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SUMMARY

Modifications A and B of impeller model MFI-1 and A, B, and C of
impeller model MFI-2 were investigated experimentally in an attempt to
determine what allowance in blade height should be made for boundary-
layer and viscous losses in an impeller designed for isentropic com-
pressible flow. A gradual increase in blade height was arbitrarily made
from inlet to outlet in anticipation of a gradual build-up of boundary
layer. Apparently there was a rapid build-up of boundary layer near the
inlet in the experimental case rather than a gradual one. Therefore, the
proper allowance for boundary layer cannot be prescribed from the data
obtained.

Decreasing the pressure gradient along the shroud by reducing the
blade height allowance apparently did little to increase the over-all
efficiency. At the design speed of 1400 feet per second, the over-all
adiabatic efficiency was increased from 0.83 for the MFI-1A to 0.85 for
the MFI-1B with reduction in height; however, it is indicated from the
theoretical velocity distribution and outlet surveys that the increase
was due to a change from decelerating to accelerating flow along the hub
rather than from any change along the shroud. It is further indicated
that the consequences of a thickened or separated boundary layer depend
not only on the design velocity gradients but also on the shape of the
passage.

INTRODUCTION

A series of mixed-flow centrifugal imvellers is being designed and
experimentally investigated at the NACA Lewis laboratory, in order to
develop a reliable aerodynamic design procedure that will reduce or
eliminate the large amount of aerodynamic development work necessary in
the past. For the first two models of this series, impeller models
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MFI-1 and MFI-2 of references 1 to 3, which were designed for isentropic
compressible flow, the blade height was arbitrarily increased by

an amount varying gradually from zero at inlet to 74 percent of the out-
let radial blade height at outlet. The purpose of the increase was to
allow for a gradual build-up of boundary layer as well as to increase
the ratio of blade height to passage width. The amount of increase was
made greater than was considered necessary in order to allow for reduc-
tion in several steps to the blade height for isentropic flow.

The region of greatest boundary-layer build-up will probably occur
along the impeller shroud where the maximum decrease in velocity from
inlet to outlet must take place. With the present limited knowledge of
the boundary-layer behavior in a rotating passage and enclosing shroud,
the maximum allowable velocity gradients for which boundary-layer separa-
tion may be avoided cannot easily be determined. Although there has been
excellent progress in the study of turbulent boundary layer and separa-
tion in recent years (refs. 4 to 8), it is difficult to apply the results
of these studies to centrifugal compressors. The effect on the flow
movement relative to the shroud and the secondary-flow effects within
the passage, such as those discussed in reference 9, are among factors
that are difficult to evaluate in making application of known theory.

An attempt is made in this investigation to provide an analysis of
the results obtained with changing blade height that will aid the de-
signer in making allowance for viscous effects. The procurement of ex-
perimental data that afford a precise evaluation of the results is very
difficult, inasmuch as measurements within the rotating passage are re-
quired. 1In this investigation the instrumentation of the impeller to
obtain measurements in the rotating bassages was considered impracti-
cable; therefore, an approximate evaluation is presented that is based
on total-pressure surveys just downstream of the impeller exit, static-
bressure measurements on the stationary shroud, and over-all performance.
The over-all performance characteristics of two versions of the MFI-1
impeller and three versions of the MFI-2 impeller are presented.

SYMBOLS
The following symbols are used in this report:

fS slip factor, ratio of absolute tangential velocity at exit to im-
peller speed at exit, taken herein as ratio of over-all enthalpy

<impeller-outlet speed at root—mean-square)2
BINENEG radius from hub to shroud

gJ
L ratio of distance from impeller inlet measured along surface of

shroud to total length of shroud




NACA RM ES3LO2 3

PO stagnation pressure upstream of inlet

P static pressure

Q ratid of velocity relative to impeller to speed of sound for inlet
stagnation conditions

U actual impeller speed based on 7,00-in. radius, ft/sec

W actual air weight flow, lb/sec

o) ratio of inlet total pressure to NACA standard sea-level pressure

(29.92 in. Hg abs)

Nag @adiabatic temperature-rise efficiency

6 ratio of inlet total temperature to NACA standard sea-level tem-
perature (518.4° R)

