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Bowen and Joyce (20), correlating data from molten 
wax sprays, proposed an expression of a somewhat 
different form:-

-v (kd^ W. ̂  —  (6)

where ^ Sr = constants.

The constant W 3 was seen to be much larger than Wa. 
and thus again the nozzle differential pressure is the 
dominant factor in determining droplet size. In
comparison with the work of Longwell and Watson, it is 
again interesting to note the similarity of the exponent 
on differential pressure. The constant was found
to be 0.3712, which inspection of equation (6) shows 
this to be the effective exponent on differential pressure, 
this compares with O.37 proposed by Longwell and 0.348 
proposed by Watson.

Empirical equations such as outlined here are, of 
course, only relevant for the environment used during 
data collection, in other words, when spraying into 
quiescent air at ambient temperatures and pressures.
When spraying into a real combustor, the environment 
is a highly turbulent gas stream at elevated tempera­
ture and pressure. The information available for these 
sorts of conditions is strictly limited at the present 
time, and only qualitative trends have been established. 
Increasing ambient pressure appears to decrease droplet 
size, as does an increase in the relative velocity 
between the spray and working fluid. Increasing the 
ambient temperature appears to increase droplet size.
These trends can well be determined from intuitive 
reasoning, remembering the importance of aerodynamic 
forces in the break up of liquid sheets into droplets.

(iii) Mrblast and Airspray Atomisers.
In the airblast atomiser system, atomisation is 

achieved by subjecting a sheet of fuel to the aero­
dynamic forces generated by a high velocity air stream. 
Since air is used to break up the liquid sheet, a good 
degree of premixing of fuel and air is achieved, this 
fact leads to high volumetric heat release rates, as 
shown in Fig. 2 , very little carbon formation and, 
unfortunately, very narrow stability limits. The 
traverse quality for an airblast chamber is insensitive 
to changes in fuel flow, since the fuel is airborne 
and fuel pressure probably plays a very small part in



the fuel distribution. This enables one to specify 
low pressure fuel systems and injectors of large flow 
number.

The mechanical design of an airblast atomiser may 
be very simple and, since it is constantly bathed in 
comparatively cool air, the durability in service should 
be very good. One of the main disadvantages of the 
system is that the low air mass flows prevailing at 
sensible cranking speeds drastically reduces the atom­
isation quality, which will generally mean that to obtain 
ignition, large fuel flows must be used to create 
atomisation via fuel pressure. Once light-up has been 
achieved, of course, the fuel flow must be rapidly 
reduced if turbine inlet temperature limits are not to 
be exceeded (23). As described in Section 9» this 
could be easily achieved on the test rig, but it is 
debateable if such a procedure would be acceptable on 
an engine. There are two possible solutions to the 
problem for engine application. A pilot swirl type 
atomiser could be specified with a duplex type fuel 
system such that ignition and run up to idling condi­
tions could be achieved on the pilot jet (see Section 
59),and maintaining an uncompromised airblast atomiser 
for cruise and take-off conditions. Alternatively, 
it may prove possible to specify an airblast atomiser 
with a lower flow number and suitable design such that 
atomisation via fuel pressure alone would be acceptable 
at ignition fuel flows. The latter solution, however, 
will probably imply that traverse quality will be 
dependent on fuel flow since fuel pressures at take-off 
and cruise may approach that for conventional swirl 
atomisers.

The problem of altitude relight is a difficult one, 
since by definition one cannot have wide stability 
limits without carbon forming fuel rich zones. For the 
application of airblast atomisers to engines which are 
to have acceptable relight performance, again, two 
possible solutions exist. A duplex fuel system with a 
pilot swirl atomiser for ignition and run up to idle 
could be specified with an uncompromised airblast 
atomiser for cruise and take-off. Alternatively, a 
compromised simplex airblast atomiser could be specified 
such that sufficient fuel rich zones could be created to 
achieve a satisfactory altitude performance, and accept 
the increased smoke output and flame radiation.

The possible solutions to the ground ignition and 
altitude relight problems, bearing in mind the operating 
qualities of a good exhqust traverse, low smoke and 
flame radiation levels and mechanical complexity, are 
discussed in Section 10, where design proposals are made#



The process of airblast atomisation is by no means 
a new proposal, and much experimental and theoretical 
work has been carried out. In the past, swirl atomisers 
have been chosen in preference because consideration of 
all aspects of combustion performance on past generation 
engines has shown them to be a better overall compromise. 
For future generation engines, however, airblast atom­
isers, in one form or another, are receiving increased 
attention for possible engine application, owing to the 
increasing emphasis on smoke emissions and flame 
radiation (22).

The optimum design geometry for airblast atomisers 
has not yet been established, and a wide range of 
geometries have been used in the past. The geometry 
of Nukiyama and Tanasawa (26) led to the belief that an 
airblast on one side of the fuel sheet was adequate to 
obtain good atomisation, but Miller (l6) (18) found that 
air blasts on both sides of the fuel sheet prevented 
the generation of large droplets in stagnation zones, 
presumably due to agglomeration. The fuel sheet has 
been injected parallel to the air stream, both with and 
against it, and also normal to the air stream.

Various models have been proposed for the aero­
dynamic breakdown of a liquid fuel sheet into droplets. 
Eisenklam, Dombrowski and Hasson (27) propose that 
under partial vacuum conditions, the liquid sheet is 
disintegrated by expanding perforations which coalesce 
to form unstable ligaments, which then break down into 
droplets. At higher pressures, however, where aero­
dynamic forces become more important, the model that 
has achieved much attention is that of an unstable wave 
motion whose amplitude increases until breakup into 
ribbons, ligaments and fihally droplets occurs (12)(27). 
In reference (27), the waves are assumed to propogate 
at the same velocity as the sheet, and in Fig. 3 the 
forces acting upon such a wave at the liquid-gas 
interface are shown. For the liquid sheet, two wave 
models have been proposed, Fig.4 shows the symmetrical 
wave form, and Fig. 5 the unsymmetrical mode, at high 
relative velocities between the fluids the unsymmetrical 
mode appears to predominate (12).

The unsymmetrical model was used by Eisenklam 
(27) and the postulated break up process is illustrated 
in Fig. 6. A theoretical analysis revealed an optimum 
wavelength for a given set of conditions, and at this 
wavelength the infinite sheet was first assumed to 
collapse into a ribbon of half cycle width. The ribbon 
was then condensed into a uniform ligament of radius 
by conservation of mass, and then EayM-gh's criterion 
for jet break up was applied to define ligament collapse 
into droplets. Rayleigh1s analysis showed that at the



optimum wavelength: -

a = 3-78 — (7)

where = droplet diameter.
Their analysis showed the following equation for 
droplet size:-

a  --Co«xsV<xwYx\2»ll [ £ \  — (8)
S T f â

where = nozzle/film parameter = VxiT'
\\ = film thickness

= radial distance from nozzle 
^  = surface tension

= liquid sheet dynamic head 
1?^ = sheet liquid density 
1?^ = gas density

The pressure effect indicated by this equation is as 
follows:-

- (9>

where ^  is some function.
At high relative velocities, further breakdown 

of original droplets has been considered (12). The 
criterion for drop break up under these circumstances 
appears to be the appropriate Weber Number:-

W «  A  a2-cr —  do)
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where V V  = Weber Number
= liquid air relative velocity 

0 "  = surface tension
It should be noted that this type of analysis has 
also been applied to swirl type atomisers under 
moderate fuel pressure differentials, but it was 
considered that discussion of these models and 
analyses was more appropriate in this section.

The classical empirical analysis of air blast 
atomisation was performed by Nukiyama & Tanasawa 
(26). They found that droplet size was well 
correlated by following equation (19)» which stated 
for kerosene fuel is:-

Wigg (28) tested three geometrically similar 
injectors, and found that the following equation gave 
good correlation although it is dimensionally incorrect:-

It is interesting to note that Wigg found that 
recombination of droplets was important beyond a 
certain distance from the nozzle in increasing droplet 
size. He proposed a factor to account for this, so 
that droplet size some distance from the atomiser is 
given by:-

a = 2300
SMO

where [cevvttpottc^
fuel and air mass flow rates
relative velocity



(13)

Inspection of equations (11), (12) and (13) show 
that above a certain value of injector air-fuel ratio, 
the dominant factor in deciding atomisation quality 
is the relative velocity, this is in agreement with 
the theoretical equation (8) of Eisenklam, Dombrowski 
& Hasson. Under these circumstances, equations (11), 
(12) and (13) may be written:-

Equations (14) and (15) underline the importance of 
the air velocity at the atomisation site, and thus the 
importance of combustor pressure loss and high 
coefficient of discharge injectors which directly 
decide the air velocity. It is interesting to note 
that these empirical drop size equations seem to 
indicate that if fuel flow is increased for fixed 
air mass flow conditions, drop size increases, this 
is, of course, opposite to the trend shown by swirl 
atomisers where drop size decreases with increasing 
fuel flow due to increasing fuel pressure. This 
could well lead one to postulate that the concept of 
flow number has far less importance for airblast 
atomisers than swirl atomisers, except at very low 
air fuel ratios and fuel mass flows.

Wigg (28) correlated the data of three other 
workers using very different geometries and scales, 
by using his empirical equation (12); -Re-writing 
equation (12):-

\

whereas equation (8) may be written:

(15)
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a  * 2 3 o o  xSMO

where - viscosity parameter

(16) 
PS

V/igg found that the following equations gave good 
correlation for the following workers' data:-

Clare:- = 2300X (H.G.T.E.)

Wood:- = 1,000 X (Rolls-Royce
wax airspray).

Bigg:- d*m> = 24-0 OX. (Napier)•

Under these cirumstances, the good correlations 
obtained led Wigg to suggest that injector design 
has little effect on the initial atomisation process. 
This, of course, may be true for designs that work 
well.

In a further paper (29), Wigg presents an improved 
empirical drop size equation which is dimensionally 
correct and takes account of gas properties over a 
limited range of conditions:-

' o-S o l 0-2.vÉ mé 6+ma)a  <r \+2-dZ7 6-1
r« ***

sT'fl' —  (17)

This equation correlated very well the results of nine 
different injectors of various shapes and sizes.

The previous work of Wigg and that of Nukiyama and 
Tanasawa took no account of gas properties and turbu­
lence, thus the resulting equations probably would not 
be applicable to combustor conditions.

The airblast atomiser would seem to offer important 
advantages for application in high pressure ratio 
engines. Since a high degree of premixing is obtained, 
the lower carbon production presents a considerable 
advantage in terms of smoke production and luminous 
radiation. Lefebvre (30) also points out that the 
onset of soot formation in premixed flames tends to 
be more a function of air-fuel ratio and velocity than 
pressure.
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Whilst radiant heat fluxes tend to be reduced 
with premixed flames via a reduction in flame emissivity, 
the higher volumetric heat release rates will partly 
counteract this trend because of higher gas tempera­
tures. This situation may well imply that although 
total cooling air flow could be reduced, the proportion 
of cooling air to the region of the reaction zone 
could well be increased.

The amount of data available on the performance of 
airblast atomisers under typical combustion conditions 
is strictly limited. Deacon & Bamford (31) carried 
out a comparative study in a highly loaded annular 
combustor using a Rolls-Royce centre pintle airspray 
atomiser with an internal contracting fuel film. This 
atomiser showed considerably better combustion 
efficiency at altitude cruise conditions, but would 
not idle below a simulated 40,000 ft. and required 
auxiliary air for starting. It should be remembered, 
however, that this atomiser did not represent the 
ultimate in airblast injector design by latest standards, 
which may partly explain the bad aspects of its 
performance.

Bater and Poulton (32) performed comparative tests 
between swirl atomisers and an airspray atomiser in a 
Rolls-Royce Dart R.Da.3 primary zone at pressure levels 
between 0.5 and 1.0 atmospheres. They found that the 
airspray atomiser gave better combustion efficiency 
particularly at weak mixture strengths, and also gave 
wider stability limits than the simplex atomiser. This 
seems to suggest that the airspray atomiser was an 
exceedingly poor one, in that a high degree of premixing 
was not obtained, and thus the stability limits were 
wider due to richer or larger fuel rich zones. None of 
these pieces of work included any radiation measurements.

(iv) Effects of Droplet Size and Size Distributions.
Brokaw & Gerstein (12) point out that in most gas 

turbine engines the flame reactions are limited more 
importantly by mixing and evaporation processes than 
reaction kinetics. Thus since mixing and evaporation 
processes are affected by droplet size, it is important 
that droplet size and size distributions within the 
combustor should be known if progress towards the 
application of theory is to be made. In most studies 
to date, it has not been possible to completely separate 
the effects of actual size and the size distribution 
within the spray (8).

Joyce (33) illustrates the importance of size by
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the following data for 1cc of fluid in the form of 
different drop sizes:-

For a single sphere:- surface area
For \06 drops ̂  s Y2.4yu.: - surface area
For a spray /J* : - surface area
with a typical distribution.
Thus, since evaporation rates are directly related 

to surface area, clearly a small droplet size is very 
important when remembering the low residence times 
available for evaporation and burning.

The presence of the size distribution certainly 
increases the total surface area as seen above, and 
increases the initial evaporation rate considerably 
by providing a population of very small droplets.
Joyce (33) stresses the importance of this for 
ignition purposes, but the large droplets which do 
not reside long enough to complete evaporation and 
burning constitute a potential loss of combustion 
efficiency. Investigating the times to evaporate 3 
85% of a spray, Probert (12) found that evaporation 
times were affected significantly by the size 
distribution prevailing, but the times were affected 
more importantly by the SMD of the spray. This fact 
is underlined by work by Hall & Deiderichsen (23), 
who showed that an increase in Sauter Mean Diameter 
by a factor of three increased evaporation times by 
a factor of thirteen.

Due to the large variation in size found in real 
sprays, it seems likely that the evaporation rates 
of the extremes in size of the spray, imply that both 
homogeneous and diffusion flame regimes will exist in 
a combustor (12). This situation, of course, 
complicates the application of flame theory to gas 
turbine combustors.

Droplet size and size distributions are important 
factors in determining flame radiation and smoke 
emission. Whilst one must accept vapour phase 
cracking, the liquid phase cracking, to produce the 
luminous carbon, must be dependent on the population 
of large droplets in a spray. Thus the extent of 
carbon formation in the liquid phase can be minimised 
by obtaining as small a Sauter Mean Diameter as 
possible, accepting that one has no significant 
direct control over the size distribution. In addition 
to this, it may well be that the size of the carbon 
particles bears some relation to size of the initial

= 4 .8 3  (c tv x j 

= 483 ( f tv v )

= 1200 Ccm3
(approx.)
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droplet(s) that were dehydrogenated, and thus to 
prevent significant radiation in the infra-red, the 
earbon particle size, hence droplet size, must be 
minimised. The literature is bare of work corre­
lating flame radiation to droplet size directly, 
such work as exists with injection parameters as 
primary variables, generally correlates the results 
using the flow Number concept. This is acceptable 
providing injector pressure differentials are taken 
into account also. This situation is explicable, 
since there is no reliable information available 
which one can use to predict the performance of an 
injector at combustor conditions from, say, its 
performance in cold, quiescent air at atmospheric 
pressure.

Many distributions have been used and postulated 
for liquid fuel sprays; Nukiyama & Tanasawa's 
distribution, the Rosin-Rammler, the logarithmic 
normal, etc., but none of these is based upon a 
physical model of atomisation. It is of interest 
to note that the Rosin-Rammler distribution was 
proposed following studies of the size distributions 
within pulverised coal. In the literature, it seems 
that the distribution law assumed in any analysis is 
chosen because it best suits the particular purpose 
or such facts that are available.

One might infer from the previous arguments that 
it is always better to obtain as small a droplet size 
as possible. Jonash & Burnett (22), however, found 
that from the point of view of combustion efficiency, 
there was, in fact, a minimum size below which 
efficiency was seen to reduce, this is seen in Fig.7 
They used an annular combustor burning aviation 
gasoline at 7»7 with an inlet air temperature
of 530° R. with reference velocity 64 ft./sec. This 
situation is probably due to the use of an over-rich 
primary zone in which the atomisation, and hence 
evaporation, was such as to create a mixture too rich 
to burn, thus moving the site of combustion downstream. 
If the atomisation quality was reduced, incomplete 
evaporation reduced mixture strength, thus making 
burning possible in the major portion of the primary 
zone. This phenomenoh would certainly place no 
restriction on an airblast atomiser, since the fuel 
is well aerated at entry.

Finally, there are very many empirical formulae 
defining droplet size for various injector types, and 
these are discussed more relevantly elsewhere. A 
general expression was, however, obtained by dimen­
sional analysis by Graves and Bahr (12):-



where
d  <xv, = average droplet size 

- the nozzle diameter 
= Reynolds Number

the nozzle diameter

W e  = Weber Number

_ = dimensionless geometrical 
relationships defining the 
atomiser shape.

^ = air and liquid viscosities

air and liquid densities
air and liquid velocities

This type of expression has not yet proved to be of 
great practical importance, but such analysis can 
lead the way towards more uniform empirical correla­
tions by indicating the initial correlation approach.

Fuel Distribution.
The distribution of fuel within the primary zone 

of a combustor is governed, primarily, by four factors:
(a) Primary zone aerodynamics.
(b) Fuel spray cone angle.
(c) Droplet size.
(d) The initial ratio of fuel momentum to air

The primary zone aerodynamics are important in that 
they decide the forces that are exerted on the fuel 
droplet after leaving the injector. Flow directions 
normal relative to the fuel spray are perhaps the most 
important aspect, since this decides the deviation of

momentum



the fuel droplet trajectories away from the initial 
path defined by cone angle. Two major flows are the 
swirler air and the portion of the recirculation in 
the region of the fuel cone, both these flows have 
large components in the direction of droplet flow, 
which thus tend to reduce the relative velocity between 
droplets and air. The normal components of velocity 
depend on the chamber and swirler geometries and the 
cone angle, and are of importance in the aeration of 
the spray and thus smoke production. The air tempera­
ture and pressure affects distribution considerably 
by virtue of alteration in droplet drag and evaporation 
rate, higher air pressures increase the air density and 
hence the drag forces

Increased air temperature increases mass transfer 
rates, and thus decreases droplet size more quickly.
This issue is somewhat complicated by the considerable 
variations found in droplet drag coefficients where 
mass transfer is occurring. The effects of turbulence 
scale and intensity within complicated flow regimes, 
such as are found in a combustor, is not yet fully 
understood. Increasing the intensity of turbulence 
undoubtedly increases mixing and evaporation rates 
by disturbing the buffer and laminar sub-layers around 
evaporating droplets, and thus reducing these important 
barriers to mass transfer (12). Increasing the scale 
of turbulence only appears to alter the eddy diffusivity 
in the fully turbulent region, which has little effect 
on mass transfer since this is the area of least 
resistance.

Turbulence can only be increased by either 
increasing the chamber pressure loss factor or in­
creasing the chamber velocity, and thus other perform­
ance considerations limit the variations allowable via 
these means. The increase of chamber velocity to 
increase turbulence and thus mixing, may well be of 
little effect anyway, since residence times may well 
be reduced proportionately. One could argue that 
increasing chamber velocity and hence Reynolds Number, 
would alter flow patterns and thus effect residence times 
accordingly, but so little is known about these 
phenomena that extensive argument to any conclusion 
would seem to be misleading at this time.

Cone angle is the parameter by which the fuel 
spray can be best matched to the chamber aerodynamics 
to obtain required performance. Unfortunately, there 
are conflicting requirements, a small cone angle is

(19)



better for ignition and stability in that fuel rich 
zones are made more rich, but by virtue of this more 
smoke is produced. Toone (7), with a fixed combustor, 
noted that as cone angle increased smoke level decreased 
to a minimum at a cone angle of 100° - 105° and then 
began to increase again. Since the reversal FAR 
decreased continually with increasing cone angle, this 
led him to postulate that there could be some minimum 
level of carbon in a combustor flame whilst ever fuel 
burns. This could well be the case, although one 
could equally argue that as the cone angle increased 
the site of carbon production moved from the reversal, 
and that for cone angles of greater than 105°, the FAR 
in some other region began to increase and produce more 
carbon. Durrant (8) reported a continual decrease in 
smoke level with increasing cone angle, unfortunately, 
only up to a cone angle of 105°* Lefebvre (3*0 j Toone
(7) and Durrant (8) all point out that as pressure 
increases, for a constant pressure loss factor, cone 
angle is reduced due to the effective increase in the 
differential pressure across the fuel cone, this trend 
could well be of importance in very high pressure ratio 
engines since again the tendency is towards more smoke. 
Toone (7) also points out that cone angle is affected 
by shroud air proportions although as nozzle flow 
number is increased there is an increase in fuel 
momentum and the effect becomes less important.

Graves & Bahr (12) found that for a given nozzle 
size, fuel, and fuel pressure, there is an optimum cone 
angle for minimum droplet size. This phenomenon may 
well be connected with the minimum smoke level reported 
by Toone (7), where the minimum droplet size for his 
atomisers occurred at cone angle 100° - 105°.

The ratio of fuel momentum to air momentum at the 
injector governs the penetration of the fuel droplets 
via momentum transfer from the fuel to the air, with 
swirl type atomisers. This ratio may well be a more 
relevant injection correlating parameter then flow 
number, since flow number does not define the spray 
velocity without a statement of fuel pressure differ­
ential in addition. As shown in Appendix 2, the ratio 
of the momenta is directly related to the differential 
between fuel pressure and combustor pressure thus;-

  (20)
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In Section 4.3 (i), the empirical equation of Bowen 
& Joyce (20) for swirl atomisers is:-

since k  ̂  W  7 the effect of Ft>l is small
3  but that of A V >  is large.

C.
<t

'°3» r

— c. (21)

t o V e ^ o  R s  = Ü2LÜL (22)

Thus R, is clearly a useful injection correlating 
parameter for flame radiation and smoke emission 
work where droplet size is very important. However, 
Flow Number is still used in the literature, and 
Durrant (8) shows a relation between flow number and 
exhaust smoke level which illustrates that smoke 
level is very dependent on Flow Number, and hence 
droplet size.

(vi) Mixing and Evaporation.
In most combustion chambers, mixing is achieved, 

directly or indirectly, by gas jets. Much work, 
both theoretical and experimental, has been done on 
the investigation of gas jets, although usually in 
simple models and test geometries. Attempts to apply 
the theory to gas turbine combustors have usually 
been unsuccessful due to the effect of distortion and 
interaction of the jets, the extremely complicated



flow patterns and temperature fields that exist, 
making flow prediction extremely complicated. 
Accordingly, only general design rules exist by 
which the mixing of a combustor can be pre-planned 
at the design stage. This situation is also a 
hindrance to theoretical combustion work, such as 
the investigation of carbon formation mechanisms, 
since the prevailing conditions are unknown.

Scull & Michelsen (12) point out that the 
aerodynamic mixing of mass, heat and momentum to 
obtain the desired distribution of momentum in the 
hot gases is achieved by the same mechanisms on two 
different scales. Large scale mixing can occur via 
the turbulent transfer of large groups of molecules, 
whilst small scale mixing is occurring locally by 
molecular action. They show that the equations for 
turbulent and molecular heat and mass transfer follow 
the same general laws from which soluble differential 
equations can be formed. However, the solution of 
the equations for turbulent diffusion is extremely 
complicated, and the equations have only proved 
soluble in very simple situations with certain assump­
tions. Thus again the theoretical application to 
real combustors is extremely difficult, and general 
application of the theories of mass, heat and momentum 
transfer will probably not be practicable for some 
time.

