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RESTRICTED 

Summary of Rcsulta (3)(Cont'd). 

and III show the altitude performance of a jot (ga3 turbine) engine in 
conpirison vdth that of a propcllor drive gas turbine engine, 

4.  Cycle Analysis. 

The work dona by Dr. Munaberg of BMW to determine analytically the 
optimum compressor pressure ratio at different compressor and turbine 
üfliciencies,  airplane speeds, and turbine inlet temperatures for both 
the jet engine and the propeller drive gas turbine power plant agreed 
in general with rtinerican results.    For example, a sea level static com- 
pressor pressure ration of approximately 3*5 with turbine inlet teraper- 

'•"/.. ature at 1436^ Fahrenheit, compressor and turbine efficiency of B0%, ar-d 
airplane speed of 560 miles per hour was selected for the BMIV 109-003 jet 
origin;,    A compressor pressure ration of 6.0 was selected for the propel- 
ler drive gas turbine designated as the BMW 109-028 corresponding to prop- 
eller efficiencies at 26,000 ft of 75% at 500 miles per hour, and 65 to 
70;? at 575 miles per hour, 

5» Axial Compressors« 

Table II shows some of the design parameters for German axial com- 
pressors,    Dipl. Ing, Hennann Reuter of Brown-Boveri Cie (Mannheim) de- 
signed an axial flow compressor for the Junkers 109-004 jet engino which 
was designated as Herraso II,    A limiting rotor Mach number of 0.68 based 
on relative air speed at the rotor tip cf the first stage and standard 
sea level conditions was used in this design. 

■^ üiiother axial flow compressor designated as the Hermso IV was also 
''•-»' designed by Mr, Reuter for the BMW 109-003 engine.    In this design a 

limiting rotor Mach, number of 0,75 was usedi    A thickness-to-chord ratio 
of 9.5/o was used at the tip and 12*5% at the root of the first stage of 
this design. 

The first stage induccr of thu Heinkel-Hirth 109-011 compressor was 
designed by Dr, von Ohain,   It was designed for a rotor Mach Number of 
0.95 and a tip thickness-to-chord ratio-, of 4,6& 

In most of the compressors investigated, an axial velocity of approx- 
imately one half the tangential tip speed of tho first stage rotor was 
used for all stages except the last in which case 70-80$ of this value was 
used. 

- 10 - 
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RE3TRICTED 

^Udal Compresuora  (^(Cont'd), 

Tho distribution of work botwaen stages and the amount of work per 
stage Word briefiy as follows: 

(a) Tho Horraso II was designed to attain a pressure coefficient, 

( ^ Had) of 0.4ft 
V2 

(b) Tho Hermso III was designed to have a pressure coefficient 
of 0,A3 for the last stage increasing linearly to 0,51 for 
the first st-ge. Thereby relucing tlio possibility of blade 
failuroü in the last stage due to stalling« 

Mr, Reuter was of the opinion that in spite of the lo»;er stage effic- 
iency resulting from using reltively high pressure coefficients, the res- 
ulting reduction in wettod surface and number of stages required resulted 
in a net increase in efficiency.   For example.,  he compared the performance 
of the Hennso II having eight stages with an obsolete Brown-Boveri design 
having fourteen stages.    The eight stage unit developed the same pressure 
ratio at only a slightly lower efficiency, but was only half as long and 
two thirds the diameter. 

Prof,  Sorenson of MAN (Augsburg) indicated that thoy were using pres- 
sure coefficients of about 0,U for all stages in their design. 

Dr. von Ohain of Heinkol-Hirth based all of his designs of axial stages 
on a lift coefficient of 0,68, 

Considerable time was spent in discussing the problem of influence of 
boundary layer on compressor size and rotor tip blade angles.    In no case 
did any of the designers conect the root or tip diameters to obtain the 
required flow and no trouble had been apparently experienced in matching 
compressors and turbines.    It had not been found necessary to correct for 
on increase in boundary layer thickness as the flow progressed toward the 
xhaust end of the comprosscr.    Apparently there is no cumulative build 

up of boundary layer axially along the compressor walls.    There was some 
concern expressed about the possibility of excessive boundary layer thick- 
ness occuring at tho entrance of the compressor because of poor inlet duct 
deaign.    In must cases axial compressor tests wore conducted with rapidly 

- 11 - 
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RJSoTRICrED 

itxial Comprossora (5)(C'.'nttd). 

cunvurging rounded r-pproach orifices nt the comproaaor inlot.    Prof, dur- 
^nson said that MAN design practice waa to correct the outer 10^ of the 
rotor blade for the velocity distribution estimated to oxiat in the bound- 
ary X'j.yor.    He w;i3 not certain as to the exact methods used nor did ho 
mention similar corroctiona buing applied to the inner end of the atator 
blado. 

