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I Introduction

An impulsive duct is a power generator the principle
feature of which is a pulsating gas cclumn and
intermittent combustion. It is also kunown as the
gas column engine, intermititent duct, recoil pro-
pulsion unit, buzz bomb motor, aero- or hydro-pulse
motor, ete., and its numerous applications cover a
variety of patents, designs and projects referring
to the jet propulsion of aireraft. The principle

of these engines was devseloped in Germany during
the war and applied to the V.l fiying bomb motor.
This adaptation of the impulsive duct was degig-
nated AS 0l4 in Germany, or FZG 76 in Great Britain.

II Summary

German research work on impulsive ducts was confined
to the following centres:-

1, Argus Aeroengines (Berlin), under Dr.Ing.G.
Diedrien, and sponsored by the Luftfahrtministerium.

2. Munich - where the originsl inventor Ing.Paul
Schmidt worked.

2. Engine Research Institute, Technical University
of Stuttgart, where research work on model impulsive
ductg was carried out under Professor Kamm. The
firm of Alfred Karcuner (Winnerden, near Stuttgart)
sollaborated.

4, Schmidding Werke, Schmisdeberg, near Riesenberg,
Sohleslen - investigations sponsorsd by Schmidding.
The firm of Klockner-Humboldt-Deutz A.G. collaborated.

Although by the end of the war the development of
fundamental principles was well advanced (flying
bemb engines were in production), it was considered
that they were not completely undcrstood. Up %o
that time calculationg were largely empirical, and
based on experimental dats, so, in order to carry out
a more detailed investization, a speclal committee of
seientists was formed. The work of this committes
is descHbed in Section VII.

III Development of the duct under the Luftfahrt-
minlsterium

Dr.Ing.G. Diedrich started his resezrch work on im-
pulsive ducte at Argus Aercenginses (Berlin) in KNov,
1939. He was subsequently transferred to the Luft-
fahrtministerium in 1943 to correiate research work
garried out by other estabilishmentis.
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Dr. Disdrich prepared a report (ref. 1) consisting
of f£ive parts:-

a) Historical outline of the development.

b) Aero-resonator testing plants.

¢} Constructional development of the aero-
resonator. _ '

d) Theory of the combustion process.

e) Methods of increasing the power developed.
Pertg a) and b} only have been published to date.

In & review of patents, Diedrich classifies lmpul-
sive duct designs into two groups:

a) Non-resonators.
Phe inventions of Lorin (France 1908), Holzwarth
(England 1908), Goddard (U.S.A. 198l), Stipa
(Italy 1940), and Fairey (England 194Z) are placead
in this group. :

b) Aero-resonators. :
The inventions of Marconnet {(France 1909), Karavodine
(England 1910}, Zselyi (1913), ERheinst (Holland 1930)
and Senmidt-Argus (Germany 1930-40) are placed in
this group.

It should be noted that a non-resonator can de con-
verted into an aero-resonator by adjusting the fre-
quency of opening of the automatic inlet valve to
correspond with the natural frequency of the duct.
The design of this valve constitutes the main pro-
biem in the operation of an aero-resonator, and the
best contribution to its solution was advanced by
P. Schmidt, who invented the "mouth-organ™ type
reed valve, which was adopted by Argus and later
incorporaied in the V.l motor.

Diedrieh's early experiments at Argus Aeroengines
were carrled out on a small aero-resonator of the
evaporation type, the design of which was based
upon the inventions of Rheinst (Swiss Patent No.
196312 of 1930)(fig. 1). The object of these ex-
periments was to develop an auxiliary motor for
agsisted take-off.

The first impulsive duet (fig. &) was eonstructed
in 1939. Design details are as follows:
Exhaust pipe - length 60 cms., diameter 2 cms.
Frequency of operation - 200 ceycles/sec.
Tne duet was supplied with compressed air and
petrol.
Aceording to Diedrich it was merely a resonator-
burner. Thne air intake was constructed in such a
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way that the Rydraulic resistance to inflow was much
less than the resgistance to outfiow. The effect cof
self-ignition was epparent from the first tests, and,
on account of the glowing exhausit pipe, it was termed
"slow-pilpe™ or "residual-gas™ ignition.

A8 a result of collaboration with P. Schmidt further
impulsive duct developments occured. In 1940 a non-
resonator burner type (fig. 3) was constructed. 1In
this deslgn approximately 10% of the air was supplied
by & compressor, and the remsinder was induced

through the spriag valve by suction., Finally, in
1941, the protodype of the V.l moter (fig. 4) was pro-
duced, which has remained comparatively unaltered
since then.

Diedrich consldered that a most important step in the
development of the impuisive duct was the consiruc-
tion of the fuel mixing device. This was the result
of intensive research, carried out by Diedrich, who
coneiuded that a high velocity of air at the point

of fuel injection was nrecessary. This produces an
intinate mixing of the air with the fuel. The device
finally desigued by Diedrich (and adopted by Argus
Aeroengines) is a suction mixing type, and consists
of an atomiser placed in the throat of a venturl-
shaped air passage (fig. 5).

The first trials of the Diedrich-Argus duct as a
thrust generator were carried out in Feb. 1941, wizth
the duct mounted on a car, which was driven at
speeds up to 60 m.p.h. In April 1941 flight testis
were made with the duct installed beneath the fuse-
lage of a gmall biplane. The idea of using the

duct for flying bomb propulsion was advanced in 1942,
and this gave a strong incentive To tThe final devel-
opment of the Argus duct, which was conducted in
establishmants such zs Fiesler Zelle (constructicn
of the V.l plane designed by Ing.Lusser), Ascanis
(steering and contrcl gear), Wankel V.W. (test of
spring velves), Peenemunde (experimental runs and
launching site 1944), L.F.A.Volkenrode (wind tunnel
tests) and D.F.S.Alnring (test plants development).

