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INTRODUCTION

In the past most of the research work carried out in gas turbine
combustion was mainly concerned with performance problems arising at
high altitudes. These were primarily problems of trying to achieve
high combustion efficiency, adequate stability and good relighting
performance. This research necessitated the use of expensive test
facilities to provide large quantities of air at sub atmospheric pressure.
For this reason much effort was expended in trying to find methods of
simulating low combustion pressures, and in the development of
correlating parameters which would allow low pressure performance to be
predicted from experimental data obtained at more convenient levels
of pressure.

In recent years, however, there has been a marked trend towards

engines of higher compression ratio. This is illustrated in figure 1
which was reproduced from a paper by Pearsonl. This trend has not
produced any new problems, with the possible exception of exhaust smoke,
but it has aggravated many problems which previously caused no great
concern, and it has exposed many deficiencies in our knowledge of
certain basic processes, particularly those affecting combustion and
heat transfer at high pressure. One object of this paper is to examine
the influence of pressure on various aspects of combustion performance.
Another object is to derive foimulae from which the influence of
increasing pressure on various performance criteria can be estimated.

One important effect arising at high pressures is an increased
dependence of all aspects of combustion performance on fuel spray
characteristics. Because of their importance and because so far they
appear to have received comparatively little attention, much of this
paper is devoted to the effect of pressure on various spray properties

such as penetration, droplet size and cone angle.
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COMBUSTION FERFORMANCE

Comkustion performance is usually considered to include stability,
ignition characteristics and combustion.efificiency. HowEver; since it is known
that the problems of stability and ignition diminish with increasing
pressure, we need concern ourselves only with the influence of pressure
on combustion efficiency. This is illustrated in figure 2 which shows
four regimes of piessure. In the first regime, corresponding to pressures
of a few p.s.i.a., combustion is impossible due to the effects of pobr
atomisation and heat losses. Tn the second regime, which extends
approximately from 2 to 20 or 30 p.s.i.a., depending on the size of the
chamber, the level of combustion efficiency is determined almost entirely
by chemical reaction rates, with atomisation playing only a secondary
role. The third regime corresponds to normal chamber operation and
provides a range of pressures in which the combustion efficiency is close
to 100 percent,

With increasing pressure the level of combustion efficiency
becomes less dependent on reaction rates and more dependent un the ability of
the combustion zone to evaporate the fuel and achieve the necessary mixing
between fuel vapour, air and combustion products. The possibility exists,
therefore, that at extremely high pressures the combustion efficiency may
start to fall off due to limitations imposed by evaporation and/or mixing
rates. This is indicated as the fourth regime in figure 2.

In a combustion chamber the fuel spray contains droplets of
various sizes which are separated from each other by a multiplicity of
distances. For the case of a single fuel droplet the evapcration is
achieved by heat transferred from the surrounding flame whose burning rate
is determined by the rate of evaporation of fuel from the drop. In a
spray, however, the large number of droplets burning in close proximity

can produce such high vapour concentrations that the rate of burning is
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not limited by the evaporation rate but by the process of mixing between
the fuel vapour and the oxidant. If the rates of mixing and evaporation
were extremely high, the combustion process would simulate a homogeneous
chemical reaction. In practice, however, the rate of evaporation is
limited by the problens involved in trying to produce fuel which is
well atomised and, at the same time, well distributed throughout the
combustion zone. Moreover, the rate of mixing is controlled by the
available pressure loss and by the need to maintain combustion over a wide
range of fuel/air ratios.

In the following sections an attempt will be made to examine
the influence of pressure on evaporation rates, with a view to determining

the relative importance of evaporation and mixing processes at high pressure.

Fuel evaporation and droplet lifetime

Following Godsave? we have, for a single droplet

dm _ d a3 IT a2
- " — = dd = .W
G it it T8 3 at ha
: B 2 <dl
from which 2 L Qe Ad
5 o a2
and [ = OT (1)
where m = mass of drop

d = diameter of drep

dy = initial diameter of drop
Q; = fuzl density
A
t

= evaporation constant
= drop lifetime
Hall and Diederichsen® found that for any given drop size the drop

lifetime was inversely proportional to the fourth root of the gas pressure.

- - ——1——_-
T t o< : 0. 25 (2

Incorperating this result into eqn. (1) gives

2
A

For any given fuel varies only slightly with pressure. Hence we can write

o, B



Equation (3) applies strictly only to stationary drops. When the droplet
is in motion relative to the surrounding gas the rate of evaporation is
increaseds The following equation, due to Frossling4 has been found to
ccrrelate successfully a wide range of data on the evaporation of small
drops in motion.

