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SUMMSRY

The various methods of applying jet propulsion to the helacopter
are considered, particularly the use of ram Jets fitted at the blade
tips and the pressure jet (Doblhoff) system where the fuel-air mixture
is conducted along the bilades to combustion chambers at the blade taps.

The efficiency of these two systems 1s compared with the conven~
tional reciprocating~enganced helicopter in terms of payload and
cndurance Tor czamples of typical helicopters of 2,500 1b and 10,000 1b

gross weight,

The fusl consumptaon for the Jot systems 1s much haigher than for
the recaiprocating engane but therc is & considerable saving in the
power plant weight., TFor flaghts of very short duration, the ram jet
type of htlicopter can carry an increascd payload., Duc to the hagh
fucl consumption the possible chdurdnce is scverely restricted., Tho
pressure Jot systom operatos as 2 compromlse between the ram jot and
conventional helacopter configurations.






LIST OF CONTENTS

Page

1 Introductaon 5
2 Rem Jet System 3
3 Pressure Jet (Doblhoff) System 5
4 Performance 7
4ol General consideraitions 7

Lv2 Conventional Helicopter 8

ko3 Ram Jet Helicoptor J

bdoiy Pressurc Jet Helicopter 9

5 Results of Comparaison 10
6 Discussion 10
Reference 1

LIST OF ILLUITRATIONS
Figure

Ram Jet Fuel Consumption 1
Pressure Jot Fuel Consumption 2
Payload~Endurance, (onventicnal Helicopter 2,500 1b 3
" " " " 10,000 1b 4

" " Ram Jet Helicopter 2,500 1b 5

" " Rar Jet Yelacopter, Bingle Rotor, 10,000 1b )

" " moon " s Twin Rotor, 10,000 1b 7

n " Pressurce Jet Helicopter, 2,500 1b 8

" 1 " H] it s Slngle RO'UOI‘,
10,000 1b 9

" n bi] t n s TWlIl Rotor’
10,000 1b 10
Comparison of configurations, 2,500 1b Helicopter 11
" " " ; 10,000 1b Helacopter 12






1 Introduction

Thers are several obvious advantages in the use of et propulsion
for helicopters, The elaimination of torgue reaction and the reduction
in the complexaity of the power plant installation are very desirable
features, The extreme simplicity of the ram jst is a particularly
attractive possaibaility, llowsver, the opcration of these syatems under
reasonably suitable propulsaive conditions results in a reduction in the
aerodynamic efficicney of the rotor.

In considering the application of Jet propulsion to the helicopter
to replace the reciprocoting cnmine syston, thore arc scveral mothods
by which this cculd be dona,

(a)  Darect replaccment of the reciprocating cngine by o gas turbine
cngine.

This 18 obviocusly not 2 satisfactory method, Nonc of the disw
advantages of the rceiprocating wnginc have been eluminated but  the
comparative simplilcity of the gas fturbine type should be considered.
In iddation, the jet engias 1s vorking under unsatisfactory operating
conditzons, Duc to the high rotational speed of the gas turbine,
conglderable gearimg would bHeo hecessary.

(b}  Small ¢as turbinc engines 2t the blade $ips.

These engines would be very small and, although working under
reagonablc veloeity condations, it 13 vory doubtful if an efficient
engine could be developed to work under the high centrifugal
aceelerations and t0 give recsonsble weight and drog conditionsg
for the required power,

(¢} Ram gets 2t the blade tips.

This 25 the meost attractive system due to 1ts extreme samplicity.
{8) Pressure jet (Doblhoff) system

A reciprocating engine in the fuselage drives an alr compressor,
Fuel 1s added to the 2ir leuving the compressor and the mixtbure
conducted along hollow blades with addaitional compression from the

centrifugel foreces. Combustioun theon takes pluace at the blade tips.

Methods {2) and (b) are not cconomic propositions and only
methods (e) ond (@) ere considered in this report.

