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ABSTRACT

Test versus Predictions for Rotordynamic and Leakage Characteristics of a
Convergent-Tapered, Honeycomb-Stator/Smooth-Rotor Annular Gas Seal.
(December 2006)

Daniel Eduardo van der Velde Alvarez, B.S., Universidad Simén Bolivar
Chair of Advisory Committee: Dr. Dara W. Childs

This thesis presents the results for measured and predicted rotordynamic
coefficients and leakage for a convergent-tapered honeycomb seal (CTHC). The test
seals had a diameter of 114.968 mm (4.5263 in) at the entrance, and a diameter of
114.709 mm (4.5161 in) at the exit. The honeycomb cell depth was 3.175 mm (0.125
in), and the cell width was 0.79 mm (0.0311 in). Measurements are reported with air as
the test fluid at three different speeds: 10,200, 15,200, and 20,200 rpm; with a supply
pressure of 69 bar (1,000 psi), with exit-to-inlet pressure ratios from 20% to 50%, and
using two rotors that are 114.3 mm (4.500 in) and 114.5 mm (4.508 in) respectively; this
enables the same seals to be tested under two different conditions.

The g factor, which is just a simple way to quantify taper is defined as the taper-

angle seal parameter and is calculated using the inlet and exit radial clearance. Two

taper-angles parameters were calculated; = 0.24 for the 114.3 mm (4.500 in) rotor,
and q= 0.386 for the 114.5 mm (4.508 in) rotor. The = 0.24 condition was compared
to a constant clearance honeycomb seal (CCHC (= 0) because both sets of data were

taken with the same rotor diameter.
The direct stiffness, effective stiffness, and direct damping coefficients were

larger for q= 0.24. The CTHC (= 0.24 eliminates the direct negative static stiffness
obtained with CCHC (q= 0). The cross-coupled stiffness and damping also were larger
for g = 0.24, especially at low frequencies.

Effective damping is one of the best indicators in determining the stability of a

roughened stator annular gas seal. The frequency at which it changes sign is called the



cross-over frequency. In applications, this frequency needs to be lower than the rotor-
system’s first natural frequency. Otherwise, the seal will be highly destabilizing instead
of highly stabilizing. The magnitude of effective damping and the cross-over frequency

also increases with q for all frequencies.

Constant clearance honeycomb seals have less leakage than convergent-

tapered honeycomb seals. CTHC (q= 0.24), has approximately 20 percent more
leakage than CCHC (q = 0).

The experimental results for rotordynamic characteristics and leakage were
compared to theoretical predictions by the two-control-volume developed by Kleynhans
and Childs. All rotordynamic coefficients were reasonably predicted for all cases. The
model does a better job predicting the cross-coupled stiffness and damping coefficients
rather than the direct stiffness and damping coefficients. Also, the two-control-volume

model predicts the dynamic characteristics of CCHC (g = 0) better, and does not predict

well the effective stiffness and damping for CTHC q = 0.386.
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INTRODUCTION

Annular gas seals with roughness patterns are being used in compressors and
turbines not only to control the leakage of the working fluid, but also to enhance
rotordynamic stability. A typical honeycomb seal and rotor configuration is shown in
Figure 1, where the direction of the rotor as well as the preswirl rotation is shown.
Troubles have been encountered in some seals that become divergent during operation
Cimatti et al [1]. To deal with this eventuality, some seals are being installed with
converging flow. Converging flow paths are predicted to produce increased direct
stiffness and decreased direct damping; however, data have only been published for
convergent annular gas seals in terms of either leakage or rotordynamic coefficients to
supply pressures up to 18 bar (250 psi), Dawson [2].

CELL SIZE —\

CELL DEPTH

FLUID
PRESWIRL

HONEYCOMB
HOUSING

CLEARANCE

Figure 1 Typical rotor - annular seal configuration [15]

This thesis follows the style and format of the ASME Journal of Engineering for Gas Turbines and Power.



Nelson [3, 4] developed the initial analysis for rotordynamic coefficients of
annular seals, using a “bulk-flow” model based on Hirs [5]. Additionally, he notes the
effects of fluid pre-rotation and choked flow on the rotordynamic coefficients. His
analysis technique is similar to Childs [6, 7], whereby a set of governing turbulent bulk
flow equations are developed, and then a perturbation analysis is employed to obtain a
set of zero-and first-order equations. Integration of the zeroth-order equations yields
the leakage, and integration of the first-order equations yields the direct and cross-
coupled coefficients. Nelson et al. [8] compare predicted and experimental
rotordynamic coefficients of constant-clearance and convergent-tapered smooth seals.
Their results verify the predictions by Nelson [3, 4] and Fleming [9, 10], that a gas path
seal for which the inlet clearance is larger than the outlet clearance, will develop
considerably higher direct stiffness than constant clearance seal designs. Nelson’s [3,
4] models gave reasonable results for smooth surfaces with surface roughness friction
factors only; however, for honeycomb seals this model did not predict well measured
rotordynamic coefficients.

Ha and Childs [11] proposed a two-control-volume model approach for
honeycomb annular gas seal analysis by expanding Nelson’s model to account for
radial transient flow into and out of the honeycomb cells. This effort led to the
conclusion of frequency-dependent rotordynamic analysis by Kleynhans and Childs [12]

for annular gas seals shown in Equation (1).

x| [ K@ k(@) ][X . C(Q) c(Q)]X )
fol [-k(Q KE@QIY] |-c@ c@]|lY

The direct stiffness and cross-coupled stiffness coefficients are represented by
Kand k respectively, and the direct damping and cross-coupled damping coefficients
are represented by C and ¢ respectively. All coefficients are functions of the excitation
frequency (€2). This model just applies for small motion about a centered position.

Childs, Elrod, and Hale [13] were the first to perform dynamic tests with
honeycomb seals. The rotor was shaken at frequencies from 30 Hz to 75 Hz; this

allowed the direct and cross-coupled stiffness and damping to be measured.



Dawson [2] tested two geometries of honeycomb seals with 114.3 mm bore and
radial clearance of 0.2 mm from the test rotor. He demonstrated that the convergent
tapered-bore seals exhibited significantly larger (73%) effective stiffness and had
significantly less effective damping (71%) compared to the straight-bore honeycomb
seals. He observed the effects of constant-clearance versus a convergent tapered-bore
annular gas seals with inlet pressure ranged from 6.9 bar (100 psi) to 17.2 bar (250 psi),
speeds up to 20,200 rpm, and for the back-pressure ratios 0.4 and 0.6. He also
showed that the rotordynamic coefficients are frequency-dependent. The rotor was
shaken at frequencies from 20 Hz to 300 Hz.

Weatherwax and Childs [14] tested a honeycomb-stator/smooth-rotor annular
seal with 115 mm bore, for eccentricity ratios out to 0.5 with air at a supply pressure of
69 bar (1,000 psi) and speeds up to 20,200 rpm at frequencies from 20 Hz to 300 Hz, in
order to examine the effect of eccentricity. Tests were conducted for the back-pressure
ratios 0.15, 0.35, and 0.5. They found that the eccentricity of the rotor did not affect
either leakage or the rotordynamic coefficients even when the rotor was displaced up to
50% of the clearance.

Sprowl [15] tested a constant-clearance honeycomb seal at supply pressure up
to 70 bar (1015 psi) with 114.7 mm bore and radial clearance of 0.2 mm from the test
rotor. The rotor was shaken at frequencies from 20 Hz to 300 Hz, and tests were
conducted for the back-pressure ratios 0.15, 0.35, and 0.5 with speeds up to 20,200
rom. He found that his seals were not very sensitive to fluid preswirl under the

conditions of his testing.



THEORY AND MATHEMATICAL MODEL

The Laplace transform model from Kleynhans and Childs [12] for small motion

about a centered position, shown in Equation (2), was used to model the reaction forces

f
JeoH(s e
¥()] [-E G][Y(s)

Equation (2) is presented in the Laplace domain, where s is the Laplace domain

of the seal.

variable, f; is the reaction force vector, and X(s) and Y(S) represent the Laplace

domain components of the relative displacement between the rotor and stator. This
model can be used to model seals that have rotordynamic coefficients that are affected
greatly by the excitation frequency. Equation (3) includes the frequency dependent

stiffness and damping coefficients in the seal model.

e _[ K@ k@ ]fx] [C@ @ ][X ;
o] k@ K@JlY[ [-c@ c@]|y (3)

The two models are related by the following equations.

G(jQ) =K () +jC(Y)

EGQ) =K@+ jo@) “
where j=+/-1.

Effective stiffness and effective damping are two other coefficients that are very
useful in comparing the rotordynamic performance of seals. These coefficients are

shown in Equations (5) and (6).

Ker (€2) = K(Q) +¢(Q)Q (5)

Cer = C(Q)—% (6)



DESCRIPTION OF THE TEST RIG

The test rig has been explained in numerous previous theses — Dawson [2] and
Wade [16] — and several publications — Dawson et al. [17] and Weatherwax and
Childs [14]. Consequently, it will be shortly reviewed here.

Figure 2 illustrates the current air seal test rig. Test air enters the seal housing
between two identical seals and exits axially across the seals. Downstream exit
labyrinths hold back pressure on the seals. Flow can be withdrawn from the annulus
between the exit of the test seal and the inlet to the labyrinths to control the pressure
ratio across the seal independently from the supply pressure. The pressure ratio is

defined as the seal exit pressure divided by the seal inlet pressure.

EXHAUST EXHAUST
AR AXIAL PITCH AR
BEARING LIRSS BEARING
WATER (3 PAIR) UEIEE WATER
STATOR
IN IN
HIGH SPEED WATER

COUPLING \ DISCHARGE

CHAMBERS

‘ N
— EXHALIST eIt
AR LABY
CHAMBER SEAL
EXHALIST AIR
— CHAMBERS —
E[ . " SUPPORTS g
__g H 77/ NN .
T | | | | g A
| | | | T | i | | |
SUPFORT * SURPORT
WATER  EEARING WATER WATER  BEARING WATER
ouT PEDESTAL ouT ouT PEDESTAL ouT

Figure 2 Cross-sectional view of the test rig [2]

The test rig was originally designed to test high-speed hydrostatic bearings. A

complete description of the original test stand configuration is included in Childs and



Hale [18]. The rig was later altered to accommodate the testing of gas seals. Dawson
[2] describes how the test rig was altered to allow the testing of annular gas seals with
inlet pressure of up to 17.2 bar (250 psi). Later, the test rig was modified again to allow
testing of annular gas seals at much higher inlet pressures of up to 84 bar (1,235 psi).
Weatherwax and Childs [14], explain how the test rig was altered to enable this high
pressure testing. The test rotor can spin up to 29,000 RPM. The backpressure can be
regulated to achieve different pressure drops across the test seals.

The testing is conducted using two rotors that are 114.3 mm (4.500 in) and
114.5 mm (4.508 in) respectively; this enables the same seals to be tested at two
different clearances. The rotors are supported on hydrostatic bearings as shown in
Figure 2. The test seals are aligned with the rotor, and the seals are restrained in the
axial direction using six pitch stabilizers. Two orthogonally located hydraulic shakers
control the radial movement of the stator. The two hydraulic shakers are both located at

45 degrees from the vertical, on the upper side of the stator.
Parameter identification

The stator is excited in two orthogonal directions as stated before. The equation

fx _ msFésX —_ fsx (7)
1:Y msﬁsY st ’

where f is the measured excitation force, f; is the seal reaction force, ﬁs is the

for the stator’'s motion is,

measured acceleration of the stator, and m, is the stator mass. Restating Equation (7)

in the frequency domain yields,

{Fx_msAx}z_{Hxx HXY:|{DX} (8)
FY _msA( HYX HYY DY



where F and A are complex force and acceleration vectors expressed in the frequency
domain, and the dynamic stiffness coefficient matrix defines the seal reaction forces.
There are four unknowns Hxx, Hxy, Hyx, and Hyy.

To solve for the four unknowns the stator is shaken in orthogonal, X and Y
directions. By shaking in two orthogonal directions four independent equations are

obtained with four unknowns given by Equation (9).

9)
I:xx —m Axx FXY —m AXY HYX HYY DYX DYY

I:xx - msAxx FXY - msAXY } _ _{Hxx HXY }{Dxx DXYi|
Equation (9) is valid for small motion about a position and has been verified by

previous tests. The stiffness and damping terms are found directly from the

impedances.

K (Q)=Re(H,; (%)) (10)

k(Q2) = Re(H;; (€2)) (11)
_ Im(H; (©2))

o(9)) =—q (12)
_Im(H; (€2))

c(Q) =0 (13)

Some of the DESCRIPTION OF THE TEST RIG and EXPERIMENTAL RESULTS sections are
taken from Wade [16], and Seifert [19]



Test seals

The testing was performed on a convergent tapered honeycomb annular gas
seal with an inlet pressure of 69 bar (1,000 psi). The significant dimensions of the seal

are listed in Table 1.

Table 1 Dimensions of the Seals

Seal Length 85.725 mm | 3.375in
Diameter of the Seal at Entrance | 114.968 mm | 4.5263 in
Diameter of the Seal at Exit 114.709 mm | 4.5161 in

Cell Width 0.79 mm 1/32 in
Cell Depth 3.175 mm 0.125in
Gamma factor () 0.885

Gamma is the ratio of the area of the holes to the area of the inner surface of the
seal. The seals tested have a gamma factor of 0.885; therefore, 88.5% of the inner
surface area is taken up by holes.

This seal geometry was tested by Dawson et al [17] with constant clearance
(diameter of the seal of 114.3 mm), with 0.2 mm radial clearance, for three seal inlet
pressures, 6.9 bar (100 psi), 12.1 bar (175 psi), and 17.2 bar (250 psi). Sprowl [15] also
tested a constant-clearance honeycomb seal with the same geometry, but this time with
an inlet pressure of approximately 69 bar (1,000 psi). Their prior data will serve as a
reference in terms of a convergent taper’'s impact on stiffness, damping, and leakage for
Sprowl’s [15] seals, and the effect when increasing the seal inlet pressure for Childs
and Dawson [17].

