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SUMMARY 

This report is divided into three main sections: the first dealing with re-engined 
variants of the existing Avrocar; the second with the design of a lower powered 
GETOL aircraft; and the third with a heavier and more powerful VTOL version. 

The General Electric T 58, both as a shaft driven unit and as a gas gene,-ator is 
considered as a replacement for the J 69 engines of the Avrocor. The three systems 
are compared with respect to various operating assumptions. 

Two elliptic planform GETOL vehicles, powered by two Astozou I! engines, are 
considered next: one propelled by the annular jet deflected aft; and the other by 

separate propellerL Emphasis is placed on the fan propeller combination in which 
the fan system provides the ground cushion and the propeller provides the cruising 
thrust , 

Lastly, two verions of VTOL vehicles, similar to the Avrocar but using J 85 engines, 
are examined: a centrifugal fan version, and a lower pressure ratio axial fan version 
employing a central jet. Emphasis is placed on the latter whi eh was found to be the 

besL 

A summary of salient propulsive system detai Is is found in Tobie I, fol lowing Section 5. 
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- - - - - - - - - - - - - -

INTRODUCTION 

This report presents the propulsive system anal ysi s conducted under Phase 
of the Canadian Government Program for the A v rocar, Both V TOL and 

GETOL developments of the A v rocar ore considere d . 

1. 

The main body of the report is broken down into separate sections for different 
families of designs, the three engined versions, the As tazou powered GETOL 

aircraft, and the J 85 powered VTOL design. 

Illustrations of all the configurations to be considered a re found in Figs. 
1 . 1 to 1 . 7,. 

There is an Appendix to this report in which will be found an outline of the 
methods followed in the calculation and a deta i led consideration of the effects 
of fan and nozzle size, fan pressure ratio, duct loss, etc a on typical lifting fan 
systems . The methods used are obtained from Ref , l and Ref., 2 . 

- - - - - -- - - - - -- - - - - -- - - - - -- - - - - -
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2 , 2 

T 58 POVv'ERED VERSIO NS 

Alternative Powerpl ants 

Two suggestions for re-eng ining the Avrocar have been compared to the 
present arrangement _ The method has been to work out basic values of 
thrust and specif i c fuel consumpt ion as functions of Mach No . for each 

configura tion " Many assumpt ions have to be made to arri ve at these basi c 
curves, so the effect on the cu rves of changes in these assumed parameters 
is next studied. Although the parameters ore v ari ed one at a time , t he 
cumulative effect of several variatio ns can be eas ily estimated , 

Coses w i l I be described by a letter and a number such as "B-3", w here "B" 
refers to the powerplant being considered (see below ) and "3" refers to the 

operating assumption (see Sec t ion 2.2)_ Examples are gi ven i n Fig . 2.1 . 

The following powerplants and associated fan drive systems were conside red : 

Case "A" 

Case "B11 

Case 11 C11 

3 Continental J69-T-9 dischargi ng in to 95% e fficient ' t usk s' 

leading to an 80'/o efficient ti p tu rbine. The turbi ne exhaus t 
mixes with the fan flow _ The engi nes weigh 364 lb. each. 

3 General Electric T58-GE-6 driv ing the fan through a 95% 
efficient set of shafts and gea rs. The eng ines ex haus t se par­

ately from the fan flow. Each engine weighs 271 lb. and 
its gearbox 75 lb , 

3 General Electric T58-GE-6 with thei r output turbines 
removed so that the engine becomes d simple jet engines. 
Performance estimates were made from model spec " E-1012 
assuming that the efficiency of the removed tu rbi ne was 900/o. 
The engines discharge into 95% efficient 1 tusk~ 1 lead ing to 
an 80'/o effi cient tip turbine. The turbi ne ex haus t mixes w i th 
the fan flow. The engines, stri pped of their output turbines, 

weigh about 250 lb . each. 

Alternative Operating Assumptions 

2. , 

The following operating assumptions were considered for each powerplant. The 
number indicating each condition applied to the g raphical presentati on as 
stated 1n Section 2. 1. 

L The basic case - Sea Le ve I . 100'/o ram recovery at fan and 

engine intakes. Duct 1oss coefficient K = 0 .3. The fa n 
is 85% effi c ient and operates a t 1. 10 pressure rat io . Fig . 2. 2 
compares the basic cases for the 3 a l te rn a t ive powe rp lan ts. 



2.2 Al terna ti ve Operati ng Assumpt i ons (contJ,d ) 

2, 

5. 

6. 

The fan pressure rati.o is 1.20. dtherwise the same as the 
basic case . 

The fan and engine intake pressure recovery is reduced to 

values measured on the l / 5th scale Avrocar model. 

Only 9Cf/o of the gross thrust at the nozzle is ccn~ ide red 
useable. 

20,000ft , altitude. 

Supercharged engines , That i s, the'engine intake is relocated 
inside the duct. No loss is assumed between the fan and the 
engine. 

Discussion of Operating Assumptions 

(a) Fan Efficiency = 85% 

Orendo Engines Limited in their design of the Avrocar fan, s~ow its 

3. 

peak efficiency to be 89°/o, 85% allows for a small amount of off design 

operation. 

(b ) Tip Turbine Efficiency = 80% 

Orendo Engines Limited estimated the maximum efficiency to be 83.4% .,. 
Again 80% allows for a measure of off design operation. 

( c) Duet Loss K ~ 0 . 3 = ~ p _ 
9fan 

That is to soy that the total pressure loss between the-fan and nozzles 
is .3 times the dynamic pressure immedi ate l y behind the fan. This is 

what would be expected from a cleaned up Avrocar. It would be 
conservative if there was a large central iet. 

(d) Tusk Efficiency • 95% 

Tests have shown an average total pressure loss of 5% through the tusk­
shaped duct delivering engine ex haust gas to 'the tip turbine. 



2.3 

2A 

Discussion of Operating Assul')1pt io ns (cont=d) 

(e) T58 As a Gas Generator 

General Electric hos conf irmed the feas ibility of removing the ou tput 
free turbine from the T58 to convert it to a jet engine . The total 
temperature of the jet can be found from the JPT, HP, a nd air fl ow 
of the standard engine . The efficienc y of the output turbine was­
estimated to be 90'% , The total pressure of the jet is then determined. 

Note that the standard engine considered was the 1050 HP model. 

4 . 

A 1250 HP model w i ll be available shortly and th is engine w ill gi ve 19°/o 
more power with a slig htl y lower SFC and only 4 lb . more weig ht . 

(f) Equating Total Pressures behind Fan a nd Turbi ne 

This is only an approx.imation made to sim pl ify ca lculations for tip turb ine 
configurations ? In fact when fan a nd tu rb ine e xha ust flows meet, the 
static pressures must be equal and the turbi ne e xhaust total pressure will 
be slightly greater than the total pressure in the fa n flow. The ap proxi­
mation makes the results for cases A and C (cases with t ip turbine) 
slightly optimistic, but the error is not sig nifica nt. However, since these 
cases assume complete mixing of the hot a nd cold flows before the nozzle, 
which is unlikel y in practice, the result is again optimistic. 

(g) Equating Nozzle Static and Atmospheric Pressures 

This assumption is valid in free air but yields slightly optimistic results 
in the ground cushion where the static pressure at the nozzles is above 
atmospheric , 

(h) Supercharging , 

Th is is discussed in some detai I in Section 2. 5. 

Performance with Various Opera t ing Assumptions 

The curves of thrust and SFC vs Moch number for the three basic cases, 
A-1 , B-1, and C-1, are show n in Fig. 2.2 . 

Figs. 2 .3 to 2J show the performance of the J69 (case A) versi o n operating 
under its basic condition compared with opera t io n under the o ther five conditions 
described in Section 2.3 . 



