
,EXPERIMENTAL INVESTIGATION• 

OF NON-UNIFORM FLOW PAST PROPELLERS, 

by 

David A., Mallory,, 

Thesis submitted to the Faculty of the 

Virginia Polytechnic Institute and State University 

in partial fulfillment of the requirements for the degree of 

Master of Science 

in 

Aerospace and Ocean Engineering 

APPROVED: 

Dr. Joseph A. Schetz, 
Chairman 

Dr. Paul Kaplan Dr. Wayne Neu 

December, 1985 

Blacksburg, Virginia 



EXPERIMENTAL INVESTIGATION 

OF NON-UNIFORM FLOW PAST PROPELLERS 

by 

David A. Mallory 

Dr. Joseph A. Schetz, Chairman 

Aerospace and Ocean Engineering 

(ABSTRACT) 

An experimental investigation of non-uniform flow past a 

1.615 foot, 3- bladed propeller was conducted in the Virginia 

Tech 6 foot by 6 foot Stability Wind Tunnel. The free stream 

velocity was 44. 5 ft/sec and the propeller rpm 1400. A 

screen disk consisting of two circular meshes, one 15 inches 

in diameter and the other 5, along with a 30 degree wedge 

having a 7.5 inch radius, was used to create the non-uniform 

inflow. The screen disk was chosen to simulate a wake flow 

behind a slender body with an attached appendage. The 

propeller was operated at self-propelled mode with respect 

to the drag of the screen disk. Several types of measure-

ments were completed on the propeller and the near wake. 

First, the propeller performance quantities were measured. 

The second type of measurements were the mean flow quanti-

ties, which included the mean velocities and static pres-

sures. These were obtained by using a five hole yawhead 

probe. The third type of measurements were made with an x-

wire probe, constant temperature anemometer and an r.m. s. 



meter. These allowed all the turbulence quantities, inten-

si ties and shear stresses, to be obtained. All turbulence 

quantities were averaged in the peripheral direction. The 

results of the mean and turbulent flow under the non-uniform 

flow condition are documented and di ,;cussed in detai 1. The 

3-D non-uniform inflow caused the l0cation of the maximum 

thrust to be shifted from . 7R, previously found for uniform 

inflow for the same propeller, to .88R while the location of 

maximum swirl was shifted inward from .6R to .SR. The tur-

bulence quantities were sensitive to the non-uniform mean 

inflow and the upstream turbulence created by the screen 

disk, especially in the wake of the wedge region. This was 

generally observed in the form of higher turbulence intensi-

ties and shear stresses. This data can be used to verify and 

refine turbulent transport models and computational methods 

for flows of this type. 
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1.0 INTRODUCTION 

The study and detailed understanding of the flow field 

produced by propellers is of interest in a number of practi-

cal applications. Some examples include the effects of non-

uniform flow on propeller performance and the prediction of 

near-wake profiles. Such investigations are also needed to 

better understand the interaction between propellers, bodies 

and appendages. Some important aspects include the influence 

of the propeller on the body pressure distribution to esti-

mate the thrust deduction, cyclic loading that produce vi-

brations and unsteady bearing forces and the influence of 

rudder or other appendages on the propeller. As research 

continues, the knowledge of the flow field around a propeller 

grows, increasing the understanding of the flow mechanisms 

associated with a particular operating condi ticn. This re-

sults in better and more efficient designs in the future. 

There are two methods that can be used in performance 

predictions, theoretical/computational and experimental ap-

proaches. Different theories with a wide range of complexity 

have been developed and are all based on potential flow the-

cries with corrections for viscous effects. Computational 

methods based on the Navier-stokes equations are beginning 

to be developed, but the computer time needed to solve them 

is still large, see Pelletier {10] and Schetz [13,14]. These 
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methods use propeller body forces as input data and incorpo-

rate viscous and unsteady forces and the turbulent nature of 

the flow. The propeller is modelled in a simple manner, as 

an actuator disk. The method yields results that are in good 

agreement with experimental data, but the computer time re-

quired to solve the system must be decreased before it can 

be used in a more wide-spread fashion. 

Al though many people look to computational methods to 

eventually eliminate the need for testing, experimental data 

is still necessary to verify the accuracy of all theoretical 

models. The assumptions and accuracies of each model can be 

evaluated from the comparison of its prediction to actual 

measurements. This is especially true of turbulence modeling 

where many uncertainties still exist. Experimental analysis 

is not only essential in determining how realistic a compu-

tational model is, but also to increase the database. With 

a larger database, general knowledge of propeller flow fields 

is increased, creating a more complete picture. 

The scope of this work was to experimentally study the 

flow field around a propeller operating in a non-uniform in-

flow condition. This investigation is a continuation of work 

started earlier at Virginia Tech for examining the wake be-

hind propellers and windwills. 

During the past 15 years, several experimental studies 

were performed in the Aerospace and Ocean Engineering De-

partment at Virginia Tech in an effort to collect, analyze 
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and document information regarding the near and far wake be-

hind propellers. The type of information recorded included 

velocities, pressures and turbulence properties. For a more 

detailed backround, see Kotb [ 3] from which the following 

literature review was taken. The experimental ;nvestigation 

started with the flow field of a streamlined, a.xi symmetric 

body, see Chieng [l), Swanson (17], and Schetz [12]. This 

was used as a reference case. A conventional propeller as 

well as a jet were studied for possible propulsion config-

urations. The propeller was found to have a larger wake at 

all axial stations measured. The effects of body pitch angle 

were also included in the study. Initial conditions upstream 

of the propeller were defined by boundary layer measurements. 

The next step in the investigation was to replace the single 

propeller by a set of counter rotating propellers, see Schetz 

[11]. Swean and Schetz [18,191 also studied the effects of 

a weakly stratified temperature flow on the turbulent flow 

field produced by a slender, stern-propeller-driven body. 

The flow results showed that the temperature statification 

had no large effect on the mean flow in the near wake. The 

turbulent temperature fluctuation was found to be significant 

in the region of the propeller tip. Schetz and Stottmeister 

[15] studied models with appendages simulating practical 

bodies. Both a deck and sail were investigated and the re-

sulting flow field was documented. The appendages were found 

to reduce the propeller swirl in the region subjected to its 
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wake. The decrease in swirl caused an increase in static 

pressure. The axial turbulence intensity was increased by the 

value of the sail-induced turbulence. 

Kotb [ 3, 4, 5] studied the performance and the flow field 

around an isolated rotor model working in both propeller and 

windmill modes under uniform and shear inflow conditions. 

The model used was designed to allow the three dimensional 

effects of the propeller to be measured. There was some in-

terference from the housing of the propeller motor and accu-

rate radial velocities could not be obtained in that region. 

The torque meter used also turned out not to be accurate, and 

the torque had to be obtained in an indirect manner. For the 

propeller case, the measured turbulence quantities were sen-

sitive to the upstream shear flow, and this resulted in 

higher turbulence intensities and shear stresses. For the 

windmill case, the axial interference velocity was higher 

under the sheared flow . The swirl flow, radial flow and 

static pressure profiles did not show any large differences 

from the uniform case. These experimental investigations 

were complemented with numerically based schemes based on the 

full Navier-Stokes equations developed in axisymmetric form, 

see Pelletier [101 and Schetz (13,14]. 

The next logical step in the investigation is to continue 

studying the propeller in more complicated types of non-

uniform inflow. The purpose of this work was to exper-

imentally investigate the flow field around a propeller 
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working in a non-uniform flow that is more complicated than 

a simple linear shear flow and one that better represents a 

wake produced by a body. The present study not only inves-

tigated new aspects which had not been examined before, but 

also utilized a new method for measuring torque and thrust. 

The apparatus used to drive tht, propeller was redesigned in 

order to allow more accurate measurements of the radial ve-

locity. This wi 11 provide a better overall picture of the 

three-dimensional flow behind the propeller. 

The non-uniform inflow studied was generated by a varying 

mesh screen disk that consisted of one 15 inch diameter mesh, 

one 5 inch diameter mesh and a 30 degree wedge with a radius 

of 7.5 inches. The screens were aligned with the tip of the 

wedge and the centers of the two circular screens matching. 

Each screen mesh had different sized wires and spacing, ere-

a ting meshes with different amounts of open areas. Three 

reasons were behind the choice of this particular non-uniform 

inflow: 1) it represents a step past the linear shear flow 

used in previous cases, 2} it is very similar to the wake 

profile behind a slender axisymmetric body with an appendage, 

3) it is relatively easy to generate in the wind tunnel. 

