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ABSTRACT

To verify the results of a streamline curvature numerical analysis

method, an investigation has been conducted in which comparisons are

made between analytical and experimental data of an axial flow fan.

Using loss model calculations to determine the proper outlet flow

deviation angles, the flow field in the hub-to-tip plane of the turbo-

machine was calculated. These deviation angle calculations allow the

inviscid streamline curvature (SLC) analysis to model a real fluid with

viscous losses. The verification of this calculated flow field is the

primary objective of the investigation; however, in addition to the

hub-to-tip flow field, the numerical analysis of the blade-to-blade

flow field was also investigated in some detail.

To verify the accuracy of the numerical results, detailed flow

surveys were conducted upstream and downztream of the test rotor of

the axial flow fan. To obtain the necessary data to verify the blade-

to-blade solutions, internal blade row data were also collected. The

internal blade row-measurements were obtained by using a rotating

circumferential traversing mechanism which was designed and implemented

during this investigation. Along with these two sets of survey data,

the static pressure distributions on the pressure and suction surfaces

of the test rotor were also obtained. The combination of these

experimental data defines the flow field throughout the entire machine

which was investigated.

Comparison of the SLC hub-to-tip solution with test data shows

that, for the test rotor operating at its design mass flow condition,
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the numerical analysis predicts the outlet flow field to within a few

percent of the measured data. The analyses performed to obtain the

surface static pressure distributions on the rotor blades also agree

quite well with measured profiles.

................. ........
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1. INTRODUCTION

1.1 Origin of the Investigation

The ever increasing demand for quieter and more efficient aircraft

propulsion systems has become an important design consideration in the

turbomachinery field. Improvements in the design of a turbomachine,

such as an aircraft turbine or compressor stage, will depend heavily on

the ability of the design engineer to predict accurately the design and

off-design performances of the final machine. This ability to "see" on

paper, rather than in a test rig, how a particular machine will perform

at various inflow conditions provides both the insight and opportunity

necessary to modify the design and obtain the best possible hardware

configuration. This process, however, can only be used successfully

when the numerical analysis technique used to predict the machine

performance has been tested and its accuracy range and computational

limitations verified.

The fundamental purpose of any useful numerical analysis method is

to calculate a physically correct exit flow field when one is supplied

wi*th a specific inlet flow field. This simple "black box" approach

calculates the overall machine performance but yields no constructive

insight into the complex flow phenomena which occur within the rotating

blade row. When the design as well as off-design performance data are

required, this type of analysis is not sufficient and some additional

information of the intra-blade flow field is necessary. Exact numerical

modeling of all the three-dimensional, viscous flow phenomena that occur

within the blade row is not computationally possible at the present

time. However, through the use of two-dimensional cascade data and
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empirical correlations for the major viscous flow effects, it is pos-

sible to develop numerical techniques which are capable of calculating

the turbomachinery flow field to within an acceptable degree of

accuracy. Such an analysis method also allows for the off-design

operating conditions to be studied and is thus a most useful tool to

the turbomachinery designer.

The manner in which the viscous flow effects are incorporated

into a numerical technique, as well as the particular numerical scheme,

may differ dramatically between designers. Because each designer uses

a somewhat unique method, it is important that the accuracy and

dependability of the particular analytic procedure be verified by

means of an experimental investigation. Such an investigation consists

of numerically modeling a specific turbomachine and comparing the

results with detailed flow field measurements. It is only after such

an investigation that the accuracy and computational limitations of

the procedure are determined and documented. The technique can then

play a useful role in the design process.

1.2 Previous Investigations

There has been a considerable amount of work published regarding

the development and documentation of turbomachinery through-flow

analysis techniques. One of the earlier methods theoretically replaces

the rotating blade row by a disk of infinitesimal thickness which models

the influence of the blade row by sudden discontinuities in the flow

properties. The Actuator Disk theory, as is known and described by

Horlock [1],* can be used for a wide variety of turbomachinery flow

Numbers in brackets indicate References.



3

field problems including axisymmetric and three-dimensional cases.

However, most analyses performed using the actuator disk model are one-

dimensional or two-dimensional solutions. .When the complexity of the

problem requires more detailed descriptions of the flow field, other

techniques are generally employed.

In 1952, Wu [2] presented his general theory in which the governing

inviscid flow equations z two intersecting stream surfaces, the S1 and

S 2. (Figure 1) were derived. These stream surfaces are more commonly

known as the blade-to-blade, S1, and the hub-to-tip, S2 , surfaces,

respectively. This general theory couples the two-dimensional flow

field equations for the two surfaces and allows their solutions to

interact. This interaction distorts the surface shapes as a function

of the overall calculated flow field. Computational techniques and

computer storage capacities have only recently progressed to the point

where such a fully three-dimensional theory may even be attempted.

Using Wu's general theory however, the two-dimensional flow field

solutions on both the SI and S2 surfaces can be computed and matched

up independently to form quasi-three-dimensional flow field solutions.

The numerical technique most often used to solve Wu's flow field

equations is a variation of the finite difference technique and the

formulation of the resulting equations into a matrix equation contain-

ing the stream function. Marsh [3] has used an irregular finite

difference grid pattern to generate a set of nonlinuadr equations for

the S (hub-to-tip) surface. This irregular grid, unlike the conven-

tional rectangular grid, allows the nodal points at which the calcula-

tions are conducted to fall on the physical boundaries of the machine.

This procedure provides a more detailed solution near the walls of the
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curved flow path of a real turbomachine than was previously btainable

with the conventional rectangular grid pattern. The equations are

then used to form a matrix equation whose solution uses an iterative

technique to determine the stream function.

The flow field solution on the S. (blade-to-blade) surface has been

investigated by Smith and Frost [4]. Like Marsh, Smith and Frost used

an irregular finite difference grid and a matrix equation solution.

This solution differs slightly from the hub-to-tip solution in that

extreme care must be taken when specifying the upstream and downstream

flow boundaries. The resulting solution depends strongly on the chosen

inlet and exit flow angles and the manner in which those angles change

as the boundaries approach the blade surfaces. Davis [5] has also

investigated this Matrix Through-Flow method, as it is known, on both

the S1 and S2 surfaces for various finite difference grid patterns.

A different approach to the two-dimensional, inviscid, axisymmetric

turbomachinery flow field problem is the Streamline Curvature (SLC)

method. The SLC was developed independently by Novak [6], Smith [7],

and Silvester and Hetherington [8]. This numerical technique expresses

the radial component of the inviscid Navier-Stokes equation in terms

of the streamline geometry and fluid properties. The meridional

velocity is computed using the continuity and energy equations along

calculating station lines positioned throughout the flow field. From

these velocity distributions, streamline positions can be determined

from continuity calculations. The method uses two iterative loops:

an outer loop relocates the streamlines based on the calculated velocity

distributions at each station; while an inner loop computes a new

velocity profile for each station that satisfies the conservation laws
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of mass, momentum, and total energy. The iteration cycle is completed

when the flow field solution simultaneously satisfies these conservation

laws. Although the streamline curvature method does not deal directly

with the stream function, it can be shown that the governing equations

can be derived from Wu's general theory.

These major axisymmetric through-flow analysis methods, the Matrix

Through-Flow and the Streamline Curvature, have been comparatively

studied by Davis and Millar [9] and Marsh [10]. These studies focus on

computational speed, stability, storage requirements, Icnd numerical

limitations, but fail to indicate how accurately these techniques

predict the true flow field. The question of accuracy is intentionally

not addressed in these studies because the degree of accuracy in the

final solution is not as much a function of the particular numerical

technique as it is of the manner in which real fluid phenomena are

modeled in the overall analysis. This modeling falls outside the basic

numerical technique and may vary from user to user or even problem to

problem. Thus, the only information which can realistically be provided

concerning the accuracy of the final predicted flow field must be from

comparisons between the predictions and the actual flow field.

1.3 Objectives of the Investigation

The experimental verification of the inviscid, incompressible,

axisymmetric streamline curvature computer program developed by McBride

[11] is the objective of this investigation. Independent numerical

analyses are conducted on the S, (blade-to-blade) and S 2 (hub-to-tip)

surfaces using a modified version of McBride's indirect computer code.

Modifications were necessary to allow the solution of the direct

problem, provide a viscous loss model and handle the necessary boundary
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conditions for the S1 surface solution. The blade-to-blade solution

does not include a viscous loss model, as does the hub-to-tip solution,

and is compared to a potential flow solution using the Douglas-Neumann

[12] cascade computer program. The solutions of the flow field on the

two surfaces yield a quasi-three-dimensional map of the turbomachine

which is compared to detailed flow field measurements.

The specific turbomachine used in this investigation was the Axial

Flow Research Fan (AFRF). This is a research facility housed at the

Garfield Thomas Water Tunnel, of the Applied Research Laboratory at The

Pennsylvania State UnivE ity. The facility consists of an annular

flow passage and an instrumented test rotor located approximately six

feet from the bellmouth inlet. The test rotor is a nine-bladed, free

vortex, cambered rotor with a hub-to-tip ratio of 0.442. Experimental

measurements were made at various spanwise locations upstream and down-

stream of the test rotor, as well as circumferential positions through

the blade row. The rotating flow field data were obtained using a

rotating mechanism which permitted the traversing of five-hole pressure

sensing probes in the S. plane. Static pressures on the blade suction

and pressure surfaces were obtained through a number of static pressure

taps distributed in the spanwise and chordwise directions.

This investigation is primarily directed towards the development

and implementation of the procedures and experimental hardware necessary

to conduct extensive intra-blade flow field measurements through a

rotating blade row. The resulting blade-to-blade flow data allow the

verification of existing modeling techniques, as well as providing

basic information about the flow physics in this highly three-dimensional

complex flow region. Due to time limitations, the accuracy of the SLC



8

analysis is verified only for the design conditions of the AFRF test

rotor. Further studies of the off-design capabilities of the SLC

analysis method are a relatively straightforward extension of the work

presented in this investigation and should be examined before the worthi-

ness of this analysis method is concluded. Comparisons of experimental

and numerical data provide the only verification as to how accurately

the numerical analysis can predict the real flow field.
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2. NUMERICAL INVESTIGATION OF FLOW FIELD

2.1 Basic Concepts

As previously stated, the inviscid, axisymmetric streamline curva-

ture method expresses the radial component of the inviscid Navier-Strokes

equation in terms of streamline geometry and fluid properties. The

solution of this radial equilibrium equation, as it is known, and the

adherence to the conservation laws of mass, angular momentum and total

energy, constitute the major computational foundations of this numerical

technique. This analysis method assumes a condition of axisymmetry of

the flow field, as well as treating the working fluid as incompressible

and inviscid. The governing equations are thus derived with these

assumptions in mind. A more detailed description than is provided here

of the governing equations and their derivations can be found in

Reference [11].

For the axisymmetric through-flow analysis, it is convenient to

divide the total velocity vector (V) into its components in the

meridional (VM) and circumferential (V0) directions. The meridional

velocity is the component of total velocity which is tangent to a

streamline at a point and projected into the meridional plane. This

velocity component in the meridional plane is the vector sum of the

axial velocity (V x) and the radial velocity (VR) vectors. Thus, given

the meridional velocity and the streamline angle (y), these components

can be computed from,

Vx : VM cos (y) (1)

and

VR VM sin (y) (2)

AV R
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The tangential velocity component is defined in the direction normal

to the meridional velocity and is positive in the direction of the

blade row rotation. The relationship between the total velocity and

its components is given by

V2  2 + V2 (3)

The graphical relationships between all the velocity components are

shown in Figures 2 and 3.

To simplify the numerical computations, an intrinsic coordinate

system is used throughout the SLC analysis method. This system moves

with the fluid particles along the streamlines and is defined by the

three unit vectors shown in Figure 4. These direction vectors consist

of the two orthogonal vectors in the streamwise and normal directions

and a fixed vector in the radial direction. This s, n, r coordinate

system allows the solution of the flow field equations to be carried

out along straight or curved calculating station lines without loss of

accuracy or an increase in computation time.

2.2 SLC Governing Equations

Meridional curvature of the streamlines throughout a turbomachine

tends to disrupt the equilibrium condition in the flow. To satisfy the

conservation of momentum principle, a radial static pressure gradient

develops as defined by the radial equilibrium equation, Equation (4).

The first term of this equation is a function of the local meridional

radius of curvature (R ) of the streamlines. The second term relates
c

directly to the centrifugal force exerted on the fluid particle as it

moves in the circumferential direction. Such a rotation occurs whenever

a tangential velocity component is present and as the fluid passes
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through the rotor. The final term of this radial equilibrium equation

reflects the convective acceleration of the fluid particle as the

streamtube area either converges or diverges. The combination of these

three terms yields the form of the radial equilibrium equation which is

used in the streamline curvature analysis method. The differential form

of this equation is expressed as

dP:= dn + !idr - VM- - ds .(4)dP RM c Ma

C

Since the SLC analysis is an axisymmetric, incompressible, inviscid

method, the total energy along a streamline must be conserved until it

is changed by some energy transferring device such as a rotor or stator.

The rotor changes the angular momentum of the fluid as well as producing

some energy losses while a nonrotating blade row, a stator, will only

cause losses in energy. These changes which occur through a blade

row, whether stationary or rotating, must remain constant in the down-

stream blade-free region until other blade rows are encountered. Thus,

between any two points along the same streamline in the blade-free

region the total pressures can be related by

Pc + p V 2 = P + -1 , (5)

where the subscript (-) indicates a calculating station of known static

pressure and total velocity and the subscript (n) indicates an arbitrary

station within the blade-free region.

Using the relationship for the total velocity developed in

Equation (3), the right-hand side of Equation (5) can be written as

P+ pV 2 =P + p (V2) + I .eV2 (6)P 2 + o 2 M 2 Pn
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This expression can be expanded further if the following relationship

is considered:

0

P ) = (P)+ (P), (7)n (i Pn '

where (Pi)n is the static pressure on the innermost streamline at the

arbitrary station (n) and the integration limits are from the inner (i)

to the outer streamline (o).

