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

and ITI snow the altitude performancc of a jot (gas turbine) engine in
canmp:rison with that of a propcller drive gas turbine engine.

L. Cycle Analysis,

The work done by Dr. Munsberg of BMW to determine analytically the
optimum compressor pressure ratio at different compressor and turbine
efficiencies, airplane speeds, and turbine inlet temperatures for both
the jet enginc and the propeller drive gas turbine power plant agreed
in general with american results, For example, a sea level static com-
pressor pressure ration of approximately 3.5 with turbine inlet temper-
ature at 14360 Fahrcnheit, compressor and turbine officiency of 80%, ar.d
airplane speed of 560 mles per hour was selected for the Bl 109-003 jet
enginc, 4 compressor pressure ration of 6.0 was selected for the propel-
ler drive gas turbine designated as the BMW 109-028 corresponding to prop-
aller c¢fficiencies 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 somc of the design paramcters for German axial com=
pressors, Dipl. Ing, Hermann Reuter of Brown-Boveri Cie (Mannheim) de-
signad an axial flow compressor for the Junkers 109-004 jet enginc which
was dosignated as Hermso II, . limiting rotor Mach number of 0,68 basecd
on relative air speed at the rotor tip of the first stage and standard
sea level conditions was used in this design.

another axial flow compressor designated as the Hermso IV was also
designed by Mr. Reuter for the BMW 109-003 cngine, In this design a
limiting rotor Mach, number of 0,75 was used: a thickness-to-chord ratio
of 9.5% was used at the tip and 12,5% at the root of the first stage of
this design,

The first stage induccr of tho Heinkel-Hirth 109-Ql1l compressor was
designed by Dr. von Ohain, It was designed for a rotor Mach Number of
J.95 and a tip thickness-to-chord ratio. of 4.6%.

In most of thc compressors investigated, an axial vclocity of approx-
imately one half the tangential tip speed of the first stege rotor was

used for all stages except the last in which case 70-80% of this value was
used,

—m.
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Axial Compressors (5)(Cont'd),

The distributi batwe the amount of work per
stage wgre brie?ﬁy 32 qu g:;‘s(: gUtgan atages and Gt ane £wonk pe

(2) The Hermso II was designed to attain o pressure coefficient.

( &vﬂad ) of 0.48

(b) Thc Hermso III was designed to have a pressure coefficient
of Oe43 for the last stage increasing linearly to 0,51 for
the first stige. Thereby reiucing tiic possibility of blade
failures in the last stage due to stalling,

Mr. Reuter was of thc opinion that in spite of the lower stage effic-
icney resulting from using reltively high prossure coefiicients, the res-
ulting reduction in wetted surface and number of stages required resulted
in 2 net increase in efficiency. For example, he compared the performance
of the Hermso II having eight stages with an obsolete Brown-Boveri design
having fourteen stages., The eight stage unit doveloped the same pressure
rctic at only a slightly lower efficiency, but was only half as long and
two thirds the diamcter.

Prof. Sorenson of MAN (lugsburg) indicated that they were using pres-
sure coefficients of about 0.4 for all stuges in their design.

Dr. von Ohain of Heinkcl-Hirth based 211 of his designs of axial stages
on o lift coefficient of 0,68,

Considerzble time wzs spent in discussing the problem of influence of
boundery layer on compressor size and rotor tip blade c~ngles. In no case
did any of the designers coriect the root or tip diameters to obtain the
required flow and no trouble had been apparently cxperienced in matching
compressors and turbines, It had not been found neccssary to correct for
&n increase in boundary loycr thickness as the flow progressed taward the
«xhaust end of the compressor., /pparently there is no cumul.tive build
up of boundary layer axially czlong the compressor walls, There was some
concern expressced about the possibility of excossive boundary layer thick-
ncess occuring at the entrance of the campressor beccuse of poor inlet duct
deaign. In moust ccses axial compressor tests were conducted with rapidly

- 11 -
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RESTRICTED
ixial Comprossors gﬁlggunt'd].