Two exit radial clearances, C,., of 0.1 and 0.2 mm were used. An inlet radial
clearance, C;i, was selected based on predictions from the two-control-volume theory
by Kleynhans and Childs to yield a compromise between increasing direct stiffness

while decreasing damping. The ( factor, which is just a simple way to quantify taper is

defined by Equation (14). Therefore, three taper-angle seal parameters were defined



using the selected inlet radial clearance shows in Table 2, and the two exit radial

clearances mentioned before. The three g factors are shown in Table 2.

Cri B Cre

- _Tre 14
q Cri +Cre ( )

Table 2 g Factors

Diameter of the Rotor | Radial Inlet Clearance | Radial Exit Clearance | q Factor
114.3 mm 0.204 mm 0.204 mm 0
(4.5in) (8.05 mils) (8.05 mils)
114.3 mm 0.334 mm 0.204 mm 0.24
(4.5in) (13.15 mils) (8.05 mils) '
114.503 mm 0.233 mm 0.103 mm
_ . _ 0.386
(4.508 in) (9.15 mils) (4.05 mils)

Fluid preswirl

Fluid preswirl is defined as the fluid’s inlet circumferential velocity divided by the

rotor’s surface speed, Equation (15).

. V, -60
Ratio , i =———— 15
pre—swirl 7-N- Dr ( )

Tests were at near zero preswirl, simulating a balance-piston or division-wall

seal with an effective swirl brake. Figure 3 shows a cross-section view of the zero

preswirl ring.
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Figure 3 Cross-section view of the preswirl ring [16]

The high-pressure air is fed into the inlet annulus and then flows through the
preswirl ring before entering the test seals. The preswirl ring in the inlet annulus directs
the air circumferentially. The zero preswirl ring has holes that are radial, injecting the

air radially onto the rotor.
Leakage flow

All annular seals allow a certain amount of leakage to occur. Leakage depends
on many factors, but the main factors in determining how much mass flow a given
annular gas seal will allow in a giving situation are, the pressure drop across the seal,
the radial clearance between the rotor and the seal, the length of the seal, and the
relative roughness of the seal and rotor surfaces.

The test rig measures the volumetric flow rate of air that flows through the rig by
a turbine style flow meter up stream of the test seals. The flow meter is located
between the inlet control valve and the inlet annulus of the test stator and measures the
total flow through both seals. Since the seals are physically as close to identical as
possible, and the pressure drop across both seals is measured and found to be
approximately the same, the flow is assumed to be split evenly between each seal.

The temperature and pressure of the air passing through the flow meter are also
measured and used to convert from volumetric flow rate to mass flow rate. As the test
is running, the volumetric flow rate, the temperature, and the pressure of the air are

recorded five times before a shake test is run. These five samples are recorded while
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the test rig is operating in a steady state condition. The five data points are then

averaged, and the average value is what has been reported.

Test conditions

The seals were tested in a variety of conditions, two different rotors, three
pressure ratios and three rotor speeds with a total of 18 different test conditions. The
test matrix is presented in Table 3.

The test rig does not control the temperature of the inlet air. Since the
temperature of the incoming air was not controllable, it was recorded, to be used later to

make corrections for air density.

Table 3 Test Matrix

Inlet Pressure | Pre-Swirl | g Factor | Pressure Ratio | Rotor Speed

0.30, 0.40, 0.46 | 10,200 RPM
0.24 0.30, 0.40, 0.46 | 15,200 RPM
69 bar Zero 0.30, 0.40, 0.46 | 20,200 RPM
(1,000 psi) 0.20, 0.30, 0.40 | 10,200 RPM
0.386 | 0.20, 0.30, 0.40 | 15,200 RPM

0.20, 0.30, 0.40 | 20,200 RPM
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EXPERIMENTAL RESULTS

Baseline data

To account for the stiffness and damping that are not produced by the test seals,
baseline data are measured. The baseline data are obtained by assembling the test rig
without seals in the test stator. The stator is pressurized, and the stator is shaken with
the rotor spinning and data recorded. This step is taken to measure the forces that
result from the exit labyrinth seals and the stiffness and damping of the stator assembly.
The rotordynamic coefficients are obtained by subtracting the baseline real and
imaginary impedances from the corresponding real and imaginary impedances

produced with the test seals installed.
Test data uncertainty

There is some uncertainty with any measurement. With these experiments,
there is uncertainty in the measurements of force, acceleration, pressure, temperature,

and rotor speed. Kurtin et al. [20] performed uncertainty analysis for the static

coefficients of the test rig. The uncertainties are presented in Table 4.

Table 4 Static Parameter’s Uncertainties

Shaft Speed | Pressure | Flow Rate | Eccentricity Ratio

(N) (P) (Q) (¢)
10 RPM 3.747 kPa | 0.177 L/min 0.005

To obtain an uncertainty value for the impedances, a single dynamic test was
repeated ten times. The uncertainty of the impedances was found in this manner for
each test. During testing, the 15,200 RPM rotor speed, tests were repeated ten times.

The data were then reduced to calculate the stiffness and damping terms. The
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standard deviation of each term at the discrete frequencies is then calculated. The

standard deviation of the term is plotted as uncertainty bars on the data graphs.
Uncertainty data were taken in the same manner for the baseline data. All of

the data that are reported in this thesis combine the baseline and test uncertainties.

Equation (16) shows how the uncertainties are combined.

Utotal = \/U éaseline + Ufest_data (1 6)
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COMPARISON BETWEEN CONSTANT CLEARANCE AND CONVERGENT-
TAPERED HONEYCOMB ANNULAR GAS SEALS

One of the main goals of this research was to compare the characteristics of
constant clearance seals to the characteristics of convergent-tapered seals. All data
were taken at 69 bar (1,000 psi). The seals used for comparison are constant
clearance honeycomb seals from Sprowl [15]. The constant clearance honeycomb
seals will be denoted as CCHC, and the convergent-tapered honeycomb seals as
CTHC. The CCHC were tested with the smaller rotor, 0.2 mm (8 mils) constant radial-

clearance =0, while the CTHC were tested at two different radial-clearance conditions
as explained before. It is important to recall that the CCHC (q= 0) and the CTHC q=

0.24 were tested with the same rotor diameter that was 114.3 mm (4.500 in), and the
CTHC q= 0.386 were tested with a different rotor diameter 114.5 mm (4.508 in).

Therefore, just the CCHC (q= 0) and the CTHC (= 0.24 were used for comparison.

The data presented is for zero pre-swirl, the top speed, and for the pressure
ratio that is closest to 0.5 for each testing condition. The exact testing pressure ratio
were 0.5 for the CCHC (q = 0), and 0.46 for the CTHC = 0.24.

Direct and cross-coupled stiffness

This section considers the effect of the different test conditions on direct and cross-
coupled stiffness. The direct and cross-coupled stiffness comes from the real part of
the impedance, as shown in Equations (10) and (11). Figure 4 shows the direct and

cross-coupled stiffness for each test condition at 20,200 rpm. Notice that the CTHC =
0.24 produced higher direct stiffness coefficients at all frequencies than CCHC (q= 0),

eliminating the possibility of having negative static stiffness when obtained with CCHC

(g= 0). Also, for the cross-coupled stiffness CTHC (= 0.24 produced higher cross-
coupled stiffness coefficients at all frequencies than CCHC (q = 0), especially at lower

frequencies.
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Direct and cross-coupled damping

This section examines the effect of the different test conditions on direct and
cross-coupled damping. As shown in Equations (12) and (13), the direct and cross-
coupled damping comes from the imaginary part of the impedances. Figure 5 illustrates
the behavior of the direct and cross-coupled damping coefficients that were measured
for each test condition at 20,200 rpm. Observe that CTHC q= 0.24 shows larger direct
damping coefficients than CCHC (g = 0) except at lower frequencies. For the cross-
coupled damping, CTHC q= 0.24 has also larger magnitude of the coefficients than

CCHC (g = 0), especially at lower frequencies. These results are unexpected because

normally a taper seal will decrease damping in comparison to a constant clearance seal

tested at the same conditions.
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Figure 5 Comparison of Experimental Direct and Cross-coupled Damping for CCHC
(g=0) and CTHC g =0.24 with Zero Preswirl, w = 20,200 RPM, and

P; = 69 bar (1,000 psi)



17

Effective stiffness and effective damping

Effective stiffness is the effective centering force of the system. The formula for
effective stiffness and damping are given in Equations (5) and (6). Effective damping is
one of the best indicators in determining the stability of a roughened stator annular gas
seal. The frequency at which it changes sign is called the cross-over frequency. In
applications, this frequency needs to be lower than the rotor-system’s first natural
frequency. Otherwise, the seal will be highly destabilizing instead of highly stabilizing.
From a rotordynamics viewpoint, we would like to decrease the cross-over frequency
and increase effective damping. This section will present the taper’s impact on effective
stiffness and damping. Figure 6 shows the same behavior for effective stiffness with

respect to direct stiffness; that is CTHC = 0.24 produced higher effective stiffness
coefficients at all frequencies than CCHC (g= 0). Notice that CTHC q= 0.24
eliminates the negative static stiffness obtained with CCHC (q= 0). For the effective

damping, observe that the taper on the seals does increase the magnitude of the

coefficients at all frequencies, since CTHC q= 0.24 has larger coefficients than CCHC
(g= 0) before and after the cross-over frequency. In addition, it is very important to

notice that CTHC q = 0.24 increase the cross-over frequency.
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Figure 6 Comparison of Experimental Effective Stiffness and Damping for CCHC (q=0)
and CTHC g =0.24 with Zero Preswirl, w = 20,200 RPM, and P; = 69 bar (1,000 psi)
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Seal leakage

Figure 7 shows leakage versus pressure ratio for all test conditions at 20,200
rom rotor speed. The data show that pressure ratio has some effect on leakage for all

cases. Notice that CTHC q= 0.24 have approximately 20 percent more leakage than
CCHC (g =0) for all pressure ratios. This means that leakage coefficients increase with

taper.
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Figure 7 Comparison of Experimental Leakage for CCHC (q=0) and CTHC q=0.24
with Zero Preswirl, w = 20,200 RPM, and P; = 69 bar (1,000 psi)
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EXPERIMENT VERSUS THEORETICAL PREDICTIONS

Another main goal of this testing was to evaluate how well the two-control-
volume theory by Kleynhans and Childs model predicts the static and dynamic
characteristics of a convergent-tapered honeycomb seals in comparison with constant
clearance seals. The constant clearance honeycomb seals data for comparison are
from Sprowl [15]. This section will compare the experimental results with those
predicted by the two-control-volume model. The experimental results contain
uncertainty bars that result from the dynamic uncertainty described earlier. The error
bars represent one standard deviation. The data presented is for zero pre-swirl, the top

speed, and for the pressure ratio that is closest to 0.5 for each testing condition.

Direct and cross-coupled stiffness

Figures 8 and 9 present direct and cross-coupled stiffness versus excitation
frequency. The test data points have uncertainty bars and the theory data are lines.
The two-control-volume model does an excellent job predicting the direct stiffness
coefficients for the CCHC (q= 0). For CTHC q= 0.24 the two-control-volume model
under-predicts the direct stiffness at all frequencies, especially at high frequencies;
however, for CTHC (= 0.386 the two-control-volume model over-predicts the direct
stiffness at low frequencies (below 50 Hz) while under-predicts the coefficients for the
rest of the frequencies. With respect to the cross-coupled stiffness, theory does a very
good prediction for all tested seals for frequencies above 100Hz, especially for CCHC
(g=0) and CTHC q= 0.386. For frequencies below 100Hz the theory data under-

predicts the cross-coupled coefficients for all cases.



20

40

Direct Stiffness [MN/m]

0 50 100 150 200 250 300
Frequency [Hz]
¢ CCHCq=0 === = Theory CCHCq =0

° CTHCq=0.24 Theory CTHC q = 0.24

14

12 1

Cross-coupled Stiffness [MN/m]

0 50 100 150 200 250 300
Frequency [Hz]
¢ CCHCqg=0 === = Theory CCHCq =0
e CTHCqg=0.24 e Theory CTHC q = 0.24

Figure 8 Experimental and Theoretical Direct and Cross-coupled Stiffness for CCHC
(g=0) and CTHC g =0.24 with Zero Preswirl, w = 20,200 RPM, and

P; = 69 bar (1,000 psi)



21

45
40 - ) oo
35

30 -

25 1

20

15 1

Direct Stiffness [MN/m]

10 -

0 50 100 150 200 250 300
Frequency [Hz]

® CTHCQq =0.380 === Theory CTHC q = 0.386

35

30

25 4

Cross-coupled Stiffness [MN/m]

0 50 100 150 200 250 300
Frequency [Hz]

® CTHC q = 0.386 === Theory CTHC q = 0.386 ‘

Figure 9 Experimental and Theoretical Direct and Cross-coupled Stiffness for CTHC
g = 0.386 with Zero Preswirl, w = 20,200 RPM, and P; = 69 bar (1,000 psi)



22

Direct and cross-coupled damping

Figures 10 and 11 present direct and cross-coupled damping versus excitation
frequency. The test data points have uncertainty bars and the theory data are lines.
The two-control-volume model under-predicts the direct damping at all frequencies for
all tested seals, especially at low frequencies. For the CTHC’s the theory becomes

more accurate with q= 0.386. For the cross-coupled damping, the two-control-volume

model does a very good prediction for all tested seals for frequencies above 150Hz.
For frequencies below 150Hz the theory data under-predicts the magnitude of the

cross-coupled damping except for ¢ = 0.386 which over-predicts it.

