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ABSTRACT 

This report describes the development of experimental facilities 

for the measurement of thrust and torque of model propellers operating 

in the static thrust condition. Techniques for flow visualization 

upstream and downstream of the plane of rotation of the propeller are 

described. A theoretical method for calculation of the inflow velocity 

field and propeller wake contraction is summarized. A computer program 

for numerical calculations following this theory is described. 

ii 
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INTRODUCTION 

The work reported in this document has been accomplished under 

NASA Grant NsG 669. The Grant support started July 1, 1964, and was to 

continue for aooroximately one year. A request for a two month extension 

in time with no additional expense to the government was approved and 

r e s ~ l t e d  i3 a revised caqletior? date fer the gr3r.t nf Augugt 31, 1965. 

The problem to be studied with the aid of funds provided by the 

NASA Research Grant is that of improving the performance estimation of 

propellers operating in the heavily loaded static thrust condition. 

The design of aircraft propellers by analytical methods which use the 

classical propeller theory ascribed to Goldsteiq has not been comp- 

letely successful, particularly when performance optimization for the 

static thrust condition is attempted. The origin of the deficien- 

cies in the analytical method is not apparent and consequently has 

caused considerable concern in the present development of propeller 

driven V/STOL Aircraft. In reality, propeller designers do not know 

whether the discrepancy between calculated and actual performance is 

to be attributed to propeller performance alone or to the effects of 

the vehicle to which the propeller is mounted. It is probable that 

both the propeller and the installation effects are responsible but 

the contribution of each to the overall performance can not be accu- 

rately estimated at this time. 

In order to assess the Goldstein Theory as it applies to propellers 

operating in the static thrust condition, it was considered necessary 

to inaugurate an experimental investigation to evaluate the per- 

formance of propellers alone and then to attempt correlation of 

analytically developed performance data with the experimentally gene- 
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rated data. 

understanding of the actual airflow phenomena in the vicinity of the 

propeller in order that the basic assumptions involved in the existing 

analytical metnods can be assessed. tiriticai evaluation of tne severai 

propeller performance analytical methods indicates that a better know- 

ledge of the radial loading distribution as well as the inflow of air 

into the propeller is required. Consequently it appears necessary 

that the experimental apparatus permit measurement of the air-flow at 

the propeller plane of rotation and perhaps the actual measurement of 

the radial load distribution on the blade itself. It is felt that if 

the flow patterns in the real fluid are understood more completely, the 

development of an analytical method will be much more easily attained. 

The ultimate aim of the research supported by the NASA Grant is the 

development of an analytical method which will yield performance esti- 

mates that more nearly compare to the actual performance observed. 

It is also considered necessary to acquire a more complete 

Although the original proposal required a critical evaluation of 

some of the Wright Field Whirl Test data, planning conferences subse- 

quent to receipt of the Grant resulted in changing and realigning the 

objectives of the project. It was felt at that time that little value 

would accrue from a reevaluation of Wright Field Test Data and that 

since an improved static thrust estimation procedure was needed, work 

should commence at once in this direction. 

The revised program called for the construction of a propeller 

static thrust dynamometer which would be adequate for conducting pro- 

peller performance experiments as well as the airflow studies mentioned 

in the preceding paragraph. 

meter, a program of study and development of analytical methods useful 

In addition to the static thrust dynamo- 
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i n  t h e  pred ic t ion  of propel ler  performance w a s  t o  be ca r r i ed  out .  

STATIC THRUST DYNAMOMETER 

A propel le r  s t a t i c  t h rus t  dynamometer designed t o  minimize wake 

.,-a 2..Gla.- <-e--= ^ - - - - -  L-- L - - -  -..- AYLCVI A.ILLa a G L G L L b c  iiao Ysclt i U r i o i i u ~ : i &  i n  a iarge a i rp lane  hangar 

at the Texas A M  Research Annex. The s i z e  and configuration of the  

dynamometer w a s  determined a f t e r  carefu l  consideration of t h e  following 

des i r ab le  fea tures  : 

1. T e s t  p rope l le rs  must be i so l a t ed  t o  the  g rea t e s t  degree 

possible .  

2.  The dynamometer must be  capable of operating model pro- 

p e l l e r s  la rge  enough t o  permit evaluation of Reynolds 

Number e f f ec t s .  