Wind tunnel tests by Dr. Zobel at L.F.A.Volkenrods
1943, showed a rapid drop in thrust at the flight
speed of 180 kms./hr., which was tThe proposed
flight speed of the V.l bomb. This waa due o the
drag, which was subseguently reduced by redesigning
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the inlet nozzle, and thus deocreasing the intake
losses. :

It was planned by the Luftfahrtministerium to set

up &8 basic research sstablishment at Ainring, under
the direction of Professor Georgli. The develop-
ment of a correct technique for experimental testing
was undertaken, and a complete test plant was bailt,
with test benches speciglly designed for impulsive
ducts.

At the same time, scientists throughout Germany were
encouraged to conduct research work indcpendently.
Thus several reports of & theoretical nature appeared
8.2, a study of the stability of the cycle by
Professor Becheri and Dr. Marx of Giessen Universitiy
(ref. 10).

Diedrich tried several methods Ifor improving the
thrust output and efficiency. Of these the following
are of interest:-

a) Additien of nitrous oxide (G.M.1) to the com-
bustiorn ailr as an oxygen carrier; tThis produces e
suvstantial Ilncrease of thrust.

b) Special construction of spring valves {#Sicken-
klappe™) which would improve the free passage of air
and thus increase the volumetric efficlency. These
were developed at Wankel V.W. by Professor Triebrigg.

¢} Combination of an &ro-resonator with a Lorin
impuisive duct (fig. 6). 4An order for a prototype
of this unit was placed with P. Schmidt {(Munich) in
1943,

d} Construction of a duct comprising an auxiliary
turvine fed with gases from the combustion chamber
(fig. 7) - tested at Peenemunde in 1945.

IV Work of Paul Schmidt

Schmidt's early inventions constitute attempts to
improve the performance and efficlency of airecraft
propulsion plants. In 1928 he decided that the most
promising objective of research in this field, would
be the study of the generation of thrust from inter-
mittent explosions of petrol-air mixitures.

By the snd of 1929, he had applied for a patent fcr
a thrust generator (fig. 8). It consised of (i) &
gentrifugal blower (ii) & conical combustion chamber
{iii) a diffuser and fuel Jjet (iv) an ignition plug
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and (v) a Melot type thrust augmentor. Schmidt rea-
lised that, although theoretically such a thrust
augmenior should produce approximetely 50% increase
0of thrust, 1o practice little thrust augmentation

was obtained because of the high mixing losses. He
was convinced, however, that the acceleration of a
large mass of air in the form of an air-piston, was
egsential in orier to obtain sufficient thrust from
the comobustion of & comparatively small mass of fuel-
air mixfurae.

In April 1930 he put forward tne fellowing proposals
in German Patent No. 52365b.

"A method for the production of driving forces on
aircrait by the detonation of combustible mixtures,
characterised by the faet that a quantity of air,
the waight of which exceeds that of the combustible
mixture by & multiple, 1s accelsrated airectly
through the force of the excegs pressure oi the mix-
ture exploded.”™

Thege proposals contained the firgt sketen of an im-
pulaive duct. With reference to fig. 9, the working
é¢ycle may be descerived ss follows:

Podgition (a) represents the combustion of a petrol-
alr mixture oscupying a small section of the duct
near the inlet valve. The excess pressure of the
explosion initiates a movement of the alr-pistod in
the direction of the open end, snd, at the same time,
reacts on the closed valve, procduciting the sffective
propulsive force. :

Position (b) represeunts an intermsdiate poskion of
the combustion froant following the expansion of the
hot gases.

Position (¢) representsihe instunt when the pressure
of the expanding gases falls below atmospheric, thus
causing the valves 1o open and a frash charge of ailr
to be induced.

Position (d) represents & further time interval,

when the fuel iB injected inte a portion of the fresh
air coluwn now filling a large part oI the duct.
Position (e) repressunts the instant when the duct is
filled with a fresh charge of fuel-air mixture in
front of the column of air. At this instant ignition
oeeurs, and the cycle recoumences.

At the request of M. of S., Dr. W. B8tern (Chief
Scientist, V.R.I., Germany) and the prosent author,
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Paul Schmidt has prepared a report (ref. 2} describ—
ing his work. It is divided into three parts.

I Invention, research, and conflicts.
Schmidt describes the development of his early in~
ventions, whiceh was stopped abruptly in 1940 by the
interferenee 0f the Luftfahriministerium. The
results of his experiments on single explosions in
scale model ducts containing various fuel-air mix-
tures, details of combustion and gas flow experimenta
and bench test results from full scale impulsive
ducts are worthy of note.

Schmidt admits that his basic idezs were not original,
having been put forward by EBaravodine in 1910, (fig.
10), but he claims io have dliscovered this at a later
stage in his work.

He concentrated upon the development of full sczle
ducts . 3Bench test meamurements of the performance
of his latest duet (No. SR BOO = produceed in 1940)
are represented 1n figs. 1l and 12. They indicate
& thrust of approximately 550 kgms. and & peirol
consumption of 0.8 gms./iec,/kgm. thrust. The duet
consisted of a conical section and a straight tube.
The former had a diameter of 2850 mms. behind the
inlet valves, and inoreased to 510 mms., diameter at
& sectlon approximately 500 mms. behind the inlet
valves, where 1t was Jjolned to the straight tube,
wnich wae approximately 2,9 nmtrs. long.

In eon@unction with his werk on simple impulsive
duets, referred to by the inventor as "Schmidt-aucts®
or "Schmidtrohr" Schmidt developed units compris -
ing a free pieton compressor, which were referrea to
ag "Schmidt-engines®™ or "Schmidtmotor™. Prolotypes
‘of the latfer appeared before the Schmldt duets.
Research work on these units had to be abandoned in
1234, owing to the complete lack of interest shown
by the Luftfahrtministerium. He resumed this work,
however, at a later date, anf€ in 1942-45 carried out
bench tests on the latest version of this engine,
iilustrated in flg. 13.

