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Abstract

This report presents three methods of implementing the Dryden
power spectral density model for atmospheric turbulence. Included are the
equations which define the three methods and computer source code
written in Advanced Continuous Smulation Language to implement the
equations. Time-history plots and sample statistics of simulated
turbulence results from executing the code in a test program are also
presented. Power spectral densities were computed for sample sequences
of turbulence and are plotted for comparison with the Dryden spectra.
The three model implementations wereinstalled in a nonlinear six-degree-
of-freedom simulation of the High Alpha Research Vehicle airplane
Aircraft simulation responses to turbulence generated with the three
implementations are presented as plots.

Introduction

An important part of an aircraft simulation is the capability to simulate atmospheric turbulence. Such a
capability is useful in evaluating flight control system performance and assessing control effector activity.
The Dryden turbulence model of power spectral density as specifiedin MIL_STD_1797A (ref. 1) is frequently
used as the basis for turbulence simulation. The turbulence model is also discussed in reference 2. This
report presents source code for three different approaches to implementing the model in a six-degree-of-
freedom aircraft simulation and presents results obtained with these implementations.

Symbols

Variable

a Intermediate variable defined by equation (44); used in equation (43)

a, Intermediate variable for the i-th or the j-th component of turbulence ; used in equations (52)

and (53) as defined by equations (54); used in equations (56) as defined by equations (57)

b Intermediate variable defined by equation (44)

by Reference wing span

CaL Mapping constant used in the Tustin transform to relate frequenciesin the digital filter
response to frequenciesin the anal og response for the u-, v-, and w-components

CBLi Mapping constant used in the Tustin transform to relate frequenciesin the digital filter

response to frequenciesin the analog response for the i-th component, i=p,q,r
C Intermediate variable defined by equation (44)
d Intermediate variable defined by equation (44)
e Intermediate variable defined by equation (44)
f Intermediate variable defined by equation (44)
G
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Power spectral density of the i-th component of turbulence, discrete model

o

Transfer function used to compute the i-th component of turbulence in the z- or the s-domain
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Transfer function used to compute the frequency response of H; (Z =¢ @ly )

Intermediate variable defined by equation (44)

Coefficient in difference equation in the MIL STD model for calculating thei-th or the j-th
component of turbulence ; defined by equation (57)
Scale length of i-th component of turbulence

Intermediate variables defined by equation (51)

Intermediate variable defined by equation (60)

Sample mean of the j-th sample sequence of thei-th component of turbulence
Mean, or expected value, of g

Number of samplesin turbulence sequence
Intermediate variable defined by equation (74)

Intermediate variable defined by equation (72)
Intermediate variable defined by equation (77)
Intermediate variable defined by equation (75)
Intermediate variable defined by equation (73)
Intermediate variable defined by equation (76)

Autocorrelation function of the i-th component of turbulence

Laplace transform variable
Two-sided power spectral density of i-component of turbulence, continuous model

Length of turbulence sequence (T = NT,))
Sampleinterval in digital simulation of turbulence

Total airspeed
Intermediate variable defined by equation (57)
Intermediate variable used in computation of i-th component of turbulence

Intermediate variable defined by equation (57)
z-transform variable

Random white noise sequence used as inputs to the differential equations or difference equations
for computation of the i-th component of turbulence

z-transform of Vj (k)

Random sequence representing the i-th component of turbulence

z-transform of &;(K)

Pi (=arccos(-1) )

Single-sided power spectral density of i-th component of turbulence, continuous model



T; Time constant of the i-th component of turbulence
(oF Desired root-mean-square value of the i-th component of turbulence
o g) Sample standard deviation of the j-th sample sequence of the i-th component of turbulence
ig Standard deviation of g
- 0 - ~1\2| U
Z( i) Standard deviation of the sample standard deviation of i E: \/ E{(Ui - E{Ui}) } E
A 0 n ~1\2| U
Z(m) Standard deviation of the sample mean of i E: \/E{(m - E{ m}) } E
w Angular frequency
w,, Reciprocal of time constant for the w-component of turbulence (=1/T,,,)
w Intermediate variable defined by equation (44) and equation (53)
Subscripts:
[ Denotes turbulence component (u, v, w, p, g, Or r)
] Denotes turbulence component (u, v, w, p, g, or r)
u Denotes linear velocity or turbulence component along x-axis (body axis)
% Denotes linear velocity or turbulence component along y-axis (body axis)
w Denotes linear velocity or turbulence component along z-axis (body axis)
p Denotes rotational velocity or turbulence component about x-axis (body axis)
q Denotes rotational velocity or turbulence component about y-axis (body axis)
r Denotes rotational velocity or turbulence component about z-axis (body axis)
Superscripts:
0] Denotes j-th sample sequence
Operators and Notation:

=48
F{ g
>4
k=1

a

Denotes expected value of argument

Denotes inverse Fourier transform of argument

Denotes summation of argument over k from1to N

Denotes absol ute value of argument

Abbreviations:

ACSL Advanced Continuous Simulation Language
HARV High Alpha Research Vehicle

MIL STD Military Standard



PSD power spectra density
rms root-mean-square

ACSL Test Program (GUSTMDL)

A test program named GUSTMDL was developed to evaluate implementations of the three models prior
to installation in the aircraft simulation. GUSTMDL contains algorithms to simulate linear (u, v, w) ad
rotational (p, g, r) velocity components of turbulence using the three models: continuous, Tustin transform,
and Military Standard (MIL STD) algorithms. The GUSTMDL program was written using the Advanced
Continuous Simulation Language (ACSL) to be easily implemented into the F18 High Alpha Research
Vehicle (HARV) simulation (refs. 3 and 4) used by Dynamics Control Branch (DCB) researchers.

Equations

The algebraic, differential, and difference equations describing the Dryden turbulence model are presented
in this section. These equations were developed from the Dryden spectral model contained in reference 1 and
were furnished by the Government. The equations were transformed into ACSL source code and implemented
inthe GUSTMDL program. Comments were included in the program to correlate code with the equations in
the following section by equation number.

The equations are separated according to each of the three turbulence models. The continuous model
equations were implemented in the ACSL DERIVATIVE BLOCK of the GUSTMDL program. The Tustin
model and MIL STD equations were implemented in the ACSL DISCRETE BLOCK named GUST.

Continuous Model
Equations (1) through (17) below define the continuous implementation of the Dryden turbulence model.
In these equations the variables &, &y, &y, Ep, fq, &, represent the body-axis u-, v-, w-, p-, ¢, ad
r-components of turbulence, respectively. The variables  V,, Vy;, Vy, Vp represent the Gaussian noise
forcing functions for the u-, v-, w-, and p-components, respectively.

Equations (1) and (2) are the differential equations defining the w-component of the turbulence.

Xy = —2T Xy = TV_\,ZXW + GWTV_VS/ ZTV_ v 2\/W @

The desired root-mean-square (rms) velocity magnitude of the w-component of the turbulence is
represented by oy, .

Eu =X H T3, g &0 =X+ T3, @
L
where Ty = 7"" ©)

The v-component can be obtained from equations (1) through (2) by substituting the subscript v for the
subscript w. The time constant for the v-component is given in equation (4).

