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This invention comprises improvements in or relating 

to gas turbine engines and, more specifically, is concerned 
with combustion equipment of such engines. 
Gas turbine engine combustion equipment may con 

prise an air casing of tubular or annular form and one 
or more flame tubes within the air casing. When the air 
casings of tubular form are used, there is usually a single 
flame tube per air casing, but, when the air casing is 
annular, there may be an annular flame tube or a series 
of flame tubes arranged in a ring within the air casing. 
In all forms of such combustion equipment, however, 
combustion occurs within the flame tube or flame tubes, 
air and fuel being delivered to one end, referred to herein 
as the inlet end, and combustion gases leaving at the 
opposite end, referred to herein as the outlet end; it is 
also usual to deliver part only of the air into the combus 
tion space at the inlet end, the remainder of the air being 
introduced into the flame tube at points between the inlet 
and outlet ends. 

In combustion equipment of such engines, combustion 
is initiated and largely effected in a primary Zone adjacent 
an air inlet and is completed and the combustion gases 
cooled by addition of further air in a zone or zones down 
stream of the primary combustion Zone. 

It is known that a number of gas turbine engines pro 
duce an objectionably smoky exhaust. We have found 
that by injecting finely atomised coolant into the primary 
zone, in such a manner as to reduce the primary Zone 
temperature by about 200, the smoke level in the ex 
haust can be markedly reduced. This effect is due to 
evaporation of the finely atomised coolant in the primary 
zone and the resultant cooling of the combustion mixture. 
The rate of coolant injection necessary for smoke abate 
ment is small and in any case should not be so great as 
to cause excessive cooling in the primary Zone since this 
will lead to the flame being extinguished. Coolant injec 
tion in this way also leads to an improved life of the com 
bustion equipment. 

According to the invention, smoke abatement means 
for a gas turbine engine comprises means for injecting 
finely atomised water uniformly into primary combustion 
zone of the flame tube or uniformly into the air entering 
the primary combustion zone at the upstream end of the 
flame tube in such a manner that sufficient of the water 
evaporates in the primary combustion zone to cool this 
zone by about 200° C. 

Said means can comprise a fine atomiser producing a 
uniform distribution of water droplets of the order of 
50 to 60 microns diameter. Alternatively said means 
can comprise a simple spray producing a uniform distribul 
tion of droplets of the order of 200 to 300 microns and 
directed towards a discontinuous stationary Surface ele 
ment providing an entry into the primary Zone, Such as a 
swirl vane or a foraminous plate, so that the natural air 
blast atomisation occurring during operation of the engine 
will reduce at least some of the droplets to a size of the 
order of 50 to 60 microns. 
Under some operating conditions, for instance when the 

ambient air temperature is high, there is a drop in the 
thrust produced by the engine, and in previous arrange 
ments the thrust has been restored by injecting a coolant 
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into the flame-tubes in the region of the tertiary Zone, thus 
enabling more fuel to be injected and burnt. It is found, 
however, that such injection of coolant increases the 
amount of smoke generated by the engine. 
When this injection of coolant is required to increase 

thrust, in accordance with this invention, we continue to 
inject the requisite amount of water into the primary Zone 
to cool the primary zone and the additional coolant liquid 
is injected in one of two ways. Either the additional 
coolant is injected into the tertiary zone as in previous ar 
rangements or means are provided for injecting the addi 
tional coolant liquid in the primary Zone together with 
the water which is being used to eliminate smoke. In 
the latter case care must be taken to ensure that the 
additional water droplets are so large that they travel 
through the primary zone without evaporating and thus 
do not cause an excessive lowering of the temperature in 
this Zone. 