cunvurging rounded approach orifices at the comprossor inlet., Prof. dor-
cnson sald that MAN design practice was to corroct the outer 108 of the
rotur blade for the velocity distribution ostimatod to oxist in the bound-
ary liuycr. Ho wes not certain as to the exact methods used nor did he
mention similar corrcections being applied to tho inner ond of the stator
bladc,

The most controversial problem discussed concerned the distribution
of stotic pressure risc botween the stator and rotor. However, it was
gencrally agreed thot 508 of the static pressure rise por stage across
tho rctor was tho theoretical optimum, Dr. Mansburg of BMW, on the basis
of single stage test rosults cobtained by Prof. fckert at Braunschwoeig,
preforred to design for 80% of the static pressure risc occuring across
the rot.r at the mean radius, 90% at the tip and 70% 2t the root. It
vas his opinion that the socondary losses resulting from the poor axial
volocity distribution along the radius of the blade with 50% roaction
plading more than compens:ited for the higher rotor tip leckage and bound-
ary layer losscs, if any, which might possibly rosult from the higher
static pressure drop across the rotor, Prof, Sorenscn's original axial
comprussor designs werc uns:tisfactory because of the high losscs in the
stator when the stator was designed on the basis of no static pressurc
increase across the #otor (Schicht dosign). Tho latest MAN designs are
based on 80% of the static prossure risc oecuring across the rotor at
the moan radius,, One rcason given for this choice was that the low
static prossurc drop pormittod the use of stator bludes stamped from
sheet motal, %

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

casas on tho basis of constant static pressurc risc at all radial stations,
That is, the rotor bladus were twisted to give c:nstant circulation which
was obtained by varying the tangontial component cf the difference betwasen
the agbsolute leaving aqnd cntering velocities inverscly as the radius, No
cuorrection to the bledo anglce was made for the inercaso in static pressure
at the outer diameter caused by eontrifug:l forcoes,

The blade angles wers in most cases crlculated from air angles, using

the theorctical deviation ingles calculated by Fritz loining (see Curve IV).

It was found that single stage tests were necessiry tc determine the cor-
rect blade angles, which, especially in the easo of the large stagger .ng-
les, differed considorably from the colculaved :ngles,

Lo L
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axial Compressors (5)(Cont®d).

The results shown in Curve V were widely used in ¢stimuting the effect
of Reynolds number of efficiency. The minimum pcrmissablec chord was usually
scloctoed to give 2 Reynolds number of greater than 1 x 107,

The thickness distribution along the chord was usually bases on NaCi
airfoils uas spccified in NAG. Report #460, Brown-Boveri (Reuter) used the
methvd proposed by Wweinige The thickness chord ratio was decreased usually
at the tip to .s low 2s 5% to reduce shock losses and root stresses and
wa3 increased to 12-15% 1t the root to provide edequate strength and high
nctural blade frequency,

During the first stoges of development of the BMW 003 engine numerous
first stage rotor blade failures were exprienced 2s a result of the blades
oeing excited by the intorferonce effects of the front compressor bearing
supports, The trouble was corrscted by reducing the number of supports
~nd increasing the blade thickness at the root,

The Hermso II conprassor experienced several last stege rotor blade
fzilures that were attributed to running the last stege stalled. In order
to cerrect this condition, the Hermso III was designed to operate at a low-
er lift coefficiont for the last stages,

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

(a) Assume a pressurc coefficient (?E) for each stage.

X = 20 fod = 22 Jep Tinlot (m) 0.382

v v Pinlat

Here g = idisbatic Head (ft. lbs./lb. mass)

V = Tip speed (ft./sec).

Tinlet = Inlet air temperature (°R.).

J = Mechanical cquivalent of heat = 778 ft.1lbs,./B.T.U.

Cp = Specific heat of fluid being compressed it constant pressure
(B.T.U. per lb./degree R,).

Pdisc, = Discharge pressure,

Pinlet = Inlet pressure.

