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-

EXPERIMENTAL INVESTIGATION OF A MODEL
OF A TWO-STAGE TURBQBLOWER -~

By 8. Dovjik and W, Polikovsky .
SUMMARY

In the present paper an investigation is made of two
stages of a multistage turboblower having a vaneless dif-
fuser behind the impeller and guide vanes at the inlet to
the next stage. The method employed was that of investi-
gating the performance of the guccessive elements of the
blower (the impeller, vaneless diffuser, etc.) whereby
the kinematics of the flow through the blower could be
followed and the pressure at the different points com-
puted. The character of the flow and the physical sig-~
nificance of the loss coefficients could thereby be de-
termined so as to secure the best agreement of the com-
puted with the actual performance of the blower, Since
the tests were carried out for varlous delivery volumes=,
the dependence of the coefficients on a number of factors
(angle of attack, velocities, ete.) could be obtained,
The distribution of the logsses that occur during the
transformation of dynamic ‘pressure at the impeller exit
into static pressure could be found and likewise the
range within which the friction coefficient varies in the
vaneless diffuser. With the aid of factors having a cer-
tain physical significance, the centrifugal blower oconld
be computed on the basis of a more or less schematical
consideration of the phenomena occurring during the air
flow through it, and the use of arbitrary factors and
recourse to the geometrlcal similitude law thus avoided.
The present investigation largely summarizes all the pre-
vious work of the CAHI Blower Section on the different
elements of a centrifugal blower. Some considerations on
the analysls of model test data for appllcation to full-
scale are presented in the appendix.

*Reporf No. 191 of the Central Aero Hydrodvnamlcal Insti—
tute, Moscow, 1935, ’ '
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I. GENERAL

INTRODUCTION

The present methods of computation of blowers by a
study of the successive elements, in particular the
method applied at CAHI, permits, by introducing correc-
tion loss coefficients, the determination of the pres-
sure at the blower outlet for given inlet conditions as
well as the pressures at all transition points of the
blower. The study of the pressures at these points - at
the impeller outlet, guide vane inlet and outlet, and the
various stage outlets - at various air deliveries is of
great interest. On the one hand, it permits checking the
correctness of the computation method itself and its cor-
respondence to the physical nature of the phenomena oc-
curring in the machine and, on the other hand, makes it
possible directly from the test to determine such values
of the loss coefficients as will assure the best agree-
ment of the computed and actual performance data of the
machine,

The direct measurement of the pressures at the var-
ious points of a centrifugal macthine presents extremely
great difficulty both of a technical and especially of a
theoretical order. The pressure immediately behind the
impeller, the correct determination of which is the fun-
damental problem in the computation of any centrifugal
machine, may be correctly determined only for the case
where the measuring avparatus rotates together with the
impeller., Otherwise, that i¢, measuring at a stationary
setting, the pressure is obtained in a region of unstable
flow with respect to time and which by its very nature
partakes of the periodic character of the flow,*

*The nonuniformity of the velocities and pressures be-
tween the blades of the impeller should arise not only in
connection with the phenomenon of flow aeparation from
the blade walls but also in connection with the character
of the phenomenon itself of imparting power to the air by
an impeller. The presence of Coriolis forces acting on
the blade and giving rise to a moment on the shaft corre-
sponds to the difference in pressures and velocities at
the two sides of the blade. In its most general form
this result follows directly from the hydrodynamic con-
gslderation that the increase in the total pressure at any

(Continued on p. 3)
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Notwithstanding their extreme complexity, investiga-
tions of such -type are possible and their results have ap-
preared in various papers, Those by Thoma, Hagmayer and
others (reference 1), while very important from the point
of view of the direct investigation of the structure of
the flow through the impeller, admit of a number of nega-
tive characteristics which made it necessarv to dispense
with the method in setting up our present investigation.

+The first reason, though not the principal one, for
not ‘investigating the pressures behind the impeller with
the aid of measuring apparatus rotating together with the
impeller is the- extreme complexity of such investigations.
The preparation of the impeller model, the complicated
internal communication system, the necessity for complete
hermetic sealing make such investigations extremely labo-
rious and lead to the result that the investigation of a
single operating condition of any impeller 1s transformed
into a complicated problem in scientific method., The
given investigation, however, is more typical in its pro-
cedure and one of its main advantages is that, standing
between a whole series of previous and subsequent inves-
tigations, it makes possible much greater reliability in
evaluating the obtained results by their relative com-
parison,

The second and fundamental resson for not employing
the direct measurement of the pressures at the various
points of the model at its rotating and stationary parts
in the casing is that the structural elements of any fan
consist of relatively short curvilinear passages in which
an unstable flow occurs. The determination of the direc-
tions and magnitudes of the velocities under these con-
ditions, though possible; presents great experimental 4if-
ficulties. As regards the measurement of the static pres-
sures in such flow, it may be stated that with our present

(Continued from p., 2)

point of the flow through the impeller i1s determined from

the equatlon
dH _ 4P

dt dt

i.2., the necessary condition for the possibility itself
of increasing the pressure is change with respect to
time of the pressure at any point lying within the im-
peller,
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state of meacuring technigue to carry out such measurements
with any degree of accuracy is impossible particularly if
account is taken of the specific character of the perfor-
mance of the centrifugal machine in which dynamlc pressures
usually constitute a considerable fraction of the pressures
measured,

The experience of a large number of investigators who
have studied the flow of fluids in curvilinear channels
(reference 2) has shown the very great value of studying
the pressures and velocities at various points of the chan-
nel for the analysis of the flow phenomena. The same ex-
perience has also shown, however, that all these investi-
gations cannot be used as a basis for computing the re-
sistances due, on the one hand, t0 their insufficient ac-
curacy and, on the other, to the extreme complexity of the
plcture obtained. The reeietance of curved channels and
channels of variable cross section practically must be in-
vestigated by considering them blower elements. By mount-
ing at the channel inlet and outlet a rectilinear portion
of sufficient length serving to enaualize the field and to
obtain a stabilized flow we are enabled, by measuring the
pressure at two points, to obtain the loss coefficients,
reouired for practical computations, of the elements under
consideration, In certain cases, when the presence of the
equalizing channel ahead of or behind the element under
consideration does not correspond to its normal operating
conditions, the equalizing channele, one or both, are re-
placed by measuring chambers,- Thus, the messurement of
the pressure at only two points may be reauired for deter-
mining the resistance of the element under consideration,

The fundamental princinle of the methods of investi-
gation therefore consists in creating inlet and outlet
conditions for which the determination of the total pres-
sure offers no special difficulties, Evidently the re-
sistance of the element is the difference between the
pressures at its inlet and outlet. This is the principle
which has been taken as a basis of the investigation pre-
sented below of a turboblower model. The setting up of a
definite pressure at the exits of the stages under con-
sideration was effected by discherging the air directly
into the atmosphere, as shown by the sketches in figure 1.
The dynamic pressure at the outlet of the impeller may be
found by investigating the kinematics of the flow essen-
tially determined by the power imparted to the air, The
dynamic pressure at the outlet of the guide vanes is de-
termined from the condition that the outlet section 1is
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filled out and from the pressure at the outlet.' The dy-

- nanic pressure. at the outlet from the stage is likewise

determined from the condition of filling out of the cross
section. As will be shown below, the equation of conti-
nuity, that is, the condition that the above-mentioned
sections are filled out may be used with sufficient Jjus-
tification, . .

During the experiment the pressure behind the ele-
ment was held constant and equal t0 the atmospheric pres-
sure, The pressure in the chamber ghead of the blower
was varied, that is, the blower worked on suction. By
taking the pressure in the chamber as the zero point of
the computations, we may, with the aid of the above con-
siderations, obtain the mean pressure behind the blower
element, XKnowing, in addition, the mean dynamic pressure
in the element, we obtain the value of the total pres-
sures in sections a-a, b-b, and c-¢ (fig. 2). At section
0-0 at the entrance to the blower the total pressure is
taken equal to zero,

By comparing the change in the total pressure in
passing from one section to another with the theoretical,
we can determine the losses in the blower element. The
characteristics of all the stages as well as those of the
individual elements (fig, 1), that is, the curves of
pressure Hgy against volume Q for the entire range of
operation from Q = 0 to Hst = 0 and 13 = Qmayx Permits

the determination ‘of the losses as a function of the flow
kinematics and the extent of agreement of our assumed
computation scheme with the actual phenomena.

. A certain reservation in our computation method
should be noted, namely, that the principle of direct
summation of the successive individual resistances should
be considered as only a first approximation, The local
hydraulic¢ resistances, which affect the very nature of
the flow, certainly produce an effect on the succeeding
resistances and in some cases greatly modify the values
of the corresponding coefficients. The interference ef-
fect of the successively connected resistances was studied:
in the papers of Kirchbach and of Schubart (reference 3)
who invegtigated the total resistance coefficient of two
elbows as a function of the length of the straight por-
tion between them., Both of these papers bring out with
sufficient clearness the fact that considering the complex
resistance o0f any system as equal to the sum of the
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resistances of each of the elements that 'enter the system,
that is, not taking account of the mutual-interference
between them, a value for the resistance is obtained that
deviates by a considerable amount from the true value,
Nevertheless this method of computation is the one gen-
erally employed in practice. This is explained by the
fact that the method appears to be the only one that per-
mits, even approximately, the determination of the resist-
ances in making a new design. The degree of accuracy of
such a provisional method will evideatly be greater the
more nearly the operating conditions of each of the ele-
ments included approach the econditions at which their re-
sistances are directly determined. It is extremely diffi-
cult to determine technically a suitable degree of approxi-
mation of the test conditions of the blower elements to
those conditions under which the elements actually. operate
and for which the computation is conducted, With respect
to this question there are a large number of opinions held
that express the most varied points of view.

On the cne hand, a large number of turbomachine
works (Brown-Boveri and Metro-Vickers) snd likewise many
investigators (Rateau, German, and Fedorov) consider the
blower computatiocon By the method of similitude as the
only suitable one, This corresponds to assuming such
strong mutual influence between the work of the individual
blower elements that the combination i« considered as a
strongly unified system not subject %o decomposition into
its component elements, On the other hand, a large num- _
ber of hydraulic engineere and hydrodynamicists (Kearton,
Pfleiderer, and Gibson) and meny production works (Elec-
trocil and Generasl EBlectric) hold a different point of
view and assume that in practical computations it is per-
missible to make use 9f the resistance coefficients ob-
tained in studying the stationary models.,

Our point of view in this matter is that the machine
may be divided up into elements the computation and in-
vestigation of each of which may lead, as has already
often been the case, to sufficiently close agreement be-
tween the computed and test results. Two fundamental
conditions should, however, here be considered: (1) the
individual elements should be studied under conditions
sufficiently near those at which the elements operate in
the machine and (2) the study of the elements should be
conducted not in the order of single, interrupted experi-
ments dut in the order of their systematic study. Only
in this way may a definite idea of the effect of changing
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the fundamental geometric or kinematic parameters on the
work of "the elements' be obtained and this in turn per- -
mits them to be introduced in the computation under

operating conditiong' differing from the test conditions,

It must be admitted that the computation by simili-
tude considerations, 'that is, the method of projecting
new designg with the aild of nondimensional characteristics
obtained from experiment, is the most reliable method and -
can be depended on by the constructor mot to give unex-.
pected, disagreeable results. At the same time, by its
very nature this method is a "reactionary" -one that hin-
ders further technical development. Moreover, in solving
the problem of the design of new machine types under
given conditions with the aid of nondimensional character-
istics, it is necessary in very ‘many cases to admit solu-
tions known to be nonoptimum since no amount of previously
produced and tested machines could cover entirely the
broad range of modern high-speed machines. Furthermore,
this fundamentally most reliable method of projecting a
design from existing data instead of making a new compu-
tation leaves the designer entirely "disarmed" in those
cases where a specific requirement in size or design
makes it necessary for him to depart from the "canonical"
shape. The strong tendency of modern machine construc-
tion; namely, the organic inclusion of auxiliary systems
(fans, pumps, superchargers of aviation engines, etc.)
does not permit, in very many cases, making use of the
method of computation from existing data and makes neces-
sary the computation of the machine taking into account
marked individual conditions of mounting, construction,
and utilization.

