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Abstract

This document details the mel.hodology and use of the CAM-

RAD.Modl/HIRES codes, which were developed a.t NASA Langley Research

Center for the prediction of helicot)ter harn_onic and Blade-Vortex Interac-

tion (BV1) noise. CAMRAD.Modl is a substantially modified version of

the performance/trim/wake code (_AMRAD. [tigh resolution t>lade load-

ing is determined in post-processing by HIRES and an associated indicial

aerodynamics code. Extensive capabilities of importance l,o noise prediction

accuracy are documented, including a multi-core tip vortex roll-up wake

model, higher harmonic and individual blade control, tunnel and fuselage

correct.ion input, diagnostic blade motion input, and interfaces for acoustic

and (_ED aerodynamic codes. Modificat.ions and new code capabilities are

documented with examples. A user's job preparation guide and listings of

variables and na.melist, s are given.

vii





Chapter 1

Introduction

1.1 Introduction

With growing noise restrictions being imposed on rotorcrafl., a. means to

accurately and efficiently predict, noise generated by a wide variety of ro-

torcraft configurations is needed. Many of the existing rotorcraft computer

codes thal. are available are intended to calculate only rotorcraft perfor-

mance quantities. The calculation requirements of the rotor system in a

performance analysis often involves only the lowest frequency loading re-

sults. For example, in level steady flight, a simple performance analysis

might only require knowledge of the mean rotor thrust and drag. To pre-

dict such quantities, a high resolution loading calculation on the rotor is

not necessary. But., for noise calculations, a detailed, high resolution ra-

dial and azimuthal loading solution is needed in order to accurately define

events such a.s Blade-Vortex Interaction (BVI) noise. A computer code sys-

tem designed to fill this requirement is presented in this documentation.

This computer code system uses, a.s a. "ba._e'" code, tire original 19tg0 version

of the (:omprehensive Analytical Model for l[{otorcraft Aerodynamics and

Dynamics (CAMRAD) (Ref. [1] and [2]). This document is intended to sup-

plement the original documentation of the CAMRAD code, not to replace

it. It is a.ssumed that the reader is already familiar with the original version

of CAMRAD. Since this documetlt enumerates the changes that have been

made to the original CAMRAD code to create the code system that is now

collectively known as "CAMRAD.Modl/HIRES" (Ref. [3]), it is intended

to document the modifications and to be a reference for the new coding.

Presented are the three major parts of the code: CAMRAD.Modl, HIRES,



and the Indicial Post-Processor. It. also contains an updated Users' Manual

that lists all variable inp,_Is to the code system.

1.2 Organization of Documentation

This chapter provides an introduction, a. system overview, an outline of

the documentation, and a discussion of tile sample ca.ses to be used in this

docunmnt. ('hapter 2 deals with the modifications made to the low resolu-

tion part of the original version of CAMRAD to obtain CAMRAD.Modl.

Within each chapter, a section discusses each set. of modifications. Where

applicable, tile tirst sul)section of each section is an introduction to discuss

the motivation tor tile modification an<l tile methods used. Subsequent sub-

sections discuss details of the modification including the actual code changes.
When applicable, the last sul>section of each section discusses how the mod-

ification is related to the high resolution modifications.

Chapter 3 discusses the changes made to include a high resolution post-

processor, known a.s tlIRES. This coding is part of the CAMRAD.Modl

code, but is executed after the trim loop of the low resolution calculations.

Chapter 4 <lea.Is with the code known as the Indicial Post-Processor

(IPP). This code is a. sla.ndalone code that incorporates many aspects of the

works of T.S. Beddoes and Gordon Leishmann with regard to empirical use

of indicial aerodynamic functions. Many of their formulations are directly

applicable in the code, but others were modiiied such that they could be

cast. into a. form compatible with tire CAMR.AD.Modl system.

(_hapter 5 is tile Users' Manual and describes namelist inputs, informa-

tion on codes needed to prepare input data, and other general user-related

information for CAMt/AD.Modl. This chapter is intended t.o be a supple-

ment to Reference [2].

1.3 System Overview

A code syst.em has been developed to expand tile capabilities of previ-

ous rotorcraft performance and noise codes. As a "base" code, the original

version of CAMRAD was chosen. The original CAMRAD version is capa-

ble of performing comprehensive rotorcraft calculations such as performance

and low resolution loading calculations, for" various rotorcraft configurations

including a single rotor in a wind tunnel, a. conventional helicol)ter, a. tan-

dem rot.orcraft., a coaxial rotorcraft, and a tiltrotor. The original analysis



is divided into a several parts. First, a "Trhn" analysis determines the ro-

torcraft configuration (i.e., orientation, control settings, tic.) require(] to

match a specified flight condition. Second, a "Flutter" analysis linearizes

tile rotorcraft equations of motion about the trimmed configuration and

deternfines eigenvalues, stc. Third, the "Transient" analysis deternfines a

rotorcrafl non-equilibriu m response to a particular input such as a gust. The

majority of the work in this document is related to the Trim analysis and

post-processing of the Trim analysis results. Since the focus of the work in

the CAMRAD.Mo(t 1 efforl is on the Trim solution and post-processing of the

Trim results, no efforl has been made io update the Flutter and Transient

analyses; as such, their usage in CAMRAD.Modl in neither recommended

nor are they discussed further in this document.

Since most of the following document pertains to the Trim analysis and

new tollow-on procedures, a brief review of the lrinl process used in CAM-

RAI) in in order. It is assumed here that the reader is somewhat familiar

with the CAMRAD prediction capability and the details of the rotor trim

methods used 1.herein. In Figure 1.1, the box labeled (5\MRAD.Mod 1, that

includes the Trim, Transient, and Flutter analyses, represents the low res-

olution portion of ('AMRAD.Modl. This set. of analyses, discussed above,

are analogous to l.he original ('AMRAD code. Also shown are several in-

put palhs and an additional output path into tllRES. These paths will be

discussed later. Figure 1.2 is an expansion of the Trim box of Figure 1.1.

As the trim procedure is being carried out, all processes except, the current

process are held constant, as in the original CAMRAD code.

For' example, first., the wake and the wake influence coefficients are de-

termined for a fixed configuration. That is, the influence coefficients are

determined for fixed blade motion, fixed circulation, fixed blade controls,

etc. Once these wake influence coefficients are known, they are held fixed

and the next stage proceeds. After the wake infl uence coefficients are known,

the necessary control settings are determined to match the target flight con-

ditiou. A modified Newton-Raphson technique is used to increment the

controls to determine a guess a.t the actual control settings required to meet

the target, flight condition. Then, with the wake influence coefficients fixed,

tire blade corrtrols fixed, and blade motion fixed, the circulation distribu-

tion is determined. \¥ith the just calculated circulation distribution, the

blade motion is recalculated. This motion/circulation iteration continues

until successive iteration differences for both have converged to below a

prescribed tolerance. With the motion/circulation iterations converged, the

next. guess at a control setting in made, and the process is continued until all
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iterations are converged and the target flight condition is met. This entire

trim process may be successively repeated for several (or the same) wake

models: a uniform inflow model, prescribed wake model, free wake model,

and rollup wake model.

Figure 1.1 also illustrates a flow charl of the input requirements for the

('AMRAD.Modl code system. First, airfoil characteristics (i.e.. lift, drag,

and moment coefficients) are normally available in a standard "CSl airfoil

table". These airfoil tables are used by the airfoil preparation program, here-

after denoted as AIRFOIL, to generate a binary airfoil file, represented by

"'airfoil.tab" in the figure. Alternatively, airfoil characteristics may be gener-

ated using namelist inputs to AIRFOIL. Second, BLOCI,/DATA information

for the rotorcraft is prepared by the input preparation program, hereafter

denoted as BLOCKFILE. This information is also normally converted to a

binary input file, labeled "inputfile.bin" in the figure, for use in the analysis.

In addition to the BLOCKDATA, namelist inputs are used to set specific

run conditions such a.s RPM, advance ratio, _tc. These namelists are located

in the script file or command file used to run the analysis. Also, other files

may be input to the analysis for use in the tunnel/fuselage correction model,

denoted "TF corrs" in the figure.

Several new output paths emerging from CAMRAD.Modl were intro-

duced to predict such events as BVI and system noise. Figure 1.3 again

shows the CAMRAD.Modl box (a box containing a trim loop, a transient

loop, and a flutter loop), and the IIIRES box with their associated oulputs.

As seen in this figure, several new branches have been made out from the

end of the trim loop; none of these branches existed for the original version

of ('AMRAD. The first of these branches, the Trim-FPRBV[ branch, along

with the possible return I)ranch Ft)RBVI-Trim, is called the CFD interface

and is discussed later in this document. This branch uses the low resolution

wake and blade t)osition information and applies an external CFD code, in

this case, FPRBV1 (Ref. [,1]), to calculate the high resolution loading uti-

lized by the rotorcraft noise code, WOPWOP (Ref. [5]), to predicl BVI

noise. A return path from FPRBVI to the trim loop is possible in an open-

loop manner, to take advantage of the loading calculated by the CFD code

in the calculation of rotorcraft trim. Along the same I)ranch, once the tone

noise has been calculated by WOPWOP, the ROTONET (Ref. [6]) code

system could t)e al)plied to compute propagated noise.

In the second branch (Trim-ROTONET), the flight condition, the blade

t)osition, and the low resolution loading information is made available for use

in the systems noise code ROTONET to predict tone noise and propagation



CAMRAD.Mod 1

Trim I j

\

Transient

Flutter

HIRES'

Indicial Post- ]_Processor

-_I ...BV,_ wo.wo._
I........ /

ROTONET i
I

I ......... J

,......... • : ........ ,
"_: WOPWOP _ ROTONET :

WOPWOP __ ROTONET

ROTON ET

Figure 1.3: CAMRAD.Modl and HIRES output paths to other codes.



effects. Ill the third branch (Trim-WOPWOP), the flight condition, the

blade position, and low resolution loading information is made available

for use in tile rotor tone noise prediction code WOPWOP. The WOPWOP

results could then be used in ROTONET to calculate propagated noise.
Both of these branches are discussed later in tile document. Note in tile

figure that both of these l)aths are surrounded by dashed lines. This is done

to indicate that, even though these paths exist, in the code, their use is not

recommended since they do not include higher harmonic loads and their use

may produce misleading results.

Tile next branch involves the extensions of CAMRAD to include a high

resolution wake and/or loading calculation known as HIRES. Figure 1.4

provides a brief introduction to tile solution procedures used in this portion

of the code: a more detailed discussion is provided later in the document.

After the trim solution ha_s been obtained, the far wake influence coefficients

are obtained using a high resolution reconstruction of the blade position and

wake position. With tile far wake influence coefficients known, airloads due

to tile far wake effects may' be calculated. To account for the near wake

effects, two choices are possible. One choice is a near wake lattice model

used to calculate influence coefficients of a near wake lattice, followed by

an aMoad analysis. Although this method exists in the code, is has not

been exercised thoroughly or validated. The other choice is an lndicial

t_ost-Processor (IPP) code that accounts for the near wake effects using

indicial aerodynamic functions. Once the airloads are known, they may be

used in the rotorcraft tone noise code WOPWOP, optionally followed by the

ROTONET code t.o account for noise propagation effects.

1.4 Sample Case

Throughout Chapter 2 of this documentation, a sample case will be used

to illustrate modifications to CAMRAD.Modl. Examples of results from

HIRES and the IPP can be found in the literature (Ref. [3]) and thus are

not presented here. In general, when comparisons are being made between

this sample case and the same case showing the modification, the upper plot

of a given fgure is the result from the sample case. The lower plot. is the

same sample case including the particular modification in question. The

sample case is a model BO-105 hingless rotor in a. wind tunnel. Some of tile

properties used in the sample case are listed in Table 1.1.
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Table 1.1: Sample Case Information

radius

chord

number of blades

flap hinge location

lag hinge location

sweep of quarter-chord

airfoil section

precoue
nominal advance ratio

nominal RPM

nominal shaft, tilt,

nonlinal Ct/sigma

2.0 meters

0.121 meters (rectangular planform)

4

(uone)
(none)
0.0 degrees

NACA 23012

0.0 degrees

0.15

1041.0

5.3 degrees (aft, tilt)

0.05607

10



Chapter 2

CAMRAD.Modl

In this chapler, modifications made to the tow resolution part of CAM-

RAD are presented. There are a number of sections, each describing in

detail the specifc modification and/or ei_hancelnents made to CAMRAD.

Where appropriate origina.l CAMRAD predictions art, compared to (!AM-

RAD.Modl (modified CAMRAD) predictions.

2.1 Changes to Free Wake Azinmthal Resolution

2.1.1 Introduction

There are two vortex wake models in CAMRAD to determine vortex

geometry. These models are the rigid (or prescribed) wake model and the

free wake model. One of these wake models is used during the wake in-

fluence coefficients calculation (shown in Figure 1.2) to determine the tip

vortex geolnetry. As for the free wake geometry model, CAMRAD.Modl

relies on the Scully Free Wake method (Ref. [7]) as does the original w, rsion

of CAMRAD. However, for CAMRAD.Modl, a. higher resolution free wake

analysis is desired and lhe smallest possible azimuth step size was changed

from 15 io 10. Changes were made mostly by redimensioning arrays to

allow 10 _ azimuth steps in the flee wake geometry calculations. In the early

development of CAMRAD.Mod 1, under certain circumstances, the free wake

geometry calculations gave an error messages indicating too many "transi-

tion points", which caused the program t.o stop. (For details on t.ransithm

points, see Ref. [7]). In order to allow CAMRAD.M[odl a better chance

of completing the free wake portion of the program without stopping, lhe

number of allowable transition points was doubled from 16 to 32. One of lhe

11



input parametersthat the freewakegeometrycalculationusesfrom other
partsof CAMRAD.Modl is tire maximum bound circulation. Modifications

were made to include choices of different circulation options to be used in

the free wake geometry analysis. The options available are a_ follows: the

original maximum t)ound circulation, the nlaximum positive bound circu-

lation, the maximun_ negative bound circulation, the maximum outboard

bound circulation, tire maximum inboard bound circulation, and the "large

core" circulation (discussed in the Section 2.17). The choice of option is

dependent on the problem being explored.

2.1.2 Sample Case Discussion

The effect of changing the azimuthal resolution from 15 to 10 for tile

sample rotor in a descent, condition is shown in Figures 2.1 (a) and 2.1

(b). In this figure, contours of local lift coefficient, 6'l, are shown over

the rotor disk. These predictions were made using the original ,naximum

bound circulation option in the free wake model. Figures 2.2 (a) and 2.2 (b)

show tile lift coefficient as a function of spa.n for the 15 : and 10 azimuth

step cases for several azimuth locations. The major difference in this case

compared to original CAMRAD is the azimuth resolution used for the free

wake analysis. Some small differences are seen; but no systematic study of

these small differences has been made. However, the primary purpose of

the modification is to provide higher resolution wake and blade geometry to

HIRES reconstruction than would be possible with the original ('AMRAI)
free wake resolution.

2.1.3 Code Modifications

The following changes were made in the free wake subroutines:

1. Array dimeusions were changed as follows in common blocks SQCAL,

SSPL()T, and SGAM:

(97) becomes (145)

(3,25) becomes (3,37)

(6,25) becomes (6,37)

(3,25,97) becomes (3,37,145)

(25) becomes (37)

(6,25,16) becomes (6,37,16)

12



_, = 0.0'

(a) ('l for 15' wake resolution

'_",= 0.0

(b) ('L for 10 _ wake resolution

Figure 2.1: Contours of local lift coefficient ('l over tile rotor disk showing

effect, of higher azimuthal resolution in the free wake model.
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Figure 2.2: Tile local lift coefficient as a function of span showing the effect,

of higher azimuthal resolution in the free wake model.
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2. The array KTR(6,37,16) in the common block SQCAL, already modi-

fied by the redimensioning in (1) above, was changed to KTR(6,37,32).

This change was made in subroutines DCALC, GEOMFI, GEOMF2,

NWCAL, VS('AL, and WQCAL.

3. In subroutine NWCAL, the line:

IF (KM(I,J) .GE. 16) GOTO 490

was changed to:

IF (KM(I,J) .GE. 32) GOTO 490

4. In the subroutines (!HEKR1 and (IHEKR2, the line:

IF (LEVEL .EQ. 2) .AND. (MPSI .GT. 24) GOTO 21

was changed to:

IF (LEVEL .EQ. 2) .AND. (MPSI .GT. 36) GOTO 21

5. A change was made in QCVL to handle instances when the variables

AL and/or BL are _< 0. The following lines were added:

IF ((AL .GT. 0.) .AND. (BL .GT. 0.)) THEN

Q = ... (original line from code)

ELSE

Q=O.

ENDIF

6. Two FORMAT statenlents were modified to allow proper output of

parameters during use of the DEBUG variable. FORMAT statement

number 2 was changed such that the variable, H, is output, with the

"13" instead of the "12" format, and the following "3X" was changed

to "2X" to retain the same field width. Also, FORMAT statement

number 4 was modilied so that the "13" format is used instead of the

"I2" format. These FORMAT changes were made in both GEOMFI

and GEOMF2.
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7. Optionsfor differentnlaxinmmcirculationsusedin thefreewakecalcu-
lationsarecontrolledby input parametersOPMXFWG,OPROLI,U,
and IFWLGC in namelistNLTRIM (seeChapter5). Theseparame-
terswereaddedat tile locationwhere,originally,tile maximumbound
circulation was stored in an array for use in the free wake geonmtry

calculations.

2.1.4 Extensions to High Resolution

The free wake geometry is determined by calculations in the low resolu-

tion portion of CAMRAD.Modl; whereas, in HIRES, the wake geometry is

interpolated as needed from the low resolution information. This interpola-

tion is applied between known, low resolution wake endpoints, a:s discussed

in (?hapter 3. As such, the modifications discussed here are automatically

included in tile HIRES reconstruction procedure without further coding con-

siderations.

2.2 Modification to Allow 90 Degrees of Near

Wake

2.2.1 Introduction

When calculating tile near wake portion of the wake influence coefficients

in the trim solution (see Figure 1.2), tile original version of CAMRAD placed

a limil on the extent of wake behind the reference blade that could be des-

ignated as near wake. This limit was a function of the number of azimuthal

and radial i'esolution being used and was due only to array sizes in tile

code. In order 1.o have the capability to test the effects of an extended near

wake, a modification was made t.o the code to allow up to 90 ': of near wake.

Originally if using the maximunl number of radial stations (MRA = 30),

combined with 36 azimuth steps (10' steps), one was limited to 20 ':of near

wake (KNW =2). Modifications were nlade so that under these conditions,

one could use up to 90 : of near wake (KNW = 9). Figure 2..3 illustrates the

modification. The near wake is represented symbolically by a circular arc,

whereas in the code, the near wake is a vortex lattice model.
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(a) original (IAMRAI) prediction [or a near wake extended :20°,

MRA=30, KNW=2, A_,;,= 10°

(b) CAMRAD.Modl prediction for a near wake extended 90 °,

MRA=30, KNW=9, A_, = 10°

Figure 2.3: Exlent of the near wake ilustrated for the original CAMRAD
and CAMRAD.Mod 1.
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2.2.2 Sample Case Discussion

Figures 2.4 (a) and 2.4 (b) show the contours of lift coefficient using

20 of near wake and 90_ of near wake, respectively. Figures 2.5 (a) and

2.5 (b) show the same information plotted at a several azimuth stations.

Though there are not large effects apparent in these plots, there may be

o(:('a._ions where the extent of the near wake might become an issue; this is

an engineering choice that is left to the user.

2.2.3 Code Modifications

The common blocks were changed as follows:
In subroutine FILE,l:

/WKCICM/ WKCI(7),CI(135000),CNWI(29600)

/WKC2CM/ WKC2(Z),C2(135000),CNW2(29600)

was changed to :

/WKCICM/ WKCI(?),CI(252720),CNWI(972000)

/WKC2CM/ WKC2(7),C2(252720),CNW2(972000)

In subroutines VINDCALI, V1NI)CAL2, WKCIlNT, WKC2INT, and CFD-

WAh:E:

/WKINT/ CINT(3,?2OOO),CNWINT(3,30000)

was cha, nged to:

/WKINT/ CINT(3,Z2000),CNWINT(3,110000)

In subroutines WAKE(!I, WAKEC2, WAKEC1, WAKEN2, WKCIlNT, and
WK('21NT:

/WKCICM/ .... CNW(3,97200)

/WKC2CM/ .... CNW(3,97200)

was changed to:

/WKClCM/ .... CNW(3,324000)

/WKC2CM/ .... CNW(3,324000)



_', = 0.0 :

(a) ('l for 10 : wake resolution with near wake extent of

20 (KNW = 2)

¢i,= 0.0 _

(b) CI for 10 wake resolution with near wake extent of

90_ (KNW = 9)

Figure 2.4: Contours of lift coefficient showing the effect of changing tile
near wake extellt.
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Figure 2.5: The local lift coefl:icient a._ a function of span showing the effect

of changing the near wake exte.t.

2O



In subroutines CHEKR1 and CHEKR2:

NWMAX = MRG*MRL*MPSI*MAXO(2,KNW+I)

IF (NWMAX .GT. 97200) GOTO 41

was changed to:

NWMAX = MRG*MRL*MPSI*MAXO(IO,KNW+I)

IF (NWMAX .GT. 324000) GOTO 41

With these changes, and using the maximunl values of MRA=30,

MR(;=30, MRL=30, and MPSI=36, tile near wake may be extended to

90 (i.¢., KNW=9 in namelist NLWAKE).

2.2.4 Extensions to High Resolution

The only high resolution variable affected by this change is the array

size of the variable (!NWINT. This array has been dimensione<t 1o be con>

l)atible with the low resolution 9(I ':' near wake modification. Other common

blocks (WK(!ICM and Wh:(_2(IM) listed in l he high resolution subroutines

WK(IIlNT, WI,iC21NT, VINDCAL1, an(t VIND(%L2, hav(' been dimen-

sioned so that theh" size is consistent throughoul, the code.

2.3 Modifications for Higher Harnmnic Control

(HHC) of Pitch

2.3.1 Introduction

I1, the past, there has t)een considerable interest in the concept of Higher

tlarmonic Conlrol (HHC) as a means t.o modify the certain aspects of heli-

copter behaviors, such as vibratory loads and acoustic signatures (ref [8]}.

Recently there have been major experimental programs conducted to study

the use of HHC to reduce the vibratory loads of forward flight conditions

and to reduce the BVI noise levels for descent flight conditions (Ref. [9]).

I11 an attempt t.o predict or systematically study the effects of HHC, options

were added to CAMRAD.Modl to include a fixed, user prescribed HHC.

In a tyt)ical wind tunnel trim case, the blade pitch in the CAM-

RAD.Modl trim loop is adjusted at the collective (0/rev) and cyclic (l/rev)

levels until a trimmed solution is obtained. I1 is desirable to include in the

t.rim soluiion, an additional blade pitch that represents HIIC. The HIIC is
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a fixed, open loop quantity added to the existing rigid pitch motion cal-

culated in the "motion iteration" (see Figure 1.2). Therefore, the pitch of

the blade will include control inputs (0/rev and 1/rev), blade elastic torsion

(due to sources such as pure torsion, pitch-bending coupling, etc.), and a
prescribed HHC. ('AMRAD.Modl ha.s two modifications for HHC. These

two modifications vary only in their generality and inputs.

2.3.2 HHC Pitch Equations

(!AMI{AD.Modl now calculates tile blade pitch input from tile following
equation:

0(/.)) ---- 0)0--_ 01,-COS((' )-_- 01ssin(/j, ) --1- OItH(,((, ) (2.1)

where 0o is the collective pitch, 01_. is the lateral cyclic pilch, Ol_ is the

longitudinal cyclic pitch, and OHH C iS the new HHC input.
Two ttHC modifications are in CAMRAD.Modl. The first ttH(_ mod-

ification (input via namelist NLHHC), made early in the (IAMRAD.Modl

development process, provides only the capability to model 3/rev, 4/rev,

and 5/rev tlH(! via the following equation:

(IHH('(¢") = ttrrJ_l + term2 + &rm3

terml = O_:,,Itcos(4¢,- 4Ocotl)

term2 = 0t_t cos(4_!, -- q¢_la_) sin(_,)

term3 = 0lo, cos(4_, -- 4@o,_) cos(t _')

(2.2)

(2.3)

(2A)

(2.5)

where O,-ott,Or,t, Olo,_,OcoU, Olat, and @o,_ are input values in degrees. Figure

2.6 illustrates each of the 3 terms in the above equations. In each plot, the
values of Ocott, Olat, and 0ton, have I)een set to zero to demonstrate each

term: these quantities serve only to phase-shift the waveform. The upper

plot in Figure 2.6 shows terml in the Equation 2.3. It illustrates a prescribed
1 amplitude, 4/rev HHC pitch input. The lower left plot shows term2 in

Equation 2.4 (solid line) along with the sine wave "envelope" defined by

the ternl. The lower right plot illustrates term3 in Equation 2.5 (solid line)

along with the cosine "envelope" defined by the term. Again, both terms are

plotted for a 1 =amplitude HHC input and the @_t and @o,_ terms serve to

phase shift each waveform. It can be shown that the above equations can be

used to generate a l)ure 3/rev, 4/rev, or 5/rev HIt(! pitch signal. Equation
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2.2 can also produce "wavelets" that are comprised of 3/rev, 4/rev, and

5/rev ItHC components.

In order to have a more flexible HItC input, and to allow the possibil-

ity of a form of Individual Blade Control (IB(1), tile second, more recent

modification (input via nanmlist NLHHC2), uses a truncated Fourier series

to represent tilt, [IIIC pitch. The HHC equation for this modification is as
follows:

12

OUHC(_") = Oh'tiC,o + _ (A,, cos(_ _',)+ B,, sin(,_',)) ('_.(_)
n=l

where A,,,/3,_, and OnHc,o are input values in degrees. The current max-

imum allowable number of tIHC input harmonics is twelve. With Equa-

tion 2.6, any [|H(! waveform may be input approximately by a twelw, term

Fourier series. It should be noted that zeroth and first harmonics are usually

redundant inputs since tile rotor in CAMRAD.Modl, in a typical wind tun-

nel scenario, is trimmed by adjusting the collective and first harmonics of

pitch. If this is the case, tile trimmed collective and cyclic pitch vahms will

merely compensate for these input. HHC values. They have been included

here for completeness an<l are normally always equal to zero.

Also now include<l in the CAMRAD.Modl code are additional motion

lerms due to [[H(' pitch rate and HHC pitch acceleration as calculated by

lhe following equations:

OHm. = _(l + DPS) (2.7)

iCHHC' = A(1 -+- DPN) 2 + A(DDPS) (2.8)

where DP5 and DDPS' are internal CAMRAD.Modl quantities used to

account for hub and shaft motion, and A is tile azimuthal derivative of either

Equation 2.2 or 2.6 and A is the second azimuthal derivative of Equation 2.2

or 2.6. depending on the HHC model being used.

2.3.3 Sample Case Discussion

Figures 2.7 (a) and 2.7 (b) show the 10°azimuth case without HHC

and with tile inclusion of a 4/rev, 1 _ amplitude HHC pitch which is a pure

cosine wave starting at. V', = 0. Figures 2.8 (a) and 2.8 (b) show the same

information plotted radially at. several azimuth locatiolls. In tile HHC case,

a-l/rev pattern can be seen in the loads due to the 4/rev pitch input. (Figure

2.7 (b)). Since the [tH(! is included in the blade motion, tile ,l/rev loading
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is not necessarily in phase with the HHC pitch input. This can be seen

in Figure 2.7 (b); tire 4/rev loading is not a pure cosine wave starting at

_",= 0 : as is the ttH(! input. This case demonstrates that Htt(! can greatly

impact the loads for a given rotor.

2.3.4 Code Modifications

In subroutines INPTR1 and INPTR2, changes were made 1o read in both

tIHC option paranieters via riamelist NLtIIIC for the tiE'st modification and

NLItH('2 for" the second nrodification. Tire parairreters in 1)oth namelists

ar(' initialized to zero and are converted internally to radians after being

read. The input values are thus in degrees. The first set of modification

para, Eireters are saved ill the coilliliori block HHCI for rotor-1 and in coniliiorl

block If ill!3 for" rotor-2. The second set of niodification HHC paranreters are

saved in common block [IHC2 for" rotor-1 and in common block HttC4 foE"

rotor-2. Tire HH(! equations are programlned in the subroutines HHCTRM 1

and IIH(ITRM2 for rotor-1 and rotor-2, respectively. The pitch, pitch rate,

and pitch acceleration terms due to HH(! are included in the blade motion

subroutines MOTNB1 and MOTNB2 for rotor-1 and rolor-2, respectively.

2.3.5 Extensions to High Resolution

Since the 1)la(le motion in HIRES is obtained from the low resolution

blade motion determined in CAMRAD.Modl, the HHC modifications dis-

cussed here are automatically included in the HIRES reconstruction.

2.4 Modifications for Aerodynamic Sweep Effects

2.4.1 Introduction

It is widely known that, in fixed-wing aircraft., swept wings have advan-

tages in reducing the compressibility effects of high speed flight (ref [10]).

In the case of rotorcraft, the blade tips are traveling at high subsonic Mach

numbers, and thus encounter COml)ressibility effects. Many rotoreraft man-

ufacturers are or have been using some form of swept tip rotor blade design.

The original version of CAMRAD did not apply any models to account for

planform sweep. To study aerodynamic elTects of mildly swept planforms,

a modification was made to (:AMRAD.Modl to model these effects. This

modification provides a means by which airfoil characteristics (i.e.. lift,
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¢', = 0.0 =

(a) (_'t for 10 wake resolution without HHC input.

_, = 0.0 _'

(b) ('l for 10 wake resolution with a 4/rev,

1 amplitude HHC pitch input.

Figure 2.7: Contours of local lift coefficient Cl over tile rotor disk showing

effect of HH(' inputs.
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drag, and moment coefficients) calculated in the "circulation iteration" (see

Figure 1.2) foE" swept, yawed flow conditions can be analytically related to

unswept, unyawed conditions. Since tabulated yawed, swept airfoil charac-

teristics are not normally available, this analytical relation facilitates use

of" available 2-D tabulated airfoil characteristics. Note that these modifica-

tions are only inchded in the aerodynamics of the rotor, and therefore are

included in the aerodynan|ic forcing functions for the rotor; no modifications

have I)een made to alter the blade dynamics to account for effects of swept

planforms (that is, assumptions such a.s a straight elastic axis, etc. are still

in place).

2.4.2 Angle of Attack Correction

Since airfoil data is tabulated for 2-D unswept sections, it is convenient to

relate section properties for a yawed, swept planform to those of an unyawed,

unswept section so that these tabulated tables ma.v be used for yawed, swepl

blade sections. CAMRAD and CAMRAD.Modl already account for yawed,

tlnswe[)t flow eft'cots as [bllows:

(',._.4( at l , :_lt )

('l(o) = cos2(A ) (2.9)

('d(¢t ) = ('d'2d(O't2' z_'[t)
cos(A) (2.10)

(',,_ to) = (',,_.2d(a'_l, M,) (2.11)

a,l = a costA) costA) (2.12)

at2 = a costA) (2. la)

where A is tire yaw angle between tire flow and a section l)erpendicular to

the spanwise reference line of the blade, atl and at2 are angles of attack t.o

be used in the airfoil table interpolation, Mt is the Mach number to be used

in the airfoil table interpolation, a is the calculated arrgle of attack for the

2-D section, and quantities with the subscript. 2d are values found by tile

air[oil table interpolation. The airfoil tables are interpolated to determine

the ('*.2,1,('&2d, and ('m,2d a.t tile angle of attack, a'tl (or at2 for tile (Ira.K)

and at the Mach number, Mr. Once these 2-D values are known, the above

equations relate the unyawed, unswept values to the desired yawed, unswet)t
vah|es l.o be used in the analysis. Not.(, that the cosines in the denonfinators

of the lift. equation arise from dynanfic pressure differences between the
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(a) Non-swept planform with flow yawed at angle A.

V A

C

(b) Swept plauform of sweet> angle T and flow yaw angle A.

Figure 2.9: Non-swept and swept blade planforms.

yawed and l.he unyawed flows. Ttle single denonfinator of tile C'_tequation

results from the assumption that the total drag is in the yawed flow direction

(a cosine factor in the numerator has canceled out one of the cosine factors

in the denominator). The cosine factors in the angles of attack, a'tl and at2,

used in the airfoil table interpolation come from two sources. One cosine

comes from the angle of attack difference between the yawed, unswept and

unyawed, unswept flows. This is the origin of tile cosine in the angle of

attack in the at2 equation above. The second cosine in the at1 equation

above arises from the "swept wing equivalence assumption" (R.ef. [11]).

This cosine accounts tbr the difference in lift curve slopes between yawed,

unswept and unyawed, unswept flows. In the context, of Ref. [1] and [11], a

"swept wing" refers to the entire, straight blade, being angled (skewed) to

the freestream (Figure 2.9 (a.)).

To model swept, planform effects on the aerodynamics, the "swept wing

equivalence assumption" is modified to include the local sweep angle effect

on the angle of attack and Mach number used in the table interpolation.

This effect, does not affect the dynamic pressure portion of the equations 2.9

- 2.13 above (i._., the denominators remain unchanged) since the modifi-

cation merely relates the yawed, swept, properties to the unyawed, unswept

properties.

Tile angle of attack modification is made solely t.o relate the yawed,
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swept flow to an equivalent unyawed, unswept flow. This technique is used

so that the airfoil tables fbr a 2-D airfoil section (perpendicular to the ref-

erence span) may be retained and such that the 2-D airfoil tables remain

independent of the yaw and/or sweep angles. Without this modification,

tile airfoil tables would necessarily be a function of not only angle of attack

and Math number, I>ut also yaw angle and sweep angle. Figure 2.9 (b) illus-

trates the sweep of a planform and the meaning if yam, angle versus sweep

angle. The sweep angle actually required for the analysis is the sweep of the

quarter-chord line if the section is tapered.

To include modification for" the angle of attack, lhe CAMRAD.Modl

Equations 2.9 - 2.13 shown above are changed to the following:

('l,2d( (ill, ._lt )
('t(,_) = ('2.14)

cos2(A)

('d,2d(Ot2_ :%lt)
(',,(<_.) = (2.15)

cos(A)

(',. (_ ) = ('.,,2,1(otl, Mr) (2.16)

oil = <_cos(A + T) cos(A) (2.17)

or2 = o cos(A) (2.18)

where T is the sweep angle of the quarter chord line of the blade with

respect to the reference span line. The reference span line has the same

definition as in the original CAMRAD version. Note that due to the "swept.

wing equivalence assumption", only one of the cosine terms in the equations
above is affected. Next., the calculation of the Mach number to use in the

table interpolation is discussed.

2.4.3 Math Number Correction

As discussed previously, the airfoil tables are interpolated to find a value

of Ct,2d, C'_,.2_, and Cm,2d at a particular angle of attack and Mach number.

Then, the equations above are at>plied to calculate the Cl, Cd, and 6',,_ used in

the CAMRAD.Modl analysis. In the previous subsection, the modification

to the angle of attack used in the table interpolation was discussed. This
subsection discusses the Mach number modification.

It is well known from swept wing analysis that there is a compressibility

relief due to local sweep of a planform. The Mach number modification

is therefore cast in the form of a compressibility relief term referenced to
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the original velocityvectora.tthe section. Swept.wingtheory,alongwith
a high aspectratio assumption,iml)liesthat the correct,Machnumberto
useill a.erodynatniccalculationsis the Math numberperpendicularto tile
quarter chordline. Thusthe Machnumberto ])e usedin the airfoil table
interpolationof 2-D loadingmustbemodifiedto accountfor sucha relief.
Forthecaseof nosweep,theMachnumbercalculation,is asfollows(this is
the [orm usedI>ytheoriginalversionof CAMRAI)):

+_ It = i_1± = :tIco,.,+ (2.19 )
(I ,_

where ,'lit is the Mach number to be used in the table interpolation, M.j_ is

the Mach numl)er in a plane perpendicular to the straight blade (i.t., the

straight elastic axis), ['l) is the velocity perpendicular to the hub plane at the
current section, 1"_is the velocity parallel to the hub plane at the current sec-

tion, ¢t,_ is the speed of sound as calculated internally in CAMRAD.Modl,

and M,.o,.,. is a user input constant (input as a function of blade span) that

could I)e used to account for any desired constant compressibility relief. For

a straight, unswept planfornl, this equation is consistent with the swept wing

analysis. In order to account for a swept planform, however, this equation

must be modified. The modification involves calculating the total Mach

tmtnl)er front the vahm of ),I± a,s follows:

3.1±
:tltot_l -- (2.20)

COS A

then, calculating the Mach number normal to the quarter chord (see Ref.

[10]), as follows:

M,, = Mt_,t,,l cos(A + T) (2.21)

(feint>thing these two equations, the Mach number to be used in the 2-D

airfoil table lookup of properties is:

M± cos(A + T)
Mt = (2.22)

cos(A)

2.4.4 Sample Case Discussion

Figure 2.10 shows the lift coefficient contours for 2 cases. Figure 2.10 (a)

is the 10 azimuth step case with no sweep and Figure 2.10 (b) is the sanle
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case except that 30 • of aft, sweep outboard of r/R = 0.81 is included. Figure

2.11 illustrates tile same information, plotted radially at several azimuth

locations. For this particular case, the sweep correction model has a very

small effect.