3. The f a c i l i t y  should be i n s t a l l e d  in s ide  a bui lding t o  

avoid t h e  vagaries  of t h e  weather. 

With these  f ac to r s  i n  mind a configuration w a s  conceived wherein the  

propel le r  is mounted so t h a t  i t  r o t a t e s  i n  a horizontal  plane with t h e  

l i n e  of t h rus t  ac t ing  ve r t i ca l ly  upward. The propel le r  i s  ro t a t ed  by 

a v e r t i c a l  sha f t  which tu rns  inside a 7.5 inch diameter tubular  steel  

housing. The housing has four s lan ted  legs  welded t o  its lower end 

which are bol ted t o  spec ia l ly  constructed reinforced concrete p i e r s  

eleven f e e t  deep i n  the  ea r th .  The propel le r  plane of r o t a t i o n  is 

ZQ f e e t  above the  f l o o r  of t he  hangar and 10 f e e t  below the roof j o i s t s .  

The curved hangar roof provides about 15 f e e t  of addi t iona l  overhead 

space t h a t  contains the  roof supporting t rus ses .  The nearest  w a l l s  are 

i n  excess of 40 f e e t  from the  propel ler .  While the  des i rab le  condition 

of t e s t i n g  i n  an i n f i n i t e l y  large a i r  space has not been t o t a l l y  rea l ized ,  

it is believed t h e  i n s t a l l a t i o n  approximates t h i s  condition within 



p r a c t i c a l  limits. 

Preliminary calculat ions indicated t h a t  approximately 400 horse- 

power would be required to  operate 5-foot diameter, 4-way, high a c t i v i t y  

f a c t o r  propel lers  a t  t i p  speeds of 900 feet per second. I n  addi t ion 

t o  providing these values of power and speed, the power source must be 

e a s i l y  cont ro l lab le  through a wide speed range. I n  the interest of 

economy, i n t e r n a l  combustion engines w e r e  chosen f o r  the power source 

instead of an e l e c t r i c  motor drive.  Two 275-HP Chris Craf t  V-8 Marine 

engines are i n s t a l l e d  t o  drive the  v e r t i c a l  sha f t  through a d i f f e r e n t i a l  

gear box. 

f o r  i n s t a l l a t i o n  misalignment and v ibra t ion  i so l a t ion .  

c lu tch  is  mounted between the d i f f e r e n t i a l  gear box output sha f t  and 

the main dr ive  s h a f t  to  provide protect ion f o r  the  propel ler  balance 

i n  the  event of mechanical f a i l u r e  in e i t h e r  of the  power t r a i n s  o r  t he  

gear box. 

end of the  main dr ive  s h a f t  and NASA provided propel ler  s h a f t  t o  

allow f o r  thermal expansion and contract ion of the  sha f t s .  

s t r a i n  gaged propel ler  balance i s  mounted upstream of the  th rus t  bearing 

and a propel ler  hub adapter shaf t  and propel ler  are then mounted 

d i r e c t l y  t o  the balance. 

routed through a s l i p  r ing  assembly and thence through conduit t o  amp- 

l i f i e r s  and the read-out gages. 

the propel ler  sha f t  between the  balance and the th rus t  bearing t o  pro- 

v ide  impulses through a magnetic pickup t o  an e l ec t ron ic  tachometer. 

A small cont ro l  house was  bu i l t  t o  house t h e  power controls  and the 

data  acquis i t ion  equipment. The house has a large sa fe ty  g l a s s  window 

through which the operator and an observer can v i e w  the propel ler  

Couplings are ins t a l l ed  a t  each engine output sha f t  t o  allow 

An overrunning 

A splined ax ia l - s l i p  couplipg is  provided between the  upper 

A NASA 

The electric s igna ls  from the balance a r e  

A 60-tooth steel gear is  mounted on 
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dynamometer. Flexible electrical cables between the test rig and the 

control house are 40 feet long and allow movement of the control house 

within that radius to any desirable position for best observance of the 

propeller. 