2 Ram Jot System

2.1 Qeansral

The ram jet 1s the most simple form of combustion engine, consist-
1ng esscntlally of a drffuser, combustion chomber cnd nozzle.  On the
helicopter the ram jets would be [itted =t the blade tips and the fuel
conducted along the blade,

The ~dvantages of the rsm jet system compared wath the conventional
helicopter are:~

%13 simplicity of installation.

2) extramely low power plant weight.
(3) elimnation of transmission, gearing, clutch etc.
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(4) elimination of torque reaction, with the consequent saving
in weight of tail rotor and taal fuselage.

(5) no moving parts and no lubrication necessary.

The disadvantages of the ram get system (other than the high
fuel consumption, which 1s dealt wath in detail) are:-

(1) diffaculty of zonducting fuel from the fuselage to the
rotating blades.

(2) wvibration due to any dafferences in thrust of the ram x ta,
(3} control dafficalties duc to high inertia of the blades.
(4) poor autorotational choracteristics.

(5) difficulty of cobtaining satisfactory burning under high
centrifugal acceleration conditions.

(6) complications in starting the rom got univs.
{7) high noase level.

2,2 Fuel Consumption

The fuel consumptions for the ram jets are_based on unpublished
work by Baxber and on American data by Brozowskil., The specific fuel
consumption 1s a function of the free stream lach number, the velocaty
of the air entering the combustion chamber, the ratio of the burning
temperature to the amblent air temperature and the diffuser, nozzle
and combustion efficiencics.

The analysis has been made in terms of these variables and the
valuss of fuel consumption for the practical operating aonditions on
the helicopter were obtained on the following assunmitions,

In order to keep to a reasonable length of ram jet, the value
of the ratic of burning temperature to ambilent air temperature was
limited to 6. Thie ecorrcsponds te a burning temperature of the order
of 1700%K.

8ince the free gtreom Wach nurbor of the ram jet units will be
restricted to about 0.8 from consideraticns of suitable rotor cperating
conditions, therc 1s no nced ¢ 1mpose any limit on the air velocity
at the entry to the combustion chomber and the ram Jet can be operated
at the optimum thrust coeffigiunt vwiucs.

The adiabatic efficiencies of the diffuser and nozzle were taken
as G.8 and 0.95 respectively. The combustion efficiency was assumed
to be 0.9, which may be optimistic in view of the short eombustion
ochamber cnvisaged, but lack of information mokes 1t lmpossible to
predict any more accurate valuec, The specifie fuel consumptilon is
approxamately inverscly proportzonal tu the rombustion ef'fzciency.

The pressure loss, due to asrodynamie losses, in the combustion
chamber was assumed equal to the dynamic head at the combustion chamber
gntry.

on the abov: assumptions, the specific fuel consumption for the
ram jet operating under the roeguired helicopter condifions was obtained
in terms of frec strcam (blade tap) Mich number 2s given in fig, 1.



2.3 Applicaticn to helicopter

In epplying the ram jets tc the helicopter, a three bladed rotor
configuration has been 2ssumcd, The roter performance for the hela-
copter 1s calculated and the thrust required from vach ram, jet
evaluated.

The size of the raw jet 1z then found from the flow conditions in
terms of the thrust =nd arch number ind can be evaluated {sea level
oonditions} in the form

T o= 2,2y~ e

where T 18 the thrast an lbs
D 1s the Jet diameter in inches.

Howwing found the size of the rom jet, the drag can be evaluated
from vualable wind tunnel dote on hodies of revolution and drag tests
of =z faired rom Jet. The vilue uscd wes 0,009 1b ger sg.1a. frontal
arca 2t 100 ft/sec,

Addiny the thrust and drag, the gross thrust reguired from the
rem jet 1s votained, The drog must then be re-~evaluated for the
ineresed ram jet size wnd the final thrust and sizme of rom get
rogquired is obbained by ocuccossive approxam>tlon.