APPARATUS, INSTRUMENTATION, AND PROCEDURE
Apparatus

Except for the change in shroud and outer-diffuser-wall dimensions,
the apparatus is the same as that for the MFI-1A in reference 2. Two
impellers, the MFI-1 and the MFI-2, which have different hub and blade
shapes but identical inlet and outlet annuli and shroud shapes, were
used in the investigation. In the first step, the basic blade height
(for isentropic flow) was increased by an amount varying from zero at
inlet to 74 percent of the outlet radial blade height at outlet. In
the second step, the increase was reduced by half. In the third step,
which was omitted for the MFI-1, the allowance was eliminated. The im-
peller designations for steps one, two, and three, respectively, are the
MFI-1A and MFI-2A (configuration A), the MFI-1B and MFI-2B (configura-
tion B), and the MFI-2C (configuration C). Photographs of the MFI-1A
and MFI-ZA and the shroud shapes for the three configurations are shown
in figure 1. The shroud dimensions for configuration A are the same as
those for the MFI-1A and MFI-2A of references 1 to 3; and for configura-
tion C, the same as those for the MFI-1 and MFI-2 impellers of references
1 to 3. The shroud dimensions for configuration B were determined by
taking the average of the shroud radii for configurations A and C at each
axial depth. The outer diffuser wall for configuration C was designed
to give constant diffuser area from inlet to outlet. TFor configuration
B, the outer-diffuser-wall radii were determined by taking the average of
the outer-diffuser-wall radii for configurations A and C in the first
inch of diffuser length of configuration A with constant ares thereafter.




4 NACA RM ES53LO0O2

The splitter vanes shown in figures 1(a) and (c) were an arbitrary addi-
tion to the MFI-]1A and MFI-1B only, and were not a part of the isentropic
design.

Instrumentation

Except for outlet surveys, the instrumentation is the same as that
described in reference 2. All surveys from hub to shroud were made at
an average distance of approximately 7/8 inch from the impeller exit
at the survey station shown in figure 1 at equivalent speeds of 1400
feet per second. For the MFI-1A, a three-hole l/4—inch—diameter cylin-
drical yaw tube was used. It was found that for angle measurements the
claw-type probe (fig. 2) was more accurate on the basis of integrated
values of weight flow at the survey station; therefore, the claw-type
probe was used for the MFI-1B. For surveys at the exits of the three
versions of the MFI-2, for which low-temperature air was used at the
speed of 1400 feet per second, pressure fluctuations in the air supply
made rapid measurements desirable; therefore, a shielded total-pressure
probe similar to that shown in reference 9 was used. A comparison of
total-pressure surveys with the shielded and the claw probes showed
only small differences (l percent at mid-passage to 4 percent near
walls); and, because of angle insensitivity up to #40° with the shielded

probe, the surveys could be made rapidly where flow-angle measurements
were not desired.

Procedure

The procedure for determination of over-all performance and slip
factor based on measurements at the over-all measuring station is the
same as that for reference 2. In computing velocity at the survey sta-
tion, only wall static pressures were used. A straight-line variation
in static pressure from the inner to the outer wall was assumed. Low-
temperature air was used at the speed of 1600 feet per second for the
MFI-1 and at 1300 and 1400 feet per second for the MFI-2, in order to
reduce the actual speed as a safety precaution. The mean line of 7
inches was used in setting the impeller speed for all blade heights.
Therefore, the actual tip speed decreased with decreasing blade height.

ACCURACY OF SURVEYS

Values of integrated weight flow based on measurements at the sur-
vey station with the three-hole cylindrical yaw tube were of the order
of 40 percent too high as compared with measurements with a submerged
adjustable orifice., It was thought that the large size of the probe
(0.250-in. diam.) in comparison with the passage height (0.6 in.)
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contributed to large errors in angle measurements., In the neighborhood
of the flow angle at the survey station for the outlet mean-~line speed
of 1400 feet per second, an error of 1° in flow angle produced an error
of approximately 4 percent in weight flow. With the claw-type probe of
figure 2, the integrated weight flow varied from 17 percent too high for
the weight flow of 13 pounds per second to 13 percent too high at the
weight flow of 14 pounds per second. It is probable that fluctuations
in the absolute velocity, which may be large (as shown in ref. 9),
caused errors in both the pressure and angle measurements. As pointed
out on page 47 of reference 10, the manometer reading will be too high
for total-pressure measurements in a pulsating stream. Although the
measured total pressure will be only a small percentage too high (vari-
ations of #20 percent give a reading only 2 percent too high), the error
in angle measurement may be large because of a fluctuating flow angle.