2.4 

,--.... 

Performance with Various Operati ng Assumpt ions (cont :d) 

It is anticipated that if more than one variation of t he basic case is to be' 
considered at the same time, an idea of the result can be had by taking 
the sum of the variations, from the basic case. Ha,,,ever, Fig " 2. 8 has 
been included to give a more accurate combination of operating conditions 

2, 3 and 4, which make up a typical case. 

Figs. 2.9 ;to .. 2o 13 show the performance of the T58 shaft dr_ive version (case 

B) with various operating assumptions " 

Figs. 2o 14 to 2. 18 show the performance of the T58 gas generator verions 
(case C) with various operating assumptions.• 

As noted in Section 2o3, cases A and C may be slight_ly optimistic . 

Note that case B has arotherdifferent shape 'of curve to A ahd C, falling off 

more with forward speed. This has two causes : 

(i) The separate exhaust for the turboshaft engine is a fixed size. 

(ii) 

It provides some static thrust but at high speed hos a negative 
net thrust. 

Heating the fan flow, as in cases A and C, increases the 
velocity at the nozzle and improves net thrust, particularly 
at speed. 

5. 

The leveling of the thrust cur-1e at high speed in case A may not be significant 

since data for these speeds was extrapolated. 

In summary, the advantage of using the T58 as in cases B and C is its better 
SFC and lower weight _ Its lower thrust is not significant due to the more 

powerful version ovai I able. 

The advantages of a gas ge nerator, as in cases A and C are: 

. (i) Less fall off in thrust at h igh speed due to heating of the 

fan flow. 

(ii) No gearbox with its weight, lubrication, load sharing, and 

engine out problems. 

The advantages of shaft drive, as in case B, are: 

(i) tv\ore static t~rust due to the u se of a 90% efficient, close 
tolerance reaction, turbine instead of the sm,s mpulse design 

tip turbine " 
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2.5 

Performance with Various Operating Assumptions ( ont1d) 

(ii) A minimum of hot ducts to insulate a nd cool o 

(iii) Agrowth potential by merely strengthening the shafts end 
gears whereas the gas generator versions would require new 
tusks and tip turbine. 

Engine Sueerchorging 

It will be noted in the following sections that there is a slight gain to be had 
by superchorgi-ng the engin·~s, that is, by locating their intakes in the flow 

• from the fan . However, rec.all that no loss has been assumed between the fan 
and the engine This might be a fair approximation for case B-6, where the 
inst(llllatiori could 1-ook like: 

But for CGses A and C there seems to be little alternative to a layout like ,. 
the early Avrocar, represented by A-6: 

The loss in this arrangement can hardly be negligible. 
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7. 

Engine Supercharging (cont'd) 

An earlier calculation on supercharging the Av rocar i ndicated 108% of normal 
thrust when there was no loss between the fan and engine. Al lowing for 

anticipated duct loss this fell to 104-1/2'% . Considering an additional 20°C 
temperature rise in the duct, the thrust became 96-1 / 2% of the thrust avai I able 

when the engines were breathing from outside. Therefore, some gain can be 

obtained from supercharging but not enough to justify compromising other 
features of the design o The use of intake ducts with significant loss or with 

heat transfer into them may more than cancel any gain. 
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3. l 

3.2 

GETOL TYPE V EHICLES 

In order to provide true VTG performance along with usefu l payload, speed, 
and range, the designs g rew to be of the order of 10,000 lb. AUW. A new 
approach was sought that would make the vehicle I ighter, simpler, and 
cheaper to build and operate . The key to this approach is the use of a ground 

cushion for take-off and landing , This reduces the power required and the 

powerplant weight. The smal !e r engi nes ore more efficient at cruise power 
settings and so the fuel load is much iess . The final design weighed less than · 
7,000 lbs. 

The initial design was for a circular planform vehicle with a wing area of 
314 sq.ft. However, in order to reduce the induced drag for short take-off, 

8 . 

the planform was changed to a 353 sq ,rt. elliptic wing having the same effective 
diameter (20 ft o) and hence the same ground cushion performance. 

Axial Fan versus CentrifutJal Fan 

Early layouts of the GETOL ve h icle fea tured a centrifugal impeller. This was 
considered attractive because i ts radial deli very allowed installation in a thin 
wing and simplified the ducts to the peripheral nozzle. However, such an 
impeller is not as efficient as a corresponding axial fan, and its ability to 
provide a large pressure rise in a sing le stage is not an advanta~ for this type 
of vehicle where only low pressures are required. 

Fig o 3. 1 compares the two types of compressor when driven by 1044 HP " The 
axial fan was considered to be 85% efficient and to have a duct loss coefficient, 

K, of "30. The centrifugal impeller is less efficient (8CP/c) but has less duct 
loss ( K = . 20). The axial fan is shown to be superior as long as the fan (and 

ducts) can be made reasonably large. 

Power Required 

From first layouts involving 2 Astazou turbo-shaft engines of 360 HP each, the 
design was shown to be underpowered. Finally, the Astazou II was selected , 
This engine is rated at 522 HP, has a better SFC and weighs no more than the 
360 HP version , Vvith 1044 HP i nsta lled in a 4,400 lb. vehicle the take-off 

distance to clear 50 ft , is about 600 f t. 

It should be noted that there is a wide ·✓0riet y of engines available that can 

produce the required HP, or sli ghtl y more, so there is every prospect of c HP 
stretch or a powerplant wei gh t reduction if required. The Astazou 11 and some 

of the alternatives are compared below: 
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3 . 3 
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Power Required (cont'd) 

No. of To tal HP 
Engines ~ SFC at TI O Total \Ve ight 

2 Astozou II . 66 "'1044 HP 550 l b . 

Baston V . 68 1000 HP 482 lb . 

2 A r touste Ill . 65 1100 HP 82016. 

Turmo IIIC .68 1100 HP 

T58-GE-6 . 64 1050 HP 271 l b . 

T58 -GE-8 .61 1250 HP 285 lb. 

2 Boeing 520-6 ,65 1100 HP 520 lb. 

2 Conti nental , 67 1000 HP 490 lb. 

2 p & w PT6-A-2 .69 1000 HP 500 lb. 

Selection of Fan Pressure Ratio and Fan Area 

The lower the fan pressure ratio the greater can be the thrust produced by a. 

fixed amount of horsepower. There ore , however, two factors imposing a 
lower I imit to feasi b le pressure ratios. Fi r;t, low p ressure ratios mean high 
mass f lows and great sensitivi ty to duc t loss; i .e . they can only be used in 
conjunction with large fans and large c lean ducts. Second , the momentum 
of the large intake airflow must be e ff i c ient ly converted i n to pressure energy 
and recovered at the nozz l e to avoid a cri ppling momentum drag in forward 

flight. 

The performance objecti ves requ i red 2400 16. of nozzle th rust stati call y to 
give an adequate hovering height p lus a thrust for 0.2g accelera tion. From 
Fig So A .3 and A A of Appe ndi x ~A , as:.umi ng a va lue of the duct loss factor 

K between . 3 and A , Ae / HP wovld be about 2 . 1, allowing for a thrust 
loss of about 5% . The fan dri ve efficiency is take n as 97% so that the fan 
area would be 2 " 1 x 1044 x .'?7 = 2130 sq. i '.7 . On th is basi s, a fa n area of 
15 sq. ft. (1160 sq . in , ) was chose n . Al thoug h the op t imum fan pressure ratio 
wou ld be about 1, 055, p ressure ruti os o f 1 , 05 to 1 . 06.5 wo1..d d give ;!most 
equal hover performance wi i h take -o ff power. 