The nioüt controvoraial problem discuosod concerned the distribution 
of static prossure riac between the atator and rotor4    However, it was 
generally agreed that 50/? of the static pressure rise per stage across 
the re tor waa the theoretical optimum.    Dr. Mansburg of SAW, on the basis 
.>f single stage tost results obtained by Prof, Eckert at Braunschweig, 
prcforrod to design for 80$ of the static pressure rise occuring across 
the rot^r at the mean radius, 90$ at the tip and 70$ at the root.    It 
/vas his opinion that the secondary losses resulting from the poor axial 
velocity distribution along the radius of the blade with 50$ reaction 
olading more than compens ited for the higher rotor tip leakage and bound- 
ary layer losses, if any, v/hich might possibly result from the higher 
static pressure drop across the rotor.    Prof, dorenson's original axial 
comprusaor designs woro unsatisfactory because of the high losses in the 
stator when the stator was designed on the basis of no static pressure 
increase across the totor (Schicht design).    Tho latest MAN designs are 
based on 80$ of the static pressure rise occuring across the rotor at 
the mean radius»t One reason given for this choice was that the low 
static pressure drop permitted tho use of stator blades stamped from 
sheet nwtal.        \ 

i 
The radial distribution of work along tho rotor blade was in most 

cases on the basis of constant static pressure rise at all radial stations. 
That is, the rotor blades were twisted to give constant circulation which 
was obtained by varying the tangential component of tho difference between 
tho absolute leaving cyid entering velocities inversely as the radius. No 
correction to the blade angle was made for tho increase in static pressure 
at the outer diamoter caused by centrifugal forcos. 

The blade angles worj in most cases calculated from air angles, usin^ 
the theoretical deviation angles calculated by Fritz Ueining (see Curve IV) 
It was found that single stage tests wore necessary tt determine the cor- 
rect blade angles, which, especially in the case of tho largo stagger ang- 
les, differed considerably from the c1 lcula\.od ingles. 

- 12 - 
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RESTRICTED 

.cxial Comproasora (5)(Cont>d). 

Tho results shovm in Curve V were widely used in estimating the effect 
of Reynolds number of efficiency. The minimum pcmissable chord was usually 
saloctud to give a Reynolds number of greater than 1 x 10^, 

Tho thickness distribution along the chord was usually bases on NHCA 
airfoils as specified in NAG« Report #460, Brown-Bcveri (Reuter) used the 
method proposed by V«einig, The thickness chord ratio was decreased usually 
at tho tip to i s low as 5% to reduce shock losses and root stresses and 
was increased to 12-15%  it the root to provide adequate strength and high 
natural blade frequency. 

During the first stages of development of the BUM 003 engine numerous 
first stage rotor blade failures were expriencod as a result of the blades 
being excited by the interference effects of tho front compressor bearing 
supports. The trouble was corrected by reducing the number of supports 
'.nd increasing the blade thickhess at the root. 

The Herraso II compressor experienced several last stage rotor blade 
failures that were attributed to running the last sta^e stalled. In order 
to correct this condition, the Herraso III was designed to operate at a low- 
er lift coefficient for the last stages, 

6. Resume of Method Used by Herr Reuter of Brown-Boveri to Design 
Axial Flow Compressor, 

(a) Assume a pressure coefficient CX) for each stage, 

v - 2g Had , 2g Jcp Tinlot   ff »disc. \     0'^\ 

"     v2       v2        [SSStJ   -ij 
Here g z Adiabatic Head (ft. lbs,/lb. mass) 
V z Tip speed (ft./sec), 
Tinlet r Inlet air temperature C^,), 
J s Mechanical equivalent of heat s 778 ft.lbs./B.T.U. 
Cp r Specific heat of fluid being compressed at constant pressure 

(B.T.U. per Ib./degree R,). 
^disc. s Discharge pressure. 
Pinlet z  Inlet pressure. 

