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ABSTRACT

" >The paper reports on an attempt to apply Meurer's film

vaporization combustion method (M-method), originally developed for
diesel motors, to the combustion chambers of gas turbines. (in the M-
metiod, instead of distributing the fuel in the air, it is Taid on the
wall of the combusticn chamber and evaporated, mixed, and fired by

means of the appropriate movement of air — the evaporation rate, as a
function of the air velocity, and gas and flame temperature, providing
an additional control element for the combustion process.). The

three points primarily considered in this report are: 1) The formation
of a fuel film of sufficient surface extent on the wall, 2) The
evaporation of the fuel from this wall and its molecular mixing with the
combustion air at sufficlently low temperatures and delay times to
minimize cracking. ‘3) The injection of the fuel-air mixture into a
combustion zone in which oxldation reactions may first take place.’
The characteristics of the M-system are rcallzed in a stationary
evaporatlon tube having a connected reaction chamber: filming ol the
fuel, air eddy, and combustion in & powerful eddy fleid. Fvaporation
heat is derived through recirculation of combustion products rrom the
reaction chamber into the evoporation vone; the intensity of this
rccirculation was measured by plotting the veloclity profile on a series
?f configurations. Tests with several combustion chamber mockups
corresponding in size to an engine with a shaft power of 40 h.p
indicated that operation with blue, smokeless, log—radiation fi;ﬁe is
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possible over a wide range of air conditions, combustion chamber
pressures, and fu=1l types., Orig. art. has: 11 figures.
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GAS TURBINE COMBUSTION CHAMBERS WI'T'H IF1IM LEVAPORATION
A. W. Hussmann

Abstract

Observations that were made in recent years on the combustion

in diesel engines underwent a basic change in the wall

application of fuel as introduced by Meurer (M-method of M.A.N.).
Instead of the fuel being distributed in the air it 1s at ‘
first applied to the wall and then vaporized by a suitable air

movement, mixed and then fired. The vaporization speed which is

agaln a function of the alr veloclty and pas and flame

temperaturc, represents an adaltional control possiblility in the

combustion process,

The 1investigations that are to be reported in thls article,
represent an attempt to apply the M-method in diesel enpglnes

to gas turbine combustlon chambers. The characteristics of the
M-method are rcallzed In a statlonary vaporization tube equlpped
with a connectling rcactlon chamber: film-appllication ot the
fuel, alr vortex, combustion process in a strong vortex field.
The heat vaporization 1s obtalned by means of recirculation

of the combustion products from the reaction chamber In the
vaporlzation zonce. The intensity of this recirculation wou
measurced by measuring the veloclty profile In a serles ot

conflgurations,
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Tests with several model combustion chambers (the size of

which correspond to an engine with a crankshaft perf> rmance

of about 40 hp) show that operation with a blue, smoke-free and
radiation poor flame is possible cver a wide range of air
ratios, combustion chamber pressures and fuels.

The opinion'regarding the nature and the significance of the
mixture formation processes for combustion in fast running diesel
engines havé changed basically in recent years. Meurer was
responsible for this by discovering and developing the MAN-M-method.
Meurer was correct when he spoke of an initial period in the
introduction of the mixture formation in which the fuel 1is
"introduced to the air" by vaporization and disﬁributlng it =as
homogeneously as possible and a sccond perlod In whilch the "air 1s
brought to the rucel" [!]. The same holds true for the most part also
in gas turbine combustion lnasmuch as the "fuel is brought to the
air" by means of vaporization and distribution accompanied by the
same undesirable results on the velocity of a combustion and the
soot formation.

The results that were obtained with the M-method at the
Pennsylvania State University in the USA gave us the impetus to
apply the M-methnd to gas turbine combustion chambers. Dr. Gilinter
Maybach, the son of Karl Maybach, who unfortunately passed away so
soon, worked on the first phase of the project as a doctoral
thesis. His work was published as a doctoral thesis [2] and as a
brief SAL-report [3].

Within the rramework ol this breicel report Lhe mlxture format.ion
and reactlion kincetle performance will not. be given In detatl,
Detalled reports by Meurcer [U] and others ave avallable fne lud g
a doctoral thesls by Zimmer [H] at the [hstitute oy Professor Jaate at
the Polytechnlcal Institute bresden. | would 1ike to deal heve in
the consequences whlch we obLaln from Lhese presentations which,
at that time, had not as yct been worked cut as clearly. ''his
includes the following polnts that are primarily considered in this
report:

FTD-HT-23-872-08 )
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1. The formatlon of a fuel film of sufficiént-surface on a
wall.

