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PREFACE 

Under AMC Regulation No.  70-32,  the Flight Standards and Qualification 
Division,  US Army Aviation Systems Command  Is responsible for the development, 
promulgation and application of Aeronautical  Design  Standards  (ADS)  for 
US Army Aircraft Systems.    As part cf this responsibility,  a series of 
Aeronautical  Design Standards Technical  Notes will   be published to provide 
substantiation for proposed standards,  revisions and related studies.    This 
report constitutes a portion of this series. 

aLe 
CHARLES C. CRAWFORD, JR. 
Chief of Flight Standards 
and Qualification Division 
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l 
SUMMARY 

This  report presents two methods of  prediction on the hov«ring performance 
of single-rotor helicopters.     Flight test data of ten helicopters  (Bell  47 J-2, 
UH-I2E-4,  YH-40, YH0-2HIJ, YUH-ID  (48 ft.   rotor), YUH-ID  (44  ft.  rotor),  YHU-IB, 
UH-IC, CH-54A,  and CH-47A)   including one tandem, with solidity ranging from 
0.030 to 0.105,  gross weight from  1,550 to 38,000  lbs.  and  rotor diameter 
from 25 to 72 feet were  investigated  in this study.    All   the above aircrafts 
we'e tested within the past ten years. 

By the use of numerical and empirical techniques, a generalized equation 
was formula+ed for the prediction of hovering performance. This generalized 
equation leads to two methods of prediction: the Generalized Method and the 
Two-Point Method. 

The outstanding features of  these two methods of prediction are first 
of all  that they are simple and easy to apply.    Secondly,  they both  require 
only   limited  flight data  information  (OGE Cp - Cj or one   IGE  skid height 
Cp - Cj data)  to predict the entire range of  hovering performance,  thus 
reducing the time, manhours,   and therefore the cost of   flight tests.    Thirdly, 
they provide accurate predictions within 5/t from the flight data.    The Two- 
Point Method  requires additional   flight data,  however it provides better 
accuracy than the Generalized Method. 

Both of these methods were  tested on the helicopters   in this study and 
also on four other helicopters  not  included  in this ^tudy.    The results 
show that  in all   cases, the prediction of the relative thrust  increase  is 
within 5% deviation from the  flight test data. 

These two methods are flexible in their applications and can be success- 
fully employed   in the following areas of  prediction: 

(1) a.    Prediction of   relative thrust  increase  (CJ/CJ^),  given 
only aircraft  dimensional   characteristics. 

b.     Prediction of   relative thrust  increase  (CJ/CJOT),  given OGE. 

(2) Prediction of   IGE  performance,  given OGE  flight data. 

(3) Prediction of   IGE  performance,  given predicted OGE performance 
by analytical   formulation. 

(4) Prediction of OGE  and the rest of   IGE performance,  given one 
skid height   IGE   flight data. 

(5) Prediction of   IGE  performance,  given OGE and one   low and one 
high power   level   flight data at  various   IGE.     (Two-Point 
Method). 

jjui»^».^»,-^—1;-^..„- .,        
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The last area of application suggests a new method of flight test, which 
is to fly on two constant power (Cp) levels with one high and one low power 
at various IGE skid heights. 

The major portion of this report is to present the mathematical model and 
approaches, motivations, justification, discussions, and comparison with the 
flight data of these methods. Those who are interested in the working of 
these methods can refer to Appendix A for specific applications and procedures. 

II 
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I.      INTRODUCTION 

The ground effect on a   Iifling airscrew was  treated both mathematically 
and  experimentally  by Knight and Hefner (Reference  I)   in  1941.     Experimental 
results were also reported by Zbrozek  (Reference 2)   in   1947.     A summary of 
these results   is presented by Gessow and Myers  (Reference 3)   in their book 
"Aerodynamics of the Helicopter." 

In Zbrozek's experimental   investigation,  some twenty-five  different 
rotor blades were used with various  rotational   speeds,   number of  blades, 
profile drags,  shapes of blades,   blade twists,  and pitch settings.     It wac 
concluded by Zbrozek that the relative  increase of   lift  (C-r/Cj^)*,  at constanl 
power depends mainly on  (I)   relative  rotor height above ground,   (Z/D)  and 
(2)   mean   lift coefficient of the blade, C, ,  which  can  be expressed  in terms 
of  power  level, Cjm/a.    Rotational   speed,   number of blades,   profile drag, 
and shape of  blade exert only  a minor  influence on the  increase   in   lift. 

The experimental   conclusion obtained by Zbrozek was based on static 
tests.     For more  realistic and  up-to-date  results,  one needs  to go  into 
flight test of   recent helicopters.     With this   in mind,  the ground effect 
was   reinvestigated by  using recent  flight test data. 

Flight test data of the following helicopters.  Bell   47 J-2,   UH-I2E-4, 
YH-40,  YH0-2HU,  YUH-ID  (48  ft.   rotor),   YUH-ID  (44  ft.   rotor),   YHU-IB,  UH-IC 
CH-54A,  and CH-47A were collected and used   in this study.    The objective 
of   this study   is to  find a method which will   predict the relative thrust 
increase within a desired accuracy   (5% deviation)   without going   into extensive 
and elaborate  full-scale flight testing.     Such a method of prediction 
is  therefore  useful   not only  in preliminary design,  but also  in  nrftdicting 
the  hovering performance accurately,  which will   result   in ^e saving of 
time and cost of  flight test. 

The purpose of   this report   is  to present such  a method of   prediction 
along with the verification of   its  accuracy and  flexibility of   application. 
In this  report,  major effort has  been devoted to the study of   single-rote 
type  helicopters.    However,  the strictly tandem type helicopters  could also 
be treated  in a simi lar manner as   presented  here  upon the availability of 
sufficient  flight test data. 

*Refer to page  28 for definitions  for symbols 
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2.    METHOD AND APPROACH 

An empirical  relationship  illustrating the effect of   rotor height on 
rotor thrust produced at constant power was concluded by 7brozek and  is 
presented  in Figure  I.    The approach of  this study  is to employ  the currently 
available  flight test data to reassess the relationship shown in Figure  I 
by use of  numerical  techniques. 

2.1    Mathematical Model 

The aim of this model   is to simulate the relationship between relative 
thrust  (CJ/CJOO)  and  relative rotor height  (Z/D)  at constant power  levels 
(Cj^/o)  during hover.   It  is   important to keep  in mind that any 
experimental  observations have inherent errors associated with them.     These 
errors may be caused by  instrumentations, external  testing environment, or 
by the observer himself.    They are generally not known and their causes may 
be different  in each case.    Therefore the approach of modeling is not to 
simulate each  individual  test case  independently  from other cases,  but to 
simulate the general  trends which are  revealed from the available  flight 
data of  all   helicopters considered  in this study.    From these general   trends, 
a general   expression and a method can be formulated to provide a close predic- 
tion of  hovering performance for single-rotor type helicopters.    This mathe- 
matical  model  should be simple and should provide close simulation to 
experimental   results;  and the methods of prediction  resulting from this model 
should be easy to apply. 

It  is assumed here that the errors   in the flight test data in this study 
follow the Gaussian distribution.    This assumption will  be substantiated 
later  in this study.    Then the principle of   least squares and the statistical 
treatments can be meaningfully applied   in the mathematical  manipulations 
which  are to follow  in the course of  this study. 