Ty =— @

The differential equation defining the u-component is



where Ty=—-

Similarly, the p-component equations are
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The differential equations defining the g-component are
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A time constant for equation (12) can be defined by
ahy
Tq:_
w

The rms value of the g-component for equation (12) is given approximately by
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Similarly, the r-component equation is

é =- QN Er 3, E (15
A time constant for equation (15) can be defined by
30y
T, =W 16
r= Ty (16)

The rms value of the r-component for equation (15) is given approximately by

21

O, = [——0,
B TI W

Tustin  Model

17

The Tustin model can be implemented with recursive difference equations to compute components of
turbulence. The definitions of tau in equations (3), (4), (6), (9), (13), and (16) for the continuous model were
used in the Tustin turbulence equations. Similarly the definitions of sigma in equations (8), (14), and (17)
apply. The Gaussian noise forcing functions are the same as used in the continuous model.

The recursive difference eguation to compute the u-component of the turbulenceis

O 2r, U
0-Cq1y % DDGU\ T 0
&u(k) =- W(k=1)+ %vu )+ vu(k- 1)] (19)
+Cpg Ty [ A+Cg 1,
[ |
O O
where Cpg isgiven by
T, O

CBL -— Cotyg (19)

The recursive difference equation to compute the w-component is

C wd-CR) . (ww-Ca)’
éw(k) = mfw(k 1)- mfw(k 2)
WJ%

o
+(ww+c-|;/|_) %BL wwg/ (k—l)+%—CBL§/w(k—2)E

The v-component can be obtained from equation (20) by substituting the subscript v for the subscript w.

(20)

The recursive difference eguation to compute the p-component of the turbulenceis



Gy, 2 ¢
0-Cg TpU op\fTi
Ep(K) = - P (k-1 + By (k) +vp(k-1)] (@)
H+CaL,Tp %‘-"'CBLpr% ]
| =

where

Cor = Ecotp
BLD—ECO%H

The difference equation for &, (K) is

(22)

[(1-4b,C v
.
q

U

O
+U Ew(k)_fw(k_l)
E\/(n 4b, Cay, /nv)g |

(23
CBLq

where

(24)

The equations for the r-component are identical to those for the g-component except that the factor
(4bw / IT) in equations (23) and (24) is replaced by the factor (3bw / 7'[). The resulting difference equation
for & is

[1- 30,Cgy, /7V 0

& (k)= +3bWCBLr/rNDr(k_ )
. . . (25)
.\ BL, o
S,

where



0T, O

-1
CBLr = I, COt%E

v tD vT, U
= (60)
30y Ebbvvrq H

The simple difference equation for the derivative of each turbulence component is

bt = £00- €0

The difference equation form for the derivative of the u-component is

Eu(k) = ~2TuCBL £ (k-1)+ 0, [2Te SR fy (k) - v, (k1))

1+71,Cq. VT, 1+7,Cgp
The difference equation form for the derivative of the w-component is

—

JW,\/ T*WCBL
251_ TwCa L _H-1,Cyy + T

Ey(K) = -

MIL STD Model

f.
Hi+ 7,CaL E’;W(k -9 Hi+ 7,,CaL H Sulk-2) (1+ TWCBL)2

X{(1+\/§TWCBL)VW(k) = 20 &, CaLVu(k - 3‘(1‘ \r3wCBL)Vw(k‘2)}

(26)

(27

(28)

(29

The difference equations defining the MIL STD model were obtained from reference 1.  Equations (30)
through (35) were furnished by the Government and implemented to calculate the u-, v-, w-, p-, ¢, ad
r-components of turbulence. The definitions of tau and sigma for the continuous model were also used in the
MIL STD turbulence equations. Again, the Gaussian noise forcing functions are the same ones used in the

continuous model.

0 7,0 2T,
EU(k):%_E uk=-1+0y T_uVVu(k)
0 21,0 4T,
§09=g -7 Elk-D ron T vl

\' \'

Tw w
g N 2T,
Ep(k)—g. TpHZp(k l)+0p\ . Vp(k)

(30)

(31)

(32

(33)
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Eq(k)zgf Tquq(k 1+_[EW Ew(k_l)] (34)
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Variable Definition

Table 1 correlates the algebraic symbols used in the equations with variable names used in coding the test
program GUSTMDL. Variables are listed for each of the three implemented turbulence models. The equation
number column was included as a reference to the equations listed in the previous section. Comments ae

included in the GUSTMDL code to help the reader identify the equations.
Table 1. Correlation between Algebraic Symbol and ACSL/FORTRAN Variable

Symbol Turbulence Model Equation
no.
Continuous Tustin MIL STD

v, FILNP

v, (k) FILNP FILNP

Vy FILNU

v,(K) FILNU FILNU

Vy FILNV

v, (k) FILNV FILNV

Vi FILNW

v, (K) FILNW FILNW

ép TURBP 7

&, (k) FILP MILPK 21, 33

&q TURBQ 11

&q(k) FILQ MILQK 23, 34
r TURBR 15

&.(k) FILR MILRK 25,35
| TURBU 5

(k) FILU MILUK 18, 30
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Table 1. Concluded

Symbol Turbulence Model Equation
no.
Continuous Tustin MIL STD

g, TURBV 2

&, (k) FILV MILVK 20, 31

Ew TURBW 2

&w(K) FILW MILWK 20, 32

g, SIGP SIGP SIGP 8

a, SIGQ SIGQ SIGQ 14

o, SIGR SIGR SIGR 17

o, SIGU (=TURBSIG) | SIGU (=TURBSIG) | SIGU (=TURBSIG)

g, SIGV (=TURBSIG) | SIGV (=TURBSIG) | SIGV (=TURBSIG)

g, SIGW(=TURBSIG) | SIGW(=TURBSIG) | SIGW(=TURBSIG)

T, TAUP TAUP TAUP 9

Iy TAUQ TAUQ TAUQ 13

T, TAUR TAUR TAUR 16

T, TAU TAU TAU 6

T, TAU TAU TAU 4

T, TAU TAU TAU 3

by BWING (=32.4) BWING (=32.4) BWING (=32.4)

L, TURBL (=1750) | TURBL (=1750) | TURBL (=1750.)

L, TURBL (=1750) | TURBL (=1750) | TURBL (=1750.)

L, TURBL (=1750) | TURBL (=1750) | TURBL (=1750.)

L, LP LP LP 10

V VTOT VTOT VTOT

T TSAMP (=0.0125) | TSAMP (=0.0125) | TSAMP (=0.0125)




Code

The ACSL/FORTRAN source code for the GUSTMDL program (file GUSTMDL.CSL) is presented in
this section. The program has MACRO, INITIAL, DYNAMIC, and TERMINAL BLOCKS. The
DYNAMIC BLOCK iscomposed of the DERIVATIVE and DISCRETE BLOCKS. The three DISCRETE
BLOCKS are the GUST, DISCRMS, and ASC. The continuous turbulence model is implemented in the
DERIVATIVE BLOCK, and the Tustin and MIL STD models are implemented in the DISCRETE GUST
BLOCK. Initialization of variables and variables that need to be calculated only one time are implemented in
the INITIAL BLOCK. The DISCRETE BLOCK DISCRMS calls a macro to define root mean square and
mean statistics for the variables in the three turbulence models. The DISCRETE BLOCK ASC cdls
FORTRAN subroutines ASCFM and WSTATS which are used to output variables for analysis in a format
that is compatible with tools utilized by the DCB researchers.