Although there is some doubt about the absolute accuracy of the
surveys, variations in errors (from one blade height to the next), caused
by flow fluctuations, are probably much smaller than the measured pres-
sure differences, and the repeatability of the data indicates that any
mechanical error is consistent. Therefore, the total-pressure profiles
are considered adequate for comparison from one impeller blade height to
the next.

EXPERIMENTAL RESULTS
Impeller Model MFI-1

Over-all performance. - The over-all performance characteristics
for the MFI-1A and the MFI-1B are given in figure 3. Over-all pressure
ratio is plotted against weight flow for the range of speeds with con-
stant efficiency contours superimposed in figures 3(a) and (b), and over-
all efficiency is plotted against weight flow for the range of speeds in
figures 3(c) and (d). A comparison of peak pressure ratio, maximum effi-
ciency, slip factor, and weight-flow range is shown in figure 4. The
pressure ratio for the MFI-1A, even though it has a generally lower effi-
ciency, is approximately the same as that for the MFI-1B because of the
higher tip speed for the MFI-1A. The slip factor (fig. 4) for the MFI-1B
should be lower than for the MFI-1A because of the backward blade curva-
ture at outlet. With backward blade curvatures, the higher relative
through-flow velocity results in a higher negative tangential component
of relative velocity for the lower blade height. At the lower impeller-
outlet speeds where this component of velocity is larger in proportion
to the impeller speed, the decrease in slip factor is more in evidence.
The difference in maximum weight flow (fig. 4) decreases from minimum
speed to maximum speed as the choke point moves from the impeller outlet
toward the impeller inlet where the blade height is the same for the two
impellers. The surge weight flow for the MFI-1B, except at the outlet
speed of 700 feet per second, is lower than for the MFI-1A.




6 NACA RM ES3L02

Static pressure. - The experimental static-pressure distribution
along the shroud for the MFI-1A and MFI-1B is compared with the theoreti-
cal distribution for the MFI-1 in figure 5. The MFI-1 has the basic
blade height and no splitter vanes. The assumption of perfect guidance
of the fluid by the impeller blades and the difficulty in obtaining an
accurate solution in mixed supersonic and subsonic flow regions as dis-
cussed in reference 2 are probably responsible for the disagreement of
theoretical and experimental data near the inlet. The maintenance of a
more nearly constant difference between the experimental and theoretical
values for the lower blade height suggests a rapid build-up of boundary
layer near the inlet rather than the gradual build-up along the shroud
for which the increase in blade height was made.

Qutlet surveys. - The ratio of total pressure across the passage at
the survey station to inlet stagnation pressure is given in figure 6 for
the MFI-1A and MFI-1B. The gradient in energy input across the passage
based on constant slip factor is such that, for the MFI-1B, the pressure
ratio at the 80-percent distance across the passage (fig. 6) would be
approximately 5.0 if the efficiency there equaled that at the 20-percent
distance; therefore, a thick boundary layer is indicated near the shroud
for both the MFI-1A and MFI-1B.