2.2    Selection of Empirical  Function 

The recent flight test data and the results obtained by Zbrozek bot*, suggest 
that the functional   relationship between Cj/CToo and Z/D at constant Cj^a is 
hyperbolic.    This  relation can be observed from Figure 2 through Figure  11. 
The objective is to select a general  mathematical  expression which  can best 
represent the trend of this  relationship.    A  logical  way to implement this 
is to try the simplest types of  functional  relations  first.    A  few of  such 
relations were attempted to achieve this goal.    They are   listed below: 

(I)     power function:    Y = aX^1 

(2)     First hyperbolic  function:    Y =    _, 
aX + b 

(3)     Second hyperbolic  function:     Y 

where a and b are constants. 

X 

X 

aX + b 

 '■ ■-■■ i 
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In this case Z/D and CJ/CJ^ are represented by X and Y restactive ly. 
It was found that the second hyperboMc function best represents the flight 
data. Therefore, this form was used to obtain empirical expressions for all 
helicopters investigated herewith. A comparison of the different,types of 
functions to simulate the data of the YHU-IB helicopter is shown in Figure 12, 
Discussion on the suitability of these empirical functions is presented in 
Appendix B. 

2.3 Solving for the Constants 

Having determined an empirical function that expresses the hovering 
performance at each power level in the form of 

X 
Y = 

aX + b 

where X = Z/D, Y = cyC-p», 

the next step is to solve for the constants (a, b) of each helicopter at each 
power level so that this empirical function will best approximate the 
experimental result. 

Let F. be the functional values of the data, and yi be the approximated 
values.  In the least squares approximation, the quantity that needs to be 
minimized for the most probable values of yj is 

m 

i = I 
(I) 

where m =   number of  data points 

Tc satisfy  the above condition   (I),   the following must be true: 

6b     \ 
I  ^i - y^ 

(2) 

6      m 
I     (F,   - y.)2 = 0 

(3) 

(5a     i = l 

anuaMüft ai ■ m  MajMOiMrn'r- —    — ■ ■ 
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Expanding (2) and (3), 

m        Y 2 
G, = E F.  . , Ai _ 

i 

m 
£ 

i = l (aX. + b)- 

(4) 

m 

I 
i-l (aXj + b)' 

m 

i = l 

X;' 

(aX. + b)3 

i 

(5) 

Now the values of (a, b) can be determined for till power level- by 
solving the two simultaneous equations (4) and (5) by the classical Newton- 
Raphson method (Reference 4), 

2.4 Fitting of a and b 

Since the relative thrust increase CJ/CJ^ is a strong function of Z/D 
and Cj^/o it can be assumed that a and b are strong functions of Cj^/o. 
Now ix is required to find the general trends of a and b as a whole with 
resi.c-ct to Cj^/o, so that expressions of a and b as functions of Cj^/o 
can be obtained. 

To do so, the principle of least squares approximation with orthogonal 
polynomials is applied to obtain a close fit of the data. The expression 
of this polynomial is of the form 

y(X) = C0 + C^X + C^ + C^X3  + . . . + CnX 

wh<=re C. , i =0, I , 
b, and X as CT /a. 

2 J_ o v-5 

, n, are constants, and y can be expressed as a or 

This method minimizes the sum of the squares of the deviations between 
the functional and the approximated values to give the most probable approxi 
mat ion. 

Th 
as 

us, the expressions of a and b with respect to C /a can be written 

'T» 
a = K10 + Kj! (  ) + K|2 (  )' +   ... + Ktn ( 

a      "   a a 

oo . n 

b = K0„ + K01 (—^ ) + K00 (-—^ )2 + ... + K- (—^ )n 

20   21 72 x2n 

whero K , i = I , 2, j = 0, I, . . ., n, are constants. 

""■'■--■- ■- - - — 
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2.5 Generalized Hovering Equation 

Now knowing that CT/C  as a function of Z/D, a and b, and that a and 
b as functions of C-j-^o, a generalized hovering equation can be obtained by 
expressing a and b in terms of CjJ0  in the hyperbolic relation. This 
generalized equation can now be written as 
CT = Z/D 

Si      CK|0+K||(CTM/a) + ...+K(n(CTa)/a)":(Z/D)  + CK20+K2| (^0)+.. .K2n(CToo/o)"] 

In this equation, the constants K. .,  can  be calculated from the 
flight data and should be fixed for a ce-tain type of helicopters.    Once 
the relative skid height, Z/D, and the power  level, C-r /a, are specified, 
the corresponding relative thrust  increase CT/CT  , can be predicted. 

The accuracy of simulation and the usage of this generalized equation 
will   be discussed  in Sections 3.7 and 3.8. 

3.     RESULTS  AND DISCUSSIONS 

3.1     Flight Test Data 

In this  study,  the flight test data of  the following aircrafts:     (YUH-ID 
(48  ft.   rotor),   UH-IC,  YH-40,  YHU-IB,  Bell   47 J-2,  UH-I2E-4,  YH0-2HU,  YUH-ID 
(44  ft.   rotor),  CH-54A, CH-47A) were employed   (References 5 to   13),     The 
detai led breakdown of the data  is presented on Tables   II   to XI .    The data 
were extracted  frort! the Cp - Cj curves of  the flight test results  from as 
low as one  foot skid heignt to the out-of-ground skid height.    They were 
then  reduced to the parameters Cy/Cj  ,  Z/D,  and C-p^a and are shown  in 
Figures 2 to   I I . 

These data  represent a wide range of  single-rotor helicopters  (with 
one tandem)   with  the rotor solidity  range  from 0.030 to 0.105,  and with 
the gross weight range from 1,550  lbs.  to 38,000  lbs.    The dimensional 
characteristics of these helicopters are presented on Table  I.    This 
diversity of  helicopter categories which were tested within the past ten 
years may  reduce the chances of bias toward any one type of helicopter. 
By so doing,  a  fair treatment can be performed on the prediction of  hovering 
performances of a wide range of single-rotor helicopters. 

One  important understanding of the flight data needs to be pointed 
out  here.     Each of  the C    - C    curves obtained  from the performance  reports 
(References 5 to   13)   is a result of  the hovering flight test at various 
rotor speeds and density altitudes,  and also with slight influence of wind. 
There   is   in every case a spread of  test data with a maximum of about b% 
deviation  from the mean  '''.    A typical  example of these Cp - Cj curves 
for the YHU-IB  (Reference 7)  hovering at 60  ft.   skid height  is shown   in 
Figure   13.     Therefore,  an  inherent 5% maximum error distribution   is already 

HMMMW^M 
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incorporated   in the data to be used at the very outset.     Due to this charac- 
teristic of   flight-  data,   it   is therefore  reasonable to accept a maximum of 
5% deviation  as the   limit of tolerance  in the prediction of hovering per- 
formance by the methods presented  in this  report. 

3.2    Selection of  Data 

The trend of  fligh+ data as presented   in Figures 2 to  I I  needs first to 
he studied.    A helicopter  is considered hovering at OGE when the value of 
Cj/C-r ^reaches   I.     In other words,  the ground effect at OGE has negligible 
influence on  the relative thrust  increase.    As presented   in the figures,   it can 
be observed   immediately that the data follow a hyperbolic trend very nicely 
until  CJ/CJ    =   I.     From then on, the value of CJ/CJ«,  remains to be  1.0 
as the value of Z/D  incraa. os.    The figure below clarifies this point. 

Approximating function 

O  Flight data 

Because of  the  discontinuity of the hyperbola at OGE,   the objective 
of  fitting an empirical   function through these data points   is to obtain an 
expression that will   best approximate the experimental   result within the 
IGE  region.    With  this criterion  in mind, one therefore  is  lead to fit a 
curve through  the   IGE data points as closely as possible and put   less emphasis 
on the OGE data   in this  process of curve  fitting.     The data beyond OGE tend 
to bias the approximating function,   resulting   in a   larger deviation from 
the flight data.     Using YUH-ID as an example,  this   influence on the  least 
squares approximation  by the data at and beyond OGE can be clearly observed 
in Figure  14. 

and "b" as  functions of Cx /a . 