The weight of the rem pet units 1z very small but can be
evaluated, assuming rexscnible velues for the length/diameter ratio
cnd for the wall thickness. The total weight of ram jet power
systom (excluding any starting systems) may be tuken as 0,25 D<.

3 Pressure Jet (Doblhoff) Syatem

32,1 (bneral

In the pressurc get systom, an zir gomprossor, located iIn the
fuselage, 15 draven by =2n ordiniry reciprocatlng crglhe. Fuel 13
added to the compressed alr and the mixture conducted through glands
in the rotor head ard along the blades. Further compresgion is
obtained from the contrifugal force iction. Combustion takes place
in combustion chambers at the blede tips, producing the reguired jet
thrust. Considerable work on the developmont of this schene was
done by Deblhoff in Germany,

The advantages of this system compared with the conventional
helicopter arc:-

(1) elimination of torgue reaction and consequont saving in
welght of taill voter and tail fuselage.
(2) elimination of transmission, gearing, clutch ete,

(3) abilaty %o operite tho rotor at any rotational speed
independently of the rompresscr engine speed,

The disadvantages are:-

(1) dafficulty of producing gas-tight glands to conduct the
arr-fuel mixture 1nto the rotaiting blades,



{2) necessity for vapourising the fuel and maintaining a
reasonable fuel distribution throughout the mixture, under high
centrifugal accelerations, 1f reasonzble combustion efficilensy 1s
to be attained.

(3) wabration due to any differences in the thrust of the
Jet units.

(4} control difficulties due to the high inertia of the blades.

3.2 Fuel Consumption

The fuel consumption and optimum operating conditions for the
pressure Jet system were estimated by the following method.

The get velocity zis gaven by
v; = 253 Ky AT

where Kp 1s specific heat at constant pressure

P 0. 29
and AT = T‘ie T5 1l- k‘P—
2

-

where Tg 1s the expansion efflclcncy
T3 15 the maximum combustion temperature
P, 1= the inlet pressure at the compressor
P, is the combustion chamber pressure.

The pressure in the combustion chamber 1s determined from the
pressure rise 1n the air compressor, thc pressure rise due to centri-
fugel actron i1n the blades, thc pressurc loss due to friction in the
blade and the pressure loss t the combustion chamber, The pressurc
rises in the 21r aompressor and due to contrifugal action in the blade
can be evaluated simply. The pregsure loss in the flow through the
blade 18 estimated from Blagius cqustion for loss in pipes and 1s a
function of the geometry of the pipe, the mags flow and the air
viscogity. The eombustion chamber pressure loss 1s small and 1is
taken empirically as equal to the dynamic heod at entry to the chamber.

Assuming mg = 0.9 and T3 = 1000°C the get wvelocity can be

P
evaluated in terms of 53 {1.€. thc overall compression ret10), The
2
mass flow can then be determaned in terms of the jet velocity and the
rotor tap speed for a given jot thrust.

The temperature at the inlet to the combustion chamber is
obtained from the tempeorature rise in the compresscer and the temperature
rise due %o centrifugal sompression, the latter being small in comparison
with the former. Hence, the temperature rise in the combustion chamber
can be obtained and the fuel/air ratio found from combustion charts for
the appropriate fusel.

The fuel consumption of the Jet unit is then obtained from the
mass flow and the fuel/air ratic for the corresponding compression ratio,

From the corresponding alr corpressor conditiuns, the power
required to operate the compressor can bo obtained, Jeang a
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reciproacting engine to supply this power and assuming the approprizte
specific fucl consumption, the fucl rate to drive the compressor can
be calculnted. Hence the totil fucl consumpiion for the pressure jet
helicopter can be obtained.

The fuel congumption for the pressure jet helicopter 1s given
agalnst compression ratio in fig.2 and the component consumptions by
the Jot units znd by the rompressor unilt are shown.

