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THESIS A.l\STRACT 

The objective of the investigation reported in this thesis is to 

study, both analytically and experimentally, various aspects of the 

time-dependent forces and moments generated by marine propellers due to 

operating in a nonuniform velocity field. The response of a propeller 

to both a spatially and temporally no;, .niform flow field is considered. 

The pr peller time-dependent response to each type of nonuniform flow 

is treated analytically and predictions are made which are compared to 

experi.mentally determined values of unsteady propellt!r thrust, 

Two fundamentally different analytical approaches arP. considered 

for predicting response to Eipatial var,iations in the inflow. One 

approach employs a modified unsteady, ~wo-diTDensional airfoil theory. 

Included in this application are the response of the propeller to 

sinusoidal velocity var_iations which are both normal and parallel to the 

propeller blade section c.:11ordlines. A quasi-steady correction for 

blade-to-blade indu~tion effects is included. The second approach 

employs a lifting surface theory developed at the Stevens Institute of 

Technology. 

An experimental program was conducted in which measurements of the 

time-dependent thrust :,C: ·,,crated by a &~1.· ies of propellers operating in 

a strut wake were made. Variables in ~he experiment included the 

advance ratio of the propeller and th.d, spatial separation between the 

propeller and strut. These measured v~lues are compared to predictions 

made with the difterent analytical metl\ods. Conclusions are then drawn 

with respect to the merits of the diff~rent analytical methods. 



An existing analytical approach to the propeller time-dependent 

thrust response to turbulent inflows has been ehtended. The original 

approach did not include blade-to-blade correlations of the time­

dependent lift. This blade-to-blade correlation was included. 

An experiment was conducted in which measurements of the time­

dependent thrust generated by a series of propellers operating in 

varioui turbulent inflows were made. Variables in the experiment were 

tu rbulence intensity and length scale. These measured values are 

comp~red to predictions made with the analysis which does not include 

blade-to-blade correlations and the analysis which includes blade-to­

blade correlations . Conclusions are then drawn with respect to the 

merits of the different analytical methods. 

It is shown that the contribution to propeller time-dependent 

t hrust due to velocity variations parallel to the blade chordlines can 

be significant at certain propeller advance ratios. In addition, the 

quasi-steady correction for induced effects to the two-dimensional 

analytical method produces results which agree well with those from the 

lifting surface theory. The analytical method for propeller response to 

a turbulent inflow which includes blade-to-blade correlation of time­

dependent life predicts the level and shape of the time-dependent thrust 

spectra more accurately than the analysis which does not include 

blade-to-blade correlation. 

• 
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CHAPTER I 

INTRODUCTION AND SCOPE 

Propeller-induced ship vibrations have become increasingly 

important in recent years due to the increased size and horsepower 

per shaft of new ships. Ship vibrations are caused by the vector 

sums of sever .. , 1. time-dependent forces and moments which are due to 

the operation of the propeller in the wake of the ship. The components 

of the vector sums of the time-dependent forces and moments may be 

thought of as (1) those transmitted by the bear ings of the propeller 

shaft which are due to tme-dependent propeller loads, and (2) those 

transmitted by the hull near the propeller, by bossings, and by 

appendages near the propeller which are due to the near-field pressures 

induced by the propeller. 

The time-dependent forces and moments generated by a propeller 

operating in the wake of a ship are due to variations in the propeller 

inflow velocity field. These velocity variations can be thought of as 

composed of temporal var i ations due to turbulence and time-dependent 

motions of the ship and of spatial variations of the steady velocity 

field. 

Various aspects of propeller time-dependent forces and moments 

have been investigated. Several analytical methods exist for the 

prediction of propeller time-dependent forces and moments due to 

operation in either a spatially or temporally varying velocity field. 

In addition, the time-dependent forces and moments generated by 

various prop~llers operating over a range of conditions due to 

,. 



operating in a variety of spatially and temporally varying velocity 

fields have been measured. In some instances, the predicted and 

measured values have been correlated. 
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The result of these previous investigations is that certain 

inadequacies in the existing analytical methods results in unacceptable 

differences between predicted and measured values. The intent of the 

present investigation is to either modify existing methods or generate 

new methods for predicting propeller time-dependent forces and moments 

which result in improved predictions , The results of each new 

analytical method is to be compared to experimental results from tests 

which are designed to investigate each particular propeller or flow 

variable of interest. 

The limitations of the current investigation are with respect to 

both the flow and the propf.ller confi.guration. The flow is restricted 

to one that is incompressible and inviscid. In addition, the experi­

mental investigation was conducted in the forty eight inch diameter 

water tunnel of the Applied Research Laboratory at The Pennsylvania 

State University and the flow regime with respect to the propeller 

was noncavitatiug. the propeller blades employed in the experiments 

had a nonskewed, rectangular planform and an aspect ratio of three. 

The approach taken is as follows. An extensive literature survey 

was conducted, the results of which are described in Chapter II. The 

nonuniform inflow velocity field at the propeller is considered. The 

resulting propeller time-dependent forces and moments from both an 

experimental and analytical viewpoint are considered. And finally, 

the previous correlations between analysis and experiment are 

considered. 
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Chapter III discusses the theories for propeller time-dependent 

forces and moments due to operation in spatially nonuni form flow. The 

two-dimensional, unsteady airfo i l theory and its application to 

propellers is discussed. The three-dimensional, unsteady l i fting 

surface theory is also presented. 

The experimental investigat i on of the propeller response to 

spatially nonuniform inflows is considered in Chapters IV and V. The 

generation and measurement of a spatially nonuniform inflow is 

discussed in Chapter IV. The measurement of the time-dependent thrust 

response to the spatially nonuniform inflow is considered in Chapter 

v. 

The results of the exper i ments to measure propeller time-dependent 

thrust and cor r elation with the results of various analyses is 

presented in Chapter VI. 

The development of a new method for predicting propeller 

time-dependent thrust response to turbulent inflows is presented in 

Chapter VII. Chapter VIII dis cusses the methods for generating 

particular turbulent i nflows and the measurement of propeller 

time-dependent thrust response due to operation i n those turbulent 

flows. The following chapter presents correlations of the experimental 

results with the results f ~om analysis. 

Based on the results of the investigation, conclusions are drawn 

and recommendations for future research are made. 



2.1 Introduction 

CHAPTER II 

STATE OF THE ART OF PROPELLER 
TIME-DEPENDENT FORCES 

Propeller-induced ship vibrations have become increasingly 

important in recent years due to the i ncreased size and horsepower per 

shaft of new ships. Ship vi brations are caused by the vec tor sums of 

several time-dependent for ces and moments which are due to the 

operation of t he propeller in the wake of the ship. The components of 

the vector sums of the time-dependent forces and moments may be thought 

of as (1) those transmitted by t he bearings of the propeller shaft 

which are due to ti.me-dependent propeller loads, and (2) those 

transmitted by the hull near the propeller, by boss i ngs and by 

appendages near the propeller which are due to the near- field pressures 

induced by t he propeller . 

The t ime-dependent forces and moments wh i ch are transmitted by 

the bear i ngs of the propeller shaft will be cons idered in this 

invest i gation. The exie ting theoret i cal approaches fe r predicting 

propeller-induced bear i ng forces and moments are d iscussed . Also 

considered are cor rela t ons between exper i mental resulte and the 

various ex ist ing theor etical approaches. Since the inflow to the 

propeller plays such an impor t ant part .in the generation of t.ime­

dependent forces and moments, a di scussion of the propeller flow 

environment is al so given. 



2.2 Propeller Inflow Environment 

A ship p cpeller operates in a spatially and temporally varying 

veloc i ty field , The temporal variations are due to turbulence in the 

flow, wave-induced effects and to motions of the ship . The spatial 

variationE are due t o the potential and viscous effects of the flow 

around the hull f the ship . The spatial variation is periodic along 

a trajectory des c ribed by the mot ion of an element of a propeller 

blade, while the temporal ~ariations are random. The velocity field 

also varles al ng t he propeller radius . 

Let us consider the manner in which the spatially varying 

propeller inflow is generated . For he sake of simplicity, consider 

first the fl ow ver a symmetric- body of revolutLm, ae shown i n 

Figure la . 01 particular in erest is the flow field i n a plane 

perpendicular t the ax1s of synunetry at a po.mt Just downstream of 

the body of revolution . A potent.la! flow solut i on to this problem 

would yield the effects on the axia.i. component of the velocity field 

due to the geometri cal pr operties of the body. A radial c mponent of 

velocity would ex i st, but this component 1s unimportant as far as 

t i me-dependen t f r ~es &nd moments are concerned, since i t lies parallel 

to the blade surface - Due to the axisynnnetry of the body, no component 

of vel ~city int e ta ngential direction would exi s t . 

If viscous effects are conEidered, the boundary layer on the 

eurface of the body will result 1n a radial var i at i on of the axia 

component of the velocity f i eld apart f rom that due to the potential 

flow. Figure 1~ is a polar pl ot of the circumferent i al distribut ion 

of axial veloc ty at various radii in a plane perpendicular to the 

axis cf synnnetry l o( ated just aft of the body . 
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Consider, now, the velocity field just aft of an axisymmetric body 

of revolution upon which has been mounted a protuberance, such as a 

strut, normal to the surface. Due to the viscous flow over the strut, 

the axial component of the velocity downstream of the strut will be 

reduced except in the region where the strut and body intersect. 

Hawthorne [l] has shown that when a strut exists in an approaching 

velocity field that varies along the span of the airfoil, streamwise 

vorticity is generated. The boundary layer on the body considered 

here, interacting with the strut will produce such streamwise 

vorticity. The effects are twofold: the secondary vorticity 

introduces a component of velocity in the tangential direction, anu 

high-energy fluid is entrained into the region downstream of the 

intersection of the strut and body . Figure 2 is a polar plot of the 

axial velocity distributions just aft of a body of revolution on 

which a strut has been mounted. 

The spatially varying velocity field in the propeller plane of 

a ship is caused by the same physical phenomena described above. Real 

flow effects due to the boundary layer on the ship's hull and potential­

flow effects combine to produce the spatial variations in the axial and 

tangential components of the velocity field in the propeller plane . 

The distributions of the axial and tangential components of the velocity 

in the propeller plane of one particular ship are shown in Figure 3. 

The distributions of the various velocity components i n the propeller 

plane on a large variety of ships have been measured [2, 3). 

In the design and analysis of propellers, it is convenient to 

represent the axial and t , .ngential velocity distributions in terms of 

Fourier series. This representation is possible because the velocity 



distributions are periodic and continuous, as shown in Figure 3. For 

example, the axial component of the velocity at a position (r,0) can 

be expressed as 

00 

u(r,0) • 1/2 a (r) + r (a (r) cos n0 + b (r) sin n0) 
o n=l n n 

where a (r), a (r), and b (r) are the Fourier coefficients defined in 
o n n 

the usual manner. The harmonic content of the axial velocity in the 
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propeller plane of a typical ship is shown in Figure 4. The important 

feature to notice in Figure 4 is the rapid decrease in amplitude of the 

harmonic constituents as the order of the harmonic increases. 

The axial, tangential, and radial velocity distributions must be 

obtained experimentally. The harmonic content of the velocity 

distributions is then determined from the experimentally obtained 

velocity distributions. Both the data acquisition and analysis 

techniques are well known and will not be discussed here. Three 

items will be discussed that relate to the experimental determination 

of velocity distributions: (1) scale effect for model tests, (2) the 

effect of the propeller on the velocity distribution, and (3) the 

repeatability of wake-survey data. 

Tjoenneland [4] has investigated the repeatability of experimental 

velocity distributions and the Fourier coefficients calculated from 

the velocity distributions. It is shown that the measurement of local 

velocity is repeatable to within± 2 to 3 percent. The repeatability 

of the Fourier coefficients varies with the order of the coefficient 

as shown in Figure S. It is seen that, as the order of the 
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coefficient increases, the percentage deviation from the mean increases. 

After the sixth harmonic, the deviation is from± 30 to± 100 percent 

of the mean. 

Most wake surveys have been made in the absence of the propeller. 

The effect of the propeller on the inflow velocity field has been 

studied by Burstein [S]. The harmonic content of the axial component 

of the propeller inflow velocity has been determined for a body of 

revolution with iins both with and without propeller. The results of 

this study are shown in Figure 6. The propeller is shown to have a 

substantial effect on certain harmonics of the propeller inflow. This 

effect can be attributed to both a change in the potential flow around 

the body and a change in the boundary layer due to the presence of the 

propeller. 

Most wake surveys performed on ship models are conducted at Froude 

numbers corresponding to the full-size ship; however, if Froude number 

scaling is achieved, then Reynolds number scaling will not be achieved. 

As discussed before, the spatially varying velocity field in the 

propeller plane 1s formed, in part, by the boundary layer on the ship's 

hull, which is Reynolds number dependent. Several studies have 

considered the Reynolds number dependency of the velocity distributions 

on the harmonic content of the wake. 

The velocity distributions in the propeller plane of seven models 

of Victory ships ranging in scale from 18 to SO were made by 

van Manen and Lap [3]. The results show that the difference between 

maxima and minima of the velocity distributions is independent of 

Reynolds number. It is also shown that, with an increase in Reynolds 

number, the width of the wake decreases due to the thinner boundary 
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layer. Hadler and Cheng [2], in determining the harmonic content of 

the wakes measured by van Manen and Lap [3], found the variation of the 

relative amplitude of the harmonics with Reynolds number to be 

unimportant. Boyle [6] reached the same conclusion based on wake 

surveys made on a body of revolution with fins. 

The measurement of the important flow quantities, intensities and 

length scales, for the turbulent flow at the propeller leading edge 

planes for typical marine vessels is currently in progress. Previous 

measurements of intensities and cross-power spectral densities have 

been made by Burstein [5] in the propeller plane of an axisymmetric 

body with fins. 

2.3 Time-Dependent Propeller Forces 

2.3.1 Theory. As just discussed, a ship propeller operates in a 

rather complex spatially varying velocity field. As also discussed, 

this spatially varying velocity field can be represented as a sum of 

uinusoidally varying components with various amplitudes and 

frequencies . A propeller blade operating in such a sinusoidally 

varying velocity field will experience a sinusoidal change in angle 

of attack at any blade element and, hence, a sinusoidal variation in 

blade loading will occur. The analogous situations of a two-dimensional 

airfoil moving through a sinusoidally varying velocity field normal to 

and parallel to the airfoil have been studied by Sears [7] and 

Horlock [8], respectively. These time-dependent forces on the 

propeller blades are transmitt~d as vibratory forces and moments through 

the propeller shaft and bearing to the ship's structure. 
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The fundamentally different theories for predicting the 

time-dependent vibratory forces and moments caused by a propeller 

operating in a given spatially varying velocity field can be divided 

into the following catagories: (1) quasi-steady using uniform flow 

tests, (2) quasi-steady using steady-state lifting-line theory (3) two­

dimensional unsteady, (4) combination quasi-steady and two-dimensional, 

and (5) three-dimensional unsteady lifting surface. A good review of 

the assumptions made in and the results obtained by using each of these 

theories for a particular propeller operating in a given spatially 

varying inflow has been given by Boswell [9~. Figure 7 shows the 

nondimensional blade frequency thrust and torque, respectively, versus 

the expanded area ratio of the propeller blade as calculated by each 

theoretical method and as obtained experimentally. This figure shows 

that the three-dimensional unsteady lifting surface theory yields 

unsteady thrust and torque values that are i n close agreem~nt with the 

experimental values. The other theories, being essentially two­

dimensional, ignore the three-dimensional induction effects inherent 

in the low-aspect ratio blades encountered in marine propulsion. In 

addition, the phase of the unsteady propeller forces and moments is 

not predicted correctly by two-dimensional theory. 

The two-dimensional theory, however, does predict the proper 

trend of time-dependent thrust magnitude with expanded area ratio. 

Both the three-dimensional lifting surface theory and the 

two-dimensional strip theory employed by Boswell [9] ignore the 

previously mentioned effects of chordwise velocity variations on the 

propeller time-dependent forces and moments. One objective of the 

present thesis is to investigate the effects of chordwise velocity 



variations, using the two-dimensional theory, on propeller 

time-dependent thrust. 

A more detailed discussion of the three-dimensional unsteady 

lifting surface theory and the two-dimensional unsteady theory will 

be given in a subsequent chapter. 