The application of single droplet evaporation 
models to spray evaporation has shown evaporation 
rates up to 100$ larger than measured rates (19)•
This is presumably due to the interaction of 
concentration gradients thus reducing the driving 
force for mass transfer, hence bringing the evapora­
tion rates well below single droplet rates. Ingebo, 
however, made allowance for this in his theory and 
obtained good agreement with Bahr’s (see later) 
empirical correlation over a narrow range of conditions. 
Graves & Scull (19) discuss the problems of predicting 
mixing and penetration in a combustor, and consider the 
problem to divisible into three main issues. Firstly, 
the estimation of droplet drag coefficient is necessary 
for evaluation of penetration. Ingebo solved the 
equations for droplet acceleration, instantaneous drag 
and rate of change of droplet mass, to obtain his well- 
known equation:-



where:-

Co droplet drag coefficient

f
density

d droplet diameter
velocity

AT gas •''temperature - droplet wet bulb 
temperature

Vv latent heat of evaporation

o gas quantities
d = fuel quantities

The form of this equation is shown in Fig. 8, and 
demonstrates the large difference between fuel droplet 
drag and the drag of solid spheres of the same diameter.

Secondly, in order to use the Ingebo equation, a 
knowledge of the relative velocity between droplets and 
gas is required. Nearly all investigations into the 
velocity and size distribution within liquid sprays 
has been for sprays spraying into quiescent air at 
atmospheric pressure, and there seems to be insufficient 
information available that could be used to make a 
reasonable estimate of relative velocity under the 
conditions that prevail in a primary zone.

The third obstacle to theoretical mixing calcula­
tions is the complexity of equations defining the 
droplet diffusion in a turbulent field, which, as has 
already been pointed, cannot yet be solved for the 
conditions that exist in a combustor. Whilst rigorous 
application of the theory is impossible at present, it 
does, however, provide valuable guidance for empiricism, 
and can be used to estimate trends qualitatively.

Durrant (8) points out that evaporation rates for



droplets are pressure dependent. Bahr (14) found 
this when he correlated the evaporation of iso­
octane spray to yield the following equation:-

  (24)
where:-

N  = % of spray evaporated at L

L  = axial distance from injector

T .  - air temperature

vx0 = air velocity

V »  = ambient pressure

V
fuel nozzle pressure differential

Clearly, the most important factor in his equation is 
the temperature differential between fuel and air 
which will govern the heat transfer to a droplet, 
although no allowance is made for turbulence which is 
known to affect evaporation rates considerably. Also 
indicated is the fact that increase in fuel pressure 
will increase evaporation rates via reduced droplet 
size, again pointing to the importance of injection 
quality.

It is interesting to note that Schirmer & Miller 
(9) point out that evaporation rates for non-luminous 
flames will be less than for luminous flames, due to 
the non-coincidence of fuel absorption spectra and 
carbon dioxide and water vapour emission spectra. This 
would not appear to be an important phenomenon for 
airblast atomisers, since the partial premixing obtained 
should more than compensate, to ensure better overall 
mixing and evaporation than for swirl atomisers.

Flame Mechanisms.
A great deal of work, both experimental and theoretical, 

t has been done on homogeneous and diffusion flames for gaseous 
fuels under both laminar and turbulent flow conditions, 
usually in very simple situations and models. Whilst com­
bustor flames are definitely turbulent in character, laminar



flame studies have proved very useful in the investigation 
of chemical kinetics and the factors upon which reaction 
rates depend. Laminar flame speed studies are also of 
importance in the definitions of turbulent flame speed, 
since laminar flame speeds are virtually a function of only 
the mixture properties, whereas turbulent flame speed is 
dependent on experiment geometry and experimental technique
(12) as well. Thus it is useful to state turbulent flame 
speed in terms of the more fundamental laminar flame speed. 
The concept of flame speed has proved extremely useful in 
the derivation of empirical formulae to correlate combustor 
performance. In particular, a burning velocity model was 
used by Lefebvre in conjunction with others to derive the 
well known parameter to correlate combustion efficiency 
data (36):-

w  c s a
0-7Ç

some function 
combustor inlet pressure 
combustor reference area

(25)

where:- "Ç =
P a  =

X) = combustor reference diameter
= combustor inlet temperature

A high laminar flame speed is important in obtaining high 
heat release rates, which enable a combustor to operate at 
high through put rates for a given volume. Laminar flame 
speed is dependent on mixture inlet temperature and air fuel 
ratio, with maximum velocity occurring for mixture strengths 
slightly greater than stoichiometric, which points to another 
advantage of operating a primary zone at stoichiometric 
conditions rather than over-rich. This fact also indicates 
that the quality of mixture preparation is important in 
obtaining high heat release rates.

The mechanisms that prevail in and near the reaction 
zone are extremely complex and are not fully understood. One 
particular mechanism, the flame propagation mechanism, has 
been explained in terms of two different processes, the one 
proposal being a heat conduction mechanism as investigated 
by Semenov, and the other being active particle diffusion 
as proposed by Tanford-Pease. This controversial issue does 
not really hamper the development of theoretical equations, 
since the equations of heat and mass transfer are of the same



general form. Most turbulent flame theories have involved 
the use of the concept of a single wrinkled flame front (12). 
It appears, however, that the highly broken up flame that 
exists within a gas turbine combustor may well have many 
flame fronts, this situation should not prevent the applica­
tion of theoretical equations, since the mechanisms of any 
individual flame front should be similar.

Volumetric heat release rates are very much higher in 
laminar flame reaction zones than in the average combustor. 
Gerstein and Dugger (12) quote the following valuesi-

Combustor flames : - in order of \0^fj3tu/V\v{t'*3
Longwell & Weiss, however, obtained volumetric heat 

release rates in the order of
in their highly stirred reactor. One may infer from this 
information that combustors have a long way to go to achieve 
such heat release rates, but other considerations probably 
place a limit on the maximum heat release rates in engine 
combustors, such as:-

(a) Flame tube wall temperature.
(b) Combustor pressure drop.
(c) Stability limits.
(d) Combustion efficiency.

Clearly then, the Longwell reactor should possibly not be 
regarded as the ideal to which combustor design should be 
aimed.

Consideration of the reaction rate theory as opposed 
to burning velocity, in the formulation of combustor 
performance correlating parameters (36), has led to relation­
ships such as the following:-

  (26)

= reactor volume 
= equivalence ratio 
= some function

where:-

ë
i

w> *
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Comparison of this equation with equation (25) shows 
remarkable similarity, Lefebvre (36) points out that this 
is due mainly to the similar assumptions adopted in both 
derivations, relating to temperature and pressure depend­
encies. It has been suggested (15) (34) that whilst 
present and past combustors’ performance has been well 
correlated by parameters such as these, where reactions 
may be considered to be controlled by reaction rates, at 
very high pressure, evaporation and mixing rates may well 
by the limiting factors. An analysis in reference (34) 
produced an equation which points to this trend:-

^Evaporation time available!
I Evaporation time required^} »

If this situation proved to be the case, combustion 
efficiency could well be better correlated in the following 
way:- (Ref.36).

, . - s [

where :-

_Nft( 2̂.

-1 0-5
—  (28)

= flame tube pressure drop,

The above non-dimensional groups relate, in effect, to 
chamber velocity conditions, jet penetration and turbulence 
levels, which have been shown, in Sections 4.2 and 4.3, to 
directly affect mixing and evaporation rates.

4.5 Fuel Type and Chemistry.
Schalla and Hibbard (12) state yfcfiat/O'f the following 

hydrocarbon fuel properties; heat of combustion, flame 
velocities, fiammability limits, minimum ignition energy, 
carbon formation tendency and quenching distance,„-carboiTx / 
formation tendency is the most widely varyingTproperty j X  

x - Schirmer &/Quigg (17) state that,

/

ip-c
amongst the fuels.
gas turbine combustors, the/diffèrence 
tendency amongst the various fuels becomeef 
as combustion pressureraispd, thus as en 
ratios are increased, it is appropriate that 
should be paid to fuel characteristics.

D̂oti- f ormiûg 
V^^qrent



Toone (7) and Lefebvre & Durrant (35)i however, state 
that whilst fuel characteristics are important in carbon 
control, the design of fuel injectors and combustors has a 
much more profound effect. This is a rather fortunate 
situation for civil air line operation, since fuel costs 
represent a far greater proportion of the cost per passenger 
mile than the initial engine cost written off over thousands 
of hours of operating, thus the specification of a more 
carefully refined and expensive fuel will raise operating 
costs to a greater extent than the cost of a better engine 
combustor design. Nevertheless, it is important that the 
effects of fuel chemistry upon carbon formation should be 
investigated, since it may be possible to improve fuel 
specifications by some comparatively inexpensive processing 
changes to be used in conjunction with appropriate combustor 
design changes.

Schalla & Hibbard (12) state that carbon forming 
tendency decreases as follows:-
aromatics ^  alkynes ^  olefins ^  n-paraffins.
They state approximately that olefins are 12 times as smoky 
as n-paraffins, and aromatics 24 times as smoky as n-paraffins, 
the alkyne factor varying with chain length between the 
aromatics and olefins. The proportions of these constituents 
in the crude oil vary according to the geographical location 
of the oil field, and the proportions can be modified by 
varying refining processes. It is beyond the scope of this 
work to discuss refining chemistry in detail, but it may be 
assumed that more control over the fuel quality could be 
obtained if the situation demanded such action.

One approach to the problem of carboh control that shows 
promise, is in the field of fuel additives. Beckwith (14), 
however, comments that no additive has been discovered whose 
use would not entail excessive maintenance charges, due to 
deposition or corrosion damage during continuous use. He 
suggests, however, that if local legislation demands it, such 
additives could be used for short periods, interspaced with 
long periods of running on untreated fuels. One such 
additive is a barium compound known as Lubrizol 5^5i which 
shows a significant reduction in engine smoke (?)• It is 
believed that the following reactions are positively catalysed 
to reduce carbon formation:-

zco



This additive, however, deposits large quantities of Barium 
Oxide in the turbine and jet pipes,which would necessitate 
far: more frequent engine overhaul than normal in order to 
prevent impaired performance and mechanical damage,

It is interesting to note that lamp tests have been 
frequently used to determine a measure of a fuel's carbon 
forming tendency. However, Toone (?) points out that the 
carbon forming mechanisms in the lamp flame are possibly 
quite different from those operating in a combustor at 
pressure. To illustrate this point, lamp tests with Avtur 
plus Lubrizol 565 and untreated Avtur indicated that the 
additive should produce more smoke, the reverse being the 
case. Whereas lamp tests with another additive, ferrocene 
(dicyclo-pentadienyliron), indicated that this additive should 
show a significant reduction in exhaust smoke. Testing in 
a Dart engine, however, showed a negligible reduction in 
smoke.

It can only be assumed that, whilst lamp tests can 
give indications of carbon forming tendency for certain 
fuels, only testing under combustor conditions can reveal 
the extent of this important fuel property. Schirmer & 
McReynolds (37) report that engine testing at 13 atmospheres 
with pure hydrocarbons, toluene (aromatic) and n-Heptane 
(paraffinie), revealed the following flame radiation data 
for wavelength band 0 - 6  microns:-

(a) Toluene fuel:

(d) The maximum wall temperature was 300° higher for 
the toluene fuel.

The large difference in emissivity reported is due to the 
use of a 100^ aromatic fuel, the actual proportion of 
aromatics in fuels in current airline use is very much less 
than this, and thus the differences in flame radiation 
properties amongst the fuels in far less than indicated 
here.

Total radiation was approximately 80# 
of total heat transfer to the walls.

(b) n-Heptane fuel:
Total radiation was approximately 4($ 
of total heat transfer to the walls.

(c) The flame temperatures were the same for both 
fuels and thus:-



Operating Conditions.
The operating conditions which largely define the 

performance of the combustor are as follows
(i) Air fuel ratio.
(ii) Combustion pressure.
(iii) Inlet air temperature.
(iv) Chamber velocity.

These are the directly controllable parameters from an 
experimental point of view, but the effect of any one of 
these on the level of flame radiation, emissivity or 
smoke level, is felt by operation through all or many of 
the previously discussed combustor processes. Thus the 
correlation of combustor performance using these operating 
conditions leads to results that require most careful 
interpretation by consideration of these processes, since 
they are not primary variables. Combustion experiments 
require the most careful design since the operating 
conditions need to be manipulated such that one of the 
basic processes becomes the only primary variable. This 
ideal situation is, in practice, very difficult, and often 
impossible, to achieve, and thus it is still common practice 
in the literature to correlate results in terms of operating 
conditions.
(i) Air-Fuel Ratio.

A decrease in air-fuel ratio increases flame 
emissivities and flame temperatures, and thus has 'x 
great effect on total radiation. The increase in 
emissivity is generally due mainly to an increase in 
the luminous component and thus implies that an 
increase in smoke level will also be attendent.
Durrant (8) reported for one chamber operating at 
6 atmospheres and 100$ reference velocity, an increase 
in emissivity from 0.10 at 90 AFR to 0.19 at 60 AFR. 
Reeves (6) using an industrial gas turbine combustion 
chamber operating at 4.4 atmospheres typically noted 
a threefold increase in total radiation when the air- 
fuel ratio was decreased from 50 to 25 for kerosene 
fuel, viewing just downstream of the primary zone. He 
noted that the effect of air-fuel ratio reduced towards 
the tail of the flame, due possibly to the increased 
rate of carbon consumption in the intermediate zone at 
the higher flame temperature.

(ii) Pressure.
As has been previously pointed out, increasing 

attention has been attracted towards the investigation 
of the effects of combustion pressure upon flame 
radiation due to the development of engines with high



pressure ratios. For example, the Rolls-Royce RB.211 
has pressure ratio 2? • 1*

In general, total flame radiation increases with 
pressure (17), the increase being due to an increase 
in both luminous and non-luminous emissivities (9)*
For example, Reeves (6) found that total radiation at 
the downstream end of the primary zone increased very 
nearly linearly with pressure up to about 5 atmospheres, 
and doubled in magnitude in 2.5 atmospheres.

with combustion pressure according to:-
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He found that flame emissivities varied with pressure 
as follows:-
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These results seem to suggest that below 70 \bfc /(w 
the flame was essentially non-luminous, but above this 
pressure the carbon particles increased in size, 
sufficiently to radiate appreciably in the infra-red.

At high combustion pressure, combustor coke deposits 
are seen to reduce, generally (37), due to the increase 
in the flame radiation burning away deposits. This may 
also be due, to some extent, to the reduced penetration 
of the droplets and the reduction in droplet size. 
Lefebvre (34) demonstrated that penetration varied 
with pressure as follows:-

\
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where 3  = penetration distance.



Both these effects combine to reduce the quantity of 
fuel that will impinge on the liner to be cracked to 
form coke. This reduction in coke aggravates the 
increase in heat transfer, since the reduced coke 
deposits lead to higher metal temperatures and metal 
loss.

Ciii) Inlet Air Temperature.
An increase in inlet air temperature has two main 

effects on flame radiation and smoke emissions. 
Consideration of Bahr's empirical equation for droplet 
evaporation showed that the main factor affecting 
evaporation was the differential temperature between 
fuel and air, thus the initial evaporation rate of a 
spray would be expected to increase with inlet air 
temperature. This would tend to reduce flame radiation 
and smoke emissions if liquid phase cracking is more 
important than vapour phase cracking. This effect 
is probably small since the major heat supply for 
evaporation comes via hot gas recirculation and flame 
radiation.

The main effect on flame radiation is probably that 
an increase in inlet air temperature will also raise 
the hot gas temperature, which via the fourth power law 
will also increase the radiation level.

(iv) Chamber Velocity.
A change in chamber velocity will effect a change 

in mixing rates via turbulence level. An increase in 
velocity will increase the mixing rates and thus would 
be expected to reduce carbon formation, and hence gas 
emissivities and smoke levels. For a given atomiser 
and chamber, however, the issue is complicated by the 
fact that to increase velocity at a fixed combustion 
pressure and air fuel ratio, necessitates an increase 
in fuel pressure. The increase in fuel pressure will,
of course, improve the atomisation quality, which also 

' would reduce carbon formation, and thus under such
circumstances, it is not possible to assess how much 
the change in radiation is due to changes in mixing 
rates or atomisation. Tests on an Avon combustor at 
5 atmospheres (8) showed a decrease in gas emissivity 
from 0.3 to 0.1 as velocity was increased from 80^ to 
140^ with a fixed flow number injector.



SECTION 5.
APPROACH TO THE PROBLEM.

5.1 Broad Objectives.
The work to be done was not conceived to be a very 

narrow investigation into the effects of one particular 
aspect of combustion performance on flame radiation and 
smoke emission. The broad objective of the work was 
rather seen to be the collection of radiation and smoke 
over as wide a range of conditions as possible, with 
emphasis, perhaps, on fuel injection characteristics.
The fuel injection characteristic that was seen to be of 
particular interest was the injection method. In view of 
the current problems and activity in the Industry concerning 
the control of flame radiation and smoke emission, it was 
thought most appropriate that a comparison should be 
performed between swirl atomisers and airblast atomisers 
under as near identical conditions as possible. Another 
injection aspect which was considered to be of importance 
with the conventional swirl atomiser, was the effect of 
fuel droplet size, as effected via injector flow number.

It was hoped that much of the data could be collected 
at high combustion pressures, since this is the region of 
interest in view of the current trends in engine pressure 
ratio, this, however, was not to be, as explained in Section
5-5.

As it was hoped to confirm the predicted advantages 
for the airblast atomiser in respect of lower flame radiation 
and smoke emission, it seemed appropriate that the main 
drawback to its general application to gas turbine combustors 
should also be investigated. Accordingly, stability limit 
comparisons would be made between the swirl atomiser and the 
airblast atomiser over a range of conditions.

5*2 Development of the Airblast Atomiser Combustor.
The airblast atomiser that was to be used initially 

was an external expanding fuel flow type, with little fuel 
swirl, that had previously been used for cold flow testing 
with water and kerosene. This burner is fully described 
in Sections 6 and 10, and illustrated in Fig. 9* Since 
this burner had never been mounted in a combustion chamber, 
certain modifications were necessary in order to make this 
possible. The modifications that were necessary were the 
design of a mounting feature to locate the injector radially 
in the combustor, and a central air deflector to direct the 
inner air flow radially outwards to the atomisation lip.



The mounting feature initially conceived was a four- 
vane d spider, which imparted no swirl component to the air.
The general arrangement of the injector installation in its 
final form is shown in Figs.10 & 11. On performing initial 
burning runs at atmospheric pressure with the rear of the rig 
removed in order to see into the chamber, the flame was seen 
to be divided into 4 segments which became narrower towards 
the injector, and were seen to originate from the turbulence 
generated in the wake of the 4 spider vanes. This clearly 
required modification for three reasons. Firstly, the 
segments in the flame were so pronounced that radiation 
measurements would obviously be dependent on the relation of 
the spider with respect to the sight path. In addition, 
there were large areas in the primary zone where no burning 
was occurring, but to which fuel was being supplied, and thus 
clearly either the velocity was too high in these regions or 
the turbulence level too low. Also the shape of the segments 
led one to believe that the axial velocity component of the 
air entering through the injection site was too high, and thus 
reducing the strength of the primary zone recirculation, and 
moving the burning zone too far downstream. A solution to 
these problems was provided in the form of a 9 vane 45° outer 
air swirler, just blocking direct flow, which was attached to 
the injector body and fulfilled the function of burner support 
in addition. This swirler completely transformed the flame 
into,a uniform blue toroid sitting well back against the 
combustor flare, and thus this was considered satisfactory.
The direction of air swirl was arranged to oppose the fuel,swirl.

The central air deflector was designed following testing 
upon the water spray rig, illustrated in Fig.12, with a variety 
of different geometries. The design adopted is shown in Fig. 10 
and is seen to be of a smaller diameter than the atomiser lip 
thus bringing it well clear of the fuel sheet. Deflectors 
tried which came close to the atomising lip and the fuel, were 
seen to provide sites for agglomeration of droplets and thus 
shed very large droplets, which is very undesirable. A 
similar phenomenon was noticed by Byran (15) during the 
development of his airblast atomisers. The deflector was 
retained by a long 6 BA bolt screwed into a 4 vaned spider 
which sat at the upstream end of the injector inner air passage, 
the deflector gap being maintained by three pegs sitting on 
the atomiser lip. (see Fig.10). The initial airblast 
burner used was constructed entirely from brass and bronze, 
and suffered no ill-effects even at the richest mixtures, which 
is an indication of the cool temperature at which these 
atomisers run due to the fact that they are bathed in cold 
inlet air. One of the important criteria in comparing the 
performance of the two injection methods was that the chamber 
aerodynamics should be as nearly identical as possible. To 
this end, the whole of the chamber downstream of the flare was 
left untouched, although fairly extensive modification of the 
snout was required to install the airblast atomiser. This
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involved removing the swirler from the standard chamber and 
welding in a tube to accommodate the injector. Fig. 13
shows the unmodified chamber as used with the simplex 
atomisers, and Fig. 11 shows the first standard of airblast 
combustor snout.

In performing the preliminary investigation, it was 
discovered that at that the flare cooling of the combustor 
was inadequate to cope with the higher volumetric heat 
release rate in the primary zone. Following a run at high 
pressure, the combustor flare was seen to be badly sagging 
and burnt in several places, particularly in the wake of the 
igniter plug. The damage is illustrated in Fig. 14. It 
was decided to modify the snout more extensively to provide 
a more positively directed cooling air flow to the flare and 
also incorporate a film cooling strip on the flare itself.
The design used is shown in Fig. 15. An additional feature 
incorporated was a variable area blanking plate so that 
cooling air flow could be altered if necessary. This later 
design of snout proved entirely satisfactory at the conditions 
covered during testing.

Thus an airblast atomiser and suitable combustor was 
developed with which radiation and smoke investigations could 
be performed, a few runs with the swirl atomiser and 
unmodified chamber showed that its performance was satis­
factory.

3.3 The Test-Programme.
It was decided to perform a preliminary testing 

programme before attempting a more comprehensive analysis, 
using the Schmidt Method, for three reasons. Firstly, the 
delivery of the Spembley Black-Body furnace, a suitable Land 
fluxmeter and calcium fluoride windows was not due for a 
period of some three months, so that Schmidt testing could 
not be performed for some time following the development of 
the rig to a suitable state for testing. Secondly, the 
design of the experiment could not be completed until it 
was known what simplex atomisers were available. Four 
nozzles and swirl cups were available of different cone 
angles and flow numbers, but none of them had a sufficiently 
high flow number to enable rich mixtures at high pressures to 
be obtained at sensible velocities. It was thus hoped that 
such large nozzles could be obtained before the commencement 
of Schmidt Method work. Finally, it seemed expedient that 
a preliminary comparison between the two injection systems 
should be made in order to get a rough idea of the magnitude 
of the difference in atomiser performance, and also to make 
some sort of estimate of the success of the particular 
airblast atomiser design initially adopted.



Preliminary Test Programme»
Whilst the special Land fluxmeter designed for use 

with the black-body furnace was not available, another Land 
fluxmeter, type RF. 5/30/16, was available, with which flame 
total radiation could be measured. Windows of Calcium 
illuminate were also available which had an acceptable trans­
mission down to about 5 microns. The Rolls-Royce smoke 
meter was available and known to be functioning satisfactorily, 
and thus it was decided to perform experiments appropriate 
to the equipment immediately available.