It was designed as a high altitude propulsion unit,
and was charged by a single-stage.blower, driven by

a gas turbine. The existing protobype is without
these auxiliaries, and oselllograph pressure mesasure-
menis, taken from the test bsnch in 1945 and illus-
trated in fig. 14, show that peak combustion pressures
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were approximately 100 atmos.

It was Sohmidt's opdnlion that his engline could at-
tain high overall efficiency, and compete with
existing aeroenginses.

A petrol consumption of 175 grms./thrust H.P. at a
sea level flight{ speed of 1,000 kms,/hr., corres-
ponding to an overall efficianoy of approximately
20%, was claimed. ‘This would insrease with higher
Speeds, and the output was limited to the range 200-
400 thrust H.P.

The relatively hish performasnae of these engines
was said to be due to the speed of the free pistoen,
which was approximately five to ten times that of
an orthodox aeroengine piston, and to the high com-
bustion pregsures obtained.

II Description and eviluation of detalls,
This part, written in 1944, presents a detailed
analysis of each component of the impulsive duct,
including basic jheory, design methods and calcul-
gtions, bench test resuits and performance, and
suggestions for improvementis. The working cyecle,
described 1n greater detail, emphasizes (fig. 10)
the action bf the air swing-back at the rear of
the duct. Fig. 15 is self-explanabry. Horizontal
broken lines denote air, vertical broken lines
denote combustible mixtures, and the dotted area
denoteg burnt gases from the previous cycls.

Sehmidt measured the velociiy of the flame frout,
and found it to be espproximaiely 200 mtrs./sec. in
a single explosion duct. He also established that
the compression waves were propagated with a mean
velocity Cp, = 800 mtrs./sea. As the observed fre-
quency of combustion in the experimental ducet of
length L = 2.43 mtrs. was n = 82.5 oycles/sec.,

the number of waves travelling dlong.the duct during
one c¢ycle is given by:

Cm &oo =

- ——

N & &2 85X 248

calculations of pressure changes, mass flow, exhaust
veloeity, thrust and efféciency are based on the
agssumption of simple harmonic oscillations of the

air particles. The mouth-organ inlet = valve (fig.lé)

Z =
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is designed in such a way that the natural frequen-
ey of the reeds is egual to the frequency of the
working cyecle of the duct.

A special fuel mixing devics (fig. 17) which, as
distinet from Diecrieh's mixer, is & pressure itype,
was designed. Sehmidt expected these mixers to be
superior to the veuturi injectors in the V.l engins.
4 numoer of such fuel mixers (fig. 18), each approx-
imstely 2" diameier and placed ovehind the inlet
valve, should reduce the fusl consumption, since
their action is intermittent and automatically syn-
chronised with the combustion cycle, whilst Diedrich's
mixtures flow continuously. Ioreover, by Ccecuyying
a comparatively small space, they enable a duct To De
designed, which is asercdynamically superior %o the
Arzus design, which must have an enlarged combusiion
chamber to accommoiate the venturl tubes, and create
satisfactory conditions for ignition.

in example of bench test resultis is illustrated in
Fig. 19, which shows the net thrust (gross thrusi
less ram Grag) and specific fuel consumption of duct
No. SE 100.

Schmidt- used the term "specific thrusi™, defined as
the ratio of the thrast obiEied to the oross-secional
ares of the duct, and determined typical vallies e.g.
0.27 -~ 0.35 kgms./sg.cm. for the Argus AS 014, which
was a large duct, (565 mms., max. diameter, 350 mms.
talilpipe dizmeter, 340 kgms. thrust). Ducts of
smaller ceross-seciion and inereased lengih 4id not
yield these figures. .

In considering possible improvements, Schmidi sug-
gested that development should be directed Towards
obtaining higher combustion pressures and sycle
frequencies. He quotes as & practical pessibility,
pressures of approximately 5 atmos., which he re-
coréed during single explosion experimenis. 1In

nis opinion, higher fregueucigs could Dbeé obizinec
in ducts having s small ratio’ of combustlon chamder
ecross-gsection to tailpipe cross-section, waich
would also reduce dreg.

IIT TFundamentals, computations and prospects.
A more comprehensive analysis is glven in this part,
winich was written at a later date.



An intersting comparison of the thermodynamic effic-
lencey of an impuléive duct with that of a Lorin
athodyd, operating on the Lencir cycle, is silven in
figs. 20 and 21, In fig. 80 Q' represents the heat
generated by ram effects, and @ represents the heatl
of combustion. fThe advantage of the Schmidt eycle
is most marked at low speeds, when the ram effeci is
small, but falls orf rapidly with increasing flight
Mach Ho. fThus, 8%ero forward speed, the efficiency

of the impulQi e duct is 30%, whereas that of the
Lorin duct is zero, but at a Mach KNo. of unity the
efriciency has fallen to three times that of the
Lerin duct.

The assumption of constant pressure combustion iu the
athodyd is reasonavle, but the ascumption of coastant
volume combustion in the impuldive duct is an ideali-
isation. Schmidt tnerefore introduced a combustion
gfficiency factor (2. anﬂ evaluated the overall
efficiency of the & gt ? as a function of the f£light
speed (V) for different values of q% and the excess
gir factor (k)(fig. 22).

He considered thaet a combustion efficiency of 60%
eould be achieved, and that it should be possivle To
obtain 80% under development. The overall efficiency
would then become approximately 9-12% at a flight
¥aeh No. of unity and an excess air factor of 3.

V Regearch work at Stuttgart

The experimental work was carried ocut by Dipl.Ing.
W. Dirr and the firm of Alfred K&rcher, under the
direction of Professor Kamm, who coL;aoorated with
Schmidt. The objecis of the resezrcn wWere (i) to
develop a small size heat gensrateor wilh a compars:
tively high heat output and (ii) to carry out an
investigation of scale model iupulsive Qucts.

