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'THE MAXIMUM DELIVER?<fRESSUREv0F'SINGLE-STAGE
RADIAL SUPERCHARG&RS FOR AIRCRAFT ENGINES*

‘By N von der Ndll

The subject under discussion was treated briefly by
the author in 1937 (reference 1). . The problem has since
then .frequently come up dgain as a result of the general
tendency toward high-altitude flying in reccant ycars.
With the aid of simple considerations and test resulsts,
.a further brief discussion will be given here and an at-
tempt made to clcar up some obscure points that still ex-
ist, The considerations will be restricted to those casecs
where it is in fact of advantage to "force" the large de-
livery heads requircd for high altitude and high super-
charge with a single-stage supercharger.

The usual single-stage, centrifugal superchargers . of
airplane cugines have simple radial impellers which are
gear—driven by the cngine crankshaft. The gquestion as to
where and how such superchargers are most conveniently
mounted with respect to the engine must be decided by a
compromise based on considerations of flow relations and
shape of the supercharger. The greater the requirements
imposed on the supercharger the more the flow considera-
tions arc the deciding factor. The importance of good
axial air approach to the impeller for the attainment of
optimum supcrcharger characteristics is generally recog-
nized. The cssential consideration as regards thc axial
approach is not so much attainment of a flow dlrectlon
parallel to the axis as certainty with regard to the flow
direction and uniform flow distridbution at the 1mpeller
inlet. On account of the advantage of possible precom-
pression through utilization of fhe kinetic energy at high
flight speed, the air should be conducted to the super-
charger. with as little loss as possible and be received
at a point at which full utilization of the dynamlc pres-
surc 1is assured under all flight conditions, . No general

*"Uborlegungen zur Frage der grbsstmoglichbn Fbrderhbhe
cinstufiger Radial-Lader an Flugmotoren." Luftwissen,
vol. 7, no. 5, May 1940, pp. 174-180.
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#
statenent can therefore bc nmade as. régards the best ar-
rangenent of the supercharger with respect to the engine
but the attempt should be made to satisfy the two re-
guirencnts indicated above by using one structural shape
for nany mounting conditions., That no drastic changes
should be made on the supercharger diriensions is obvious
for "liniting superchargers," i,e., those of naxinun de-
livery heads per stage and naxinun efficiency. From ex-
perieace with wind tunncel construction, it is known that
right-ongle deflections and linited variation in cross—
scctional arca nay be attained with small losses. his
experience may be successfully carricd over to the air-
passage design ahcecad of and behind the supercharger. The
inlet velocity of the oir in the supercharger inmpeller
should not thercfore be nade to depend on the neore or less
accidental flight velocity, but should be governed by the
condition that the impeller attaian the maximun required
performance values. Dianeter ratio, inlet velocity, and
rotational speed are strongly intcrconnected in & good
supercharger and should not be considercd as independent
characteristics. Of what significance is. the relatively
large loss, for cxanple, of 300 meters, in the case of o
theorectical delivery hend of 1400 meters (zas colunn) if
thereby an air supply to the supercharger can be attained
whiech lcads to an increase of several percent in the ef-
ficiency of the latter, an incrcase which in sone cascs
nakes cngine operation at all possible.

The question ¢f the attainable delivery head is not
the only factor to be considered. The deciding factor is
rather the tenperature rise in the supercharger. An en-
gine operates without knock, depending on the fuel proper-
tics, only up to a certain supercharger temperaturc 1.

The critical maxinmun value, depending on the various oper-
ating conditions, _ Sod ‘ A

S

tg —
Cp Mi-ad ,
"linits" the supcercharger delivery head,u The latter is
generally expressed as a fraction of the theoretically pos-
sible delivery head for an infinite number of blades:

Hyg = 9adq Hgnh © .  i.e., for ay = Bz = 90°
’ : A .