PROGRAM GUSTMDL

!

| I S I
!

! MACRO SECTI ON

|

[ I R I R R R R R R |

MACRO RVB(RMBX , X , TIV )

MACRO REDEFI NE MSX , MBXD , MBXI

MACRO REDEFI NE MSXL, EPS
CONSTANT MBXI = 0.
CONSTANT EPS = 1.E-22

MBXD = TIVF(X**2 - MBX)
MBX = | NTVC( MBXD , MBXI )
MBXL = MAX( MBX , EPS)
RVBX = SQRT(MSXL)

MACRO EXI T

MACRO END

' INVERTS TIME. USES 1/ M NSTP I F TIME = ZERO

MACRO | NVERT(TI V, T, M NSTP)
MACRO RELABEL L1, L2
PROCEDURAL( TI V=T)

| F(T. EQ 0.) GOTO L1

TIV=1./T
GOTO L2
L1.. CONTI NUE
TIV=1./ M NSTP
L2. . CONTI NUE
END ! of procedural
MACRO EXI T
MACRO END

11



!**********************************************************************!
MACRO DRVB(RMBX, MNX , X, N)
!**********************************************************************!
!

! MACRO TO COVPUTE SAMPLE STATI STICS OF RANDOM VARI ABLE

! WIB, JCY 2-24-94
|

MACRO REDEFI NE SUM SUMSQ EPS
CONSTANT SUM = 0., SUMBQ = 0.
CONSTANT EPS = 1.E-22
SUM = SUM + X

SUMBQ = SUMBQ + X*X
MIX = SUMN
RVBX = SQRT(MAX((SUMBQ - MNX*SUM)/ (MAX(N-1., EPS)), 0.))
MACRO EXI T
MACRO END

!

| I |
MACRO XCORR( XCOR, MXM, X, Y, N, NTAU)

| I |

! MACRO TO COWPUTE SAMPLE CROSS- CORRELATI ON OF RANDOM VARI ABLE
! WIB, JCY 6-2-97
I

MACRO REDEFI NE SUMKY, SUMX, SUMY, MNX, MNY, NS, XDLY, YDLY, NDLY, |
REAL XDLY( 100)

MACRO RELABEL LDLY
IF (N .LT. NTAU + 1) THEN

NDLY = N
ELSE
NDLY = NTAU + 1
ENDI F
DO LDLY | =1, NDLY - 1

XDLY(NDLY+1-1) = XDLY(NDLY-1)
LDLY.. CONTI NUE
I END
XDLY(1) = X
CONSTANT  SUMKY = 0., SUMK = 0., SUMW = 0., NS =0
IF (N .GE. NTAU + 1) THEN
NS = NS + 1
SUMXY = SUMKY + XDLY(NDLY) *Y

SUMX = SUMK + XDLY(NDLY)
SUMY = SUW + Y
MIX = SUMK/ NS
MY = SUMY/ NS
MXM = MNX * MNY
XCOR = SUMKY/ NS - MXM
ENDI F
MACRO EXI T
MACRO END

| I o |

I NI TI AL

| e I |

12



ALGORI THM | ALG
CI NTERVAL CI NT
MAXTERVAL MXSTP
NSTEPS NSTP
I NTEGER  PAGSI Z
CONSTANT  PAGSI Z

1
(3]
(6]

CONSTANT TSTP = 100.0
PI = ACOS(-1.)

I NTEGER NUMODUT  $ ! DETERM NES FREQ OF DATA OUTPUT FOR ASC!
CONSTANT NUMOUT = 1

CONSTANT SAMPS = 0.
CONSTANT EPSLON = 1. E-22

CONSTANT SDNOS = 1., &
TSAMP = . 0125, &
TURBL = 1750., &
TURBSIG = 5., &
TURBUO = 0., &
TURBXVDO = 0., &
TURBXVO = 0., &
TURBXWDO = 0., &
TURBXW = 0.
CONSTANT TURBNU = 0., &
TURBNV = 0., &
TURBNW = 0., &
FI LNU = 0., &
FI LNV = 0., &
FI LNW =0
CONSTANT TURBRO = 0., &
TURBQD = 0., &
TURBPO = 0., &
BW NG = 37.4
CONSTANT TURBXQD = 0., &
TURBXRO = 0.

i rseed should be pos, odd, integer, 8 digits

| NTEGER | RSEED
CONSTANT | RSEED = 28545269
GAUSI ( | RSEED )

SI&J = TURBSI G I same as sigv, sigw
Sl GV = TURBSI G

S| GW = TURBSI G

SIGP = 1.9 / SQRT(TURBL * BWNG * SIGW I eq.8

APPROXI MATI ONS OF EXPECTED VALUES OF STD. DEV. (P AND R COVPONENTS)

13



SIGQ = SQRT(pi/(2.*TURBL * BWNG) * SIGW I eq. 14
SIGR = SQRT(2.*pi/(3.*TURBL * BWNG) * SIGW ! eq.17
CONSTANT VTOT = 400. | VTOT = VELOCITY, FT/SEC

use turbl= 1750. for Lu, Lv, Lw

use tau for

tauu, tauv, tauvw

TAU = TURBL/ VTOT | eq.3,4,6
TAUQ = 4.0 * BWNG / (Pl * VTQT) I eg. 13
TAUR = 3.0 * BWNG / (Pl * VTQT) I eg. 16
LP = SQRT(TURBL * BWNG / 2.6 I eg. 10
TAUP = LP/ VTOT I eg. 13
TURBOVEGA = VTOT/ TURBL I sane as 1./TAU, 1./ TAUWV, 1./ TAUW
WP = VTOI/LP | sanme as 1./ TAUP

CONSTANTS FOR

TURBK2U =

K2P =
TURBK1VW =
TURBK2VW =
TURBK3VW =
TURBKAVW =

CALCULATI ONS OF CONTI NUQUS W AND V ' eq. 1,2

TURBSI G* SQRT( 2. * TURBOVEGA/ TSAMP)
SIGP * SQRT(2. * WP/ TSAMP)

2. * TURBOVEGA

TURBOVEGA* TURBOVEGA

TAU* SQRT( 3.)

