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. NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS
& TECHNICAL MEMORANDUM NO. 954

LIMITS OF SINGLE-STAGE COMPRESSION IN
CENTRIFUGAL SUPZRCHARGERS FOR AIRCRAFT*

By XK. Kollmann

SUMMARY

The limits of the single-stage compression in super-
chargers at the present state of development are deter-
mined by five factors:

. 1) By the rotor material, whose elasticity limit is
usually so high that even the highest circum-
ferential speeds used at present have failed

. to disclosge any permanent form changes;

2) By the formation of the flow, which through
structural measures (double shrouded rotor,
rotating entry vanes, guide vanes) is to be
with a minimum loss. Here it is found that
the best adiabatic efficiencies are always
obtained at well-defined circumferential speeds
of around 200 to 260 m/s. Although efficien~
cies of the order of 80 percent or more are
possible at these speeds, experience in the
practical operating range, i.e., at circumfer=-
¢ntial speeds of from 350 to 400 m/s-has shown
that cfficiencies of 70 to 75 percent can
scarcely be attained. In consequence, the
rated horsepower ceiling obtainable :with single-
stage compression and admissible air tempera-
tures of around 80° at engine intake is limited
to about 6 to 7 km flying height.

3) By the manufacture - the manufacture of double
shrouded rotors 'which produce an especially
beneficial supercharger efficiency entails an
almost intolerable increase in-wcight and manu-

Tacturing difficul §ics:

‘ *NGrenzen zur einstufigen Verdichturg in Schlcuderladern
tdr Flusmgtoren." Luftwissen, vol, 7, no. 2, Mareh 1940,
pp. 54-61.
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4) By the bearing problem - as the supercharger speed
increases the bearing difficulties with plain
_or roller bearings increase enormously. Accord-
ing to practical experiences, the speed even
with roller bearings should be kept below 27,000
to 30,000 revolutions per minute,

5) By the drive method - the rise in revolutions per
minute and pressure ratio was accompanied by
the development of gear drives with one or more
speed changes with their inevitable difficul-
ties, although speced control is absolutely nec-
essary for high take-off power, An infinitely
variable speed drive 1s the ideal solution.

INTRODUCTION

Today'!s flight range includes any altitude as high
as the stratosphere., This calls for highly developed su-
perchargers in order ‘to attain high powers at these
heights. The necessary single or multiple stage super-
chargers thus become structural parts of the engine which
have a profound effect on its over-all design.

In a number of enginc types the supercharger is mount-
cd behind the engine, the supercharger shaft being a di-
rect extenslion to the crankshaft or parallel to it. This
is of grcat advantage for the gear drive, insofar as sime=
ple spur gecars can be used, but this gain is offset by the
right anglec bends.of the air both on the suction and the
exhaust side. The Rolls Royce Merlin (fig. 3), for in-
stance, has 2 X 2 right angle bends up to the rotor inlet
and two more in the pressure line, Such bends are,
naturally, sources of loss which should be absolutely
avoideds On the liquid-cooled, in-line Junkers Jumo 21l
(fig. 1) and on the Mercedes=Benz DB 600 (fig. 2), the
supercharger shaft is perpendicular to the longitudinal
axis of the engine and the supercharger is mounted on the
side, thus necessitating only one right-angle bend for in-
ducting the air axially into the supercharger rotor,

If, in addition, provisions -arc made for undisturbed
air scoop flow, the total flight dynamic pressure can be
utilized for supercharging, which becomes evident in a
rise of the rated horsepower ceiling. The amount of this
rise by fully utiligzed flight dynamic pressure ls illus=
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trated in figure 4. At a speed of 600 km/h, for instance,
it amounts to about 1400 mecters.