For the Hermso III design, a value of •£= 0,51 was assumed for tho 

- 13 - 
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REoTRICTL^D 

Rüsuntü of Method Usod by Herr Reuter of Brown-Doveri to.De^ign iOd.il Flow 
Compressor.  (6)(Cünt'd). 

first stage and a value of,-pi 0./i3 was assumed for tlu; la^t ata^e in order 
to increase the range of the last stage.    A linear variation of J between 
these two v-.lues was assumed for the design of the intermediate st.ges. 

(b)  50'h reaction at the me-.n radius w'.s assumed for all stages 
rn\i (c)' C dculate the optimum inlet velocity ratic/Jra\from: 

Nad =f(Upol>K) r\ ' 
Npol =   1-2E -WÜL 

-— Jt 
Iff     Wm 

u 

N^d having been plotted as a function of \mj\x for various values of K, 
here 

Nad = adiabatic efficiency, 
Wm = Axial inlet air velocity (ft./sec), 
u r Rotor tip ap.j^d  (.f't./sec), 

Npol s Polytropic efficiency,   (NpolJ assumed to be 0,875 when 

Vv'ni =0.5 and K r 00) 
u 

e r Drag coefficient/Lift coefficient (e assumed to be 0.066) 
K - Polytropic exponent. 
Wo » LM1  =     ^ ad 

u 2N   ad 
K = S Wo 

j 
where 

S = No. of stages,    J a Leaving loss coefficient. 
J'= 0 when the diffusion efficiency - 100% (based on tangential vel- 

ocity) 
(d) The Mach number  (based on t~ngential velocity)  for the first stage 

rotor tip was assumed to be 0.83 and, knowing the design angular 
velocity and the temperature of the air, the rotor O.D. was com- 
puted . 

(e) The air angles at the mean rotor radius   ire determined from the 
formula. 

- 14 - 
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REJTRICTED 

Reauine of Method Used by Herr Reutar of Brown-Boveri to Design Axial Flow 
Compreaaor (oJCCont'dTT" 

TanB2 =   Vta/u 
1 + w0/2 

TanBi r   -Wu 
x     'i     ' ijk     ■ 

i-Wn/2 

For symmetrical bL'.ding 
only ($0,J ro::ctiun) 

wr g Had -  J 

^Bp = re^' ve^' entering rotor 

wBi Z rel. vel, leaving rotor—U—§»  ZU 

Axial inlet vel« 

{^    Rotor tip gpeedj 

For unsynunetricj.1 bidding 
(uo) 50% reaction I u0 ^ (l - Spp > 

100 ^ 
t for Bi 
- for B2 

Po ~ % reaction 

it) Calculate theoretical lift coefficient (Ca)  and chord/gap ratio 
(c/t) from 

c/t x Ca r       /»uo  

^ 1 +<2_Wmj 2 
>    u   ^ 

(for 505t reaction only) 
use correction under para,  (e) for other blading. 

(g) Calculate V, B1/u= ^ m KT^T 
V u V  2     / 

-^    Ir 
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RESTRICTED 

Resume of Method Used b.v Horr Reuter of Brüwn-Boverl to Design Axial 
Flow Compressor (6)(Cont'd)) ^ -. 

wB2 

2 
w0 is for 50$ reaction only 
Use correction under para, (e), but with signs rovorsed for 
unsymmetrical staging.' 

(h) Calculate blade angles from air angles using Weinig's Mathod of 
/"A determining deviation angles (i.e. angle between tangent to mean •;■■ 
-"• chord and air velocity vector), dee Curve IV. 

(i) Tip and root air angles are calculated on the assumption of con- 
stant static pressure rise radially along the blado (i.e. constant 
circulation or u x Wu - constant). Assume t = 0,8 at root. 

(J) Minimum chord is limited by a Reynolds numblr of 1 x 10^ (see .■ ■ 
Curve V) and by the natural frequency of rotor blade, ;V 

(k) Calculate natural frequency of rotor blade from: 
*  . 