However, if the eng_ines ore th rottled ba ck the fan rprn c:rJd r; ence pressure ratio 
will decrease. Similari y , i n forward f l i :;ih t w here the ram pressure tends to 
i ncrease the de ns i ty o f the a i r i n the cLJC ts , if the no zzles are 'lot res tr icted the 

fan pressure ra t io wi l l fa l l . Then to ac h ;e ve max imum per•ormonce t here mus t 
be some method of uni fo rmly making smal l adj ustmerits to the ~,ozz le areas. 
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3 .4. 1 

3.4.2 

3.4.3 

3o4.4 

Evaluation of Du ct Losses 

A comprehensive se t of dGta fo r ~h e de te rmina t io1-, of pressure losses in duct 

compone n ts is fou nd i n Re f 3 

Intake Pressure Recovery 

While hovering, A P/ 9 is assumed to be c bou t . 10 w hi c h res u lts 1n a pressure 

recovery of . 9972. 

At M = ,4 the air should flow in to the i n tak e quite smooth l y giving a pressure 

recovery of . 985 _ Howe ver ,. Le i ow M = . 4 t he pressure recovery w i 11 i nvo!ve 

a combination of the above two co nd iti ons, as assumed in Fig. 3. 2. 

90° Bend Below Fan 

For minimum duct l oss in this section, t he arrangement shown in Fig . 3.3 would 

be recommended. It consists o f sp l ittir:g the duct i n to four segmen ts and 

adding an annular guide vane. Th is imm ed iatei y im p roves the rad i us ratio -

(duct radiu5) while maintoi ning a 1·easona b le as pect ra t io for each sect ion 

duct width 

of the duct. Based on this geometry a d:..ict loss = . 086 could be 
9fan 

expected. 

Wing Ducting 

This consists of 36 straight walled ducts leading to the exit nozzle assemblies. 

Based on diffusion angle the average /2 P = . 027, or "021 based on fan 

9 
dynamic pressure. in most of the ducts a 0e nd is required at the entrance to 

the exit nozzle assemblies. C or.side rirs cmcades to be installed i n bends 

exceeding 20° the averag e t.P = 0893 , or .048 based on fen dynamic 
q 

pressure o 

Exit Nozzle 

Due to wing structure, the r: ozzle ex i t ossem b l/ is restricted to c: depth of 

about 5 inches which requires '-' smal l radius bend. The resulting small ratio 

of bend radius to passage depth would gi,1e o high duct l o~ bu t Gn improvement 

may be gained by adding a tu rn ing vane ro increase rh e rad i us ratio. Sti 11 
further improvement would be soin ed bv adci1 :ig sp l i tter p lotes to red uce the 

aspect ratio of the i ndividl.,al d ud s. \ ; i- th th; s a rro nse me n~ , w hi ch is shown 1n 

Fig , 3 .4 , a duct loss .6.P/ 
9 

- . 16 cou U lJe ach ieve~_ 



3.5 Operadng Assumptions 

Powerplants: Two Astazou II engines rated at 522 SHP ( take-off power). 

Note: The information available for the Astazou II eng ine is limited to 

take-off and maximum con.tinuous power settings. Data from the 

T58 was used as a guide for determi n ing the fuel flow corresponding 
to various percentages of maximum conti nuous power , 

Power transmission efficiency 

Engine intake efficiency 

Fan intake efficiency 

Fan area = 15 sq , ft. 

Total duct loss factor /:. p 
9fan 

Total nozzle exit area : 

1950 sq.in. 
1200 sq. in. 
940 sq.in. 
800 sq.in , 
740 sq,in. 

Gross thrust recovery 

Performance 

at M 
at M 
at M 
at M 
at M 

= 

= 

= 

= 

= 
= 
= 
= 
= 

• 

97% 

85% 

2160 sq. in. 

0.32 

0 

- 1 
.2 
.3 
A 

95% 

,. 

Considering the sea level case at take-off power for a range of pressure ratios, 
we obtain the thrust curves shown in Fig. 3 5 " Optimum thrust occurs at fan 
pressure ratios ranging from 1 ,055 at M = 0 to 1.14 at M = .9. However, 

this range of pressure ratios is too great fo r the fan to accept. Therefore, we 
hove selected the variation of areas as shown in Fig , 3 , 6 whic h results in the 
varioti on of fan pressure ratio from 1 . 06 at M = 0 to l. 094 a t M = .4, 
for take-off power c The selected variation of nozzle exit area with Mach 
number is shown replotted in Fig. 3. 7. This variation of exit area is not 
affected by reduced power or altitude. 

lL 

On the basis of these ex it areas , the thrust for a range of power settings and 
Mach numbers at sea le vel was ca l culated as shown p lotted ag ainst fan pressure 
ratio in Fig. 3 08 , In Fi g , 3 "9 the sea level thrust is replotted against Mac h 
number for a range of power setti ngs. The drag curve is included in Fig. 3,9 a 
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3.7 

3.8 

12 . 

Performance (cont1d) 

16 , fuel / hr 
Specific fuel consumpti on thrust horsepower for va r ious power setting s~and 
at sea level is shown in Fig. 3 . 10. Figs. 3 .11, 3.1 2, and 3.13 show thrust, 
drag and specific fuel consumption a t 10,000 fee t . 

Residual engine thrust has been added to the basi c fa n thrust for all speeds 
except M : Oc From Fig. 3.9 and 3.12 we see that the cru i se speed will 

vary from M = . 33 at sea level to M ::: .36 at 10,000 f t, The top speed 
at sea level is 268 mph. 

Propeller Version 

Looking at the thrust curves of the preced ing paragra phs, o ne is struck by how 
small the th rust horsepower is, at speed, compa red to the engi ne horsepONer . 

For example, at 268 mph, THP ::: T x ~o 268 5280 
= 800 x 550 x 3600 = 572 HP 

whereas the two engines are producing a bout 1170 HP . That is, the efficiency 
of the energy transfer from the engines to the a ir i s 49% . With a propeller we 

can expect an 803/o efficient transfer, assuming 5% mec hanical loss and an 85% 
efficient propeller . Of course, th i s 80'% does no t ap pl y right down to ze ro 

speed. It has been assumed that the static thrust i s li mited to 3. 5 l b . per engine 
HP. 

The thrust of a propeller driven vehicle at tak e-off and max imum power is 
given at various altitudes in Fig . 3. 14. The correspo nding fuel .consumption 

is shown in Fig c 3 . 15. Figs. 3. 16 to 3. 19 show the th rust and SFC for a wide 
range of power settings , 

Comparison of Fan and Propeller Version 

A comparison of Fig o 3.9 and 3J6shows the prope l ler ve rsion to be far 
superior to the fan version, The fon version can produce only about 60% of , 
the thrust of the propeller version. However , due to high er wei ght o f the 
propeller version (6,600 lb , ), the drag is hig he r fo r thi s veh icle. Based on 
the estimated drags, the power required for cruise is gi v en for each vehicle 
in Fig , 3 . 20 , The lower drag of the fa n version partiall y compensates the 
higher thrust of the propeller ve rsion , so that the lat ter is not very much faster 

at take-off power. But for typica l crui se speeds th e propeller version needs 
up to 16% less power and so wi 11 have much improved rang e . • 

• 
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VTOL TYPE VEHICLE S 

These vehicles were of c ircu lar pl anform and powered by two J85 eng ines 

rated at 2700 lb. static thrust at sea level . 

For the f irst vehicle, considered in Sections 4. 1 and 4. 2, the eng i nes were 

moun ted so as to exhaust i nto a common duct to dri ve a turb ine. The turbine 
was geared to a centrifugal fan operati ng at a pressu re ra t io of l. 5 . Al though 
the centrifugal fan has a lower eff i ciency than the ax ia l fan , there is a 
reduction in duct loss since the 90° bend necessary below the axial fan is 
el iminated, (i oe, with the peripheral jet ar rangemen t used ) . 