Henderson [10] and Whitehead [11] have developed response 
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functions which account for blade-to-blade interaction. In Henderson's 

calculations, the subject blade is represented by continuous vortex 

distribution along the blade chord and the other blades in the cascade 

are represented by a single vortex located at the quarter-chord of 

each blade. The vorticity in the wake of each blade is represented by 

a continuous vortex distribution. Parameters taken into account by 

Henderson's analysis are the reduced frequency, the space-to-chord 

ratio, the phase angle between adjacent blades and the stagger angle. 

In Whitehead's analysis, all blades are represented by a finite number 

of vortices and a vortex distribution represents the vorticity in the 

wake of each blade. The parameters taken into account by Whitehead's 

analysis are reduced frequency, space-to-chord ratio, stagger angle, 

and phase angle between adjacent blades. Henderson's analysis is for 

cambered airfoils while Whitehead's analysis is for flat plate 

airfoils. 

Henderson [10] has made comparisons of results of his analysis 

and Whitehead's [11] analysis for a stagger angle of 45°, with 

space-to-chord ratios of s/c • 1.0 and 2.0, for reduced frequencies 

from Oto 2.4. Figures 8 and 9 show the comparisons for s/c • 2.0 

and s/c • 1.0, respectively. Figure 8 also includes the results of 

Sears' [7] analysis which corresponds to s/c • 00 • The figures show 
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both the magnitude of the unsteady lift coefficient and the phase 

angle referenced to the blade leading edge versus reduced frequency. 

Good agreement between both the magnitude and phase as predicted by 

the methods of Henderson and Whitehead is obtained except at certain 

resonance conditions in Henderson's analysis. The resonance conditions 

occur when the circumferential wavelength of the sinusoidal velocity 

disturbance in the inflow to the blade row is equal to the blade 

spacing or some multiple. 

Included in Figure 8 is the response as predicted by Sears' [7] 

analysis. Good agreement is obtalned in the magnitude of the unsteady 

lift coefficient and phase above reduced frequenci~s of about 0.4. 

Let us consider the analytical treatment of the time-dependent 

shaft forces developed by a propeller operating in a turbulent inflow. 

Until very recently, all analyses considered the propeller response to 

homogeneous, isotropic turbulence only, e.g. , Sevik [12], [13], 

Mani [14], Mugridge [15], and Robbins and Lakshminarayana [16]. The 

turbulence is assumed to be stationary and the longitudinal velocity 

correlation is of the type exp(-r/L). 

The response function used in most analyses is that due to 

Sears [7], which is described in detail in Section 3.2. It is assumed 

that the fluid in which the propulsor operates is incompressible and 

inviscid. Further, the propulsor blades are assumed to be two­

dimensional, isolated airfoils with small camber (i.e., lightly loaded). 

The unsteady lift on the airfoil is determined for a sinusoidal type 

gust acting normal to the airfoil. 

The Sears function has been employed by Sevik [12] who considers 

the time-dependent thrust response of a propulsor due to operating in 
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a turbulent inflow. A problem of considerable practical importance at 

the present is radiated sound from propulsors due to fluctuating blade 

lift which results from fluctuations in the inlet velocity. In 

considering this problem, Sevik [13], Mani [14], Mugridge [15], and 

Robbins and Lakshminarayana [16] have employed Sears' function to 

determine the fluctuating blade lift for a given configuration. 

In addition, Robbins and Lakshminarayana [16] have employed 

response functions which account for blade-to-blade interaction as 

developed by Henderson [10] and Whitehead [11]. 

Barlow [17, 18] hao considered the response of the propulsors of 

VST0L aircraft to atmospheric turbulence. The assumptions made in the 

analysis are the following. The propeller is represented by a set of 

rotating lines. The propeller centerline is not coincident with the 

free stream velocity vector, i.e., yaw or pitch is taken into account. 

The time-dependent lift and drag terms are based on quasi-steady 

theory. The assumptions used in obtaining, and the results due to, 

the quasi-steady theory are discussed by Boswell [9]. 

2.3.2 Experimental Apparatus. Systems for mea .1uring time­

dependent forces and moments have been developed at several facilities. 

Miller [19] and Brandau [20] describe the design of the six-component 

balance in use at the David W. Taylor Naval Ship Research and 

Development Center (DTNSRDC). This balance utilizes semiconductor 

strain gages as sensing elements. Calibration methods and data 

acquisition and analysis techniques employed at DTNSRDC are also 

discussed. A six-component balance described by Wereldsma [21) for 

measuring time-dependent forces and moments generated by a propeller 
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is in use at the Netherlands Ship Model Basin (NSMB). A system 

utilizing a piezoelectric crystal as a sensing element has been 

developed at the Applied Research Laboratory of The Pennsylvania State 

University for measuring time-dependent propeller thrust (22]. A more 

detailed discussion of this device is presented in Section 5.2. 

2. 3. 3 Correlation of Theoretical and Experimental Propeller 

Time-Dependent Forces. Several studies hcve been made of the 

correlation between theoret i cal and experimental time-dependent forces 

and moments generated by propellers operating in a spatially nonuniform 

inflow. In the earliest study, made by Lewis (23], the vibratory 

force due to a propeller operating on a ship model was measured by 

using a null technique. The experimentally determined propeller forces 

were correlated with a quasi-steady theory. 

Wereldsma (24 - 26] measured the time-dependent thrust and torque 

on a series of three- and five-bladed model propellers operating in 

the wake shed from a three-bladed or five-bladed "cross-plate" wake 

generator. The effect on time-dependent propeller thrust and torque 

of variations in blade area ratio, advance ratio, skew, Reynolds 

number, and blade gap (or number of blades) was studied experimentally. 

These results are compared to time-dependent propeller thrust and 

torque as predicted by a method based on two-dimensional unsteady 

airfoil theory. The trends of the measured values are in accordance 

with the theory for va~iations in blade number and advance ratio. But 

the two-dimensional theory yields trends that are opposite to 

experimental results when variation in blade area ratio is considered. 



Jacobs and Tsakonas (27) correlated the experi•ntal values of 

ti•e-dependent propeller thrust and torque obtained .by Wereldsma 

(25, 26) with values predicted by the three-dimensional, unsteady 

lifting-surface theory discussed previously. The results show that 

the trends of vibratory thrust and torque with change in blade area 

ratio, blade number, blade skew, and wake-generator vane length are 

accurately predicted, but that large discrepancies in magnitude are 

present. These discrepancies are attributed to the presence of the 

open-water boat boundary, in■ufficiencies of wake data, and the 

omission of the effects of viscosity and blade thickness from the 

theory. Another possibility is the effect of chordwise velocity 

variations. 
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As discussed previously, Boswell (9) •asured the time-dependent 

forces and mc,•nts generated by a series of three-bladed propellers 

operating in a ■patially nonunifora velocity field generated by a 

wake screen. The measured values were correlated with values 

predicted by several theoretical approaches. As shown in Figure 7, the 

three-dimen■ional, un■teady lifting-■urface theory correlates quite 

well with experimental value■. Boswell found that the trends and 

amplitudes of ti•-dependent propeller thrust, torque, side forces, and 

bending mc,ments with variations in propeller expanded area ratio are 

predicted accurately by the un■teady lifting-■urface theory. 

Experimental and un■teady lifting-■urface theoretical values of 

single-amplitude time-dependent thrust for five- and seven-bladed 

propellers operating in the wake shed from a mc,del have been 

correlated by Tsakona■ et al. (18). The comparison between 

experimental and theoretical values is good. 
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2.4 Summary 

It has been shown that, of all existing theories, the three­

dimensional, unsteady li f ting surface theory provides the best 

prediction of propeller time-dependent forces and moments due to 

operation in a spatially varying inflow velocity field when compared 

to experimental values. It has also been shown that the two­

dimensional, unsteady theory predicts the proper trends of propeller 

time-dependent thrust with variations in important geometrical and 

operating parameters of the propeller. However, the magnitude of the 

predicted values is higher than experimental values. 

The computer analysis required in applying the three-dimensional, 

unsteady lifting surface theory is much more time consuming, and hence 

expensive, than that required in applying the two-dimensional, 

unsteady theory. It would be advantageous to apply a simple correction 

to the two-dimensional, unsteady theory to account for the induced 

effects which are inherent in the three-dimensional, unsteady lifting 

surface theory. 

Neither the three-dimensional, unsteady lifting surface theory 

nor the two-dimensional, unsteady theory for propeller time-dependent 

forces and moments include the effects of chordwise velocity 

variations. As discussed by Horlock [8], the time-dependent lift due 

to chordwise velocity variations can be, for certain pitch angles, an 

appreciable part of the total time-dependent lift generated by an 

airfoil operating in a mean flow with superposed sinusoidally varying 

velocity field. The inclusion of the effects of chordwise velocity 

variations into the two-dimensional, unsteady theory would therefore 

be advantageous . This is one objective of the present thesis. 



CHAPTER III 

THEORY OF PROPELLER TIME-DEPENDENT THRUST DUE TO OPERATION 
IN SPATIALLY NONUNIFORM INFLOW 

3.1 Introduction 

The present thesis considers two analytical approaches and 

compares the results of each approach with experimental results. As 

discussed in the preceding chapter, it has been shown by Boswell [9] 

that the three-dimensional, unsteady lifting surface theory and the 

two-dimensional, unsteady theory predicted propeller time-dependent 

thrust most accurately. As a consequence, these two theoretical 

approaches will be employed here. 

The three-dimensional, unsteady lifting surface theory as 

developed by Tsakonas et al. [29] will be employed. No attempts to 

improve upon the existing analysis have been made. 

The two-dimensional, unsteady theory has been improved in two 

ways from that used by Boswell [9]. A correction for the effects of 

blade-to-blade induction has been made. In addition, the contribution 

to propeller time-dependent forces and moments due to velocity 

variations parallel to the chordline of the blades has been incorpo­

rated in the theory. Development of the improved two-dimensional, 

unsteady theory follows. 

3.2 Two-Dimensional, Unsteady Airfoil Theory 

Since one theory used in this investigation is based on two­

dimensional, unsteady airfoil theory, a brief description of the 

assumptions and conclusions which apply to this theory may be helpful. 

11 
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The fluid in which the propeller operates is assumed to be 

incompressible and inviscid. Furthermore, the propeller blades are 

assumed to be two-dimensional, isolated airfoils with small camber 

(i.e., lightly loaded). The airfoil is assumed to be replaced by a 

vortex distribution as is the wake shed by the airfoil. The unsteady 

lift on the airf 0il is then determined for a sinusoidal-type gust 

acting normal to the airfoil. This is done by equating the velocity 

normal to the airfoil surface due to the gust to the normal velocity 

on the airfo.il induced by the distributed vortices. An integral 

equation results with the unknown being the distributed vorticity. 

The resulting integral equation can be inverted by using the 

Sohngen inversion equation. This inversion places the unknown vortex 

distribution outside of he integral and the known velocity 

distribution inside of the integral; hence, the unknown vortex 

distribution can be found. Knowing the vortex distribution, the 

pressure difference across the blade surface can be found and, 

therefore, the unsteady lift on the blade can be found. 

Sears [7] has determined the unsteady lift on an airfoil which 

operates in a free-stream velocity with a superposed sinusoidal gust 

velocity which is normal t o the airfoil surface, see Figure 10. If 

the coordinate axes are fixed to the airfoil with x•O at the mid-chord, 

the vertical gust velocity is given by the expression 

v(x,t) = W eiw(t - x/U) (1) 

This equation expresses the fact that the sinusoidal gust with maximum 

single ampl i tude equal to W moves past the airfoil with the speed U. 
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Sears has shown that for an airfoil of semichord b, the unsteady 

lift due to a velocity distribution given by Equation (1) is 

where 

L - lift per uni t span, 
V 

K - reduced frequency & wb/U 

and 

C(k) _ Theordorsen's function • K1(ik)/[K
0

(ik) + K
1

(ik)] 

iwt 
ln Figure 11, the nondi.mensional lift, L/npf 2b U W e , is presented 

in the form of a vector di agram . 

In addi tion to velocity variat i ons normal to the airfoil surface, 

velocity var i ations parallel to the a i rfoil chord may exist. Hotlock 

[8] has determi.ned the unsteady lift on an uncambered airfoil 

operating in s uch a velocity f i eld, which is given by 

u(x,t) .. u 
0 

iw(t - x/ U) 
e 

Using a technique similar to that described above, Horlock has 

shown that the unsteady lift on an airfoil operating in a velocity 

field given by Equation (3) is 

(3) 

(4) 
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where 

K (ik) 
a + 1b • 

0 
(6) 

K
0

(ik) + K1(ik) 

and 

a - angle of attack measured from zero lift line. 

The function T(k), known as the Horlock function, is plotted in 

Figure 12. 

Holmes [30) and Naumann and Yeh [31) have developed functions 

which include the effects of camber on the unsteady lift generated by 

an isolated airfoil due to operating in a sinusoidally varying velocity 

parallel to the airfoil chordline . 

Naumann and Yeh have considered a thin airfoil having a parabolic 

mean camber l ine . Using a vortex distribution to replace the airfoil 

and wake, an approach and method of solution like that of Sears [7] 

and Horlock [8] was taken . The result of Naumann and Yeh is an 

aerodynami.c response function which varies with reduced frequency and, 

in addition to the effects considered by Sears [7] and Horlock [8], 

includes the effects of camber. 

Holmes [301 has taken an approach similar to that of Naumann and 

Yeh [ 31] for au foi.ls having a camber line defined by 



- -------

rl - cos 28) 
Y • Ymax 1. 2 

His result i s an aerodynami.c response function which varies with 

reduced frequency. 
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The blades c.onside::- ed in the present investigation have no camber; 

therefore, t he effects of camber are not to be included i n the 

subsequent analys i s. 

3.3 Application of Two-Dimensional, Unsteady Airfoil Theory to 
Propellers 

Let us consider first the inflow to the propeller in light of 

what has been discussed in the previous section. A typical 

c i rcumferenti.al distribution of axial velocity in the leading edge 

plane of a propeller is shown in Figure 3. The local velocity ratio 

u1/u at any point of the wake is a function of the radial distance 

from the center of the hub, of angular position and of time, i.e., 

r 
: g(i._ , a, t) 

-TIP 
(7) 

Cons i der i ng the t i me-mean of the wake pattern, u1 /u is not a function 

of time, therefore, at any given value of r / RTIP : constant, 

Now, fj(8) i s a continuous and periodic function and may, 

therefore, be approximated by a Fourier series, i.e., 

(8) 
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where 

21T 

- ..l.. I 2n 

0 

in0 
e 

f (0) e-ine d0 
j 

(9) 

One can see by comparing Equations (9), propeller inflow velocity, 

and (1) or (3), nonuniform velocity used by Sears [7] and Horlock [8], 

that the circumferential distribution of axial, propeller inflow 

velocity at. some value of radius along the propeller can be put in the 

form necessary to calculate the unsteady lift on the propeller bl3des. 

Consider a typical propeller blade as shown in Figure 13a. The 

harmonic content of the axial component of the propeller inflow 

velocity at the j th section of the blade can be determined. The j th 

blade element is also subjected to a mean velocity, U coj' a 

circumferent tal velocity r /2 and an induced velocity Uj. A velocity 

th 
triangle appropriate· to the j blade element is shown in Figure 13b. 

Let URj be the resultant local vel~city and aj be the local 

steady angle of attack. The axial velocity fluctuations, given by 

Equation (9), must be r esolved into components along and normal to the 

resultant velod ty . The normal velocity component corresponding to 

th then Fouriet component may be written as 

V & -UC COS a ein(n t + .j) 
nj nj Pj 

(10) 

The component in the direction of the resultant velocity is given by 
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(11) 

However, due to the motion of the blade through the wake and with the 

coordinate system fixed to the blade, Equations (10) and (11) become 

vnj s U cnj cos Sje 
in 

[nt-
0
~+cp] (12) 

URj j 

and 

unj - cnj sin sj 
in 

[
nt-

0
~+cp] (13) e 

URj j 

where xb is measured along the blade chord. 