This invention therefore also comprises combustion 
equipment of a gas turbine engine incorporating means 
to introduce a coolant liquid, for example water or water/ 
methanol, into the combustion space both at the primary 
air entry to the combustion space and simultaneously at 
a point between the primary air entry and the combustion 
gas outlet. In one arrangement, coolant liquid is sprayed 
into the air prior to its entry into the flame tube and fur 
ther coolant liquid is sprayed into the flame tube adjacent 
the outlet end thereof. 
Some embodiments of this invention will now be de 

scribed with reference to the accompanying drawings in 
which: 
FIGURE 1 is an axial section through gas turbine 

combustion equipment provided with coolant injection 
means, 
FIGURE 2 is a view in the direction of arrow 2 on 

FIGURE 1 with parts broken away. 
FIGURE 3 is a view similar to FIGURE 1 showing a 

Second form of coolant injection means, 
FIGURE 4 is a section through a form of injector for 

use in the arrangement of FIGURE 3, 
FIGURE 5 is a graph, 
FIGURE 6 is an axial section through a portion of a 

gas turbine combustion equipment showing a third form 
of cuolant injection means, and 
FIGURE 7 is a sectional view taken on the line 7-7 

of FIGURE 6. 
The forms of combustion equipment illustrated in 

FIGURES 1 and 2 and in FIGURE 3 are of the turbo-an 
nular kind, that is of the kind comprising an annular air 
casing and a series of flame tubes arranged in a ring with 
in the air casing. 
The air casing comprises an outer annular wall 10 which 

joins the downstream end of an outer wall 11, forming 
part of the diffuser outlet of the compressor of the engine, 
to a turbine casing 12. The air casing also comprises an 
inner annular wall 13 which is formed as an extension of 
the inner wall 14 of the diffuser outlet and carries at its 
downstream end a diaphragm 15 to which inner ends of 
turbine inlet guide vanes 6 are connected. 

Each of the flame tubes 17 is supported within the an 
nular space between the walls 10, 13 so as to leave 
passages 18 for the flow of air from the diffuser 11, 14 
around the outside of the fame tube. Each flame tube 
17 has at its inlet end a structure 9 forming an air 
inlet passage 20 for primary combustion air, and has at 
points along its length apertures 21, 22 through which 
air enters the flame tube from the passages 18. Each 
flame tube 7 has associated with it a form of fuel in 
jector 23 and in the drawings, the injector 23 is of the 
spray type for delivering an atomised spray of liquid fuel 
into the primary combustion zone 24 to be burnt with 
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the primary air entering the flame tube through passage 
29. The combustion products together with additional 
air entering the flame tube through apertures 2i, 22 leaves 
the flame tube 17 at its outlet end through nozzle 25 to 
enter the turbine. Fuel is supplied to the injector 23 
through pipe 26. 
The present invention provides a coolant injection ar 

rangement which enables a reduction of the smoke ap 
pearing in the engine exhaust and, if desired, under op 
erating conditions when coolant injection is necessary 
or desired for thrust restoration, enables this to be 
achieved without production of excessive smoke in the 
engine exhaust. This is achieved in the arrangements 
shown by introducing a small quantity of the coolant 
liquid into the primary air so as to evaporate in and 
thereby to reduce the temperature in the primary com 
bustion zone 24 to a value at which little or no smoke is 
produced, and, when thrust restoration is required, by 
also introducing a larger quantity of the coolant liquid 
into the flame tube downstream of the primary combus 
tion zone 24. 

In the arrangement illustrated in FIGURES 1 and 2, 
the coolant liquid is injected to secure both smoke abate 
ment and thrust restoration, and is water obtained from 
a manifold 33 encircling the diffuser 11, 14 and having 
first branches 3 leading from the manifold 30 to spray 
devices 32 (one per flame tube 7) which are disposed 
within the diffuser 11, 14 in line with and upstream of 
the primary air inlet passages 20 and which produce a 
finely atomised spray of coolant liquid into the air pass 
ing to the primary combustion zone, and having second 
branches 33 leading to spray devices 34 which are mounted 
on the air casing wall 10 angularly between the flame 
tubes and which spray coolant liquid through the aper 
tures 22 into the tertiary zones of the flame tubes 17 on 
each side of it. 

It is found that, in this way, the primary air does not 
contain so much coolant liquid as to cause excessive 
lowering of the temperature in the primary zone 24 and 
extinction of the flame, as might happen if the whole of 
the coolant liquid were injected into the primary air, and 
at the same time the mixture in the primary combustion 
Zone 24 is cooled sufficiently to reduce substantially or 
to avoid smoke generation. At the same time by use of 
the coolant injecting arrangement, the total quantity of 
coolant injected can be such that good thrust restoration 
is obtained. The primary combustion zone temperature 
should not be reduced by substantially more than about 
200 C. 
The coolant injection means illustrated in FIGURE 3 

is suitable for use either where coolant injection is effected 
for smoke abatement purposes only, or is for both smoke 
reduction and thrust restoration purposes. 