The acquisition of data is accomplished manually in that gages 

and meters are read by an observer and the values written down on 

suitable forms. There is however, a capability of automated data 

acquisition with the addition of a considerable amount of auxilliary 

equipment. 

console panel. Each set contains a tachometer, a thrust meter, and 

a torque meter. 

to read percent of allowable thrust and torque while the observer's 

meters are calibrated to read pounds of thrust and inch-pounds of 

torque. Both of the tachometers read the propeller rpm. At the outset 

it was considered that panel meters should be adequate for the acqui- 

sition of the data from the test rig but after the dynamometer was 

operational and some experience had been gained with the generation 

of performance data it became apparent that the fluctuations of readings 

did not permit great enough accuracy in the determination of thrust 

and torque. Consequently, a digital voltmeter was procured for the 

purpose of reading the millivolt signals from the strain gage balances 

for both thrust and torque. In some cases where the thrust or torque 

is extermely low it is advantageous to condition the output of the 

strain gage bridge by putting it through a DC amplifier then reading 

the amplified output with the digital voltmeter. With this system 

small changes in thrust and torque are readily observed. Operational 

experience has indicated that fine accuracy is very difficult to 

Essentially there are two sets of gages on the control 

The operator's thrust and torque meter are calibrated 
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achieve when operating a t  low power coef f ic ien ts .  Apparently the  

accumulation of gear t r a i n  and coupling backlash together with the  normal 

torque impulses of t he  engines cont r ibu te  t o  unsteady torque a t  the  

propel le r .  A s  Cp reaches .025 t o  .03 t he  torque indicat ions smooth per- 

ceptably and then become qu i t e  s t a b l e  from C p . 0 7  on t o  the  maximum f o r  

t h e  test. A t  Cp.07 and above, the smoothness and r epea tab i l i t y  of both 

the t h r u s t  and torque measuring channels is  qu i t e  good and appears t o  be 

repeatable  wi th in  2% f o r  r epe t i t i ve  tests. 

The s l i p r i n g  assembly o r ig ina l ly  used f o r  transmission of the 

propel ler  balance s t r a i n  gage s igna ls  caused considerable t rouble  i n  the  

i n i t i a l  s tages  of operation. Brush w e a r  seemed excessive and because of 

inadequate a i r  b l a s t  scavenging, the  displaced brush p a r t i c l e s  w e r e  depos- 

i t e d  around the  inner  w a l l s  of the brush holding assembly. These deposi ts  

provided va r i ab le  r e s i s t ance  c i r c u i t s  between adjacent  brushes and r e su l t ed  

i n  la rge  f luc tua t ions  and zero s h i f t s  i n  the  s t r a i n  gage bridge out  put 

c i r c u i t s .  

5 hours of operat ion and because of the  necess i ty  t o  r e c a l i b r a t e  the  da t a  

acqu i s i t i on  system a f t e r  each disassembly the  down-time w a s  a t  least thcee 

days. 

Cleaning of the s l ip r ing  assembly w a s  required a f t e r  about 

A s l i p r i n g  assembly having adequate cooling and scavenging provisions 

w a s  i n s t a l l e d  during the month of J u l y  1965 and has operated s a t i s f a c t o r i l y  

and without a t t e n t i o n  s ince  that t i m e .  Some zero-shif t  between t h e  

beginning and end of each test run continues t o  be manifested, e spec ia l ly  

during the  f i r s t  10-15 minutes of operat ion while the s l i p r i n g  assembly 

i s  cold. It has been observed that i f  the  dynamoneter i s  run f o r  20 or  

30 minutes p r io r  t o  taking any da ta ,  the zero-shif t  i s  reduced t o  

in s ign i f i can t  values.  With carefu l  ca l ib ra t ion  and aqrjustment of t he  
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bridge power suppl ies ,  it appears possible  t o  generate da ta  which is repeat-  

a b l e  wi th in  2% of t h e  measured performance of the  propel ler  f o r  Cp g rea t e r  

than .025. 

A t y p i c a l  performance test f o r  5 foot  diameter propel le rs  requires  

the determination of t h rus t  and torque f o r  a range of r o t a t i o n a l  speeds 

from 

the propel ler  being t e s t ed  i n  approximately 200 RPM increments. 

blade is set a t  a predetermined blade angle f o r  each test run, the usual  

p rac t i ce  i s  t o  vary the  blade angle a t  the  reference s t a t i o n  from zero t o  

25 degrees i n  2.5 degpee increments. Various performance parameters are 

ca lcu la ted  on the  Universi ty 's  7094 computer from the  basic  values of 

t h r u s t ,  torque and r o t a t i o n a l  speed f o r  each condition and blade angle 

t e s t ed .  

an a r b i t r a r y  low value of 1500 RPM t o  the  maximum allowable f o r  

The 

Typical performance charts  developed from reduced da ta  are presented 

Two basic  propel le rs  are represented; i n  another s ec t ion  of t h i s  report .  