Integration of the radial equilibrium equation, Equation (4),

yields the static pressure difference between the inner and outer

streamlines. Thus, it is possible to combine Equations (5) through

(7) and obtain an expression for the meridional velocity at station (n):

(v ) = P. 1 P 2 _ (Pi (dP) - (V2) . (8)

1

The static pressure on the inner streamline (Pi) is not directly known,

and so Equation (8) cannot be solved as it stands. Instead, the

integral form of the continuity equation given by

0

27 (VM)n dn = CONSTANT (9)
1

is combined with Equation (8) to produce the relationship

0 / 2

[ P. 2 (Pi 0 (P, 2 1/2
2pr p + V'. pi n -_d - (V)n  dn = 2Tr (VM) dn

i1i )
i (10)
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Since (P.) is a constant for each station, it may be removed from inside

the integration limits and solved for directly. Once (Pi)n is known, a

meridional velocity profile for each station can be computed that satis-

fies radial equilibrium and total energy conservation.

To complete the flow field calculations, the tangential velocity

profiles must be computed for each station. The law of conservation of

angular momentum states that the angular momentum is constant along a

streamline in the blade-free regions with a change occurring only

through a rotating blade row. This momentum change is associated with

the energy supplied by the rotor and is reflected by the change in

tangential velocity from leading to trailing edges. Thus, by knowing

the tangential velocity profile at some upstream reference station, as

well as knowing the change in tangentiil velocity across the rotor

(i.e., the work done by the rotor), the tangential velocity profiles

at all other stations can be calculated based on angular momentum

conservation.

2.3 SLC Computational Procedure

The SLC analysis method uses an iterative procedure which involves

the equations of radial equilibrium, total energy, and continuity. Once

an initial approximation of the flow field is obtained based on the up-

stream reference velocity profiles, the conditions of constant mass

flow rate and angular momentum are satisfied. The integration of the

radial equilibrium equation together with the values of the static

pressure on the inner streamline allows new meridional velocity profiles

to be computed for each calculating station via the energy equation.

Given these updated velocity distributions, the positions of all the

streamlines are adjusted to satisfy the continuity equation. Due to the
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realignment of the streamlines, however, the constant angular momentum

condition must be rechecked and the redistribution of tangential velocity

is then applied throughout the flow field. At this point the radial

static pressure gradient at each station is computed and is used once

again in the energy equation to yield new meridional velocity profiles.

These profiles are then used to reposition the streamlines for the

second time and the entire iteration cycle is repeated until the values

of velocity, and thus streamline positions, do not change within pre-

scribed limits from one iteration pass to the next. At this point the

solution is considered to be the correct converged flow field solution

which simultaneously satisfies the physical conservation laws of mass,

total energy, and momentum.

The computational steps and the required direct problem boundary

conditions are shown in Figure 5. The first step of this process is to

obtain some reasonable approximation of the flow field so that through

successive iteration, the converged solution can be obtained. The

initial flow field is determined based on the specified distributions

of meridional and tangential velocity along an arbitrary upstream

station line. These velocity distributions determine the total energy

of the fluid and are therefore the first necessary boundary condition

which must be supplied. By specifying the percentage of total mass flow

rate to be enclosed within each streamtube and by conserving angular

momentum throughout the blade-free regions of the flow field, the

initial streamline positions and velocity profiles can be computed for

each station. The flow field downstream of the rotating blade row re-

quires additional information prior to its initial computation. The

information which is needed is directly related to the amount of energy
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that the rotor adds to the fluid and is supplied in terms of a tangential

velocity profile at the blade row trailing-edge. This velocity profile,

which allows the downstream profiles to be determined from the angular

momentum equation, is computed from the second boundary condition.

The designer of a rotating machine will determine the energy change

across the rotating blade row by specifying (the design or indirect

problem) the tangential velocity distribution at the blade row trailing-

edge. The analysis of the very same machine (the direct problem), on

the other hand, requires the calculation of the existing tangential

velocity profile based on the physical geometry of the blade row.

Figure 6 shows a typical axial flow fan rotor blade section and its

inlet and exit velocity diagrams. From the exit velocity triangles,

it is possible to calculate the tangential velocity if the section

geometric properties are known. Once the exit velocity profiles are

computed for each blade section, the downstream flow field parameters

can be established and the iteration procedure is initiated until a

converged solution results.

2.4 Calculation of Exit Flow Angles

The calculation of the proper exit spanwise flow angularity distri-

bution is an important step in the overall hub-to-tip SLC flow field

solution. The difficulty in calculating this distribution centers

around the fact that the ideal relative outlet flow angle shown

in Figure 6, is not the angle at which a real, viscous fluid will exit

from a blade section. The actual fluid will not experience as much

turning (energy addition) from the leading to trailing-edge as this

angle would lead one to believe. For this reason, a deviation angle
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(6TOT) must be calculated to include the reduction in turning which is

primarily due to viscous flow phenomena. The computation of this

deviation angle for each radial blade section is the only loss model

which is incorporated into this direct hub-to-tip streamline curvature

analysis.

Once the total deviation angularity distribution is known, the

actual exit flow angles are calculated from

+S2  = 
02 + 6 TOT (11)

for each radial section. This actual flow angle (B2) can then be used

to calculate the exit tangential velocity profile from

V02 U - V tan (a" (12)

This loss model based on blade section deviation angles allows the

inviscid SLC analysis program to model the flow field of a turbomachine

with real viscous and secondary flow effects.

2.5 Calculation of Deviation Angles

The blade section relative flow angle ( 2 ) is defined as the angle

formed by a line which is tangent to the section camberline at the

trailing-edge and the axial velocity vector. This angle, sometimes

known as the metal angle, is the angle at which the relative flow would

exit from the blade row if the working fluid perfectly followed the

camberline from leading to trailing edge. However, due to several

viscous and secondary flow phenomena, the working fluid will deviate

from this ideal path and thereby exit at some angle other than the

metal angle. The difference between the actual relative flow angle
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and the metal angle is called the deviation angle. The accurate determi-

nation of the deviation angle at each spanwise location allows the

modeling of the viscous and secondary flow phenomena by the inviscid SLC

analysis of the axisymiietric turbomachine.

The procedure which is used to calculate the final deviation

angularity distribution involves a three-part interaction with the

streamline curvature analysis. This procedure was selected so that, as

more complex terms are added to the deviation angle computation, the

flow field necessary to compute the deviation is the best available

approximation. The initial flow field solution incorporates the

measured blade section metal angles and a spanwise deviation distribu-

tion based on the development by Howell [13]. Howell's two-dimensional

cascade correlation is based on nominal conditions which he defines as

those pertaining to a cascade deflection which is 80 percent of the

maximum stalling deflection. Howell's modification of a rule formulated

by Constant [14] is a first order correction to the ideal flow angle

based on section camber angle (ec), space-to-chord ratio and outlet

metal angle. This correlation is given as

2 + 0.23 e (S/C) /2(2a/c)2
SH :c -B (13)

H 1.0 - 0.002 0c (S/C)'12 2

where a/c is the fraction of the chord at the point of maximum camber.

A derivation of Equation (13) is shown in Appendix A. Using the blade

row exit angularity profile generated from Howell's correlation equation

and the given upstream velocity profiles, the SLC analysis yields a

converged flow field solution which satisfies these input boundary
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conditions. The computed velocity profiles at the blade row leading-

and trailing-edges are then used to calculate three separate deviation

terms based on primary flow phenomena.

Lakshminarayana [15] has developed a deviation formula based on

the change in circulation due to the axial acceleration of the flow

through the blade row, This deviation term is expressed as

-, AVR - 1.0 c= AVR Cos2 () tan N 2) +

rK(c/s)[(G/c) + (a/4)]cos(sm)[(AVR + 1.0)2 -41 27rK(c/s) tan (I)

(AVR - 1.0) AVRcos( m)sec 2 (Bi)

8 + ~TK(c/s)[(G/c) + (a/4)]cos(m)r(AVR+ 1.0) tan ( 2) + 2tan(i3)]

(14)

where AVR is the axial velocity ratio (Vx/Vx ), K is the cascade

influence coefficient [16], G is the distance from the chord line to

the point of maximum camber, 'm is the mean flow angle [1/2(B, + B2) ] ,

and a is the difference between the inlet flow angle and the stagger

angle ( -

Howell's deviation formula assumes that the thickness of the blade

section is zero or very small; thus, the effects of a finite thickness

distribution must be included in the formulation of the final deviation

angle profile. Empirical cascade data has been collected by the

National Aeronautics and Space Administration (NASA) and correlated by

Lieblein [17]. Based on these data, Lieblein developed a deviation
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calculation as a function of blade section solidity and inlet flow angle.

The deviation of the flow due to the blade thickness is given by

6* = (60° )1- (K6)sh • (K6)t , (15)

where (600)10 represents the deviation angle of a 10 percent thick NACA

65-series thickness distribution obtained from the experimental data.

The remaining terms of Equation (15) are corrections to the basic devia-

tion angle for thickness distributions other than NACA 65-series, and

maximum thickness-to-chord ratios of other than 10 percent, respectively.

Also presented in Lieblein's development of the primary flow

deviation angle is a better approximation of the effects of blade camber.

This camber induced term replaces the previous deviation based on

Howell's correlation. This improved camber term is given by

60 = m • 0c , (16)

where the value of m, known as the slope factor, is based on empirical

cascade data as a function of blade solidity and inlet flow angle.

Having calculated the deviation angle terms from Equations (14) through

(16) for each blade section, the cumulative effect of the viscous

phenomena is reflected in the primary deviation angle given as

6= 6* + 60 - 6' . (17)

This second order correction for the viscous flow effects is then used

to generate an improved flow field solution from the SLC analysis which

reflects some of the major losses which occur through the blade row.

The effects of secondary flows are most influential in those

regions of large inlet velocity gradients. For the axial flow fan

problem, such gradients exist near the outer casing and inner hub

. . .



25

surfaces. These secondary flows produce a streamwise component of

vorticity which is not considered in the previous deviation angle

computations. After obtaining an inlet normal vorticity profile from

the rotor inlet axial velocity profile supplied by the SLC analysis,

the secondary vorticity at the rotor exit station is calculated. From

this secondary vorticity, a secondary stream function is defined in the

exit plane. The solution of this stream function yields perturbation

velocities which are then used to determine an additional deviation (6S)

due to the secondary flow phenomenon. From this calculation, a new

outlet flow angularity distribution is defined by

2 = 2 + + . (18)

A more complete description of the secondary flow phenomenon and the

numerical solution of the necessary equations is provided by Billet L17].

The effects of tip leakage flows is also a major turbomachinery

secondary flow phenomenon which must be addressed in this numerical

analysis technique. Lakshminarayana [18] has investigated tip clearance

effects in axial flow turbomachinery and derived a relationship for an

additional deviation angle term. This calculation is based on a vortex

model in the tip region. The induced velocity effects cause a change

in the outlet flow angle given by

T = tan -' {1-2T , (19)T47T ar t ,

where CL is the tip section lift coefficient, and r/ar is the local

radius in the vortex core divided by the vortex core radius. The

relationship

L.7
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ar =0.14 { r (20)
T T L

yields the value of the vortex core (ar) for a given value of tip

clearance (T) and longitudinal distance (d) from the leading edge.

The deviation angle also is a function of the distance from the end wall

(y) and the local radius of the vortex core (r) given by

r = ar + T - y (21)

The value of the (1 - K) term in Equation (19) is obtained from

experimental data and the equation

(1 - K) = 0.23 + 7.45 (T/S) (22)

for values of tip clearance to blade spacing between 0.10 and 0.01.

The main purpose of considering this leakage flow deviation angle

term is to obtain some feel for the magnitude of the leakage flow

induced deviation angles at the blade tip. Since it was felt that the

greatest deviation would occur inside the vortex core, only this region

is considered and is reflected in the use of Equation (19). For the

region outside of the vortex core, Equation (19) is no longer valid and

additional relationships must be sought. This is perhaps the weakest

link in the total deviation angle chain since the effect of leakage

flow is not confined to only the tip section and must be distributed

along the blade span. However, such a distribution is not considered

in this investigation and the total effect is concentrated at the rotor

tip.

The final flow field solution is computed based on the total devia-

tion angle calculated at each radial location from the relationship
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TOT =6 + - +  + 6T (23)

This total deviation angle distribution is added to the blade metal

angles and used as the final boundary condition of the streamline

curvature analysis. The resulting converged flow field solution

includes the effects of blade camber, thickness, axial velocity

accelerations, secondary vorticity, and tip leakage flows.

The final results obtained from the SLC procedure just outlined

rely foremost on the ability of the deviation angle calculations to

model the actual loss mechanisms which occur in the real flow field.

Improvements and modifications of these models are always desirable as

more accurate experimental data and correlations become available.

However, at the present time, the loss models used in this analysis

method are simple enough to use quickly and without major computational

difficulties while still providing an acceptable degree of accuracy.

It should also be noted that all the deviation angle calculations have

unique limitations and are only valid for specific ranges of flow

conditions and blade shapes. The limitations, therefore, of each

calculation must be carefully examined and studied before these loss

models can be expected to produce accurate flow field solutions.

2.6 The Blade-to-Blade Analysis

2.6.1 The SLC Method. The previous development of the axisym-

metric streamline curvature method is only valid for solving the two-

dimensional flow field on the S stream surface. The solution of the2

S1 stream surface requires a slight modification of the program coding.

In addition to the nonannular flow passage, the blade-to-blade analysis

requires somewhat different boundary conditions. The initial S

.... ~~............ ...... li'| ' '..... ''""
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surface flow field energy is again established by specifying the upstream

reference station velocity profiles, but the exit flow angle is not input

directly as it was for the axisymmetric solution. Instead, the physical

flow boundary of the problem defines the flow angularity for each blade

section. This angularity, and thus the flow boundaries, must vary for

each blade section that is to be considered. Figure 7 shows a typical

cascade section which has been set up with the necessary flow boundary

configuration.

In addition to the governing equations of motion, an important

principle must also be satisfied before a converged blade-to-blade

solution is acceptable. Figure 7 shows four points on the flow bounda-

ries labeled ) and ® upstream of the blades and ) and (4) down-

stream. These pairs of points are actually located at identical

positions relative to the cascade since the upper streamline of one

blade section would become the lower streamline of the adjacent blade

section in the infinite cascade of blade sections. The key assumption

throughout the SLC analysis has been one of axisymmetry; thus, the flow

field at points Q and (D must be the same, and similarly, points ®J
and (D must show identical flow properties. This condition, known as

periodicity, must be satisfied together with the previously mentioned

conservation laws to yield a physically accurate solution.