Impeller Model MFI-2

Over-all performance. - The over-all performance characteristics
for the MFI-Z2A, MFI-2B, and MFI-2C are given in figure 7. Over-all
pressure ratio is plotted against weight flow for the range of speeds,
with constant efficiency contours superimposed, in figures 7(a) to (c);
and over-all efficiency is plotted against weight flow for the range of
speeds in figures 7(d) to (f). A comparison of peak pressure ratio,
maximum efficiency, slip factor, and weight-flow range is shown in fig-
ure 8. There was no increase in efficiency with reduction in blade
height as there was with the MFI-1 in going from configuration A to B.
There was a large increase in slip factor in going from configuration A
to C. It was pointed out in reference 3 that separation off the trailing
face could be the reason that the slip factor is lower than the design
value of 1.00. Another factor that might be responsible may be explained
as follows: There is no change in angular momentum with increasing im-
peller radius for that portion of the fluid that is uninfluenced by the
blades near the outlet. Therefore, in order for the blade to unload and
at the same time to maintain the tangential velocity of the fluid equal
to that of the blade at outlet, it was necessary for the tangential com-
ponent of absolute velocity of the fluid upstream of the outlet to be
greater than that at the outlet. This was brought about by forward blade
curvature just upstream of the outlet. For example, on the mean line the
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design absolute tangential component of velocity of the fluid at the 6-
inch radius is 1460 feet per second as compared with the impeller-outlet
mean-line speed of 1400 feet per second. With the increase in blade
height, the relative velocity (and thus the tangential component up-
stream of the outlet) probably fell below the design value and reduced
the slip factor. As with the MFI-1, the maximum-weight-flow plot (fig.
8) indicates movement of the choke point from the inlet toward the out-
let with reduction in impeller speed. For outlet speeds below 1300 feet
per second, the surge weight flow is reduced with reduction in blade
height.

Static pressure. - The experimental static-pressure distribution
along the shroud for the MFI-ZA, MFI-2B, and MFI-2C is compared with the
theoretical distribution for the MFI-2C in figure 9. The leveling off
of static pressure and departure from the theoretical distribution for
the MFI-2A at a distance ratio L of 0.30 may indicate separation along
the shroud, inasmuch as the leveling-off point moves to L of 0.37 in
the MFI-2B and to 0.57 in the MFI-2C. The leveling off at L = 0.25 for
the MFI-2C is peculiar, in that it does not appear with the MFI-2A and
MFI-Z2B. As with the MFI-1, the maintenance of a more nearly constant
difference between the experimental and theoretical values for the lowest
blade height suggests a rapid build-up of boundary layer near the inlet.
Because of the higher blade height in the MFI-2, the reduction in height
makes less change in the through-flow area of the MFI-2 than for the
MFI-1 (except at the outlet) and therefore a smaller change in the static
pressure along the shroud.

Outlet surveys. - The ratio of total pressure across the passage at
the survey station to inlet stagnation pressure is given in figure 10 for
the MFI-2A, MFI-2B, and MFI-2C. The change in profile is somewhat less
than that for the MFI-1 with reduction in blade height.

DISCUSSION OF RESULTS
Efficiency

The MFI-1A impeller has an efficiency 4 points higher than the
MFI-2A at mean-line speed of 1400 feet per second (0.83 compared with
0.79). With the first reduction in blade height to configuration B, the
difference became 6 points, with a 2-point improvement in efficiency for
the MFI-1 (0.85) and none for the MFI-2. Further reduction in blade
height resulted in reduced efficiency for the MFI-2C to 0.77.

Except for leveling out of the static pressure along the shroud
where separation may have occurred for the MFI-2A, the static-pressure
distributions on the shroud (figs. 5 and 9) and the outlet-survey pro-
files of the MFI-1A and MFI-2A (figs. 6 and 10) are similar, If
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separation did occur in the MFI-2, it perhaps accounts for a large part
of the difference in efficiency between the MFI-1 and MFI-2.

With the reduction in blade height to the MFI-1B and MFI-2B, there
was a much larger change in the total-pressure-ratio profile at outlet
for the MFI-1 (fig. 6) than for the MFI-2 (fig. 10). The following ex-
planation of this occurrence is based on a study of the theoretical
relative velocity distribution along the hub and the through-flow com-
ponent of velocity for the MFI-1A at the survey station. The theoreti-
cal average velocity between blades along the hub of the MFI-1 and
MFI-2C is given in figure 11 for a weight flow of 13 pounds per second
and an outlet mean-line speed of 1400 feet per second. From an L
ratio of 0:8 to the outlet, there is a large deceleration for the
MFI-2C, but not for the MFI-1l. In view of this, it is probable in the
experimental case that there is a change from decelerating flow along
the hub near the outlet in the MFI-1A to accelerating average flow in
the MFI-1B, and decelerating flow at all blade heights in the MFI-Z2.
Accelerating flow on the hub would tend to prevent the build-up of
boundary layer and bring about the improvement in total-pressure pro-
file from the MFI-1A to the MFI-1B shown in figure 6. Thus, it appears
that there is considerable merit in designing for continuous accelera-
tion of the average flow from inlet to outlet on the hub.