Propel le r  A w a s  designed and manufactured several years ago f o r  use 

wi th  a t i l t -wing  VTOL model tes ted i n  the  Langley 30 ft .-by 60 ft-low 

speed wind tunnel.  

use on a t i l t -wing  VTOL a i r c r a f t .  

4, and 5 present t he  performance of these two propel le rs  from experi-  

mental da t a  provided by the Texas A&l University s ta t ic  t h r u s t  dynamometer. 

The da ta  poin ts  shown i n  Figures 3 , 4  and 5 are taken from bas ic  p l o t s  of 

C t  vs V t ,  Cp vs V t  and FM vs V t  f o r  each blade angle tes ted .  

po in ts  on the  basic  p l o t s  are connected by point-to-point f a i r i n g  and 

the  values  f o r  the composite p lo ts  are then read off and p lo t ted  f o r  

Propel le r  B i s  a model of a propel ler  cur ren t ly  i n  

Figures 3, (See Figures 1 and 2 ). 

The p lo t t ed  

the  desired t i p  speed. 

I n  order  t o  provide v isua l  evaluat ion of t he  a i r f low surrounding t h e  

propel ler ,  a smoke. generator w i t h  appropriate  nozzles has been 
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I n  addi t ion  t o  the  smoke generator,  a s lavestrobe u n i t  w a s  developed. 

purchased which permits a gas discharge f lash tube  t o  be synchronized 

a t  any des i red  propel le r  speed. 

required the  l i g h t  t o  f l a s h  once per revolut ion of the  propel ler .  

With the  smoke generator discharging a fi lament of smoke a t  a prescribed 

point  while being i l luminated by the  f l a s h e s  of the  slaveslxobe, an 

observer is ab le  t o  ge t  an idea of the  r e l a t i v e  a i r f l aw  ue loc i ty  at  

var ious poin ts  as w e l l  as the d i r ec t ion  of a i r f low through the  propel le r .  

I n  addi t ion  t o  v i s u a l  observation of t he  a i r f low phenomenon, photographs 

with 3,000 ASA Polaroid f i l m  have been d e .  

the  general  inflow pa t t e rn  of a i r  i n t o  the  propel le r  as w e l l  as the  

vor tex  system t h a t  is  formed i n  t he  wake of the  poopel ler .  

path of t he  a i r f low i n  the  propel ler  s l i p  s t r e q p  a l s o  is  observable thus 

t h e  in t roduct ion  of smoke a t  various poin ts  around the  r o t a t i n g  propel le r  

has  provided a three-dimensional evaluat ion of the flow phenomenon 

assoc ia ted  with the  propel le r  operat ing i n  the  highly loaded s t a t i c  

t h r u s t  condition. The flow v i sua l i za t ion  technique by use of smoke 

f i laments  w i l l  a l s o  be use fu l  i n  determining des i r ab le  locat ions f o r  

var ious a i r f low ve loc i ty  and d i r ec t ion  measuring equipment t o  be used 

during the  second year of t h i s  pro jec t .  

technique is pat terned after a s i m i l a r  one observed i n  operat ion a t  

Canadair LTD . Montreal, Canada 

Figures  6, 17, 8 and 9 contain photogrgphs of some of the  flow 

v i s u a l i z a t i o n  experiments made during the  development of t he  smoke 

f i lament  v i s u a l i z a t i o n  technique. 

of r a d i a l  inflow upstream of the propel le r  and the  t i p  vor tex  system 

t h a t  is  usua l ly  seen a t  approximately .85 R. 

The usual  flow v i sua l i za t ion  technique 

These photographs show 

The h e l i c a l  

The s t robe  l i g h t  photographic 

Of major i n t e r e s t  i s  the  magnitude 

A l l  of the  work performed during t h i s  f i r s t  year of operat ion has  

been e s s e n t i a l l y  of a developmental na ture  wherein two d l f f e r e n t  
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propeller designs having two, three and four blades were extensively 

tested to determine the reliability and repeatability of the dynamometer. 