To keep the losses in thc induction lines at a mini-
mum grecot speced changes should be avoided., The air in-
ducted at around flying speed should reach the supercharg-
er without speed changec. The inlet seetion into the su-
percharger rotor is thus determined, The developments of
the past years, which from the airplane point lof view have
raiscd the flying speed cnormously, have therefore also
exerciscd a direct effect on the supercharge dimensions.
They made smaller inlet openings possible and so improved
the supercharger efficiency. The use of a diameter ratio
tof . the supercharger rotor) - Di/Da = 0.5 ko 046 - bEs
hereby prowved especially suitables

The choice of outside rotor diameter (Da) is deter-
mined mainly from the pressure head required., The connec-
tion of the various quantities ! rated horsepower ceiling,
boost pressure, tip spced, outside diameter, and rotor
revolutions per minute, for different supercharger effi-
clenclies - is goen from Ffigure B. For kgual efficlency
(75 percent) and equal spccd (25,000 rpm) of the super-
charger, a rise from 6 to 10 km in rated horsepower ccil-
ing (boost pressure, 1.5 atm) required an increcasc inm bip
spced from 340 m/s to 420 m/s and of thc rotor diamecter
from 260 mm to 320 mm., The induction temperature itsclf
riscs from 110° to 168°, For 60 percent ecfficiency in-
stead of 75 percent, the valucs would be as follows:

TABLE I
o [
Efficiency 75 percent 60 percent
ek !
Rated altitude horsepower, km: 6 A0 T 5 10
[l
-
Outlect pressurce, atm 155 153 156 Lad
Induction pressurc, atnm 0.483] 0.483| 0.483| 0.483
Induction temperature, ©C -23| -50 -23 ~50
Supercharger, rpm 25,000! 25,000 !25,000(|25,000
Outside diameter of rotor, mm 260 320 290 350
Tip speed, m/s 340 420 | 380 460
Temperature rise, ©C 110 168 156 210
Outlet temperature, ©C 87 118 135 160
Adiabatic pressure head, mgs 8,470112,950 | 8,4701{12,950
Pressure ratio ReT 4,85 e 4,85
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While at low rated horsepower altitude the induction
temperature, which is usually below 100° C, plays a sub-
ordinate part, it becomes important at high rated horse-
power altitude and then everything must be done to assure
the best supercharger efficiency for tle entire opecrating
range of the engine, or else air coolers must be resorted
to. Incidentally, the highest antiknock fuels tend toward
detonation as the induction temperatures rise. Proceeding
from a practical induction temperature of 80° C while dis-
regarding the possible cooling effect of the inlet air be-
fore the inlet values as a result of fuel vaporization,
the required supercharger efficiency for certain rated
horsepower cciling and boost pressures can be computed.
With a 1.3 atm boost pressure and a 6 km rated horsepower
ceiling a 78 pereent efficiency ids still sufficientiy bt
this must be raised to about 98 percent in order to reach
a rated horsepower ceiling of 10 km (fig. 6). At the
present state of development of centrifugal superchargers,
it may be conceded that a 78 percent efficiency can be
reached at least within a certain power range of the en-
gine. It is not likely that a 98 percent efficiency will
ever be realizable even in the future. In view of the
heat stresses of the engines and the knock characteristics
of fuels limiting induction temperatures of about 80° C
will be nccessary. This means that for ratcd horsepower
ceilings above 6 km, the boost air must be cooled, and
this fact explains why the 6 km ceiling is at present the
usual limit. For exceptional reasons, such as altitude
records, the use of air cooling is resorted to, as Ffor dn-
stance, is furnished by the Bristol company in the design

3

of a spccial airplanc mounted with a Bristol Pegasus engine.

It reached the record height of 15,470 meters (fig. 7),
where the atmospheric pressure dropped to 77.8 mm Hg at
-49.8° C air temperature. The engine was fitted with a
gear-driven supercharger for a ratced horscpower ceiling of
about 4500 meters,: supplcmented by a two-stage booster
(£igs 8). This booster charger was also engine driven
across an extension shaft fitted with control clutches op-
erated by compresscd air servonotor. 3Between the two
stages of the additional supercharger the air is cooled

in special coolers.: Bristol also has another patented in-
tercooler between the separate cylinders.

Whereas, on the one hand, a limitation of air temper-
ature 1s necessary for reasons of heat stresses, any pres-
sure ratio can be achieved by successive supcrcharger
stages, onec behind the other, so as to maintain a certain
Induetion pressure dab-hipgh™ altitude.
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The installation on the enginc and drive of supers
chargers with several pressure stages will probably always
remain a difficult problem, whence single-stage compres—
sion to maximum supercharged height will always be at-
tempted.

In the following, the limitations of single~-stage
centrifugal superchargers is discussed in the light of
present—-day development.