- L = [ 0.5 0.33]
Dg log (1 +3) e LI + 0,276 (Re) (Sc) J ———

where Mg = rate of droplet evaporation/unit surface area

d = drop diameter

D = diffusion coefficient
Q = gas density

B = evaporation constant
Re = Reynolds No.

Sc = Schmidt No.

In the above equation B decreases slightly with pressure but the actual
variation is small and for most practical purposes it is satisfactory to
regard B as a constant. Moreover, if temperature terms are neglected, the

product Q D 1is also constant, and eqn. (4) simplifies to

d_—['n- U0.5 005 1-5
at o< P d
Now _d_m__ = @_ dd
dt dd * dt
and dm_ IT 42
& e TT o<
2
Dividing (5) by (6) and assuming @ = constant, yields
dd_ %> 0.5
=L
dt 3 0.5

which may be integrated to give

. 4. 1.5
o
ol 0.5 0.5 -
u p
where t = droplet lifetime
do = initial droplet diameter

= droplet velocity relative to ges
= Qgas pressure

(5)

(6)

(7)
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From equations (3) and (7) we have the following expressions for

froplet lifetime.

2
For stationary droplets t ¢ 290—25 esdme o ()
p L
d 1.5
For droplets in motion R s - S (7)
0.5 p0.5

It might be expected that eqn. (7) should be the most appropriate
for gas turbine application. Unfortunately, however, it is strictly true
only for droplet Reynolds Numbers which are significantly higher than
those normally encountered in gas turbine combustion. For this reason

droplet lifetimes have been evaluated using both equations (3) and (7).

Equation (7) shows how the lifetime of individual drops, and hence the

rate of combustion of the spray as a whole, is largely determined by the size
of the drop. It is, therefore, important to ascertain how droplet size

is affected by atomiser flow characteristics and by variations in

combustion pressure.

Drop_size
Miessa® found at sub atmuspheric pressures that drop size
decreased with pressure according to the relationship d eX p—O'2 .

De Corso6 s using swirl type atomisers, also found that at low pressures
drop size decreased with increasing przssure. However, in the tests carried
out at gas pressures and fuel pressures similar to those enco'intered in
engines, very little variation in diop size with pressure was observed,

The mechanism of atomisation at high pressures is not clear. When the fuel
pressure drop is high atemisation takes place close to nozzls orifice. The
spray intensity is high and, under the turbulent conditions prevailing

in combustion chamrers, the collision rate between drops must also be

expected to be high. Collisions resulting in coagulation can cause an
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appreciable increase in average drop size. However, very energetic
collisions can give rise to secondary atomisation and hence to a
reduction in drop size. The relative importance of these and other
effects may vary from one operating condition to another. More
experimental data are needed on the effect of gas pressure on drop
size particularly at pressures higher than those explored by

De Corso, i.e. > 120 p.s.l.a.

De Corso found an appreciable effect of fuel pressure on
droplet size which is consistent with the earlier results obtained by
N.G.T.E., Lucas and Shell.

The N.G.T.E. formula for kerosine is

0.25

dy = 300 .. Q (8)
0.4
P
where d; = Sauter mean diameter
of drop, microns
Q = fuel flow, gallons/hour
P = fuel pressure drop, p.S.is
T (9)

where F is the atomiser flow number

0§25 »

dm = 300 F
p 0.4
or, dm = 300 E_E:EE_ - f20)
F oY1
or dm oL (“""""p ) soapant e f3)

Equation (11) may be found useful as a ready means of comparing the
mean droplet size at various conditions on the same engine or between
two different engines.

From egn. (9) we have, for any given engine, Q &{ - LN

Substituting this relationship into egqn. (8) gives

i o< _90.25 - ot ;
Q 0-8 Q6555
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Now the air pressure is roughly proportional to the engine mass flow

which, for any given fuel/air ratio, is proportional to Q.

hence dm = constant (12)

P 0.55

Equation (12) proviges a useful relationship between mean droplet size and
pressure although its application is necessarily restricted to one specific

engine.