The testing was conducted in the Virginia Tech Stability 

Tunnel at a free stream velocity of 44. 5 ft/sec yielding a 

Reynolds number based on propeller diameter of 3. 96 X 10 5 • 

The testing was divided into two main parts. The first dealt 

with propeller performance and the condition needed to reach 
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a self-propelled mode. The second part was the measurements 

of the mean and turbulent flow downstream of the propeller 

through the use of a yawhead probe and hot-wire anemometers. 
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2.0 APPARATUS AND INSTRUMENTATION 

2.1 WIND TUNNEL 

The wind tunnel used in the testing was the Virginia Tech 

Stability Wind Tunnel.The facility is a continuous, closed 

jet, single return, subsonic tunnel with a 28 foot long test 

section with a 6 foot by 6 foot cross section. The tunnel is 

powered by a 600 hp D. C. motor driving a 14 foot diameter 

propeller. 

The atmospheric pressure was monitored with a Validyne 

digital barometer, Model DB99, and the free stream temper-

ature with a thermocouple, Type T, mounted in the wall of the 

wind tunnel connected to an Omega Digital Thermometer, Model 

115. The dynamic pressure was measured with a Pi tot-static 

tube mounted approximately 10 inches from the wall of the 

tunnel and monitored with a Barocel differential manometer, 

Type 1023 Datametrics, C.G.S. Corp. Measurements of the free 

stream turbulence indicate that the tunnel has extremely low 

turbulence levels, less than 3/100 of a percent. Previous 

studies have indicated a turbulence factor of 1. 08. This 

makes the tunnel very suitable for this kind of work. 
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2.2 PROPELLER 

A three-bladed rotor was constructed from cut-up, 1. 667 

diameter maple wood model airplane propellers, Zinger 20-6. 

The blades were secured to an aluminum hub through steel 

metal disks which could be rotated in 18 degree intervals 

allowing different P/D ratios. A streamlined spinner cap was 

mounted on the propeller shaft. The propeller and spinner cap 

are shown in Figure 2. The final blade diameter was 1. 615 

feet, and each blade had a pitch ratio of 1.572 P/D at 70 

percent of the blade radius. Blade thickness, chord length 

and twist were measured and plotted as a function of the 

radial station along the blade span in Figure 3. 

The test apparatus, shown in Figure 4, consists of two 

parts, the propeller rig and the screen disk. The propeller 

rig, shown in Figure 5, provided a means of measuring overall 

rotor performance characteristics; i.e., thrust and torque. 

In addition, the apparatus also allowed the lift, pitch, yaw, 

and side .force to be measured. The drive motor for the 

propeller was a Dayton Model 2Ml 70 DC motor rated for 1 hp 

at 1600 rpm with a maximum speed of approximately 1725 rpm. 

The motor shaft was extended to 22 inchs in order to allow 

for measurements close to the root of the propeller blade. A 

casing was mounted to the motor and extended out around the 

shaft. Sealed roller bearings were placed in the casing to 

relieve the shaft from any unnecessary loads, but trans-
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mission of torque and thrust were not inhibited. On the op-

posite side of the motor there was mounted a six component 

strain gage balance, see Figure 6. This measured all six 

components of the forces and moments acting on the propeller. 

The assembly was mounted to a strut which was bolted to the 

floor of the wind tunnel. In order to prevent any interfer-

ence from the flow on the measurements, a shroud was fitted 

over the assembly, see Figure 7. The part of the shroud cov-

ering the motor had 1 inch diameter holes drilled every 60 

degrees and 1.5 inches apart. This prevented the motor from 

overheating with very minimal effects on the thrust and 

torque readings. A Strobotac, General Radio Type 1531 AB, was 

used to measure the propeller rotational speed. 

2.3 NON-UNIFORM INFLOW GENERATOR 

The screen disk imposed a non-uniform approach flow on the 

propeller, which is shown in Figure 8. The screen was assem-

bled from 3 different sections consisting of a 15 inch diam-

eter mesh, a 5 inch diameter mesh and a 30 degree wedge with 

a 7. S inch radius. This resulted in a D /D ratio of screen p 
0.774. The 15 inch disk diameter was chosen, so that the wake 

formed would be somewhat smaller than the propeller. Each 

seperate piece of mesh was of varying wire size and the num-

ber of wire strands per inch resulting different amounts of 

open area. Table 1 gives a brief description of each mesh 
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section. Both of the smaller mesh sections, the wedge and the 

S inch diameter section, were mounted to the larger mesh with 

the wire strands running parallel to each other. The wedge 

was oriented with the tip corresponding to the center of the 

large mesh and then carefully spot welded, so that the weld 

did not block the pores in the screen. rhe 5 inch diameter 

mesh was tied to the larger diameter mesh using a very fine 

wire, only 0.015 inch diameter, with both centers matching. 

Attempts at spot welding the two circular meshes together 

resulted in deposits of weld material clogging the screens 

open area. Mounting with the fine wire resulted in no clog-

ging of the screens pores and no impairment of the flow 

through the screen. The wedge and the 5 inch diameter meshes 

were placed on the opposite sides of the 15 inch diameter 

mesh. 

The screen was then mounted to the wind tunnel using two 

vertical wires and one horizontal wire which attached to the 

walls of the wind tunnel. The screen was carefully tied, 

again using the very fine wire, to these wires strung across 

the test section. This mounting procedure yielded a screen 

system that only caused flow blockage in the portions of the 

flow it was designed for. The screen and its mounting are 

shown in Figure 9. The screen was placed 32. 375 inches up-

stream of the propeller with the centers at the same lo-

cation. The detailed flow produced by the mesh disk will be 

presented later. 
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2.4 MEAN FLOW INSTRUMENTATION 

A straight three-dimensional yawhead probe manufactured 

by United Sensor, Model DC-125, was used to obtain mean flow 

parameters, the three components of velocity and the static 

pressure. The probe had a blunted, conical nose 1/8 inch in 

diameter with five pressure ports, one on the nose and four 

surrounding it seperated by 90 degrees. The probe stem was 

sufficiently long, 24 inches, so that the tip extended far 

enough away from any interference effects caused by the sup-

porting apparatus. The probe geometry is shown in Figure 10. 

The pressure signals from the probe were fed into a scanning 

valve system, Model J Scanivalve Corp., and were measured 

using a Barocel differential manometer, Type 1023 

Datametrics, C.G.S. Corp. The Hewlett Packard Data Acquisi-

tion System, HP 3052A, was connected to the manometer and fed 

directly into the micro-computer, HP 9836. The pressure 

transducer was located immediately outside the test section 

in order to improve the time response of the system. A sche-

matic diagram of the system is shown in Figure 11. 

2.5 TURBULENT FLOW INSTRUMENTATION 

Turbulent flow measurements were obtained using a two-

channel, constant-temperature anemometer, TSI Model 1050, 

with an x-wire probe, TSI 1241-T2. The signals were 
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linearized with two TSI Model 1052 linearizers. The sensors 

were platinum coated tungsten wires 2 X 10- 4 inches in diam-

eter and .OS inches long. The signals from the two 

linearizers were fed into a signal correlator, TSI Model 

101SC, in order to generate the necessary combinations re-

quired in the data redu::;tion. The mean voltage measurements 

were recorded by a digital voltmeter, HP 3455A, which was a 

part of the HP Data Acquisition System and the r. m. s. quan-

tities by an r.m.s. voltmeter, Disa Model 5Sd35. A schematic 

diagram of the system is shown in Figure 12. 

2.6 TRAVERSE MECHANISM/ PROBE SUPPORT 

Both the mean flow and turbulent flow measurement probes 

were supported in the wind tunnel by a two-dimensional trav-

erse mechanism, which can be seen in Figure 4. The probe 

holder could be moved both vertically and horizontally in a 

given axial plane. The estimated error associated with posi-

tioning was less than .04 inches. 

2.7 DATA ACQUISITION SYSTEM 

The data acquisition system used in the wind tunnel was a 

Hewlett Packard Model HP 3052A supported by an HP 9836 

micro-computer, which allowed for all data acquisition and 

storage to be automated. The scanivalve system used with the 
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yawhead probe was controlled by a relay actuator mechanism, 

HP 59309A, with a sequence controlled by the micro-computer. 
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3.0 TEST PROCEDURE 

3.1 DESCRIPTION OF PROPELLER INFLOW 

3.1.1 MEASUREMENTS 

To create a wake flow that was similar to one that exists 

behind a slender, submerged body with an appendage, i.e, a 

non-uniform flow that had no axisymmetric properties, the 

screen discussed previously was used. In order to describe 

the flow field behind the screen, the coordinate system used 

throughout the experimentation must first be presented. The 

origin of the coordinate system was located on the propeller 

axis on the back of the propeller hub, as shown in Figure 13. 

The x-axis was along the tunnel test section with the posi-

tive side oriented in the same direction as the flow. The 

y-axis was oriented along the transverse direction, and the 

z-axis was vertical with the positive direction facing up. 