2. The evaporation of the fuel from this wall and its

‘molecular mixing with the combustion air under sufficiently low

temperatures and delay times in order to minimize cracking reactions
as much as possible.

3. Supplylng the fuel-air-mixture in a combustion zone in which
the oxidation reaction then takes place.

The prevention of the fuel decomposition prior to oxldatlon
which was mentloned In number 2 above is very important in order to
prevent the formation of soot and for slow combustion, that is, the
appearance of yelilow flames. 1 shall omlt the study on the type of
fuel supply and the film propogation on which Maybach [6] has already
reported. After several preliminary tests we came to the solution
that vaporizatlon takes place the best in a tube through which very
rough air flows. 1In &> doing, we have already taken the wall
appilcation and the air turbulence from the M-method. Of course,
the turbulent alr provides another function to the M-engine in which
the alr speed as requlred for vaporization and the thermal mixihg
effect is attained for combustion in the centrifupal field by means
of the turbulence. The turbulent field also satisfies the additional
function by means of recirculation in the vortex core. 'The heat that
is necessary i'or cvaporatlon ls obtiained from the combustion zone in

the vaporlzatlion zone.

This 1is made c¢learer ie the schematlce drawing shown 1In Hipfmo 1 of
the flrst combustion chamber test stand. Thls test stand corresponds
to the conventlonal design in which the air rflow Is divided into a
primary portion which 15 used primarlly for turbulence, mixing, and
combusting the fuel-air mixture; into a secondary portion which
.gain unites wilth the main portion in the flame tube and is used
primarily to keep the exhaust smas temperature of the turbine within
tolerable limits.

FID=-HI-23-872-08 3
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\_. Orifice: \ Reaction shambar
Vaporization Gibe

© Fuel inld®

Fig. 1. Schematic drawling of the first combustion chamber
test starld.

From the schematic drawing in Fig. 1, we can see that the
primary portion flows through a nozzle ring which produces the
turbulence and then into thc vaporization tube. The fuel 1is
introduced into the vaporization tube under slight overpressure behind
the nozzle ring through radial holes. The incoming velocity of the
fuel is kept so low, so that vaporization does not take place but
rather that the (uecl is spread by the alr In aplral paths on the wall
of the tube in the form of fllm strips. In order to join the
individual strips in an unbroken film, a minimum number of openings
are necessary which, in our case, amounited to about 8. In most
tests, 24 to 32 openings were used.

In order to prevent the fuel from cracking, as was already
menticned above, the vaporization zone was separate¢d from the
combustion zone as suggested by Doctor Maybach. In Fig. 1, therefore,
the vaporization tube follows the "reaction chamber" in which the
main portion of the combustion takes place and in the latter there
is a sudden expansion and then a renewed constriction of the flow
cross section. The reaction chamber opens up into a flame tube in
which the secondary air tlows throiyth holes where 1L mlxes wlith 1
the combustion.gases. We only found out later that this flame tube
1s superfluous and that the mixture of both air currents can take
place in the space that 1s formed by the tube shaped obsersvatiion
window. The omission of the (lame tube has an additional advantage
in that the flame cian be observed through the window without
hinderance. The mixing tube is f'ollowed by a coolling zone, which
is not shown in the figure above, which can be rcgulated by means

of water injection and by a butterfly valve through which the pressure




level can be controlled in the combustion chamber. Nevertheless,
there was a variable restriction in the secondary flow by means of
which the ratio of the primary to the secondary alr could be
changed.

The reaction chamber 1s connected to the vaporization tube.
It was found, however, that it was necessary to isolate the reaction
chamber from the vaporization tube 1in order to prevent heat bYeing
conducted to the vaporization tube. When the vaporization tube
became too hot cracking of the fuel took placé which was connected
with yellow flames, soot and deposits in the vaporization tube.

This first test stand ctill corresponded Lo the presentations
of a conventionial combustion chamber in the primary and secondary
flow each of which flow parallel through the throttle point which is
formed by a light sheet metal which causes the turbulence in the
primary portion and the inlet opening in the flame tube in order to
mix the secondary portion with the combustion gases. By means of
the mutual separation of this throttle section, the ratio of both
of the partial flows 1is regulated.

Regenerator
| o Combustion chamber
- :IN',‘\": / - e
P )
D‘7 [ Turbine 11
1

Compressor - Turbine 1
i

Fig. 2. Schematic drawing of a conventicnal gas turbine
engine and heat recovery.