1ns° . VoS e .r’.»’"-"4" .‘ :,r <
Had = qad —
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The value of the figure of merit .qaqs; - for which compre~

*hensive test results are available (see, for example, ref-

ing - be set equal to the 1nternal supercharger efficiency
Ni-nges™® The finilte number of blades lecads to a reduction

" from Hgp o to Hgp. The relation between the two (ref-

erence 4) is given by Hip o = m Hip. Because of the in-
ternal friction losses in the supércharger, i.e., in the
blades, the value Hyp is further reduced to "H (denoted
as Hpg in the case of superchargers without intercooler).
These losses Hijf are accounted for by the efficiency np

np = Had — Hag
Hagq + Hirf Hin

The figure of merit qzg, by combining the two eguations,
ig also given by '

L)
dad = 4
A relcotion** can now be set up between mnp and - Ni-ade
The internal specific work of compression Hy in the su-
pecrcharger cxcceds the theoretical blade work Hyy by the
impeller friction and backflow losses He + Hpp!

Hy = Htp + Hf + Hpr
o e sk

_ Hag
Ni-ad = T, ’

it is seen immediately that

¥This assumption was appareantly made by Xollmann in the
determination of the values given in his table 1 of refor-
énce 3; p. 54, as is shown in table I of this articlec. The
values in the upper row. are those of Kollmann's table 1.
The *values of . mj_,q computed in the bottom row of table I

" werc thus set cqual by Kollmann to the ratios qpg 1in sct=
ting. up his table 1.

**Tn.stcam tur blne theory, botween ‘Nu and ﬁi.

*** This expression is cquivalent to MNj-gg = TN
W
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Ny > ﬁi.* It is therefore incorrect to set gad 'equall
t0 MNimpg ©Since ny > n3; and furthermore m> 1, %%

It has been pointed out that considerations of knock-
ing limits the supercharger temperature. Assuming, for
example, with a view toward future fuel improvement, tg =
1159 as a permissible value, then the supercharger pres=—
sure "'pg from table II for %he given required tip speeds
of the supercharger impeller would be possible, provided
that the assumed Mnj.gzg and qzg valucs are realized.

The characteristic curves of several DVL superchargers
(figs. 1 to 3) (designs of the years 1936, 1937, and 1938)
show that the values on table II are entirely attainable
or are partially realized already.  These results show pri-
marily, however, the continuous appreciable progress toward
the goal of high efficiencies at large delivery hcads., **¥

¥This was pointed out elsewhere by the author in 1935, A
detailed treatment of this question for centrifugal pumps
will be found in refercnce 5.

**¥Thesgc relations can quite well be confirmed on the char-
acteristics shown by Kollman -~ measured by tahe author a
few ycars ago in the DVL on a DB supercharger. At Vi =

0.85, there is recad off Nimna = 0.68 and therc is com-
puted. gpg = 0.6. Cautiously ecstimating 7 = 1.10 Nioads

there is obtained m = 1.25. Computing now for the impel-
ler of the investigated DB supercharger, the expected valuc
of m by the method given in the literature m 1is found
to be equal to l.27. It thus appears, as cmnphasized by the
author in his paper of 1937 (refercnce 1), that sufficient-
1y accurate computations can be made, using the guide data
available (reference 4).

*¥**¥¥Xollnann is of the opinion that high nj.z3a values have
until now been obtained only at low wuy (peripheral speed)
values <220 m/s. In this connection, I should like to re=~
fer the reader to my paper (reference 2), which is also re-
ferrcd to by Xollmann in his Stuttgart paper, where in fig.
5 the contrary was provean. Fig. 2 shows one of these fami-
lies of characteristics, Also, the test results presentcd

by Dr. Krdner in the discussion to my Berlin paper (refer-

ence 6 ) indicated success in the desired direction.
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Thesce investigations can by no means. be considered as con-

~cluded.. Half-=shrouded . impellers have- always shown less

Y SR R

efficiency than shrouded- impellers of the DVL type of ‘con~
struction. Figures 4 and 5 show a few results of the DVL
tests carried out by the. author for various values of up,
According to these results, the value'of nj_,4 for the
shrouded impeller is evidently 1.05 times that of the

otherwise fully equivalent half-skrouded impeller. The

application of this result to the results given in figure
3 shows that at tip speeds up "to 350 metcrs per second,

"efficiencies betwéen 76 and 79 percent can be attained.