(note: gives approximate value for straight blades) /. 

fe - frequency (cycles per second), \\ 
L - blade length (centimeters) -^ 

*•:";•      E - Mod. elasticity (kg/cm2) 
T - polor moment of inertia a f y^ d?   (cnA) .]• 
S - sp, wt/g (kg se«2/cm^)  ' *•' 
N - angular velocity (rps) .; 
R radius to CG. (centimeters) ^ 
Bx - constant depending on order x 
"In - 1.875 first order 
B2 ~ 4.694 second order 
Bo - 7.855 third order 
B4 - 10,996 fourth order 
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RjaTRICTED 

Reaume of Method Us yd by Hurr Routür uf Brown-Bovcrl to Dosi^n Axial 
Flow Comprosaor (6)(Cont'än     ~~~       ' " ''   ' 

Tho blade natural froqucincioa ^ro solectüd to avoid tho firat and 
second harmonica of inlet strut oxcitiation froquoacios and tho first and 
second harmonics of tho stator blade exitiation froquonclus. 

Fatigue failures of rotor blades have bec'n experienced when compres- 
sors have been operated for short periods of time with some stages parti- 
ally or completely stalled. 

Axial velocity at the last atcgo is reduced 20-30^5 from value at in- 
let in order to reduce tho length of diffuser between compressor and com- 
bustion chamber and to reduce tip losses duo to low aspect ratio and leak- 
age, 

7. Gas turbines. 

Table II on page 5 is a summary of some of tho characteristics of 
several German gas turbines, 

Tho turbine designs were greatly influenced by the lack of adequate 
high temperature alloys and tho necessity of air cooling and turbine Wades. 
This resulted in compromising the aorodyn-jnic form of tho blades to permit 
fabrication of the hallow blades.    Although turbine inlet temperatures of 
1302° F to 14360F were employed, the turbine blade life was from 100 to 
150 hours for the early models using 15% nickel, 15% chromium alloys and 
20, to ÖOwhours for the later production models. The turbine blade life was 
quite inconsistant because of poor quality control of the steel at the 
mills, poor control of the turbine inlft temperature during acceleration, 
and inconsistencies in the fuel control regulations which would cause the 
turbine inlet temperature to exceed the maximum permissible valve. 

Table III shows the decline in creep.strength and high temperature 
alloy content as the final phase of tho war was approached. 

c 
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REoTRICTJlD 

Gaa Turbine« (7)(Cont'd). 

Table IV 

Hl^h Tomporature Turbine Blade and Disc Alloya. 

Data obtaindd from Mr, W.H. Mayo, Carnegie Illinois dteel Corp. 

Erupp Blade Alloys 

:^ 

Yoar     Alloy       Creep     **    % % 
Name strength       Carb.       Cr. 

lb/in 
Ni. 

1 1 %  
Tit.       Mo. tung. 

19a Trinidur 56,5000 "    0.15 °     15.0   30.0 
1942 Vanidur 35,500 0.12 18.0     9.0 
1943 Cronadur 42,500 0.10 12.0 
1945 FKM-10 21.A00 0.22 2.85 

XT 
0.6 

0.40 

v. .■" 

? %—% 1—r 
Van.       Un      Nitro        Jit    : 

t  
Van. 

OTTT 
0.12 

^on. 

1.0 
0.6 18.0     0,20 
0.75       04 40 O.AO 1 

Krupp Disc Alloys. 

19a      FKDM-10   21,400 0.20 
1945     Cm 25     2,800 0.42 

2.8 

t % r-t 
Mn.       Nitro       Si,. 

1.7 

gen« 

0.40: 

0.4 0.40 
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RZoTRICTZD 

Qua Turbinoa (7)(Cont'd), 

(a) Ciecp strength is strosa at 11120F at which Croop rate is 0,00152 
pur hour during th; 25th to 35th hours of the tost, 

(b) Croup to rupturo strength of Vanidur is 14,200 lb/in2 at 11120F 
and 2S,AÜ0 Ib/in^ at 93^ÜF.  (5000) hours. > 

The practice of Brown-Bovori using Vanidur for both blades and discs 
was to design on the basis of 20,000 lb/in2 root stress at 1U20F. turbine 
inlet tuinperature,    Th^ life was expected to exceed 2,000 hours and was 
estim-ted from test data which indicated the blade root temperature (solid 
blade) was 932° and the disc temperature  (aircooled) was 7520F.    The > 
blad-j temperature was measured to' bo approximately 77°?, cooler than the '*■ 
gas stagnation temperature of 11120F. at a turbine tip speed of 820 It. ._--._,      !- 
sec. and an expansion ratio of approximately 1.8. V'v      ;! 