A achematle of a conventlonal gas turbine engine 1s shown in

R,

]

i, 2 which wlli correspond to the combustion chamber test stand .§
shown in Iig. 1. As wlll be shown .ater, 1t ¢an be seen that in the i
ilm vaporizat.ion combust.lon chamboer onty o 1iLLlIe more than a -%
atoichiometele oler mixtare (A = | {o |.'l) need::s Lo tlow |,|||-n||"|| t:he ;é
vaporlzatlon tube, o engines wlilh heat pecovery we msl . howevey, .ﬁ-
by
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work with quite a high total ratio of A in order to keep the turbine
inlet temperature within tolerable limits. Even in the case of full
load and acceleration, the ailr ratis must not be less than about fﬁnm
5 to 6, whereas in the partial throttle areas it can drop to about
15. By means of the vaporization tube with its pressure loss that g
necessary in order to produce the turbulence only a small portion of
the total air need only flow through it.

It is obvious, as 1is shown in Fig. 3, only to allow the secondary

portion to flow through the regenerator. In so doing, the throttle
losses in the turbulent producer and the pressure l'ossecs which are
necessary for the heat exchanger, must be conneccted parallel and the
entire pressurc loss 1s reduced considerably.

. " Regererator
- --~}-’VWH— --------
;—“t‘W. Wi A
Seocondary air- TR e " - |Combustion chamber

r'ﬂv‘#o I
Primary atr- " | i ,Turbine 1

Varhblo turbulomo L ! Turbine I1
throttle .
Compressor—f-

——

Fig. 3. Schematic drawing of a gas turbine engine with film
vaporization combustion chamber and h2at recovery only in the

.

secondary air flow.

Naturally, we could also basically imagine a clreultl such as
this for conventional combustion chambers. 'This 1ls not possible from
a practical point of view because 1n a conventional flame tube
combustlon and mixlny In conneeted with sccondary aifry.  In the
proposed '1im cvaporatlon with the subsequent. venelor chamber Lhe
combustion 1s cssnentially Timited Lo Lhe reactor chiamber and Lhe
mixing can take place with sccondary alr wlithout essentlal loss In
pressure and independently of the combustion.

The second combustlion chamber test stand which correspornded to
an arrangement of' this type, 1s shown schematically in Fig. A, The
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primary and secondary air flow can be regulated and measured
separately in this installation. The heat exchaﬁger and the
regulator valve make it possible to monitor the temperature increase
and the preessurc Jors In Lthe repencpator,  In conteast, to the ripoy,
Least stand 1o whieh o nodzle erhyys T oused an o Lturbuleneoe gopepeator,
the priamary alr fflows through a controllable tangential inlet slot
in the vaporization tube. 1In Fig. 4 it is also shown that the
vaporization tube 1s not cylindrical along its entire length but

) rather a portion of it 1is conical in order to increase the recircula-

tion from the reactor chamber as will be discussed. ;
Seoondary air ?
f"s Sa Obeervation wintow é
Tangential 3
Rrarrads o ]
‘N—‘M}épark plag \ ;
1gnition streem 1
Fuel supply
A
Primary air
Fig. 4. Schematic drawing of the second combustion chamber
test stand.
The separation of vaporization, mixing, and combustion lIs
possible only when the heat that 1is required for vaporization is
returned by reclrceculation from tLhe combustion zone. This was made
possible by utillzling the negative pressure Lthat 1s pgenerated In the
vortex core in comparison Lo the pressure on the output of the
react lon chamber by means off which Lhe scecondary Flow alltows o sbrong,
recirculatlon r'fow [‘rom the reactlon chamber Lo be attatned o Lhe
vaporization tube. In Fig. 5 we see schematleally Lhe flow components
in a plane through the tube axls. 'The size of this reelrculation flow
s can obviously be influenced by the layout of the inlet sllt, the
length and conicity of the vaporization tube an. the geometry of the
reaction chamber. As was lndlcated, a real flux of secondary alr in
the reaction chamber as well as air and combustion gases from the
reaction chamber take place in the vaporization tube. 1In order to
concelve the magrnltude of the recirculation three measuring planes 1
A, B and C in connection with a speclfic conflpuration are piven of

ety
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the throughput rate that was measured in a flow model. These values
hold true without combustion. Accordingly, in connection with a