Difficultics cncountercd in other directions that are met’
with 'in aiming toward the required high efficiencies can
alrcady largely be eliminated. Figure 6 shows, for cxam-
ple, that even with unusually small dimensions, large val-=
ues (njopg = 0.8; qugq = 0.66) have been obtained

through suitablce computation and design. And the wcight
expenditure does not appreciably exceced present-day usual
values. The weight of the DVL impellers, which arc pro-
vided on both sides with walls lies consideradbly below the
weight of the impellers of foreign engines (Rolls-Royce,
Bristol, Farman) and exceeds only by a small .amount thése
of prescnt German cnglines. On figure 7 is shown an impel-
ler of the Rolls-Royce Merlin on the left (impeller weight
approxinately 3 kg) and on the right a DVL impeller (weight
approximately 1.3 kg). Both whecls are built for a tip
speed of about 350 meters per sccoand, but the DVL impecller*
maxinun efficiency is greater by 16 percent.** No funda-
nental difficulties in the operation of the impeller bear-

*The DB inmpeller for somewhat smaller values of u; weighs
0.88 kge According to fig. 13 in Kollmann's paper, the
charge taken in by thls impeller at the design spced is

about 0.8 n®/s at mj_,q = 0.68, whercas for the impeller

shown in.fig. 7 for equal ‘Had (fig. 2), but for Niwnd =
0.78 the intake volume is 1.4 m3/s. The differcnce in
weight betweecn the DVL and DB impellers of about 0.4 kg,
which in 1tself is extremely small, hardly enters into con-
szaeratlon.

**ACCordlng'to the  Personal communication of ‘the -Rolls—
Roycc designers, the Merlin impeller has ‘been madce so heavy
because of scoveral blade falluros through backflrlng of the
engince. .
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ing arise through differences in weight of the above-men-
tioned magnitude, provided the bearing is properly designed.
No absolute limits are as yet known. In the DVL super=-
charger constructions, the impellers run on one or two
supports and operation even at 30,000 revolutions per min=-
ute leads to no fundamental difficulty.*

One of thc advantages of the DVL impeller shape shows
up clearly here, namely: that it is not difficult to bal-
ance the axial thrust by very simple means, either fully
or to a degree sufficiently favorable for the bearing. (Ses
for example, reference 4, fig. 45.) In the casec of half-
shrouded impellcrs, thec back wall is often made with cut-
outs between the blades to reduce the axial thrust (refer-
egnce 5, p. 348 and fig. 233a). This procedure, which has
becn customory for about 20 years, has, owing to the in-
crease in the value of up, given rise to many impcller
failures (fig. 8).** -

What abdbout the "maximum possible" tip speed wuz?
Quite generally it may be stated that with proper utilizae
tion of the existing materials and with skillful compromise
between the flow and strength requirements this speed lies
higher than is either desirable or permissible from the
viewpoint of the charge condition. (Sce table II.) The
tests conducted so far with DVL centrifugal superchargers
have shown that it is possidle, with the 2id of very com=-
prchensive litcrature on the subJjecct, to make sufficiently
accurate advance strength computations. In the case of
complicated structural shapes, however, this computation.
involves considerable mathematical skill and is tedious.
For a DVL impecller (similar to that of fig. 7, right) which,
for a centrifugal test was nade of an clektron disk, it
was computed*** thot bursting would occur at about 520
neters per sccond peripheral speed, whereas bursting actu-
ally occurred at 540 neters per sccond (n > 36,000 rpm).

*DVL tests of ny coworker, G. Getzlaff had previously beon
carried out up to bearing speeds dw I =&735,000 nn/nin,
(See reference 7.) : ’

**Half-shrouded inpellers of the DVL type (llke those of
the Rolls-Royce) have never had such cut-=outs, since a
strength conputation, somewhat uncertain, it is true, led
to expected disadvantages. Such failurcs are reported by
W. Kirsch in reference &, fig. 3, where, however, no.proof
is given of the cause of failure.