The values of   a and b were plotted with  respect to the constant power 
term Cj /0   in  Figures   15 and   16.    The distribution of the values of a as 
presented  in  Figure   15 shows a definite  linear relation with power  levels. 

(I)     It  is not clear whether the hovering performance curves were drawn 
through the data points by the   least squares method,  or the method of 
averages, or simply  by human judgment. 

 -   --- „^^..^.^  .■ 
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However, there is a scatter in the values of b with respect to power levels 
as presented in Figure 16.  It is not immediately discernible as to what 
degre of polynomial is most suitable in fitting such data. Therefore, 
polynomials up to the third degree were attempted to approximate this rela- 
tionship.  It was then found that the differences were so minute that the 
approximating polynomials of the second and the third degree were essentially 
the same as that of the first degree. Thus a linear relationship between 
b and C-r /o was used in fitting through the data points. Hence, the linear 
functions of a and b with respect to Cj /a can be written in the form of 

a = Kj + K2(CT /a) 

and  b = K3 + ^(C^/o) 

where K,,  K2,  Ky  K4 are constants 

(3.1) 

One phenomenon which can be readily observed  from Figure   15 and  16  is 
that for each  individual   helicopter the values of  a and b form  linear or 
very close to   linear relationship with the parameter Cy^/o.    Hence, to prov'de 
a closer prediction   in the hovering performance,  these  individual   linear 
relationships can be used  instead of ihe  linear functions obtained from 
the overall   least squares fit.    These  individual   linear functions  retain the 
form of  (3.1).    However,  the constants K's will   be different for each 
helicopter.    This observation of  individual   linear fu.-.ctions   leads to the 
motivation of  a new  flight test method which wil I   reduce the time and cost 
of  flight testing and will  be discussed in Section 3.6. 

3.4   Generalized Equation of Prediction 

The function of  a and b with respect to C    /o   is   linear as discussed 
in the previous section.    Then the general i zedf0equation of hovering performance 
can be simplified  into the following form. 

Z/D 

CT     " LKi   +  K7(CT  /o)J(Z/D)  +  LKT +  K.tC.,.  /oTJ 
I 00 I /.        I oo J 4        Jon 

(4.1) 

This equation can be expressed   in the form (4.2)   in order to facilitate 
the calculation of  the thrust coefficient at OGE corresponding to the CT 

at  IGE under the same power  level: 

r * = LT 

[K^Z/D)  + K3] 

(l/C    - K2/a)(Z/D)  - K4/a 
(4,2) 
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The figure below Illustrates the definition of Cy* as related to the 
Cj at IGE under constant Cp. 

CT*   CT        T 

These are the two basic forms of the generalized hovering performance 
equation which will be employed for prediction. Equation (4.1) provides 
directly the relative thrust increase which is the main Interest In hovering 
performance. However, equation (4.2) Is useful in predicting Cj at an IGE 
value by first calculating the thrust coefficient C-j-* corresponding to the 
Cj at that IGE skid height under constant Cp. Thus the point for that Cj 
and Z/D in question can be located. 

The generalized equation (4.1) of hovering performance is plotted in 
Figure 17 with Z/D range from 0.2 to 1.4 and C-r/a range from 0.03 to 0.14. 
The method of prediction based on this generalized equation Is very simple. 
First of all, the constants K|, I = 1,2,3,4 can be obtained from flight data 
and are known. Then for a certain operating power level at a specified relative 
skid height Z/D, the relative thrust increase CJ/CJOO  can be calculated readily. 
The various applications of this equation will be discussed In Section 3.7. 

3.5 Flight Data Required for the Generalized Method of Prediction 

This generalized method of prediction as presented in Section 3.4 requires 
only limited amount of flight data. This Is one distinctive feature of this 
method of prediction.  Furthermore, even with limited flight data, this 
prediction does not lose Its accuracy within the limit of tolerance. The 
discussion on accuracy will be presented in Section 3.8. This feature allows 
the flight test engineer to reduce the amount and the range of flight test, 
therefore reducing the time, manhour and thus the cost of flight testing. 

In this generalized method of prediction, the only required flight 
data of an aircraft is that of the OGE Cp - Cj data, or any one IGE skid 
height Cp - CT data.  From the available OGE data, IGE hovering performance 
at various skid heights can be predicted. Or for the case of available IGE 
data, the OGE and thus the rest of the IGE hovering performance can be pre- 
dicted. Different applications using the generalized equations of predic- 
tion will be presented in Section 3.7. The figures below Illustrate the 
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required flight data and the predicted performance; 

IGE 

0^///// 

  Required 
Data 

  Predicted 
performance 

3.6    Suggested New Method of  Flight Test:     The Two-Point Method 

From the functional   relations of   (a,  CToo/o)   and  (b, CToo/o),   it was 
observed that  in each  individual   helicopter, the  function  relation of 
these two sets of parameters forms  linear or very close to  linear relation- 
ship as presented  in Figures   15 and   16. 

This phenomenon motivates a new method of  flight test which not only 
will   save time and  reduce cost of testing as  in the generalized method, 
but  also provide better accuracy for hovering performance prediction.    This 
accuracy will   be compared with that of the generalized  method.     This new 
method suggests that,   in  addition to the   information  needed  for the generalized 
method of prediction,  helicopters be test flown at two constant power  levels 
(C  ), one high and one   low,   at OGE and various   IGE skid t.eights.    The following 
figure shows the flight test data required. 

OGE       IGE 

high ■- 

O Flight data 
requ i red 

Then these data can be reduced to the parameters C /C  , Z/D, and 
C-j. /o as shown in the figure on the next page. 
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Each of the two curves is of the form Y 

aX + b 

The relation of a and b with C /o can be represerted in the figures 
be Iow: 

K, + K2(CT /o) b = K3 + K4(CTco/ö) 

low 
CT /a 

high 

Having these two points and knowing that the intermediate points should 
follow a linear relationship very closely, a straight line is drawn through 
these two points, and a new set of values of the constant K's is obtained. 
With these new values, the generalized equation (4.1) can then be applied for 
the prediction of hovering performance. The accuracy of this Two-Point 
Method of prediction and the results of 1he test cases will be presented in 
Section 3.8.2. 

This Two-Point Method of prediction provides better accuracy than the 
generalized method, and therefore serves as a substitute for the generalized 
method in the event that higher accuracy of prediction is needed. 
The only cost to this higher accuracy is the additional fligbr data at 
two power levels, one high and one low. 

It is appropriate here to emphasize one requirement in using this 
method. Since the accuracy of this method depends heavily on the accuracy 
of flight test at the two power levels, it is, therefore, important that 
the data for these two points should be provided as accurately as possible. 

3.7 Applicat ion 

The aim of the application of  these two methods of  prediction   is to 
facilitate a way to reduce  flight test time so that with   limited available 
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flight data, the entire rangi-.  of flight testing can be accurately predicted. 
Thus, tht cost of testing can be greatly reduced. In ail cases, the aircraft 
characteristics should be available as compulsory input to this method of 
prediction. They include: 

(1) skid to rotor hub height 

(2) main rotor diameter 

(3) main rotor solidity 

The diversity of application of this method can be summarized into five 
categories: 

(1) a. Prediction of relative thrust increase (C /C,. ), given only T  T00   ^ ' aircraft dimensional characteristics. 

b. Prediction of relative thrust increase (CT/C ), given OGE. 