The first objeet is especially attractive bdecausse
of the nigh heat tramsfer coefficient which can oe
obtained in the duct, where the combustion gases
are in & state of turbulence due to the pulsating
Tlow.

Experiments were initiated on straight fubular

ducts of Schmidt desizn (fig. 23). The *first, 100
mms. diamster and 3 mirs. long, had a heai output
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of 300,000 WE/hr., which was considered too high.
Accordingly efforte were made to construet smaller
models (20-40 mms. dimmeter), but, after one year's
work, they had not been successful.

It was discovered however that the tubular duct did
not have to be straight; it could be twisted into
any shape without affecting its action.

In the next stage of the research a small heat geun-
erator (fig. 24) was developsd. It worked without

a valve, on vaporised petrol supplied at a pressure
of approximately 30 lb./8q.in. The fusl system con-
sigted of a pressurised tank, Bimilar to that used

in a simple blowlamp, an evaporator with a startlng
burner and an inj)ector. During the working period

of the ddet the fuel was vaporised by passing the
sup.ly pipe through the combustion chamber. The
duct worked gquite well, and the performance (fig.25)
i{ndioated a peak pressure during the combustion cycle
of 0.15 atmos. The maln disadvantages of this duet
were the difficultiss connected with the vaporisation
of fubl e.g. carbon deposits on the fuel lsads and
choking of the injector.

These Gisadvantages were overcome by the development
of a heater utilising liquid fuel without pre-vapor-
isation or pre-compression (fig. 26). The fuel was
sucked into the combustion chamber by the depression
developed there during the cycle. To obtain these
conditions the air inlet was fitted with & non-return
valve, and the combustion chamber joined to a long
resonating exhaust tube. The nen-return valve con-
sisted of & circular aluminium plate approximately
3 ins. dismeter, containing a number of equally
spaced hemispherically seated holes approximately 3%
diameter. Small hemispherical cups were held loosely -
over each hole by a circular steel gauze Dbolted to
the plate through the centre (see fig. &7). Further
detalils of the heaters are as follows:

Frequency - - 60-120 cycles/sec.

Tube length - 1300 mms. (fig. 29).

Peak pressures - 1.3 atmos. and -0,75 atmos. (fig.

28
Heat output - 30,000 kgrm.cals./hr.

Finally the hot gas blower for aeroengine ;ground heat-
ing was developed, and manufactured by Karcher. In



this adaptation, the heat gensrated by the impuisive
duet is transferred to a large mass of alr, which i=s
induced across the tubing, and mixed with the ex-
naust, by means of a Melot type augmentor fltied to
the open end of the exhaust tube. The temperature

of the exhaust gases is thus reduced to approximately
120°C., with the heai oulput remaining at 30,000 kgrm.
cals. /nr.

At this stage the second object i.e. the investigation
of scale madel impulsive ducts had gained in import-
ance. The V.l flying bombs were in full producticn
and, by model research, it was hoped to determine and
improve the altitude performance.

The scals models ranged from 40 mms. to 100 mms. dia-
meter., Three main combustion chamber shapss were
investigated (fig. 31)(1) the conical-shaped 95 B,
(11) the barrel-shaped 95 4, and (i1i)} the cylindrical
95 Z model. The inlet valve wes of the same iype as
that fitted to the hot gas blower (fig. 27). The
regearch was carried out in the high altitude wind
tunnel at the Institute® It was established that the
amount of induced air depends to a marked extent on
the shape of the combustion chamber. Fig. 32 shows

a comparison between 95 A, and 95 2 (95 B had an in-
cressed valve dlameter an& a larger combustion cham-
ber and it cannot therafore be taken into account
for comparison), which are exactly the same size.
Type 95 Z, with a sudden change of oross-section be-
itween the combustion chamber and the exhaust plpe,
shows & greater decrease in the rate of induced air
flow, than in type 95 4j.

The dependents of the temperature on the rate of air
flow was represented by the following empirical

aquation: .
! _6_(_7_
Ga 7.

* Heat Engines Laboratory of the University of
Stuttgart at present attached to the Dept. of Theoret-
ical Physics under the direction of Professor Fues.
The lﬁ%grabry,.heavily damaged during the war, is

now indjcharge of Dr. Paul Riekert, former assistant

of Professor Kamm, who is now in the U.S.A.
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The available thrast (net thrust less the gerodyna-
mic drag} of & duct A0 mms. diameter, plotted against
altitude, for a flight spced of 600 kmtrs./hr., is’
ghown 1in fig. 33. The thrust law for this flight
gpeed is ziven by:

_.S\ﬁ- _ _d/i) 1'39
SO &’0

where S = thrust
¥ = air density
Suffix (y) refers to the altitude concerned
Suffix {4) refers to standard sea level con-
ditions.

The performance invesitigation consisted of deter-
mining the available thrust and specific fuel con-
sumption, for various altitudes and flight speeds.
Typical results are illustrated in fig. 35. Iz
was established that the best method of mounting
a duct on a flying body was that iilustrated in
fig. 36, where the vody forms a reservoir for the
induced air, ard thus reduces the drag.

Finally, very attractive and interesting experi-
ments were carried out on the combination of a
namber of ducts coupled together &s one unit. If
correctly coupled two or three ducts worked suc-
cessfully in phase 1.e., the combustion in each of
the ducts followed at equal time intervals., Fig.

37 represents the effect of coupling two or three
ducts, and 1t shows that the mean change of thrust
XX obtained is much more favourable 1In this case,
than in the case when each duct works independently.

The coupling could be affected by a cross-duct,
the length ©f which must be adjusted so that the
component ducts work successively i.e. at egual
time intervals between the corresponding pheses of
their oycles. For example, in the case of two
ductg, if the pressure in one attains iis peak
value, the pressure in the other should be at its
lowest value. Thus iff denotes the length of the
duct and x the distance of the cross-duct junction
from the inlet valve, the length of the cross-duct
ig €iven by:

a = 2(¢ - x)
If the duects are coupled at the inlet valve (x = 0)
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the distance would be g = 2{; if they are coupled
at the exhaust end (x =4 ), the corresponding dis-
tance a = 0, The effect of the length of the cross-

dgct on thrust and fuel consumption is shown in fig.
38.