Equation (12), for the normal velocity component corresponding to 

th then Fourier component, has the same form as Equation (l); therefore, 

th the lift on the j blade element, by using Equation (2), can be 

wri.tten as 

L s 2 b U U a ein(O t + <Pj) {[J (k ) -v - 'Tfpj j Rj cnj cos µj o nj 

(14) 

Equation (13), for the velocity fluctuations in the direction of the 

th resultant velocity corresponding to then Fourier component, has the 

th same form as Equation (3); therefore, the lift on the j blade element, 

by using Equation (4), can be written as 
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The total un1teady lift on the j th blade ••aa•nt due to the nth 

Pourier component of the propeller inflow 11 found by addina 

Equation■ (14) and (15), i.e., 

where 

and 

The mo•nt on the j th blade ••pent, about the center of the 

propeller hub, due to the nth Pourier co11ponent of the propeller 

inflow 11 aiven by 

(16) 

(17) 
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Equations (16) and (17) were derived from the equations for 

unsteady lift on an isolated airfoil operating in sinusoidal velocity 

disturbances normal to the airfoil's surface and along the airfoil's 

surface. Equations (16) and (17), however, are to be applied to a 

propeller where, for a large number of blades, the isolated airfoil 

concept will be invalid. The 2n component of Equations (16) and (17) 

may be thought of as the lift curve slope (ac1/aa) for the two­

dimensional isolated airfoil. To include the effects of adjacent 

blades on unsteady forces and moments, let us substitute the value of 

(ac
1

/aa) for 2n at each blade segment considered, i.e., replace 2n at 

each blade segment considered, in Equations (16) and (17) by 

(18) 

and 

(19) 

The (ac1/aa)j term should then be determined from experimental 

data which reflects the cascade effects and airfoil section 

characteristics at each blade segment. 
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This correction is based on steady state experimental information 

and, therefore, will not reflect any variation with reduced frequency. 

The reduced frequency range considered in this investigation is 

relatively small, from about 0.3 to about 1.5. Analytical approaches, 

such as those due to Whitehead [11) and to Henderson and Daneshyar 

[32), could also be used to obtain a correction factor for unsteady 

blade-to-blade interaction effects. 

3.4 Components of Force and Moment on a Propeller 

Adopting the coordinate system shown in Figure 14, the following 

d f d due to the nl 
th h i f h unstea y orces an moments armon c component o t e 

th 
inflow act on the j blade element: 

~ 
(F) • 

z jn Ljn cos ej 

~ ~ 
(Fx)jn • Ljn sin ej sin (0 + 4>j) 

~ 
(Fy)jn"' Ljn sin ej cos (0 + <t>j) · 

~ 
(Tz) jn "' Mjn sin Sj 

~ 
(TX) jn • -M jn cos ej sin (0 + 4>j) 

~ ~ 
(Ty)jn • -Mjn sin Sj cos (0 + 4>j) 

The unsteady forces and moments acting on a propeller are 

determined by sumning the unsteady forces and moments for each blade 

element over all Fourier components corresponding to positive 

propeller rotation and then summing over all blade elements, i.e., 

(20) 



p B 00 

~ 
F = E E E Ltjn cos Bj z j=l t=l n=l 

p B 00 

F = E E E Ltjn sin Bj sin (8 + (j>tj) 
X j=l t:l n"" 1 

p B 00 
~ 

F = E E E 1tjn sin Bj cos (8 + (j>tj) y j=l t=l n=l 
(21) 

p B 00 

T = E E E Mtjn sin Bj z j=l t=l n=l 

p B 00 

T = E E E -Mtjn cos Bj sin (8 + (j>tj) 
X j=l t=l n=l 

p B 00 

~ 
T = E E E -Mtjn sin Bj cos (8 + (j>tj) y j=l t~l n=l 

In Equations (21), the sum over the blade elements has been separated 

into a sum over P elements per blade and a sum over B blades. The 

quantity (j>tj = ~j + n1 , where ~j is the phase angle due to blade skew 

and nt is the phase angle due to blade separation. The quantities 

Ltjn and l-ltjn are the same as given in Equations (18) and (19) except 

that (j>j is replaced by ~tj' 

It is shown in Appendix A that only certain harmonics of the 

propeller inflow contribute to the unsteady forces and moments on the 

propeller. Only those harmonics of the inflow which are integer 

multiples of the number of propeller blades (mB) contribute to the 

~ 
unsteady thrust F and torque T. Only those harmonics of the inflow z z 

which are adjacent to the multiples of t he number of propeller blades 

(mB±l) contribute to the unsteady side forces, F and F, and bending 
X y 
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moments, T and T. A summary of the sensitivity of various propellers 
X y 

to the harmonic components of the propeller inflow is given in Table 1 . 

From Appendix A, Equations (21) reduce to 

~ P {I -
11 

eimB(n t + fj)} 
(F) • B E Lj(mB) 

z m j•l 

- P {I ~ 
11 

e1mBcn t + fj>l 
(T ) • B E Mj (mB) 

z m j•l 

where Bis the number of blades on the propeller, m•O, 1, 2, ... , 

and where 

(22) 
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(23) 

The quantity n in Equation (23) takes on the values m.B, mB+l, or mB-1 

according to their use in Equation (22). Also, since the values of 

cnj are for positive values of n only, cnj may be written in terms of 

the real and imaginary components of the Fourier coefficient as 

for the purpose of computation. 

Equation (22) along with Equation (23) constitute the final 

equations describing the unsteady forces and moments experienced by a 



propeller operating in a spatially nonuniform inflow. A computer 

program, contained in Appendix B, has been written to allow rapid 

computation of the unsteady forces and moments. 

3.5 Three-Dimensional, Unsteady Lifting Surface Theory 

30 

Hanaoka [33] developed a linearized unsteady lifting surface 

theory for the unsteady loading on a propeller operating in 

incompressible, potential flow. The theory is applicable to unsteady 

phenomena caused by rigid body vibrations of the propeller, vibrations 

of the propeller blades, and a circumferentially varying steady 

velocity field. The following integral equation was derived which 

relates the known unsteady downwash distribution on the blades to the 

unknown unsteady loading distribution: 

in(nt - ct> ) 
B iqnt 

f j a vn (r) E e 6p(~,p,8) e 0 = 
rnpfVa an I X N n=l 

0 

X 

r iq[a(1 1 -x)-6] a <½> d1 1 dS e n an I 
J 
-00 

where 

R ~ {(1 1 - ~) 2 + r 2 + p2 - 2rp cos [8 -cf> +6 - a(r'-x)]}l/i 
o o n 

(24) 

Both the lifting surface and trailing vorticity are assumed to lie on 

a given helicoidal surface of constant pitch. Any deviation from this 
\ 

surface by either the flow or the lifting surface is considered as a 

small perturbation. 
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The problem considered here is the unsteady response of a rigid, 

nonvibrating propeller operating in a known circumferentially varying 

steady inflow velocity. In a series of investigations conducted at 

Stevens Institute of Technology [34], [35], [36], [29], the unsteady 

lifting surface Equation (24) has been numerically evaluated under 

successively less restrictive assumptions regarding the propeller 

geometry and the chordwise loading distribution for this problem. The 

techniques of evaluation used in the most recent investigation [29] 

are reviewed here, since this method of analysis has been employed to 

predict unsteady propeller response in the present investigation. 

In Equation (24), a/an and a/an' are the directional derivatives 

normal to the helicoidal surface at the loading point and at the 

control point, respectively. They are given as: 

p 

and 

r 
[
a ..L _ l _a] 

ax 2 a4> r o 

A high order singularity exists in the kernel function of the 

integral Equation (24). In order to circumvent this problem, the 

integral is evaluated over the projection of the blade in the 

propeller plane instead of over the actual blade surface. After the 

mathematical manipulations have been performed on the slightly shifted 

surface, the projected surface is ~rought back into coincidence with 

the actual surfece. 
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The unknown loading function is approximated in the following 

manner. Equation (24) can be written as 

V~) eiq(Ut-~o) • J~ J S(p,80) 

0 p 

K(r,~ ;p,8 ;q) sin eN d8 dp 
0 0 u. (l 

where 

S(p,8) • ~p(p,8) p ebP 
0 0 

-iq8n _o _ X 

e on' 

J

x 
iqa(t'-x) o (!.) dt' 

e on R 

-00 

and the transformation 8
0 

• 8~ cos ea has been used. 

The unknown loading function S(p,8) is approximated by a 
0 

Birnbaum series: 

eN OO - sin (n-1)8N} 
""' 't" L(n)(p) ""' cot T + 1., 

n•2 n-1 
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where L(n)(p) are the spanwise loading components. This series 

reproduces the proper leading edge singularity and fulfills the Kutta 

condition along the trailing edge. 

The inverse Descartes distance 1/R is expanded in terms of 

Lengendre functions of the second kind: 



00 

1 E m 0 1 
1/2 • e: cos X 

lx2 + 
2 2 - 2rp m-0 

m 'IT/rp r + p cos 0] 

[ 
2 +r2+ e2 l Qm-1/2 

X 
2rp 

where 

{ 

1, m•O 
e: • 
m 2, m;o 

The kernel is now in separable form, so that the chordwise integration 

can be performed, whereby, the surface integral equation is reduced to 

a line integral equation 

V~) eiq(Ot-~o) • J L(l)(p) j:Cl)(r,p,~o;q)dp + 

p 

J 
; L(n){p)K(n)(r,p,¢0;q)dp 

ri-2 
p 

The new kernels K(n) are the result of the ea - integration. 

r The transformation 80 • -eb cos ¢a is made and the integral 

equation becomes 

00 

E 
m--oo 

f (q,¢) K(n)(r,p;q)dp 
m a m 

The chordwise boundary conditions are satisfied for each of the 

chordwise loading modes by use of the series of "generalized lift 

operators": 

. (25) 



m•l, 1 r { } (1 - cos $
0

) d$
0 1T 

0 

m-2, 1 r { } (1 + 2 cos $
0

) d$
0 1T 

and 
0 

1 r, cos (m-1)$ 
m>2, } Cl d$ 

1T m-1 Cl 

0 

Application of the lift operators to both sides of Equation (25) 

results in 

V~!)_ I(iii) (q0~) • I L(l)(p)K(iii,l)(r,p,q) dp + 

p 

p 
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(26) 

where 1<i)(q8~) is of the form given in .Equation (26), and K(m,n) are 

the kernels after both the a and$ integrations. 
CX Cl 

The number of resulting integral equations ism • n. The 

solution of these integral equations is obtained by the collocation 

method. The blade is divided into i-strips, of length 2B along the 

span, which reduces them integral equations to a set of algebraic 

equations, 

This set of equations is solved for the spanwise loading components 

L(n)(p) by the use of a digital computer. 
j 

(27) 
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The resulting spanwise loading distribution is approximated by 

L(r) 

The time-dependent thrust at blade rate frequency is then given by 

F = - Re 
z 

B JR.rrP L(r) ar dr 

¾ub ~ + a2 r2 

The particular computer program used in this investigation for 

solving the set of algebraic Equations (27) approximates the 

35 
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directional derivatives normal to the helicoidal surface by directional 

derivatives in the axial direction, i.e., 

a 1 a 
(a~ - 2 as> 

2 p 0 
p 

and 

r a 1 a 
(a - - - --) ax 2 a4> r o 

a 
+-

ax 

In addition, the helicoidal surface of integration, both on the blades 

and in the downstream wakes, is approximated in a staircase manner. 

The calculations made for this investigation used five chordwise 

modes. 

This analysis considers only the effect of velocity disturbances 

normal to the blade chord, i.e., the effect of velocity disturbances 

parallel to the blade chord are not considered. 



CHAPTER IV 

EXPERIMENTAL DETERMINATION OF SPATIAL VELOCITY DISTRIBUTIONS 

4.1 Introduction 

As shown in Equations (18) and (19), the theoretical value of the 

time-dependent thrust generated by a propeller operating in a spatially 

varying velocity field is proportional to the radial distribution of 

the harmonic content of the circumferential variation of the axial 

velocity. These quantities must be determined from experimentally 

determined velocity distributions. The first part of the experimental 

program discussed here involves measuring the circumferential 

distribution of axial velocity in the propeller leading edge plane 

for each of the test conditions at which propeller time-dependent 

thrust was measured. 

4.2 Test Apparatus 

The spatial variations in the propeller inflow were generated by 

a strut with a symmetrical airfoil cross-section having an eight-inch 

chord and a one-inch maximum thickness at the mid-chord. In order to 

permit measurements of the time-dependent propeller thrust in velocity 

fields having different spatial variations, the strut-to-propeller 

spacing was adjustable from four inches to thirty-two inches. The · 

strut was placed at zero angle of attack and, therefore, the wake 

1/2 
width was proportional to X and the maximum velocity deficit was 

-1 
proportional to X , where Xis the distance from the strut trailing 

edge, Reference [37]. A typical velocity distribution behind the 

strut is shown in Figure 15 for various nondimensional radii. 



37 

In order to determine the harmonic content of the propeller inflow, 

the circumferential distributions of axial velocity at a number of 

radii were measured. A wake rake, i.e., a series of radially 

distributed pitot total and static tubes, Figure 16, was employed for 

these measurements. The wake rake is shown schematically in Figure 17. 

4.3 Data Acquisition and Reduction 

The wake rake was rotated about its centerline through 180° and, 

since the rake was symmetric about the centerline, a survey over 360° 

was made. Measurements were made at each of the following angular 

increments, where zero is perpendicular to the strut: 

e 6e 
0° - 70 . 5° 

70° - 110° 1° 
110° - 180° 5;, 

The value 68 was varied so that a good definition of the velocity field 

could be obtained while minimizing data acquisition. 

The data acquisition and reduction system used to measure the 

velocity distributions is shown in the block diagram of Figure 18. 

At each angular position considered, the values of total and static 

pressures measured by the wake rake pitot tubes were recorded on paper 

tape. In addition, the free-stream total and static pressures were 
·• recorded. Based on these data, the free stream velocity and the 

radial distribution of axial velocity at each angular position 

considered were calculated. Thereby, the circumferential distribution 

of nondimensional axial velocity at various radii were determined. 

The velocity distributions were determined for a free-stream 

velocity of 18 ft/sec at each of the following nondimensional distances, 
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based on strut chord, downstream of the strut trailing edge: 1.0, 

1.25, 1.5, 2.0, 3.0 and 4.0. 

4.4 Data Analysis 

For each free-stream velocity and strut position considered, the 

harmonic content of the circumferential distr bution of axial velocity 

at each radius considered was determined. Standard Fourier analysis 

techniques were used with numerical integration being performed by the 

trapezoidal rule . The resulting real and imaginary parts of the 

Fourier coefficients are listed in Table 2. Since the time-dependent 

thrust on a two-, five- and ten-bladed propeller were to be 

considered, only harmonics of order 0, 2, 5 and 10 are listed in the 

table. 

As previously indicated, the objective of positioning the strut 

at a number of upstream distances was to alter the spatial variation 

of the inflow at the propeller leading edge . Figures 19, 20 and 21 

show the second, fifth and tenth complex Fourier coefficient, 

nondimensionalized by the free-stream velocity, versus the radial 

position, nondimens1onal1zed by the propeller tip radius, for two 

values of nondimensional strut position. It is seen in these figures 

that the Fourier coefficients do vary with strut position. 

Since the harmonic content of the propeller inflow is calculated 

from experimentally determined velocity distributions, there will be 

some experimental error involved, Tjoenneland [4] . In order to 

determine the repeatability of the Fourier coefficients, a series of 

eight wake surveys were performed with a free-stream velocity of 

15 ft/sec and a nondimensional distance X/ D = 0.625 between the strut 
p 
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trailing edge and the wake rake. The Fourier coefficients were 

calculated for each of the tests at each radius considered. The mean 

and standard deviation of each set of Fourier coefficients was 

calculated. Figures 22 through 28 show the mean and standard deviation 

of the zeroth, second, fifth, and tenth Fourier coefficient versus the 

nondimensional radius. 

The mean values are as expected. That is, a two-cycle wake has a 

high second harmonic. The fifth harmonic, being odd, will be low in 

amplitude. The tenth harmonic, being a multiple of two, will be 

higher than the fifth harmonic but lower than the second. 

The standard deviations of the fifth and tenth harmonics are quite 

high compared to the mean values. This is due to the velocity 

variations inherent in the data acquisition system. 



CHAPTER V 

EXPERIMENTAL DETERMINATION OF TIME-DEPENDENT PROPELLER THRUST 

5.1 Introduction 

The time-dependent thrust generated by three different propellers 

operating in the wake of a strut was measured. Measurements were made 

for each propeller operating at various advance ratios, for a range of 

strut-to-propeller distances and for various free-stream velocities. 