The procedure which is used to calculate the final blade-to-blade

flow field requires an additional iteration loop to be added to the

analysis. Figure 8 represents the computational steps required for this

S1 surface solution. The first step of this procedure is to calculate

the inlet and exit flow angles for each radial section based on the

solution of the axisymmetric flow field on the S. surface. These flow
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angles along with the individual blade section coordinates provide the

preliminary flow field boundaries similar to those shown in Figure 7.

Each time the flow field is recalculated, the periodicity condition is

checked. If this condition is not met, the flow boundaries are adjusted

slightly and the flow field is recalculated. The amount of adjustment

and precisely which direction the adjustment is made is determined from

a momentum consideration. It is first assumed that the integrated

value of radial momentum along each station line upstream of the blade

surface is constant. It is further assumed that the difference between

this constan~t value and any other at a station is related to the streami-

line angle which is governed by the angle of the flow boundary. Thus,

the periodicity condition is met when the integrated value of radial

momentum for each upstream station is equal to that of the reference

station, and the downstream stations are equal to the value at the

trailing edge since radial momentum changes through the cascade. This

radial momentum is computed for each station outside the blade surfaces

from

(M R)= P f (V R V M) ridn ,(24)

where

dn = dr sin (f).(25)

The integration limits and directions are shown in Figure 9 along with

the definition of .

The upstream reference station is assumed to have the correct

radial momentum since the velocity profiles are user-specified and do

not change during the calculation procedure. The difference between
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this value of radial momentum and an arbitrary upstream station is

related to an average change in radial velocity across the channel

given by

(MR) - (MR)

(AV REF (26)

p (VM) n  dn

This change in radial velocity is then used to adjust the radial

location of the flow boundary coordinates by computing a new flow

angle (D') based on the new velocity triangles:

(*') = tan-' + (27)R TR

This new angle at station (n) creates a change in the boundary

coordinates of all upstream stations by an amount equal to

(AR)_) = FX X(n-l] - [RT - R(Ti-1)] (28)( I tan (' Lin-

This value of AR is used to adjust all the upstream stations before

the same calculation is applied at station (n-I) and so on until the

reference station is reached. Figure 10 shows graphically the change

in radial coordinates based on the change in streamline angle of the

downstream station. This entire procedure begins at the leading-edge

station and marches upstream until all the upstream coordinates have

been adjusted.

The flow field solution which is calculated within the blade

passage satisfies the radial equilibrium equation, as well as total

energy and momentum conservation. Since these interior stations can
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exhibit a change in flow properties across the channel which reflect

the blade forces, there is no need for a periodicity condition in

this region. It is therefore assumed that the calculated velocities at

the trailing-edge station are correct and the periodicity computations

are subsequently applied to the downstream stations based on the

trailing-edge conditions. Once the entire upstream and downstream flow

field boundaries have been adjusted, the SLC flow equations are solved

and the iteration cycle is repeated until the periodicity condition is

met and the governing equations are satisfied. Although the use of the

radial momentum and the change in radial velocities is merely an

approximation to the periodicity condition, it is clear that as the

periodicity condition converges the approximation becomes better.

The SLC blade-to-blade solution does not incorporate any viscous

or secondary flow loss model as does the hub-to-tip solution. Thus,

the S1 surface solution is purely an inviscid, incompressible, two-

dimensional solution. An improvement to the analysis would involve

calculating a displacement thickness along the blade from a boundary

layer analysis and computing a modified flow boundary to account for

the blockage effects of this phenomenon. Further, an iterative scheme

could be used to solve the viscous-inviscid flow interactions between

the boundary layer and the free-stream flow to improve computational

accuracy. These types of modifications have been investigated by

Gliebe [20] and others, but are not within the scope of this investi-

gation.

2.6.2 The Douglas-Neumann Method. The development of the stream-

line curvature blade-to-blade computer code is a new and untested
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modification of the direct SLC analysis program. For this reason, the

Douglas-Neumann [12] cascade computer program is used as a secondary

check of the SLC S1 surface solution. The Douglas-Neumann (D-N) program

yields the potential flow solution for a particular cascade geometry

given the body coordinates and the inlet flow angle. The use of a

distribution of various strength sources along the blade surface, such

that the flow normal to the surface is zero, forms the basis of this

inviscid analysis. The cascade vorticity distribution is obtained

by using the same flow equations and simply rotating the source velocity

vectors by 90 degrees. The strength of each source is constant along

straight line segments connecting adjacent body points; however, the

strength may vary between segments. This integral technique has the

characteristic of approaching the exact potential flow solution as the

distrance between sources approach zero.

The solution of a general infinite two-dimensional cascade problem

is obtained by calculating the potential, inviscid flow for three basic

conditions and then superpositioning the results. The three conditions

include the zero angle of attack, 90-degree angle of attack, and purely

circulatory flow. The combination of these solutions enables the

velocity and static pressure to be calculated on the suction and

pressure surfaces, as well as the total cascade turning angle. The

final solution as well as the intermediate steps must also satisfy the

Kutta condition at the trailing-edge.

- . .



3. NUMERICAL PROCEDURES AND RESULTS

3.1 The Axisymmetric Analysis

The first phase of the axisymmetric analysis of the AFRF nine-

bladed cambered test rotor involves the solution of the flow field

based on the rotor design parameters. This particular free-vortex

rotor design assumed a uniform inlet axial velocity distribution

with no swirl upstream of the leading edge. Using such an inlet

velocity profile and the blade row geometric parameters given in

Table 1, the SLC analysis of the AFRF test rotor was performed. The

first approximation of the outlet flow angles was obtained through the

use of Howell's correlation data. Table 2 provides the calculated

parameters used as input to the SLC program. Figure 11 represents

the converged flow field solution in a plot of velocity ratios as a

function of radius at the blade row exit station. As the figure indi-

cates, the solution of the flow field based on Howell's correlation

over-predicts the rotor design performance by as much as 30 percent.

This over-prediction is expected and with the addition of improved

loss models, the comparison between prediction and design values

should improve.

To further improve the solution accuracy, the primary flow

deviation angles were computed and input to the next run of the SLC

analysis code. Table 3 provides the results of the primary deviation

angle calculations. With these improved angles, the SLC analysis

technique produced a converged flow field solution shown in Figure 12.

This plot of the velocity profiles at the blade row trailing-edge

shows considerable improvement over the first prediction. At this
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Table 2. Howell's Deviation Angle Calculation Results

SECTION 2 H 2FRACTION OF
NO. (DEG) (DEG) (DEG) BLADE SPAN

1 4.340 2.877 7.217 0.0

2 19.020 2.461 21.481 0.1

3 33.738 2.368 36.106 0.3

4 44.273 1.743 46.016 0.5

5 52.784 1.207 53.991 0.7

6 57.550 0.999 58.549 0.9

7 60.089 0.801 60.890 1.0

23 + 0.23 e (S/C) 2 a0

1.0 - 0.002 0c (S/C)/22
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Figure 11. Streamline Curvature Exit Flow Field Based on Howell's
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point, the maximum error between the design and predicted values is less

than four percent. There is no additional deviation angle calculation

for secondary flow effects in this phase of the investigation due to

the assumed uniform inlet velocity profile. The uniform profile does

not produce a normal vorticity profile going into the rotor and thus

there can be no secondary vorticity exiting from the rotor. The purpose

of conducting this preliminary flow field analysis based on the rotor

design parameters was to test the numerical data, as well as the SLC

computer coding. Since this test rotor was designed by the method

outlined by Lieblein [17], the results of an analysis using the same

basic technique should result in good agreement. Based on the results

shown in Figure 12, the geometric properties of the blade sections are

accurate and the SLC program seems to function as expected.

The next phase of this analysis was to conduct the entire procedure

over again using the actual inlet axial velocity profile which the

rotor experiences in the AFRF facility. This inlet axial velocity

profile, which was measured during the experimental phase of this inves-

tigation, is shown in Figure 13. The actual data points are not used

directly in the SLC program, but rather a smooth spline curve through

these points is used to define the inlet profile. This inlet velocity

profile clearly indicates the existence of a boundary layer on both the

inner and outer surfaces. The streamline curvature technique is now

called upon to predict the actual flow field of the AFRF test facility

based on the measured inlet flow field. The calculation of Howell's

deviation angles is not a function of the inlet conditions, thus those

angles computed previously are used in conjunction with the inlet
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boundary layer profile to obtain the first converged flow field solution.

The rotor exit plane velocity ratios are plotted in Figure 14. Since

this is merely an intermediate step in the complete analysis, little can

be deduced from the information provided thus far. One important con-

clusion which can be drawn from Figure 14 is that the deviation angles

computed from Howell's correlation method are not sufficient in them-

selves to yield an ac. ptable solution.

Once a converged flow field solution is obtained from Howell's

correlation, the inlet and exit velocity distributions are used to

calculate the primary flow deviation angles. The effects of blade

camber, thickness, and axial accelerations are computed and tabulated

in Table 4. Using these new relative flow angles, the SLC analysis

code obtains a converged flow field solution which contains the losses

due to the physical geometry of the test rotor. The results of this

improved flow model are to lessen the over-prediction of the tangential

component of total velocity that was observed in the previous solution.

Because the tangential velocity profile is directly related to the

rotor performance, it is desirable to predict this distribution as

accurately as possible. It is true, however, that this profile is

most difficult to obtain correctly due to its sensitivity to flow field

changes. In comparison, the axial velocity distribution is much more

docile and changes very little between successive runs. The results of

including the primary flow deviation terms in the analysis are shown in

Figure 15.

The next step toward obtaining the final flow field solution is

the addition of the deviation term due to the generation of secondary

vorticity. This calculation is based on the inlet normal vorticity
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profile which is computed from the inlet axial velocity distribution

shown in Figure 13. This normal component of vorticity is defined as

d(V x/V)
Wn = d(R/RTIp) (29)

This normalized inlet vorticity profile and the resulting secondary

flow deviation angles are provided in Table 5. The solution of the

streamline curvature equations based on this new angularity distribu-

tion yields the exit velocity profiles found in Figure 16. From

Equation (29), it can be seen that the uniform inlet velocity profile

of the design case will not produce a normal vorticity component and

hence, this step of the analysis was not included in the previous design

analysis. Comparison of the three flow field solutions obtained thus

far shows how, as better approximations of the flow losses are included

in the analysis, the predicted velocity profiles approach the design

and measured values.

The final correction term which is included in this hub-to-tip

flow field analysis is due to the tip leakage flow phenomenon. If

Equation (21) is substituted into Equation (19), the resulting equation

clearly indicates two flow regions:

(1 - K) CL c -ar + T - y7

6T = tan- 4 T _____ (30)T41T ar - ar j

where the relationship between y and ar + T is shown in Figure 17.

From Figure 17 it can be seen that for a blade section at a distance

from the casing of yl, the deviation angle calculated from Equation (30)

will add to the flow turning, while at a section of distance y, from
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Table 5. Secondary Vorticity Deviation Angles -

Measured Inlet Velocity Profile

SECTION 2  6S 6 2
NO. (DEG) (DEG) (DEG) (DEG)

1 4.340 -5.95 9.886 8.276 2.333

2 19.020 0.09 8.175 27.285 1.000

3 33.738 0.41 6.928 41.076 0.0

4 44.273 0.16 5.146 49.579 0.0

5 52.784 0.11 4.114 57.008 - 0.143

6 57.550 -0.26 2.124 59.414 - 1.313

7 60.089 -1.02 1.496 60.565 -13.000
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the wall, the deviation will decrease the turning. Since only one blade

section falls within the region of the vortex core, this is the only

deviation angle which is modified by this calculation. The results as

well as the specific values of the parameters used in Equation (30) are

shown in Table 6.

The total deviation angle profile shown in Table 6 reflects the

losses and effects of blade camber, thickness, axial accelerations,

secondary vorticity, and tip leakage. This profile is used to obtain

the final converged flow field solution from the SLC analysis program.

The results of this final run are given in Figure 18. At first glance,

Figure 18 appears to show that the SLC analysis method does not predict

the flow field very well; this is not really the case. Figure 18 does

not represent a comparison between predicted and measured velocity

profiles. What it does represent is the comparison between predicted

and design values of tangential velocity. In this respect, one would

expect to see the test rotor perform very close to its design speci-

fication. The comparison of axial velocity, however, is not as

straightforward. The profile which has been referred to as the

"measured" axial velocity is not measured at the blade exit station.

At this point, the assumption has been made that, for this free vortex

loading distribution of the test rotor, there is no axial acceleration

through the blade row. For this reason, and the lack of an exit axial

velocity profile, the measured inlet axial velocity profile is used as

a base of comparison. Thus, the SLC predictions are indicating that

the trailing-edge axial velocity profile is somewhat different than

the inlet profile. The comparison of SLC predictions and actual
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Table 6. Tip Leakage Deviation Angles 
- Measured

Inlet Axial Velocity Profile

SECTION B2 T S TOT 62
NO. (DEG) ILEG1 (DEG) G) DEG) (DEG)

1 4.340 - -5.95 9.886 3.936 8.276

2 19.020 - 0.09 8.175 8.265 27.286

3 33.738 - 0.41 6.928 7.332 41.076

4 44.273 - 0.16 5.146 5.306 49.579

5 52.784 - 0.11 4.114 4.324 57.008

6 57.550 - -0.26 2.124 1.864 59.414

7 60.089 11.03 -1.02 1.496 12.176 71.600

CL = 0.369

d = 15.24 cm

T = 0.254 cm

S = 19.05 cm

Yr = 1.524 cm (OUTSIDE VORTEX CORE)

Y7 = 0.254 cm

ar = 0.7557 cm
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measured exit flow conditions are presented following the experimental

phase of the investigation.

3.2 The Blade-to-Blade Analysis

The solution of the flow field on the S1 surface involves the use

of both the streamline curvature blade-to-blade computer program and

the Douglas-Neumann (D-N) source analysis program. Both of these

analytic methods require the blade section coordinates as input.

Figure 19 is a computer-drawn representation of the seven cylindrical

blade sections of the AFRF test rotor. The 82 points that are used to

define each blade section are connected by straight line segments

similar to the numerical scheme of the Douglas-Neumann analysis. This

large number of body points provides a good definition of the section

geometry, as well as increasing the accuracy of the integration technique

used in the D-N analysis. The streamline curvature method requires not

only the section coordinates, but also an initial approximation of the

upstream and downstream flow angles. The flow field boundaries are

calculated from the SLC hub-to-tip axisymmetric solution already

obtained. The initial flow field boundaries for each of the seven

sections are shown in Figures 20 through 26. These plots indicate the

physical position of the blade section relative to the axial direction,

as well as the calculation stations positioned throughout the flow

field. These initial flow boundaries are adjusted, based on the perio-

dicity condition as the SLC procedure converges to the correct solution.