All of the smoke pictures taken to date have been for the purpose of 

developing the flow visualization technique with very little emphasis 

being placed upon the use of the data in the analytical effort. Work 

is currently in progress to further refine the flow visualization 

technique in an attempt to obtain information which will be useful 

in the evaluation of the analytical methods under consideration. 

THEORY 

For many years the theory developed by Goldstein has provided 

a reliable means of calculating propeller performance. 

experience factors and empirical corrections, this theory has been 

used intensively in the design of propellers, largely for climb and 

cruise conditions of operations. 

for static thrust operation have indicated discrepancies between 

theoretical performance and actual performance achieved when the 

Goldstein theory is applied. This research is directed toward investi- 

gating these discrepancies and attempting to develop improved methods 

of calculating propeller performance for the static thrust condition. 

Modified by 

Attempts to optimize propeller designs 

Some of the possible discrepancies between the mathematical model 

postulated in the Goldstein theory and the physical flow situation are 

apparent. 

1. Some of the power put into the propeller is lost in generating 

the trailing vortex field of the propeller wake. 

assumes, following Betz (2), that the load distribution on the 

propeller blade is such as to minimize this power loss for a 

given thrust. In the heavily loaded static thrust condition 

The theory 

Superscript numbers refer to references listed. 
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there is no assurance that such an optimum load distribution 

is achieved. 

2.  As stated by Goldstein, the theory is valid only for small 

values of the ratio of the displacement velocity of the 

assumed helical vortex sheet to the velocity of advance of the 

propeller. Since this ratio becomes infinite in the static 

thrust condition it sppears to be overly optimistic to expect 

the theory to hold with good accuracy in this situation. 

The assumption of the propeller wake being in the form of helical 

vortex sheets of uniform pitch will be violated in the region 

immediately downstream of the propeller. In this region, herein 

called the near wake, the flow is accelerating in the axial 

direction and hence, the pitch is increasing. The near wake 

will be dominant in determining the inflow velocity field 

associated with the trailing vorticity. In addition, the 

instability of the vortex sheet and the tendency to roll up 

into discrete vortices will affect the inflow. 

3.  

If the inflow field can be determined accurately it should be possible 

to calculate the overall performance of a propeller using two-dimensional 

airfoil data and a conventional strip-analysis method. The interdependence 

of the blade load distribution, the trailing vortex field and the inflow 

velocity field poses a difficult problem that may not be amenable to a 

direct analytic solution. However, numerical solutions may be devised 

which with presently available high speed computers will provide useful 

methods of design optimization. With this in mind, the literature in this 

field has been surveyed. Publications not referred to explicitly in the 

list of references are listed in the bibliography appended to this report. 
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Two methods of ca lcu la t ing  the  inflow ve loc i ty  f i e l d s  have been 

(3) se lec ted  f o r  use i n  t h i s  investigation. They are the  method of Iwasaki 

and the method ( 62 which is  an extension of methods presented by Kusheman 

and so lend themselves t o  i t e r a t i v e  procedures. 

p a r t  of t h i s  program, inflow ve loc i ty  f i e l d s  w i l l  be measured f o r  comparison 

I n  the  experimental 

with those obtained from theory. The ca lcu la t ions  by the method of 

Iwasaki have not been car r ied  out but are planned f o r  a later s tage  of 

t h i s  program. A procedure f o r  ca lcu la t ions  following the  theory of Wu 

has been programmed and is present ly  i n  use. This w i l l  be discussed below. 

I n  the  approach used by Wu the  propel ler  is  regarded as an ac tua tor  

disk,  normal t o  a uniform, steady flow of an  incompressible, i nv i sc id  

f l u i d ,  Referred t o  a cyl indr ica l  coordinate system (r,e, Z ) with the  E 

axis coincident with the a x i s  of ro t a t ion ,  pos i t i ve  d i r ec t ion  downstream, 

the f l u i d  ve loc i ty  components a re  (u,v,w,) respec t ive ly  i n  the  r a d i a l ,  

t angent ia l  and a x i a l  direct ions,  

a stream f u n c t i o n y c a n  be expressed as a funct ion of r and z from which 

Since the flow i s  steady and axisymmetric 

t w r i  of che f l u i d  ve loc i ty  components u and w can be determined as 

rav 
W' r a r  

The tangent ia l  ve loc i ty  component v, must be spec i f ied  separately,  

Considerations of conservation of angular momentum of the  f l u i d  show that 

the  product vr must be a function of Y i n  the  s l ips t ream and zero 

elsewhere. 