3s3  Applicaticn to helicopter

Considering the cflfect of compression ratico on the fuel
consumption, fig.2, the rucl consumpiion for the get units falls off
rapidly wlth 1ncrelse 1n comprcssion ratic but the corresponding
incrcase 1n compressor size neccssiltates a greater fuel consumption
for this unit. Thus, the total fuel rate fer the helicopter shows a
minimun value at = compression ritio of sbout 3, with very lzttle
lnerease over the range 2 to L. : '

Liowover, considerang the instzllaticn, the sigze of the campressor
engine 1s Increasing rapldly with comnregsion ratio and 1ts weight soon
excecds the weight of the reciprocating cepngine, whish 1t 1s tc replace,
Thus 1t 1s found that, from woight considerations, the compression retio
mist not cxcecd 2, The vrlue for the optimum ecnfiguration may be
slightly belcw the compressicn ratio 2 but lack of knowledge on the
rate 4t which the fucl coasumption increases nt the low compression
ratios does not 21low any rore accurate cstimote to be modes  Hence,
the value of 2 1s used in this reportd.

These conclusicns cre in geed agreement with the two practical
examples available, the German Doblhofi” and the American Marquardt
Jet helicopters, which both cperatc at o compression ratio of 2. In
the case of the Doblhot'f, the conpresscr ditz 1s avarlable and the
power to drive the compressor per 1b of jot thrust zs also in agreement
with the present calculations.

.

The fuel consumpticn for the Doblhef? was higher than the
prescent estinatc but thoe recent Marquirdt claims zre 1n good agreement
with the present c.leulitiona.

4 Porformance

bl  Gensral Cconeiderations

In order to campere the jet driven helicopters with the conwven-
tional typs some form of perfornance pLruicters must be useds The
most sultable furms for this work would appear to be the payload and
endurance for gaiven flight conditzonse In this report, power
eondations to glve Lovering are c.onsidered as representative.

For hoverang conditions, 1t can be snown that the theoretical
induced power, assuming constant inducsd wvclecity over tne rotor disec,

La given by .

W
\{EFKRZ
where W 18 the werght of the heliconter

and R 18 the rotor radius. .

- 7 -



Flaight tests? have shown %hat in the practical cose, the Jdivorpenss
of the induced velocirty dastribution from constant and the tip loss
ncecssitate an lncrease in power of 15%. The induced power is therefore

taken as 1.15W /-—JE-—-

\/ EmeZ.

The profile drag power for the bladcs 1s given by
@
o'itR2 o] (QR)’z' -g'

where ¢ 1s the rctor sclidity
IR 18 the rotor tip gpced

and O 1s the ?lade profile drag cocfflerent {assumed constant at
0.012),

The rotor power is then given by

W

1.15W
.| 2p7R2

)
+ ok o (QR)” 5

For the purpose of thec prosent comparisons twou examples have
been taken:-

(a) a singlc rotor helicoupter with 2 gross weight of 2,500 1bs.
(b) & helicopter wmath 2 gross weight of 10,000 1bs.

Por the conventional helicopter at the larper weight there are many
advantages in having a twin-rotor layout and this configuration has
been azsumed, On the ram jet helicopter there 1z less to chose
between the two configuraticns and both single and twin-rotor layouts
are considered.

The comparisons are bascd on operating the different types from
the same gross weaght and gavang the same performance condition, An
analysils of the welght distributions of existing conventional helicopters
hos been mide in order to find the fucl capacity and payload, and also
tc cbtain the weight of onginc, transmission ctgs replaceable by fuel
and/or payload in the get helicopters. This provides the basis on
which the practieable conventional neolicopter is cbtained and the
application of got propulsion ecnsidercd. There arc very fow helieoptors
in the 10,000 1b class and the data 1s therefore more reliable for the
oase of the amall helicopters howcver, it wall be scen later that the
comparative perforance dces not depend critically on this assessment.