Effect of pressure on evaporation rates

Case 1. Effect of operating pressure

L8
We have, from eqn. (3) t o 38.5?33”
To any given engine dn e p "0+ (egn. 12)
and U et pO:5 — 13)
Also P o< Q2 o< 2 —_ (14
Substituting (14) into (13) and (12) and (13) into (4) yields
£ T p_l°82 1eddmir 58D

Now the time available for evaporation is proportional to a characteristic
dimension of the flametube, such as the diameter or width, divided by

the reference velocity

i.es avaiiable evaporation time - ﬂ;?;_Eg; _(16)
M2 Tg
where Mo = chomber inlet air mass flow
Py = " L " pressure
Tp = L/ n " temperature
A = chamber reference area
D = " L dimension
For a constant value of Mo T22;5 and constant combustor dimensions
P2
egn. (16) becomes 0
o~ 05
availsble evaporation time o< T
or, f 7 " ek p -0.142 (17)

since T o p0.284



If we now define an “evaporation performance number" E ,

as the ratio of time available for evaporation to the time required

for evaporation; then for any given engine

E £

1.68

p

(18)

Had equation (3) which describes the lifetime of a stationary

droplet been used,

then t &£

and E o£

-1035
P

pls2

(18a)

Equation (16) shows that for any given engine the problem of fuel

evaporation diminishes appreciably with increasing pressure.

Since

reaction rates alsu increase markedly with pressure, it follows that

any observed deterioration in combustion efficiency with increase in

pressure must be attributed to inadequate mixing.

Case 2,

Effect of design pressure ratio

Consider two engines of the same size and same

MT=5

and
P

featuring similar designs of combustion chamber, but one having a

pressure ratio 'R’

maximum pressure we have -

times the other.

(1) (2)
Py == Yo
P -005
Ql e Ro i é QQ'
from eqn. (8) d == R0:25 T-0.125d2
dlos
Now t o s
U p-5
where d 'l RO.25, T‘0-125
p oA R
u =f(P) = constant
0.375 _-~-0.187
hence t el B____T i

(

When both are operating at

where T = ratio of
inlet air temperatur

O+ |

)
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Now T is roughly proportional to ,PO'284
r0.375 r~-0.053
hence t &
R 0:5
or t d R "0-1?8

As in the previous case the available evaporation time is

proportional to R-0.142

Hence E = ! 5 TR
70-142 = R0.178

or ———

Thus in engines of the same size but of different pressure ratio, the

ratio of available evaporation time to required evaporation time is

practically the same, and hence their evaporation performance is the same.
However, if the droplet lifetime is calculated from equation (3)

then

b ok RO.IB

and E e¢ R0-32 _(19a)

Thus equation (19a) predicts an adverse affect of increasing design

pressure ratio on evaporation performance.

Case 3. The general case

Let us consider now the general case of engines varying in
size, pressure ratio and combustion chamber design. Let M and R
denote respectively the ratios of mass flow and pressure of two engines

both operating at their maximum pressure and at the same fuel/air ratio.

Also let N = ratio of number of fuel injectors
LP - fractional pressure loss in chamber
P
L P_ = pressure loss factor of chamber

q



(a) Calculation of droplet lifetime

(1) (2)
Q = MQ o
-1
Fy = M.N"%, Fy
From egn.(8) dy = MO+25 y-0.25 dp
In eqn.(7) t d__l's__
Q-5 p0'5

U = f(P) = constant

p < R
Substitution in (7) gives
0,375
Tl M (20)
NO-375 0.5
(b) Calculation of available evaporation time
Available evaporation time o« -3_ _ (21)
Now vV = M2 To
A Pp
0.5 -
But M2 Tp ot (2P 0.5 _é_]_a___) 0.5 (22)
A Pp Po q
Hence V _, (AP 5 Apl 0.5 0.5 (23)
P q T2 2

0.5 -0.5 0.5
Also from (22) A ,,.ﬁg'fz_ A_P_) Q_Pa
0.5} 0.5 -0.25
Po Py q

Substituting equations (23) and (24) into (21) gives

MO (Ap ) 0.75
Evaporation time ol .

LS 0.25 pl0.75
P2 '1'2 (é.ﬁ

Substitution for M3 = M , P R, and Toet RO*284 yic14s
Ap) 0.75

#0+5 (
available evaporation time o< -
R0.572 AP 0.75

P

Hence E = available evaporation time
required evaporation time
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E

M0-125  0.375  /[ap )0.75
oL

q
0.072 AP ) 0.75 -
R &3 -

For the case of the stationary droplet

(25)

t o MO:D §-0.5 p=0.25

e 20)

and E el . ——(2m)

g0.32 (.g% 0.75
P

Equation (25) applies when the droplet Reynolds No. is high, i.e. at

NO.5 (9_3_)0.75

high pressures, and equation (27) is appropriate when the Reynolds No

is low, i.e. at altitude, Both equations show that evaporation performance
is improved by an increase in number of atomisers and combustor pressure
loss factor, and is adversely affected by an increase in combustor
pressure loss.

Equation (25) also suggests that evaporation performance is virtually
unaffected by engine pressure ratio but is improved slightly by an

increase in engine mass flow.