5.2 Test Apparatus 

Two of the propellers used in the test are shown in Figure 29. 

The same blades were used for each of the propellers, the blade number 

differences being achieved by using different sized spacers on a 

common hub. Each blade has a constant c.hord uf one inch, and a span 

of three inches with a hub-to-tip ratio of 0.25. The design advance 

ratio of each propeller is J • 1.17. 

The propellers were driven by a dynamometer located downstream 

as shown in Figure 30. As seen, the forward part of the dynamometer 

shell was made as small in diameter as possible in order to minimize 

its effect on the propeller. By placing the propeller drive mechanism 

downstream, the presence of a boundary layer inflow, with its radial 

variation in velocity, was avoided. Thus, the generation of time­

dependent propeller thrust due only to operation in the strut wake 

could be studied. 

The time-dependent thrust generated by the propeller was measured 

with a dynamic thrust balance which utilizes a piezoelectric crystal 

as a sensing element. The balance is located in the propeller drive 
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shaft and is placed as close to the propeller as possible, Figure 31. 

The crystal generates an electrical signal due to the deformation 

caused by the time-dependent propeller forces and moments. The time­

dependent forces and moments are transmitted to the crystal by a 

hemispherical ball which is aligned with the drive shaft centerline. 

The piezoelectric crystal is also aligned with the centerline of the 

drive shaft, see Figure 32. By positioning the hemispherical ball 

and crystal in this way, the sensitivity of the balance to a bending 

moment is low when compared to the sensitivity to an axial force. 

A mass was placed on the drive shaft between the balance and the 

drive motor. This mass is large when compared to the combined mass 

of the propeller and short section of drive shaft forward of the 

balance. Thus, the system is considered to be a lumped mass-spring 

system with the compliance provided by a thin-walled section on the 

shaft, see Figure 32. A trade-off was made in the design of the 

compliant section since it is desired to have a high nat~ral frequency 

of the system, i .e., large stiffness, and a high balance sensitivity, 

i.e., small stiffness. 

5.3 Data Acquisition and Reduction 

A block diagram of the data acquisition and reduction system is 

shown in Figure 33. An electric signal is generated by the 

piezoelectric crystal due to the deformation caused by the propeller 

time-dependent forces and moments. Since the balance rotates along 

with the shaft, the signal is passed through a set of slip-rings. 

Since slip-rings are a source of noise, the signal is amplified before 
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passing through the slip-rings in order to have a good signal-to-noise 

ratio. 

The signal from the slip-rings was then passed through a set of 

variable filters, two high pass and one low pass. The low pass filter 

was set at 1 kHz for all tests since the balance was flat with 

frequency up to about 800 Hz and the cut-off frequency of the two high 

pass filters was set at 50 percent above the shaft rate frequency for 

each particular test. 

The spectrum of the time-dependent thrust was obtained by passing 

the filtered signal through a wave analyzer. A typical spectrum is 

shown in Figure 34. The time-dependent thrust of interest here is 

that occurring at blade-rate frequency, i.e., number of blades times 

shaft RPS. To measure this, the center frequency of the wave analyzer 

was set at the blade-rate frequency of the particular test and the 

level at this frequency was recorded. A typical level of time­

dependent thrust at blade-rate frequency is shown in Figure 34. 

5.4 Calibration 

The time-dependent thrust balance was calibrated by applying a 

known sinusoidal axial force to the propeller shaft and recording the 

output of the balance. Figure 35 shows a block diagram of the 

calibration test set-up. The sinusoidal axi&l force was applied with 

a fifty-pound electromagnetic shaker. The amplitude of the force was 

measured with a force cube located between the shaker and the propeller 

drive shaft . The balance output was recorded both on the wave 

analyzer level recorder and on a voltmeter in terms of peak voltage 

for various known values of applied axial force. Figure 36 shows 
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applied force versus balance output for a range of applied force. It 

is seen that the balance output is linear with force. 

Since the calibration was performed at a frequency of 500 Hz and 

the blade-rate frequencies of interest ranged from 35 Hz to 298 Hz, 

the frequency response of the balance for a constant amplitude applied 

force was determined. The electromagnetic shaker was driven with a 

white noise generator and the spectrum of the balance output was 

obtained with the wave analyzer. The frequency response of the 

balance is shown in Figure 37. As seen, the response is flat with 

frequency in the range of interest. 

The calibration was performed with no steady axial force applied 

to the shaft. However, during the measurement of the time-dependent 

thrust generated by_ a propeller, a steady axial force is applied to 

the shaft due to the steady thrust generated by the propeller. Tests 

were performed where the balance output due to a time-dependent axial 

force was measured when various levels of steady axial force were 

applied to the shaft. A sketch of the test set-up is shown in Figure 

38. The test results are shown in Table 3. The steady thrusts 

expected during the measurement of time-dependent thrust are shown 

in Table 4 as determined from previous tests. It is seen that the 

steady thrust has only a small effect on the measured values of 

time-dependent thrust; however, these corrections were made to the 

data. 

5.5 Tests Conducted 

The time-dependent thrust at blade-rate frequency generated by a 

series of propellers operating in the wake of a strut was measured. 
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For the two-, five- and ten-bladed propellers, measurements were made 

with the strut at the following strut nondimensional trailing edge­

to-propeller spacings: 1.0, 1.25, 1.5, 2.0, 3.0, and 4.0. For the 

ten-bladed propeller, additional measurements were made with the 

strut at 7 inches. 

For each of the strut positions considered, measurements were 

made for each propeller operating at its design advance ratio, at 

design advance ratio plus ten percent, a,d at design advance ratio 

minus ten percent. Table 5 shows the propeller operating conditions 

at which measurements were made. 

The time-dependent thrust at blade-rate frequency is a multiple 

of shaft-rate frequency. Due to the presence of rotating parts and 

their supports, the balance will generate signals at shaft-rate 

frequency and its multiples. The signal generated by the rotating 

components of the propeller drive system should be lower than the 

signal generated due to the time-dependent propeller thrust. To 

obtain the signal level due to the rotating parts, tests were 

conducted to measure the spectrum of the signal level due to the 

propellers operating in a spatially uniform inflow, i . e., with no 

strut mounted in the test section. Spectrum levels were obtained for 

the two- and ten-bladed propellers operating at various advance ratios 

and free-stream velocities. In all cases, the signal-to-noise ratio 

was sufficiently high. 



CHAPTER VI 

RESULTS OF EXPERIMENTS WITH SPATIALLY VARYING 
[NFLOWS AND COMPARISON WITH THEORY 

6.1 Introduction 

The experimentally obtained data have inherent errors associated 

with them due to the usual sources of experimental error. The values 

predicted by the theoretical methods also have errors assoc i ated with 

them, since the theories employ the experimentally determined harmonic 

content of the propeller inflow velocity f ield. 

In order to be able to compare the magnitudes and trends of the 

experimental and theoretical values, a least squares polynomial 

technique was used to fit curves to the data points. The data points 

comprising any one of the curves has a given shape due to the trend of 

the data, but also has scatter about the true trend line. The problem 

is ther to select the "correct" degree of the polynomial to fit the 

data points such that a "true" representation of the curve is obtained 

while minimizing the effects of the random scatter of the data points . 

A method of accomplishing this has been developed by Dylewski [38). 

The general approach taken is to accept that type of curve for 

representation of the data for which residual deviations show the 

least bias, where bias is defined to be systematic discrepancy 

between the true and the assumed curve types. This minimum bias 

criterion has been used to choose the degree of the polynomial curve 

fi t s for the time-dependent thrust coeff i cient versus nondimensional 

strut position curves. 
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6.2 Comparison of Unsteady Lifting Surface Theory and Two-Dimensional 
Unsteady Theory 

Let us consider a comparison of the results of the unsteady lifting 

surface theory and the two-dimensional unsteady theory. The two­

dimensional unsteady theory employed here considers only the effects of 

velocity variations normal to the blade surfaces since this is the only 

component considered in the unsteady lifting surface theory. The 

effects on velocity variations parallel to the blade surfaces will be 

considered in a later section. The comparison of the results of these 

two theories will show the merits of approximating the unsteady induced 

effects with (aCL/aa)j as discussed in Sect i on 3.3. 

Predictions of the time-dependent thrust coefficients based on the 

two-dimensional unsteady airfoil theory have been made for the ten­

bladed propeller operating at an advance ratio of 1.29 in a free-stream 

velocity of 18 ft/sec for all of the strut positions considered. 

Predictions of the time-dependent thrust coefficients based on the 

unsteady lifting surface theory have been made for the same propeller 

operating at the same conditions. A comparison of the results is 

shown in Figure 39, where the curves shown are faired by hand in order 

to accentuate the comparison. 

It is seen that the predictions based on two-dimensional theory 

which employs a acL/aa • 2n results in consistently higher values thar­

both the unsteady lifting surface theory (this corresponds with the 

findings of Boswell (9)) and the two-dimensional theory which employs 

corrected values of acL/aa. The agreement between the predictions 

based on two-dimensional theory with corrected values of acL/aa and on 

the unsteady lifting surface theory is excellent. The same results are 
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obtained for advance ratios of 1.05 and 1.17. Consequently, it is seen 

that, at leas t for this particular propeller configuration, 

approximating the unsteady cascade effect with values of ac
1
/aa based 

on steady state cascade tests in the two-dimensional unsteady theory 

produces results in good agreement with predictions based on unsteady 

lifting surface theory. It is expected that for blades having small 

aspect ratios , a further correction for three-dimensional effects would 

be needed in the two-dimensional theory. 

Table 6 shows the values of ac
1

/ an. for each propeller at a number 

of nondimensional radii. These values have been calculated from 

steady state cascade test results, Emery et al. [39]. Subsequent 

calculations of time-dependent thrust employ the values of ac
1
;aa 

shown in Table 6. 

6.3 Comparison of Results of Two-Dimensional Theory and Experiment 

The two-dimensional theory with corrected values of ac
1
;aa wab 

used to predict time-dependent thrust coefficients. Predictions were 

made for the condition where only gusts normal to the chord of the 

blades were considered and for the condition where gusts normal to the 

chord and along the chord of the blades were considered . Comparisons 

of these predicted values with experimentally determined values are 

made. 

The two-, five- and ten-bladed propellers were considered. The 

propeller operating conditions considered were advance ratios of 1.05, 

1.17 and 1.29 for a free-stream velocity of 18 ft/sec. At the 

Reynolds numbers existing for these operating conditions, the blade 

boundary layers on the blade surfaces are turbulent. Predictions of 



the time-dependent thrust coefficients were also made for an advance 

ratio of 1.34. The results are shown in Figures 40 through 51. 
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As expected, the trends of the results of the two prediction 

techniques with advance ratio are the same. The predictions which 

consider both normal and chordwise gusts are consistently lower in 

magnitude than those which consider only the effects of the gusts 

norlllB.l to the blade chord. In general, the trends of the experimental 

data agree with those of predicted values. The difference in the 

magnitudes of the experi mental and predicted values seems to be a 

function of the propeller advance ratio. 

In order to investigate the variation of time-dependent thrust 

coefficient with advance ratio, the time-dependent thrust coefficient 

versus nondimensional strut distance curves were crossplotted at 

constant values of nondimensional strut distance for each propeller. 

These plots of time-dependent thrust coefficient versus advance ratio 

are shown in Figures 52, 53 and 54. 

It is seen that as the advance ratio decreases, the effect of the 

chordwise velocity variations on the predicted values of time-dependent 

thrust coefficient increases. This is due to the angle of incidence 

increasing as the advance ratio decreases, Figures 55, 56 and 57. 

These data were obtained from an unpublished propeller design report. 

As seen in Equation (19), the effect of chordwise velocity variations 

is directly proportional to the angle of incidence, a, therefore, 

advance ratio. 

The t1ends of the predicted and experimental time-dependent 

thrust coefficients with advance ratio are essentially the same. 

However, as blade nwnber increases, the experimental results decrease 



more rapidly with advance ratio than either analytical approach. The 

results of the analytical method which includes the chordwise gust 

effects follow the trends of the experimental data better than the 

results of the analytical method which does not include the chordwise 

gust effects. 



7.1 Introduction 

CHAPTER VII 

THEORETICAL RESPONSE OF PROPELLERS TO 
TURBULENT INFLOW 

The objective of this section is to derive a theory for the 

prediction of the time-dependent thrust generated by a propeller due 

to operating in a known turbulent inflow. The desire is to obtain a 

relationship which includes the important characteristics of the 

propeller, both geometrical and operational, and the important 

turbulent inflow parameters, but yet is relatively simple to apply 

to a practical problem. 

An assumption of homogeneity and isotropy for the turbulent inflow 

is made. In addition, Taylor's hypothesis is used for the turbulent 

flow through the blade row. The response function selected is that 

due to Sears [7]. The analysis due to Sevik [12] will be followed 

except that blade-to-blade summation of the time-dependent thrust will 

be made, in addition to spanwise summation . The frequency spectrum of 

the propeller time-dependent thrust results from the analysis. 

7.2 General Theory 

The quantities involved in the development of the theory are 

expressed as tensors; consequently, the index notation is used. 

Coordinate directions and elements of the propeller blades involved 

are denoted by subscripts. For example, ukS (T') denotes the component 

of the fluctuating velocity u at time 1 1 in the direction 8 of the 

rotating reference frame, Figure 58, at the blade element k. Also, 
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th FikaB (t,T') denotes the aerodynamic force acting on the i blade 

element in the direction a at the instant of time t caused by a velocity 

fluctuation of unit magnitude in the direction e to which the kth 

element was subjected at the instant of time 1 1
• 

Consider the propeller blades to be subdi vided into an arbitrarily 

large number of spanwise elements and consider a typical element 

located at ri as shown in Figure 58. The fluctuating aerodynamic 

forces acting on the various surface elements are interdependent by 

virtue cf induction effects, as well as by virtue of spatial and 

t~mporal correlation of the turbulent velocity fluctuations. 

Neglecting higher order terms, the lift force, iia(t), on the 1th 

element at time tin the direction a is given by 

where 

and 

00 

tio(t) = I Fiko8(t) "kB(t-t)dt 

0 

i,k=l,2, . . . ,m; 

The total force acting on the propeller is obtained by summing 

the forces acting on each individual blade element, 

(29) 

(30) 

I 

• 
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Since L
0

(t) is a random function of time, a statistical approach must 

be employed. The statistical methods employed here are discussed in 

detail by Bendat and Piersol [40]. In this particular application, 

the correlation tensor <L
0

(t)L
8

(t+t)> and its Fourier transform are of 

importance. The random processes are assumed to be stationary and 

ergodic in forming average values of the forces and fluid velocities . 

Consider the lift correlation tensor and its Fourier transform 

T 

[t1a(t)1jB(t+T)] • ~_!: ½ J t 1a(t)1jB(t+t)dt 

0 

In terms of the aerodynamic. force functions and the velocity 

fluctuations, i.e , , Equation (29), the lift correlation tensor 

becomes 

T 

' lim l J ~ijaS(t) • T-+00 T 

0 

Rearranging terms, Equation (32) becomes 

t:jaB(t) • ~ ½ J {II Fikay<t1)FjrB6(t2)"ky(t-tl) x 

0 0 0 

(31) 

(32) 

(33) 



Changing the order of integration does not affect the result, so 

Equation (33) becomes 

00 00 

r lim 1 TI 
F ika/1 1) Fj rBo <1 2> 1 T-+a> T 

0 

U (t-1 ) X 
ky 1 

The integral inside the brackets of Equation (34) is the velocity 

correlation tensor ~ryo (1-r 2
+1 1

), so that Equation (34) can be 

written as 

ex, 00 

0 0 

' 

(34) 

(35) 

The spectrum tensor of the force fluctuations, GijaS(w), is then 

obtained as the Fourier transform of the cross-correlation tensor of 

' the forces, ~ijaS(T), i. e . , Equation (35), 

I 
e -iw dT 

J 
or 
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G:JaB(w) = J J Fikay(Tl)FJr86(T2) 

0 0 

Multiplying and dividing the right-hand side of Equation (36) by 

exp {iwT2-iWTl}, 

00 00 

[ I ( ) iWT 1 ( ) -iW'T x 
= J Fikny Tl e FjrSo T2 e 2 

0 0 

The term in brackets is the spectrum tensor of the velocity 

fluctuations 

1 
= -

TI 

-00 

Equation (37) can then be written as 

00 00 

0 0 
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(36) 

. (38) 

The integrals in Equation (38) are aerodynamic frequency response 

functions which aL·e denoted by H(w), making Equation (38): 



where the asterisk denotes the complex conjugate of the aerodynamic 

frequency response function. 