The preliminary test programme was thus conceived to 
be a direct comparison between the airblast atomiser and 
swirl atomiser measuring total flame radiation, exhaust smoke 
level and stability limits, the comparison to be performed 
at three different levels of pressure.

Schmidt Method Programme.
The first stage in the Schmidt Method work was to 

develop the associated equipment to a suitable standard for 
the work. A major part of this work was the calibration 
and commissioning of the Spembley black-body furnace. It 
was essential that a suitable running-in]period should be 
completed to prove the reliability of the furnace and its 
support equipment, this was so since any failure of an 
internal component would not be heard above the noise of 
the rig, and any defect would have to reach disasterous 
proportions before becoming visible. During the latter part 
of this stage, the various calibrations of the equipment were 
performed as described in Section 8. Having completed these 
tasks, further consideration was given to the points mentioned 
in Section 3*3 in order to design the experiments.

Two major factors influenced the Schmidt work that was 
accomplished. Firstly, testing at high pressure with swirl 
atomisers was dependent on obtaining nozzles of large flow 
number from Industry, since their manufacture requires 
special machinery and processes. Unfortunately, no such 
nozzles could be obtained in time to be included in the 
testing. Thus with the nozzles available, the highest 
pressure that could be used for the two largest nozzles only, 
was 60 I ‘tVv*' if 100$ velocity and 60 AFR were to be 
obtained. Considering the largest nozzle only, the highest 
pressure level that could be obtained for these conditions 
was 100 \b£ /tVx*' Thus the effect of flow number between two 
different swirl nozzles could be performed at design conditions 
at 60 \b£ I V**" combustion pressure, and comparative tests 
between the largest swirl atomiser and the airblast atomiser 
could be performed at 100\V>£ / W*** combustion pressure. The 
second factor affecting the work was the performance of the



airblast atomiser obtained during testing. The airblast 
flame, even at 100 lbf./in^, was seen to be still partly 
blue and very transparent, thus the primary objective of 
obtaining a clean premixed flame with low flame total 
radiation and smoke emission, could be considered achieved. 
However, the fuel distribution from the burner rapidly 
deteriorated with assembly and disassembly of the burner 
due to a very bad design feature, which is discussed in 
Section 10, and thus severe over-heating of the liner and 
air casing was experienced, which meant that prolonged 
operation at a rich condition became hazardous. Whilst
there was time to take a total radiation reading without 
undue over-heating, the time required to execute the 
readings required for Schmidt Method work accurately was 
not available.

Accordingly, it was decided to design new airblast 
atomisers and to execute the testing of the swirl atomisers 
whilst these were being manufactured, the airblast atomiser 
testing to be completed when the injectors became available. 
It was also thought necessary to obtain an improved design 
of airblast atomiser since testing on the fuel spray rig 
and the water/air rig showed that the atomisation quality, 
particularly at low air flows, was exceedingly poor, and 
thus the full advantages of the airblast system would not 
be realised with the existing burner.



SECTION 6.

THE TEST FACILITY.

The general layout of the rig is shown in Fig. 16 
and illustrated in Figs. 17) 18 & 19, the individual 
components are now described.

6.1 Combustion Chamber and Air Casing.
The combustion chambers used for all testing were 

from the Rolls-Royce Dart R.Da 7 turbo-prop, engine.
The design data for this chamber are:-

Mass flow = 3*18
Air inlet pressure = 84 Motrin1
Air inlet temperature = 530 ° K
Non-dimensional mass flow = 0.0271

I A m  Pi)
Reference velocity f W * £ .  = 60.2 ft./sec.
Hot gas exit temperature = 1170° K.
Air fuel Ratio = 57*3
Reference area, = 32.4 W\l
Reference diameter 0w% = 6.4 \V%

The alleged air split to the various sections is:-
Swirler flow =
Flare cooling 12#
Flame tube cooling 26#
Secondary holes = 8#
Intermediate & dilution holes = k7%

Nozzle cooling 2%



For testing with standard simplex atomisers, a 
basically unmodified flame tube was used, but, as described, 
in Section 5» for use with airblast atomisers, the combustor 
snout was modified in order to accommodate these larger 
injectors. The unmodified chamber snout is shown in Fig.15, 
and the final standard of airblast snout in Fig. 15»

The combustors were housed in a heavy mild steel 
air casing to withstand the high pressure to which it was 
to be subjected. Every effort was made to reproduce the 
same internal air casing and diffuser geometry as on the 
real engine so that the combustor aerodynamics would remain 
unaltered as far as possible. The general layout of the 
working section and air casing is shown in Fig.20. The 
outer surface cross section of the air casing is octagonal 
with 8 hole end flanges, so that other viewing positions 
could be arranged in the future without interfering with 
the existing window sites, simply by rotating the air casing 
one octagon pitch, thus maintaining the horizontal sight 
path. The octagonal nature of the air casing is clearly 
illustrated in Fig.21.

Due to the accommodation of the sight path tubes, it 
was not necessary to retain the original combustor retaining 
and locating features. The combustor was retained by four 
features, the sight path tubes, the combustor static 
pressure tapping block, and the exit nozzle housing. Since 
they were of no further use, the existing interconnector 
stub pipes were removed and the holes blanked off.

Air Supply and Metering.
The air supply and metering system is shown diagram- 

matically in Fig.22. The air was supplied by 5 Howden 
compressors, each driven by a 500 HP, variable speed, B.C. 
motor, which could be arranged in various combinations of 
series and parallel running according to the mass flow and 
pressure requirements. The air was metered using a 2,500 in.
diameter orifice plate in 5*0 in. diameter piping in an 
installation to BS.1042. The mass flow was controlled by 
the "cold" Daytona valve, and calculated using air inlet 
temperature and pressure and manometer deflection in accord­
ance with BS.1042.

Exhaust Section.
Immediately downstream of the working section was a 

water cooled pipe, which is illustrated in Fig.21. This 
had been manufactured from stainless steel throughout, in 
order to help ensure the integrity of the hot end of the 
rig at the high temperatures and pressures to which it was



to be subjected. As a secondary, through nevertheless 
important, factor the water cooling enabled one to stand 
in complete comfort near the rig when running, thus making 
operation more easy. At the downstream end of the water 
cooled section was the "hot" Daytona valve which provided 
the necessary pressure drop to atmosphere to create the 
required combustion pressure. The valve is illustrated 
in Figs.21 & 22. Downstream of the "hot" valve was an 
uncooled tail pipe to convey the hot gases outside the 
test house. It was in this section that the smoke sampling 
rake was situated, as shown in Fig.23*

Expansion Bellows and Entry Chamber.
In between the cold valve and the working section 

was an expansion bellows and the entry chamber. The expan­
sion unit was a "Teddington" telescopic type and was 
specified to accommodate any thermal expansion between the 
anchored working section and inlet pipe work. Downstream 
of the expansion unit was the entry chamber which fulfilled 
two functions. Firstly, this section acted as a settling 
chamber to smooth turbulence generated by the cold valve 
by a gradual increase in flow area. This function was 
necessary in order to present a reasonable velocity profile 
to the combustor diffuser, thus avoiding air maldistribution 
to the combustor itself. The second function was to provide 
access for the various burners to the combustor. The plate 
carrying the burner feed arm was bolted to the entry chamber 
through elongated bolt holes, thus allowing about 0.30 inch 
axial adjustment to the burner position in the combustor.
This proved to be of great importance for the airblast 
atomisers as described in Section 11•

Window Housings.
The window housings had been based on a successful 

design used by N.G.T.E. for a similar purpose. The main 
criteria being that the nitrogen gas purge used to keep the 
window clean should be fed across the surface of the 
window from the whole circumference to provide maximum 
shielding, and that the window could be mounted in such a 
way as to avoid any local clamping of the delicate calcium 
fluoride. The windows were, in fact, set in an easily 
removeable outer cover using a synthetic rubber compound, 
"Silcoset 101".

The shutters required in the Schmidt Method were, in 
fact, 0.750 inch "Worcester" ball valves, which proved 
excellent in operation. A small modification was required 
to these valves due to repeated burning of the P.T.F.E. 
seals nearest to the flame. This was replaced by an



identical brass component which eliminated the problem 
without detracting from the smooth operation of the valves.

The window housings shown in Fig. 20 are in fact an 
earlier design and were not used for any of the testing.

Window Nitrogen Purge System.
A continuous flow of nitrogen was maintained across 

the surface of the windows in order to prevent the deposition 
of dirt and fuel droplets, which had hampered the work in 
other experiments. The flow was maintained even with the 
ball valves closed, since it was soon apparent that vapour 
was capable of leaking past the valves to condense on the 
cold windows. The nitrogen system is shown diagrammatically 
in Fig^4.

It was found necessary to drop the bottle pressure in 
two stages with a heating coil in between. The reason for 
this was that the drop in temperature of the nitrogen in 
the throttling process with a single valve was sufficient 
to condense and freeze large quantities of atmospheric water 
on the valve, thus making further adjustment impossible.
The heating coil was, in fact, a long length of piping 
subject to atmospheric heating only, which proved to be 
adequate to prevent freezing of the valves.

In order to guarantee the safety of the windows during 
changes of combustion pressure, a "Hale-Eamilton" double 
dome pressure controller was specified to control the 
nitrogen feed pressure to a fixed increment above combustion 
pressure, thus ensuring positive flow at all times.

A small Fischer Porter flow meter was used to monitor 
nitrogen flow rate to the windows. After initial experi­
ments to determine the minimum flow rate to keep the windows 
clean and dry, the nitrogen purge system proved to be a 
complete success with no deposition at any running conditions.

Fuel Supply System.

The fuel supply system is shown diagrammatically in 
Fig.25. A Lucas swash plate variable stroke piston pump 
was used to generate fuel pressure. At times this pump was 
asked to deliver up to 16OO tb( /W1, which is well above its 
normal delivery pressure. The fuel was metered by three
Fischer-Porter flow meters whose specification was as follows:-



Small: FP 4 - 25 - G5 Triflat with CD glass sphere float.
Medium: FP £ - 21 - G10/85 + £ GUSVT/^O float.
Large: FP£ - 2? - G10/83 + i GNSVT/48/T62 float.

These flow meters were calibrated by determining mass 
flow rates in given times over the scale range. The fuel 
used at all times was Avtur/50 without F.S.I.I. to specifica­
tion D.Eng. R.D. 2494.-

Spembley Black Body Furnace.

This furnace was used to provide the black-body 
background required for the Schmidt Method. The model used 
was a 10 KVA vertical furnace with carbon interior, that was 
originally developed for small sample metallurgical research 
for the Atomic Energy Authority. Access for samples being 
obtained through a hatch on the top of the furnace hood.

The furnace was designed to operate at temperatures 
up to 3000° C, and thus an argon atmosphere is essential for 
the interior to survive. The furnace was subjected to three 
successive evacuations and argon purges before power was 
supplied, and during operation a slow bleed of argon was 
passed through the furnace. The furnace construction is 
shown in Fig. 26 and the argon supply system is shown in Fig. 
27. Fig.26 actually shows only one horizontal sight tube, 
whereas the furnace used had two diametrically opposite sight 
tubes, one for the supply of black body radiation to the rig, 
and the other for the furnace temperature.pyrometer to view 
the interior of the furnace.

The furnace hood is packed with lamp black in order to 
provide the necessary shielding and insulation for the hot 
interior. This massive insulation, however, provided 
considerable thermal inertia, which proved an embarrassment in 
operation, since quick changes of furnace temperature to a 
stable level could not be accomplished.

The actual black body target was the 0.5 in. dia. 
entrance hole to the 1.0 in. dia. spherical cavity in a 
cylindrical block of carbon. This block sat on the existing 
furnace hearth as shown in Fig.26. Sealing of the sight 
tubes was by 0.200 in. thick calcium fluoride windows. The 
target block was adjusted such that the black body target 
hole was completely visible through one of the sight tubes, 
this sight tube then being aligned with the optical sight 
path using levelling screws mounted on the furnace stand.
The other sight tube had an adjustable mounting for the 
Land MQO 7/50/-EW twin range silicon cell pyrometer, so that 
it could be accurately aligned with the rear of the target 
block.



Following the initial running-in and out-gassing 
processes, the only maintenance required on the furnace 
was periodical checks on the tightness of the element, 
operation and reliability being completely satisfactory.

The power supply to the furnace was delivered from 
a "Voltmobile" three phase transformer unit which provided 
incremental power supply via four-position coarse, medium 
and fine controls. The rate of supply at any instant 
was monitored via a voltmeter on the transformer, and an 
ammeter driven by an induction coil round one of the supply 
cables. The furnace, transformer and associated equipment 
are shown in Figs.17, 18 & 19»

Furnace temperature was monitored on a Control 
Instruments, Ltd. “Dafaline 6" chart recorder, which had 
been designed for the Land MQO 7/50/-EW silicon cell 
pyrometer in conjunction with a range selector box. Two 
ranges were available, 0-1700° C and 0-3000° C. This 
instrument is clearly shown in Fig.18, a more full 
description of the operation and calibration of the furnace 
temperature measuring system may be found in Section 8.

Main Fluxmeter and Mounting.
The specification of the pyrometer was determined 

by the length of the sight path and the black-body target 
size. The length of the sight path was fixed by the width 
of the rig across the window housings, and the distance of 
the target from the end of the sight tube, and additional 
clearances between the equipments required for practical 
reasons, such as window removal. The maximum target size 
was fixed by the largest slot width permissable in the 
furnace carbon element, this slot width being determined 
by strength and resistance considerations for the element.
As previously stated, the maximum target size that could 
be specified was 0.5 in. in diameter, thus at the focusing 
distance of 30 in. approximately, very accurate alignment 
of the main fluxmeter was essential if it was to "see" 
only the target, the importance of this is discussed in 
Section 7* Accordingly, a very finely adjustable mounting 
was designed, as shown in Fig.28, the principal design 
feature being a sliding spherical surface with the pyrometer 
lens and aperture at the centre of the sphere. This
arrangement eliminated all axial or transverse motion of 
the lens and aperture relative to the sight path during 
adjustment.

The fluxmeter to fit the previously mentioned 
geometry, was a "Land" NRF.14/80/30 pyrometer. The design 
of this instrument is shown in Fig. 29. Due to the very 
small target size, the e.ra.f. output of this instrument
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was very low, being only 1 mv. at a black body radiator 
temperature of 2000° C. In order to obtain a method of 
presentation of the output for convenience and speed of 
operation, it was decided to build a special DC amplifier 
unit with stable gain values of 1000 and 100 whose output 
could easily be presented upon a standard milliammeter. 
This amplifier unit is shown in Figs. 18 & 19, mounted 
on the right-hand side of the main control panel, and 
proved to be excellent in operation with very little 
drift.

6.10 The Smoke Meter.
The equipment used for smoke measurement is shown 

diagrammatic ally in Fig.23. The smoke meter used for all 
testing was built to a specification supplied by Rolls- 
Royce, Ltd., which was subsequently modified to increase 
its sensitivity.

The principle of operation is as follows. An 
uncollimated beam of light is passed down a tube 30 cm. 
long with windows at each end, to be received by a photo­
electric cell. Samples of exhaust gas are passed into 
the tube at one end and drawn out at the other end by a 
suction pump, a continuous flow being maintained whilst 
smoke level is measured. The carbon particles provide 
an obstruction to the light beam and thus the output from 
the photo cell reduced. The attenuation to the signal 
is amplified and presented on a 0 - 50 millivoltmeter.

The calibration of the instrument is effected by 
interposing a standard blockage and adjusting the gain of 
the amplifier to give a standard meter deflection. The 
standard blockage is a 0.025 in. diameter wire which pro­
vides a y/o blockage to define one Photosmoke Unit, when 
placed across the tube diameter, with the increased 
sensitivity used on the modified smoke meter, the cali­
brating blockage is provided by a 0.0025 in. diameter wire. 
It is important to note that since the light beam is 
uncollimated, the image of the wire on the photocell is 
blurred, and thus the tenfold reduction in wire diameter 
does not increase the sensitivity by an exact factor of 
ten. Accordingly, the smoke results are not presented 
in the form of Photosmoke units.

The increased sensitivity amplifier was very prone 
to drift with time, both on zero setting and on gain 
slightly. Thus the process of setting a fixed number of 
units exactly for each reading would have been both tedious 
and time consuming. In addition, due to the large 
differences in smoke level to be measured, calibration 
for all levels on say 10 units would mean that a low 
smoke level would deflect say 2 units and a high level off



scale. Clearly, to accommodate the highest levels on the 
scale will mean that the low levels will be measured with 
little accuracy. Thus, making the quite reasonable 
assumption that the amplifier had a linear characteristic, 
a system was evolved to use the maximum sensitivity and 
hence accuracy available for any smoke level, necessitating 
the definition of a new arbitrary smoke unit. The gain 
was adjusted such that any sample gave nearly full-scale 
deflection, and the deflection by the standard wire evaluated
at the same sensitivity. The number of smoke units then
being evaluated:-

_ __ , . .. x mV for the smoke sample(smoke units) ■ mv for calibration wire

(at any fixed gain value).

On the original meter, the driving force for sampling 
was intended to be the 6 volt suction pump. It was, however, 
decided to speed up the sampling process slightly by 
recovering a fixed proportion of exhaust pipe total pressure 
at the sampling rake to drive the sample through the lines 
and meter. This driving force was arbitrarily fixed at 
2 in. of mercury. It was found that variations in the 
position of the hot valve altered the angular position of 
the rake at which 2 in. of mercury was recovered, thus a 
small manometer, as shown in Fig.23, was used to establish 
the recovery before sampling. As detailed in Section 11, 
the meter and sampling lines required periodical cleaning 
due to the deposition of carbon particles with condensed 
water of combustion.

The sampling rake was diameter stainless steel tube 
with 4" holes across the whole tail pipe diameter at 4" 
pitches. It is hoped that isokinetic sampling was achieved, 
although no rigorous check was made to establish this condition.

6.11 Fuel Injectors.
(i) Swirl Atomisers.

The swirl injectors used for both the preliminary 
testing and the Schmidt Method work were of the standard 
simplex type as used on the Rolls-Royce Dart engine.
A range of special nozzles were available of varying 
flow number and cone angle, but as detailed in Section 
5, only two of these were used, the data for which are 
as follows:-
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Nozzle Flow Number Cone Angle

A 0.37 90°
B 0.77 90°

(ii) Mrblast Atomiser.
The airblast atomiser used was an external 

expanding fuel sheet type with very little fuel 
swirl% The fuel sheet was made to flow over the 
outside of a conical lip away from the apex of 
the cone, thus stretching and thinning the sheet. 
The fuel metering and distribution was accomp­
lished via 6 finely machined slots on the centre 
body as shown in Fig.9. The diameter on which
these slots were machined was a tight fit inside 
another diameter in the outer body, see Fig.10, 
which thus defined the fuel ports in conjunction 
with the slots. Unfortunately, the screw 
assembly of the atomiser meant that the two 
initially tightly fitting diameters soon became 
slack after several assembly operation, and thus 
fuel leakage became possible and the fuel distribu­
tion suffered considerably. The fuel swirl was 
imparted by a small spot-faced feature at the end 
of each fuel slot, these are clearly visible in 
Fig.9* Whilst these features were successful 
in providing a continuous fuel film at moderate 
and high fuel pressures, at low pressures the fuel 
was seen to issue from the atomising lip in 6 
separate streams, as shown in Fig.30 & 31* The 
atomiser was located axially by the burner feed 
pipe, and radially by the 9 vane 45° swirler, which 
was pegged to the outer burner casing. The inner 
air deflector cone was retained by a long 6 BA. 
bolt screwing into a 4 vaned spider at the upstream 
end of the inner air passage, the deflector clear­
ance being maintained by 3 pegs resting against the 
atomiser inner body. This arrangement is shown in 
Fig.10. The development of these features is 
described in Section 3*



SECTION 7.

THE SCHMIDT METHOD.

The flame within the primary zone of a gas turbine combustor 
is highly stratified in terms of both temperature and composition. 
The condition of the gases and radicals is far removed from thermal 
equilibrium due to the low residence times within this region. 
Accordingly, any definition of flame temperature is complex.

It is, however, possible to measure the radiation from such 
a gas path and measure the absorptance of the path to black-body 
radiation. If one then postulates that theflame is a grey body 
of uniform composition and temperature at the measuring plane, one 
may then define a flame temperature and a gas emissivity according 
to the laws of black body radiation. The flame temperature will 
be different from that defined by calorimetry, but it will neverthe­
less define the radiation properties of the gas path. Weeks (38) 
points out that all total radiation pyrometric methods for defining 
gas temperatures and emissivities rely on such assumptions, and that 
the Schmidt Method usually implies fewer further assumptions.

7.1 Theory of the Schmidt Method.
The Schmidt Method hinges upon the assumption of 

thermal equilibrium in the flame, thus allowing the applica­
tion of Kirchoff’s Law. Thring et al. (11) point out that 
the presence of any cold gas, fuel or carbon will increase 
absorptivity without increasing emissivity, hence Kirchoff*s 
Law is strictly not applicable, but no further progress can 
be made without its assumption.

The flame temperature and emissivity of a gas path may 
be evaluated in the Schmidt Method from three readings of a 
fluxmeter. The optics are arranged so that the fluxmeter, 
which should be a grey receiver, may view the flame alone, 
the black body background alone, or the background as seen 
through the flame by suitable manipulation of shutters. It 
is most important that the optics and flame and target sizes 
are such that the fluxmeter "sees" only the flame or only the 
black body target, and no other radiation source, since this 
being so, the fluxmeter output is independent of working 
distance. This is of prime importance since the flame and 
target are at different distances from the pyrometer. Fig.33 
shows the sight path adopted for this work. The three 
readings required define a flame temperature and a gas 
emissivity as follows:-



Reading 1 A D
This reading is the total radiation of the flame 

alone with a cold background.

R , ®  k (1)

Using the Planck Equation.

or   (2)
Using the Stephan Boltzmann Law. 
where:- = pyrometer constant

£ x f =
c, =

spectral flame emissivity 
6.52 X 1 < 7[<HU/ Vxr.(wvxcron) 1

X  = wavelength (Vv\ICfT>V\̂
C % = 14,380 (m x c r o v tfK ^  

cr = 1.01 x  1 o™8  (c ttu /y r 1.

= total flame emissivity 
'Tip = flame temperature

The assumption implied here is that the flame is 
a grey body and thus:,-

£ > *  ¥ =  $ ( > )  — (3)

ConsVarit = g p   (4)
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(ii)

(iii)

Reading 2
This reading is the total radiation of the hot 

black-body background as seen through the same flame, 
and thus:-

or

(5)

(6)

" R 1- M r W } + (7)

where:- os = apparent spectral flame absorptivity 
oC1 ç = apparent total flame absorptivity 

= black body target temperature.