The simplest way to couple three ducts is by binding
togther thefr exhaust ends. Figs. 39 - 41 represent
photographs of such a unit reund at Professor Kamm's
Institute. Further development was stopped by the
end of the war. It should be noted, howaver, that it
was considered by the Germans to be so promising,
that a design consisting of two ducts of the type
used in the flying bomb (A4S 0l4) coupled together,was
under construction, and it was expected to obtain a
thrust of 660 kgrms. (double that of the AS Ol4) at
once, with possipilities ot a subsequent improvement
to 800 kgrms.

The end of the war also hindered investigations into
the use of fuels other than petrol for lmpulsive duets,
commenced as tne last stages of research at the In-
stitute. Preliminary experiments carried out with
heavy fuel and cosl dust were, according to Dr. Riekert,
quite promising, but they have not been menticned in
Durr's paper (ref. 3). The only ewidencs of this work
is the experimental set-up left at the Institute and
represented on figs. 48 - 45, which show photographs
of the set-up, details of the fuel supply, and the
valveless inlet nozzls.

VI Research work by Schmidding

The Luftfeshrtministerium placed an oréder with Messars.
Klockner-Humboldt-Deutz A.G. (KHD} for the devslopment
of an impulsive duct, the design of which was to be
based upon proposals advanced by Drs. Schwirle and
Elwert on behalf of Schmidding. Work was commenced by
an attempt fto improve the performance of a Rheinst
agro-resonator (fig. 1), but, after introducing sev-
eral improvements (Lederle's invention, see ref. 4
page 76} and registering patents, this resgearch was
terminated,

The main effort was then directed ftowards the develop-
ment of a KHD Engine, or Schmidding Unit, consisting
of a number of ducts working in parallel, and mechan-
ieally synchronised. This was accomplished by having
several cylindrical combustion chambers placed side by
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side around the clrcumference of a c¢ircle. The unit
was fitted with a rotating inlet valve at the front of
-the combustion chambers, znd a simllar exhaust galve
at the rear. The laycut resembled the Stipa invention
(patent, Italy 1940). The cyele time for each dact is
given by:

T = n.dt
where dt = time interval between explosions in adjacent
- qucis.
n = no. of ducts.

The przctical and theoretical investigaillons of the
KHD Engine, were pui under the charge of Dr. Richard
Brandt, who described his work in three papers (refs.
5,6 and 7) dealing meinly with theoretical aspects of
jet prepulsion and ccmbustion flames in tubes, with
special application to impulsive ducts.

4Yis first paper on Jet propulsicn motors with contin-
aous and intermittent combustion formed his Doctor's
Theesis, and 1s of a general and fundamental naturs
charascteristic to a paper of this kind. It is =&
purely theoretical work, in which the author presents
an analysis of such problems as development of power
from gombustion, the energy balance, efficiency of
jet propulsion units, kinetics of combusiicn flames,
combustlicn fiemes in tubes {open and closed)}, ignition
and combustion of fuel-air mixtures, etc.

Some of the results of his invesitigatiions are repre
sente@ in fig. 46, showing the dependence betwsen
the overall efficiency of ihe duct {the product of
internal and external efficiency) at & flight speed
of 250 mirs./sec., and ths excess ailr ratio for the
following cases:

a) Rapid coumbustioxn.

t) Slow combustion.

¢) Constant pressure combustiion.

In the first two cases, comparison ig also male Dbe-
tween the assumption of no neat flow across the duct
walls, and of heat flow across the walls g, = 0.2q,
where g denotes the eat of combusticn.

The case of constant pressure combustion has been
evaluated under the essumption of ram efficlency
apprbximately egual to 90% and the diffuser effic-
jency spproximately 95k.



The fiase of "rapid combustion™ implies the develop-
ment of a steady detonation wave. Brandt found that
the thermodynamic efficiency of & cycle consisting
of this type of combustion, an adiabatic expansion
and 8 constant pressure exhaust is approximately
10% higher thati the efficiency of a Lenolr cycle
i.s. a cycle similar to the former, but with com-
bustion at constant volume. If if{ is assumed that
the heat of combustimn ¢ = 650 cals./kgrm., ¥ = 1.3
8nd R = 29.4 kgrms.*C. {conditicns obtaining ino
practice) the efficiency bscomes Ttn = 30.2%.

He established that, tneoretically, if the coubus-
tion front velocity is not less than 100 mtrs./sec.,
the cycle efficiency is approximately ihe same as
for constant volume sombustion. The flame veloclty
attained in the V.l flying bomb duct was approxi-
mately 70 mtrs./sec., but, asccording to Brandt, the
improvement of this veloeity up to 110-120 mirs./
sec. sesumed possibls.

Brandt was especcially interested in combustien in-
volving a detonation wave. He analysed The condi-
tions leading to the development of a steady detona-
tion wave, and described some very interesting
considerations ¢f this problem in his seccnd paper
{ref. 6).

His lact paper (ref. 7), dealing with unsteady flow
in pipes, has not been completed 2nd 1s under pre-
paration in Ulm, Germany.

¥II Theoretlcal aspecis.

The theory of operation of impulsive ducts atiracied
the attention of Germany's leading scientists, who
contributed many papers pertaining teo special as-
pects of the problem.

