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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL MEMORANDUM NO. 949

THE MAXIMUM DELIVERY PRESSURE OF SINGLE-STAGE
RADIAL SUPERCHARGERS FOR AIRCRAFT ENGINES*

By W. von der Niill

The subject under discussion was treated briefly by
the author in 1937 (reference 1). The problem has since
then frequently come up again as a result of the general
tendency toward high-altitude flying in recent ycars.
With the aid of simple considerations and test results,

a further brief discussion will be given here and an at-
tempt made to clear up some obscure points that still ex-
ist. The considerations will be restricted to thosc cascs
where it is in fact of advantage to "force" the large do-
livery heads requircd for high altitude and high super-—
charge with a single-stage supercharger.

The usual single-stage, centrifugal superchargers of
airplanc cngines have simple radial impcllers which are-
gear-driven by the cngine crankshaft. The question as to
wherc and how such superchargers are most conveniently
mountcd 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 supercharger characteristics is gencrally rccog-
nized. The cssential consideration as regards the axial
approach is not so much attainment of a flow direction
parallel to the axis as certainty with regard to the flow
direction and uniform flow distribution at the impeller
inlet. On account of the advantage of possible precom-
pression through utilization of the 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 dynamic pres-
surc is assured under all flight conditions. No general

*"ﬁborlegungcn zur Frage der gr8sstm8glichen F8rderh8he
cinstufiger Radial-Lader an Flugmotorcn." Luftwisscn,
Vols 75 Noe 5, May 1940, pper i74-180.
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statenent can thereforc be nade as. regards the best ar-
rangencnt of the supercharger with respect to the engine
but the attempt should be made to satisfy the two re-
quirenents indicated above by using one structural shape
for nmany mounting conditionse. That no drastic changes
should Dbe nade on the supercharger dimensions is obvious
for "liniting superchargers," i.c., those of nmaxinumn de-
livery heads per stage and naxinum efficiency. From cx-
perieace with wind tunnel construction, it is known that
right-angle deflections and limited variation in cross—
sectional areca nay be attained with small losses. his
experience nay be successfully carricd over to the air-
passage design ahead of and behind the supercharger. The
inlet velocity of the air in the supercharger inpeller
should not therefore be nade to depend on the nore or less
accidental flight velocity, but should be governed by the
condition that the inpeller attain the naxinun required
perfornance valuesd Dlameteriratdo, inlet weloclity,. .and
rotational speed are strongly interconnected in a2 good
supercharger and should not be considercd as independent
characteristics.s Of what significance is the relatively
large loss, for exanple, of 300 meters, in the case of a
theoretical delivery hend of 1400 meters (gas column) i
thereby an air supply to the supercharger can be attain
which lcads to an increcase of several percent in the ef-
fieilency of the latten, an incredse which insonehcases
nakes cagine operation at all possibdble.
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The question of the attainable delivery head is not
the only factor to be considered. The deciding factor is
rather the tenperature rise in the supercharger. A4An en-
gine operates without knock, depending on the fuel proper-
tics, only up to a certain supercharger tenperature tge
The critical maxinmum value, depending on the various oper-
ating conditioans,
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"linits" the supercharger delivery head. The latter is
"generally expressed as a fraction of the theoretically pos-
sible delivery head for an infinite number of blades:

Haqg = Qad Hth @ fooey E08 @ = B = 957

: 2
Lad = 484 =5
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The value of the figure of merit qgq, for which compre-
hensive test results are available (see, for example, ref-
erence 2, fig. 4) should not - as is shown in the follow-
ing - be set equal to the internal supercharger efficiency
Ni-nqg+® The finite number of blades lcads to a reduction

from Hgp o to Hgp. The relation between the two (ref-
erence 4) is given by Hip o = m Hyy. Because of the in-
ternal friction losses in the supercharger, i.e., in the
blades, the value Hyp 1is further reduced to H (denoted
as Hpg in the case of superchargers without intercooler).

These losses Hijf are accounted for by the efficiency np

EE Hag _ Hag
Hgq + Hif H¢n

The figure of merit qag3, by combining the two equations,
is also given by

A relotion** can now be sct up between np and TNij-ade
The internal specific work of compression Hy; 1in the su-
percharger cxcceds the theoretical blade work Hyyp by the

impeller friction and backflow losses Hy + Hpg'!