The coordinate system formed a right-handed, orthogonal co-

ordinate system. The screen was located 32. 3 75 inches up-

stream of the propeller or at x/Dp= -1.67. Measurements of 

the screen nominal wake were taken at X/Dp = 0. 0, in the 

abscence of the propeller and its housing. These measure-

ments only represent the undisturbed inflow because when the 
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propeller is present developing thrust, the wake created by 

the screen is modified. 

Only two traverses were needed to define the flow behind 

the screen. The first traverse would be outside the influence 

of the wedge while the second would need to be in the area 

of the wedge to measure its effects. For convenience, the 

centerline of the wedge ran parallel to the z-axis. The 

first traverse was made along the wedge centerline to define 

its effects, and the second was made along the y-axis. All 

three velocity components as well as the static pressure were 

measured by using the yawhead probe. The three velocity 

components for the two traverses are shown in Figures 14 and 

15. These plots indicate that the transverse (y-direction) 

and the vertical (z-direction) velocity components are neg-

ligible behind the screen disk. The axial velocity was the 

only velocity component effected by the screen, revealing 

that the local flow still remained one-dimensional even after 

the screen disk. The axial velocities along both traverses 

were characterized by large drops at the mesh junctions. 

Considering the traverse along z=O, one finds that proceeding 

radially inward from the free stream, the first screen mesh 

caused the velocity to decrease by approximately 22 percent. 

The axial velocity remained relatively constant until the 

next junction in the meshes. Very small decreases observed 

at y/D = ±. 3 were in the area where the mounting ·wires were p 
located. Since the decrease in velocity was not large, the 
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effects were neglected. At the junction of the two circular 

meshes, the flow experienced a large negative velocity gra-

dient and the axial velocity further decreased through this 

inner region to a value of 33 percent of the free stream at 

the center of the screen. There was no leveling of the axial 

velocity in this region. The decrease in velocity started to 

slow down near half the radius of the smaller circular mesh, 

but as the center was approached the negative velocity gra-

dient increased again. The profile was very symmetric about 

the z-axis. Outside the disk region, the axial velocity as-

sumed the value of the free stream. Next, the traverse 

through the wedge centerline, y=O, must be considered, see 

Figure 15. Proceeding radially inward from the free stream, 

the axial velocity leveled off with 37 percent of the free 

stream value at about half the distance between the screen 

edge and the junction with the small circular mesh. Contin-

uing into the region where all three meshes were located, the 

axial velocity decreased to a value of .27U~ at z/Dp=.05 and 

then increased to the velocity at the center of the screen, 

.33U. 
"" 

Physically this makes sense because the tip of the 

wedge has such a small blockage ability, its effect dimin-

ishes close to the center of the screen. 

The static pressures were converted to non-dimensionalized 

coefficients in the form, 
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C =(P -P )/q p s "" "" s 

and are shown in Figures 16 and 17. The traverses along both 

axes reveal that pressure relaxation had not fully occurred. 

The magnitudes of the static pr£'ssure coefficients were not 

large but they were an indication that the pressures had not 

completely relaxed even after more than two diameters. 

In addition to the mean flow measurements, turbulent flow 

measurements were also taken behind the screen. This was done 

to provide a complete picture of both the mean and turbulent 

flow fields forming the propeller inflow. The three turbu-

lence intensities for the two traverses are shown in Figures 

18 and 19. Each of the turbulence intensities was non-

dimensionalized with the free stream velocity. Most of the 

turbulence was generated at the edge of each of the screen 

meshes. Outside these areas the turbulence fell to small 

levels, approximately 1 percent, and it decreased further in 

the free stream. The axial turbulence intensity, y7;: 2 /U , 
"" 

was affected the greatest of all three components. The 

transverse, y v 1 2 /U 00 , and the vertical, ../7ii 2 /U"", turbulence 

intensities were very similar and had relatively the same 

magnitude. The turbulence levels generated at the tip of the 

wedge consisted of 4 percent for the axial intensity and 3 

percent for the other two components. The largest values of 

turbulence were observed at the edge of the large circular 
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mesh where the wedge was mounted, generating an 8.4 percent 

axial turbulence level and about a 6 percent level for the 

other two components. The maximum turbulence intensity level 

generated by the screen of 8.4 percent is typical of a wake 

behind a slender body. 

The three Reynolds shear stress components are shown in 

Figures 20 and 21. Each one was non-dimensionalized by 

p U 2 • The Reynolds stresses exhibited characteristics very .... 
similar to those of the turbulence intensities. The maximum 

values appeared at the edge of each of the screen meshes. The 

most pronounced effect on v' w 1 /U 2 term was at the edge of ... 
the outer mesh in the location of the wedge, while for 

~/U 2 it was at edge of the smaller circular mesh and for 
00 

u'w'/U 2 at the center of the screen. 
"" 

3.1.2 SCREEN ANALYSIS 

A simple 1 one-dimensional analysis of the flow through the 

screen can be done to calculate the expected velocities in 

each region of the screen. According to Taylor [20], the 

velocity right behind the screen can be found using the fol-

lowing, 

u/U = ( 1 +¼K) - 1 .., 
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where, 

K= resistance coefficient of the screen. 

The velocity neede:d here is downstream of the screen. A re-

gion of high pressure is located in front of the screen and 

a region of low pressure directly downstream. As the down-

stream distance increases, the pressure also increases caus-

ing the velocity to decrease. If complete pressure 

relaxation has taken place by the downstream station, the 

following equation can be used, 

where, 

u= velocity just downstream of screen 

Ud= downstream velocity 

U = upstream velocity 
"" 

Then, t..11e equation for the velocity downstream of the screen 

becomes, 
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According to McCarthy [8], the screen resistance coefficient 

is equal to the following equation, 

where, 

K= cs/(1-s) 2 

s= solidity ratio of screen 

c= coefficient that depends on the 

Reynolds number 

McCarthy has also determined the values of c for different 

values of Reynolds number. For this investigation c was 

taken to be . 8. The solidity ratio can be determined from 

the percent open area of the meshes. When the screen meshes 

are in combination, the resistance coefficients add up like 

resistances in series. For each of the three different 

meshes, the resistance coefficient is given in Table 1. 

The resulting values of velocity are given in Table 2. 

The velocity in the region of the 15 inch disk was calculated 
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to be 72.8 percent of the free stream velocity. According to 

measurements, the velocity found was 78 percent of the free 

stream. For the region where the two circular disks are lo-

cated, the calculated velocity was found to be approximately 

40 percent of the free stream. The actual measurements found 

the velocity to be 43 percent. In the region of the 15 inch 

disk and the wedge, the theory yielded a velocity of 37 per-

cent of the free stream, while the actual value was found to 

be 33 percent. In the area where all the screen meshes ex-

isted, the simple calculation gave a result for the velocity 

of 15 percent of the free stream. The measurements found the 

value higher at 27 percent of the free stream velocity. This 

area had the worst prediction, which was the result of the 

region being so small. By the time the flow moved to the 

downstream station, some mixing with the higher velocity 

fluid around it had occurred. All the predictions yielded 

results slightly lower than the measured values. The theory 

assumed that the pressure had fully recovered, but by viewing 

Figures 16 and 17 one can see that the pressure had not fully 

recovered. Taken all together, this exercise showed that the 

screen disk produced a wake flow with a profile that had been 

expected. 
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3.2 TEST STATIONS AND GRID 

Two stations at x/Dp=.025 and xjDp=.5 were chosen as rep-

resentative of the near wake region behind the propeller. The 

first station was a good choice for measu~ements because it 

gave the flow field right behind the propeller. The second 

station was still in the near wake region and would yield 

results further downstream which made it very appealing. One 

question remained; was there any interference from the cone 

connecting the shroud sections, see Figures 5 and 7, on the 

measurements at the second station? A trial survey was com-

pleted using the yawhead probe at z/Dp = .194 and y /DP =O. 0 

traversing in the x-direction. For these measurements the 

propeller was removed and the spinner cap placed on the 

shaft. The screen disk was mounted upstream as previously 

described. Any interference effects from the shroud cone 

would show up as an increase in the z component of velocity, 

which would also yield a higher pitch angle, and a drop in 

static pressure as the flow accelerated up over the cone. 

Figure 22 shows the three velocity components which were 

non-dimensionalized with the free stream velocity versus the 

x location. The z component of velocity did not really begin 

to increase greatly until after X/Dp=.65. Small values of 

this velocity previous to this point could have been caused 

by the spinner cap on the front of the shaft, which would 

impart a small z component of velocity on the flow for meas-
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urements at y=O. 