Effective stiffness and effective damping

Figures 12 and 13 present effective stiffness and damping versus excitation
frequency. The test data points have uncertainty bars and the theory data are lines.
The two-control-volume model over-predicts slightly the effective stiffness coefficients at
low frequencies for CCHC (g=0) and CTHC q= 0.24. For the CTHC = 0.386 the

two-control-volume model does not do a very good job at low frequencies. For the rest
of the frequencies theory under-predicts the effective stiffness for all tested seals except

for CCHC (q=0), which theory over-predicts again the coefficients at high frequencies.
Once more, the two-control-volume model does a better prediction for CCHC (q=0) at

all frequencies. For the effective damping the theory is very well predicted for CCHC
(g=0). For CTHC g= 0.24 the theory under-predicts the magnitude of the effective

damping at all frequencies. However, the cross-over frequency is predicted very well.

For CTHC g= 0.386 the two-control-volume model does not predicts the cross-over

frequency; nevertheless, it does predicts well the trend.
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Seal leakage

Figures 14 and 15 present leakage versus pressure ratio for all test conditions at
20,200 rpm rotor speed. The two-control-volume model over-predicts the leakage
coefficients for CCHC (q=0) between 14-18 percent, and for CTHC q= 0.24 between
12-19 percent. The over-prediction gets larger with increasing pressure ratio.

Conversely, the two-control-volume model predicts very well the leakage for CTHC (=

0.386 because the under-prediction is less that 2 percent for all pressure ratios.
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Figure 14 Experimental and Theoretical Leakage for CCHC (q=0) and CTHC ¢q=0.24
with Zero Preswirl, w = 20,200 RPM, and P; = 69 bar (1,000 psi)
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SUMMARY AND CONCLUSIONS

This research had the following objectives: (1) test convergent-tapered
honeycomb seals and see how the rotordynamic characteristics and leakage compare
to predictions by the two-control-volume theory by Kleynhans and Childs, and (2)
compare the results from convergent-tapered honeycomb seals to the constant
clearance honeycomb seals, which served as a reference in terms of a convergent
taper’s impact on dynamic and static characteristics. The testing parameters varied to
determine the characteristics of the seals were: pressure ratio, radial clearance, and
rotor speed. The only supply pressure was 69 bar (1,000 psi).

Results support that constant clearance honeycomb seals (CCHC) produced
lower direct stiffness coefficients at all frequencies than convergent-tapered honeycomb
seals (CTHC). The cross-coupled stiffness also increased with taper at low
frequencies. Conversely, the taper on the seals does not influence significantly the
cross-coupled stiffness at higher frequencies.

Results also sustain that the taper on the seals does increase the direct
damping coefficients. The magnitude of the coefficients for the cross-coupled damping
also increases with taper, especially at lower frequencies.

The taper has the same impact and behavior on effective stiffness with respect
to direct stiffness at all frequencies. Consequently, taper does eliminate the possibility
of having negative static stiffness when obtained with constant clearance seals. The
magnitude of effective damping also increases with taper for all frequencies.
Conversely, once it passed the cross-over frequency the magnitude of the effective

damping decreases drastically with increasing . The cross-over frequency increases
with both taper and when increasing .

Results also demonstrated that constant clearance honeycomb seals have less
leakage than convergent-tapered honeycomb seals. Data show an increment of

approximately 20 percent for CTHC (= 0.24 in comparison to CCHC.

The experimental results were compared to theoretical predictions by the two-
control-volume theory by Kleynhans and Childs. All rotordynamic coefficients were
reasonably predicted for all cases. The model does a better job predicting the cross-

coupled stiffness and damping coefficients rather than the direct stiffness and damping
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coefficients. Also the two-control-volume model predicts better the dynamic

characteristics of CCHC (g= 0), and does not predict well the effective stiffness and

damping for CTHC q= 0.386.
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APPENDIX A

Exact test conditions

Table 5 shows exact inlet and exit temperature and pressure, and rotor speed

data for all tests.

Table 5 Exact Test Conditions

Pi Pe | Pressure Ratio w Ti Te
(bar) | (bar) (%) (RPM) | (K) (K)
q=0.24
69.88 | 20.52 29.4 299.39 | 296.67
70.09 | 28.28 40.3 10,200 | 296.92 | 293.29
70.02 | 32.66 46.6 300.64 | 298.93
69.74 | 20.37 29.2 299.82 | 297.78
69.85 | 27.79 39.8 15,200 | 304.52 | 300.95
70.13 | 32.57 46.4 300.69 | 299.24
69.71 | 20.21 29.0 300.19 | 298.79
69.87 | 27.75 39.7 20,200 | 300.26 | 297.50
69.95 | 32.32 46.2 300.80 | 299.88
g =0.386

70.11 | 15.90 22.7 287.68 | 286.05
70.06 | 20.57 294 10,200 | 292.02 | 289.94
70.30 | 27.54 39.2 291.68 | 289.63
70.36 | 16.09 229 291.17 | 289.18
70.05 | 20.27 28.9 15,200 | 292.82 | 291.40
70.10 | 27.14 38.7 292.41 | 291.13
70.17 | 15.66 22.3 292.18 | 291.82
69.83 | 19.70 28.2 20,200 | 293.59 | 293.25
70.28 | 26.43 37.6 291.35 | 289.66
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The measured impedances at different conditions are given in the following tables.

Table 6 Zero Preswirl, PR = 30%, 10,200 rpm for q=0.24

f RZx [Zxx Rny ley RZyx lZy'x RZW IZW RZx |Zxx Rny ley RZyx lZyx RZW IZW
20 | 3542 | 964 | 10342 | 97.84 | 103.59 | -97.81| 3551 | 9.58 | 40.70 | 2488 | 17946 | 13347 | 17946 | 13347 | 40.70 | 2488
30 [ 169.69 | 7.61 53.17 | 69.69 | -5295 | -69.73 | 169.79 | 7.70 | 17428 | 36.15 | 36.28 | 88.80 | 36.28 | B8B8.80 | 174.28 | 36.15
40 | 2317 | 3.79 7.06 -5.62 | -6.86 575 | 2344 | 4.00 4.03 222 534 5.24 5.35 5.25 4.02 2.20
20 | 2522 | 1238 | 1078 127 | 1075 | -1.09 | 2503 | 1162 | 536 6.32 6.45 3.08 6.43 3.08 3.36 6.32
70 | 26.90 | 7.34 6.67 -1.50 | 641 752 | 2678 | 7.34 0.47 3.05 27 213 2.7 213 0.48 3.05
80 | 25.41 6.54 1.82 -2.87 | -1.53 279 | 2527 | 6.62 2.62 2.05 2.33 6.09 2.33 6.09 2.62 2.05
90 [ 28.03 | 6.97 0.45 087 | 014 | 099 | 2793 | 714 3.68 3.25 5.39 6.15 5.39 6.15 3.68 3.25
100 27.79 | 9.78 1.27 -1.23 | -0.96 1.08 | 27.77 | 9.93 23 2.87 6.90 4.60 6.90 4.60 2.9 2.87
110 2996 | 11.83 | -1.47 | -1.99 1.79 1.7 2998 [12.07| 289 3.76 345 5.01 3.45 5.01 2.89 3.76
130 31.22 1475 253 2.1 -2.28 -2.58 | 3130 (1499 | 509 478 487 1.62 487 1.62 5.09 4.78
140 [ 28.80 | 15.33 2.63 -5.98 | -2.73 5.32 | 28.85 | 15.88 1.00 1.93 3.80 2.19 3.81 2.19 1.00 1.93
150 [ 27.27 | 1349 3.70 4.66 | -3.95 402 | 2745 1372 | 238 1.32 1.73 3.79 1.73 3.79 2.38 1.31
160 | 28.39 | 13.46 8.66 -9.09 | -9.31 8.51 2856 1383 | 231 2.85 6.66 5.98 6.66 5.98 2.51 2.85
190 31.23 | 9.89 1.28 013 | -2.63 0.63 31.67 | 10.82 1.22 1.16 3.00 1.17 3.00 1.17 1.22 1.16
200 33.74 [ 10.34 0.97 2.82 | -1.29 3.33 33.99 /1052 | 361 1.83 5.01 3.05 5.01 3.05 3.61 1.83
210 | 30.37 | 1067 2.86 0.85 | -3.60 017 | 30,55 | 11.16 1.06 1.97 3.25 5.69 3.25 5.69 1.06 1.97
220 | 32.47 1255 6.10 -1.89 | -6.83 294 | 3266 1299 | 286 2.60 5.36 5.68 5.36 5.68 2.86 2.60
230 31.65 | 10.53 2.76 0.63 | -3.37 0.8 31.70 | 1090 | 3.36 1.36 2.12 2.96 2.12 2.96 3.36 1.36
250 35.75 | 1013 1.52 194 | 157 0.40 3548 | 1088 | 6.39 421 | 1378 14.11 3.89 12.02 16.90 | 16.72
260| 38.04 | 8.29 5.32 -0.77 | 462 3.48 37.62 | 8.33 7.50 8.10 6.14 9.63 6.13 9.63 7.52 8.13
270 | 32.67 | 3.83 1.82 2.91 0.20 482 3049 | 533 422 2.79 478 3.38 478 3.38 4.23 2.80
280 | 29.78 | 6.37 4.05 -1.53 | -3.53 299 | 2952 | 924 264 | 438 4.55 453 4.55 453 264 | 438
290 | 31.28 | 8.63 -0.06 277 | 015 5.02 3115 | 1116 | 437 6.43 4.62 7.35 4.62 7.35 4.37 6.43
310 3357 1012 | 11.80 189 | -10.38 | 287 | 3416 [ 1328 | 24 8.53 | 11.05 3.84 11.05 3.84 241 8.53
320( 32.01 | 1049 3.67 0.62 | -2.94 459 33.20 1411 3.78 237 | 213 317 213 317 3.78 2.37
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Table 7 Zero Preswirl, PR = 30%, 15,200 rpm for q=0.24

f| Rox 2 Rlxy Iny RZyx lZyx RZW IZW Rz 17 Rny Iny RZyx I.Z‘_a"x RZW lZw

20| 31.73 |-253] -3.65 [10.75| 3.82 |-10.72| 31.81 | -2.59| 22.39 | 7.89 | 20.54 | 18.82 | 20.54 | 18.82 | 22.39 | 7.89
30 | 2847 | -583| 40.56 | -1.43 | 4034 | 1.39 | 28.57 -5.74| 4349 |17.77| 37.22 | 12.58 | 37.22 | 12.58 | 43.49 17.77
40 | 2580 | 428 | 876 |-530| -656 | 544 | 2607 | 450 | 256 | 261 346 | 286 | 347 | 287 | 254 | 259
20 | 26.99 | 1.23 | 916 [-10.35] 914 |10.54 | 26.80 047 | 158 | 144 310 | 232 | 310 | 232 | 138 144
70 [ 2575440 | 693 | -655| 667 | 6.7 | 2563  440| 167 | 097 542 | 3.75 | 542 | 375 | 167 | 097

80 | 2316 | 6.68 | 7.82 |-632| 753 | 6.24 | 2502 | 676 | 297 | 220| 525 | 234 | 525 | 234 | 297 | 220
90 [ 2732 | 741| 8.06 | -298 | -7.73 | 287 | 2722 | V57| 329 | 315 252 | 118 | 232 | 118 | 3.29 | 315
100| 2818 | 778 | 089 | 481 058 466 | 2817 | 793 | 299 |188| 427 356 | 427 | 356 | 299 | 188
110| 26.51 | 957 | 478 | -3.78 | 445 | 350 | 2654 | 9.81 | 437 | 149| 345 422 | 345 | 422 | 437 | 148
130] 29.79 | 11.54| 542 | -7.21 | 57 | 6.74 | 29.87 |11.78] 242 | 358 | 3.28 | 347 | 328 | 347 | 242 | 3.58

140| 28.87 |12.34| 531 | -558 | 541 | 491 | 2893 |[1269| 238 | 206| 212 586 | 212 | 586 | 238 | 2.06
150| 27.87 |11.45| 312 | -3.06 | -3.38 | 242 | 28.05 |[11.68] 139 | 225| 162 @ 353 | 162 | 353 | 139 | 225
160| 2916 | 9.86 | 3.24 | -1.31 | -3.88 | 073 | 2933 |10.23] 059 | 135|118 224 | 118 | 224 | 059 | 135
190| 29.58 | 997 | 014 | 145 151 | 195 | 30.03 |[10.90| 1.25 | 146| 159 140 | 159 | 140 | 125 | 146
200) 30.62 | 999 162 |-119| -1.94 | 170 | 31.07 |[1017] 2.36 | 050 | 144 | 359 | 144 | 359 | 236  0.30

210| 31.74 1019 196 |-153 | -2.70 | 222 | 31.92 |1067| 1.54 | 085 199 | 1.71 | 199 | 1.72 | 1.54 | 0.85
220| 32.57 1028 439 | 1.33 | 511 | 027 | 3275 |10.72) 0.34 (161 204 | 280 | 204 | 280 | 0.34 | 1.82
230| 32.60 1189 -3.02 | 400 | 241 | -2.52 | 3265 [1224| 124 [ 243 | 158 | 277 | 158 | 277 | 1.24 | 2.43
250| 22.34 11082 -10.23 |-26.84| 10.18 | 2919 | 22.07 [11.57| 6.10 | 422 | 13.73 | 9.74 | 3.96 | 6.34 | 16.79 [16.72
260 17.44 [11.44| 1157 |-23.65| 12.27 | 26.36| 17.01 |[11.49] 3.31 [ 196 276 | 259 | 274 | 257 | 3.37 | 2.06