Tables 7 through 13 provide the actual coordinates of each station line

in the problem, as well as the specific inlet and exit flow angles used

for each section.



57

BLADE SECTION NO.1

STAGGER ANGLE = 23. 1140 deg

BLADE SECTION NO. 2

STAGGER ANGLE =31. 020Odeg

BLADE SECTION NO. 3

STAGGER ANGLE = 42. 438 deg

BLADE SECTION NO. 14

STAGGER ANGLE =50.273 deg

Fi gure 19. Points Defining Blade Sections of AFRF Test Rotor
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BLROE SECTION NO. 5

STRGGER RNGLE 5S5. 784 deg

BLROE SECTION NO. 6

STROGER RNGLE = 59. 850 deg

BLROE SECTION NO. 7

STROGER RNGLE =61.589 deg

Figure 19. (Continued)
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SECTION NO.I
RADIAL POS. (INCHES) '4.750
INLET FLOW ANGLE(DEG) 50.123
OUTLET FLOW ANGLEM(EG) 8.608
SCALE FACTOR 0.500

Figure 20. Streamline Curvature Initial Flow Boundaries-
Section No. 1
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SECTION NO.2
HAOIRL POS. (INCHES) 5.350INLET FLOW RNGLE(DEG) 51.002
OUTLET FLOW RNGLE(DEG) 27.702
SCRLE FACTOH 0.500

Fiue2. Streamline Curvature Initial Flow Boundaries-
Section No. 2
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SECTION NO. 3
RADIAL POS. (INCHES) 6.550
INLET FLOW ANGLEM(EG) 55.651
OUTLET FLOW ANGLEM(EG) 4~1.4~77
SCALE FACTORI 0.L400

Figure 22. Streamline Curvature Initial Flow Boundaries-
Section No. 3
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RADIAL POS. (INCHES) 7.750
INLET FLOW RNGLECWEG) 59.934
OUTLET FLOW RNGLE(DEG) 50.185
SCALE FACTOR 0.300

Figure 23. Streamline Curvature Initial Flow Boundaries-
Section No. 4
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SECTION NO. 5
RRDIFlL POS. (INCHES1 8.950
INLET FLOW ANGLE(MEG) 63.450
OUTLET FLOW ANGLEIDEG) 57.725
SCALE FACTOR 0.300

Figure 24. Streamline Curvature Initial Flow Boundaries -

Section No. 5
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SECTION NO. 7
RADIAL P05. (INCHES) 10.750
INLET FLOW RNGLE(DEG) 70.011
OUTLET FLOW ANGLE (DEW) 72.261
SCALE FACTOR 0.300

/Figure 26. Streamline Curvature Initial Flow
Boundaries -Section No. 7
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Table 7. SLC Calculating Station Coordinates - Section No. I

SECTION NO. I
RRDIRL POS.tINCHES] 4.750
INLET FLOW RNGLE(DEG) 50.123
OUTLET FLOW RNGLE(DEG) 8.508
SCRLE FRCTOR 0.500

STRT.NO. X-INNER T-INNER X-OUTER T-OUTER
1 -8.000 -5.657 -6.000 -2.341
2 -5.400 -4.939 -5.400 -1.623
3 -4.700 -4.101 -4.700 -0.785
4 -3.700 -2.904 -3.700 0.412
5 -3.200 -2.305 -3.200 1.010
6 -3.000 -2.069 -3.000 1.253
7 -2.700 -1.650 -2.700 1.539
8 -2.500 -1.356 -2.500 .1.667
9 -2.200 -1.015 -2.200 1.819
10 -1.800 -0.675 -1.800 2.032
11 -1.500 -0.458 -1.500 2.201
12 -1.200 -0.268 -1.200 2.370
13 -0.800 -0.055 -0.800 2.594
14 -0.1400 0.125 -0.400 2.815
15 0.000 0.278 0.000 3.024
16 0.400 0.407 0.400 3.217
17 0.800 0.512 0.800 3.394
18 1.200 0.595 1.200 3.557
19 1.500 0.646 1.500 3.666
20 1.800 0.687 1.800 3.764
21 2.200 0.726 2.200 3.880
22 2.500 0.740 2.500 3.961
23 2.700 0.747 2.700 4.011
24 3.000 0.767 3.000 4.076
25 3.200 0.793 3.200 4.110
26 3.700 0.869 3.700 4.185
27 4.700 1.020 4.700 4.3315
28 5.400 1.126 5.400 4.442
29 6.00U 1.217 6.000 4.533
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Table 8. SLC Calculating Station Coordinates - Section No. 2

SECTION NO. 2
RRDIAL POS.(INCHES) 5.350
INLET FLOW RNGLEIDEG) 51.002
OUTLET FLOW RNGLE(DEG) 27.702
SCRLE FRCTOR 0.500

STRT.NO. X-INNER T-INNER X-OUTER T-OUTER

1 -6.000 -6.270 -6.000 -2.535
2 -5.400 -5.530 -5.400 -1.795
3 -4.700 -4.665 -4.700 -0.930
4 -3.700 -3.430 -3.700 0.305
5 -3.200 -2.813 -3.200 0.923
6 -3.000 -2.565 -3.000 1.169
7 -2.700 -2.182 -2.700 1.529
8 -2.500 -1.866 -2.500 1.709
9 -2.200 -1.408 -2.200 1.909

10 -1.800 -0.968 -1.800 2.152
11 -1.500 -0.69U. -1.500 2.355
12 -1.200 -0.41.8 -1.200 2.565
13 -0.800 -0.167 -0.800 2.847
14 -0.400 0.078 -0.400 3.136
15 0.000 0.295 0.000 3.1118
1 0.400 0.488 0.400 3.686
17 0.800 0.656 0.800 3.9141
18 1.200 0.804 1.200 4.182
19 1.500 0.905 1.500 4.349
20 1.800 0.996 1.800 4.506
21 2.200 1.100 2.200 4.700
22 2.500 1.169 2.500 4.842
23 2.700 1.227 2.700 4.938
24 3.000 1.354 3.000 5.090
25 3.200 1.461 3.200 5.195
26 3.700 1.723 3.700 5.458
27 4.700 2.248 4.700 5.983
28 5.400 2.615 5.400 6.350
29 6.000 2.930 6.000 6.665
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Table 9. SLC Calculating Station Coordinates - Section No. 3

SECTION NO. 3
RRIAL POS.(INCHES) 6.550
INLET FLOW ANGLE(DEG) 55.651
OUTLET FLOW PNGLE(DEG) 41.477
SCALE FACTOR 0.400

STRT.NO. X-INNER Y-INNER X-OUTER T-OUTER
1 -6.000 -7.899 -6.000 -3.327
2 -5.400 -7.021 -5.400 -2.449
3 -4.700 -5.997 -4.700 -1.424
4 -3.700 -g1.534 -3.700 0.039
5 -3.200 -3.802 -3.200 0.770
6 -3.000 -3.510 -3.000 1.063
7 -2.700 -3.070 -2.700 1.502
8 -2.500 -2.780 -2.500 1.796
9 -2.200 -2.230 -2.200 2.1148

10 -1.800 -1.522 -1.800 2.489
11 -1.500 -1.120 -1.500 2.732
12 -1.200 -0.7-7 -1.200 3.001
13 -0.800 -0.356 -0.800 3.363
14 -0.00 0.006 -0.400 3.785
i5 0.000 0.336 0.000 11.198
16 0.400 0.639 0.400 4.604
17 0.800 0.916 0.800 5.002
18 1.200 1.175 1.200 5.385
19 1.500 1.358 1.500 5.658
20 1.800 1.530 1.800 5.920
21 2.200 1.754 2.200 6.265
22 2.500 1.959 2.500 6.527
23 2.700 2.130 2.700 6.703
24 3.000 2.396 3.000 6.969
25 3.200 2.573 3.200 7.145
26 3.700 3.015 3.700 7.588
27 4.700 3.399 4.700 8.472
28 5.400 4.518 5.400 9.090
29 6.000 5.048 6.000 9.621
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Table 10. SLC Calculating Station Coordinates - Section No. 4

SECTION NO. 4
RRDIRL POS.(INCHES) 7.750
INLET FLOW RNGLE(DEG) 59.934
OUTLET FLOW ANGLEtOEG) 50.185
SCRLE FACTOR 0.300

STRT.NO. X-INNER T-INNER X-OUTER T-OUTER

1 -6.000 -9.592 -6.000 -'4.181
2 -5.400 -8.555 -5.100 -3.145
3 -4.700 -7.3q6 -4.0 -1.936
4 -3.700 -5,619 -3.700 -0.208
5 -3.200 -4.755 -3.200 0.656
6 -3.000 -4.409 -3.000 1.001
7 -2.700 -3.891 -2.700 1.519
8 -2.500 -3.545 -2.500 1.864
9 -2.200 -3.014 -2.200 2.375

10 -1.800 -2.108 -1.800 2.881
11 -1.500 -1.528 -1.500 3.182
12 -1.200 -1.060 -1.200 3.487
13 -0.800 -0.521 -0.800 3.944
14 -0.400 -0.051 -0.400 4.439
15 0.000 0.382 0.000 4.972
16 0.400 0.782 0.400 5.509
17 0.800 1.155 0.800 6.044
18 1.200 1.509 1.200 6.565
19 1.500 1.763 1.500 6.939
20 1.800 2.013 1.800 7.309
21 2.200 2.397 2.200 7.803
22 2.500 2.753 2.500 8.163
23 2.700 2.993 2.700 8.403
24 3.000 3.353 3.000 8.763
25 3.200 3.593 3.200 9.003
26 3.700 4.192 3.700 9.603
27 4.700 5.392 4.700 .0.803
28 5.400 6.232 5.400 1.642
29 6.000 6.952 6.000 12.362
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Table 11. SLC Calculating Station Coordinates - Section No. 5

SECTION NO. 5
RRDIRL POS. (INCHES) 8.950
INLET FLOW RNGLE(OEG) 63.1450
OUTLET FLOW RNGLE(DEG) 57.726
SCALE FACTOR 0.300

STRT.NO. X-INNER T-INNER X-OUTER T-OUTER
1 -6.000 -11.275 -8.000 -5.027
2 -5.100 -10.074 -5.400 -3.826
3 -4.700 -8.673 -4.700 -2,425
4 -3.700 -6.672 -3.700 --0J24
5 -3.200 -5.671 -3.200 0.577
6 -3.000 -5.271 -3.000 0.977
7 -2.700 -4.671 -2.700 1.578
8 -2.500 -4.270 -2.500 1.978
9 -2.200 -3.677 -2.200 2.583

10 -1.800 -2.725 -1.800 3.283
11 -1.500 -1.944 -1.500 3.678
12 -1.200 -1.337 -1.200 4.027
13 -0.800 -0.668 -0.800 4.53u,
14 -0.400 -0.098 -0.400 5.106
15 0.000 0.427 0.000 5.744
16 0.400 0.914 0.400 6.404
17 0.800 1.372 0.800 7.075
18 1.200 1.811 1.200 7.730
19 1.500 2.134 1.500 8.208
20 1.800 2.492 1.800 8.696
21 2.200 3.037 2.200 9.336
22 2.500 3.563 2.500 9.811
23 2.700 3.879 2.700 10.128
24 3.000 1.354 3.000 10.603
25 3.200 4.671 3.200 10.919
26 3.700 5.463 3.700 11.711
27 4.700 7.046 L1.700 13.295
28 5.400 8.155 5.400 14.403
29 6.000 9.105 6.000 15.353
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Table 12. SLC Calculating Station Coordinates - Section No. 6

SECTION NO. 6
RRDIRL POS. (INCHES) 10.150
INLET FLOW RNGLE(DEG) 68.300
OUTLET FLOW RNGLE(0EG) 63.193
SCRLE FRCTOR 0.300

STRT.NO. X-INNER Y-INNER X--OUTER Y-OUTER

1 -6.000 -14.012 -6.000 -6.926
2 -5.400 -12.504 -5.400 -5.418
3 -4.700 -10.745 -4.700 -3.659
4 -3.700 -8.232 -3.700 -1.146
5 -3.200 -6.976 -3.200 0.110
6 -3.000 -6.473 -3.000 0.613
7 -2.700 -5.719 -2.700 1.367
8 -2.500 -5.218 -2.500 1.870
9 -2.200 -4.461 -2.200 2.622

10 -1.800 -3.393 -1.800 3.591
11 -1.500 -2.413 -1.500 4.149
12 -1.200 -1.607 -1.200 4.599
13 -0.800 -0.804 -0.800 5.149
14 -0.00 -0.138 -0.400 5.786
15 0.000 0.472 0.000 6.515
16 0.1100 1.035 0.400 7.295
17 0.800 1.571 0.800 8.099
18 1.200 2.089 1.200 8.887
19 1.500 2.506 1.500 9.484
20 1.800 3.007 1.800 10.092
21 2.200 3.798 2.200 10.883
22 2.500 4.391 2.500 11.477
23 2.700 4.787 2.700 11.873
24 3.000 5.381 3.000 12.467
25 3.200 5.777 3.200 12.863
26 3.700 6.766 3.700 13.852
27 4.700 8.745 4.700 15.831
28 5.400 10.131 5.400 17.217
29 6.000 11.318 6.000 18.404
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Table 13. SLC Calculating Station Coordinates - Section No. 7

5ECTION NO. 7
RRDIRL POS. CINCHES) 10.750
INLET FLOW RNGLEtMEG) 70.011
OUTLET FLOW RNGLEIDEG) 72.261
SCALE FACTOR 0.300

STRT.NO. X-INNER Y-INNER X-OUTER T-OUTER

1 -6.000 -15 317 -6.000 -7.812
2 -5.400 -13.667 -5.q0 -6.162
3 -LI.700 -11. 7_q3 -. 700 -4..238
4 -3.700 -8.994 -3.700 -1.489
5 -3.200 -7.519 -3.200 -0.11I4
6 -3.000 -7.060 -3.000 0.436
7 -2.700 -6.24q -2.700 1.260
8 -2.500 -55695 -2.500 1.811
9 -2.200 -'4.867 -2.200 2.633