***¥Conputation of ny coworker, H. Pfau.



-3

NACA Teéhnical Memoféndum No. 949

An accu acv grcatnr than thls is not requlrcd *

Imp;llers with cover dlsks on both 51des natural-
ly require rearrangemecnt or extension of the manufac-
turing installations and will also be somewhat more ex-

- pensive than half-shrouded impellers. Through suitable

*Xollmann concludes: . "Unfortunately, there is no method
at the present time for predicting the stresses’ arising
in ar impeller." Xollmann further considers the blade
bending stressces which arisc under thé blade pressure as
important. The nmagnitude of these gstresses can readily
be éstimated. Between the delivery head, weight of dis-
charge, and moment, there is the relation S
Hin = éﬁ%. For a pressure difference Ap = Y Ah Ybetween
the pressure and suction sides of the bladc, for z blades
of width . b and radius r, wc have

b

Tz

M:zf Ap b r dr

Ty

Considering only :a purely radial strip of the blade of
width b = const between r, and rp, that 1is, a too
unfavorable case, a simple relation is obtained between
Ap and Hthy provided that the none too favorable as-

sumption is made that Ap 1s constant over the blade
surface (sce reference 4, pp. 22 and fig. 24):

. . Ap = — - —
¥ : z Wb (rz® - ry®) np

Subscimutlng the valuuq from figurc 13 of. Kollmann's
paper Hpg = 8000 m (gas column), n = 27,000 rpm and
Y V = 0.58 kg/s, thorc is: obtainecd, if all the blade’
parts with the-inlket of tho DB. impeller is. considered

as cut away, a bending . stress of O = 0.51 kg/mm®. The,
error nade in entirely neglcecting. this stress is thus
prwctlcallJ ncgligible, Difficultics in impellers duec

to dynamic strecsses through vibration are not knowe to tlic
author,

e,
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design and new~type devices, all "dreaded" difficulties
nay be eliminated, however, The inconvenient curved
blade -tips such as arc usual with the half=-shrouded im-
pellers were avoided in the DVL impellers, as in-many
Junkers and Rolls-Royce impellers, through the scparate
mounting arrangements; as shown in figure 7. 3By this
method not-only is the shaping. of the blades made inde-
pendent of the manufacturing restrictions that are involved
in subsequent blade curving but production mcthods are
found whieh are rather simpler than the nmore difficult
curving proccss. A slight increasc in the cost of the
impeller docs not amount to much if as a result of the
considerable improvement.in officiency the eangine out-
put and the pernissible critical altitude arc appreciabdly
increascd. Other viewpoints, of importance for the fu-
ture, should also .not be overlooked. The shape of the
operating characteristic curves of half-shrouded  iripel-
lers, as alrcadycommunicated by the author, vary consid-
crably with the clearance betwecen the propelicr bdlade
cdges and the housing wall (supercharger cover). Figure
9 shows a few rcosults from the authorls DVL tests. In
the region of high delivery hends the smallest possidble
clearance feasible in the nanufacture should be aimed for.
The absolute size of the clearance in the warm operating
condition of the supercharger is very difficult to de-
ternine even for single~stage superchargers since the
necessarily light housing of the supercharger "breathes!
somewihat, depending on the heating and the pressure in-
side. This effcet will be of much greater importance,
however, in the case of multistage superchargers when
thesc become necessary. The required minimum clearances
will then offer much grecatcér difficulties. These consid-
ecrations should be taken into account in any discussion
of the most advantagcecous impeller shape since the above-
mentioned difficultics are met with in the OVL impeller
as well as the previously introduced Junkers impeller.
(Sc§ refercenece 2, p. 282, fig. 1, and roference 3, fig.
11,