Writing the  equations of motion of the f l u i d  i n  terms of the  stream 

funct ion r e s u l t s  i n  

VI: = fW) i n  t h e  s l i p s t r e a m  

= 0 elsewhere 
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This cons t i t u t e s  a set of non-linear, p a r t i a l  d i f f e r e n t i a l  equations 

f o r  'F and v. Two d i f f i c u l t i e s  arise i n  obtaining so lu t ions  t o  these 

equations; namely, the nonl inear i ty  apparent i n  the  terms of the r igh t -  

hand s i d e  of (3) and the f a c t  t ha t  the  s l ips t ream region i s  not  known. 

These equations can be wr i t ten  i n  dimensionless form normalizing on 

the  rad ius  R as the  u n i t  of length and the  remote uniform ve loc i ty ,  W. 

U t i l i z i n g  d i f f e r e n t i a l  operators t h a t  apply i n  a l i nea r  fashion and a 

per turbat ion stream funct ion,  ?k , it is  possible  t o  express the  stream 

funct ion , i n  a non-linear, i n t e g r a l  equation w i t h  the  domain of 

in t eg ra t ion  not defined. 

Since the  domain of integrat ion is  determinable from the  stream 

funct ion a method of successive approximatinns i s  suggested. The problem 

of exis tence and uniqueness of so lu t ions  so obtalned is mentioned by Wu 

but not  t r ea t ed  by him. 

dures some problems of numeric i n s t a b i l i t i e s  and lack of convergence i n  

I n  addt t ion,  i n  the  numerical ca lcu la t ion  proce- 

t he  iterative procedures have appeared. 

Only the  r e l a t i o n s  per t inent  t o  the  ca lcu la t ion  procedure w i l l  be 

presented here.  

Wu's repor t .  

For the complete development the  reader i s  r e fe r r ed  t o  

The approach used i n  t h i s  study i s  t o  r e t a i n  the  equations developed 

i n  dimensionless form, normalizing on W ,  t he  remote ve loc i ty .  Attempts 

w i l l  be made t o  ex t rapola te  t o  the s t a t i c  t h rus t  condition of W'O. 

This i s  done t o  f a c i l i t a t e  the numerical ca l cu la t ion  procedure which 
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involves an i n i t i a l  assumption of a stream function corresponding t o  the  

f r e e  stream flow undisturbed by t h e  actuator  disk. For the  s t a t i c  t h rus t  

condition t h i s  would reduce t o  the  t r i v i a l  case of W = 0 at a l l  points  o r  

= constant, which w i l l  not provide the  required s t a r t i n g  polnt f o r  

t h e  calculat ion,  

some other  ve loc i ty  such as  t i p  speed, R f l  , modifications may be made 

t o  the  ca lcu la t ion  procedures. 

CALCULATION PROCEDURE 

I f  it becomes necessary t o  use equations normalized on 

A program f o r  calculat ion of the  inflow ve loc i ty  f i e l d  following the  

method of Wu has been wr i t ten  i n  the  Fortran I V  language u t i l i z i n g  the  

double precis ion fea ture  of t h i s  language. The calculat ions are car r ied  

o u t  on t h e  IBM 7094 located at the Data Processing Center of Texas  A4rM 

University. The ass i s tance  of J. C. Forehand and J. Vallhonrat of t he  

D a t a  Processing Center s t a f f  is gra t e fu l ly  acknowledged. 

To provide f l e x i b i l i t y  and f a c i l i t a t e  changes i n  the  program tha t  

may be necessary, the  program is wr i t ten  in modular form. 

of the  main program, ident i fying the  major subroutines, is shown i n  

Figure 10, The numbers shown adjacent to  t h e  subroutinef t i t l e s  are 

t h e  equation numbers a s  given i n  Wu's repor t .  

numbers are used i n  the  discussion t h a t  follows. 

A flow chart  

These same equation 

The equations are 

summarized i n  Appendix I, 

LOGIC OF THE MAIN PROGRAM 

A parameter card is read with the  number of s t a t ions  on the blade, 

the  maximum tangent ia l  component of t he  f l u i d  ve loc i ty ,  advance r a t i o ,  

and t h e  number of i t e r a t i o n s  required. 