ko2 Conventional Helicopter

The dise loading was assunsd to be 2.5 1b per sg.ft and the rotor
powser to hover cvaluated, It was assumed, as from Ref'.5, that the
transmission, tail rotor and cooling losses amounted to 17% of the total
power requircd on the single-rotor helicopter. For the twan-rotor
helicopter, with countor-rotation of the rotors, no torquo reaction
loss (equivalent to tall rotor power on the single rotor helicopter)
iz considered. Henece, the engine power and fuel consumption for the
conventional helicopter can be chisined.
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It 15 well known that optimum hovering performance on the son-
ventilonal helicopter i1s obtained at low tip speed, the lower limit
being determained to give satisfrctory forwsrd flight conditions.
Frg.$ gives the payleoad-endursnce curves for the 2,500 1b helicopter
in terms of tip Mach nunber and for twe valucs of rotor solidity.

The loss in performonce in working to high tip speeds s guite
marked and shows the desarability of maintaining low tip speed values.
The lower value given in the curves (i = Ou4) represonts the lowest
practical value which would cllow reasonable forward flight oondations.
The effeot of scladity 18 not ampoctant for low tip speeds but has
qurte a lorge influence at high tip speed values.

Pig.4 gives the corresponding payload - endurance curves for the
10,000 1b helicopter, The results show similar characteristics to
those discussed above for the smaller helicopter,

L3 Ram Jet Helicopter

The estimation of the fuel consumption for the ram jet helicopter
has been dealt with in para, 2.2 and the results given mn fig.l, Using
the same disc loading as for the conventional helicopter and allowinsy
for the increased fuel capacity and/or payload due to the saving 1n
welght by elimination of the conventional engine, tail rctor efe. the
performance for the 2,500 1b ren et helicopter has been caleulated
the results given in fig.5, 1n terms of tip Nach numbcr and for two
valucg of soladity.

As the tip sk number is increased, the erficiency of the ran

Jets 18 inercasing rapidly but this is off'set to a large extent by
the increased prefilc drag of the blades, At these high tip speeds,
the rotor solidity becomes very amportant. Thus, at ¢ = 0,05 therc
g an optimum opernting conalbion it M = 0.7 but for the lower solidity

= 0,025 the optimum l1cs cucside the range of the calculationas. 1ac
renge 1s restricted to M = 0.6 to zvoid compressibility troubles, Thus,
the essenticl feature for the economic operation of' the rom Jet helr-
copter 1s the attaloment of & low rotor solidity.

Turming to the 10,000 1lb rw jet helisopter, there are two
peossibilitices,  PFrom the voint of view of controls ete., the twin-
rotor layout 1s to be preferprod. Cn the other hand, with the elimino-
tion of torque reection @ single rotor laycut docs not incur serious
penalties, wrovaded a suitable meang of directional control can be
devised. A single rotor tor o 10,000 1b helicopter is atill within
any design officileney lumitatzon,.

Assumng that the repleceable weight 1s the game for both layouts
(the single rotor mny have to sacrifice some welght for directional
control means) the payload - endurance curves for the single and twin-
rotor configurations are given in figs.b6 and 7 respectively.

Both layouts give curves similer to the small ram Jet helicoptor
but the single rotor shows a better performanceo. Rearing in mina o
above asgumptions and the possible daffisulty of providing control o.
the single rotor helicopter, 4+t may well be in practiee that this
daffercnece in payloid-endurance dioispenrs.

L.4 Pressure Jet Helisopter

It has already been shown in para, 3.5 that the optumm operating
eanditions for the pressure jet systom give a eompression ratio of 2
and the appropriate fuel consumption curve is given in fig.2, Again,
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the disc loading used is the same as that for the conventional helicopter,
In considering the replacecable weight for the pressure Jet helicopter,
the weight of the compressor system 1s taken as the same as a conven-
tional engine of the same power.

The payload-endurance curves for tho pressure jget helicopter of
2,500 1b weaght are given in fag,8, For the 10,000 1b helicopter,
the two possible configurations, similar to the ram jet helicopter
layouts, are considered and the paylead-endurance curves given in f1gs.9
and 10.