(2) Prediction of IGE pei forn.ance, given OGE flight data. 

(3) Prediction of IGE performance, given predicted OGE performance 
by analytical formulation. 

(4) Prediction of OGE and the rest of IGE performance, given one 
skid height IGE flight data. 

(5) Prediction of IGE performance, given OGE and one low and one 
high power level flight data at various IGE. (Two-Point Method). 

For detailed descriptions of applications, please refer to Section II 
of Appendix A. 

3.8 Accuracy of Method 

A method of this kind can be regarded as useful if its accuracy of 
prediction ',s  within an acceptable tolerance and its application can 
facilitate the technical analysis resulting in the saving of time and 
cost. The methods presented in this report well meet these two criteria. 
Their accuracy is discusse' "n the following sections. 

3.8.1 Accuracy of the General ized Method 

3.8.1.1 Comparison of the Predicted and Experimental Hovering Performance 

One way to check the accurai y of this method is to simulate the hovering 
performance (Co - C relationship) of the helicopters and compare the result 
with the flight data. The aircraft YUH-ID (with 44 ft. rotor) was chosen as 
i\u  example to demonstrate' the accuracy of the generalized method of prediction. 
The accuracy of the prediction shows that in all cases of skid height, the 
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deviation from the flight data  is   less than 5%.    A sample of  this comparison 
is presented  in Figure  18.     In order to avoid cluttering the curves on one 
drawing, only skid heights of  2 and   10 ft.  are shown  in the figure.    The predic- 
tion on the rest of  the helicopters  in this study shows an accuracy all  within 
5% deviation from the flight data. 

3.8.1.2    Comparison of Relative Thrust  Increuse 

To check the accuracy of prediction by comparing the predicted and 4.he 
experimental   relative thrust  increase  is of more  immediate  interest with 
respect to hovering performance.    This comparison can be best realized 
by the presentation of a histogram showing the sample mean and standard 
deviation of this method o.f prediction.    The histogram is presented  in 
Figure   19.    The distribution of  deviation  is of the normal   form.    The sample 
mean and standard deviation were computed to be -0.3642 and 2.0891 
respectively.    The following table shows a summary of this comparison. 

Standard Deviation Ai rcraft Sample mean 

Al I  ten he Iicopters -0.3642 2.0891 

In other words,  this comparison  reveals that  in the prediction of 
hovering performance considering all   ten helicopters,  about 68^ of the 
predictions falls witlvn the range of +_ 2.0891/t deviation  from the 
flight data, and about 93% falls within the range of +4.1782? deviation 
for the  flight data.    The probability of prediction that will   fall  within 
a certain  range of  percentage deviation from the flight data   Is shown  in 
Figure 20.     It demonstrates clearly that  in order to have an accuracy 
of  prediction within the range of _+ 5$ deviation,  which   is an  acceptable 
tolerance, this method of prediction  '.s 98.98% successful. 

3.8.1.3    Accuracy of Prediction on Helicopters Outside This Study 

The next question to ask  is whether this method of predlctiori can 
provide the same high degree of  accuracy  if applied to helicopters not 
included  in this study,    A satisfactory demonstration of this method of 
prediction on such helicopters will   strengthen the confidence  In this 
method. 

Four helicopters with  recent   limited flight data  (except  for the case 
of  YH-41  which was flight tested   in   I960) were selected  for this test case. 
They are 0H-6A,  LOH 206A,  AH-IG and YH-41.     In al i   these  four cases, only 
the OGE and one   IGE flight data were available (References   14 to  17).    With 
the generalized equations  (4.1)  and  (4.2), the hovering performance of all 
four helicopters was predicted and the Cp - Cj curves generated.    The 
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predicted performance and the flight data were then compared as shown in 
Figures 2!   to 24.     In all  cases,  the maximum deviafions from the flight 
data based on the  IGE skid height are  less than 4.5$, and  in particular 
for the cases of 0H-6A and LOH 206A  less than 2%.    The relative thrust 
increase was also predicted and compared with the flight data as  illustraled 
in Tables XII  to XIII.     It should be noted that since flight data of only 
one   IGE skid height were available  for each of the above helicopters, comparison 
of the relative thrust  increase can only be based on that one   IGE skid height. 
The results; show that  in all   four helicopters and for the entire range of 
power  level, the deviation of the predicted from the data   is within 5%. 

The accuracy of this method of prediction on all   ten helicopters  in this 
study and on  four helicopters outside of this study  not only demonstrates the 
usefulness and reliability  in this method but also strengthens the confidence 
in us ing  it. 

In order to employ the Two-Point Method of prediction,   flight data 
on two power  levels and at various   IGE skid heights should be available.    At 
present,  such data are not available,  and therefore,  this method cannot 
be readily used. 

3.8.2    Accuracy of the Two-Point Method 

In order to investigate the accuracy of this method, the hovering 
performance of all  ten helicopters was predicted with this Two-Point 
Method.    The results obtained were then corryöred with that of  the 
generalized method and with the flighl  data.     In all  cases,  the Two-Point 
Method provides closer prediction to the fligf""i   data than the generalized 
method.     In order to demonstrate this comparison, the results on YUH-ID 
(48 ft.   rotor) and the UH-IC were selected and are presented  in Figures 
25 and 26.     In the figures only the skid heights of 2 and  10 ft.  are 
shown for the sake of clarity.     It can be observed clearly  in the figures 
that the Two-Point Method indeed provides better accuracy than "fhe Generalized 
Method. 

This  result of closer prediction   is expected because of  the  fact 
that first of all  the empirical   functional   relations of the constants 
a and b with  respect to C-j- / o on each helicopter are   linear or very close 
to  linear which can be seerf in Figures   15 and  16.    Secondly,  these func- 
tional   relations employed  in this Two-Point Method are actually closer 
to 1he  flight data than those employed  in  l"he generalized method. 

4.     CONCLUSIONS 

In this  report,  two methods of  prediction on helicopter  hovering 
performance have been presented.     The outstanding features of  tnese methods 
are that first of all  they are simple and easy to apply.    Secondly, only 
limited  flight data are requirei  (OGE Cp - Cj or  IGE skid height Cp - CT 

data)   for predictions on the entire range of hovering performa-ce.    Thirdly, 
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these simple methods provide highly accurate predictions. In all cases 
tested, tht accuracy is well within 3%  deviation from the flight data. 

4.1 Prediction Methods 

These two methods, the Generalized and the Two-Point Methods, employ 
the prediction equation derived empirically from a wide range of flight 
data. The derivation of this equation is presented in Section 2. The Two- 
Point Method is a movb  r.pecific one which provides higher accuracy of pre- 
diction than the generalized one. 

4.1.1 Generalized Method 

This method uses the generalized prediction equation 

CT Z/D 

CT        [K,  + K2(CT /a)](Z/D) + [Kj + KACj /a)] 

The constants Ki,  K„,   K,, K.  are pre-determined from the flight data 
considered  in 'rhis study.    The only flight data necessary for the prediction 
of  the entire range of power level   is the OGE or one IGE skid height 
Cp - Cj performance.    Once the required values of Cj /o  and Z/D at which the 
hovering performance   is to be predicted are given,  ffie relative thrust 
increase CT/CX    can be readily calculated. 