By =-Hgh + B * Hpg

* % % , .
, it is seen immediately that
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*This assumption was appareatly made by Kollmann in the
determination of the values given in his tabdble 1 of refor-
cnce 3, p. 54, as is shown in table I of this artieles Phe
values in thc upper row are those of Kollmann's table 1.
The values of 'mM4_a4 computed in the bottom row of fable, I

werc thus set cqual by Kollmann to the ratios gqpq 1in sci-
ting up his table 1,

%% This exprcssion is cquivalent to mNj.pg = T
W

v



4 NACA Technical Memorandum No. 949

Np > Nje* It is therefore incorrect to set dad equal
to MNj.gg since ny > n3 and furthermore m3» 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 =
1¥5° ‘as a permissible value, then the supercharger prese=
sure pg. .from table II for the given required tip speeds
of the supercharger impeller would be possible, provided
that the assumed mnj_z9 and qaq values 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 rcsults show pri-
marily, however, the continuous appreciablec progress toward
the goal of high efficiencies at large delivery hcads, *%*

*This was pointed out elsewhere by thc author in 1935. A
detailed trecatment of this question for centrifugal pumps
will be found in Peference 5.

**¥Thesc reclations can quite well be confirmed on the char-
acteristics shown by Kollman - measured by the author a

few ycars ago in the DVL on a DB supercharger. At VI =
042885, There 1s recad OFff MNjena = 0.68 and therc is com-
puted. gqp9 = 0.6. Cautiously estimating m = 1.10 Nj-_aq4,
there is obtained m = 1.25. Computing now for the impel-
ler of the investigated DB supercharger, the expected valuc
of m Dby the method given in the literature m is found
to be equal to 1l.27. It thus appears, as cemphasized by the
author in his paper of 1937 (reference 1), that sufficient-
ly accurate computations can be made, using the guide data
available (rcference 4).

*¥*Xollnann is of the opinion that high nj.ad values have
until now been obtained only at low wus (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 Kollmann in his Stuttgart paper, where in fig.
S5 the contrary was proven. 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 direcction.
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These investigations can by no means be considered as con-
cluded., Half=shrouded impellers have always shown less
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 wvarious values of up
According to these results, the value of Ngled for the

shrouded impeller is evidently 1.05 times that of the
otherwise fully equivalent half-shrouded impeller. The
application of this result to the results given in figure
3 shows that at tip speeds up to 350 meters per second,
efficiencies beoctween 76 and 79 percent can be attained,
Difficultics encountercd in other directions that are met
with in aiming toward the requirecd high efficiencies can
alrcady largely be eliminated. Figure 6 shows, for ecxam-
ple, that even with unusuwally small dimensions, large val=-
ues (Njung = 0.85 quq = 0.66) have becn obtained

through suitable computation and design. And the weight
expenditure does not appreciably exceced present-day usual
values., The weight of the DVL impellers, which are pro-
vided on both sides with walls lies considerably below the
weight of the impellers of foreign enginecs (Rolls-Royce,
Bristol, Farman) and exceeds only by a small amount those
of present German engines, On.figure 7 is shown an impel-
ler of the Rolls-Royecc 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 mcters per second, but the DVL impeller®
nmaxinun efficiency is greater by 16 percent.** No funda=-
nental difficultlies in the operation of the Ilnpeller bear-

*The DB impeller for somewhat smaller values of uy weighs
0.88 kge According to fige 13 in Kollmann'!s paper, the
charge taken. in by this impeller at the design speced is

‘about 0.8 m?/s at Nj.pa = 0.68, whercas for the impeller

shown in fig. 7 for eogual Byg -(flage -2y tub-Bot<Ryogye
0.78 the intake volume is 1,4 m3/s. The difference in
weight betwecn the DVL and DB impellers of about 0.4 kg,
which in itself is extremely small, hardly entcrs into con-
sideration,