For the Hermso III design, a value of 3&: 0.51 was assumed for the

-13 -
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Resume of Method Used by Herr Reuter of Brown-Boveri to Design axial Flow
Compressor., (6)(Cont'd).

first stage and o value of. 7= 0.43 was assumed for the last stoge in order
to increase the range of the last stoges A linear veriction of % betwecn
these two v.lues was :ssumed for the design of the intermedite st.ges.

(b) 50% reaction at the mesn radius w.s 2gsumed for all stoges
(e) C:lcul~te the optimum inlet velocity ratic(g@ from:
u

- "f(Npol’ ) Nad={(Npol,K)
Npol = 1-24 M
L

u

N:d having been plotted s - function of Wm/u for virious v.lues of K,
here .

Nag = adl*batic eff1c10ncy.
Wp = Axial inlet ~ir ‘velocity (ft./sce.).
u = Rotor tip spucd (f't./scc.).
Npol = Polytropic =fficivney. (Npol. assumed to be 0,875 when

_".“{L = 0.5 and K = 00)
1

e = Drag coefficicnt/Lift COLffICIunt (e assumed to be 0,066)
= Polﬁtroplc exponent.
a

EL_:T_____.

ad
K= S W
J
where
S = No. of stages. J = Leaving loss coefficient.
THE

0 when the diffusion efficiency = 100% (based on tangential vel-
ocity)
(d) The Mach number (based on tingential velocity) for the first stage
rotor tip was 2ssumed to be 0.83 and, knowing the design :ngular
velocity and the temperature of the air, the rotor 0.D. wos com-
puted.

(e) The air cngles at the mean rotor radius :rc determined from the
formula.
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Resume of Method Used by Herr Reuter of Brown-Boveri to Design Axial Flow
Compressor (9[ ®
TanBy = ¥
g 1 :miu/2 For symmctric:l bloding
o only (50,5 rezetiun)
TanB; = Jm/u
L-wo/2
o Wo = _g Had - ¥ ad
u< 2 ‘*ad
W32 = rel. vel, entering rotor — Axial inlet vel.
3 -
¥B] = rel. vel. lezving rotor f

"4
Rotor tip speec
Jo—otor tip specd

For unsymmetric:l blading .
(Yo) 50% renction = u, # (1 - 8po )
100
t for By
- for By
Po = % reaction

(£) Calculcte theoreticzl 1ift coefficient (Ca) :nd chord/gap ratio
(¢/t) from '
e/t xC, = Luo

V14f2im;2
Ku/

(for 50% reaction only)
use correction under para. (e) for other bleding,

V(Wm 2’4 (l+uo) 2
LU ! T2

(g) Calculate VBLfy =

-15 -
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Resume of Method Used by Horr Reuter of Brown-Boveri to Design Axial S
Flow Compressor (6)(Cont'd)q R
N
o '\/ Z - 2
= W, 1 )
u + Jo
e
wo is for 50% reaction only
Use correction under para. (e), but with signs reversed for :
unsymmetrical staging.’
(h) Calculate blade angles from air angles using Weinig's Mesthod of
_’_‘{.\ determining deviation angles (i.e. angle between tangent to mean
chord and air velocity vector). oce Curve IV,
(1) Tip and root air angles are calculated on the assumption of con-
stant static pressure rise radially along thc blade (i.e. constant
circulation or u x Wu = constant)., Assumec t = 0.8 at root.
(3) Minimum chord is limited by a Reynolds numbRr of 1 x 10° (see i
Curve V) and by the natural frecuency of rotor blade, y
(k) Calculate natural frequency of rotor blade from: 2
l fe = V1 B¢ TE & > R
| = B NI “
| ol 3
b (note: gives approximate value for strzight blides) -
4 -
l fg - frequency (cysles per sescond). 2\
; - L - blade length (centimetcrs) R
Ay L E - Mod, elesticity (kg/cm<) g
4 T - polor moment of inertia = f y2 dF (cmb) -
e S - sp. wt/g (ke seoz/cmh) ‘ x
- N - angular velocity (rps) J
- R- - radius to C.G. (centimeters) b
. By - constant depending on order x '
i ‘B - 1.875 first order ‘
x By ~ 44694 second order .
7 By - 7.855 third order
', By~ - 10,996 fourth order
o - 18 -
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Resume of Method Usud by Herr Reutor of Brown-Boveri to Desipgn Axial
Flow Compressor {6)(Cont'u),