(39) 

Equation (39) is the spectrum tensor of the force fluctuations in 

terms of the aerodynamic frequency response function and the spectrum 

tensor of the velocity fluctuations as derived by Sevik (12]. The 

application of this equation requires choosing an appropriate 

aerodynamic frequency response function which is consistent with the 

given propulsor and velocity fluctuations. In addition, the spectrum 

tensor of the velocity fluctuations must be determined. 

7.3 Application of Theory to a Propeller 

A brief description of the approach taken by Sevik (12] will be 

given. This description is provided because Sevik considers only the 

response of a single blade to the velocity fluctuations and then 

multiplies by the blade number, while a theory developed later in 

Section 7.4 includes blade-to-blade correlation effects. Following 

the description of the theory due to Sevik, a new approach will be 

taken. 

Sevik (12] considered the specific case of a propeller of low 

solidity with blades of high aspect ratio operating in a homogeneous. 

isotropic flow. For this type of flow, the velocity correlation 

tensor can be expressed in terms of the distance r between two points 

in the flow field and the mean square value of the velocity 

2 fluctuations u as follows, Batchelor (41]: 
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- ..!... r r cHW + [f(_r) + l r cfW]o } 
2£ ~ ar 2 - ar a8 (40) 

where oaS is the Kronecker delta and f(!_) is the coefficient of 

longitudinal correlation. The coefficient of longitudinal correlation 

as measured by Stewart and Townsend (42] is shown in Figure 59. An 

approximate expression for t he coefficient of longitudinal correlation 

where A is the integral scale of the turbulence, has been used by 

Sevik (12]. This approximation is also shown in Figure 59. 

The aerodynamic frequency response function employed is that 

derived by Sears (7] as follows: 

(41) 

th 
where Vj is the resultant velocity at the j element of the propeller, 

J
0 

and J 1 are Bessel functions, C(k) is the Theodorsen function, and 

kj • wbj / Vj is the reduced frequency. All of the assumptions used in 

deriving Equation (42) have been discussed in Section 3.2. 

Substitvting the relationships given by Equations (40), (41) and 

(42) into Equation (39) permits the calculation of the response of a 

propulsor to turbulence by numerical means. Sevik (12], however, by 

making certain approximations and assumptions, was able to obtain 

relatively simple expressions for the RMS thrust coefficient and the 
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spectrum tensor of the thrust fluctuations. These approximations and 

assumptions are as follows: 

1. The axis of rotation of the propeller is colinear 

with the free stream velocity vector. 

2. The resultant velocity and chord of the various 

propeller elements may be represented by those 

of a single "typical section" located at some 

fraction of the blade span, i.e., changes are 

small over the blade span. 

3. The velocity correlation tensor is approximated by 

R.. (r) • e-q/A R.. (Ct) 
-ltral3 - -1tkal3 X 

where q is the distance between the elements k 

and r of the propeller, see Figure 59. 

Substituting Equations (40) through (43) into Equation (39), 

Sevik [12] has derived an expression for the spectrum tensor of the 

fluctuating thrust: 

where 

e 
-q/A 

(43) 

(44) 
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and 

The angle 8 between the resultant velocity vector and the direction of 

propeller blade rotation is given by 

tan e V --}ill 

The "typical section" concept mentioned in the second assumption above 

is now employed with respect to the aerodynamic frequency response 

functions 

where an approximation to Sears' function, Fung [43], has been used 

for mathematical expediency. 

Substituting Equation (45) into Equation (44), the spectrum of 

the thrust fluctuations is expressed as 

[
2bB u J [ 1 J 
RCX l + ~2 

(45) 

(46) 



where 
C 

X • V' flow coefficient, 

B • number of rotor blades 

and 

u C • turbulence level in the approach stream. 
X 

The function S (R/ A) represents a "correlation area" and is given by 

q • Ir - r I i j 
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(47) 

The integration is performed from the hub radius rh to the tip radius 

R.rrp• This function, as computed by Sevik [12] for propellers having 

various numbers of blades and hub-to-tip ratios, is shown plotted in 

Figure 60. The variation of the total thrust driving the rotor with 

frequency, r, is given by f(f) as 

where 

and 

f • w/1./C , 
X 

2b 
e • 7TT cos e 

(48) 

Equation (46) represents the results obtained by Sevik [12]. He 

proceeded to describe an experiment in which a propeller was operated 

in a turbulent inflow generated by a square mesh grid designed to 



generate homogeneous, isotropic turbulence. The spectrum of the 

resulting fluctuating thrust was measured and compared to that 

resulting from Equation (46). The same experimental apparatus and 

procedure is employed in the present paper, so that details will be 

presented later. A typical result due to Sevik [12) is shown in 

Figure 61. It is noted that the experimentally determined spectrum 

exhibits a peak whereas the computed spectrum does not. 
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It has been shown, Mani [14), that the radiated sound spectrum 

from propulsors operating in a t1. rbulent inflow exhibits peaks 

centered at blade passing frequency and integer multiples. Mani [14) 

has shown that the width of the peaks is related to the ratio of the 

turbulence length scale to the blade spacing. At small values of 

this ratio, no peaks appear. As the value of the ratio is increased, 

peaks appear and become sharper. This peaking of the spectra for 

large values of length scale to blade spacing is due to blade-to-blade 

correlation of time-dependent lift as a result of the fluctuating 

velocity being correlated. 

7.4 A Theory to Include Blade-to-Blade Correlation Effects 

An attempt to incorporate blade-to-blade correlation of time­

dependent lift into Sevik's theory is presented in the following. 

Consider the aerodynamic frequency response functions of Equation (44). 

The subscript on this function refers to a particular spanwise element 

of a propeller blade and the summation is over all spanwise elements. 

rhere is a blade-to-blade phasing associated with the aerodynamic 

response functions which can be written as 
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i~(n-m) 

e 

where the hand the i subscripts now refer to radial locations of 

elements only and then and m indices refer to circumferential 

locations of the blades. Also, Bis the total number of blades and 
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n is the rotational speed of the propeller. In Equation (44) a double 

summation is used, however, with the new aerodynamic frequency response 

functions a quadruple summation is needed, i.e., over the h, i, m and 

n. Using the new response functions, Equation (44) for the spectrum 

tensor of the fluctuating thrust becomes: 

(49) 

Let us now employ the "typical section" concept, expressed by 

Equation (45) in Equation (49). Hence, 

I 2 [i 12 :;] 
{ (cos 28 28 X G

11
(w) = (27TpVTbT) E E E E cos 

h i m n T T 
+ 

27T 

} GhUl (JJ) 
1 28 sin 28 Ghi22] 

i~(n-m) 
+ 4 sin e 

T T 
(50) 



The functions Ghi11 (w) and Ghi22 (w) are defined in Equation (44). 

Substituting these expressions for Ghill(w) and Ghi22 (w) into 

Equation (50) results in 

1: 1: 1: 1: 
h i m n 

cos 

2nw l 
-q/A iBQ (n-m) j 

e e 
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(51) 

It is seen that this equation is the same as that derived by Sevik [12] 

{ 2nw } except for the additional exponential term, exp iBQ (n-m) . 

Consequently, Equation (51) reduces to 

[ 2bB uJ [ 1 J 
R ex 1 + cf> 2 

(
R 2nwJ 

f (r) ST A ' BQ (52) 

where 
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2 
ri + 

(53) 

The function sT(l, ~w) is similar to Sevik's function S(X) 

except that the new function includes the effects of blade spacing and 

is frequency dependent. Figures 62 through 67 show the important 

features of the function ST. Figures 62, 63, 64, 65 and 66 are plots 

of ST versus w/Bfi for various values of A/R or Ats0 . 75 for two-, fiv \:!­

and ten-bladed propellers, respectively. The value s
0

_
75 

is the blade 

spacing at 0.75 of the propeller radius which was chosen as a 

representative spacing. It is seen for the two- and five-bladed 

propellers that for the smallest values of A/s
0

_
75 

chosen A/s
0

_
75 

~ 

0.143, no peaking of the thrust spectrum will occur. For all the 

propellers considered, the thrust spectrum will exhib ; t narrower peaks 

with larger magnitude as the value of A/s0
_
75 

increases. The peaks 

occur at valutd of w/Bfi = N, where N = 0,1,2,3, ... , 00 , i.e., at blade 

passing frequency and its multiples. 

Figure 67 is a plot of ST versus w/Bn for the two-, five- and 

ten-bladed propellers for a A/R value of 0.286. For propellers 

having the same radius, the turbulence length scale remains the same 

for each curve. Then, as the blade number is increased, the peaks 

become sharper since the turbulence length scale-to-blade spacing 

ratio is increasing. Not surprisingly, this is the same phenomenon 

as observed by Mani [14) for the spectrum of the radiated sound, both 
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in the width of the peaks and the frequencies at which the peaks 

occur. 

th~ parameters chosen for display of the pertinent trends of the 

function sT(X, ;~w) were those associated with the particular 

propellers used in the experimental phase of this investigation. The 

propeller radius is 4 inches and the hub-to-tip ratio is 0.25. As 

mentioned, the number of blades is 2, 5, and 10, making the blade 

spacings at 0.75R equal to 9.40, 3.77, and 1.88 in., respectively. 

The turbulence length scales, A, used are those generated by a set 

of square mesh grids used in the experiments . 



CHAPTER VIII 

EXPERIMENTAL INVESTIGATION OF TIME-DEPENDENT THRUST 
RESPONSE OF PROPELLERS TO TURBULENT INFLOW 

8.1 Introduction 

The response of typical marine propellers to typical turbulent 

inflows has not been considered experimentally. Sevik [22) has 

measured the response of a free stream propeller operating in a 

homogeneous, isotropic turbulent flow, and compared the results to 

theory. 

It was felt that a more comprehensive experimental investigation 

should be performed with a free stream propeller operating in 

homogeneous, isotropic turbulence. Three propellers were chosen, 

two-, five-, and ten-bladed, so that the effects of blade spacing-to­

turbulence :i.ength scale could be investigated. A range of turbulence 

length s ·r•.les and intensities was chosen so that the effects of these 

variables could be investigated. 

• 

A comparison of the time-dependent thrust spectra obtained 

experimentally are to be compared to spectra generated by two different 

analyti~al methods. 

8.2 Propellers and Drive System 

In order to investigate the time-dependent thrust response of 

propellers due to operation in various turbulent inflows, a series of 

experiments were conducted in the 48-inch diameter water tunnel at the 

Applied Research Laboratory. 

t,5 
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The time-dependent thrust as generated by a two-, five-, and 

ten-bladed propeller due to its operation in various turbulent inflows 

was measured. The system used to measure the propeller time-dependent 

thrust and the propellers themselves, are the same as described 

previously in Sections 5.2, 5.3 and 5.4. 

8.3 Generation of Turbulence 

The propellers were operated in turbulent inflows having different 

turbulent length scales and intensities. Three square mesh grids were 

used to generate the different turbulent inflows. Since, in the 

theoretical approach, the assumption of homogeneous, isotropic 

turbulence hRs been made, an attempt to generate this type of 

turbulence was made by maintaining the ratio of rod diameter to mesh 

size at 0.2 and by always operating with the grid-to-propeller spacing 

greater than 15 mesh sizes. Three grids were used, having mesh sizes 

of 2, 4 and 6 inches. Figure 68 shows a typical grid installation in 

the test section of the water tunr.el. 

The length scales and intensities of the turbulence generated by 

square mesh grids have been investigated by Naudascher [44] in which 

he correlates measurements made by a large number of investigators. 

Naudascher's results which are used in this investigation are 

reproduced in Figures 69 through 75. The Reynolds' numbers based on 

rod diameter appropriate to this particular experiment are given in 

Table 7. The positions of the grid locations upstream of the propeller 

are giv~n in Table 8. 

The virtual origin of the turbulence, nondimensionalized by the 

mesh size of the grid, is plotted versus Reynolds number in Figure 69. 
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The virtual origin is that axial location where the turbulent length 

scale tends to zero. From this figure, the virtual origin was 

determined for each of the grids employed, and these are listed in 

Table 9. Using the virtual origins and Reynolds numbers of Tables 8 

and 9, nondimensional distance~ for use with Figure 70 were computed. 

The two curves for each set of data on Figure 70 are generated by 

usfng Equation (12) of Naudascher [ 44] which is 

L 
- = 
b 

L 
+ ~ 

b 
(54) 

where Equation (13) due to Naudascher [44] has been used. Naudascher 

[44] found that Equation (54) above fits the upper and lower limits of 

the data by using values of L /b = 1.25, A /L • 19.2, L
00

/A
00 

= 3.0 and 
0 oo 0 

L
00

/A
00 

• 1.25 for the upper and lower limits, respectively. 

It was found that the nondimensional distances, (x-x
0
)/b¾, for 

the present experiment were lower than those given in Figure 70. 

Consequently, Equation (54) above was used to generate two curves, 

representing the upper and lower limits, which would be in the range 

of interest of the present investigation. The results are shown in 

Figure 71. Using this figure, the values of turbulence integral length 

scale were determined for the nondimensional distances of this 

investigation, see Table 10. The average values of the length scales 

given in Table 10 are used in predicting the spectra of propeller 

time-dependent thrust. 

The turbulence intensities for the present experiments were 

calculated from information contained in Naudascher's [44] paper. 

He has correlated the resul sofa number of experiments and presented 
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the data as plots of u¾/UC versus (x-x
0
)/b¾ which are reproduced 

here as Figure 72. The values of nondimensional distance encountered 

in the present investigation are smaller than those used in the 

correlation by Naudascher. The equation 

where 

[

x-x Jl/
2 

>../b • /Io b¾o and " 00 

- = 24 
b 

(55) 

was shown to fit the data of Figure 72. Thus, Equation (55) above was 

used to generate turbulence intensities, (u/U)(¾/C), for values of 

nondimensional distance, (x-x
0
)/b\, in the range of interest for the 

present investigation. The results are presented in Figure 73. 

The constant C is a function of drag coefficient and solidity of 

the grid. Naudascher (44) has correlated a large number of 

experimental results to g~n~rate the curve reproduced in Figure 74. 

This figure was used to obtain values of C/ ✓C0\ for solidities 

appropriate to the grids used in the present experiment. The drag 

coefficient, c0
, plotted versus grid solidity in Figure 75 was obtained 

from Table 1, Naudascher (44). The constants C were then computed for 

all values of solidity and Reynolds numbers encountered in the present 

experiment. 

Knowing appropriate values of C and the other important 

parameters, Equation (55) was used to compute the turbulence 

intensities, u/U, occurring at the propeller due to a particular 
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grid upstream of the propeller. Table 11 lists these computed values 

of turbulence intensity. 

The values of turbulence integral length scale and intensity 

listed in Table 10 and 11, respectively, were used in the computation 

of propeller time-dependent thrust spectra for the two theories 

considered in this investigation. 

8.4 Data Acquisition and Analysis for Time-Dependent Thrust 

A block diagram of the data acquisition and analysis system is 

shown in Figure 76. For a particular propeller operating in the 

turbulence field due to a particular grid, the piezoelectric crystal 

in the time-dependent thrust balance responds with a signal. The 

signal is high pass filtered, with Krohn-Hite variable filters, to 

remove the strong shaft rate frequency component from the signal. 

The filtered signal was then narrowband, 10 Hz, analyzed with a 

General Radio Wave Analyzer and Level Recorder on site in order to 

monitor the output. The signal was also recorded on magnetic tape 

for later analysis on a real time analyzer, Federal Scientific 

Ubiquitous Analyzer. The spectra from the real time analyses are 

those presented here. The experimental data has been corrected to 

a 1 Hz bandwidth spectra. The frequency range analyzed was 0-150 Hz. 

Permanent records of the spectra were obtained with an x-y plotter. 

A typical spectrum as produced by the Federal Scientific 

Ubiquitous Analyzer is shown in Figure 77. As seen, the time-dependent 

thrust levels fluctuate erratically with small changes in frequency. 