270| 36.06 |49.61] -25.57 | 14.76 | 27.60 -12.85 33.68 |51.10| 12.30 | 789 | 504 | 952 | 504 | 952 | 1230 | 7.89
280| 49.84 12035 -7.83 [11.74| 8.35 |-10.28| 49.58 |2342| 440 894 880 | 3.80 | 880 | 380 | 440 894
290| 42.05 [10.00] -5.77 | 511 | 586 | -2.86 | 4192 [1253| 3.6 | 337 552 | 6.76 | 552 | 6.76 | 3.76 | 3.37
310| 3459 | 775 | 702 | 260 | 559 | 2153|3519 |10.91| 326 | 6.05| 795 232 | 795 | 232 | 326 | 6.05
32003325 833 162 147 236 668 | 3645 11.95] 234 275| 315 684 315 | 684 | 234 | 275

Table 8 Zero Preswirl, PR = 30%, 20,200 rpm for = 0.24

f| Rex |7 Rny IZ:U_{ RZyx lZyx RZw IZW Row  |Zxx Rny ley RZyx lZyx RZW IZW

20 | 2964 | 5.89| 962 |-11.61 944 | 1164|2972 | 583 | 469 | 562 | 10.78 | 529 | 10.78 | 529 | 469 | 5.62
30 [ 2430 | 771 3275 (4213 | -32.53 4217 2440 | 780 | 21.12 17.40| 42.81 | 33.10 | 42.81 | 33.10 | 21.12 [17.40
40 | 23.09 | 213 | 1147 | -7.24 | -11.26| 7.38 | 2336 | 234 163 | 271 122 | 263 | 1.24 | 265 | 1.59 | 263
20 | 26.20 | 221 10.59 | -8.70 | -10.57 889 | 26.01 | 146 | 302 1.80| 299 | 3.9 | 299 | 379 | 3.02 | 1.79
f0 [ 2482 300 883 | 387 857 390 2470 |299) 105 0.72| 309 | 324 | 309 | 324 | 1.05 | 0.72

80 | 2541 | 624 | 8.08 | 567 -7.79 5939|2527 | 632) 129 |1.84| 213 | 237 | 213 | 237 | 129 | 1.84
90 [ 2715 | 482 547 591 516 580 | 27.05 | 498 | 239 243| 209 | 158 | 209 | 1.38 | 239 | 243
100| 25.62 | 814 | 718 | 475 -686  4.60 | 2560 | 829 | 038 | 1.59| 232 | 150 | 232 | 1.30 | 0.38 | 1.59
110| 26.60 | 933 | 7.70 | 442 | -737 413 | 2663 | 957 | 1.21 | 1.36| 216 | 082 | 216 | 0.82 | 1.21 | 1.36
130| 26.49 | 828 | 510 | 579 485 | 532 | 2657 | 852 | 1.04 | 1.57| 1.87 | 274 | 187 | 274 | 1.04 | 1.57

140| 29.35 | 937 | 610 | 590 | -6.20 | 524 | 2940 | 972 | 182 |150| 063 | 217 | 063 | 217 | 1.81 | 1.51
150| 26.16 | 9.36 | 445 | -385 | 470 3271|2837 |959| 086 | 1.10| 258 | 239 | 258 | 239 | 0.86 | 1.10
160| 26.54 | 838 479 | 431 -544 373 2871|674 107 1.30| 1.87 | 261 | 187 | 261 | 1.07 | 1.30
190| 3043 | 940 200 | -324 | -337 3743088 |[10.33] 084 | 0568| 154 | 215 | 154 | 214 | 083 | 0.58
200| 31.11 |10.86| 257 | -2.52 | -289 | 3.03 | 3136 |[11.04| 145 0861 096 | 242 | 096 | 242 | 145 | 0.81

210| 3206 | 916 | 219 | -255| 293 | 323 | 3224 | 964 | 080 081 093 | 130 | 093 | 1.30 | 0.80 | 0.81
220| 3294 |10.19| 3.78 | -279 | 450 | 3.84 | 3312 |1063| 1.24 | 209 265 | 228 | 265 | 228 | 1.24 | 209
230 33.25 | 934 | 497 | 101 558 | 250 | 3330 | 969 | 112 [ 1.07 | 146 152 | 146 | 152 | 112 | 1.07
250| 3454 | 899 | 385 | -211 -390 | 445 | 34327 | 974| 278 | 4131376 | 876 | 3.82 | 469 | 15.89 16.70
260) 3650 | 872 | 496 405 426 | 676 | 3607 876| 197 316 206 175 | 204 | 172 | 207 322

270 3791 | 471| 542 | 355 -339 | 546 | 3573 | 620 383 281 434 | 298 | 434 | 293 | 384 | 281
280| 3496 | 635| 516 | -213 | 464 | 358 | 3472 922 | 154 [ 128 266 076 | 266 | 0.76 | 1.54 | 1.28
290| 3766 | 728 | 310 | -253 | -3.01 | 479 | 3753 981 | 299 | 276 420 340 | 420 | 340 | 299 | 276
310| 41.53 | 918 | 060 | 401 | 083 | 0.75 | 4213 [12.34| 278 | 298| 6193 | 288 | 619 | 288 | 2.78 | 298
32004512 | 926 | 409 859 | 482 -338|4632 |[1288] 367 472| 574 | 829 | 574 | 829 | 367 472
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f| R lZxx R?_xy Iny RZyx lZyx RZW IZW Rz |7 Rny ley RZyx IZyx RZW IZW
20 | 26.03 [10.¥5| 1463 |[-11.46|-14 46| 1149 2612 1069|1236 | 704 | 1883 | 630 1883 | 630 | 1236 7.04
30 | 2705 058 1279 | -287 | -1257) 283 | 2715 | -049| 1911|2160 755 | 427 | 755 | 427 | 1911 |2160
40 | 23.02 | 060 | 682 | -3.08| -6.62 | 3.22 | 2329 | 0.81| 1.92 | 245 | 142 | 242 | 144 | 244 | 189 | 246
50 [ 2131|894 | 618 | -364| 616 | 383 | 2112 | 818 | 304 420 128 | 204 | 128 | 204 | 304 | 420
70 | 2368 501 639 |-207| H513 | 209 2356 500 261 253 210 126 | 210 126 | 261 | 253
80 | 23.83 | 8.01 530 |-234 | -5.01 | 226 | 23.69 | 8.09| 1.73 | 144 | 244 | 104 | 244 | 1.04 | 1.73 | 1.44
90 | 26.19 (11.13| 527 | -296| 496 | 285 | 2608 (1130 290 | 483 291 244 | 291 | 244 | 290 | 483
100) 23.14 |10.35| 586 | -1.89 | 555 | 1.74 | 2312 (1050 1.75 | 286 | 247 | 114 | 247 | 114 | 175 | 2.86
110( 2510 |11.84| 456 | -364 | 423 | 335 | 2513 (1208| 148 | 328 | 150 | 245 | 150 @ 245 148 | 3.28
130 27.09 /1509 507 | -206 | 482 | 159 | 2717 |15.32| 257 | 492 217 | 150 | 217 | 150 | 257 | 492
40| 27.78 |13.36| 367 | -2.30 ) -3.76 | 1.64 | 27.83 [13.71| 435 | 381 215 | 215 | 215 | 215 | 435 | 3.81
150( 2932 |13.29| 274 | -383| -299 | 319 | 2951 (1352| 174 | 271 | 110 | 265 | 110 | 265 1.74 | 2.70
160 2963 (1389 273 | -302| -3.37 | 244 | 2980 (1425 226 | 158 133 | 089 | 133 | 089 | 226 | 158
190) 34.16 (1275 205 | -245 | -3.42 | 295 | 3460 (13.68| 338 | 412 179 | 083 | 1.79 | 083 | 338 | 412
200) 33.53 1245 192 | 070 224 | 121 | 3378|1263 243 [ 102 147 | 146 | 147 | 146 | 243 | 102
210| 36.01 (1439 275 | -337| -349 | 405 | 3619 (1488 534 | 332 110 303 | 1.11 303 | 534 | 332
220| 3519 (1223 284 | 003 | -356 | 1.03 | 3537 [1267| 416 | 241 | 190 1.05 | 190 105 | 416 | 241
230| 356.28 (15944 119 | 035 | -1.80 | 1.14 | 38.34 (15.78| 5.52 | 474 | 2.05 145 | 2.05 145 | 552 | 474
250| 39.01 (1196 537 | 470| 543 | 704 | 3874 |1271| 663 | 356 | 1361 | 6856 | 325 | 432 | 17.07 1656
260] 39.19 1051 272 | 287 | -201 | 558 | 38.76 [1056) 422 | 904 | 264 | 523 | 263 | 523 | 426 | 9.06
270| 3589 | 747 | 491 | -195 ) 283 | 386 | 3371|896 | 1364 580 271 049 | 272 | 048 | 1364 | 581
280 4324 | 704 | 469 |-352| 417 | 498 | 42958 | 9911081 729 471 378 | 471 378 1081|729
290 4471 (1021 347 | 711 | -3.38 | 937 | 4457 (1274 856 | 795 | 422 | 483 | 422 | 483 | 856 | 7.9
310( 3416 | 590 | 474 | 301 | 617 | 175 | 3476 | 906 | 982 (1028 435 | 513 | 435 | 513 | 982 [10.28
320( 3485 | 249 | 552 | 391 625 | 130 | 3605  610] 602 | 598 | 307 | 408 | 307 | 408 602 | 598
Table 10 Zero Preswirl, PR = 40%, 15,200 rpm for = 0.24

f | R lzxx R?_'xy ley RZyx lZy'x RZW lZw Row  |7xx Rny ley RZyx lZy'x RZW lZw
20 | 2255 |12.52| 11.20 | 6.26 -11.03| 6.29 | 2267 12.46| 6.09 | 516 466 | 922 | 466 | 922 | 6.09 | 5.16
30 | 26.02 |20.01] 982 | 052  -9.60 | -0.56| 26.12 20.10{ 12.34 [14.80, 5. 3.63 | 5" 3.64 | 12.34 14.80
40 | 2168 | 413 | 839 | 294 -819 | 3.08 | 2195 434 095 147 096 | 098 | 1.00 1.01 0.89 | 1.44
50 | 2345 815 720 | 478 718 | 497 | 2326 V39| 133 | 221 188 106 | 188 1.06 133 | 221
70 | 2362 318 653 | 401 -627 403 |2350 318| 074 | 152 085 112 | 085 112 | 075 | 152
80 | 2291 | 667 | 591 | 448 562 440 | 2277 674| 067 | 211 122 | 049 | 122 | 048 | 068 | 211
90 | 2431|599 410 | -348 | -379 | 337 | 2420 615 081 [ 128| 191 278 | 191 | 278 | 081 | 1.28
100( 2414 | 977 | 631 294 | 600 279 | 2412 992 144 (072 187 109 | 187 | 109 144 | 0.72
110 24.51 (1039 408 | -336 | -3.76 | 3.07 | 2454 |10.62] 156 | 066 | 112 | 052 | 1.12 | 0.52 1.56 | 0.66
1300 2514 | 758 | 484 | -397 | 458 3512522 | 7.82] 133 1093 162 | 018 | 162 | 018 1.33 | 0.93
140) 28.18 (13.04) 506 | -3.94 | -515 328 | 28.24 |[13.39] 193 | 1.35| 1.61 0.81 1.61 0.81 1.93 | 1.35
150 28.63 | 974 | 461 | 486 | 486 422 2881997 097 | 068| 1.36 | 080 | 136 | 0.80 | 097 | 0.68
160| 30.42 (10.07, 402 | 407 | 466 349 3059 |[1044) 242 058 | 150 | 085 | 1.50 | 085 | 242 | 0.58
1900 29.01 [ 915 259 | -208 | -3.96 258 | 2945 |10.08) 093 | 114 | 1.05 | 077 | 1.05 | 0.7 | 093 | 1.14
200 29.30 | B84 | 340 | 180 -3.72 2312955 9.02] 147 | 294 0.49 133 | 0.49 1.33 147 | 294
210| 3097 (1413| 345 | -269 | 419 337 | 3116 [1462| 146 | 1.38 | 1.63 155 | 163 1.55 146 | 1.38
220) 3158 872 281 | 052 | -354 054 3177|916 140 | 334 211 | 255 | 211 | 255 140 | 334
230| 3568 (1303 112 | 163 | 173 -015| 3573 [13.38| 371 | 133 | 223 141 | 223 14 371 | 133
250| 19.96 (1286 -1416 |-30.75| 1411 | 3310 1969 |1361| 364 | 279 1375 | 1040 | 380 @ 731 | 16.06 |16.41
260) 1293 | 963 | 3264 -26.36| 3334 29071251 | 968 | 219 | 287 | 744 | 339 | 743 | 337 | 228 | 294
270 4058 (1524 628 | 940 | 426 -749) 3540 (16.73| 708 | 439 | 757 | 422 | 757 | 422 | 708 | 439
280( 3910 (15.78| 543 | 006 | 491 | 140 | 3884 |[1666| 267 | 852 535 | 203 | 535 | 203 | 267 852
290( 36.29 (1943 756 570 | -747 896 | 3616 (2196 1.70 | 341 291 403 | 291 | 403 1.70 | 3.41
310) 3741 | 047 601 | 141 | 744 | 616 | 3800 | 3.64) 563 | 816 094 | 182 | 0.94 | 131 5.63 | 8.16
320) 4753 1192 527 176 | 6.01 345 4873 554) 192 1.79| 2.26 147 | 226 147 | 192 | 1.78
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f | Rex  17xx Rny ley RZyx lZyx RZW IZW Row |7 Rny I.Z?Q{ RZyx lZyx RZw lZw
20 | 1980 | 475 | 2017 | 616 | -2000| -6.13| 1989 469| 262 (426 752 | 986 | 752 | 986 | 262 | 426
30 | 2728 | -766| 1297 | 0151275 011 | 2738 -757| 725 | 718 | 1768 | 1693 | 1768 | 1693 | 725 | 7.18
40 | 2247 | 365 | 1187 | 551 1167 564 | 2274  386| 092 082 040 108 | 048 1.1 085 | 0.76
50 | 2281 | 837 1124 | 522 1122 541 | 2262 7T61| 150 | 355 202 124 | 202 124 | 150 | 355
70 | 2486 | 595 929 | 681 -903 684 | 2474 585| 164 | 140 111 182 | 111 1.82 164 | 140
80 | 2306 | 509| 684 | 554 655 | 546 (2292 517|109 241 170 | 078 | 170 | 078 109 | 241
90 | 2438 | 743 | 833 | 426 802 415 | 2428 T59| 111 | 106 112 170 | 112 1.70 111 | 1.06
100| 2368 | 928 656 | 478 | 624 463 2366 | 943 149 [ 122| 1.3 170 | 1.31 1.70 149 | 122
110| 2282 | 916 611 | -381| 5768 352 2285|939 143 | 162 086 | 085 | 08 | 085 143 | 162
130 26.08 |[1226) 561 | 452 | -536 405 2615 /1250) 076 (169 | 063 | 084 | 063 | 084 | 078 | 169
140| 27.27 (1264 550 | -576 | -560 509 2733 (1293] 093 | 134 | 035 153 | 035 153 | 093 | 134
150 2711 (12.26) 503 | 490 | -529 426 272% 1250| 076 | 035| 122 134 | 122 134 | 078 | 034
160| 28.56 (1300 414 | 478 | 479 4212873 (1337 120 [ 100| 115 | 054 | 115 | 054 | 120 | 1.00
190 29.00 (1272 346 | -366| 483 416 | 2944 1366| 087 (066 | 052 | 087 | 052 | 087 | 087 | 066
200) 3226 [1385 394 418 426 4693253 [1403] 171 | 105 058 | 083 | 058 | 083 1.71 1 1.05
210| 3146 (1313 286 | 435| -360 504 | 3165 (1362| 077 | 070 | 069 | 082 | 069 | 082 | 077 | 070
220) 3299 (1383 214 | -325| -287 4313318 1427 132 [ 141| 119 159 | 119 1.59 132 | 1.41
230| 32.74 (1347 339 | -266| -399 414 | 3279 (1381 119 [ 127 138 | 069 | 138 | 069 119 | 127
250 4058 [ 838 620 | -224 | 417 415 | 35840 | 9687 353 | 295 1360 | 6848 | 323 416 | 16.04 1644
260 4058 | 838 620 | -224 | 417 4153540 | 987 257 | 169 157 | 166 | 155 163 | 264 | 180
270) 4058 | 838 | 620 | -224 | 417 415 | 36840 | 987 | 247 | 152 | 186 140 | 187 | 140 | 247 | 153
280| 3347 (1125 648 | -206| -596 3513321 [1412) 317 [ 422 | 141 | 258 | 141 | 258 | 317 | 422
290| 3561 (1375 906 | 483 | -697 709 3547 [16.28] 176 | 321 | 3.01 181 | 3.01 1.81 176 | 3.22
310 39.72 (1245 -916 | -198 | 1059 674 4031 [1562| 544 | 490 | 061 337 | 062 | 336 | 544 | 490
320( 51.37 (1797 1827 | 154 | 1900 | 675 | 5257 |2158] 298 | 1.75 | 3.06 143 | 3.06 144 | 298 | 174