Figure 23. Below 

The pitch angle versus x/D is shown in p 
x/Dp=.6 the pitch angle was relatively 

small, less than 5 degrees, but after x/D =.6 the angle began p 
to rise sharply, especially after x/D =.65. p The pressure 

coefficient is shown in Figure 24. The pressure began to de-

crease at some point after x/Dp=.61. This shows that the flow 

was starting to accelerate as a result of the cone being 

present. Thus, one can conclude that a negligible amount of 

interference from the cone occurs at the second station, 

making it a valid place to take measurements. 

The same cross-sectional grid was used for measurements 

at both axial stations as shown in Figure 25. Since ~he flow 

field would be axisymmetric if the wedge was not present, any 

radial flow field measurements outside the wedge area would 

be similar. The flow field on both sides of the wedge 

centerline, which was the z-axis, should be the same, so 

measurements were only taken in one quadrant. The propeller 

turned clockwise when looking upstream, so the measurements 

were taken in the first quadrant. This would al low any 

turning of the wake of the wedge section imparted by the 

swirling motion of the propeller to be detected in the re-

sults. Two additional cuts were made, one on the opposite 

side of the centerline of the wedge and one on the negative 

y-axis for comparison purposes. 
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3.3 PROPELLER PERFORMANCE 

The six component strain gage balance used for measuring 

the thrust and torque had the following calibration factors; 

8. 030 lbs/mV for thrust ann 5. 940 ft-lbs/mV for the torque. 

These calibration factors W8re obtained from Modern Machine 

and Tool Company Inc., the producer,, of the balance, and they 

were re-checked before placing the balance in the propeller 

model. The measured thrust, torque and free stream velocity 

were expressed in the following forms: 

KT = T/(pn1 D 4 ) thrust coefficient p 

KQ == Q/(pn2D s) torque coefficient p 

J :::: U0J(nDP) advance coefficient 

n == TU /(21rnQ) propeller efficiency ... 

The advance coefficient is used to define the operating 

condition of the propeller. The torque and thrust coeffi-

cients as well as the efficiency are normally plotted as a 
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function of the advance coefficient for a given propeller. 

The relation given above for the advance coefficient is valid 

only in "open water", in which condition, the propeller is 

advancing into undisturbed fluid. When the propeller is be-

hind a body or as in this case the wake of a screen, the 

conditions are considerably different. In this investi-

gation, the propeller was in a condition which had been dis-

turbed by the screen. The speed of advance of the propeller, 

which would be the free stream velocity in a uniform inflow 

condition, was no longer 44.5 ft/sec but a much lower value. 

Thus, the relations between thrust, torque and rpm were not 

the same as those found in a uniform approach flow. In order 

to relate "open water" data to that of a non-uniform inflow, 

the "wake fraction 11 can be used. This term is defined as 

V = V(l-w), where VA is the effective speed of advance, V the A 

free stream velocity and w the wake fraction. 

coefficient then becomes 

The advance 

In this case, the speed of advance was not known since the 

flow approaching the propeller was non-uniform and radially 

varying. A weighted average of the velocity was used to 

calculate an estimate of the effective volumetric wake frac-
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tion. This was determined from the velocity surveys com-

pleted behind the screen. The wake fraction was found to be 

.188 which yielded a speed of advance that was 81.2 percent 

of the free stream velocity. Knowing the wake fraction, the 

speed of advance for the propeller could be determined for a 

given · free stream velocity and the resultant effective ad-

vance coefficient, Jeff' found. This allowed the "open wa-

ter" characteristics to be crudely related to this 

non-uniform inflow condition. 

Experimentally determined "open water" performance char-

acteristics are compared to those predicted by an analysis 

using a program from. Flow Research in Figure 26 ( from Kotb 

[ 3]). Only one value for the experimental torque coefficient 

was plotted in Figure 26 because the torque meter was not 

working properly. One can see that the propeller operated 

as expected. 

The operating condition chosen for this investigation, had 

values for Jeff' KT, KQ, and n equal to 0.96, 0.176, 0.035, 

and 77%, respectively. The choice of this condition is dis-

cussed in the next section. The open water characteristics 

given in Figure 26 indic'ate values for KT' KQ, and 11 of O .12, 

0.028 and 65%, respectively, for the same J. The only meas-

ured value for KQ was used to find the propeller efficiency. 

Agreement between the open water characteristics and the op-

erating condition of this investigation was not that good, 
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showing that the wake fraction is only a crude estimate in 

complicated propeller inflows. 

Some problems did occur with the six component strain gage 

balance. The torque readings were relatively constant with 

small variations of less than 5 percent. At infrequent 

points during the experimentation, the torque would vary as 

much as 10 percent. The thrust variation yielded the most 

trouble. At times during the measurements, the thrust would 

fluctuate as much as 25 percent. These large variations of 

thrust seemed to coincide with the larger fluctuations in the 

torque. Mostly, the large fluctuations in the torque and 

thrust occurred on days when there was rain falling causing 

much moisture to be in the air. On clear days, fluctuations 

in either component were very small, usually less than 5 

percent for the torque and less than 10 percent for the 

thrust. The thrust was also very sensitive to any adjust-

ments made on the propeller rpm. Any slight adjustments to 

keep the propeller rpm constant seemed to be exaggerated with 

changes in the thrust. After the motor warmed up, very few 

adjustments had to be made to keep the rpm of the propeller 

constant, and this showed up as less fluctuations in the 

thrust. 
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3.4 SELF-PROPELLED SETTING 

The self-propelled condition occurs when there is no net 

gain or loss of momentum in the flow. For a body traveling 

at a constant speed, this exists when the thrust balances the 

drag on the body. The "drag 11 here was generated by the screen 

disk, and it must be balanced by the thrust of the propeller. 

The drag from the screen disk was measured by supporting it 

at the center on a drag balance sting in the 3 foot diameter 

open throat wind tunnel at Virginia Tech. It was rigid 

enough to maintain its shape when supported in this way. A 

plot of drag versus velocity is given in Figure 27. The drag 

of the screen at the operating free stream velocity, 44. 5 

ft/sec, was 1.41 lbs. The propeller was set at 1400 rpm. 

Analyzing the thrust data indicated that the average thrust 

was less than 3 percent under that required for the self-

propelled condition with a thrust reading of 1.37 lbs. The 

operating condition can be summarized as follows: 

U = 44.5 ft/sec 
"" 

w = .188 

= U (1-w) ... = 36.1 ft/sec 
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n = 1400 rpm 

T = 1.37 lbs. 

Q = .45 ft.-lbs. 

11 = 77 % 

Dscreen = 1.41 lbs. 

3.5 MEAN FLOW MEASUREMENTS 

The three mean velocity components and the static pres-

sures were measured with the three-dimensional yawhead probe. 

The probe provides accurate measurements even in the presence 

of high flow angularity and high turbulence levels. A 

Pi tot-static tube mounted 10 inches from the wall of the 

tunnel was used to monitor the velocity in the test section. 
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All velocity components were non-dimensionalized with the 

free stream velocity obtained by placing the yawhead probe 

well outside the wake of the propeller. 

The pressure ports of the yawhead probe were referenced 

to the control room static pressure which showed little var-

iation. Both the control room and the test section should 

have the same static pressure. The five signals P 1 , P2 , P 3 , 

P 4 and Ps are related to the pitch angle, 't, and yaw angle, 

o, through the following relationships: 

where, 

Pt=total pressure 
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P5 =static pressure 

The calibration curves which are found in Lee [6] provide 

the £1 , £2 , f 3 and f,,. functional forms found in the previous 

equations. These equations are solved iteratively from 

measured values of P1 , P2 , P3 , P4 and P5 to calculate the 

values of Pt and Ps. From these properties, all the infor-

mation on the mean flow field can be determined. The total 

velocity, UT, can then be determined from the following 

equation, 

and the velocity components in the x, y and z directions can 

be found using, 
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The static pressure can be found from 

P ==P -AC 
s S,avg Pstatic 

3.6 TURBULENT FLOW MEASUREMENTS 

The "turbulence" measurements were made with a hot-wire 

anemometer and r. m. s. meters. Thus, all velocity fluctu-

ations at a given point in the flow are recorded including 

those produced by the rotating blades as well as turbulence 

in the usual sense. The contribution to the intensities so 

measured are concentrated at the blade rate frequency and a 

few higher harmonics, which are all at relatively low fre-

quencies as far as turbulence is concerned. The correlations 

(e.g. u'v 1 ) that make up the Reynolds stresses should be free 

of such contributions, since the propeller flow field is 

largely inviscid except for the true turbulence in the blade 

boundary layer. 

3.6.1 PROBE CALIBRATION 

Each wire of the x-wire probe was aligned normal to the 

flow and the linearized output was made to read O vol ts for 
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no flow and 10 volts for a dynamic pressure of 1 inch of wa-

ter, which corresponds to a velocity of approximately 65 

ft/sec. This value of 1 inch of water was chosen because the 

linearizing coefficients were valid for O - 100 mps range. 