The amplitudes of these fluctuations in level are a function of the 

bandwidth and averaging time of the analy7er. They are irrelevant as 



far as comparing experimental and analytical results. Hence, a dB 

averaging of the levels of time-dependent thrust at a number of 

discrete frequencies was performed. The large dots in Figure 77 are 

70 

the result of dB averaging. A smooth line connecting the large dots 

then represents an averaged spectrum of the single amplitude 

time-dependent thrust. These averaged spectra were used for comparison 

with analytical results . 

8.5 Experiments Conducted 

Measurement of the time-dependent thrust generated by the 

propeller due to operation in turbulent inflows having various length 

scales and intensities were made. For each test condition considered, 

the propeller was operated at its design advance ratio of J = 1.17 in 

a free stream mean velocity of 18 ft/sec. Three propellers were 

considered, having 2, 5, and 10 blades. Figure 29 shows the two- and 

ten-bladed propellers. The blades of each of these propellers had a 

constant chord of one inch and a span of three inches. The propellers 

tested in this phase of the investigation are the same as discussed 

previously ln Section 5.2, and hence, will not be discussed further 

here. 

Each propeller was operated in each of several turbulent inflows. 

The propellers were driven by the downstream dynamometer and the 

turbulence was generated by the upstream square mesh grids. The 

propelle1 operating conditions and turbulent inflow characteristics 

considered in the present experiment are listed in Table 12. The 

turbulence length scales listed in Table 12 are the average of the 

maximum and minimum length scales listed in Table 10. These average 
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turbulence length scales as well as the turbulence intensities listed 

in Table 12 were used in each analytical method considered. 

For each of the propeller operating conditions and turbulent 

inflow conditions considered, the spectrum of the single amplitude 

time-dependent thrust was measured with the system shown in Figure 

76. Permanent records of the spectra were produced with an x-y plotter. 

The averaged spectra are used for correlation with the results of 

analytical methods. 

The single amplitude time-dependent thrust developed by each 

propeller operating with no grid installed upstream was measured and 

constitutes background levels. Each propeller was operated at an 

advance ratio of J • 1.17 in a free stream velocity of 18 ft/sec and 

the spectru~ obtained. In all cases, the background level is well 

below the level obtained with any grid installed. 



CHAPTER IX 

RESULTS OF EXPERIMENTS WITH TURBULENT INFLOWS 
AND COMPARISON WITH THEORY 

The results of the experiments are presented in the form of 

spectra of the single amplitude time-dependent thrust. The frequency 

range considered is always large enough to include the blade passing 

frequency of the propeller considered. The s pectra are presented in 

Figures 78 through 88. Each figure includes the experimental results, 

the predicted spectra due to Sevik's (12) analysis and the analysis 

developed in the present thesis, and measurements of the propeller 

response to the turbulence present in the test section without a 

turbulence generating grid, i.e., background. 

In general, the measurements of the response of each propeller to 

the turbulence in the flow with no turbulence generating grid in the 

water tu~nel showed sufficiently lower levels than the propeller 

response with grids present in the water tunnel. For the two-bladed 

propeller, Figures 78 to 80, the broadband level due to background is 

at least 14 dB lower than with a grid installed. The blade passing 

frequency tone due to the background is at least 2 dB lower than with 

a grid installed. The large tone in the spectra of the background is 

due to imbalance in the propeller drive system. 

For the five-bladed propeller, Figures 81 to 83, the broadband 

level due to background is at least 3 dB lower than with a grid 

installed. The blade passing frequency tone due to the background is 

about the same as the broadband level with a grid installed. However, 

there is a "hump" in the broadband level of the spectra with a grid 



installed which is not present in the background spectra. This 

broadband hump is attributed to the response of the propeller to the 

turbulent flows generated by the grids. 
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For the ten-bladed propeller, Figures 85 to 88, the broadband 

level due to background is at least 11 dB lower than with a grid 

installed. There is no pure tone blade passing frequency for the 

propeller operating in the background turbulence level. There is a 

broadband hump in the spectra with a grid installed which is not 

present in the background spectra. This broadband hump is attributed 

to the response of the propeller to the turbulent flows generated by 

the grids. 

The two analytical approaches yield essentially the same spectra .. r~ 
for the two-bladed propeller operating in the turbulent inflows · chosen. 

The analysis which employs blade-to-blade correlation of time-dependent 

lift due to correlation of velocity fluctuations does not show large 

amplitude broadband "humps" in the spectra. The experimental spectra 

do not exhibit "humps" at blade passing frequency and multiples. This 

is because the length scale of the turbulence is small compared to 

the spacing of the blades. The analysis which does not include 

blade-to-blade correlation does not predict "humps" in the spectra, 

as expected. 

The levels of the predicted anrl measured spectra for the 

two-bladed propeller correlate quite well for frequencies below blade 

passing frequency. For frequencies above blade passing frequency, the 

levels of the predicted and measured spectra diverge, the measured 

values falling off faster with frequency than the predictions. The 

rate of divergence decreases with increasing turbulence length scale, 
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however. This is due almost entirely to the experimental results 

whose slope with increasing frequency decreases with increasing 

turbulence length scale. This can be seen by comparing Figures 77 and 

80. The slope of the spectra, i.e., change in level with frequency 

with change in turbulence intensity for the experiments, is about the 

same as seen by comparing Figures 78 and 79. 

For the five-bladed and ten-bladed propellers, the two analytical 

methods yield dissimilar spectra. The method which includes blade­

to-blade correlation yields results lower in level than the method 

not including blade-to-blade correlation. In addition, the method 

which includes blade-to-blade correlation yields peaks in the spectra 

at blade passing frequency, where the method not including 

blade-to-blade correlation does not. 

A comparison of spectra from the analytical methods with those 

from experiment reveals good correlation with the analytical method 

including blade-to-blade correlation. The levels are predicted quite 

accurately when comparing experimental results to the analysis which 

includes blade-to-blade correlation. In addition, the "humps" 

centered at blade passing frequency are shown in both the experimental 

spectra and the analysis including blade-to-blade correlation, but not 

in the analysis excluding blade-to-blade correlation. The "hump" of 

the experimental spectra is consistently lower in amplitude than that 

due to the analysis. This is in part due to using average values of 

length scales computed from Table 10 . 

There is, however, as seen in Figures 81 through 88, a much 

better agreement between experimental spectra and the spectra 

predicted by the analytical method which includes blade-to-blade 



correlation than between the experimental spectra and the spectra 

predicted by the analytical method which does not include blade­

to-blade correlation. This better agreement is in both shape and 

level of the spectra. 
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CHAPTER X 

CONCLUSIONS AND RECOMMENDATIONS 
FOR FUTURE RESEARCH 

With respect to blade passing frequency time-dependent thrust due 

to a propeller operating in a spatially varying inflow, the following 

conclusions can, in general, be made: 

1. The comparison made in Section 6.2 shows that using acL/aa 

from steady state cascade data to approximate the unsteady bli:de-to­

blade induced effects in a two-dimensional theory produces good 

agreement with unsteady lifting surface theory for the particular 

propeller considered in this investigation, i.e., the aspect ratio of 

the blades is high when compared to most marine propellers. l ;, 

addition, the two-dimensional theory, and, hence, the lifting surf ace 

theory, including approximations for blade-to-blade induced effects, 

correlates well with experimental results for all strut-to-propeller 

spacings, as shown in Section 6.3. 

2. As also shown in Section 6.3, a further improvement in 

correlation between two-dimensional theory and experimental results is 

provided when effects of chordwise velocity variations are included in 

the theory. The improvement is greatest at lower advance ratios, 

i.e., higher blade incidence angles, where the effect of chordwise 

velocity variations is greatest. 

3. The effects of both chordwise velocity variations and 

blade-to-blade induction should be included in predicting time­

dependent forces and moments when employing the two-dimensional theory. 



With respect to broadband time-dependent thrust, as shown in 

Chapter IX, due to a propeller operating in a turbulent inflow, the 

following conclusions can in general, be made: 

1. The analytical treatment which incorporates blade-to-blade 

correlation of time-dependent lift predicts the level of the time­

dependent thrust spectra as compared to experiment better than the 

analysis which does not include blade-to-blade correlation. 

2. The analytical treatment which incorporated blade-to-blade 

correlation of time-dependent lift predicts the "hump&" which occur 
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in the time-dependent thrust spectra at blade passing frequency while 

that which does not include blade-to-blade correlation does not predict 

the "humps". 

Recommendations for future research are as follows: 

1. The effects of camber on the propeller time-dependent forces 

due to operation in a spatially nonuniform velocity field should be 

incorporated into the analytical method. Experiments should ~e 

performed with cambered bladed propellers and correlations with 

predictions made. 

2. The effects of blade thickness on the propeller time-dependent 

forces due to operation in a spatially nonuniform velocity field should 

be incorporated into t.he analytical method. Experiments should be 

performed with several propellers having various thicknesses and 

correlations with predictions made. 

3. The effects of blade aspect ratio should be investigated 

experimentally with a series of propellers having different aspect 

ratios and correlations with predictions made. 
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4. The effects of unsteady potential interaction can become 

important on a marine vessel due to the close proximity of the propeller 

and nearby surfaces such as rudders, shaft support struts, etc. An 

experimental and analytical investigation of the effects of potential 

interaction on propeller time-dependent forces should be done. 

5. Once a determination of the importance of the various possible 

contributors to propeller time-dependent forces has been oade, an 

incorporation of time-dependent force considerations intc the design 

aspect of propellers should be made. One could then design a propeller 

to meet steady state requirements while minimizing its unste~dy 

response. 

6. An investigation of methods to reduce the scatter of the 

Fourier coefficients determined from wake surveys should be made. This 

is important since the coefficients are used in the prediction of 

propeller time-dependent forces. 

7. The length scal~s and intensitites of the turbulence at the 

propeller leading edge should be determined experimentally for typical 

marine vessels. Using this informat1on, a parametric investigation of 

the propeller unsteady response to turbulence should be done. 
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APPENDIX A 

DETAILED CALCULATIONS OF UNSTEADY FORCES AND MOMENTS 

The objective of this appendix is to show that only certain 

harmonics of the inflow to the propeller result in unsteady forces 

-and moments. Consider the unsteady axial force or thrust F as given z 

in Equation (21). The phase angle between blade segments, ¢j, can be 

due to two things; namely, the separation between blades and the 

phase difference between segments on each blade due to blade skew: 

p B 00 

F - E E E Ltjn cosaj z j•l t•l n=l 
(Al) 

Write this equation as 

p B 00 - ltJ I e in(nt + ~j + nt) F - E E E z j•l t•l n• l n 1 
(A2) 

where 

~j - phase angle due to blade skew, 

n1 - phase angle due to blade separat i on 

and 

11 I • jn 1 

(A3) 
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Here, it has been assumed that at a ~onstant radius, i.e., a particular 

value of j, the blade geometry and steady flow characteristics are 

constant at each blade. 

Equatiou (A2) can be written as 

Cl) 

where, for simplicity, ~j • nt + $j, The phase angle n1 can be 

written as 

where t • 1, 2, ... , B. 

Then, Equation (A4) becomes 

F • 
z 

Using the relationship 

Equation (AS) becomes 

or 

Cl) 
i( + R,2,rn) 

IL~ I e n~j B 
j n 1 

{ : if n • mB 

ifn+mB 

(A4) 

(AS) 

(A6) 

(A7) 
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p 

(F ) B 't" { IL~ I e imB (nt + ljJj)} 
- L, j (mB) z m j•l 1 

(AB) 

Equation (AS) indicates that an unsteady thrust exists on a propeller 

which operates in a nonuniform inflow. The unsteady thrusts exist at 

integer multiples of blade rate frequency, mBn. 

~ Consider now the unsteady side force, F, as given in Equation 
X 

(21). 

~ p B 
F = E E 

x j•l R.=1 

Write this equation as 

where 

~ 
F • 

X 

ltj I 
n 2 

00 

00 

Expanding the exponential in Equation (AlO), 

(A9) 

(AlO) 

(All) 



00 

F • 
X 

r {1Ljnl
2 

sin (~j + nt) [cos n (~j + nt) + 
u•l 

where ~j = nt + ~j' The phase angle nt can be written as 

n = t 211 

£ B 

where t • 1, 2, ... B. 

Equation (A12) then becomes: 

p B 00 

F - r r r {1Ljnl
2 

sin (~j + 12!.) [cos (n~j + £2nn) 
X j•l t•l n•l B B 

i sin (n~j + £ 2TTn))} 
B 

+ 

Using standard trigonometric identities, Equation (A13) can be 

written as 

F • 
X 

cos[ (n+l)t;j + 2n(tl)]} 

J 
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(A12) 

(A13) 