TURBSI G* SQRT( TURBOVEGA* * 3/ TSAMP)

khkkhkkhkkhkkhkkhkhkhkhkhkhhkhhkhkhhkhhhhhhkhkhhkhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhkk*x]|

CONSTANTS FOR CALCULATI ONS of TURBULENCE VI A TUSTI N TRANSFORM

TWOPI OVTNU = SQRT( 2. * Pl / TSAMP)

khkkhkkhkkhkkhkkhkhkhkhkhkhhhkhkhhkhhhhhhhhkhhkhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhkk*%]|

U- COVPONENT

khkkhkkhkkhkkhkkhkhkhkhkhkhhkhkhkhkhhkhhhhhhkhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhkk*%]|

constants used in eq.18

KFI L
CFl L
FI LK1
FI LK2
FI LK3

TURBSI G+ SQRT(1./ (Pl * TURBOVEGA))

TURBOVEGA/  TAN( TURBOVEGA* TSAMP/ 2. ) I eq. 19
( TURBOVEGA - CFI L)/ ( TURBOVEGA + CFIL)

KFIL /(1. + (CFIL/ TURBOVEGA))

SQRT(PI * (TURBOVEGA + CFIL))/SDNO S

khkkhkkhkkhkkhkkhkhkhkhkhkhhkhkhkhhhhhhhhhhhhhkhhhhhkhhhhhkhhhkhhkhhhhhhhhhhhhhhhkhkhkhhkhkhkhkhkkk%]|

V- COMPONENT and W COVPONENT

khkkhkkhkkhkkhkkhkhkhkhkhkhhkhkhkhhhhhhhhhhhhhkhhhhhkhhhhhkhhhkhhkhhhhhhhhhhhhhhhkhkhkhhkhkhkhkhkkk%]|

constants used in eq. 20

KVW = SQRT( 3. * TURBOVEGA/ (2. *Pl))
WNPC = TURBOMEGA + CFI L
FI LK4 = 2.*( TURBOVEGA* TURBOVEGA - CFI L* CFI L)/ ( WNPC* WNPC)
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FILK5 = (TURBOVEGA - CFIL)*(TURBOVEGA - CFI L)/ ( WNPC*WNPC)
FILK6 = CFIL + TURBOVEGA/ SQRT(3.)

FILK7 = 2.* TURBOVEGA/ SQRT( 3. )

FI LK8 = TURBOVEGA/ SQRT(3.) - CFIL

FILK9 = KVW TURBSI G / ( WNPC* WNPC)

lused in eq.90

KFI LD1 = TURBSI G*SQRT(2. * TAU TSAWP)
potential alternate (filwd2, filvd2)
KWD1 1. - TAKCFIL)/ (1. + TAU*CFIL)

(
KWD2 = TURBSI G SQRT( TAU TSAWP) * CFI L/ (1. +TAU* CFI L) **2
CTWBR3 = SQRT(3.)* TAU*CFI L

khkkkkhkkkhkkhkkhkkkhkkhkhkhkkhkhkkhkhkhkhkhkhkhkkhkhkhkhkhkhkkhkhkhkhkhhkhkhkhkhhhkhkhkkhkhkhhhhkhhhkhkhhkhkhkhhkhkhkhkhkhkkkkkx%]|

P- COVPONENT

khkkkhkkhkkkkkhkkhkhkhkkhkhkkhkhkhhkhkhkhkhkhkhkhkhkhkhkkhkhkhkhhkhkhhkhhkhkhkhkhkhhhkhhkhhhkhhkhhkhkkhhkkhkhkhkkkkkkkx%]|

used in eq.21

PFIL = SIGP* SQRT(2./ (TSAWP * WP))

PCFIL = W / TAN( WP *TSAVP/ 2.) I eq. 22
PKI = (WP - PCFIL) / (WP + PCFIL)

PK2 = PFIL /(1. + (PCFIL/WP))

khkkkkhkkhkkhkkhkkhkkhkkhkhkhkkhkhkhkhkkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhhkhkhkkhkhkhkhkhkhkhkhhhkkhhhhhhhhhhhhkhkhkhkhkhkkkkkx%]|

Q@ COVPONENT and R- COVPONENT

khkkkkkhkkhkkkhkkhkkhkkhkkhkkhkkhhkkhkhkkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhhkhkhkkhkhhhkhkhkkhkhhhkhhkkhhhkkhhkhkhkhkhkhkhkhkhkkkkkkk%]|

used in eq.23
CFILQ = (1. / TAUQ [/ TAN(TSAMP / (2. * TAUQ) | eq. 24
XKl = (1. - CFILQ* TAUQ / (1. + CFILQ * TAUQ
K2 = (CFILQ/ vTOm) [/ (1. + CFILQ * TAUQ

used in eq.25

CFILR = (1. / TAUR) / TAN(TSAMP / (2. * TAUR)) | eq. 26
RKI = (1. - CFILR* TAUR) / (1. + CFILR * TAUR
RK2 = (CFILR/ VTOT) / (1. + CFILR * TAUR)

khkkkkhkkhkkhkkkhkhkkhkhkkhkhkkhkhkkhkhkhkhkhhkhkhkhhkhkhkhkhkhkhhkhkhkhkhkhkhhhkhhhhhkhhhhkhhhhkhkhkhkhkhkhkhkhkkkkkx%]|

constants for ML STD cal cs 8- 28-97
used in eqs. 30 - 35
tovtau = tsanp/tau I'(for u,w V)

tovtau2= 2.* tovtau
tovtaud4= 4.* tovtau

tovtaup = tsanp/taup I'(for p)
tovtaup2= 2.* tovtaup
tovtauq = tsanp/tauq I'(for Q)
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tovtaur = tsanp/taur I'(for Q)

mlkl = (1. - tovtau) I'(for u,w V)
mlk2 = (1. - tovtau2)

ml k3 = sqrt(tovtau2)

ml k4 = sqrt(tovtaud)

mlk5 = (1. - tovtaup) I'(for p)

ml k6 = sqrt(tovtaup2)

mlk7 = (1. - tovtauq) I'(for Q)
mlk8 = (1. - tovtaur) I'(for r)

pi ov4b=pi / (4. *bwi ng)

pi ov3b=pi /(3. *bwi ng)
!
!**********************************************************************!
!
END I OF INITIAL !

| I |
| I |
| I |

DERI VATI VE

| I |

CONTI NUOUS TURBULENCE MODEL WIB, JCY 2-24-94 through 11-30-97

|
|
I
| IRk S Sk b Sk S SR R G S S I R kR AIEE E  E E E EE  E  E  E E |
! U - COVPONENT
|
|
|
|

khkkhkkhkkhkkhkhkhkhkhkhkhkhkhhkhkhkhhhhhhhhkhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhkk*%]|

used in eq.5

TURBUD = - TURBOVEGA * TURBU + TURBK2U * FI LNU
TURBU = I NTVC ( TURBUD, TURBUO)

khkkhkkhkkhkkhkkhkhkhkhkhkhhhkhkhhkhhhhhhhhkhhkhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhkk*%]|

V - COVPONENT

khkkhkkhkkhkkhkkhkhkhkhkhkhhkhkhkhkhhkhhhhhhkhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhkk*%]|

used in eq.2

TURBXVDD = - TURBKIVW * TURBXVD - TURBK2VW * TURBXV &
+ TURBKAVW * FI LNV

TURBXVD = | NTVC ( TURBXVDD, TURBXVDO)