Throughout the investigations 2%t has been found that the pressure
Jet system cperates as a compromise between the reciprecating-enginsd
helicopter and the ram jet helicopter. The use of the compressor and
tip jebts gives a compromise in the fucl consumption and 2iso in the
replaceabls weight for the pressure Jet system.

At the lower solidity there 1s an optamum value of tip speed
about the centre of the practical Mach nunber range but the performance
characteristics are largely independent of the tip speeds At the hiagher
solidity the inecreased profils drag of the blades causes o seriocus
deterioration in performance at the higher iach numbers and results in
the optimum econfiguration cceurring at a lower tip speed. Agaan, the
desirability of keepang the sclidaty low at the higher tip speeds is
gshoulls

5 Results of Comparison

In comparing the payload-endurance characteristics for the
different types of helicopter, the optimum condition for each type s
considered. Thus, for the conventional helicopter the design would
be for the lowest permissible tip Mach number, consistent with satis-
fastory forward flight conditions, 4 value of i = O.4 18 taken and
although this would be optimistic uf 2 hagh forward flight speed was
to be attained, 1t forms a reasonable basis for comparzson with the
Jet systems.

For the ram jet configurations, the Mash number iz taken as 0,8
and the solidity as 0.025,  Agazn, this may give 2 slightly optimistia
value 2s 1% 15 assumed that there arc no compressibility effcots at 0.8
Mach number =2nd also 1t may be difficult in practice t6 achieve a
soclidaty as low as 0,025,

For the pressure Jet system a solidity of 0,025 1s used, with the
same qualif'ication as above, and the optimum Mach number 15 considered.

The payload-endurznce curves for the various confagurations of the
2,500 1b helicopter are given in faig,1l and for the 10,000 1b helicopter
in fag. 12, These graphs show 1mmediately the general implications of
the Jet asystems. The ram jet helicopter can carry a considerably
greater payload but can only operate for a very short time. The
pressure jet 18 o compromise between the ram jet and conventional
helicopt ers,

& Discuszion

It has been shown that, for = helicopter of a given gross weight,
the ram jJet configuration is capable of 2 considerably higher payload
Tor flights of very short duration, but that only short flights are
possible, The ram jet helicopter will therefore have only 2 limited
specialised application,
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However, other possible methods of meking use of the ram jet
helicopter should not be overloocked. For example, 1t could be used
to collect and delaver eguapment 1n dafficult terrain under powered
conditions and 1f range transportation was reguared 1t could be towed
under autorotational conditions by ancther aircraft,

The main guestion irn comparaing the various configurations would
appear to be on the economics, which 1s outside the scopc of this
report, Thus, if a short duration, hagh payload helicopter was
consicered, 1t may even be advantagecus to construct a larger conven-
tional drive helicopter than the correspondingly smaller ram Jjot
helicopter which would fulfil the same conditions.  Thce higher cost
of the conventional cngane and assocrated gearing ete, comparced with
the simple ram jot engancs would have to be balanced ageinst the
cxeessive fuel requared by the ram jets,  The servacing costs and
probeble lafe of the helicopter would also have to be consadercd,

The pressure jet system operates as a compromise between the
other twe configurations. The saving in fuel consumption comparesd
with the ram jefts must be conmadered in relation to the considerable
complacation of the compressor unit and the conduction of the gas
mxture along the blades,

In view of the lack of cxperience with either of the jet
propulsion systems on helicopters, the results of this report can
only be taken as giving a guade to the payload and cndurance
relationships of the variocus configurations, and illustrating the
diffaicultics of obtaining a good compromise between rotor cfficiency
and engine system cofficiency. The optimum operating condations
for each of the configurations has becn developed but as thas 1s a
function of so many variablos such as bladc =oladaty, rotor tip speed,
helicopter forward specd requarcd cte,, any spscafic project would
have to be consadcrced in detail before a choilce of confaguration
could be made,
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