EXHAUST SMOKE

The problem of exhaust smoke has been discussed in some detail
by Lefebvre and Durrant.7 As a result of tests carried out on the
influence of fuel spray characteristics on smoke formation, they put
forward the view that smoke is produced mainly in the fuel rich region
in the centre of the flame-tube adjacent to the atomizer., It was
concluded, therefore, that "any modification which reduces the
concentration of fuel in this region effectively reduces smoke". 1In
this context the spray characteristics of primary importance are the
spray angle and the spray penetration. These are discussed below in turn.
Spray angle

The effect of gas pressure on spray angle has been examined

experimentally by De Corso. He found that spray angle remained sensibly
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constant up to a certain value of pressure, above which it was appreciably

8 this

reduced by any further increase in pressure. According to Ducarme
contraction of the spray with increasing gas pressure is caused by a
pressure difference between the gases outside and inside the spray which is
proportional to the fuel injection pressure drop. For any given atomiser,
as the gas pressure is increased the fuel pressure also increases and
eventually a fuel pressure drop is reached when the angle of the spray

begins to contract.

Spray penetration

The effect of pressure on the spray as a whole may be estimated
by considering the factors governing the penetration of a single droplet.

An expression for the penetration of a droplet into a stagnant
gas may be derived as follows:=-

If F is the aerodynamic drag force on the droplet, then

F = Cp. ha. RqU? _(28)
2g
where Aq = cross sectional area of droplet
€y = ogas density
U = droplet velocity
Cp = drag coefficient for evaporating
spherical droplet.
Now F = sl o B8 (29)
g dt SESRES———
where m 1is the mass of the droplet.
Substitution for F in equations (28) and (29) gives
AL & aiop, Aa, g 02 (30)
t m W —

2

The distance travelled by a droplet before being brought to rest is

equal to the time of travel multiplied by the average velocity.

According to Ingebo11

i)
Al SO, Ad = —Z dz, m = -Ig‘— d3 and 7“ T0066 =
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Substitution for Cp, A4, m and ¥ in eqn. (30) gives

dlll 16 0,34 1.16
prralt p T U (31)
d1.84
Now dU = dU ,ds = dU _y
dt ds at a5
Hence dS = U, dU__ s (32)
dV /gt
Substituting dU- from eqn. (31) into egn. (32) and
dt
integrating gives
.84 1.84
Penetration distance S ¢ f d (33)
p0.16 TO'34

It is of interest to compare equation (33) with the following
expiession for penetration distance obtained, according to Stewart,9

by Bayleylo using grephical methods.

UD.? 4 1.8 (34)

S &< R~
p0.14 TO'055

Substitution in egn. (33) for U &£ PO<5 and negléecting tenperature, gives

'42 1.84
8" ol w8 (39

p0.16

For any given combusticn chamber P o< Q2 ol p2 Hence egn.(35)

becomes 0,68

5 4L-84

W)

However, from egn. (12) d el p0:55,

Thus S =4 p'0'33 (36)

This eguation shows that on any given engine featuring swirl atomisers
the penetration distance of the fuel spray is inversely proportional
to the cube root of the gas pressure,

Compairing engines of different pressure ratio where the
value of P and hence dm does not vary greatly drom one engine to
another we have, from egb. (33)

S -0.16
e p (37)

e e e s e s

.
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Another effect of pressure stems from its well known influence
on evaporation temperature. As the pressure is increased each individual
droplet must be heated to a higher temperature before it can evaporate.
This means that the "heavy ends" of the fuel, which are the last to
evaporate, attain a higher temperature which accelerates the smoke
producing reactions taking place within them. This effect of increase
in pressure is probably quite small compared with the effects of reduced
spray angle and penetration, both of which combine to increase the degree
of over-richness in the smoke producing region of the flame. Thus one
would expect the amount of exhaust smoke to increase with pressure and
this is confirmed by experience. It is, however, of interest to speculate
on what might happen in regard to smoke formation at extremely high
pressures. As the over-richness in the smoke producing region increases
with pressure the situation might eventually be reached when the resulting
mixiure is too rich to burn although evapcration continues due to the
presence of hot products of combustion and to heat transfer by rddiation
from the flame. Under these conditions the combustion process will be
similar to that in a vaporiser combustor and hence the amount of smoke

produced will be quite small.