10 -1.800 -3.739 -1.800 3.718
11 -1.500 -2.680 -1.500 4.367
12 -1.200 -1.752 -1.200 4.881
13 -0.800 -0.872 -0.800 5.462
14 -0.400 -0.157 -0.400 6.126
15 0.000 0.494 0.000 6.899
1 0.400 1.098 0.400 7.70
17 0.800 1.670 0.800 8.615
18 1.200 2.243 1.200 9.1177
19 1.500 2.805 1.500 10.228
20 1.800 3.600 1.800 11.112
21 2.200 4.861 2.200 12.366
22 2.500 5.799 2.500 13.303
23 2.700 6.424 2.700 13.929
24 3.000 7.382 3.000 14.868
25 3.200 7.987 3.200 15.492
26 3.700 9.550 3.700 17.055
27 4.700 12.676 4.700 20.181
28 5.400 14.3 4 5.400 22.369
29 6.000 16.740 6.000 24.245
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The results of the two blade-to-blade analyses are shown in Figures

27 through 33 in the form of a surface static pressure coefficient

plotted as a function of section chord length. A comparison of the data

for the first section seems to indicate fairly close agreement on the

latter half of the blade and some difficulties in the region of the

leading-edge, especially on the suction surface. This is possibly due

to the leading-edge cusp which exists in the SLC analysis due to a

smoothing of the flow boundary in this area. The differences between

these two analytic methods become increasingly pronounced as subsequent

sections, at higher stagger angles, are studied. From the data trend,

it appears that some computational irregularity exists in the streamline

curvature technique used for this blade-to-blade investigation. The

Douglas-Neumann results exhibit a consistent trend from section to

section with only changes in the absolute magnitudes. Such a tendency

appears to be reasonable since all the blade sections have the same

basic thickness distribution, but differ with respect to the total

amount of fluid turning. One of the parameters that is computed by

the Douglas-Neumann analysis is the fluid turning angle (A,). A

comparison between these computed values and the design values is

provided in Table 14. The inviscid Douglas-Neumann source analysis,

except for the hub section, overpredicts the amount of total turning

at each radial blade section. This overprediction is caused by the

inviscid nature of the coding and the use of empirical correlations,

which account for some of the viscous effects, to determine the design

values.

The results of the SLC blade-to-blade analysis indicate that

although the method fails to agree with the Douglas-Neumann cascade
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Figure 27. Comparison of Douglas-Neumann (D-N) and Streamline
Curvature (SLC) Surface Pressure Distributions -
Section No. 1
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Figure 31. Comparison of Douglas-Neumann (D-N) and Streamline

Curvature (SLC) Surface Pressure DistributionsSection No. 5
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Figure 32. Comparison of Douglas-Neumann (0-N) and Streamline
Curvature (SLC) Surface Pressure Distributions-
Section No. 6
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Table 14. Total Turning Angles Across Cascades

SECTION RADIAL POSITION D-N DESIGN VALUE
NO. (cm) (Aa) W

1 12.065 38.810 39.80

2 13.589 31.540 24.80

3 16.637 19.460 17.50

4 19.685 12.880 10.50

5 22.733 9.200 6.20

6 25.781 8.760 4.60

7 27.305 8.200 3.50
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results, the SLC method may still be useful. The tendency of the

predictions to diverge as the blade stagger angle becomes larger may

mean that the error is associated with program geometry rather than

program coding. If this is the case, the analysis would require only

minor modifications to be an effective analysis tool. The reason for

the attempt to convert the hub-to-tip analysis code to a blade-to-

blade code is to obtain the streamlines and thus velocity distributions

in the channel region. This type of information is not provided by the

Douglas-Neumann analysis.

- -



4. EXPERIMENTAL INVESTIGATION OF FLOW FIELD

4.1 Introduction

In order to verify the accuracy of the streamline curvature

numerical analysis method, a number of experimental investigations

were conducted. The first set of measurements consisted of spanwise

flow surveys conducted at locations upstream and downstream of the

AFRF test rotor. These data provide the overall machine performance

by obtaining the stationary inlet and exit flow field. The second

phase of the investigation deals with the design and manufacturing

of a rotating traversing mechanism which allows the blade-to-blade

flow field to be measured while the test rotor is operating. These

intra-blade flow measurements are important to the improvement of

the overall design capabilities of the turbomachine designer. Lastly,

the static pressures on the rotating blade surfaces are measured for

comparison with the two-dimensional cascade data. The results of such

an experimental verification program provides a one-to-one correlation

between the analytic and experimental phases of the entr study.....

The major emphasis of this investigation is to establish the

procedures and hardware necessary to conduct detailed flow field surveys

for the purpose of verification and modification of existing design

methods. The study conducted does not intend to completely verify

the accuracy of the streamline curvature analysis method and further

study along those lines is needed. Subsequent studies, however, should

be able to use the hardware along with the computer codes developed thus

far to conduct the more intensive flow field studies which are needed.
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4.2 The Axial Flow Research Fan (AFRF) Test Facility

The experimental work for this investigation was conducted using

the Axial Flow Research Fan (AFRF), a facility of the Garfield Thomas

Water Tunnel which is located at The Pennsylvania State University.

This facility, shown in Figure 34, consists of an annular flow passage

bounded at one end by a bellmouth inlet and the other end by an exhaust

throttle. The design of the AFRF facility provides uniform inlet flow

and allows for a variety of operating conditions with the use of two

separate drive motor assemblies. A 52.199 killowatt (70 Horsepower)

motor is housed inside the centerbo dy of the facility and controls the

speed of the test rotor. The auxiliary motor drives an Axivane fan at

the rear of the facility which sets the tunnel through-flow velocity.

The adjustment of either or both of these motors permits flow condi-

tions of design and off-design incidence. Both drive motors are

operated independently through the use of two Borg-Warner solid-state

adjustable frequency drive inverter units that can produce rotational

speeds of up to 3400 RPM.

The entire test facility rests on a system of movable dollies and

can be separated for easy access to the test rotor or drive motors.

In addition, the test section outer casing can be mechanically rotated

through 360 degrees to allow circumferential flow surveys. This test

section also includes a series of access ports through which pressure

sensing probes may be radially traversed to obtain absolute upstream

an( downstream flow field measurements. The AFRF is elevated to a

height of four inlet diameters to minimize the effects of i, vortex

generation caused by close proximity of the floor. A detailed
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description of the design and use of the AFRF facility is given in

Reference [12].

4.3 Test Rotor Design Procedure

The numerical analysis phase of this study was conducted .sing

the physical characteristics of a test rotor designed by Bruce [21]

specifically for the AFRF test facility. This rotor consists of nine

circular-arc camberline blades that have a compressor cascade Cl-

thickness distribution with a maximum thickness of 10 percent of the

chord. The designed free-vortex loading distribution requires consid-

erable radial twist in the blade geometry while providing little or

no axial accelerations from leading- to trailing-edge. The design

loading level is expressed as

RV0 = 2.32 m
2/sec (25.0 ft2/sec) (31)

for a reference velocity of 24.28 m/sec (80.0 ft/sec). The design of

this particular test rotor followed the method outlined by Lieblein [17]

and incorporates many of the correlation data previously discussed in

the SLC analysis. The choice of this test rotor for this study was

largely due to the design technique which was used. In this way,

comparisons between the design, predicted, and measured flow field data

provide useful information concerning each phase of a new turbomachine.

The design parameters, which are completely based on a uniform inlet

velocity profile, are provided in Table 15. The actual measured per-

formance characteristics of this particular rotor are shown in

Appendix B.
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4.4 Instrumentation

With the exception of the blade surface static pressure measure-

ments, all of the experimental flow field data are obtained through the

use of standard prism-type, five-hole pressure probes. These probes

are capable of obtaining the total and static pressures plus the three

orthogonal components of total velocity. The flow angles and veloci-

ties are calculated from calibration data which are collected for each

probe. The calibration procedure involves placing the given probe in

a flow of known angularity in both the yaw and pitch planes, and

recording the five pressure readings. From these readings, it is

possible to compute individual yaw, pitch, static and total pressure

coefficients for each angularity setting. A series of calibration

grids are formed from these coefficients and flow angles and provide a

means of determining the angularity and static and total pressures from

the pressure data returned from the probe in an unknown flow. A

description of the calibration procedure provided by Yocum [22] details

this method as well as the Open Jet calibration facility used for the

probe calibrations. A schematic of a typical five-hole prism probe

along with the yaw and pitch plane orientation is given in Figure 35.

Probes of various lengths are needed for the collection of all the

necessary flow field data. The probes used to measure the absolute

upstream and downstream flow field, for example, are introduced into the

flow channel through the outer casing. Therefore, probes of approxi-

mately 30 centimeters in length and 0.635 centimeter in diameter are

used for these measurements. A schematic of this type of five-hole

prism probe is shown in Figure 36. The probes that are used to measure

the flow field inside the rotating blade passage are introduced into
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the channel from inside the modified rotor hub assembly. For each

radial location that is surveyed, a separate probe is used. The lengths

of these probes range from 5.8 to 17.3 centimeters and require a 0.3175

centimeter diameter to minimize any probe blockage effects. Figure 37

provides the geometry of each of the rotating five-hole pressure probes

used in this investigation.

To obtain the static pressures on the blade surfaces, two addi-

tional rotor blades were fabricated and instrumented with static

pressure taps. The pressure taps are arranged on the suction surface

of one blade and the pressure surface of an adjacent blade at three

spanwise and five chordwise locations. The chordwise tap locations are

selected to yield the best least squares curve fit through the given

data points as explained by Milne [23]. Each blade consists of the

static pressure taps on one side of the blade and a series of spanwise

slots connecting the tap holes on the opposite side. Into these slots,

soft aluminum hypodermic tubing is set in place and the tap holes are

redrilled to permit air flow into the tubing. Figure 38 shows the

reverse side of one of these instrumented blades at this phase of the

manufacturing process. The area around the hypodermic tubing is filled

with a molten aluminum alloy and hand-finished to obtain the original

blade contours. The excess tubing is embedded along the base of the

blade and gathered at a central location. Figure 39 shows the finished

instrumented rotor blades before rotor assembly.

To obtain the pressure measurements at a specific radial location,

the unused tap holes leading into the hypodermic tubing are covered

with small, thin pieces of clear adhesive tape. The pressure in each

tube which represents the static pressure at the uncovered tap hole,
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is transmitted through plastic hypodermic tubing to a pressure slip-ring

assembly located downstream of the test section. This slip-ring unit,

used in all the rotating data collection, allows the pressure readings

to be transferred from the rotational reference frame to the stationary

reference frame where the signals can be converted to a usable form.

A schematic of the slip-ring unit is shown in Figure 40.

A large amount of time and energy was spent developing a circum-

ferential traversing mechanism which permits measurements of the flow

field in the S1 plane while the test rotor is operating. This mechanism

consists of a modified rotor hub assembly, shown in Figure 41, and an

internal mechanism that traverses a pressure probe from blade to blade.

The internal mechanism is capable of positioning a probe at any of three

axial locations from rotor leading to trailing edge and two positions

behind the trailing-edge position. Traversing of the five-hole probe

is accomplished by driving this internal assembly with a stepping motor

and gear reduction unit that permits step increments of 0.083 degree.

A schematic of this assembly is shown in Figure 42. The entire

assembly--hub, internal probe holders, and stepping motor--rotates with

the rotor while electrical signals are sent through an electrical slip-

ring unit to the stepping motor, thus producing probe rotation relative

to the rotating blade row. Figure 43 shows the individual components

of this traversing mechanism, while Figure 44 shows one of the five-

hole probes mounted in the traverser which has been installed in the

AFRF test facility.
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Figure 41. Modified Rotor Hub Assembly
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4.5 Data Acquisition

Once the pressure signals reach the stationary reference frame,

the data must be properly processed into a usable form. The experimental

data, whether collected in a rotational or stationary reference frame,

are processed in an identical manner. The pressurized tubes from the

sensing probes are connected to an automatically indexing scanivalve

which permits the reading of each pressure port in sequence. This

pressure is transmitted through the scanivalve to a ±1.0 psi Validyne

Model DP15 differential pressure transducer and converted to an

electrical signal. This electrical signal is transmitted to an

integrating digital voltmeter and the voltage is recorded on paper

tape. The reference side of the differential pressure transducer is

open to atmospheric pressure which allows the zero shift of the power

supply unit to be monitored and recorded for each survey point. This

zero shift is subtracted from all the voltage values before any further

data reduction is attempted. Figure 45 shows a schematic of the data

acquisition system.

The final reduction of the test data requires the use of three

computing systems. An IBM System-7 is used to read the paper tape

containing the raw voltages and produces a punched deck of standard

cards. These cards are read into an IBM System-34 computer for a

preliminary data analysis. At this point, the data is checked for

the repeatability of a particular test run. Each test run consists of

four replicated sets of test conditions from which an average is calcu-

lated and a statistical analysis based on Student's t-distribution for

small sample size is conducted. If the repeatability of the data is

satisfactory, a second set of cards is produced. This final set of
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cards is read into the final data reauction and statistical analysis

program which is housed on the IBM 370 computer located at The

Pennsylvania State University. This reduction program uses the

individual calibration curves for the specific pressure probe and

obtains the necessary velocity and pressure data.



5. EXPERIMENTAL PROCEDURES AND RESULTS

5.1 Stationary Measurements

A preliminary part of the experimental investigation included

spanwise flow field surveys at the inlet and exit stations of the

rotor. Fifteen radial positions were surveyed using two five-hole

prism-type pressure probes. These probes were traversed radially

through the access ports in the outer wall casing of the AFRF. The

tunnel operating conditions throughout the experimental investigation

were maintained to produce the design mass flowrate condition for the

test rotor. This condition was obtained for a flow coefficient defined

as

V
: U(32)

of 0.432. This design flow coefficient was achieved at a tunnel through-

flow velocity of 19.8 m/sec (65.0 ft/sec) and a blade row rotational

speed of 1604 RPM.

The radial coordinates of the 15 survey points are given in

Table 16. The axial locations of the upstream and downstream probes

normalized by the blade chord length are 0.717 and 1.62, respectively.

This measurement and all subsequent axial locations are referenced to

the leading-edge of the blade row at the blade-hub intersection point.