The assumptions implied here are that the flame is a 
grey absorber and thus:-

^  (Si — (8)

- CovXStanV =   (9)

Reading 3
This reading is 5 taken of the black body target 

alone and thus:-

R.3-Vl(VrV3   (10)
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(iv) Analysis of Readings»
Substitution of equations (10) and (2) into 

equation (7) yields:-

Thus:-
, _ —  (id

Assuming that the gases are in thermal equilibrium, 
Kirchoff’s Law gives:-

=• E ?    (12)

Thus:-

e ;  „  ^  ^  ^  _  (13)

Equation (13) may now be substituted into equation (2) 
stated for apparent quantities to yield apparent flame 
temperature:-

(v) Effect of Background Temperature,
Equations (13) and (14) define apparent quantities 

at the particular background temperature used. The 
effect of background temperature may be understood by 
the following argument:-



If the flame emits as much radiation as it absorbs, 
the fluxmeter will "see" the same flux from the target 
whether the flame is interposed or not, thus:-

*  ^ 2 . (15)

Substitution of (15) into (13) gives:-

R t Vldr 8? Up * (16)

Clearly then, equations (13) and (14) can only be 
valid if:-

(17)

And then equation (16) gives:-

(18)

Since the flame temperature is initially unknown, an 
iterative process is required in order to provide a 
solution. The.way in which this is executed is to
take a series of values of R t  »
for the same flame at a series of values of background 
temperature, and compute the corresponding values of 
Tfr 1 and €.p/. “Tp is then plotted against 
and the locus of apparent flame temperature drawn. The 
intersection of this locus with the straight line with 
unity slope:-

'Tp =  —  (19)

gives the solution, and the corresponding emissivity 
may then be established by plotting the apparent 
emissivities against background temperature and taking 
the solution at the solution black body temperature.



Modified Schmidt Method.
Practical considerations necessitate modifications 

to the method previously outlined, since the flame must be 
contained at pressures greater than atmospheric. Thus 
windows must be provided to permit radiation measurements 
to be made. Such windows absorb radiation, and thus this 
must be allowed for in the analysis.

The choice of window material is a compromise between 
good optical properties and sufficient strength to with­
stand high combustion pressures. Unfortunately, the best 
materials available from an optical standpoint are both 
fragile and very expensive. In common with many previous 
workers, calcium fluoride was chosen for all the windows.

The optical property of special interest here is 
spectral absorption. Calcium fluoride has an almost constant 
spectral absorptivity from 0 to 8 microns, and then it drops 
off almost linearly to zero (opaque) at 12 microns.

The absorption characteristic of a calcium fluoride 
window is not dependent purely on the material properties 
but also on the character of the radiation it transmits. This 
situation is best illustrated with reference to black body 
radiation. As shown in Section 2, as temperature is increased 
the peak of the spectral radiation distribution curve, as 
defined by the Planck Equation, shifts towards the visible 
according to Wein's Displacement Law. Thus the percentage 
of the total radiation transmitted between 0 and X microns, 
say, is a function of black body temperature. In between 
0 and X microns, the band pass of the window, the window 
material absorbs a very nearly fixed percentage of the trans­
mitted radiation for all temperatures. Clearly, the total 
extinction of a window for black body radiation, comprising 
these two components, is effectively a function of black body 
temperature. This situation is illustrated in Fig. 34, 
which shows the absorption of one of the 0.270 in. thick 
calcium fluoride rig windows for black body radiation as a 
function of radiator temperature.

In order to modify the Schmidt Method, a further 
absorption phenomena requires explanation. The absorption 
of an identical window for black body radiation as seen 
through another window is different from that previously 
described. This becomes apparent when one considers that 
the energy from X to oO microns which is lost at the first 
window, cannot be lost again at the second window and thus 
cannot contribute to the total absorption of this window. 
Clearly then, the total absorption of the second window is 
less than that of the first window, and also is not nearly 
so much a function of radiator temperature, since the major 
temperature dependent portion beyond the window cut off point



does not enter the absorption calculation. The window 
absorption determination is discussed in Section 8.

The modification of the Schmidt Method to include the 
effects of window absorption is as follows:-

This reading is the total radiation from the 
flame as seen through the window W \  between the 
flame and the fluxmeter which with previous assumptions 
is:-

where ©

where:-
v « = spectral absorption of \Vi for 

black body radiation.
DC = cut off wavelength, which is

approximately 10 microns for calcium 
fluoride.

In order to proceed, the following assumptions 
must be made:-

(a) = constant from X e O  \o X  —  2G
, x r 00
(b) J d d v  \

o o
Both these assumptions are valid for calcium 

fluoride since the spectral absorptance is very nearly 
constant up to 8 microns, and for a black body tempera­
ture of 2000° C, over of the total energy is 
contained between 0 and 8 microns.

It should be noted that the term absorption as used 
here implies total extinction which includes reflection 
losses at the window surfaces.

—5
(20)

(21)
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With the assumptions, equation (20) becomes:-

R \ =  ' « • 0 - P \ 6 V € . F'Tf4 ' —  (22)

where:- A  _ = the total absorption of for 
^  black body radiation.

(ii) Heading 2
This reading is the total radiation of the flame 

as seen through W i  plus the total radiation of the 
black body target as seen through W |  and W x  •
Wx, the window between the flame and the target.

k  f V T 64  —  (23)

where:- /p = total absorption of V/V t’or black
^  body radiation.

A  ^  = total absorption of W \  to black
body radiation as seen through

(iii) Reading 3
This is the total radiation of the black body target 

alone as seen through V/| and •

V(\ - 1W)  o-Tç4- —  (24)

(iv) Analysis of Readings.
Substitution of (24) and (22) into equation (23) 

assuming Kirchoff1s Law:-

(25)
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This is exactly the same as before, but substitution 
of equation (25) into (22) and re-arranging for 
apparent flame temperature yields:-

4-

  (26)

As in the previous analysis without windows an iterative 
type process is required to solve for the "true” flame 
temperature, and the method employed is exactly as 
previously outlined.

7*3 Application to Result Reduction.
In order to apply the results of the analysis in Section 

7.2 to the actual reduction of results, two further modifica­
tions to the formulae are required.

Firstly, the radiation response characteristic of the 
Land fluxmeter was derived from the makers' calibration in 
terms of normal radiant intensity, since this is very nearly 
what the fluxmeter "sees", rather than total hemispherical 
radiant intensity as defined in the Stephan Boltzmann equa­
tion. This process is described in Section 8. Thus, since 
equation (26) is based upon the Stephan Boltzmann equation, 
a factor is required to convert the total hemispherical 
radiant intensity into normal radiant intensity, as measured 
with •
It may be shown that:-

e  = i r x (27)

where:- = total hemispherical radiant intensity
X  = total normal radiant intensity.

Thus equation (26) becomes:-



The second mofification that was necessary is due to 
the fact that the furnace and flame are at different distances 
from the fluxmeter. Whilst, as previously mentioned, the 
optics were arranged such that the fluxmeter "saw" only the 
target and flame, and thus output is theoretically independent 
of working distance, there is a distance effect due to 
atmospheric water absorption.

The fluxmeter was calibrated at its focal distance of 
30 in. away from the reference black body target, by Land 
Pyrometers, Ltd. To take account of water absorption, they 
recommend a correction of Î 2.3% on output e.m.f. for each 
foot away from the focal distance. From this recommendation 
and from data in reference (38), it was decided to use a 
factor of 3% to allow for the increased output since the 
flame was nearer to the fluxmeter than the focal distance.
Thus equation (28) becomes:-

This equation was used with equation (25) to perform the 
Schmidt Method results reduction. The reduction of one 
set of Schmidt Method results is shown in Appendix IV.

  (29)
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SECTION 8.

CALIBRATION OF EQUIPMENT.

8.1 Fluxmeter and D.C. Amplifier.   ~
The fluxmeter used for the Schmidt Method was a 

"Laud" total radiation'pyrometer type NRF.14/80/30. ; As 
pointed out in Section 7j it was essential to know the 
response characteristic in terms of e.m.f. output for 
given radiant flijxes. The most satisfactory method of 
obtaining this characteristic is a direct calibration 
using a windowless furnace over the appropriate range of 
black body temperatures. Unfortunately, it was not 
possible to gain access to such a furnace, and so this 
ideal calibration could not be performed. However, 
the makers supplied the calibration for the instrument 
as a pyrometer in the form of e.m.f. output for a range 
of black body temperatures, thus, using the Stephan 
Boltzman law with a factor of \\ applied to convert 
total hemispherical to normal total radiant flux, the 
corresponding fluxes were calculated, which then 
provided the calibration as a fluxmeter. The calibration 
of the instrument thus derived, is shown in Fig. 33. The 
calibration for the RF.-̂ /30/l6 instrument used in pre­
liminary testing was derived in exactly the same manner, 
and is illustrated in Fig. 36. It is interesting to note 
that both these characteristics are very nearly linear.

The lens of the NEF.14/80/30 fluxmeter was specified 
to be made in arsenic trisulphide at the recommendation 
of Land Pyrometers, Ltd. This material was chosen in 
preference to calcium fluoride because, although arsenic 
trisulphide has a narrower band pass than calcium fluoride, 
in lens form, calcium fluoride suffers from excessive 
chromatic aberration, and thus the overall performance of 
arsenic trisulphide as a lens is superior. The effect of 
lens total absorption is, of course, taken account of in 
the makers’ calibration, and thus does not really enter 
the argument here.

As described in Section 6.9, the very low output 
from the main fluxmeter required the use of a stable gain 
D.C. amplifier in order to present a reasonable output on 
a standard meter. It was essential that the input/output 
characteristic should be evaluated for both ranges of the 
instrument. This was accomplished by simulating the 
pyrometer output e.m.f. by suitable circuitry and measuring 
this input using a digital voltmeter, the corresponding 
outputs on the amplifier "Metrix" milliameter being noted. 
The whole of the two scale ranges were covered in this



manner to yield the two characteristics shown in Figs.37 
and 38. The figures show that the responses are very 
nearly linear.

Spembley Black Body Furnace.
As described in Section 6.8, the temperature of the 

Spembley furnace was monitored by a "Land11 twin-range, 
silicon cell, miniature pyrometer, type MQO.7/50/- EW.
This pyrometer viewed the rear of the black body target 
block, and its output was fed, via a range selector switch, 
to a Control Instruments "Dataline 6" chart recorder.
Again, the manufacturer's calibration tables had to be 
accepted as correct, since no windowless furnace was avail­
able to perform an individual calibration. The calibration 
tables gave the output from the combined pyrometer and 
range selector circuits for the two ranges of black body 
temperatures. The maximum outputs were:-

Range (°C). Temperature(QQ). Output (mV).
0 -  1700 1700 20
0 - 3000 3000 20

Whilst the maker's calibration for the pyrometer had 
to be accepted as correct, it was possible to calibrate 
the chart recorder using the known outputs at the range 
selector box for the range of black body temperatures from 
the Land calibrations. Thus these known outputs were fed 
into the chart recorder from a "Cambridge" potentiometer/mV 
supply bridge, and the corresponding indicated scale 
temperatures noted over the ranges of black body tempera­
ture, hence providing the chart recorder calibration for 
instrument and scale error.

As the furnace pyrometer could not be permanently 
positioned to look into the black body cavity, but was to 
view the rear of the target block, a further correction 
became necessary. The pyrometer calibrations supplied 
were for black body radiation as viewed through a 0.200 in. 
thick calcium fluoride window, and since the rear of the 
target could not be regarded as a black body, an emissivity 
correction was necessary. Accordingly, the pyrometer was 
now linked to the chart recorder, whose calibration had 
been established, and over the range of furnace temperatures 
to be used alternately viewed the target and then the rear 
of the target block, and the temperature discrepancy 
between the two positions noted as the emissivity correction.



These various calibrations are more easily understood 
by consideration of the following analysis:-

Let T = true furnace temperature as seen viewing 
the target.

Tjg$ = apparent furnace temperature as seen at the 
rear of the target.

& "Ttt = the above temperatures uncorrected for chart 
recorder error.

Let:- ^ 8  E  $ = ^

" V v J + S )  =   (2)

^  ̂ 2-=   (3)

where:- = correction for chart recorder instrument
and scale errors.

ELg.= correction for emissivity due to viewing 
position.

Experimentally, T ©  was read on the chart recorder, and 
was the black body temperature required for Schmidt Method 
work. Thus from equations (1) and (3)

(4)

It should be noted that both "H | and E^^are functions of 
furnace temperature. The corrections E| and 6a. were 
obtained by the methods previously outlined, and the total 
correction, is seen in Fig.39 as a function
of apparent furnace temperature

An important assumption has been essential to perform 
these calibrations, and indeed to validate the application 
of the Schmidt Method as a whole, and this is that the 
target was a good approximation to a black body. The 
argument for a small hole into a cavity being a black body 
is well known, but this is only strictly true where the hole 
is infinitely small compared with the cavity size. Thus 
intuitively, one would expect that the degree of "blackness" 
of such a body would be related to the ratio of hole size to



cavity size. For the target used, the ratio of hole 
diameter to cavity diameter was 0.4. Unfortunately, there 
exists no optical analytical method to determine the varia­
tion of emissivity of such bodies for different ratios of 
hole size to cavity size, and no empirical data on this 
subject could be found in order to assess the emissivity 
of the target used. The whole of the furnace interior is, 
however, a fair approximation to a black body, and many 
previous workers have used this as their target for the 
Schmidt Method. Accordingly, it would seem reasonable 
to assume that the target used was a good approximation 
to a black body.

Windows.
As described in Section 7, the absorption of the 

calcium fluoride windows is a function of radiator tempera­
ture. The ideal calibration of the window absorption 
could not be performed, again due to the fact that access 
could not be gained to a windowless black body furnace. A 
visit to Land Pyrometers, Ltd. did, however, provide an 
absorption figure for one window at 1400° C, using the 
pyrometer calibration furnace. The absorption character­
istic of the window was derived by calculation from the 
results of two other workers, Weeks (38) and Preece (39)• 
These workers obtained direct calibrations over a range 
of black body temperatures for calcium fluoride windows of 
thickness 0.375 in. and 0.200 in. respectively.

The term absorption, as used here, includes the 
effects of reflection as well. A survey of the literature 
and the physical data available revealed that it is not 
possible to accurately calculate such total absorptions 
from geometrical and material considerations. It was thus 
necessary to assume a law relating absorption to thickness 
at a particular radiator temperature, and solve for 
constants from the known data of Weeks and Preece, and 
then calculate the absorption for a window of thickness 
0.270 in. as used for this work.

The assumed law relating absorption to thickness 
for calcium fluoride windows at a particular radiator 
temperature is as follows:-

 ^  G O  —  (5)



Since only two established characteristics were available 
for analysis and the solution of constants, only the first 
term could be considered. Thus:-

Hence at a fixed temperature, the absorption values for 
0.375 in. and 0.200 in. windows were used to simultaneously 
solve for and Y\ and these values then used to 
calculate the absorption at the same temperature for 4 =
0.270 in. This process was repeated over the temperature 
range, and the absorption characteristic was derived, this 
being illustrated in Fig.34. The check point at 14000 C. 
is seen to lie very close to the derived curve, and thus 
it was assumed that the procedure adopted and the resultant 
characteristic, were satisfactory. It should be noted 
that some extrapolation of the Weeks and Preece curves was 
necessary in order to extend the temperature range. This 
should not have involved too much error since, at the 
higher temperatures, the characteristic has flattened off 
considerably. The effect of the window absorption on 
the calculation of flame temperature is small since the f 
total absorption is only of the order of 6% to 10$, and I 
thus any errors involved in the assumption of the above ! 
absorption/thickness law are minimal accordingly. \

V\
(6)
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SECTION 9»

EXPERIMENTAL TECHNIQUE.
9.1 Combustor Operation.

(i) Ignition Techniques.
The ignition system used was a high energy flush- 

gap, surface discharge plug driven by an ex-engine,
24 volt igniter box. This system provided a very 
good spark and proved durable and reliable.

The swirl atomiser combustor proved to be extremely 
easy to ignite. A low mass flow was set, the igniter 
switched on, the fuel valve cracked open, and ignition 
was usually instantaneous. There was no evidence of 
tail-pipe burning, and light up could be achieved 
without any excessive tail pipe temperature.

The airblast atomiser, however, proved much more 
difficult to light up due to the narrow stability limits 
and very poor atomisation at low air and fuel flows.
To obtain a light-up, a slightly higher air mass flow 
was set, the igniter switched on and the fuel valve 
opened to give about 0.020 lb./sec. fuel flow. The 
air flow was then slowly increased until ignition was 
obtained. Having achieved light-up, the fuel was 
quickly reduced to about 0.005 lb./sec. and a short 
period given for excess fuel to burn out in the tail 
pipe. This burn out of the excess fuel accumulated 
in the starting procedure,frequently caused tail-pipe 
temperatures up to 700® C.

(ii) Run-up.
In order to run the rig up to the desired test 

conditions, the following procedure was adopted. The 
air and fuel flows were increased simultaneously so as 
to keep tail pipe temperature approximately constant. 
Having obtained an air mass flow rate of about 0.8 lb/sec, 
the hot valve was wound down to raise combustion pressure 
to 2 atmospheres. The air and fuel flows were then 
increased to give about 1.6 lb./sec. air flow at constant 
tail pipe temperature and the hot valve adjusted to give 
3 atmospheres. This procedure was followed until the 
desired pressure had been achieved.

The technique employed was exactly the same for both 
injector types except that the airblast atomiser required 
more care if extinction was to be avoided. With the 
swirl atomiser, the run up tail pipe temperature was less



than 200° C, whereas with the airblast atomiser, a 
temperature of 350 - 400° C was necessary to avoid 
extinction. The above procedure, in fact, was adopted 
so that the deviations in reference velocity at any 
particular pressure level during run-up were minimised 
and run-up was roughly at constant air fuel ratio.

(iii) Stable Running.
Having reached the approximate test conditions 

required, a recalculation of the required manometer 
head for a given mass flow was necessary, since there 
was a tendency for the air inlet temperature to rise 
and the air inlet pressure to fall as air was received 
from the compressors. Thus the head was recalculated 
and set using the cold valve whilst manipulating the 
hot valve to maintain the required combustion pressure.

There was considerable interaction between the hot 
and cold valves, and thus any changes in mass flow 
required adjustment of the hot valve to maintain com­
bustion pressure. Any changes in air fuel ratio at 
constant air mass flow and combustion pressure, also 
required hot valve adjustment. These effects would, 
in fact, be expected considering the changes in pressure 
drop across the hot valve with changes in mass flow and 
gas temperature.

(iv) Fuel Pump.
A characteristic of the Lucas swash plate pump 

and the associated pipework was that there were only 
certain delivery pressures that could be set if "water- 
hammer” effects were to be avoided. In order to 
obtain steady fuel flows and thus avoid combustion 
oscillations, it was essential that the pump should be 
set at one of these steady conditions. These running 
points were, in fact, dependent on fuel flow and thus 
final adjustment of the spill valve was frequently 
necessary in order to achieve steady fuel delivery.

When water-hammer effects were encountered, there 
was a large rise in fuel temperature, which was also 
undesirable.

Spembley Furnace.
(i) Alignment with Optical Sight Path.

Since the maximum diameter of the sight path beam
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of the pyrometer was only about 6($ of the minimum 
diameter of the rig component apertures, there was 
a fair amount of latitude as to the position of the 
target with respect to the rig. Accordingly, the 
furnace was aligned by eye viewing through the rig 
such that the whole of the target was in view and 
very nearly concentric with the various visible 
diameters sighting through the rig. The adjustment 
was achieved by inching the furnace position and using 
the levelling screws on the base.

(ii) Evacuation and Argon Purge.
As explained in Section 6, the Spembley furnace 

was operated with an argon atmosphere, and a slow 
purge of argon was passed through the furnace whilst 
at temperature. The vacuum and argon circuits are 
shown in Fig.27.

Following a long period of standing without opera­
tion on or after a strip-down, the following procedure 
was adopted to re-establish the atmosphere and purge 
flow (refer to Fig.27):-

(a) Close valves:- Â, D & E.
(b) Open valves:- B & C.
(c) Argon bottle regulator set to arbitrary

50 lbf/in2.
(d) Start "Genevac" vacuum pump.
(e) Open valve:- E.
(f) When acceptable equilibrium vacuum is

obtained indicated by the : manometer : -
(g) Close Valve: E.
(h) Open valve A and bleed in argon until

fractionally more than one atmosphere 
is obtained in the furnace, as indicated 
by the manometer. Close valve A.

(i) Repeat (e), (f), (g) and (h) a further twice.
(j) Open valve D to allow excess argon to bleed

away through the oil bottles.
(k) Re-open valve A and adjust to give argon

flow of 2 to 4 bubbles per second through 
the oil bottles.

(iii) Run-up.
Having established the argon atmosphere and purge 

flow, the cooling water was turned on and then power 
could be applied to the element. The power was applied 
in increments over a time period in order to avoid 
damage to the delicate carbon interior by large thermal 
gradients. Carbon resistance decreases with temperature



so that at the upper temperatures, there was a 
possibility of a thermal run-away, and thus large 
increases in power were always avoided. The power 
was applied èuch that the furnace came to a dull red 
colour after about 20 minutes and heating to 2000°C 
in about an hour.

(iv) Running Temperature Adjustment.
The large thermal inertia of the furnace hood 

meant that a change from one stable temperature to 
another was time consuming. During the initial 
proving trials, equilibrium furnace temperatures were 
determined for the various power settings. Accord­
ingly, the technique for either raising or lowering 
the temperature was to apply either full power or 
zero power until about 10 - 15° C above the required 
temperature was achieved, the equilibrium power 
setting for the required temperature was then selected, 
and the thermal inertia of the hood would pull the 
temperature down to the required level.

At equilibrium temperatures, there was always a 
continuous slight drift up and down in temperature, 
and the mean equilibrium temperature for a given power 
setting varied slightly from day to day. This did 
cause some inconvenience in that the temperature did 
sometimes change slightly whilst taking a set of Schmidt 
readings, but generally an appropriate power adjustment 
could be used to counteract drift for a period suffic­
ient to take a set of readings.

(v) Shut-down.
To shut the furnace down power was reduced to zero 

immediately. When the furnace had cooled to below red 
heat, the argon flow was stopped and the furnace pressur­
ised to about 10 in. of mercury gauge. This pressurisa­
tion was merely to counteract the reduction of the argon 
pressure as the furnace cooled further, when cold the 
argon pressure was thus only slightly below atmospheric 
pressure. The cooling water flow was maintained for 
about 40 minutes after the argon supply was stopped.

Pyrometers.
(i) HP. 1/30/16.

For the preliminary testing with this pyrometer, the 
instrument was aligned by eye since there was no critical
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directional focussing as the flame target was large. 
Some care was, however, necessary, since the beam 
diameter on passing through the window housing was 
only slightly less than the diameter of the housing 
and ball valve itself.

The output from this instrument was measured on 
a "Cambridgeu potentiometrie bridge. A reading was 
taken by zeroing the bridge with a cold background in 
the form of the closed ball valve, and then opening 
the valve and balancing the bridge to obtain the output 
mV.

(ii) NRF.14/80/30.
(a) Alighment.

As mentioned in Section 6, since the minimum 
target size for the instrument was only slightly 
less than the actual target size itself,directional 
alignment was critical. A pyrometer mounting was 
designed as shown in Fig. 28, which allowed 
extremely fine adjustment via two screws, one for 
the horizontal plane and the other for the vertical 
plane. The alignment was checked before each run, 
since there was a slight tendency for the target 
to rotate within the furnace, presumably due to 
thermal cycling and/or vibration from the rig and 
power supply (which was noticable).
Alignment was accomplished using the furnace at 
temperature and the D.C.amplifier. The adjusting
screws were manipulated individually until a drop 
in output was noticed turning one way, then, 
turning the other way, the drop off point was noted 
and the screw set mid-way between these two positions. 
The sensitivity of the adjustment was such that there 
was more than half a turn at peak output without any 
drop off.