4.1.2    Two-Point Method 

This method makes use of the  linear relationship between a,  b 
and C    /a.    The constants K|, H^,  K,,  K.  are determined for the particular 
helicopter  in question by  use of this   linear relationship.    Then the 
generalized prediction equation  (4.1)   is applied for the hovering performance 
calculation.    This method  reauires,   in addition to +he OGE Cp - Cj data, 
the Cp - Cj flight data on  two power   levels, one high and one   low,  at various 
IGE  skid heights.    This Two-Point Method provides more accurate prediction 
than the Generalized Method. 

4.2    Appl icat ions 

These methods can be applied  in different ways according to different 
given   information as  follows: 

(I)     a.    Prediction of  relative thrust  increase (Cy/Cy^),  given 
only aircraft dimensional   characteristics. 

b.    Prediction of  relative thrust  increase (Cj/C-r ),  given OGE 
flight date. 
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(2) Prediction of   IGE performance,  given OGE flight data. 

(3) Prediction of   IGE performance,  given predicted OGE performance 
by analytical   formulation. 

(4) Prediction of OGE and the rest of  \GL performance,  given one 
skid height  IGE flight data. 

(5) Prediction of   IGE performance,  given OGE and one  low and one 
high power  level   flight data at various   IGE.     (Two-Point Method). 

4.3 Suggested Data  Information and Flight Test Method 

Since the generalized method provides accurate prediction on  hovering 
performance and  requires   limited  flight data,   it  is suggested that the range 
of  f I ight testing can be reduced to only the OGE Cp - Cx data or one   IGE 
skid height Cp - Cj data.    Hence,  tremendous saving on Time and manhour and 
therefore the cost of testing can  be  real ized. 

Should situation  require that highly accurate prediction be needed, 
the Two-Point Method may then be employed.    Since this method of prediction 
as  indicated before requires the addition of Cp - CT daici at two power  levels, 
a new method of  flight testing  is suggested  in which the aircraft   is  to be 
te:it  flown,   in addition to the OGE  range,  at two constant power  levels at 
various   IGt skid heights. 

4.4 Extension of These Methods of Prediction 

The flight data available for this study have been   limited mostly 
to single-rotor helicopters,    However,  the principles of these methods are 
applicable to Ihe tandem types.    These same methods of prediction can be 
employed upon the availability of  sufficient flight data on tandem helicopiers. 
Furthermore,   if the  interest of prediction on  helicopter performance   is confined 
to a certain type of  helicopters,  then a different set of values of the con- 
stants  K.,   K2,   K,,  K^ can be obtained  based on a  range of flight data of the 
type of  helicopters  in question,  and the same methods can be applied. 

These two simple methods of prediction on hovering performance are valuable 
tools   in the aid of preliminary design,   in accurate predicrion of  such per- 
formances,   and  in economizing flight testing.     The results of  prediction on 
ten helicopters and an additional   four outside of this study show an 
accuracy within 3% deviation from flight data.    Therefore, there   is good 
confidence   in the use of these methods. 
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APPENDIX A 

APPLICATIONS,  PROCEDURES AND SAMPLE CALCULATION OF METHOD OF PREDICTION 

This section   is  intended for those who are mainly  interested  in the 
working of  the methods of prediction presented  in this  report.    Description 
of applications,  procedures,  and sample calculations of these methods   is 
the major objective  in this Appendix. 

I.     GENERAL   INFORMATION 

I.    Equations of Hovering Performance 

This method of prediction uses the generalized equation on hovering 
performance. 

CT Z/D 

CT»       CKI  + K2(CT /a)^(Z/D)  + CK5 + K4(CT /a)] 
(A.I) 

which can be expressed in the form of 

[K.CZ/D) + K3] 
r * (A.2) 
T    [|/CT - K2/o](Z/D) - K4/o 

where CT = Thrust coefficient at IGE 
Cj*  -  Thrust coefficient at OGE corresponding to the same 

power level for a selected Cj at IGE. 
CT = Thrust coefficient at OGE 
Z = Distance from ground to rotor hub (FT) 
D = Main rotor diameter (FT) 
0 = Main rotor solidity 

K's = Constants 

2. The Constants 

In the above equations (A.I) and (A.2), the constants K| , K«, K-j, and 
K4 have been previously determined. They are shown below: 
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Kl 
= i 099107 

i = -0 289447 
= -0 .104183 
= 0 391297 

These four constants will be changed if the Two-Point Method is 
applied on individual helicopters. Those who are Interested in the cal- 
culation of these constants can refer to Section 3.6. 

3. Aircraft Dimensional  Characteristics 

The following are the required characteristics of a helicopter as 
inputs to this method: 

(1) Skid to rotor hub height (FT) 

(2) Main rotor diameter (FT) 

(3) Main rotor solidity 

4. Inputs to Method of Prediction 

Besides the aircraft dimensional characteristics which are necessary 
as inputs to these methods, the user of these methods should also decide 
at what skid heights and within what range of Cj should the hovering per- 
formance be predicted. Furthermore, the flight data on OGE or on one IGE 
skid height should also be available as given conditions which will be 
described in the following paragraphs. 

In summary, the following items are the inputs: 

Necessary Inputs 

(1) Aircraft characteristics:  (a) skid to rotor hub 
height (FT) 

(b) main rotor diameter (FT) 

(c) main rotor solidity 

(2) Skid heights (FT) 

(3) Range of Cj 

(4) Values of constants K's 

Variable Inputs 

(I) Flight data (Cp - C relationship) on OGE or on one 
IGE skid height 
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(2) Flight datfj of OGE and various   IGE under one high 
and one   lew power   level   (Two-Point Method) 

(3) Values of constants K's for  individual  aircraft 
(Two-Poi nt Method) 

I I.     APPLICATIONS  AND PROCEDURES 

These methods of prediction can be applied  in many ways depending on 
what  is to be predicted under what given conditions.     In general,  there 
are  five ways  in which these methods are applicable: 

(1) a.    Prediction of  relative thrust  increase (C-r/C-r ), given only 
aircraft dimensional  characteristics. 

b.    Prediction of  relative thrust  increase (Cj/C-rJ, given OGE. 

(2) Prediction of   IGE performance,  given OGE  flight data. 

(3) Prediction of   IGE performance,   given predicted OGE performance 
by analytical   formulation. 

(4) Prediction of OGE and the rest of   IGE performance, given one 
skid  height   IGE  flight data. 

(5) Prediction of   IGE performance,  given OGE and one  low and one 
high  power   level   flight data at various   IGE.     (Two-Point Method). 

These  five applications are  individually discussed and described below. 

I.I     Application  (la):     Prediction of Relative Thrust  Increase, Given Only 
Aircraft Dimensional   Characteristics 

This   is the most general  and overall   way of  predicting the relative thrust 
increase.     The chart below shows the  inputs and output of thir   orediction: 

 I nput Output  

1. Aircraft dimensional   characteristics I.    Relative thrust 

2. Skid heights   in terms of  Z/D increase C-r/Cj 
00 

3. Range of power levels, CT lo 
I 00 
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Equation (A.I) can be directl/ applied, and the relative thrust 
increase can be readily calculated. 

Procedures 

(1) Pick various skid heights to calculate the corresponding Z/D 

(2) Pick a range of Cj  /o 

(3) Apply equation (A.I) to obtain Cj/C-r 

This application only provides a general perspective on hovering performance 
because of the fact that the values of C-r /o selected may not be that for the 
real situation. 

1.2 Application (lb): Prediction of Cj/Cjjo ,  given OGE 

The only difference between this application and that of (la) as far 
as input information is concerned is that the OGE Op - Cj relation is 
available from which C-r /o can be obtained corresponding to the real 
s i tuat i on. 

The following chart shows the inputs and the output of this prediction. 