In addition, the free turb ine may be designed to a higher e fficie ncy than a 

t i p turbi ne (approximately 88%, as opposed to SCP/o) allowi ng a g re ater HP 
to be extracted from the engine fl ow. As was pointed ou t in para 3 , l , the 
advantages of the less effi cien t ce ntrifug a l fa n e re not rea l ized at low fan 
pressure ratios. Hence, the compromise p ressurE; ratio of 1 .5 was se lected. 
On this basis the low pressure ra i io axia l fan wi 11 be much su perior a t low 

speeds, but the centrifugal fan wili g ive bet ter performance at h igh spe~ds due 

to the lower fan flow and momentum drag . 

The axial fan ve~ion which em p loys a ce ntra l jet is considered In Sections 4.3 
to 4.5 , 

A third vehicle, briefly considered i n the design stage, was sim~lar to the 
axial fan version employi ng the J85 powered ax ia l fan system for hover and 
low speeds only. Two T58 engines, with power tu rbi nes removed, powered 
the vehicle i n cruising flig ht . Thus fuel consumpt ior: ; n cruise was reduced 
considerabl y _ However, su ch a design wou Id i nvclve additional wei ght and 

expense , and have a slightly lower speed. The design was therefore d is­

continued. 

Operating Assumptions - Centrifugal Fen Vers i on 

Engine intake pressure recovery 

Turbine efficiency 

Turbine pressure ratio 

= 

= 88°/o 

set arbitraril y at 2 _3:1 (with take-off 

power, the resulting turb i ne ex it total 
pressures range fror:i 15 5 psi a t M = 0 
to 21 . 9 psi a t M = . 9) 



4 0 1 Operating Assumpt ions - Ce ntri fu~a l Fan V e rsion (con t ;c!) 

Power extracted from 

8500 HP 

8670 HP 

9310 HP 

10320 HP 

13650 HP 

Fan drive efficiency 

tu rbine (Sea Level ) : 

a t M = 0 

at M - . 2 
at M = .4 
a t M = .6 

a t M = . 9 

= 95% 

14 . 

Fan intake pressure re cov ery as per 1/ St h sca le Avrocar model tests, 

ex tended as a quad ratic (Fig . '+ o 1) 

Fan operating efficiency 

Fan exit area 

Duct losses: 
Peripheral nozzles 

Jet pipe 

Gross thrust recovery 

Total pressure loss, 

= 

= 

= 

= 

= 

Performance - Centri f ugal Fan Version 

80% 

1000 sq. 1n . 

P/ qf = K = ·u .2 an 
98<;,~ to tal pressure recovery from turb i ne 

95% at all speeds 

5% (engine thrust case ) 

Maintaining a constant fan pressure ra tio of 1.5 with mi l itary power produces 

the variation of nozz le exit area with fo rward speed as show n i n Fig. 4.2. 

The performance at sea le ve l and 20 , 000 f t w i th military power is g i ven in 

Figs , 4 .3 and 4.4 wh i ch show ne t th rus t v s IY\a ch number. Res idual eng ine 

thrust has been added to a ll fo rw ard speed fm thrus ts . For the ho ve r case i t 

is assumed that this res i dua l thrust will be spoi led in some manner si nce to d i ver t 

i t downward to increase hover t hrust wou ld impose c ont ro l p rob lems. The 

approxi mate drag curves have bee n shown w hi c h indicate a sea level to p speed 

of about 583 mph. 

It was considered if it would be practical to close the fa n down and operate on 
engi ne thrust alone du ring high speed fli gh t From F i~ . 4 . 3 and 4 .4 it can be 

seen that the increase in sea le vel top speed wo u id be about 50 mpf1 whi le at 

altitude the gain would be even g reater. How ever, the d rag ri se Ma ch number 

for such a vehicle woul d proba b l y oc cu r a t a6out M = .65 . Taki ng t r i s in to 

ac coun t, the sea level top speed w i t h the fan ope rat i ng wou ld be about 535 mph 

and the gai n in using engine th r~st directl y w ou ld be neg l ig i b le. l :1 add iti on , 

the weight and com plica t ion of in corporati ng a je t p i pe diver te r va i -1 e and a 

dev ice for fa ir ing ove r the fa n i ntake make th e use o f direct eng ir, e thru st un­
a ttract i ve " A. further d i sadvan tage is th a t rhe contro l system, whi c i--, de pe,,d s 
u pon the g yro stabilization o f th e impe i ie r, wouiJ have to Se changed . 
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Ax ial Fan V ersion 

This vehicle emplo ys two J85 :s as g as ge nera to rs d ri ving a turboro tcr. A 

central iet is empioyed both for hove ri ns and forwc rd f li g ht , supplementing 

the peripheral nozzles . Ex it gu ide vanes i nco rpo rated on •he ce ntral jet 

reduce the exit area as they are rota ted from th e ver tical hover positions b 

the forward f! ight position .. The a ft peri phera! nozzle a rrang eme nt consis ts of 

ver t i cal noz z les (hover) and horizon tal nozzle s (forNcrd f light) . During 

transition from hover to forward fl ight the a ft hover nozzles are shut o ff and 

the horizontal nozzles opened. In addition, the forw ard pe riphe ra l nozzles 
are closed down by means of tra nsi tion v anes whic h a ! ter the foc ussing p rop­

erties to reduce drag and optimi ze exit areas w ith forw a rd flig ht c ondi t ions. 

During transition the division o f airf low to the cen tral jet and peri pheral 

nozzles is altered due to the changi ng exit areas " 

Operating Assum ptions - Axial Fan Vers i on 

Fan intake pressure recovery 

Static 

M = "2 
M = .4 
M = .6 
M = .9 

Engine intake pressure recovery 

Turbine tvsk pressure recovery 

Turbine efficiency 

Fan efficiency 

t.P 
Losses:- ( from Re f . 3) Duct 

9fan 

= 
= 
= 
= 

= 

= 

Forward periphera l nozzle= 

Central jet = 
Aft peripheral nozzle = 
Aft peripheral nozzle = 

1.0 
.9938 
.985 
.970 
.949 

l 000/r., 

95% 

8cP/o 

85% 

.30 

. 10 

.35 (hover) 

.25 (forward flight ) 

These duct losses have been corifi rmed by tests reported in Ref , 4. 

Gross thrust recovery 

Hover 

Fan area 

Forward f light 

Engine residua l 

= 100% 

= 
95% 
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Operating Assumptions - Axial Fon V ersi on (cont'd) 

Central jet exit area: 
Hover 
Forward flight 

Peripheral nozzle exit area .(total) 

Hover 

Forward flight 

Turbine exhaust duct loss 
p 

q 

Exhaust exit area 

Engine Analysis 

= 

= 
= 

= 

= 

2300 in. 2 

1310in. 2 

1730 in .~ 
1400 in. 

.20 

457 in. 2 

Engine data for the civil version of the J85 used was limited. However, 
existing data does incl ude sea level power se tting s down to corrected values 
of 85% rpm _ For power settings be low 85% the non-dimensional curves were 
extended with the aid of data from a previous ve rsi on of the J85. 

For the sea level static case a tvrborotor turbine exit total pressure equal to 
18 psi was selected and an ex haust exit area = 45; in. 2 was establi shed on 
the basis of output from two J85's operating at 100% rpm. This exit area was 
then applied to all operating conditions to determine the HP absorbed by the 

J. turbine (and fan). Figs. 4.5 and 4.6 show HP vs Mach number for a range of 
power settings at sea level and 20,000 ft. The residual net thrust is given 1n 
Figs. 4.7 and 4.8. Fuel flows ore given in Figs. 4.9 and 4.10 , 

4.5 

4.5. 1 

Performance - Axial Fon Version ,. 