The blade natural froguencies ure sclectod to avoid the first and
sccond harmonics of inlet strut aexcitiation froqueneies and the first and
second harmonics of tho stator blade exitiation frequencies,

Patigue fuilurcs of rotor blades have been experienced when compros-
sors have been operatcd for short periods of timc with some stages parti-
ally or complctely stalled,

Axial velocity at the last stogo is reduced 20-30% from value at in- o
lct in order to reduce the length of diffusor between compressor and com- -
bustion chamber and to reduce tip losscs due to low aspect ratio and leak-
age.

7. Gas turbines,

Table II on page 5 is 2 summary of some of the characteristics of
scveral German gas turbines,

The turbinc dusigns were greatly influcnced by the lack of adequate
high temperature allcys and thc necessity of air cooling and turbine blades.
This resulted in compromising the aerodyn:mic form of the blades to permit
fabrication of the hallow bludes. Although turbine inlet temperatures of
1382° F to 1436°F were employed, the turbine blade lifo was from 100 to
150 hours for the e:rly modcls using 15% nickel, 15% chromium 2lloys and
20, to 80wvhours for the later production models. The turbine blade life was
quite ineconsistant becausc of poor quality control of the steel at the
mills, poor control of the turbine inlet temperature during acceleration,
and inconsistencies in the fuel control regulations which would cause the
turbine inlet temperature to exceed the maximum pcrmissible valve,

Table III shows the decline in creep. strcngth and high tempcrdture
alloy contont as the final phase of thc war was approached.
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Gas Turbines (7)(Cont'd),

Table IV

Hizh Temperature Turbine Blade and Disc Alloys.,

Data obtained from Mr, W.H. Mayo, Carnegie Illinois steel Corp.

Erupp Blade Alloys

Yoar Alloy  Creep K F4 4 4 4 (4
- Name Strength Carb, Cr. Ni. Tit, Mo, tung.
::\ lb/in
1942 Vanidur 35,500 0.12 18,0 * 9.0 0.6 - -
1943 Cromadur 42,500 0.10 12,0 - - - -
1945 FKM=-10 21,400 0.22 2,85 - - 0.40 -
'3 [ SN Z 1
Van. Mn Nitro Ji, 3
gen. - :
l.O - e - ;
006 1‘800 0.20 - 8
0.75 0.40 - Oul0 3
-~ Krupp Disc Alloys.,
e
19,1 FKDM-10 @l,400 0.20 2.8 - -~ 0., 0.0
l9h5 Crn 25 2.800 0042 - = - = bt
% X
Vano Mn- Nitro Sio:
— £en. g
0.75 = - -l i
0.12 1.7 - O.L}O’
- 20 -
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Gus Turbings (7)(Cont'd),

(a) Crecp strength is stress at 11120F at which Crecp rate is 0,001%
per hour during th: 25th to 35th hours of the test,

(b) Cruup to rupturs strength of Vanidur is 14,200 1b/in at 1112°F )
and 28,400 1b/in< at 9329F, (5000) hours. )

The practice of Brown=Boveri using Vanidur for both blades and discs
was to dosign on the basis of 20,000 1b/in< root stress at 11129F. turbine
inlot tumporature, The life was expected to exceed 2,000 hours and was
estim.ted from test duta which indicated the blade root tcmperature (solid ks

blada) was 932° and the disc temperature (aircooled) was 752°F. The )
bladu tumperature was measured to be approximately 77°F, cooler than the o 1
gas stagnation temper-iurs cf 1112°F, at a turbinc tip speed of 820 ft, N
sec, cnd an axpansion ratio of approximatoly 1,8. BT
The effect of gapfchord ratio on efficicncy has been cxperimentally R
investigated by sceveral firms., A valuc of 0,7 to 0.8 is common practice. »