‘The problem of the general investigation of the in-
ternal process of centrifugal machines over a wide range
of delivery volumes and pressures is one of great impor-
tance under our conditions of a planned socialist econ-
onmy. In designing blowers for a single definite operat-
ing.condition, it is possible to choose profiles and
sections based on considerations of smoothest flow of the
fluld through the machine. With a relatively limited
range of ceorrection coefficients corresponding to the
optimum conditions, it is possible to design entirely
satisfactory machines intended to work at a single oper-
ating condition., At the same time, however, each turbo-
machine has a more or less wide range of application in
connection with the more or less level range of its ef-
ficiency curve near the maximum. The above-mentioned
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method of couputing the machine for only a single operat-
ing condition gives no indication, however, of its range
of possible apvlication. Under the conditions prevailing
in.Soviet Russia the design of individual machines is be-
coming more and more a rare phenomenon. In the majority
of cases systems are designed which are used for series
or even mass production, For those machines put out:in
series and not for individual reguirements, the guestion
of the range of possible application is a very acute one,
In connection with this gquestion it is necessary, in
designing a machine, to determine by preliminary computa-
tion its data not only for a single operating condition
but, at least with a certain approximation, to construct
the various parts of the characteristic curves, In such
a computation the considerable devigtion of the flow at
various points from the corresponding ovtimum hydraulic:
conditions must be taken into account. For this purpose
2 knowledge of the work of the individual elements over

a wide range of entry angles, velocities, eand so forth, is nec-
essary. The work presented below is based on Jjust this
consideration. )

DESCRIPTION OF TESTS

For the object of the investigation a two-stage
turboblower model was chosen (fig, 3). As may be seen
from the aerodynamic scheme shown, the impellers of the
first and second stages, for the same inlet and outlet

diametérs D, and D,, recvectively, of the impeller,

had different inlet diameters to the blades D, (for the
impeller of the first stage the blades were somewhat
shortened). Moreover, the impellers differed from each
other also in the inlet and outlet angles and in the im-
peller width (figs. 4a and 4b).

The test was conducted in the laboratory of the CAHI
Blower Section in the suction chamber shown in figure 5,
The distinguishing feature of thisg chamber as compared
with other low pressure cnambers is the presence of an ad-
ditional blower the outpuit of which is éntirely or par-
tially used to make up for all resistances of the chamber
itself and pipes. Due to this fact it was possible to
obtain points on the characteristic for resistances egugl
to Zzeroc or near this value, As may de seen from the lay-
out of the chamber (fig, 6) the air delivery was deter-
mined with the aid of a conical collectdér placed in the
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chamber.- In bbtaining the characteristics of the blower

in this chamber, the air delivery was usually measured
with a pitot tube located at the entrance part of the
chamber, Takinhg account, however, of the relatively

large pressures produced by the blower (above 200 mm water)
and the resulting danger of leakage that might impair the
characterigtics, 1t was necessary to measure the alr de-
livery with the aid of a collector,

This method of determining the amount’ of gas flewing
through the blower is based on.the fact that in testing
a centrifugal machine for suction at any section a lower-
ing in pressure is formed equal in magnitude to the dy-
namlc pressure of the flowing gas plus the losses over
the path from the entrance to the place of measurement.
Thus, the equation of Bernoulli, written for the cross
sections through the tubes measuring the general suction
in the chamber (sec. I) and the suction in the collector
(sec. II) is

+ Ah

Beham * P P) imp

The velocity in section I due to the relatively large
dimensions of the suction chamber is so small that. 1t may,
without any appreciable error, be neglected.

Hence

2

v
-h. ::p

hcham. imp

2
2

By estimating the losses over the path from the en-
trance "'to 'the collector t'o the point of measurement (in
our case this distance was équal to a diam.,) as 3 to 4
percent, we obtain

sz

P2

= 0'96'(hcham - himp)

As may bé seen from the test setup, the velocity head
hdyn is obtained as the difference -between the suction

in the collector and the total suction in the chamber.
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The amount of air flowing through the labyrinth
packing was not specially measured, sincde the computatlons
showed that the magnitude of this Ieakage constitutes in
all only 2 to & percent of the total air delivery, that
is, lies within the range of experimental accuracy.

The power required by the blower was measured on a
balancing stand by determining the turning moment ob-
tained by the motor, It should be noted that the turning
moment of the motor is equal to the sum of the moments
required in turning the impellers and in overcoming the
friction in the bearings. For this reason, a preliminary
determingtion of the friction moment for a given rota-
tional speed made possible in a further experiment the
direct determination of the power required by the impeller,

The operating conditions were varied with the aid of
a throttle located at the exit section of the blower and
also by the change in the rotational speed of the blower.

In correspondence with the general method, discussed
above, underlying our experiment, of investigating the
work of the individual elements of the turboblower (iso-
lated impeller, guide vanes, etc.) the characteristic
curves of H, N, and M against Q were successively .
obtained., This made it possible to analyze the phenomena
in each of the turboblower elements, eliminating from con-
sideration those phenomena which occur simultaneously in
the other elements of the blower. The test was thus re-
duced t0 obtaining the following series of characteris-
tics:

(a) Isolated impeller of the first stage (fig. 7a)

(b) 1Isolated impeller of the second stage (fig. 7b)

(¢) Impeller of the first stage together with the
vaneless diffuser behind the impeller (fig.
8a)

(d4) Same for the second stage (fig. 8b)

(e) TFirst stage of the blower including the impeller,
vaneless diffuser,and guide vanes (fig. 9a)

{f) Same for the second stage (fig. 9Db)
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II, ANALYSIS OF TEST DATA

The basic data in investigating the work of the
blower, as has been gsaid above, were the test character-
istics obtained. The latter consist of the two curves of
the statiec pressure Hyy and power expended N against

the air volume Q. Their analysis consisted in comparing
the test curves obtained with those computed and deter-
mined by methods worked out at CAHI for the computation
of centrifugal machines., The method of determining the
various magnitudes entering the computation is the one
given below,

1. Theoretical Pressure Developed by the Impeller

The power N expended by the blower is made up of
the sum of (a) the useful (hydraulic) power N, imparted

to the active flow of the air and directly used for de-
veloping pressure and overcoming the hydraulic resist-
ances and (b) the power N, expended in friction at the

surfaces of the impeller and production of turbulent flow,

The magnitude N, may, with sufficient degree of

accuracy, according to numerous investigations of the
Blower Section, be assumed as a constant magnitude, inde-
pendent of the discharge and equal to the power loss at

Q = 0, This magnitude, which is fundamentally a function
of the diameter of the impeller, its width and the degree
of roughness of its surfaces, may be computed by the
formula

3 5 b
N = w “ -+ -
o B e (l 5ZD>

The coefficient B entering the abovs formula, according
to the data of Stodola, Pfleiderer, CAHI, and others (ref-
erence 4), is (2-3) 10°% for smooth solid disks. In the
investigation of impellers of centrifugal blowers con-
ducted by V, Polikovsky (reference 5), the value of this
coefficlent varied between (20-25) 107°, Our tests gave
the value B = (12-16) 10-%, Approximately the same val-
ues for B were obtained from the reguldts of tests on a
number of impellers that were conducted at the GAHI Blower
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Section, The deviations in the values of this coefficient
obtained by us from data used in the -work -of V, Polikovsky
may be explained by the very great roughness of the plane

parallel shape of the 1mpeller series tested by him.

. _It must nevertheless be admltted that the value of
the coefficient B ° obtained in the tests. of ceatrifugal
1mpellers are considerably greater than the value of the
same coefficient for.smooth solid disks. Tests .are, at
the present time, being conducted at the Blower Section
on the effect on- the ppwer - No- -expended in friction of
the shape of the impeller (flat and,K semiconical), the type
of blades, the-presence -0f disks,.and other factors,,

The difference between the power N diréctly meas-
ured on the balancing stand and the power No expended

in friction i1s the hydraulic power Nh "directly used in

developing the pressure and overcomlng the hydraullc
losses -

N, = N ~ Ny - o . (1)

In the further analysis of the ‘data, the value of

the hydraulic power was taken for each impeller as the
mean of three of its values wsed in obtaining the charac-
teristics: the isclatedr.impeller, the impeller with vane~
less diffuser, and  complete stage. (See figs. 10a.and 10b.)

From the Euler eguation

Hypy = P Cay Us o (2

we can obtain the expression

N. = Q’sec Hﬂr_ Qsec P Cay Uz
h ™" op 75

by which, for a glven 1n1t1ally determlned nydraullc power
N, , the rotational velocity of the flow behind the imper-

ler OCgzy (the tangential component of the absolute veloc-
ity at the ex1t) is readlly determlned :
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75 Ny
P Qsec Uz

(8)

Cbu-:
and the total head (theoretical) produced by the impeller

Hﬁh = p Cau Ua (4)

The values of the total pressures obtained are given in
table 1.

2. Investigation of the Impeller of the Turboblower

Having determined the value of the theoretical pres-
sure that can be developed by the impeller of. the turbo-
blower, we pass on to an analysis of the phenomena that
occur in the impeller. The problem which we now consider
consists, on the one hand, c¢f an explanation of the kine-
matics of the flow through the impeller and, on the other
hand, an explanaticn of the character and magnitude of
the losses that are involved.

a) Character of the flow at inlet to the impeller
blades.- The flow enteres the impeller in the axial direc-
tion with an inlet velocity C, (fig. 11). The magnitude

of this velncity for each operating condition may he deter-
mined from the equation of continuity

where F, 1is the useful inlet area, taking account of the

pPresence of the shaft, special flows, and so forth, that de-
crease the inlet area; U 1s the coefficient that takes
into account the possibility of incomplete filling out of
the inlet cross section, For single-stage machines with
axial air entry w = 1; for the individual stages of a multi-
stage machine, however, the value of this coefficient may be
less than 1 depending on the smoothness of the deflection
from one stage to the next, and so forth., In deflecting at
the blades in the meridional plane by 90° this velocity
undergoes a change associated with the contraction of the
flow during deflection. For this reason, in determining
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the magnitude of the meridional or radial component of
the absolute inlet velocity to the impeller blades C,p

it 1s necessary to take into account the possibility of
incomplete filling out of the impeller where the deflec-
tion occurs and the associated increase in the velocity
after deflection by the introduction of a contraction
coefficient .

The contraction of the flow was especially investi-
gated in the laboratory of the Blower Section (reference
6), values of the coefficient p, a function of the
ratio D,/D,, width b, smoothness of rounding at inlet,

and so forth, being obtained within the range w = 0,6~
0.85. It should be observed that this investigation was
conducted on a stationary lattice and it is natural that
the rotating impeller where ithe spread of the flow over
the width of the impeller is extremely intensified the
value of this coefficient should be raised. In particular
cases when the inlet diameter to the blades D, 1is con-
siderably greater than the inlet diameter to the impeller

Do, as shown by the analysis of an entire series of im-

pellers (reference 7), the flow at the diameter D, com-
rletely fills out the impeller section and W Dbecomes
equal to unity. In analyzing our test data, the follow-
ing values were taken for this coefficient: for the im-
peller of the first stage for which D, = Dy, w = 0.9;

for the impeller of the second stage for which D, was
greater than D,, u = 0,98. 1In this manner the magnitude

of the radial component of the absolute inlet velocity
Cip was determined by the equation

o Rsec (5)

®im = 3 D, b, W

A real fluid having vidcosity obtains a certain rotational
velocity due to the rotation of the impeller and that is
taken into account by the coefficient of initial flow’
spin ©; = C,4/U;. As a special investigation has shown

(reference 8), for a given impeller the value of this
coefficient may, to a first approximation, be considered
as a congtant independent of the volume delivered (veloc-
ity of approach to the impeller). In his paper V.
Polikovsky gives the value of this coefficient within the
range 0,3-0.4. A gsomewhat wider range of variation is
given by Gibson (reference 9) whosé value of ®», lies

within the range 0,3-0.5.



NACA Technical Memorandum No, 1043 156

In analyzing a number of tests on centrifugal blowers
a very good agreement of experimental and computed Tesults
was obtained for ¢, = 0,35 and therefore this value of
the coefficient was assumed by us for the impeller of the
first stage. For the impeller of the second stage for
which the inlet diameter to the blades D, was considerably
greater than the inlet diameter to the impeller D, and
the posgsibility of flow rotation at the inlet to the blades
was considerably greater than in the impeller of the firgt

stage, the value of this coefficient was taken eaual to
0.4.