The lower end of the range tends to deviate slightly from the 

linearized curve. Since, much of the measurements would have 

been at the lower end of the O - 100 mps range, the upper 

limit was lower to 1 inch of water or 65 ft/sec to minimize 

any errors that would occur in this region of the calibration 

curve. Throughout the measurements, the calibration was 

checked and adjusted as needed. 

3.6.2 TURBULENCE DATA ACQUISITION 

An overheat ratio of 1.8 was used to decrease the probe's 

temperature sensitivity. To correct for small variations in 

the temperature from the calibration temperature, the 

linearized output was multiplied by a correction factor. The 

following equation was used to calculate the correction fac-

tor, 

where 
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T = Sensor operating temperature s 

Teal= Calibration temperature 

T = Environmental temperature. e 

The sensor operating temperature can be found from the fol-

lowing relation, 

where 

R-=R [l+a(T -T )] -'11 C S e 

¾= Operating (hot) resistance of sensor 

R = Resistance of sensor 
C 

a= Temperature coefficient of resistance 

starting at a reference temperature. 
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For the x-wire used in this investigation, the values for the 

overheat ratio and temperature coefficient of resistance were 

1.8 and 0.0023/°F, respectively. The turbulence quantities 

were non-dimensionalized by the free stream velocity which 

was obtained by placing the x-wire probe well outside the 

wake of the model. 

3.6.3 TURBULENCE QUANTITIES TRANSFORMATION 

When considering a propeller, the data is more meaningful 

when expressed in a cylindrical coordinate system. Practi-

cally, it would be difficult to orient the probe to directly 

measure the turbulence quantities in the desired coordinate 

system. Therefore, a coordinate system transformation from 

the cartesian measurement system to the cylindrical system 

must be derived. The velocities can be directly transformed, 

but the turbulence quantities need a more careful treatment. 

These are derived for transforming cartesian coordinates to 

cylindrical coordinates. In this transformation, u' 2 , v' 2 

and 2 are the fluctuations in the x, y and z cartesian 

coordinate system while v ' 2 and 
C 

w 1 2 are the cor-e 

responding quantities in x, r and a, respectively. The 

transformation equations are qiven below: 
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u 'v '= u'v'cose + u'w'sin8 C C 

u 'w '= -u'v'sin8 + u'w'cose C C 

-v 'w '= -v' 2 sin(28)/2 + w' 2 sin(28)/2 + v'w'cos(28) C C 

where 

a= tan - 1 ( Z/Y) . 

3.6.4 EFFECT OF FLOW ANGULARITY ON TURBULENCE MEASUREMENTS 

Flow angularity can have a large effect on hot-wire meas-

urements. A detailed study was conducted by Kotb [3 J. It 

was found that the error associated with the velocity normal 

to the hot-wire and in the same plane was given by 
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error= 1 - cos'f 

where 

'f = flow angularity in wire plane. 

For flow angles of 10 degrees, the error in the measurements 

is only 1.5 percent. At flow angles of 30 degrees, the error 

increases to 13 percent. This indicates that the x-wire can 

be used in 3-D flow as long as the secondary flow is small 

compared to the primary flow. 

Flow angularities of 10-21 degrees for the first station 

and 10-18 degrees for the second station were observed at 

radii less than O. 36Dp for the hot-wire measurement lo-

cations. This yields a maximum error in the turbulence 

measurements due to flow angularity of approximately 6. 5 

percent for the first station and 5 percent for the second 

station. 
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4.0 RESULTS AND DISCUSSION 

4.l MEAN VELOCITIES 

4. l.1 AXIAL \7ELOCITY 

Mean axial velocity profiles are given in Figures 28 and 

29 for the two traverses along the y and z axes at the two 

axial stations. Note the excellent symmetry of the profiles 

for the horizontal traverse. Also, the axial velocity meas-

ured in the screen wake without the propeller was included 

on the graphs for reference purposes. The maximum induced 

velocity for the two stations occurred around r/Dp=.44 (Note 

that r is the same as either y or z for measurements taken 

along each axis}. The axial velocity increased as the dis-

tance downstream increased. This is a direct result of 

pressure relaxation. A slight decrease in the axial velocity 

from the free stream value of 1. 0 was noticed at a radial 

location of 0.SDP for both traverses along they and z axes. 

This was an indication of the streamtube contraction result-

ing from the propeller. The maximum induced velocity for the 

second station was 1. 16U for the traverse along the y-axis ... 
and 1.13U along the z-axis. ... Similarly, the first station 

had a value of l .12U for the maximum axial velocity along ... 
the y-axis and 1.08U along the z-axis. The radial location 

"" 
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of the maximum induced axial velocity was not affected by the 

wedge but the magnitudes were less. In addition, the amount 

of induced velocity varied greatly for a given radial lo-

cation depending on whether the traverse was through the 

wedge. In Figure 28, horizontal traverse, the propeller did 

not induce much velocity increase until a radius .16Dp. Tliis 

location was at the junction of the 5 inch diameter mesh. 

Thus, in the area of both circular screen meshes, no large 

amount of induced velocity existed. This was not true of the 

area within the wedge, as can be seen in Figure 29. The wedge 

caused the axial velocity in the screen wake to be much less, 

allowing the usually small amount of induced velocity that 

is imparted near the blade root to be increased and easily 

noticed. 

The axial velocity in the vertical traverse for the two 

stations had a steady rise to the peak at . 44Dp and then a 

rapid decrease to the free stream value. This was not the 

case for the horizontal traverse. The axial velocity stead-

ily rose from the hub to a radius of .2Dp where the rate of 

increase slowed. At a radius of .3Dp, the rate of increase 

of the axial velocity again became larger. This point cor-

responded to the screen disk edge, and as the radius further 

increased, the propeller blades were in the flow field not 

influenced by the wake of the screen disk. The axial veloc-

ity further increased until a radius of .44Dp after which the 

it dropped off to the free stream value. In the vertical 
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traverse, the reduction in the rate of increase of axial ve-

locity was not present because the induced velocity was a 

much greater percent of the axial velocity in the propeller 

wake, decreasing the effect the inflow velocity had. 

Figures 30-33 show the mean axial velocity profiles at 

co,;,stant yjD values across the wake of the propeller for p 
each station. The profiles outside the propeller disk region 

assume the free stream values. These plots have the same 

general trends as the previous traverses across they and z 

axes. For the first station, see Figures 30 and 31, the 

profiles near the z-axis, y/D = - . 0516 and . 0516 had the p 
tendencies of the traverse through the centerline of the 

wedge. As the distance from the axis increased, the profiles 

became more closely related to the curve associated with the 

horizontal traverse, since less of the wedge region was en-

countered. With y/D increasing, the peaks of each profile p 

occurred at lower values of z/Dp as r= .44Dp was encountered 

earlier. The maximum induced velocity for these profiles was 

1.12U. The same basic trends occurred with the second sta-... 
tion, as shown in Figures 32 and 33. Only minor modifica-

tions must be considered. As the flow moves downstream, a 

swirl velocity imparted on the flow by the propeller causes 

the wake to rotate. This effect was not observed in the first 

station because it was right behind the propeller. Calcu-

lations of the turning effect appear in Table 3. At very 

small radii, the turning effect was very large and decreased 
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as the radius increased. Thus, one should be able to see the 

effect of the wedge at larger yjDP traverses in the second 

station than in the first. Examining Figures 30-33, one can 

see that this was indeed true. At values of yjD equal to p 
.103, . 155, and . 207, the traverses for the first station 

resemble the traverse outside the wedge ngion while the same 

traverses for the second station have the smoothness and 

relatively constant increase in axial velocity associated 

with the traverse through the wedge region. The maximum in-

duced velocity for these profiles was l.16U 
"" 

4.1.2 SWIRL VELOCITY 

Swirl profiles along a horizontal traverse, the y-axis, 

in the propeller wake for the two stations are shown in Fig-

ure 34. 

velocity. 

The velocities were normalized by the free stream 

The value of the swirl from the screen was in-

eluded as a reference. The inner region near the hub had a 

swirl peak for the close station. This peak did not exist 

at the second station, leading one to believe that the 

interaction between the blade root and the hub had a large 

impact on the swirl at the close location. The peaks for both 

stations were observed at approximately r/Dp= .25. Outside 

the region of r= . 25Dp, the swirl velocity decreased to a 

value of O. If the peak near the hub of the first station 

is ignored, then the flow resembles rigid body motion for 
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r/Dp= .25. This is generally true for all rotor flows. The 

swirl velocity appeared to be symmetric about the z-axis, but 

when closely examined this was found not to be true. In 

uniform flow, the swirl velocity would be symmetric, see Kotb 

[ 3], but the non-uniformity acts in such a way to slightly 

distort the flow field. The maximum swirl velocity, ignoring 

the flow near the hub, was approximately 20 percent of the 

free streeam velocity at y/Dp = - . 25 and about 16 percent at 

y/Dp= .25 for both stations. 