HEAT_TRANSFER

High combustion pressures pose formidable problems in flametube
design. These derive partly from the increase in buckling load but
also from the increase in flametube wall temperature with increase in
pressure. This latter effect is shown in figure 3. This figure represents

the results of heat transfer calculations using the method developed by

Lefebvre and Herbert.,l2 Based on representative values of combustion
chamber dimensions and velocity, it shows the influence of pressure on
primary zone wall temperatures in the absence of film cooling. The
increase in wall temp-rature is due partly to the increase in pressure,
which increases the heat transferred from the flame to the wall, but also
to the accompanying increase in inlet air temperature which impairs +the

capacity of the annulus air to cooci the wall by convection. In order to



- 1D =
provide some indication of the relative magnitude of these two effects,

figure 3 shows two lines. The full line represents the combined effects

of air pressure and temperature, while the dashed line shows the results

of calculations in which, above four atmospheres, the value of inlet

air temperature was kept constant and the change of wall temperature

could be attributed directly to the effect of pressure.

Figure 3 is useful in that it provides a quantitative assessment
of the effect of pressure on flametube temperature. Unfortunately
its accuracy is suspect since the calculations of flame radiation and
convection at high pressure relied too heavily on measurements obtained
at low pressures. They emphasize the need for more experimental data
on the influence of pressure, turbulence and fuel spray characteristics
on heat transfer from a flame.

The effect of increased pressure in raising wall temperature
is reflected as an incrzase in the amount of cooling air required to
provide a reasonable flametube life. This is illustrated in figure 4 which is
believed to be representative of many current combustion champber designs.
This figure shows that at very high combustipn pressure almost one-third
of the total engine airflow is employed in film cooling the flametube,

One adverse effect of film cooling is in “chilling” the
combustion reactions taking place near the chamber walls. This has an
adverse effect on combustion efficiency, particularly at high altitudes
where combustion is more arduous due to the relatively low reaction
rates. The importance of this effect may be judged from figure 5 which
shows hich altitude combustion efficiency plotfed against the percentage
cf air used in flare cooling for several Rolls Royce chamber designs.l3

Clearly there is a need for more data on the cooling properties
of various practical types of cooling device in order to ensure that

cooling air is kept to a minimum and used to maximum efficiency.

TEMPERATURE TRAVERSE

Another disadvantage to using a large amount of air in film

cooling is that much of this air tends to stay near the flametube ﬁﬁliéﬁif!ﬁh

i

v
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and give rise to an outlet temperature traverse that is too cold

near the blade root and tip, and consequently too hot at the blade
mid-height. This situation is aggravated by the circumstance that, as
more air is employed in film cooling, less is available for eliminating
this hot core in the temperature traverse by the normal process of
dilution.

The temperature traverse is also affected by fuel spray
characteristics such as droplet size, spray angle and spray penetration,
since these control the pattern of combustion and hence the distribution
of temperature in the hot combustion products entering the dilution zone.
It has been shown that these spray characteristics are appreciably
influenced by pressure, and it is to be expected therefore that temperature
traverse will also vary with pressure, although the extent of this variation
will vary from one chamber to another depending on their design and,
in particular, on their length. However, it is clearly highly desirable
that rig work on the improvement of temperature traverse should be

carried out at the maximum engine pressure.

SUMMARY AND CONCLUSIONS

(1) For any given engine an increase in combustion pressure is

accompanied by'

(a) a reduction in mean droplet size

(b) a reduction in spray penetration

(c) a reduction in spray cone augle

(d) an increase in the evaporation rate number E ,
where E 1is defined as the ratio of available evaporation
time to required evaporation time.

Specifically, we have

Mean droplet dia., dn o£ p_o'55

Spray peiietration, § ot p~0.33
Evaporation number, E o pl+68



(2)

(3)

(4)

(5)

& I 2

Since reaction rates and evaporation performance both increase
with pressure it follows that any reduction in combusiion
efficiency with increasing pressure can be attributed to
inadequate mixing.

At high altitude operation the droplet lifetime may be expressed as

t‘,(_doz

e s e .

p0.25

but, at high combustion pressures

1.
t 39._.3_.
0.5 0.,*r
U e
p
where do = 1initial drop diameter
1 i " velocity

At high pressures the evaporation performance of a combustion

chamber may be expressed as

M0+125  0.37% (Ap ) 0.75
q
E of
0.072 (A p) 0.75
R b2
P
wheie M = chamber mass flow
R = engine pressure ratio
N = number of atomisers
_EE = fractional chamber pressure loss

Thus at high pressures the evaporation performance is practically
indepencent of pressure ratiosi.

It is postulated that at veiry high pressures the rapid evaporation
of fuvel could produce mixtures which were too rich to burn,
although evaporation could continue dus to the presence of

hot (but over-vitiated) products of combustion and to radiation
from the flame., Under these conditions the combustion process
would be similar to vaporiser combustion and the exhaust smoke

would bhe appreciably reduced.
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