Separation

In the investigations of reference 9, there was little indication
of flow separation within the rotating passage. Instead, the air of
low kinetic energy appeared to have moved to the blade trailing face at
the hub and to have accumulated at a point on the shroud approximately
80 percent of the passage width from the driving (pressure) face. The
static-pressure variation from inlet to outlet indicated that this
secondary-flow movement took place smoothly with no abrupt changes in
pressure such as that indicated for the MFI-2 in figure 9; therefore,
it is conjectured that separation did occur in the MFI-2 along the shroud.

There is a slight change in direction for the static-pressure dis-
tribution along the shroud of the MFI-1B in figure 5; but, from the
shape of the curve for the MFI-1A and comparison with the theoretical
curve, if separation did occur it was not of sufficient proportion to
cause sudden blockage of the flow. Inasmuch as the static-pressure
gradients along the shroud are similar for the two impellers (MFI-1 and
MFI-2) and the over-all gradient for the MFI-2B is not as severe as that
for the MFI-1A, it appears that pressure gradients (or velocity gradients)
are not the controlling factor as regards separation in this case. With
the rapid build-up of boundary layer in the passage as is indicated by
the static-pressure profile, perhaps in the MFI-1, which has relatively
low blade height compared with the MFI-2, the boundary layer extends from
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shroud to hub, and separation is rendered unstable by a large attendant
increase in free-stream velocity just downstream of the separation point.
If this is the case, design of the hub-shroud profile based on the prin-
ciple of the divergent diffusers (refs. 11 and 12) may be desirable.

It was suggested in reference 3 that separation along the trailing
face at exit may have caused a reduction in slip factor for the MFI-2A
because of the large backward curvature of the blade at the driving face.
In light of the results of reference 9, an accumulation of low-energy
air at the trailing face adjacent to the hub could have produced a simi-
lar result without separation. The increases in total-pressure ratio
near the inner wall for the MFI-1B (fig. 6) and the MFI-2B (fig. 10) (as
compared with the MFI-1A and MFI-2A, respectively), which were accom-
panied by an increase in slip factor for both impellers at the outlet
speed of 1400 feet per second, indicate that this may be the case.

Allowance for Viscous Effects

In the computations of reference 2, a value of 0.90 was assumed
for internal relative efficiency, and it was indicated that at outlet the
experimental relative velocity and static pressure for the MFI-1A were
approximately equal to that for isentropic design with no increase in
blade height. It is indicated from the through-flow component of average
velocity at the survey station for the MFI-1B that except at the hub the
experimental outlet relative velocity even for the MFI-1B is lower than
the theoretical value for the MFI-1. Thus, it appears that the assumed
relative efficiency of 0.90 in reference 2 was too high; and, with re-
spect to velocity, the allowance for boundary layer at the outlet was
too great for both the MFI-1A and MFI-1B.

With respect to decreases in static pressure due to viscous losses
and boundary-layer blockage, the blade-height increase near the outlet
of the MFI-1A appears to be approximately correct. However, as has been
pointed out, the boundary layer apparently builds up rapidly near the
inlet, and sufficient allowance was not made except near the outlet.

The foregoing discussion applys also to the MFI-2.

General Considerations

The results obtained in this investigation cannot be used to deter-
mine directly the magnitude or location of a boundary-layer allowance.
Further, what may be an allowable pressure or velocity gradient along
the shroud for one impeller configuration may not be satisfactory for
another configuration. These considerations suggest that, for the large
deceleration that must take place along the shroud of this type impeller,
the passage shape and not the velocity gradient may be the primary factor.
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For example, cutting down the MFI-2 tended to move the apparent separa-

tion point toward the outlet along the shroud at the expense of a higher
Mach number at the outlet, but did not eliminate separation. Thus, the

efficiency was not increased, but even decreased, in going to the lowest
blade height.