2.4.5 Code Modifications

In subroutines INPTR1 and INPTR2, tile following were added:

REAL SWPLO(30),SWPHI(IO0)

NAMELIST INLSWP/ SWPLO

COMMON /SWPCMI/ SWPLO,SWPHI

COMMON /SWPCM2/ SWPLO,SWPHI

(added to INPTRI)

(added to INPTR2)

A read of the namelist NLSWP was added to INPTR1 and INPTR2 after the

read of namelist NLBED (to be discussed in a later section). Input variables

are converted to radians after input and are saved in the comnmn blocks SW-

PCM1 for rotor-1 and in SWPCM2 for rotor-2. All SWPLO and SWPHI

quantities are initialized to zero before reading namelist NLSWP. Once the

low resolution sweep quantities are input, the subroutines INITHR1 and

IN[TIIR2 interpolate these quantities t.o the required high resolution quan-

tities for use in HIRES. In subroutines AEROS1 and AEROS2, changes are
as follows:

add the lines:

REAL SWPLO(30),SWPHI(IO0)

COMMON /SWPCMI/ SWPLO,SWPHI

COMMON /SWPCM2/ SWPLO,SWPHI

(added to AEROSI)

(added to AEROS2)

<'hauge the lines:

AEL = ADL*COSLSQ

AED = ADD*COSL

AEM = ADM*COSLSQ

to the _llowing:

YAWANG = ACOS(COSL)

COSL2 = COS(YAWANG + SWPLO(IR))

COSL3 = COSL*COSL2
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(a) ('t for 10 wake resolution for an unswept planform.

i
e, = 0.0 _

(b) ('z for 10 wake resolution wit, h 30" of sweep outboaM of _ = 0.81

Figure 2.10: (!ontours of local lift coefficient (Ut over the rotor disk showing

effect of aerodynamic sweep correction.
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IF (COSL .NE. 0.) THEN

ML = ML*COSL2/COSL

MD = MD*COSL2/COSL

MM = MM*COSL2/COSL

ENDIF

AEL = ADL*COSL3

AED = ADD*COSL

AEM = ADM*COSL3

2.4.6 Extensions to High Resolution

The low resolution sweep modifications discussed it, this section are also

applied in HIRES. No additional user input is required for this to occur. Ttle

low resolulion inputs from the varial)le SWPLO are internally interpolated

to the high resolution radial stations input t)y the user in the array RAEINT

of Ualllelist NLtIIRES.

2.5 Modification to Airfoil Tables

2.5.1 Introduction

The numl>er of and size of the airfoil tables input t.o CAMRAD.Mod 1 is

limited. In order to input more Cgl airfoil tables and/or more angles/Mach

numbers per table, several common blocks and several IF statements were

changed. In the airfoil table preparation program AIRFOIL (see Figure

1.2), the CSl airfoil tables are read and converted to a. "CAMRAI) airfoil

table" ("airfoil.tab" in Figure 1.2) [ormai. This forma! a.llows for efficienl

interpolation of the airfoil aerodynamic information during CAMRAI).Modl

execution. For" some rotorcrafl,, multiple tables need to be read and used.

This modification effectively increases the number of and size of the inpul

airfoil tables.

2.5.2 Code Changes

In AIRFOIL and in the subroutine AEROT of AIRFOIL, the common

block TABLES was changed such that the dimensions of the variables CI,T,

CDT, and CMT were increased from 5000 to 10000. Also, the IF statenlent:

IF (NA(NAB)*NM(NMB)*NRB .GT. 5000) ICHECK = I
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was changed to:

IF (NA(NAB)*NM(NMB)*NRB .GT. i0000) ICHECK = 1

in the airfoil preparation program.

In CAMRAD.Modl, similar changes were made. Common blocks
A1TABL and A2TABL in the subroutines AEROT1, AEROT2, AETIINT,

AET2INT, FILER. INPTA1, and INPTA2, were changed such that the di-
mensions of tile variables (!LT, CDT, and CMT were increased fi'om 5000

to 10000. Also, the IF statenmnt:

IF (R/tAX .(IT. 5000) GOT[3 12

was changed to:

IF (NRAX .GT. 10000) GOTO 12

in subroutines INPTAI and INPTA2.

2.5.3 Extensions to High Resolution

Since the commou blocks in subroutines AETIlNT and AET21NT were

changed, no other user intervention is needed for application to the high

resolution part of the code (HIRES).

2.6 Modification to Motion Convergence

2.6.1 Introduction

When CAMRAD.Modl fails to converge to a trimmed condition, many

times, an inner loop is the cause of convergence failure. For example, if

the circulation loop (see Figure 1.2) diverges, most likely the trim loop will

also diverge. To assist in circulation loop convergence, a lag (relaxation)

factor is employed in CAMRAD.Modl. However, in some instances, the

trim divergence is caused by motion loop divergence, lu the original version

of CAMRAD, there is no relaxation factor in the motion loop to assist

convergence. To help motion convergence in these situations, a relaxation

factor" was added inside the motiou loop. This relaxation factor was added

to the rotor forcing function in order to make the trim convergence more
robust. The relaxation factor is a user specified factor input to linearly lag
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tile rotor forcingfunction betweensuccessivemotion iterations. The form
of tile relaxationis asfollows:

F(k, (,) = Fold(k, _',) * (1 - I:ACTM) + F(k, _i,). (FACTM) (2.23)

where I: is the forcing function, F_,I,tis the forcing function from the previous

revolulion, FACTM is the user specified motion relaxation factor, k is the

mode shat)e index, and (, is the current azimuth location. This equation

is utilized in subroutines INRTM1 and INRTM2 for rotor-1 and rotor-2,

respectively. The same relaxation factor is used for both rotors. For I:A('TM

= 1.0. Equalion 2.23 produces the same result as the original CAMRAD
motion iteration.

2.6.2 Code Modifications

The relaxation factor has been added to lhe namelist NI_TRIM, which

is read by the subroutine, INPTN. The default is FACTM = 1.0, which

produces no relaxation in the forcing function, a.s was implemented in the

original version of CAMRAD. A common block, F()RC(_M, was added to

subroutilws INITR 1, INITR2, INPTN, INRTMI, INRTM2, and PRNT. The

common block variables are OLDFl(16,36), OLDF2(16,36), and FA(!TM.

Coding was added to subroutines INITR1 and INITR2 to initialize the vec-

tors OLDF1 and OLDF2 to zero. Coding was added to subroutine INPTN

to include FACTM in the namelist NLTRIM. Coding was added to the sub-

routine PRNT to include a listing of the value of FACTM in the "INPUT

DATA" section of the printed oul, put, if the section is re<lneste(I.

2.6.3 Extensions to High Resolution

Since HIRES does not re-trim the rotor, or update blade motion in any

way, this modification has no effect in HIRES.

2.7 ROTONET/WOPWOP Interface

2.7.1 Introduction

System noise predictions are frequently used to deternfine the effects of

design changes in parametric studies. Since many configurations are eval-
uated, short computer run times are essential. However, accuracv is also
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needed,whichnecessitateshigh-qualityairloads. As a part of the NASA
Langleyrotor noisepredictionefforts,a methodwasdevelopedfor connect-
ing tile aMoadscalculationsof CAMRAD.Modl to the ROTONET rotor-
craft systemsnoisecode(Ref. [6]).

This methodincludesseveralnewsubroutinesandinput parametersto
CAMRAD.Modl. Executionof CAMRAD.Modl mayyield two ASCI1text
filesfor useill ROTONET.The first file, namedROTPARAM.DAT,con-
tainsstandardANOPPcontrolstatementsfor definingvariousPARAME-
TER inputsto the ROTONETfunctionalmodules.The secondfile,uamed
ROTABI,ES.DAT,hastablememberswhichproviderotor aerodynamicand
dynamic information (normally computed by ROTONET modules LRP,

RWG, RIN, RRD, and RLD) in the correct, form for use by the ROTONET

source noise modules LRN, RTN, and RBN. The first file is iutended to

be "cut-and-pasted" into a ROTONET input deck which executes LI1N,

RTN, and/or RBN. The second file is a self-contained ROTONET input

job, and when input to ROTONET, will UNLOAD the table members into

the CAMI/OT.WRK library file. This library file is then LOADed into

the I/OTONET input file which executes source noise modules, thereby the
source noise modules in ItOTONET can then utilize the airloads calculate<l

by CAMI/AI).Mod 1.
The (IAMRAD.Modl notation for two-rotor vehicles is used; that is,

"rotor-l'" and "rotor-2". For conventional helicopters, the main rotor is

rotor-I an(t the tail rotor is rotor-2. For tandem helicopters, the forward

rotor is rotor-1 and the rear rotor is rotor-2. For side-by-side rotors, such as

tiltrotors, rotor-1 is the starboard rotor and rotor-2 is port rotor. Variables

with "'RI" and "R2" in the names are for rotor-I and rotor-2, respectively.

In addition to the ROTONET information, 4 files, two for each rotor, are

output tbr use in the rotor tone noise code WOPWOP. The first file tor each

rotor, named WOPWOP-Itl.DAT and WOPWOP-R2.DAT (rotor-I and

rotor-2, respectively) contain the WOPWOP input namelist, INPUT. The
second tilt' for each rotor, named WOPFORCE-R1.DAT and WOPFORCE-

R2.DAT (rotor-I and rotor-2, respectively) contain the vertical and inplane
sectional forces at the ('AMI{AD.Modl radial and azimuthal locations.

2.7.2 Code Modifications

A variable, NOISFL, was added to the NLCASE namelist in

CAMI/AD.Modl as a switch to turn on/off the ontput of the RO-

TONET/WOPWOP inforlnatiou. If NOISFL = 0, then no information



for theseprogramsis output. If NOISFL= 1, then information is out-
put. NOISFLwasalsoaddedto the commonblockCASECM in tile main

program, ('AMRAD, and in tile following subroutines: FILEE, FILER,

FILEV, FLUT, INPTN, INPTO, PRNTC, PRNTJ, ROTNET, STAB,

STABD, STABE, TRAN, and TRIM. If NOISFL = 1, tile subroutine

TRIM calls the new sut)routine ROTNET to calculate and outpu_ the RO-

TONET/WOPWOP information. In addition to ROTNET, three new sub-

routines were added for use by ROTNET: RMTNI, RMTN2, and tlAVAR.

To draw on intbrmation calculated already in the main parl of the code, a

new common block, RTNCM, was added to these sul)routines: PERFR1,

PERFR2, PRNTC, and ROTNET.

2.7.3 Known Caveats

The use of these modifications is strongly NOT recommended a,s they

do no! include higher llarmonic loads and may produce misleading results.

These modifications as such have not been exercised nor have tile): been

fully tested.

2.7.4 Extensions to High Resolution

Since these modifications are intended to output low resolution infor-

mation for use in other codes, these modifications have l|O bearing on the
HIRES portion of the code.

2.8 CFD (FPRBVI) Interface

2.8.1 Introduction

Use of most CFD codes for rotor problems requires a priori knowledge

of aircraft trim, rotor dynamics, and wake aerodynamics. Tile sta.ndard

method for obtaining these quantities is to use CAMRAD.Mod 1 to peribrm

the usual trim and performance calculations, and then output quantities

ready for use in isolated-I)lade CFD codes such as FPRB\:I. A common

method for transferring the aerodynamic environment calculations to CFD

codes is through a "partial" angle of attack table. This partial angle sums

the effects of all blade motions and fluid velocities, in a lifting-line form, tess

the effect: of the reference blade's own near wake computed explicitly in the

CFD analysis within the computational domain (hereafter denoted by the

39



term "'CFD box"; see Figure 2.12). The CFD code reads this table, then

uses it to modify the velocity field through which the blade travels. If mod-

eling BVI events, detailed information about the vortex wake is required by

tile CFD (FPRBVI) analysis. A method to calculate the required vortex

wake information is implemented using a non-rotating "BVI box" (see Fig-

ure 2.13) that surrounds the rotor (discussed later). Another metrhod for

modeling the aerodynamic environment ill the CFD analysis is to account

for blade dynamic motions (including pitch inputs) and wake-induced veloc-

ities separately. Tile careful use of these effects allows for a more accurate

calculation, including such effects as pitch rate. Upon computing the air-

loads for one revolution or more. the CFD code may output lift and moment

coefficients. Tile file containing these coefficients can then be used by CAM-

RAl).Modl to modify tile airloads distribution (lift coefficient only) used in

COml)uting the aircraft trim, wake response, and rotor dynamic resl)onse.

This work is based ill part on work performed by industry on contract

to NASA Langley. Numerous updates, corrections, and features have been

added by NASA Langley to improve the quality and quantity of information

provided to FPRBVI (see Ref. [.1]). Several of these features include (1) a

new blade-wake coordinate transform for rigid blade cases, (2) a. new elastic

blade inotion interfa.ce to output elastic motion information for the FPRBVI

analysis, (3) a new direct blade motion modeling interface to FPRBVI, (4)

a new interface to include a vortex rollup model, a vortex multi-core model

and (5) a new interface to pass tip and secondary vortex trajectories, multi-

('ore core properties, vortex strengths, and vortex locations relative to tile
('FI) and BVI boxes.

2.8.2 Code Modifications

The main routine, CAMRAD, calls the subroutine INPTN which reads

the namelist NLTRIM. Ill the NLTRIM namelist, tile variable OPREAD(2)

is used as a switch to enable reading of the CFD input uan|elist, NLCFD,

after the read of namelist NLROLL. At present, the CFD interface is only

applicable to rotor-1. If OPREAD(2) = 2, CAMRAD.Modl expects to

read NLCFD after NLROLL. Also, if OPREAD(2) = 2, the subroutine

IN PTCFD reads the namelist NLCFD which contains tile variables OPCFI),

OPBVI. PHICFD, RDB(6), BDB(6), and OPMOTN. These variables are

listed and described ill Chapter 5.

Once the variables are read via the NLCFD namelist, they are stored

in the common block CFDDATA. This common block has been added
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Figure 2.12: CFD Box definitions used in CAMRAD.Modl and FPRBVI.
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Figure 2.13: BVI Box definitions used in CAMRAD.Modl and FPRBVI.
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to tile executiveprogram,CAMRAD, and to the subroutinesAEROF1,
AERBED1, BVIBOX, CFDAERO, CFDBOX, CFDWAKE, GEOMBVI,

INPTCFD, ROTNET, TRIM, and WAKEC1.

If tile variable OPCFI) = 1, subroutine TRIM calls the subroutine

WA|,_[_C1 at the end of the trim loop, such that it will recalculate the influ-

ence coefficients excluding all wake elements not in the CFD box. In order to

test. if a. particular wake segmenl is in or out of the (IFI) box, WAh[ECI has

been modified such that calls to the subroutines VTXL, VTXL2, and VTXS

include arguments to enable or disable testing based on the type of segment.

For example, the CFI) box only extends around the reference blade; there-

fore, elements from other blades need not be tested for being in or out of

the CFD box. (That is, the CFD box includes only wake elements in the

near wake of the reference blade since the near wake is included implicitly in

tile CFD code.) Both subroutines, VTXL and VTXL2, call the subroutine

CFDBOX, which does the actual vortex segment testing for the inclusion

in the (IFD box. Upon return from WAKEC1, subroutine TRIM calls the

subroutine, (!FI)WAI_[I:, _, which calculates a velocity parallel and perpendic-

ular to the hub plane for each blade section using the recalculated influence

coetticients. This newly calculated velocity is subtracted from the previ-

ously stored "full" velocities parallel and perpendicular t.o the hub plane at

the blade section to yield the "partial velocities". These new partial veloc-

ities are used to calculate the required "partial angles of attack", a,v, as a

function of radius and azimuth. These %,(r,_g,) are written to a file called

ALP|IAP.DAT to be read by an external CFD code such as FPRBVI.

Including only the partial angles in the CFD code is appropriate when

there are not BVI events. This is because in "non-B\q" flight conditions,

the vortices are snfficiently far from the blades that usage of only the partial

angles is sufficient. However, in flight conditions were there are significant

BVI events, it. is necessary to model the blade vortex passages in a more a.c-

curate mauner. For this purt>ose, the full potentia] rotor code, FPRB\q, has

a. method for directly computing the downwash at the blade due to tip vortex

segments generated by an external free wake model. (?AMRAD.Modl has

an option to add the tip vortex segment information to the ALPHAP.DAT

file in tile form of a wake table containing vortex segment, endpoints and

strength. In addition to tile option OPCFD = 1, if the variable OPBVI

= 1, an additional test. is done on each tip vortex segment (via a call to

the subroutine BVIBOX from the subroutine CFDBOX), in order to deter-

mine whether or not that vortex segment is in the BVI box. If tlle segment

is inside the BVI box, the velocity contribution of the segment is also re-
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movedfrom the "partial" inflowas is doneif a segmentwerein the CFD
box. Tile velocitycontribution is removed to avoid "double-counting" of

the vortex influellce since the velocity due to the vortex will be included

in tile CFD code. This tip vortex wake table includes all vortex end point

locations, strengths of each endpoint, and a flag used by FPRBVI to deter-

mine which elements to use in its own BVI calculations. In addition, tile

tip vortex wake information (including the secondary vortex) is written to

a file called "ALLWAKE.DAT", which tabulates the tip vortex trajectory,

(:ore properties, strength and location relative to the ('.FD and BVI boxes.

If OPMOTN = 0, the tip vortex wake table is written out with segment

endpoint position defined relative to the flapped blade position to account

for the effect of flap displacement on blade-vortex miss distance. This iv

acconlplished by subroutine GEOMBVI. If OPMOTN = l, the tip vortex

wake table is written out with segment eudpoint position defined relative to

the unfiapped blade position. The effect of flap displacement on blade-vortex

miss distance must thell be modeled directly in the FPRBVI calculations

using the information in the MOTION.DAT file.

To allow direct modeling of' blade motion, both rigid and elastic, in

subsequent CFD calculations, rigid blade motion harmonics and elastic cor-

rections are written to the MOTION.DAT file. This file contains the rigid

flap, rigid lag, and rigid pitch motion harmonic coefficients as well as the

additional blade elastic flap and pitch deflections needed at each azimuth

and radial station to reconstruct the blade position. (At present, the elastic

lag is not included in the output of this file.) The total blade flap deflection

3total at a particular azimuth and _', can be reconstructed from the rigid flap

deflection, d_(t',), plus an elastic correction 5/:1(r, _,),

(2.24)

where

/_,.(_:') = ,3o + dIscos 'C'+/_1_ sin _, (2.25)

If OPMOTN = l, the partial angle-of-attack table written to the AL-

PIIAP.DAT file is replaced with a table of the wake-induced partial inflow

at the blade, as a function of radius and azimuth. FPRBVI can then use

this wake induced velocity, the shaft angle, the blade rigid pitch inputs,

and the rigid flap motion to reconstruct the aerodynamic environment ex-

t)erienced by the reference blade. This method of modeling the flow with
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FPRBVI allows modeling of phenomena such as pitch rate effects that are

not contained in ttle original method using op information.

In addition to the output file ALPHAP.DAT, the subroutine CFDWAKE

creates a. file named CAMAERO.DAT. This file is one of two files needed

if the option to rerun ('AMRAD.Modl using the externally generated lift

coefficients. The other file needed is CFDAI_'I{O.I)AT which is generated by

the CFD analysis. The option to rerun CAMRAD.Modl using a. combina-

tion of externally generated lift. coefficients and internally calculated va.lues

for parts of the blade not included in the external calculation, is begun by

choosing the option OPCFD = 2 for the rerun. This variable choice forces

(:AMRAI).Modl to read the files CAMAERO.DAT and CFDAERO.DAT

via a catl to the subroutine, CFDAERO. Both files contain lift coefficients

as a function of radial and azimuthal location. These data are stored in the

arrays CLOLD and CLEXT, respectively, which are in turn stored in the

commou block EXTAERO. The common block EXTAERO has been added

to tire subroutines AEROF1, AERBED1, and CFDAERO and contains the

arrays (:LOLD(30,36) and CLEXT(30,36). If OP(IFI) = 2, during the trim

process, the lift coefficient is replaced by the formula:

('l(r, '_',) = ('t(r, '_') - (.'l,_,_,¢(", t/') + ('l,,_-t_,.,,_,l(,', '_') (2.26)

where ('l(r,t,) is the currently calculated lift. coefficient, ('z,ot,_(*', ¢") is

the lift. coefficient from the previous CAMRAD.Modl execution, and

('t,_,t_,.,_l(r, t',) is tire lift coefficient from the external CFD analysis. At

the end of the run, the CFD code is rerun, if desired, and the loop repeated

in a open loop manner a.s the user deems necessary.

2.8.3 Known Caveats

It should be noted that when using the Trailed Wake Algorit.hm (TWA)

in the Indicial Aerodynamics, partial angles computed will be erroneous

since the TWA, as implemented, can not truncate the near wake to exclude

vortex elements irrsi(te the CFD box. Thus, it is not. recommend at this time

t.o execute the indicial aerodynamics option and the CFD interface option

together.

2.8.4 Extensions to High Resolution

These modifications axe intended to output low resolution information

for use in the external CFD codes. Therefore, they have no bearing on the
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HIRESportion of thecode.

2.9 Modification for Tunnel/Fuselage Corrections

2.9.1 Introduction

A modification was made to CAMRAD.Modl to include a tunnel and/or

fuselage correction model in tile aerodynamic calculations. Actually, tile

information provided to the code through this modification does uot inher-

ently assume a fuselage or tunnel wall; it could be any body introducing a

velocity field near the rotor. The correction involves including an additioual

velocity distribution and an additional wake distortion due to the influence

of wind tunnel walls or due to a fuselage body (or due to any object that

produces a steady velocity distribution and wake distortion for the rotor in

question). The additional velocity distribution is superimposed on the wake

induced velocity at the rotor in the circulation iteration (see Figure 1.2),
which is used to calculate airloads. Tile additioual wake distortion is adde(l

to the wake distortion used to calculate the wake influence coefficients in

the trim iteration (see Figure 1.2).

The additional velocity over tile disk and additional wake distortion are

fixed, user inl)ut (tuantities read from two files for each rotor being used.

The first file contains the additional velocity for all radial and azimuthal

stations and one additional velocity at the hub. The additional velocity

values (read from the file) should be nou-dimensionalized by the rotor tip

speed. Del)euding on the user's method of running CAMRAD.Modl, the

inpul velocity may be a "total additional velocity" or a "delta additional

velocity". I[' the delta form is used for an isolated rotor in a wind tuunel, for

example, the mean velocity correction, externally calculated and removed

from the velocities in the velocity file, may be included as an alteration to the

advance ratio and to the shaft tilt. The velocity file would therefore consist

of an incremental velocity distribution at tile rotor disk, due to a tunnel

and/or fuselage presence, excluding the mean additional velocity. The other

method, the total additional velocity method, involves not modifying the

[tighl ('ollditiou (i.e.. the advance ratio and the shaft tilt), but instead,

includiug the mean velocity correction in the additional velocity distribution.

Traditionally, the former method is used since, in a typical wind tunnel test

of a rotor, a shaf! tilt. correction is used to offset wind tunnel wall effects.

The second input file for each rotor contains an additional wake geometry
distortion. This additional distortion is used in the code as a correction to
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tilewakegeometryto accountfor tlle effects of tunnel walls and/or a fuselage

body. The additional distortion is input as an incremental distortion at each

wake endpoint location. Since tile tip vortex wake endpoints are identified by

an azimuth index and an age index inside CAMRAD.Modl, the additional

wake dist.ortioll vector is also identified, and input, in the same lnanner. The

additional wake distortion vector is calculated externally by multiplying a

local additional velocity at the current wake endpoinl location by tile t.ime

needed for the rotor to advance through one time (azimuth) step. Since this

provides an incremental distortion at the wake endpoint location, the total

ad<litiorlal wake distortion a wake endpoint is calculated internally as tire

sum of tire incremental distortions along a path from the creatio_r time of

the vortex to the current age of the vortex.

The wake geonletry of a particular tip vortex segnlenl is determined in

('AMRAD.Mod 1 using either the rigid wake or the free wake method, hr the

calculation of the influence coefficients, the total additional wake distortion

vector, as discussed previously, is added to the current til) vortex position

vector of the wake geometry. This vector is then used in the illfluen('e coef-

ficients calculation for the particular vortex segment in question. Since the

tip vortex position vector is calculated as needed, not stored, tile total ad-

ditional wake distortion vector is calculated as needed also. For this reason,

this procedure is duplicated in the wake geometry subroutines ((;EOMP1

arid (;EOMP2) arid in the CFD interface BVI wake geometry calculation

su brouline (GEOMBVI).

2.9.2 Equations

CAMRAD.Modl calculates the position vector for a wake endpoint as

needed. When the position vector is calculated, an additional wake distof

tion vector is also computed. The additional distortion vector is added to

the current wake endpoint according to the location of the wake endpoirlt in

the (_!,, o) coordinate system, where ¢', is the azimuth at which the endpoint

was released from the blade and 0 is the current age of the endpoin! under

consideration. Therefore the wake location F,,¢,t._ is found as follows:

where I_,(,_-__,b_/o,._(¢!', O) is the vortex endpoint location vector before the

tun nel/fuselage correction and A,_,_k: ((,, 0) is tile additional distortion due

to the current correction.
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At a radialstation, rb, and an azimuth station, V, during tile calculation

of wake induced velocity ill subroutines WAKEN1 and WAKEN2, all addi-

tional velocity is superimposed on the previously calculated wake induced

velocity at that point:

= + .-Xf(,'b, (2.28)

where AiT"(rb, _,) is tile additional velocity from the current correction. As

discussed earlier, this velocity could I)e an incremental (i.e., not includ-

ing the average additional velocity) or a total velocity (i.¢., including the

average additional velocity), depending on the user's method of running

CAMRAD.Mod 1.

2.9.3 Code Modifications

A parameter was added to CAMRAD.Modl to control usage of the tun-

nel/fuselage correction model. The parameter OPWFCOR was added to

the namelist NLHIRES (discussed in a later chapter) and is saved in the

common blocks INTAZ and INTAZ2, for rotor-1 and rotor-2, respectively.

If OPWFCOR = 0 the correction model is not used. If OPWFCOR = 1,

the 2 input files, discussed earlier, are read by the subroutines INPTR1 and

INPTR2 for rotor-1 and rotor-2, respectively. The following code, contain-

lug the required input, file formats was added to INPTR1 (the same coding

applies to 1NPTR2):

IF (OPWFCOR .EQ. i) THEN

DO 799 N = 1,12

799 READ (11,810) DUMMY

DO 800 J = I,MPSI

READ (11,810) DUMMY

DO 800 K = I,MPSI*4

800 READ (11,820) DCORR(I,J,K), I = 1,3)

810 FORMAT (A30)

820 FORMAT (13X,3(3X,FI2.6))

DO 830 N = 1,3

830 READ (12,810) DUMMY

READ (12,860) (VCORRH(I), I = 1,3)

DO 850 J = I,MPSI

READ (12,810) DUMMY

DO 850 IR = I,MRA
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850 READ(12,860) (VCORR(I,IR,J) , I = 1,3)
860 FORMAT(19X,3(3XFI2.6))

ELSE
ENDIF

where MPSI is tile number of azimuth stations (usually 36), DCORR is tile

(input) additional wake distortion, VCORI{H and VCORR are tile addi-

tional velocities at the hub and over the rotor disk, respectively. (V(!ORR

is the input additional velocity over the disk.) Note that the unit numbers

are 11 and 12 for l.[le distortion and velocily tiles, resl>ectively. For rotor-2,

the above coding is the same in INPTR2, except the unit numbers 11 and

12 are replaced by the unit numbers 21 and 22. The above coding provides

the necessary input file formats. Also note that additional wake distortion

information musl be provided for 4 wake spirals (see the "DO g00 ...'" loop).

The data for the corrections is stored in the common blocks WFCORR 1 and

WF(:ORR;_ for rolors 1 and 2, respectively.

In the subroutines WAKEN I and WAKEN2, the additional velocity is

applied by the following additional coding:

777

IF (OPWFCOR .EQ. I) THEN

DO 777 I = 1,3

DO 777 KR = I,MRA

VIND(I,KR,L) = VIND(I,KR,L) + VCORR(I,KR,L)

ELSE

ENDIF

where VIND is the wake induced velocity at the rotor disk.

Since the position vectors of the wake are always calculated as needed,

the total additional wake distortion vector is also generated as needed. The

total wake geometry is calculated in three places in the low resolution part

of CAMRAD.Modl: once in tile influence coefficient calculations (WAh;ECI

and \_XKEC2), once in the geometry print, subroutines (GEOMP1 and GE-

OMP2), and once in the CFD imerface BVI wake location calculation (GE-

OMBVI). In \',,\&KE(?I and WAKE('2, the following was added:

REAL DSUM(3)

IF (OPWFCUR .EQ.

JDCNT = LM - K1

i) THEN

49



IF (JDCNT.GT. O) GOTO 665

JDCNT = JDCNT + MPSI

GOTO 664

665 CONTINUE

DO 670 I = 1,3

DSUM(I) = O.

DO 671KAGE = I,K1

DSUM(I) = DSUM(I) + DC0RR(I,JDCNT,KAGE)

671 CONTINUE

670 CONTINUE

DO 666 I = 1,3

RSECTE(I) = RSECTE(I) + DSUM(I)

666 RTET(I) = RTET(I) + DSUM(I)

ELSE

ENDIF

where DSUM is the total additional wake distortion RTET is tile position

vector of the tip vortex, RSECTE is tile position of tile secondary tip vortex.

Ill tile subroutine (;EOMBV1, the same coding is used as above, except the

variable K1 is renamed K, and tile variable RTET is named RTV.

In (;EOMP1 and GEOMP2, code wa._ added to include the additional

distortion, all(I to allow for printing the wake at a resolution higher than

l0 azinmth steps. In order to accomplish this, the wake geometry and the

distortion are linea.rlv iilterpolated to a higher resolutioll by the following

code mo(lificatioll (the high resolution modifications will I)e discussed irl a

later section):

664

665

668

REAL DCORHI(3),DCORLO(3)

IF (OPWFCOR .EQ. I) THEN

JDCNTLO = JREFLO - KOUNT

IF (JDCNTLO .GT. O) GOTO 665

JDCNTLO = JDCNTLO + MPSI

GOTO 664

CONTINUE

JDCNTHI = JREFHI - K

IF (JDCNTHI .GT. O) GOTO 667

JDCNTHI = JDCNTHI + MPSI

GOTO 668
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667

811

816

801

CONTINUE

ENDIF

DO 801 1 = 1,3

IF (OPWFCOR .EQ. i) THEN

IF (KOUNT .EQ. O) THEN

DCORLO(1) = O.

ELSE

DCORLO(1) = O.

DO 811KAGE = 1,KOUNT

DCORLO(1) = DCORLO(1) + DCORR(I,JDCNTHI,KAGE)

CONTINUE

ENDIF

DCORHI(1) = O.

DO 816 KAGE = 1,K

DCORHI(1) = DCORHI(1) + DCORR(I,JDCNTHI,KAGE)

CONTINUE

ELSE

DCORLO(1) = O.

DCORHI(1) = O.

ENDIF

RWT(1) = (RWA(1)+DCORLO(1)),FACT +

(RWD(1)+DCORHI(1)),FACT2

RWSO(1) = RWKB(II*FACTI ÷ RWKE(1)*FACT2

RWSI(1) = RWKC(II*FACTI + RWKF(1)*FACT2

(extensive code added here to account for

vortex rollup and spinup - see source code for

details.)

2.9.4 Sample Case Discussion

Tile effect of tile tunnel and fuselage corrections on tile lift coefficient

are shown ill Figure 2.14. Tile body used ill this case is tile sting/fuselage

depicted in Ref. [9]. Tile lunnel used ill this case is the I)NW tunnel

also depicted ill Ref. [9]. Figure 2.14 (a.) shows C'l contours without the

tunnel/fuselage correction while Figure 2.14 (b) shows contours of the same

case, except the tunnel/fuselage correction model is used for a typical rotor

wind tunnel "fuselage" in an ol)en wall wind tunnel. Figure 2.15 is the same
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information,againplottedradiallyat severalazimuthstations.Forthiscase,
the averageshaft,tilt plusanincrementalvelocitycha.ngemethodwasused.
To a.ccountfor tile averageshaft tilt correction,tile shaft tilt waschanged
from5.3_aft.for tile casewithoul thecorrectionappliedto 4.233 aft for the
casewith thecorrectionapplied.Thusthe averageshaft till. portionof the
correctionwas1.067 forwardtill.. Theaveragechangein advanceratio tot
this casewasnegligible(#cor,._ctio,,< .001)andthuswasnot applied.

2.9.5 Extensions to High Resolution

During the wakeinfluencecoefficientcalculationsin the highresolution
[)art of the code, the wake position is interpola.ted from known quantities. To

avoid unnecessary interpolation, the additional velocity over the rotor disk

is initially linearly interpolated to the high resolution radial and azimuthal

locations. This iuterpolated value is superimposed on tile wake induced ve-

locities in the subroutines VINDCAL1 and VINDCAL2 in the same manner

as was done for the low resolution wake induced velocity in WAKEN1 and
WAKEN2.

In tile high resolution wake influence coefficients calculation, the wake

distortion vector at a higher resolution is interpolated from the low resolu-

tion information. To avoid unnecessary interpolation, the additional wake

distortion is added to the ]ow resolution results before interpolation to the

high resolution. This addition is done in the subroutines WKCIlNT and

\VK(?IlNT in a manner similar to that done in the low resolution subrou-

tines \_%KE('I and WAKEC2.

2.10 Low Resolution Loading Output File

Several sul)routines were modified in (:AMRAD.Modl in order to output

information to a file a.l. the end of the trim iteration. Subroutines LOA1)R1

and LOADR2 were modified to include calls to the new sul)routines PRFIL1

and PRFIL2, respectively. For rotor-l, the output information is written t.o

unit number 7 and for rotor-2 the output information is written to unit

uumber g. The output information, is as follows:

1. Radial stations, ra(r)

2. Angles of attack, o.(r, _e,)

3. Mach number, M(r,_',)
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!
¢', = 0.0 :

(a) ('l for' 10 wake resolution without tunnel/fuselage correction.

g, = 0.0'

(b) ('l for 10 wake resolution with tunnel/fuselage correction.

Figure 2.14: Contours of local lift coefficient Cl over the rotor disk showing

effect, of tunnel/fuselage correction.
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Figure 2.15: The local lift, coefficient as a function of span showing the effect,

of tunnel/fuselage correction.
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4. Tangential velocity, /rt(r, t,!,)

5. Perpendicular velocity, _['/_(r, c)

6. Radial velocity, U,.(r, _,)

T. Inflow angle, 0(r, '(')

_. Lift. coefficient, Cl(r, _,)

9. Drag coefficient, ('d(r, (,)

10. Moment coefficient, ('_,_ (r, _,)

11. Pitch angle, 0(r, f,)

12. Tip flap,/_(C)

13. Maximum bound circulation, F((_,)

Except for the ra(r), J_(_;,), and F('¢,) arrays, the following format is used:

WRITE (XXX,'(A30)') YYY

DO 25 1 = I,NRAD

25 WRITE (XXX,'(12FII.5)') (ZZZ(l,J) , J = I,NAZM)

where XXX is the unit llUllll)er ? or g_ YYY is one of the variable names

listed above, ZZZ is the variable associated with the name YYY, I is the

radial station index, J is the azimuth station index. The radial station

outpul has the following format:

WRITE (XXX,669)

669 FORMAT (IX, 'RADIAL STATIONS')

WRITE (XXX,670) (RA(1) , I = I,MRA)

670 FORMAT (IX,IOFI2.4)

and the tip flap and maximum bound circula.tion have l.he format:

WRITE (XXX,888)

888 FORMAT (IX, 'TIP MOTION - FLAPPING')

DO 889 J = I,MPSI

889 WRITE (XXX,890) PSI(J),ZZZ(J)

890 FORMAT (2FII.5)

where XXX and .| have the same meaning; ms before, PSI is the azimuth

location, and ZZZ is either i;_ or F.
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2.11 Wake Geometry and Blade Position Output

Files

2.11.1 Introduction

A modification to several subroutines was made in order to write to out-

put files tile wake geometry and blade position at an azimuthal resolution

that is not necessarily the same resolution as used ill tile CAMRAD.Mod 1

tl'inl I)rocedure. Tile l)urpose of printing this information into the output

files is for plotting of the wake geometry and blade position information with

user supplied plotting programs. For example, if the trim was performed

a! 10 azimuth steps, the wake and blade position may now be written out

at, say, 5 steps. The modification involves changes to the subroutines GE-

OMPI and GEOMP2. The changes are identical in these subroutines except

for the unit numbers and the common [>locks used. If the wake geometry

print variables in namelist NLLOAD are being used, the wake geometry

and blade [)osition information are written to files at the resohtion defined

by the variable MPSIW(;P in the namelist NLHIRES. This variable is the

number of azimuth steps per revolution for the wake geometry printout.

For example, if MPSIWGP = 72, the wake geomelry and [)lade position

would be written to files at a 5" per azimuth step resolution (i.e., (360 per

revolution)/(72 steps per revolution)).

2.11.2 Code Changes

The tip vortex wake geometry information at the high aziniuthal res-

olution is derived from the low resolution inforiuatioll by linear azimuthal

interpolaliotl. The coding added to GEOMP1 to output requested informa-

tion is as follows:

KMAX = MAXO(KFW,KDW,KNW,KRW)

IF (MPSIWGP .LE. O) GOTO 2

DO 777 J = I,MPSIWGP

XPSI = FLOAT(J)*360./FLOAT(MPSIWGP)

IZER = 0

XPHI = O.

CALL FINDRAD (...)

CALL GEOMEI (...)

CALL GEOMEI (...)

PSIRAD = XPSI*PI/180.
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CALLWAKEBI(...)
DO800 1 = 1,3
RWT(I)= TDUMB(I)
RWSO(1)= TDUMB(1)
RWSI(1)= RDUMB(1)

(extensive coding added to implementrollup
(and spinup).

(tunnel/fuselage corrections addedhere.)

WRITE(XXX,778)IZER,XPHI,J,XPSI,RWT(1),
IRWT(2),RWT(3),RSEC(1),RSEC(2),RSEC(3)
DO777 K = I,KMAX

XPHI = FLOAT(K)*360./FLOAT(MPSI)

MOUNT = K-I

IF (ABS(I.-FACTI) .LT. 0.001) MOUNT = K

CALL GEOMEI (...)

CALL GEOMEI (...)

WRITE (XXX,778) IZER,XPHI,J,XPSI,

IRWT(1),RWT(2),RWT(3),RSEC(1),RSEC(2),RSEC(3)

777 CONTINUE

778 FORMAT (2X,18,FIO.2,18,FIO.2,6FI2.5)

where XXX is the unil number 13 for rotor-1 (GEOMP1) or unil 23 for

rotor-2 (GEOMP2), and the subroutine FINDAZ is a new subroutine used

to find the linear interpolation factors for a given azimuth location. For

use in GEOMP2, the same coding is used, except the calls to GEOME1 are

changed to calls to GEOME2, and calls to WAKEB1 are changed to calls

to _A\AKEB2. ActuM arguments to the subroutines denoted by "(...)" here,

may be found in the source code. The coding added to GEOMPI to output

the blade position inlbrmation is as follows:

DO 886 JJ = I,MPSIWGP

XXPSI = FLOAT(JJ)*360./FLOAT(MPSIWGP)

XXPSI = XXPSI*PI/180.