Hovering 

\'Vith 60% of the fan flow going to the central jet, Figs. 4.11 and 4. 12 show 

that optimum hover performance would be had with a central jet area of 
2640 in. 2 and a pe,ipherol jet exit area of 2130 in. 2 . Howeve·r, for design 
purposes the cent ra l iet area was reduced to 2300 in. 2 w h ich gives a corresp-
onding peripheral jet exit area of 1730 in. 2 \\/i,ile not giving optimum 
performance, an almost equal thrust is obtai ned , as shown in Fig. 4. 11. In 
addition, with full power the pressure ratio of 1.12 i s compatible with that 

required for normal cru ise p:;wer. 

To simplify the analys i s, the peripheral flow d•.:ct losses were com b ined . 

16. 
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Performance - Axial Fan Ver.;ion (cont 1d) 

Forward Flight 

During forward flight, the aft peripheral hover nozzle i s cl osed off and the 
horizontal thrust nozzle opened along with o redu ction in area of the forward 
nozzle. Also, the central jet guide vonesr\1re deflected aft giv ing an area of 
1310 in , 2. Based on this central jet area and lOOC;~ e~ine rpm , fan thrusts 

were calculated for a ra ng e of fan pressure ratios and flight Mach numbers. 
This is shown in Fig . . 4.11 , The corresponding peripheral nozzle exit areas 

are given in Fig " 4.13. 

In previous work it was shown that the peak in the thrust curve for a particu lar 
flight speed will be produced with a fixed exi t area regardless of the horsepower 
delivered to the fan o Therefore, selecting the optimum areas from Figs. 4 , 11 
and 4.13 will give a schedule of exit are~s wi th f light speed " However, in 
selecting the exit areas consideration must be given to fan pressure ratio and 
the actual advantage of varying the areas with regards to thrust , If the area 
was scheduled tog ive peck thrust at all speeds (M = -2 to . 9) pressure ratios 
of l . 16 to 1 . 22 wou Id have to he produced by the fan for 100°/o rpm. The 
higher pressure ratios wou ld be difficult to a ttoin wi th an axial flow fan , In 

addition, the wide range of pressure ratios required would introduce problems 

in fan design. 

If a fixed exit area is selected the pressure ratio will reduce with forward speed 
for a fixed power setting. However, if only enough power is useg to overcome 
drag, the pressure ratio will increase wi th flight speed and designing the fan 
for the average pressure ratio will allow quite efficient fan operation throughout 

the speed range o In Figs. 4. 14 and 4 . 15, thrust i s shown plotted against Moch 

number for sea level and 20,000 ft. for a range of power setti ngs, having 
assumed a constant exit area of 1400 in. 2 . The percentage of total fan airflow 
to the central jet is reduced from 6(]% at the hover to about 49°10 with forward 

speed. 

Another alternative in selecting the peri pheral jet exit area is to choose a line. 
between the optimum thrust line and the fixed exit area li ne on Fig , 4.11. As 

on example, consider a fan pressure ra tio of 1. 16 for the lOCf/o rpm case. From 
Fig. 4 0 13 we again establish the required exit areas whi eh are shown in Fig. 4. 16. 
Based on this schedule of areas the final plot of thrust vs Mach number is shown 
in Fig. 4.17 for a range o f power settings. Decreasing the peripheral jet exit 
area causes an increase 1n the percentage of fan airflow going to the central jet 

as shown below: 

Mach Peripheral J~t Percentage of Fan 

No. Ex i t A re a ( i n . ) Airflow to central Je t 

.2 1160 53.9 

.4 915 59.8 

.6 730 64.8 

.9 530 71. 5 
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Forward Flight (con t :d ) 

A comparison of FigL 4 , 14 and 4 , 17 show that the scheduling of the exit area 
produces a gradual increase in thrust as foward speed increases. The maximum 

speed at sea level is increased from M = ,61 to M = , 67. This is clearly 
shown in Fig . 4.20. Note that the suggested wing surfaces are not expected 

to influence the propulsive system. 

All thrust values in Figs _ 4 , 14, 4.15, 4.17 and 4.20 include the residual 

engine thrust given in Figs. 4,7 and 4.8. While hovering it i s assumed that 
the residual engine thrust w i I I be either deflected to the sides of the vehicle 
to cancel itself out or spoiled to reduce its val ue. At the presen t t ime no means 

have been devised by which th is residual thrust ma y be used usefu ll y dur i ng 
hover , 

Effect of Reducing Flow to the Central Jet 

From recent model tests it appears that for hover, an 80% fan flow to the 
peripheral nozzle would be required for best stability. In Fig . 4.1 8 thrust is 
given for the full range of central jet flows. From th is we see that for 2(f/o fan 
flow to the centra~ jet, a thrust of 10,730 lb. could be obtained with full 
power - o thrust reduction of 600 lb. from the assumed case. The correspondi ng 
exit areas are given in Fig , 4 , 19 for the range of cen t ral jet flows which show 
that a central jet exit area of 690 sq " inches should be used. 

As before, the nozzle areas required for forward flight w ii I be dictated by the 
central jet area during hover . That is, the central jet liilow must be deflected 
oft and in doing so the area is reduced by rotation o f the guide vanes. Although 
the central jet area was taken as 1310 sq.in. for the forward flight cases, the 
new area would be about 350 sq. in. Consequently, t~e optimum thrust would 
be reduced since the higher loss peripheral duct system would be han~ing the 

major part of the fan flow. However, the thrust loss wou ld be partiall y compen­
sated by reduced momentum drag due to the optimum thrust occurring at higher 
fan pressure ratios for all speeds and power settings. 

Warming the Fan Intake Flow 

The flow from the turbine is exhausted to atmosphere at the upper surface behind 

the fan. This leads to the possibility of hot air being drawn into the foci during 
hover, especially if the vehicle is facing downwind. A short investigation o f 
this showed that the thrust loss would not be too si gn i f icant as long as the hot 
air did not reach the eng ine intakes. For example, on average temperature rise 
of 100 across the fan would result i n a thrust loss of less than 1% . The net result 
is that for a given horsepower input and fan pressure ra t io, the temperature 
reduces the airflow which is partiall y compensated by a lower duc t loss and an 
increase in jet velocity . It is assumed that the exhausted flow would not re­

circulate to the engine intak es placed i n the leading edge of the vehicle. 
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Comparison of Axial and Centrifugal Fan Versions 

Fig. 4. 21 shows the variation of thrust with /v\ach numbe r for the axial fan 

version, centrifugal fan version, and basic engine thrust case, all using 
military power. From this we see the advantage of using low fan pressure 
ratios for hovering and at low speeds _, However, at speeds above M : . A2 the 
centrifugal fan version provides better performance than the axial fan version. 
At speeds greeter than M = ~57 the direct engine thrust case provides best 

'performance 0 

19 . 

As pointed out in Section 4.2 the drag rise will impose strict limits on attainable 

speeds with the centrifugal fan version and engine thrust case , Howe vet, the 
axial fan version is practically unaffected by the drag rise. Therefore , there 
is little gain in top speed by choosing the centrifugal fan or by using engine 
thrust directly. The top speed for the axial fan versi on if 505 mph, while the 
attainable speeds for the centrifugal fan version and engine thrust case are 
533 mph., and 540 mph, respectively. 