The results of this survey are shown in Figure 46 as normalized velocity

ratios as a function of the normalized radial position. Also shown in

this figure are the design values of tangential and axial velocity.

The experimental study shows an inlet axial velocity boundary layer on

both the inner hub and outer casing surfaces of the AFRF. Even though
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Table 16. Radial Distance from Rotor Hub for Each
Radial Probe Position of Stationary
Flow Field Measurements

Probe Radial Distance from

Position No. Rotor Hub

1 0.762 cm (0.30 in)

2 1.270 cm (0.50 in)

3 1.778 cm (0.70 in)

4 2.286 cm (0.90 in)

5 3.048 cm (1.20 in)

6 5.080 cm (2.00 in)

7 6.350 cm (2.50 in)

8 7.620 cm (3.00 in)

9 8.890 cm (3.50 in)

10 11.430 cm (4.50 in)

11 12.700 cm (5.00 in)

12 13.208 cm (5.20 in)

13 13.716 cm (5.40 in)

14 14.224 cm (5.60 in)

15 14.665 cm (5.75 in)
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the rotor design method fails to acknowledge this inlet boundary layer,

the measured exit tangential velocity profile is not very far from the

design profile. One of the effects of an inlet boundary layer is to

increase the blade incidence angles in those regions where the actual

axial velocity vector is smaller than the design value. Since the root

sections of this free-vortex designed rotor are loaded quite heavily

already, the increase in incidence angle probably does not add to the

work that these sections do. In fact, there may even be a loss of

work due to flow separation at high incidences. The tip sections, on

the other hand, are loaded relatively lightly and may produce more

turning at the higher incidence angles than anticipated from the design

calculations. These two trends are observed in the comparison of the

design and measured exit tangential velocity profiles in Figure 46.

5.2 Blade Surface Pressure Measurements

The next step of the experimental program was the measurement of

the static pressures on the suction and pressure surfaces of the rotat-

ing blades. For this part of the study, the two instrumented blades

were connected through the pressure slip-ring unit to the stationary

data acquisition system. Again, the design mass flowrate condition

was set and the measurements taken. Since only one radial location of

taps can be surveyed at any one time, some error may be introduced if

the run conditions differ between the shutdown and start-up phases.

This error can be minimized by normalizing the results of each data

point by some measured upstream reference condition. These reference

conditions were monitored by upstream static pressure taps located on

the AFRF outer casing and were recorded for each survey point. This

normalizing procedure was used throughout the experimental investigation
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and was also used in the numerical investigation to permit comparisons

of the data from these two phases.

Since the blade surface static pressure measurements were conducted

in a rotating reference frame, the effects of rotation must be accounted

for in the reduction of the data. The effect of rotating a column of

fluid is to exert a force outward from the axis of rotation whose

magnitude is a function only of radial distance from the axis. The

calculation of the true static pressure from any of the blade surface

static pressure taps is given by

PTRUE = PMEAS - 'ROTATION ' (33)

where the effects of rotation are expressed as a pressure (PROTATION)*

A summary of the derivation of the rotational correction to the static

pressure measurement and the specific values of PROTATION for each

radial location is given in Appendix C. Figures 47 through 49 show

the final corrected data in the form of a pressure coefficient as a

function of the distance along the section chord.

5.3 Blade Passage Measurements

5.3.1 Axial Survey Locations. Flow field data collected in the

regions between and behind two adjacent rotor blades required the

majority of the testing time and produced the majority of data. This

phase of the investigation involved the use of four five-hole prism-

type pressure probes of different lengths. Each probe was circumfer-

entially traversed across each of five axial locations provided by the

AFRF rotor hub assembly. These locations consisted of three intra-

blade stations and two wake survey stations downstream of the trailing-

edge. Figure 50 provides a schematic and physical dimensions of the
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station locations, while Figure 51 shows the actual internal traversing

mechanism which holds the probes in place. The overall diameter of this

internal device is 16.05 cm and includes a series of counterbalancing

weights which fill the remaining unused probe locations.

Each test run consisted of traversing one of the pressure probes

from the suction surface of one blade to the pressure surface of the

next blade a total of four times. These four surveys were then

analyzed to determine the repeatability of each probe position data

point, and finally, an average value was computed from these runs at

each data point position. The number of final data points for a

particular survey was a function of the blade spacing and probe radius.

The radius of the probe was included as one of the factors influencing

the number of data points because the local twist of the blade is a

function of radius. Due to this large amount of blade twist, some of

the longer probes cannot survey the flow field close to the blade

surface without touching the lower more highly twisted sections. For

this reason, the starting and stopping distance relative to the blade

surfaces was recorded for each survey.

5.3.2 Rotational Effects. The five-hole prism-type pressure

probes yield five values of pressure for each data point: the indicated

total pressure (hole 1), the pressures in the yaw plane (holes 2 and 3),

and the pressures in the pitch plane (holes 4 and 5). The relative

difference in pressure sensed by the two yaw plane readings and the

two pitch plane static readings is related to the flow yaw and pitch

angles, respectively. The five pressure readings (P, P 2 P 3, P 4 and

P)are used to form two normalized coefficients known as the yaw

coeffi cient
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CP 3 2 (34)Y P1 - 0.25 (P 2 + P 3 + P 4 + P 5)

and the pitch coefficient

p -p
P 1  02 (35)

Pi -0.25(P 2 + P 3 + P 4 + P 5)

These coefficients are used in conjunction with the calibration data

obtained for each probe to compute total and static pressure, as well

as yaw and pitch flow angles. The actual calibration curves used in

the computational procedure for the four rotating pressure probes are

shown in Figures 52 through 63. Each probe needs three calibration

grids which are numerically cross-plotted by the data reduction

procedure so that, given the yaw and pitch coefficients, which are

computed from the five pressure readings, the actual pressure, and

velocity fields can be determined. The effects of the rotation of

the column of air inside the pressure probe are accounted for through

the formulation of the coefficients given in Eouations (33) and (34).

Since all of the five readings from the five-hole probe will be

affected by the same rotational pressure force, the net effect is to

multiply and divide Equations (33) and (34) by some constant value.

The finite spacing that exists between the five pressure sensing holes

is so small that any rotational effect due to this distance is con-

sidered negligible. Thus, the data reduced from the rotating five-hole

pressure probes requires no additional correction for rotational

effects.
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5.3.3 Wall Effects. The pressure probes used for the blade channel

rotating measurements were calibrated at a Reynolds number based on probe

diameter close to the value that each probe was expected to experience.

The selection of the particular calibration Reynolds number was based

on the rotor design information. The other concern during the calibra-

tion of the rotating probes was the effect of close proximity of the

solid blade surfaces on the data accuracy. To investigate the effects

of traversing a probe longitudinally towards a solid surface, the Open

Jet calibration facility was fitted with a flat plate mounted parallel

to the longitudinal axis of a probe. A schematic of the test setup

is shown in Figure 64. The probe was positionAd 6.35 cm from the

plate and successively moved to within 0.159 cm of the plate. The

readings obtained from the five pressure sensing holes were reduced to

yield the total and static pressure coefficients, as well as the yaw

and pitch coefficients. The four parameters were then plotted as a

function of the distance from the flat plate in terms of probe diameters

in Figures 65 through 68. Three separate test configurations were

included in these results so that the effect of yaw angle could be

investigated. The plot of the total pressure coefficient, Figure 65,

shows a relatively flat response to the wall proximity phenomenon to

within approximately two probe diameters. Figure 66, on the other hand,

indicates an increased sensitivity in the static pressure coefficient

to this phenomenon. Even so, the major perturbations to the static

pressure coefficient occurred within two or three probe diameters.

These two plots also show that, while the magnitude of the coefficients

change with yaw angle, the basic trends remain unaffected.
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The procedure which is used in the data reduction process for the

rotating probe surveys involves only the calculated yaw and pitch

coefficients. Thus, the manner in which these parameters react to a

close solid wall more accurately reflects the sensitivity of the data

accuracy as a function of distance from the surface. Figure 67 shows

that the pitch coefficient varies very little over the entire survey

range and is affected the most when the probe is within two probe

diameters. The effects of the solid wall on the yaw coefficient are

perhaps more pronounced than on the pitch coefficient, but Figure 68

shows the region where the effects are greatest are again within two

probe diameters for all three different yaw angle configurations. The

conclusion which was drawn from the data obtained on the wall proximity

phenomenon is that while, the data at any position from the solid blade

surface is probably reasonably accurate, it is certain that the effects

of the blade surface become negligible outside of two or three probe

diameters.

5.3.4 Test Results. The results of the internal blade measure-

ments are summarized in Figures 69 through 84. These figures are plots

of the three components of normalized total velocity as a function of a

nondimensional distance from the suction surface of the blade row. This

normalized distance across the channel ranges from zero at the blade

suction surface to unity at the pressure surface. The fact that some

of the surveys start and end at points other than the extremes has

been previously discussed in terms of blade twist and radial location.

Each figure indicates the axial location of the survey which is plotted,

along with the radius of the pressure probe which was used. The actual
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channel width for each survey is also included in each figure. This

distance is an arc length based on the stepping increment used and the

radius of the probe. All rotating pressure probe surveys were conducted

at the design mass flowrate condition for the AFRF test rotor which

corresponds to the design flow coefficient. The presentation sequence

of the test data is such that all the internal blade passage data,

axial stations one through three, are grouped and shown at a constant

probe radial location. The two wake survey stations are arranged in a

similar fashion so that the change in velocity components as the flow

moves through the rotor at a given radius may be viewed easily. Due

to the apparent existence of very large flow angles and possible

regions of flow separation near the rotor trailing-edge, the smallest

probe (R = 13.288 cm) could not handle the flow field downstream of the

third axial station. All of the five-hole pressure probes are cali-

brated for flow angles of ±30 degrees in both the yaw and pitch planes.

The 60-degree spread is usually considered more than ample for normal

design speeds, however, in this region of possible flow separation, the

range was not sufficient. So as not to lose the remaining downstream

wake data due to this unusual condition, an additional probe (R =

16.154 cm) was used to obtain the wake survey data in place of the

smaller probe.

If Figures 69 through 78 are viewed in groups of constant radii,

there are a few interesting trends which seem to develop from the

data. The first point of interest is the somewhat constant nature of

the blade-to-blade axial velocity profile. This uniformity is observed

at all three internal stations and at each radial position indicating

that there should be little, if any, change in axial velocity from
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leading- to trailing-edge. Since all the values of the axial velocity

ratio center themselves around unity, it is also probable that the

data were collected outside of the hub and casing boundary layers. The

second trend which can be pointed out by these data is the manner in

which the tangential velocity component, which has been transferred to

the absolute reference frame, changes from leading- to trailing-edge

and from blade to blade. At each radial position, the magnitude of the

circumferentially averaged tangential velocity increases as the flow

moves through the passage. This trend is obviously shown, but more

importantly, the change in this velocity appears to be greater from

station one to station two than from station two to station three.

This trend is revealed at each radial position and indicates that the

fluid turning is not distributed uniformly from leading- to trailing-

edges, but rather a greater percentage occurs in the front portion of

the blade than in the aft portion. Another feature of the tangential

velocity profile is that, at a constant radius, the first station

exhibits a gradual increase from suction to pressure surface, while

the remaining stations show rather constant blade-to-blade profiles.

Again, this phenomenon is repeated at each radial position. The last

important piece of information that can be observed from these blade

passage data plots is the size of the radial velocity component. These

profiles for all of the radial locations hover around the zero value and

are thus considered as a negligible velocity term.

In addition to the internal blade passage data, the plots of the

wake survey data indicate some interesting trends. Figures 79 to 84

show the three components of velocity through the wake of one blade.

The reason that only one blade wake was traversed is that the flcw
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angles are relatively large in these areas behind the trailing-edge,

and although the probe physically traversed two blades, only one wake,

and sometimes the start of the next, was recorded. These wake data

show an axial velocity deficit occurring in an otherwise circumferen-

tially uniform flow field downstream of the blade passage. Also evident

in this region is a vortex-like tangential and radial velocity

distribution similar to data collected by Hirsh and Kool [24], and Raj

and Lakshminarayana [25]. At each of the three radial positions, it is

evident from these data that as the flow moves downstream the blade

wakes are filling in and the flow is tending toward some circumferen-

tial uniform velocity profile of all three components. It is interest-

ing to note that the magnitudes of the axial velocity deficit at the

lower- and mid-radial locations are equal, or very nearly equal. This

is not the case with the tip radius profile. Here, the axial velocity

deficit is less pronounced and decays more rapidly as the flow

progresses downstream. A possible influencing factor in this region

may be the tip leakage vortex which is shed from the blade row. This

vortex would increase the fluid mixing in this region and could cause

an increase in the wake decay rate. One factor which leads to this

possibility is the rather pronounced vortex-like behavior of the radial

velocity component at this tip radius location.

To verify the quality of the rotational data, a comparison is made

with the stationary flow field data. The axial positions of the two

surveys differ considerably; however, it is possible to obtain some

qualitative information concerning the data. Figure 85 is a plot of

axial velocity ratio as a function of the axial distance from the

leading-edge blade-hub intersection point normalized by the aerodynamic
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chord of the rotor. In this figure, both the stationary probe data and

rotating probe data are compared. The blackened symbols represent the

measurements conducted in the stationary reference frame, while the open

symbols represent the rotational reference frame data. The indicated

axial positions for the rotor leading- and trailing-edges are shown for

the hub and tip sections. With the large amount of radial twist which

is present in this rotor, the axial positions of the blade edges varies

from hub to tip and must be considered when analyzing the experimental

data.

Figure 85 indicates the general distribution of axial velocity

both in the hub-to-tip plane, as well as in the axial direction through

the blade row. The upstream stationary data indicates that two of the

data points are on the edge of the inlet boundary layer giving rise to

the lower velocities, and two are in the uniform portion of the profile.