Brown-Boveri tests results indicated the optimum gap/chord ratio at the
tcan diameter was O.b4tc 0,6 ct a Parson's nunber of 2,000, und 1.0 to 1.2
=t 2 Parson's number of 4,000,

according to Prof, Jorcnsen ! AN wes invaestigating coramic turbinc
blades and disc u-tericls, a 10" cast quartz integral blade and disc had . )
been fabricated but was unsatisfactory bceccause of its very law resistance
to thermal shock, Carbonundum was though unsatisfactory because of the
difficulties of machininge A porcclain consisting cf silicon oxide, 2l- it
wninum silicate and magnisium oxide (proportions unknown) and called v
"ardastor" was considered as onc of the more promising waterials. It had
a crecp to rupture strength of 4,250 1b/in® at 1832°F and 70,000 hours. O )
The ultimate strength cold was 6,000 to-16,000 1b/in?. Hot fatigue had S
Just been started but no results had been obtaincd. el

Prof, surensen was of the opinion that it would be possible to dev- A
clop coramic turbine bludes to run at 1832°F, :nd 500 ft/scc. tip speed in
5 yeors time. S

8. Comoustion.
Most of the following information was obtained from Messrs. Hugen

and Bock of Bifie 4as a result ofconsiderable testing un single cylindrical
=nd segments of annuler type burnors as well as full scalc units, it was

=21 = "
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Ccmbustion (8)(Cont'd).

concluded that it was necessery to prove a region of law velocity in which
to estgblish the flome front, a certain minimum pressure loss through the
combustion chumber wes ccnsidered necossary to obtioin a stable flame.,  Spec-
1.1 previsions such as deuble fusl nozzles were censidered necessury to
insur: adequate fuel penctrotion and dispersion =t low values of full flow
in crder to pruvent flame "blow-cut" at high altitudes part load conditions.

Burner development was started in October 1939 on the BMY 003 enginc, -
and occupied the full time of 6 enginescers. Combustion chamber designs ;
were evaluated on by the discharge gas temperaturc distribution by the cal- .
cul.ted combustion efficicncy by the toutal pressure drop across the chamber
nnd by comparing the lean and rich limits ¢f stobility ot difforent values
<f airBlow, (30c illustration on page. 24).

Hoat release rouves of 2 X 107 B.T.U./ hr/f’t,3 have been experimentally
obtained at 4 atmospheres pressure. However, in the case of the BMW 109-

003 engine at seg-level and rated speed the heat _release rate gas 1.1 X

107 B.T.U./hr/ft” & 4 ctmospheres; and 0.84 X 107 5.T.U./hr/ft? in the

case of the BM 109-018 cngine & 6 atmospheres. Although nc testing had
been done t¢ determine sccle effoets it was believed the l.rger combustion
chambers, required nicre fucl nozzles (16 for BMw 003 and 24 3.9 for BMw 018).

The total pressure loss across the BMW 109-003 combustion chamber at
sealevel and rated speed conditions was 2125 1b/in< or o roximetely 4:3%
of the campressor dischorge pressure. The Heinkel-Hirth 109-011 engine
combustion chamber "blow~out! conditions as determined in an altitude cham-
ber woere as follows:

alt, Ft, R.P.M. Ram mi/h
42,600 8,000 560 %
16,400 5,000 560
36,000 35,000 300 »
16,400 2, 50C 300 5
BW/, Junkers, ond Heinkel-Hirth were 1l providing double fuel nozzles

to correct this trouble which was caused to o 1l.rge extcnt by poor fuel
dispersion und penetration at the low fuel flows and pressures required '
2t high altitudes and part louad, In addition Heinkel-Hirth were -providing o
for additionul primary air turbulence near the fuel nozzles, i
- 22 - \'
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Combustion (8)(Cunt'd). Vo  :Ddww '

The BMw 109-003 combusticn chamber det.dls 2rc siaown below: (oce
page 2k).