(b) Radiation Measurement.
The D.C.amplifier used to amplify the fluxmeter 
output suffered from a slight amount of zero drift, 
and thus before each reading it was essential that 
the instrument be zeroed, this was more apparent and 
necessary on the high sensitivity range. Thus a 
measurement was taken by zeroing the amplifier with 
the ball valve between fluxmeter and flame closed to 
provide a cold background, then opening one or both 
ball valves to obtain the Schmidt readings.



Smoke Meter
(i) Rake Adjustment.

The smoke rake was rotatable in order to recover 
a fixed amount of tail pipe total pressure• The change 
in flow in the tailpipe with different hot valve 
positions meant that the rake angle had to be altered 
in order to recover the same amount of total pressure 
for each flow condition. The rake was rotated until 
2 in. of mercury was recovered and registered on a 
small manometer, as shown diagrammatic ally in Fig.23•
The smoke meter millivoltmeter was zeroed with clean 
air being drawn through the cell. The sampling line 
was then attached to the rake and the sample passed 
through the smoke meter, the millivoltmeter deflection 
being noted. The sensitivity was then increased until 
the deflection was nearly full scale or maximum sensi­
tivity had been reached.

The sampling pipe was then removed, and when the 
tube was cleared of smoke by the suction pump, the meter 
was re-zeroed. The zero had to be checked after the 
sensitivity had been changed, as there was considerable 
coupling between the two controls. Having zeroed the 
meter, the calibration wire was positioned across the 
light beam by a solenoid, and the calibration mV estab­
lished. The wire was then removed and the sampling 
line re-connected and the smoke reading mV noted. The 
smoke level was then evaluated via:-

Smoke Level (8.Ü.) = f  ^ ratiop

Due to the continued random drift of the meter, the 
smoke readings frequently had to be repeated several 
times due to either a failure to return to zero as the 
tube was cleared of smoke, or the mV calibration before 
and after the sample did not agree.

Stability Tests.
The technique employed for determining the weak extinc­

tion was similar for both atomisers. The rig was firstly 
run up to the required mass flow and combustion pressure at 
some arbitrary air-fuel ratio. The fuel valve was then 
slowly closed, thus increasing the air-fuel ratio, whilst 
simultaneously juggling with the hot and cold valves to 
maintain the air mass flow rate and combustion pressure. As 
the mixture was weakened off, the hot valve had to be closed 
down considerably due to the decrease in velocity of the exhaust 
gases.



As the extinction point was approached, fluctuations 
in mass flow and combustion pressure were encountered which 
required a certain amount of deft manipulation, if premature 
extinction was to be avoided. A mirror was arranged so as 
to be able to view up the tail-pipe into the combustor in 
order to establish the preciàe moment of extinction when the 
flame glow vanished. The extinction was also detectable by 
a sudden increase in air mass flow, due to the sudden decrease 
in pressure drop across the hot valve as the exhaust tempera­
ture and velocity fell. The extinction fuel flow was noted, 
and thus the extinction air-fuel ratio calculated with a 
knowledge of the air mass flow rate.

Schmidt Method.
As pointed out in Section 7» the solution for flame 

temperature and emissivity relies strictly upon the target 
being at the same temperature as the flame. It would have
been convenient to have some method whereby a reasonably 
accurate calculation of flame temperature at the viewing 
plane could be made. Unfortunately, this was not possible 
for two reasons: firstly, there was no information available
with which an accurate estimate of primary zone combustion 
efficiency could be made, and, secondly, the amount of air 
burning with the known fuel flow could only be guessed. 
Although an accurate estimate could not be made, a rough 
estimate was possible, which enabled the furnace temperature 
to be set at least in the right region.

The procedure was thus to divide the testing for any 
set of flame conditions into two separate runs. Thus on the 
first run, a set of readings were taken at each flame 
condition, for one appropriate furnace temperature. Having 
calculated these results, on the second run each flame 
condition was investigated with two or three furnace tempera­
tures such as to span the flame temperature indicated on the 
first run. Generally, the true flame temperature was 
spanned on the second run, although sometimes a further check 
was necessary if the initial estimate was too far out.

The third reading, R3, required for the Schmidt Method, 
being the radiation from the target alone, meant that the 
flame had to be shut down. This provided the inconvenience 
of having to reset the same flame condition for each furnace 
temperature, rather than being able to stabilise the flame 
and investigate a series of flame temperatures. This process 
was both time consuming and an additional possible source of 
error. It was thought possible initially that a complete 
calibration for could be made over the range of furnace 
temperatures, and thus remove the necessity of shutting down 
the flame by obtaining R3 for the particular furnace 
temperature from a graph. Initial trials and reference to



the literature (38) showed that this procedure would not be 
recommended due to the effects of window fouling and any 
possible alteration of the fluxmeter response characteristic 
with time. Thus it was thought worth the extra time and 
trouble to shut the flame down and obtain a "local" calibra­
tion by taking R3 readings before and after each set of Rt 
and #2 readings at a particular furnace temperature.

This procedure was not as wasteful in time as might at 
first be thought, since it was quickly discovered that it 
took less time to relight and set the flame condition than 
to alter and stabilise the furnace temperature. Thus it was
possible to arrange the order of flame conditions investi­
gated such that there was an overlap of the required furnace 
temperatures. Thus, say, twelve different flame conditions 
could be investigated with only four or five changes in 
furnace temperature.

Thus the procedure to obtain a set of Schmidt Readings 
for one flame condition and furnace temperature was as follows:-

(a) Set and stabilise furnace temperature Tg.
(b) Take R3 at Tg.
(c) Light up the flame, set and stabilise the

required flame condition.
(d) Take R2 (both ball valves open).
(e) Take R1 (ball valve between fluxmeter and

flame open.
(f) Repeat Ra*
(g) Repeat R^.
(h) If there is a discrepancy between the first and

second set of R"| and Ra, check furnace temp­
erature and flame conditions and take further 
readings.

(i) Shut down the flame.
(j) Take R3 at Tg2
(k) Take Tgp
(1) If Tg -dfc Tr adjust furnace power and repeat 

2 (a) to (k).
The reduction of a typical set of such readings is 

illustrated in Appendix IV.
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SECTION 10.

DESIGN OF AIRBLAST ATOMISERS,

10.1 Initial Considerations.
The considerations that prompted and guided the design

studies described in this section were as follows
(i) The existing external, cone-flow airblast atomiser 

had proved unsatisfactory for extensive analysis via 
the Schmidt Method (see Section 5)» Disregarding its 
demonstrated performance, it was considered that the 
design concepts could be improved upon.

(ii) In Section 4, the problems of applying airblast 
atomisers to gas turbines for aircraft application were 
discussed. The narrow burning stability limits of 
these injectors poses a problem for the ground ignition, 
altitude relight, and maybe even ground-idle cases.
Two possible solutions were envisaged, on the one hand 
an uncompromised airblast atomiser with a pilot swirl 
atomiser and a duplex fuel system, and on the other a 
compromised simplex air blast atomiser.

The writer considered that the former solution was 
the more satisfactory for two reasons. Firstly, the 
flow number of a simplex airblast atomiser that is to 
obtain sufficient atomisation at ignition fuel flows, 
must entail variations in fuel pressure of the same order 
as that experienced with simplex swirl atomisers. Thus 
one is faced with providing inordinately high fuel 
pressures, and one of the desirable advantages claimed 
for the airblast atomiser in the form of low pressure 
fuel systems, is lost.

Secondly, and perhaps more importantly, by defini­
tion one cannot extend stability limits without creating 
carbon forming, fuel rich zones, and thus the main 
reason for considering the airblast atomiser in the 
control of smoke and radiation is negated. The great 
advantage of the duplex system considered here is that 
the fuel rich zones may be removed at will for the 
important take-off and cruise conditions. It could 
well be that in the short term a satisfactory compromise 
could be achieved between obtaining satisfactory 
stability limits and acceptable flame radiation and 
smoke emissions, but in the long term, remembering the 
continued upward trend of engine pressure ratio, the 
duplex system would appear to be a more permanent . 
solution. Accordingly, the aim of this design study
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is to produce airblast atomisers that provide the maxi­
mum amount of premixing of fuel and air with as small 
a droplet size as possible, with one of the atomisers 
incorporating a pilot swirl atomiser in order to be able 
to investigate the requirements of a duplex airblast/ 
swirl system.

10.2 Design Features.
The design considerations were:-

(i) High velocity air should be supplied to both sides 
of the fuel sheet in order to obtain maximum atomisation 
and avoid stagnation zones.

(ii) The air passages should be as aerodynamically clean 
as possible, with high coefficients of discharge in order 
to obtain the maximum velocity at the pressure drop 
available.

(iii) The site of fuel release for atomisation should be 
well removed from stagnation areas so that agglomeration 
of droplets would be avoided. The fuel lip should be 
thin to avoid coanda effects as experienced by Bryan on 
his early injector (15)•

(iv) The fuel release from the metering ports should be
onto an internal surface so that no restrictions are 
placed upon the amount of fuel swirl that could be 
employed if necessary during development work. Fuel 
swirl was considered necessary in order to minimise 
gravity effects and create a uniform fuel sheet in as 
short a burner length as possible.

(v) The internal surface should be expanding so as to
thin the fuel sheet as far as possible, and also to avoid 
an abrupt change of fuel flow direction at the atomiser 
lip in order to create a suitable cone angle.

(vi) The fuel should have an axial component as well as
a swirl component at the metering ports in order to
avoid the very large cone angles experienced bÿ Bryan 
(15) at low air flows. Bryan's injector had no direct 
axial component.

(vii) Tests on an atomiser of a roughly similar configura­
tion showed that the outer, or shroud air was more 
effective in obtaining good atomisation than the inner 
air. Accordingly, of the total air supply to the 
injector, two-thirds would be supplied as outer shroud 
air. (Facility was included on the duplex atomiser for 
varying this air split).
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(viii) On the duplex atomiser, the pilot nozzle should be 
a standard "Dart" simplex type so that the flow number 
and cone angle could be easily changed using the range 
of nozzles already available.

(ix) Swirl should be applied to the outer shroud air in 
light of experience on the existing airblast atomiser 
(see Section 5)»

10.3 Summary of Design Calculations.
(i) Air Passage Design.

Assume an arbitrary total combustor air mass flow 
rate of 7 lb./sec. (the maximum available from the 
compressors at 250 Ibf./in^ pressure).
2.5% of the total flow is to pass through the injector:- 

Thus:-

w l * ^ 6  = 7 ' ° *  oie* " ° ' s75 —  (D

where:- YW^ = inner injector air.
= outer or shroud air.

Split of air between shroud and inner passages 
is 2 : 1.

Thus:- YV\S » Z    (2)

Solving equations (1)

YY\£

and (2) :- 
O.O583 lb./sec.

0.1167 lb./sec.
  (3)

  (4)



For the inner air passage assume a coefficient of 
discharge of 0.7* and for the outer passage 0.5:-

Thus

where:-
«

And:-

where

(5)

-(6,
Thus from equations (5) and (6) using equation (2)

A<,e % 8 —  (7)
Assuming inlet air conditions:-

inlet air pressure = 250 lbf./in^.
inlet air temperature = 5^0° K.

The air density ^  = 1.1 lb./ft^.

Assuming a 5# pressure loss flame tube
A y  = 0.05 X 250 = 12.5 lbf./in2.

Thus substitution of appropriate values in equations
(6) and (7) reveal:-

A l  = 0.106 in2   (8)
= 0.297 in2

  (9)

The limiting air passage areas were thus designed on 
these area values.
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10.4 Fuel Port Design.
The design flow number is 2.0. Thus at a fuel pressure 
differential of 200 \bé /in1, the fuel mass flow for an 
overall air-fuel ratio of 120 is:~

in£ = O.O58 lb./sec.   (10)

using:- J 1 E 5 5 L _

Assuming that the fuel ports have a coefficient of discharge 
of 0.3 and the fuel density is 50 lb./ft-*:

A = 0-058 50
V\ 50 x 0.3 2g 200 x 144

thus = A n  = 29 x 10 'Jf in2 (11)

Thus the fuel ports were specified from this area value 
according to the number of ports used.

10.5 The Designed Injectors.
The injectors designed are shown in Figs. 40 & 41.

The simplex airblast atomiser in Fig. 40 has four fuel 
ports and is located radially by a 10 vane, 45° air swirler, 
the axial location being determined by the fuel feed arm.
The centre body is a tight fit in the outer body to seal 
the fuel passages and ports machined in the centre body. 
Shims are provided on the pintle stem in order to vary the 
inner/outer air split. Fig. 41 shows the duplex atomiser 
which has six fuel ports for the airblast atomiser main • 
fuel flow and a simplex swirl nozzle mounted in the central 
pintle for the pilot fuel supply. The two fuel feed 
pipes again provide the axial location and an outer air 
swirler the radial location. In contrast to the previous 
design, the fuel metering slots are contained in a simple 
ring component that could easily be exchanged for develop­
ment purposes. Component 3 (see Fig.41) is also a simple 
ring that can be exchanged in order to alter the main flow 
number without the expense of manufacturing another swirler 
(component 1).



SECTION 11.

EXPERIMENTAL RESULTS.

11.1 Spray Testing and Initial Running.
The airblast atomiser, as shown in Fig. 9» was tested 

on the kerosene spraying, and the water/air spray rig, in 
order to assess its atomisation performance before being 
installed in the combustor for burning tests.

Tests in the kerosene spraying showed that its 
performance without air assistance was very poor. Figure 
30, at a fuel pressure differential of 20 lbf./in^, shows 
that there is no atomisation at all. The fuel is seen to 
issue in six streams of very large drops corresponding to 
the six fuel metering slots, with no tendency to form a 
uniform sheet at the atomiser lip. Since the burner was 
mounted vertically, the gravity effects here were negligible. 
Subsequent tests on the water/air spray rig with the burner 
mounted horizontally, as shown in Fig.12, showed, however, 
that at 20 lbf./in^ water pressure, even at quite high air 
flow rates, there was hardly any fuel being released at the 
upper portion of the atomiser lip, due to pronounced 
gravity effects. The importance of gravity effects at 
low fuel pressure with the airblast atomiser was thought 
to be due to the low swirl applied to the fuel and the large 
diameter of the fuel release area. This poor performance 
is in complete contrast to the swirl atomiser, which achieves 
fair atomisation with little gravity effect at such low 
fuel pressures. The problem of obtaining ignition with the 
airblast atomiser without the use of large fuel flows is no 
doubt a direct consequence of the poor low pressure perform­
ance.

Figure 31t at 100 lbf./in^ fuel pressure, shows that a 
uniform fuel sheet is produced at the lip. Ripples in the 
fuel sheet are visible and the break-up mechanisms are well 
illustrated. It will be noticed that there is still a large 
population of very large droplets in the resultant spray.
Tests on the water-air spray rig at this fuel pressure showed 
much better atomisation quality with air blast applied.

Figure 32, at 300 lbf./in^, shows atomisation occurring 
from the moment the fuel leaves the injector lip. The un­
assisted atomisation quality can still be perceived to be only 
fair, with six "streaks" of coarse droplets corresponding to 
the six fuel ports. Again, with airblast applied, the 
quality of atomisation improved substantially.

Having developed the airblast burner and combustion 
chamber, as described in Section 3, the flame was inspected



running at atmospheric pressure with the rear of the rig 
removed. The vast difference in quality and geometry of 
the flames produced by the airblast and swirl injectors 
was immediately apparent. The swirl atomiser flame was 
yellow, bright and extended for some way down the chamber, 
whereas the airblast atomiser flame was a clean blue colour 
and seated well back in the primary zone. This difference 
is clearly illustrated in Figs. 42 and 43 (the frontispiece).

Whilst the swirl atomiser was positively located in 
the standard combustion chamber, about 0.5 in. axial adjust­
ment was available on the airblast atomiser. Beyond a 
certain distance from the flare, further movement downstream 
did not alter the flow area defining the shroud air flow, 
since the limiting area occurred between the injector body 
and the snout tube (see Fig.15). Further movement did, 
however, alter the flame geometry somewhat. As the injector 
was moved downstream, the flame became more clearly defined 
and moved closer to the flare, under these circumstances of 
best flame geometry, the liner in the region of the secondary 
air holes was seen to glow red hot. This was considered 
undesirable and so the best flame geometry could not be 
maintained for testing, for a position was chosen for the 
burner as a compromise between over-heating and satisfactory 
flame geometry. If the injector was moved too far upstream 
until the shroud air flow was beginning to be reduced, the 
flame became very "woolly" and had a. yellow luminous tails, 
which was equally undesirable remembering the attempt to 
reduce luminous radiation.

It was noticed that with the injector well downstream 
in the position of best flame geometry, low frequency com­
bustor oscillations were encountered. In Reference 12, 
Blackshear and Rayle state that low frequency oscillations 
are usually driven by the combustion process involving some 
chemical work cycle, rather than being accoustically driven 
as high frequency oscillations appear to be. Such oscilla­
tions appear to be pressure and velocity excursions within 
the chamber which may involve movement of the reaction zone 
with reaction rates varying in some manner with the pressure 
and temperature variations. Very little is known about such 
phenomena, since the interaction of the combustion and flow 
processes is extremely complex.

There do not appear to be generally accepted opinions 
as to the consequences of such oscillations, some workers 
report increases in combustion efficiency, presumably through 
increased mixing rates, whilst others report narrowing of 
stability limits and mechanical damage. In the light of 
these uncertainties, it was thought expedient to operate 
away from such oscillations. It may be of more than passing 
interest to note that Deacon and Bamford (31), testing an 
airspray atomiser, noticed fluttering, particularly near the 
extinction point.
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11.2 Preliminary Testing.
As described in Section 5» a preliminary investigation 

was carried out to compare swirl atomisers and airblast 
atomisers with regard to total flame radiation, exhaust 
smoke level and weak extinction at three combustion pressure 
levels. At each pressure level, measurements were; made at 
constant air mass flow and over a range of air fuel ratios 
for each atomiser. The radiation measurements were made 
through calcium aluminate windows of 0.270 in. thickness.
The author was unable to establish any reliable figures for 
,the variation of total absorption for these windows with 
radiator temperature, the flame temperatures in question 
being unknown with any accuracy anyway. Accordingly, the 
radiation levels quoted are slightly lower than the true 
radiant fluxes from the flame, since no correction factor 
for window absorption has been applied. Estimates show that 
the radiant fluxes quoted are between 8% and 14% low.

( i) Total Flame Radiation.
The three pressure levels chosen for the comparison 

were 70 Ibf./in^, 135 lbf./in^ and 195 lbf./in^, and the 
comparative results are shown in Figs. 44, 45, and 46, 
with the conditions as stated below the figures.

These curves show that there is a considerable 
pressure effect for both atomisers, although at all 
similar conditions the airblast atomiser has a signifi­
cantly lower radiation level than the swirl atomiser.

The shapes of the characteristics are of interest, 
and are thought to be explicable in terms of volumetric 
heat release rates, the shift in the flame geometry 
with air fuel ratio and the fact that radiation measure­
ments were only taken at one plane as shown in Fig. 20. 
With the lower volumetric heat release rates of the 
swirl atomiser, at the richer mixtures the peak flame 
temperature occurs well downstream of the viewing plane 
in the intermediate zone. This was also noticed by 
Leathley & Talbot (41) in an unpublished Lucas Report 
of 1962, where the peak temperature and radiation 
occurred in the intermediate zone at low air-fuel ratios. 
Whilst maximum flame eraissivities do not necessarily 
occur at the same point as the peak flame temperature, 
the fourth power law of total radiation will almost 
certainly ensure that peak radiation will occur very 
near the point of maximum temperature. Thus at 
70 Ibf./in^, the peak radiation point moves downstream 
with reducing air-fuel ratio, and appears to pass the 
viewing plane at about 150 AFR (see Fig. 44). Hence 
the radiation level at the viewing plane begins to drop.
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off with further richening of the mixture. Countering 
this trend for the peak radiation point to move down­
stream and thus the radiation level at the viewing plane 
to decrease as the peak passes, is the overall increase 
in flame temperature as the mixture is richened. It is 
known that at higher combustion pressures the flame 
shift becomes less, and thus it seems reasonable to assume 
that at some pressure level the two trends will equalise 
ohe another and no significant change in radiation would 
occur varying the mixture strength. This appears to 
be the case at combustion pressure 135 lbf./in2, where 
little change is seen in the radiation level as mixture 
strength varies (see Fig. 45). Accordingly, at a 
higher pressure level, by this argument, one would 
expect the effects of flame shift to become secondary 
to the increase of flame temperature and emissivity 
with mixture strength, and thus total radiation at the 
viewing plane would increase continuously with the 
reduction in AFR. This, in fact, appears to be the 
case at 195 Ibf./in^ where the total radiation does 
continue to increase as AFR reduces. At 195 lbf./in2 
(see Fig.46), it will be noted that mixture strengths 
less than 150 AFR could not be investigated, due to the 
size of the largest flow number swirl nozzle available, 
remembering the limited fuel pump pressure available, 
but the steep upward trend of the radiation is fairly 
clear from the points obtained.

It would, perhaps, be difficult to carry the 
comparison of the three swirl atomiser curves too far, 
since the three tests were carried out at three different 
velocity levels with a fixed flow number atomiser, and 
thus much greater fuel pressures at the higher combus­
tion pressures. As will be shown later, both velocity 
and atomisation quality, as effected through fuel 
pressure, have a significant effect on flame emissivities, 
and total radiation.

For the airblast atomiser, however, it appears that 
flame shift with mixture strength is not a significant 
factor in the same way as for swirl atomisers. This 
would be expected since the volumetric heat release rate 
is much higher, due to partial premixing. Accordingly, 
a continuous rise in the total radiation with mixture 
strength was experienced at all three pressure levels,
(see Figs. 44, 45 and 46), with a considerable pressure 
effect at the rich mixture conditions particularly.
Flame shift phenomena were important in a different way 
with the airblast atomiser. Observation through the 
windows showed that at the weak mixtures one could see 
right through the flame to the other side of the chamber 
with blue flame tails clearly visible. Thus one can 
only assume that at weak mixtures the point of maximum



temperature and radiation was probably upstream of the 
viewing plane. As the mixture was richened, however, 
the flame was seen to move downstream, although even 
at the highest pressure and mixture strength, the flame 
was still partially blue and transparent. Whilst it 
is appreciated that emissions in the visible part of 
the spectrum are not always a good guide to the 
emissions in the infra-red with all types of flame, it 
is felt that the blue colour of the airblast atomiser 
flame compared with the very bright yellow of the swirl 
atomiser flame (see frontispiece) was, in fact, indica­
tive of the difference in the total radiation that was 
measured.

(ii) Exhaust Smoke Level.
The smoke level was measured in the exhaust tail 

pipe, as shown in Fig. 23,and described in Section 9,
It would be very difficult to directly relate the smoke 
level as measured in the tail pipe to the carbon con­
centration in, say, the reaction zone.. This situation 
is due to two primary factors, the quantitative effects 
of which cannot be determined. Firstly, sampling was 
carried out without any precautions, such as nitrogen 
dilution, to prevent the condensation of water vapour 
in the sampling lines which can cause the agglomeration 
of carbon particles into droplets and also, by wall 
deposition, prevent some of the carbon reaching the 
smoke meter. The importance of agglomeration is that 
the smoke meter by virtue of its optics effectively 
measures according to some function of particle (radius)^,
i.e. a projected area, whereas mass concentration is a 
function of (radius)^. Thus any changes in particle 
(or droplet) size effectively alters the calibration of 
the instrument as a mass concentration measuring device. 
Toone (̂ ) points out that since calibration of the 
Rolls-Royce smoke meter has not altered as a mass con­
centration measuring device over a period of several 
years, and from this he concludes that the size of 
carbon particles from engines has not substantially 
changed with increases in pressure ratio and turbine 
inlet temperature, which is of interest as a side issue. 
Thus, clearly, with any droplet agglomeration through 
condensation, the smoke meter will not give a true 
indication of carbon mass concentration.