CALL WAKEBI (...)

DO 886 I = 1,3

XROOTB(I) = RDUMB(I)
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XTIPB(I) = TDUMB(I)
886 CONTINUE

DO888 JJ = I,MPSIWGP
XXPSI= FLOAT(JJ)*360./FLOAT(MPSIWGP)
XXPSI= XXPSI.PI/180.
CALLWAKEBI(...)
DO888 I = 1,3
DO887 II = I,NRAD

887 XMIDB(I,II,JJ) = MDUMB(I,II)
888 CONTINUE

DO889 I = 1,3
DO889 JJ = I,MPSIWGP

889 WRITE(YYY,890)XROOTB(I,JJ),(XMID(I,II,JJ),
1 II=l, NRAD),XTIPB(I, JJ)

890 FORMAT(2X,IOFI2.5)

where YYY is the unit number 14 for rotor-1 (GEOMP1) or unit 24 for rotor-

2 (GEOMP2), Again for GEOMP2, tile calls to WAKEB1 are replaced by

WAKEB2 and the actual arguments may be found in tile source code.

2.11.3 Known Caveats

The wake geometry printer plo! does not include any of the modifications

lisled ill this section - only the printed output wake geometry file includes
these moditications.

2.11.4 Extensions to High Resolution

The high resolution calculations are independent of these wake geometry

OUll)Ut modifications. These nlodificalions are simply for the purpose of

l)rinting the wake geometry into an outt)ut file for plotting.

2.12 Tip Core Size Modifications

2.12.1 Introduction

In the early development of CAMRAD.Modl, it was determined that a

single-sized tip vortex was not adequate to model certain effects such as blade

vortex interactions. Several of the early modifications are described in this

section. First, lhe original single tip vortex model was modified to allow core
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sizechangesasa functionof wakeage.Thissinglevortexmodelproduceda
relativelysmoothvelocityprofileradiallyout from thecenterof thevortex.
1! wa_sseenin severalexperimentalinvestigationsthat tile vortex velocity
profilewas,in somecases,quitedifferentfl'omthewellknown"Scully-type"
vortex profile. As an at.tenlptto study the effect,of changingthe velocity
profiles,and to havetheseprofilesrelatedto the k)adingon the blade,a
(lua] coremodelwasimplemeuted.The dual coremodelconsistedo['two
concentrictip vortices(seeFigure2.16)suchthat eachcontaineda.portionof
themaximumboundcirculation.Morerecently,amodelof thevortexrollup
l>rocesswasimplementedthat supersedesthissection.However,if therollup
modelisnot beingused,themodelsdiscussedheremaybeused.Thissection
is mainly for historical va.lueand waswritten to documentthe singletip
vortexcorevariablesizemodelandthedualcoremodelin (!AMRAD.Modl
Thevortex rollupmodel,whichis describedin a.subse<luentsection,is the
recolnmendedmo(lel.

2.12.2 Single Core Modifications

The singletip vortex('oremodelin CAMRAD.Modl wa_s inodified to

allow a variable core size depending on the age of the vortex segment. First,

the single core model is chosen by selecting the variable OPD(_ORE = 0 in

namelist NLHIRES. Then the options for the variable tip (:ore size are chosen

via the variable OPT\TC, OR, also in namelist NLtIIRES. If OPTVCOR = 0,

then the original single (:ore model is retained. If OPTVCOR = 11, then a

step function is applied to the core size. The core size, in this case, starts

at the size defined by the input variable, CORE(I), in uamelist NLWAKE.

The core size increases to the value RCORINC (in namelist NLHIRES) at.

the vortex age PHIIN(! (also in namelist NLHIRES). If a core size function

other than a constant or a step function is desired, OPTVCOR = 12 may

be chosen. This choice applies a tenth order polynomial in wake age to the

core size. Any agewise core size variation function may be approximated

by this truncated series. A summary of single core size choices is listed in

namelist NLHIRES in Chapter 5.

2.12.3 Sample Case Discussion

As an example of the modification, the lift coefficient from the 10 case

fl'om previous sections is shown in Figure 2.17, along with the same case

including this inodification. Figure 2.17 (a) is the same i0 : azimuth case
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Single Core

_ outer core

.................... _ inner core

Dual Core

Figure 2.16: Definition of single and dual core models implemented in CAM-

RAD.Mod I
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with a constantcoresizeas before.Figure2.17(b) is the samecase,but
thesinglecorestepFunctionis applied.Figure2.18is the sameinformation
plotted radiallyat severalazimuthstations.Forthis case,thestepincrease
in coresizeismadeaftertile equivalentof onerevolutionof wakeage.That
is, tile step functionis at a.wakeageof 360'_'(PHIINC = 360_'), andthe
coreradiuswasincreasedfrom CORE(I) = .0212R to RCORIN(I = .091R.

The loading for the large core case is seen to be much smoother (Figures

2.17 (a) and 2.17 (b)) in the rear of the disk than in the small core case, as

expected. Even though the core size increase in this example is unrealistic,

the effect of tile modification is shown well. The core size may, in reality,

vary a.s a more general Function of wake age. In such a case, the function

may be fitted with tile tenth order polynomial and the case may be run with
OPTVCOR = 12.

2.12.4 Dual Core Modifications

A modification was added to CAMRAD.Modl to include a "dual core

tip vortex" model. This model essentially alters the velocity profile of a

vortex core by superimposing two vortex cores of different sizes (i.e.. inner

and outer core) and strengths. In CAMRAD.Modl, a "_core model factor"

is defined which nHdtiplies the influence coefficients for particular vortex

segments. This Factor can be used as a tool to simulate velocity distributions

in viscous vortex cores. Several choices, listed in namelisl NLH1RES (see

Chapter 5), may be made when using the dual core model. If the variable

OPDCORE = 1, then the dual core model will be used in the code. If this

choice is made, several other paran|eters in namelist NLHIRES must be sel

by the user. Fox' exa.mt_le, the variable OPCORA(! specifies the manner in

which the inner core size is calculated. If OPCORAC = 0, lhe inner core

and oul.er core sizes are user specified constants. If OPCORA(' = 1, the

inner core size is determined from internal calculations based on the angle

of attack of the la_st aerodynamic collocation point along with user specified

constants.

Similar to the single core modifications, there is an option to vary the

core size with wake age fox' the dual core model. The core size variation

flJnction choices, For the dual core option, does not include a step function

option, but does include a tenth order polynomial in wake age for both

the inner and outer vortex cores. The parameters in this core size function

determine the usage. There is not a variable, as in the single core model,

used to turn on or off the core size function. Of the parameters listed below,
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(, = 0.0 :

(a) ('l for 10 wake resolution with constant size single core.

t', = 0.0 :

(b) ('t for 10 wake resolution with single core step function.

Figure 2.17: Contours of local lift coefficient. ('l over tile rotor disk showing

effect of single core step function.
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Figure 2.1S Tile local lift, coefficient a,s a function of span showing tile effect
of wake model specified with single core step function.
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if all are set to zero the result is that no dual core agewise size changes

occur. These t)arameters are set to vahms other than zero to produce the

desired core size changes with wake age. The functions are as follows:

N 1

ri = ri,...,. + di,..,.,o + Z di'_'_", '_O_'_ (2.29)
,q:l

N 2

r,. = ro,,t._ + do,,.,.,o + _ d.ut....Y _ (2.30)

where di,._r,O is the variab]e DCCORFA0 in NLtlIRES, di,_n_,.,,_ is the set, of

variables DCCORFA(n) in NLIIIRES, do**te,.,o is the variable DCCORFB0

in NLttlRES, do_te,.,,_ is tile set of variables I)CCORFB(ll) in NLHIRES, N I

is the variable ND('(_OFA in NLHIRES, N2 is the variable NDCCOFB in

NLHIRES, ri,,,,¢,, is the current inner core radius, and route,, is tile current

outer core radius.

If tile dual core model is used, the strength if tile vortex must be split

between the two such that the total strength remains tile same. To a.c<'onl-

plish this, the inner core influence coefficient is multiplied by a factor, 3,

and the outer core is multiplied by (] -3). The value of.3 implemented is

proportional to the blade chord at the last aerodynamic collocation point on

the blade, to the angle of attack at the last. aerodynamic collocation point

on the blade, and to the velocity at the last aerodynamic collocation point

on the bla<h,. The constant of proportionality is a user specified constant.

The calculations of :] are done internally at. the vortex leading and trailing

edges. Also, the value of ,3 is non-dimensionalized l)y the ma.xinmn_ bound

circulation associated with the current w)rtex segment. The value of /_ is
tt,us:

:¢ - F,,_. (2.3])

where "? is the user specified constant GAMACST in namelist NLIIIRES. c is

the blade chord at the last aerodynamic collocation point, U is tile velocity

at tile last aerodynamic collocation point, _ is the angle of attack at the last.

aerodynamic collocation point, and F,_ox is the maximum bound circulation

at tile current azimuth location.
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2.12.5 Sample Case Discussion

As all example of this modification, Figure 2.19 shows the lift coefficient

contours of tire standard 10 _ case along with the same case using the dual

core model. In this case, a constant inner and outer' core size is used (OP-

CORAC = 0). No core size "age function" was used and a value of 0.1 was

used for (;AMA(IST. Figure 2.20 shows the same inforn)ation, plotted at

several azimuth angles.

2.12.6 Code Modifications

(k)de changes for this modification are made in subroutines WAKE('I

and WAKE('2. At. each occurrence of the single core influence coetticient

subroutine VTXL, there is now an IF statement involving the variable OPI)-

(:ORE. If OPI)CORE = 0, the single core model is used a.s described earlier.

If OPDCORE = 1, tire dual core model is used as descrit)ed previously. The

dual ('or(, model uses a new subroutine \:TXL2 to calculate the dual ('ore

influence coefficients. VTXL2 is identical to the VTXL except the core size

effect on tire influence coefficients is calculated in tire calling routine instead
of inside \'TXL2.

2.12.7 Known Caveats

° The dual core model and the rollup model should be mutually exclu-

six.'(,, but the code does not check to see if only one of these is being
used.

. In the original version of CAMRAD, the wake influence coefficient

calculations assumed a constant vortex core radius. Since the core

sizes in this section are variable, strictly speaking, the variation of

core radius should be accounted for in the integrals tha! are used to

derive the influence coefficients. However, as an al)l)roximation, these

effects are neglected and are expected to be small.

2.12.8 Extensions to High Resolution

The sa.me modifications are included in the HIRES portion of the code.

For tire single core model, tire step function or the tenth order polynonfial

may be applied either in the low resolution only, or in the low and high

resolution l)ortions, del)ending on the value of OPTVCOtl. The core size
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¢_,= 0.0

(a) ('t for 10 wake resolution with constant size single core.

.¢,= 0.0 '
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Figt, re 2.19: Contours of local lift coefficient ('l over tile rotor disk showing

effect of dual core model used in free wake computation.
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expansion functions applied to the dual core model are always in effect in

both low and high resolution.

2.13 Modification for Tip Vortex Bursting

2.13.1 Introduction

A moditication was made to the low resolution part of CAMRAD.Modl

to include vortex bursting for tile single tip vortex core model. When a

vortex is sufficiently close to a blade, bursting may occur and the vortex size

and/or strength (circulation) altered. In CAMRAI).Modl, for bursting to

occur, two criteria must be met: (1) a vortex must either cross the blade, or

have an endpoint sufficiently close to the blMe (i.e., within a user specified

azimuthal tolerance, PSITOL), and (2) the distance between the blade and

the vortex al the blade-vortex crossing point must be less than or equal

to a. user specified tolerance, ZTOL (Az/R). To locate the blade-vortex

crossing point it. is assumed that the lead-lag displacement of the blade is

negligible and that the blade has a no sweep. With these assumptions, the

blade is modeled as a. straight line at each azimuth angle. This line model

of tile blade may then be cor||l)ared to the location of all wake segments to

(h, ternline which vortex segments cross, or are within an azimuthal tolerance

of. a blade (see Figure 2.2t).

The procedure for the bursting calculation starts with tile initialization

of 111(, burst vortex core size to the input core size. Since the burst vortex

strength is calculated a_ a fraction of the maxinmnl bound circulation, the

fraction is initialized to unity so that the full strength vortex is used at

tile beginning of the calculation. A t)lade test l)a.ranmter is initialized to

zero. This parameter, which monitors which I)lade has burst which vortex

segments, is used in subsequent wake-trim iterations to avoid re-bursting t)y

the same blade-vortex encounter. Initializing this t)arameter to zero means

"'no blade has I)urst any vortex segment".

At each azimuth step in the influence coefficients calculation, the burst

('ore size, strength fraction, and blade test parameter are initialized to the

appropriate va.hm determined I)y the azimuth angle and wake age. For ex-

ample, for an azimuth angle of _, = 100': and a wak(, age of 0 = 100' , the

burst core size is initialized to the value a.t _, = 90 with a wake age of

O = 90 _. This initialization scheme convects the I)urst parameters with the

burst vortex as the burst, vortex is convected downstream. At the current

azimnth location, all vortex segments of the reference blade are tested to
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Figure 2.2l: Sclmmatic of a blade-vortex intersection.

determine if there is a vortex crossing of any blade on the rotor or if tile vor-

tex endpoints are within tile azimuthal tolerance PS1TOL. Of tile following

criteria (Equations 2.32, 2.33, and 2.34), if the first criterion is met, there

is a blade-vortex crossing; if tile second or third criterion is met, the vortex

is within the azimuthal tolerance PS1TOL of the blade:

(_:'t,t_d, -- _i't_)( _'b_d_ -- _"t_) _< 0. (2.32)

]('bl_t_ --_'l_[ _< PSITOL (2.33)

]'_'bla& - _:'t_[ <_ PSITOL (2.34)

where _:'bt, d_, t"_, and '_:'t_ are the azimuth angles of the line model of the

blade, of the leading edge of the vortex , and of the trailing edge of the

vortex, respectively (see Figure 2.21).

If a. blade azimuth-vortex crossing is detected, the intersection point is

located by first calculating the radial location of the intersection along the

blade. If the radial location of the "crossing" is less than the innermost

radial station on the blade or if it is outboard of the blade tip, then the

"crossing" is ignored since there is no blade segment involved. With the
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radialstation of tile intersection known, the vertical coordinate of the the

blade and of tile wake is found at tile intersection by linear interpolation

between known blade and wake coordinates. Tile difference in these vertical

coordinates is tile blade-vortex intersection "miss-distance". If the miss-

distance is greater than the user specified tolerance, ZTOL, tile intersection

does not burst the segment. If it is less than, or equal to tile vertical tol-

erance, tile vortex is burst. Tile bursting changes tile vortex core size and

the vortex strength. Also, the blade test parameter is set equal to unity so

thai in a later wake-trim iteration, the same blade-vortex intersection does

,lot generate a.ll additional burst of tile same vortex.

If the vortex segment is within the specified azimuth tolerance, the "in-

tersection" point is calculated as the closest point on the blade to the closer

of the leading edge or trailing edge of the vortex segment. Again, if the

"intersection" point is inboard of the innermost radial station, or outboard

of the til), the intersection is ignored. Otherwise, the blade height, is deter-

mined by linear interpolation of known blade information, and the vortex

heig;ht is assumed to be tile vertical coordinate of the endpoint that is in-

volved in the "intersection". As before, the "miss-distance" is the difference

in tile blade z-coordinate and the vortex z-coordinate.

('urreutly, a simple bursting model is used. For a bursting event, the

core size and strength are multiplied by the factors, CORMULT and CIR-

NIUI,T. respectively. Then the burst ('ore size and strength are saved. As

the calcl,lation proceeds, the same vortex may be burst again by another

blade. However, the same vortex may not be burst again by the same burst

event during a subsequent wake-trim iteration.

2.13.2 Sample Case Discussion

As an example of this modification, the 10 case without bursting is

compared to the case with bursting. This example is intended to show the

effec! of no bursting compared to the case were all vortices have been burst.

This is not the intended usage of the model, but illustrates that bursting may

have a significant effect on the predictions. Figure 2.22 shows a comparison

of lift coefficient contours for these two cases. The cane in Figure 2.22 (b)

uses the bursting model (OPBURST = 1) with only the elements "crossing"

a blade being burst (PSITOL g 0.0). The vertical tolerance in this case

is set to a relatively large value (ZTOL = 0.1) in order to dramatically

show the effect of the bursting model. This value effectively bursts all wake

elements on the rotor disk. For this forward flight ca_e, all wake elements
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are within a 0.1R vertical distance of the blades. Figure 2.23 illustrates the

same information, but plotted as a function of radius for several azimuth

angles.

2.13.3 Code Modifications

Changes were made t,o INPTW1 and INPTW2 to inchde a tlamelist
read of the new namelist NLBURST. This namelist is read after NLWAKE

for each rotor. (The namelist NLBURST t)arameters are listed in Chapter

5.) Also, included in INPTW1 and INPTW2 is the initialization of the ar-

rays COREBI, O and C1RCBLO. These are the burst, core size and strength

fi'action arrays, respectively. COREBLO is initialized to the input core

size. CIRCBLO is initialized to unity. New common blocks, BITRST and

BURST2, for rotor-I and rotor-2, respectively, were also added. Changes
were made to subroutines WAKECJ and WAKEC2 to include vortex burst-

ing. The common blocks BURST and B(!RST2 were added to these subrou-

tines. LooI)s were added to calculate the effects of bursting. One of these

loops calculates and stores the blade position at all radial and azimuthal

stations. Another loop initializes the arrays COREBLO, CIRCBLO, and
INBSTLO at each new reference blade azimuth location as described in

above. 1NBSTLO is the blade test. parameter. It. is an array in the common

blocks BURST and BURST2 used to prevent bursting of a vortex that was

burst by the same burst event during a. previous free wake-t.rim iteration. A

loop was added inside the wake age loop of the influence coefficients calcu-

la.tion to determine if a bursting event occurs and if so, to net. COREBLO,

CIR(:BLO, and INBSTLO to appropriate values.

2.13.4 Known Caveats

1. Tile circulation burst model (as opposed to the core size burst model)
is not operational in CAMRAD.Modl.

2. The burst model (circulation burst or core size burst) has not been
exercised.

3. The burst model is implemented for the single tip vortex core model

only.

4. The burst model is not implemented for the rollup model.
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Figure 2.22: Contours of local lift coetficient CI over tile rotor disk showing

effect of tile wake bursting model.
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5. Tile influencecoefficientcalculationsin the originalversionof CAM-
RAD werederivedfor a constantvortex core size. Here, tile core size

changes with wake age and azimuth. The influence coefficients used

here do not include tile effect of a variable core size with wake age or

azimuth angle.

2.13.5 Extensions to High Resolution

The same modifications above apply to the high resolution portion of

the code. The changes needed for the high resolution application are that

the arrays (!OREBLO, CIRCBLO, and INBSTLO are larger and are named
(:OREBHI, CIRCBHI, and INBSTHI. The tolerances are the same as in

the low resolution portion. The blade test parameter INBSTHI insures that

subsequent interactions in the high resolution far wake do not re-burst the

same vortex segment by the same blade.

2.14 Modifications to Use Input Blade Motion

2.14.1 Introduction

A technique was developed to allow the user to input elastic blade motions

directly into CAMRAD.Modl and use the input blade motion values to

calculate the resulting aerodynamics. These elastic blade motions may be

obtaine<l from other analyses or measurements. The current modification

was tested using measured blade motions, but predicted motions could have

been used just a.s well. If the input blade motions are used, the internal
ca.lcula.tioll of blade motions via an iterative harmonic analysis of the rotor

equations of motion, is overridden. Several new subroutines were included
to allow measured blade motions t.o be used in CAMRAD.Modl.

If using a. cantilever blade model ([tlNGE = 1 in namelist NLRTR),

MOTNIN_FL and MOTNIN_P read the flap/lag elastic motion and the

pitch motion, respectively, from the files provided by the na.melist variables

FLAPFILE, LAGFILE, an<t PIT(:HFILE (from the new namelist NLMEAS

discussed later) which contain the elastic blade motion in a TECPI,OT (see

Ref. [12]) format. If using a hinged rotor (HINGE = 0 in namelist NI,-

RTR), the same procedure is followed as above except MOTNIN__FLA is

used instead of MOTNIN_FL. In addition, the variables FLAP0 and LAG0

define the measured mean flap and lag angles for the hinged blade tbr use

in MOTNIN_FLA. The hinged blade motion option has not at present time
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been tested. If tile option HINGE = 2 (articulated blade model) is chosen

from namelist NLRTR, an error message is printed from subroutine RAMF

and the code stops. This is because tile articulated blade option (HINGE

= 2) contains no elastic blade motion - only rigid ttap and lag.

All three files, FLAPFILE., LAGFILE, and PITCIIFILE, contain mea-

sured elastic motion at each measure(I radial station, each in a separate

TEl!PLOT "zone" (see below). The number of radial and azimuth stations

read are determined by the variables t{[N and MPSIIN, respectively, in the

namelist NLMEAS. l_br example, the file FLAPFILE contains the lines:

zone

index, flap

index, flap

index, flap

where "'index" is a number associated with the azimuth location of lhe elastic

flap va.lue, "flap". (Tim value of "index" is not a.ctually use<l I)3; the analysis

- the input parameler MPSIIN is used to determine the mmlber of lines in

the file and thus the azimuth location of tile "flap" va.lue.)

Each zone is a list of the measured values (flap, lag, or pitch) a.t the cur-

rent radial station and contains the same number of lines that corresponds

to the number of measured azimuth stations. The flap and lag values MUST

be input in centimeters. Tile pitch values MUST be input in degrees. For

example, the file FLAPFILE contains R.IN zones and MPSIIN entries in each

zone. The first, zone in FLAPFILE contains the azimuthal time history of

the elastic flap for the first measured radial station; tile second zone contains

the azimuthal time history at the second measured radial station, ctc. This

zone convention is repeated for all tile measured radial stations. This same

convention is followed in all three input files, i.e., tile FLAPFILE, LAG-

FILE, PITCtIFILE files. (Note on interpolation vs. extrapolation: To avoid

extrapolation, the first zone in each file should be a. "dummy" zone contain-

ing all zeros for a radial station inboard of the innermost radial station used

in the CAMRAD.Modl analysis. Likewise, the last zone could be a zone

containing information at r/R = 1.)

The subroutine IUNI is an interpolation routine used to interpolate data

onto a. desired grid, and SFTMOD is a modified version of the WOPWOP

Fourier Transi'orm subroutine, SFT.
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Themodificationis implementedasanoptioncontrolledbythe variable
IMODEIN in the namelistNLMEAS.If IMODEIN= 0, the normalCAM-
RAD.IVlodlmodalanalysisblademotionpredictionis used.If IMODEIN=
l, the input elasticmotionsareusedinstead.Themaximumdimensionsfor
iuput elasticmotionsaresetto 50radialstationsand2049azimuthstations.

2.14.2 Method for Bending Modes

Ill order to use measured blade motions ill CAMRAD.Modl, tile inotion

must be cast into a suitable form. Since (!AMRAD.Modl uses a modal

analysis to describe the mode shapes of the rotor blade, it is required to

cas! the measured deflections in the form of harnlonics of modal amplitudes.

Since the flap/lag mode shapes are decoupled from the torsion mode shapes

in ('AMRAD.Modl, it is possible to split the problein into 2 parts: (1) the

flap/lag deflection analysis, and (2) the torsion analysis. First, the flap/lag

analysis will be discussed.

The mo(lal equation for the flap/lag deflection is as follows:

i_bT_t

k=l

where,

/(r, (')-- measured deflection (flap,lag)

_'k(r) -- bending mode shape of the kth mode (flap,lag)

q_(+':,) = modal amplitude of the kth mode

nbm = number of bending modes

The unknown in Equation 2.35 is qk(,/,). To solve for qk(¢'), a system of

nbm e(luations is generated a.t each a.zimuth location, V", by multiplying (dot

product) the modal equation above by a mode shape, _,_ (r), and integrating

radially over the span to eliminate the radial dependence. The result is a

nbm x nbm linear system at, a given azimuth:

1 nbm 1

J0 j,,
k----I

where l _< 'm _< nbm. The integration has been moved inside the summa-

tion, since both are linear operators and qa.('(,) has been moved outside the

integration, since it is not a function of radius. In matrix form, Equation

2.36 becomes:
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[A,,d{q_.(._,:,)}= {B,,,} (2.3r)

where each element of A,,,t,. = .[0l _)',,_(r)- 'lTa.(r)d," , and each element of B,,, =

./'_ 'q-',,,(r). Y(r, _':',)dr. The solution of Equation 2.37 is as follows:

{q.(_',)}= [A.,a_]-'{_,,,} (2.3_)

After this step, the modal amplitude that produces the measured de-

flection, at. the current azimuth, ix known. This procedure is repeated for

MPSI azimuth stations. Since CAMRAD.Modl uses the complex Fourier

coefficients of lhe modal amplitudes instead of the modal amplitudes di-

rectly, the modal amplitudes just calculated must be decomposed into its

Fourier cOnll)onents. The modal amplitude for the k-lh bending mode may

be represented as a. series summed over the numl)er of harmolfiCS used:

q,(_') = Z (':_}:;)_os(,,_:.)+ :_*;)si.(,,¢,)) (2.:_9)
tL-----0

the series ,.'_,_;)and .;_}_s}are related to the complexand the coefficients of

coetficients by:

,¢)- L': _- ;At_ (2.40)

2.14.3 Method for Torsion Modes

The elastic torsion motion is analyzed in a fashion similar 1o the bending

motion analysis in the previous section. However, the torsion motion analy-

sis is a scalar operation rather than a. vector operation. The modal equation
tot the torsion motion is:

ntm

O(r, ._/,) = __, 4_.(")Pt.(_")
h=l

where,

0(r, _,)= measured torsion deflection

_'_.(r) = torsion mode shape of the kth mode

p_.('(,) = modal amplitude of the kth mode

ntm = number of torsion modes

(2._i)
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Tile solution for Pk(¢') follows tile solution for qk(_") in the previous section,

except, the modal equation is multiplied by the mode shapes, _m(r), rather

that taking a dot product.. The resulting equations are:

1 nfm _01f (,,(,.)o(,.. _.),t,.= _ p_.(_,) (,,(,')(k(,'),h' (2.4_)
k=l

where 1 < 'm < 1_tm. The matrix torm of which is:

[A,,,d{p_.(e,)}= {B,, }

The solution of which is:

(2.4_)

{p_-(_/')} = [A,,k]-'{Bm}

The series for the nlodaI amplitudes is:

(2.44)

7?2h(lriD

TL=O

The complex coefficients of which are:

o!2 -io!2
o12 - "2 ('2.4_)

2.14.4 Code Modifications

A new namelist, NLMEAS, was added for rotor-1 only. (That is, the

input blade motion modification is currently available only for rotor-1 in

CAMRAD.Modl.) The subroutine INPTN was modified such that. if the

namelist NLWAI,:E is read for rotor-1 (OPREAD(2) = 1 in NLTRIM), the
subroutine INPTM1 is also called. This new subroutine reads the namelist

NLMEAS. The variables in namelist NLMEAS are found in Chapter 5.

The new subroutines, MOTNIN_FL (or MOTNIN_FLA) and MOT-

NIN_P, read the flap, lag, and torsion measured motion, interpolate the

motion onto the grid used in CAMRAD.Modl, generate a linear system of

equations at. each azimuth, solve the linear system at each azimuth, Fourier

analyze the modal amplitudes, and calculate the complex coefficients by

storing the real Fourier coefficients in the appropriate complex arrays.

The call to subroutine INRTM1 in subroutine RAMF was changed to

"'('AI,L INRTM1 (IMODEIN)" and the call to MOTNR1 was changed to
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"CALL MOTNR1 (IMODEIN)". The subroutine INRTM1 wa.s changed such

that if IMODEIN = 1, tile motion for bellding and torsion is set. t.o tile

previously calculated complex Fourier coefficients. The line:

BETA(JN,JROW)=B

was changed t.o:

IF (IMODEIH .EQ. I) THEN

BETA(JN,JROW) = BETA(JN,JROW)

ELSE

BETA(JN,JROW)=B

ENDIF

and the lille:

THETA(JN,JROW)=B

wa_ changed to:

IF (IMODEIH .EQ. i) THEN

THETA(JH,JROW) = THETA(JN,JROW)

ELSE

THETA(JN,JKOW)=B

EHDIF

The subroutine INRTM1 wa.s changed such that if IMODEIN = 1,

the motion for bending and torsion is not. updated by the internal CAM-

RAD.Modl mot.ion analysis. The line:

42 BETA(HI,I) = BETA(HI,I) + DEL*KH

was changed to:

42

IF (IMODEIH .EQ. i) THEN

BETA(HI,I) = BETA(HI,I)

ELSE

BETA(HI,I) = BETA(HI,I) + DEL*KH

ENDIF

CONTINUE
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and the line:

44 THETA(NI,I) = THETA(NI,I) + DEL*KH

was changed to:

44

IF (IMODEIN .EQ. 1) THEN

THETA(NI,I) = THETA(NI,I)

ELSE

THETA(NI,I) = THETA(NI,I) + DEL*KH

ENDIF

CONTINUE

2.14.5 Extensions to High Resolution

The ttlRES portion of the code interpolates the needed motion from

known low resolution information. Thus, there are no additional modifi-

carious required to the method in order for tile high resolution (HIRES)

l)ortion of the code to work properly.

2.15 Modifications to Use Input Normal Force Co-

efficients

2.15.1 Introduction

In a manner similar to the user-provided blade motk)n input, a modifica-

tion has been made to allow the user to input a file containing normal force

coefficients, (',_, into CAMRAD.Modl. These may be from another analy-

sis or from measurements. Since measured values of (',_ at a blade section

are normally calculated from an integration of measured surface l)ressures

around the section, and since accurate dynamic drag coefficients and mo-

ment coefficients are normally not available from the pressure data, in this

moditication it. is assumed that the lift, coefficient, ('l, is al)proximated suffi-

ciently by (',_. It is assumed that the drag coefficient, Cd, and the moment

coefficient, C,_, are sufficiently determined by the normal CAMRAD.Modl

airfoil table "look-up" procedure. With these assumptions, the user-input

(',_'s are interpolated to the resolution needed by the low resolution part of

the CAMRAD.Modl analysis. These va.lues are then used to rel)lac(' the

internally calculated values of Cl.
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Tile input file for C,_, called CNFILE in namelist NLMEAS, is the same

format as described for the FLAPFILE, LAGFILE, and PITCHFILE files.

Tile use of this inodification is controlled by the variable IAEROIN in

namelist NLMEAS. If IAEROIN = 0 the (',_ input fle, CNFILE, is not

used. If IAEROIN = 1 the C,, input file, CNFILE, is used. The maxinlum

dimensions tbr input C,'s are set to 50 radial stations and 2049 azimuth
stations.

2.15.2 Code Modifications

A new namelist, NLMEAS, was added for rotor-1 only. (That is, this

modification is available only for rotor-1 in CAMRAD.Mod 1.) The variables

in u_melist NLMEAS are found in (Thapt.er 5.
If IAEROIN = 1, the subroutine INPTM1 calls the new subroutine

MSAERO1 to read and interpolate the CNFILE data. Then the inter-

polated data is used in either AEROF1 or AERBED1 (depending on the
a.erodvnamic model chosen by the variable OPBED in namelist NLBEI) for

rotor-l). The common blocks AEROMS and AEROIN were added to both
of these subroutines.

2.15.3 Known Caveats

This modification has not been exercised nor has it been tested thor-

oughly.

2.15.4 Extensions to High Resolution

This method has not |)een implemeuted in the high resolution calculations
to date.

2.16 Indicial Aerodynamics in Low Resolution
CAMRAD.Modl

2.16.1 Introduction

Chapter 4 discusses a computer program called the Indicial Post-

Processor (IPP), which is used as one of two methods to process the high

resolution information from HIRES (Chapter 3), in determining the rotor

blade loading. To study the effects of the indicial aerodynamics models on
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tile rotor trim solution, a low resolution indicial aerodynamics model was

implemented ill CAMRAD.Modl. Since a modification must fit into the

overall schenle of CAMRAD.Modl, it was not. possible to directly use the

Indicial Post-Processor code for the low resolution implementation. Also,

tile [ndicial Post-Processor was developed and is tuned for high resolution

solutions. It has several features that would be inconsistent, for use with a

low resolution solution. The low resolution implementation of the indicial

aerodynamics is the topic of this section.

For simplicity, Figure 2.24 schematically shows an abbreviated flow chart

of the original CAMRAD trim loop. The outer rectangle represents the

subroutine, TRIM. The three inner rectangles represent the three stages

involved in a typical trim solution procedure. These three stages are the

uniform inflow stage, the rigid wake stage, and the free wake stage. At each

of these stages, a trimmed rotor solution is obtained and the trimmed solu-

tion is used to initialize the following stage (if one exists). The subroutines,

TRINI! and WAKEC1, listed in the rectangles represent the major tasks in-

volved in trimming the rotor. Subroutine V_5_,KE(_I calculates the influence

coefliciel_ts for rotor-l. Subroutine TRIN,il calculates the trim solution for

the current wake stage.

Figure 2.25 expands subroutine TRIMI to further illustrate its function.

In this figure, the outer rectangle represents a call to the subroutine TR1MI

from subroutine TRIM. In TRIMI, the subroutine RAMF iterates on the

rotor blade circulation and motion with fixed controls until the circulation

a_l(l motion root-mean-square (rms) change from one revolution to the next

is less than an input tolerance criterion. The function of subroutine TRIMI is

to call RANIF which first calculates the forces and moments on the rotorcrafl

with the initial guess for the trim controls, then calculate a "derivative

matrix" for use bv the Newton-Raphson solution procedure, and finally uses

a Newton-Raphson method to iteratively solve for the required rotor controls

for the trimmed flight condition.

Figure 2.2(i ext)ands the RANIF subroutine to further illustrate its func-

tion. Subroutine RAN.IF first calculates the blade modes, then iterates on a

circulation loop which in turn iterates on a motion loop. Inside the motion

loop, an azimuth loop calculates the blade position and motion with subrou-

tine MOTN B1. Then the blade aerodynamics are computed using AEROF 1.

Inside AEROF1, there is a radial loop that calculates the aerodynamics for

all radial stations on tire blade at, the current azimuth.

If the low resolution Judicial aerodynamics option is chosen, the effect, of

the option is to replace the azimuth loop in Figure 2.2ti with the one in Figure
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TRIM

TRIMI

WAKEC1

TRIMI

WAKEC1 ITRIMI

Uniform Inflow Stage

Rigid Wake Stage

Free Wake Stage

Figure 2.2,1: The basic trim loop of CAMRAD.Modl.
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TRIMI

I RAMF

I Calculate derivative Imatrix

M=I ,MTRIM

RAMF I

Calculate forces and moments

with initial control settings

Calculate derivative matrix by

incrementing each control

Free Wake Stage

Figure 2.25: The TRIM1 loop of (!AMRAD.Modl.
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RAMF

Calculate Modes

Circulation Loop

Calculate Wake Inflow

Motion Loop

Calculate Transfer Function

Azimuth Loop

MOTNB1

AEROF1

Span Loop

AEROS1

AEROT1

test motion convergence

test circulation convergence

test trim convergence

Figure 2.26: The RAMF loop of (!AMRAD.Modl.
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2.27.This replacementloophasseveraldifferencescomparedto theoriginal
loop. First, a newsubroutine,TWAl, calculates the near wake effects for

the reference blade. Second, AEROF1 is replaced by AERBED1 to calculate

the aerodynamics of the blade. Inside the radial loop in AERBED1, the

subroutine AEROS1 has been replaced by AEROS1B, and a new subroutine

SEPRATE1 has been added to calculate the effects of leading edge and

trailing edge separation. More detail about the subroutines and the changes

are given below.

2.16.2 Code Modifications

First, namelist reads for NLBED were placed ill the subroutines INPTR1

and INPTR2 for rotor-1 and rotor-2, respectively. Contained in NLBED

are the new parameters OPBED, HCOR, and ICURV. These and other

parameters are listed in Chapter 5.
If OPBED1 or OPBED2 = 1, the parameter OPSTLL in CAM-

RAD.Mod 1 is automatically set equal to unity internally, for the correspond-

ing rotor (1 or 2), regardless of the input value for that parameter. This is

done since the indicial aerodyuamics includes a simple dynamic stall model.

Therefore, for the indicial aerodynamics to use the 2-D airfoil tables cor-

rectly, the static stall option (OPSTLL = 1) must be chosen. This static

stall Ol)i.ion in (:AMRAD.Modl equates to interpolating the 2-D airfoil table

information at an unmodified (that is, unmodified by dynamic stall paranl-

eters) angle of attack. In addition, the subroutines INPTR1 and 1NPTR2

print a message to standard output reminding the user that the parameter

OPSTLL ha.s been set equal to unity internally.

Second, changes were made to the subroutines INPTWl and 1NPTW2

so that if OPBEDI or OPBED2 = 1, the extent of the near wake (KNW)

is checked for the corresponding rotor (1 or 2). If KNW is not equivalent

to 90, a warning message is printed to standard output. The value of

KNW is not changed, and the program continues to execute. It is left. to the

user to correct, the input parameter. In addition, INPTWl and INPTW2

check that the original CAMRAD.Modl near wake is turned off (i.e.., WK-

MODL(2) thru WKMODL(5) are set = 0 so that the near wake is not

"double counted"). If not, a warning message is printed t.o standard output.

The pa.rameters are not. changed and the program continues to execute. It

is left to the user to set the WKMODL input parameters correctly.

Third, if OPBED = 1, the TRIM subroutine calls the subroutine

1NITBED1 and INITBED2 for rotor-1 and rotor-2, respectively'. These
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MOTNB1
TWA1
AERBED1

Span Loop

AEROS1B

AEROT1

SEPRATE1

Figure 2.27: Repla('ement azimuth loop for the low resolution indicial aero-

dynamics option in CAMRAD.Modl.
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subroutinesinitialize the parametersneededill the indicial aerodynamics
calculations.