An early contribution was made by Professor pusemaun
in 1936, who presented a theory ror a version of the
Sehmidt-engine comprising a free-piston combustion
chamber. A most interesting result from tuis work

is the evaluation of the H.P., which coild be devel-
oped theoreticaliy in a duct ol this type, as a
funciion o the ratio of flight speed to the relative
velocity of the exhaust gases (assumed tTo have a con-
stant value of V, = 1,230 mtrs./sec.)® = V/V,, Zor
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different values of the ratio of the mass of in-
cuced alr at each cycle to the corresponding mass
of the fuel mixture \= Gp/G; (fig. 27). The com-
bustion cycle was agsumed t0 be & simple Lengir
type with efficiency m, = 28%., Unfortunately the
usual type of impulsivé duct titited with & non-
return valve was noil considered by Professor
Busemann since, &t the time of his report, this
type had not been developed.

Professor Busemenn's assistant, Ir. G. Guderley,
introduced a number of refinem.nts to the theory
by taking into account compressibility effects,

and his analysis of the performance of the Senmidi-
duct ooth at rest and under flight conditicns
appeared as an Interim Confidential Volkenrode
keport (rer. 9) in 1939,

It is unfortunatqthat the copy of this paper sup-
piied to the guther is in parts unreadable, and

no opiniecn can be expressed as to the value of it
contents. ‘

In 1943 & Professor K. Bechert and Dr., H. Marx
produced a very laboricus and lengthy report (ref.
10) on order from the Luftfahrtministerium. It
dealt mainly with the stapvility of the combustion
¢ycle ana the ensuing problems such as fuel supply,
atomisation, optimum alr-fuel ratio, ete. The
theory was based upon the assumption of oscilla-
tions of finite amplitude and, according to the
authors, toeir analytical caliculations were in good
agreement with experiiental results.

It nas peen realised in Germany that further devel-
opyment of the impulsive duct depends to a ;resd ex-
tent oan investigations of the fundamentals of un-
steady flow of gases. Fundamental wvesearch was
carried out at Volienrode by Professor 0, Lutz and
nis collaboraters (ref, 1ll). Dr. Hummel, working
under nis direction, investigated the so-called
"poaderomotoric™ effect of sun oscillating gas col-
umn in a pipe (ref. 1l2). This effect can be ob-
gerved in an arrangement as shown in fig. 48, where,
0y causlng pressure waves to De propagated along s
Pipe closed av oune end, a positive thrust in the
direction of the clesed end is obtsined. According
to Professor Lutz this is due to the fact that the
efflux takes the form of & turbulent jet whereas



the influx is laminar (fig. 49). This is of direct
interest to the development of impulsive ducts, where,
as was pointed out by Schmidf (see fis., 15) and sub-
gsequently revealed by theoretical investigations of
Professor Schultz~G3runow, the action o:r the air in-
duged at the back of the tube (air swing-back) is of
great iwportance to the working cycle. It contri-
butes to the compression of the subseguent charge and
agsists the ignition (fig. 52).

Professor Lutz conducted the evperiments with Meled
type thrust augmentors applied to unsteady Jjets. He
concluded that the augmentation effect in this case
is much grester than with steady flow, thus confirm-
ing the arguments put forward by Ing. Schmidt at the
start of his work.

Professor Lutz obtained a series of photographs by
use of the interfefometer method, which show details
of mixing of two gas sireams in an augmentor applied
to an unstseady Jjet. It appears from tihem that with
a design giving the correct ratio of mixing guces,
the induced air is accommodated betwwen the cluv-
shaped portions of the exhaust gases {fig. 50) and,
since then no mixing oceunrs, the mixing losses are
minimised. In fact, from measurements faken simal-
taneously, the thrust augmentaticn proauced :1s as
high as 50% of the net thrust of the unaugmented jet.

Unpublished resuits of sexperiments on nitrous oxide
injection-into impulsive ducts are held by FProfessor
Lutz. The nitrous oxide {G.M.l} wnich is added 88
an oxygen carrier %o the combustion air, produces

a substantial iunprovement in the efficiemcy.

Important contributions te the siudy of theoretical
ga9 dynamics as applied to impulsive ducts, were made
by Professor Ssusr (ref, 13) and Pfofessor Schultz-
greacw (refs. 14 and 15). 4heir methods are oased
upon the Riemann .heory of unsteady flow, in wiich
the transmission of a pressure wave is used as a
flow characteristic. The propagetion of such a wave
ig represented graphically on a time-disience dia-
gram. fThe most conclusive of the above reporis is
‘the last one {ref. 1l5) presenied in 19%946. As the
copy available at the GFerman Documeants Unit 1is ot
very clear, it is descrived here 1n qetail, Dresent-
ingz, at the same time, a good exam.le of the method.

t
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For waveform calculations the following relationship
ig used: ' '

* 2
u == As
Au =
where Au = change in gas velocity
Ae = change in the loezl veloclty of sound
¥ = ratio of specific heats

The velocity of propagation of & pressure wave is
glven by:

w==%a +u
where w = velocity of propagatiion
a = tpezl velocity of sound (the plus and minus
sizneg signify the positive and negative
directions along tne x-axis)
u = velocity ot the particles

The pressure rise during combustion was taken Irom
experimental results and the corresponding change of
stzte was assumed to tzke place adiabatically and
gimultaneously throughcut the whole mass of the un-
‘burnt charge (hence horizontal pressure lines in Tfig.
51). It was furtner agsumed that Lhe duct was cylin-
drical, and that the exhaust gases had the same ratio
of specific heats as the unpurnt charge. These assum-
ptions imply that the duct is originally fiiied with
a nomogeneous g£as at constant pressure, whicn is sub-
jected to arn adiavatic change impressed on a limited
region frcm tne cutside.

A grapnical construclion ot the wave propagation was
devised, This is shown in fig. 51 in the form of a
time~distance diggram, in wnich pressure waves are
represanted by couniinucus lines and rerefaction waves
by broken lines. From such diagrams, by consldering
sections &t x = constant, or at i = constant, the
time variation of the pressure (velocity, etc.) at
any ceross-section, or the pressure (velocity, ete.)
distribution sleng the x-axis at any given time, caun
be determined. The non-dimensional parametersT = a1/t
for time, and § = x/¢ for distance were used, where

L = length of the duct

a1y = loesl velocity of sound 'in the initial state

o1 the air at rest.