As the flow path is traced through the rotor for the first radial

position, indicated by the squares, one notices a small region of

acceleration around the leading-edge and then a marked deceleration

toward the aft portion of the blade. The dashed symbol shown at the

fourth station through the blade row is the location where large flow

angles presented measuring problems. This point is an approximate

average of the data which was considered usable; however, its accuracy

is questionable. This is the region in which a possible flow separa-

tion is suspected to have occurred and, based on the large decrease in

axial velocity just upstream of this point, the justification of such

a suspicion is evident. The other extreme radial position, indicated

by the inverted triangle, is at the tip section. The velocity trend

at this location is to accelerate dramatically over the leading-edge
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and then decelerate to outlet velocity which is still higher than the

inlet condition. The two data points in the mid-span region experience

this same large acceleration followed by a gradual deceleration to some

final free-stream value. The data points represented by the triangle

are those surveys conducted with the backup probe used to measure the

downstream wake profiles when the flow separation phenomenon prohibited

the use of the smaller (R/R TIP = 0.484) probe. It is for this reason

that data do not exist for the first two intra-blade stations for this

probe. However, given the trend of the data which was obtained and

the trends of the other radial locations, the upstream dotted lines

are included in the plot but no data point is shown. It is interesting

to see this large acceleration of the axial velocity occurring at the

same axial position through the blade passage for each radial position.

The reason for this large acceleration is due to the nature of the

rotor design. The blades are designed with circular-arc camberlines

and a Cl-thickness distribution and are stacked along a radial line at

50 percent of the chord. This combination produces a point of maximum

thickness at the stacking point. Thus, the point at which the flow

channel area is the smallest occurs along a radial line which is half

way between the blade edges. This point of maximum blockage thereby

produces the observed flow accelerations.

Figure 86 is a plot of the tangential velocity profiles from both

the stationary and rotational flow surveys. This figure, unlike

Figure 85, traces the flow field from the blade row leading-edge but

does not include the swirl-free upstream flow field. The experimental

data show a definite trend as the flow progresses through the passage.

First, as one would expect from this free-vortex designed rotor, the
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tangential velocity is greatest at the hub radii and decreases steadil)

as the tip radii are approached. There is one data point which does

not follow this trend, however. The reason for this deviation from thE

trend is not fully understood; however, this point is within the regior

that is thought to have separated at the lower radius and thus may

have had some influence on the flow field at this slightly higher

position. The other interesting data trend is the manner in which

the turning and, hence, tangential velocity, changes as it passes

through the blade row. The slopes of the lines which connect the data

points decreases with axial distance. This indicates that the fluid is

turned very quickly by the front portions of the blade and then

experiences only slight turning over the back portions. From these

experimental data, the actual distribution of turning through the

blade passage, as shown in Figure 87, can be determined and used in thE

SLC analysis program to predict the internal flow field more accurately

than the straight line approximation previously used. Another inter-

esting trend that can be seen in Figure 86 is the decay rate of the

tangential velocity values outside of the blade passage. The straight

lines connecting the downstream stationary survey data and the rotatinc

wake survey data appear to have nearly equal slopes. This indicates

that the decay rate of the tangential velocity, due to viscous effects,

is linear and constant with axial distance for all radii.

The data presented in Figures 85 and 86 are, within the experi-

mental accuracy of the instrumentation, representative of the actual

flow field which exists upstream, downstream, and inside the blade

passage of the AFRF test rotor at the design mass flow. The rotational

survey data points are a circumferential average of the more than 100
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individual survey points obtained from blade to blade at each radial

position. The stationary survey data points are the average of four

individual experimental points and it is assumed that these values are

circumferential averages of an axisymmetric flow field. In general

terms, it appears that the two separate flow field surveys are compati-

ble and Figures 85 and 86 show no gross discontinuities or apparent

inaccuracies in the data.



6. DISCUSSION OF RESULTS

The two phases of this investigation, the numerical analysis of

the AFRF test rotor and the experimental evaluation of the actual

hardware, have been completed. The analysis of the AFRF flow field

using the axisymmetric streamline curvature computer code has been

compared to available design data as a preliminary indication of the

accuracy of the technique. These comparisons have shown that the SLC

analysis is able to predict the design parameters for this test rotor

reasonably well. The purpose of this investigation, however, is to

examine how well the SLC analysis is able to predict the actual flow

field parameters. The experimental phase of this investigation

provides the necessary detailed flow field data which are used as

the basis for all of the accuracy comparisons.

The overall accuracy of the SLC analysis method is indicated

rather well by Figure 88. This figure represents a comparison between

the measured profiles of axial and tangential velocity and the SLC

predictions of the axial and tangential velocity profiles at the

downstream measuring station. The iriportant parameter which a

turbomachinery designer would like to be able to predict accurately

is the turning of the fluid as it passes through the blade row. Since

this turning is directly related to the outlet tangential velocity

profile, Figure 88 shows that the SLC analysis does predict the

measured turning very well. There are some points of discrepancy

between the measured and predicted axial velocity profiles shown

in Figure 94. The largest deviation in the two axial velocity

profiles occurs near the blade tip where the SLC outlet flow angle
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calculations are the weakest. The general shape of the rest of the

profile, however, is not very much different from the measured profile.

Overall, the degree of accuracy which is indicated by Figure 88 would

suggest that the SLC technique is probably acceptable as it now exists,

but further investigations are definitely needed to examine off-design

capabilities and other rotor configurations.

The surface static pressure measurements are compared to the

Douglas-Neumann analysis results in Figures 89 through 91. Since the

static pressure taps are not located at radial positions coinciding

with the design blade section, there is a small difference as to the

radial locations of the measurements and predicted values in these

figures. For the sake of comparison, the blade section closest to the

pressure tap radial location is used in these figures. Even though

the Douglas-Neumann analysis is a potential flow solution, the agree-

ment between measured and predicted pressures is very good. The

results of the numerical analysis consistently over-predicts the

measured surface static pressure on each blade surface. The phenomenon

is most likely due to the inviscid nature of the analysis. The other

interesting point about the D-N results is that the pressure becomes

very large around the leading edge of the blade section, possibly due

to the inability of the program to handle the stagnation region. Chis

is a minor point as long as detailed information around the leading-

edge is not required. Pressuve diagrams, like those shown in Figures

89 throuqh 91, are an important part of the design process. These

distributions, if accurate, can be used to determine the aerodynamic

loads that are present on the blades and thus allow stress analyses

to be conducted. Whether or not the designed blades will withstand
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the high aerodynamic and centrifugal forces is a determining factor

relative to the feasibility of the overall design.

The additional blade-to-blade analysis using the streamline cu

ture computer code provides information about the channel flow fiel,

which the Douglas-Neumann technique does not provide. The SLC blad,

blade solution of the flow field predicts the velocity profiles acr

the blade passage as well as the surface pressure distributions.

Unfortunately, it has previously been mentioned that this new porti(

of the SLC code is not functioning properly and requires more time

a more complete investigation of the problems. Once this facet of

the SLC analysis is solved, there are experimental data from this sl

which can be used for verification. The usefulness of the SLC code

the axisymmetric and blade-to-blade solutions is displayed in the

relative ease of coupling the analyses to form a technique which

iterates between the two solutions and forms a quasi-three-dimensior

analysis.

Predicting the hub-to-tip flow inside the blade row is not a s

task without some indication of how the fluid turning is distribute(

along the blade chord. From the experimental measurements conducte(

through the blade row, it is possible to determine the loading

distribution. Figure 87 shows a radial average of total fluid turni

as a function of chord which has been deduced from the experimental

blade-to-blade data. Figure 92 shows the streamline pattern throug

the AFRF facility, as well as the calculating station lines for the

SLC analysis. This loading distribution is used in the SLC axisym-

metric hub-to-tip flow field solution and the results are shown in

Figures 93 through 97.
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Figures 93 through 95 represent the three stations inside the

blade row at which experimental data have been collected. The first

two stations represent the correct axial locations of the internal

flow field surveys, while the third calculating station had to be moved

upstream to avoid intersecting with the meridional projection of the

rotor trailing-edge. Comparing the measured and predicted values for

each of these stations, it is obvious that portions of a given profile

may agree quite well while other portions do not. This trend indicates

that the chordwise loading distribution must also vary in the radial

direction as well. At the present time, there is no provision in the

SLC analysis method to include radial variations of intra-blade loading.

It must be pointed out, however, that the internal blade row calcula-

tions can only be as accurate as the outlet flow field predictions.

Figures 96 and 97 are comparison plots at the two downstream

wake survey stations of the measured axial and tangential velocity

profiles and the SLC predicted axial and tangential velocity profiles.

The SLC velocity profiles shown in Figures 96 and 97 are very similar

since the inviscid analysis posses5e no mechanism to change thq energy.........

along a streamline in the blade-free regions of the flow. The measured

profiles, on the other hand, are changing and moving closer to the pre-

dicted profiles. The measured profiles are decaying with axial distance

from the rotor trailing-edge due to the viscous forces which are present

in the real flow. This phenomenon was noted previously in Figures 85

and 86. This trend is very interesting and suggests that the accuracy

of the analytic predictions depends somewhat on the axial position of

the measuring station.
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Figure 98 shows the measured and predicted values of the relative

outlet flow angle as a function of radius for the AFRF test rotor.

The relatively good agreement at the hub and mid-sections reflects the

agreement shown previously in the velocity profiles. The deviation

between measured flow angle and predicted values near the rotor tip

indicates that this is a region in which the SLC technique could be

improved. Overall, the agreement shown in Figure 98 indicates that

the SLC analysis method can predict the outlet flow angles very well

for this rotor.
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7. UNCERTAINTY OF DATA

As with any experimental investigation, great importance has been

placed on the determination of the quality of the survey data. In this

experimental study, every survey was checked for the precision of the

measurement, as well as the repeatability of each data point within a

survey. To improve the precision of the experimental data, four

separate surveys, which may each consist of as many as 60 data points,

were conducted at each measurement location. Each data point was then

statistically analyzed to find the mean value of the four readings, as

well as the 90 percent confidence level using Student's t-distribution

[26] for small samples. After analyzing all of the data, the 90 percent

confidence level calculations indicate that all of the data was within

±1 percent of the particular survey point's calculated mean value. It

is this mean value which is assumed to be the true and accurate value

used in the calculations. These mean values were then used in the

data reduction procedure to yield the final velocity and pressure

fields.

The repeatability of a particular survey was determined by a

calculation similar to the one already described. In this case,

however, the particular survey data points were compared to the average

of the data points obtained to that point. If the new survey points

were within ±1 percent of the mean values, then the new survey was

accepted. If the new survey falls outside of this acceptable range,

the data were retaken and, if necessary, a complete system check was

performed.



8. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH

8.1 Conclusions

The purpose of this investigation has been to verify the accuracy

of the streamline curvature (SLC) numerical analysis method using the

AFRF free-vortex, cambered test rotor. To obtain detailed flow field

measurements with which SLC predictions can be compared, a circumferen-

tial traversing mechanism capable of conducting internal blade row flow

field surveys was designed and built. Since the complete verification

of an analysis method requires more time than is possible in this study,

the flow field measurements and code verification are restricted to

operation at the design point of the test rotor.

The results presented in this investigation clearly indicate that

the inviscid, incompressible streamline curvature method is capable of

accurately predicting the overall design performance of the AFRF blade

row. This statement of accuracy is, of course, limited to the test

case which has been investigated and any extension of the analysis

method to other rotor,.configurations and flow conditions cmi on'ly bd

surmised. However, if other rotor configurations and flow conditions

are compatible with the empirical loss model correlations used in this

study, one could expect to observe results very similar to those

presented.

In addition to investigating the ability of the streamline

curvature method to predict the inlet and exit flow conditions of the

AFRF test rotor, investigations to determine its ability to calculate

the correct internal blade row flow were also conducted. Prior to

this investigation, attempts at computing the internal flow field
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required some estimation of the fluid turning through the blade row.

This estimation may take many forms ranging from simple linear approxi-

mations from the leading- to the trailing-edges of the blade, to more

complex schemes that follow some mean line path. The limiting factor

in such an approach is that these somewhat arbitrary distributions

possess little or no experimental data base.

In order to compare the numerical prediction with the experimental

results of this complex internal flow region, it is necessary to obtain

some reasonable estimation of the turning distribution through the test

rotor. Since there is no way to calculate this turning distribution and

there exist no empirical correlations that can be used, the only alterna-

tive is to use the experimental data. The results that have been

obtained using this approach reveal that the streamline curvature method

could, with some minor code modifications, predict the internal flow

field to within an acceptable degree of accuracy. This assumption,

however, is conditional on future work to obtain reliable empirical

correlations for the actual distribution of turning through a rotating

blade row.

The ability of the Douglas-Neumann cascade source code to correctly

predict the inviscid pressure distributions on the blade surfaces has

been demonstrated. These distributions are very important in the

prediction of separation, blade forces, and mechanical and aerodynamic

stresses for a particular hardware configuration. All these factors

play a major role in the overall feasibility evaluation of a particular

design and thus should be as accurate as possible.

The potential use of the SLC method in predicting the flow field

on the blade-to-blade stream surface has also been demonstrated.
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Although the procedure has not proved useful in its present state, the

results obtained in this investigation indicate that only minor adjust-

ments may be necessary to produce a usable code. The usefulness of a

numerical method which can compute both the hub-to-tip turbomachinery

solution, as well as the blade-to-blade solution, to within the accuracy

range demonstrated by this investigation is indeed a valuable tool to

the turbomachinery design engineer.

8.2. Recommendations for Future Research

This investigation has provided only the preliminary groundwork

necessary for the complete SLC verification procedure. The experimental

hardware has been developed which can be used to obtain detailed flow

field information for any rotor operating in the AFRF facility. To

completely verify the streamline curvature analysis technique, further

work is needed in the area of off-design performance predictions. These

additional investigations are straightforward extensions of the work

started in this study in which one could devote more time to the veri-

fication process and less time to hardware development.

One of the areas in which future investigations would be beneficial

is in the collection of data within the blade row. At the present time,

only three radial positions of survey probes are possible. Future work

should increase the radial density of survey points so that more

resolution of the profiles is obtained. This would more accurately

define the radial distributions of velocity through the blade row and

would more cearly map regions of flow separations and tip leakage

flows. Along with the more detailed flow field surveys inside the

blade row, the SLC blade-to-blade analysis is also worth further study.
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With more detailed flow information, the blade-to-blade analysis of

the flow field is increasingly important to the overall analysis.

Further work is also needed in the calculation of deviation

angle at the tip. The tip leakage flow correction is a weak link

in the present analysis and should be studied in more detail.

Perhaps a different model might be used for the effects of this

secondary flow phenomenon.
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APPENDIX A

DERIVATION OF HOWELL'S DEVIATION EQUATION

Given the following relationships from Reference [12], the

derivation of Equation (13) is shown.