In this arrangement, the coolant liquid is obtained 
from a manifold 130 having branches 13i leading to spray 
devices 132. When smoke reduction alone is required 
the central small orifice 133 is employed and this is fed 
by the central pipe 131 via passage 134, inclined passages 

- 135, manifold 136 and short passages 137 to the passage 
133, the water being swirled and atomised through the 
orifice 38, this water will be sufficiently finely atomised 
so that the whole of it is evaporated in the primary zone, 
reducing the primary zone temperature by about 200° C. 
and thus preventing any substantial smoke formation. 

if thrust boost is required the outer manifold 130 sup 
plies the outer passages 139 (FIGURE 4) and the water 
passes via manifold 40 and passages 141, 142, 143, to 
an annular swirl chamber 144, the water being atom 
ised by the orifice 145. The atomisation will be less 
fine than occurs when using orifice 138 and the water 
droplets formed by the orifice 145 pass through the pri 
mary Zone and are evaporated further downstream to cool 
the tertiary Zone and to assist in providing thrust boost. 
The same smoke reducing effect can be achieved by 

spraying water from a simple jet (not an atomising ori 
fice) on to a suitable discontinuous element such as the 
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4. 
swirl vanes of the combustion chamber or a plate with a 
number of space holes in it put in place of the Swirl vanes. 
Such an arrangement is shown in FIGURES 6 and 7 
of the drawings in which parts similar to those illustrated 
in FIGURE 1 are indicated by the same reference char 
acters. A conventional water or coolant sprayer 32a is 
disposed within the air inlet passage 20 downstream of 
the air compressor and upstream of the fuel injector 23 
and swirl vanes 19a so that the water or other coolant 
is entrained with the incoming air before it hits the Swirl 
vanes. The portion of the spray which hits the plate or 
the swirl vanes is atomised by the air blast effect and is 
sufficiently finely atomised to achieve the desired cool 
ing of the primary combustion Zone. 
FIGURE 5 is a graphical illustration of droplet size 

being plotted against volume. Trace 40 is the droplet 
size spectrum for a small orifice nozzle suitable for Smoke 
abatement alone and it will be seen that the droplets have 
diameters below 50 microns. Trace 41 is the droplet size 
spectrum from a spray nozzle such as is shown in FIG 
URE 4 and it will be seen that a small proportion of the 
droplets have a diameter below 50 microns and that the 
greater proportion have a diameter greatly exceeding 
50 microns. 
When using water injection for thrust boosting the 

flame tube is subjected to a very high thermal loading 
and this has the effect of drastically shortening flame tube 
life. By injecting water at the upstream end and thus 
reducing the temperature in the primary combustion Zone 
considerably, the thermal loading and the resultant streSS 
on the flame tube is very much decreased particularly at 
the hottest part of the tube and this has the effect of 
considerably increasing flame tube life. 
We claim: 
1. In a gas turbine engine comprising an air compres 

sor, combustion equipment including an air casing hav 
ing air inlet means at one end connected to receive air 
compressed within the compressor and a flame tube 
which extends within the air casing and defines a com 
bustion space, which combustion space at its end ad 
jacent the air inlet means includes a primary combustion 
zone, said flame tube having a direct air inlet from the 
air casing into the primary combustion zone, means to 
deliver fuel into the primary combustion zone downstream 
of the air inlet thereto to be burnt with the air flowing 
through the direct air inlet, a turbine connected to said 
flame tube to receive combustion products therefrom, 
and an exhaust assembly connected to receive exhaust 
gases from the turbine; smoke abatement means for re 
ducing smoke in the exhaust gases comprising swirling 
means disposed in the air inlet of the primary combus 
tion Zone, injecting means disposed downstream of the air 
compressor in the air inlet stream from the compressor 
and upstream of the fuel delivery means and the swirl 
ing means to deliver coolant liquid to the air in the air 
inlet means upstream of the swirling means so that the 
coolant liquid and the compressed air flow together 
through the Swirling means so that the coolant liquid is 
directed onto the Swirling means and the swirling means 
imparts to the coolant liquid and the compressed air a 
Swirling motion to commingle thoroughly the coolant 
liquid and the compressed air with one another and with 
the fuel and products of combustion in the primary com 
bustion Zone so as to reduce substantially the tempera 
ture in the primary combustion zone as compared with 
the temperature when liquid injection is not effected, said 
swirling means comprising a discontinuous stationary sur 
face element and said injecting means comprising a spray 
producing a uniform distribution of droplets which con 
tact said element as they pass through the swirling means 
So that the natural air blast atomization occurring during 
operation of the engine will reduce at least some of the 
droplets as to size, said element distributing said drop 
lets uniformly throughout the primary combustion zone. 