or 

... 
F • 

X I ... I 1 { 21T < n+ 1 > Ljn 
2 2 [sin(n+l)~j cost B + 

( 1) i n 27T(n+l) ( l) n 27T(n-1) 
cos n+ ~j s nN B - sin n- ~j cosN B 

sin (n-l)~j sini 27T(~-l) - cos (n+l)~j cost 27T(~+l) + 

sin (n+l)~j sini 
2
~~~+

111} 

It is well known that 

and 

E cost 27T(n±l) • B { OB 
t•l B 

ifn±l;.mB 

ifn±l•mB 

B 
E sint 27T(n±l) • 0 for all values of n ± 1 

t•l B 

Using Equations (AlS) and (A16) in Equation (A14), we obtain 
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(A14) 

(AlS) 

(A16) 
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or 

(A17) 

-Letting tj • nt + ~j' the total ~nsteady force Fx occurs at blade 

rate and multiples, mBn, and is given by 

. (A18) 

-Consider now the unsteady side force, F, as given in Equation 
y 

(21) 

00 

Using Equation (All), F may be written as y 

where 

-F y 

-
F • 

y 

tj and 

p - r 
j•l 

n1 are 

B 
r 

i•l 

i sin (ntj 

00 

r 1Ljn1
2 

cos <tj + n1) 
n•l 

[cos n (tj + 

defined as before. Equation (A20) becomes 

00 

{ I iJ I + i2'TT) + 12'1Tn) r cos (l;j [cos (nr;j 
n•l n 2 B B 

+ 12'1Tn)]} 
B 

+ 

(A19) 

(A20) 

(A21) 

I 

I 
I . 
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Using standard trigonometric identities, Equation (A21) can be written 

as 

or 

F z 
y 

p B 
E E 

j""l i=l 

p 

F = E 
y j=l 

00 

E 
n=l 

liJ I n 2 

i ( 1) i 0 2TI(n-1)] i [ i ( l) 0 2n(n+l) + s n n- ~j s n ~ B + s n n+ ~j cos~ B 

( 1) i 0 2n(n+l) i ( l) 0 2n(n-1) + cos n+ ~j s n ~ B + s n n- ~j cos~ B 

2lT (n-1) }] cos (n-l)~j sin i 8 ] (A22) 

Using Equations (AlS) and (A16) in Equation (A22), we obtain 



~ p ~ B 
(F) - E {ILj(mB-1)1 2 [cos mBsj + i sin mBsj] + 

y m j=l 2 

or 

Letting ~j = m:Bnt + ~j' we obtain the unsteady force FY which 

occurs at blade ~ate and multiplies, man: 

91 

(A23) 

(A24) 

From Equation (21), it is seen that the unsteady torque is given 

by 

p B 00 

~ 
T = E E E Mt. sin 8j z j=l t=l n=l Jn 

and may be written as 

p B 00 

T = E E E IMj I 
ein(nt + ~j + ni> 

z j=l t=l n=l n 1 
(A25) 

where 
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(A26) 

Equation (A25) is of the same form as Equation (A2), so that it 

reduces to 

P ~ imB~ imBnt 
(T ) = B E { I Mj (mB) I e j} e 

z m j•l 1 
(A27) 

From Equation (21), it is seen that the unsteady bending moment, 

-T is given by 
X 

-T .. -
X 

This may be written as 

where 

-T = -
X 

p 

E 
j=l 

00 

00 

E 1Mjnl
2 

sin (Qt+ ~j + n1) x 
n=l 

(A28) 

(A29) 
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Equation (A28) is of the same form as Equation (AlO), so that it 

reduces to 

From Equation ( 21) , 

~ 

T y' is given by 

p B 
T = - E E 

y j=l l=l 

This may be written as 

T = -y 

p B 
L L 

j=l l•l 

it is seen that 

00 
~ 

L Mtjn sin B. 
n=l J 

00 

where IM. I is given by Equation (A26). 
Jn 1 

(A30) 

the unsteady bending moment, 

cos Wt + \j) . + nt> 
J 

(A31) 

Equation (A31) is of the same f rm as Equation (A20), so that it 

reduces to 

(A32) 



APPENDIX B 

COMPUTER PROGRAM FOR UNSTEADY FORCES AND MOMENTS 

** UNSTEADY FORCES AND MOMENTS ON PROPULSORS 

REAL M,KMBJ(20),KMBA1(20),KMBS1(20),MOM(2,20),MOMA1(2,20) 

REAL MOMS 1(2,20) 

REAL K(2,20),KA1(2,20),KS1(2,20),LlFT(2,20),lIFA1(2,20) 

REAL LIFS1(2,20) 

DIMENSION RJ(20),SCOSI(20),BSJ{20 ) ,URJ(20),CMB(2,20),TMB(2,20) 

DIMENSION BLJ(20),XJ(20),CMBA1(2,20),TMBA1(2,20),CMBS1(2,20) 

DIMENSION TMBS1(2,20),DJ(20),EJ(20),DRJ{20),AL{2),ALA1(2),ALS1(2) 

DIMENSION ALIF1(2,20),ALIA1(2,20),ALIS1(2,20),ALIF2(2,20),SUM(2) 

DIMENSIONALIA2(2,20),ALIS2{2,20),AM1(2,20),AMA11(2 ,20),AMS 11(2,20) 

DIMENSION AM2 ( 2, 20) ,AMA12 ( 2, 20) ,AMS! 2 ( 2, 20) , DMB ( 2) ,.,LSM(2) , FZM( 2) 

DIMENSION FXM( 2), FYM( 2), TZ ( 2), TXM(2), TYM( 2) ,PROPT (20), PSI (20) 

101 FORMAT (8Fl0. 5) 

READ (2,102) PROPT 

C PROPT =- TI. TLE 

102 FORMAT (20A4) 

100 FORMAT (15,7Fl0.5) 

READ (2,100) NVALJ,RHO,OMEGA,BETA,UI,M 

C NV.A !.J=NUMBER OF BLADE ELEMENTS 

C RHO=DENSITY OF FLUID 

C OMEGA=PROPELLER RPM 

C BETA=NUMBER OF PROPELLER BLADES 

C M=ORDER OF BLADE FREQUENCY FORCE CLACULATED 
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C UI=VELOCITY OF THE FREE STREAM 

WRITE (3,100) NVALJ,RHO,OMEGA,BETA,M,Ul 

READ (2,101) <RJ(I),SCOSI(l),BSJ(I),URJ(I),CMB(l,l),CMB(2,I),BLJ(I 

1),XJ(I),1=1,NVALJ) 

C RJ(I)=RADIUS OF EACH BLADE ELEMENT 

C SCOSI(l)=LIFT CURVE SLOPE FOR EACH BLADE ELEMENT 

C BSJ(I)=BLADE SEMI-CHORD OF EACH BLADE ELEMENT 

C URJ (!)=RESULTANT VELOCITY AT EACH BLADE ELEMENT 

C 

C CMB(l,I)=REAL PART OF FOURIER COEFFICIENT OF ORDER (MB) 

C OF INFLOW AT EACH BLADE ELEMENT 

C CMB(2,I)=IMAGINARY PART OF FOURIER COEFFICIENT OF ORDER (MB) 

C OF INFLOW AT EACH BLADE ELEMENT 

C BLJ(I)•ANGLE BETWEEN CIRCUMFERENTIAL VELOCITY COMPONENT AND 

C RESULTANT VELOCITY AT EACH BLADE ELEMENT 

C XJ(I)=STEADY ANGLE OF ATTACK AT EACH BLADE ELEMENT 

WRITE (3,101) ( RJ (I) ,SCOSI (I) ,BSJ (I), URJ (I) CMB(l, I) ,CMB(2, I) ,BLJ (I 

l),XJ(I),l=l,NVALJ) 

DO 14 l =l,NvAU 

14 CMB(2, l)=-CMB(2, ) 

130 FORMAT (6FJO. 5) 

READ (2,130) (DRJ(I),PSI(l),CMBA1(1,I),CMBA1(2,1),CMBS1(1,I),CMBS1 

1(2,I),I=l,NVALJ) 

C DRJ(l)=SPANWISE DIMENSION OF EACH BLADE ELEMENT 

C PSI(l)=ANGlE OF BLADE SKEW AT EACH BLADE ELEMENT 

C 00Al(l,I)=REAL PART CF FOURIER COEFFICIENT OF ORDER 

C (MB+l) OF INFLOW AT EACH BLADE ELE~£NT 



C CMBA1(2,I)sIMAGINARY PART OF FOURIER COEFFICIENT OF ORDER 

C (MB+l) OF INFLOW AT EACH BLADE ELEMENT 

C CMBSl(l,I)=REAL PART OF FOURIER COEFFICIENT OF ORDER 

C (MB-1) OF INFLOW AT EACH BLADE ELEMENT 

C CMB(2,I)=I!1AGINARY PART OF FOURIER COEFFICIENT OF ORDER 

C (MB-1) OF INFLOW AT EACH BLADE ELEMENT 

WRITE (3,130)(DRJ(I),PSl(I),CMBAl(l,I),CMBA1(2,I),CMBS1(1,I),CMBSl 

1(2,I),I=l,NVALJ) 

DO 1 I•l,NVALJ 

C CALCULATE REDUCED FREQUENCIES 

KMBJ(I)•2.0*3.14159278*M*BETA*OMEGA*BSJ(I)/(URJ(I)*60.0*UI) 

KMBA1(I)=(M*BETA+l.0)*2.0*3.14159278*0MEGA*BSJ(I)/(URJ(I)*60.0) 

KMBSl(I)=(M*BETA-l.0)*2.0*3.14159278*0MEGA*BSJ(I)/(URJ(I)*60.0) 

CALCULATE CONSTANTS 

DJ(I)•SCOSI(I)*RHO*BSJ(I)*DRJ(l)*URJ(I)*UI*UI 

1 EJ(I)=SCOSI(I)*RHO*BSJ(I)*RJ(I)*DRJ(I)*URJ(I)*UI*UI 

CALCULATE BESSEL FCTNS FROM IBM SUBROUTINES 

DO 2 l=l,NVALJ 

CALL BESJ (KMBJ( I) ,O ,AJO ,0. 0001, IER) 

CALL BESJ(KMBJ(I),l,AJl,0.0001,lER) 

CALL BESY(KMBJ(I),O,AYO,IER) 

CALL BESY(KMBJ(I),l,AYl,IER) 

CALCULATION OF SEARS FUNCTION FOR THRUST AND TORQUE 

K(l,I)•(AJO*(AJl*AYo+AJl*AJl-AJO*AYl+AYl*AYl)-AJl*(AJO*AJl 

l+AYO*AY1))/((AYo+AJ1)**2+(AJO-AY1)**2) 

K(2,I)•(AJO*(AJO*AJl+AYO*AYl)+AJl*(AJl*AYo+AJl*AJl-AJO*AY1+ 

lAYl*AY1))/((AYo+AJ1)**2+(AJO-AY1)**2)-AJl 



K(2,I)•-K(2,I) 

C CALCULATION OF HORLOCK FUNCTION FOR THRUST AND TORQUE 

AC•(A.Jl*AYo+AYO*AYo+AJO*AJO-AJO*AYl)/((AJl+AJ0)**2+(AJO-AY1)**2) 

BC•(AJO*A.Jl+AYO*AY1)/((AJ1+AY0)**2+(AJO-AY1)**2) 

TMB(l,I)•(2.0-AC)*AJO-BC*AJ1 

TMB(2,I)•(AC+l.O)*AJ1-BC*AJO 

CALL BESJ(KMBAl(I),O,AJ0,0 . 0001,IER) 

CALL BESJ(KMBAl(I),l,AJl,0.0001,IER) 

CALL BESY(KMBAl(I),O,AYO,IER) 

CALL BESY(KMBAl(I),l,AYl,IER) 

C CALCULATION OF SEARS FUNCTION FOR BENDING MOMENT AND SIDE FORCES 

KAl(l,I)•(AJO*(AJl*AYo+AJl*A.Jl-AJO*AYl+AYl*AYl)-A.Jl*(AJO*AJl 

l+AYO*AYl))/((AYo+AJ1)**2+(AJO-AY1)**2) 

KA1(2,I)•(AJO*(AJO*AJl+AYO*AYl)+AJl*(A.Jl*AYo+AJl*AJl-AJO*AY1+ 

1AYl*AY1))/((AYo+AJ1)**2+(AJO-AY1)**2)-AJl 

KA1(2,I)•-KA1(2,I) 
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C CALCULATION OF HORLOCK FUNCTION FOR BENDING MOMENT AND SIDE FORCES 

AC•(A.Jl*AYo+AYO*AYo+AJO*AJO-AJO*AYl)i((A.Jl+AY0)**2+(AJO-AY1)**2) 

BC•(AJO*AJl+AYO*AY1}/((AJl+AY0)**2+(AJO-AY1)**2) 

TMBA1(1,I)•(2.0-AC)*AJO-BC*AJ1 

TMBA1(2,I)•(AC+l.O)*A.Jl-BC*AJO 

CALL BESJ(KMBSl(I),O,AJ0,0.0001,IER) 

CALL BESJ(KMBSl(I),1,AJl,0.0001,IER) 

CALL BESY(KMBSl(I),O,AYO,IER) 

CALL BESY(KMBSl(I),l,AYl,IER) 

C CALCULATION OF SEARS FUNCTION FOR BENDING MOMENT AND SIDE FORCES 

KSl(l,I)•(AJO*(A.Jl*AYo+AJl*A.Jl-AJO*AYl+AYl*AYl)-AJl*(AJO*A.Jl 



l+AYO*AY1))/((AYo+AJ1)**2+(AJO-AY1)**2) 

KS1(2,I)•(AJO*(AJO*AJl+AYO*AYl)+AJl*(AJl*AYo+AJl*AJl-AJO*AYl+ 

lAYl*AY1))/((AYo+AJ1)**2+(AJO-AY1)**2)-AJl 

KS1(2,I)•-KS1(2,I) 
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C CALCULATION OF HORLOCK FUNCTION FOR BENDING MOMENT AND SIDE FORCES 

AC•(AJl*AYo+AYO*AYo+AJO*AJO-AJO*AY1)/((AJl+AY0)**2+(AJO-AY1)**2) 

BC•(AJO*AJl+AYO*AYl)/((AJl+AY0)**2+(AJO-AY1)**2) 

TMBS1(1,I)•(2.0-AC)*AJO-BC*AJ1 

TMBS1(2,I)• (AC+l.O)*AJl-BC*AJO 

C MULTIPLY REAL AND IMAGINARY FOURIER COEFFICIENTS BY 0.5 DJ 

DO 7 JJ•l,2 

CMB(JJ,I)sCMB(JJ,I)*O.S*DJ(I) 

CMBAl(JJ,I)•CMBAl(JJ,I)*O.S*DJ(I) 

7 CMBSl(JJ,I)•CMBSl(JJ,I)*O.S*DJ(I) 

C MULTIPLY REAL AND IMAGINARY PARTS OF SEARS FUNCTION BY COS(BJ) 

DO 3 JJ•l,2 

K(JJ,I)•K(JJ,I)*COS(BLJ(I)) 

KAl(JJ,I)•KAl(JJ,I)*COS(BLJ(I)) 

3KSl(JJ,I)•KSl(JJ,I)*COS(BLJ(I : ) 

C MULTIPLY REAL AND IMAGINARY PARTS OF HORLOCKS FUNCTION BY XJ SIN(BJ) 

DO 4 JJ•l,2 

TMB(JJ,I)•TMB(JJ,I)*XJ(I)*SIN(BLJ(I)) 

TMBAl(JJ,I)•TMBAl(JJ,I)*XJ(I)*SIN(BLJ(I)) 

4 TMBSl(JJ,l)•TMBSl(JJ,l)*XJ(l)*SIN(BLJ(I)) 

C CALCULATION OF LIFT AT EACH BLADE SECTION USING IBM SUBROUTINES 

CALL CXSUB(K(l,1),TMB(l,I),AL(l)) 

CALL CXSUB(KAl(l,I),TMBAl(l,1),ALAl(l)) 



CALL CXSUB(KSl(l,I),TMBSl(l,I),ALSl(l)) 

CALL CXMPY(AL(l),CMB(l,I),LIFT(l,I)) 

CALL CXMPY(ALAl(l),CMBAl(l,I),LIFAl(l,2)) 

CALL CXMPY(ALSl(l),CMBSl(l,I),LIFSl(l,2)) 

C CALCULATE VECTOR COMPONENTS OF LIFT AT EACH BLADE SECTION 

DO S JJ=l.2 

ALIFl(JJ,I)=LIFT(JJ,I)*COS(BLJ(I)) 

ALIAl(JJ,I)•LIFAl(JJ,I)*COS(BLJ(I)) 

ALISl(JJ,I)•LIFSl(JJ,I)*COS(BLJ(I)) 

ALIF2(JJ,I)=LIFT(JJ,I)*SIN(BLJ(I)) 

ALIA2(JJ,I)•LIFAl(JJ,I)*SIN(BLJ(I}) 

5 ALIS2 (JJ, I)=LIFSl (JJ, I) *SIN (BLJ (I)) 

C CALCULATION OF MOMENT AT EACH BLADE SECTION 

DO 6 JJ•l,2 

MOM(JJ,I)•LIFT(JJ,I)*RJ(l) 

MOMAl(JJ,I)•LIFAl(JJ,I)*RJ(I) 

MOMSl(JJ,I)~LIFSl(JJ,I)*RJ(I) 

r CALCULATE VECTOR COMPONENTS OF MOMENT AT EACH BLADE SECTION 

AMl(JJ,I)•MOM(JJ,I)*SIN(BLJ(I)) 

AMAll(JJ,l)•MOMAl(JJ,I)*SIN(BLJ(I)) 

AMSll(JJ,I)•MOMSl(JJ,I)*SIN(BLJ(I)) 

AM2(JJ,I)•MOM(JJ,I)*COS(BLJ(l)) 

AMA12(JJ,I)•MOMAl(JJ,I)*COS(BLJ(I)) 

6 AMS12 (JJ, I )•MOMSl (JJ, I) *COS (BLJ (I)) 

2 CONTlNUE 

C CALCULATION OF THRUST FZM 

FZM(l)•O.O 
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FZM(2)=0.0 

DO 8 JJ=l ,NVALJ 

DMB (l)=COS (M*BETA*PSI (JJ)) 

DMB(2)=SIN(M*BETA*PSI(JJ)) 

CALL CXMPY (DMB(l),ALIFl(l,JJ),SUM(l)) 

FZM(l)=FZM(l)+SUM(l) 

8 FZM(2)=FZM(2)+SUM(2) 

FZM(l)=FZM(l)*BETA 

FZM(2)=FZM(2)*BETA 

C MODULUS OF THRUST 

AFZM=SQRT(FZM(1)**2+FZM(2)**2) 

C CALCULATION OF PHASE ANGLE OF THRUST IN DEGREES 

AAFZM=ATAN(FZM(2)/FZM(l))/57.29578 