The effect of gap/chord ratio on efficiency has been experimentally "• 
investigated by several firms.    A value of 0.7 to 0.8 is common practice. > 
Brown-Bovuri tests redults indicated the optimum gap/chord ratio at the 
Duan diameter was O.Ato 0,6 at a Parson's number of 2,000, and 1,0 to 1.2 
...t a Parson's number of 4,000. '.• 

According to Prof, Jorensen ; AN was investigating ceramic turbine 
blades and disc :iu-teriala,    A 10" cast quartz integral blade and disc had I 
been fabricated but was unsatisfactory because of its very law resistance 
to thermal shock,    Carbonundum was though unsatisfactjry because of the v; 
difficulties of machining,    A porcelain consisting of silicon oxide, al- 
uminum silicate  and masnisiura oxide (proportions unknown) :ind called 
"Ardastor" was considered as one of the more promising -oaterials.    It had 
a cre^p to rupture strength of 4,250 lb/in2 at 1832CF and 70,000 hours. _      1; 
The ultimate strength cold was 6,000 to 16,000 lb/in2.    Hot fatigue had !•"■-•' 
just been started but no results had been obtained, •; 

* **• 
Prof, borensen was of the opinion that it would be possible to dev- ■•? 

clop ceramic turbine blades to run at 18320F,   md 500 ft/sec. tip speed in 
5 years time, I 

8.  Combustion. 

Most of the following information was obtained from Messrs. Hagen ;". 
and Bock of BLßV,    AS a result of considerable testing jn single cylindrical 
end segmonts of annular type burners as well as full scale units, it was • 

- 21 - 

■"• -"'  -* 



ij /".'V V, .■ '7   r  ,'",''"y.y " w" v«^ii v» l »ywv^'.^;■''.""'—.•■."J" i'.";—■ ■_-. ■',■%' ^i 

Ccmbustion (8)(C--nt'd). 

ccncludöd that it was nocossf ry to prove a rögion jf law volocity in which 
U establish the flan» front, a cartain minimum prossuro loss through the 
combustion chamber was censidored necessary to obt:än a stable flame.    Jpec- 
i.d previsions such as double fuel nozzles were censidored necoss^ry to 
insuro adequate fuel ponotr'-.tion and dispersion -it low values of full flow 
in order to ^ruvont flarao "blovz-out" at high altitudes part load conditions. 

Burner dovelopraent was started in October 1939 on the BMW 003 engine, 
and occupied the full time of 6 engineers.    Combustion chamber designs 
wore evaluated on by the discharge gas temperature distribution by the cal- 
culated combustion efficiency by the total pressure drop across the chamber 
and by comparing the lean and rich limits cf stability at different values 
-f uirlluw,        (3oe illustration on page 2^). 

Heat release rates of 2 X 10? B.T.U./hr/ft3 have been experimentally 
obtained at k atmospheres pressure.    However, in the case of the BMW 109- 
003 engine at sea-level and rated speed the heat release rate was 1.1 X 
10? B.T.U./hr/ft3 3 U atmospheres; and 0.84 X 10? ü.T.U./hr/ft3 in the 
case of the BMs7 109-018 engine £ 6 atmospheres.    Although no testing had 
been done to determine scr.lc effects it was believed the L..rger combustion 
chambers, required more fuel nozzles (16 for BMitf 003 and 2U 3.9 for BMW 018). 

The total pressure loss across the BMW 109-003 combustion chamber at 
sealovel and rated speed conditions was 2i25 lb/in^ or approximately tn3% 
of the compressür discharge pressure.    The Heinkel-Hirth 109-011 engine 
combustion chamber "blow-out" conditions as determined in an altitude cham- 
ber were as follows: 

Alt, Ft.       R.P.M. Ram mi/h 
42,600           8,000 5^0 
16,400 5,000 56O 
36,000 35,000 300 
16,400 2,500 300 

BMW,  Junkers, and Heinkel-Hirth were jll providing double fuel nozzles 
to correct this trouble which was caused to a 1 .rge extant by poor fuel 
dispersion .md penetration at the low fuel flows and pressures required 
at high altitudes and part load. In addition Heinkel-Hirth wore -providing 
for additional primary air turbulence near the fuel nozzles, 
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Combustion (8)(Cont'd).    •'^   ^^t% 

The BM1/. 109-003 cc'tn'ouation chamber dot.dIs  iro snjwn below:  (Jee 
pigo ^4). 