TURBXVDI = TURBXVD

TURBXV = INTVC ( TURBXVDI, TURBXVO)

TURBV = TURBXV + TURBK3VW * TURBXVD

TURBVD = TURBXVDI + TURBK3VW * TURBXVDD

khkkhkkhkkhkkhkkhkhkhkhkhkhhkhkhkhhhhhhhhhhhhhkhhhhhkhhhhhkhhhkhhkhhhhhhhhhhhhhhhkhkhkhhkhkhkhkhkkk%]|

W - COVPONENT

khkkhkkhkkhkkhkkhkhkhkhkhkhhkhkhkhhhhhhhhhhhhhkhhhhhkhhhhhkhhhkhhkhhhhhhhhhhhhhhhkhkhkhhkhkhkhkhkkk%]|

used in eq.2

TURBXVWDD = - TURBKIVW* TURBXWD - TURBK2VW * TURBXW &
+ TURBKAVW * FI LNW
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TURBXWD = | NTVC ( TURBXVDD, TURBXWDO)
TURBXVDI = TURBXVD

TURBXW = I NTVC ( TURBXVWDI , TURBXWD)
TURBW = TURBXW + TURBK3VW * TURBXW\DI
TURBWD = TURBXWDI + TURBK3VW * TURBXWDD

[ R I R R R |

! ALPHA | BETA COVPONENTS ADDED 4-28-97, 5-6-97

[ S R I R R R R R R |

TURBALP = TURBW VTOT ! ALPHA COVPONENT

TURBBET = TURBV/ VTOT ! BETA COVPONENT

TURBALPD = TURBWY VTOT ! ALPHA COVPONENT

TURBBETD = TURBVD/ VTOT ! BETA COVPONENT
!**********************************************************************!
! P, Q R COVPONENTS ADDED 5-15-95 JCY

| Rk S b S b S S O R S A R R Gk Sk e S S A T R AR R R R S |
! P - COVPONENT
| R Ik I b I Sk S O R A S A R R R R R kO R T S R R R R |
!
! used in eq.7
!

TURBPD = - WP * TURBP + K2P * FILNP

TURBP = I NTVC (TURBPD, TURBPO)
| Rk I b S b S R AR S A R S S R kS R R R S R R R S |
! Q - COVPONENT
| Rk I b I b S S R A S O A R S R Rk S R R S R R R R |
!
! used in eq.12
!

TURBQD = - TURBQ / TAUQ + TURBWD / (TAUQ * VTOT)

TURBQ I NTVC (TURBQD, TURBQ)
| Rk S b I Sk T S R AR S O A R S S R Rk S R R S R R R R |
! R - COVPONENT
| Rk S b I Sk T R A S A R S S R T S R R S R R R R |
!
! used in eq.15
|

TURBRD = - TURBR / TAUR + TURBVD / (TAUR * VTOT)
TURBR = I NTVC ( TURBRD, TURBRO)

[ S R R R R R R R R |
!

END ! CF DERI VATI VE!

!

[ S R R R R R R R R |
!

[ S R R R R R R R R |
!

! DI SCRETE BLOCK

!

[ S R R R R R R R R |
|

[ I R R R R R R |

17



I NTERVAL TSGAUS = 0. 0125

| I |

! GAUSSI AN RANDOM PROCESS
!
| I o |

| F(SDNO S. LE. EPSLON) GOTO LETA1

FI LNU = GAUSS( 0., SDNO S)
FI LNV = GAUSS( 0., SDNO S)
FI LNW = GAUSS( 0., SDNO S)
FI LNP = GAUSS( 0., SDNO S)
GOTO LETA2
LETAL. . CONTI NUE

FI LNU = 0.

FI LNV = 0.

FI LNW = 0.

FILNP = 0

LETA2. . CONTI NUE
!
| I |

! TURBULENCE VI A Bl LI NEAR TRANSFORM OR TUSTI N TRANSFORM

khkkhkkhkkhkkhkhkhkhkhkhkhkhkhhkhkhkhhhhhhhhkhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhkk*%]|

U- COVPONENT
'**********************************************************************!
UFI LK = FILNU
IF (T .EQ 0.) THEN
UFI LKML = 0.
GUFI LKML
FI LUDKML
FI LUD2KML = 0.
ENDI F

= 0.
= 0.

! eqg. 18

GUFI LK = - FI LK1*GUFI LKML + TWOPI OVTNU* FI LK2* (UFI LK + UFI LKML)

khkkhkkhkkhkkhkkhkhkhkhkhkhhhhkhkhhhhhhhkhkhkhhkhkhhhhhhhhhhhhhhhhhhhhhhhhhhhhkhhhhhhhhhhhkk*%]|

DI G TAL | MPLEMENTATI ON OF DERI VATI VE CALCULATI ONS OF U- COVPONENT

khkkhkkhkkhkkhkkhkhkhkhkhkhhhhhhhhhhhhhkhhhhhhhkhhhhhhhkhhhhhkhhhhhhhhhhhhhhhhhhhhkhhhhkkx*%]|

eq. 27
FI LUD = (GUFI LK - GUFI LKML) / TSAMP
!
! eq. 28
I
FILUD2 = - KAD1 * filud2kml &
+ (kfildl*CFIL/ (1. + tau*CFIL)) &
*(ufilk - ufilkml) 5-9-97

FI LUDKML = FI LUD

FI LUD2ZKML = FI LUD2

UFl LKML = UFI LK

GQUFI LKML = GUFI LK
FI LU = GUFI LK

18



[ R I R R R |

! V- COVPONENT
!**********************************************************************!
VFI LK = FI LNV
IF (T .EQ 0.) THEN
VFI LKML =
VFI LKM2 =
GVFI LKML
GVFI LKMVR
FI LVDKML
FI LVD2KML
FI LVD2KM2
ENDI F
FILVKML = GVFI LKML

0.
0.
0.
0.
0.
0.
0.

! eq. 20

GVFI LK = - FI LK4*GVFI LKML - FI LK5* GVFI LKM2 &
+ TWOPI OVTNU* FI LK9* ( FI LK6* VFI LK + FI LK7*VFI LKML &
+ FI LK8* VFI LKMR)

khkkkkkkkhkkhkkhkkhkkhkhkhkkhkhkkhkhhkkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhhkhkhkhkhkhhkhkhkhkhhhhkhhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkkkk%]|

DI G TAL | MPLEMENTATI ON OF DERI VATI VE CALCULATI ONS OF V- COVPONENT

khkkkkhkkhkkhkhkkhkkhkkhkkhkkhkkhkhkhkkhkhkkhkhkkhkhkkhkhkhkhkhkhhkkhkhkhkkhkhkhkhkhkhkhhkkhkhkkhhkhhkkhkhkhkhkhkhkhhkhkhhkhkhkhkhkkkkkkkx%]|

eq. 27

FI LVD = (GVFI LK - GVFI LKML) / TSAMP

! eq. 29
!
FILVD2 = -2.*KWD1* FI LVD2KML &
- KWDL1** 2* F| LVD2KMR2 &
+ kwd2*( (1. +CTWSR3) * VFI LK &
- (2. *CTWBR3) *VFI LKML - (1.-CTWBR3) *VFI LKM2) | 5-12-97
!
GVFI LKM2 = GVFI LKML
GVFI LKML = GVFI LK

VFI LKM2 = VFI LKML
VFI LKML = VFI LK
FI LVD2KM2 = FI LVD2KML
FI LVD2KML = FI LVD2
FI LVDKML = FI LVD
FILV = GVFI LK

[ S R R R R R R R R |

! W COVPONENT

| R Ik I b I b S I AR S O A R S R Rk T S R R S R R R R |
WFI LK = FI LNW
IF (T .EQ 0.) THEN

WFI LKML = O.
WFI LKM2 = 0.
GWFI LKML = O.
GWFI LKM2 = 0.
FI LMDKML = O.