From the velncity vector diagram at the inlet (fig.
12), we find that the relative velocity of the flow at
the hlades W, may be expressed by

'v/clm8 + (1 - @1)2 Ulg (6)

On the other hand, the value of the relative inlet veloc-
ity to the blades cannot be less than its walue determined
from the condition of filling out of the impeller at the
inlet (condition of continuity of flow):

W, = - Qsec = Q‘sec- (7)

(m Dy b, sin B; = 8 by z)u F,

From a comparison of these two values we may finally de-
termine the relative inlet velocity to the tlades W, as
the greater of these two,

From the velcocity diagram we may also determine the
angle made by the flow direction with the vlades for var-
ious deliveries, namely,

C
sin (Bl)fl = w_l;li (8>

where W, evidently is egual to the velocity relative to

the blades and not the entrance velocity to the impeller
blades. The difference between the angle (Bl)fl and

the blade angle at the inlet (Bl>b1 defines the angle

of attack ao:
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Q= (Bl)fl - (Bl)bl (9)

The above defined magnitudes characterizing the flow
at the inlet to the impeller are given in table 2.

b) Chsracter of the flow at the impeller outlet.- The

fundamental problem in drawing the veloclty vector diagram
at the impeller outlet is that of the relation between the
relative velocities at the inlet and outlet of the impel-
ler. Numerous investigations conducted at CAEI have shown
that for positive entry angles to tne impeller blades, if
the latter are curved backward or radial, the relative ve-
locity in flowing through the impeller does not change,
that is, that Wy = W,. A detailed justification for this
assumption may bde found in the work of V. Polikovsky.

(See reference 5.) Here we may limit ourselves to certain
elementary considerations.

In flowing through the rotating impeller the flow
does not completely fill out the cross section of the pas-
sage formed by the blades and together with the ractive
part of the flow, which move=s forward, a neutral region
ig created in which turbulence arises. A brilliant ex-
perimental confirmation of this fact has been obtained
by photographing the flow through a centrifugal impeller
pump at the Munich laboratory by XK. Fischer and D. Thoma
(reference 1) (fig. 13). As is known, in the rotation of
a centrifugal wheel the static pressure in the passage be-
tween the blades increases according to the law

2 2 2 2
U - U W, - W
AHst = .._2.____1___ Y + __1__.____.—2_ Y
2g 2g

The losses incurred in flowing through the impeller are
not taken into account here because (as will be shown be-
low) the main part of these losses is associated with
rhenomena that arise at the flow entrance to the blades
(impact, turbulence, etc.); the friction losses at the
blades being emall enough so that they may without great
error be neglected. We assume that in the turbulence
region there is no forward motion of the flow, that is,
that the relative velocity within it 1s equal to zero,
The increase in pressure within this region during the
impeller rotation therefore 1s exclusively at the expense
of the rotational velocity, that is, will be equal to




NACA Technical Memorandum No. 1043 17

Uaa - Ulg
bRy 4y = ey v

On the other hand, this vortex region "should be in static
equilibrium with the active part of the flow, the equilib-
rium necessarily being maintained along the entire.  bound-
ary between the regions, This 1s possible only in the
case that the pressure increases in the active part of the
flow and in the turbulence region are equal to each other,
that is, if

AHgy = AHgy ¢y

or in other words if W, Wy (reference 10).

We note again that the above considerations apply
only to the cases of positive angles of attack where the
vortex region is not closed (fig. 14). Conditions are
otherwise as regards the relatlion between Wy and W,
for negative angles of attack, In this case the vortex
region formed at the front wall of the blade is generally
closed and the flow can spread along the channel section
with the result that W; may be considerably less than
Wy (fig. 15). For this reason, for blower operating con-
ditions with negative flow angles we applied the following
method of determining W5.

From the value of the rotational component at the
impeller outlet Cau, determined from the hydraulic power
(see above), and making use of the velocity diagram, we
may write down a first equation for the determination of
the relative velocity at the impeller outlet:

U, -~ C .
Wy = —> =L : (10)

A second equation may be obtained from the assump-
tion that the minimum value of the relative velocity Wy

will be theé value determined from the continulty equatilon:

Q’sec (ll)

Wy =
TTDzba(Sin Ba)fl - szz
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In both of these equatlons there enters the angle (Sg)fl

formed by the direction of the flow. This angle may dif-
fer considerably from the outlet blade angle (ﬁg)bl

due to the flow deflection (deviation of the outflowing
stream from the direction of the exit edge of the blade).
Solving these two equations by the trial and error method,
we determine the magnitude and direction of the relative
velocity Wy at the impeller outlet,

It should be remarked that the values of W5 +thus

determined are somewhat too small since the value of the
area of the flow in equation (11) does not take account
of the possibility of the formation between the bBlades at
the iImpeller outlet of vortex regions that do not tske
part in the forward motion of the flow.

From the velocity vector diagram we can readily de-
teriine the radial component of the absolute velocity at
the impeller exit:

Com = Wz(sin Ble (12)

together with the value of the absolute velocity at the
impeller exit: .

C, = V/Caem + ¢,y (13)

The magnitudes characterizing the flow condition at the
impeller exit are given in table. 3.

c) Determination of the general value of the losses
in the impeller.- Having explained the character of the
flow at the impeller exit, we may determine by computation
the static pressure behind the impeller as the difference
between the total (theoretical) pressure developed by the
impeller Hyp = pCzy Uz and the dynamic pressure

2

C - : .
p Z , both of these values being determined by computa-

tion:



e

NACA Technical Mem»orandum No, 1043 19

057

H th ~ Hayn = P Cau Uav- P —3 (14)

st comp B

The difference between the computed-static pressure curve

Hoy comp 2Rd the experimental curve H exp EiVves us the

total value of the hydraulic losses in the impeller:

AH. = H (15)

imp st comp ~ H

st exp

The results obtained are collected in table 4 and plotted
in figures 16a and 16D.

d) Analysis of the impeller losses.—- The value of

the total losses in the impeller Mﬁmp is conveniently rep-~
resented as the sum of two, to some extent independent,
values:

(a) The losses in deflecting the flow at the blades

AHC

(b) The entry and flow losses through the impeller

AHw

It is natural to refer the first group of losses to the
dynamic pressure of the flow velocity C,p, after deflec-

tion at the blades and to write them in the form
2

Cim
AH, = £ 5 P ' (16)

The value of the coefficient §, should first of all

depend on the strucfural characteristics of the impeller
(the smoothness of the deflection in entering the blades,
the relation between the diam. D, and D,, etc.) and

may with sufficient justification be assumed as constant,
independent of the air delivery. According to the test
results on a number of impellers obtained at the Blower
Section, the value of this coefficient fluctuates within
the range 0,1-0,5, This range of values may appear to be
relatively wide but we must remember that the resistance
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coefficient of stationary elbows, as the investigations
of Nippert and other authors have shown, varies within a
still wider range depending on the smoothness of the de-
flection.

Taking account of the small amount of contraction of
the stream in deflecting against the blades, the smooth-
ness of the deflection, and so forth, we assumed the mini-
mum value of this coefficient for both impellers; for the
impeller of the second stage for which D; was greater

than Do and the contraction of the stream less the vagl-

ue assumed was O.1l; for the impeller of the first stage
corresponding to a higher contraction of the stream the
"value assumed was 0,2,

We thus obtainh the values of the losses in deflecting
at the blades AH, and the losses in the flow through the

blades as the difference between the total losses in the

impeller AHimp and AHg:

AHy = AH - AH (17)

imp c
The losses in the air flow through the blades may
arise from two causee: In the Tirst place, the losses
associated with the formation of turbulence regions in
the passages between blades and in the second place, the
losses due to friction'at the blade surfaces. The latter
losses evidently constitute a very small part as compared
with the losses associated with the turbulence formation
because, first, the passages between the impeller blades
are relatively short and the friction losses cannot play
a large part and secondly, as has been shown above, the
flow does not entirely fill out the crogs sections between
the blades, the velocity distribution along the cross sec-
tion, due to the action of Coriolis forces not being sym-
metrical, In the third place, for almost all operating
conditions, impact™* occurs at the impeller inlet since
shockless entry can occur only at a single defined orerat-
ing condition of a given impeller. This impace gives rise

*In applying the term "impact at the blade" it should be
observed that a certain latitude is assumed. Actually we
do not have here the impact vhenomenon associated with the
loss of a part of the momentum at the blade but with the
phenomenon of flow separation. We make usge of this term,
however, becsuse, notwithstanding its insufficient ac-
curacy, it is very widely prevalent in the technical 1lit~
erature.
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to flow sgeparation directly bBehind the.entry edge of, the -
blade “and to ~the formation-of intense-turbulence regions,
The loasses associated with the turbulence are naturally.
predominant -in the general balance -of losses in the air
flow through'the impeller.

Having explained the nature of the losses that arise
in flowing through the impeller, we proceed to the deter-
mination of the c¢92efficient characterlzing these losses.
It is natural to refer thegse losses.to the velocity head
corresponding to the relative ,inlet velocity, the loss
coefficient iw being then given by the expression

AHy
bw =" = (18)
p 1 .
2

The value of this coefficient should depend on a num-
ber of factors associated with the structural characteris-
tics of the impeller (number of blades, their length, etc.)
and the operating conditions of the blower, the angle of
attack o, the degree to which the passage between blades
ig filled by the active fluid, and so forth. As has been
shown, the main part of the flow losses through the impeller
depends on the angle at which the blades are attacked so
that the coefficient should likewise depend mainly on the
angle o, A detailed analysis of the tests on a series
of centrifugal impellers by V. Polikovsky (reference 7)
has shown that the wvalues of this coefficient vary within
the relatively wide limits of 0.8 to 0,05 (the larger val-~
ues. for positive angles, and smaller for negative ones ).

The resulis of an analysis of the test data on the
blower impellers were represented on curves, the values of
the coefficient gw Yeing plotted against o (fig. 17).

As may be seen, for both impellers almost identical curves
were. obtained. It. is interesting to note that the deter-
mination in the laboratory of the Blower Secticn of the
resistance of the stationary blade lattice gave almost

the same dependence of the loss coefficient Ew on the

angleé of attack o, thereby confirming the picture of the
flow phenomena in the impeller. The small values of the
coefficient £y for.negative angles of attack as compared

with the values for. zero and positive angles are to be
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particularly noted. -The explanation for this face is %o
be found in .the different character of the turbulence
regionss Whereas ‘positive and zero angles of attack are
associated witlr the formation of open vortex regions com-
municating with the space behind the impeller, the nega-
tive angles of attack give rise to the formation of
closed regions.' (See figs. 14 and 15). Since the coef-
ficient £y, although referred to the inlet velocity,

"takes into account not only the entrance losses but also
those arising during flow through the impeller bdlades,
the character of this flow naturally affects the value of
this coefficient,

The employment of the curve expressing the dependence
of the coefficient £y on the angle of attack a 1in the

design and computation of turboblowers is not sufficiently
convenient, For this reason we assumed it possible to
divide the entire range of operating conditions from

.Q = 0 to Qumax roughly into three regions within each
.0f which the value of ¢fy for both impellers may to a

first approximation be considered as constant, These
regions are the following: the first is that with large
positive angles of attack (o > + 409); this region corre-
sponds to small delivery volumes (underload). The second
region is approximately that for shockless entrance to

the blades (+ 4 > a > - 4°) and corresponding to dis-
charges near the optimum. The third region, finally, cor-
responds to high discharges (overload) associated with
large negative angles (a < — 4°), Within each of these
regions assumed mean values of the coefficient ﬁw were

plotted as dotted curves, and as may be séen on figure 17,
the deviation of the test curves from these mean values
wag found to be very slgight.’' These mean values of the
coefficient &W used in determining the general values

of the flow losses through the impeller AHy were
fw = 0.65 for the first region (o > + 4°), ty = 0.4

for the second region (+ 4 > a > - 4), and fy = 0.1 for
the third region (o < — 4°9),= ‘

*The small values -of the coefficient £y obtained for

large negative angles of attack may give an indication of
the suitability of operation of the turboblowers at con-
ditions corresponding to these angles. It should be noted
that (1) operating conditions corresponding to large nega-
tive angles of attack correspond, for most of the impellers,
(Continued on p. 23)
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Substituting the assumed values of the coefficlent
fy in the expression for the losses in flowing through

the impeller:

2
1
2

AHy = p Ew (19)

we obtain the values of these losses., We can then deter-
mine by computation the value of the static head at the
impeller outlet:

Hst comp - Hin - den comp AR, - ARy (20)

The results obtained are collected in table 5 and plotted

on figure 18. It is quite evident that by taking for each
delivery volume the corresponding value of the coefficient
tw from the curve of Ey = f(a) we would obtain complete
agreement of the computed curves with the experimental ones.