Igniticn is produced by two gpark plugs mounted in the plane of the
prim.ry air ¢ ne, Those spork plugs . re insperative except during start-
ing.

. Twe spucl.tl fucel Jots cro provided for starting with gasoline, while
six additicn.l jets supply tho heavicr fuel to the combustion chamber whilc
tho ¢ngins is running,

The primary air cone is designed with o large angle of divergence
(40~) t. c.usc flow scperaticn and reverse flow, thus stobilizing the falme
front., Origincl designs using porfer~ted ceramic pl-tes were discarded be-
cruse the fuel co:ndensed on the plotes. The secondary air chamber length
£ the BMI7 109-003 was increcsed 8 inches to improve the combustion effic-
icncy ©nd discharge temperature distributicn.

Experiments injecting' fuel in the first stage rotor were unscccess-
ful beecouse the liquid fuel wes thrown to the outer well and would not mix A
. with the air; besides burning was experienced in the tail pipe. E

Burning of fucl in the teil pipe of jet engines was nct possible below
an exhzust temperature of 1660°F, However if the fuel was injected up-
stream ond ¢ prin:ry ~ir conec (turbalence cone) wes installed, combusticn
wes possible above 11209F but the pressure loss in the thrust nozzle was
ecessive,

N

vy et

The projcct was dropped because of tail pipe burning and flame in- .
stability. Thc theoreticzl increase in thrust, of 330 lbs at 1832°F wus e

never reclized.

9. Control Systcme

The Junkers type of fuel control system was used on all the producticn
Jjet engines, Thc fuel control system consisted of nan idle or slow specd
control which was cffectivec below a throttlc position corresponding to 5,0C.
rpn at sea=lcvel, It censisted of a throttle controlled fuel pressure dif-
ferenee, Bocausc it incorporated no altitude density compensation device
the turbine speed inercascd with altitude for o given throttle position,

-23 =
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Contrel oystem (9)(Cont'd)s IEEZ? -

The rain system consisted cf governcr controlled fuel valve which
raintiined the turbine speed constant between 6000 and 9500 rpm for o
given throttle setting and 2t any altitude or airplanc spocd. The idle
systen was rendered inoperative by o linkage conncctud to the throttle
systurl,

The exhaust jet arc~ was controlled by a servo~-nechanism as o cal-
culated function of indicated zir speed at high turbine speeds and as a K
function cf both indicated air specd :nd throttle position at low turbine T
specdse The Jet crec is a moximum ot storting and idling conditions and ;
is ¢ minimun 2t full throttle and high .irplanec speeds,n%see Junkers 004 e
report no, 19),

The .riginal BMW 109-003 fuel control system for gcsoline c.nsisted
of 30,000 rpm centrifugal fuel pump having n 1.8" impeller which used the
radial component of the centfifugal pressure (proportional to rpm) to
ulrectly control the fuel flow by means ¢f o bypass valve ct the discharge
from the pump., The 3schemc was discarded when it becamc nccessary to use
Diescl and crude oils for fuel because the density and velocity tolcrances
which influence the radial pressure was so great that it eaused prohib-
itive variation in turbine inlct temperuture whon thesc fucls were used,

The BMW proposal for 2 propellor drive gas turbine consisted of a 014
const.nt speed propellor control coordinated with e variable turbine in-
let temperature contral which was biased by eltitude and ram pressure.
Both turbine 'specd ond inlet temperature would bs reduced at port load,
the variation of power due to changing turbine inlet temperature being
2/3 of the totul effect,

10. starting,

It was estimted that z 50 h/p starter (2 cycle, 2ir-ccoled gasoline e
engine) would be required for the BMW 109-018 and 109-028 power plants, I
The starting speed would be about 20% of maxinmum speed for the BMW 109-018 gl
and scmowhere less in the case of ‘the BMW 109-028, It was planned to use .
a propeller pitch for minimum torque for starting. No study had been =
mide of the problem of providing minimum pitch stops for toke-off,
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