FI LMD2KML = O.
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FI LMD2KM2 = O.
ENDI F
FI LM\KML = GWFI LKML

! eq. 20

GWFI LK = - FI LK4*GWFI LKML - FI LK5* GAFI LKM2 &
+ TWOPI OVTNU* FI LKO* ( FI LK6* WFI LK + FI LK7*WFI LKML &
+ FI LK8* WFI LKMR)

khkkhkkhkkhkkhkhkhkhkhkhkhkhkhkhkhkhkhkhhhhhhhkhkhkhkhkhhhhhhhhhhhhhhhhhhhhhhhhhhhhhkhhhhkhkhkhhkkk%]|

DI G TAL | MPLEMENTATI ON OF DERI VATI VE CALCULATI ONS OF W COVPONENT

khkkhkkhkkhkkhkhkhkhkhkhkhkhkhhkhkhkhhhhhhhhkhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhkk*%]|

eq. 27

FI LMD = (GWFI LK - GWFI LKML) / TSAMP

! eq. 29

FILWD2 = -2.*KWDL* Fl LWD2KML
- KWDL* * 2* FI LWD2KM2
+ kwd2* ( (1. +CTWSR3) * WFI LK

R0 R Ro

- (2. *CTWBR3) *WFI LKML - (1. - CTWBR3) * WFI LKM2 15-12-97
!
GWFI LKM2 = GWFI LKML
GAFlI LKML = GWFI LK
WFI LKM2 = WKl LKML
WFI LKML = WFI LK

FI LMD2KM2 = FI LMD2KML
FI LMD2KML = FI LWD2

FI LMVDKML = FI LWD

FI LW = GAFI LK

| I |

' P, Q R COWONENT ADDED 5-15-95 JCY

I I |

! P- COVPONENT
!**********************************************************************!
PFI LK = FILNP
IF (T .EQ 0.) THEN

PFI LKML = O.
GPFI LKML = O.

ENDI F
GPFI LK = -PK1*GPFI LKML + PK2*( PFI LK + PFI LKML) I eq. 21
PFI LKML = PFI LK I 5-2-97
GPFI LKML = GPFI LK I 5-2-97

FI LP = GPFI LK

| I o |

! Q COVPONENT
!**********************************************************************!
IF (T .EQ 0.) THEN
FILQKML = 0.
ENDI F
FILQ

- QKL*FI LQKML + QK2* (FI LW - FI LWKML) I eq. 23
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FILKML = FILQ
!
|**********************************************************************|

! R- COVPONENT

[ R I R R R |

IF (T .EQ 0.) THEN

FI LRKML = O.

ENDI F
FI LR = -RK1*FI LRKML + RK2*(FI LV - FILVKML) I eq. 25
FI LRKML = FILR

|
[ I R R R R R |
! ALPHA | BETA COVPONENTS ADDED 5-7-97

[ I I R R S R R R R R |

FILA = FILWVTOT ! ALPHA COVPONENT
FILB = FILV/VTOT ! BETA COVPONENT
FI LAD = FI LMY VTOT

FI LBD = FI LVD/ VTOT

[ I R I R R R R R R |

! ALPHA , BETA COVPONENTS ALTERNATES ADDED 6- 19- 97
!**********************************************************************!
FI LAD2 = FI LWD2/ VTOT
FILBD2 = FILVD2/ VTOT

[ I R R R R S R R R |

I ML STD | MPLEMENTATI ON CF CALCS OF u, v, w, p, g, r - COVPONENT

! 8-28-97
!**********************************************************************!
IF (T .EQ 0.) THEN
M LUKML = O.
M LVKML = 0.
M LVWKML = 0.
M LPKML = 0.
MLQKML = 0.
M LRKML = 0.
ENDI F
MLUK = m | k1*MLUKML + sigu*m | k3*ufilk I eqg.30
MLVK = m | k2*M LVKML + sigv*m | k4*vfilk I eg.31
MLW = m | k2*M LVWKML + sigwm | k4*wfilk I eg.32
M LPK = m | k5*M LPKML + sigp*m | k6*pfilk I eg.33
MLQK = mi | k7*M LQKML + pi ov4b* (m | wk-m | wknl) I eq.34
MLRK = m | k8 M LRKML + piov3b*(m | vk-m | vknil) I eqg.35
|
! Cal ¢ derivatives 9-18-97
|
M LUDK = (M LUK - M LUKML) / TSAMP
M LVDK = (M LVK - M LVKML) / TSAMP
MLWK = (M LW - M LVWKML) / TSAMP

! save past val ues
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M LUKML = M LUK
MLVKML = M LVK
MLWKML = M LWK
M LPKML = M LPK
MLQKML = M LQK
M LRKML = M LRK

|
| I |
!

END ! GQUST DI SCRETE
!
| I |
!

DI SCRETE DI SCRMS

!
| I |

! DI SCRETE TO COVWUTE RM5 OF TURBULENCE
!

I NTERVAL TRM5 = 0. 0125

SAMPS = SAMPS + 1.

DRMS( DRMSTURBU, DWNTURBU, TURBU , SAMPS)
DRMS( DRMSTURBY, DWNTURBV, TURBV , SAMPS)
DRMS( DRMSTURBW  DWNTURBW  TURBW , SAMPS)

DRMS( DRMSFI LNU, DWNFI LNU, FI LNU, SAMPS)
DRVS( DRVSFI LNV, DWNFI LNV, FI LNV, SAMPS)
DRVS( DRVSFI LNW  DWNFI LNW  FI LNW  SAMPS)

DRVS( DRMSFI LNP, DWNFI LNP, FI LNP, SAMPS)

DRMS( DRMSFI LU, DWNFI LU, FI LU, SAMPS)
DRMS( DRMSFI LV, DWNFI LV, FILV, SAWPS)
DRMS( DRMSFI LW DWNFI LW FI LW SAVPS)

DRMS( DRVMSTURBUD, DWNTURBUD, TURBUD , SAMPS)
DRMS( DRMSTURBVD, DWNTURBVD, TURBVD , SAMPS)
DRVS( DRVSTURBWD, DIWNTURBWD, TURBWD , SAMPS)

DRVS( DRVBTURBP, DVNTURBP, TURBP, SAMPS)
DRVS( DRVBTURBQ, DMVNTURBQ, TURBQ SAMPS)
DRVS( DRVBTURBR, DVNTURBR, TURBR, SAMPS)