Fourth,thecallsto subroutineAEROF1from MOTNR1for rotor-1and
AEROF2from MOTNR2for rotor-2werereplacedby tile following:

IF (OPBEDI .EQ. I) THEN

IF (ITWAI .EQ. I) CALL TWAI(JPSI)

CALL AERBEDI (...)

ELSE

CALL AEROFi (...)

ENDIF

and by:

IF (OPBED2 .EQ. 1) THEN

IF (ITWA2 .EQ. i) CALL TWA2(JPSI)

CALL AERBED2 (...)

ELSE

CALL AEROF2 (...)

ENDIF

rest)ectively.

The subroutines AERBED1 and AERBED2 are tile indicial aerodynam-

ics equivalent to the subroutines AEROF1 and AEROF2. The variables

ITWA1 and ITWA2 are flags [.hat are initially set. to zero (internally) so

that the indicial trailed near wake is not calculated for tile case of uniform

inflow. After the uniform inflow stage, the flags are sel equal to unity (in-

terz_ally) so that the indicial trailed near wake will be included by calls to

subroutines TWA1 for rotor-1 and TWA2 for rotor-2.

2.16.3 Subroutine Descriptions

1. INITBED1 and INITBED2

Both of these subroutines initialize the parameters needed bv the in-

dicial aerodynamics subroutines (AERBEI)I and AERBED2) at the

beginning of the trim loop.

2. TWA1 and TWA2 (Trailed Wake Algorithm (TWA))



Thesesubroutinesusea modifiedversionof the trailed wakealgo-
rithm of T.S. Beddoes(seeR.ef.[13]).Thesecalculatethe downwash
a.t radial stations,RA, alongthe rotor bladeat.a specifiedazimuth
station,JPSI,dueto atrailed nearwakesystemof vorticesextending
90" behindthe referenceblade. Tile pa.rametersWKMODL(2) thru
WKMODL(5) needto beset.equalto zero,asdiscussedearlier. The
downwashdueto the Kt.h vortex segment is determined at the Ith ra-

dial location. The "current vortex segments" are located at the radial

segment endpoints, RAE. Placing the vortex segments at these loca-

tions is a modification to Beddoes' Trailed Wake Algorithm (TWA).

The total instantaneous downwash, H';_, .... a.t a given radial station is

then the sum of downwashes from all current vortex segments plus a

cont.ril)ution from the previous downwash, exponentially decreased by

an amount equivalent to convecting the vortex location I)y one time

step. The convection geometry has two options, straight or curved, a.s

discussed earlier. The basic form of the equations (Ref. [14] and [15])
are as follows:

Ii

(2.4T)

X,,,(I, h') = X,,.,otd(l, h)_ -eat + 1.359D,,. (2.4s)

}_,(I, K) = Y_,,,old(l, N)e -4¢''xt - 0.359D,. (2.49)

D,,, = / x( 1

VAt

(2..50)
) (1 + VAZ),/2

h 2

C'+ h2 + hc 2 (2.51)

where h is the distance from Kth vortex to Ith radial station, h_ is

the input HCOR core size, V is the freestream velocity encountered

by section, (= r+ psin(¢,)), At is the time step (1 azimuth step),

?'(K) is the strength of Kth vortex, 0 is the decay factor depending

on ICURV, h, and V.

Usage of the core factor Cc in Equations 2.50 and 2.;51 is also a nlodi-

fication of the TWA of Beddoes. This factor is used to avoid the well
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known singularity at the center of a potential vortex. This factor is a

"Scully-type" viscous core factor. Once the instantaneous downwash,

|_,,, is known, a velocity deficit function is applied to allow the

downwash to "build up", since the vortex does not instantaneously

produce a downwash field. Tile resulting downwash, lt_pp, is then

used by subroutine AERBED1. TWA2 does the same for rotor-2. The

deficit function is of the form:

VVapp(l, (,) = i.l;,,_,,(I, ._,) - DEF(I) (2.52)

--2L'zx$

DEF(I) = DEtotd(I)e--7_ + (IA_¢,,,(I, _/,) - H"_¢_o(l, _i'otd)) (2.53)

where c is the local blade chord.

3. AERBE1)I and AERBED2

Once the instantaneous downwash, W_;p, is known from TWA 1 and/or
TWA2. all the velocities on the blade are known. The aerodynamic

loads mav then be calculated by AERBED1 and AERBED2 for rotor-1

and rotor-2, respectively. The indicial modifications basically involve

replacing the angle of attack, with an effective angle of attack that
includes the features of modified classical unsteady thin airfoil theory.

That is, the angle of attack will be a quasi-steady angle of attack,

nlinus a lift deficiency function in the form of an angle of attack defi-

ciency function that. accounts for the shed wake of an airfoil (see Ref.

[14]).

The integrated downwash approach used to calculate the quasi-steady

and of attack in Ref. [14], cannot be used correctly ill the low reso-

lution calculations of CAMRAD.Modl. This integration is replaced

by an angle of attack calculation that assumes the the downwash is

comprised of a uni[orm downwash along the chord due to rotorcraft

motion, wake inflow, and airfoil motion (except pitch rate) plus a linear

downwash due to pitch rate motion of the airfoil. A picture illustrat-

ing this assumption is shown in Figure 2.28. The quasi-steady angle of
attack needed in this method is the angle of attack based on the values

of the velocity normal the the chord,/:.r the velocity in the chordwise

direction, U:, the velocity due to pitch rate, U0, and the velocity due

to the near wake, l'_lpp, at the 3/4 chord point:
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Velocity

Blade section
(a) uniform downwash along chord due to rotorcraft motion,

wake inflow and airfoil motion.

1/4 chord

Blade section

Velocity
(t)) linear downwash due to pitch rate motion of the airfoil.

Figure 2.2_: Downwash components on the airfoil.

_3/4 = l.an-I ( _7" + H"_'Pl'+ I;°) (2.54)
_,7 C

Once o's/4 is known, the deficiency functions found in Ref. [14, 15, 16]

may be applied to calculate the effective angle of attack. Again, since

the computation is performed in low resolution, the non-circulatory
or impulsive terms defined in the mentioned References are not in-

cluded. These impulsive components account for the apparent mass

terms seen in classical unsteady aerodynamics and are high resolution

effects. Thus including these in the low resolution sections would not

be consistent with the assumption of low resolution analysis.

After computing the angle of attack, AERBED1 and AERBED2 call

the subroutines, AEROSIB and AEROS2B, respectively. These sub-
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routines, once called, calculate the lift, drag, and moment coeffi-

cients (Ct, Cj, C,,_) by calling tile subroutines AEROT1 and AEROT2,

respectively, which interpolate the aerodynamic table information.

These ('_, ('j, and Cm values have no time delay effects due to trail-

ing edge or leading edge separation. These effects are accounted for

ill AERBED1 and AERBED2 which call tile subroutines SEPRATE1

and SEPRATE2.

4. SEPRATEI and SEPRATE2

These subroutines calculate the lift and drag coefficients including the

effects of trailing edge separation (TES) and leading edge separation

(LES). Tile values from AERBED1 and AERBED2 before calls to

SEPRATEI and SEPRATE2 assume no TES or LES. The effect of

TES is to lag the lift behind the angle of attack. This lag occurs

because lhe chordwise location of tile TES point does not instanta-

neously follow the changes ill surface pressure during motions of the

airfoil. This effect, is explained in detail in the mentioned References.

The TES theory coded in SEPRATE1 and SEPRATE2 follow these

references, tlowever, in the original publications, tile TES chordwise

l)oint is assumed to be known (t priori ; this is not the case here. Be-

fore the lagged TES point can be found, the unlagged TES l)oint must

be determined by solving the TES point equation in the references for

the variable FNP. The resulting equation is:

, -- - 1
_ l,l)otel_tial

"2 T( O

C - (2.56)
t,pot_f_,t (1 - M2)1/2

FNP is the value of the unlagged TES factor. Cl,potential is the po-

tential normal force coefficient. C't,_81 is the normal force coefficient

from the airfoil table lookup performed in AERBED1 (or AERBED2).

FNP is then lagged and applied to calculate the TES contribution,

(',,_:, to the normal force, as described in the mentioned References.

SEPRATE1 and SEPRATE2 then calculate the LES contribution,

C_,, to the normal force coefficient. This calculation is a simplified
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versionof the dynamicstall modeldevelopedin the mentionedRefer-
ences.Thissimplifiedversionaccountsfor onevortexreleaseduringa
dynanficstall event.This is a limitation onlyfor deep,sustainedstall.
Tim valueof thenormalforceandchordwiseforcearethendetermined
by theequationsin thementionedReferences.SinceSEPRATE1and
SEPRATE2needto return(71and('d, the chordwise and normal force

coefficients are converted to these quantities before returning. I1 is

assumed that the moment coefficient is at)propriately represented by

the value obtained from the interpolated table information ['rom sub-

routines AEROT1 and AEROT2.

2.16.4 New Common Blocks

The following subroutines conlain one or more new subroutines for the indi-

cial a.erodynamics: INITBED1, INITBED2, TRIM, MOTNRI, MOTNR2,

AERBED1, AERBED2, TWA1, TWA2, INPTR1, INPTR2, SEPRATE1,

SEPRATE2, INPTW1, and INPTW2. The new common blocks are as

follows: BED1, BED2, BEDOLD1, BEDOLD2, BED\:EL1, BEDVEL2,

BEDTWA1, BEDT_A%2, BEDCON1, BEDCON2, BEDUSE1, BEI)USE2,

BEDSEPl, BEDSEP2, DI.ICK1, and DUCK2. The list of variables in these

new common blocks is extensive. For a listing of these variables, refer to the

subroutines in the (_AMRAD.Modl source code.

.

Known Caveats

The indicial aerodynamics model should not. be used with the CFD

interface since the TV_% can not truncate the near wake as is required

by the CFD interface.

Recently it has been discovered that there is a flaw in the TWA model

in CAMRAD.Modl. The symptoms are that the loads do not decrease

Ks they should near the blade tip, and the loading is not smoothed

appreciably in a "near wake" fashion and can cause problems in the

large core calculations of the rollup model (discussed later). The exact

cause of the problem is not known at this time. Therefore use of the

low resolution indicial aerodynamics option is not recommended a.t
this time.
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2.16.6 Extensions to High Resolution

Tile indicial aerodynamics, for high resolution is implemented as a sepa-

rate post-processor program to account for the near wake given a far wake

"forcing function". Tile indicial post-processor and its implementation will

be discussed in a later chapter.

2.17 Modifications for a Vortex Rollup Model

2.17.1 Introduction

In the original version of CAMRAD, the vortex wake consisted of several

c()mt)onents. First, a near wake lattice model was used for the wake imme-

diately behind the reference blade. The far wake for all blades (starting at

the end of the near wake lattice model for the reference blade) consisted of

a tip vortex and an inboard far wake "panel", usually represented as one

shed and one trailed vortex in the center of the panel. Normally, both were

present with large vortex core radii. The geometry of the inboard wake was

determined by a prescribed/rigid wake model. The tip vortex distorted ge-

onwtry was computed from either a prescribed/rigid wake model or from a

free wake model. In calculating the influence coefficients for the tip vortex,

it was a.ssumed that the tip vortex geometry was determined solely by the

blade ti t) position and the tip vortex geometry model. The tip vortex rigid

wake geometry model assumes thai the distorted wake geometry depends

only on the convection of the vortex endpoints by the freestream velocity.

The free wake model assumes that the wake geometry is determined by the

freestream convection of the vortex endpoints and by the vortex self-induced

velocities. Also, the tip vortex strength was determined as a function of the

maximum bound circulation on the blade, regardless of the distribution of

bound circulation on the blade. In order to incorporate more physical prin-

cipals into the wake structure/geometry analysis, a new vortex model was

introduced - the "rollup model". The rollup model modifies the wake ge-

ometry calculations which are used in determining the influence coefficients.

The rollup model does not directly affect the free wake calculations, but it

modifies the results.

Several parts of the rollup model will be discussed in the following sec-

tions. But first, the method of implementation will be discussed. Then the

rolled-up vortex positions will be discussed, followed by a discussion of the

vorlex l)ositiot_ "phase-in" models. Following that will be a discussion of
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tile multi-core vortex model used for both tip and secondary vortices. And

fina.lly, the vortex "spin" model will be discussed.

2.17.2 Method of Implementation

The rollup model (Ref. [3]) was introduced as a.n additional loop ill

the Trim loop of CAMRAD.Modl. Originally, the Trim loop consisted of

several wake stages: uniform inflow, rigid wake, and free wake. Tire rollup

procedure was added as an additional step; the trim sequence now proceeds

as follows: uniform inflow, rigid wake, free wake, fl'ee wake with rollup model

(see Figure 2.29). At. the end of the original three wake stages, the "free wake

with rollup model" stage is entered. The first, step in this stage is to calculate

the rolled-up vortex positions for the tip and secondary vortices (this is part

of the "ROLLUP Calcs"). These locations will be used t.o position the tip

and secondary vortices relative to the original wake location determined by

tire free wake geometry calculations. Figure 2.30 shows tile original t)ositions

of the wake endpoints and those that are shifted inward (in the rotor tip

path plane) I)y an amount determiued by the rollup calculations. There

is also a vertical (perpendicular to the tip path plane) shift that will be

discussed later. The second step is to calculate the strengths for each reflex

core in the multi-core vortex model. This step is also part of the "ROLLIrP

Calcs.'" in Figure 2.29. With the vortex multi-core strengths and vortex

localions known, the wake geometry used in the computation of the influence

coefficients is then modified by shifting the wake eudpoints by a calculated

amount based on the rollup model and by using the multi-core model for

the vortex core structure (labeled "|/ollup Stage" ill Figure 2.29). If needed,

the first several wake endl)oints may be phased-in to their final loca.tion

over a prescribed wake age interval. Once the wake influence coefficients are

known, the controls-motion-cir('ulation interations proceed as before. Next,

new airloads are calculated in the t.rim loop using the new rollup vortex

locations, and the process is repeated for a user specified number of rollup-
trim iterations.

2.17.3 Rolled-up Vortex Positions, Part 1

The rolled-up vortex model for the inward shift of the vortices ("Part, 1")

incorporates elements of the Betz inviscid rollup model (Ref. [17]) which was

originally derived for trailed vorticity of fixed wing aircraft. Also included

are adaptations from the works of Donaldson and Bilanin (Ref. [18]) and
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Rigid Wake Stage

Free Wake Stage

Free Wake With

Rollup Stage

Figure :2.29: Tile TRIM loop with the llew Rollup Calculations inchded.
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With roll up _/L_a',-/

,_ LWithout roll up
model

Figure 2.30: Wake-vortex intersection.

Bliss (Ref. [19]). In this model, tile bound circulation distribution along

the blade span is used to define and locate an axisymmetric tip vortex that
has a circulation (strength) distribution which varies in tile vortex radial

direction (outward from tile center of the vortex). The "rolled-up'" position

of the vortex (i.e., the final location of the vortex) is calculated ill tile new

model to be tile fully rolled-up vortex position. This is similar to the Betz

method in that the final spanwise location of the vortex far downstream

is at the wing's spanwise centroid of vorticity, ttowever, the rollup model

also defines a "secondary" vortex, inboard of the tip vortex, when certain
criteria imply that there should be more than one vortex trailed into the

wake. The present analysis is limited to a maxinmm of two vortices (a

tip and a secondary). The inboard wake treatment is the same as original

CAMRAD. Tile model addresses only the final rolled-up location of the

vortex endpoint in planes nominally parallel t.o the rotor disk. The final

vertical rolled-up location will be discussed later. From the Bet.z rollup

model, it is seen that the tip vortex far downstream of a fixed wing should

be placed at the spanwise centroid ofvorticity; whereas, in CAMRAD.Mod 1,

the tip vortex location, excluding the rolhp effects, is determined by a free

wake anaJysis. Due to the complication of tile l)articular free wake geometry

analysis in CAMRAD.Mod 1, a direct modification of the free wake geometry

analysis was not attempted. Instead, a superposition approach was taken.

97



In this approach, the free wake geometry is determined without tile rollup

model, then the geometry is adjusted to account for the rollup effects. This

adjustnmnt takes tile form of an inward radial shift, in the wake endpoint

locations according to tile rollup location calculations.

Ill the actual determination of the vortex rolled-up spanwise location, it

is assumed that tile circulation distribution is smooth radially. This leads

to a smooth vorticity distribution. However, in typical helicopter BVI con-

ditions, there can be significant spanwise circulation variations caused by

perpendicular BVIs. It is assumed ill this modeling that these spanwise vari-

ations caused by perpendicular BVIs do not contribute to sustained trailed

vortices. This is, these spanwise loading variations contribute to local trailed

vorlicity, but do not create "loug-live(t" vortex filaments such as seen in a

til) vortex. Since the modeling presented here is limited to two vortices (a

tip and a secondary vortex), it is desirable to use a smooth bound circu-

lation distribution to determine the final rolled-up positions of the tip and

secondary vortices. Determining a smooth bound circulation distribution

(i._., eliminating effects of tile perpendicular B\71s) is the role of tile "large

core calculation". This large core calculation involves a "side" calculation

whereby tile wake influence coefficients are found using a "'large" vortex core

radius (typically about 0.3 rotor radii). Once the large core wake influence

coellicients are known, the resultant loads and thus circulation may be com-

puted. Tile circulation from this "side" calculation is dubbed tile "large core

circulatiol|" (also known ms tile "fat core circulation" in [3]). Figure 9 from

reference [3] illustrates a comparison between a full spanwise circulation

distribution and the resultant large core spanwise circulation distribution

(called the "fat core distribution" in Figure 9 of reference [3]). Here it is

seen that the large core circulatiou has essentially removed tile effects of

l)erpeltdicular BVIs.

h| addition to the large core calculation, the effects of blade rotation on

vortex stretching must be taken into account. Figure 2.31 shows a rotating-

blade tip vortex with straight line segments being emitted at a radial location

Yt- To illustrate a concept, vortex line segments, signifying vorticity shed

from locations y, are shown outboard and inboard of Yr. Each segment

length depends on the spanwise location for a given azimuth step size and

on lhe rotational and inflow velocity at location y. Each filament segment

has an induced field velocity given by

_F_l
_, - (2.57)
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Figure 2.31: Rotor blade with lille segment modeling of trailed vorticity due
to bound circulation distribution.
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where7'is the perpendiculardistanceto the vortex. In the rollupconcept
consideredhere,the vorticity filamentsaredrawnto andareentrainedinto
the vortexat.locationTat,with the vortexlengthbeingdefineda.tYr. When

this is done, stretching (or compression) of the vorticity must occur in pro-

portion to tlle ratio of its original segment length to its new segment length

at Tat. This serves, in principle to maintain tile same av contribution at an

observer located at a distance r in the wake. This concept is implemented

by multiplying the large core spanwise circulation distribution by a weight-

lug factor, F. The weighting factor for the large core spanwise circulation

distribulion for the tip vortex is a.s follows:

F = (_ - y) +/Lsin _, (2..5S)

The weighted large (fat.) core spanwise circulation distribution is also shown

in Figure 9 of reDreuce [3]. This weighted distribution is subsequently used

to determine the locations Tat and Ta._,the spanwise final rolled-up locations of

the tip vortex and secondary vortex, respectively. The weighted large core

spanwise circulation distribution, typically a smooth distribution, is used

t.o locate the final rolled-up locations of the tip and secondary vortices. A

sl)auwise vorticity centroid function can be found by the following equation:

1 j0y &, (7/),/0_/ (2.59)Ta(v)- - o,--7-

o,--7-

where y is tile blade spanwise coordinate pointing inboard starting at the

tip, if(y) is tile spanwise vorticity centroid as a function of y, and 3.(y) is the

weighted large core circulation a_%a function of y. In practice, the derivative

of "_ is determined by a forward difference scheme starting a.t the tip of the

blade, and the integral is calculated using the trapezoidal rule.

The current roilup model implements the above integral in three typical

cases. "Case 1" (see Figure 2.32) assumes that the circulation distribution

increases monotonically from a value of zero at the tip to a value of F+moa-

at a radial station, y+.,,_=x (also labeled as point "A"). In this case, tile

minimum value of vorticity between the tip and y+,,_,_, is actually at y+m,_:,

and the value of the vorticity there is zero. For this ease, only a tip vortex is

needed. In actual implementation and for coding convenience, the secondary

vortex exists along with the tip vortex for all cases. However, in Case 1,

the secondary w)rtex location is identical to the tip vortex location and its
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strengthis zero. Tile fully rolled-uppositionof tile tip vortex is defined

a_ the centroid of vorticity between the tip and point A from tile integral
below:

'F/t - 3(.4)1 .£y=.40..)(q).qOqO.l____.7 (2.61)

where 91 is the vorticity centroid located between tile tip and the point A,

and ") is the weighted large core circulation, as discussed above.

If the fi, nction .f{b') does not increase monotonically, i! is assumed that

two vortices are required; "Case 2" and "Case 3" deal with the two such

possibilities. In Case 2 (see Figure 2.33), a non-zero minimum occurs in

the w)rticity distribution between the t.ip and .q+m_ ..... ["or lifts case, :q+,,_,,_.

is labeled "B" and tile location "A" is determined in the actual discretized

radial solution a.s tile radial station .jtlsl prior to the station at which the

function _(!/) fails to increase monotonica.lly. The final tip vortex rolled-

up location here is determined, from Equation 2.61, to be the centroid of

vorticity between the tip and point A. The secondary vortex location is found

to be tile centroid of vorticity between point A and point B a.s follows:

1 ._u=l_ O_(,l)q071 (2.62)= -,(A) :A 0,---7-

If the value of _ is ill-defined by this equation, the value of _._ is taken as a

point half-way between points A and B.

For "(?ase 3" (see Figure 2.34), there exists a negative minimum in the

circulation distribution, 1__,,_:,.,., between the tip and the positive maximum

bound circulation, F+,,,,,,., which leads to all inflection point in tile vorticity

distribution. The maximum in circulation occurs a.t a. radial station 9+,,,,a-,

labeled "B". And as before, point "A" (in the actual radially discretized

solution) is located a.t the radial station just prior to tile station at. which

tire function F/(_/) fails to increase monotonically. Again, tire tip vorlex final

rolled-up location is determined by the equation for' ft above between the

blade tip and point "A"; the secondary vortex final rolled-up location is

determined by the equation above for _ between tile points "A" and "B".

In this case, tile tip and secondary vortices will have the opposite circulation

sense (i._., the tip w)rtex will have a. negative strength and the secondary

will have a positive strength).
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2.17.4 Rolled-up Vortex Positions, Part 2

The previoussubsectiondiscussedthe final rolled-uplocationof tile tip
andsecondaryvorticesill a planenominallyperpendicularto therotorshaft.
The final verticalrolled-uplocationin nowconsidered.Previouslyin CAM-
RAD.Modl, the tip vortex was assumed to originate at the tip of the blade.

The original location of the tip vortex was defined by locating the blade tip

in space, then setting tile coordinates of the zeroth wake age to that. coor-

dinate. At subsequent wake ages, the wake endpoint location in space was

determined by a combination of the blade tip position when the endpoint

was "'deposited" in the wake, the convection of the endpoint by tile free

stream, displacelnent of the endpoint by a. free wake distortion vector, and

displacement of the wake endpoint by an amount prescribed by the rollup

model. The previous subsection discussed the additional endpoint displace-

meat I.erm from the rollup in the horizontal plane. This subsection discusses
the additional ternl for tile vertical coordinate. For the rollup model, this

vertical term is needed to account for the fact that certain vortices do not

[caw' from the tip of the blade.

_r a vortex (tip or secondary) that is inboard of the blade tip, the final

vertical rolled-up position term is equal to the vertical location at tile span-

wise final rolled-up location on the blade. For example, of there were no

coning or bending of tile blade, the vortex final rolled-up location would be

constructed from a spanwise location, and a vertical final rolled-up location

equal t.o zero. This is because the tip and tile spanwise rolled-up location
are at the same vertical coordinate for this scenario. As another example,

if a rigid, a.rliculated blade were coned upward, the spanwise rolled-up lo-

cation would be below the tip of tile blade. Therefore, the wake endpoint

would be shifted downward by tile difference in these two coordinates (see

Figure 2.35). With this additional term, the vortex appears to eminate from
tile blade at. tile location marked with an "X" in tile figure, instead of the

location marked with an "0".

2.17.5 Rolled-up Vortex Position Phase-in

In the previous subsections, the final rolled-up locations of the tip and

secondary vortices are discussed. Provisions are made to allow the vortex

t.o migrate to or "phase-in" t.o the final rolled-up position from some initial

spanwise location on the blade. Several models for this have also been

develol)ed and implemented in CAMRAD.Modl. First, a simple functional
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form wa.s inlplenlent.ed to specify a phase-in scheme. Second, a. model based

on fixed-wing work of Spreit.er and Sachs was at.tempted. This second model

was abandoned after initial testing. In (_AMRAD.Mo<I1, the coding for this

model still exists, but the variable controlling its usage has been hard coded

such that the option cannot be used. Thus, the Spreiter/Saehs option will
not be discussed in this documentation.

The prescribed phase-in model in (_AMRAD.Modl has several forms

which can be applied to the tip and/or the secondary vortices. First, the

variable ISE(IPII in namelist NLROLL determines if the secondary vortex

will be involved in the phase-in l)rocess. Normally, the secondary vortex does

not I)articipate in the phase-in process as it is assumed that the secondary

vortex will "form" and remain at the location g,_. Therefore, the secondary

vortex is normally considered to always be at its final rolled-up position. The

tip vortex, on the other hand, is a,ssumed to be "created" at some location

on the blade outboard of the secondary vortex. The tip vortex is assumed

to then phase-in to (i.c.. migrate to) its final rolled-up position. Figure

2.36 illustrates a wing with a "tip" vortex trailed. In the figure, note that

at some downstream wake age, the vortex is located at its final rolled-up

position. (ionceptually, the phase-in function is smooth and continuous. In

practice, the phase-in function is applied at given wake segment endpoints

of fixed wake age; each vortex segment between these endpoints is a straight

line. Also, note that the vortex originates fl'om a user-specified fraction of

the final rolled-up location relative to the tip of file blade. Between these

two locations, a tenth-order polynomial of wake age, with user-specified

coefficients, is used to phase-in the tip vortex. Normally, the initial location

is assumed to be at the tip of the blade and the pha_se-in occurs linearly in

age (by using only the first term in the phase-in polynomial). In a typical

case, the phase-in is assumed to be complete (i.e.., tile tip vortex is at its
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final rolled-up location) after one rotor revolution.

2.17.6 Multi-Core Vortex Model (Tip Vortex)

Another feature of the rollup model is the "multi-core vortex model".

From classical fluid mechanics, the velocity field induced by an infinite ideal

vortex (a solution to Laplace's equation) is as follows:

F
_ (2.63)

27rr

where F is the circulation associated with the vortex, and r is the radial

i>erpendicular distance to the point where the velocity is desired. This vortex

is irrotational (except at the center), and has a velocity distribution that

approaches infinity as the center of the vortex is approached. In "real"

fluids, viscous and turbulent effects I)ecome dominant near the center of the

vortex and thus prevent infinite velocities at the vortex center. Historically,

many models have been introduced to account for the viscous effects near

the center of the vortex. These models typically assume a particular velocity
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distribution basedoil a vortexcoresize,re. For example, a Ra.nkine vortex

model for tile velocity is similar to that of an ideal vortex for r _> re, but. for

r < r_:, a solid body rotation is assumed. This assumption leads to a. linear

velocit.y increase fronl zero at. the center of tile vortex to the value _, = r
2 7rT-t

at. the edge of tile vortex core. Another example is a model dubbed here

as the "Scully" vortex model and has an induced velocity" distribution as
follows:

Ft,. )2rr," r2 _-r_2 (2.64)

where F, r, and r_- are defined as discussed above. The term in the para.n-

theses is known as the core factor and it serves to smoothly transition the

induced velocity profile _, from the ideal vortex to zero at the center of the

vortex, with a peak induced velocity at the distance r_ from the center of

the vortex. The functional form of the core factor is arbitrary to a certain

degree, but does provide a. smoot], transition in the velocity profile as a

function of distance fro]]} the vortex center, unlike the Ra.nkine vortex tha!

has an abrupt change from a. linear function to a I/r function a.t the edge

of the vortex core (that is, at. r = rc).

Previously in CAMRAD.Modl, the tip vortex core was modeled (lypi-

ca]ly) using the Scu]ly vortex model above. The tip vortex core size was a

single, constant input quantity. The present vortex core modeling for the

tip and secondary vortices implements a multi-core mode] which ties the

strength of the tip and secondary vortices to the large core circulation dis-

tribution on the blade at each azimuth. Figure :2.37 illustrates the model

of the structure of the far wake vortices which depend on the large core

circulation distribution a.l each blade azimuth station. The vortices shown

are taken as fnl]y developed; the intermediate rolling-up process and aging

process is not modeled here. The structure of the tip and secondary vortices

are represented in Figure :2.37 as "sets" of concentric vortices of varying
radius.

In reality, the tip vortex strength would vary in a continuous manner

radially outward from the center of the vortex. However, a discretized so-

lution is desired in CAMRAD.Modl. Thus, the strength of the tip vortex

will be calculated at a. set. number of user input core sizes, tlp to ten in-

put core sizes ((re)p) are possible (p is the index of the input core sizes;

p = l, 2, 3.... , I0). The only requirement on these core sizes is that they are

spaced in such a manner that they adequately resolve the viscous core region.
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Using the discretized version of the spa nwise vorticity centroid function as

discussed earlier in this section, the spanwise vorticity centroid function be-

comes, -Y(yi), where Yi are the discretized radial locations. The discretized,

weighted large core spanwise circulation, ")'(yi), is assumed to be related to

y(yi) as shown in Figure 2.38. The circulations are linearly interpolated to

the actual user input core sizes, (r()p, where the subscript p is the index

of lhe user input core sizes. This assumed relation holds for the tip vortex

until the point labeled "A" is reached for any of the three possible "Cases"

discussed previously. Any input core size that is outside of this interpolation

range is assigned a strength of zero. The interpolated circulation values are

represente(I by the symbol _t), where, again, p is the index of the user inpu!

for the vortex of core radius rp is determined a.score sizes. The strength, ")p

the difl'erence in circulation values belween vortices of core size % and rp-l.

For the tip vortex, this difference is as follows:

Note that if p = 1 the term ('_t)p-1 = 0.

The mosl inner core radius (rt)p for the tip (try)I) for the secondary)

represents an approximate viscous core radius. This inner core size may be

determined in two ways. First, it. may be a constant, user speciiied core size

that wouhl l)e the smallest core size expecled from the particular rotor being
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examined. Or second, it may be determined t)y an empMca/ model. (Tile

empirical model is discussed later as an option to the multi-core model.)

The above definition of the multi-core model concept allows one to match

nearly arbitrary large core circulation distributions to trailed vortex strength

distributions. It is seen that although some choices can be made in the code

to define the inner core radii of the tip and secondary vortices (as options),

the importance of the core radii a.s tuning paranleters is significantly reduced

when compared to the single core model.
In order to maintain the same &, contribution at an observer at r in the

!

wake, the strengths of %, are "unweighted" by lhe following factor:

1
F = (2.6_J)

(1 - gt) +/i sin 'e

Tile strengths of the all of the vorl.ices in the multi-core representation of

tile tip vortex are now known, and the velocity field of this vortex can be

calculated. Tile following formula is used to calculate tile velocity field at.

any point due to influence of the multi-core tip vortex:

= (2.67)
_/ ,, 27Z',p=l 27rr , (,.2,_ + (r_)p)/

where p is tile summation index, P is the number of vortex cores in the multi-

core model, r is tile perpendicular radial distance to the vortex center, (r,.)p
is the pth user input core size, 7_ is a user input integer used to vary the
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vortex core model and tile term in parantheses is the core factor. Note the

similarity in tile functional form of the velocity profile to the form of the

Scully type vortex model discussed previously. Also, note that for different

values of _ many of the common core models are recovered. For example, if

n = 1, the Scully model is retained. If n -+ o_, the Rankine vortex model is

recovered. Typically a value of n = 2 is used.

2.17.7 Multi-Core Vortex Model (Secondary Vortex)

As discussed earlier, if a "Case 2" or "Case 3" situation is detected, a

secondary vortex is assumed to exist at a final rolled-up spa nwise location _.,.

l,ike the til) vortex, the strengths of the multiple concentric vortex cores that

coml)ose the secondary vortex are needed to calculate the velocity field due

to the presence of tile secondary vortex. Whereas the tip vortex multi-core

strength distribution was related to tile function y(y), the secondary multi-

core distribution is relate(I directly to differences in spanwise circulation on

the blade. First, a spanwise origin, labeled point "C" in Figures 2.33 and

2.34, is needed thal lies between points A and B. The amouut of vorticity

outboard of point C and the amount of vorticity inboard of point C are

assumed to be additive in the mulli-core model for tile secondary vortex.

That is, the vorticity outboard of point ('. will l)rovide a vortex strength

distribution in the multi-core model of the secondary, as will the vorticity

inboard of point (!. These effects are the superimposed. Point C is located by

finding the maximum rate of change of the weighted large core circulation,

Id')/dyl. In practice, the derivative is calculated using a forward difference

schelue:

d'_ ... ?'i - "7;-1 (2.68)
dy yi - yi-I

where the subscript i starts at the location just inboard of point A and

continues until point B. Also, ill practice, the location of the maximum

vorticity is determined by successively testing the calculated value of Id')/dyl,

as above, with 1.1 times the previously calculated value. If the radial station

associated with the maximum slope is found in this mauner, it is saved as

point C. If a maximum is ill-defined by this process, point C is determined

by the radial station midway between the radial stations assigned to point

A and to point B. Figure 2.39 illustrates points A, B, and C for a generic

"Case 3". The vertical axis is the relative circulation value at the given radial

stations yi. The second (lower) horizontal axis represents the interpolation
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of the relative circulation values onto distances equivalent to the user input

secondary vortex core sizes (rc)p outl)oard (between A and C) an(1 inl)oard

(between B and C) of the point labeled C. First., the circulation a.t each of

these (:ore sizes (rc)p in the outboard region is determined by the relative

circulation distribution at that radial station. In the case shown (i.e.. Case

3), these va.lues will be negative since the circulation outboard of point C

is less than that a.t point C. Next, the circulation inboard of point (' is

determined in a manner similar to that used in the outboard region. These

circulations at. equivalent vortex core radii (rc)p are then subtracted from
one another as follows:

% = _(rc)p,i,_bo_,.d -- ")(r_-)p,o_tbo._j (2.69)

where now, *_p is the circulation value associated with the input user core

size (rc)_,. The strength (vorticity) of each of these core sizes is now taken
as the difference in the circulation t)etween the cores as follows:

(3_)p = (O.,)p - (%)p-i (2.70)

where p is, a.s before, the user input vortex core size index. As before, if

p = l, the term 3p-I - 0. Again, in order to "unweight '*ttie strengths of the

multi-core model, the (')_,)p ternis are niu[tiplied by the following function
F:

1
F = (2.71)

(1 - y_) + t_ sin _',

Note that except for the term _, this F is just the inverse of the F used

to weight the large core spanwise circulation distribution. Now the induced

velocity field due to the secondary multi-core vortex is calculated in the

same manner as the velocity field induced by the tip multi-core vortex:

(2.72)
"/ tr _2_p=l 27rr (r2_ + _ cO J

2.17.8 Multi-Core Vortex Model Options

There are actually three multi-core model options in CAMRAD.Modl.

The first, described previously, is the default option in CAMRAI).Modl

when using the rollup model. This default option uses an array of constant

core sizes for the multi-core tip vortex and the multi-core secondary vorlex.
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Tile secondoption, controlledby the variableICORYCBin namelist
NLROLL, is to usea single,empiricallydeterminedcoresizefor the multi-
coremodel.Thisoptionis referredto asthe "singlevariablecore,multi-core
model".This option uses tile tbllowing empirically derived core sizes:

(r_)t ---=-0.015 + 0.075yt (2.73)

(re), = 0.015 q- 0.075(_ s - YA) (2.74)

where (rc)t is the inner most tip vortex core size (p = 1), (r_)s is the inner

mos_ secondary vortex core size (1)= 1), Yt is the fully rolled-up location of

tile tip vortex as calculated above, Ys is the fully rolled-up location of the

secondary vortex a.s calculated above, YA is the radial location of point A, y

is the distance from the tip of the blade to the inboard point y on the blade.

With these core size definitions, the core sizes for the tip and secondary

vortices vary azimuthaily. The strengths of the core for each the tip vortex

aud secondary vortex are determined ms before with the index p = I.

The third option, refered to as the "variable multi-core, multi-core

model", is a hybrid of the two previous models. First, tire user defines a set.

of constant radius vortex core sizes a_s done in the default option. Then the

"variable multi-core, multi-core model" will first, calculate the distribution

of strength in the constant core sizes as in the defa.ull option. With the

strength distribution known, the empirical core sizes discussed previously

are a_sumed to be the minimum viscous core radius. With this assumption,

the "'closest" core size in the constant core size array is reset to the mini-

mum core size. Any strength inside of the minimum core size is summed

and a.ssigned to the newly defined minimum core size. Since the minimum

core size will be between two core sizes in the constant core size arra,.v, an

interpolated amount of strength is also removed from the core size that is

just larger that the minimum core size. The amount that is added to the

minimum core size is then removed from the larger core. The purpose of

this lasl step is facilitate a smooth transition between two core sizes as ttre

minimum core size increases and decreases azimuthally. For example, if the

minimum core size is only slightly smaller that a particular core size in the

constant core size array, the minimum core will receive all strength inside

its radius and most of the strength from the core size to which it is closest.