In sunnerizing, it is understandablce that the iantro-
duction of the impeller with disks at both sides will re~
cecive lively discussion, since from the .point of wview of
streagth the tip specds can be entircly rcalized and ef-
ficiencics nay be attaincd which can assure opceration
without supercharger cooling with greater altitude per- .
fornmancc. The half-shrouded impellor, while it is not
"through," will always be at a certain disadvantage.
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From the large complex of considerations with regard
" to sUpércharger design; a brief--discussion’-in conecluding,
will be given to the question of the most favorable de-
sign of the throttle regulation, at presenhrt required in
almost all cases. It is known that superchargers with
purely radial impellers start to pump with difficulty whea
the intoke gquantity gocs below that corresponding to max-
inum dclivery head. PFrom ccentrifugal compressor opera-
tion it is known that this disturbance can be held par-~
tially in check if the throttle member is mounted very
closc to the impeller inlet., This fact, which,as far as
ig known to the auvthor, has not becn mentioned anywhere,
i1s of great importance for the opcration of the engine-
driven supcrcharger. With fixed gear ratio between engine
and supcrcharger, the inadmissibly high supcrcharge pros-—
surc nust be throttled down, as is known, in the intcrval
hetween starting and attaining the rated altitude. If the
throttle arrangement is located ahead of the supercharger
(on the suction side) the intake volume of the supercharg-
er changes only with the absolute intake ténmperatures,
i.e., extromely little. If the sea-level point of an en=~
gine lics in the operating region of the supcrcharger at
B (fig. 10) then the latter for cqual engine speed in the
xample choscn (7 km; pg = 840 mm Hg) gradually travels
with increosing altitude up to the nominal output point
S. Declivery head and supcrcharger efficiency maintain
‘their optinum values.* This, as may be scen on the upper
left corner of figure 10, has a favoradble cffect on the
engine output (curve S). (The ratio of net output He-n
- of the supecrcharged cengine to the ground output Nawgoo
of an unsupercharged engine of the same charge volume was
plotted against the altitude.) If, for any rcason, it is
desired to place the throttle behind the supercharger,
i.c., on the pressure side, account must. be taken of the
faet that the see level point with smallest intake vol-=
unc nust again be chosen as the point 3B.. he engine-op=
ernting point at _1tluud0, for unav01dablo and known rca-
sons, moves toward D. The . dlcndvaﬁtﬁgcs that arisec fron
this con be casily scen and become clearly cvident. on conw—
sideration of the cngince output curve (curvo D in upper
lef% corner of fig. 10). In the exanple coansidered, the
reaulrcd ‘supercharge pressurec. w111 no longer be attoincd
at the rated altitude, although, as the comparlson of
these rotmtlonwl sppod ecurves (dotted in fig S 11) with

*The advantages of suctlon side throttllnb were fqut ..
pointecd out hy NWoack in refercnce 9.
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those of the DB supercharger. shows, the characteristic
curves of figure 10 are not among the steepest.  Pres-
sure~side throttling® therefore is not the ideal throt-
tling for centrifugal superchargers with radial impellers
as regards its effect on the engine output, because the
engine-operating point travels into the supercharger-
characteristic field, the travel being farther the great-
ecr the critical altitude and supercharger pressure. In
the case of suction-side th%ottlins, the supercharger al-
ways operates at the ma x1mum values of delivery pressure
and efficiency.

In the ideal delivory @ressurc regulation through
infinite spced variation, such as might be attained with
\,

)

*ith regard to tnls guestion, Xollmann expressed himself
af follows: "It is not correct, in the comparison of
pressure. and suction-side regulation, to consider the sea-
level point for suction-side regulation to be the same as
the sea-level point for the pressure-side regulation, A
supercharger of this type will be absolutely incorrectly
dimensioned..."® On fig. 11, four engine-operating points
are shownof the DB 60C in the range of characteristics
given by Kollmann. B and D arc sca-level and altitude
points, respectively, for various cnginc spceds. The
vicws cxpresscd above correspond completely here, too, %o
the actual conditions. (The operating points indicated
can be computod casily from the data in the literature and
agrce with corresponding measurcments.) KXollmann further
maintaing that the sca-level point in the case of pressure-
side throtitling must lie so far %o the left in the field
of characteristics that the altitude point moves into the
region of best supercharger values. Results in this con-
nection on pressure-side-throttled superchargers with
large cfficiencios are as yet unknown, however, And even
then, this mcthod presents no ideal solution, since, in
the large travel described by me above, the sce-level
point would lie in the region of low supercharge cfficicn-
ey, i.ce, high supercharger tcmperature. A recmecdy could
be found herc in the simultancous application of valving
pressure recgulation in the pressure pipelinc. The same
success, with regard to the position of the operating
point in tho supercharger characteristic field, would be
met with as with suction-side throttling but, unafortunatec-
ly, would be gained at thc cxpensc of the useful engine
oubtputbe.
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good exhaust turbine drive, the.engine operating pointsy,:

“in‘the example -of figure ‘10, run through .the range of.

supercharger characteristics. along the curve R-S, the
engine output varying with altitude according to the
curve denoted by R. Superchargers which, also in the
region of the smaller tip spececds, .are inteanded to have
the highest possible efficiencies, such as were attained
for the first time in 1936 with-a DVL supercharger (fig.
12, in Kollmann's papcr) thus lead, with infinite speed
regulation, also to large take-off and c¢limbd performoncc.

Summarizing, it may be stated that the limit to the

"critical altitude of engincs for the present and probably

for o long timec will be set not by the maximum possible
delivery head of the single-stage radial supercharger, but
by the delivery head permitted by the increasc in temper-
ature determined by the work cycle in the enginc cylinder,
unless intcrcooling is unscd. The introduction of inter-
cooling, however, lcods again to fundenmentally differcent
considerations with regard to the supercharger design.*
Besides, the introduction of intercooling naturally mcans
no simplification either in the mounting or in the opera-
tion of the cenginc. It leads, moroover, to an additional
harnful drag of the airplanc. Increase in tYde super-
chaorger cfficiency, as far as possible, must thereforc be
one of the first rcoquircments for the high-altitude cn-
gince. The inportant cffect of the supercharger efficicn-
cy on the enginc output is clecarly shown in figure 12,

In the upper part of the figurc curves of egual density
inecrcasc arc plotted as functions of the supercharger of-
ficiency and the prcssurc ratio, and in the lower part of
the figurec, curves of equal supcrcharger pressure arc
plotted as functions of the supcrcharger pressurc ratio
and the altitude., Thesc curves indicate, if a first op-
proximotion is considerecd and side effects, including
knocking, arc not taken into consideration, o correspond-
ing increcasec in the cngine output. To attain a pressure
Pg = le4 oatmospheres ot H = 6 km, the supercharger
pressurc ratio amounts to 2.91, If the supcrcharger has
for exanmple, an efficicney Ni-na =~ 0.79 instcad of 0.54

the incrcase in the interncl cengine power as o result of

*A fow of these questions were considercd by the author
at the VDI main sesvlon in 1938 (See referecnce 10. )
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the increasc in thé density of supercharger oir is about
14 percent., Such values as this-certainly’ Justlfy the
added weight of the supcrcharger.

iation by S+ Reiss,
Vﬂtlonﬁl Advisory Comnlttee
for Acronouticse.
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. .. . TABLE I
Kollmann's values Qag 0.60| 0.60 | 0,75 ] 0.75
Altitude (kn) 6 10 6 10
Py = Py (atn) 1.3 1.3 1.3 1.3
H,gq (n gzas colunn) 8,370| 12,94018,370|12,940
Uy = /& Haaldng (2/s) 270 | 459 | 331 | 411
A t,9 = A Hpg/ep 8l.6 |126.2 | 81l.6 |126.2
A ty, occording to
Kollmann 136 210 110 168
A t,a/b ty = Niwng | 0.600| 0.602 {0,742] 0,752
TABLE I1I
Altitude Hnoa Pg Up
(kn) Ni-ad tad (n. gas column) |(atn) fad :(m/s)
0 0.80 80 8,200 2.44 0.63 357
2 .78 88 9,000 2.13 .62 378
4 76 a6 9,850 1.87 61 397
6 «74 | 103 10,600 l.62 « 60 416
8 72 109 11,200 1.37 « 59 432
10 70 115 11,800 1.16 .58 447
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