1. Material of Rotor
According to figur

pure A, e from 6 to 10 km rated
horsepower ceiling by equal

ris

fficiency requires a 24 per-
e

(0]

&L
cent increase in rotor tip speed, Since the centrifugal
forces increcase as the squarc of the tip specd, an increase
oif ‘abiout 50! pcreent In ‘tonsile dtiress in the ‘Fadilal®bllgdes

of" Fhe 'rotors is invelwved,

Considerations of weight gencrally rule out stecl as
material for rotors. With high-grade light alloys of from
35 to 40 kg/mm® (49,700 to 55,800 1b/in®) yield point and
of from 48 to 55 kg/mm2® (68,300 to 78,200 1b/in®) tensile
strength, it is possiblec to control the centrifugal forces
at high tip speceds., In theory, any material can be uti-

.-lized which has a ratio yield point to spccific weight of

the same order as high~duty stcel, This valuc is about
80/7.5 = 10,7 (11,400/7.5 = 15,200) for high-duty steel VCMo
140, while for duralumin DM31 it is as high as 58/2.8 =
13.6,  With elecktron of about 1.8 g/em specific weight

a strength factor of oanly 19 to 20 kg/mm2 (27,000 1b/mm?

to 28,400 1b/mm2) is requirecd to equal the safcty factor

of ‘the best stael. From the point of view of Tabigual
however, light alloy is definitely inferior to stoely This
difficulty can, however, be overcome by proper design.

The Mercedes~Benz duralumin rotor (fig. 10) weighs
only 880 g (1494 1b), but has given no evidence of perma-
nent form changes at tip specds up to 450 m/s. Designed
in elektron, this weight could be lowered to 668 g (1,47
1b) for practically the same factor of safety. A comparie
son of the rotor wecight of. different ongines (table 1I)
proves what can be accomplished by proper design.
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TABLE II
3 Dural Elektron
Engine
: kg) (kg)
Merccdes—~Benz DB 600 0.880 0.668
Rolls-Roycec Merlin 2i58) —
Rolls-Royce Bussard 2¢36 -

Unfortunately, therc is no method of predicting the
stesses in a supercharger rotor. These are largely deter-
mined by the centrifugal forces which increase with the
square of the tip speed. But the stresses cansuing from
the torque transfer to the air arc superimposcd as bending
stresscs. 4And these are supplemented by rhythmically al-
tecrnating forces, especially in spiral casings, by which
as the individual blades of the rotor rush past, force
impulscs on the tongue of the pressurc spiral protruding
into the pressure chamber are released on the blades.
Suitability or correctness of a design will have to be de-
cided by practical experiments. So far as can be Jjudged,
it may be stated that at the momeant no limitations of tip
spceds ecxist if the characteristics of the material are
properly taken into account in thec design. Of course, the
many different rotor shapes permit of no gencrally valid
empirical data, Rotor designs as cmployed on the Jumo 210
211 (figz. 11) must naturally be assessed differently than
the conventional rotors (fig. 10).. It may be assumed that
the Junkers type rotors (fig. 11) are substantially more
susceptible to overspeeding, since the self-contained,
closed blade channels produce more complicated material
stresses.

Bven so, it is maintained that the material for ro-
tors available at the present time does not restrict the
development of supcrchargers with highest possible com-
pression, since it is possible with light alloy rotors to
rcach tip speceds of morc than 450 metcrs per second.

2. Aerodynamic Points of View

Attainment of the velocity of sound presents, as far
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as can be judged at present, no definite limitations ' In
practice, however, the possibilities of one-stage compres-—
gions are to a certain extent marrowed downh by the aero-
dynamic effects. In figure 12, the characteristic field
of the experimental supercharger developed by the DVL is
illustrated., This supercharger was systecmatically devel-
opcd to a maximum efficiency by optimum design of every
single part. The double shrouvded rotor was, to improve
the ianflow cenditions, fitted with ‘speciall veofatinglcubiny
vanes, whosc entering edges were designed for shock=frec
air entry. The discharge blades and the adjoining pres-
sure spiral themselves were, after a number of tests, of
the most beneficial shape. On studying the characteris-
tic field of this supercharger it will be noted that the
maximun efficiency, amounting to about 83 percent, is lo-
cated at around 200 to 220 m/s. As the revolutions per
minute incrcase the efficiency drops rapidly, so that for
air volumes of around 1.4 to 1,5 m®/s and around 27,000
Lpm, a8 guicounticred in practice, efficiicneicisl fof igem 68
%0 70 perecent can be counted ons