The analysis of two impellers with different diameter
of entrance to the blades D, for the same diameters of
inlet and outlet of the impeller Dy and Dy permits us

incidentally to make an interesting comvarison and draw
conclusions as regards the performance of such impellers
(the first stage impeller for which Dy = D; we shall
denote as the normal, while the impeller of the second
stage for which D, > Dy we shall denote as the impeller

with shortened blades).

(Continued from p. 22)

to conditions considerably above the design (optimum)
operating conditions and are at the extreme right of the
characteristic curve where even a slight change in the
delivery is associated with relatively large changes in
pressure; (2) notwithstanding the small values of the
coefficient EW the absolute value of the losses in flow-

ing through the impeller AHy corresponding to large de-

liveries constitute a considerable part; and (3) to op-
erating conditions with negative angles of attack there
corresponds an extremely unstable and undefined character
of the vortex region,
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(a) The jet contraction for the impeller with short-
ened blades is- less than for the impeller with normal
blades as a result of which the coefficient of flow con-
traction in deflection at the blades n for the first
stage is less than that for the second.

(b) The possitility of an initial rotation of the
jet in flowing toward the blades in the case of the im-
peller with shortened blades is greater than for the nor-
mal impeller because the coefficient of initial rotation
¢ for the first gtage impeller was found to be less thanr
for the second stage impeller,

(¢c) The loss coefficient for the jet deflection at
the blades £, corresponding to the smaller jet contrac-

tion at the impeller with shortened blades was found to
be less than for the second stage 1mpeller.

(d) The flow loss coefficient through the 1mpe11er
tw was found to have almost identical values for the
same angles of attack, thereby confirming the above as-~
sumption that the main part of the losses occurring in
flowing through the impeller depends essentially on the
angle of flow approach and is therefore a function of the
angle a.

(e) In particular cases where there is a contracted
entrance section and the relative inlet velocity to the
impeller W, mnust be determined from the equation of
continuity, it may be found convenient to shorten some-
what the blades at the impeller inlet (increase D,). As
a result the static head should increase at the expense
of a decrease in the relative inlet velocity W, and
since the losses, as is seen from the results of the
above analysis, do not essentially change (and may even
decrease somewhat at the expense of AH,) the static ef-
ficlency may also increase., This 1is confirmed by the re-

sults of tests on a model of one of the LMZ blowers where,

after shortening the blades somewhat, it was found pos-
sible to increase the static pressure of the impeller and
the static efficiency (fig. 19),

3. Investigation of the Performance

of the Vaneless Diffuser

The next stage in our blower investigation ie an
analysis of the performance of the vaneless diffuser.
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A vaneless diffuser of constant width is constituted by

two parallel planes which form a continuation of the im-

peller and are directly behind it (fig, 3). In the motion

of the air flow from the impeller through the diffuser a

vrartial transformation of the velocity head corresponding
2

into static

to the exit velecity from the impeller p
pressure occurs,
If the losses through the diffuser are not taken into

account the gain in gtatic pressure in the diffuser would
be

where

Ce absolute flow velocity at the diffuser inlet

Ga absolute velocity at the diffuser outlet

Actually in the flow of the air through the diffuser
losses occur the determination of which is the subject of
the pregsent part of our investigation.

The method given below of computing the losses in a
vaneleses diffuser is essentially that of Prof. 0. Pfloidercr.
(See reference 4,) A further development and simplifica-
tlon of this method with the object of facilitating its
application to technical computations was obtained by V.
Polikovsky and M, Nevelson (reference 11) who, together
with an analysis of the losses in the diffuser, presented
a number of considerations in connection with the design
of this element of the centrifugal blower. We shall
therefore limit ourselves herge to the consideration of the
mode ¢of operation of plane diffusers,

a) Character of the flow at entrance to the plane
diffusers.- As a result of analysis of the verformance of
the impeller, all magnitudes have been determined which
characterize the flow at the impeller exit: the absolute
flow velocity OC; and its components, namely, the tangen-
tial Czy and meridional (radial) Com- Moreover we
have determined 'the total head at the impeller outlet as
the sum of the static head measured in the test Hgy oxp
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c.*?

and. the dynamic head o determined computationally.

We note that in the determination of the radial component
of the impeller outlet velocity C,p from the equation

Cem = Wa sin (Be)fl -

by introducing in the computation the flow exit angle
(Ba>fl different from the blade exit angle (Ba)bl we

take account of the deviation of the flow from the direc-
tion of the blades at exit and the possibility of incom-
plete filling of the impeller cross section along its
width.

In entering a stationary element of the blower, such
as the vaneless diffuser, the flow spreads along the en-
tire width. Simplifying the phenomenon somewhat, we as-
sume that this filling out of the diffuser over its width
occurs instantaneously, that is, that at the inlet diam-~
eter D, in the diffuser equal to the outer diameter of

the impeller D; the radial component G:,,m may be deter-

mined ffom the continuity eauation

- 2
sec
C%%m = 7D, va (21)

The error which is here admitted in not taking account of
the gradualness of the filling process is evidently neg-
ligible.

The value of the tangential component C,, at the

diffuser inlet is egual to the value of the-velocity at

the impeller outlet O, because the moment of momentumn

imparted to the flow Yy the impeller remains constant,
that is,

C = C (22)

From the values of these components of the absolute veloc-

ity Csm and Csu the absolute inlet velocity to the

vaneless diffuser Cs can be determined:
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2 2
Cy = v/csm» + Oay (23)
and the angle at which the flow enters the diffuser

Csm

tan a; = 5 (24)
3u

(See table 6.)

) Logsses in the vaneless diffuser:

(1) Impact losses,— We have assumed abdbove

that a decrease in the radial component of the absolute
velocity C, from the value Oy, corresponding to the

impeller outlet to the value Oz corresponding to the

diffuser inlet occurs instantaneously. During this in-
gtantaneous velocity change, the losses in the kinetic
energy which lower the total pressure at the outlet may
be computed by the theorem of Borda-Carno

(sz ~ 03m>2

AHy ppact T P 2 (26)

(2) Friction losses at the lateral surfaces of

the vanelegss diffuser.~ The motion of the real fluid be-
tween the walls of the plane diffuser is assoclated with
friction of the moving air at the lateral surfaces of the
diffuser walls as a result of which the flow loses part
of its total pressure head, For an element of path ds
the friction loss 1s given by the following expression

ds c*
dH = —
fr 4Ry P 2
where
A friction coefficient depending essentially on the

roughness o0f the diffuser walls

Ry, hydraulic radius = b/2

that is,
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Cr’12+>\51--s—ocu2
2 2b ' 2

o

s
2b

= A (26)

ce " ds
dHe . P35 =h 5y h

It follows that the friction losses are made up of losses
associated with the displacement of the flcw in the radial
and tangentiagl directions. o
c
m
In the radial direction the velocity head p —3 can-

not compensate the frictional losses, since the radial com-

ponent at any section is determined by the cross~sectional

area o0f the diffuser independently of the losses, and

therefore the losses can evidentlr be covered only by the

static head. In the tangential direction, however, the

frictional losses will be covered by the rotational veloc-
2

ity head p , that is, by a decrease in the magnitude

v
2
of the latter.

Let us consider how the frictional losses affect the
velocity OC. The elementary power dN, expended in

overcoming the friction over a path element ds 1s given
by

aNp = a8y Qeoq %ii? (27)

The work of the frictional force dL in time dt will Dbe

dL = dW, dt = Qggo dH, dt (28)

If this work occurs over the path element ds, the fric-
tional force is

dL Qsec dEy dt dt

P=x5-= = Qgec dHy ds

ds ds <29)

Substituting in the above equation the value found for
the frictional losses dH,, we obtain

dt c*
P = XN Qgee P 5 (30)

The moment of this force relative to the axis is
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. C
MCOmP = A Q’SGC —2—; [o} —2— 1

c'll

where | is the lever arm equal to R cosa= R . The

moment of the frictional force about the axis is therefore

= at c=2 Cy _ A
Moomp = » %ec 2y P g BT = P %sec 3y FOulat  (31)

The moment of the.applied forces about the axis is equal
to the change per second of the moment of momentum of the
volume of fluid passing through, hence

A

Mcomp = P Qgec 4%

RC,Cdt = p Qqee R(AC,) (32)

whence the losses of the tangential component of the ab-

solute velocity €, due to friction is
Oy = 2 0,C (33)
dCy = 25 Cu dt 33

The radial component of the absolute velocity OCm 1is the
derivative of the distance R with respect to time t:

dR dR
C = — dt = — 34
— i (54)

Substituting in equation (33) the above found value of dt
we obtain finally the loss in the tangential component of
the absolute velocity due to friction at the surface of
the diffuser over a distance ds:

(ac = A C.. ¢ 4R _ A G C..dR = A _4dR c (35
wler 4v % 0, 4b Cp ¢ 4% sin o % )

On the other hand, if the frictional losses in the
diffuser were not taken into consideration, the moment of
momentum should remain the same, that is, R 0, = constant.

Hence the tangential component of the absolute velocity in
the motion of the fluid in the diffuser over path ds
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should vary also with change in radius. This change can
be obtained by differentiating the equation R O, = con-
stant

CudR + (dCy)y R = O

CudR

= (386)

(d-Cu)R = -

The total change in velocity during the diesplacement of
the fluid in the tangential direction over the path ds
is expressed as the sum of its changes due to the friction
of the moving fluid at the diffuser walls (dcu)fr and

due to the continuous change in the radius (dCy)g, that
is),
. A 4R dR
= + = —— ———— - C - 7
dcu (dcu)fr (QCU)R 4 sin « GU. 1 R (3 )

Multiplying both sides of the above ecuation by R, we
obtain

A 4R
R4C,, + 0, dR = — RC
a0y u 4b sin « u
or
a(Rre,, ) A ar
— e - (38)
RC, 4b sin n

The expression obtained can be simplified bearing in mind
that

RCy = R __gm = R Reee 1 _ 2cec
tan «a 271X b tan o 21 b tan o

Then

2
A(RCy) = 5= a (cot a)

Substituting in expression (38) tan a/+/1+ tan2 o for

sin a,we obtain the differential equation
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N )
sec @ d a = 7 dR , _ (39)
whose solution is
+
log, sec a tan @ _ A (R - B,) (40)
sec agz + tan ag 4D .

where
Rs inlet radius to the diffuser

R variable radius varying from Rz to R, (diffuser
outlet radius)

b width of diffuser
@, diffuser inlet angle

a angle formed by the true direction of the flow at
radiuse R with tne tangential component of the
absolute velocity

A coefficient of friction essentially a function of the
roughness and varying, according to the results of
numerous investigations conducted at the Blower
Section on plywood diffusers, within the limits
0,05-0,15.

The entry angle of the flow into the diffuser «
has been determined above so that ocos ax/(l + sin m33 is

a known value and for a given constant value of the coef-
ficient A we can,for given R, and R, transform ex-

pression (40) to the form

+ .
1 sin @ _ ¢
cos

Selving the above equation for sin o, we find the flow
exlt angle at radius R:

sin a =
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The radial component OCp- at radius R :-can readily be de-
termined from the continuity equation

Q‘SGC

Com 21 Rb

while the tangential component will be equal to

C

C. = — 2%
v tan a-

Substituting the values of the exit velbcity components
6, and O©C, 1in equation (26) and dR/sin a for ds, we
obtain the general value of the losses due to friction in
the diffuser: °

2 2
A Cm )\ Cu
= — — + —— —— 4R
dHr 4D P sin « 4R 4% P gin « d
c_? c_=
= _>\_ p _—.ni_ dR + .L p " m d_R
4% sin a 4%h sin a tan?® «
A Cm2 / Tl
= — —_ i1l + ——. R 41
20 ° 5in a \ tan® m>‘i (41)

Thus having explained the general scheme of the fric-
tion losses occurring in the diffuser, we proceed with
the analysils of our test data. Our problem in analyzing
these data reduces to the determination of the actual val-
ue of the friction coefficient (or more accurately, its
mean value) for the air flow through the plane diffuser of
our model bhlower. The procedure for determining this coef-
ficient 1s analogcus to the one aprlied in analyzing the
performance of the impeller and reduces to a comparison of
the experimental with the computed characteristics. As~
summing various values of the coefficient A, we obtain
corresponding values of the friction losses through the
diffuser, various values of the absolute velocity at the
diffuser outlet, and hence various dynamic presaeures at
the diffuser outlet.
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In the tables below are given the values character-
izing the state of flow at the diffuser outlet for wvalues
of the friction coefficient A = 0,05, 0.1, and 0.15 and
the values of the friction losses AHp,, determined Dy

formula (41) (tabvle 7).
The computed static head at the diffuser outlet can

be obtained by subtracting from the total head at the dif-
fuser inlet Hyis the impact head AHimpact the friction

head AHp,.' and the dynamic head at the diffuser outlet
C,°

2

p

By aif = Tase = AHippaor = gy = Hapn ase (42)

The obtained values of the static head are collected in
table 8 and plotted in figures 20a and 20b,

As may Ve seen from the results obtained, the value
of the coefficient A for the plane diffuser of the first
stage may be assumed equal to O0.1; for the diffuser of the
second stage, a satisfactory agreement between the computed
characteristic of the static head Hey comp at the dif-

fuser exit with the test charaoteristic HSt exp is ob-

tained for a value A = 0,15 of the friction coefficient.
The relatively large value of this coefficient ebtained
for the diffuser of the second stage may be explained by
the considerably greater roughness of the wall surfaces
for the diffuser of this stage.