The swirl profiles along the vertical traverse, y=O, for 

the two stations are shown in Figure 35. The profiles were 

similar to the profiles along z=O indicating that the wedge 

screen region has a small effect on the swirl. This is what 

one might expect, since no initial swirl value was placed in 

the flow by the mesh disk before entering the propeller disk. 

4.1.3 RADIAL VELOCITY 

The mean radial velocity profiles for the horizontal 

traverse, z=O, are shown in Figure 36. The high values of 

radial velocity at the first station were a direct indication 

of the contracting nature of the flow through the propeller. 

The peaks for this station occurred at r/Dp = . 50, and, as 

with the swirl velocity, the peak on the positive side of the 

y-axis had a lower value than the peak on the negative side. 

The corresponding radial velocity values were 10 percent of 
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the free stream velocity for y/D = -.50 and 6.5 percent for p 
y/Dp = . SO. By the second station, the amount of flow con-

traction had decreased greatly. It still could be seen, but 

the absolute accuracy of the results should be questioned. 

The values were very small, approaching the error associated 

with the measuring apparatus. The measurements at smal 1 

radii at the second station should be discarded, since they 

generally indicated a change of sign. These measurements 

were taken very close to the metal shroud causing an inter-

ference problem. As the distance from the shroud was in-

creased, its effect decreased drastically. 

Figure 37 contains the radial profiles for the vertical 

traverse y=O. The profiles resemble the profiles in Figure 

36. This might be expected, since the radial velocity in-

duced in the flow by the screen alone was negligible. The 

peak radial velocity for the vertical traverse occurred at 

r/Dp=.40 with a value of 9 percent of the free stream veloc-

ity. 

In order to better visualize the flow in planes parallel 

to the propeller, a plot of the secondary flow, comprised of 

the radial and swirl components, was made for each station. 

These are given in Figures 38 and 39. One can notice from 

both plots the swirling nature of the flow. The contraction 

can be especially observed on Figure 38. As the distance 

downstream increases, the radial velocity induced by the 

propeller decreased, and the contracting nature of the flow 
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is less evident. Thus, by the second station, the swirling 

motion of the flow became more dominant as shown in Figure 

39. 

4.2 STATIC PRESSURES 

The pressure distribitions presented are in the form of a 

static pressure coefficient, C 
PS 

found in the screen alone wake 

The pressure distribution 

were also included. The 

pressure distributions for the horizontal traverse at z=O are 

shown in Figure 40. The pressures on each side of the z-axis 

resemble each other but were not exactly symmetric. In the 

propeller disk, the pressures were higher than in the free 

stream as expected. The profiles were also characterized by 

a sharp drop near the propeller tip. At the first station, 

the profile was observed to have a large peak around r/D = p 
. 36. The value of the static presssure peaks were . 08 at 

Y/Dp= -.36 and .11 at y/DP= .36, revealing that the curve was 

not symmetric. The dips in the profile near the propeller 

tip were also different in magnitude. 

At the second station, the pressure had almost fully re-

laxed. A larger drop near the propeller tip was observed for 

this station. Similar features were observed for the pres-

sure distributions along the vertical traverse, y=O, at both 

downstream stations, see Figure 41. One difference was that 

the peak for the first station had a greater value, .14, than 
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the horizontal traverse, and its position was shifted inward 

to r/Dp= .3. 

Figures 42-45 show various pressure profiles for vertical 

traverses at constant y/Dp values for each station. The 

curves resemble the two traverses along the axes. For the 

first station, Figures 42 and 43, the pressure coefficient 

peaks were located at the same position, r/Dp= .275. As ex-

pected, the peaks and the low pressures near the tip occurred 

at lower values of z/Dp as y/Dp was increased since their 

radial location was encountered early in the traverse. The 

magnitude of the peaks also decreased as y/DP was increased, 

since the traverse moved out of the wedge region, where the 

peaks had higher values. The same basic trends were observed 

for the second station, as shown in Figures 44 and 45. There 

was no large peak as in the first station and the values of 

the pressure were smaller in magnitude. 

4.3 TURBULENCE INTENSITIES 

All three turbulence intensities had profiles with many 

peaks. When viewing the plots, one must consider that the 

measurement grid locations could have missed an actual sharp 

peak by a fraction of an inch. The chances of missing the 

actual peak on the traverses off the y and z axes increase 

'because each data point was one inch apart, while on the axes 

the data points were½ inch apart. This may sometimes make 
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the measurements look unsymmetric, but in actuality, the flow 

may not have been. 

In each of the profiles, the turbulence generated by the 

screen disk alone was included as a reference. The turbu-

lence generated by the screen disk was always much smaller 

than the intensities behind the propeller. All the turbu-

lence intensities are presented in terms of cylindrical co-

ordinates. 

4.3.1 AXIAL TUBULENCE INTENSITY 

The axial turbulence intensities,- 1~' 2 /U, for the hori-V C ... 

zontal traverse, z=O, are given in Figure 46. Large, sharp 

peaks for both stations were observed at approximately r/D = p 
.46. The peak for the second station had a value of 13 per-

cent for locations on each side of the z-axis. The first 

station had a peak of 11 percent at yjDP = - . 46 and 14 percent 

at y/Op= .46. One can speculate that the actual peak in the 
j 

profile was missed on the negative side of the axis. The 

profile for the first station falls from the peak, then lev-

els off and further falls as the hub was approached. On the 

other hand, the profile at the second station fell rapidly 

from the peak to a leveling point after which it continued 

to decrease to a value of 3. 5 percent at a radius of . 3D p. · 

The intensity increased again near the hub. The leveling off 

point had a higher magnitude and longer duration at the first 
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station. This region seemed to have been caused by turbu-

lence generated at the junction of the free stream and the 

screen disk. This point was at a slightly greater radius 

than the leveling off point in the propeller wake, but one 

must remember that the propeller results in flow contraction 

and the axial turbulence field should contract with the flow. 

Kotb [31 found that a peak in axial turbulence only occurred 

near the propeller tip around r/D = p .475 with a sharp drop 

off as the radius decreased for both uniform and linear shear 

flow. Taking this into consideration, the axial turbulence 

generated by the screen was transmitted through the propeller 

plane and not mixed out. By the second station, some of the 

turbulence mixed, decreasing the size of this constant value 

region. 

Figure 47 illustrates the axial turbulence values found 

for a vertical traverse at y=O. The same general trends ex-

ist, but the effect of the axial turbulence generated by the 

upstream screen disk could be seen better. The highest point 

of turbulence generated by the screen mesh entering the 

propeller disk occurred at the point in the traverse where 

the wedge section of the screen met the free stream. The high 

turbulence from the screen caused the profile to increase 

rather than become constant as was found in the previous 

profiles. Thus, one can conclude that the axial turbulence 

generated from a body in front of a propeller would be 

transrni tted through the disk and not dissipated. For all 
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axial turbulence profiles, the levels fell rapidly to a small 

value outside the propeller disk area. Comparing the pro-

files at x/D = .025 and .5, one is led to hypothesize that a p 
narrow peak in the x/Dp= . 025 profile was likely missed by 

the measurement grid. There should be a higher peak at x/Dp= 

.025 than at x/Dp= .5. 

The axial turbulence profiles for the first station at 

constant values of yjDP are shown in Figures 48 and 49. The 

general trends were the same for all these plots. All plots 

influenced by the wedge region had the small second peak at 

r/Dp= .35, while those not so influenced had a leveling off 

period. One can see that the wedge seemed to influence the 

axial turbulence out as far as y/Dp= .103. After this point, 

the profiles appeared the same as the profiles along the 

horizontal traverse. A number of the actual sharp peak val-

ues were apparently missed along these profiles as a result 

of the measurement points being space one inch apart. Simi-

lar observations can be made for the axial turbulence pro-

files at the second station found in Figures 50 an~ 51. Note 

that the highest peak values measured at x/Dp = . 025 are 

higher than those at x/D = .5 as should be expected. p 

4.3.2 RADIAL TURBULENCE INTENSITY 

The radial turbulence intensities,· 1v' 2 /U, for the hor-Y C ... 

izontal traverse at z=O are given in Figure 52. One can see 
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that the turbulence generated by the screen disk was only a 

fraction of that produced by the propeller. The two large 

peaks for the first station occur at r/D = .49 while at r/D = p p 
. 46 for the second station. This was the result of flow 

contraction past the first station. As with the axial tur-

bulence, the profiles were not exactly symmetric about the 

z-axis but have the same trends. The maximum radial turbu-

lence was observed at y /DP= - . 46 with a level of 22. 5 per-

cent. As the blade root was approached, the turbulence level 

for both stations decreased to a minimum value before in-

creasing near the hub. No distinct effect was observed on 

the radial intensity from the non-uniform inflow. Kotb [ 3 l 

found that this same basic trend existed with uniform inflow 

as well. The general magnitude of the radial turbulence was 

higher than the other two intensities, axial and tangential. 