The main advantage in choosing the centrifugal fan or ergine thrust case lies 

in the fact that they can operate with a substantially reduced power setting 
with only slight reduction in speed. For example, if the power setting is 
reduced to 95% rpm (normal con t inuous), the engine thrust case would provide 
a cruise speed of about 510 mph (siig htly higher than the axial fan version with 
military power) with a fuel consumption of about 4300 ib/hr. The axial fan 

ve~ion operating at military power would consume 5320 l b , fuel/hr , However, 
the difference in fuel consumption would tend to diminish with reduced crui5ing 

speed as the required power setting becomes equal for the two cases. 

Fig , 4.22 shows how any type of fan could stand to benefit from a shaft drive 
instal lotion using T58 engines. The performance gain can be attri buted to the 
efficient engine, close tolerance power turb i ne, and lack of duct loss between 

them. However, it does not take into account o ther design problems caused 
by such an arrangement. 

Recent Intake Tests 

Tests are being conducted by Orenda Engines Limi ted to determi ne the losses 
associated with the proiected intak e desig ns. The results of these tests ere 

soon to be published in ReL 4 . 

The intake pressure recovery for a bell-mouth intake located behind a wide 
cockpit canopy (see Fig. 1.3), and including the effect of the non-uniform 
conditions at the fan, is showr. in Fig , 4 , 23 " Cn this cu rve is also shown the 
pressure recoveries already assumed ir, Figs , 3 , 2 and 4.1 w hi ch were bosed on 
early tests of a 1/Sth scale model . It is seen thot the recent Orenda tests 

anticipate significantiy more loss, because they account fo r the losses th rough 

and below the fan due to forward speed as well as the pressure loss in the 

intake itself , " 
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Recent In take Tests (c ont=d ) 

The canopy in front of the fem has the beneficial e ffec t of i ncreasing the bell­

mouth iip radius where needed most and the tests sho wed a large i mprovemen t 

when a canopy, represedat ive of the present d esig n, was added to the basic 

shape o It i s anticipated that deve lopment of th e ca r: 0F;' shape poss ib ly com b ined 

with the introduction of guide vanes above the fan to e nsv re ax iai fa n entry fl ow 

will improve pressure recovery further, so that the ori g inal assumption ma y 

eventually be achieved , 

However, it i s interesting to consider th e effects of the Ore nds results o n the 

propulsive system performance resul ts already obtoined . The effect on the re ­

engined Avrocar and on the G ETOL developments w i ii Le slight because of t he 

lower speed range and beccu se the favoured GET OL development does not use 

its fan in forward flig ht However , significant penalties can be e xpected for 

the VTOL developmen~ at high speeds. A com pa r i son showing the effect on 

maximum power at Sea Level is gi v en i n the following ta b le~ 

/v\ox i mum Power a t Se a Level 

/v\och Number , 2 , 3 .4 .5 ,6 

Assumed Pressure Recovery ,996 .992 , 986 ,978 .968 

Calculated thrust ( lb) 8,000 6,700 5,650 4,750 3,950 

Test pressure recovery .992 .978 _958 333 .905 

Corrected thrust (lb.) 7,840 6,080 4,390 2,675 880 

Percent of calculated thrust 98 91 78 56 22 

The reason for the drastic fol I cff of th rust at ihe higher speeds is that th"e intake 

pressu re recovery reduces the gross th rust (a v ery lorg e '.i um ber et speed ) w i thout 

reducing the momentum drag (al so c large ,,umber) Tf:e n the d i fference between 

these two large terms, th e net thrust, car. foil off -✓ e r y rGptdiy . 

If t he Orenda test resu lts ore followed the top speed will be reduced by a bout 

90 knots (to about 345 knots) bu! at a more t1p ical cruise speed, sa 7, M = .3 

(200 knots) the engine rpm will have to be i,-,creosed fmrn 78 to about 82 percent 

and the fuei flow go up by 11 percent. 

However, it is emphasized tha t th e test res u ! ts w hose e ffect is i ll 0stroted above , 

constitute no more than a spor ·..:h eck on ex i sti : ig i r-, t:;( e ccnd;t1or,s, with a pa rtic ­

ular fan, si nce no <Jttem ,i t was rriade t-o dP,velo,- the desi y ;, Further improver71er'~ 

can dou btless be rna:le, pos,.h!y to the poi n t cf justi f ; i r•2 tf,e ori :,inci assumpt i o r: s 1 

which were th ern se! -✓ eS take n from earlier test-s, but tests w h i ch did r.ot include a 

'.:an, 



4 ,8 Gross Thrust Recovert 

Fu ll scale tu nnel tests with the A v rncar have shown the thrust to be much 

lower than expected. A low gross thrust recovery cou ld account for the 
deficiency as shown in Fig o 4. 24 " However, the assumed gross thrust 
recovery of 95% can be just i fied. 

The vehicle gross th~ust is expected to be less than t}1e sum of the gross thrust 
of the nozzles because: 

( i ) the nozzles do not al I point st raight downstream and so 
some of the jet momentum is wasted, 

(ii ) the flow from the front and central jets loses some of its 

2L 

engergy from .skin friction drag ·on the vehicle unde~urface . 

From the side elevation of the aircraft only the rear peri pheral jets are seen 
to discharge horizontall y . The front and central jets, although they discharge 
30° downward, will attach to the undersurface of the a i rcraft and be rotated 
to a horizontal direction by the Coanda effect " However, in plan view there 
are some sideways velocity components because the vanes in the rear peripheral 
jets of the circular vehicle are limited to a 60° deflection and the yaw co ntrol 

i n the front peripheral jet will only turn the flow through 45° in the horizontal 
plane. Then 21% of the total weight f low is mi$Oligned by up to 48° at the 
ends of the rear peripheral jet, while 12'3/o is misaligned by up to 27° at the 
ends of the front iet , This part of the thrust recovery factor is the cosine of 
the angle of misalignment, and for the whole vehi Ice it averages 97. ';!% . 
Al though a downward deflection of the rear jets is needed to trim ,the thrust 

loss from this source has been allowed for in an increased induced drag 
coefficient. 

Now account must be taken of the extra drag caused by the high velocity flows 
from the front and and central jet in contact with the aircra f t underside. For 

example, at M = "3 the flow wou Id normal I y be of the order of 400 ft / sec. 
(i.e. 14% above freestream velocity) while the flow from the nozzles is at 
about 600 ft/sec. If we base the drag on a quarter of ~he profile drag 
coefficient of the whole aircraft and one half.of the wing area, the drag of 
the lower ski n is 29 lb., eng lnes off, and 64 lb ,. engines on; a drag increase 
of 35 lb , But the total nozzle thrust is 15,900 lb. at this speed so the gross 
thrust recovery from this cause is 99 .6%. 

The overal I gross thrust recovery is then . 972 x . 996 = 96 . 8%. Therefore, 
the adopted value of 95.% 'is slightly conser✓ative , 
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CONCLUSION 

fable l p resents a summary o f t he va rious ve hic les considereil , it is difficult 

to compare the two type s si nce i n the case of the GETOL we have a l ig h t 

weight, l ow powered ve hi c le requir ing only suffi c ient ho ver thrust to provi de 

a reasona b le ground clea ran ce on take-off and iand i ng; whereas the VTOL 
vehicle i s heavier and mu st be hi gh powered to enab le it to hover ou t of 

ground effect , Consequen tl y the G ET O L using a pro pelle r fo r forward th rust 

has a lower SFC than the VTOL vehicle. 

It is seen that fo r the GETOL circraft powered by two Astc zou !I eng ines , th e 

axial fan and prope ller c ombi nati on is fa r superior to on ax ia l fan system from 

the propulsion poin t of vi ew. A l th ough there is a we ig ht penalty , the overall 

performance is improved due to the higher operating efficienc y of the propeller . 