100% total throughput the reflux in the reaction chamber is 120%,

in the vaporization tube (B) it is 70% and even at the beginning of
the vaporization tube (C) in the vicinity of the fuel supply it is
s8till 9%. After combustion takes place these values are, naturally,
reduced. This stroang negative flow of mass which again reverses and
must flow in a positive direction'not only has the effect of the
secondary air to take part in the combustion and te bring heat into
the vaporization tube, but it also has the desired effect of producing
a radial exchange component and increases the turbulence. Also the
still unclear relationship between the velocity profiles, turbulence
and vaporlization in a crooked flow cannot be delt with in detail here.

c

09%
- 9%
| s -
T - -
: A
L Wt ML
g
P
—[i“ ¢ ’ ' 2 ’
. L - - = )
Fusl supply ring \ = ¢

Tangential air inlet

Fig. 5. Schematic drawing of the velocity components in an
axial plane.

The tangentlal components of the velocity that were measured with
a hot wire are shown in Fig. 6. These measurements were made on a
model of a somewhat larger diameter than the combustlon chamber shown

in Fig. 1. 'The counter pressure was atmospherle and the diftference
pressure, l.e., Lhe veloelly, was suitably selected for Lthe et
condtbiomn, 10 wae Loterable o was proven by comparat tve Tovest -
tiony over o wlde veloelby range, Lhat the veloelty prott e and

consequently the reclrculatlion asslistance were ITndependent ol the

absolute velocity as was expecled.
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Fig. 6 Tangential velocity measuring plane 25 mm in front of i
the reaction chamber 2.5"@x8" length; 6"-5° cone, 5"@ reaction §
chamber, 3"@ outlet. b
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Pigme 1. Axial veloclly,

The vetoelty prof'tle shows o form which Taoa colid body
turbulence except. In Lthe outer cone,  This roem can, nateeally, be
manipulated somewhat by Lhe form and the direction off the tnlet ciot.,
In this way 1t 1 posslible, for cxample, to move the veloctty maximnum
more toward the axis. In so doling, the reclirculatlon assistance
becomes smaller but Interestingly the penetration depth tn the
vaporlization is greater.
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The accompanying axial components of the velocity are shown in
Flg. 7. We can see that the reflux in a tube core of about 60%
of the radius with about the same velocity as the outwardly directed
flow results. In order to make a comparison of the mass flow ratio
possible the same axial velocities are presented in Fig. 8 over the
square of the radius in connection with which the surfaces under the
curve are then to be considered as the mass flow. The recirculatioa
from the reactor chamber in the vaporization chamber, thus, amounts
to 71% here.

Wall

e-e,r: Soo'mm H',O
Py-F, 2-40mm P{,O

e

lhdd fokd

At
A

Measuring 'plm:
A ia
o Al-astsan
N—| :"' o - ] l '
|
’g‘ 02 | L ' 1 tyl-ztz 1lrc7lltion
= J veloc i o/ B/8
2 /_ : "%u resireulation/
< | TSR
| |
I [ .| %
-20 =15 -0 -§ 5 0 5 m,i"

Fig. 8. Axial velccity (mass flow) (25 mm in front of the
reaction chamber) 2.5"@x8" length; 6"-5° cone, 5"@ reaction
chamber, 3"g outlet.

The extent Lo which the recircutation Js influcnced by the
coniclty and by the slze of the inlet slot Is shown In Flg. 9. In
thlis case, for cxample, the reclrceulation In a conteal tube docreanced
from 76% Lo 26% by Increasing Lhe tanpgential Intet slot by foue § o,
In the cylindrical Lube Lhe corvespondlng valucs only amount ed to
29 and 19%. All ol these flow Lests were conducetod Tnoa model with
air at room temperature and atmospheric counter pressure. "“he
velocity proflle and recirculation ratios will certainly change in
the combustion operation quantitatively; however, there is o

tendency to remain equal.
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Fig. 9. Reclrculation from the reaction chamber,

T'he combustlion chamber tests were at first conducted with the
combustion chamber shown 1n Flg. 1 in which, unfortunately, only the
total throughput could be measured and by throttling th: secondary
alr the ratlo of the primary to the seconcdary air could be changed.
Basically 1t was shown even in the first tests that it was possible
to operaute with a blue flame over a satisfactorlily wide range of air

ratios. In Flg. 10 pressure losses and efficiencies for two throttling

positions in the secondary alr flow are shown with a pressure in a
combustion chamber of 2 ata. The efflceliney was attalned by means of
very careful tempcerature measurcments and with the use of
stralghtening blndes and estimating Lthe heat losses. 'The efficlency
1s satisfactory and 1t is noteworthy that they remaln equally high
over all alr ratios. 1L was, tLherefore, not shown how an optimum

and a corresponding decrease In the efflcleney tor Livpe and small

alr ratlios 1s obtalned in combustion chambers with fuel vaporization.