We emphasize that the values found for the friction
coefficient A were obtained in investigating the flow
through a diffuser constructed of plywood where the los«es
due to surface friction should be considerably greater
than in the case of flow over a carefully treated metallic
surface as such as often encountered in turboblowers.

This circumstance should be borne in mind in designing
vaneless diffusers and consideration given, each time in
selecting the- coefficient, to the material of which the
diffuser is constructed and the care with which its sur-
face has been treated. In projecting new turboblower de-
signs the value of the coefficient A for metallic sur-
faces may, for orientating purposes, be taken as approxi-
mately half the values of the coefficient obtained for
plywood diffusers, that is, a value within the range 0,03-
0.07 (Pfleiderer gives the coefficient within the same
range ).
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4. Investigation of the Performance
of the Reversing Guide Vanes

The last stage in our investigation of the model
turboblower is the analysis of the losses occurring after
exit from the diffuser. As may be seen from the sketch
of the turboblower (fig., 3) at each stage of the model
under consideration, these losses can be considered as
made up of the following elementary components:

(a) Losses during the deflection of the flow in the
meridional plane by 180° from the vaneless diffuser into
the reversing guide vanes AH,

(p) Losses during the flow through the reversing
guide vanes AHg

(¢) Losses at the exit of the flow from the stage

AH
3

The schematic division of the total losses into indi-
vidual component parts and the neglecting of the mutual
interference of the various factors is here particularly
evident. Ag has been gsaid above, however, we are con-
strained to make use of this approximation and consider
each of these losses 3s irndependent of the others,

In correspondence t0o our general plan of the blower
analysis, we obtain the total value of the logses ZAH
as the difference between the total head at the diffuser
outlet Hg;f and the total head at the stage outlet

Hstage:

oH = Hair = Hgpage - (48)

The total head at the diffuser outlet Hdif enter-

ing the above eguation is egual to the sum of the test
values of the svatic heaa at the diffuser outlet Hst aif

and the velocity head of the absolute velocity at the
diffuser outlet den aif _corresponding to the value.of

the friction coefficient A assumed by us in the computa-
tion of the vaneless diffuser of each stage.
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Similarly the total head at the stage outlet is equal
to the sum -of the-test static -head at the stage dutlet
Hst stage .and the dynamic head den stage* The veloc;ty

at the stage outief was determined from the continulty
equation on the assumption of complete filling out of the
outlet cross section.

Having thus determined the total value of the losses,
we proceed to the consideration of the individual com-
ponents.

a) Losses in deflection at the guide vanes,- The

flow at the reversing guide vanes is deflected by 180° in
a channel with expanding cross section after deflection.
The investigation of the losses in channels of this shape
has been described in a number of papers by Frey (refer-
ence 12), Nippert (reference 2), and others, the loss
coefficients gdefl given by these authors differing some-

wvhat. Thus, according to Frey, the value of the coefficient
gdefl obtained by him in the investigation of a rectangular

channel with increasing cross section provided with a de-
flector plate with the ratio of channel area after deflec-
tion to area before deflection F,/F, = 2, fluctuates with-
in the limits f3.p7= 2.5-3.0. According to the tests of

Nippert conducted on channels of considerably smooth shape
and without a deflector plate £53./ = 1.2-1.5.

While the difference in the values of the coefficient
faef] can be explained by the fundamentally different con-
struction of the elbows studied by these two authors the
fact still remains that values of this coefficient are
high and the losses involved in the deflection of a flow
in a channel with expanding cross section are considerable.
This phenomenon may be explained by the fact that in chan-
nels of such shape the turbulence formation usual in
curved channels during deflection occurs with considerably
greater intensity due to the separation of the flow from
the deflector plate and the sudden decrease in the velocity
at the entrance into the expanding parts of the channel.

As a result there is a considerable increase in the vortex
reglon and the general value of the losses in flowing
through a channel of such shape increases.

The photographs taken from the work of Frey (fig., 21)
and Bucowski (fig. 22) (reference 13) of the flow through
a curved channel with evpanding section clearly confirm
the necessity for relatively high values of the loss coef-
ficlent £3.,¢7 in flowing through a channel of such shape.
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In analyzing the test .data the value of .this coeffi-
cient for a deflection with the ratio F3/F, = 1,6 was
assumed to have the value 2,  The value of the deflection
losseg AH;, referred to the dynamic pressure of the
radial component of the absolute velocity at the exit of .

the vanelegs diffuser p ng is therefore given by the
equation ‘ "
m2 sz
AH, 5‘gdeflp —— = 2.0p 7 | (44)

b) Losses at entrance and during flow through the.

guide vanes.- Before proceeding to the consideration of
the losses in the reversing guide vanes, it must be noted
that the transformation of the velocity head at the im-
peller exit into static head 1s essentially completed be-
fore entrance into the reversing guide vanes. The ab-
solute velocity of the flow at entrance and in flowing
through the guide vanes is thus relatively small and
therefore the logsses in the guide vanes should constitute
only a small part of the entire hydraulic losses of the
blower., The losses in this element of the multistage
blower consist, first of all, of the imract Josses at the
stationary blade in entering the guide vanes, and secondly
of the losses associated with the change in the absolute
velocity at the guide vanes from the value O, (inlet

velocity to the guide vanes) to the value Cs (outlet

velncity from the guide vanes), The value of the absolute
inlet. velocity to the guide vanes was determined as fol-
lows: The value of its tangential component O,y during

the deflection by 180°% remains naturally unchanged. Tak-

ing account of the contraction of the flow at the place of
deflection (due to the separation from the wall) we con-
sider the value of the radial component G, also to be

.equal to the value of this component at the diffuser out-

let, that is, O,y = C,;. The absolute inlet velocity to
the gulide vanes can thus be determined from the expression

For the flow between the guide vanes it may with sufficient
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degree of accuracy be assumed that the flow rotation char-
acterized by the tangential component of the abgolute ve-
locity ©C, <ceases and the flow at the guide vanes exit
flows in a purely radial direction, The wvalue of the
absolute velocity at the guide vanes exit is thus deter-
mined directly from the equation of continuity.

The impact loss at the entrance to the stationary
vanes is conveniently referred to the dynamic pressure of
the absolute inlet velocity C and expressed in the

C =2 4

form ¢£p where ¢ 1s a coefficient that takes ac-

count of the part of the kinetic energy lost at the guide
vanes inlet. The value of this coefficient, according to
investigations conducted on guide vanes in elbows (refer-
ence 14) by the Blower Section of CAHI was taken as con-
stant for both stages and equal to the wvalue 0,3,

In order to find whether the inlet angle to the guide
vanes affects this group of losses the vanes in the tested
model were curved bacxward permitting a deflection about
the axis of *¥10°., The large number of characteristics ob-
tained for various positions of the vanes showed that the
change in the angle of attack within relatively wide limits
has almost no effect on the characteristics of the individ-
ual stages and of the Plower as a whole, At least within
the limits of the experimental accuracy no changes in the
test characteristics could be observed. This may be ex-
plained by the fact that, on the one hand, as is seen from
the sketch of the blower (fig, &) the blades were so well
rounded and streamlined that the entry shock at the sta-
tionary wvane, even for large argles of attack, was reduced
as a result of the smoothness of the vane shape, On the
other hand, the absolute velocity at the inlet to the guide
vanes was very small so that a change in the angle of at-
tack within relatively wide limits and a corresponding
change in the value of the coefficient £ only very
slightly changed the absolute value of the impact losses
at the guide vane= inlet so that this change had no effect
on the characteristic curves obtained.

The losses associated with the velocity decrease in
the reversing guide vanes were computed by the usual for-
mula giving the impdct loss:
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(04 b 05)2
impact T 5

AH o (45)

"Pinally the last group of losses is associated with
the jet contraction at 'the stage outlet and was computed
by the formula T

c2 .
Al : -t exit (46)
exit = Cexit © 2
The value of the coefficient gexit far both stages was

taken equal to 0,4,

The comvuted value of the total head at the stage
outlet Hstage was then determined as the difference be-

tween thHe value of the-total head "at the diffuser outlet
Hdif and the sum of all the computed lctsses from the dif-

fuser outlet to the stage outlet ZAH.

To obtain the static head at the stage outlet it 1s
necesgsary to subtract from the obtained value of the total

head Hgy,,. the dynamic head at the stage outlet

den exit:

Het stoge = Hair ~ 28H - Hayp gwit (47)

The results obtained are given in table 9. TFigure 23
glves a comparison’ of the computed characteristics of the
static heads at the stage outlet with the characteristics
obtained experimentalily.

IITI, CONCLUSIONS

1. The method applied for the investigation of the
multistage centrifugal blower of successive consideration
of the performance of its individual elements (impeller,
vaneless diffuser, etc.), notwithstanding a certain degree
of approximation involved, clearly brings out the magni-
tude and character of the losses that occur in the flow
through the centrifugal blower and also the physical mean-
ing and values of the coefficients that characterize these
los=es.
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2. Due to the fact that the investigation of the
blower performance was c¢onducted for various air volumes
delivered, it was possible to ohtain the dependence of
the individual logs coefficients on a number of factors
(the angle of blade attack, the velocity of approach, etc.).

3. The investigation of the performance of the vane-
less diffuser behind the impeller permitted determination
of the character of the losses that arise in the transforma-
tion of the velocity head at the impeller outlet into
static head and to determine the limits within which the
friction coefficient A varies in the flow through the
vaneless diffuser.

4, With the aid of coefficients having a sufficiently
well defined physical meaning, it was possible to compute
the centrifugal blower on the basis of a more or less
schematic consideration of the flow phenomena that occur
without having recourse to similarity computations and
avoiding the introduction of arbitrary cerrection coeffi-
cients.

5. TFinally it should be noted that it was not pos-
sible naturally in this paper to exhaust the large number
of problems associated with the investigation of multi-
stage centrifugal machines, the present investigation con-
stituting only one of a series of investigations by the
Blower Section devoted to the study of the working process
in such machines. The investigations at present being
conducted on guide vanes, spiral casings, ladyrinth pack-
ings, and so forth, may throw light on a whole series of
problems of extreme importance in the computation and
design of high-pressure centrifugal blowers,
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APPENDIX
ON THE APPLICATION OF RESULTS OBTAINED FROM

MODEL TESTS TO FULL-SCALE DESIGN

The testing of large turbomachinee« is a very costly
and laborious procedure and at the same time practically
affords no possibility of making a satisfactory analysis
of their performance because such kind of investigation
generally ig of the nature of a routine or acceptance
test. The explanation for thig lies chiefly in the com-
plexity in the preparation of large machines for scien-
tific investigations and in the practical impossibility
6f connecting large machines to accurate dynamometers.

There are still a number of other reasons that render
difficult the investigation of the performance of full-
scale large machines, Considerations of strength, for ex-—
ample, at times do not permit the introduction of desired
modifications of the impellers for purposes of invegtiga-
tion. Purely mounting considerations often do not permit
in large machines making modifications and changes such
as would present no difficulty in the testing of specially
designed models. Such, for example, are the tests of the
impeller alone, impeller with diffuser and without guide
vanes, the introduction of various modifications in the
shape of the spiral casing, ecte.