On comparison of this characteristic field with that
of. other ceatrifugal superchargers, it is found that =
indepecndent of the suporcharger design - the best offi-
cicncies always rango betweosn about 200 to 260 m/s. Re-
nodeling the supercharger alters the absolute value of the

0

best .efficiency but not its position in the characteris-
tie fields

This characteristic phenomecnon is also evident on

the Mcrcedes-Benz DB 600 supercharger with a maximum cof-
figio;cy of 6845 percent at 245 n/s rotor tip speed (fig.
13).

Another fact, when comparing characteristic fields
of different superchargers is that, while the best effi-
ciency in the 220 m/s tip speed range with optimum design
of all partsaffecting the supercharger efficiency can be
raised to about 80 percent, the attainable improvements
in the practical range of from 350 to 400 n/s are quite
smalls. For the. DVL supercharger {fig. 12). the: best com=
pression efficiency was around 83 percent, or a gain of
15 perceat over the DB 600 supercharger. At tip speeds
of the order of 380 m/s, however, the best efficiency in
both cascs drops to 68 percent. This action of the super-
chargers is naturally dependent upon the phenomcna of flow.
Unfprtunatoly, the individual facters, such as number of
blades, shape of impeller, friction losses, gap logkes,
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etc., are not amenable to definite mathematical treatment;
hence the efficiency curve cannot be plotted beforehand.

So, at the presont state of supercharger development,
the best possible efficiency ranges between 70 and 75 per-
cent, referred to the practical opecrating range, Tor a
limiting induction. temperaturc of 80° C this mcans that
single-stage compression will give compensation up to a
maximum altitude of 6 to 7 km.

Not until the maximum efficiencies of as high as 80
to 83 percent are realizable at high tip speeds will i%
ever be possible to raise the present limit of rated horse-
power altitude.

B3« Manufacture

The best efficiencies of from 80 to 85 percent of the
DVL experimeantal supercharger (fig. 14) were achieved with
a rotor whose blade passages were shrouded on both sides.
But manufacturing difficulties and coansiderations of
welght make it questionable whether or not this is justi-
ficd in comparison to the single shrouded impeller without
entry vancs and which precsents no manufacturing difficul-
ties., The possiblec gain in compression eofficicnecy of such
designs is limited in any casec to reclatively low tip
specds which are of no grcat practical intercst.

Morcover, the weight of the double shrouded type will
always be from 50 to 100 percent heavier than for the
single shrouded type.

4, Bearings

To insure small supercharger dimensions and low struc-—
tural weight, the spced of the supercharger shaft will al-
ways be the maxdmum consistent with the shaft bearings. An
empirical rule for roller becarings is given by the procduct
of shaft diameter in mm with rpm. This product should not
exceed 500,000 to 600,000, i.,c., & 25 mm shaft mounted on
roller bearings will run satisfactorily at 20,000 to 24,000
rpm., Specds in excess of this are possible, but require
extreme care in the fitting of the bearing and its lubrice-
tions The practical 1limit of operation seems to be of the
orde§ of 30,000 rpm (reference l). (See also NACA T.,M, No.
. 945,
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Plain bearings with special bronzes, partly with
floating bushings are also used. However, for taking up
axial thrust the use of roller bearings should, in general,
be simpler. Sealing the shaft against oil should also be
possible by simpler means (labyrinths, piston rings, etcs)
with roller bearings which generally use much less oil
than plain becarings. :

Unfortunately, the bearing stresses (longitudinal
and transverse) induced by the rotor cannot be estimated,
so that bearing ventilation and brcéak-down must be cstabe
lished for every case by special tests. DBut even for: plain
bearings nd generally applicable data can be given regard-
ing clecarance and choicc of material. It is certain, how=
ever, that on the basis of past cxperimental work and ex-
pericnce the requirements can be met with sufficicnt OPC Y
ating safetys But even then 4t requires further study and
research to roise the present limit of 27,000 to 30,000 rpm
to still higheor rpm.