The i n i t i a l  estimates of y,, ( r )  are computed as  indicated by 

equation (20). A t  t h i s  point t he  an are computed by equation (32) from 
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t h e  r ,  v and ye ( r ) .  Then the  bn are calculated from equation (35b) 

as they are only dependent on advance r a t i o  and the  an. 
Now the  f i r s t  cor rec t ion  t o  Y (r) is made by ca lcu la t ing  (r) 

as per equation (37) which depends on t h e  bn and r's exclusively.  

As t h e  process is i n  a developmental s tage  it is convenient t o  

p r i n t  out a l l  t he  intermediate values ,  therefore  t h e  an, bn and ')v (r) 

are pr in ted  at t h i s  point .  These s t e p s  described above are the  i n i t i a -  

l i z i n g  s t eps  fo r  t h e  i t e r a t i v e  process t h a t  follows. 

The a x i a l  component of the f l u i d  ve loc i ty ,  w, is computed from 

equation (38) then t h e  r a d i a l  component, u, is calculated fo r  t h e  t i p  

of t h e  blade only by equation (39). 

Xhe asymptotic dimensions A1 and B 1  are given by equations (42) 

which are only dependent on t h e  bn. 

A t  t h i s  point  the  f i r s t  i t e r a t i o n  is  f inished and quan t i t i e s  such 

as y , p and v are computed from equations (44), (49) and (50) 

i n  preparation for the  second i t e r a t i o n .  The r e s u l t s  from the  f i r s t  

i t e r a t i o n  are now pr in ted .  

The ca lcu la t ion  of t he  c, by equation (46) corresponds t o  the  

ca lcu la t ion  of t he  an. The Cn depend on t h e  y (r), t h e  r's and v . 
The kn are calculated by equation (Slb), which correspond t o  t h e  bn 

of our i n i t i a l i z a t i o n .  The un are given by equation (51c). 

Next compute (r), the  cor rec t ion  t o  (r), as per equation 

(54a), and replace the  old b,with t h e  newly computed k, and i terate 

again s t a r t i n g  with t h e  computation of t h e  a x i a l  f l u i d  ve loc i ty  component 

(w) from equation (38)- 

The i t e r a t i v e  process i s  ha l ted  when t h e  number of i t e r a t i o n s  

requested is achieved instead of being based on some convergence 
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c r i t e r i a .  

c h a r a c t e r i s t i c s .  

This w a s  done mainly t o  p e r m i t  an evaluation of t he  convergence 

A t  t h i s  point a new parameter card is  read and the  e n t i r e  process 

s t a r t e d  again.  

The main program contains  t h e  e n t i r e  log ic  of how t o  go about t h e  

so lu t ion  of t he  problem with a s e r i e s  of subroutines performing the  

ca lcu la t ions  described i n  t h e  paper by Wu. Most of t he  subroutines are 

pe r fec t ly  w e l l  described by t h e  corresponding formulas, o thers  w i l l  need 

some ex t r a  explanation. 

The subroutine AGEN fo r  equation (32) computes the  an by matrix 

inversion i n  place using Gaussian elimination. I f  t he  number of s t a t i o n s  

on the  blade is la rge  and the  s t a t i o n s  equally spaced on t h e  blade, t he  

coe f f i c i en t s  of an w i l l  cover a l a rge  range of values and therefore ,  due 

t o  the  l imited prec is ion  allowable on the  computer, t he  matrix of 

coe f f i c i en t s  w i l l  be s ingular .  I n  order t o  have more s t a t i o n s  on t h e  

blade and avoid s ingu la r i ty  of t h e  coef f ic ien t  matrix i t  is  necessary 

t o  concentrate the  s t a t i o n s  towards the  t i p  of t he  blade. 

The subroutine UGEN for  equation (39) a t  the  present t i m e  evaluates  

t h e  i n t e g r a l  by successive summation of rectangles  and by using a t a b l e  

of complete e l l i p t i c  i n t eg ra l s  b u i l t  i n t o  the  program. 