The other important factor involved is the 
phenomena of carbon particle burn-out. Carbon burning 
is probably taking place from the moment that the 
particles are formed and continues in the intermediate 
and dilution zones, and perhaps even in the tail pipe 
itself. This subject has been more fully discussed 
in Section 3«



It is thought that there are two sets of 
conflicting mechanisms involved in determining the 
smoke level as measured in the tail pipe. Firstly, 
it is accepted that as mixture strength is increased 
at constant mass flow and combustion pressure, more 
carbon will be produced in the primary zone, but also 
the flame temperature and flame length is increasing 
so as to increase the rate of carbon consumption via 
higher temperatures and residence times. Also as 
mixture strength and primary zone carbon is increasing, 
so is the amount of water of reaction available for 
condensation. Under these circumstances, it would 
seem to be presumptuous to attempt to read too much 
into the smoke results obtained, apart from as a 
direct comparison between the two injection systems 

' under the same operating conditions, since the 
importance of these various mechanisms is not known.

Figure 4? presents the smoke results for all 
the preliminary test runs with both atomisers. No 
smoke was detectable at any time with the airblast 
atomiser for any operating condition. The smoke 
level from the swirl atomiser was seen to reduce, at 
any particular mixture strength, with increasing 
combustion pressure, this, of course, is directly 
contrary to established trends of the carbon concen- 
tration in the primary zone, and thus precludes any 
attempt to relate smoke level to the primary zone 
radiation measured. Thus the only firm conclusion 
that may be drawn from these results is that the air- 
blast atomiser offers considerable advantages in terms 
of exhaust smoke emissions over pressure swirl atomisers.

(iii) Weak Extinction.
Weak extinctions were determined over a range of 

reference velocities at three pressure levels for both 
atomisers, the results of these tests are shown in 
Fig. 48. The curves were obtained from many points, 
with each point being repeated at least three times 
in order to cope with the inevitable scatter that occurs 
during weak extinction determinations.

Although it has been projected that the airblast 
atomiser would offer significant advantages over swirl 
atomisers in terms of flame radiation and smoke 
emissions by virtue of partial premixing, it could 

' also be projected that the weak extinction would be 
inferior to swirl atomisers. Figure 48 illustrates 
that the airblast atomiser used was, in fact, markedly 
inferior, the extinction air-fuel ratio being roughly 
one-tenth of that for the swirl atomiser.



It is interesting to note there is little pressure 
or velocity effect with the airblast atomiser, whereas 
there is with the swirl atomiser. This is, however, 
consistent with the difference in the method by which 
the fuel is distributed for the two systems. In the 
airblast atomiser combustor, the fuel is essentially 
air borne and thus the momentum imparted to the fuel 
by the injector plays a very small part in the fuel 
placement. Thus the different fuel pressures used for 
the different pressure and velocity levels had very 
little effect on the extinction AER. With the swirl 
atomiser, however, the fuel placement is determined 
largely by the initial fuel momentum at the injector, 
and thus since a constant flow number nozzle was used 
at all times, there were considerable differences in 
the fuel pressures at the extinction points. Accordingly, 
the quality of atomisation and penetration of the fuel 
varied, thus altering the mixture strength in the fuel 
rich zones which are the last strongholds of burning.
For the swirl atomiser at a given pressure level, 
increasing the chamber velocity would imply increasing 
the fuel pressure, and although the penetration would 
increase accordingly, the more important Effect appears 
to be the increase in evaporation rates due to the 
better atomisation quality, causing the fuel rich zone 
in the centre of the spray cone to be enriched. Thus 
the extinction AFR is seen to rise with chamber velocity.

The effect of an increase in combustion pressure 
with the swirl atomiser is to increase the extinction 
AFR. This situation may well be explicable also by 
the improved atomisation and hence initial evaporation, 
due to a higher fuel pressure, with the tendency for 
increased penetration being offset by an increase in 
droplet drag with high air densities.

With the airblast atomiser, however, since the 
airflow patterns are the âame at a given velocity 
irrespective of combustion pressure, fuel placement 
would not be expected to change with combustion pressure. 
Accordingly, one would expect little change in 
extinction AFR with changes in combustion pressure, if 
the effects of atomisation quality and fuel pressure 
are assumed unimportant. One would, however, expect 
the effects of chamber velocity to be very important 
remembering the mechanisms of atomisation and fuel 
placement with the airblast atomiser. The results 
indicate that this is not the case, since very little 
change in extinction AFR was noticed over the range of 
chamber velocities investigated.

It can thus only be assumed that the changes in 
fuel placement and atomisation quality were such as to
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oppose one another and show little velocity effect on 
the weak extinction.

(iv) Effect of Velocity at Constant 1ER and Combustion Pressure.
Tests were carried out with both the swirl and 

airblast atomisers, in order to assess the effect of 
chamber velocity at Constant âER, combustion pressure 
and flow number, upon total flame radiation and smoke 
emissions. The results of these tests are shown in 
Figs. 49 and 50.

Figure 49 shows that both the radiation and smoke 
levels of the swirl atomiser are substantially affected 
by chamber velocity. Since a fixed flow number nozzle 
was used, it would be difficult to determine whether the 
change in fuel pressuré, and thus atomisation quality, 
was more important than the change in mixing rates, in 
producing the effects shown. It is, however, very 
interesting to note the very definite similarity in 
the smoke and radiation curves, which might, in fact, 
have been expected since the changes in radiation 
encountered should have been almost entirely in the 
luminous component. This is so since the temperature 
and concentration of the carbon dioxide and water 
vapours should not have altered substantially to change 
non-luminous radiation. The fact that the tail pipe 
smoke level appeared to follow the highly probable trend 
in primary zone carbon concentration, may be due to the 
flame temperature being very nearly constant (carbon 
burn-out) and the water vapour concentration (agglomera­
tion) being constant, since ÂFR was unchanged, although 
residence times are known to be roughly inversely 
proportional to velocity.

Figure 50 shows that radiation from the airblast 
atomiser is virtually unaffected by chamber velocity 
at fixed flow number. Since fuel pressures, mixing 
rates and airblast velocity reduce m t h  chamber velocity, 
and all these trends would tend to increase carbon 
formation, one can only assume that the flame was very 
nearly non-luminous at all velocities. It has already 
been stated that non-luminous radiation would not be 
expected to change with velocity. There is, in fact, 
a slight upward trend of radiation at the lowest 
velocities, which may have denoted the onset of carbon 
formation. The exhaust smoke level was again at all 
times undetectable.
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11.3 Schmidt Method Results.
The Schmidt Method work that could be accomplished was 

determined by the fuel injectors available, as described in 
Section 5* The number and flow numbers of the swirl injectors 
precluded a detailed analysis of the effects of, say, combus­
tion pressure whilst maintaining the other primary variables 
constant. It was thus decided that the work that should be 
done would be a series of tests arranged such that most of the 
important variables would be examined, but onlycbriefly and 
with little emphasis on any one particular variable except, 
perhaps, the effects of fuel injection methods. Accordingly, 
the effects of atomisation quality were examined over a range 
of operating conditions, at 60 Ibf./in2 combustion pressure, 
using injectors of flow number 0.37 and 0.77» The effects 
of combustion pressure were also investigated by raising the 
pressure level to 100 Ibf./in2 and collecting a set of data 
for the 0.77 flow number injector using the same fuel 
pressure differentials at a given operating condition as for 
the 0.37 flow number injector at 60 Ibf./in2 thus giving the 
same atomisation quality. Thus two comparisons were 
possible, in effect requiring four sets of data, but the 
conditions were so arranged that these were possible with only 
three sets of test data.

Within each set of test data, the effects of the oper­
ating conditions of air fuel ratio and chamber loading 
(velocity) were examined. Sets of results were obtained at 
air fuel ratios 60, 90 and 120, all at percent design 
velocities of 100, 80, 60 and 40. The need to examine air 
fuel ratio is fairly obvious, but the requirement for data 
at low velocities needs to be justified. Had large flow 
number injectors become available to enable testing at high 
pressure levels to be accomplished, the maximum air mass flow 
rate available from the compressors at pressures of, say, .
230 lbf./in2, would imply that the combustor could be operated 
at a maximum velocity of only 55^» Thus, if comparisons were 
to be made, it was essential that data at low velocities 
should also be collected at the low combustion pressures, 
since chamber loading has been shown to have a significant 
effect upon flame radiation. The results of these three sets 
of testing conditions is presented in Tables 15, 16 and 17, 
and illustrated graphically in Figures 31 to 3̂ .
(i) Results at Constant Combustion Pressure (60 lbf./in2).

Inspection of Figures 31, 52, 53 and 34 show that at 
nearly all the operating conditions, the smaller flow 
number burner displayed lower total flame radiation, 
flame emissivities and exhaust smoke levels than the 
larger injector. These effects are due entirely to 
the better atomisation quality, as effected by the 
higher fuel pressure differentials necessary, with the 
lower flow number, to obtain the same fuel mass flow



rate. The results clearly indicate the importance of 
good atomisation quality in the control of flame radia­
tion.

At all fixed chamber velocities, the flame total 
radiation as seen at the viewing plane increased with 
air-fuel ratio. This is in line with the findings of 
the preliminary test results (see Fig. 44) and, as 
previously explained, is explicable in terms of the 
shift of the flame, which is now confirmed, as shown in 
Fig. 53i by the decrease in the flame temperature at the 
viewing plane as the mixture is richened. The scatter 
in the flame temperature data for the 0.77 flow number 
injector shows that these values are dubious, but the 
data for the 0.37 injector is much more satisfactory.
The increase in flame radiation with AFR at constant 
velocity is clearly due to an increase in both emissivity 
and flame temperature. Accompanying the increase in 
emissivity is a corresponding increase in the smoke 
level, which would seem to imply that the emissivity 
at all points in the flame increased as the mixture is 
weakened. This, however, is extremely unlikely, and 
it is thought much more likely that the increase in 
emissivity as seen at the viewing plane is due entirely 
to the shift of the flame and the corresponding emissivity 
profile.upstream. The emissivity of the flame in the 
region of maximum radiant heat transfer increases with 
mixture strength, as is shown at higher pressure where 
the increased reaction rates reduce the effect of flame 
shift (see Fig. 56). In the light of these points, it 
may well be re-stated that the method and position of 
smoke sampling was such as to make the correct interp­
retation of the results extremely difficult, and may 
only have any value in comparing two identical running 
conditions. The effect that AFR exhibited upon total 
flame radiation and emissivity decreases as velocity 
increases, this probably being due to the fact that the 
poorer mixing at low velocities implies that a change 
in mixture strength will become more apparent, and also 
that at the higher velocities the flame emissivity was 
tending towards the non-luminous ideal minimum anyway.

Increasing the chamber loading at all air fuel 
ratios for both injectors decreased total radiation, 
flame emissivity and smoke level, whilst increasing the 
flame temperature. The reductions in flame total radia­
tion and emissivity are almost certainly due to the 
reduction in the luminous component of radiation owing 
to the reduction in carbon formation with the improved 
mixing and atomisation quality, The reduction in the 
carbon particle concentration or size is apparently 
reflected in the smoke results, which show a reducing 
smoke level as velocity increases. The better mixing 
and evaporation rates consequently cause an increase in 
the volumetric heat release rate, and this is reflected 
in the increase of flame temperature as velocity is



103

increased. Accordingly, there is also a flame shift 
phenomena associated with changes in chamber loading.

(ii) Results with Constant Atomisation Quality (at 60 Ibf./in^
and 100 " "

Atomisation quality was assumed to be constant so 
long as the fuel differential pressure was constant, 
with the effects of flow number itself being assumed 
negligible. This would appear to be a reasonable 
assumption considering theeempirical droplet size 
equations described in Section 4. The effects of the 
change in working fluid properties with combustion 
pressure and inlet air temperature, since they have not 
been fully investigated, are also assumed negligible.
The success in matching the fuel pressure differentials 
may be inspected in Tables 16 and 17, and was considered 
to be satisfactory within the overall accuracy of the 
experiment. The results of these tests are illustrated 
in Figures 55 to 58,

The effect of the increase in combustion pressure 
is immediately obvious in that the flame total radiation 
is significantly higher by a factor of approximately 1.5 
to 2.0 depending on operating conditions. The increase 
in radiation appears to be mainly due to an increase in 
flame emissivities with small differences in flame temp­
erature , except at 60 AFR where the temperatures at 100 
Ibf./in2 are reduced but the emissivities increased by a 
factor of about 3»0 at the higher velocities. The increase 
in flame emissivities (luminous) is not generally reflected 
in an increase in exhaust smoke level, since the smoke 
levels are higher at the lower pressure. It is, however, 
interesting to note that the change in the shape and 
relation of the emissivity curves with the increase in 
combustion pressure is reflected in the smoke curves.
Whilst discussing the shape of the characteristics, it 
is apparent that there is a remarkable symmetry shown in 
the total radiation and emissivity curves between the two 
pressures (see Figures 55 and 56). The author is, 
however, unable to suggest any fundamental reason for 
this situation.

The total radiation at the viewing plane at 100 Ibf./ 
in2 is again seen to reduce as the mixture strength is 
increased at constant velocity, again due to flame shift. 
The preliminary investigation showed that this effect 
could have been reversed had testing at combustion 
pressures in excess of about 135 Ibf./in2 been possible. 
(See Figs. 45 and 46). The flame emissivity, however, 
is now seen to increase with mixture strength at the 
higher velocities, perhaps indicating the increased
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dependence of the carbon formation mechanisms on mixture 
strength as the combustion pressure rises. Alternatively, 
the shift in the emissivity profile could have equally 
accounted for a large proportion of the changes, since 
this probably closely follows the reduced flame shift 
with the higher reaction rates.

(iii) Airblast Atomiser Tests.
As discussed in Section 5, some aspects of the air- 

blast atomiser's performance had proved unsatisfactory.
The fuel patternation deteriorated, leading to a persistent 
hot spot which meant that the combustor could be run for 
short periods only at rich mixtures, providing insufficient 
time for the rig to be accurately stabilised on condition 
if a set of readings were to be taken in addition. The 
time available for data collection was barely adequate 
to provide a good set of reproducable Schmidt readings. 
Testing indicated that the emissivities were very low 
at all conditions, thus making the calculation of flame 
temperatures all the more sensitive to error, (see Appendix 
IV). The combination of all these factors was such as to 
give unacceptable scatter in the apparent flame tempera­
tures as the background temperature was changed, this 
making a satisfactory solution impossible by the present 
method of analysis. This problem can be overcome for 
future work by a modified method as proposed in Section 
12. In criticising the performance of this airblast 
atomiser, it should always be remembered that it had been 
asked to perform in a flame tube that had been developed 
and cooled for a flame of much lower volumetric heat 
release rate, and thus the cooling in the primary zone 
area could hardly be expected to be completely adequate 
to cope with the new injector.

Experience with the swirl atomiser showed that the 
change of apparent flame emissivity with background 
temperature was not excessively great, so that it was 
thought acceptable and appropriate that some apparent 
emissivities for the airblast atomiser should be presented 
for a background temperature which would not be too far 
removed from likely flame temperatures. Accordingly, a 
set of values at a background temperature of 1825° C are 
presented in Eigs.59 and 60. The performance of a swirl 
atomiser at the same operating conditions is also pre­
sented for comparison at the same combustion pressure of 
60 Ibf./in2. In making comparisons, it must, however, 
be emphasised that the airblast flame emissivities are 
apparent values and, until the flame temperatures are 
discovered, can thus only be regarded at best as a 
reasonable estimate.
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Total radiation from the airblast atomiser flame was 
seen to increase at all chamber velocities with increasing 
mixture strength, as was also found in the previously 
described preliminary testing. This is due to the 
higher volumetric heat release rates which greatly reduce 
the effects of flame shift with mixture strength. Chamber 
velocity had very little effect on the flame total radia­
tion, thus making the difference between the injectors 
very much greater at low velocities. The apparent emis- 
sivities for the airblast atomiser also show a small 
increase with mixture strength but with very little 
velocity effect.

In comparing the two injection systems and attempting 
to form any estimate of the reductions in luminous com­
ponent of radiation possible with the airblast system, 
the situation is severely complicated by the fact that the 
results presented do not often represent the conditions 
of maximum heat,transfer. This situation is due entirely 
to the single, fixed viewing plane used which was upstream 
of the point of maximum heat transfer at rich mixtures, 
particularly for the swirl atomiser. Any comparisons 
drawn accordingly tend to favour the swirl atomiser. The 
swirl atomiser is also favoured from the point of view of 
flow number and fuel pressure differentials, although 
previous discussion points to the fact that the flow 
number concept may be of less importance for airblast 
atomisers.

Throughout these tests, the effects of air inlet 
temperature and fuel temperature have been ignored. The 
variations encountered in these variables were compara­
tively small and thus this situation may be justified.
The inlet air temperature was always, however, way below 
the values encountered in real engines. This fact will 
directly influence the flame temperatures and total radiant 
flux. The effects on emissivity are less certain, Sterry 
(21) found that there was little or no effect of flame 
temperature on emissivity, although he confessed errors 
of 6% to 10^ in flame temperature estimates. A further 
factor which may have influenced the results to an 
unknown extent is the fact that the combustors were 
probably operating on the rising portion of the 
Ô  /combustion efficiency curve, particularly at 60 Ibf./ 
in.2, thus affecting flame temperatures. There is also
no guarantee that the curves for both swirl and air- 
blast combustors are identical, which could influence 
any comparisons drawn between the two systems on the basis 
of results at 60 Ibf./in^.
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11.4 Analysis of Results.
In attempting to cover as wide a range of variables as 

possible, it was inevitable that the quantity of data con­
cerned with the effects on radiation parameters of any one 
particular variable whilst holding all the others constant, 
would be limited. Very often only two points were covered, 
for example combustion pressure and flow number, with a 
maximum of four for velocity. Accordingly, it would be 
extremely difficult, if not misleading, to attempt à compre­
hensive analysis of such few data with the aim of formulating 
some empirical relationship with the hope of general applica­
tion. Nevertheless, an attempt was made to do a certain 
amount of simple analysis to be supplementary, though 
secondary, to the curves presented, in order to perhaps 
facilitate the understanding of the implied trends therein. 
Thus an attempt was made to develop an empirical equation to 
correlate at the flame total emissivity data obtained in this 
investigation.

In order to obtain an initial guide for the attempt, a 
dimensional analysis was performed including all the variables 
deemed to have an important effect on flame emissivities. This 
analysis is presented in Appendix III and resulted in the 
following expression:-

(1)

Suitable manipulation as shown in the Appendix, modified the 
above expression to the following form for a given combustor 
using air:-

t,.
One could, perhaps, have sensed the form of equation (l) in 
that it includes all the groups that would be expected to 
affect emissivity. The non-dimensional air mass flow for a 
given combustor effectively defines chamber loading (velocity); 
the fuel differential pressure governs the atomisation 
quality, and initial ratio of fuel momentum to air momentum, 
whilst combustion pressure is known to have a Significant 
effect on reaction rates and the carbon formation mechanisms; 
air fuel ratio defines the concentrations of carbon dioxide 
and water vapour which determine non-luminous radiation and 
will also govern the potential carbon concentration in 
carbon forming zones; all these factors have a primary effect 
on emissivity.



The expression which was found to give a fair correla­
tion of all the emissivity data obtained was as followsi-

$he correlation given by this equation is shown in Figure 61. 
The term describing the effect of air fuel ratio is of a form 
that takes into account the fact that for the two pressure 
levels investigated, the effect of AFR was reversed at constant 
velocity.

It must be emphasised that any success that this equa­
tion achieves in correlating the test emissivities is in no 
way indicative of its general validity, and it could only be 
applicable to this set of results since it is based on 
tenuous data.

The emissivities evaluated and presented in the curves 
are total emissivities comprising both luminous and non- 
luminous components. It was thought appropriate in the context 
of this work that some estimate of the luminous component 
should be made. In addition to this, it may well have been 
that a correlation involving some function of the luminous and 
non-luminous components would have given a more meaningful 
relationship. Accordingly, the non-luminous emissivity at 
each of the test conditions was evaluated using the Reeves
(6) formula obtained from data from the Hottel charts. The 
emissivities thus obtained must only be regarded as estimates 
since some of the test conditions were slightly outside the 
range of conditions within which the charts, and thus Reeves * 
correlation, was obtained. For example, the results at 
100 lbf./in^ (6.12 atmospheres) are above the 5*0 atmosphere 
upper limit for the Hottel correction factor. In addition, 
Reeves* correlation of the chart data was for a range of 
effective optical path lengths down to 0.5 ft., whereas the 
effective optical path length, 1, of the Dart combustor is 
given by:-

l 0.32 feet

where: = 6.4 in.
0.6 = radiation configuration factor
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However it was felt that since the calculations were not 
grossly outside the range of valid conditions, such calcu­
lated emissivities would at least give a reasonable estimate 
of the non-luminous component.

The Reeves formula for distillate fuels may be stated:-

t„ =i -«T Vj* «t -»>
iOOj

where P  = combustion pressure (atmospheres).
= primary zone fuel-air ratio.

d = optical path length (feet).
T f  = flame temperature (° K).

Accordingly, the parameter in brackets in the above equation 
was calculated from the tëst data and the corresponding total 
flame emissivity plotted in Figure 62. Also shown on Figure 
62 is the locus of corresponding non-luminous emissivities as 
defined by equation (4).

From the design data for the combustor given in Section 
6, the quantity of air entering the primary zone was calculated 
according to the following assumption:-
(Primary Zone Air) = (Swirler Air) + (Flare Cooling) + 0.j?(Secondary

Air).
= 12# + 5# + 0.5 (8#).
= 21% (of the total mass flow).

Inspection of Fig. 62 shows that the emissivity ratio varied 
considerably, this ratio here defined:-

Emissivity Ratio = M o n ^ o u s l ^ s sivity).

This ratio bears a close relationship to the luminosity 
Factor proposed by Lefebvre and Herbert as previously shown 
by equation (1?), Section 2. The emissivity ratio is seen 
to vary from 0.42 to 5.4?, with 41% of the test data between
1.0 and 2.0, indicating the important effect of operating 
conditions in a given combustor for swirl atomisers. It is 
interesting to note that three test results measured were 
below the corresponding non-luminous values. Neglecting 
experimental errors, the reason for this could be the applica­
tion of the Reeves formula outside the conditions for which
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it is valid. In addition, it is implied in the application 
of the Hottel data that the uniform flame spans the combustor 
diameter,' and that combustion is complete at the viewing 
plane with carbon dioxide and water vapour as the only, products. 
It may be significant to note that all three of the low values 
are at 60 AFR where the. maximum temperature is in the inter­
mediate zone, thus equilibrium temperatures and composition 
will not prevail at the viewing plane. A correlation attempt 
using emissivity ratio yielded no more information than the 
previous one for total emissivity, and remembering the severe 
limitations of any such correlations based on such few data, 
the result is not presented here.