 Input Output  

1. Aircraft dimensional characteristics 

2. Skid heights in terms of Z/D 

3. OGE Cp - CT data 

I. cT/c 

Again equation (A.I) can be applied directly. The following are the 
procedures: 

(1) Pick a range of Z/D 

(2) Pick values of Cx /a  for the real situation 

(3) Apply equation (A.I) to obtain corresponding Cj/CL 

1.3 Application (2): Prediction of IGEy given OGE 

In this application, once the OGE C - CT flight data are given, 
all IGE Cp - Cj relations can be predicted. To do so, the generalized equations 
(A.I) and (A.2) are applied. The approach Is disgrammed In the following 
figure. 
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j/BECSkid height) 

Cj range 

Let r   oe any point within the C    range to be predicted  for a certain  in- 
ground Z/D.     The procedures are as follows: 

(1) Pick a Cj within the range, and a skid height. 

(2) Calculate CT*  from equation  (A.2). 

(3) Draw a vertical   line through the value of CT*,   intersecting OGE 
at point A,  and draw a vertical   line through the value of CT. 

(4)     Draw constant Cp   line through A on OGE. 

(5) The intersection P of this constant Cj and Cp lines is the point 
to be predicted for this selected IGE. 

(6) Pick another Cj value and repeat steps (I) to (5). Eventually 
the entire Cp - CT relation for this skid height can be predicted, 

(7) Pick another skid height and repeat the same process from steps 
(1) to (6) to predict the Cp - Cj curve for this new skid height. 

1.4 Application (5): Prediction of IGE, given predicted OGE. 

This application follows exactly the same procedures as that of 
Application (2), except that the adcitional error source is from the 
analytical formulation of OGE. 

1.5 Application (4): Prediction of OGE and IGE, given one IGE 

This method of prediction is similar to that of the Application 
(2) except the logic is reversed. The following figure demonstrates 
this procedure. 
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Cj  range 

Procedures 

(1) Pick a CT within tne range. 

(2) Calculate C-|-* frcMn equation (A.2) 

(3) Draw a vertical Cj line, intersecting the IGE at A. 

(4) Draw a vertical Cj* line and a constant Cp line through A. 

(5) The intersection P of the constant Cp and CT lines is the 
point to be predicted at OGE. 

(6) Pick another Cj  value, repeal" steps (I) to (5), to predict the 
entire OGE. 

(7) With this OGE, predict the rest of the IGE by the same procedure 
as in Applicat ion (2). 

I.6 Application (5); Prediction of IGE, Given Two Power Level Data and OGE 

This application ties in with the Two-Point Method of flight test 
which will provide a closer prediction.  In addition to OGE flight data, 
it is required to obtain data at two constant power levels, one high and 
one low at various IGE skid heights. After the constants K|, 1^, K,, K4, 
are obtained, which was discussed in Section 3.6, the hovering performance 
can be predicted with these new values of K's by following the same 
procedures as in Application (2) to (4) with respect to the corresponding 
given conditions. 

The following is a summary of the applications of the method of pre- 
diction. 
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Applicat ion To Be 
Predicted 

Given Conditions Special Conditions 

la VCT. Aircraft Dimensional 
Characteristics Only 

None 

lb Cj/C^ OGE None 

2 IGE OGE None 

3 IGE Predicted OGE None 

4 OGE, IGE One IGE None 

5 IGE OGE IGE flight data at 
one high and one low 
power level Cp 

III.     SAMPLE CALCULATIONS 

There are five different applications of this method of prediction. 
Because of the similarity of procedures, only two typical  applications are 
presented here as  sample calculations.    They are 

(A) Application   (2):     Prediction of   IGE,  given OGE 

(B) Application  (5):    Prediction of  IGE,  by the Two-Point Method 

The aircraft UH-IC  is employed here as an example. 

Appl ication  (2) 

In this application,  the OGE Cp - CT data are provided. 

Input  Information: 

Necessary  inputs: 

1. Aircraft characteristics:    (a)    Skid to rotor hub  height =   12.26  ft. 

(b) Main  rotor diameter = 44 ft. 

(c) Main  rotor solidity = 0.0651 

2. Skid  heights 2,  5,   10,   15, 25,  50  (OGE)  ft. 

3. Range of CT:    35 x  I04 to 60 x  I04 
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4.     K 

K 

1.099107 
-0.289447 

K3     =  -0.104183 
0.391397 

Variable  inputs: 

I.    OGE Cp - CT data 

Procedures: 

1. Pick the values of CT to be 35, 40, 45, 50, 55, 60, x I04 and the skid 
heights of 2, 5, 10, 15, 25, 50 ft. 

2. Calculate Cj* with equation (A.2) with the above values of C and Z/D 
The calculaxed values of Cj* and their corresponding values of 
C-j- and Z/D are listed on Table A-1. 

3. Plot the OGE Cp - CT data in Figure A.I. 

4. Locate all the in-ground CT points with respect to the OGE curve 
by following the procedures (3) to (7). The result is presented 
in FIgure A.I. 

Appi icat ion (5) 

Input Information 

The input information is the same as that of the previous sample cal- 
culations, except for the constants K's. These constar.ts are obtained 
from the linear functions of (a, CT /a) and (b, CT /a). 

loo loo 

The values of  "a" and "b" corresponding to the high und  low power 
levels are as follows: 

Values H i gh Power LeveI Low Power Level 

C-Too/^ 

a 

b 

0.076344 

1.083304 

-.079061 

0.054378 

1.105835 

-0.091799 

The linear equations of  (a,  CT /o) and  (b,  C-,- /a)  can  be obtained as 
loo loo 

a =   I.161612 -   1.025722 (CT /a) 
b = -.0123333 + 0.5799 (CT 7a) 
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Therefore the values of  K's are; 

K 
= I.I6I6I2 
= -1.025722 
= -0.123333 
=    0.5799 

With these values of  K's,  follow the same procedures of calculation 
as   in the previous case.    The values of C-r* are  lisred on Table A-11, 
and the predicted performance  is presented  in Figure A.2. 
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APPENDIX 8 

SUITABILITY OF THE EMPIRICAL FUNCTIONS 

To simulate the flight test data, a number of empirical functions were 
selected. The obje~tive is to establish whether or not the function trul y 
represents the experimental information. One way to dete;mine the suitabili t y 
of these functions is the I inear graphical test. 

In this test, the hypothesized function F(x, y> was rewritten in a I inear 
form with respect to two selected functions f

1 
and f2 : 

where m, n are constants 

i n the c~se of the power function, the line~r form is 

log y = a + (b) log y 

and in the case of the first and second hyperbolic functions, the I inear 
forms are respectively 

xy = ax + b 

an d x/y = ax + b 

where x = Z/D, and y = CTICT~ 

Then the pairs of data valuec of x andy were substituted into the I inear 
equation f1 = n + mf2, and f 1 was plotted as a function of fz· As long as a 
strai ght I ine is obtained from this test, ~e can consider th1s result as an 
indi cation that the hypothesized equation may be satisfactory. 