In testing with a motor intended for normal utiliza-
tion and the power of which is specially chosen for this
purpose, it is necessary to test the blower over a rela-
tively narrow range of operating conditions and avoid
inadmissible overloading of the motor.

The above considerations make it preferable in many
cases t0o test geometrically similar models rather than
the full-scale machine itself, Similarly in the design
of new machines it is much more convenient in many cases
to conduct preliminary tests on one oOr several relatively
inexpensive models before proceeding to the entire expen-
sive setup which moreover lends itself with difficulty
to modifications.

To a first rough approximation the transition from
the results of model tests to full-scale may be effected
with the aid of the elementary relations of geometric
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similitude. If the values referring to the model are
denoted by the ‘subscript M and those referring to the
full-scale machine ' are without subscript, these relations
may be formulated as follows. If the respective fluid
(gas) volumes satisfy the relation

3
ﬂ = 2P (48)
Q nD°

then the following eauality determined by the similarity
of the kinetics of the two flows is satisfied

n, = 7 (49)

The above equation is true for all efficiencies of the
machine, the over-all static coefficient of friction, the
hydraulic efficiency, the adiabvatic efficiency, etc.

This equation corresponds to the egquality of all the coef-
ficients of the losses within the machine, the exponents
of the polytropic pressure curves, and to the machine as

a whole as well as to its parts.

2 2
Hy — Yu"u Pu (50)

H Yn<D?

The above eguation also holds for all pressures under con-
gsideration: the total, static, and dynamic pressures.

For the power reauired we have the equation

3 5
N Yumm Pu (51)
N~ Yn®D° )

where, in analogy to what was said above, the power N
may be considered as the total reauired power (with the
exception, of course, of the mechanical losses) as well
as the partial power expenditures in the air friction of
the disks and the losses through the clearances.

The above equations (48) to (Bl) give satisfactory re-
sults for those cases where the difference in the dimen-
slons and the rotational speeds of model and full-scale
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lies within relatively narrow 'limits. In order to solve

the problem of what these limits' are for which the applica-

tion of the elementary similitude formulas are applicable,
we shall consider what further ¢riterions: must be intro-
duced to supplement the geometric and Kinematiec conditions
taken inmto account by formulas (48) to (51).

Such criterions are two in number, namely the Reynolds
and the Bairstow?* numbers which we ghall now consider in
turn.

The similitude eriterion of Reynolds, that is, the
requirement that the Reynolds number

Re:g_d-
v

for full-scale and model should be equal, corresponds to
the requirement of maintaining dynamic similitude between
the inertia forces (mass forces) and the frictional forces
(surface forces) that are characterized by the viscosity,
Since the testing of model blowers is conducted in air,
the same gas with which the full-scale blower is to oper-
ate, the condition

Cudy, cd
Rey = Re MM —
Pum v
leads to the equation

In maintaining dynamic similitude the velocities at
any point of the machine are proportional to the product
nD and any characteristic dimension d 1is proportional
to the diameter, JFrom the equality of the Reynolds num-
bers for model and full-scale we have the eguation

nM:DMe = np? "

*More commonly denopted as the Mazh number. Trans,
**Where Yy # V¥ we have the eauation

my D%y n D?
Uy BT
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or UM
UMD M = UD —_—=
U Dy

Since the material of the rotor of the full-scale
machine works under stresses that are near the maximum
admissible the satisfying of the last condition for a
model scale that is very different from unity is not pos-
sible. The dynamic similitude of the phenomena is then
disturbed and equations {48) to (51), strictly speaking,
cease to be valid. In passing from model to full-scale
it is necessary to introduce computational corrections
on the magnitude of the pressures and powers (equations
(49) to (61)). The first condition, namely, that of dy-
namic gimilitude, evidently remains unchanged,

In correcting for the scale of dimensions of model
and full-scale the most extensive data have been gathered
in the field of hydraulic turbines where the formula of
Mcody is used:

pen e[ () ]

The expression within the bracket and eaual to (1 - n)
evidently characterizes the magnitude of the hydraulic
losses in the turbine, Taking account of the known degree
of approximation of this formula, it is entirely permis-
sible to substitute in it for the ratio Hy/H the ratio

2
nyuD "y
n D=2
substitute 1/8. ©Even for ratios Hy/H of the order of

1/10 such substitution leads to an error of the order of
2 to 3 percent which certainly lies within the limits of
experimental error particularly since geometrical simili-
tude cannot be accurately maintained.

(see equation (50)) and for the exponent 1/10 to

Making the above substitutions in the egquation of
Moody we obtain the equation

1

.2 4 —

_ ny “Dy )8
n=1- [(1 - Ny (‘;35:”

or
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1
Re 4
v [ e (20

The above equation states that the losses in the turbine
are inversely proéportional to the fourth power of the
Reynolds number.

Notwithstanding the fact that-in the hydraulic tur-
bine, in contrast to the pump or blower, the main losses
are the friction losses, the above conclusion should not
be considered as a generalization to some extent of the -
analogous formula of Blasius for the friction loss coef-
ficient in smooth pipes:

0.3164
Re°"2°%.

o1l

A=

The Blasius formula, as is shown by experiment, is ap-~
plicable only to those cases where the corresponding
Reynolds number, determining also the turbulence of the
flow, lies within the limits 10,000-15,000, In large
machines the iturbulence of the flow 1= certainly con-
siderably greater and the. Reynolds numbers defined for

the hydraulic diameters of the main passages are much
higher. For this reason, the apparent agreement of the
Moody and the Blazsius formulas must be considered as
accidental. In general, tHe decrease in the friction
losses in smooth channels at large Reynolds numbers should
be at a considerably slower rate than corresyonds to the’
exponent 1/4. The considerable decresse in the losses on
increasing the dimensions corresponding to the formula of
Moody should therefore be considered as due not to the
change in the dynamic flow conditions themselves but
rather first to the change in the relative roughness of
the surfaces, and second to the imvoscibility of maintain-
ing similitude of full-scale and model in the details
(rivets, nuts, soldered joints, etc.),

The application of the results of a number of tests
on models of centrifugal machines to full-scale and com-
parison with the results of full-scale tests has shown
that the formula of Moody gives values that are too large.
The reason for the unsuitability of the formula.of Moody
in this case is to be ascribed essentially to the fact
that, in contrast to hydraulic turbines, centrifugal com-
pressors constitute a system of diffusers in which the
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resistances are more in the nature of local than linear
(frictional) resistances. Since these local resistances,
to a much less degree than the linear resistances, depend
on the Reynoldes number and on the surface roughness the
difference between full-scale and model for centrifugal
compresgsors should be consideradbly less than for hydraulie
turbines.

On the basis of the above considerations, that is,
assuming the correctness of the Moody law for the fric-
tion losses and assuming the coefficient of the local
losses as constant, we obtain the following method of com~
puting the full-scale blower from the model tests as ap-—
Plied in the Blower Section of CAHI,.

The main assumption underlying this method is that
all linear losses occurring in the blower (friction in the
vaneless diffuser, air friétion of the disk, etc.) are
computed by the elementary similitude formulas taking ac-
count of the difference in the full-scale and model
Reynolds numbers (Moody formula), The local resistances,
however, (the losses in the impeller, guide vanes, etc.)
are computed only by the similitude formulas, the coeffi-
cients of local resistance obtained in investigating the
results of model tests being assumed constant both for the
model and full-scale tlower., The computational procedure
is as follows. Having computed the full-scale required
power from the model power, we divide the power into two
parts (fig. 24), namely, N,y the hydraulic power of the

model determined by the kinematics of the flow and com-
puted by the elementary similitude formulas

n® D°
N, = N —_—
h hM 3 5

ny~ Dy

and the power required to cover the blower losses and ex-
Pended essentially in air friction of the impeller dilsks

and which is computed by the similitude formula with ac-

count taken of the Reynolds number

1
- n3 D5 (RPM T

= N
0 3 5
oM nM DM Re

The pressure hesd for the full-scale blower is com-
puted in the following manner, .The magnitude of the
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theoretical head H;), developed for a given air volume

Q and given hydraulic power Ny 1is

75 Ny

H
th
Qsec

The pressure losses

AH = H - H

th exp

are divided into two parts, namely, the losses due to fric-
tion (losses in the vaneless diffuser, casing) and losses
due to the local resistances (losses in the impeller, im-
pact losses in the casing, etc. ),

AR = AHlin + AHlocal

The pressure losses obtained on the model are computed
for the full-scale as follows:

Rey
BHyyp = (AHlln)M nM°DM ( >

0212
0H)5ca1 = (AHlocal)M 2. 2
nM DM
The pressure developed by the full-scale blower ig deter-
mined from the relations

2_=2

th = “th M " =p @
M

M

AH = OHyjn *+ BHjocal
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Having the- pressures Hy and powers Ny for various val-
ues of QM -we thus obtain a series of values of Q, H, -

and N after which the determination of the efficiency'
and the construction of the characteristics for the full-
"scale blower offer no difficulties. '

The chief difficulty in the above explained method
of computation for full-scale lies in the fact that thie
method assumes available both experimental and computed
model characteristics that agree with each other, Only
in such case is a distribution of the leasses possible, a
procedure that is fundamental for the entire method.

The Present paper represents a typical model inves-
tigation having for its obJject the obtaining of a clear
picture of the distribution of the losses., From this
point of view 1t 1s one of a series of investigations
conducted at CAHI on models of industrial and experimental
types. This kind of combined experimental and computa-
tional work on models is therefore conducted under such
conditions that full-scale computation becomes possible
only on obtaining satisfactory agreement between the com-
puted and test curves. This rather strict requirement,
which is a source of considerable difficulties, at the
same time leads to the accumulation of extremely valua-
ble data both from the point of view of the subsequent
computations and for the analysis of the performance of
centrifugal blowers,

It should be noted that although the above computa-~
tion method gave satisfactory results even in some cases
for a ratio of 10 of full-scale and model Reynolds numbers,
it cannot be said that this confirms its complete relia-
bility. The method is still a "young" one and the correct-
ness of any method for computing full-scale data from the
model can be proved only statistically.

In any case the above described method of investiga-
tion makes 1t possible to judge clearly the performance
of a model and apply the results to full-scale. It should
nevertheless be noted that the transition to full-scale by
the elementary similitude formulas gives lowered values
for the pressure and exaggerated values for the power and,
finally, decreased values of the efficiency for the full-
scale machine, The computation by the Moody formula gives
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exaggerated values of the efficiency.* The method of
breaking up the losses into caomponent parts which gives
mean values of the efficiencdy has every reason for giv-
ing the best agreement of the. computational with test
results. .

The above described method of computing the full-
gscale characteristigs from the tests on the model gives
an exhaustive solution only for the case where the cen-
trifugal machines under investigation operate with an in-
compressible fluid having & constant density. Such ma-
chines, for example, may be pumps or blowers developing
pressures of the order of 100 to 200 millimeters water,
Practically, even for higher pressures of the order of
1000 to 1500 millimeters water the computation by the
above method may be admissible, a mean density being used.

In those cases, however, where the ratio of the out-
let pressure P, to the inlet pressure P, (compression

ratio) is greater than 1,1-1,2, it is necessary to con-
sider the compressibility of the gas and take into ac-
count its change of dengity in compr9551on. In that case
the single equation (5?) ’

3
Qy npDy

Q B nD*

is not sufficient for satisfying the kinematic similitude
of the flow through the machine. This condition only as-
sures similarity of the velocity diagrams at the impeller.
inlet. In the case 0of an incompressible fluid this con-
dition also assures similarity of the velocity diagrams

at the impeller outlet and kinematic similitude of the
entire flow through the casing. Since in the flow of a
compressible fluid there is a continuous change in volume,
it is evident that kinematic similitude can be maintained
only in the case where the changes in the volume of the
gas 'are similar. In other words, if the ratio of the

x*
For the ratio EEL-E 2 the taking account of .the effect

Rey
of the Reynolds number in computing full-scale.data from
the model tests is irratinsnal since the correction ob-
tained lies within the limits of accuracy of the computa-

Re
tion. For ReN > 4 the corrections attain values of the
1

order of 10 percent, i.e., become essentially necessary.
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volume of the gas flowing through any cross section of the
model to the volume of the inducted gas 1s equal to the
corresponding ratio for full-scale: *

V2> Vo
Vi M Vi

If all the remaining conditions of complete similitude

are simultaneously satisfied, that is, there is complete
geometric similitude between model and full-scale, the
condition of kinematic similitude of the velocity dlagrams
at the inlet is satisfied (equation (52)); the Reynolds
numbers of full-scale and model are equal and the require-
ment of similar change in the volumes is equivalent to
satisfying the equality of the Bairstow numbers for full-
scale and model. This can be shown with the aid of the
following sufficiently elementary considerations:

The unit work in kxilogram-meters per kilogram re-
quired by the blower (full-scale) is

0, U3 % ma K

2V 2 < Vi g-m .
H = - rr. | ( 22 - 52
z P 1[<V2> 1] ke (52)

Correspondingly the work per kilogram gas required by the
model is

My —1
Hy = ~2K Usw® _ _k _ o [<K¥> g 1J EETR (53)
- - - 1M - k
g k 1 Vo M g

Taking their ratio we obtain

mM-1
2 RT 72 1]
Hy @zu UzM M ANy ]
— = = (54)

H P, U % AT [ Zi)m—l 1]
1 Vs

It was assumed above equality of the adiabatic efficiencies
and of the exponents of the compression polytropics as a

*The process here considered is that occurring in uncooled
turboblowers in which the change in volume is due entirely
to internal processes in the machine.
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consequence of complete kinematic similitude between full-
scale and model. Moreover, the kinematic similitude im-~
plied also equality of .the deflection coefficients o,

for full-scale and model.