Clearly then, the little analysis carried out yielded 
little more information than may be obtained by inspection of 
the graphical characteristics, and thus the main findings of 
this investigation may be considered to be embodied in these 
characteristics.

11.5 Accuracy and Errors.
The application of the Schmidt Method relies on the 

assumption that the combustor flame is uniform in structure 
and composition, and is a grey body at thermal equilibrium.
None of these assumptions are correct. The average highly 
loaded combustor flame is highly stratified in both composi­
tion and temperature with the very low residence times 
ensuring that the flame is far from equilibrium. In addition 
to this fact, the flame is sheathed in layer of colder air 
providing the film cooling. Without referring to a specific 
flame whose material and thermal structure is known, it 
would be very difficult to form any reasonable estimate of 
the effect of these factors upon the apparent flame tempera­
tures and emissivities. The presence of cold media which 
absorb more radiation than they emit, will certainly imply 
that the measured emissivities and temperatures will be too 7 
high. For the purposes of combustor cooling design, this may < 
be of little importance, since the apparent values will be 
adequate for calculating the nett heat transfer in similar 
situations, but for research purposes these sources of error 
must be considered a nuisance. Where the flame is highly 
stratified in temperature, the fourth power law heavily 
weights the apparent overall flame temperature in the favour 
of the high temperature regions, and probably gives a higher 
flame temperature than would be given by calorimetry.

The presence of small carbon particles in the flame is 
known to affect the absorption of the flame, since these 
particles, which are too small to emit significant radiation 
in the important infra-red, scatter the radiation preferentially 
at wavelengths according to their size.



The possible sources of experimental error were many.
Apart from the inevitable errors in the operation of a
complicated piece of equipment, the important possible sources
of error were as follows
(i) The calibration of nearly all the Schmidt Method

instrumentation was, of necessity, achieved by indirect 
methods often hinging on the "Land11 pyrometer calibra­
tions. Whilst the "land" calibrations are thought to 
be accurate, they are not individual calibrations over 
the whole operating range. The "Land" calibrations 
are in fact obtained by calculation from established 
thermopile characteristics with individual check points 
to assess manufacturing tolerance effects, at a few 
temperatures only. Thus there is a possibility of an 
accumulation of errors in the calibrations which could 
have had some effect on the accuracy of the Schmidt 
Method results. The assessment of these errors and 
the rigorous calibration of the equipment will only be 
achieved when access is gained to a windowless black 
body furnace. With the low emissivities encountered 
at the comparatively low combustion pressures investi­
gated, the total radiant fluxes were correspondingly 
low. This implied that only the lowest portion of 
the fluxmeter response curve was used for the conver­
sion of thermopile outputs to the corresponding radiant 
flux when looking at the flame alone. Since the 
accuracy of the Schmidt results hinged on the accuracy 
of this lowest portion, it is felt that an individual 
calibration of this area alone would have considerably 
reduced the possibility of errors in the Schmidt method.

(ii) With the method of application of the Schmidt 
technique adopted for this work, whereby the rig was 
shut down to obtain background alone readings in between 
each test point, the reproducability of the same flame 
conditions became a possible source of error, whilst 
eliminating some of the possible Schmidt errors. With 
the swirl atomisers, where unlimited time was available 
for accurate stabilisation at the desired condition,
the reproducability of radiation readings was good. 
Reeves (6) reported variations of Schmidt readings of 
the order of 1($ sometimes and occasionally. Varia­
tions of this order were not often encountered, but 
when they were,the cause of the trouble was usually 
discovered to be the slow drift of the combustion 
conditions with time, and the solution was readjustment 
and a new set of readings. At all times there was a 
certain amount of low frequency flame "noise" super­
imposed upon the low frequency "noise" of the D.C. 
amplifier unit used to amplify the fluxmeter outputs. 
This situation meant that to obtain a reading, some 
short period was required to assess the mean value of



the meter fluctuations. This was undoubtedly a 
contributary factor to inaccuracy where limited time 
was available. Thus it is felt that acceptable 
accuracy was achieved for the swirl atomiser tests.

With the airblast atomisers, where only a limited 
time was available for rig stabilisation, the flame 
reproducability, as reflected in the radiation readings, 
was often unsatisfactory and this is probably an 
important reason for the bad scatter in the test data 
as described.
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SECTION 12.
V

CONCLUSIONS AND RECOMMENDATIONS.

12.1 Conclusions.

An investigation was carried out in order to examine 
the phenomena of radiative heat transfer and smoke emissions 
in combustors typical of aircraft gas turbine engines. The 
objectives were to examine the effects of operating condi­
tions and fuel injection parameters on these phenomena with 
emphasis on the use of the airblast atomiser in the control 
of luminous flame radiation and smoke emissions. The findings 
of the work were:-

(i) The airblast atomiser offers considerable advantages 
in terms of reduced flame radiation and exhaust smoke 
emissions over conventional swirl atomisers whilst 
suffering from a poorer weak extinction.

(ii) Atomisation quality at fixed operating conditions has 
a significant effect on flame radiation for swirl 
atomisers.

(iii) Whilst the flame radiation from the swirl atomiser 
was significantly affected by the operating conditions
of air fuel ratio and chamber velocity, the airblast
atomiser was sensitive to air fuel ratio but chamber 
velocity had virtually no effect.

(iv) Flame radiation, particularly at rich mixtures, was 
significantly increased for both atomiser types with 
increasing combustion pressure.

(v) Whilst the overall radiant heat transfer to the flame
tube is reduced with the airblast atomiser, the very
high volumetric heat release rates will concentrate the 
cooling problem to the primary zone.area.

(vi) There was no easily determined relationship between
primary zone carbon concentration and smoke level
measured in the exhaust tail pipe.

12.2 Recommendations for Future Work.

(i) It would be highly desirable that in order to estimate
the maximum radiant fluxes in the combustor, more viewing 
ports be positioned downstream of the existing site, 
particularly for swirl atomiser work. This would



enable one to establish the axial flame temperature 
and emissivity profiles and thus make a reasonable 
estimate of the maxima. If testing at high combustion 
pressure becomes possible, the existing site may be 
adequate due to reduced flame shift through higher 
reaction rates, but for low pressure work the existing 
single site is inadequate.

(ii) In order to facilitate swirl atomiser testing at high 
combustion pressures, it is suggested that a Rolls-Royce 
"Spey" injector should be modified to operate in the 
combustor on main fuel only, since there is known to be 
a good range of high flow number nozzles easily avail­
able.

(iii) If it is desired to continue the testing of the air- 
blast atomiser in the Dart combustor, the cooling in 
the primary zone area should be improved to allow long 
time running at rich mixtures. It is hoped that the 
new injectors designed will help in achieving this end.

(iv) The Schmidt Method should be modified to eliminate the 
reliance on a calculation and graphical method for a 
solution for flame temperature. The method that should 
be used relies on the fact that in a fixed environment, 
the thermal response of the Spembly Furnace to a given 
change in power input is constant. N.G.T.E. use this 
method and have found it satisfactory. The necessary 
instrumentation is shown in Figure 63.
The flame is stabilised, the furnace is stabilised at 
a temperature well below flame temperature. A step 
increase in furnace power is applied and as the tempera­
ture rises, the valve between the flame and furnace is 
alternately opened and closed, giving an intermittent 
output of R^ and Rg on the recorder' trace. When the 
temperature has risen well above flame temperature, the 
rig is shut down and the furnace returned to the original 
start temperature and stabilised. The same step input 
is applied to the furnace again without any flame inter­
posed, and a continuous trace of R^ taken. The solution 
flame temperature is then obtained at time, t, on both 
traces where R̂ > = R?, and thus T furnace = T flame.
The local value of R-] is extracted and the emissivity 
evaluated according to:-

This is the only calculation required to estimate flame 
temperature and emissivity.

(v) The accurate calibration of the N.R.F.14/80/30 flux 
meter at low fluxes should be carried out to cover this
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important region which is not adequately covered by 
the "Land" calibration. A suitable furnace which would 
cover this low range is available at B.I.S.R.A.

(vi) In view of the inadequacy of the smoke measurement
technique used for this work, more useful information 
could be obtained by sampling in the combustor itself 
with a dilution technique to eliminate the condensation 
problem. This would enable correlations between the 
prevailing carbon concentrations and the luminous 
component of radiation to be made.
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APPENDIX I.

Combustion System Durability - 
A Civil Operator’s Experience»

D.T. Russell & B.A. Fuller.

1. Introduction.
A visit was made to the powerplant overhaul and repair 

facilities of a large British civil airline, on the 26th March, 
1969* The purpose of this visit was to assess the extent, 
nature and causes of durability problems in present generation 
combustion systems. The airline is currently operating the 
following aircraft engine combinations:-

Engine Type, Thrust (S.S.L.) Aircraft Type,
R-R Conway 508 
R-R Conway j?40 
R-R Conway 550

17.500 Ibf 
21,000 Ibf
22.500 Ibf

Boeing 70? 
Standard VC10 
Super VC 10

2. Importance of Combustion System Durability.
Even though the combustion system is one of the major, 

but mechanically simplest, portions of the gas turbine, its 
maintenance and repair costs represent an important part of 
operating costs. Directly, the cost of flame tube repairs 
represents 5 - 8% of total engine maintenance costs, and 

' indirectly, as a cause of premature removal, represents a 
loss of about &4. 5s. for each hour of unexpired engine life 
to scheduled overhaul.

Combustion system faults are frequently the cause of 
NGV and turbine damage through distorted thermal profiles 
and also by direct debris damage. Apparently 10$ of the 
scrap to NGV and turbine blades is due to combustion system 
debris.

The full approved life of an engine is rarely realised, 
owing to unscheduled repairs, the average achieved being about 
85% of BCAR approved life. Data is presented in the Appendix 
illustrating the proportion of unscheduled removals attributed 
to the combustion system.



Combustion System Defects,
The environmental factors which initiate and propagate 

combustion system defects are:-
Steady high temperature 
High temperature gradients.
Temperature induced strain.
Thermal shock.
Mechanical vibration.
Thermal cycling.
Corrosion and 
Erosion.

which result in the following characteristic abnormalities:-
Cracking 
Buckling 
Burning 
Fretting and 
Coke deposition.

It should be noted that it is difficult, or impossible, to 
distinguish amongst the environmental factors which may 
contribute to a given abnormality.

On any one particular standard of components, whilst 
failure patterns can be detected, the damage is usually 
distributed throughout all areas of the flame tube, flare 
and discharge nozzles, with cracking, distortion and fretting 
of various degrees. To illustrate diffuse nature of the 
damage, the following data described the condition of a 
Conway 550 combustion system after 4500 hours:-
(a) Flame Tube Head Assemblies.

All assemblies fretted 0.020 in. on the flame tube 
support diameter. No cracking or distortion.

(b) Flame Tubes. (C.263 material). All tubes featured:
(i) 0.030 in, fretting on I.D. mating with head

assembly.
(ii) Dowel peg slot 0.030 in. wear.
(iii) Slight distortion of inner flare and inner 

flare cracks 0.2 in.
(iv) Cracks up to 0.250 in. on downstream edge of 

first section.
(v) Small cracks in flute stitch welds joining

second, third and fourth liner sections.



(vi) Very severe wear on liner rear support frame.
(vii) Wear on one side baffle.
One tube had a hole 0.75 in. diameter in the outer 
flare. Several tubes has extensive cracking around 
the interconnecter stub pipes. Tube 7 cracked and 
overheated in region of second section air holes. 
Tubes 2 and 5 had axial cracks 3 in. and 4 in. long 
in fourth section corner radius. Eight outer baffles 
broken off due to stitch weld failure. Five inner 
baffles broken off due to cracked welds.

(c) Radial Support Channels.
All severely fretted at contact area of discharge 
nozzles with pieces up to 5 in. long missing. All 
locating pins deeply grooved.

(d) Flame Tube Outer Support Segment.
All heavily worn up to sharp edging on inner wall of 
locating groove. Five segments had signs of burning 
at nozzle locating lips, with slight distortion and 
cracking.

(e) Discharge Nozzles. (0.263 material).
All heavily fretted up to 0.100 in. at side inner 
locations. Four outer locating brackets broken away. 
Cracks adjacent to side rubbing pads. Two had 
circumferential crack 2.0 in.long. Most nozzles had
cracking at rear frame butt weld.

Visual inspection of such components shows little or no 
carbon build up anywhere except on the inner flare. As would 
be expected in a system in a well developed state, there was 
very little evidence of burning and hot streaks. A large 
proportion of the cracking was seen to initiate from electrical 
resistance, roll-seam, roll-stitch and spot welds, which are, 
of course, more difficult to control and inspect metallurgi- 
cally than argon butt welds. Other cracking is seen to occur 
in regions of extensive metal deformation during manufacture, 
pointing to residual stresses and work hardening.

The burners examined were all of the duple type with 
shroud air. There were extensive carbon deposits on all faces 
butgi apparently, not enough to be detrimental to their 
performance in terms of cone angle, distribution or flow number
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The main faults with burners from service were slight erosion 
and primary filter blockage. Repair is by replacement.

Interconnector defects were confined to wear and frettage 
at the connection with the flame tubes. This would be 
expected since their thermal environment is less severe than 
that of other components and they are thus less susceptible to 
thermal defects.

4. Inspection and Detection.
(a) In the Aircraft.

Major failures are obviously detectable from aircrew 
and ground crew reports of abnormalities. The main method 
of detecting combustion system defects is the in-situ 
X-ray. Tangential X-ray films are taken of each 
chamber which can show up cracks and missing material.
The most skilled interpretation of these photographs is 
necessary since to look at the chamber to be considered, 
parts of at least two other chambers will be seen 
superimposed on the photograph.
In recognition of the combustion chamber problem, the 
X-ray schedule for the Conway 540/550 engines begins at 
3200 hours with further photographs at 600 hour intervals 
until repair becomes necessary, or an unscheduled removal 
occurs for other reasons.
It appears that intro-scope techniques cannot yet be 
applied to combustion chambers ôn this engine.

(b) Engine Strip.
Upon stripping the engine after removal from the airframe, 
the combustion system is put through a cleaning process 
with little or no attention paid to the inspection of 
carbon deposits. The components are then examined 
visually with no recourse to more searching processes, 
such as X-glo crack detection.

5* Repair Techniques.
The engine manufacturer supplies this operator with all 

combustion system sub-components, so that flame tubes, for 
example, can be reclaimed by rebuilding with new components 
where necessary. In the case of localised or minor damage, 
a series of standard welding patches is used to effect repair. 
The visitors saw flame tubes which had only one or two of the 
original components left, the rest being new. Dismantling of



the damaged components is effected by the saw and hand 
grinder.

Considerable efforts are made to salvage parts wherever 
possible. This policy clearly reflects the importance of 
combustion system repair costs. On scheduled approved-life 
overhaul, the cost of combustion system repairs is ^0̂  to 60$#    ----- - -.V.• - * - . - ••    -. . —-of the cost of complete replacement with new parts.

The Conway design is such as to make repair to fretted 
and worn faces by metal spraying uneconomical, these being 
repaired by cutting out the damaged faces and welding in new 
ones.

Design and Development.
For a very long time after service initiation, an 

engine undergoes modification and development of varying 
degrees in the light of accumulated experience. That the 
combustion system figures strongly in this process is again 
illustrated by reference to the Conway engines. After 
several years in service, a completely new flame tube, 
owing much to the Spey, has been designed in an effort to 
increase flame tube life. The estimated life of these new 
flame tubes is 8000 hours, with repair costs 15% to 20% of 
the new replacement cost at scheduled approved life overhaul. 
The lives of the existing flame tubes are:-

Engine. F/T material. Life (hours).
Conway 508 N 75 3500

" 54o c  263 6500
" 550 c  263 5500 *

* Full life sampling of the 550 is not yet completed.
The cooling had been completely redesigned to include 

a double flare, an extra wiggle strip in the second section, 
cooling interconnector stubs, a heavier gauge material and 
a return to N 75 as a tribute to the design. A thermal 
paint analysis shows a drop of 200° C on the maximum metal 
temperature (ref.1).

The importance of the low lives obtained on previous 
standard flame tubes, is emphasised by the fact that the 
operator is prepared to accept a weight penalty of 120 lbs. 
for the increased life given by the new flame tubes.

As illustrated in Section 3i much of the damage to 
combustion system components is due to wear and frettage.
It is convenient that when a component becomes ready for 
repair by virtue of cracking, it is also ready for fretting



repair since in-situ X-ray film can be used to detect cracks 
but not fretting. However, the new standard flame tubes 
for the Conway retain exactly the same design as the earlier 
ones in the location and support areas. Consequently, the 
fretting problem could be expected to be unimproves. The
writers observed some examples of the new standard flame 
tubes after 2000 hours which showed no cracking or distortion, 
but they were badly fretted. This situation is undesirable 
from two standpoints. Firstly, the advantages of the 
improved design are lost from the point of view of life of 
the component. Secondly, since there is no method of 
detecting fretting, the flame tubes will tend to be left in 
the engine until loss of location and support areas due to 
fretting. Clearly any component is only as good as its 
worst point, and all the combustion chamber problems are not 
heat transfer ones.

Conclusions.
(a) The repair and maintenance costs of combustion system 

components represent an important proportion of total 
overhead expenses.

(b) Combustion system condition is frequently the cause 
of premature removal of the engine from the aircraft.

(c) Of the damage sustained by nozzle guide vanes and 
turbine blades, 1($ is due to combustion system debris.

(d) Whatever the cause of unscheduled removal, upon strip 
there is always repair work required on the combustion 
system.

(e) Important defects in the combustion system may be 
classified as cracking, buckling and fretting. Burning 
and coke deposition are lesser defects. Such defects 
are liberally distributed throughout the system with
no component less susceptible than any other, with the 
exception of the burner, which is rarely a cause of 
trouble. Weaf and frettage damage represents a
significant portion of the defect problem.

$f) The main method of discovering defects in the combustion
system is the in-situ X-ray, which can reveal cracking 
and metal loss but cannot reveal fretting directly.

(g) Repair is effected wherever possible by various salvage 
techniques.

(h) Much effort is still being expended to increase the life 
of Conway flame tubes and discharge nozzles.
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APPENDIX. IA.

Analysis of Engine Failures for a British
Operator's Conway Engines, 
Compiled from Ref. 2.

The tables show the proportion of engine failures which 
were attributed to failure of the flame tube and discharge 
nozzles of Rolls-Royce Conway engines operated by a large 
British Civil Airline. The total number of engine 
failures excludes those attributed to the following:-

Bird ingestion.
Metallic body ingestion. 
Stones & hard.body ingestion. 
Foam ingestion.
Accident.
Local rectification.

Overhaul discrepancies. 
No defect found. 
Maintenance error. 
Manufacturer's error. 
Awaiting investigation.

Conway 508 - Boeing 707»

Year Flame tube and 
discharge nozzle 

failures.
Total engine 

failures.
Percentage.

6O/61 0 29 0
61/62 0 20 0
62/63 0 36 0
63/64 6 42 14.3
64/65 35 62 56.5
65/66 42 69 60.9
66/67 19 56 33.967/68 35 78 44.9
68/69 27 58 46.6

Conway 54O~Standard VC 10.
63/64 0 3 0
64/65 6 20 30
65/66 20 48 41.7
66/67 3 43 7.0
67/68 16 39 41.1
68/69 16 48 33.4



Conway 350 -Super VC 10.

Year Flame tube and 
discharge nozzle 

failures.
Total engine 
failures.

Percentage.

65/66 0 15 0
66/6? 1 48 2.1
67/68 8 33 24.2
68/69 10 56 17.9

Note that these figures do not include engine failures which 
are attributed to other defects, but in undergoing rectifica­
tion secondary defects are normally discovered. All Conway 
engines which have run for 2000 hours have some defects to 
flame tubes and discharge nozzles. All Conway engines which 
have run for 4000 hours have many defects to all flame tubes 
and discharge nozzles.

Analysis of Engine Failures for all 
Operators of Conway Engines.

Compiled from Ref. 3*
The table shows the proportion of engine failures which 
resulted in premature removal of the engine from the airframe 
which were attributed to failure of the flame tube and dis­
charge nozzles of Rolls-Royce Conway engines operated by Civil 
Airlines. The total number of engine failures includes only 
those attributed to basic major engine faults.
Conway 308 and 309»

1967 1968
Flame tube defects. 39 39Total basic defects. 204 219
Percentage. 19.1 17.8

Conway $40.
196? Î9g%

Discharge Nozzle. 13 16
Total basic defects. 48 57
Percentage. 27.1 28.1



Conway 350 and 550 B.
1957 I9GF

Discharge Nozzle. 6 7
Total basic defects. 4? 70
Percentage. 12.8 10



APPENDIX II.

Relation Between the Ratio of Fuel Momentum 
to Air Momentum and Fuel Pressure at Constant 

Velocity and Air-Fuel Ratio.

Let = ^uel momentum _air momentum *air momentum

where YVX = mass flow 
= velocity

subscript ^  refers to fuel 
subscript &  refers to air

At constant chamber velocity:-

at constant air fuel ratio:- 
VV\£

Substituting (2) and O) into (1) :-

(1)

Vk.^ = constant   (2)

= constant  (3)

(4)

Equating the initial strain energy in the fuel at fuel 
pressure to the final kinetic energy in the spray, thus 
neglecting initial kinetic energy and final strain energy:-

, v *Constant x # /v v. 1 -  -->«— 3-. (5)



«<■Therefore:- va. , wn. , — • ̂ ^

Substituting (6) into (4)

Rv ̂  (^\^)   (7)

Thus the ratio of fuel momentum to air momentum at constant 
velocity and air fuel ratio is proportional to the root of 
the fuel pressure differential across the nozzle.



APPENDIX III.

Dimensional Analysis of the Major Combustor 
Parameters Affecting Elame Emissivity.

Let it be assumed that the following variables are the only- 
important combustor parameters that affect flame emissivity 
for geometrically similar chambers operating with the same 
fuel:-

Variable. Symbol. Units.
Air inlet temperature. T x L e i
Air mass flow rate. L k t -’}
Fuel mass flow rate. ( m ' v1

Combustion pressure. f r c ' - r 1)
Fuel pressure differential.
Gas constant. % ( o - r ’-er'
Characteristic dimension. V L-l

Let the flame emissivity be related to these variables in 
the following manner

Thus inserting units

For this equation to be dimensionally correct:-



n
u

T
Ô

0  = ̂ -4- C-4r <A-V C

O = — —c—%A —1.C *“2̂  
O  = ^

(3)
(4)

(5)
(6)

Solving these equations retaining £  ̂  and £

f t  CrC4rZ0 c ^  f
(7)

Thus:-

Let q =

I
NfR

=(non-dimensional 
mass flow.)

\_______
=(air fuel ratio)

(8)

(9)

(10)

Thus substituting (9) and (10) into (8) :-

(11)

This expression may be reduced to a more practical form by 
manipulation of the last group Z A  Va. in the
following manner:- V “T “̂  )



< # N L  vw€

- 2 W .

't) W \  ^ 4

where p  = flow number. 

Thus:-

Thus for a given combustor using air:-

  (12)

i  ^ , ( 3^ )  ^  _  (1M
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APPENDIX IV.

A Sample Schmidt Method Calculation.

This reduction is for the following conditions

Swirl atomiser EN = 0.37
Combustion pressure = 60 lbf./in^.
Air mass flow rate = 1*82 lb./sec.
Chamber velocity = 6C$>.
Air fuel ratio = 120.