Subsequently, the core size that is closest to the minimum core size will have

almost zero strength. This is illustrated in Figure 2.40. The user input con-

stant core sizes in this Figure are rl, r2,and, r3. The empirically determined

core size is (r_-)t. In practice, the core size r2 is set to the value (r_)t. This
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Figure 2.39: Spanwise locations of A, B, and (! in multi-core model for

secondary vortex.

core (r_-)_ will haw, tile summed strength of (1) rl and (2) r2 and (3) a.n

interpolated strength between cores r2 and r3. The strengths of cores rl

and r2 are subsequently set. to zero for the remainder of the calculations;

the strength of core r3 is reduced by the same amount that was gained by

(r_-)t in the int.erpolatk)n step above (step (3)).

2.17.9 Multi-Core Model Caveats

The wake influence coefficient calculations in the original version of CAM-

t{,AI) were developed for a, constant vortex core size. In the multi-core model

options where a core size varies a.zin]uthally, these saIlle influence coefficienl

calculation precedures are still used. That is, the effect of a linearly varying

vortex core size on the value of influence coefficient for each wake segment

endpoint is not taken into accounted.

2.17.10 Vortex Pair Spin Model

The present use of the Scully free wake model in CAMRAD.Modl puts

constraints on the way that the wake geometry can be modified to account

[or effects of the rollup model. At present, any particular wake endpoint of

a tip and secondary vortex is associated with a wake endpoint from the free

wake geometry caJcule_tion. This free wake geometry endpoint is adjusted

after the free wake geomtry calculation to include the rollup model vortex
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Figure2.40:Variablemulti-core,multi-cor¢,modelinterpolationschematic.

positioncalculations(discussedpreviously)in tile influencecoefficientscal-
culations.Notethat thefreewakegeometrycalculationdoesnot account,for
lhe fact that in somet)artsof the rotor wake,thereexist,botha tip andsec-
ondaryvortex. Figure2.41depictsa portionof a wakefilament,whichsplits
into a tip and secondaryvortexoverpart of its length.Thetwo vorticesin
this case are shown with opposite (but not necessarily equal) strengths, Fs

and ['t- A model was implemented to account for the mutual influence of

the tip and secondary vortices on each other. This model, called the "spin"

model, is used to rotate the wake endpoints to a new position baaed on a
two-dimensional model of the influence of the two isolated vortices on each

other. For example, in Figure 2.41, I)oth vortices will tend to rotate upward

due to the others' influence. If the secondary vortex were stronger than the

tip vortex, the tip vortex would be moved higher that the secondary. Figure

2.,12 shows a. two dimensional scenario used to calculate effects of the sl)in

model. The following geometric relations can be derived using the figure:

P, = :,(,.,, :,) (2.75)

(2.76)
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o_ = ta.-' : "{:' - :-*} (2.77)
\_s/II*l

rt

(t - cos 0: (2.78)

Us -- l's

cos0= (2.79)

_¢ = I¢,- GI (2.s0)

where/_r and /3 are the vectors to the tip and secondary vortex endpoints at

a. given azimuth location. At. a. given azinmth location, the velocity influence

of each vortex endpoint on the other is calculated using a two dimensional
infinite multi-core vortex model:

p=P

v, = Z (_"_)"_¢ (2.81)
_,=l (A¢) 2+ ((rc)p).,_..o,,_,,.,,_,

p=P

l._ = _ (;,),,._x¢ (2.s2)
2p=l (_X()_+ (( -,.).),i.

where I.'_ is the velocity influence at the tip vortex due to the secondary

multi-core vortex, and where 1'_ is the velocity influence a.t the secondary
vortex due to the tip multi-core vortex. This model does not include the

effect, of the exponent _, thal was discussed in a. previous section (i._.. a

"Scully" type vortex core model is still assumed here). Using the above
quantities, new quantities can be calculated:
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ro = (_;o- _t) cos0o (2.s.9)

where _ is the rotor rotational rate, x, Y, z with subscripts t, s are the co-

ordinates of the wake endpoiuts being examined for the tip and secondary

vortices, respectively. It is necessary to identify three "Cases" in order to

correctly apply the spin model to a particular situation. (Note that these

cases are not associated with the three Cases discussed in earlier subsec-

tions.) Once the spin Case is identified, several parameters can be evaluated.

If firs! statement is true, then the following two quantities are set:

C'a._(1 : (_,, < t,'_ < (_t (2.90)

Or,,, = 0. (2.91)

Ot = WrcT" (2.92)

0_,o = o. (2..9:_)

Os = wr_.r (2.9,1)

('a.,,e2 : (,'_< _t < (_, (2.95)

Ot,o= 7r (2.9ti)

Ot = _r_r + rr (2.97)

0_,o = _ (2.9s)

0., = writ + r (2.99)

(',.,,3: (_ < (o < (5 (2.100)

0t.o = 0. (2.101)

0t = ,,,'rcr (2.102)

0_,_ = rr (2.103)

Ot = ,,_rcr + rr (2.104)

where rc is a user defined multiplier for the rate of spin. Another user input

constant, r,, defines the wake age at which the spin calculations begin. For

example, of ro = 0.0, the spin calculations begin immediately. Once the spin

('ase has been identified, the following relations are applied to modify the

tip and secondary vortex endpoint locations to account for the spin "effects"

discussed above:
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Figure 2.41: Vortex "spin" model sclmmatic.

( cos(0o + 0t) - cos(0o + 0,o) cos '¢'
F,' = g + I(, - _ol cos(Oo+O,)-cos(O,,+o,,,,)sin_, )sin(0o + 0,) - sin(0o + 0,,o)

(2._o.5)

F" = P_ + I_,_-Col
( cos(0o + 0._) - cos(0o + 0._,,-,)cos _, '_

cos(0o + 0_) - cos(0o + 0,_,o)sin _', )sin(0,., + 0,_) - sin (0o + 0._,o)

(2.106)

where/5[ and /7_ are tile new coordinates of the vortex endpoints included in

the sl)in model, _ and /3 are the new coordinates of tile vortex endpoints
before the spin model.

2.18 Namelist Reading Subroutine Changes

2.18.1 Introduction

Many new variables and capabilities have been added t,o CAM-

RAD.Modl. The original version of CAMRAD included a BLOCKDATA

capability for input of many code paramelers that were not normally a.l-

tered in the conrse of a prediction task. Variables that are changed rou-

tinely were modified using namelist inputs. The newly added variables in
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Figure 2.42: Vortex locations for "spin" model from previous figure.

('AMRAD.Mod 1 are normally given values using the namelist inputs using

new namelists. Ill some cases, existing namelist reading subroutines were

modified to input the new namelists; ill other cases, new namelist reading

subroutines were added. This section describes each of the changes and ad-

ditions. Some of the changes are discussed in other sections, but. this section

is intended to provided a concise listing of the changes.

2.18.2 Subroutine INPTN

This subroutine controls the reading of all namelists and reads namelist

NLTRIM. Two new variables, FACTM and OPMXFWG, were added to

NLTRIM; default values for these two variables were also added. Two

new namelist reading subroutine calls were added to this subroutine. The

new subroutine INPTCFD was added immediately following the call to

INPTW 1. INPTCFD reads the namelist NLCFD which contains parameters

controlling the CFD interface. Immediately following tire call to subroutine

INPTCFD, a new call to sul)routine INPTM1 was added. INPTMI reads

the namelist NLMEAS which controls the usage of measured blade motion

and measured (',, information in CAMRAD.Modl.
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2.18.3 Subroutines INPTR1 and INPTR2

INPTR1isoneof tile mosthighlymodifiedof tile namelistreadingsub-
routines. Originally this subroutinereadonly namelistNLRTR. In addi-
tion, it now readsthe followingnamelists(1) NLHHC , (2) NI, HHC2, (3)

NLHIRES, (4) NLBED, and (5) NLSWP. NLHHC and NLHHC2 contol

tile usage of Higher Harmonic Control; NLHIRES controls the usage of the

HIRES section of CAMRAD.Modl; NLBED controls the usage of tire In-

dicial Aerodynamics in the low resolution section of CAMRAD.Modl; and

NLSWP controls the usage of the aerodynamic sweep correction in the high

and low resolution sections of C'AMRAD.Modl. All of these namelists must

exist in the script file after NLRTR., even if they are empty. Many of the

variables in these namelists are given default values in INPTR1. All of the

above changes apply to subroutine INPTR2.

2.18.4 Subroutine INPTWl and INPTW2

1NPTW1 originally read only the wake namelist NLWAKE. Now, it. also

reads the namelists NLBURST and NLROLL. NLBURST controls the I)a-

rameters in the vortex bursting model. NLROLL controls the usage of tire

vorlex rollup model. INPTW1 now also performs many checks t.o be sure

that certain incompatible variable cornt)inations are not attempted by, the

user. Some non-functioning options are also flagged in this sul)routine with

error messages printed to tile standard output file. All of tile above changes
apply to subroutine INPTW2.

2.19 Fuselage Aerodynamic Tables

2.19.1 Introduction

CAMRAD.Mod 1 was modified to inch, de changes to the fuselage aerody-

namics made by Sikorsky under contract to NASA Langley. These changes,

originally developed by Sikorsky and subsequently implemented in CAM-

RAD.Modl, Inodify the fuselage aerodynamics in CAMRAD.Modl t)y re-

placing the empirical analysis by "look-up" tables. With this model, the

empirical aerodynamic formulae for the wing, the body, the horizontal tail,

arm the vertical tail, are replaced by a table "look-up" of aerodynamic char-

acteristics for a new "wing-body-tail". These aerodynamic characteristics

for the wing-body-tail are applied at a wing-body-tail location instead of

at. separate locations for the wing, the body, the horizontal tail, and the
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vertical tail. See reference [20] for details. Several changes, mainly common

block size corrections, were made to the original Sikorsky implementation.

2.19.2 Code Changes

1. The new subroutine BODYAT from Sikorsky was added.

2. The variable WBTTAB was added to the common block BAI)ATA

in subroutines BODYA, BODYAT, BODYF, FILEI, INITB, 1NPTN,

PERF, PRNTB, ROTNET, and TRIMP.

3. The variable WBTTAB was initialized to zero in subroutine INPTB.

4. A subroutine call to BODYAT was added to subroutine BODYF if

WBTTAB is set to one.

2.19.3 Extensions to High Resolution

This modification has no bearing on the high resolution calculations.

2.20 Machine Dependencies

2.20.1 Time

Original modifications to CAMRAD.Modl were made on a VAX with a

VMS operating system. The code was ported to a DEC ALPHA workstation

op(,rating with a UNIX (OSF/1) operating system. Changes were made to

the code to allow proper operation of the time and date stamps used in the

cod(, otttput. In the executive program, CAMRAD, in the input preparation

program, BLOCKFILE, and in the airfoil preparation program, AIRFOIL,

all calls to the system subroutine IT1ME were changed to the folh)wing:

(:ALL ITIME (IHOUR, IMIN, ISEC)
and the information is encoded into a variable, such as JDTIME, using the

following:

INTEGER JDTIME(2)

ENCODE (8,901,JDTIME) IHOUR, IMIN, ISEC

901 FORMAT (I2, IH:, I2, IH:, I2)

In the subroutine TIMER., all calls to ITIME were changed to the following:
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INTEGER IARRAY(3)

CALL ITIME (IARRAY)

and the requested program time in seconds is calculated using:

T = IARRAY(3)*3600. + IARRAY(2)*60. + IARRAY(1)

2.20.2 Date

Ill the executive program, CAMRAD, the input preparation program,

BLOCKFILE, and tile airlbil preparation program, AIRFOIL, all calls to

the system subroutine IDATE were changed to the following:

CALL IDATE (IMONTH, IDAY, IYEAR)

and the information is encoded into a variable, such as JDDATE, using the

following:

INTEGER JDDATE(2)

ENCODE (8,902,JDDATE) IMONTH, IDAY, IYEAR

902 FORMAT (I2, IH/, I2, IH/, I2)

2.20.3 Dimension Statelnents

Some FORTRAN compilers do nol allow a dimension statemenl in a

subroutine to be similar to the following examples:

DIMENSION A(1)

DIMENSION AA(NM,I)

Therefore, in order to make tile code more portable, the dimension state-

inenls of the form of the prior examples were changed to the following:

DIMENSION A(*)

DIMENSION AA(NM,NM)

when the intent of the dimension "1" is to pass an arbitrary length array to

the subroutine. This replacement with the character "*" tells the program

to pass the array with the same dimensions ms it has in the calling routine.

In the second example, the actual dimension, NM, is used instead of the

_l _ .
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2.20.4 Debug and Input Data prints

Originally the "INPUT DATA" section printed to standard output de-

pen(led on the variable LEVEL. For example, if LEVEL = 0, the wake input

quantities were printed for uniform inflow only. To get the input data printed

for the free wake portion, one was required to execute tile program through

the free wake stage. This dependency was eliminated by removing several
1F statements in the subroutines PRNTW1 and PRNTW2. (Actually, they

were "'commented oul", not deleted.) Now, all the input parameters for the

wake are printed, regardless of the value of LEVEL.
The (_OMPLEX variable KEPSI was removed from the debugging

namelist DBINC in subroutine INITC. This was done because the DEC AIr-

PHA did not allow a COMPLEX data type to be printed using a namelist

with other data types l)reseut. This removal impacts only the l)rinting of the

variable KEPSI in the initialization stage of the program if the debugging

flag DEBUG(3) = 2.

2.20.5 File Handling

The subroutine FILEV was altered to operate in a UNIX environment.

The original ()PEN statements that have VAX-specific keywords, such as
READONLY, were altered to remove non-standard keywords. In addi-

tion, the original logical file names, determined from VMS system calls,

are now obtained from the UNIX operating system by the system call

"getenv (environmentvariable, actualfilename)". The environment, variables
are as follows: INPUTFILE, AFTABLE1, AFTABLE2, RESTARTFILE,

Ei(;ENFILE, LPOUTDB, LPOUTPP, LPOUTPUT, LPOUTLIN, NLIN-

P(;T, AFTABLE, AFDECK1, ..., AFDECh:10.

Other files are o[)ened without machine dependent elements in the OPEN
statements. Filenames in these OPENs are hard coded, such ms "AL-

PHAP.DAT". Other unit numbers are used in various places and each of

these unit numbers must be linked to a file via the "In -s" comman<l. All

unit numbers used are listed in the llser's Manual.

2.20.6 Logicals and DATA statements

In subroutines that create printer-plots, DATA statements were originally

used to set values of variables that are declared as a LOGICAL* 1 type. This

is not allowed by all compilers. To make the code more portable, these dec-
larations were modified. INTEGER variables were created corresponding to
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the affected LOGICAL variables. These INTEGER variables have the same

name as tile LO(;ICAL variables with an "II" prepended. Then tile INTE-

GER variables are initialized using the DATA statenmnt and the LOGICAL

variables are EQ[TIVALENCEd to these INTEGER variables. For example

the declarations of the type:

LOGICAL*I THING

DATA THING /IH-/

were chanp_;ed 1o:

INTEGER IITHING

DATA IITHING /IH-/

EQUIVALENCE (IITHING, THING)

This type of change was made in the following sut)routines: BODEPP,

FLUTM, GEOMP1, (;EOMP2, HISTPP, NOISR1, N()ISR2, POLRPP,

STAB.M, TRCKPP, TRIMP, and in the airfoil preparation program.

2.21

.

_°

Miscellaneous Changes and Bug Corrections

3.

In tile subroutines FILEV, an error was corrected. The variable BKL-

DAT was corrected to BLKDAT. This error effected only the reading

of a BI,()CI(DATA program as an ASCII input file. Normally, the

input data is read as a binary file.

.

In tile subroutines FLUTRI and FIJ!TR2, a t)ug was corrected. The

variable OPTION was corrected to OPFLOW. This bug had an effecl

only in the flutter analysis.

Two sul)routines, PRNTHR1 and PRNTHR2, were added to print

information contained in namelists NLHHC, NLHHC2, NLHIRES,

NLBED, NI,SWP, NLBURST, NLROLL, and NLCFD to standard

output if tile parameter NPRNTT = 1 in namelist NLTR1M.

The common block WORI( was defined originally in two different

places in the code. Tile WORK common blocks in GEOMP1 and

GEOMP2 were renamed WORKG1 and WORKG2 to eliminate the

bug. These common blocks were not used outside of GEOMP1 and or

GEOMP2.
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5. Where practical, many of tile exponent operators, ** , from the most

inner loops ill CAMRAD.Modl have been changed to multiplications

since ill some instances, multiplication is many times faster than ex-

ponentiation.

6. Two subroutines. INITHR1 and INITHR2, were added to subroutine

INIT to initialize radial HIRES parameters. Addition of these subrou-

tines reduces the munl>er of input parameters required to run the high

resolution part of CAMRAI).Modl.
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Chapter 3

HIRES

3.1 Introduction and Solution Procedure

3.1.1 Introduction

For many rotorcraft analysis tasks, a low teml)oral (azimuthal) and spa-

tial (spanwise) resolution analysis of the aerodynamics and dynamics of the

rotorcraft is sufficient. For example, in a performance analysis of an entire
vehicle. 15 degree azimuthal resolution and 15 radial stations on the blade

spa,, may be sufficient to determine the average forces generated by the

rotor. These average forces may be used to determine a steady state config-

uration for lhe rotorcraft. There are several comprehensive rotorcraft tools

available 4o analyze these configurations and flight conditions. One such

examl)le of a comprehensive rotorcraft code is the original version of CAM-

RAD. Written using a low resolution azimuthal and spanwise discretization,

limits were originally imposed such that azimuth step sizes of 15 and larger

were required to be used (10 : and larger if not using the free wake analysis).
Also, the nlaximum number of spanwise locations on the reference blade

was thirty. But, a high radial resolution and high azimuthal resolution are

needed to calculate high resolution airloads l[br use in prediction of loading
noise and Blade-Vortex Interaction (BVI)noise.

Experience has shown (Ref. [8]) that an azimuthal resolution of 1,

and a radial discretization of 75 radial stations along the span, are often

adequate to resolve the BVI unsteady aerodynamic loading required for

the acoustic analysis. One possible (conceptual) method to increase the

resolution of a low resolution code is to simply redimension all relevant

arrays in the comprehensive code and execute the code at that increased
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resolution. One factor limiting the success of such an approach is tile large

increase in computation time (CPU time) that would be required to trim

the rotor. Some of the increase ill computation expense would be the fact

that, internal to the code, many revolutions of tile rotor(s) are required to

converge the internal motion and circulation loops of the code. Increased

resolution in these loops would slow the convergence of the comprehensive

code. In addition, free vortex wake models can become unstable as the

w)rtex length decreases, due to a higher resolution trim solution. However.

even if this approach were practical, the general complexity of the free wake

algorithm implemented in CAMRAD would make such global free wake code

changes prohibitive.

Another approach is to allow the rotorcraft to achieve a trimmed state at

a low resolution, effectively not changing the comprehensive code, then ap-

ply a post-trim analysis to "reconstruct" a higher resolution solution from

tile low resolution solution. A true post-processor type of analysis would

apply a "stand-alone" code to the output, information of the low resolu-

lion performance code. For example, a separate post-processor code might

interpolate all output information up to a higher temporal and spa.cial reso-

lution, or might execute a totally different analysis, such a_s a. CFD analysis,

t.o operate on the low resolution information. In this chapter, a modified

post-processor type of analysis is used for the high resolution portion of the

code. Since the high resolution portion of the code, as implemented, is not

a corn pletely st.and-alone code, this approach may be thought of as a hybrid

post-processor analysis.

With a hybrid post-processor analysis, there are a number of paths avail-

able to determine the high resolution loading solution. One such path, using

an external CFD code, was discussed in the section on tile CFD interface

in (:hapter 2. This current chapter will focus on another method that has

I>ecome known as HIRES. This method includes all of the coding invoked

at the end of the trim loop in CAMRAD.Modl (excluding the CFD inter-

face, the ROTONET/WOPWOP interfaces, the Flutter analysis, and the

Transient analysis).

3.1.2 Solution Procedure

As discussed previously, a calculation of high resolution wake induced

velocities, and thus loading, would not be feasible in the trim loop of CAM-

RAD.Modl. Thus, a modified post-processor type of analysis (known a.s

HIRES) was added to the end of the trim loop to process the information
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into a high resolution solution. This solution procedure effectively uses tile

low resolution wake solution and kinematically reconstructs tile wake at az-
imuthal locations between known low resolution locations. HIRES also uses

tile modal analysis results from (.'AM RAD.Mod 1 to define the blade position

at a given high resolution azimuth location. With this information known,

interpolations are use to calculate the high resolution information. The

interpolation technique conceptually involves (1) linearly interpolaling lhe

wake geometry in wake age and azinauth, such that the tip vortices kinemat-

ically translate from one known low resolution location to the next known

low resolution location, (2) linearly interpolating tile blade shape radially

between known low resolution collocation point.s on the blade, (3) linearly

interpolating the blade bound circulation to a higher azimuthal and radial

resolution. With these quantities known, tile wake influence coefficients

may be deternlined at a high azimuthal and radial resohltion, q'hen, with

the influence coefficients known, tile wake induced velocities, and thus the

loading, may be calculated at a high azimuthal and radial resolution. Tile

actual details of the HIRES implementation can differ from tile above con-

ceptual implementation. These differences are due to practical issues such

as code execution tim(, constraints, coding convenience, _tc. The details of

the solution procedure are presented here.

One task involved in obtaining high resolution airloads is to calculate

the wake induced velocities at a high resolution. This calculation requires

knowledge of the blade position, tile bound circulation, and the wake ge-

ometry at a high azimuthal (temporal) and radial (spatial) resolution. The

a.zimuthaI blade position may be determined at any azimuthal location with-
out modifications to tile code. This is true because CAMRAD.Modl uses

a modal analysis and stores the harmonics of the generalized coordinates of

the blade mode shapes at user specified low resolution (spanwise) collocation

point.s on the reference blade. Storing these quantities in this manner allows

one to compute the coordinates of any low resolution (spanwise) collocation

point at any azimuth station. A high spanwise resolution is achieved by

linearly interpolating coordinates amongst the low resolution radial colloca-

tion points. In order for this interpolation technique to closely approximate

the true blade shape, it is required that as many low resolution spauwise

collocations points be used as possible.

The high resolution bound circulation is obtained initially by linearly

interpolating the low resolution bound circulation to a high azimuthal and

radial resolution. Since the bound circulation is used in determining the

wake induced velocity, the interpolated values will be used to initiate tile
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high resolutionsolution.
lu determiningthe wakegeometryat a high resolution,the locations

of the tip (and possiblysecondary)vorticesand the locationsof the in-
boardwakeelementsareneeded.Forthe tip (andsecondary)vortices,the
high resolutionvortexend pointsare locatedby kinematicallytranslating
from one low resolutionlocationto another. Linearinterpolationis used
l() locatetheseintermediateendpoints(seelater sectionentitled "Vortex
SegmentLocation"). Ill addition,the inboardwakeelementsarelocatedby
foundbylinearinterpolationbetweenlowresolutionendpointlocations.(see
later sectionentitled"VortexSegmentLocation").With the highresolution
bladecoordinatesknown,thehighresolutionboundcirculationknown,and
the highresolutionwakegeometryknown,thewakeinducedvelocitiesand
aerodynamicloadingmaybecomputedat a highresolution.

3.1.3 Implementation of Solution Procedure

Historically,the first higll resolutionmodificationwasthe development
of a far wakemodel. This modelincludedonly the effectof the tip vortex
starting at.the bladetip andexistingfor the samenumberof wakespirals
as in the low resolutionportionof the code. As such,the entireinboard
vortexwakeand latticenearwakewerenot modeled.This modelwasused
in Reference[8]. At. the next HIRESdevelopmentstage,the inboardfar
wakeelementsweremodeled.Severalnewmodelswerealsoimplementedin
the far wakesolutionincludinga vortexsegmentationmodelto effectively
smooththe straight 10':'vortexsegmentsautomaticallyasneeded.

In the subsequentHIRESdevelol)mentstage,two methodsweredevel-
ope<lsimultaneouslyto accountforthenearwakebehindtile referenceblade.
Onemethodwasimplementedasanoption insidethe high resolutionpor-
tion of CAMRAD.Modl and the other wasdevelopedasan independent
[)ost-processingcode.The nearwakemodelinsidethe highresolutionpor-
tion of the codeis a vortex lattice modelroughlysimilar in natureto the
vortexlattice modelin the lowresolutionportionof the code.This method
will I)ediscussedill a later sectionof thischapter.Theothermethod,which
is an independentpost-processor,calledthe lndicial Post-Processor(IPP),
implementsa time domainindicialaerodynamicsformulationderivedfrom
the methodsof T. S.BeddoesandGordonI:eishman(Ref. [13, 14, t5, 16]).

This method will be discussed in Chapter 4.

As discussed earlier, Figure i.1 shows an outline of the CAMRAD.Modl

code with HIRES represented as a rectangle. The arrow into the HIRES
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Figure 3.1: (?AN,IRAD.Mod 1/HIRES Schematic

rectangle conceptually shows that HIRES is executed after the Trim loop of

CANIRAD.Modl. Figure 3.1 expands the HIRES rectangle of Figure 1.1.

to illustrate the procedures followed in HIRES. First, the rotor is trimmed

using the low resolntion portion of the code (CA.N4RAI).Modl), then the low

resolution circulation is linearly interpolated azimuthally and radially, to a

high resolution. The wake influence coefficients are then determined using

only the "far wake". The far wake consists of 10 _ agewise vortex segments

and an inboard (rigid) fat' wake model (to be discussed later). With the

far wake influence coefficients determined, the wake induced velocities and

airloads (associated with the far wake only) may be calculated. If determined

to be necessary (by the user), this "Far Wake Loop" (see Figure 3.1) may

be repeated. Normally, only once through the Far Wake Loop is required.

At the end of this iteration loop, the user has the option to use the high
resohttion vortex lattice near wake or the IPP as discussed earlier.

If the user chooses the vortex lattice near wake ntodel (the option is
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actually chosen at the beginning of the code execution by setting appropriate

t)arameters in uamelist NLHIRES), the execution of HIRES automatically

will continue from the Far Wake Loop into the "HIRES Lattice Near Wake"

box shown in Figure 3.1. Otherwise, the code will stop execution at the end

of the Far Wake Loop. This is the path that is chosen (that is, stopping

after the Fat" Wake Loop) if the 1PP is to be used for the high resolution near
wake calculations. Note that if"a second rotor is also included, the entire

high resolution procedure may be repeated for rotor-2. This is accomplished

by replacing the "1" in each box of Figure 3.1 by a "2".

3.2 Initialization

There are a number of variables used in HIRES that are linearly interpolated

from the low resolution solution of CAMRAD.Modl to a high resolution

(azimuthally and/or radially) and do not change during the HIRES phase
of (IAMRAD.Modl. These interpolated variables are calculated before the

Far Wake Loop to avoid unnecessary interpolations during the computation-

ally intense portions of HIRES. This calculation stage before the Far Wake

Loop is called "Initialization". (Note that some initialization of ItlRES pa-

rameters takes [)lace at the same time the low resolution parameters are

being initialized. These initialized parameters are ones that depend on the

x;alues of user input low resolution parameters such a_ blade chord, twist,

¢tc. These high resolution parameters are found by radially interpolating

(linearly) the low resolution parameters to the high resolution radial stations

provided by the user in namelist NLHIRES (variable RAEINT). Thin ini-

tialization of the radial parameters is accomplished in subroutines INITHR1

and INITHR2 which are called just. after the call to subroutine INITR2 in

su brou tine IN IT.)

As seen in Figure 3.1, there are four subroutines before the far wake

loop is begun. The four subroutines handle the initialization of the high

resolution parameters (e.9., bound circulation, vortex burst parameters,

etc.) thai depend on the low resolution solution. The functions of the
initialization subroutines are described below.

Subroutines INITRAD1 and INITRAD2 (tor rotor-1 and rotor-2, respec-

tively) linearly interpolate, azimuthally and radially, the additional velocity

distribution over the rotor disk from the tunnel/fuselage correction method

to a high resolution for use in the high resolution induced velocity calcula-

tion.
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Subroutines INITCRC1 and INITCRC2 (for rotor-1 and rotor-2, respec-

tively) initialize the high resolution bound circulation and maxinmn_ bound

circulation, azimuthally and radially, by lineal' interpolation. For the far

wake calculations, only tile maximunl bound circulation is needed at a high

resohtion. The high resolution bound circulation distribution will only be

used if the internal high resolution vortex lattice near wake model is used.

Sut)routines INITBST1 and INITBST2 (for rotor-1 and rotor-2, respec-

tively) initialize tile high resolution tip vortex burst, parameters from the
low resolution solution.

Subroutines ROLLUPH1 and ROLLUPH2 (for rotor-1 and rotor-2, re-

spectively) calculate parameters needed for tile high resolution tip vortex

rollup calculations. These parameters are linearly interpolated from the low

resolution rollup calculations to high resolution values.

3.3 High Resolution Far Wake

3.3.1 Introduction

After the initialization of the HIRES parameters, the far wake loop is

executed. A subroutine, (:IRC(?AL1 (or CIRCCAL2 for rotor-2), is called

to lag the circulation in the far wake loop (if the far wake loop is to be

executed several times, that is). This lag factor is used similar to all of

the other iteration lag factors in CAMRAD.Mod 1. However, experience has

shown that normally one Far Wake Loop iteration is suflJcient and the lag

factor is simply set to unity.

After the subroutine CIR.(ICAL1 is called, the far wake influence co-

efficients are calculated at. a high resolution by the subroutine VVKCIlNT

(WKC2INT for rotor-2). This subroutine comprises the bulk of the far wake

high resolution calculations. Once the influence coefficients are calculated,

the wake induced velocities are calculated using the high resolution circu-

lation distribution. These velocities are then combined with velocities due

to blade rotation, blade motion, etc. at each spanwise section. Once these

total far wake velocities are known, the angle of attack and Mach number

may t)e computed. These angles of attack and Mach numbers are then used

in an airfoil table to determine the airloads due to far wake effects.
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3.3.2 Far Wake Influence Coefficients

The high resolution far wake influence coefficients are used to calculate

tile normalized induced velocity due to each vortex element in the wake

system at a particular point on the rotor [)lade. For tile high resolution far

wake influence coefficients calculation, tile far wake consists of the t)onnd

vortex of all blades except the reference blade, the inboard far wake of each

blade, and a far wake tip vortex from each blade. The bound vortex for each

blade, excluding the reference blade, (:onsists of a straight line vortex from

root to tip with a vortex core size of 25_Y¢ of the mean blade chord. This

model follows the low resolution model of the bound vortices. The inboard

far wake consists of a two vortex segments, one in the trailed direction and

one in the shed direction, on each vortex "panel". The panel extends from

the blade root to the blade tip and is convected agewise using a rigid wake

model. The far inboard trailed vortex is placed in the radial center of the

panel and the far inboard shed vortex is placed on the azimuthal center of

the panel. The modeling of each of these vortices is similar to tile modeling

of the low resolution inboard far wake.

The tip vortex for all but the reference blade extends agewise from the

blade tip to the number of wake spirals specified (see namelist NIAVAKE)

in the low resolution portion of the code. For tlle reference blade, tile tip

vortex and tile inboard far wake begin at an agewise location determined l)y

the l)arameter KNWINT specitied in namelist NLHIRES.

3.3.3 Vortex Segment Location

The locations of tile tip and inboard vortices must be determined at

azimuthal stations in between the known low resolution results. First, the

far inboard wake is linearly interpolated to the current azimuthal location,

V:,, between two known low resolution stations, 'g,z,-,and _"hi. For example,

Figure 3.2 shows two known low resolution far wake "panels" (which are

normally represented in CAMRAD.Modl as two vortex elements with large

core sizes) at the azimuth locations, 5/'hi and V"to. The solid lines represent

two consecutive known low resolution azimuth stations. Note that for each

low resolution location, the wake age (Q) starts at zero. The dotted lines

represent the current high resolution azimuthal location where information

is unknown. At tile current azimuth, V", the vortex location is determined

by linearly interpolating between two points of equal wake age, O. For

example, tile new vortex endpoint coordinates (labeled ,4) are determined
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by interpolatingbetweenthe endpointcoordinatesat (_,/,., 0 = 0 ) and

(t:,l,, O = 0 : ). All wake endpoint locations of the inboard fat" wake are

similarly determined.

The tip vortex in the far wake is determined by a slightly differen! in-

terpolation scheme than that used for tile inboard rigid far wake. h| order

for the tip vortex to I)e translated between one low resolution location and

another, a scheme shown in Figure 3.3 was implemented. Instead of interpo-

lating 1)eing two wake endpoints with tile same wake are , the interpolation

is done along convection lines of the tip vortex. It can be seen that in the

inl)oard far" wake interpolation scheme, the trailed and shed vortex lines are

effectively "pulled" around lhe azimuth with the blade instead of being "de-

posited" in the wake. This simplistic model is acceptable |br the far" wake

because the influence coefficients are much less sensitive to changes in in-

I)oard far wake models than to tip vortex nlodels. [towever, to include more

physically realistic modeling of the tip vortex problem, the tip vortex is as-

sumed to t)e "deposited" by the blade into the wake. To accomplish this, the

tip vortex endl)oints are interl)o]ated along straighl convection lines between

the low resolution lip vortex endpoints. For example, in Figure 3.3, as in

Figure 3.2, 1he solid lines represent known low resolution azimuth locations

and the dotted lines represen! the current high resolution azimuth location

desired. Here, the coordinates of the tip vortex are obtained bv interpo-

lating between tile known tip vortex endpoint coordinates at tile locations

(¢%i, 0 = 10 ) and (¢,1_,, 0 -- 0 ). This scheme effectively translates, or

convects, the vortex from one low resolution endpoinl location t.o the next.

Note that with this scheme, an additional tip vortex segment (from the blade

tip to point A) must be included t.o connect the interpolated endpoint at

location A to the tip of the blade at the location t('. This additional vortex

segment is included in the analysis.

This modeling of the far wake and tip vortex is carried out for" all blades.

The far wake of tile reference blade begins at the wake age specified by the

parameter KNWINT in namelist NLHIRES. As a historical note, KNWlNT

could be set. equal to zero to recover an earlier version of the high resolution

calculation procedure which included only the tip vortex an(I the inboard

far wake. Since the tip vortex and inboard far" wake in this ease begin at,

the reference blade, no near wake model would be required. However, this

is a. crude approximation to the near wake.
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Figure 3.2: Far wake inboard geometry interpolation illustration.
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Figure 3.3: Tip vortex _eometry interpolation illustratiou.

135



3.3.4 Tunnel/Fuselage Corrections

The tunnel/fuselage correction model is included in determining the tip

vortex location at a high resolution. The usage of this model is similar to

the low resolution application that is described in Chal)ter 2 and no new

theory is t)reseuted here. In the high resolution sclmme, the t unnel/fllselage

additional wake distortions are added to each low resolution wake endl)oint

coordinate before interpolation is made to the current location. Since the

addition of the tunnel/fuselage components of the additional wake distortion

takes place before the interpolation, the wake geometry components of the

tunnel/fuselage correction model do not need to be intepolated sel)arately

to a high resolution. However, the additional velocities over the rotor disk

are linearly interl)olated immediately after input for use in tile high reso-

lution portion of CAMRAD.Modl. All of these processes are internal to

('AMRAI).._Iodl and no additional user intervention is required.

3.3.5 Rollup Model

The rollu t) model modifications to the low resolution portion of CAM-

RAI).Modl were in discussed in Chal)ter 2. The high resolution implemen-

tation of the rollu[) model is only an extension of the low resolution iml)le-

mentation. No new theory is necessary. As imi)lemented, the rolled-ul) tip

an<t secondary vortex locations are added to the low resolution wake end-

point locations (as wa._ described for the tunnel/fuselapge corrections above)

I>efore interpolating to the current azimuth angle an<l wake age in HIRES.

If the default option for the multi-core model is t)eil_g used for the ti I) and

secondary vortices (i._.. the array of constant size cores), then the low

resolution multi-core vortex core sizes are use<l at tile low resolution wake

endl)oints as is done for the vortex locations described above. However,

if" the '+single, variable core, multi-core model" oi" if the "variable multi-

core, multi-core moder" is being used, the low resolution results for these

internally calculated core sizes are interl)ola.te<t to a high resolution in the

subroutines ROLLUPHI and ROLL[TPH2 (for rotor-I and rotor-2, respec-

tively). These new interl)olated arrays are then used in the calculation of the

hip.;h resolution wake influence coefficients. Again, all of these interl)olations

and counections are made internally in CAMRAD.Modl and no other user

intervention is re<luired.
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3.3.6 Vortex Segmentation

Ill determining the wake influence coefficients of tile high resolution tip

vortices, it. was discovered that under certain circumstances, the tip vof

tex endpoints, bein_ connected by straight line segments, aligned such that

the junclions where the vortex endpoints are connected produced an artifi-

cial unsteady effect in the aerodynamic loading. These artificial effects were

reduced by decomposing the offending vortex segments into several new seg-

ments (see Figure 3.4). To accomplish the decomposition, a criterion was

set such that if a tip vortex segment is within a. 10 a.zimulh angle of the ref-

erence blade, then that vortex segment along with the two vortex segments

on either side of it are subdivided into five segments. The resulting six vor-

tex endpoint coordinates and strengths are linearly interpolated from the

original [bur endpoint coordinates and strengths by the following formulae:

q(1) = Q(1) (3._)

1 2

q(2) = ._O(1) + _iQ(2 ) (3.2)

1
q(3) = _Q(2) + _iO(3 ) (3.3)

=  O(3)

q(5) = ._Q(3) + c2(4) (3._)

q(6) = Q(4) (3.6)

where q is the new divided segment position or strength and Q is the original

position or strength. This vortex segmentation is controlled by the param-

eter OPSEGD in namelist NLHIRES. If OPSEGD = 0, no segmentation is

performed. If OPSEGD = 1, segmentation is perfornled.