Dividing out eaual factors in-eguation (54) we odbtain
finally that for similar volume change v,/vy for full-
scale and model we have

Hy  Uspy RTy
— = 5 = (55)
H U, RT

But

P
Csound = JE o = kRT

dence the condition of similar volume changes may be
written

2 2
Uz BTy O sounaw (56)
Uz®  RT C%souna

In the majority of cases the model teste are con-
ducted with air of about the same temverature as the in-
take alr under the oOperating conditions of the blower
itself.* This means that satisfying the eauality of the
Bairstow numbers requires the equality of the peripheral
speeds

Uay = Ug

or

rPy = nd

This condition can Te satisfied only in exceptional cases
since the impellers of centrifugal compressors working at
relatively high degree of compression usually have rela-
tively high peripheral speeds. To maintain the same
speed for models makes great demands on the model as

* An exception is formed by the centrifugal superchargers
of aviatlion engines for which the operating temperatures
ray sharply differ from those under the mcdel test condi~
tiong, -
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regards strength requirements and for large scale ratio,
may lead to speeds of the model that are technologically
difficult to attain., For this reason the equality of the
Bairstow numbers in the large majority of cases is in-
capable of being satisfied and in those cases kinematic
similarity under conditions of compressibility of the gas
is,strictly speaking,impossible. It is therefore only
Possible to speak of a more or less approximate method of
Passing from the model to full-~scale that would satisfy
Practical requirements.

The experience gained in tests on a number of blowers
of computing from one speed to other speeds and the work
of foreign investigators (reference 15) makes it possible
to state that even for ratios of Bairstow numbers for
full-scale and model of 1,5:2 the elementary formulas of
similitude may be applied with a sufficient degree of ac-
curacy. The relations between the various magnitudes ob~
tained in testing the model and the full~scale machine as
formulated above should, taking account of the thermo-
dynamic aspect of the phenomena, be transformed as follows,

If the volumes of the gas inducted by the model and
full-scale gatisfy the relation

3
W ouPu
Q nD?

then, neglecting the difference in the kinematics of the

two flows due to different change in the unit volumes in

full-scale and model it may, to a first approximation, be
assumed that the exponent of the compression polytropic,

the adiabatic and hydraulic efficiencies remain the same.
Then:

1. The wbrk per kilogram of gas reguired by model
and full-scale will be in the ratio of the squares of the
reripheral speeds

=2 2 2
Hy Uo,m  ny Dy .
—Ii— - Uza - nzDe (57)

Between the unit work H and the compression ratio
P,/P, of the tested compressor the following relation
can be set up
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—2-=l——-———u2 +1|mI (59)
F, LngTl
2. The rise in temperature of the compressor At
is proportional to the sauare of the peripheral speed.
Thus -
' m-1
T= _ (PN~
T P
m-1 m—1
T, - T, p, % -~ p,
T, - m-1
P,om
m-1
. P! iy
m-1 m=1 <_f -1 s
At _ Pa' m - Pl m B k4 a H'M _ UEM (60)
At m-1 m-1 m H - UL?

-1
Pz ® - By F <_P_2_>m-1
Pl

3. The power reaquired by the compressor (except for
the mechanical losses) varies a=s the cube of the reripheral
speed
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3
Ny (Uag> (61)
¥ ~ \U,
This follows immediately from the condition of kinematic
similitude.

The admissibility of passing from the results of
model tests to full-scale or computing the results of
tests on centrifugal compressors from one speed to another,
making use of the above relations, may be shown by the
centrifugal supercharger test characteristics computed
from the results of Brooke (reference 16) (figs, 25a, b,
¢, and 4).

Comparison of the test characteristics of the suver-
charger, obtained for n = 20,000 rpm, with the charac-
teristics obtained by the use of the elementary formulas
for computing the characteristics at 20,000 rpm from the
test characteristics at 14,000 rpm shows a deviation be-
tween the computed and test characteristics not exceeding
the ordinary experimental accuracy.

It i3 evident that the error obdtained with this
method of computation is considerably greater 1f we are
considering not a single stage centrifugal compressor but
a multistage blower, In this case the deviation of the
flow kinematics due to the continuous change in the den-
sity of the gas 1s successively added up along the path
through the machine thereby considerably changing the
total 'value of the losses, Nevertheless, notwithstanding
its large approximation this method, for cases where the
Bairstow numbers for full-scale and model differ slightly,
gives satisfactory agreement for practical computations.*

In those cases, however, where the Bairstow numbers
for full-scale and model differ considerably, the computa-
tion by the above elementary similitude formulas may lead
to very large error and disagreement between the computed
and test characteristics. In this case the only method
of computation that gives results with any degree of ac-
curacy is the above method of successive analysis of the
elements of the machine and which is a combination of ex-
rerimental investigation with technical computation.

*The effect of the ‘ratio of the Bairstow numbers plays an
essential part only for absolute values of the larger of
the two Bairstow numbers within the limits 0.4-0.7; for
smaller values the effect of the compressibility of the
gas is negligible; for larger value=s, in connection with
the approach to the velocity of sound, all computations
become subject to doubt,
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The first stage of the computation, in correspondence
to the procedure described above, is the construetion of
the computed model characteristics giving satisfactory
agreement with the results of experimental investigation
both for the entire model and for its individual elements,
From this stage of the investigation the kinematics of the
flow is clarified and the values of the coefficients of
the local resistances of the machine obtained. In the
further computation the flow phenomena and the coefficlents
are considered the same both for model and full-scale.

The next step is the transition from the obtained
curves of the model to full-scale with account taken of
the change in the friction losses in correspondence with
the law of Moody and of .the continuous change of the den-
sity of the flew through the machine.

Such computation -of the machine according to. its
elements can be conducted either analytically or (pref-
erably) graphically with the aid cf entropy diagrams
(I-8, T-8). It should be emphasized that such computa-
tions are reliable.only ih the case where the Balirstow
number.for the full-scale machine has a value sufficiently
different from unity., This is explained in the first
place by the fact that on approaching the velocity of
sound the character of ;the resistance itself undergoes
change., The law of linear resistance, for example, rapid-
ly begins to deviate from the scuare law and approaches
the cubic law. TFor velocities equal and above the veloc-
ity of sound wave resistance, pressure shocks, etc., make
their appearance,

Since, under the flow conditions in the blower pas-
sages, there are a Targe number of guide surfaces and sec-
tions giving rise to vorticity, the local velocities may
be conéiderably greater than the mean velocities. For
this reason the above mentioned phenomena may occur even
in the case where for the mean velocities of flow the
Bairstow number is still far below unity.

Practically the use of the above computation methods
for passing from model-to full-scale may be considered
admissible up to'values .0f the peripheral speed of the
impeller of the order of 240 to 250 meters per second
which corresponds t0o a value of about 0,7 of the Bairgtow
number, We may note that also in the ballistic computa-
tions in derivitg, the formulas of Siacci (reference 17)
the square law of the dependence of %the re=igstance on the
velocity is applied up to the velocities of the order of

1
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240 meters per second. Since the above limiting veloci-
ties lie somewhat higher than those usually applied in
turbomachines, the above described method of computation
may have wide application in the design and testing of
most machines.

As regards superchargers and blowers operating with
reripheral speeds of the order of 300 to 400 meters per
second, their investigation should be conducted at super-
sonic speeds near those of the full-scale machine, The
study of the performance of such machines on models work-
ing with small peripheral speeds is admissible only for
the purpose of obtaining a very rough first approximation,
Every generalization of the data obtained to full-scale
requires careful study of all thermodynamic factors
entering the computation and striect taking account of all
specific features of performance at supersonic speeds.

Translation by S. Reiss,
National Advisory Committee
for Aeronautics.
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- TABLE 1 ,
THEORETICAL (TOTAL) PRESSURE AT IMPELLEZR. OUTLET
DETERMINED FROM THE HYDRAULIC.POWERrNh
) a) First Stage Impeller
Qur Qsec Hst exp Nh Czu ch
600 0.167 76,0 0.31 | 27,2 139,0
1000 .278 - 74,0 L 49 2b6.8 132.0
1400 . 390 69,0 .64 24.1 123.0
2000 .5Eb 53.0 VA 20.4 104.0
2500 .695. 30,0 .81 17,1 87.0
b) Second Staze Impeller
600 0.167 72.0 -, 0.32 28.1 143.0
1000 .278 62,0, -‘ .01 26.9 137.5
1400 .390 64.0 | .66 24,8 127.0
2000 . 55656 55,0 79 20.9 106,.5
2500 .695 37.0. .81 17,1 87.0
-TABLE 2
FLOW AT INLET TO IMPELLER
a):First Stage Impeller
B, = 148°, U, = 24,6 m/sec, ®; = 0,35, W= 0,9
Qhr! Cim W1=V/01m2+'(1"¢i)2U12 W1==;% Vimax [sin By f Bifl @
60C| 6.12 17,1 13.7 l7.l 0,358 159° 119
© 1000 (10,2 1 19.0 22,8 | 22.81 ,537147030']| 30!
1400114,3 21,5 32.0 v2.0 L8860 11889101 90501
2000 (20.4 25.9 45,5 45,5 . 789 {1280 -200
2500 |25, 5 5.0 57.0 | 57.L| .85 |1219401|-26020!
; ! ) ,
b) Second Stage Impelier
Py = 143°50, U, = 28.8 m/sec, ®;=0.4, = 0.98
600| 5.65 18.2 10.85| 18.2 | 0.31 [161950 180
1000 | 2.40 19.7 18,1 19,7 , 4761151930 7040
1400 1(1s.2 21.8 29,3 25,3 . 6051142950 -10
2000(18.75 25.5 36.0 36.0 .7351132°40 | -11°0
2500 |23.5 29.2 45,1 45,1 . 805 (126940 | -17°30
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TABLE 3 -
FLOW AT IMPELLER INLET
a) First Stage Impeller
Qhe Wa iCOs B2 sin Bz Cam Cau Oz
600 17.1 0,865 0.502 8.565 27.2 28,5
1000 17.7 .902 L 43 7.62 26.8 26,9
1400 20.7 .86, .01 10,5571 24,1 *28.3
20Q0 26.1 .83 .56 | 14,6 | 20.4 | "25.1
2500 30.8 .804 .B595 l 18.3 17,1 26.0
b) Second Stage Impeller
600 18.2 0.768 0.652 i 11,8 28,1 30.5
1000 19.7 761 ,649 | 12.8 26.9 29.8
1400 | 20.6 ,834 ,566 | 11.47 24.8 27.3
2000 26.4 .795 . 605 16,00 20,9 26,3
2500 31.9 779 . 625 19,90 17,1 26.2
TABLE 4
DETERMINATION OF TOTAL HYDRAULIC LOSSES IN IMPELLER
a) First Stage Impeller
Q'hr Hin Cz den comp Het comp Hst exyp AHimp
€00 139 28,5 49,6 89,4 76,0 13.4
100Q 132 26,9 44,3 87 .7 74,0 13,7
1400 123 26.3 42 .4 80.6 69,0 11.86
2000 104 25,1 38.5 65.5 53,0 12,5
2500 87 25,0 38.2 48,8 30,0 18.8
b) Second Stage Impeller
600 | 148.0|30.5 | 57.0 86,0 72.0 14,0
1000 | 137,5(29.8 i 54.0 83.5 69,0 14,5
1400 127,027,383 | 45.5 81,5 64,0 17.5
2000 106.5| 26,3 | 42,2 -64,3 55.0 9.3
2500 87.5({26.2 42,0 45,5 37.5 8,6
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TABLE 6