Table 12 Zero Preswirl, PR = 46%, 10,200 rpm for = 0.24

f| R |7 Rny IZ‘.W RZyx IZyx RZW lZw Rz |Zxx Rny Iny RZyx IZyx RZW IZW
20 | 22.86 | 6.08 | 10.46 |(-10.58/ -10.29 | 10.61| 2294 | 6.02 | 265 | 6.19 | 10.04 | 1042 | 10.04 | 1042 | 265 | 619
30 | 24.99 [13.07) 2235 | -1.69 |-2213| 1.65 | 25.08 |13.16| 12.37 | 5.11 | 1554 | 18.82 | 15.54 | 18.82 | 1237 | 5. 11
40 [ 2064 | 461| 632 | -244 | 612 | 257 | 2091 (482 | 145 | 164 114 | 0.533 | 117 | 0.59 1.40 | 1.61
50 | 21.34 | 581 595 | -292|-593 | 310 | 2115 | 5.05| 205 | 0.75 | 1.35 1.23 | 1.35 1.24 | 205 | 0.75
012171 771 483 | -289| 457 2912159 /770 099 /088 134 | 083 | 1.34 | 083 | 0.99 | 0.88
80 | 21.85 | 8.03 | 633 | -257| -604 | 249 | 2171 811 | 096 | 1.26 | 155 | 049 | 155 | 042 | 096 | 1.26
90 | 2293 (1035 260 | 400 -229 | 3858|2283 1051 146 | 168 307 | 182 | 307 | 182 146 | 168
1000 2329 | 992 | 159 | -139| 128 124 | 2327 (1007 172 (180 077 | 291 | 077 | 2 1.72 | 1.80
110 23.70 (1291 568 | -1.35| -535 106 | 2373 (1315] 120 (103 | 130 | 076 | 130 | 0.76 1.20 | 1.03
130 2413 1260 212 | -264 | 187 218 2421 |1284| 118 | 186 205 176 | 205 1.76 1.16 | 1.86
140| 2587 |1469 354 | -242| 363 1752593 |1504| 114 | 124 | 102 127 | 102 127 | 114 | 124
150 26.18 (13200 174 | -314| 199 250 2637 (1343| 089 (077 | 262 | 205 | 262 | 205 | 089 077
160| 2745 (1485 323 | 465| -388 408 2762|1521 132 (109 | 332 108 | 332 1.08 1.32 | 1.09
190 2962 |[1324 017 | -032| 154 082 3006 (1417 111 | 038 | 147 | 126 | 147 | 1.26 111 | 0.38
200] 2964 (1365 247 | 132 -279 | 1832990 1363] 056 | 011 120 134 | 120 134 | 056 | 010
210) 3095 (1481 2.21 | -1.86 | -2.95 | 255 | 31.14 (15,30 0.72 | 049 177 | 0.60 | 1.77 | 060 | 0.72 | 0.49
2200 31.61 (1421 204 | 021 276 | 1.26 | 31.79 (1465 1.10 | 054 232 | 215 | 232 | 215 1.10 | 0.54
230) 31.02 [16.92| 1.35 | 1.37 | -1.95 | 012 | 31.07 |17.26| 1.50 | 1.65 | 2.9 1.09 | 29 1.09 1.50 | 1.65
25010 34.63 |15.12) 2.65 | 157 | <270 | 077 | 34.37 (1587 273 | 285 | 1362 | 8.84 | 3.30 | 4.85 | 15.88 |16.43
260] 35568 |[17.56) 204 | 008 | -1.33 | 263 | 3515 1761 3.54 | 3.29 152 | 258 | 150 | 256 | 3.59 | 3.35
270] 36.50 |11.05] 3.59 | 051 157 | 242 | 3431 1254 400 | 122 266 | 221 | 266 | 220 | 400 | 1.23
280) 3494 (1312 542 | 157 490 | 303 | 3468 1599| 422 [ 174 278 158 | 279 158 | 422 |174
290) 3107 (17693 728 | 611 -713 | 837 | 3094 2022| 312 | 261 469 | 404 469 | 404 | 312 | 261
3100 4290 | 804 | -378 | 470| 521 945 4350 (11.20) 155 583 191 | 207 | 191 | 207 | 155 | 589
320( 41.19 1006/ 529 | 172 602 693 4239|1368 152 | 265 457 | 399 457 | 399 152 | 265




Table 13 Zero Preswirl, PR = 46%, 15,200 rpm for q=0.24

39

f | R l7xx Rny ley RZyx IZyx RZW lZw Rz |7xx Rny Iny RZyx IZyx RZW lZw
20 | 1956 | 223 | 1511 | 048 1494 045 1964  217| 218 | 283 757 | 297 | 757 | 297 | 218 | 283
30 | 2004 | 340 1065 | 331 1043 -334 | 2014  349| 559 | 990 446 | 755 | 446 | 755 | 559 990
40 | 2036 | 427 | 644 | 376 -B23 | 390 | 2065 445( 099 (090 074 | 103 | 078 106 | 093 | 084
50 | 2041 | 738 | 836 | 482 834 501 | 2022 662| 107 [154 119 170 | 1.18 1.70 107 | 154
70| 2133 711 706 | 435 -680 | 437 2121 710| 059 | 0895 140 122 1 140 122 | 059 | D95
80 | 2173 | 830 586 | 413 -557 | 405 | 2159 838| 112 | 084 110 103 | 1.10 1.03 112 | 0.84
90 | 2279 (1066| 663 | -502  -632 | 491 | 2269 1082 053 (102 115 | 079 | 115 | 079 | 053 102
100( 23.00 (1075 577 |-384| 545 369 2298 1090 219 100 | 138 | 091 138 | 091 | 219 | 1.00
110 2458 (1075 459 | -381| 427 | 352 2461|1096 0688 075 127 | 089 | 127 | 089 088 075
130| 24 38 (1325 563 | -326| -5.36 | 279 2446 (1349] 091 | 187 076 103 | 076 103 | 091 | 187
140 26.31 (1162 318 | -513| -327 446 | 2636 |1197| 062 (175 034 111 | 034 | 1.11 062 | 175
150| 2586 (1388 306 |-325| -332 | 261 2605 1411 123 | 068 169 106 | 169 1.06 123 | 0.68
160 | 26.71 (1449 487 | -395| -552 | 337 | 2688 1485 117 | 068 129 112 | 129 1.12 1.17 | 0.68
190 2949 (1410 224 | -230| -361 | 280 2993 1503 065 | 097 | 140 | 083 | 140 | 082 064 098
200] 2982 (1643 38687 | -023 ) 4193 080 | 3008 |1661] 057 | 125 116 105 | 116 105 | 057 | 125
210 3142 (1476 204 | -260 | -278 | 328 | 3160 (1525) 038 | 057 082 | 073 | 082 | 073 | 038 | 057
220] 3151 (1510 281 170 | -353 | 065| 3169 1554| 102 | 115 088 125 | 088 1.25 102 | 1.16
230| 3375 (2015 208 | 697 | 147 | -549| 3381 (2050 186 | 176 162 | 236 | 162 | 236 186 | 1.76
250| 2765 (1040 -6.80 |-3482| 675 | 3717 2738 |[11.15] 258 | 306 1365 | 641 | 341 401 | 1585 |16.46
260) 2570 | 457 | 1576 -3559) 1647 13630 2527 | 462 203 | 090 118 | 224 | 115 | 222 | 213 | 109
270| 2782|5365 -6092 |-31.20| 8294 | 3311|-30.00|55.14] 31.81 (1566 1763 | 33.02 | 1763 | 3302 | 3181 [1567
280| 4686 (1187 581 1864 | -529 A7 18/ 4660 (1475 297 | 277 812 | 458 | 812 | 458 | 297 | 277
290| 39.74 (1658 664 | 276 | -655 | -050| 3961 ([1911] 268 | 336 317 | 210 | 317 | 210 | 268 | 3.36
310 4401 (1080 426 | 177 | 569 | 652 4461 1396 331 | 143 219 181 | 219 1.81 331 | 143
3200 4319 1173 452 003 526 | 524 4438 |1534] 305 1193 256 | 231 | 256 231 3.05 1193

Table 14 Zero Preswirl, PR = 46%, 20,200 rpm for = 0.24

f | R l7xx Rny ley RZyx IZyx RZW lZw Rz |7xx Rny Iny RZyx IZyx RZW lZw
20 | 1947 295 | 507 | 026 490 | 0231956 289| 331 (150 773 | 710 | 773 | 710 | 3.31 150
30 (1945 | 264 | 2400  -613 |-23.78| 6.09 | 1955 273 | 623 |11.72| 1692 1183 | 16.92 | 1183 | 623 |11.72
40 | 1764 | 435 1150 | 423 |-11.30) 436 | 1791 | 456 ( 149 (144 | 176 | 070 | 178 | 074 | 145 | 1.4
50 | 2000 | 742 1139 | -571|-11.37) 589 | 1981 666( 155 102 | 112 199 | 112 1.99 155 | 1.01
2142 703 1010 | 400 -984 | 403 | 2130 703] 1.9 | 148 133 132 | 1.33 1.32 1.59 | 148
80 | 21.36 | 809 | 7.8 | 484 748 476 | 2122 817| 072 |166 | 207 | 186 | 207 | 186 | 0.72 | 166
90 | 2159 | 967 | 664 | -276 | -6.32 | 265 | 2148 984| 232 |130 124 | 116 | 124 | 116 | 2.32 | 1.30
100 22.84 (1067 723 | 451| -6.92 | 436 | 22,82 |[1083| 082 | 125 136 | 248 | 136 | 248 | 082 | 125
110 23.90 (10.06| 6.10 | -5.35| -5.77 | 5.06 | 23.93 1030 255 200 | 196 | 238 | 196 | 238 | 255 200
130 25.31 (1382 635 | -532| -6.10 | 486 | 25.39 |[14.06] 1.72 125 162 2861 1.62 | 2.61 1.72 | 1.25
140| 2431 [13.71| 543 | -3.95| -5.53 | 3.26 | 24.36 |[14.06( 1.07¥ | 089 | 1.19 1.00 | 1.19 1.00 1.07 | 0.89
150 | 26.19 (1411 3.88 | -559 | 413 | 495 | 26.38 |[14.34| 139 1 091 1.19 1.34 | 1.19 134 | 1.39 |09
160 | 27.69 [14.20| 520 | -6.91| -5.84 | 6.33 | 27.86 1457 0.90 | 0.5 | 1.20 1.98 | 1.20 1.98 | 0.90 | 0.75
190 | 26.82 |[13.87| 388 | -354| -5.26 | 404 | 29.26 1480 040 086 | 212 | 098 | 212 | 0.97 | 040 | 0.86
200] 30,97 [15.00) 417 | -274 | 449 | 325 3122 |[1518] 085 | 114 346 | 084 | 346 | 084 | 085 | 1.4
210 2992 (1462 189 | -295| -263 | 363 | 3010 (1511| 098 | 087 138 | 083 | 138 | 083 | 098 | 087
220 3112 (1536 334 | -307 | 406 413 | 31.31 |[1580| 173 | 177 | 298 114 | 298 114 | 173 | 177
230| 3216 (1516 206 | -386 | -267 | 535 | 3221 (1551 184 | 114 161 | 207 | 161 | 207 | 184 | 114
250) 3415 (1623 444 | 245 | 450 | 480 | 3388 ([1698) 334 | 287 1358 | 882 | 314 481 | 16.00 |16.43
260) 3964 (1711 657 | -200 | -586 | 471 | 3921 1715 425 | 276 | 192 123 | 189 120 | 430 | 283
270( 3881 (1241 628 179 | 425 | 370 | 3663 (1390 230 | 436 | 188 201 188 | 200 | 230 | 436
280( 3472 11330 426 | -549 | -3.74 | 695 | 3446 1617 339 | 277 | 599 171 | 599 1.71 339 | 277
290( 33.90 17.03| 1066 | -7.06 | -1057| 932 | 33.77 |1956| 308 | 332 | 290 | 379 | 290 | 379 | 3.08 | 332
310 | 45.17 [14.95| 10,74 | -2.85 | 1217 | 7.61 | 4576 [18.11| 277 | 349 | 221 | 450 | 221 | 450 | 277 | 349
320| 5273 2385 -21.31 | 127 | 2204 | 647 | 5393 |2747| 463 (512 | 720 | 570 | 720 | 570 | 463 | 512