C CALCULATION OF SIDE FORCE FXM 

FXM(l)=O. 0 

FXM(2)=0.0 

DO 9 JJ=l,NVALJ 

DMB(l)=-SIN(M*BETA*PSI(JJ)) 

DMB(2)=COS(M*BETA*PSI(JJ)) 

ALSM(l):ALIA2(1,JJ)-ALIS2(1,JJ) 

ALSM(2}=ALIA2(2,JJ)-ALIS2(2,JJ) 

CALL CXMPY(DMB(l),ALSM(l),SUM(l)) 

FXM(l)=FXM(l)+SUM(l) 

9 FXM(2)=FXM(2)+SUM(2) 

FXM(l)=FXM(l}*BETA/2.0 

FXM(2)=FXM(2)*BETA/2.0 

C CALCULATION OF ABSOLUTE VALUE OF SIDE FORCE FXM 
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AFXM-SQRT(FXM(1)**2+FXM(2)**2) 

C CALCULATION OF THE PHASE ANGLE FOR THE SIDE FORCE FXM 

AAFXM•ATAN(FXM(2)/FXM(l))/57.29578 

C CALCULATION OF THE SIDE FORCE FYM 

FYM(l)•O.O 

FYM(2)•0 .0 

DO 10 JJ•l,NVALJ 

DMB(l)•COS(M*BETA*PSI(JJ)) 

DMB(2)•SIN(M*BETA*PSI(JJ)) 

ALSM(l)•ALIA2(1,JJ)+ALIS2(1,JJ) 

ALSM(2)•ALIA2(2,JJ)+ALIS2(2,JJ) 

CALL CXMPY (DMB(l),ALSM(l),SUM(l)) 

FYM(l)•FYM(l)+SUM(l) 

10 FYM(2)•FYM(2)+SUM(2) 

FYM(l)•FYM(l)*BETA/2.0 

FYM(2)•FYM(2)*BETA/2.0 

C CALCULATE ABSOLUTE VALUE OF THE FORCE FYM 

AFYM=SQRT(FYM(1)**2+FYM(2)**2) 

C CALCULATION OF PHASE ANGLE OF FORCE FYM 

AAFYM•ATAN (FYM(2) / FYM(l)) / 57. 7.:,578 

C CALCULATION OF TORQUE TZM 

TZ(l)•O.O 

TZ(2)•0.0 

DO 11 JJ•l,NVALJ 

DMB(l)•COS(M*BETA*PSI(JJ)) 

DMB(2)•SIN(M*BETA*PSI(JJ)) 

CALL CXYMPY (AMl(l,JJ),DMB(l),SUM(l)) 
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TZ(l)•TZ(l)+SUM(l) 

11 TZ(2)•TZ(2)+SUM(2) 

TZ(l)•TZ(l)*BETA 

TZ(2)•TZ(2)*BETA 

C CALCULATION OF THE MODULUS OF TORQUE 

ATZ•SQRT(TZ(l)**2+TZ(2)**2) 

C CALCULATION OF THE PHASE ANGLE FOR TORQUE 

AATZ•ATAN(TZ(2)/TZ(l))/57.29578 

C CALCULATION OF BENDING MOMENT TXM 

TXM(l)•O.O 

TXM(2)•0.0 

DO 12 JJ•l,NVALJ 

DMB(l)•-SIN(M*BETA*PSI(JJ)) 

DMB(2)•COS(M*BETA*PSI(JJ)) 

ALSM(l)•AMS12(1,JJ)-AMA12(1,JJ) 

ALSM(2)•AMS12(2,JJ)-AMA12(2,JJ) 

CALL CXMPY(DMB(l),ALSM(l),SUM(l)) 

TXM(l)•TXM(l)+SUM{l) 

12 TXM(2)•TXM(2)+SUM(2) 

TXM(l)•TXM(l)*BETA/ 2.0 

TXM(2)•TXM(2)*BETA/2.0 

C CALCULATION OF THE MODULUS OF THE BENDING MOMENT TXM 

ATXM•SQRT(TXM(1)**2+TXM(2)**2) 

C CALCULATION OF THE PHASE ANGLE OF TXM 

AATXM•ATAN(TXM(2)/TXM(l))/57.29578 

C CALCULATION OF THE BENDING MOMENT TYM 

TYM(l)•O.O 
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TYM(2)•0.0 

DO 13 JJ•l,NVALJ 

DMB(l)•COS(M*BETA*PSI(JJ)) 

DMB(2)•SIN(M*BETA*PSI(JJ)) 

ALSM(l)•AMS12(1,JJ)+AMA12(1,JJ) 

ALSM(2)•AMS12(2,JJ)+AMA12(2,JJ) 

CALL CXMPY (DMB(l),ALSM(l),SUM(l)) 

TYM(l)•TYM(l)+SUM(l) 

13 TYM(2)•TYM(2)+SUM(2) 

TYM(l)•-TYM(l)*BETA/2.0 

TYM(2)•-TYM(l)*BETA/2.0 

C CALCULATION OF THE MODULUS OF BENDING MOMENT TYM 

ATYM-SQRT(TYM(l)**2+TYM(2)**2) 

C CALCULATION OF THE PHASE ANGLE FOR THE BENDING MOMENT TYM 
AATYM•ATAN(TYM(2)/TYM(l))/57.29578 

110 FORMAT ('!COMPLEX THRUST (FZM) 

WRITE (3,110) FZM(l),FZM(2) 

111 FORMAT ( 'OCOMPLEX SIDE FORCE (FXM) 

WRITE (3,111) FXM(l),FXM(2) 

112 FORMAT ( 'OCOMPLEX SIDE FORCE (FYM) 

WRITE (3,112) FYM(l),FYM(2) 

113 FORMAT ( 'OCOMPLEX TORQUE (TZ) 

WRITE (3,113) TZ(l),TZ(2) 

'2El5.7) 

'2El5.7) 

'2El5. 7) 

'2El5.7) 

'2El5.7) 
114 FORMAT ('OCOMPLEX BEND NG MOMENT (TXM)'2El5.7) 

WRITE (3,114) TXM(l), TXM(2) 

115 FORMAT ( 'OCOMPLEX BENDING MOMENT (TYM) '2E15. 7) 

WRITE (3,115) TYM(l),TYM(2) 



120 FORMAT ('OTHRUST AMPLITUDE (AFZM) 'ElS.7' THRUST PHASE 

1 ANGLE 'FlO.S) 

WRITE (3,120) AFZM,AAFZM 

121 FORMAT ('OSIDE FORCE AMPLITUDE (AFXM) 'ElS.7' SIDE FORCE P 

lHASE ANGLE 'FlO.S) 

WRITE (3,121) AFXM,AAFMX 

122 FORMAT ( 'OSIDE FORCE AMPLITUDE (AFYM) 'ElS.7' SIDE FORCE P 

lHASE ANGLE 'Fl0.5) 

WRITE (3,122) AFYM,AAFYM 

123 FORMAT ( 'OTORQUE AMPLITUDE (ATZ) 'ElS.7' TORQUE PHASE 

1 ANGLE 'FlO.S) 

WRITE (3,123) ATZ,AATZ 

124 FORMAT ( 'OBENDlNG MOMENT AMPLITUDE (ATXM) 'ElS. 7, ' BENDING HOME 

lNT PHASE ANGLE'FlO . S) 

WRITE (3,124) ATXM,ft.ATXM 

125 FORMAT ('OBENDING MOMENT AMPLITUDE (ATYM)'ElS.7,' BENDING HOME 

lNT PHASE ANGLE' FlO. 5 

WRITE (3, 125 ) ATYM,AATYM 

CALL EXIT 

END 
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TABLE 2 

HARMONIC CONTENT OF PROPELLER INFLOW 

U • 18 fps 

X/D = p 1.0 

R/R.r,IP a a2 b2 as b5 alO blO 0 

0.2 0.972 0.0126 -0.0138 -0.0005 0.0020 0.0010 0.0026 
0.3 0.973 0.0184 -0.0020 -0.0079 -0.0035 0.0008 0.0027 
0.4 0.974 0.0154 0.0028 O.OOf-3 -0.0059 0.0027 0.0035 
0.5 0.975 0.0117 0.0026 -0.0044 -0.0022 0.0047 0.0033 
0.6 0.975 0.0105 0.0010 -0.0025 -0.0001 <'.0058 0 . 0015 
0.7 0.976 0.0058 -0.0004 -0.0003 -0.0026 0.0060 -0.0012 
0.8 0.976 0.0064 0.0002 0.0017 -0.0015 0.0081 -0.0005 
0.9 0.976 0.0049 0.0015 0.0007 -0.0005 0.0080 0.0038 
1.0 0.976 0.0030 0.0021 -0.0012 -0.0007 0.0074 0.0048 

U • 18 fps 

X/D • 1.25 , 
p 

R/~IP a a2 b2 as b5 alO blO 0 

0.2 0 . 967 0.0246 -0.0015 -0.0006 0.0018 0.0024 0.0001 
0.3 0.974 0.0204 0.0017 0.0013 0.0007 0.0036 -0.0001 
0.4 0.975 0.0165 0.0026 0.0018 -0.0008 0.0050 0.0021 
0.5 o. 975 0.0128 0.0018 0.0003 -0.0005 0.0066 0.0018 
0.6 0.976 0.0098 0.0012 -0.0008 0.0002 0.0079 0.0012 
0.7 0.976 0.0086 0.0012 0 -0.0002 0.0090 0.0013 
0.8 0.976 0.0075 0.0013 0.0013 -0.0015 0.0091 0.0022 
0.9 0.976 0.0064 0.0012 0.0017 -0.0023 0,0092 0.0017 
1.0 0.976 0.0064 0.0011 0.0017 -0.0014 0.0094 0.0009 
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TABLE 2 (Cont.) 

U • 18 fps 

X/D • 1.50 
p 

R/i.rIP a 82 b2 85 b5 8 10 blO 0 

0.2 0.954 0.0214 -0.0007 -0.0041 -0.0009 0.0034 -0.0021 
0.3 0.960 0.0189 0.0003 0.0001 -0.0003 0.0038 -0.0020 
0.4 0.961 0.0150 0.0001 0.0017 -0.0010 0.0045 -0.0003 
0.5 0.961 0.0111 0.0010 0.0002 -0.0013 0.0057 -0.0006 
0.6 0.962 0.0083 -0.0022 -0.0013 -0.0008 0.0075 -0.0012 
0.7 0.963 0.0070 -0.0026 -0.0005 -0.0007 0.0083 -0.0012 
0.8 0.963 0.0074 -0.0022 0.0004 -0.0012 0.0083 0.0008 
0.9 o. 964 0.0072 -0.0023 0.0007 -0.0017 0.0086 0.0011 
1.0 0.964 0.0067 -0.0025 0.0002 -0.0010 0.0085 -0.0003 

U • 18 fps 

X/D • 2.00 p 

R/~IP a 82 b2 as bS 8 10 blO 0 

0.2 0.972 0.0033 -0.0006 -0.0022 0.0007 0.0036 -0.0006 
0.3 0.977 0.0145 -0.0006 0.0020 0.0036 0.0032 -0.0003 
0.4 0.980 0.0135 0.0025 0.0048 0.0065 0.0033 -0.0005 
0.5 0.982 0.0117 0.0006 0.0037 0.0035 0.0031 -0.0016 
0.6 0.983 0.0091 -0 . 0012 0.0018 0.0013 0.0029 -0.0024 
o. 7 0.984 0.0055 -0 . 0017 0.0002 0.0032 0.0034 -0.0017 
0.8 0.985 0.0071 -0.0012 -0.0017 0.0003 0.0055 -0.0007 
0.9 0.985 0.0056 0.0003 -0.0008 -0.0006 0.0052 0.0022 
1.0 0.985 0.0044 0.0012 0.0014 0.0008 0.0045 0.0028 



108 

TABLE 2 (C ont.) 

U = 18 fps 

X/D = 3.00 
p 

R/RrIP a a2 b2 as bS alO blO 
0 

0.2 0.979 0.0060 -0 . 0042 0.0013 -0.0026 0.0036 0.0006 
0 . 3 0.983 0.0106 -0.00ll 0.0022 0.0002 0 . 0030 0.0003 
0. 4 0.985 0.0109 0.0017 0.0031 0.0041 0.0026 0 
0.5 0.986 0. Oll8 0,0007 0.0027 0.0035 0.0020 -0.0013 
0 . 6 0.987 0.0101 -0.0012 0.0013 0.0016 0 . 0023 -0.0019 
0 . 7 0.987 0.0056 -0.0018 -0.0002 0.0031 0.0038 -0.0017 
0.8 0.988 0.0080 -0.0013 -0.0019 0.0023 0.0051 -0.0014 
0 . 9 0.988 0.0061 0.0005 -0.0011 0.0004 0.0047 0.0010 
1.0 0.988 0.0041 0.0015 0.0009 0.0002 0.0041 0.0023 

U = 18 fps 

X/D = 4.00 
p 

R/RrIP a a2 b2 as b5 8 10 blO 
0 

0.2 0.978 0.0098 -0 ,0032 -0.0005 -0.0010 0.0033 0.0001 
0.3 0.982 0.0124 -0.0012 -0.0014 -0.0015 0.0035 0.0003 
0.4 0.985 0 . 0131 0.0028 -0.0015 -0.0013 0.0027 0.0005 
0.5 0.987 0 . 0121 0.0015 -0.0016 -0.0002 0.0032 0.0003 
0.6 0.989 0.0091 -0.0008 -0.0016 0. 0013 0.0041 0.0002 
0.7 0.990 0 . 0077 -0.0021 -0.0015 0.0021 o. 0045 0.0003 
0.8 0.990 0.0075 -0.0015 -0 . 0021 0.0014 0.0044 0.0011 
0.9 0.990 0.0063 -0.0009 -0.0014 0.0005 0.0044 0.0025 
1.0 0.990 0 . 0057 -0.0004 -0.0013 0.0006 0.0043 0.0026 



TABLE 3 

RESULTS OF CALIBRATION WITH STEADY AXIAL 
FORCE APPLIED TO THE SHAFT 

Steady Dynamic Balance 
Load Load Output 
(lb) {peak lb) (peak volt) 

0 10 1.000 

33 10 0.920 

65 10 0.930 

104 10 0.885 

126 10 0.865 
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TABLE 4 

STEADY THRUST OF FREE-STREAM PROPELLERS 

2 Blades 

J CT Thrust 
(lb) 

1.05 0.190 20.8 
1.17 0.105 11.5 
1.29 0.030 3.28 

5 Blades 

J CT Thrust 
(lb) 

1.05 0.360 39.4 
1.17 0.185 20.2 
1.29 0.055 6.01 

10 Blades 

J CT Thrust 
(lb) 

1.05 0.48 52.5 
1.17 0.22 24.1 
1.29 0.04 4.38 



( 

TABLE 5 

CONDITIONS FOR WHICH EXPERIMENTS AND THEORETICAL 
PREDICTIONS WERE MADE 

Free Stream Velocity• 18 fps 

TWO-BLADED PROPELLER 

Advance Experiment Two-Dimensional 
Ratio Theory 

1.29 X X 
1.17 X X 
1.05 X X 

FIVE-BLADED PROPELLER 

Advance Experiment Two-Dimensional Lifting 
Ratio Theory Surface 

Theory 

1.29 X X X 
1.17 X X X 
1.05 X X X 

TEN-BLADED PROPELLER 

Advance Experiment Two-Dimensional Lifting 
Ratio Theory Surface 

Theory 

1.29 X X X 
1.17 X X X 
1.05 X X X 

111 
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TABLE 7 

REYNOLDS NUMBERS FOR TURBULENCE GENERATING GRIDS 

Rod Re Re 
Diameter U•18 fps U•9 fps 

(in) 

0.375 52000 26000 
0.750 104000 52000 
0.875 121400 60700 

TABLE 8 

TURBULENCE GENERATING GRID LOCATIONS IN WATER TUNNEL 

Grid Mesh 
Size (in) 

2 
4 
6 

TABLE 9 

Grid 
Location (in) 

32 
64 
96 

TURBULENCE VIRTUAL ORIGINS FOR TURBULENCE GENERATING GRIDS 

Grid Mesh 
Size (in) 

2 
4 
6 

Virtual 
Origin (in) 

6 
12 
18 
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TABLE 11 

TURBULENCE INTENSITIES FOR EXPERIMENTS CONDUCTED 

Mesh Location Upstream 
x-x 

0 u 

Size (in) f ~0m Propeller (in) b¾ u 

2 32 0.0013 0.0295 

4 64 0.00067 0.0292 

4 134 0.0016 0.0190 

6 96 0.00073 0.0250 
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Figure la - Axisymmetric Body in Flow 

INCREASING 
RADIUS 

117 

PLANE OF 
WAKE SURVEY 

-...x 

Figure lb - Circumferential Di■ tribution of Axial Velocity Just 
Downstream of an Axiaymmetric Body 
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c _________ __ 
PLANE OF 
WAKE SURVEY 

~-

Figure 2a - Axisymmetric Body with Strut in Flow 

INCREASING 
RADIUS 

STRUT 
PLANE 

Figure 2b - Circumferential Distribution of Axial Velocity Just 
Downstream of an Axisymmetric Body with Strut 
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Figure 7 - Correlation of Blade Frequency_!hrust Over Range of 
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Forces and Moments 
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Figure 29 - Propellers Tested
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Figure 30 - Fxtt'rnal View o^' Dynamometer
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Figure 33 - Data Acquisition and Reduction System for Time-Dependent 
Thrust Measurement 
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Figure 35 - Apparatus for Calibration of Time-Dependent Force Balance 
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