FLOW AT VANELESS DIFFUSER INLET

a) First Stage

Qur |Hst imp den imp Hair | Csua Cam C; (Tan az| ag
600} 76,0 49,6 125.6127.2] 4,09127.510,1504| 8935
1000 74,0 44,3 118.3 25.8; 6.80‘26.7 .264 |14°50
1400 69.0 42.4 111.4124.1° 9.55|256.9 .396 21940
2000} 53,0 38.5 01.5{20.4113,.6 i24,5 .666 33940
2600 30.0 38.2 68.21}7.1!17.0 24,1 . 995 (44950

b) Second Stage

600 72 7 129 l28.1) 4.43|28.400.158 | 9°--
1000| 69 54 123  126,9] 7.38|27.9| .274 |15°20
1400 64 45.5 |109.5124.8|10.35[26.9| ,417 122940
2000 55 | 42.2 | 97.2 [20.9|14.7 |25.5) ,704 [35°10
235001 37 | 42,0 | 79.0 [17.1/18.4 26.2(1.075 [46°50

TABLE 9

COMFUTED VALUES OF STATIC HEAD AT OUTLET OF STAGE

irst Stage

a) F
. I
Qur | Biir "Hder1 A Pimpact AHg v|LHoutlet Hstage}den outlet! st stage
600|106.2| 0.86] =2.38 | 3.8 | 0.12 98.6 | 1.6 97.0
1000|107.4 2.4 3.20 3.1 1.72 97.1 | 4.3 92.8
1400(103.1 4,7 3.19 1.6 3.37 0.2 8.5 81.7
2000, 83.5 9.5 2.81 051 6.9 64,23 17.2 47,0
2500| 59.4|14.7 | 2.6 .| ----| 10i8 | 31.3 | 27.0 4.3
- 1 :
b) Second Stage
6001 91.05| 1.051 1.72 | 2.35' 0.62 | 85.3 1.6 83.7
1000| 95.5 ‘ 2.8 } 2.0l ; 2.13| 1.72 86.3 4,3 82.0
1400 95.1 i 2.5 2.7 , 1.02| . 3.37 82.5 8.5 74.0
2000} 82,5 {11.0 2.3 L 6.9 62.0 17.2 44,8
2500 63.8 |17.3 2.6 -——--110.8 33.4 27.0 6.4
t




Table 7
Flow at vaneless diffuser outlet for various values of the friction coefficient A.
(a) Plane diffuser of first stage..

A= 0,06 =0l A=0,15

Q- | & | o | c. | o oL st | e | Cu | G p-%f M, | a4 | G | G p-%f AH,,
600 | 265 |10°58' | 137 | 1395 | 119 | 112 | 13°10] 11,35 | 116 | 82 | 199 | 15%5]| 942 | 82| 59 | 247
1000 | 441 |17°10' | 1435 | 1405 | 126 | 72 | 19020 | 126 | 133 | 104 | 132 | 21°50 | 11,0 | 1185 | 86 | 174
1400 | 6,10 |24°65' | 1335 | 1465 | 131 | 488 | 26°— | 127 | 141 | 121 | 93 | 28°20| 1145 | 130 | 103 | 133

2000 | 88 |35°45' | 122 | 151 | 139 | 323 | sso—| 113 | 143 | 125 | 68 | 3040 1062 | 138 | 116 | 924
2500 | 1,05 |46°40' | 1045 | 152 | 141 | 261 | 48°—| 99 | 148 | 134 | 515 | 49°50| 93 | 144 | 127 | 75

(v) Plane diffuser of second stage.
X — 0,05 A=01 A —0.15

G 1Ol LG | G [0 | o | G| G | o | w | G| G [0S o,
600 | 286 |11907' | 146 | 144 | 126 | 124 | 4o— | 16 | 1185 | 86 | 220 | 1640 | 958 | 996 | 605 | 277
1000 | 476 | 17°50' | 153 | 156 | 148 | 935 | 20°15 | 130 | 1388 | 118 | 150 | 22050 | 11,35 | 125 | 95 | 199
1400 | 67 |24°50" | 149 | 1595 | 155 | 59 | 17°20 | 130 | 144 | 126 | 106 | 20050 | 1165 | 135 | 1,1 | 150
2000 | 953 |3010° | 130 | 158 | 152 | 365 | 39015 | 117 | 151 | 138 | 70 | 41030 | 07 | 43 | 125 | 103

9500 | 119 |48°40' | 109 | 159 | 154 | 305 |s0°10 | 99 | 155 | 147 | 57 |50 | 92 | 1505 | 138 | 856

|
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(a) Plane diffuser of first stage.

Table 8
Static head at diffuser outlet for various values of the friction coefficient A.

A =0,05 A=0,1 A=90,15
Q H + Hd 'f H' —
h st oxp ¢ impoct
i AHﬁ— den Hs+ comp AH{:— den 1—151- comp AHf"r- den Hs+ comp
600 98,0 125,6 1,21 11,2 11,9 101,3 19,4 8,2 96,25 24,7 - 5,9 93,8
1000 97,0 118,3 0,41 7,2 12,6 98,5 13,2 10,4 94,7 17,4 8,6 92,3
1400 91,0 1114 0,06 4,88 13,1 93.4 9,3 12,1 90,0 13,3 10,3 87,8
2000 71,0 91,5 0,06 3,29 13,9 74,3 6,8 12,5 72,0 9,24 11,6 70,7
2500 46,0 68,2 0,05 2,61 14,1 51,5 5,15 134 19,6 7.5 12,7 48,0
(b) Plane diffuser of second stage.
A= 0,05 A=0,1 A=0,15
Qhr— I-[5+ @x Hy, i T
P dif ympact ;
AHﬁ— den Hs‘f‘, comp Af{‘fr I—Idyn [ls+ comp Af]fr den Hs" comp
600 85,0 129,0 3,3 12,4 12,6 100,7 22,0 8,6 95,1 27,7 6,05 92,0
1000 86,0 123,0 1,78 9,35 14,8 97,0 15,0 11,8 91,4 19.9 9,5 91,8
1400 84,0 109,5 0,07 5,9 15,5 88.1 10,6 12,6 86,3 14,6 11,1 83,7
2000 70,07 97,2 0,06 3,65 15,2 78,4 7,0 13,8 76,3 10,3 12,5 74,4
2500 50,0 79,0 0,06 3,05 15,4 60,55 5,7 14,7 586 8,56 13,8 56,8

gy
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a Isoclated impeller

Figs. 1,3

0]

b Vaneless diffuser ¢ Reversing

guide vanes

Figure l.- Scheme of successive investigation of the indi-
vidual elements of a turbo blower.

Figure 2.- Determination
of the general
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value of the losses in
the individual elements
of the turbo blower.
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Figure 3.- Model of a two-stage turbo blower.
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FPigurs 4a.- Aerodynamic scheme of impeller of first
stage of turbo blower.

Figure 4b.~ Aerodynamic scheme .of impeller of second
stage of turbo blower.
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Figure 13.- Photograph of flow through impeller of centrif-
ugal pump (Thoma and Fisher).

— N N

Figure 14.- Sketch of flow Figure 15.- Sketch of flow
through impeller through impeller
for positive angles of at- for negative angles of at-

tack. tack.
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Figure 6.~ Sketch of test set-up of model two-stage blower in chamber.
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Figure 7a.- Impeller characteristics of first
stage of turbo blower.
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Figure 7b.- Impeller characteristics of second
stage of turbo blower.
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Figure 8a.- Characteristice of impeller of first
stagé of turbo blower with vaneless
diffuser behind impeller.
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Figure 8b.- Characteristics of impeller of second
stage of turbo blower with vaneless
diffuser behind impeller.
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Figure 9a.- Characteristics of first stage of
turbo blower (impeller, vaneless
diffuser, reversing guide vanes).
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Figure 9b.- Characteristics of second stage of
turbo blower (impeller, vaneless
diffuger, reversing guide vanes.)
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Figure 10a. Combined curves of static pressure

heads Hgt and hydraulic power Np ob-
tained in testing the individual elements of the
first stage of the turbo blower,

N, = 2000 rpm = const.
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Figure 10b.- Combined curves of static pressure

heads Hgt and hydraulic power N, ob-
tailned in testing the individual elements of the
second stage of the turbo blower (notation the
same as for figure 10a).
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Figure 1ll.- Flow at
impeller

inlet.

Pigure 12.- Telocity diagrams at inlet and outlet of impeller.
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Figure 16a.- Hydraulic losses in the impeller of
the first stage.
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Figure 16b.- Hydraulic losses in the impeller of
the second stage.

[ o




NACA Technical Memorandum No. 1043

Impeller of first stage

— -— — — Impeller of second stage

Figs. 1%,24
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Figure 17.- Dependence of the loss co:fficient for the flow

through the impeller g

—
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on the angle of attack a.
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Figure 18a.- Computed value of static head at exit
of impeller of first stage.
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Figure 18b.~ Computed value of static head at exit
of impeller of second stage.




WACA Technical Memorandum No.1043 Table 5, Fig. 19

Table 5 .
Computed static head at impeller outlet

a) Impellexr of first stage

Hgt Hgt
H, H A A 8
Qhr . d H, Hy comp. | exp
600 139 496 0,46 12,1 76,9 76,0
1000 132 443 1.28 121 743 740
1400 123 424 25 675 73 60,0
2000 104 385 5.1 12,6 478 53,
250¢ 87 38.2 794 168 21'0 ,

% Impeller of second stage

Hgt +t Hst
H. H AH, AH, 8 '
Qhr r d c W comp.| ©exp.
]
60Q 143 57.0 0.2 13,8 72,0 72,0
1000 137,5 54,0 0,54 15.2 67,8 69,0
1400 127.0 455 1,06 15.6 64,9 64.0
2000 106,5 422 215 7.9 54.2 55.0
2500 87,5 420 3,37 12,4 29,7 37,0
N = 2000 rpm = const A
a
. g
- Q. =
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- Y N
- v' - p N\ — L jh
f& N'st ///—’-— N ’\‘ [ o‘uq‘
E T ‘\ - ¢
- N e N b |
E Zd N g \\ \
03106
7 N \ \
s0 Mo i
AN
- N 22104
\\ AN
N W) .
\\s \ QI”Q’
\‘
i N\
o 1000 2000 3006Q, 15 /hr

Figure 19.- Effect of shortening the blades
at the impeller inlet on the
performance of the model impeller of one of
the LMZ turbo blowers.
——————— Test curves with normal blades; "
Test curves with shortened blades.
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T LR

————— - Computed value of static

- pressure at vaneless diffuser
exit for A = 0.05;

-—-—— The same for A = 0.1;
The same for A = 0.15.
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Figure 20a.- Computed values of the static pressures
at the outlet of the vaneless diffuser
of the first stage for various values of the friction
coefficient. 1- test wvalue of static pressure at im-
peller exit; 2- test value of static pressure at
vaneless dlffuser exit.
Computed value of static pressure
at exit of vaneless diffuser,
——————— for A = 0.05;
~——-——~ The same for A = 0.1;
———— The same for A = 0.15.
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Filgure <0b.- Computed values of the static pressures

at the exit of the vaneless diffuser of
the second stage for various values of the friction
coefficient. l- test wvalue of the static pressure at
the impeller exit; 2- test value of static pressure
dt vaneless diffuser exit,
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Figure 21.- Flow through channel deflected by 180° (Frey).

Figure 323.- Flow through channel deflected by 180° and with
varying cross-section after deflection.
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Figure 33a.~ Computed values of total and static
heads at outlet of first stage.
computed value of total head at vaneless
diffuser outlet, —— —— —-computed value of total
head at outlet of first stage, —— -- —computed
value of static head at outlet of stage;
— — —test value of static head at outlet of

stage.
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Figure 23b.- Computed values of total and static
heads at outlet of second stage.
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Figure R5a.- Guide vanes set at 13°
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Figure 35b.- Guide vanes set at 17°.
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Figure 25c.- Guide vanes set at 23°.
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Figure 254.~ Compressor provided with
} vaneless diffuser.
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