Ignitit n is produced by two ^ark plugs mounted in the piano of the 
prim .17 air a no,    Thesu apark plugs    re insper-ativo except during start- 
ing. 

.   Two special fuel JetJ are provided for starting with gasoline, while 
six addition..! jets supply the heavier fuel to the combustion chamber while 
the engine is running. 

The primary air cone is designed with a large angle cf divorgenco 
(40^) t. c.iusc flow separation and reverse flow, thus stabilizing the falme 
front«    Original designs using perforated ceramic plates were discarded be- 
cauüc the fuel c.ndansod on the plates.    The secondary air chamber length 
>.£ the BMW 109-003 was increased 8 inches to improve the combustion effic- 
iency and disch.irtje temperature distributiv,n. 

Experiments injecting fuel in the first stage rotor wera unsoccess- 
ful because the liquid fuel was thrown to thu outer v/all and would not mix 
with the air; besides burning was experienced in the tail pipe, 

burning of fuel in the tail pipe of jet engines was not possible below 
an exhaust temperature of l660oF#    However if the fuel was injected up- 
stream and a primary air cone (turbalonce cone) was installed, combustion 
was possible above 11200F but the pressure loss in the thrust nozzle was 
e^essive. 

The project was dropped because of tail pipe burning and flame in-» 
stability.    The theoretical increase in thrust,  of 330 lbs at 18320F was 
never realized, 

9. Control öystem. 

The Junkers type of fuel control system was used on all the production 
jet engines.    The fuel control system consisted of an idle or slow speed 
control which was effective below a throttle position corresponding to 5>0C 
rpm at sea-level. It consisted of a throttle controlled fuel pressure dif- 
ference.    Because it incorporated no altitude density compensation device 
the turbine speed increased with altitude for a given throttle position. 
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Control oystcm (9)(Cont'd)t 

Tho r.uin system consisted of governcr controlled fuol valvo which 
r.^int.iinud the turbine speed constant between 6000 ^.nd 9500 rpm for a 
given throttle sotting and at any altitude or airplane speed. The idle 
syater.i was rendered inoporativ^ by a linkage connected to the throttle 
sysW.i, 

The exhaust jot area was controlled by a sorvo-raechanism as a cal- 
culated function of indicated air speed at high turbino speeds and as a 
function cf both indicated air speed .:nd throttle position at low turbine 
speeds, Tho Jot area ia a naxiniun at starting and idling conditions and 
is a rnininun at full throttle and high ..irplano speeds, (see Junkers 004 
report no, 19), 

/:' The original BMW 109-003 fuol control system for gasoline consisted 
of 30,000 rpm centrifugal fuel pump having a 1.8" impeller which used tho 
radial component of the centrifugal pressure (proportional to rpm) to 
uiroctly control the fuol flow by means of a bypass valve at the discharge 
from tho pump, Tho scheme was discarded when it bocamo necessary to use 
Diosol and crude oils for fuel because the density and velocity tolerances 
which influence the radial presöuro was so groat that it caused prohib- 
itive variation in turbine inlet teraporüturo whon those fuels wore used« 

tho BMW proposal for a propellor drive gas turbino consisted of a 
const.jit speed propellor control coordinated with a variable turbine in- 
let temperature control which was biased by altitude and ram pressure. 
Both turbine speed and inlat temperature would bo reducod at port load, 
the variation of powor due to changing turbine inlet temperature being 
2/3 of tho total effect. 

10. starting. 

It was estimated that a 50 h/p starter (2 cycle, air-cooled gasoline 
engine) would be required for the BMW 109-018 and 109-028 power plants. 
The starting speed would be about 20^! of aaxiraum speed for the BMW 109-018 
and somewhere less iri the case of the BMW 109-028. It was planned to use 
a propeller pitch for minimum torque for starting. No study had been 
nude of the problem of providing nunimura pitch stops for take-off. 

Prepared by: 

P.W, PRATT 
Ü.öJJ. Technician. 
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