The I inear graphical test of these three functions were plotted in Fi gure 
8-1. It can be readily observed that the second hyperbolic function leads 
to the closest linear relation between f 1 and f2 . The actual plot of these 
three functions against the flight data for the case of YHU-18 is presented 
in Figure 12. It is clear frorr. the figure that the second hyperbolic function 
is the best choice. 
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SYMBOLS 

Cp Ro+or-shaft power coefficient 

Cj Thrust coelficient 

CT Thrust coefficient at OGE under the same power  le/el 

C * Thrust coefficient at OGE corresponding to Cj at 
T IGE for the same Cp 

D Rotor diameter  (FT) 

IGE In-ground-effect 

OGE Out-of-ground effect 

Z Ground to rotor hub height 

a Rotor sol idity 
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TABLE  I 

AIRCRAFT DIMENSIONAL CHARACTERISTICS 

Aircraft Skid to Rotor Solidity Rotor Diameter 
Distance . Ft. Feet 

Single - rotor 

47 J-2 (Be U) 10.12 .0316 37.125 

UH-I2E-4 10.125 v0343 35.333 

YH-40 11.0 .0362 44 

YH0-2HU 7.917 .0430 25 

YUH-ID 11.96 .0464 48 

YUH-1D 11.96 .0506 44 

YUH-IB 12.4 ,0506 44 

UH-IC (540 rotor) 12.26 .0651 44 

CH-54A 18.583 .1021 72 

Tandem 

CH-47A 18.583(1) .0620 59.104 

(1)    to rear rotor 
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Table III    UH-1C Test Data 

Cp x 105 
onco/r 

Skid Ht 50 (OGE] 25 15 10 5 2          j 

Z/D 1.415 0.8468 0.6195 0.5059 0.3923 0.3241 

30 ,Q3kk 
CT x 10^ 35.4 36.0 36.9 37.9 40.1 43-5 

CT /% 1.0 1.0169 1.0424 1.0706 1.1328 1.2288 1 

32 .0576 
CT x 10k 

37.5 38.1 39.0 40.1 42.5 45.7       | 

CT '   CTa> 1.0 1.016 1.040 1.0693 1.133 1.2187 1 

3^ .0607 
CT x 10^ 39.5 40.1 4l.l 42.2 44.9 47-9       j 

CT / CT«» 1.0 1.0152 1.0405 1.0684 I.1367 1.2127 

36 .0636 
Or x iok 41.4 42.1 43.1 44.3 47.2 50.0       | 

CT / %* 
1.0 1.0169 1.0411 1.0700 1.1401 1.2077 

38 .0664 
CT x 10^ 43.2 43.9 45.0 46.35 49.3 51-9       1 

CT / CTO. 1.0 1.0162 1.0417 1.0729 1.1^12 1.2014 1 

ho .0691 
CT x 10^ 45.0 45.65 46.9 48.3 51.3 53-8        j 

C
T / CT«. 

1.0 1.0144 1.0422 1.0733 1.1400 1.1956 1 

k2 .0716 
CT x 10J| 46.6 47.3 48.6 50.1 53.2 55-7       j 

CT/^ 
1.0 1.0150 1.0429 1.0751 1.1416 1.1953J 

kk .07^0 
CT x 10k 48.2 49.0 50.2 51-7 54.9 57.5       i 

j 

cT / CTä 1.0 1.0166 1.0415 1.0726 1.1390 1.1930 1 

h6 .0763 
Cm  X  10^ 49.7 50.55 51.7 53.4 56.5 59.2t)     | 

CT / or«, 1.0 1.0171 1.0402 1.0745 1.1368 1.1922 
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TABLE XII 

PREDICTED RELATIVE THRUST INCREASE 

BY THE GENERALIZED METHOD 

Aircraft CpXl05 y^_ Z/D (
C

T/
C

T«)D    (
C

T/
C

TCO)C / 

0H-6A 30 0.0684 

32 0,0730 

34 0.0770 

36 0.0807 

38 0.0841 

40 0.0873 

42 0.0904 

44 0.0934 

46 0.0963 

LOH 206A 18 0.0614 

20 0.0675 

22 0.0731 

24 0.0782 

26 0.0830 

0.4444 1.1183 

1.1058 

1.0979 

1.0957 

1.0941 

1.0905 

1.0894 

1.0866 

1.0859 

1.1049 

1.1016 

1.0987 

1.0960 

1.0937 

1.0914 

1.0892 

1.0871 

1.0851 

1.213 

0.381 

-0.073 

-0.027 

0.037 

-0.082 

0.018 

-0.046 

0 074 

0.4067 1.1146 

1.1151 

1.1163 

1.1242 

1.1287 

1.1309 

1.1257 

1.1210 

1.1167 

1.1126 

-1.441 

-0.942 

-0.419 

0.672 

1.447 

(CT/CT^D 

(CT/CT^)C 

flight data 

predicted values 

(CT/CT^D    -     (CT/CT»)C 

(CT/%)C 
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TABLE XIII 

PREDICTED RELATIVE THRUST INCREASE 

BY THE GENERALIZED METHOD 

Aircraft CpX10: 

AH-1G 

Vr Z/D (CT/C^)!)  (CT/CXP)C 

26 0.0552 

30 0.0624 

34 0.0686 

38 0.0744 

42 0.0802 

18 0.0801 

20 0.0873 

22 0.0940 

24 0.1006 

26 0.1067 

28 0.1124 

0.3086 1.175 1.2261 -4.168 

1.1671 1.2156 -3.990 

1.1723 1.2068 2.859 

1.1753 1.1985 -1.936 

1.1740 1.1904 -1.378 

1,1494 1.1733 -2.037 

1.1245 1.1643 -3.418 

1.1093 1.1561 -4.048 

1.0975 1.1481 -4.407 

1.0920 1.1407 -4.269 

1.0904 1.1340 -3.759 

YH-41 0.326 
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EMPIRICAL EFFECT OF ROTOR HEIGHT ON 

ROTOR THRUST AT  CONSTANT  POWER 

Figure  1 

T/Ta, 

2.4 

2.2 

T = Rotor thrust within 
ground effect 

1^= Rotor thrust  at  OGE 

Z/D 

A 2 

" -^ L ■'■ ■—"-"- -"-jj i t ■■'-'^-—■^ ■--•■'■■    ----^■"^-^-^ ■.■„■.--■     -»-Ufcl.i-.W..A.l..>w^-.:.:,..,..^...._,,.J.t.,^..,,.     ....,.;.,...,t   ...„ ,  



1.50 

1.45 

1.40 

1.35 

1.30 

Cf/Cj^ 

1.25 

1.20 

1.15 

1.10 

1.05 

1.00 

FLIGHT TEST DATA 

Bell 47 J-2 

I 

0.2 0.4 0.6 

f 
0.8 

Z/D 

43 

1.0 

Figure 2 

CTjV 

0 0.0570 

□ 0.0658 

0 0.0744 

A 0.0820 

^ 0.0892 

T72    *rr 
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FLIGHT TEST DATA 

UH   12E-4 

Figure 3 

1.45 

1.40 

1.35 

1.30 

C-T./Cf 

1.25 

1.20 

1.15 

1.10 

1.05 

1.00 

t 

0.2 0.4 

9 

0.6 0.8 

Z/D 

44 

cT It 

0 0.0708 

□ 0.0783 

O 0.0853 

A 0.0921 

1.0 1.2 1.4 
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I.5C 

1.45 

1.40 

1.35 

1.30 

CT/CTfl 

1.25 

L.20 

1.15 

1.10 

1.05 

1.00' 

FLIGHT TEST DATA 

YH-40 

Figure 4 

t 
^ 

0.2 0.4 0.6 0.8 

Z/D 

45 

1.0 

c^/d- 

o 0.0738 

□ 0.0856 

O 0.0970 

A 0.1077 

^ 0.1182 

O 0.1276 

1.4 
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1.50 

1.45 

1.40 

FLIGHT TEST DATA 

YHO-2HU 

Figure  5 

1.35 

1.30 

Crr/Cp 

cTJf 

0 0.0830 

□ 0.0921 

O 0.1005 

A 0.1086 

Q 0.1165 

1.25 

1.20 

1.15 

1.10 I 

1.05 
ft 

1.00 0.2 0.4 0.6 0.8 

Z/D 
46 

.8 1." 1.2 1.4 

■nimWiillln'nifi I   iiinn-—-^-""-»-■-v...-   -:.■.., ..v.—^.,.-.... .. 