“mr‘—’-- 3 i\ .-l '_- L] ol

P 1

N B U
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P ] 50 7 00 125 150
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Fig. 10. Efficiency and pressure loss (combustion chamboer) alp

throughput 0.157 kit/s, pressure 1.0% ata, Inlet temperature 1770,

11

R A ke e

o)

w g

e e A




On the second test stand the primary and secondary air could

] be measured separately and the amount of the primary air could be
changed by means of a variable tangential opening with constant
throttle in the secondary flow (regenerator). It was, thus, shown
that for the operating limits of the combustion chamber the primary
air ratio only 1s of importance and that, thus, there is no "poor"
boundary to define as the primary air:fuel ratio in connection with
| the "blow-out" inlet,

The boundaries of the hlue flame In the second test stand with
variable, tangential air inlet and cylindrical vaporization tube
are shown in Fig. 11. JUnfortunately, pressures and inlet
temperatures are comparatively low which was due to test stand
conditions. Higher inlet temperatures expand the range of the blue
flame; higher pressures, on the other hand, reduce it as is
understandable. By means of tests within the framewbrk of tne possible
changes this tendency was established.

ko/s
Q081

e o g oo

. PR
S 10 20 k
Retio of primary air to fuel ~»

Fig. 11. [Plame llmits in the combustion chamber ot Lie
- cylindrical vaporization tube M@x63 mm, pressure 3.3 atag
) inlet temperature 200°C, diesel fuel.
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In the selected limits of the pressure difference between inlet
and mixing chamber of from 50 to 150 mm Hg and a variation of the
inlet opening of irom 1 to 4, operation with a blue flame could be
obtained even when diese! fuel was burned over the range of fuel
and primary air throughput of from 1 to 6 each. In order to
maintain operation of this type with a blue flame, 1t is necessary
to couple the fuel flow and the primary alir-inlet opening.

The insensitivity to fuel quality could be determined by the
character of the film vaporization.

Operation with a blue flame was possible up to a pressure of
3.5 ata with JP4, JP5, heating fuel and with standard diesel fuel.
The flame 1limits that are shown 1n Fig. 11, for example, were determined
with diesel fuel. 'The exhaust gzas in each case f'ell in the blue
flame range without any visible or mecasurable soot and deposits were
not present in the vaporizatlion tube, reaction chamber, and mixing
tube. It was preassumed, of course, that the combustion alr was
preheated to a temperature which corresponded somewhat to that of the
compressor.

The fact that the vaporization heat originated exclusively from
the recirculated combustion gases was proven indirectly in two ways.
If the engine was operated with preheated primary air but with cold
secondary air (room temperature) vaporization was slight. It was
then clearly visible how liquid fuel entered the reactlon chamber and
how it burned Incompletely 1n long yellow flame 1lnes. As was proven
in the flow tests, secondary alr passed through the reaction chamber
to the vaporization tube whereby the temperaturcs with cold secondary
alr could be too low. On the other hand, it could be proven that by
heating the vaporization tube wall with electricity to a temperature
of about 300°C the flame 1limlts were hardly influenced.

Since the combustion 1s limited to a very small range and no
long flames are required the energy conversion per unit design volume
and pressure unit 1s quite large. For the combustion chamber shown

in Fig. 1 with a total alr ratlo of %0,a combustlon chamber load of,
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for example, 90-106 kcal/m3h-ag was measured the volume of which

included the entire vaporization zone, reaction chamber and flame
tube zone. '

The tests that are described in this article have proven that
basically converting the M-method of diesel engines to gas turbine
combustion chambers 1s possible. An essentlal advantage was shown
in the fact that combustion with a blue flame in a wide range and with
various fuels, including diesel fuel, was possible. In so doing,
soot, stiong radiation and deposits could be completely eliminated.
It 1s expected that with still higher combustion chamber pressures
operation with a compleﬁely blue flame 1s no longer attainable but
that the advantages of flame vaporization that are described arc
maintained for the most part. The tests that are described 1n this
article were limited by tLhe glven laboratory conditions with regard
to pressure and air temperatures and, of course, an cntlre serles of
questidns remalned unanswered.

Author: Professor Doctor of Engineering Albrecht W. Hussmann,
Institute for Combustion Fngines and Power Vehicles of the
Polytechnical Institute Munich.
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