The increase in efficiency for the MFI-1 in going from the MFI-1A

to the MFI-1B apparently was not the result of any change along the
shroud, but of a change in boundary-layer profile along the hub. Judging
from the theoretical results and the outlet surveys (fig. 6), there
probably was a change in this case from an average deceleration to
acceleration along the hub. Apparently the accelerating flow tended to
reduce the boundary layer at the hub and thus reduce the accumulation of
low-energy air along the trailing face as discussed in reference 9.

There are at least three distinct sources of loss associated with
boundary-layer build-up along the hub and shroud within the rotating
passage. First, there is the build-up of boundary layer on the shroud
that may give rise to secondary-flow movements of low-energy air toward
the trailing face. This low-energy air may be met by low-energy air
moving from the trailing face because of leakage through the hub-to-shroud
clearance space and possibly form a vortex on the shroud, as discussed
in reference 9. Second, there is separation of the boundary layer on
the shroud; and third, there is build-up of boundary layer on the hub

with accumulation of low-energy air adjacent to the trailing face due to
secondary flow (ref. 9).

Apparently, separation was prevented on the shroud of the MFI-1 but
not in the MFI-2, which may account for a large part of the difference
in efficiency for the two impellers. In addition, the third source of
loss was greatly reduced in the MFI-1B. It appears, therefore, that of
the three sources of loss mentioned, the only one that is very difficult
to eliminate is that associated with boundary-layer build-up and second-
ary flow on the shroud.

SUMMARY OF RESULTS

Two impellers, the MFI-1 and the MFI-2, were investigated experi-
mentally in an attempt to determine the allowance in blade height that
should be made for boundary-layer and viscous losses in an impeller de-
signed for isentropic compressible flow. In the first step (impellers
MFI-1A and MFI-2A), an allowance was made in which the basic blade
height was increased from zero at inlet to 74 percent of the outlet
radial blade height at outlet. The gradual increase was made in ex-
pectation of a gradual build-up of boundary layer. In the second step
(impellers MFI-1B and MFI-2B), the allowance was reduced by half. 1In
the third step (impeller MFI-2C), which was omitted for the MFI-1, the
allowance was eliminated. The following results were obtained:




1. The maximum over-all adiabatic efficiency of the MFI-1A (step
one) at the design speed of 1400 feet per second was 0.83 and of the
MFI-1B (step two) was 0.85.

NACA RM ES53LO0O2 nlial

The maximum over-all efficiency of the MFI-2A (step one) at the
design speed of 1400 feet per second was 0.79; of the MFI-Z2B, 0.79 (step
two); and of the MFI-2C, 0.77 (step three).

2. The boundary layer appears to build up rapidly near the inlet of
the impeller, not gradually as was expected. Therefore, the prescrip-
tion of an increase in blade height to allow for boundary-layer and
viscous losses cannot be made from the data obtained.

3. It is indicated that the consequences of a thickened or separated
boundary layer depend not only on the design velocity gradients but also
on the shape of the passage. Changing the deceleration rate on the
shroud by reducing the blade height apparently did little to increase
the over-all efficiency. It is indicated from the theoretical velocity
distribution and the outlet surveys that the increase in efficiency from
the MFI-1A to the MFI-1B was due to a change from decelerating to accel-
erating flow along the hub rather than from any change along the shroud.

Tewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, November 27, 1953
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Figure 1. - Impeller shapes.
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Figure 2. - Claw-type probe.
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Figure 3. - Over-all performance characteristics of MFI-1 impeller at inlet-air pressure of 14 inches of

mercury absolute.
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Figure 3. - Continued. Over-all performance characteristics of MFI-1 impeller at inlet-air pressure of
14 inches of mercury absolute.
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Figure 3. - Continued. Over-all performance characteristics of MFI-1 impeller at
inlet-air pressure of 14 inches of mercury absolute.
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Figure 7. - Continued. Over-all performance characteristics of MFI-2 impeller at
inlet-air pressure of 14 inches of mercury a»solute.
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Figure 7. - Continued. Over-all performance characteristics of MFI-2 impeller at
inlet-air pressure of 14 inches of mercury absolute.
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Figure 7. - Continued. Over-all performance characteristics of MFI-2 impeller at inlet-air
pressure of 14 inches of mercury absolute.
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Figure 7. - Concluded. Over-all performance characteristics of MFI-2 impeller at
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