6 me c (S/0)/2 (Al)

in =0.23 (2a/c) (A2)012

+me (S/C)/2 (A3)
2 2 C

When Equation (Al) is rearranged

M6 (/C/ (A4)

9~ ~ e (S/C))f/ '50

Substituting Equation (A4) into Equation (A5) yields

6____ 0.1 *
6 --o M C = 0.23 (2a/c) -- a (A7)

a c S/C 1/2 g 2S/ 50 /

6 0.1 (S/C) 1 2 0. 0.3( a 2SC + / 01 .2 (S/C)"/2 (ac ,(8

e C 2Sc / 50 2 - Cn

orA

01- ...
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thus,

- O (/) 1  + 6* ( -1 1 1/)= 0.23 01/2 2c2
- ec(S/C)/ % 2 1 - i c (S/C) :02 c (S/C) (ac

(A9)

When a2 is added to both sides of Equation (A9),

2 0-' a (S/C) a2 1 (SC)1

50 c ( 1 0 c

a2 + 0.23 ec (S/C)1
/2 (2a/c)2 (AlO)

or

at2 1- 20 Sc 5sc'j+ -01Sc(c)3

a2 + 0.23 ec (S/C) (2a/c )2  (All)

When Equation (All) is simplified,

a" + 0.23 a (S/C) /2 a/c
1 2 . (A12)

-50 oc (s)

or, finally,

* a + 0.23 ec (S/C) / 2 (2a/c) 2  a2  (A13)
0.1 1/2 -1 - 60 c (S/C)

where 6 = 6H in Equation (A13).



APPENDIX B

AXIAL FLOW RESEARCH FAN (AFRF) TEST
ROTOR PERFORMANCE EVALUATION

Introduction

The results of a test program to determine the performance char-

acteristics of the Axial Flow Research Fan (AFRF) Nine-Bladed Cambered

Rotor are presented. The test program consisted of conducting radial

flow surveys upstream and downstream of the rotor for several different

mass flows. Flow configurations included the design mass flow and

values greater and less than design. In addition to the performance

data, flow measurements were made at the blade mean radius at various

axial positions upstream and downstream of the rotor at the design mass

flow. A detailed description of the AFRF can be found in Reference [21].

Instrumentation

Radial flow surveys were obtained using two standard prism-type

five-hole pressure probes. These probes were used in the non-nulling

mode as described by Treaster and Yocum [27]. Both probes were

previously calibrated for flow angles of ±30 degrees in both the yaw

and pitch planes [22]. These probes were also calibrated for the

effects of Reynolds number and wall interference. All data were reduced

using standard data reduction programs which included the corrections

due to wall proximity and variations in probe Reynolds number.

A schematic of the AFRF is shown in Figures B1 and B2. Both probes

were positioned approximately 30 degrees from the vertical as indicated

in Figure BI. These positions were necessary to avoid any interaction

with the wakes of the three support vanes located near the inlet of
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the AFRF. Figure B1 also shows the 10 axial positions and 15 radial

positions used in the test. Tables B1 and B2 provide the dimensions

for all these measurement stations.

The use of two probes made it possible to obtain the upstream and

downstream data simultaneously. This reduced any error which might

have occurred due to changes in the run conditions. The use of the

same radial position for both probes simplified the data reduction

procedure; thus, identical radial positions were used throughout the

program.

As the schematic in Figure B2 indicates, the pressure tubes from

the two five-hole probes were connected to a scanivalve which was used

to index the individual pressure signals. These pressures were trans-

mitted to a ±1.0 psi Validyne Model DP15 differential pressure transducer

in which the reference port was open to atmospheric pressure. The

electrical signal from the transducer was transmitted to a data acqui-

sition unit which included an integrating digital voltmeter and a paper

tape punch. All ten pressures from the two probes were measured and

recorded on paper tape in the form of voltages. In addition, readings

from an upstream static pressure wall tap and a reference atmospheric

tap were recorded. The atmospheric tap reading allowed for the zero

shift of the transducer power supply to be measured and subtracted from

the other readings. The wall tap was calibrated using a pitot-static

tube positioned at the mid-channel radius so that a given output voltage

from the wall tap corresponded to a particular free-stream velocity

(V,). In the reduction of the data, the free-stream velocity was

calculated from this static pressure reading and was used to non-

dimensionalize the velocity components.
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Table BI. Axial Distance to Rotor Leading Edge
for Each Axial Probe Position

Probe Axial Distance to

Position No. Rotor Leading Edge

1 39.88 cm (15.70 in)

2 34.80 cm (13.70 in)

3 29.72 cm (11.70 in)

4 25.91 cm (10.20 in)

5 23.37 cm (9.20 in)

6 5.84 cm (2.30 in)

7 8.38 cm (3.30 in)

8 10.92 cm (4.30 in)

9 16.00 cm (6.30 in)

10 19.81 cm (7.80 in)
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Table B2. Radial Distance from Rotor Hub
for Each Radial Probe Position

Probe Radial Distance from

Position No. Rotor Hub

1 0.762 cm (0.30 in)

2 1.270 cm (0.50 in)

3 1.778 cm (0.70 in)

4 2.286 cm (0.90 in)

5 3.048 cm (1.20 in)

6 5.080 cm (2.00 in)

7 6.350 cm (2.50 in)

8 7.620 cm (3.00 in)

9 8.890 cm (3.50 in)

10 11.430 cm (4.50 in)

11 12.700 cm (5.00 in)

12 13.208 cm (5.20 in)

13 13.716 cm (5.40 in)

14 14.224 cm (5.60 in)

15 14.665 cm (5.75 in)
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The Test Rotor

The AFRF Nine-Bladed Cambered Rotor was designed using procedures

outlined by Lieblein [16]. The rotor consists of nine circular-arc

camberline blades with a maximum thickness-to-chord ratio of 10 percent.

The blades were designed with a free vortex radial loading distribution.

The loading level as described by Bruce [21] is

RVO = 2.32 m /sec (25.0 ft /sec) , (B1)

where

V = 24.28 m/sec (80.0 ft/sec) (B2)

In the design of the rotor, a uniform inlet velocity profile was assumed

and the design variables for each of the seven cylindrical sections were

calculated using the equations and empirical data from Lieblein [16].

The calculated design parameters are given in Table B3.

Test Procedures and Results

Since the actual flow field through the cambered rotor was not

entirely known beforehand, it was necessary to make some preliminary

surveys to become familiar with the magnitudes of the flow angles and

velocities which might be encountered. These preliminary surveys were

conducted at five different axial positions upstream and downstream of

the rotor. At a through-flow velocity of 19.81 m/sec (65.0 ft/sec)

and a rotational speed of 1604 RPM, five radial velocity surveys were

conducted with both probes aligned in the axial direction. These flow

conditions represented the design flow coefficient defined as

VV , (B3)

Um
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where V. is the axial through-flow velocity, and Urn is the rotor

rotational velocity at the mean radius.

For each radial position, the five-hole probe yields the total

and static pressure plus the three components of total velocity in the

axial and radial directions. Positive values of the tangential and

radial velocity components indicate flow in the direction of rotation

in the absolute reference frame and outwiard toward the casing,

respectively.

The preliminary test surveys indicated very large absolute flow

angles in the region downstream of the rotor. These flow angles were

well outside the probe calibration range when the probe was aligned in

the axial direction. Thus, the downstream probe was rotated 20 degrees

in the yaw plane so that it was more closely aligned with the oncoming

absolute velocity vector. This procedure enabled the existing calibra-

tion data to be used.

Another probl~m which presented itself during these preliminary

tests was the apparent existence of radial flow near the rotor tip.

A plot of the radial component of velocity is shown in Figure B3. This

figure shows that the inlet profile exhibits small radial velocities

until a distance is reached of approximately one inch from the outer

casing. From continuity considerations, it is assumed that there can

be no flow normal to the casing wall. By physically plugging the spaces

around the probes, it was further assumed that there was no flow ..ut

through the casing wall. Since the highly three-dimensional downstream

flow field is not well defined with its tip leakage flows, vortex

development, and wake structures, it is not possible to deal directly

with the downstream profile. However, the upstream flow should not
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exhibit this radial flow phenomenon in the tip region. Thus, it may be

possible to correct for this radial flow in the upstream profile and

then apply the same correction to the flow downstream of the rotor.

The five-hole probes that were used in these surveys were cali-

brated for the effects of wall proximity and Reynolds number, but not

for the effects of a shear layer. The problem becomes one of a

difference in velocity and, thus, pressure being sensed by the probe's

two pitch-plane holes. These holes, numbered 4 and 5, are shown in

Figure B4. To reduce the data collected from the five-hole probe, a

static pressure is calculated from an arithmetic mean of the two yaw

holes (holes 2 and 3) and the two pitch holes (holes 4 and 5). The

wall correction routine corrects this static pressure reading based on

calibration data, but it does not correct the calculation of a pitch

angle due to the shear layer. This pitch angle is based on the

difference between the readings of the pitch holes. It is the lack of

such a correction which was thought to be the cause of the indicated

radial flows.

Since the yaw holes are at the same radial location as the total

pressure hole (hole 1 in Figure B4), there is no need for a correction

in the yaw plane. The pitch holes, however, are located at 0.0762 cm

(0.03 inch) above and below the total pressure hole. The boundary

layer at the wall causes the hole closest to the wall to see a lower

velocity than the hole further away from the wall and thereby indicat-

ing a pressure difference and a radial flow. To correct for the shear

layer, the voltage from each pitch hole is plotted against the actual

radial distance to that respective pitch-plane hole for an entire

radial traverse. These plots are then used to obtain an interpolated
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value of voltage for each pitch hole at the radial position of the

total pressure and yaw holes. In this manner, all five values of

pressure are obtained at the same radial position. These new voltages

are then used in the reduction programs.

This procedure was used on the survey shown in Figure B3 and the

results of the shear layer correction method applied to both the

upstream and downstream profiles are shown in Figure B5. Figure B5

shows a definite decrease in radial flows at the rotor tip for the

inlet profile. The corrected inlet p file in Figure 5 indicates

that while the radial velocity does go to zero at the wall, there

still seems to be a rather large radial flow in that region. At this

point continuity has been satisfied in that there is no real flow normal

to the casing wall. A subsequent study has revealed that the small

aluminum plugs used to cover the unused upstream probe access holes

were protruding below the surface of the casing wall. With these

plugs removed and the holes covered with adhesive tape, the inlet radial

velocitycomponent assumed its expected insignificant role in the

upstream profile. The downstream profile was unchanged in this case,

probably due to the large amounts of mixing and turning which the

flow experiences upon passing through the rotor.

With the information obtained from the preliminary investigation,

a single axial location upstream and downstream of the rotor was

selected to make the performance measurements. Axial positions from

the rotor leading-edge of 0.717 c and 1.617 c were chosen for the

respective upstream and downstream stations. It was desirable to have

the downstream station at least one-ialf a chord length downstream of

the trailing-edge so that the wake structure would have time to develop.
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The plots of measured inlet and exit velocity profiles are shown in

Figures B6 through B12. Each plot represents a different mass flowrate

condition. Flow conditions representing a flow coefficient that was

10 percent below the design value of a flow coefficient that was 75

percent above the design value were used.

From each velocity survey, a mass-averaged pressure rise coeffi-

cient () was calculated. Figure B13 represents the performance

characteristic of this rotor in a 4 versus p plot. The large uncer-

tainty in the first point on the plot is due to stall which occurred

and produced large separated regions in which the ±30 degree calibra-

tion range of the five-hole probes was exceeded. At best, this point

represents an average of those points which were able to be recorded.

The placement of the rotor design point indicates that the measured

pressure rise is very close to the design pressure rise for the design

mass flowrate.

In addition to the performance data, the measured incidence

angles are compared to the design incidence angles in Figure B13.

It can be seen that large differences occur near the hub and tip

regions. These differences are caused by the existence of a boundary

layer on both surfaces. Since small variations in the velocity vector

can cause large variations in incidence angle, the differences become

smaller as the points approach mid-channel. It can be seen that even

though the design incidence angles are quite different from the

measured angles near the two surfaces, the design pressure rise

was still observed (Figure B13).
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Uncertainty of Data

To improve the precision of the experimental data, four separate

readings were recorded at each survey location. Each data point was

measured four times, then statistically analyzed to find the mean value

of the four readings as well as the 90 percent confidence level using

Student's t-distribution [26]. After analyzing all the data, the 90

percent confidence level calculations indicated that all the data was

within ±1 percent of the calculated mean value. It is this mean value

that is assumed to be the true and accurate reading. The mean value

readings were then used in the data reduction procedure which yields

the final velocity and pressure field.

ikt



APPENDIX C

DERIVATION OF ROTATIONAL EFFECTS CORRECTION
OF SURFACE STATIC PRESSURE DATA

The manner in which the static pressures are obtained on the blade

surfaces requires the added correction due to rotational effects. The

surface pressures are obtained by allowing the surface pressure taps

to bleed into a hollow chamber within the rotor blade. This chamber,

which is really a piece of hypodermic tubing, transfers the pressure

reading to the rotational axis where it is transmitted through a slip-

ring unit to a differential pressure transducer. The mere fact that

the column of air in the hollow chamber is being rotated produces

additional pressure forces which if unaccounted for would lead to

erroneous measurements.

The rotating column of fluid shown in Figure C1 represents an

arbitrary piece of tubing from the instrumented rotor blades. The

force on this column can be represented by the radial equilibrium

equation:

1ldP U 2  (Cl)

where U A . The integration of Equation (Cl) yields

fP2  2 2
dP P dR (C2)

P1  R1

or
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As long as the pressure tubing is transferred out of the rotating

reference frame along the rotational axis, Equation (C3) can be

reduced to the final form:

P P W 2 R2 (4

PROTATION 2 2 R2 (C4)

Since this pressure term due to rotation always acts to increase

the absolute value of the measured static pressure, the true pressure

is computed from

PTRUE = PMEAS " PROTATION (C5)

For each radial location of static pressure taps, a pressure correction

term is calculated and shown in Table IC.
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Table C1. Pressure Correction Terms for Surface
Static Pressure Measurements

Radial Position PROTATION P ROTATION
(cm) (psi) (in. of H 20)

23.2913 0.1285 3.557

19.5504 0.0905 2.505

15.8097 0.0592 1.639
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