The state of the gas within the boundaries of each zone
is considered to be constant, but varies from one zone



to another, b5eing indisated in each zone by the two
non-dimensional paramsters of state a/al {(upper fig-
ure) and u/a; (lower dizgranm].

In order %o simplify the intepretation of the dia-
grams a sketch of the wave propagation, consiructed
with the. help of fig. 51, is shown in fig. 52. 1In
tnig diagram positive and negative pressures are in-
dicated oy plus and minus signs, whiisi the arrows
indicate the uirsciion of flow. The physical inver-
pretation of this diagram is facilitated by remem-
bering the fact that waves of compression are reflseci-
8d as waves of compression from a clesed end, and as
waves of rarefacticn from en ojen end, and waves of
rarefaction are reflected as waves of rarefaciion
from 8 closed end, &nd as waves of compression from
an bdpen end. In the laiter instance an iuflow of air
from the surroundings tzkes place at the open end.

The compression waves A'A", originating from combus-
tion dGuring the first end second working cycles,
initiaie an expulsion of the gas at pesitive pressurs
and sonic veloeity from the end of ihe cuct., For
this reason the rarefaction waves B'B"™ are reflected
ag waves of rarefsction C'C® until this excess posli-
tive pressure has veen reduced. The subsequent rarse-
faction waves D'D" will he reflected as compressicn
waves E'EW, producing an stwmospheric staie at reet.
Such a state exists in all reglons marked I.

The rarefaction waves G'C"™ initlate & suction peric
at the duct inlet. Whnen the flrst wave arrives The
valves are siill shut and, owing to inertia, will
open gsradually. The first waves are thersfore re-
flacted as weves of rarsfaction F'F", and the last

¥
ones as compression waves 3' during the first working
cycle, whilst ne veflecwion takes placs in subgeguent
cycles., Waves G' comcine with the pressure waves AV
originating from the second ignition, thus smplifying

their effect. The waves of rarefacticu F' are re-
flected as coupressiocn waves H' from the end of the
duct, and cause aa ianflow with meximum ges veloeliy
u/a = 0.18. This sir finzlly occupies ons gighth of
the duct.

This phenomenon of iaflcw (or alr swing-bagk) at the
end of the duct, hes been demonstrated experimentally
by Psul Schmiét (fig. 15). It appears from suovsequent
considerations that it plsys an important part in the

f



working process of the duct,

Waves H' cause an excess preggsure to persist at the
iniet end affter completion of combusticon. The time
variziion of prescure at the front end of the duet,
deduced from the time-distance diazram, is shown in
fig. 52. It compares favourably with the experiment-
al results ovtained by Paul Schmict (fig. H24). In-
cidental.y, the Tnecretical pressure cnange at the
inlet as deduced frcm the time-distauce dlagram, ex-
plains the origin of the saddle {marked with ihe .
lettsr E) on the experimental curve of fig. 54, This
saddle is apparently caused by waves K (fi:. B2) ori-
Zgineting from rarefaction waves F' produced oy reflec
tion of the rarefzc¢ticn waves C' at the valves, which
are then about to open. 7The galdle is therefore en-
tirely due to the valves, and the stiffer the springs
tne more ne=rly shculd lhe saacle approximate to a
point. :

Furthermore the graphical analysis of the flow pheno-
mena 1n anﬁmpalsive cuct shows that an egsential cerit-
grion for correct functioniug of the duct is the
production of gompressicn waves.

Firstly, 1t can be seen t.at ducts decreasing in dia-
meter towards the rear end will not function well (sese
ref. 1/4). Secondly, the furctioning of the duct de-
pends con the opening ratio of the valves, i.e. con the
retio of maximum free crogss-gection of the valves to
the duct cross-sescetion. It can be deduced from fig.

52 thaet 1f this ratlo is ico large the duct will neot
funcetion. This is caused by the fact that in the cace
of an cpeninsg ratic waien is too large, the msjority

of waves reflected from the wvalves are ccmpression
wavces G, and very few rarefaction waves F' are reflcc-
ted., The waves H', reflected subsequently from the
open end, are thus entirely waves of raerefaction and
tLhey result in a weasksning or the subsequent explosicn,
If, however, the opening ratio is correct, the majorlity
of wavoes are rarefsction F' (fig. 92). The corres-
ponding refleciions sre compressicn waves H' accompanled
by an air swing-back, and the subseguent explosion is
reinforced.

These coumsiderations explain clearly one of the mest
icportant features of the flow in an impulsive cuct,
nanely, the effect of valve desigun on the correscet fune-
tionin: of the duct. HExpressed in simple terms, if the



opening ratlo is too large the tflow throcush the duct
predominates over the oscillation process, and, in
order to ensure sufficient pressure rise during con-
bustion, a return osclllation, or air swing=-back
action, is necessary.

Under flight conditions 8n inereased pressure level
at the valves is obtained, the uiifference correspond-
ing to the dynamie head. If the flizht speed is tco
high This rise in pressure makes it impossivle i1or
the induced fresh charge to be at a pressure lower
than the exhaust. This results in a condition simi-
lar to that arising from excessive valve-opening
ratio, and the duect will fail to functlioan for the
same reason. Moreover, if the valve-opehing ratio

i1s constant, the compression shock which initiates
the combustion becomes weaker as the flight speed in-
ereases.