¥**According to the personal communication of the Rolls-
Royce designers, the Merlin impeller has been madc so hcavy
beccause of scveral blade failurcs through backfiring 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 mine-
ute leads to no fundamental difficulty.*

One of the 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. (See
for 'example, reference 4, fig, 45.) In the ,case :of half=
shrouded impellers, thec back wall is often made with cut-
outs between the blades to reduce the axial thrust (refer-
cnce 5, p. 348 and fig. 233a). This procedure, which has
becn customary for about 20 years, hes,. owing %o the, in-=
creasc in the value of wup, given rise to many impeller
failurcs (fig. 8).%*

What about the "maximum possible" tip speed uz ?
Quite generally it may be stated that with proper utilizaw
tion of the existing materials and with skillful compromise
between the flow and strength requirements this speed lies
higher than is either desirablec 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 possiblc, with the aid of very com-
prehensive literature on the subject, to make sufficiently
accurate advance strength computations. In the case of
complicated structural shapcs, however, this computation
involves considerable mathematical skill and is tedious.,
For a DVL impecller (similar to that of fig. 7, rieht) whish
for a centrifugal test was made of an clektiron ditislk, it
was computed®*** that bursting would occur at about 520
meters per sccond peripheral speced, whereas bursting actu-
ally occurred at 540 necters per sccond (n > 36,000 rpm).

*DVL tcsts of ny coworker, G. Getzlaff had previously been
carried out up to bearing speeds dy n = 735,000 mm/min.
(See reference 7.)

**Half-shrouded inpellers of the DVL type (like those of
the Rolls-Royce) have never had such cut=outs, since a
strength conputation, somewhat uncertain, it is truey; led
to expected disadvantages. Such failurcs are reported by
W. Kirsch in reference 8, fig. 3, where, however, no proof
is given of the cause of failure.

*¥*¥*Conputation of my coworker, H. Pfau.
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An accuracy greater than this is not required.™

Impellers with cover disks on both sides natural-
1y require rearrangemecnt or extension of the manufac-
turing installations and will also be somewhat more ecx-
pensive than half-shrouded impellers. Through suitable

*¥XKollmann concludes: "Unfortunately, there is no method
at the present time for predicting the stresses arising
in ar impeller." Kollmann further coansiders thc blade
bending stresscs which arisc under the blade pressure as
important. The magnitude of thecse stresses can readily
be estimated. Between the delivery head, weight of dis-
charge, and moment, there is the relation

M
Hip = $—V' For a pressure difference Ap = Y Ah Dbetween
the pressure and suction sides of the blade,; for z Dblades
of width b gnd radius r, woc have

Ta
M= gz /n Ap. b _r dF
s <)
‘ T

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

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

Aips =
‘ z Wb (rs2 - r312) ny

Substituting the valucs from figurc 13 of Kollmann's
paper Hpg = 8000 m (gas column), =n = 27,000 rpm and
Y V = 0.58 kgfs, #thore 1s obtained, ¥f all the blade

parts,with, the inlet of thc DB impeller is considered ,
as cut away, a bending stress of o= 0.51 kg/mmg. The
crror made in entirely neglecting this strcss is thus
practically negligible., Difficulties in impellers duec
to dynamic stresses through vibration arc not know to the

author, : '
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design and new-type devices, 2ll "dreaded" difficulties
may be eliminatecd, however, The inconvenient curved
blade tips such as are usual with the half-shrouded im-
pellers were avoided “in the DVL impellors, ‘as in many
Junkers and Rolls-Roycec impellers, through the scparate
mounting arrangement, as shown in figurec 7. By this
method not oanly is the shaping of the blades made inde-
pecndent of the manufacturing restrictions that are ianvolved
in subsequent blade curving but production methods are
found which are rather simpler than the more difficult
curving proccsss. . A shipht increasc. in the cogt of the
inpeller does not amount teo mich if as a resultt of the
considecrable improvement in efficicncy the engine out-
put and the pormissible critical altitude arc appreciably
increaseds Othe? viewpoints, of inportance ror the “£u-=
ture, should also not be overlooked, The shape of the
operating characteristic curves of half-shrouded impel-
lers, as alrcady comnunicated by the author, vary consid-
crably with the clearance betwecen the propelicr dblade
cdges and the housing wall (supercharger cover). Figure
9 shows a few rcsulis from the auvthor's DVL testse In
the region of high delivery heads the smallest possible
clearance feasible in the manufacture should be aimed for.
The absolute size of the clearance in the warm operating
condition of the supercharger is very difficult to de-
terninc even for single-stage superchargers since the
necessarily light housing of the supercharger "breathest
soncwhat, depending on the heating and the pressure in-
sides This effect Will "be of muoh greater importance;
however, in the case of multistage supcrchargers when
these become necessary. The required minimum clearances
will “then toff er muchivgnoateor Qif0E cultiegn Thelselcionsids
erations should be taken into account in any discussion
of thec most advantagcous impeller shape since the above-
L