DRVS( DRVBFI LUD, DVNFI LUD, FILUD, SAMPS)
DRVS( DRVBFI LVD, DWNFI LVD, FILVD, SAMPS)
DRVS( DRVBFI LWD, DVNFI LWD, FI LWD, SAMPS)
DRVS( DRVBFI LP, DWNFI LP, FILP, SAMPS)
DRVS( DRVBFI LQ DWNFI LQ FILQ SAMPS)
DRVS( DRVBFI LR, DWNFI LR, FILR, SAMPS)

! FOLLOW NG ADDED 5- 8- 97
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DRVS( DRMSTURALP , DWNTURBALP, TURBALP, SAMPS)
DRMVS( DRMSTURBBET, DMNTURBBET, TURBBET, SAMPS)

DRMS( DRMSTURALPD , DMNTURBALPD, TURBALPD, SAMPS)
DRMS( DRMSTURBBETD, DMNTURBBETD, TURBBETD, SAMPS)

DRMS( DRVSFI LA , DWNFI LA
DRMS( DRVSFI LB , DWNFI LB ,
DRMS( DRVSFI LAD, DIVNFI LAD,
DRMS( DRVSFI LBD, DIVNFI LBD,

FI LA , SAWPS)
FILB , SAWPS)
FI LAD, SAMPS)
FI LBD, SAMPS)

FI LAD2, FILBD2 ADDED 6-29-97

DRMS( DRMSFI LAD2, DWNFI LAD2, FI LAD2, SAMPS)
DRMS( DRVSFI LBD2, DWNFI LBD2, FI LBD2, SAMPS)

DRVS( DRVBTURBQ2, DVNTURBQR2, TURBQ, SAMPS)
DRVS( DRVBTURBR2, DVNTURBR2, TURBR2, SAMPS)

DRMS( DRMSFI LUD2, DIWNFI LUD2, FI LUD2, SAMPS)
DRMS( DRVSFI LVD2, DWNFI LVD2, FI LVD2, SAMPS)
DRMS( DRVSFI LWD2, DWNFI LWD2, FI LWD2, SAMPS)

XCORR( XCORTW MXMTW TURBW TURBW SAMPS,
XCORR( XCORFW  MXMFW  FI LW  FI LW SAMPS,

XCORR( XCORTV, MXMIV, TURBV, TURBV, SAMPS,
XCORR( XCORFV, MXMFV, FILV, FILV, SAWPS,

1)
1)

1)
1)

XCORR( XCORTQWN MXMITQW TURBQ, TURBW SAMPS,
XCORR( XCORFQWN  MXMFQW  FILQ  FI LW SAMPS,

XCORR( XCORTRV, MXMIRV, TURBR, TURBV, SAMPS,
XCORR( XCORFRV, MXMFRV, FILR, FILV, SAWPS,

ML STD calcs, u,v,wp,q,r

DRVS( DRVBM LUK, DVNM LUK,
DRVS( DRVBM LVK, DVNM LVK,
DRVS( DRVBM LWK, DVNM LVKK,
DRVS( DRVBM LPK, DVNM LPK,
DRVS( DRVBM LQK, DVNM LQX,
DRVS( DRVBM LRK, DVNM LRK,

ADDED 8- 28-97

M LUK, SAMPS)
M LVK, SAMPS)
M LVK, SAMPS)
M LPK, SAMPS)
M LQK, SAMPS)
M LRK, SAMPS)

DRMS( DRVSM LUDK, DWVNM LUDK, M LUDK, SAMPS)
DRMS( DRVSM LVDK, DWMNM LVDK, M LVDK, SAMPS)
DRMS( DRVSM LVWDK, DWNM LWDK, M LWDK, SAMPS)

END ! of DI SCRVMS DI SCRETE

[ S R R R R R R R R |



| I |
|

DI SCRETE ASC

| NTERVAL TSASC = 0. 0125
!

CALL ASCFM T, &
TURBU, TURBV, TURBW FI LU, &
FI LV, FI LW TURBUD, TURBVD, &
TURBWD, Fl LUD, FI LVD, Fl LVD, &
FI LNY, FI LNV, FI LNW FI LNP, &
TURBP, TURBQ TURBR, &
FI LP, FI LQ FI LR, TURBALP, &
TURBBET, TURBALPD, TURBBETD, FI LA, &
FI LB, FI LAD, FI LBD, TURBQ2, &
TURBRZ, FI LUDZ, FI LVD2, FlI LVD2, &
FI LADZ, FI LBDZ2, M LUK, M LVK, &
M LVK, M LPK, M LXK, M LRK, &
M LUDK, M LVDK, M LVDK, &

NUMOUT,  TSTP)
TERMI( T. GE. TSTP)
END !--cncnnn-- ASC DI SCRETE

END ! OF DYNAM C!
I

TERM NAL
I
CALL WSTATS (T,

DRVSTURBU, DRVSTURBY, DRMSTURBW
DRVSTURBP, DRVSTURBQ, DRMSTURBR,
DRVBTURBQ2, DRMSTURBRZ,
DRVSFI LU, DRMSFI LV, DRVSFI LW
DRVSFI LP, DRMSFI LQ, DRVBFI LR,
DRIVSFI LNU, DRVBFI LNV, DRVSFI LNW DRMSFI LNP,
DRVSTURBUD, DRMSTURBVD, DRMSTURBVD,
DRVSFI LUD, DRVSFI LVD, DRVSFI LVD,
DRVSFI LUD2, DRVSFI LVD2, DRMSFI LWD2,
DRVSTURALP, DRMSTURBBET,
DRVSTURALPD, DRMSTURBBETD,
DRVSFI LA, DRVSFI LB, DRVSFI LAD, DRVSFI LBD,
DRVSFI LAD2, DRVSFI LBD2,
DIVNTURBU, DIVNTURBYV, DMNTURBW
DIVNTURBP, DVNTURBQ, DMNTURBR,
DWNTURBQZ, DMNTURBRZ,
DWNFI LU, DIMNFI LV, DIMNFI LW
DWNFI LP, DMNFI LQ, DIMNFI LR,
DIMNFI LNU, DIVNFI LNV, DMNFI LNW DIMNFI LNP,
DIMNTURBUD, DMNTURBVD, DMNTURBWD,
DMNFI LUD, DIVNFI LVD, DMNFI LWD,
DWNFI LUD2, DMNFI LVD2, DMNFI LWD2,
DWMNTURBALP, DMNTURBBET,
DMNTURBALPD, DMNTURBBETD,
DWNFI LA, DIMNFI LB, DIMNFI LAD, DMNFI LBD,

Ro Ro R0 Ro Ro Ro Ro R0 R0 R0 R0 R0 R0 RO RO RO RO RO RO RO RO RO RO RO RO Ro
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END ! END OF TERM NAL