Since automatic inlet valve -opening would pe lmpract-
icable, Professor Schultz-Grunow suggests the adapta-
tion of a cap plzced 1n front of the iniet valves
(fig. 55). This cap would reduce the effect of the
full dynamic pressure, normally acting directly cn
the valves, and would aiso diminish the total drag

of the duct. The snnular entry slot could be desliyn-
ed in such a way that the fresh air would remain at
approximately atmospheric pressure regerdless of
flight speed. An alternative measure for reducing
the losses caused by an incorrect valve-opening retio,
co.lu be efrected by a mechamiczl conitrol cof the
entry cross-section leading to large valve-opeunlng
ratios over shorter periods, iustesd of small rstics
extending over large periods. This wo .ld recuce the
flow losses at entry, whiist enaviling,al the saune
time,a late and very sudden openin; ¢i the valve. 4
late openinz would cause very powerful rsrefzciicn
waves F', since the first rsrefaction waveg C' would
now meet a clesed valve. A sudden openisg wo .1d »nuo-
duce conpression wavec!G', and both effects wouid Iun-
crease the subsequent expiosion ant the turust.

Althouszn the applisation of the method of charscier-
isties, as oresentec in the above consiueraticns,
explains clearly tae gqualitative details oI ihe gas
flow, its usse for design or even for a comparison of
the performance of various ducts 1s linited, since
it cannot ve apoiied to the detsiled analysis of
comoustion proper. A4t the outset the flame front

.



travel nhas to be assumed, as was done by Pfofessor
Sehultz-Grunow and Professor Sauer who based their
calculations on Schmidt's experimental data.

It is interesting to note that 1n Germany no res-
earch woerk has been carried out on specific combus-
tion provlemsg which wouldflead to the calculation
of the flame front travel in the duect. Sueh work
would bridge the gap left between the thieories of
Professor Busemann, Professor Bechert and Schmidib,
pased on the assumption of sinuscidsl oscillations,
and the detalled analysis of the propagation of
pres-ure waves as presented by Professor Schultz-
Grunow and Professor Sauer.
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Fig.l. Rheinst evaporation aero-resonator

(1930).
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Fig.2. Diedrich/Argus resonator burner (1939)
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Fiz.3. Argus non-resonator burnsr (194%0).

Fig.4. Argus aero-resonator (19%0).
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5., Disdrich suction fuel mixing device.

Fig.6. Diedrich aero-resonator combined
with the Lorin propulsive duct{igh3).
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Fig.7. Biedrich aero-resonator with en
auxiliary turbine (10¥L/us),

Fig.8. Schmidt patent of 15Z9.
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Fig.9. Schmidt patent of 1930.
(Germsn Patent Nr.523655)
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Fig.10. Karevodine combustion chamber (1910).
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Fig.11. SR500 on the test bench (Schmidt).
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Fig.l4. Pressure changes in the combustion
chamber and in the air duct of Schmidt
engine (Schmidt).
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Fig.1%. Working
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e of impulsive duct
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Fig.17. Schmidt fuel mixer.
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Fig.18. Intake of SEK500 showing inlet valves
and fuel mixers (Schmidt).
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Fig.19. Test bench results of SR100 (Schmidt).
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Fig.20. Theoretical cycles of impulsive
and propulsive ducts (Schmidt).

LFig.21. Comparison of thermal efficlencies
of impulsive and propulsive duct (Schmidt).



)
i g -2 F
* o g
»
: zm"é
'] |
n Ll *.f-ﬂ.
» /] | 1
. ¢ L -
. 27t
7
e 4
& ( I3
R vad 1
F_ :
M e

Fig.22. Theoretical overall efficiency of
impulsive duct as a function of
flight velocity (V or M),air excess
ratio (k), and combustion efficiemcy (7,)
(Bchmidt) g

Non-return Ignition plug Resonance tube
valve

Fuel supply

Fig.23. Simple impulsive duct (Durr).



Combustion
Chamber

Mixing nozzle

Fig.24%. Small heat generator (Durr).
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Fig.26. Lay-out of the hot-gas blower (Durr).

Fig.27. Automatic inlet valve of the
hot-gas blower.
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Fig.28. Pressure change in the combustion
chamber of a hot-gas blower with
the resonance tube 1300 mm long (Durr).
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Fig.29. Resonancs tube of a hot-gas blower.
13mm inside diameter. (Durr).

Fig.30 Hot-gas blower manufactured by Kdrcher.
Heat output: 30000 kcal/hr.
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Fig.3l. Three main types of mod?l ducts investigated
at Prof.Kamm Institute.(Diirr)
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Fig.32. Air mass flow through three
model ducts at ram presgsure
of 600mm water.(Durr).
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Figs.39-41. Three-duct unit at Prof.Kamm Institute.
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Figs.42-4Y4. Experimental set-up at Prof.Kamm Institute.
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Fig.4%. Stipa patent (Italy,15%0).



g.

overall efficiency,9

!;A
a/3=0.0 .
i)
0.158
> rapid ¢ombustion
1g/4 = 0.2 |
..A—'---_..-‘.--J----J
-7 ‘eondt . vpluge comblhigtien
, -
0.10 /}r’ T~ Ja/q=p.0
/7310w dombustion ~— f
L_—- —-.-'-.-J qq}rq q 0-2 \
""'15.__- -
gy
-~
I "!-.,,_
.
| S— |
g.05 '
qQ/ - 1 dﬁ/ —
5 10 15 A

Fig .46 . Overall efficiency, , of a duct as a function of
alr-excess ratio, » gvaluated for the following
three casea:

1. constant pressure combustion
2. slow constant volume combustion
3. rapid constant volume comgystion
Assumed flight velocity V secC. (Brandt) .
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Fig.48. Dr,.Hummel experimental arrangément
for the study of the "ponderometric”
effect of oscillating gas columns.
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Fig.49. The process of efflux and influx of
the oscillating gas column in an open
pipe.(Lutz)
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fig.50. Thrust sugmentation of a pulsating jet.
(Lutz).
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Fig.53. Thearetical pressure variation at the
front end of the duct (Schulz-Grunow)
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Fig.>4. Indicsted pressure at the front end.
Experimental diagram of P.Schmidt.
(8 chulz-Gtunow)
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Fiz.55. Impulsive duct with nose-cap for reducing
the effects of dynamic pressure a%t valvaes,
(8chulz-Grunow)