Considering the V TOL v e hicles powered by two J85 engines , the axia! fan 

system has far better hover performa nce t han th e cen t rifugal fan system. Also 

the axial fan system is the mo re eff ici ent i n forwa rd fli ght up to s;:>eeds of a bout . 

300 mph giving i t the better overall performance. The in troduction of a ce ntral 

jet in combination with the peri pheral jet i ncreases th e performance of the axial 

fan version over that of a simil a r ve h icle usi ng o ;·il y peripheral jetL 

It is proposed that on l y 2a:i/o of the fan flow wi I ! ernerge at the central i et but 

any increase allowed will provide a thrust improvement , 
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TABLE 1 

PROPULSIVE SYSTEMS OF VARIOUS AIRCRAFT 

Type of Aircraft AVROCAR T58 DEVELOPMENT GETOL DEVELOPMENT VTOL DEVELOPMENT 

Engine Three J69 1s Three T 58°s Two Astazou 11 °s Two J85 1s 

Propulsive system tip driven shaft drive tip driven shaft drive fan and centrifugal tip dri ver 
turbo rotor axial fan turborotor axial fan propellers impeller turbo rotor 

Eng ine Weight (lb.) * 1,090 810 750 550 550 710 710 

M = OL Sea Leve l 

Max , thrust ( I b) 6,650 6,500 5,550 2,430 2,430 7,600 1 1,300 
Fue l flow (I6/ hr) 3, 160 2,040 2,040 690 690 2,4 00 2,400 

M = .3, Sea Level 

Max , thrust ( I b) 3,320 2,560 2,420 930 1, 520 6,000 6, 600 
SFC ( I b. f ue I / TH P hr.) 1.25 . 78 l.32 1. 1 '7 

M .. 3, 10,000ft. 

Max. thrust ( I b.) 2,700 1,950 1,950 710 1, 150 4,600 5 , 000 
iFC (lb. fuel / THP hr.) L23 . 77 1. 41 1. 30 

* - these weights ore for the engines alone and do not include remainder of the propulsive system. 

ii 
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APPE N DIX I A ' 

Lis t of l I lus trati ons 

Ti t le 

Thrust per Horsepowe r vs Fan Pre ssu re Ra t io ( K = 0 . 1) 

Thrust pe r Horse power vs Fa n Pressure Ratio ( K = 0 "2 ) 

Thrust per Horsepower vs Fa n Pre ssure Rario ( K - 0 . 3 ) 

Thrust per Horsepowe r vs Fan Pressu re Ra tio ( K - 0 4 ': 

N et Th rust per Ho rse powe r v s Fon Pre ss u re Rati o fo r Vari ous Me c h ,~umbers 

( 100% G ross Thrust Recovery) 

N et Th rus t ;)e r Ho rsepower vs Fon Pre ssure Ra tio fo r Various Mac h Numbe rs 
(95 % Gross Th rus t Recovery) 

Sea Le vel Cruise Thrust vs Sea Leve l Stat ic Th rust 

Cru ise Th rust a t 10,000 ft vs Se a Leve l Sta t ic Th rust 

C ruise Thrust or 20, 000 ft , vs Sea Le ve l Static Th rus t 

Thrust vs Fan Pre ssu re Rat io for Vari ous Duct Loss Fa cto rs 

Th rust vs Fan Pre ssu re Ra ti o fo r Va riius Fan a nd ~~o zz le Exit Areas. 

Specific Fuel Consum ptio n vs Fan Pressure Ratio ( Seo Le vel ) 

Specific Fuel Consumpt ion vs Fan Pre ss ure Ra tio ( 1() , 000 ft.) 

Specific Fu e l Consum ~t ion vs Fan Press L•re Rat io (20, OOC ft. ) 

Specific Fuel Consumpt ion vs Ma c h Nu mber - Effe cts of Fa n Pre ss ure Rati o 
and Gross Th rus t Recove ry (20,000 ft·, ) 

Speci f i c Fue l Consump t ion vs Ma c h Number - Effe cts o~ G ross Th rus t R.e c overy 
and Intake Pressu re Re cove ry (20 , 000 ft , ) ( Fan pre ssur e Rari o = l. 2) 

Spe c i fi c Fue! C on sumr,t1o n vs Ma c h Nu mue r - Effects of C ross Th ru st Re co ve ry 

·::i nd Intake Press ure Re covery (20 ,C00 f t. ) ( Fan Pre ss u re Ratio = 1.5) 

Spe c if ic Fuel C o nsum pti o n vs Mci c h Numbe r - Vc: riot ,or, wi th Fa n Pressure Rat io 

------------------------------------



A.1 

A.2 

A PPENDIX A' 

LIF TIN G FAN THEOR Y 

ln trodu cti on 

A me thod i s outlined for th e cno l y sis of li fting fan veh icles and tak es in+-o 

accoun t such va r iabl es as horsepowe r , fan pressu re rat io , fo 11 area , nozzle 

exit area, and duct loss focto r . The method i s the n appli ed to sea level 

sta tic condit ions to show th e variation of th rust / HP considering a ll these 

variable s. 

A typical vehicle is anal yzed nex t , which exte nds +-he previous work to 

include speci fi c fuel consumpt io n and th e e ffec ts of forward speed and 

altitude , 

Operation in the ground cushi on is not considered u 

Theory 

The horsepower delivered to the fan can be found once th e d rive e ffi cie nc y 

i s known. The n wi th the i ntroduction of fan pressure rati o and fa n eff i c ienc y , 

the temperature rise th rough t ~e fan i s de termi ned . Finally, the duct loss w ill 

establish the nozzle exi r pressure and thrus t. 

For an adiabatic process the work done on a unit ma ss ;s g i ve n by the 

ex pression: 

work 

or HP 

= wCpJ6T 

w CpJ4 T 
550 

Th erefore, airfloww = 1, 637 x HP 

b. T 
!6/ sec. 

whe re AT is the temperature r i se through the fon and i s equal to 

where T 2 = 

= 

= 

= 

~ '( :3 / t I . -1] 
'1F ~ '2 

fan e ,; trn nce temµerature .. 
fan exit 1emperu tu re 

fan presswre rat i o = 
fon ex i t p re ssure 

f~n er;t1Gr, ce pressure 

fan effi ci e nq' 



The sha pe of the exh aust possog e deterrni ne s the p re ss L· re ioss es rncv rec and 

by rei o ing the total ioss in the ex hm:st s :✓s tern : o t l ,e (h'•,ornic pre ssu re ot tl, e 

fan ex i t (q F) the duct loss co e ";.: ierd is produ ced . 

K = 
.1 p 

loss 

9F 

The nozzle exit total pressure 

p 
·e = 

when the fan a re a e qua ls the :1ozz le e-<i t c rec th e n : 

9F 9e = P e - Pa 

where p 
a 

atmospheric pressure 

Therefore , P e = P - K /P - iJ ) -3 e a -

Howeve r, if the fa n a rea (A 1) i s r~ot ec;uai to th ~ r.oz z ie exir area (Ae ) then: 

= 9 e 

l1 p f 

ll ~ K(~)''. 
A f 

] 
Therefore, P 

e 
L\ p + p 

~ pf 
+ -

( Ae l 2 J Pa - [1 e ·a + K 
Af 

The pressure ratio (Dc/Pe ) m,_J y now be fou r.d . The ri neg lee ting rrou :1d e ffect, 

th e gross thrust 

r ( A 
,, 3 

'g = .;. 
e ! 

1/ 2. 

:-f) or Fg = ( )r) ( = 
~

'J C~- (1 - _l )] v.:JT 
Ip": )t_:=2__ 

~! \p t 
a 

I IT \ 
[1 -(P--,; 

1/ 2 
= 4 .. 56';; ) '-;_'\,.' /.- ] ·, \, • ,/ : ,1 

e 1 
• UV 

{) '• , ~ 



A.2 Theory ( cont ·d) 

Knowing the pressure rati o Pa / Pe I the va lue s 
\/ 

7i end 
'Hfi 

AP 
may be 

read directiy from air tab les The te rms, '-/,' ,VT e nd Pare k nown values. 