The subroutine PSIGN2 fo r  equation (54a) is  t h e  most complex one 
A 

i n  t he  e n t i r e  system. The evaluation of (r) according t o  equation 

(52) is  s t ra ight-forward,  To ca l cu la t e  the  cor rec t ion  t e r m s  one f i r s t  
,b 

c a l l s  subrouting LEGNDP which evaluates  in t eg ra l s  of t h e  form f (x)dx 
a 

by Gaussian quadrature using the zeros and Chr i s to f f e l  numbers of t h e  

Legendre polynomials orthogonal over the  range -1 t o  +1. The subroutine 

LEGNDP needs a function subprogram H2INT t o  evaluate  f ( x )  which i n  t h e  
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case of the first correction term is 

But H2INT has to evaluate the above integral. 

per equation (54b) and LAGRDP which evaluates integrals of the form 

It will evaluate H2 (p) as 

g(x) dx by Gaussian quadrature using the zeros, and non-weighted 1 
and weighted Christoffel numbers of the Laguerre polynomials orthogonal 

over the range zero to infinity. The subroutine LAGRDP needs in turn a 

function subprogram (BESI) to evaluate g(x) which in this case is 

Now two Bessel functions of the first kind and first order have to 

be evaluated so subroutine BESSEL is called, This subroutine computes 

values of the Bessel functions of the first and second kinds, Jn (x) 

and Yn (x), and of the modified Bessel functions of the first and 

second kinds, In (x) and K, (x) of integral orders n for any value of 

the argument x. Power series expansions are used for x S n + 6 and 

asymptotic expansions for x > n + 6 .  

This process has to be repeated for both the second and third 

correction terms also. 

only 2 (r) was evaluated as the author indicates that the contribution 

of the correction terms is rather small compared t o  (r). When the 

correction terms were added to the process the overall running time 

increased by a factor of approximately forty. 

In the first attempt to evaluate equation (54a), 

An upper limit of ten iterations has been used in the calculation 

procedure in its present stage of development. As mentioned earlier, 

this approach provides an opportunity to examine the convergence 

characteristics of the method. Wu states that the second iteration 
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provides r e s u l t s  t h a t  a r e  i n  general s u f f i c i e n t l y  accurate. A t  present 

we cannot agree with t h i s .  

t h i r d  i t e r a t i o n  t h a t  cas t s  doubt on the accuracy of the  second i t e r a t i o n .  

Changes i n  t h e  i t e r a t i o n  procedure are present ly  being macie LO eiirniriaie 

We f ind  an i n s t a b i l i t y  developing i n  the  

t h i s  numeric i n s t a b i l i t y .  

CONCLUSIONS 

A s t a t i c - t h r u s t  dynamometer has been constructed and ca l ibra ted  

which y ie lds  performance data  on model propel lers  with good repeata- 

b i l i t y .  

plan-form and t w i s t  d i s t r ibu t ion  have been designed. Data from these 

tests should provide some insight  i n t o  the  e f f e c t s  of these physical 

Model blades providing s ingle  parameter var ia t ion  of blade 

parameters on overa l l  s t a t i c  thrust  performance. 

Flow visua l iza t ion  techniques have been developed t h a t  w i l l  provide 

addi t ional  information as t o  the inflow ve loc i ty  f i e l d  and the near wake 

of highly loaded propel lers .  

A computer program providing a means of ca lcu la t ing  t h e  inflow 

ve loc i ty  f i e l d  a t  t h e  plane of the  propel ler  and the  wake contraction 

has been developed. This program w i l l  provide data f o r  comparison 

with another t h e o r e t i c a l  program t o  be developed and with experimental 

da ta  t o  be generated l a t e r .  
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Figure 6. Flow visualization photograph o f  the tip vortex. 
The probe is positioned 6 inches outboard and 6 inches down- 
stream o f  the propeller blade tip. 

Figure 7. A tip vortex photograph with the probe positioned 
6 inches outboard of the propeller tip. Note the smoke sheet 
with a discontinuity apparently caused by the trailing vortex 
sheet o f  the preceding blade. 
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Figure 8. Tne multi-filament rake i s  positioned 12 inches 
upstream of the propeller with the oozzle at the left placed 
6 inches outboard of the propeller rotational axis. 

Figure 9 .  A photograph o f  the inflow showing the strong radially 
inward flow approximately 24 inches outboard of the tip. 
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FIGURE10 MAIN PROGRAM FLOW CHART 
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APPENDIX I 

Equations Used in Numerical Calculations 

(The equation numbers are those o f  Reference 5) 

NI N 

n=l n =  t 
(46) cnqn(r,O)= an(r2/2)" 

(49) h:(z)= B, +(I-B,)e-*, p I =  Iy,I/(I-B,), for z 20. 
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