pp IM . iMi»iMi)MFiii'WUj|--H.fJ| .^i^Jji'^^^'.^^^^'-H» |,■|i||yulwl■lflW^J^Jl^l|^lpl^|JJ]JlJP^^p|'til^^^'»||■^,^WTO,lw^l ■^?vrm*m*Wm**!vm**'***v***'w^^ 

FLIGHT TEST DATA 
Figure 6 

1.50 

1.45 

1.40 

1.35 

1.30 

T    T» 

1.25 

1.20 

1.15 

1.10 

1.05 

1.00 

YUH-1D 
(48-Foot  Rotor) 

f 
§ t 

0.2 0.4 0.6 0.8 
-fr 

v 
o 0.0584 

9 0.0634 
O 0.0679 
A 0.0724 
k 0.0765 

<3> 0.0804 

1.0 1.2 1.4 

Z/D 

47 

^M,^^^..^^^^.^...,^,..,.^.^,    .,..            .„^.^ ,. M|,    



11     ""«■■nil« ■ ■iijHimmn ii in, ii .iimim uy 11 JH ,i wm^npmPmnpinwwtkW'M.iiwmpiwiww.« wm».ni»ipiiwnniiwi>-«w"«("ii«"" mi.» lUiniiliinmiill 

FLIGHT TEST DATA 

Figure   7 

1.50 

1.45 

1.40 

1.35 

1.30 

cT/cT<!p 

1.25 

1.20 

1.15 

1.10 

1.05 

1.00 L 

YUH-1D 
(44-Foot  Rotor) 

i 

s 

0.2 0.4 0.6 

cT 16- 

0 0.0716 

□ 0.0787 

O 0.0856 

A 0.0922 

A 0.0984 

a 0.1044 

0.8 4 1.0 172 1.4 

Z/D 
48 

aaüft^iu^—iJ>Mi IBIIM i       i    M ■— ^..*,^^^.;.. ...■.- 



mmmmmmm mr^mmmmmmmm^mmmm ""   "■i wmt 

1.50 

1.45 

1.40 

1.35 

1.30 

CT^CT0 

1.25 

1.20 

1.15 

1.10 

1.05 

1.00 

FLIGHT TEST DATA 

YHU-1B 

Figure 8 

§ 

I 
a 

± 
0.2 0.4 0.6 0.8 

Z/D 

49 

cT l r 

0 0.0721 

D 0.0763 

o 0.0802 

A 0.0874 

A 0.0910 

O 0.0940 

1.0 
♦- 

1,2 1.4 

■MM i MI ■--'- -- -■■- mm - ■ ■■ " ...i ~. —/.. ^ ..^-^..^ L. ..,.■-^■;.      T, . ...■.,.—^..—1.-..:. 



w*mmmF** wM^i \mmnM*\mmm\mmm"n\i *'\n*m^m*mm*m*^^w*mwmmw. iui^     m D i,i,.nwwi!iiMJiiPiiiiMiJiiiuiJi.iMmm m\m i ipiiiiiK.immiipww)^^" d^iwinpni^w^PwmsBi 

1.50 

1.45 

1.40 

1.35 

CT/CT 

1.30 

00 

1.25 

1.20 

I. 15 

I. 10 

.05 

1.0 

O 
A 

FLIGHT TEST DATA 

UH-1C 

« 

t 

cT</<r 

0 0.0544 

A 0.0607 

□ 0.0664 

o 0.0716 

A 0.0763 

0 0.2 0.4 0.6 0.8 

Z/D 

c;0 

1.0 1.2 

Figure  9 

MUMiMMiaiHIMH lliiHHliiMminiiili i ..- ,,i, IHIUK... T! iiiitM.riii i ^li*M^Ml«äfiiii(^'-'-u"'"-'■—■■■ —        -     ,. Ldi 



PPWBlBpipiPPWPPWipWIWW!* " mmmrnm lupHHn^^n^nnpnniHmRram^ 

1.50 

1.45 

1.40 

1.35 

1.30 

CT:^cTce> 

1.25 

1.20 

1.15 

1.10 

1.05 

1.00 
0     0.2 

D 
4> 

o 
D 

FLIGHT TEST DATA 

CH 54-A 

Figure 10 

o 

i 
i 

v 
o 0.0448 

D 0.0547 

o 0.0635 

A 0.0712 

0.4 0.6 0.8 1.0 1.2 

Z/D 
51 

1.4 

i  i Ü i .dd^Huaa^.a^.fci^.lMiit.^,.^. . . ..... .. ...  ....... ,. . . ■■■■.■.■'*^-iuIMm,nMM-~~  .. -.W-.. .. ^  .. ■ 



nW>.i,ii>i<wWjjwl.Wijii,iii.VHililiuijiiii.<ii<i>>i>i»iim.*Mw<i!JF<iM<Miii.i-ii.iiu|iniiijqiin< iMPip«i»"iw iiuiiipiii jiiijijii.iiijjinMKiraminiipnncnpmmimnw 

1.50 

1.45 

1.40 

1.35 

1.30 

\*rr%/ Qrr, 
CD 

1.25 

1.20 

1.15 

1.10 

1.05 

1.00 

FLIGHT TEST DATA 

CH 47-A 

Figure   J] 

o 
8 

0 0.2 0.4 0.6 

Z/D 

52 

4 
0.8 1.0 

cTjc 

0 0.0626 

□ 0.0690 

O 0.0747 

A 0.0795 

«- 
1.2 1.4 

MMMMflMMMMMMIKiMMIIWM ■—■-'""--'' - -■-- -■■•■■■■ '■ - ■ 



nROTMpnmnmiiiiML i ii iiiliiu iig m   in   i i IUIM ^^»«»^^nwi^^iip imig .» 1 - ■",l m '   •    I 
w -"-" 

I'j^ijrc   \/ 

COMPARISON OF MATHEMATICAL  FUNCTIONS 
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NON-DIMENSIONAL  HOVERING  PERFORMANCE 

YHU-1B 

Skid Height = 60 Feet 

Figure   13 
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EFFECT OF DATA SELECTION ON 
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HOVERING   PERFORMANCE 
by the 

GENERALIZED EQUATION  (4.1) 

Figure 17 
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Figure 18 

CCa4PARISCW OF THE IKEDICTED AND FLIGHT 
HOVERING PERFCRMANCE 
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Figure  19 

DISTRIBUTION  OF  PERCENTAGE DEVIATION 

OF  IREDICTED ^/C« FROM FLIGHT  DATA 
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raOBABIUTY  OF PERCENTAGE DEVIATION OF 

PREDICTED CT/CTä   FROM FLIGHT DATA 
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COMPARISON OF   PREDlCTliD AND FLIGHT 
HOVERING  PERFORMANCE 

OF 
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COMPARISON OF   PREDICTED AND FLICHT 
HOVERING  PERFORMANCE 
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CCMFARISON  OF  PREDICTED AND  FLIGHT 
HOVERING  PERFORMANCE 
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Figure  24 
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COMPARISON OF METHODS  OF   PREDICTION 
for 

YUH-1D (48 ft rotor diameter) 
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COMPARISON OF METHODS OF PREDICTION 
for 

UH-1C 
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SUITABILITY OF EMPIRICAL FUNCTIONS 
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