2. In a gas turbine engine, smoke abatement means 
according to claim 1, wherein the discontinuous station 
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ary surface element is a swirl vane at the direct air inlet 
to the flame tube. 

3. In a gas turbine engine, smoke abatement means as 
claimed in claim 1, said injecting means comprising a 
liquid atomizer producing a uniform distribution of 
liquid droplets of the order of 50 to 60 microns diameter 
throughout the primary zone, said atomizer being dis 
posed between the air inlet means of the air casing and 
the direct air inlet of the flame tube and delivering into 
air flowing through said direct air inlet. 

4. In a gas turbine engine, smoke abatement means 
according to claim 1 comprising also means to inject 
further coolant liquid into the flame tube to evaporate 
downstream of the primary combustion zone. 

5. In a gas turbine engine, smoke abatement means 
according to claim 4, the means injecting further coolant 
liquid injecting into air flowing through the primary com 
bustion zone and producing large coolant liquid droplets 
which pass through the primary combustion zone with 
out evaporating. 

6. In a gas turbine engine, smoke abatement means 
according to claim 4, comprising a coolant liquid mani 
fold having first branches which lead to first spray de 
vices in line with and upstream of the direct air inlet 
of the flame tube, and having second branches leading to 
second spray devices spraying through apertures in the 
flame tube walls. 

7. In a gas turbine engine comprising an air compres 
sor, combustion equipment including an annular air cas 
ing having air inlet means at one end connected to re 
ceive air compressed within the compressor and a ring 
of flame tubes each of which extends within the air cas 
ing and defines a combustion space, which combustion 
space at its end adjacent the air inlet means includes a 
primary combustion zone, each of said flame tubes having 
a direct air inlet from the air casing into the primary 
combustion Zone and apertures downstream of the pri 
mary combustion zone, means to deliver fuel into the 
primary combustion zones to be burnt with the air flow 
ing through the direct air inlet, a turbine connected to 
said flame tubes to receive combustion products there 
from, and an exhaust assembly connected to receive ex 
haust gases from the turbine; smoke abatement means for 
reducing Smoke in the exhaust gases comprising swirling 
means in the form of discontinuous stationary surface 
elements disposed in the air inlet of the combustion zone 
of each flame tube, first injecting means disposed down 
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stream of the air compressor in the air inlet stream from 
the compressor and upstream of the fuel delivery means 
and the swirling means to deliver coolant liquid to the 
air in the air inlet means upstream of the swirling means 
so that the coolant liquid and the compressed air flow to 
gether through the swirling means to direct the coolant 
liquid onto the swirling means to be atomized thereby 
and delivered in a finely atomized liquid form directly 
into the primary Zone of each flame tube and the swirling 
means imparts to the atomized coolant liquid and the 
compressed air a Swirling motion to cornmingle thor 
oughly the coolant liquid and the compressed air with 
one another and with the fuel and the products of com 
bustion in the primary zone so as to distribute the coolant 
liquid uniformly throughout the primary zone to be evap 
orated therein to reduce substantially the temperature in 
the primary zones as compared with the temperature 
when liquid injection is not effected, said first injecting 
means comprising first spray devices in line with and 
upstream of the direct air inlets of the flame tubes, a 
coolant liquid manifold having first branches leading to 
said first spray devices, and second injecting means to in 
ject further coolant liquid into said flame tubes to evapo 
rate downstream of the primary combustion zones of the 
flame tubes comprising second spray devices disposed 
angularly between the flame tubes for spraying coolant 
liquid through said apertures into the flame tubes down 
stream of the primary combustion zones, said coolant 
liquid manifold having second branches leading to said 
second spray devices. 
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