Table 15 Zero Preswirl, PR = 20%, 10,200 rpm for = 0.386

40

I | R 12w RZw Zwy RZw 1Z2yx RZyw Ryy | Rz lZax RZwy  [Zey  RZw  lZye  RZw  |Zyy
20 [ 3916 | 0.21| 21.33 | 5.91 | -21.15] 595 | 3925 | 015| 463 | 692 506 | 423 | 506 | 423 | 463 | 692
30 | 40,53 |-2.19| -3.15 [-19.90| 3.37 [ 19.86| 4063 |-2.10| 4.05 | 2.86 | 23.00 | 22.06 | 23.00 | 22.06 | 4.05 | 2.86
40 [ 35.95 | -1.03| 1472 | 847 | 1452 | 860 | 36.22 |-082| 263 | 325 243 | 276 | 244 | 277 | 260 | 324
50 | 34.24 |14 11.75 | 923 |-11.73] 942 | 3405 |-1.89] 976 1162 509 | 437 | 509 | 437 | 976 |11.62
70 [ 3528 | 004 895  -839| 869 841 |3516 003| 189 | 222 147 | 206 147 | 206 189 | 222
80 [ 3527 | 129 917 | 521| 888 | 5133513 | 137| 126 | 249 | 256 | 480 256 | 480 126 | 249
90 | 33.02 | 327 797 | 812|746 | 801 | 3291 344 | 196 [ 144 | 129 127 | 129 1.27 196 | 1.44
100| 3395 285| 679 |-736 | 647 | 721 3394 | 300| 277 | 262 155 132 | 155 132 | 277 | 262
10| 3523  440| 697 | 720 664 691 3525|463 | 176 | 257 | 144 139 | 144 1.39 1.76 | 2.58
130| 3596 469| 476 | -7 73| 451 | 726 3604 |493| 099 | 087 193 1.31 1.93 1.31 099 | 0.88
140| 3700 443| 472 | 694 482 | 627 3706|478 156 | 122 050 094 | 050 | 0594 156 | 1.22
150 3738 | 551 452 | 701 | 477 637 3757|574 083 132 09 074 | 091 074 | 083 132
160 3723 | 511 401 | 682 | 465 625 3740|548 | 044 | 060 | 065 0.61 065 | 0.61 044 | 0.60
190| 3772 | 524 214 | 459| 351 509 3816|617 | 069 | 068 085 060 | 085 | 059 | 069 | 068
200] 3659 | 5268 401 | 454 433 504 3884 546| 053 |048 074 | 048 | 074 | 045 | 053 | 048
210) 38.82 | 5.21 | 253 | 437 -3.27 | 5.05| 3901 570| 062 | 0.56 | 0.36 047 | 036 | 047 | 0.62 | 0.55
220) 3859 | 584 | 3.09 | 348 -3.82 | 453 | 3878 | 6.28| 047 | 022 057 | 030 | 057 | 0.1 047 | 0.24
2300 39.01 | 6.54 | 3.06 | -280 | -3.67 | 429 | 3906 6.88| 081 | 077 053 047 | 053 | 047 | 081 | 0.77
25010 38.23 |23.07| 8.50 | -7.80 | -8.55 | 10.15| 37.96 23.82| 28.71 (48.52) 1515 | 152.03 | 7.40 | 13.08 | 32.70 [51.14
260] 36.85 | 6.06 | 6.27 | 6.36 | 557 | 9.07 | 3642 | 611 | 3447 |27.82 1255 | 1546 | 12.55 | 15.46 | 34.47 |27.83
270) 2940 | 445 243 | 173 041 | 3.64 | 27.21 | 594 | 46.01 |49.64 13.89 | 2214 | 13.89 | 2214 | 46.01 (49.64
2800 5111 |-0.28| 7.54 | 483 -7.02 | 6.29 | 50.85 | 259 | 13.81 (1247 1238 | 14.05 | 12.38 | 14.05 | 13.81 [12.47
2900 41.20 | 5.02 | 1.61 | 295 -1.52 | 5.21 | #1.07 | 7.55| 15.14 1280 9.10 5.38 | 910 | 8.38 | 15.14 [12.80
3100 31.96 | 3.76 | 19.23 | 1.55 |-17.680 3.20 | 3256 | 6.92 | 23.15 119.16| 18.35 | 18.10 | 18.35 | 16.10 | 23.15 [19.16
320) 4082 | 126 -056  -255| 129 V76 4202 | 4871393 6895 G688 660 | 688 | 660 | 1393|895

Table 16 Zero Preswirl, PR = 20%, 15,200 rpm for g = 0.386

f| Rz |5 Rny Iny RZyx Ile: RZW IZW Rz |7 Rny ley RZyx lZ!p: RZW IZW
20 [ 35.85 | 1.38 | 3161 |17.74 3144|1777 3593 | 1.32 | 239 | 469 6.04 | 671 6.04 | B.71 2.39 | 469
30 | 30,88 | 3.06 | 2295 |-12.34 22731230 | 30.97 315 | 163 | 202 313 | 3.26 3.13 | 3.26 1.63 | 2.02
40 | 31.88 | 3.76 | 20.73 |-13.31/-20.52 | 1344 | 3215 | 3.97 | 208 | 217 | 244 | 344 | 246 | 345 | 205 | 215
50 | 34.36 |-14.12| 10.76 [-22.03 -10.74| 22,21 | 3417 -14.88| 29.84 |34.14| 12.82 | 19.01 | 12.82 | 19.01 | 29.84 |34.14
70 ] 3238 | 266 | 1281 |-13.64 12551366 | 3226 266 | 122 | 223 325 | 255 325 | 255 122 | 223
80 | 3464 | 432 | 1044 |-1243 10151235 | 3450 440 | 172 186| 266 | 200 | 266 | 200 173 | 186
90 | 3345 | 421 974 |-1288 -943 (12773334 437 094 | 158 116 | 087 | 116 | 087 | 094 | 158
1000 35.34 | 399 | 938 |-1249 -907 1234|3533 | 414 | 390 | 343 228 193 | 228 1.93 390 | 343
110 3431 | 467 | 867 |-1100 834 1071|3433 491 | 354 434 205 116 | 205 1.16 354 434
130] 3599 | 421 6.58 |-10.73 -6.33 1026 3607 | 445 | 176 | 161 162 1.49 162 1.49 176 | 162
140| 3636 | 643 | 585 | 976 -595 | 910 | 3641|676 | 189 [ 136| 080 [ 067 | 080 | 067 | 189 | 136
150 3748 | 590 | 580 |-1019 605 955 | 3767 | 614 | 251 (208 078 | 072 078 | 072 | 251 | 208
160| 3692 | 660 | 492 | 910 -556 8§52 | 3709 | 697 | 072 042 057 | 060 057 | 060 071 | 042
190| 3839 | 661 | 266 | -734| 403 784 | 3884 | 754 | 060 067 087 | 060 0.87 | 060 060 | 067
200] 3687 | 621 440 675 472|726 3912639 | 044 | 073| 034 055 034 | 055 044 | 073
210| 3756 | 657 | 372 | -596| 446 | 665 | 3774 706 | 065 | 067| 044 054 | 044 | 054 0865 | 0.67
220) 3866 | 6.60 | 332 | -550) 404 | 656 3887 704 052 039] 033 | 027 | 033 | 0.28 0.52 | 0.40
230) 38.75 | 640 | 406 | 474 466 | 622 | 3881 674 1.06 | 089| 043 | 047 | 044 | 046 1.06 | 0.90
2500 53.39 |-3.56 | -21.36 |-30.29) 21.30 | 3263 | 5312 | -2.81| 1418 [11.99| 16.04 | 1296 | 9.10 | 10.65 | 21.11 |20.13
260]-2418 -62. 18 -33.06 | 4314 33.76 |4043 -24 616213 9550 |V9.70| 5344 8932 | 5344 | 8932 9551 7970
270| 3763 2071 142 | 128 344 | 319 | 3545 1922 2575 1893|1654 | 2693 | 1654 | 2693 | 2575 [18.93
280) 4214 | 823 | 317 612 -264 | 757 4188 (11101204 | 588 | 774 | 913 774 | 913 | 1204 | 588
290) 5176 | 833 | 1407 | 080 | 1416 | 146 | 5165 |[1086| 859 |1924| 2279 | 3759 | 2279 | 3759 | 659 1924
310| 5365 | 181 | 499 | -185| -356 | 661 | 5425|497 1096 | 8351323 | 912 | 1323 | 912 | 1096 | 835
320) 54.75 | 6.94 1514 | 1.82 | 15.87 | 3.39 | 55.95 |10.56] 29.95 115.32 36.22 | 30.19  36.22 | 30.19 | 29.95 15.32




Table 17 Zero Preswirl, PR = 20%, 20,200 rpm for = 0.386

41

f| R |2 Rlxy Iny RZyx I.Z‘ﬂ( RZW lZw Rz |7 Rny IZ‘.W RZyx IZyx RZW lZw
20 | 35.85 | 1.38 | 31.61 |A7.74 3144 1777 3593 | 1.32 | 239 | 469 | 6.04 | 6.71 6.04 | B.71 2.39 | 469
30 | 3086 | 3.06 | 2295 1234 22731230 3097 | 315 | 163 | 202 3.13 3.26 0 313 | 3.26 1.63 | 2.02
40 | 31.86 | 3.76 | 20.73 |-13.31/-20.52 | 13.44 | 3215 | 3.97 | 208 | 217 | 244 | 344 | 246 | 345 | 205 | 215
50 | 34.36 -14.12| 10.76 |-22.03/ -10.74 | 22.21 | 3417 |-14.88| 29.84 |34.14) 12.82 | 19.01 | 12.82 | 19.01 | 29.84 3414
70 | 3236 | 266 | 12,81 -13.64 1255/ 13.66 | 3226 | 266 | 122 | 223 325 | 253 | 325 | 255 122 1223
80 | 3464 | 432 | 1044 124310151235 3450 | 440 | 172 | 1.86| 266 | 200 | 266 | 2.00 1.73 | 1.86
90 | 3345 421 | 974 1288 943 1277 3334 | 437 | 094 | 158 1.16 0.87 1.16 | 0.87 | 0.94 | 1.58
100 35.34 | 3.99 | 938 |-1249 -907 1234|3533 | 414 | 390 343 228 1.93 | 2.28 1.93 | 3.90 343
110 3431 | 467 | B.67 |-11.00) -8.34 | 10.71| 3433 | 491 | 354 434 205 1.16 | 2.05 116 | 3.94 434
130 3599 1421 658 |-1073 -6.33 1026 36.07 | 445 176 | 161 162 1.49 1.62 1.49 1.76 | 1.62
140| 36.36 | 6.43 | 585 | -9.76| -595 | 910 | 3641 | 678 | 1.89 | 136 0380 0.67 | 0.80 | 0.67 1.89 | 1.36
150 37.48 | 590 | 580 |-1019 -6.05 | 955 | 3767 | 614 | 251 208 078 072 | 078 | 072 | 251 | 2.08
160 36.92 | 660 | 492 | -910| -556 | 852 | 3709 | 697 | 072 | 042 057 | 060 | 057 | 060 | 0.71 | 042
190 36.39 | 661 | 266 |-7.34| 403 784 3884|754 | 060 | 067 087 | 060 | 087 | 060 | 060 067
200) 3887 | 621 440 675 472 | 726 3912 639 044 073 034 055 | 034 | 055 044 | 0.73
210| 3756 | 657 | 372 | -596) 446 | 665 3774 706 | 065 067 | 044 | 054 | 044 | 054 065 | 067
220| 3868 | 660 | 332 | -550) 404 | 656 3887 704 | 052 | 039 033 027 | 033 028 | 052 | 040
230| 3875 | 640 | 406 | 474 466 | 622 3881674 | 106 | 089 043 047 | 044 | 046 1.06 | 0.90
250) 53.39 |-356 | -21.36 |-30.29 2130 | 3263 | 5312 |-281| 1418 (1199 1604 | 1296 | 910 | 1065  21.11 2013
260| 2418 |-62.18) -33.06 | 4314 33.76 | 4043 -24 616213 9550 |¥9.70| 5344 B8932 | 5344 | 8932 9551 [79.70
270| 3763 |-20.71) 142 | 1268 344 | 319 | 3545 1922 2575 (1893 1654 | 2693 | 1654 | 2693 | 2575 [18.93
280 4214 | 823 | 317 612 264 | 757 4188 (11101204 | 588 774 | 913 | 774 | 913 | 1204 | 588
290| 5176 [ 833 | 1407 080 | 1416 | 146 | 5165 |[1086| 859 [19.24| 2279 | 3759 | 2279 | 3759 | 859 [19.24
310 5365 | 181 499 |-185| -356 | 661 | 5425|497 1096 | 8351323 | 912 | 1323 912 | 1096 835
320| 5475 | 694 | 1514 | 182 | 1587 | 339 | 5595 |1056| 2995 |15.32 3622 | 3019 3622 | 3019 | 2995 /1532
Table 18 Zero Preswirl, PR = 30%, 10,200 rpm for g = 0.386