3.3.7 Aerodynamic Collocation Point Shifts

The aerodynamic effects of a swept, planform in the high resolution so-

lution procedure is addressed. With a. swept, planform (i.e., sweep of the

quarter-chord line of the blade), the aerodynamic collocation points are spa-

tially displaced. Thus, a position change is made to the collocation point

coordinates in the influence coefficients calculation (see Figure 3.5).
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No modificationsweremadeto alter the locationof the tip vortexdue
to bladetip positionchangesnorweremodificationsmadeto changethe
structuralmodelof the blade. Sincethe tip vortex locationis unmodified
by tile collocationpoint shift, caremustbe usedto makesurethat tile far
wakeof tile referencebladebeginsat asufficientwakeagewisedistancefrom
the referenceblade.Thedefinitionof sufficientdependson the rotor being
analyzed.Forexample,if thefar wakewereto start at thereferenceblade,an
aft shiftedcollocationpointwould"see"tip vortexelementsaheadof theaft
shiftedbladetip sincethevortexbeginsat tile original (unshifted)reference
bladetip. Normally,tile far wakedoesnot extendup t.othe referenceblade
tip (i._.. ()PNEG\ _= 1, or KNWlNT > 0).

if the internal high resolution vortex lattice near wake is used with tile

shifted collocation points, however, the shifted location problem just dis-

cussed is nol an issue during the lattice near wake calculations. This is

because the near wake lattice model geometry is determined by the blade

geometry. The shifted collocation point method is not included in the low

resolution portion of the code.

The shift in collocation points is a. user specified shift in the lead-lag

direction (parallel to the hub plane) a.nd does not include a vertical shift.

The parameters 1)RPROOT, DRPT1P, and DRP. These parameters are

found in namelisl NLHIRES. The meaning of these variables are that (1)

DRPRO()T is the shift of the blade root. (positive aft), (2) DRPTIP is the

shift of the blade tip (positive aft), (3) DRP(100) is the shift of the high

resolution collocation poinls (positive aft.).

The e(luations nsed to determine the new collocation point coordinates are

as follows (see Figure 3.5):

,r = :r0 + .kr sin _, (3.7)

9 = 9o - .St cos ¢, (3.S_)

z = zo (3.9)

where Ar is DRPROOT, DRPTIP, or DRP depending on the current loca-

tion on the blade.

3.3.8 Far Wake Loading

Once the wake influence coefficients are known, they are assumed to be

invariant throughout tile subsequent loading calculations. This is similar

to that h)und in the low resolution l)ortion of CAMRAD.Modl. As was
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seen in Figure 3.1, after the influence coefficients calculation in subroutine

WKCIlNT, subroutine MTNRINT1 is called t.o calculate the aerodynamic

loading. This subroutine is a simplified version of tile low resolution sub-

routine MOTNRI. The simplifications are possible since MTNRINT1 is

not required to be involved ill a trim loop. Its only functions are l.o call tile

blade position subrouthle MTNBINT1 (the high resolution equivalent to the

low resolution subroutine MOTNB1), call the airloads calculation subrou-

t.ine AEFIINT (t.he high resolution version of the low resolution subroutine

AEROFI), and to print, out the results to a file. Tile file write parallels the

low resolution output file and is described in the following .subsection.

If deemed necessary t)y the user, the far wake loading information calcu-

lated may be used t.() calculate a. new circulation distribution which in turn

could be used to recalcula.t.e the induced far wake velocity. This loop may

be seen in Figure 3.1 as the return arrow from below MTNRINTI to above

CIR(:CALI. Normally, this return path is not used.

3.3.9 Output Aerodynamic Information

A high resolution aerodynamic information file is output, for each rotor in

the same formal as described for tile low resolution aerodynamic information

file described in Chat)t,er 2 wit, h the following exceptions:

1. The number of radial stations is MRAINT,

2. The number of azimuth stations is MPSIINT,

3. There are three comment lines at. tile top instead of two,

4. The moment coefficient is excluded,

5. The blade flapping deflection is excluded,

6. The interpolated maximum bound circulation is the value interpolated

from the low resolution solution,

7. The value of maximum bound circulation after the high resolution
calculat.ion is included.

The unit numt)ers for the far wake aerodynamic files for rotor-1 and rotor-2

are 17 and 57, respectively.
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3.3.10 Output Induced Velocity Information

For each rotor, the far wake induced velocity is written to a file (in

the subroutine VIND('AL1) at tile end of the far wake phase of the high

resolution calculation. Tile file contains all three components of the induced

velocity for all blade sections at all azimuth stations ill the following format:

IF(IWR.EQ.ITERINT)WRITE(18,830)

830 FORMAT(IX,'INDUCED VELOCITY (ROTOR I):')

DO 850 I=1,3

DO 850 JJJ=JFIRST,JLAST

850 IF (IWR.EQ.ITERINT) WRITE(18,860)

1 (VINDINT(I,JR,JJJ),JR=I,MRAINT)

860 FORMAT(IOFI2.6)

These velocity files are written to unit numbers lS and 5S for rotor-1

an<l rotor-2, resl)ectively.

3.4 High Resolution Lattice Near Wake Model

3.4.1 Introduction

As discnssed in the previous section, the far wake consists of the bound

vortices of all [)lades except the reference blade, the tip vortices of all blades,

and an inboard rigid wake of all blades. The far wake does not start, im-

medialely from the blade but is offset, in wake age by the value KNWINT

(see namelist NI,HIRES). From the blade t.o the first far wake elements,

a near wake model is employed. The near wake model can be viewed ms

a transfer function a.s shown in Figure 3.6 and the far wake aerodynamic

loading can be viewed as a forcing function for the near wake model. The

near wake transfer function has been formulated by two separate means:

(1) a vortex lattice model, which uses, among other things, the far wake

aerodynanfic loading (circulation} information, and (2) all external "lndi-

cial Post-Processor" (IPP) code, which uses the total far wake velocities, the

wake induced velocity, and the blade pitch at all blade radial and azimuthal

stations. The vortex lattice near wake model is internal to the high reso-

lution part of CAMRA1).Modl and is discussed in this section. The IPP

code is external to the CAMRAD.Modl code (but is still part of the system

called "'[tlRES"), anti is discussed in a later chapter. Either of the two near
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Figure 3.6: Schematic of near wake transfer function.

wake models may chosen, l)ut not both; however, note that tile lattice near

wake mode] has not been exercised or validated.

In this section, the near wake lattice model is presented. The model

uses as input, some l)ortion of tlm far wake information and a.s an outl)ut a

near wake induced velocity which when coml)ined with the far wake induced

velocity may be used to calculate the aerodynamic loading on the reference

blade. The lattice near wake loop involves calculating influence coefficients of

all wake elements in the near wake lattice, calculating the velocity induced at

blade collocation points by these vortex elements, and calculating the total

aerodynamic loading (and circulation) at. the blade collocation points with

the newly calculated near wake induced velocities a.nd previously ca.]cu]ated

far wake induced velocities. Each aspect of this model is discussed in detail.

3.4.2 Lattice Geometry

The high resolution near wake lattice is comprised of vortex elements

placed on wake "panels" behind the reference blade. These panels extend

in a wake agewise direction which is perpendicular to the reference line

(the unswet>t, straight quarter-chord) of the reference blade, a.s shown in

Figure 3.7. The "side edges" of tile panels are defined by the location of

the collocation points on the reference blade. The edges of the panels in the

radial direction are determined by the radial shape of the blade. Therefore

the panel shape is always determiued by the blade shape (radially, vertically,

and azimuthally). So, if the collocation points are shifted due to sweep, as

discussed earlier, the near wake is adjusted so that it, is always attached

to tile blade. The equations used t.o determine the near wake panel edge

locations, x_,,, y_,_., and z,_ ..... associated with each radial station, i, are as
follows:

x,_v(i) = r,_.,(i) cos(C,- O)

y,,,,,(i) = r,,,.(i) sin(t/, - O)

z,,.,(i) = %(r, (,- O)

(3.10)

(3.11)

(3.12)
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wherexb, Yb, and zb are the coordinates of the blade at the i-th radial

station, _', is the reference blade azimuth location, and 0 is the wake age.

This calculation is performed for all wake elements of the ages 0 = 0 to

KNWINT*&c:,.

With the panel edge locations and therefore the panel corner locations

known, the vortex elements representing the panel may be located. Each

panel's trailed vortex is located in the spanwise center of the panel. That is,

the trailed vortex on each panel is located by connecting the two midpoints

of the leading edge of the panel and the trailing edge of the panel (see Figure

3.S). The shed vortex on each panel is found by determining the fore-aft

midpoint on each panel side edge. The shed vortex on each panel is located

by connecting the two midpoints just determined, then shifting the shed

vortex aft by a distance of one quarter chord (c/4). At the root and tip, the

trailed elements are placed in the middle panel, as for all the others, with

the outside edge being defined by the end of the blade (whether root or tip).

The equations used in determining the vortex locations are as follows:

("5 + _5)

2

FB - (6 + '}3) (3.15)
2

7(, - (F3 + F4) + (F4 - F3) * di (3.16)

FD - (_5 + ,5) + (_2 - r-:l) * di+t (3.17)
2 -,51

where F are position vectors to the locations denoted by the subscript, and

di is the local chord divided by four.

3.4.3 Vortex Strengths

The strength of each vortex element (trailed and shed) must be deter-

mined. The trailed vortex strength is calculated from the radial derivative

of circulation and the shed vortex strength is calculated from the azimuthal

derivative in circulation. The change in circulation is found by differencing

the bound circulation across a particular panel. For example, the bound

circulation at each point A, B, C, and D are found by the following:
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Figure 3.S: Close-up of near wake panel geometry.

_,A = % -- ")4 (3.1 S)

_/:B = ")l -- "/3 (3.19)

_C: = ")4 -- % (3.20)

7D = ")'2 - "):l (3.21)

where _1, "/2,_/'3, and "_4 are the circulations at the corners of tile panels.

These circulations are equal to tile blade bound circulation at the azimuth

for which the vortex endpoint was "released" from the blade. Tile circulation

distribution between points A and B and between points C and D may"

optionally be a stepped distribution with a step in circulation at the panel

midpoint or may be instead a linear circulation distribution. Tile vortex core

model may also be either a distributed core model or a concentrated core

model. These options are controlled by the namelist NI_HIRES variables

MDLSNW, M1)LTNW, OPCSNW, and OPCTNW. Tile core size of the

trailed and shed vortex elements may be an input constant for each direction,

or may be calculated internally as controlled by tile NLHIRES variables

CORETNW and CORESNW.

3.4.4 Total Loading

With the trailed and shed wake geometry known, the vortex core size

known, and the type of core (none, concentrated, or distributed) known, tile

influence coefficients of the trailed and shed elements on a particular blade
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collocationpoint may be found. Tile influencecoefficientsare then null-
tiplied by the approl)riatecirculation,asdeterminedabove,to obtain tile
velocitycontributionfi'omthat vortexelementactingat tile bladecolloca-
tion point. As tile procedurecontinues,all velocitycontrit)utionsof all near
wakevortexdemenlsfor a bladeat a fixedazimutharedetermined.These
velocitiesare addedto the appropriatefar wakevelocitiesto determinea
total velocityat thebladecollocationpoint dueto all wakeelements.Once
the total velocityis knownfor a bladeat tile currenl azimuth,the aerody-
namicsat that azimutharedetermined.The azhnuthis incrementedand
lhe processisrepeated.Normally,it is expectedto takemorethanonerev-
olution (ITERNW > 1)to convergethe nearwakesolutionsinceduringtile
first revolution(ileration),thestartingtransientsfor tile nearwakesolution
mustbeallowed1odecayto anacceptablelevel.

3.4.5 Option to Reduce Number of Panels

NLIIIRES contains several near wake option parameters. There is an

ol>tion to reduce the number of panels ill tile near wake a.s a. llredeternfined

function of the wake age, O- In principal, this technique shoul<l reduce lhe

computation time in tile lattice near wake model. By default, the parameter,

OPNWMIN = 0, which suppresses tile reduction in the number of panels.

If OPNWMIN =1. the number of panels is reduced by a. factor of two every

5 of wake age. (Actually, tile number of panels is exa<'tly one-half the

previous number if the previous numt_er of panels is even and the number

is one half of tile previous number of panels + 1 if the number of panels is

odd.) For example, if there are S0 panels at the wake age O = 0 degrees,

then starting at 0 = 5 there will be 40 panels, and a.t 0 = 10 there will be

20 panels, etc. The reduction in panel number will continue until either the

minimum of two panels is reached or until the end of the near wake region

is reached, whichever comes first..

3.4.6 Circulation Update Option

There exists an ot>tion t,o update the circulation being used with the

wake influence coef[icients t,o calculate near wake induced velocities at blade

collocation points. The NL|tlRES parameter OPNWCRC is used to control

this updating. The updating may be performed a,t the end of each near wake

iteration (OPNWCRC = 1) or may be updated at each azimuth step as it,

is calculated (OPNWCRC = 0). The default, is to update at each azimuth
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step as the circulation is calculated. This default should reduce the number

of near wake iterations required.

3.4.7 Output Information

Output from the lattice near wake section of tile high resolution calcula-

tion is similar to tile outputs from the low resolution calculation and from

lhe far wake calculation. Again, there is one file output for each rotor. The

unit numbers for rotor-1 and rotor-2 are 19 and 59, respectively. Tile for-
mat of each file is the same as the far wake file described earlier with the

following exceptions:

1. The vertical component (z coordinate) of total induced velocity is in-

(']uded as an additional entry after the MAXIMUM BOUND CIR(![I-

LATION - CIRCN values,

2. The vertical component (z componeut) of the high resolution near

wake induced velocity is included as an additional entry at the end of

the file.

The formats of the above items are as follows:

WRITE(19,895)

895 FORMAT(IX,'INDUCED VELOCITY - Z COMPONENT')

DO 896 I=I,MRAINT

896 WRITE(19,7OO)(VINDTOT(3,I,J),J=JFIRST,JLAST)

WRITE(19,897)

897 FORMAT(IX,'NEAR WAKE INDUCED VELOCITY - Z COMPONENT')

DO 898 I=I,MRAINT

898 WRITE(19,7OO)(VNW(3,I,J),J=JFIRST,JLAST)

3.4.8 Known Caveats

It should be noted that the high resolution lattice near wake model discussed

in this section has not been exercised or validated.
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Chapter 4

Indicial Post-Processor

4.1 Indicial Post-Processor

4.1.1 Introduction

As discussed in previous chapters, conceptually, tile user has all option

as to which high resolution near wake model to use: (1) the lattice near

wake model internal to the HIRES code, or (2) the Indicial Post-Processor.

Chapter 3 discusses the high resolution lattice near wake model that is in-

ternal to the ttlRES portion of CAMRAD.Modl. This chapter discusses

the Indicial Post-Processor (IPP). The IPP is a stand-alone code that uses

output information from ItlRES (from the "Far Wake Loop" only). This

far wake information from ItlRES is combined with an indicial aerodynam-

ics method for the near wake to calculate the total aerodynamics on the

reference blade at a high azimuthal and radial resolution. The IPP uses a

combination of techniques presented in several publications by T.S. Beddoes

and G. I.eM_man (Ref. [13, l_l, 15, 16]).

4.1.2 Solution Procedure

Conceptually, the IPP calculates the unsteady aerodynamic loading at

each high resolution collocation point on the reference blade using the ve-

locities at each collocation point (a_s determined in the Far Wake Loop of

HIRES) as a gust field. That is, in the Far Wake Loop of HIRES, velocities

due to blade rotation, velocities due to blade motion, and velocities induced

by the "far-wake" vortex system are computed. The IPP then calculates the

unsteady aerodynamic loading (response) on the reference blade as if there
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were a gust field (given by tile velocities from the Ear Wake Loop of HIRES)

traveling l)ast the stationary reference blade.

In the indicial aerodynamics method, tile high resolution near wake is

divided into two parts: (1) tile shed near wake, and (2) the trailed near wake.

(Note that dividing the near wake in this manner is a common practice (Ref.

Ill]).) Each of these components of the near wake (shed and trailed) are

addressed in the IPP. That is, the 1DP combines the far wake velocities from

HIRES with the velocities from the near wake trailed vortex system model.

and uses those velocities to calculate a quasi-steady angle of attack and a

Math number. The indicial formulations of Beddoes and Leishman are then

used io relate the quasi-steady angle of attack and Mach number at a blade

sect io,I to a blade sectional loading. The indicial formulations essentially are

empirical "curve-fits" representing the theoretical and experimental relations

between quasi-steady angles of attack and Mach numbers. This chapter

discusses in detail how the HIRES far wake information is "processed" by

the It>t ) io produce high resolution loading.

4.1.3 Conceptual Program Outline

Figures 1.1 and 1.3 illustrate the computational flow of the CAM-

RAD.Modl code. It is seen (as described in earlier chapters) that the low

resolution (azimuthal and radial) CAMRAD.Modl is executed first, followed

by the HIRES portion of the code. Once these two steps are complete, the

user may choose to execute the IPP to obtain high resolution loading at the

high resolution collocation points on the reference blade. Note that the IPP

is a true post-processor; that is, it is a stan(l-Mone code. Even so, it is still

considered part of the CAMRAD.Modl/HIRES code system.

Figure 4.1 expands the IPP box of Figures 1.1 and 1.2 so that the 1PP

may be outlined in a conceptual manner. It is seen that there are three

inputs 1o the IPP. The first input is a namelist called INLST. This namelist

is used to set several parameters used in the IPP. This namelist will be

discussed later. Second, the far wake information from HIRES is input. This

information actually consists of two data files: (1) the far wake data file, and

(2) the far wake induced velocity" file. These two files will t)e discussed later.

Third. the binary airfoil table file from CAMRAD.Modl is input. This

input, too, will be discussed later.

The IPP consists of two "loops". The outer loop is a loop over all of

the high resolution azimuth stations. At each azimuth inside the outer loop,

there is a loop over all of the collocation points on the reference blade. As
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Figure .1.1: Scllematic of IPP computational loops and inputs.

discussed earlier, the IPP calculates the loading on tile reference blade as

if it. were traversing a gust field given by tile far wake information from

HIRES. Therefore, tile reference blade is tile <>ill), blade considered in the

lPP. The loop over the collocation points on the blade is where the sectional

blade loading is calculated. Once the loading is known on the entire span

a.t the current azimuth station, a Trailed Wake Algorithm (TWA) i,s used

t.o calculate the influence of the trailed near wake system. It should be

noted that the influence of the trailed near wake system needs to be known
before the blade loading can I)e calculated. But, since the TWA calculales

the trailed near wake influence based on the blade loading, an interation is

required. The iteration technique implenmnted is to lag the TWA calculation

behind the blade loading calculation by one azimuth station. Thus, once

the blade loading has been calculated in the loop over all blade collocation

points, the TWA calculates the influence of the trailed near wake system,

then uses that information at the following azimuth station.

4.1.4 Actual Program Outline

Figure 4.2 shows the outline of sut)routines in INDICIAL, which is the

executive program of the lPP. The first four subroutines are basically" ini-
tialization subroutines, that will be discussed later. The last subroutine

in Figure 4.2 (CLCALC) is where the "loop over all of the high resolution
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Figure 4.2: Major subroutines ill the IPP.

azimuth stations" (see Figure 4.1) is located. This subroutine will also be

discussed later. The first stage in the execution of the IPP is intitializa-

tion of parameters. This will now be examiued by examining each of the

initialization subroutines individually.

4.1.5 Subroutine INPTRD

The first subroutine in the IPP, called INPTRD, initializes several

namelist input parameters to default values and reads the input namelist,

INLST. These input parameters are user defined quantities and are case de-

pendent. Each of the namelist input variables are discussed later (along with

their default values). The subroutine INPTRD also checks several input pa,

rameters for valid values. For example, the number of azimuth stations,

NAZM, is compared to the maxiumm number of stations (max. = 720); the

number of radial stations, NRAD, is compared to the maximum number of

radial stations (max = 100); and the maximum number of revolutions in the

solution (i.e., the number of "'outer azimuth station loops") are compared
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to the maximumnumberof steps(max= 1440).If errorsaredetecteddur-
ing thesecomparisons,tile codeendsexecutionandprintsanerrormessage.
Sinceoneof tile input variablesis the file nameof tile CAMRAD.Modl bi-
naryairfoil tableto beusedfor this case,the IPP nextcallsthe subroutine
INPTA1.

4.1.6 Subroutines INPTA1

Oneof the input paran,etersin thenamelistINLSTis thefilenameof the
(IAMRAD.Modl binaryairfoil tat>leto beusedin thisexecutionof the IPP.

To read this unformatted binary airfoil table, the IPP calls the subroutine
INPTAI. This subroutine is identical the the subroutine INPTA1 from

CAMRAD.Modl and stores the necessary information in arrays in tile IPP
code.

4.1.7 Subroutine RDFARW

Two other input parameters are (1) the file name of tile far wake informa-

tion file fronl HIRES and (2) the file name of tile far wake induced velocity

file from HIRES. Both of these files are read using the subroutine RDFARW.

As discussed in tile "Output. Aerodynamic Information" subsection of Chal)-

ter 3, there are many parameters output in tile far wake information file.

The information of interest in this file is (1) blade section velocities l)arallel

to the hub plane, (2) the blade section velocities perpendicular to the hub

plane, (3) the blade section radial velocity, (-1) the pitch angle of the blade

section, and (5) the blade radial collocation point locations. RDFARW reads

the far wake information file, extracting tile above five quantities while skip-

ping over tile information in tile file that is not required by the IPP. After

required information from the far wake information file has been extra.cled,
the file is closed.

Next, RDFARW opens the far wake induced velocity file output from

HIRES. This file contains the three components of wake induced velocity

from the far wake vortex system from the Far Wake Loop of HIRES. For the

IPP, only the vertical (perpendicular to the hub plane) component of this

velocity is required. Thus, RDFARW extracts only the vertical component

of far wake induced velocity from this file. Once that is done, the file is
closed.

Finally, RDFARW converts all of the newly extracted non-dimensional

quantites into dimensional quantities for use in the IPP.
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4.1.8 Subroutine UNUC

The input information read from tile far wake information file from

HIRES is in the hub coordinate system used by CAMRAD.Modl. For exam-

pie, velocities at each blade section are given in components that are parallel

and perpendicular to the hub plane. However, the lPP uses velocities that

are parallel and perpendicular to the blade chord. Subroutine UNUC uses

the far wake aerodynamic velocity and pitch inlormation to calculate the

velocities parallel and perpendicular to the chord of the blade section. Fig-

ure 4.3 shows the relations among the velocities UT, Up, l'_:v, and U(,. The

following equations are used to calculate ITN and Uc from U7, Up, and K_.;

t(, = t,o,  os(0 - o) (4.a)

M - (4.4)
,b'Ol7 N D

UN -7- Utot2 Sill(0 -- 0) (4.5)

I:T is tile velocity parallel to the hub plane at the blade section, l;1' is

lhe velocity perpendicular to the hub plane at the blade section, (:tot is

the total velocity at the blade section, Ut,t2 is tile total velocity excluding

the vertical component of induced velocity, I_ is the vertical component of

induced velocity, l'(, is tile component of the total velocity parallel to the

chord. IrN is the component of the total velocity (excluding the vertical

component of induced velocity) perpendicular to the chord, M is the Mach

number calculated from lzc', SOUND is the input speed of sound, 0 is the

blade pitch angle, and O is tile inflow angle calculated from _-:T and lrp at.

tile blade section.

Since the quantities UT and Up were obtained Dora a lifting line aerody-

namics code, it is consistent to use such approximations as are introduced

in tile previous equations. With these approximations, Figure 4.4 illustrates

the manner in which the IPP views the aerodynamic far wake environment

in which the quarter chord advances in space (i.e., _'7). Using this figure,

the aerodynamic environment may I)e seen as a reference point (here, tile

quarter chord) traveling in a. local free stream velocity, U<', with a perpen-

dicular velocity determined by (;x and I_. This is equivalent to the blade
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Figure 4.3: Schematic of coordinate system used in subroutine UNiTC.
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Figure 4.4: Velocities seen by blade section as it lxavels through gust field.
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remaining stationary and allowing tile far wake velocities to convect past

the blade a.s a. gust. field.

An a.dditional quantity calculated in UNUC is the pitch rate at all blade

sections and azimuth locations. This is calculated using a. central difference
formula:

,,t a,hti,;_=O(i,j+ l)-O(i,j- 1)
2At

where (} is the pitch rate, 0 is the pitch angle, index i is tile radial location,

index j is the azimuthal location, and At is the t.ime step between azimuth
locations.

4.1.9 Subroutine CLCALC- Introduction

Tile aerodynamic loads (Ibrces and moments) are determined in

CLCAL(I. These [brces and moments are determined using the indicial aero-

dyna.nlic functions in the mentioned References. These indicial aerodynamic

functions use all effective angle of attack a.t a particular instant and relate

it. t.o the loads at that instant. The loading at any particular instant is split

into several parts: (1) circulatory loading, (2) impulsive loading, (3) loading

due to trailing edge separation, and (d) Ioa.ding due 1.o leading edge sepa-

ration. The subroutine (;LCAL(? calculates tile circulatory loa.ding effects

and calls other subroutines to account for the other effects (these will be

discussed later).

Conceplually. (ILCALC uses the information calculated in UNI!C and

a.pplies indicial aerodvuamic functions to the information at each blade sec-

tion and azimuth to determine the aerodynamic forces and moments (circu-

latory loads) there. (If tile optional impulsive loads are inchded, CL(!ALC

calls IMPS to calculate the impulsive loading effects.) In practice, both the

circulatory and impulsive (non-circulatory) effects are two dimensional ef-

fects; tile three-dimensional effects of the trailed near wake, a Trailed Wake

Algorit.hn_ (TWA) similar to that of T.S. Beddoes (Ref. [13]) is used to

model the effects of a trailed near wake. These two dimensional effects are

split into circulatory and non-circulatory effects.

To calculate the loads (circulatory and non-circulatory), effective angles

of attack are required (see mentioned References). These effective angles

of attack are calculated in tile subroutine INTGRL (discussed later). This

subroutine relurus (to (_LCAI,(1) the effective angles of attack for the circu-

latory lift. and morlmnt and for tile non-circulatory lift and nloment, l[ow-
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ever,theseanglesof attackcalculatedill INTGRL arequasi-steadyangles
of attack.Thetwodimensionalindicialaerodynamicfunctionsmodifythese
quasi-steadyanglesof attack to accountfor unsteadyeffects. CLCALC
accountsfor the circulatoryloadingeffects.Then,thesubroutineIMPSac-
countsfor lhe non-circulatoryeffects.Oncetheseareknown,thesubroutine
SEPRATEaccountsforthe leadingedgeandtrailingedgeseparationeffects.

4.1.10 Subroutine CLCALC - Coding

The outer loop in the sul)routine is over the number of azimuth steps

defined bv lhe namelist input variables NAZM and NREVS. The number

of steps used in the calculation is NAZM*NREVS. The maximum number

of steps is 1440. At each step of the outer (W) loop (see Figure 4.5), all

quantities are calculated at each radial station on the blade.

As stated above, the quasi-steady angles of attack are determined in

INT(;RL. Then, CLCAL(! modifies these quasi-steady angles of attack io

account for unsteady circulatory effects. From the mentioned References, the

following formulae are used to account tbr the unsteady circulatory effects

in an indicial form:

o_:f = qL- X- Y - Z

.... At�T, .41 (qL 7lLomX = .,_o1,1_ ___ _ )t-aAt/2TI

• , -crAt/2T)
}" = }_ld_ -c_At/72 + A2(_'/L --IIL,,,d)(

Z = Zol,te -_'At/:l_' + A3(qk -- llLma)( :'-aAt/27)"

:, -aAt/T., 7 .( -aAt/2Tm

21 ;c
_ ch7,,.(i(1- ._F)

A1 = .165

A_ = .335

,43 = .500

A., = 1.00

Tl = 20.

7'2 =4.5

_ = 1.25M

(4.7)

(4.s)

(4..o)

(4.1o)

(4.11)

(4.12)

(4.1a)

(4.14)

(4.15)

(4.16)

(4.17)

(4.1s)

(4.19)
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SUBROUTINE CLCALC

---4 Pick

__ Pickradial, i

Call INTGRL

for ueff's

Add trailed
NW contribution

Modify %ff's
w/_ndicial fns.

Modify oceff's
w/sweep_aw

Call IMPS

for mpuls veterms

Call
SEPRATE

Call TWA
for 3-D effect

Done

Figure 4.5: Flowchart for subroutine (!LCAL(!.
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Tm= M/2 (4.20)

where _}/_and _b,, are tile quasi-steady circulatory angles of attack calculated
in the subroutine INTGRL. Once the angle of attack o_i: is known, it is

then modified in a manner similar to that used ill CAMRAD.Modl to model

the yawed flow and blade sweep effects on the aerodynanlics. Next, these

modified (e.g., modified by the sweep correction model) angles of attack

and modified (_.g., modified by the sweep correction model) Mach number

are used to calculate the lift and drag coefficients ('t and Cd by airfoil table

interpolation. The ('t and (,'d values are used to calculate a normal force

coefficient, (',_ and the chordwise force coefficient, (',. For a reference value

to be used later, a C,_,p_:t_ntial is calculated next by the following formula:

2tramS----J-:+ ('t0 (4.21)
(',z,potentiM -- V# f __ l_,l 2

The moment coefticient, C'_, is then calculated from the indicial aerodynam-

ics (circulatory effects). The subroutine IMPS is called next to evaluate the

impulsive (non-circulatory effects) normal force, chordwise force, and mo-

ment coeIticients, ('l,,(',t,, and C'm,. The impulsive moment is then added

to the (',,_ value. The subroutine SEPRATE is called next to calculate the

effects of trailing edge and leading edge separation on the lift, drag, and

momenl coefficients. (The impulsive lift and drag terms are added to the

previous lift and drag coefficients inside SEPRATE.) Upon return from sub-
routine SEPRATE, subroutine TWA is called to calculate tile effects of a.

trailed near wake due to the current aerodynamic loading calculations.

At the end of each azimuth step in CLCALC, the following q uantites may

be output (depending on the input parameter ILOAD): (1) normal force and

chordwise force, or (2) (',_M '2. Tile forces are expressed in Newtons and the

(', and M arc' local values. The local (',, is determined fi'om the following

(left nit ion:

N = lp(Ma)UcC, (4.'2"2)

N is the local normal force per unit span, M is the local Math number,

c is the local chord, a is the speed of sound, (', is the local normal force

coefficient.
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4.1.11 Subroutine INTGRL

As seen in Figure 4.5, the first task in CLCALC after initialization is

to invoke INTGRL to calculate the effective quasi-steady angles of attack

(using a weighted integral over tile chord). These are later to be used in the

circularory lift, circulatory moment, impulsive lift, and impulsive moment

calculations. Tile following integrals are used to determine the effective

angles of attack:

1

f002_ tt,(0) (1 cosO)dO (.1.23)IlL : 7r _ r(,

1 _2_ u,(O) sin20dO (4.'24)

(:os(_=l- (a_) (4.25)

where _/L is the effective angle of attack at the 3/4 chord point for the

circulatory terms, AI, is the effective angle of attack for the impulsiw, terms,

0 is the integration coordinate, c is the chord, x is the chordwise location,

w(0) is the downwash at the 0 coordinate, and U_, is the chordwise velocity
at lhe 0 coordinate.

To compute these integrals, the downwash velocity w(0) and 1:_, a._ a

funclion of (_ must be found. (!AMRAD.Modl is not capable of providing

these intantaneous velocity distributions over the chord. Thus the velocities

are approximated velocities over the chord. It is assumed that the chord at

any radial station "spans" several points where the velocities are known. For

example, Figure 4.6 ilhlstrates a chord at a particular radial and azimuth

station. Note that the azimuthal station is defined to be tile quarter-chord

location of the section. In this figure, the chord is seen to "span" several

other azimuth stations which are a distance _b, At apart, (where f_ is the rotor

rotation rate, r is the radial station h)cation, At is the time required for the

rotor to travel from one high resoh|tion azimuth station to the next). The

velocities from these other azimuth stations are used in the above integrals.

However, since the integration is over the entire chord, two additional points

must be introduced to complete the calculations. In general, the velocities

at the leading and trailing edges of the blade chord are not known. To

evaluate the velocities at these points, a linear interpolation between the

two surrounding points is used. Thus, the velocities at points on the chord

(including the leading and trailing edges of the chord) are known.
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Tile integralsof Equations4.23and 4.24areevaluatedusinga trape-
zoidalrule whichhasbeenmodifiedto includesubintervalsin the integra-
tion. A coordinatesystemill 0 is used ms shown in Figure 4.6. It has been

determined through numerical experimentation that at least three points on

tile chord are required for the integral evaluations to be sufficiently accurate.

This is sometimes a problem, particularly near the tip of the blade when

the azimuthal resolution is inadequate. If there axe less than three points

defining the chord, the IPP issues a warning message and then stops exe-

cuting. (The corrective action is to re-execute CAMRAD.Modl and HIRES

with an increased azinmthal resolution.)

Au additional non-circulatory term may optionally be employed. This

term is not included in the references mention. To simulate effects of I)lade

vortex interations (BVI), it is assumed that the impulsive character of tile

BVI is strong at the leading edge of the blade section, but decays toward tile

trailing edge. An al)proximation to this assumption is to allow an additional

"step" function ()vet" the t)lade section. The magnitude of this function

is scaled by the user. The extent of this function over the chord is also

controlled by the user through input variables (IWT, WEIGHT, XOCOFF).

The default values set in the code should be sufficient for many cases. These

input variables are discussed in a later secliotl.

4.1.12 Subroutine IMPS

The equations co(led in subroutine CLCALC are the circulatory lift and

moment terms. These are terms related to the circulation present on the

airfoil and it, the wake of the blade section. They serve to modify the

quasi-steady arngles of attack to account for shed wake effects. To include

lion-circulatory effects, another term is required: these terms are calculated

it! the subroutine IMPS. The equations coded in 1MPS for the impulsive

loading are as follows:

4
C --

-4
C = --Hm

"_' M

2

H,_ = tI,_otee '-_¢/r'I':_ + (Al - At,,old)C -A¢/2r'ht

(4.26)

(4.27)

(4.2s)

(4.29)
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:_ x ,{ -At/2T, I,'t (4.30)II,, H,,,o_a(-At�T,,,:, + (A,,_ - a.n_,,o/,_J

Hc = Hc.,,,a( '-AtrIal';' + h'c(Uc - (_' "o,_)(-At/2T'ht (4.31)

"/-71",

l(c- 4[;,. (4.32)

c 1 + 3AI
7; - {4.aa)

o 4

I(i = 1 - (4_/_ {4.34)

where y is the radial distance from the blade tip 1o the current collocation

point, r is the thickness ratio of the airfoil, a is the sound speed, and c is

the chord of the current blade section. These additional terms are added to

the circulatory terms discussed above.

4.1.13 Subroutine SEPRATE

Once the effective angles of attack from subroutine INTEGRL and the

impulsive lift. components from subroutine IMPS are known, the effects of

trailing edge and leading edge separation are taken into account. This is

done in the subroutine called SEt}RATE. Many of the parameters involved
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SEPRATE are, like the bulk of the indicial work, governed by empirical

factors. This subroutine is an interpretation of the mentioned References.

Since most of the empirical factors in this subroutine are functions of Mach

number, the first task in SEPRATE is to linearly interpolate these parame-

ters to tile current local Mach number. Once these parameters are known,

the trailing edge separation effect may be calculated. The trailing edge sepa-
ration effect is discussed in detail in the mentioned References. In short, the

trailing edge separation effect is a lag in the surface pressure (and thus lift)

wit h resl>ect to the angle of attack o1"the blade section due to the motion

of the separation point near tile trailing edge. Ill the references, the trailing

edge separation effect is calculated from empirical formulae known a priori

In this application, the location of the trailing edge separation point is

calculate<t by the following equation:

I(l  81)1_,p,-,tential

where f,_ is the effective separation point location, C.'_,sl is the value of

normal force coefficient calculated from an airfoil table lookup previously

made ill subroutine CL(!ALC (this term also includes the impulsive normal

fl>rce coefficient), ('_,_,o_,,ti_,t is the value of tlw potential lift coefficient, also

calculated previously in subroutine CLCALC. With tile effective trailing

edge separation point, known, the motion of the separation point is lagged

using equations 21 and 22 from tile mentioned References. Once the lagged

h)cation of the trailing edge separation point, f,, is known, it may be re-

applied t<) tile following equation:

1+
(',_,f = (',_,pot_,ai,l + (',_,_ (,I.:/6)

where the normal force coefficient, C,_,I. includes the effect, of trailing edge

separation, and the effect of the impulsive normal force, (-'_,i.

The effects of leading edge separation includes the additional lift on an

airfoil due to leading edge vortex separation. A simplified version of the

model presented in the mentioned References is used. The simplification is

that only one is allowed to be shed ill the stall region. For blade vortex

interaction (BV1) calculations, this is not a severe limitation as BVIs do

not often appear in the stall region of the rotor. The effect of leading
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edgeseparationon the normalforcecoefficientis addedto tile normalforce
contributionfrom the trailing edgeseparation.

Now,with tile total normalforceknown,otherquantitiessuchaschord-
wiseforcecoefficientandnlomentcoefficientarecalculate(tusingtheequa-
tionsof the mentionedReferences.

4.1.14 Subroutines TWA

The subroutineT_A%usesthesameequationsandserveslhe samepur-
poseasthesubroutineTWA1in (:AMRAI).Mod1(see(:hapler2fordetails).

4.1.15 Subroutine FINDNN

The subroutineFINDNN ix a subroutinethai determinesthe current
azimuthindexthat isbetweenoneandthenumberof azimuthslel)s, NAZM,

given an arl)itrary azimuth index between one and NAZM*NREVS.

4.1.16 Subroutine AEROT1

Subroutine AEROT1 interpolates the input airfoil table information. It

is the same as the sut)routine AEROT1 from CAMRAD.Modl.

4.2 Indicial Post-Processor Namelist

ables

4.2.1 Namelist INLST

The parameters in INLST are given in Table 4.1.

Input Vari-
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Table4.1:Descriptionof INLST Parameters

FWFILE
VINDFILE
NRAD
NAZM
SOUNI)
RPM
RADIUS
CHORD(NRAD)
NREVS

RAE(NRAD)

I('URV

EPICOR

THICI,_

SWP(NRAD)

DENSE

IW T

,r _ -I\_ M(,HT

XOCOFF

ILOAD

IVZ

>0.