Outside the disk region, the values rapidly decreased to very 

low levels, on the order of 0.5 percent. Figure 53 shows the 

radial turbulence profiles for the traverse, y=O, the pro-

files through the wedge area. The wedge seemed to have lit-

tle effect on the radial turbulence. The peaks had 

approximately the same magnitudes and the curves the same 

trends as for the other traverse. The only difference was 

in the valley between the two peaks, where the turbulence 

level was 2. 5 percent for the horizontal profile and 5 per-

cent for the vertical traverse. The radial turbulence gen-

erated by the screen was higher in this region for the area 
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behind the wedge resulting in a higher turbulence level be-

hind the propeller. 

Figures 54-57 reveal the radial turbulence profiles at 

constant values of Y/Dp for first and second stations. The 

profiles at both stations resemble their respective counter-

parts along the axes. The peaks occurred at the same lo-

cations and the magnitudes were similar as well. In some 

cases, the peaks were missed as a result of the measurement 

grid. 

4.3.3 TANGENTIAL TURBULENCE INTENSITY 

The tangential turbuler{ce intensities, - 1w" 2 /U , along the V C -

horizontal traverse, z=O, are shown in Figure 58. These 

turbulence levels were the lowest in magnitude of all three 

intensities. For the first station, there was a general area 

of high tangential turbulence in the region r/Dp= .26 to .42 

with a value of 8 percent. This high level of turbulence 

somewhat overshadowed the peak found near the propeller tip. 

The tangential turbulence fell as the hub was approached. 

At the second station, a peak at r/Dp= .35 was observed. 

The profile showed three regions of high turbulence levels, 

near the hub, r/Dp= .35 and .44 with values ranging from 4.5 

to a.percent. The region of high turbulence at the first 

station, from r/Dp= .26 to .42, had mixed out by the second 

station. In between the peaks, the turbulence fell to values 
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of 3. 5 percent. Outside the disk region, the tangential 

turbulence fell to levels less than . 5 percent for both 

stations. The profiles showed some symmetrical aspects about 

the z-axis, but true symmetry did not exist. In uniform 

flow, Kotb { 3 l found that the tangential turbulence had a 

peak near the propeller tip at r/Dp= . 475 and the hub. Thus, 

one can attribute the region of high turbulence at r/Dp =.35 

here to the inflow resulting from the screen disk. This was 

in the region of high tangential turbulence, 3 percent, gen-

erated by the screen disk at its junction with the free 

stream. 

Figure 59 contains the tangential turbulence profiles for 

the traverse, y=O. These profiles were similar to the pro-

files along the y-axis with a few exceptions. The flat por-

tion found in the first station was no longer flat but now 

had a sharp peak. The small peak found earlier at r/Dp= .35 

became a relatively flat region for the second station. 

Also, the general levels of turbulence were higher than for 

the horizontal traverse with peaks for the first and second 

stations being 9. 9 and 9. 2 percent, respectively. These 

higher peak values can be associated with the higher levels 

of tangential turbulence generated by the screen disk, which 

were almost double in the wedge region compared to those 

found elsewhere. As before, the peak at r/Dp= .35 overshad-

owed the peak near the propeller tip for the first station 

and the large peak at the second was observed. The flat re-
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gion in the second station occurred at the same location as 

,the peak in the first station but with a lower level of tur-

bulence, indicating that by the time the flow reached the 

second station, some of the turbulence had mixed out dropping 

the level to 5 percent. This was still higher than the value 

on tr• profile associated with the horizontal traverse for 

the same location. 

Figures 60-63 contain the tangential turbulence intensity 

profiles for constant values of y/Dp for the first and second 

stations, respectively. The curves had the same tendencies 

that were found on the previous profiles along the axes. The 

curves for first station, Figures 60 and 61, did not have the 

large peak near the propeller tip and had high levels of 

tangential turbulence near the hub. The second station had 

the peak near the propeller tip and lower levels of turbu-

lence in the hub region. Outside the disk region, the levels 

fell to approximately .5 percent. 

4.4 REYNOLDS SHEAR STRESSES 

As with the turbulence intensities, the Reynolds shear 

stress profiles are very peaky curves. The measurements 

along the axes were ½ inch apart and could have missed the 

actual sharp peak of the profile. The Reynolds stress com-

ponents were non-dimensionalized with p U 1 • The following 
00 00 
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shear stresses are presented in the form of cylindrical co-

ordinates. 

4.4.1 -uc~c' SHEAR STRESS 

The negative of the Reynolds shear stress component in the 

axial direction, -u 'v 1 /U 2 , was plotted for the traverse C C .., 

at z=O in Figure 64. This Reynolds stress component repres-

ents the transport of x-momentum in the radial direction. 

Therefore, in the areas of high radial turbulence intensi-

ties, see Figure 52, this shear component can be expected to 

be large. In the radial turbulence profile, there were max-

imum fluctuations near the propeller tip and in the region 

of the hub with relatively the same values for both stations. 

This should lead to high axial shear stresses that are ap-

proximately the same at these points for both stations. By 

reviewing Figure 64, one does indeed see that the shear had 

high negative values (positive u 'v '/U 1 ) in these regions. 
C C 00 

The vortices shed off the blade tip were the cause of the high 

values near the propeller tip while the effects of inter-

action between the blade root and hub were the cause of the 

high values near the hub. The largest shear values were ap-

proximately - . 0025 for the first station near the hub and 

-.0022 for the second station near the propeller tip. Away 

from these two effects, the shear was positive (negative 
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u 'v 1 /U 2 ) for both stations. One way to explain the axial C C .,. 

shear is by considering the eddy viscosity model, 

which is valid in both boundary layers and wakes. One can 

see that the shear should be proportional to the axial ve-

locity gradient in the radial direction. Figures 28 and 29 

reveal the axial velocity versus the radial distance. View-

ing these profiles, one finds that the velocity gradient was 

positive for r/D = .1 to .44. p This should yield a positive 

shear and indeed this was the case. The only area where the 

radial shear was not positive in this region was where the 

tip and hub effects became evident. 

maximum in this region of .0024. 

The shear reached a 

The maximum of the shear generated by the screen disk was 

approximately half of that generated by the propeller. The 

peaks for the second station were at points slightly closer 

to the hub, again indicating the contracting nature of the 

flow. Outside the propeller disk, the shear decreased to 

zero. 

Figure 65 gives the axial shear profiles for the traverse, 

y=O. The general trends were the same as found in Figure 64 

with some differences. The shear generated by the screen 
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disk in this region was much higher than that found for the 

traverse at z=O. Its value was very close to those of the 

two stations at approximately r/D = .4. p This high value of 

shear from the screen disk seemed to make the shear have a 

larger positive peak (larger negative peak for u 'v '/U 2 }. 
C C 00 

The magnitudes of the peaks Wf:.re slightly smaller than those 

on the horizontal traverse with a minimum value of -.019 and 

a maximum of . 0023. The same analysis can be applied to 

these profiles as was done with the profiles along z=O, 

yielding the same general conclusions. 

Figures 66-69 contain the shear profiles for vertical 

traverses along constant values y/D. The same trends exist p 
with these profiles as previously discussed. There were re-

gions of high negative values of shear near the hub and 

propeller tip and a high positive region in between. The 

minimum value was -.0054 and the maximum .0038. These values 

were greater than previously found for the essentially radial 

traverses. Outside the propeller disk, the shear decreased 

to zero. 

4.4.2 -U 1 W' SHEAR STRESS -----c-c--------

The -u 'w 1 /U 2 profiles for traverses along y=O and z=O C C oo 

are shown in Figures 70 and 71. This Reynolds stress compo-

nent represents the transport of x-momentum in the tangential 

direction. For all the profiles at each station, the shear 
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component remained positive ( negative u 'w '/U 2 ) • C C .., Regions 

of high tangential turbulence should correspond to regions 

of high x-momentum transfer yielding a high shear. If the 

profiles of tangential turbulence in Figures 58 and 59 are 

compared to the this shear component, the profiles would ap-

pear to be similar. The peaks and general trends of the 

profiles are the same. The magnitudes of the shear along y=O 

were larger than those along z=O. This was the result of the 

tangential turbulence being higher along that traverse. The 

major peaks for the two stations occurred at approximately 

r/D = .46 with magnitudes ranging from .0077 to .01. Outside p 
the disk region, the values of shear decreased to zero. 