S5« Supercharger Drive (Gears and Clutches)

. The rise in pressure ratio obtainable in a single
supercharger stage entails a substantial increase in the
supercharger power which the engine must transmit by me-
chanical drives and clutches to the supercharger. With a
compression efficiency of 70 percent, for instance, the
provision of 1,3 atmosphere absolute at 6 km absorbs about
12 to 13 percent of the engine power. The power Wols's near
the ground is thus very considerable unless a variable-
speed drive is provided. The clutches are generally of
the multiple-disk type operated by oil- controllbd pistons
or centrifugal force. The shift from low to high gecar
is asuallv effected by hand. Some airplane engines are
already fitted with such multiple-speed gears Ffor the su~-
percharger drive (reference 2). :

Although automatic control has not been attempted so
far, future developments will undoubtedly lcad %to ite. Be-
yond undA, attempts will be made to replace multiple~specd
drives by infinitely variablc speed drives. And 2 number
of contributions to this end have already been made. They
arc partly based on friction gears, partly on hydraulic
equipments Thus, the Junkers had fittcd the .Gt4 engine
with an infinitely wvariable speecd drive wblch, however,
proved unsuccossful (ruf“r ence 3). Bven the number of
forcign pwtcnts are evidence of the interest displaycd on

)
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this subjects A solution of this problem would at the
same time rcmove the competition between suction-side
and pressure-side control (reference 1, p. 285).

The advantage of pressurc-side control is above all
based on structural rcasons. The dimensions of the throt-
tle become smaller, which is Important foniitsg loperabiion
by the boost-pressure rcgulator. Since the low pressurecs
on thc suction side of the supercharger merely correspond
to the wvelocity headilef thetair inithe lnlet!sectilonlsigit
may cven become high precssure by dynamic pressurc utiliza-
tion - the oil-sealling difficultics of the supercharger
shaoft drop into the background. Then the simplest type of
seal, the labyrinth, can be successfully employed even for
high pressure hcads.

With corrcct supercharger design and correspondingly
favorable characteristic field (flat curve for rpm, wido
efficiency maximum) untoward offccts can also be avoided
in opecration., For instancec, for the characteristic curves
plotted in figure 14, the points for supercharger opcra-
tion at ratedhorsepower hecight (N) and at sca level by
suction side (Bg) and pressurc side (Bp) boost-pressure
control are those shown in the plat (refereance 1, fig. 11).

The operating point is purposely placed at sca level
by suction-side control in the region of maximum super-
charger efficiency and maximum adiabatic pressure head,
which drings out the conditions for suction-side control
in an especially favorable light., The rated horsepower
height itself was assumed at 4 km. This is equivalent,
according to practical flight tests to a difference of
about 10 percent in supcrcharger weight, so that in opcr-
ating point N the volume of air inductcd amounts to
about 1.48 kg/s, at point B§ and Bp to about 1l.35 kg/s
each., At different adiabatic efficiencies the supercharger
output per kg/s of inducted air is for Bp as shown in
table III.

TABLE III

B
Bg B D
€0 percent [65 pcrcent| 68 percent
N’ . . . . . . . . hp/}_’_é 150 172 159 150
1 . . 22 9 0
I e IR R e o¢ 95 130 100 96
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With 68 pcrcent adiabatic efficiency, the conditions
in point Bp are already the same for supercharger power

input and temperature rise of charging air by suction-
and pressure-side control,

36 ds not pight to start atcomparison SodSurciSate s
and suction~side control from the sea-level point for suc-
tion-side control and to assume it also as the sea-level
ploint Tor pressmro—=slide control. Such a supercharger is
absolutely of the wrong dimensions for an engine whose air
requirecd is so large that the sea-level point of pressure-
side control coincides with the sea-level point of suction-
side econtrol, On the contrary, it is nceccescary toe prioceed -
for a given engine and supercharger design - from the oper-
ating point at rated horsepower height, Without accuratec
knowlcdge of its characteristic curves it is impossible to
Judge wvhat typec of supercharger control is more cconomical,
As the cxample indicates, if the supercharger is correctly
designecd, it is possible to achieve, even with pressurce
sidc control, a condition of no power loss at sca level,
On superchargers with multispceced drives the sea-level op-
erating point in the low speed can be placed, even with
pressure-side control, in the range of maximum supercharger
efficiency, so that usually some advantage over the suction-
side control can be gained.

Iranglation by J. Vanier,
National Advisory Committee
for Aeronautics.,
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