<0.

name of far wake file (character*S0)

name of far wake induced velocity file (character*80)

number of radial stations used ill calculation (max 100)

number of azimuth stations used in calculation (max 720)

speed of sound (m/s or ft./s)
rotor RPM

rotor radius (m or ft)

blade chord (m or ft)

number of rotor revolutions to calculate (default = 2)

edges of radial segments (usually same a,_ high resohtion

variable RAEINT)

integer parameter:

= 0 use straight trailed near wake

= 1 use circular arc trailed near wake (default)
trailed near wake core size:

use this constant core size for all trailed lines (re. R)

use .5*(panel width)

(default = - 1.)

blade thickness used in impulsive chordwise loading term

(percent of chord, in decimal fbrm)

(default = .12)

sweep angle at radial segment locations (deg)

(default. = 100'0.)

density (k.q/m 3 or slug/ft 3)

= 1 use constant "stel)" function controlled by WEIGHT and

XOCOFF (default)

= 2 use new weighting function (not recommende<t)

magnitude of impulsive BVI t,erm (default = 1.0)

x/c cuttoff location for BVI term (defaul_ = 0.25)

= 1 output normal tbrce (default)

= 2 output (i,'_._12

= 0 zero-out l'"z in imt)ulsive loading term

= 1 do not zero-out I': in impulsive loading term (default)
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Chapter 5

Users Manual: Variables

and Namelists

5.1 Introduction

This users' manual is intended to contai,_ new input variables and

namelists for CAM RAD.Mod 1. Tile intent is to document the new narnelists

and variables with respect to the original version of ('AMRAI) (e.g., where

tile new namelists are located relative to the older namelists, ctc). For a de-

script.ion of all older namelists and variables, refer" to [2]. In addition, since

the current version of CAMRAD.Modl is intended to run on a workstation

with a UNIX operating (more specifically, it was set up to execute on a

DEC All)ha workstation), this portion of tile documentation also describes

methods to execute the code in a I!NIX environment (specifically, orl a I)|':('

Alpha workstation).

Even though many changes have been made internally to create (!AM-

RAD.Modl from the "base" code, CAMRAD, the basic trim loop structure

of the code is mostly unchanged. The chailges to lhe loop structure that have

occurred are the addition of extra loops. For example, a new "rollup-trim"

loop was added to execute at the end of the original three stage wake-trim

procedure. Also, both a CFD interface and a high resolution procedure

(HIRES) were added to execute al the end of the entire trim procedure. I_br

more information on these new procedures see previous chapters.

Since the goal of tire CAMRAD.Modl code is to obtain high resolution

loading information thal caEI be used in conjunction with at helicopter noise

prediclion code, the remaining original procedures in CAM[RAD.Modl (flut-

167



ter, flight dynamics,andtransient)havenot beenupdated,maintained,or
tested. In somecases,they are not compatiblewith the new procedures
introducedin CAMRAD.Modl. However, if one were to execute CAM-

RAI).Modl in a manner similar to that of the original version of CAMRAD,

the flutter, flight dynamics, and transient tasks should still be available -

however, this has not been verified.

5.2 Summary of Job Preparation

A typical job preparation is basically unchanged from the original CAM-

RAD procedure. The first step is to create a BLOCKDATA file containing

input information for CAMRAI).Modl. Normally, this information is then

compiled into a. binary input file in a manner similar to the original version

of ('AMRAD. An example script for generating a binary input file is pro-

vide(t in the "Binary Input File Prel)aration'" section of this mauual. Next.,

airfoil data must be provided. This is available either by converting C81

tables into a. I)itla.ry airfoil table using the airfoil preparation progranl or by

converting generic airfoil information into a binary airfoil table generate(l

with namelist inputs to tile airfoil preparation program. An example of an

airfoil preparation script is given in the "Airfoil Table Preparation" section

of this manual. Once these two binary files are created, tile code is exe-

cuted using a. script file. A script template is given in the "Script Template"

section.

5.3 Airfoil Table Preparation

Airfoil table preparation is normally accomplished by creating a "script"

file to run the airfoil preparation program. An example script for generating

the binary airfoil table to be used in CAMRAI).Modl from an input C_I

table is as follows:

!Ibin/csh

#

# For Bo105 model rotor

# NACA 23012 airfoil, standard C81 table

#

/bin/rm -rf naca23012.out

/bin/rm -rf naca23012.tab
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unsetenv AFDECK1

unsetenv AFTABLE

setenv AFDECKI naca23012.c81

setenv AFTABLE naca23012.tab

set campath=/usr2/boyd/Cam/Sources/Camrad_mod2_rcs

$campath/airfoil > naca23012.out <<eoj

NACA 23012 AIRFOIL (STANDARD C81 TABLE)

&NLTABL

NA = i,16,28,88,100,i15,

NM = 1,7,21,

M = 0.,.6,.95,

OPREAD = 2,

&END

eoj

exit

5.4 Binary Input File Preparation

#! /bin/csh

#

# set INPUTFILE environment variable,

# compile blockdata file,

# link files together,

# run input preparation program (input_prep)

#

#

/bin/rm -rf bolO5.out

/bin/rm -rf bolO5.bin

#

unset campath

unset srcpath

#

unsetenv INPUTFILE

setenv INPUTFILE bo105 .bin

I! II

set campath= /usr2/boyd/Cam/Sources/Camrad_mod2_rcs

#

f77 -c bolO5_blockfile.f

f77 $campath/blockfile.o bolOS_blockfile.o
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$campath/FILEI.o -o input_prep

#

input_prep > bolO5.out

exit

5.5 Script Template

This section describes a method to create a binary input file _r CAM-

t/AD.Modl. First the user must create a file containing the necessary input

BLO(!!_DATA code segment. Then, the binary input data file is created

using the _llowing example script:

#!/bin/csh -v

/bin/rm -f fort.* >& /dev/null

unset case

set case=runcase

unset campath

set campath=/usr2/boyd/Cam/Sources/Camrad_mod2_rcs

unsetenv INPUTFILE

unsetenv AFTABLEI

setenv INPUTFILE bolO5.bin

setenv AFTABLEI naca23012.tab

in -s ${runcase}.dat fort.7

in -s int_${runcase}.dat fort.i7

in -s vind_${runcase}.dat fort.18

in -s wake_${runcase}.dat fort.13

In -s blade_${runcase}.dat fort.14

${campath}/camrad_modl.l >& ${runcase}.out <<eoj

&NLCASE

NFRS=-I,NFEIG=-I,NCASES=I,

&END

&NLTRIM

VEL

RPM

&END

&NLRTR

&NLHHC

&NLHHC2

&NLHIRES

= 0.15060, CTTRIM = 0.05610,

= 1041.000, APITCH = 4.250,

&END

&END

&END
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OPINT = 1, OPWFCOR = O, OPSEGD = 1, ITERINT=I,

MPSIINT=720,JFIRST=l ,JLAST=720,MPSIWGP=72,

COREINT=.01815, KMWINT=I80, OPNEGV =i,

WMDLINT=2,0,O,O,O,2,2,2,2,2,3,3,3,

WKMDLI =2,0,0,0,0,2,

MRAINT=75,

RAEINT=.I500,.1783,

LEND

&NLBED

_NLSWP

&NLWAKE

kNLBURST

_NLROLL

.2544,

.3413,

.4283,

5152,

6022,

6891,

7761,

8630,

9500,

2652,

3522,

4391,

5261,

6130,

7000,

7869,

8739,

9608,

O. ,0. ,0. ,0.,

O. ,0. ,0. ,0.,

O. ,0. ,0. ,0. ,

2,2,2,2,3,3,3,

1892,

2761,

3631,

4500,

5370,

6239,

7109,

7978,

8848,

9717,

.2000,.2109,.2218

.2870,.2979,.3087

.3739,.3848,.3957

.4609,.4717,.4826

.5478,.5587,.5696

.6348,.6456,.6565

.7217,.7326,.7435

.8087,.8195,.8304

.8956,.9065,.9174

1.0000,

O. ,0. ,0. ,0. ,0. ,0.,

O. ,0. ,0. ,0. ,0. ,0. ,

0.,

OPBED = O, _END

LEND

LEND

OPBURST = O, LEND

OPROLLU=3,0PLOWR=I,0PHIWR=I,

COKELG=.3,ITERKUP=2,ITERFKU=2,

ITERLGC=20,FLGCORG=O.I,

NTIPFCT=I,TIPFCO=O.,TIPFC=O.15915,0.,O.,O.,O.,O.,

0.,0.,0.,0.,

NTCDR=9,TIPCORE=O.OI, 0.0166, 0.0233, 0.03,

0.04, 0.05, 0.07, 0.1, 0.2, 0.,

NSCOR=9,SECCORE=O.01, 0.0166, 0.0233, 0.03,

0.04, 0.05, 0.07, 0.1, 0.2, 0.,

ISPIN=I,TAUCO=O.,TAUCI=I.,

IRUZCOR=O, OPROLSS=O,

ICORYCB = 2, IFWLGC = O, COREXP = 4,

aEND

_NLMEAS IMODEIN = O, IAEROIN = O, &END

,.2326,.2435

.3196,.3305

.4065,.4174

.4935,.5044

.5804,.5913

.6674,.6783

.7543,.7652

.8413,.8521

.9282,.9391
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&NLLOAD
eoj

exit

&END

5.6 Input Parameters

Following are the input para,melers for CAMRAD.Modl. Parameters that

are in italic print are new i)arameters and/or namelists not included in the

original version of ('AMRAD but are now in (:AMRAD.NIodl.
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4.5 NLCASE

Namelist NLCASE

JOB integer 1)al'ameter defining job tyl)e
= 0 for new job (default)

¢ 0 for ohl job oi" restart jol)

RSWRT integer parameter controlling restart file write
= 0 to suppress write

New .lobs Only:
N('ASES nmnl)er of cases (defanlt = 1)

BLI(DAT integer parameter defining input source:

= 0 read input file (default)
> 0 use loaded blockdata and write input file
< 0 use loaded 1)lockdata

RDFILE integer parameter controlling input file read:
= 0 rea(lfile for first case only

# 0 read file for every ('a._e (default)

Ohl .lobs ()nly:
START integer parameter defining task:

= 1 for trinl restart (default)
= 2 for flutter restart

= 3 for flight dynamics restart
= 4 for transiet'lt restart

Not_ • that tile trim restart Call 1)e followe(l 1)y any or all of tile other tasks (as defined 1)y ANT YPE): for

flutt_q', flight (lynalnics. or tra.sient restart, only that task ('all 1)e (lone.
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Additions to Namelist NLCASE

NOISFL = 0 don't perf(_rm ROTONET/WOPWOP interf.,c_ c.,lcuht.tion.s
(default)

> 0 don't perform ROTONET/WOPWOP interface calculations
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4.6 NLTRIM

Namelist NLTRIM

OPREAD(i0) integer vector defining namelist read structure
= (} to suppress read of the namelist:

components (new jol) only):
(1) NLRTR, rotor 1
{2) NL\_\hKE, rotor 1
(3) NLRTR, rotor 2
(4) NLWAKE, rotor 2
(5)NLBODY

tasks:
(6) NLLOAD, rotor 1
(7} NLLOAD. rotor 2
(8} NLFLUT
(9) NLSTAB
(10) NLTRAN

NPRNTI integer lml"ameter controlling input data print
= 0 use "'short form" print (no input data print)

ANTYPE(3)

TITLE(2O)

= 0

h_teger vector definiltg ta.sks for new job or
trim restart
to suppress:
(1) flutter
(2) flight dynamics
(3) transient
title for jab and case (80 characters)

('()DE alphammwric code for job aml case identification
(4 characters)

()PUNIT = 1 for English unit system (ft-slug-sec)
= 2 fin" metric units system (m-kg-sec)

NROTOR number of rotors (1 or 2)

WBTTAB = 0 default (use emlfirical models)
= 1 use wing-body-tail tables
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DEBUG(25)

(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)

(10)
(11)
(12)
(13)

(14)

(15)
(16)

(17)
(18)

(19)
(2o)
(21)
(22)
(23)
(24)
(25)

integer vector controlling debug print:

,.'allies:

= 0 no debug 1)rint
= 1 trace l)l'lnt

2 low level print
3 high level print

elements:

time (see) at which debug print enabled

illl)llt, 2-3 (INPTx)
initialization, 2 (INITC. INITRx, INITB, INITE)

trim iteration, 1-2 (T1RIMI)

loads. 2 (LOADIx)
flutter matrices, 2-3 (FLUTM)

flutter coefficients, 2-3 (FLUTIx, FLUTAx)

flight dynamic,s, 2-3 (STABM, STABE)

transient, 2 (TRANI)

rotor/airframe motion and forces, 2-3 (RAMF)

blade modes. 2 (MODE, MODEx)
inertia coefficients, 2 (INRTCx)

airframe constants and matrices, 2 (B()DYC,

ENGNC, MOTNCx, BODYMx, ENGNMx)

induced velocity. 2 (\VAKEUx, V_\4KENx)

rotor matrices, 2-3 {INTRMx)

lml)/airfralne motion and generMized force,s, 2

(MOTNHx, BODYVx, ENGN\x, M()TNFx, MOTNS)
rotor motion, 2-3 (MOTNRx)

rotor aero(lynamies. 2-3 (AEROFx, AERBED._: )

blade sectioll aerodynamics, 3 (AER()Sx, AEROS_B )

body forces and aerodynanfics. 2 (BODYF)
wake influence coefficients, 2 (_\AKECx)

vortex line and sheet, 3 (VTXL, VTXS, VTXL2

prescribed wake geolnetry, 2-3 (GEOMRx)
free wake geometry, i-3 (GEOMFx)

timer, 1 (TIMER)

where the "'x'" can take the vMues 1 or 2 depen(ling on which rotor is being examined.
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VKTS airspeed (knots). V

VEL advance ratio, l'/(_B)

Note:

Inlmt either VEL or VKTS by namelist input. If neither l)arameter is defined
in the input namelist, 1" = ().'is used.

\TIP rotor 1 tip speed, _R (ft/sec or m/see)

RPM rotor 1 rotati(mal speed (rl)m)

Note:

Inl)Ut either \'TIP or RPM I)v inl)ut namelist. If neither l)arameter is <lefined,
the normal tip speed, VTIPNI is used from namelist NLR'I'R. Rotor 2 speed is
calculated from the gear ratio, TRATI().

OPDENS intt:ger 1)arameter defining sl)ecification of aerodynanfic
ellvlroIllllellt:

= 1 given altitmle and standard day
= 2 given altitude and temperature
= 3 given density aml telnperature

ALTMSL altitude al)ove lnean sea hwel (ft or m)
(for ()PDENS = 1 or 2)

TEMP air teml)erature (<leg F or deg C)
(for ()PDENS = 2 or 3)

DENSE air density (slug//t:* or kg/m a)
(for OPD'ENS = 3)

()PGRND integer l)aralneter controllillg ground effect analysis
= 0 Ollt of groltlld effect
# 0 in of ground effect

HAGL altitude helicol)ter center of gravity above ground
for gr(mnd effect analysis (ft o1" m)

()PENGN integer t)arameter sl)ecifving engine state:
= 0 for ltorlnal ol)el'atioll "

= 1 for autorotation (engine inertia, engine (lamping,
alia throttle control torque zero: 11o engine speed
degree of fl'eedoln)

= 2 for engine out (engine dalnl)ing and throttle control
torque zero)

AFLAP wing flap angle, br ((leg)

RTURN for free flight, trim turn rate, ['t,' (deg/se<')
(positive to right)
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COLL
initial values for controls (trimmed as appropriate)

collective stick disl)lacenlent, bo or ..XOu,,,,,. ((leg),

positive nose 111)

LATCYC lateral cyclic stick displacement, b,. (deg),

positive left

LNGCYC longitudinal cyclic stick displacement, 0._ (<leg),

1)ositive aft

PEDAL pedal disl)lacentent, 0p (deg).

positive right

APITCH

AROLL

for fre(- flight case: aircraft pitch angle. Orr (deg),

l)ositive nose u I)
for wind tultttel case: rotor shaft mlgle, Or (deg).

l)ositive nose u I)

for free flight case: aircraft roll angle, 0Fr {deg).

positive to right

{OFr an(t orr define orientation of body axes relative to
earth axes)

ACLIMB

AYAW

for flee flight case: aircraft climb angle. OFv ((leg),

positive u 1)

for free flight case: aircraft yaw angle, t:'_-p ((leg),

positive to right
for win(t tmmel case: test module yaw angle, t"r ((leg),

positive to right

(OFt, and t'Fp define the orientation of the velocity axes relative to the earth axes:

_;.l_,,,I, = l'sin(Orp) and l;_i,t_ = l'sin(_"ep)cos(0c-v))

MPSI numl)er of steps per revolution in motion and loads
analysis (max 36). For nolmniform inflow, nmst be a

multiple of the mmlber of blades

MPSIR nunfl)er of azimuth steps between update of airfl'ame
vibration an(l rotor matrices ill harnlonic lnotion sohltion

MREV nltnlber of revohttions between tests for niotion convergence
in harmonic motion sohttion

ITERM inaxinmm numl)er of motion iterations

EPMOTN tolerance for motion convergence ((leg)

ITERC lnaximum nmnl)er of circulation iterations

EPCIRC tolerance for circulation convergence (-XC'T/a)
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DOF(54)

DOFT(8)

MHARM(2)

MHARF(2)

LEVEL(2)

rotor1
rotor1
rotor1
rotor2
rotor2
rotor2
airfi-ame
airframe
drivetrain
drivetrMn

rotor1
rotor2

=0
=1
=2

integervectordefiningdegreesoffreedomusedill
vibratorymotionsolution.
values:
= 0to omit
= 1 tO liSP

order:

bending: (lllaX 10) ql,q_ ..... q,o

torsion: (max 5 ) Po.I'I ..... P:,

gimbal : (max 1 ) 4,/

bending: (nlax 10) ql, q2 ..... ql()

torsion: (max ,5 ) t)o,1)1 ..... p.-,

giml)al : (nlax 1 ) :¢,t

rigid : oF, OF, cr, a'r, gr, zr
elastic: (max 10) q._, .... q.....

rotor/engine sl)eed: t'.,, C'i, t',

governer: _0t. A0_r,,,,. _, _O.q,,,,,.._

integer vector defining blade bending degrees of freedom
used for nlean deflection (subset of DOF)
values:
= 0 to omit
= 1 to use
order:

bending: (nlax 4) ql, q'2, qa, q4

I)ending: (max 4) ql,q2, qa,q_

nutnber of harmoldcs in rotor nlotion analysis (nlax 20)

(= 0 for mean only)

(1) rotor 1

(2) rotor 2

number of harnmnics in airfranle vibration analysis (max 10)

(harlnonics of N/roy)

(= 0 for static elastic only)

(suggest < MHARM/NBLADE, and the same vahle for 1)oth
rotors if COUlfled hub vibration used (see OPHVIB)

(1) rotor 1

(2) rotor 2

integer paranieter specifying rotor wake analysis level

(must be consistant with INFLOW)
for unform inflow

for nomlnifl)l'm inflmv with prescribed wake geometry
for nommiform inflow with free wake geometry

(1) rotor 1

(2) rotor 2
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ITERU

=0

lmml)er of mlifornl inflow wake-trim iterations
at mtiform inflow level.
to skip

ITERR

=0

munber of nommifi)rm inflmv with prescribed wake-trim iterations
at nmmniform inflow/prescribed wake geometry level.
to skip

ITERF numl)er of nommiform inflow with fi'ee wake-trim iterations
at nonuniform inflmv/free wake geolnetry level.

NPRN'TT integer paralneter controlling triln/1)erfi)rmance/load print.
_< 0 suppress print (last iteration always printed)
> 0 1)rlnt every NPRNTT-th iteration

NPRNTP
<0

integer 1)ara.lneter controlling 1)erforlnance print.
suppress l)rlllt

NPRNTL
< 0

integer parameter controllin n loads print.
suppress print

MTRIM maxilmun numl)er if iterations on controls to achieve triln

MTRIMD number of iterations between update of trim derivative matrix

DELTA control step in trinl derivative matrix calculation
(stick disl)lacement, (leg)

FACTOR factor reducing ('ontrol increnmnt in order to iml)rove
triln ('onvergence (tyl)ically .5)

EPTRIM tolerance for trinl convernellCe

OPGOVT integer J)arameter Sl)ecifving governor trim
= 0 tr!m collective stick, b, '
= 1 trml rotor 1 governor
= 2 trim rotor 2 governor
= 3 trim 1)oth rotor ,_,overnors

trim targets for wind tunnel cases:

CXTRIM C'\-/or

XTRIM X/q (.ft "eor m 2)

CTTRIM C'rlcr or C'LIC r

CPTRIM Ce/cr

CYTRIM C'r /cr

BCTRIM 3,. ((leg)

BSTRIM ,3., (den)
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OPTRIM integerlmrameterspecifyingtrimoption

freefl.ightcases:= 0 no trim

= 1 trim forcesandmonwntswith:
Oo,b,., O_. Ov, Or,'7",OyT

= 2 trim forces and moments with:
Oo, b,., O._,Of,, OFT. _'FP

= 3 trim forces, moments, and power with:
Oo, O,., _.,, Ov, OFT, orr, Or,

= 4 trim forces, moments, and power with:
_o,O,..O._,O,,,Or,r, _'rp, Orv

= :5 trim symmetric fi)rces and moments with:
N_, _.,,'Orr

= 6 trim symmetric forces, moments, and power with:
_so,b._,'OrT, OF' p
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= 10

=11

= 12

= 13

= 14

= 15

= 16

=17

= 18

= 19

- 20

---21

= 22

= "2.3

= 24

= 25

= 26

= 27

= 28

= 29

wind tunnel cases:

no trinl

trim ('r / a

trim ('T / C_

triln ('/,/a

trim /:¢,.,,:_._

trim C'r �or, 4,., 3._

trim ('r / c*.('\- / a, ff'_ / c_

trim Cr/Cr, ('x /a, ('_. /cr

trim Cr/cr, ('\-/,r, 3., 3.,

trim ('l,/a, X/q. ('._- /cr

trim ('r/a, X/q, C'_-/o

trim ('r/cr, X/q, "],., _.,

trim L

trim ('r / _, 3,.

trim ('r/cr, C\'/a

trim ('r/cr, ('x /a

trim C'r/a, ('X �or, J,.

trim ('t,/a, X/q

trim Cr/cr, X/q

trim Cr/_r, X/q, 3,,

with &

with Or

with b,

with _,., b._

with/_.. 6., b,

with N_, b,., b,,

with N_, b,., Or

with b., b,.,/'_, Or

with /_l,.b,., b,

with bo, b,., Or

with &. (%, b.,. Or

with g',

with N). (s._

with bo. b_

witl_ _o, Or

with b_),b._,OT

with bo, ?'.,

with bo, Or

with N_, &,, O,r
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Additions to Nameli,_t NLTRIM

FACTM O. <__FACTM _< 1.

OPMXFWG = 0

=I
=2
=3
=4

lag factor to hel l) convergence
(default = 1.)

use original F ....... i,l free wake
geolnetry calculations (default)
(dm'ing rollul) calculations, this may be
superceded by ICORYCB variable)
use positive [' ...... .
use negative F ...... •
use outboard F,,,,_.
use inboard F ...... .

If NLCFD i,* to b*_'u,*ed. the following mu.*t be: true:

OPREAD(2)=2

186



4.7 NLTRTR

Nanlelist NLTRTR

TITLE(20)

TYPE

VTIPN

RADIUS

SIGMA

GAMMA

TDAMP0

TDAMPC

TDAMPR

NUGC

NUGS

GDAMP('

GDAMPS

LDAMPC

LDAMPM

title for rotor and wake data (80 characters)

rotor identification (4 characters)
(suggest MAIN, FRNT, or RGHT for rotor 1:

TAIL. REAR, or LEFT for rotor 2)

nornlal tip speed. -QR0 (ft/sec or hi/see)

blade radius. R (ft or nl)

solidity, cr = N • c,,,.,,,/(TrR)

Lock number. 3o = po oc,,,,.,, R 4 �It,

(based Oil standard density, a = 5.7. and nlean chord)

(_, and a are only used to calculate the normalization parameters r',,. .... and It,)

NBLADE imnfl)er of blades

control svsteln collective (lanll)ing

(ft-ll)/i'ad/se," or ,lt-N/rad/se,')

control svstenl cyclic danll)ing
(ft-lb /rad/sec Ol: in-N /rad/sec )

control svsteln rotating danll)ing
(ft-tl,/ra;i/_e. or m-i/rad/se.)

longitudinal gimbal natural frequency, ua(', or

teeter natural frequency, vv (per rev at nornlal
tip speed VTIPN)

lateral ginfl)al natural fl'equencv. Uc;,,.,
(per rev at normal tip speed \'I'IPN)

longitudinal gimbal damping. C'a(' or teeter

da,nlfing C' T (ft-lb/rad/sec or m-N/rad/sec)

latel"M ginlbal danll)ing. ('_;._.

(ft-lb/rad/sec or In-N/rod/see)

linear lag daml)er coefficient. (-'_::

estilnated (lanll)ing if a nonlinear danll)er is used
(LDAMPM > 0.); the lag nlode has structural daml)ing
also (GSB)

(ft-ll,/l'ad/sec or nl-Nlradlsec)

nlaxinnlm lllOlllellt of nonlinear lag danll)er, 3/L D:
(ft-lb or Ill-N)

= 0 to use linear lag danll)er
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LDAMPR lag velocity, (I,D, where maxinnnn monlent of lag
d.aml)er occurs (rad/sec): hydraulic damping l)elow
(t.o and friction damping above.

GSB(NBM) bending mode structural damping, 9.,

GST(NTM) torsion mode structural damping, 9._

where NBM is tile number of bending lnodes and NTM is tile number of torsion lnodes
as used in DOF.

ROTATE

=1

integer parameter specifying rotor rotation direction
a_ viewed from above. '

counter-clockwise.
clockwise.

OPHVIB integer parameter specifying 11111)vibration contributions:
gravity and static velocity terms always retained.
(= 0 to suppress)
(1) vibration due to this rotor
(2) vibration due to other rotor (nmst = 0 if _'_/_l # 1)
(3) static elastic inotion

BTIP tip loss factor, B

OPTIP
=1
=2

integer paranmter specifying tip loss type:
tip loss factor
Prandtl function

LINTW
= 0
# 0

integer 1)aranleter specifying twist type:
llOltllnear twist
linear twist

TWISTL linear twist rate, Or,,, (deg).
used to calculate TWISTA and TWISTI if LINTW = 1

OPUSLD

= 0
=1
=2

integer l>aranleter controlling use of unsteady lift,
lllOlllent, gild circulation terms:
SUl)press terms
include terms
zero for stall (15 deg < I"1 < 16.5 deg)
(OPUSLD is set to zero internally iJ OPBED = 1)

OPCOMP
= 0

integer l)arameter controlling aerodynanlic model:
inconlpressible loads
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INFLOW(6)

Inflow Model

integer parameter defining induced veh)city calculation:

(must be consistant with LEVEL)
(1) at this rotor: 0 for uniforln, 1 for nOllllllifornl

(2) at other rotor: 0 for zero, 1 for empirical,

2 for average at hub, 3 for nonuniform (only if Q2/_I = 1)

(3) at wing-body: 0 for zero, 1 for eml)irical,
2 for nonuniform

(4) at horizontal tail: 0 for zero, 1 fro' eml)irical.
:2 for llOllllltiforlll

(5) at vertical tail: 0 for zero. 1 fin" elnpirical,
2 for lmnUlfiform

(6) at lmint off rotor disk: 0 for zero, 1 for nonuniform

RR()OT

RGMAX

root vortex 1)ositioll fin" wake lnodel, r,.,,,,_/II

rl, ...... /R (induced velocity calculation using maxilnum

bound circulation outboard of rr ........ /II ).

MRA

RAE(MRA+I)

CHORD(MRA)

XA(MRA)

THETZL(MRA)

TWISTA(MRA)

XAC(MRA)

Blade section aerodvnanfic characteristics

nunlber of radial seglnents (lnax 30)

radial stations r/R at edges of aerodynamic seglnents:
sequential fi'Oln root to tip.

The following quantities are specified at the
lnidl)oint of the aerodynamic sep_,ments

l)lade chor(l, c/R

offset of aerodynamic center aft of the elastic axis, :rt/R.
.r t is the point al)out which the moment data in the
ah'foil tables is given.

incremental pitch of zero lift line. Ozr ((leg);
can be inchuled in T\VISTA: Ozl is the pitch
of the axis corresl)onding to th(i zero ang-le of attack
111 the airfoil tables, relative to the twist angle (TWISTA)

blade twist relative .75R. 0t,,, ((leg)

offset of the aerodynamic center (for unsteady aero-

dynamics) aft of the elastic axis, .rt('/R
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MCORRL(MRA)

MCORRD(MRA)

MCORRM(MRA)

MRI

RI(MRI)

MASS(MRI)

EIXX(MRI)

EIZZ(MRI)

XI(MRI)

XC(MRI)

KP2(MRI)

ITHETA(MRI)

G.I(MRI)

TWISTI(MRI)

Math ,umd)er correction factor f._t = 3Lff/M for lift

Math numl)er correction factor fM = M,f//3I for drag

Ma('h numl)er correction factor fat = M,///M for Inonlent

Blade section inertial and structural characteristics
numl)er of radial statmns where characteristics defined
(max 51)

radial stations r/R: sequential from root to tip.
(RI(1) = 0. and RI(MRI) = 1.)

_ection mass, m (shtg/ft or kg/m)

chordwise l)ending stiffness (ll)-ft e or N-m e)

fiapwise bending stiffness (ll)-ft" or N-m e)

offset of center of gravity aft of ela_stic axis, .rt/R

offset of tension ('enter aft of elastic axis..r_./R
(at the til). X(! should be set nearly equal to XI)

polar radius of gyration al)out elastic axis. h'_,'e/R "e

section momel,t of inertia al)out elastic axis. I0
(slug-fl or kg-m)

torsional stiffness. GJ (lb-ft _ or N-m 'e)

blade twist relative .75R. (_1,,.((leg)
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OPSTLL

(tile stalldelaycan

OPYAW
=0
=1
=2
=3

Stall Model
integer parameter defining stall mo(lel:

= 0 no stall
= 1 static stall
= 2 McCroskev stall
= 3 McCroskek" stall with dynanfic stall vortex loads
= 4 Boeing st/dl
= 5 Boeing stall with dynanfic stall vortex loads

(OPSTLL .s_:t = 0 *nter,,,dly "if OPBED = I)

1)e SUl)l)resse(I l)y setting TAU = 0.)

integer 1)arameter defilfing yaw flow corrections
both yawed flow and radial'drag included
no yawed flow (cos(A) = 0.)
no radial drag (F,. = 0.)
neither yawed flow not radial drag included

T_U(a) stall delay time COllstants for lift, drag. and lllOlllellt:

rr, rD, r._/ (calculated of < 0)

ADELAY maximuln angle of at tack increlnent (hie to stall delay
_' ..........I_/,,_, (deg)

AMAXNS angle of attack in linear range for no stall model
_ ...... • ((leg)

PSID(3) dynanlic stall vortex load rise and fall time (azimuth
increlllellt) for lift, drag, alld lllOlllellt: --_t'd._ ((leg)

ALFDS(3) (lynanlic stall angle of attack for lift. drag, and lnonlent:
0,1., ((leg)

ALFRE(3) stall recovery angle of attack for lift, drag, and moment:
r_,., ((leg)

CLDSP lllaxilnulll peak dynamic stall vortex induced lift coefficient:
A(-'I,,

CDDSP maxilmtm peak dynamic stall vortex indu('ed drag coefficient:
_.kC<,,,

CMDSP maxinmm peak dynamic stall vortex induced moment coefficient:
_XC, .......

KHLMDA factor, _,'h, for hover induced velocity (tyl)ically 1.1)

KFLMDA
factor, t_-f, for forward flight induced velocity
(typicMly 1.2)

FXLMDA factor, .f,, for linear inflow variation in forward flight
( tyl)ically 1.5)

FYLMDA factor, 1',1,for linear inflow variation in forward flight
(tyl)ically 1.)
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FMLMDA factor,f .... for linear inflow variation due to hul) lnonlent

(typically 1.)

FACTWU factor introducing lag in Cr, Cw.,, and CM u used to
calculate induced velocity (typicall.v .5)

NINTH factor fi)r hover interference velocity at other rotor
(h'.el o,' h',_)

NINTF

(linear variation

NINTWB

factor for forward flight interference veh)city at
other rotor (t;._l or h'l_)

between NINTH at t, = .05 an<l KINF at tl = .1 is used)

factor for rotor-induced interference velocity at
wing-1)ody, Ku-

KINTHT factor for rotor-induced interference velocity at
horizontal tail. KH

NINTVT factor for rotor-induced interference velocity at
vertical, I(v

(Kit', KH, and /(_- equal fraction of fully-developed wake times maxinmm
fraction surface in wake)

HINGE integer paralneter specifying blade nmde type
= 0 hinged
= 1 cantilever
= o articulated (flap an(t lag nlodes only)

NCOLB munl)er of ('ollocation functions for ])ending nmde calculations
(total nulnl)er of flap and lag, alternating): (max 20)

NCOLT nullll)er of collocation functions for torsion mode calculations
(max 10)

NONROT integer parameter.
# () to cah'tdate nonrotating bending frequencies

EPMODE criterion on change of collective l)itch to ul)date
blade bending modes, ..XOr.-,{(leg)

MASST tip lllass (slug or k.g): the tip mass can also be
directl.v in the sectlon mass distrubution

XIT offset of tip mass (-enter of gravity aft of elastic
axis, .rl/R

MBLADE 1)lade mass (slug or kg).
if <_ (} integral of section ma_ss used (with mass
included at r=O. to account for the hub mass)
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EFLAP

ELAG

KFLAP

KFLAG

RCPLS

TSPRNG

flap hinge offset, e f/R. (extent of rigid hub for cantilever blade)

lag hinge offset, el/R, (extent of rigid hub for cantilever blade)

flap hinge spring (ft-lb/rad or m-N/rad)

lag hinge spring (ft-lb/rad or m-N/rad)

hinge sl)ring parameter. _}_._

hinge spring paralneter. 0._,,

(hinge sl)ring pitch angle is 0_ = 0_,, + _l_,Or:,)

RCPL structural coupling parameter, R.
(effective pitch angle, :'RO, used to calculate
blade bending modes (normally _R= 1.))

NOPB integer parameter specifying twist inlmard of r t_A
(= 1 for no pitch bearing)

WTIN inteoer 1)arameter defining control system stiffness inlmt:
= 1 for _(,
= 2 fox' _.'.

FTO

control system frequency. _.'.
{per rev. at notmal tip speed, VTIPN):
collective

FTC cyclic

FTR reactionless

KTO

control system stiffness. Ifo
(ft-lb/rall or m-N/rad):
collective

KTC ('yclic

KTR reactionless

KPIN
=1
=2

integer parameter defining 1)itch/bending coupling inl)ut:
for input
for calculated

(negative to SUl)press ('osine terms factors in h'p, and ICp,; )

root geometry to calculate pitch/bending coupling
(KPIN = 2 or-2)

PHIPH

PHIPL

pitch horxl cant angle, OPH ((leg)

pit('h link cant angle, OPt. ((leg)
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RPB

RPH

XPH

ATANKP(NBM)

DEL3G

RFA

ZFA

XFA

C()NE
DROOP

SWEEP

FDROOP

FSWEEP

MRM

MRB

l)itchbearingradiallocation,rpB/R

pitchhornradiallocation,rptt/R

pitch horn length..rpu/R

pitch/bending coupling tan-I (Kp,) (deg),
for pitch horn level (KPIN = 1 or -1)

lfit('h/gimbal coupling tan-I (I(1,_;) ((leg).
for l)itch horn level.

feathering axis radial location, r_, _/R

giml)al undersling. : r a/R

torque offset, .rp.4/R

precone angle, hrA, ((leg) (positive up)

droo l) angle, bF.L._ {(leg), at 87-, = O,
(positive down fi'om precone)

sweep angle, b_'.aa (deg), at 07; = O.
(1)ositive aft)

feathering axis droop angle, 0r,_, (deg),
(positive down from preeone)

feathering axis sweep angle, rSF.l:, ((leg).
(l)ositive aft )

numl)er of radial stations for integration of inertial
('oetficients (lllax 50)

number of radial stations in blade mode calculation
(max 50)
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4.8NLHHC

New Namelist NLHHC

PSICOLL (deg) t::,, (def(lult = O.

PSILAT (deg) t't,,i (def_ult = O.

PSILON (deg) t't .... (default = O.

THCOLL (deg) 0,. (default = O.

THLAT (deg) Oral (dcf_ult = O.

THLON (deg) Oi.... (de.fault = O.

Va.ri,,bl_:,_ 'in thi.s 'u,ameli,_t ar_ u,_ed only if OPHHC = 1 in namli.st NLHHC2.
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4.9 NLHHC2

New Namelist NLHHC'2,

OPHHC

NHHC

HHCPO

A HHC(NHHC)

BHHC(NHHC)

= 0
=t
=2

(dcq)

(dog)

(r/eg)

no HHC used (default)
u._f: HHC input from NLHHC
usr HHC input from NLHHC2

(integer) number of HHC harmonics
(max 12)

(real] HHC "collective"
(default = 0.)

(r_,o.l) vector of HHC cosine amplitude,s
(d,4.,ult = 12_0.)

(re.al) vector of HHC sin_ amplitudes
(,bJault = 12"0.)
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4.10 NLHIRES

Ne, w Namelist NLHIRES

OPINT

ITERINT

MPSIINT

JFIRST

]LAST

MPSIWGP

FA CTINT

DLSINT

MRAINT

RAEINT( MRAINT + I )

ITERNW

FA C TN W

KNWINT

OPNEG V

OPCSNW

= 0 no HIRES performed (defmdt)

= 1 HIRES calculations performed

numb, r of far wake iterations ( defa'ult = 1)

number of azimuth. ,step,_ (ma:t. 72(])

inde:r of first azimuth. ,step (default = I)

index o.f last azimuth.._tep

number of azimuth,_ for wa_;e geometry prin, t

lag factor for ITERINT iterations (defivult = 1)

b_ing surflLce correction (default = -1.)
(,qee DLS in NLRTR for morc detail.)

number of HIRES radial stations (maz 10(])

edges of aerody'n.amie ,_egmenl._ (re R)

number of HIRES near wake iterations

(d@tult = O)

lag faetor for ITERNW iterations (default = .5)

e_tent of HIRES near wake. Near wake e:rtends
from o = 0 to o =KNWINT*_Xt'
behind reference blade.

neqative tip vortex and inboard wake:
= 0 include th_ tip vortex and inboard wake i_

the "near waL:e".