Figures 72-75 give the shear profiles for constant y/Dp 

values at the first and second stations, respectively. These 

profiles were very similar to those along the axes and again 

resemble the tangential turbulence profiles found in Figures 

60-63. There were some negative values of shear near the hub 

with magnitudes less than -.003. Noticeable peaks were ob-

served near r/Dp= .46. 

4.4.3 -v 'W' SHEAR STRESS -----c-c--------

The -v 'w '/U 2 shear profiles are shown in Figures 76 and 
C C «> 

77 for both stations along they and z axes. This component 

can be thought of as the radial transport of tangential mo-

mentum. Thus, one would expect regions of high radial tur-
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bulence, see Figures 52 and 53, to correspond to regions of 

high -v 'w '/U 1 • By comparing Figures 52 and 53 to Figures C C oo 

76 and 77, one can see that the profiles for radial turbu-

lence and this shear component do indeed resemble one an-

other, especially near the propeller tip. The shear profiles 

were characterized by large negative peaks (positive for 

vc'wc'/U00
1 ) at r/Dp= .49 and small positive values (negative 

v 'w '/U 1 ) as the hub was approached. The peaks for the C C oo 

second station were slightly closer to the hub, a result of 

flow contraction, but the two stations nonetheless followed 

the same patterns. One erratic data point was observed in 

Figure 76. No error could be found in the data reduction or 

acquisition, but the point does not appear to be physically 

correct. Excluding this point, the peaks ranged from -.008 

to - . 013 for both stations along the horizontal traverse. 

The positive values were ,approximately .002 for x/Dp= .025 

and . 001 for xjDP = . 5. For the vertical traverse, the peak 

magnitudes were higher having values of -.017 for the first 

station and -.01 for the second. The shear remained rela-

tively constant from r/Dp= .22 to .4 with a value of .0035 

for the first station. The values of the shear decreased to 

zero outside the area of the propeller disk. 

Figures 78-81 give the shear profiles for both stations 

at constant values of yjDP. The profiles were basically the 

same as those along the axes. The peak values were approxi-

mately the same as well as their location. As with the two 
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traverses along the y and z axes, these shear profiles re-

semble their corresponding radial turbulence intensity pro-

files found in Figures 54-57. Some of the actual peaks were 

missed due to the measurement grid. 

4.4.4 COMPARISON OF SHEAR STRESS COMPONENTS 

When comparing the three Reynolds stress components, one 

finds that the -v 1 w 1 /U 2 shear component had that largest C C co 

values with -u 'w '/U 2 the second largest and -u 'v '/U 2 
C C C C 

component with the smallest values. In previous propeller 

experiments completed at Virginia Tech this trend was also 

found to be true. Normally, wake flows tend to produce flows 

where the largest Reynolds stress component is -u 'v '/U 2 • 
C C "" 

But in the case, the propeller changes the relative magni-

tudes of the shear stress components in its wake. This re-

sult is very important and must be considered in turbulence 

modelling for a wake behind a propeller. 
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5.0 CONCLUSIONS AND RECOMMENDATIONS 

The propeller test rig developed for this investigation 

proved to work better than the previous apparatus used in 

propeller investigations. The torque meter on the apparatus 

used by Kotb [ 3, 4, 5 J did not work at all and the thrust 

measuring device was very susceptible to vibrations. The new 

model provided accurate and relatively stable measurements 

of thrust and torque. Some variations in the readings were 

experienced, especially thrust, but the larger excursions 

seemed to coincide with very damp air. The reasons are still 

unknown. The model also provided excellent measurements of 

the radial velocity, again an improvement over the previous 

test rig. 

The basic properties of the propeller were observed in the 

measurements; the slipstream contraction, energy being im-

parted to the flow, and the torque applied to the propeller 

forcing the flow to swirl in the same direction. The non-

uniformity in the flow greatly affected the wake behind the 

propeller. Some comparisons were made with uniform inflow 

from Kotb [ 3], but the actual operating condition was dif-

ferent, so only trends could be compared and not actual rnag-

ni tudes. 

First, the mean values will be considered. The axial ve-

locity peak was found to be at r/D =.44. This value was not p 
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affected by the wake of the wedge from the upstream screen 

disk. The wedge wake region did induce more axial velocity 

at radii near the hub. Kotb found that the peak was at 

r/D =.35 for uniform flow. Thus, the large velocity gradient p 
in the propeller inflow caused the location of maximum thrust 

to move closer to the tip. The swirl did not seem to be af-

fected by the wedge wake. The location of maximum swirl was 

at r/Dp= .25 while Kotb found that r/Dp= .3 was the location 

for uniform flow. The swirl maximum was shifted closer to 

the hub, the opposite effect than was observed for the axial 

velocity. The radial velocity peak was shifted inward from 

r/Dp=0.5 to 0.4 in the wedge wake. Large values were found 

right behind the propeller disk indicating flow contraction, 

and they diminished by the second station. The static pres-

sures were affected by the wedge wake region, with higher 

peak values being observed and the location moved inward from 

r/Dp=0.36 to 0.30. 

Second, the turbulence characteristics were also changed 

greatly. Kotb found that the peaks for a_xial and radial 

turbulence were at r/D = ·. 475 and at . 45 for the tangential p 
turbulence. The peaks for this investigation were at r/D = p 

.46 for axial and radial turbulence and .35 for the 

tangential term. The non-uniform inflow seemed to affect the 

tangential intensity the most, probably because the percent-

age of turbulence generated by the screen disk compared to 

that behind the propeller was higher than for the other two 
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terms. The high areas of turbulence associated with the 

wedge wake region were transmitted through the propeller disk 

and not dissipated. The radial turbulence intensity resem-

bled the profile found by Kotb for uniform inflow. In this 

case, the percentage of screen-generated turbulence to radial 

turbulence behind the propeller was lower, decreasing the 

effect of the turbulence in the inflow. The higher levels 

of turbulence intensities were also observed to cause high 

levels of Reynolds stresses. The propeller also caused the 

relative magnitudes of the Reynolds stress components to 

change. Normally in a wake, the largest Reynolds stress 

component is the -u 'v '/U 2 term. But, one can see from the 
C C co 

results that this componenet had the smallest magnitude while 

the -v 'w '/U 2 component had the largest. 
C C oo 

In summary, the non-uniform inflow created by the screen 

disk upstream of the propeller was very complex in nature. 

It caused vorticity not only to exist in the slipstream of 

the propeller but also in the oncoming flow. These two sys-

tems of vorticies, upstream and downstream, add to the com-

plexity of the resulting flow near the propeller. The axial, 

swirl and radial components of mean and turbulent velocities 

presented here can be used to increase the knowledge on non-

uniform propeller inflow and help to refine performance pre-

diction tools. The turbulence data can be used to help 

refine turbulent transport models. 
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Finally, the following topics are suggested for future 

study: 

Other operating conditions-namely, overthrusted and 

underthrusted cases 

- Other screen combinations or other types of non-uniform 

inflow to study the effect on thrust and performance as well 

as the flow field 

- Individual blade wake measurements should be done so 

that statistical quantities, spectral analysis and frequency 

domain information can be calculated. 
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Table 1. Screen Mesh Characteristics 

I SCREEN MESH TYPE WIRE DIAM. OPEN AREA K I 
MESH WIRES/INCH INCHES % 

15" disk 4X4 .047 65.9 .63 

S" disk lOXlO .025 56.3 1.1 I 
wedge 40X40 .0185 54.8 1.2 I 
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Table 2. Velocity Behind Screen From Simple Analysis 

SCREEN REGION 

15 inch disk .728 

15, 5 inch disks .396 

15 inch disk, wedge .372 

15, 5 inch disks, wedge .154 
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Table 3. Swirl Effect (turning angle) on the Flow 

r/Dp WEDGE REGION, OTHER REGION, 
DEGREES DEGREES 

.1 130.57 90 

.2 48.8 22 

.3 22.5 12.5 

.35 12.5 

.4 7.5 5.5 
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Figure 1. Stability Wind Tunnel Schematic. 
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Figure 2. Photograph of the Propeller and Spinner Cap . 
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Figure 4. Photograph of Test Apparatus; (a) Upstream 
View and (b) Downstream View. · 
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Figure 5. Schematic of Propeller Test Rig. 
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Figure 6. Photograph of Propeller Test Rig Without 
Shroud. 
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Figure 7. Photograph of Propeller Model Test Rig With 
Shroud. 
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flow direction 

Figure 8. Non-uniform Approach Flow Imposed on the 
Propeller by the Screen. 
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Photograph of Screen and Mounting Method. 
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Figure 10. Yawhead Probe Geometry. 
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Figure 11. Schematic Diagram of the Mean Flow Instru-
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Figure 12. Schematic Diagram of the Turbulent Flow 
Instrumentation. 

79 



z 

y 

Figure 13. Coordinate System Used in the Investigation. 
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