Hence, gross thrust and nozzle exit area may be ca l cu la ted. The fan o rec ma y 

also be determined from Ae / Af , 

In most cases not all of the gross thrust will be recoveraSle due to the direction 

of the thrust force. Fo r exarnf)ie, a peri r:,h eral jet ve hi cl e wh: !e hovering wou l ::1 

probabl y have about 95% of th e thrust force acti ng ir. a vert ica l di rect i o n . In 

addition , mome ntum drag may cause seri o us losses w i th forw ard fli gh t. In fc rNard 

flight the net th rust 

T F (gross thru st recovery fcctor .1 - MV g 

where MY = mome n tum drag = mass airflow x fli gh t speed 1n ft / sec. 

Thrust per Horsepower - Sea Level Sta tic 

Considering the th rust equati o n ir. Section A.2, the nozzle exir total p ressu re 

depends on the fan pressure ratio, duct loss factor and the ra t io Ae /Af . Also , 

the temperrJture is a fu nction of fan pressure ratio, fa n efficiency ~nd inl et 

temperature . The th rust equation is then completed by introducin9 airflow w hi ch 

is a ~uncti on of HP from whi cl- thrus~ mcy be represented by T / HP. Also, si nee 

Ae a nd Af are functions of air r low 1he;., may be writte n as Ae /HP a nd AflhP' 

Graphs can then be plotted to show T/ HP ve rsus fo n p ressu re ratio for vcrious 

values of Ae / Hp, Af! Hp as show n i re Fi 9s. A. l , A.2 1 A.3, end A. 4 for 

K = 0 : 1, 0 . 2 , 0.3, and 0.4, res pecti vel y . 

In Fig. A.5, net thrust per horsepower is p lotted against fan p ressure ratio fo r 

v arious Mad·. numuers at sea level wi ~h Ae = Af , 100% gross fr: rust rec ove ry 

i s used , 

Fig, A , 6 shows c si r. i i lor !:,lot wit h 95 ~r, g ross rh rus~ re co ·,er y . 

For o i l cc!cul ctions , c ion ad iaGat ic eff i c;ency cf 85';,(-, has bee n assurie d . 

I 



A.4 

A.4 , 2 

A pplication of Theory to o T/pi cal V e hi c le 

The vehicle chosen for th is a nal ysis was powered by ~wo G ene ra l El ectr i c 

T58-GE-8 eng ines ( 125 8 SHP eac h) w h ich w e re d r iv ing on 85~1~, effic i ent fen 

th rough a 95% e ff icie n t dr i ve system. Fa n pressu re ra t i os rang i ng from 1.05 
to 1 .50 we re consid e re d: 

The three follow i ng cases were studied: 

(a ) Seo Level M = 0 to M = .7 

(b) 10 1 000 ft. M = 0 tc M = . 7 • 

(c) 20,000 ft. M = 0 to M = ,7 

The basic results are plot ted ,n t he form of cruise thrust v ersus sea level static 

thrust ( Figs. A.7 to A. 9 ) and specific fuel con sumption versus fan ~,ressure 

ratio (Figs , A.12 to A.14 ) . 

Calculations were based on Ae / Af = 1.0 which gi ves near o ptimum t h ru st for 

the type of duct systems used on µeri pheral jet v eh;c les. 

Thrust 

W ith Ae = Af it is seen from Fi g s. A.7 to A. 9 that for any altitude , thrust 

optimization is obtained with p ressure ratios below l .05 for speeds up to 

M = 0.2. With i ncreas i ng speed the fan pressu re ra tio required for thrust 

optimization increases, with a h igher fa n pressure ratio requrred for the higher 

loss system. 

Figs. A. 10 and A c 11 show thrust versus fan pressure ratio for Ae / Af = 1. 0. 

In Fig. A .10 a fa n area of 3000 i n, 
2 

is used and t he thrust shown for variou s 

duct loss fac tors. In Fig " A _ 11 th rust is show n for va rious fan areas w i th ;::i 

duct loss factor of O .3 . 

Specific Fue I Consum p tion 

Specific fuel co nsumpt i o n is gi v en in terms of lb. of fu e! / THP hr . • As shown 

in Figs , A.12 to A.1 4 , fo r o ;, ti mun, ~~FC th e fan tx essu re r,:: t i o increases as 

forward speed increases ., w ; •h the h iaher l oss s;1stem o p timum e t c hi qher fo'l 

pressure ratio tha n the lower loss system . H0w e-ver, e t •he h ig her speed s the 

g ai ~: i n SFC is neg li~i b le com pa red wit r, i ncre ase ir fa r. p ressure r,J t i o beyorid 

tne o p i imum . Al t ; tude prod uces O sl ig ht de crease in ~;Fe 6t.:t d, e OFt imurn fan 

pressu re rat i o rem a i ns nearl y co nsrar,i . 



A ,4 . 2 

A.5 

Specif ic Fue l C cnsvmp t io n (c ont :d) 

As would be ex pected , redu ci ng rorn pre ssure recover y and gr~ss thru st recover y 

has its g rea tes t effect at th e highe r M o ch. numbe rs Th is differe nce is shown 

i n Fig . A . 15 . V,' i th a co nsta n t of 1. ~ fan press ure rc: tio end d uct l oss facto r of 

3, the combined effe ct of 80'\, rDm pressure recover ;, and 95\'.:i g ro ss th rust 

recovery red uce s the SFC by abcu t 5% w h il e moving the min imum va l ue of SFC 

from M = .. 32 to M : A , 

In Fig " A.1 6, vari ous combi nations of ram p ressu re recovery and gross th rust 

recov e ry hove bee n ci ssu med w ith c fon pressu re rat i o of 1. 2 and duct loss factor 

of O 3 , The se SFC cuP1es are com ;x ;red ro those for t ; p i cal T58 and Ty ne turbo­

prop instal lotions . A simi lar com par i son using 1. 5 fan pressure ratio i s shown in 

Fig , A . 17 , 

Fig. A 0 l8 compares the SFC of a typi cal T58 turboprop insta lla ti o n with the SFC 

of loss free T58 powei-ed fan ve hi cle s, w ith v arious fon pressure ra tios , 

C en t ra I J e ts 

Most of the lift ing fa n des igns hove had peri ph eral Le ts but some also make use 

o f a centra l jet. Thi s is an adva ntage , as far as inte rnal aerodyn amics go, 

because it usuall y rn eans thct tho t porti o n of the fa n a i r passi ng out th e central 

jet has suffered less duct loss. It Fo ll ows th e n tha t with a central jet a vehi cle 

can be ex pected to produce mo re thrust per horsepower. 

Central jets ore parti cul arl y usefu I during hove ri ng and low speed operation " 

The additional exit area and the low loss pa·ssage leadi ng to it encourages· th e 

fan to pass a large mass flow o f a i r at a low pressure ratio. Thi s produces 

maximum gross t hrust o 

In cruising flig h t a highe r fa n p ressure rat i o is desirable and thi s can be achieved 

by restricti ng ih e nozzle area . If the periphera l nozzles were rest ricted the 

duct losses in the sys tem cou lc be fu r th e r reduced but thi s would be mec hani call y 

awkward and on l r useful i f t he cen tra l je t w as aft faci ng . It might al so reduc e 

t he power of the pi lo t ;s control s. A sim ;.) l e sol ution i s to c lose off the ce nt ra l 

jet, or reduce its area while def lec ting i r rearward , 
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