= 1 eliminate the tip vort, e.T and inboard waL;c
that i,_ in the "'near wal;e'" (defivult)

= 0 distributed core model in shed NW[flefault)
= 1 eoncentrat_:d cor¢: model in ,shed N vv
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OPCTNW

MDLSNW

MDLTNW

CORESNW

CORETNW

OPNWMIN

OPNWCRC

OPDCORE

COREINT

OPTVCOR

PHIINC

R COR INC

RCORO to
RCORIO

= 0 distributed core mmtel in trailed NW (default)
= 1 concentrated core model in trailed NW

shed near wake model
= 0 omit sh, ed near wake

= 1 line vorte:r w� stepped circulation

= 2 lint: vortex w� linear circulation (default)

trailed near wake model

= 0 omit trailed near wake

= 1 line vortex, w/stepped circulation

= 2 line vorte,:r, w� linear eirculation (de]ault)

< O.

",ear wake Ma,ed core ,size (re. R)

as; defitult = .5*(panel length)

(default = . 015)

<0.

near wake tra, iled core size (r,:. R)

use default =.5*(panel width)

( d_Ja'alt = . 009)

minimization of near wake panels option

= 0 sup re,_._ "m,i'nimtza, t_,on (defa'alt)
= 1 peril, tin reduction in number q panel._

apdating of near wake
= 0 apdate ,tt t:a,eh azimuth, (deflt,alt)
= 1 update each, revolution

= 0 use ._ingle core model (default)
: 1 u.se dual core model

core sizt' for single core HIRES model

single tort: expansion model
= 0 constant size core (default)

= 1 step f_t. in far u,ake core size (HIRES only)

= 2 core fn. in far wake core size (HIRES only)
= 11 same as = 1 except al._o in, tz_im loop
= 12 same as = 2 except also in trim loop

It,aide aqe at u_hich to inerea.se core size
to RCORINC by a step function

core size after ag, PHIINC

cotffieient._ of core size ezpansion function
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OPCORAC

RCORDCA

RCORDCB

D COR A C1

D CORA C2

NDCCODA

NDCCODB

DCCORFAO

D CCOR FA (ND CCODA )

DCCORFBO

DCCORFB( NDCCODB )

GA MA CS T

DRPROOT

DR P TIP

DRP

OPSEGD

OPWFCOR

WKMDL 1(13)

WMDLINT(13)

NLINT

NGINT

= 0 u,_e constants RCORDCA and RCORDCB for inner
and outer core sizes of dual core

= 1 usc DCORACI and DCORAC2 to calculab inner
cort_ sizr_ use RCORDCB for outer core ,size in
dual co7_:

mncr eo'l_: size_ (re. R)

outer core: size_ (re. R)

used in calculating i,'nner tort: size:

u,sed in ealculatiny _ro, cr core size:

number of terms in dual co7_: cxpan,_ion (inner)

number of terms in dual co7_ c:rpansio'n (outer)

te:rm in inner core e.Tl)aTtsioTI, flt_tctio'lt

tc_Tn in inner co7_: e:r,pansion function

term in outer core e,zpa,nsion .function

term in outer core e:r,pansion funetio'n

constant used in calculo, ting inner core
s t,re:ngth

aero. coll. point offset at root (re R)
( dC,,ult = O. )

aero. coll. poiut offset at tip (re R)
{dcfitu, lt = (I.)

acro. coll. point off,set on blo,de (re: R)
(,tefault = 10(} * 0.)

of ,,l.,,,e,,ts
0

= 1 on (default)

read and ttsc TF correction, input files
= o og (,l@,,,at)

1 07t

same as WKMODL(13) in NLRTR. This used,for fll,r
iterations 1 thru ITERINT-1

same as WKMODL(13) in NLRTR. Th,is used for
last far wake iteratwn.

(do not us_:)

(do ._ot _tse)
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MR GINT(NGINT)

MRLINT(NLINT)
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4.11 NLBED

New Namdist NLBED

OPBED

HCOR

ICURV

_EED

= 0 (integer) '+tse Johnson .,erodynamic,+ (original CAMRAD)
= 1 (integer) use [ndicial aerodynamic._

< O.
>0.

=1
= 0

=1

=0

(rcu,l) core s_zc for trailed near +u,ak+:(re. R)
us_ d@tult core size (1/2)Ar (d@_alt)
.as_ this consta.nt core size

(integer) u.m_ circular arc tra'il,:d _mar wakt: (d@rult)
(integer) use ,_tra'l.gh,t trailed n+:a'r wal,;c

(rn,teger) "'lead'" t+:rm,_ in traib:d wake ca,lcuhttion
( d+J.,ult )
(inttyer) do not use "'b:ad'" t_:rms (not recommt nded)

201



4.12 NLSWP

Namelist NLS WP

S WPL 0 (30) (deg) (real) sweep of quarter chord line for u,_e in low resolution
aerodynamic corrections at aerodynamic collocation
point._
(d_fault = 30"0.)
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4.13 NLWAKE

Namelist NLVChKE

FACTWN

OPVXVY

KNW

KRW

KFW

KDW

RRU

FRU

PRU

FNW

DVS

DLS

CORE(5)

OPCORE(2)

=0
=1

factor introducing lag in bound circulation used to

calculate in(hired velocity.

integer parameter:
(= 0 to suppress x and y coml)onents of induced
velocity calculated at tile rotors)

extent of near wake. K vw

extent of rolling u1) wake. Kmv

extent of far wake and tip vortices. Kvu-

extent of far wake and tip vortices for points off
rotor disk. Kvu

(wake age o =K_.'x¢:'; all K > 1)

initial radial station of wake rolhq), rm,/R

initial tip vortex fra('tion of F,,,,.. for rolhLl), fro,

extent of rolht 1) in wake age. 0nt ((leg)

tip vortex fraction of FM for near wake. fxu

sheet edge test parameter, d,.._
(< 0 to SUl)l)ress test)

lifting surface correction lmr_meter, dl._
(< 0 to SUl)l)ress correction)

vortex core radii, r,./R
(1) tip vortices
(2) burst tip vortices
(3) tip vortices ill far wake off rotor
(4) trailed lines (< 0 for default = s/2)
(,5) shed lines (_< 0 for default = t/2)

integer parameter specifying vortex core type:
vahles:

for distributed vorticitv
for concentrated vortic_ity
elemeLLtS:

(1) tip vortices
(2) lid)oar(1 wake

2O3



()PNWS(2)

LHW

()PHW

OPRTS

WI{MODL(13)

MRG

NG(MRG)

MRL

NL(MRL)

=0
=1
=2

= 0
=1
=2
=3

integer parameter controlling action when inflow and

circulation points conincide in near wake (o = 0)
and sheets are being used:
vahles:
to use two sheets
to use two lines

to use single sheet
elements:

(1) shed wake

(2) trailed wake

munl)er of sl)irals of far wake for axisymmetrie case. L Hn

integer 1)arameter: (= 0 for axisynnnetric wake geometry)

integer parameter: (# 0 to include rotation Inatrices

(Rr._.,et('.) ill inflllence coefficients)

integer 1)aralneter defining wake lnodel:
vahles:
to omit element

for line seglnent with stepped circnlation distribution
for lille segment with linear circulation distribution
for vortex sheet element
elelnents:

(1) tip vortices (stepped line or linear line)

(2) near wake shed vorticity

(3) near wake trailed vorticity

(4) rolling up wake shed vorticity

(5) rolling up wake trailed vorticit.v

(6) far wake shed vorticitv
(7) far wake trailed vorticity

(8) far wake {off rotor) shed vorticity

(9) far wake (off rotor) trailed vorticity

(10) 1)Oulul vorti('es (no sheet model)

(11) axisylnlnetric wake axial vorticity (no line model)

(12) axisyminetric wake shed vortieity (no line model)
(13) axisymmetric wake ring vorticity (no lille model)

lmnll)er of circulation points for near wake (<MRA)

circulation points, identified by aerodynanfic segnlent

numl)er: n(;, for i = 1 to MRG (corresl)on(ling ri must

I>e 1)etween r,.,:,,i/R and 1.)

munber of inflow l)oints (_<MRA)

l)oints at wlfich the induced velocity is calculated,

identified 1)v aerodvnamic segment munl)er:
"I,, for i ='1 to MRL

204



OPWKBP(3)

VELB

DPHIB

DBV

QDEBUG

KRWG

()PRWG

FWGT(2)
FWGSI(2)
FWGSO(2)

KWGT(2)
KWGSI(2)
KWGSO(2)

=1
=2
=3

=4
=5
=6
z I

=8
=9
= 10
=11

integer paranwter controlling blade position for
wake analysis:
(1) = 0 to SUl)l)ress inplane motion
(2) = 0 to suppress all harnmnics except mean
(3) = 0 for linear fl'om r = r,.,,,,t to r = 1.

(-ore burst 1)rol)ogation rate, li, = O0/Ot"

core l)urst age increment, .-kOb (deg)

core burst test l)aranleter, dl,,,
(< 0 to SUl)l)ress lmrsting)

veh)citv_ criterion for debug print: 1)tint if
k/r > QDEBUG?.

Pres<'ril)ed Wake Geometry

extent of _l"escribed wake geonletrv, /(h'u_;
(age O = *(mt'G--Xt')
(max 144)

integer l)arameter defining prescribed wake geonletrv
frolll K I ---- fl A,/(2 : f.2A, l"lll)Ut /(a, input l('a
Ol)tion #1 withont interference velocity in A
fronl I((, K2, Ka, 1(.1

Langrel)e l)rescril)ed wake geometry:
frolll ('-'T

frolll r_u _l.r

from A
from A without interference

Kocurek and Tangler prescribed wake geometry:
from C T

frolll I_lnaa.

fi'om A
from A without interference

model:

factors .fl and .f2 fl)r prescribed wake geometry:
tip vortex
inside sheet edge
outside sheet edge

COllstants -/(t, I(2, I(a, I_74 for prescribed wake geollletry:
tip vortex
inside sheet edge
outside sheet edge
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I(FWG

OPFWG

ITERWG

FACTWG

RTWG(2)

\VGM()DL(2)

COREWG(4)

MRVBWG

LDMWG

NDMWG(MPSI)

Free Wake Geometry
extent of free wake geometry distortion calculation, KFU(;
(age o --=KFWG * At'): suggest (.4/I@XlPSI;
(m(mmum 144)

integer paralneter defining freewake geometry model:
-- 1 Scullv free wake geometry
_- 2 Salll$ a.s = 1, witliout interference velocity

nunlber of wake geometry iterations (suggest 2 or 3)
(._ugg_,st $ or 5 for low ._p_:ed ca._es)

factor introducing lag in distortion calculation to
iml)rove convergence (suggest .5)

radial station r/R of trailed vorticity:
(1) inside sheet edge

(2) outside sheet edge, or trailed line (suggest .4)

integer paralneter defining wake nlodel:
values:

= (l to omit
= 1 for line seg_lnellt

2 for sheet elelnent
elements:
(1) inboard trailed wake elements
(1) shed wake elements

vortex ('<)re radii, r,,/R
(1) tip vortices
(2) burst tip vortices (_< 0 for default = nnburst vMue)
(3) inl)oard trailed lilies (_< 0 for default =
.5*(RTWG(2) - RTWG(1)))
(4) shed lines (_< 0 for default = ().4-M:')

nnml)er of wake revolutions used l)elow 1)oint where
induced velo('ity being cah'ulated (suggest 2)

integer l)arameter. ID _l: general Ul)(late every
IDM..-_t' increment in 'l)ouil(lary age

(suggest 180 deg/-X_:')

integer 1)arameter, n D,_I( t 'j ):
])oundarv ul)date every n D _t increment in age.
function'of = j-M','j = J_to MPSI:
suggest 90 deg/-Xt:' for and aft:
and 45 deg/_Xt' on sides.

206



DQWG(2)

IPWGDB(2)

QWGDB

incrementM velocity criteria:
(suggest 0.04A, to 0.08A,)
(1) near wake elements defined by IA_ >DQWG(1)
(2) integrate bound vortex line in time over if
I-X_ >DQWG(2)

integer parameters controlling debug level 3 print
of wake geometry distortion
(1) IPR: print distortion ])efore general Ul)date every
IPR*_kV': (-- 0 to suppress)
(1) IPRS: print distortion after each iteration every
IPRS*A_.:,; (= 0 to suppress:
last iteration printed in full)

l)a1'ameter controlling debug level 3 print:
nduce(l velocity contribution of wake" element l)rinte(l

if [Aq-] > QWC_DB;
(suggest O.5Ai to 1.0Ai)
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4.14 NLBURST

New Nam.elist NLB URST

OPBURST

PSITOL

ZTOL

COR M UL T

CIRMULT

t'_p vorte:r bursting model
= 0 no bur,st'trig calculations (default)
-- 1 bursting calculations performed

= t, tolerance used to define a
•"close: "" Zntera, ction (tad'Jan,u).

< 0 to allow only BVI cro,ssing._ to
cau,_e a bursting. (de]hult)

h_"iyht toleranc_ for bur._tiny
crit_:'rm (r_: R)

core size multiplication factor
applied at a burst event.
r(. t,,,,..,i = r,.,,t,t*CORMULT

circulation mult.iplication ]actor

_]plied at a brltT.ql t ltt;'tl./.,..t,,,..,I = L,,,m* CIRMULT
(not ,fully functional yet)
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4.15 NLROLL

New Namclist NLROLL

OPROLL U

O PL 0 WR

OPHIWR

CORELG

ITERRUP

ITERFR U

ITERL G C

FLGCORG

NTCOR

TIPCORE(NTCOR)

NSCOR

SECCORE(NTCOR)

NTIPFCT

TIPFCO

TIPFC(NT[PFCT)

= 0 no rollup calcuhttion Imrformcd
: 1 rollup calculations in low resolution only

: 2 rollu;_ calculations in hiqh resolution only= 3 rollu'p calculation, s in bo h, lo.w and high _olution

=0
=l

=2

= 0

:1

do not print low re.solution rollul_ data,
write low resolution roHttp data, (circulation

distribution, tip and secondary vortcz positions.

tip and secondary vortex radial circulation di._tributions)
same a,s : 1 phts large core circulation data,

rlo not print h,i resolution rollup data
•writc h,z resolution rollup data

tip cor_' .size fi)r th,c large core calculations

(r@ radius) typically = 0.3

number of iterations for convergence bctwecn large core
calculo, tion._ the wake geometry-trim ire, ration

number of iterations between the wake geomc.try and tit.,:

trim itcT_ttion u,hen using the rollup r_ sult.s (corresponds

to ITERF in the trim itera, tio_ without rollup).

number of iterations between the in, duced 'Veloci, ly
calcula, tion a,nd th,c large corr circulation ca,lculation
(typically = 20)

lag factor for the lawc core calc'ulation iteration

(typically = 0.1, si, milar to FACTWN in NLWAKE)

number of tip vortex cores for roltup calculation
(max 10)

tip core, sizes (rcf. ra, diu,_)

number of,secondary vortcx cores for rollup calculatzon
(ma:r 10)

secondary core: sizes (r@ radius)

number of coeffi, cient,s in function to ph, ase-in rollup
calculation results. (ma, x 10)

coefficient in function to ph, a,se-in rollup results

c:oeffi, cients for fanction tip phase-in rollup result,s
(for linear phase-in. TIPFC(1) = 1.O/(age in radians to
complete ph, a,se-in process))
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ISPIN

TA UCO

TA UC1

ISECPH

IR UZCOR

NSEA R CH

IR UDZ

OPROLSS

CR OLSSX Y

CROL$SZ

ICOR YCB

IFWLGC

COREXP

= 0 do not inclu, dc spinning ,rchttion between tip and secondary
'OOrte_:F.COFt'S.

= 1 include spinning relation between tip and secondary
'O0"FttXl"COFe.S.

coefficient to phase-in tip/secondary vorte:r spinning

cocf]icient to phast:-in tip/secondary vortex spinning

= 0 no secondary ph.ase-in (default)

= 1 secondary phast:-in (don't use)

z-co_wt'ction in rollup calcttlations
= 0 don't use (deJault: leave bhtnk)

= 1 use (do not use this. it's "not fu.nctioning)

(leaa,,: blank)

(lcavt' bht'ltk)

phase-in model choice
= 0 use ph,ts_-in function above (default)

= 1 tt._c Slrr,:itcr-Sach._ "modt:l (do not use. it's not fu'n.ct'_oning)

(leave blank)

(l,:a, vt: blank)

multi-core model choice

= 0 use oriffin,tl multi-core model (default)

= 91 sinffb (:arc variable, mn.lti-core model
_ multi co'r_: variable, multi-core' model

usa 9, of la'ry,: core circula, tion in ]'vet! wakt! geometry
= 0 use original circulation (default)

= 1 ttse singb_ wtwhtt:d large cove "m,a.T circulation
. lt,_t. dodbl,' weiffhted lal'gt! cort_ ma,:r circ.,la, tion

(:art: e:rponcnt Jot multi-core model (inte_jer)

(defa, u lt = i) (Scully-tylu: core)
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4.16NLCFD

New Namelist NLCFD

OPCFD

OPB VI

PHICFD

RDB(6)

BDB(6)

OPMO TN

= 0
=1

=2

=- 0

=1

( deg )

= 0

=1

do not perform th,e partial angle ca,leulations

eompate partial angles (OPMOTN= O) or partia,1
inflow (OPMOTN = 1) a,nd outpat reformation to
th, e ALPHAP.DAT file
same as = 1 e:reept'files CFDAERO.DAT a,nd CAMAERO.DAT

arc read at _tart of rum a'ml used in th,e aerod!lna, mie
calculations.

"(f OPCFD= 1. do not remove tip vorte,:r element.s inside
the BVI box from vartial a,nqlc or inflow
'if OPCFD= 1. renSove tip vortex elen" _,ents inside the
B VI bo:r, from pa, rtial angle or inflow, a,'nd append a
tabh' of tip vorte:r traieetory and ,_trength to tht:

,file ALPHAP.DAT '

age, wise, extent o] CFD box behind referenet bla, de.
u,sed to lira, it vortex element testing for inelusin
in tl,: CFD box.

CFD bo:r dimensions relative to th,_ blade tip (re:. R)
(all art' positive numbers)

(1) leading edge: fa, ce

(2) radial distance outboard of tip (outside edge fa, ee)
(,7) trailing edge face

(4) radial station of inboard faec
(5) bciqht of upper face

(6) heigh, t of lower face

BVI bo:r dimt:nsians relative to hub (re. R)
(all a,re po._itive n.amber._ and in shaft, coordinates)

(1) up.stream fa, ee
(2) ,_tarboard face

(3) downstrt:am face

(4) port face

(5) upper face

(6) lower face

iJAOPCFD= 1. output a partia, l anqle tabb: to the file

LPHAP.DAT. and if OPBVI= 1". transform the'tip vortex,
._egment endpoint coordinates to tht: "flapped bla, de'"
coordinate ,qystem btJbre appendinq the wakr table to
ALPHAP.DAT ....

"if OPCFD= 1. output vertical velocity at the blade
section to ALPHAP.DAT. and if OPBVI- 1. a,ppend a wake
ta,ble with. untransformed wake coordinates to A EPHAP.DAT
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4.17 NLMEAS

New Namel'ist NLMEAS

IMODEIN

IAEROIN

FL A PFIL E

LA GFILE

PITCHFILE

CNFILE

NR A DIN

RIN(NR A DIN)

MPSIIN

NRADINA

RINA(NRADINA)

MPSIINA

FLA PO

LAGO

=0
=1

=0
=1

use regular blade motion calculation
use input blade motion

use regular nero calculation
use input nero in]ormation

nn,me of flap .tilt: (character*80)

name of lag .tib_ (character*80)

name of pitch ,tile (character*80)

naIlire of c_1, .tile (character*80)

number o] radials in FLAPFILE. LA GFILE.PITCHFILE
(ma:r = 50)

radials in FLAPFILE.LA GFILE.PITCHFILE

number of azi.muths FLAPFILE.LAGFILE.PITCHFILE
(ma:r, = 2049)

number of rndials in CNFILE
(ma_ = 50)

rndials in CNFILE

number of azimuths CNFILE
(max = 2049)

flap angle for hinged ease (deg)
(default = 0.)

lay angle for hinged cas_ (deg)
( defa,.lt = 0.)
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4.18 NLBODY

Namelist NLBODY

TITLE(20)

WEIGHT

IXX
IYY
IZZ
IXY
IXZ
IYZ

TRATIO

CONFIG

ASHAFT(2)

ACANT(2)

ATILT

HMAST

DPSI21

CANTHT

CANTVT

= 0
=1
=2
=3

title for airframe and drive train data (80 characters)

aircraft gross weight including rotors (lb or kg)

aircraft monwnts of inertia including rotors

lug-ft "_or kg-.d):
a.

/!l !/
;t

Ia" !J

I u-_

ratio of rotor 2 rotational sl)eed to rotor 1
rotational speed, __2/_ _I
(transmission gear ratio rl,/rt_ )

integer parameter specifying helicopter COlfiguration:
for Ol10 rotor
for single lnain rotor and tail rotor (rotor 2 is the tail rotor)
h)r tandem main rotors (rotor 2 is the rear rotor)
for tilting proprotor aircraft (rotor 2 is the left rotor)

shaft angle. Ou (deg), l)ositive readward:
(1) rotor 1
(2) rotor 2

shaft cant angle. OR (deg). l)ositive to right
for main rotor: positive Ul)Wal'd for tail rotor:
positive inward in helicol)ter mode for tilt rotor:
(1) rotor 1
(2) rotor 2

nacelle tilt angle, _Jp (deg) for tilting proprotor
('onfiguration only: (=0. for airl)lane mode,
=90. for helicol)ter mode)

rotor mast length from pivot to hub (ft or m),
for tilting l)roprotor Olfly

•-kc'.21 (deg); rotor 2 azimuth angle,t'_
when rotor 1 azimuth angh" t'l = (1.:
nnlst be (l. if _}_/_}1 ¢ 1.

horizontal tail cant angle, our (deg), positive to left

vertical tail cant angle. O_T ((leg), positive to right
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FSCG
BLCG
WLCG

FSR1
BLR1
WLR1
FSR2
BLR2
WLR2
FSWB
BLWB
WLVCB
FSHT
BLHT
WLHT
FSVT
BLVT
WLVT
FSOFF
BLOFF
WL()FF
C()NTRLZ(11)

rotor1
rotor1
rotor1
rotor2
rotor2
rotor2
aircraft
aircraft
aircraft
aircraft
aircraft

location(fitselagestation,butt line,andwaterline)of
aircraftcomponentsrelativeto abodyfixedreference
systemhavinganarbitraryorientationandorigin;fuselage
station(FS)positiveaft,butt line(BL)positiveto right,
andwaterline(V_'L)positiveu1)(ft or In)

aircraft center of gravity location

rotor 1 hul) location (right nacelle pivot location
for tihing proprotor configuration)

rotor 2 hub location

wing-l)ody center of action

horizontal tail center of action

vertical tail center of action

point off rotor disk (for induced velocity calculation

control inl)uts (deg) for all sticks centered (*_, = 0.)
(1) 00
(_'2)0_,.
(3) 0_.,
(4) Oo
(5) 0_,.
(6) Ol,
(7) _z
(8) _,
(o) _.
(10) b,.
(11) o,
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KOCFE
KCCFE

KSCFE
KPCFE

PCCFE

PSCFE

PPCFE

KFOCFE
KROCFE
KFCCFE
KRCCFE
KFSCFE
KRSCFE
KFPCFE
KRPCFE

PFCCFE
PRCCFE
PFPCFE
PRPCFE

KFCFE
KTCFE
KACFE
KECFE
KRCFE

description of control system (Tc.v E); K l)arameters
are gains (deg per stick deflection), .X¢:' parameters
are swashplate azimuth lead angles ((leg)

one rotor, single main rotor and tail rotor
tilting prol)rotor configurations:
Ire, collective stick to collective t)itch.
K,., lateral cyclic stick to cyclic or differential
collective pitch.
K._, longitudinal cyclic stick to cyclic pitch.
ICn, 1)edal to tail t:otor collective'or differential
cyclic 1)itch.

_Xt:',., lateral cyclic stick to cyclic pitch
(one rotor, or main rotor and tail rotor configurations)
_M'._, longitudinal cyclic stick to cyclic l)itch

-Xc'v. 1)edal to differential cyclic 1)itch
(tilting l)rol)rotor configuration only)

tandem main rotor configuration
I(_,.. collective stick to front collective ]2itch
/CR.j. collective stick to rear collective lntch
Kv('. lateral cyclic stick to h'ont cyclic l?itch
h'R<', lateral c:vclic stick to rear cx;clic 1)itch
Kr_, longitud|nal cyclic stick to front collective pitch
ICt¢_, longitudinal c_'clic stick to rear collective l>ltch
Kv),, pedal to front' cyclic pitch
K,¢[,. pedal to rear cjclic l)ltch

.X, 're'. lateral cyclic stick to front cyclic pitch
--'xt'm,. lateral c\-cli(" stick to rear c):Clic lntch
-M'H,, l)e(lal to" fl'ont cyclic pitch
At'el,, l)edal to rear cjclic linch

aircraft controls (all configurations)
Kf, collective stick to flal)eron
ICI, collective stick to throttle
K,. lateral cyclic stick to ailerons
K,, longitudhml cyclic stick to elevator
Ix',., pedal to rudder
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NEM

QMASS(NEM)
QFREQ(NEM)
QDAMP(NEM)
QDAMPA(NEM)

QCNTRL(4,NEM)

DOFSYM(NEM)

ZETARI(3,NEM)
ZETAR2(3,NEM)
GAMAR I(3,NEM)
GAMAR2(3,NEM)

KPMCI(NEM)
KPMSI(NEM)
KPMC2(NEM)
KPMS2(NEM)

>0
< 0

n,unl)er of airfranle modes for which data supl)lied:
(max 10).

generalized ma_s,s. M_., including rotors (slug or kg)

generMized frequency. _-'k (Hz)

structnral danll)ing, g._

aerodynamic, damping, F,t__,h. = O( Q _,/( _pl., "'_))/0( (1._,,/1 ")

(ft" or m _)

control derivatives, F,,._ = O(Q_,/( ½pl "'2))/Ob
for b/, b,, b,, b,. (ft2/rad or m2/rad)

integer vector designating tyl)e of mode
(only required for flutter analysis with OPSYMM # 0):
for swmnetric
for antisymmetric

linear mode shal)e, 4' at rotor 1 11,11)(ft/ft or m/m)
linear mode shape. (_. at rotor 2 hul) (ft/ft or m/m)
linear mode shal)e, _. at rotor 1 hub (rad/ft or rad/m)
linear mode shal)e, _x. at rotor 2 hub (rad/ft or rad/m)

pitch/ma.st-I)endill_ couplin_ (rad/ft or rad/m):
I(M(,_, = -OOt./Oq._. for rotor 1
I(._t._ = -O01._/Oq._k for rotor 1
/x':w<'_ = -001,./0%_ for rotor 2
IQw._ -O01._/Oqi_. for rotor 2
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LFTAW
LFTFW
LFTDW
AMAXW
IWB
DRGOW
DRGVW
DRGIW
DRGFW
DRGDW

MOMOW
MOMAW
MOMFW

MOMDW

SIDEB
SIDEP
SIDER

ROLLB
ROLLP

ROLLR
ROLLA

Y_WB
_2_,WP

YAWR
YA\C-k

LFTAH
LFTEH
AMAXH
IHT

LFTAX-
LFTRV
AMAXV
IVT

Aircraft aerodvnaniic characteristics:

win_-l)odv:
L(,/q
Lzr/q

¢1 iH.a"

iiv t3

fu't_ = Do/q
f_¢¢'1

7tell-' = O(L /q)'2 /O( Di/q)

D.,,j/q

Do,_, /q

3[,i/q

;G Iq
M_. /,s

131q
__;,/q
__;.Iq

.'v..I q

I'A[,. /q
a:......I,s

X. _/q

_m,,,/q
_x,,/u

Horizontal tail:

L./q
L_,/q

ieF

Vertical tail:
L,,/q
L_,./q
(I _l_ rta"

ilT

(.ft'21rad or m'21rad)
(.ft'2/r,a or ,,_/,.,a)
(.ft'21rad or m2/r,d)

(deE)
(deg)

(.ft' or m "2}
(.ft 2 or nl "2)

(J't 2 or m "_)
(ft'2/rad or m'2/rad)

(ft'2/rad or m2/rad)

(ft a or m:*)
(fta/rad or ,n:i/rad)
(f&/,'ad or m:'l,'ad)

(ft:7,',,a or .,:'/r.a)

(.ft2/rad or m'2/rod)
(fta/rad or m:_/,'od)
(lt:Tr,cl or m:7,.(,a )

(.ft:t/rad or m:l/rad)
(ft41rad or it141,'(trl)

(ft4/rad or tl14/rad)
(ft:Tr,d or ,,:'/racl)

(.ft:_/,',d or ,,,:'/,,.d)
(.fP/rad or in4/rad)

(ft4/rad or m4/r.(1)
(fta/rad or m:_/rad)

(.ft'2/r(,d or ,.2/rad)
(ftV,.,,a or ,,,V,'.a)
((leg)
({leg)

(lt_/,.,,l o,. ,,,'V,',_)
(ft'21rad or m21rod)
(d_g)
(deg)
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FETAIL
LHTAIL
HVTAIL
OPTINT

ENGPOS

IENG

KMAST1
KMAST2
KICS
KENG

GSE
GSI

KEDAMP

THRTLC

KPGOVE
KPGOV1
KPGOV2

I(IGOVE
I,ZIGOV1
KIGOV2

=0

= 0

=3

Airframe interference:

f, = O(LI,t)l&
horizontal tail length, lar, for e (ft or m)
vertical tail height, hvr, for a, positive up (ft or Ill)

integer parameter controlling Mrfranw/tail aerodynanfic
interference:
to suppress (e = 0. and cr = 0.)

Engine and Drive Train Parameters:
integer parameter specifying drive train configuration:
one rotor
m_vnnnetric, engine by rotor 1
as'ymmet.ric, engine l)_" rotor 2
synlllletrlc

engine rotational inertia, r,2I,, for both engines
if syllllnet ric configuration (slug-ft 2 or kg- m _)

drive train spring constants (ft-ll)/rad or m-N/rad}
rotor 1 shaft, KAt, or IQw
rotor 2 shaft, K_t._
interconnect shaft, r1221(i or r12I£i
engine shaft, rEei£t:

engine shaft structural daml)ing, q.,. (t', degree of freedom)
interconnect shaft structural daln'pingl 9_,
( t'l degree of freedom}

engille dalllpillg factor, t_-:
tylficallv = 1.0 for turboshaft engilws, or
10. for htduction electric motors

OPt: / OOt (dimensional), for both engines
if symlnetric configuration: if the throttle variable, 01 is only
used for the governor, just the products:
KeOP_/O01 = -OP/Oc.,
KtOPr:/OO_ = -OP/Ot'.,
must be correct (P = _eQn = _FQ_,')

governor proportional feed!rock Nains (see):
to throttle, Kt, = -OOi/Ot:'._
to rotor 1 collective, Kp = -00/0@

to rotor 2 collective, Kp = -00/0_'_

_overnor integral feedback _ains:
to throttle,/x't = -OOt/Ot'.,
to rotor 1 collective, Kt = -O0/Ot'.,
to rotor 2 collective, Ift -O0/Ot'.,

(ft "2or m")
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T1GOVE
TIGOV1
TIGOV2

T2GOVE
T2GOV1
T2GOV2

g;overnor time lag rK = 2(/.:',,(.see):
throttle
rotor 1
rotor 2

_overnor time lag r., = 1/_:,'2(._ec "_):
throttle
rotor 1
rotor 2
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4.19NLLOAD

Namelist NLLOAD

MVIB

FSVIB(MVIB)

BLVIB(MVIB)

WLVIB(MVIB}

ZETAV(a,NEM.MVIB)

MALOAD

MHL()AD

MRLOAD

RLOAD(MRLOAD)

MHAR ML

NP()LAR

NWKGMP(4)

MWKGMP

.IWI,_GMP(MWKGMP)

_<0

Airframe vii)ration:
number of stations for airfranle vibration calculation

and 1)rint. (max 10).
to SUl)l)ress

airframe location for vibration calculation (ft or m):
fuselage station
butt line

water line

linear mode shal)e, _., at airframe vii)ration

stations (ft/ft or m/in)

integer l)arameter controlling 1)rint of lnotion and
aerodynalnics:

= 0 to SUpl)ress
< 0 for onb" plots

integer parameter COlltrolling print of hub aml
('oltt rol loads:

= 0 to SUl)l)ress

lmmber of radial stations for blade section h)ad

calculation and print (max 20)
_< 0 to SUl)l)ress

blade radial stations, r/R, for section loads

mtml)er of harlnonics in loads analysis (max 30):

< 0 for no harnmnie analysis: suggest al)out MPSI/3

integer l)arameter n for polar 1)lots:

symbol 1)rinted every n-th Stel).

integer l)arameter controlling wake geometry 1)tinter plot:
= 0 to SUpl)ress:

( 1 ) top view

(2) side view

(3) back view

(4) axial convection

number of azilnuth stations at which wake geometry
1)h)tted (max 8):

_< 0 for no 1)lots

azimuth stations at which geometry l)lotted
(_' = JWKGMP *._kt')
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NPLOT(7.5)

=0
=1
=2
=3

(1)
(2)
(3)
(4)

(G)
(;)
(8)
(9)
(10)
(11)
(12)
(13)
(14)
(15)
(16)
(17)
(18)
(19)
(20)
(21)
(22)
(23)
(24)
(25)
(26)
(27)
(28)
(29)
(30)
(31)
(32)
(33)
(34)
(35)
(36)
(37)
(38)
(39)

integer parameter controlling printer-plots of lnotion
and aerod3,nami(-s:

values:

for no plot

for time history
for polar plot
for both
(only time histories avalial)le fi)r 1-4 mid 68-75)

elelllents:

])ending motion

torsion 1notion
lnaxinlllln circulation

A off rotor

.M
A

(-'t

C,t

_d r. d i a t

F

Up
[=7"
UH
U
0
0

lag
flap
,_,ff, lift
(| e f f, drag
11r f f, lllOnlellt

M, f f, lift
.1L.ff, drag
.1L f f, lllOlllellt

)la_

Au
A_
interference A_.
interference Au
interference A=
II (;

L/,.
D/.
_lI/c
D,./c
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(40) F_./f.
(41) F,.I,
(42) F:/,- = Cr/_
(43) M,,Ic
(44) i_,./¢-
(45) not used
(46) not used
47) not used
48) C'./_
49) Cp,/a
5o) Cr ./_
51)
52)* L
53)* D
54)* M
55)* D,
56)* F_.
57)* F,.
58)* F- = T
59)* 3L,

(6o)* /_,,
(61) not u,_ed
(62) not u._ed
(63) ,lot used
(64)* P
(65)* P;
(66)* P/,.
(67)* P,,
(68) rotating frame root loads
(69) nonrotating frame lml) loads
(70)* rotating fralne root loads
(71)* nonrotating frame ]lul) l()a(ls
(72) section loads, shaft axe.'_
(73) section loads, l)rin('il)al axes
(74)* section loads, shaft axes
( 75 )* section loads, l)rin('ipal axes

*dimellsional quantities

for polar plots, last digit of integer part of (value/ilwremellt) is 1)rinted, if it is a multil)le of
NPOLAR: the increment is defined as follows:

.01

.10
1.0
10.

plots 27-35
1)lots 6. 8-16. 24-26. 36-51
plots 5, 7. 17-23. 52-61
plots 62-67
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KFATIG

SENDUR(18)

CMAT(18)

EXMAT(18)

lmrameter. K, in fatigue damage calculation: suggest 3 or 4

endurance limit, SE. (dimensional force or moment)

material COllStallt. C

lnaterial exponent. M

rotating frallle root loads:

( 1 ) inplane shear, f_,
(2) axial shear, .f,.

(3) vertical shear, f:

(4) flap lllOlllellt, tit a.

(5) lag lllOlllelit, ttt-

(6) control lllOnlellt. IDc

nonrotating fi'ame hub loads:
(7) drag force, H

(8) side force, I

(9) thrust, T

(10) roll nlonlent. Jilj.

(11) pitch moment. 3I:/
(12) torque, Q

section loads (l>rincipal axes):
(13) chord shear, .L.

(14) axial shear, f,.

(15) llornlal shear, ,f:
(16) flapwise nlolnent, m,,

(17) edgewise nlOlllent, tt1-

(18) tor,_ion moment, m_

the S-N curve is al)proximated by N = C'I(SISe: - 1) '_

use SE < 0. or (' < 0. to suppress dalnage fraction calculation:

use 3I < 0. to suppress equivalent peak-to-peak load cah'ulation
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MNOISE

RANGE(MNOISE)

ELVATN(MNOISE)

AZMUTH(MNOISE )

MHARMN(3)

MTIMEN(3)

AXS(MRA)

()PNOIS(4)

Far field rotational noise:
munber of microl)hones (max 10):

< 0 for no noise analysis

microl)hone range relative hub (ft or m)

microl)hone elevation relative hub ((leg), positive
above rotor disk

nficrol)hone azimuth relative hul) (deg), defined
a_s for rotor azimuth

number of llarmonics:
(1) in noise calculation (max 500)
(2) in aerodynamic load lmrmonie analysis (suggest MPSI/3)
(3) in print of noise (_< 0 for no print)

nmnber of tilne steps (_< 0 to SUl)press):
(1) in period of noise calculation (max 500)
(2) increment ill noise print
(3) increlnellt in noise plot

blade ('ross section area, A,.._/( :_ at aero(lyllamic
segments, for thickness calculation (typically
.685 times thickness ratio)

integer parameter controlling noise calculation:
= 0 to suppress
-- 1 for ilnpulsive chordwise loading
- "_ for distributed chordwise loading

(1) lift noise
(2) drag noise
(3) radial force noise
(4) thickness noise
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