f| R & Rny ley RZyx IZyx RZW lZw Rz |7 Rny Iny RZyx IZyx RZW IZW
20 | 36,58 | 0.96 | 18.47 | -6.79  -18.29| 6.82 | 36.67 | 090 | 5.96 | 3.97 | 570 306 | 570 306 | 5.96 397
30 | 3559 | 0.78 | 11.49 |-15.39 -11.26|15.35 | 35.68 | 086 | 2.35 | 3.35 | 1228 | 957 | 1228 | 957 | 235 | 3.35
40 | 34.33 | -0.50| 1233 | 977 | -1213] 991 | 3460 | -0.29| 274 | 3.83 | 2.66 1.79 | 267 | 1.81 2.72 | 382
50 | 3349 | 266 | 1453 | -7.40 1451 759 3330 191 6.12 | 7.94 | 240 350 | 240 350 | 612  T.94
70 | 3448 186 | 962 | -955) 936 | 957 3436185 | 1.73 | 209 145 1.64 145 | 164 1.73 | 2.09
80 | 3407 | 267 | 931 | 671 902 | 663 3393275 191 [162| 175 | 231 175 | 2.3 191 | 1.62
90 | 3442 469 | 711 |-B60 6860 849 3432 486 172 | 114 089 175 | 083 | 175 172 | 114
100 3519 | 367 | 577 | -783| -546 | 768 | 3517 | 383 | 153 164 181 132 1.81 132 159 | 1.64
110) 3543 [ 409 | 595 | -775| -562 | 747 | 3546 432[ 144 191 104 | 143 104 | 143 144 | 1.9
130 3645 | 556 | 575 | -749) 550 | 702 | 3653 580 | 119 085 160 114 160 | 114 119 | 0.85
140 3704 | 538 | 467 | -738 476 | 671 3710 573 121 [ 112 127 | 084 127 | 084 121 | 112
150 37.77 | 600 | 448 | 699 474 | 635 | 3796 623 | 082 163 093 104 | 093 | 104 | 082 | 163
160 37.79 | 621 | 377 | -702 442 | 644 | 3796 658 | 027 057 048 05 | 048 056 | 027 057
190 3862 | 638 | 219 | 479 -356 | 529 | 3906 731| 049 037 062 066 | 062 066 | 049 037
200) 3961|624 | 331 | 498 -363 | 549 3986 642 | 023 | 046 053 038 | 053 | 038 | 022 | 046
2100 3973 | 613 | 232 | 451 -3.06 | 520 3991 662 [ 0.39 | 029 0.30 044 | 0.30 | 044 | 039 | 0.29
2200 3995 | 649 | 264 | -384) -3.36 | 490 4014 692 0.32 | 040 0.32 018 | 0.33 | 0,20 | 0.32 | 0.1
230 4044 | 691 | 283 | -3.04| 344 | 452 4050 726 ( 0.64 | 033 042 033 | 043 033 | 064 034
250| 36.93 |-28.61) 7.53 |-12.83) -7.58 | 15.18 | 36.66 -27.86( 43.67 |26.51| 21.37 | 14.42 | 16.80 | 12.38 | 46.39 | 31.06
260) 57.43 |-19.34 1640 1270 1570 15.41 | 57.01 -192.29 41.64 |50.51| 27.68 | 36.58 | 27.67 | 38.58 | 41.64 |50.51
270)| 38.82 |-202| 855 | 227 | 652 | -036 | 3664 | -053 (2240 (2212 21.37 | 1993 | 21.37 | 1993 | 2240 |22 12
280| 4464 | 330 | 258 | 435 -206 | 581 4438 618 [ 1145 (1161 974 | 672 | 974 | 672 | 1145 [11.61
290 3818 646 | 128 | 001 137 | 224 3805899 (1242 998 1339 | 1317 | 1339 | 1317 | 1242 | 998
310| 3516 | 6.57 | 15687 | -102 | -1444| 578 | 3576 | 973 | 20.20 |[18.66| 1313 | 808 | 1313 | 807 | 2020 16866
320| 36,65 | 945 | 419 | -244| 346 | V65 | 37.85 13.07| 13.36 |14.97| 1026 | 1414 | 10.26 | 1414 | 13.36 1497




Table 19 Zero Preswirl, PR = 30%, 15,200 rpm for = 0.386

42

f | Rz |7xx Rny l?_'xy RZyx IZyx RZyy IZyy Row |7 Rny Iny RZyx IZyx RZyy lZyy
20| 3218 | 258 | 2340 | 578 | 2322) 581 3296 | 253 | 3.97 | 572| 274 | 410 | 274 | 410 | 397 | 572
30 | 30.80 |-048| 2146 | 8.04 | 2124 800 3089 | 040| 268 | 237 | 724 | 1094 724 | 1094 | 268 | 237
40 | 3312 |-0.32] 18.04 | 9721784 986 | 3339 | 0.10| 2.76 | 247 | 2.82 | 306 | 283 | 3.07 | 2.74 | 245
50| 3191|942 | 18682 | 9131879 932 | 31.72 | 866 | 639 | 942 | 484 | 407 | 484 | 407 | 639 | 942
70 | 32.63 | 3.60 | 12.63 |-10.64] 12.37 1066 32.51 | 3.60| 221 | 166| 228 | 156 | 228 | 156 | 2.21 | 1.86
80 | 33.68 | 3.24 | 10.67 |-11.84] 1037 11.76| 3354 | 332 | 116 | 1.18] 2.73 | 205 | 273 | 2.05 | 1.16 | 1.19
90 | 33.69 | 5.05 | 10.59 |-10.85/ 10.27 | 10.74| 3359 | 521| 149 | 159 | 078 | 187 | 079 | 187 | 1.49 | 1.59
100| 34.74 | 5.22 | 9.35 |-10.04| -9.04 | 989 | 3472 | 538| 2.05 | 269 | 099 | 139 | 099 | 139 | 2.05 | 2.89
110| 35.32 | 449 | 7.88 |-1051| -7.55 | 10.22] 3534 | 4.73| 1.80 | 277 | 140 | 173 | 140 | 174 | 180 | 277
130| 34.60 | 640 719 | B.72] -6.94 | 825 3468  664] 1.83 [167] 097 | 112 | 097 | 112 | 183 | 167
140| 36.03 | 5.90 | 526 | -8.60| -5.36 | 7.93 | 36.09 | 6.25| 1.37 | 0.97 | 0.64 | 108 | 064 | 1.08 | 1.37 | 0.97
150| 37.99 | 725 614 | 892| -6.39 | 828 | 3818 | 748 | 146 | 1.18| 123 | 090 | 123 | 090 | 146 | 1.18
160| 36.97 | 6.76 | 516 | 8.33| -580 | 7.75 | 3714 | 712 | 041 | 040| 031 | 038 | 030 | 038 | 0.40 | 0.40
190| 37.93 | 7.06 | 358 | 6.36| 495 | 6.86 | 3837 | 7.99| 054 | 031| 049 | 045 | 049 | 045 | 054 | 0.31
200] 39.01 | 692 481 | 664 513 7153926 | 7.09] 040 051 042 | 042 | 042 | 042 | 040 | 0.51
210| 39.09 | 657 | 352 | 568 426 | 6363927 | 706| 042 | 046 033 | 022 | 033 | 022 | 042 | 045
220| 3957 | 694 | 384 | 541 457 | 6463975 | 738| 034 028 031 | 033 | 032 | 033 | 035 | 0.30
230| 4020 | 7.02| 382 | 450 442 | 599 | 4025 |737| 070 | 062 038 | 043 | 039 | 042 | 070 | 0.63
250| 33.04 | 7.77 | -167 | 933 | 161 | 1168 32.77 | 852 | 491 | 450 | 1385 | 987 | 414 | 653 | 16.40 16.79
260| 32.80 |11.46] 162 | -7.88  -0.91 | 10.59| 32.38 [11.50| 13.69 [11.23) 8.03 | 992 | 8.03 | 9.91 | 13.70 |11.24
270] 4032 [ 541 079 | 686 123 | 8.77 | 3614 | 6.90 | 19.29 [24.09] 13.20 | 10.83 | 13.20 | 10.83 | 19.30 |24.09
280| 4145 | 625 043 | 500 0.10 | 646 | 4120 | 912 | 521 | 862 | 959 | 1012 959 | 1012 | 521 | B.62
290| 44.41 | 585 | -2.95 | 263 | 3.04 | -0.37 | 44.27 | 938 | 10.92 [10.61| 18.67 | 20.67 | 16.67 | 20.67 | 10.92  10.61
310| 4031 | B49 | 648 | 320 | 5.05 | 156 | 40.90 |11.65| 12.89 [16.43| 4.83 | 10.10 | 4.83 | 10.10 | 12.89 |16.43
320| 38.55 | 425 517 | 477 443 | 9.98 | 39.75 | 7.86 | 14.14 [14.49| 10.81 | 16.53 | 10.81 | 16.53 | 14.14 14.49
Table 20 Zero Preswirl, PR = 30%, 20,200 rpm for g = 0.386
f | Raxx 1Zxx RZwy 12y RZw 1Zyx RZw Iyw | Rz I2x Rz IZxy Rz lZyx  Rzw  lZywy
20| 32.18 | 258 | 2340 | 578 |-2322| 581 | 3226 | 253 305 (371 314 | 254 | 314 | 254 | 3.05 | 3.71
30 | 30.80 |-0.48 2146 | -8.04 |-21.24| 8.00  30.89 |-040| 150 145 1.82 | 340 | 1.82 | 340 | 1.50 | 1.45
40 | 3312 [-032| 18.04 972 -17.84 9586 3339 010 155 182 197 | 254 | 199 | 255 | 152 | 1.79
50| 31.91 | 942 1882 | 913 |-18.79 932 3172 | 866 18.23 34.01 13.78 | 15.16 | 13.78 | 15.16 | 18.23 [34.01
70 | 32.63 | 3.60 | 12.63 |-10.64/-12.37 10.66 3251 | 360 160 161 211 | 321 | 211 | 321 | 160 | 1.61
80 | 33.68 | 3.24 | 10.67 |-11.84 -10.37 | 11.76| 3354 | 3.32| 1.07 067 | 161 1.35 1.61 1.35 1.07 | 0.67
90 | 33.692 | 5.05| 10.59 (-10.85| -10.27  10.74 3359 521 1.31 | 1.35| 1.64 123 1.64 1.23 131 | 1.35
100] 34.74 | 5.22 | 935 |-10.04| 904 | 989 | 3472 |538| 215 277 135 | 132 | 135 132 | 215 | 277
110] 3532 | 449 | 7.88 |-10.51| -7.55 [ 1022 3534 | 4.73| 292 542 173 | 176 | 1.73 176 | 2.92 | 542
130] 3460 | 640 | 719 | -8.72| 694 | 825 | 3468 664 129 | 122 | 1.21 1.04 1.21 1.04 129 | 1.22
140| 36.03 | 590 526 | B860| 536 | 793 3609 625| 088 151 100 0.87 1.01 0.87 0.88 | 1.51
150 3799 | 725 614 | 892 | 639 | 828 3818 | 748| 268 256 086 | 138 | 086 138 | 268 | 256
160| 36.97 | 6.76 | 516 | 833 | 580 | 7.75 | 3714 | 712| 049 051 066 | 030 | 0.65 030 | 049 | 0.51
190) 3793 | 706 | 358 |-6.36| 495 | 686 | 38.37 | 799 096 | 063 | 0.73 060 | 0.73 0.60 0.96 | 0.63
200] 3901|692 481 | 664 513 | 715 3926 | 7.09| 035 042 0.56 038 | 0.56 0.38 0.35 | 0.42
210| 39.09 | 657 | 352 | 568 426 | 636 3927 | 706]| 044 069 053 | 048 | 054 048 | 044 | 0.69
220| 3957 | 6.94 | 384 | 541 457 | 646 3975 738| 039 052 043 | 029 | 043 | 029 | 0.39 | 0.53
230 40.20 | 7.02 | 3.82 | 450 442 | 599 4025 |7.37| 112 (070 041 | 029 | 041 | 0.28 | 1.12 | 0.70
250 33.04 | 7.77 | -1.67 | -9.33 | 1.61 | 11.68| 32.77 | 8.52 | 11.53 10.97| 26.27 | 19.89 | 25.00 | 18.46 | 19.43 |19.54
260] 32.80 [11.46) 162 | -7.88 | 0.91 | 10.59 32.38 [11.50] 26.57 26.38| 35.05 | 23.31| 35.05  23.30 | 26.58 |26.39
270] 4032 [ 541 079 | 686 1.23 | 877 | 38.14 | 6.90 | 26.06 13.79] 19.94 | 20.14 | 19.94 | 20.14 | 26.06 |13.79
280| 4145 | 625 043 | 500 010 | 646 4120 912| 574 723 709 | 946 | 7.09 946 | 574 | 7.23
290( 4441 | 685 -295 | 263 | 3.04 | 037 4427 | 9358 | 822 1465 19.24 | 10.13 | 19.24 | 10.13 | 8.22 |14.65
310] 40.31 [ 8.49 | 6.48 320 | 505 | 1.56 4090 |1165] 765 896 | 657 | 11.26 | 6.57 | 11.26 | 7.65 | 8.96
320| 3855 1425 517 | 477 443 | 998 | 3975 7.86] 18.88 11.91 10.20 | 16.55 | 10.20 | 16.55  18.88  11.91