as well as the previously introducecd Junkers impeller.
(Seo reforenec #2F, fpg 282, ey M 'and refercnce 3, Tigs

In summarizing, it is understandadlec that the intro-
duction of the impeller with disks at both sides will re-
ceivorlively -disecussionguisince from the point of Wwiew yof
strength the tip specds can be entirely recalizecd and ef-
ficiencies nmay be attained which can assurc operation
without supercharger cooling with greater altitude per-
formancec. The half-shrouded impeller, 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 supercharger design, a brief discussion, in concluding,
will be given to the question of the most favorable de-
gign of the throttle regulation, at present reguired in
almost a2ll cases. It is known that superchargers with
purely radial impellers start to pump with difficulty when
the intakc quantity goes below that corresponding to max-
inum delivery head. From centrifugal compressor opera-
tlow Lt dstknown that this disturbance: can:be held part-
tially «in echeek if tho throttle member is mounted wery
close to the impeller inlet. Thisg fact , whichosesi Tar fas
is known to the author, has not been mecantioned anywhere,
is of great importance for the operation of the engine-
driven supcrcharger. With fixed gear ratio between engine
and supcrcharger, thce inadmissibly high supercharge pres-
surc nust be throttled down, as is known, in the interval
between 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 témperatures,
e, extremely 11i5%le. If the sea-level point of an en=-
gine lics in the operating region of the supercharger at
B (fig. 10) then the latter for cqual engine speed in the
example choscn (7 km; Pg = 840 nm Hg) graduvally travels
with incrcasing altitude up to the nominal output point
S. Declivery hecad and supcrcharger efficiency maintain
their optimum values.®* This, as may be scen on the upper
left corner of figure 10, has a favorable effeet on the
engine output (curve S). (The ratio of net output Ne-n
of the supercharged eangine to the ground output ¥Ng-go-
of an uasupercharged cngine of the same charge volume was
plotted against the altitude.) If, for any romson, it is
desired to place the throttle behind the supercharger,
i.c., on the precssurec side, account must be taken of the
fact that the see letvel point with smallest intake wvol-
unic nust again be chosen as the point B. The enginc-op~-
erating pbint at altitude, for unavoidable and known reéa-
sons, noves toward ' D. The disadvantages that arisc from
this coan be casily scen and become clcarly cvident on con-
sideration of the cnginc output curve (curve D in upper
Teft, corner of fig.'lo). In the examplc considered, the
required supercharge pressurc will no longer be attaincd
at the roted altitude, although, as thec comparison of
these rotational speed curves (dotted in fig. 11) with

*The advantages of suction side throttling were first
pointed out by Noack in refercnce 9. i
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those of the DB supercharger shows, the characteristic
curves of figure 10 are not among the stecpest. 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-
er the critical altitude and supercharger pressure. In
the case of suction-side throttling, the supercharger al-
ways operates at the maximum values of delivery pressure
and efficiency.