The Schmidt readings were as follows:-
Apparent
Furnace R-, IL E.Temp. 3 2 1
TB (° C). (mA) (mA) (mA)

1. 1400 0.143 0.216 0.108
2. 1500 0.190 0.251 0.113
3. 1595 0.257 0.297 0.110

The correction for background temperature, (Ê  + ), is obtained
from Fig. 39 and the conversion of the amplifier readings to flux- 
met er outputs from Fig. 37*
N.B. For the actual reductions, large scale accurately drawn 

graphs were used.

The conversions are:-
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(oc)

True
Furnace
Temp.
Tbb (0O

R3 R2 
(mV) (mV) (mV)

-9 1391 0.151 0.224 0.118
-7 1493 0.199 0.259 0.122
-3 1592 0.263 0.304 0.120

From the fluxmeter readings, the apparent emissivities are 
evaluated according to:-

/ _ H3 + E1 i R2 --- (1)r
E3

The conversion to radiant flux being obtained 
the results being:-

from Fig. 35,

Apparent
Flame
Emissivity.

V

Total 
• 'Radiant 
Flux.

(tVUfo\fK to'4-)

Window
Transmittance 
(Fig. 34).
(}-£)

1. 0.298 1.000 0.923
2. 0.312 I.030 O.925
3. 0.301 1.010 0.927

From these values, the corresponding apparent flame temperatures 
are calculated according to:-
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Tbb t ?  TF
(° C). (o c).

1. 1391 0.298 1327
2. 1493 0.312 1333
3. 1592 0.301 1363

From these values, is plotted against T̂ t, and the solution 
flame temperature obtained at the intersection with the line 
Tp = Ifeb» The "true" flame emissivity is extracted at the 
solution temperature as shown in Fig, 64. The solution, as 
shown in Table 16, is:-

Flame Temperature, -Pf = 1^44 (° C).
Flame Total Emissivity, = 0.308.



TABLE 1.
Combustion Pressure = 70 lbf./in2.
Swirl Atomiser FN 0.77
Mass Flow (nominal) = 2.12 lb./sec.
M r  Inlet Temperature = 12°C.

mA AFR H J.P.T. Smoke Total
lb/sec. lbf/in2 °C.

level
(S.U.)

Radiation 
(CHU/ft hr.

2.12 200 100 120 6.50 0.735
2.10 189 100 125 7.25 0.765
2.12 149 120 130 11.50 1.135
2.12 139 150 158 10.50 1.115
2.14 104 200 212 6.00 1.000
2.14 89 260 263 4.83 0.735
2.12 73 340 320 3.40 0.490
2.11 66 400 4oo 3.60 0.420
2.13 77 340 303 3.50 0.550
2.12 91 250 233 5.20 0.775
2.14 110 190 170 8.50 1.035
2.13 125 130 125 10.50 1.120
2.13 148 130 102 11.00 1.200
2.07 188 100 123 7.75 0.795
2.13 213 90 103 6.75 0.660
2.09 190 80 120 7.25 0.710
2.12 178 73 93 9.00 1.095

(see Figures 44 and 47).
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TABLE 2.
Combustion Pressure 
Airblast Atomiser, EN 
Mass Flow (nominal) 
Air Inlet Temperature

mA AFR
Ib./sec. lbf/in^

2 .1 3 0 95 83
2.103 84 90
2 .0 9 6 73 97
2.094 69 100

2.094 64 110

2.093 59 115
2.093 54 120

2.093 58 115
2.093 66 100

2.093 75 95
2.093 80 92
2 .1 1 0 86 90
2 .1 1 0 95 85
2 .1 1 0 108 80

2 .1 1 0 123 75
2 .1 1 0 149 70
2 .1 1 0 145 -

2 .1 1 0 113

= 70 lbf./in2.
= 2.00
= 2.10 Ib./sec.
= 16°C.

J.P.T. Smoke Total
level Radiation.

C. (S.U.) (CHU/ft2hr.)

228 0 0 .2 1 0

275 0 0.248
318 0 0 .2 6 0

334 0 0 .2 7 0

365 0 O.285

4oo 0 0 .3 1 0

430 0 0.330
4oo 0 0.305
343 0 0.285
292 0 0 .2 6 0

275 0 O.255

252 0 0.240
222 0 0.220

193 0 0 .1 8 0

157 0 0.120
120 0 .O.O85

- 0 0 .0 9 0

192 0 0.152

(see Figures 44 and 47)



TABLE 3.
Combustion Pressure 
Swirl Atomiser, EN 
Mass Flow (nominal)

135 lbf./in2. 
0.77
4.44 Ib./sec.

mâ
Ib./sec.

Air Inlet Temperature

j m  Yfc
Ibf/in2

J.P.T.
°C

16°C.

Smoke
level
(S.ü)

4.49 206 280 100 0.950
4.45 173 340 130 0.615
4.45 151 405 155 0.539
4.43 133 470 173 0.423
4.49 129 510 180 0.333
4.40 96 860 270 1.000
4.50 86 1080 295 1.370
4.44 112 650 205 0.393
4.43 95 850 260 1.080
4.49 118 600 180 0.592
4.40 117 550 190 0.429
4.43 121 550 185 O.358
4.40 126 500 180 0.464
4.43 134 470 165 0.407
4.43 142 430 155 0.438
4.45 158 370 130 0.438
4.47 189 300 110 0.643

Total 
Radiation. 
(CHU/ft hr.

0.88
0.93
0.98
1 .00

0.94
1.07 
1.09

1.07 
1.15
1.05
1.07
1.07 
1.11
1.07
1.05 
1.02 
0.93

(see Figures 45 and 47).
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TABLE
Combustion Pressure = 135 lbf./in^.
M r  blast Atomiser FN = 1.57
Mass Plow (nominal) = 4.45 lb./sec.
Air Inlet Temperature = 20°C.

mâ
lb./sec.

APR 9»
lbf/in^

J.P.T.
°c

Smoke
level
(s.u)

Total
Radiation
(CHU/ft2hr.

4.4? 129 250 196 0 0.17
4.44 155 210 156 0 0.08
4.44 141 - - 0 0.10
4.44 148 - - 0 0.09
4.50 159 - - 0 0.11
4.56 129 240 190 0 0.15
4.44 119 270 230 0 0.20
4.44 95 515 295 0 0.34
4.44 104 290 250 0 0.29
4.45 82 590 340 0 0.46
4.47 67 500 380 0 O.6O
4.44 60 560 432 0 0.64
4.47 119 260 200 0 0.24
4.44 126 240 186 0 0.19
4.47 155 230 172 0 0.13
4.46 143 215 150 0 0.12
4.47 147 - - 0 0.09
4.47 60 - - 0 O.69
4.47 66 - - 0 O.58
4.46 72 - - 0 0.52
4.47 80 - - 0 0.45
4.47 94 - - 0 0.37
4.47 103 - - 0 0.27
4.44 118 - - 0 0.21
4.44 129 - - 0 0.17
4.47 158 - - 0 0.12
4.44 150 - - 0 0.09

(see Figures 45 and 47).
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TABLE 5,
Combustion Pressure 

Swirl Atomiser EN 
Mass Flow (nominal) 
Air Inlet Temperature

= 195 lbf./in2.

- 0.77
= 6.04 lb./sec. 
= 65°C•

mA
lb./sec.

AFR
lbf/in2

J.P.T.
°C

Smoke
level
(S.U)

Total
Radiation
(CHU/ft2hr

6.10 175 1030 130 0 0.75
6.02 170 1100 154 0 0.77
6.06 155 1200+ 168 0 0.91
6.02 152 11 174 0 0.95
6.03 157 it 165 0 0.87
6.03 170 1120 154 0 O.78
6.04 195 1090 155 0 0.61
6.04 183 1030 130 0 O.67
6.03 208 925 130 0 0.30
6.03 232 740 120 0 0.37
6.03 263 700 118 0 0.22
6.04 249 660 115 0 0.27

(see Figures 46 and 47).
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TABLE 6.
pCombustion Pressure = 193 lbf./in .

Airblast Atomiser FN = 1.37
Mass Flow (nominal) = 6.06 lb./sec.
Air Inlet Temperature = 56°C.

mâ
lb./sec.

AFR V s
lbf/in2

J.P.T.
°C.

Smoke
level
(s.u).

Total
Radiat:
(CHU/fl

6.02 162 310 185 0 0.10
6.03 127 370 240 0 O.18
6.16 123 390 215 0 0.17
6.07 106 - 255 0 0.36
6.07 94 500 300 0 0.66
6.07 79 . - - 0 1.07
6.07 121 - 200 0 0.19
6.10 107 390 260 0 0.42
6.05 98 440 270 0 0.51
6.05 92 - 292 0 0.66
6.07 84 510 320 0 0.96
6.05 77 - - 0 1.16
6.10 65 - - 0 1.18
6.05 62 - - 0 1.21
6.10 69 - 400 0 1.01
6.05 79 338 0 0.73

(see Figures 46 and 47).
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TABLE 7.
Combustion Pressure 
Â.F.B (Nominal)
Swirl Atomiser, FN 
Air Inlet Temperature

79 lbf./in .
131
0.77
13° C

mA

lb./sec.
AFR w

lbf/in2
J.P.T.
0C

Smoke
level
(S.U.)

Total
Radiation
(CHU/ft2hr.)

3.435 128.5 390 170 0.93 0.73
3.520 132.4 590 171 O.87 0.70
2.493 131.2 230 137 0.83 1.42
2.830 133.5 260 125 2.14 1.18
3.170 131.0 340 175 1.22 0.92
3.880 130.3 470 150 0.23 0.50
4.280 132.7 540 113 0.28 0.40

(see Figure 49).

TABLE 8.
Combustion Pressure = 78 lbf./in*
Â.F.R (nominal) = 83
Airblast Atomiser, FN = 1.37
Air Inlet Temperature = 19° C

mA

lb./sec.
AFR b

lbf/in2
J.P.T.
°C

Smoke
level
(S.U)

Total 
Radiation 
(CHU/ft2hr.)

4.600 82.3 320 225 0 0.20
4.290 83.9 270 192 0 0.19
3.910 83.2 240 197 0 0.22
3.530 85.9 210 212 0 0.23
3.165 84.4 190 235 0 0.23
2.840 83.2 170 287 0 0.26
2.470 82.4 150 280 0 0.32

(see Figure 50).



TABLE 9»
Combustion Pressure 
Swirl Atomiser, FN

70 lbf./in 
0.77

TABLE 10.

Air Inlet Temperature = 21°C.

mA
Ib./sec.

%
Design
Velocity.

Extinction
AFR

3.96 128 1470
3.55 114 1420
3.50 113 1400
2.97 96 1190
2.29 74 890
1.62 32

(see Figure 48).

650

Combustion Pressure 
Airblast Atomiser, FN 
Air Inlet Temperature

= 70 lbf./in 
= 1.57 
= 160c.

mâ
Ib./sec. %

Design
Velocity.

Extinction
AFR

3.45 111 119
3.32 107 125
3.17 102 148
2.96 95 150
2.77 89 158
2.33 81 152
2.26 73 155

(see Figure 48).



TABLE 11.
pCombustion Pressure = 115 Ibf./in ,

Swirl Atomiser, FN = 0 . 7 7
Air Inlet Temperature = 20° C

TABLE 12.

mâ
Ib./sec.

%
Design
Velocity.

Extinction
AFR

4.62 91 1720
4.52 85 1570
4.00 79 1450
3.65 72 1330
4.76 94 1730
4.84 96

(see Figure 48).
1760

Combustion Pressure = 
Airblast Atomiser, FN = 
Air Inlet Temperature =

115 Ibf./in2,
1.57200 c

«mâ
Ib./sec. %

Design
Velocity

Extinction
AFR

5.87 115 113
5.53 109 112
5.38 106 117
4.90 96 118
4.55 89 115
4.20 82 116
3.76 74 120

(see Figure 48) .



TABLE 13.
oCombustion Pressure = 180 lbf./in

Swirl Atomiser, EN = 0.77
Air Inlet Temperature = 66® C

mâ % Extinction
Ib./sec. Design AER
_______ Velocity________________ _

5.02 63.1 14?8
4.77 60.0 1400
5.28 66.3 1550
5-74 72.1 1690
6.15 77.2 1810

(see Figure 48).

TABLE 14.
2Combustion Pressure = 18O lbf./in

Airblast Atomiser, FN = 1.57
Air Inlet Temperature = 53° C

mA % Extinction
Ib./sec. Design AFR
___________________Velocity

6.71 84.3 134
6.30 79.2 133
5.91 74.2 136
5.52 69.4 156
5.11 64.2 153
4.67 58.7 208

(see Figure 48).
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14?

13» Combustion Pressure = 60 Ibf./in^.
Swirl Atomiser, EN =0.77»
Inlet Air Temperature = 30° C.
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(see Figures 31, 32, 53 and 54.)
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TABLE 16. Combustion Pressure = 60 Ibf./in ,
Swirl Atomiser, FN = 0 . 3 7
Inlet Air Temperature = 26° C.
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(see Figures 51 - 58).



TABLE p17» Combustion Pressure = 100 lbf./in ,
Swirl Atomiser, EN = 0.77.
Inlet Air Temperature = 25° C.
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(see Figures 55, 56, 57 and 58).
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TABLE 18. Combustion Pressure = 60 lbf./in ,
Airblast Atomiser, EN = 1.57
Air Inlet Temperature = 3^° C.

rK

! l |•t-3 <D>y

0 rH •
1E <D CQ02 H  ̂

ti <D ■p<D E td A- O V- LA IA A- O IA O
S.F*

u -d- LA co A- V LA IA LA CO<D vo VO IA VO hA -d- A- VO LA
S'< Ë

S
T- v~ V v~ r- r- v~ T- x—

•P
gI6

I?
o 'S
l ’S
H

§i3
•P cü «h 

* 1 1

a -pbO *H •H O

5

S  &  R(\1 T-
O  VO IAÎA IA O(\l v- <c-

S' &
0 0 0

LA ON (A
? &  \S
o d d

NO A- LAr\j co vo-d- IA r-
O O O

O O O
VO ON V-

IA IA v  LA ON OO -d* hA v-
O O O

O O O  VO ON r-

8

-d-O
lÂ

OCO

oj

vo A- O  -5F On 00

LA O  A-8 8 'S
O O O

oj vo IAvo 00 IA-ï OJ Al
O O O

O O O  VO ON K-

OVO

S

8 O K\ A- VO

LA °  A- IA v  A- IA A- LA

ON lA 
OJ O  O  
O O O

v  LA -d" O  r- A- LA -d* OJ
O O O

O O OVO ON r-

Si

Uncorrected for window absorption.
Apparent values at background temperature of 1825° C 

(see Figure 59).



BLACK BODY T  K

A P P R . O X L n ^ a S  
S P E C T R X M  F R O M  
NON- LJUMVN O U  S  
E L A M E , e

Ts 2-000 K

( 2. 3
W A V E L E N 6 T H

So

SPECTRAL DISTRIBUTION OF RADIANT ENERGY.



EQ
U1

VA
L.

EM
CE

 
RA

TI
O,

F I G .  2

V A P O U k V S E e -

H

VOL.UMETMC HEAT RELEKSE.

VOLUMETRIC HEAT RELEASE RATES AS A FUNCTION 

OF MIXTDRE STRENGTH AMD PREPARATION METHOD.



F I G .  3

A E .R O D Y N A V U G  f o r c e s

S U R F A C E  T E N S I O N  F O R C E S

FORCE SYSTEM AT A LlgPID-GAS INTERFACE IM 
THE REGION OF A SURFACE DISTURBANCE.



F I G .  4

SYMMETRICAL WAVE MOTION

F I G .  5

ANTI-SYMMETRICAL WAVE MOTION.



F I G .  6

-.BR.EAK.AV/kY 
V.fXUF -  CYCLE 
R \B S S O K ,

U H S T A x ' B V E  
FUEL SHEET,

BREAK-UP MODEL FOR M  INFINITE 

TWO-DIMENSIONAL LIQUID SHEET.



6 0

4-0

20 200 400 Goo Goo
C O M B O S T O F x  T E M P , R .\S E

I ZOO\ooo

S o jNOZZL-E

(PRESSURE
I Qb6 / < J  2 0 "60

40

20ZOO 400 2%%) Goo 1300 iz o o
C O M B U S T O R  T E M P .  R.\SE= ( ° F l

EFFECT OF FUEL-NQZZLE CAPACITY AND INJECTION 

PRESSURE DIFFERENCIAL ON COMBUSTION EFFICIENCY.

(From Ref. 23)•



F I G .  8

4o

2 4- 6 10 20 4o 6o loo 4t>0 \000

ISO-OCTANE DROPLET DRAG COEFFICIENT AS A

FUNCTION OF REYNOLDS NUMBER.

(From Ref. 19)



FIG. 9

BASIC CONSTRUCTION OF THE TEST AIRBLAST ATOMISER.
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THE INSTALLATION OF THE AIRBLAST ATOMISER.
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FIG. 12

AIRBLAST ATOMISER WATER/AIR SPRAY TEST RIG.
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FIG. 14

OVERHEATING DAMAGE TO THE INITIAL STANDARD 
OF AIRBLAST ATOMISER SNOUT ASSEMBLY.
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GENERAL ARRANGEMENT OF THE RIG.
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FIG. 17

VIEW OF THE WORKING SECTION OF THE COMBUSTION RIG.
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VIEW OF THE BLACK BODY FURNACE.



FIG.19

VIEW OF THE RIG AND CONTROL PANEL.
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VIEW OF THE DISMANTLED HOT COMPONENTS
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FIG.3 0

KEROSENE SPRAY FROM THE AIRBLAST ATOMISER 
WITHOUT AIR ASSISTANCE AT FUEL PRESSURE

20 lbf./in^. (Flow Number = 2.0).



FIG. 31

KEROSENE SPRAY FROM THE AIRBLAST ATOMISER 
WITHOUT AIR ASSISTANCE AT FUEL PRESSURE

100 Ibf./in^. (Flow Number = 2.0)
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KKROSiffJE SPRAY FROM THE AIRBLAST ATOMISER 
WITHOUT AIR ASSISTANCE AT FUEL PRESSURE 

300 lbf./in^. (Flow Number = 2.0)
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OPTICAL SIGHT PATH FOR THE SCHMIDT METHOD
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THE SIMPLEX AIKBLAST ATOMISER
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THE DUPLEX AIRBLAST/SWIRL ATOMISER.
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TOTAL FLAME. RADIATION FOR AIRBLAST AND SWIRL ATOMISERS : -
COMBUSTION PÈESSDRE = ?0 Ibf./iiiZ.t
AIR MASS FLOW RATE = 2.1 Ib./sec.
AIR,INLET TEMPERATURE = 28?° K.

(nominal conditions).
From Tables 1 and 2.



TOTAL FLAME RADIATION FOR AIRELAST AND SWIRL ATOMISERS:-
COMBUSTION PRESSURE = 135 Ibf./in2.
AIR MASS FLOW RATE =4.44 lb./sec.
AIR INLET TEMPERATURE = 293° K.

(nominal conditions).
From Tables 3 and 4.
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TOTAL FLAME RADIATION FOR AIRBLAST AND SWIRL ATOMISERS
COMBUSTION PRESSURE 
AIR:MASS FLOW RATE 
AIR INLET TEMPERATURE

(nominal conditions)
From Tables 5 and 6»
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EXHAUST SMOKE•LEVELS FOR AIRBLAST AND SV/IRL ATOMISERS.
From Tables 1 to 6.
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WEAK STABILITY LIMITS FOR AIRBL/kST AMD SWIRL ATOMISERS. 
From Tables 9 to 14,
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! _L.L ^  DESIGN : VELOC'-TY

EFFECT OF VELOCITY ON FLAME TOTAL RADIATION AND 
EXHAUST SMOKE LEVEL FOR SWIRL ATOMISER B (FN = .77).

COMBUSTION PRESSURE 
AIR FUEL RATIO '

= 79 lbf./in2.
= 131»

From Table 7*
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EFFECT OF VELOCITY ON FLAME RADIATION AND EXHAUST 
SMOKE LEVEL FOE THE AIEBLAST ATOMISER. "

COMBUSTION PRESSURE 
AIR FUEL RATIO "

= 78 lbf./in2,
= 83

From Table 8.
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AIR-FUEL RATIO

EFFECT OF SWIRL ATOMISER FLOW NUMBER ON FLAME 
TOTAL RADIATION:

COMBUSTION PRESSURE = 60 lbf./in2.
AIR INLET TEMPERATURE = 300°K.

(nominal conditions).
From Tables 15 and 16.
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EFFECT OF SWIRL ATOMISER FLOW NUMBER ON FLAME 
TOTAL EMISSIVITY:

COMBUSTION PRESSURE = 60 lbf./in2.
AIR INLET TEMPERATURE = 300° K.

(nominal conditions).

From Tables 15 and 16.
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fFKEGT OF SWIRL ATOMISER FLOW NUMBER ON FLAME 
TEMPERATURE:

COMBUSTION PRESSURE = 60 lbf./in2,
AIR INEET TEMPERATURE = 3000 k .

(nominal conditions).

From Tables 15 and 1 6.
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EFFECT OF SWIHL ATOMISER FLOW MUl-lBEK ON EXHAUST 
SMOKE LEVEL:

COMBUSTION PRESSURE = 60 lbf./in2.
AIR INLET TEMPERATURE = 300° K. 

(nominal conditions).

From Tables 15 and 1 6.
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EFFECT OF COMBUSTION PRESSURE ON FLAIV1E TOTAL RADIATION.
(with corresponding conditions at the same fuel injector 
pressure differential)>

AIR INLET TEMPERATURE = 298° K.

From Tables 16 and 17.
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EFFiiiCT OF COMBUSTION PRESSURE ON FLAl-iE TOTAL EMISSIVITY.
(with corresponding conditions at the same fuel injector 
pressure differential).

AIR INLET TEMPERATURE = 298° K.

From Tables 16 and 17.
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EFFECT OF GO^iBUSTIQN PRESSURE ON FLAMS TEMP^ATURE.
(with corresponding conditions at the same fuel injector 
pressure differential).

AIR INLET TEMPERATURE = 298° K.

From Tables 16 and 17.
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iCFFEGT OF COMBUSTION PRESSURE ON EXHAUST SMOKE LEVEL.
(with corresponding conditions at the same fuel injector 
pressure differential).

AIR INLET TEMPERATURE = 2980 K.

From Tables 16 and 17*
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TOTAL RADIATION FOR AIRBLAST AND SWIRL ATOMISERS :-

COMBUSTION PRESSURE = 60 lbf./in2.
AIR INLET TEMPERATURE = 305° K.

From Tables 15 and 1 8.
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FLAME SMISoIVITY FOR AIRBLAST AND SWIRL ATOMISERS :-

COMBUSTION PRESSURE = 60 lbf./in2.
AIR INLET TEMPERATURE = 305° K.

(The airblast atomiser emissivities are apparent 
values at a black body background temperature of 1823° C).

From Tables 15 and 18.
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CORRELATION OF TEE TEST FLAME TOTAL EMISSIVITY DATA.



FIG. 62

COMPARISON OF THE TEST FLAME TOTAL EMISSIVITY 
RESULTS WITH THE CORRESPONDING NON-LUMINOUS 
EMISSIVITIES AS GIVEN BY' THE REEVES EQUATION.
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GRAPHICAL SOLUTION FOR FLAME TEMPERATURE 
AND EMISSIVTTY. ■. —

(see Appendix IV).