Table 21 Zero Preswirl, PR = 40%, 10,200 rpm for q = 0.386
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f| R |7 Rny IZ‘.W RZyx IZyx RZW lZw Rz |Zxx Rny Iny RZyx IZyx RZW IZW
20 | 35.69 | -1.33| 21.85 | 912 | -21.67| 915 | 35.77 |-1.39| 539 | 453 454 | 492 | 454 | 492 | 539 453
30 | 31.84 | 1.23 | 15.37 |-10.69|-1515/10.65| 31.94 | 131 | 238 | 3.30 | 358 | 494 | 358 | 494 | 238 | 3.30
40 | 34.63 | 2.86 | 13.86 (-10.33/ -13.66 | 10.47| 3490 | 3.07| 119 | 200 166 | 233 | 168 | 234 1.14 | 1.98
50 | 33.52 |-0.94 | 11.08 |-11.53|-11.06 | 11.72| 33.33 |-1.70| 426 | 497 352 | 253 | 352 | 253 | 426 | 496
70 ] 33.75 | 424 11.00 | -8.26 |-10.74 8.29 | 3363 | 424 | 252 [ 1.77 | 250 1.66 | 250 166 | 252 | 1.77
80 | 3424 | 526 875 | -834| 845 | 8.26 | 3410 | 534 | 1.34 | 110 1.27 1.72 | 1.27 1.72 1.34 | 1.10
90 | 3462 | 610 7.57 | 925|726 | 914 | 3451 | 6.26| 1.08 | 1.64 | 1.64 1.51 1.64 1.51 1.08 | 1.64
100 34.78 | 5.52 | 610 | -852| -5.79  B.37 | 3476 | 567 | 148 | 197 143 1.63 | 143 1.63 148 | 1.97
110 33.80 | 7.03 | 669 | -8.24| 636  7.95 3383|727 095 173 1.08 0.97 | 1.08 | 097 | 095 | 1.73
130) 36.07 | 749 528 | -718| -5.03 671 /3615|773 094 1094 118 1.24 | 118 124 1 074 1094
140| 36.66 | 7.08 | 449 | -704| 459 638 3671|742 125 120 0.1 117 | 0.91 1.17 1.25 | 1.20
1500 36.75 | 7.63 | 426 | -7.20| 451  6.56 | 3694 | 787 | 154 128 074 | 063 | 074 | 0.65 1.54 | 1.28
160| 37686 | 810 350 | -706| 415 648 3805|847 059 041 068 066 | 068 | 066 | 059 [0M
190 3867 | 831 210 | 481 | 347 531 3911|924 | 049 | 055 049 048 | 049 | 048 | 049 | 055
200 4040 | 813 327 | 515 -359 | 566 | 4065 831| 039 |050 044 | 038 044 | 0393 | 039 | 050
210 4003 | 811 225 | 411 299 | 480 | 4021 860| 038 | 056 031 034 | 031 034 | 038 056
220 4079 | 807 | 248 | -391 | 320 | 496 | 4098 850| 042 | 048 027 | 018 | 027 | 019 | 042 | 049
230| 4124 | 818 | 267 | -306 | -327 | 454 | 4129 852| 068 | 065 027 | 037 | 028 | 037 | 068 | 065
250 5407 | 823 4896 | -210| -502 | 445 | 5380 | 845 | 41.86 2662 20.33 | 1931 | 1545 | 17.84 | 4469 |31.15
260| 46,41 (2008, 378 | 286 | -3.07 | -0.15| 4598 |2012| 37.81 |30.01| 2573 | 26.04 | 25.73 | 26.04 | 37.82 |30.01
270 5360 | 936 | 1228 | 969 |-1026| -7.78 | 51.42 (10.85| 22 87 |26.88| 14.48 | 1928 | 1448 | 1928 | 22 87 |26.88
280 4757 | 759 495 | 411| 547 | 557 | 4731 1047 794 | 831 | 1073 | 940 1073 | 940 | 794 | 831
2900 47.00 [13.18) 7.16 | 495 | -7.06 | 7.21 | 46.87 |15.71| 7.91 [17.33) 29.65 | 25.89 | 29.65 | 25.89 | 7.91 |17.33
3100 41.80 [10.61) 1557 | -3.29 |-14.14 | 5.05 | 4239 (13.78] 21.35 |13.30| 1245 | 3.94 | 1245 | 3.94 | 21.35 [13.30
320) 55.89 | -605 -0.87 2131| 160 -16.10 57.09 |-243] 11.20 4292 | 4769 | 3922 | 4769 | 3922 | 11.20 4292
Table 22 Zero Preswirl, PR = 40%, 15,200 rpm for = 0.386
f| R |7x Rny Iny RZyx IZyx RZW lZw Rz |7xx Rlxy IZ‘.W RZyx IZyx RZW lZw
20 | 34.34 | -1.80| 26.64 [-11.76)-26.47 | 11.79| 3442 -186| 268 | 343 3.21 3.70 | 321 3.70 | 268 | 343
30 | 2914 | 274 1766 |-11.20/17.44 1117 2923 | 283 | 252 | 1.62 | 268 3.07 | 2.68 3.07 | 252 | 162
40 [ 30.75 | 548 | 20.78 (1293 -205813.06| 31.02 569 | 242 | 339 541 | 284 | 541 | 285 | 2.39 | 3.38
50 | 29.74 | 917 | 15.55 |-10.65|-15.53/10.84 | 2956 | 8.41 | 14.75 [14.55| 7.86 7.75 | 7.86 7.75 | 14.75 [14.55
70 ] 34.07 | 5.58 1239 1403|1213 /14.05| 33.95 | 558 | 152 | 128 234 | 177 | 234 | 177 1.52 | 1.28
80 | 33.33 | 5.52  11.27 |-12.42|-10.98 1234 | 3319 | 559 | 162 | 1.80 | 1.12 1.59 | 1.12 1.59 1.62 | 1.80
90 | 3392 | 593 857 |-1185 -826 [ 11.74| 3381 | 609| 201 [ 140 171 169 | 171 169 | 201 | 140
100 3511 | 616 | 854 1112 822 1097 3509 | 631 257 261 | 137 | 158 | 137 | 158 | 257 | 261
110 3580 | 874 | 878 -1118| -845 1089 3583 | 897 | 374 | 322 185 182 | 185 182 | 374 | 322
130) 3593 | 786 | 689 | -998| 664 | 951 3601 | 810 143 | 189 172 1.61 172 1.61 143 | 1.90
140| 3711 | 743 | 561 | 918 | 571 | 852 3716 | 778 195 093 | 107 | 097 | 107 | 097 195 | 093
150| 3761 | 962 | 663 1008 688 | 944 3780  986| 210 | 276 116 132 | 116 132 | 210 | 276
160| 3798 | 808 | 393 | 896 | 458 838 3814 B845| 054 063 | 073 063 | 073 063 | 054 | 063
190 3913 | 842 | 269 | 698 | 407 | 748 3957 | 935| 122 060 048 055 | 048 0.55 122 | 0.60
200 4040 | 822 410 | 683 443 734 4066 | B40| 060 | 059 051 052 | 052 052 | 060 059
210) 3948 | 8.77 | 3.20 | 575 -394 | 6.44 | 3966 | 9.25| 042 | 0.50 | 0.39 0.38 | 0.39 0.38 | 042 | 050
2200 4046 | 8.08 | 3.18 | 475 -3.90 | 5.80 | 4065 | 852 | 038 | 0.38 | 0.33 0.49 | 0.33 049 | 038 | 0.39
2300 41.02 | 8.01 | 3.91 | 433 452 581 | 407 | 835| 063 | 1.24 | 018 043 | 0.19 043 | 063 | 1.24
2500 28.26 | 8.23 | -14.95 | -8.26 | 1490 | 10.63 | 27.99 | 8.45 | 14.55 (21,49 23.32 | 1545 | 19.22 | 13.57 | 21.36 |26.90
260) 14.67 |36.20) 17.54 | -1.30 | -16.863 | 4.01 | 14.24 |36.25| 35.86 |28.87 2564 | 30.10 | 25.64 | 30.10 | 35.86 |28.87
270) 4079 | 245 -815 | -5.85 | 1018 | 7.76 | 38.671 | 3.94 | 26.93 (21.80 17.72 | 20.22 | 17.72 | 20.22 | 26.93 |21.80
280) 4390 (1558 -3.00 | -616| 352 | 762 | 4364 (1845 685 | 962 1206 | 747 1206 | 747 | 685 | 9.62
290| 61.91 (1054 1102 | -6.35 | 1111 | 861 | 61.78 [13.07| 18.92 (1586 19.86 | 3097 | 1986 | 3097 | 1692 |15.86
310 3966 |-249| 1184 | 184 |-1041) 660 4026 | 068 | 1451 (1082 6845 | 1195 | 6845 | 1194 | 1451 1082
32003973 475 619 | 274 546 | 795 4093 B37| 2554 (1529 2145 | 2831 2145 | 2831 | 2554 1529




Table 23 Zero Preswirl, PR = 40%, 20,200 rpm for = 0.386
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f | Rox |z Rny IZ:Q( RZyx IZl_n( RZW lZw Rz [7xx Rny IZ:U_{ RZyx IZl_n( RZW IZW
20 | 33.76 |-2.06| 3230 |-19.93|-3212|1996| 3385 -212| 462 | 225 | 533 7.0 533 | 7.1 462 | 225
30 [ 2787 | 396 | 2458 | 953 |-2435) 949 | 2797 405 | 234 | 256 | 403 551 | 402 | 5, 234 | 256
40 | 32.07 | 713 | 23.78 [-13.86/ -23.58 | 14.00| 3234 | 7.35| 226 | 151 188 | 2.:M 190 | 292 | 223 | 148
50 | 18.47 |-0.79| 947 |-10.69| -9.45 | 10.88| 18.28 |-1.55| 15.97 [19.69| 10.¥5 | 9.87 | 10.75 | 9.87 | 15.97 |19.69
70 ] 3405 | 3.98 1404 1518/ -13.79/15.21] 3393 | 397 1.71 | 152 186 | 248 | 186 | 248 1.71 | 1.52
80 | 3497 | 3.92 | 1278 |-15.69|-12.49/15.61| 3483 | 3.99| 1.87 | 145 170 | 228 | 1.70 | 228 1.87 | 1.46
90 | 33.35 | 6.19 | 1048 |-13.84|-1017 [ 13.73| 33.24 | 6.35| 188 | 1.31 | 1.03 140 | 1.03 1.40 1.88 | 1.31
1000 33.76 | 3.76 | 8.29 |12.92| -7.97 12773374 | 391 | 350 | 371 1.55 1.28 | 1.55 1.28 | 350 |37
110 34.03 | 8.08 | 9.23 |-11.91] -8.91 1162 3406 | 8.32| 403 | 355 | 1.68 1.59 | 1.68 1.59 | 403 | 3.55
130) 36.57 | 5.22 | V.03 |-11.67| 6.78 1121 3664 | 546 | 151 | 287 1.34 137 | 1.34 1.37 1.51 | 287
1400 37.17 | 7.60 | 6.28 |-10.84| 6.38 1017 3723|795 083 (212 | 097 | 083 | 097 | 0.83 | 083 | 212
1500 39.11 | 9.95 | 6.72 |-11.40| -6.97 1076 39.30 |10.19| 218 | 318 | 1.22 1.03 | 1.22 1.03 | 218 | 317
160| 3846 | 746 | 497 |-1098| -561 1040 3862 | 782 052 (053 | 057 | 072 | 057 [ 072 | 052 | 059
190| 3896 | 748 | 302 | -730| 440 780 3940|841 075 098 087 | 047 | 087 | 047 | 075 | 099
2000 3974 | 690 414 | 726 446 | 7773999 V07| 056 | 042 053 047 | 053 | 047 | 056 | 042
210( 3964 | 751 335 | 631| 409 699 | 3983 600| 063 |058| 044 062 044 | 062 | 063 | 058
220 4061 | 744 | 359 | 566| 431 | 671 | 4080 | 787 | 060 | 057 | 059 0.51 059 | 052 | 061 058
2300 4132 | 7.07 | 398 | 556 458 | 7.05 | 4138 742| 119 | 059 027 | 039 | 0.28 | 0.38 1.19 | 0.60
2500 3433 | 8.23 | -7.34 | 257 | T7.29 | 022 3406  845| 834 | 716 | 1712 | 1247 | 10.89 | 10.04 | 17.73 |17.69
260) 48.11 1213 -3.34 | 618 | 404 | 8.89 | 4768 12.09] 20.92 |24.40 16.90 | 15.89 | 16.90 | 15.69 | 20.93 |24.41
270) 4049 |21.06| -3.71 | 281 | 574 | -0.90 | 38.31 |22.55| 24.44 |41.44 ) 2126 | 3513 | 21.26 | 35.13 | 24.44 |41.44
280) 4443 | 442 230 | 443 .78 | 5.89 | 4417 | 7.29| 9.62 (1234 908 | 1427 | 9.08 | 14.27 | 9.62 [12.34
290| 4465 (49.76| 25.61 | -8.01 | -25.52 | 10.27 | 44,52 |52.29| 33.45 (10.31 64.06 | 26.72 | 64.06 | 26.72 | 33.45 |10.73
310 44.35 | 156 1.29 | -8.61| 014 1337 4495|160 7.03 | 944 712 7.85 | 712 | 784 | 7.03 | 9.44
320) 4763 1698 641 1615 715 2136 4883 [2060) 15.97 (44 33| 2945 | 5792 | 2945 | 5792 | 1597 44 33
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