In the ideal delivery pressure regulation through
nite spced variatioan, such as might be attained with

o

sk

*With rcgard to this question, Kollmann 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 1 '
dimensioncd..." On fig. 11, four engine-operating points
are shownof the DB 600 in the range of characteristics
given by Kollmann. B and D arc sea-level and altitude
points, respectively, for warieus enginec speedse.. .The
views expresscd abowve correspond completely here, too, tio
the actual conditions. (The operating points indicated
can be computecd easily from the data in the literature and
agrecc with corresponding measurcments.) KXollmann further
maintains that the sca-level point in the case of pressure-
side throttling must' Pie' sg FTar to “the Teft in the field
of characteristics that the altitude point moves into the
region of best supercharger wvalues. Results in this ‘con-
nection on pressure-side-throttled superchargers with
large cfficiencies are as yet unknown, however, And even
then, This mcthod pregents no Ideal solntion, 'sinee, 'in
the large travel described by me above, the sca-level
point would lie in 'the region of low supcrcharge efficien-
CY, i«Cey high supercharger temperaturc. & rcmedy could
be found herc in the simultancous application of valving
pressure regulation in the pressure pipeline. The sane
suecess, with regard %o the pogition of the opcrating
point in the supercharger characteristic field, would be
met with as with suction-side throttling but; unfortunate=
ly, would bec gained at thc expensec of the useful engine
outpute.
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good exhaust turbine drive, the engine operating points,
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
recgion of the smaller tip specds, are intended to have
the highecst possible efficicncies, such as were attained
for the first time in 1936 with a DVL superchargedr (f£ig.
12, in Kollmann's paper) thus lead, with infinite speed
regulation, also to large take-off and climbd performancce.

Summarizing, it may be statcd that the limit to the
ecritical altitude of engincs for the present and probably
for a long timec will be set not by the maximpum possible
delivery hcad of tho single-stago radial supercharger, but
by the delivery hcad permitted by the incrcase in temper-
ature determined by the work cyele in the enginc cylinder,
unless intcrcooling is used. The introduction of inter=-
cooling, however, lcads again to fundementally differecnt
considerations with regard to the supercharger design.*
Besides, the introduction of intercooling naturally mcans
no simplification cither in the mounting or in the opera-
tion of the engine. It leads, moroover, to an additional
harmful drag of the airplanc. Increase in the super-
charger cfficiency, as far as possible, must thereforec be
one of the first regquircments for the high-altitude en=
gince The inportant effeet of the supercharger efficicn-
ey on the enginc output is clearly shown in figure 12,

In the upper port of the figure curves of equal density
incrcasec arc plotted as functions of the supercharger ef-
ficiency and the prossure ratio, and in the lower part of
the figurc, curves of equal supercharger pressure are
plottecd as functions of the supcrcharger pressure ratio
and the altitude. These curves indicate, if a first ap-
proximotion is considercd and side effects, including
knocking,; ore not taken into consideration; & eorrespond-
ing increasc in the cngine output. Lo attain a pressurec
Ps = le4 atmospheres ot H = 6 kn, the supcrcharger
pressurce ratio amounts to 2.9ls If the supereharger has,
for example, an efficicney mnj_,9 ~0.79 instead of 0,54

the inercase in the internal cngine power as a result of

*A few of these questions werc considered by the author
at the VDI main scssion in 1938 (See reference 10.)
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the increase in the density of supercharger air is about
14 percents Such walues as this certainly justify the
added weight of the supercharger.

Pramslotiion, by Se Redsss
National Advisory Comnittce
forsldcrenauticss
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TABLE I

Kollnann'ts wvalues Gea 080 0,60 | Op%8 | G450
Altitude (kn) 6 10 6 10
Pry = Dy (atn) 1.8 1.3 148 158

H,q (n gas colunn) 8,370/ 12,940(8,370|12,940
uz = /¢ Haa/daa (n/s) 390 | 450 | @88 | @

§ . = & Baaley 81,6 |1268.2 | 81.6 | 18842

A tyy oaccording to

Kollnmann 136 210 110 168

B 008 by = Niwng | 0.600| 0,602 |0.742]|0.752

TABLE II

Altitude Hag Ps Up

(kn) Trond S Sog (n gas colunn) |(atn) e (n/s)

0 0.80 80 8,200 2.44 | 0.63 357

2 o7 8 88 92,000 Rsd3 B2 378

4 s (b 96 95850 Lal8% #»61 39%

6 74 | 108 10,600 l.62 « 60 416

8 N2 109 115200 1437 «59 432

10 70 | 115 11,800 l.16 »58 447
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