DWNFI LAD2, DMNFI LBD2,

DRVBM LUK, DMNM LUK, DRVSM LVK, DM\M LVK|,
DRVBM LV, DMNM LVK, DRVSM LPK, DM\M LPK,
DRVBM LQK, DMNM LQK, DRVSM LRK, DM\M LRK,
DRVEM LUDK, DVNM LUDK, DRVSM LVDK, DVNM LVDK,
DRVSM LVWDK, DMNM LVADK)

END ! OF PROGRAM
SUBROUTI NE WSTATS (T,

c

*kkkk kK
Cc

c

* % %
Cc

* Kk k k%

C

Ck*****************************************************************

L T N L T N N T

L T N S T T N T T I R

* % %

35 +2 = 37 rns
DRVSTURBU, DRVSTURBYVY,
DRVSTURBP, DRMSTURBQ
DRMSTURBQ2, DRVSTURBR2,
DRVSFI LU, DRVSFI LV,
DRVSFI LP, DRMSFI LQ,
DRIVBFI LNU, DRVBFI LNV,
DRVSTURBUD, DRVSTURBVD,
DRIVBFI LUD, DRVSFI LVD,
DRIVBFI LUD2, DRVBFI LVD2,
DRVSTURALP, DRVSTURBBET,
DRVSTURALPD, DRMSTURBBETD,
DRVSFI LA, DRVSFI LB,
DRVSFI LAD2, DRVSFI LBD2,

35 + 2 =

EE R S I R I I S R S I S A I
DVNTURBU, DVNTURBYV,
DVNTURBP, DIVNTURBQ,
DIVNTURBQ2, DWNTURBRZ2,
DIVNFI LU, DIVNFI LV,
DIVNFI LP, DIVNFI LQ,
DIVNFI LNU, DIVNFI LNV,
DVNTURBUD, DVNTURBVD,
DIVNFI LUD, DNFI LVD,
DIVNFI LUD2, DWNFI LVD2,
DVNTURBALP, DVNTURBBET,
DWNTURBALPD, DMNTURBBETD,
DIWNFI LA, DWNFI LB,
DWNFI LAD2, DWNFI LBD2,
DRVBM LUK, DVNM LUK,
DRVBM LVK, DVNM LVK,
DRVSM LK, DIVNM LQK
DRVBM LUDK, DVNM LUDK,
DRVBM LVADK, DVNM LVDK)

C  SUBRCUTI NE WETAT

nmeans + 12 m |l s= 49 val ues

DRVSTURBW
DRVBTURBR,

DRVSFI LW
DRVBFI LR,
DRIVBFI LNW
DRVBTURBWD,
DRVBFI LVD,
DRVBFI LWD2,

DRVSFI LAD,

DIMNTURBW
DMWMNTURBR,

DMNFI LW
DWNFI LR,
DIMNFI LNW
DVNTURBWD,
DMNFI LVD,
DWNFI LVD2,

DMNFI LAD,

DRVBM LVK,
DRVBM LPK,
DRVBM LRK,
DRVBM LVDK,

Ro Ro Ro Ro Ro

PR R R R R R R R R I

DRVSFI LNP,

DRVSFI LBD,

DMNFI LNP,

DMNFI LBD,

DMAM LVK,
DM\M LPK,
DMAM LRK,
DVMAM LVDK,
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C- VWRITES AN QUTPUT FI LE I N THE GETDATA FORVAT ASC. to | MPORT TO EXCEL
or KG
Ck*****************************************************************
c

DI MENSI ON XLAB2( 93)

CHARACTER* 16 XLAB1, XLAB2

DATA XLAB1 /' nanes'/

DATA NSIMCH2 / 93 /
C%*****************************************************************
c
g cy I NCLUDE ' dpguststats.inc'

c

C%*****************************************************************

C
DATA XLAB2/ 'nanes',

S******* 35 rns kkkkkhkhkhkhkkkkkhkkhkhkhkhkhkkkhkkhkk kikikikkkkk*
Cc
* 'DRMSTURBU , ' DRMSTURBY' , ' DRMSTURBW ,
* ' DRMSTURBP', ' DRMSTURBQ , ' DRMSTURBR',
* ' DRMSTURBQZ' , ' DRMSTURBR2'
* " DRMSFI LU " DRMSFI LV, " DRVSFI LW,
* " DRMSFI LP " DRMSFI L@ ' DRMSFI LR,
* "DRVSFI LNU , ' DRVSFI LNV, " DRMSFI LNW, ' DRMSFI LNP'
* ' DRMSTURBUD' , ' DRMSTURBVD , ' DRMSTURBWD' ,
* "DRVSFI LUD , ' DRVSFILVD , ' DRVMSKI LWD'
* " DRVSFI LUD2' , ' DRVSFI LVD2', ' DRMSFI LVWD2'
* ' DRMSTURALP' , ' DRVMSTURBBET' ,
* ' DRMSTURALPD , ' DRMSTURBBETD'
* " DRMSFI LA, ' DRMSFI LB, ' DRMSFI LAD ' DRMVSFI LBD
Cc

c * kkkk k% 37 means + 2 rnse +12 ml EE R R T I I I I

* ' DUINTURBU ' DUWTURBV' " DMNTURBW ,

* ' DUNTURBP' " DMNTURBQ ' DUWTURBR

* ' DUWNTURBR', 'DWNTURBR2',

* ' DWFI LU , " DWFI LV, " DWNFI LW,

* ' DWFI LP', ' DWFI L@ , ' DWFI LR,

* " DWNFI LNU " DWNFI LNV, " DMNFI LNW " DMNFI LNP
* "DWNTURBUD , 'DWNTURBVD , ' DWNTURBWD ,

* " DWNFI LUD " DWNFI LVD " DWFI LWD'

* " DMNFI LUD2', ' DIWNFILVD2', ' DWNFI LWD2'

* ' DUNTURBALP' , ' DIMNTURBBET" ,

* " DUNTURBALPD , ' DIMNTURBBETD' ,

* " DWNFI LA, ' DWFI LB' , " DWNFI LAD " DWFI LBD'
* ' DRMSFI LAD2' , ' DRVSFI LBD2', ' DIWNFI LAD2' ' DMNFI LBD2'
* "DRVMSM LUK, ' DM\M LWK', ' DRVMSM LWK'

* ' DM\M LVK' ' DRVMSM LW, ' DM\M LWK'

* 'DRMSM LPK', ' DM\M LPK', ' DRVBM LXK,

* ' DM\M LQX' '"DRVMSM LRK', ' DM\M LRK',

* ' DRVMSM LUDK' , ' DMNM LUDK' , ' DRVMSM LVDK' ,

* ' DM\M LVDK' , ' DRVSM LWDK', ' DMNM LVWDK'  /
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C OPEN A DATA CHANNEL FOR WRI TI NG THE GETDATA ASC FORMAT FI LE.

C

OPEN (33, FI LE=" KGACSL. ASC , STATUS=" UNKNOWN )

C
C WRITE QUT DATA IN TO FI LE FOR USE | N GETDATA.
C

17,/ nChans' ', t 14,1 3)" ) NSI MCH2- 1

DRVSTURBW
DRVBTURBR,

DRVSFI LW
DRVBFI LR,
DRIVBFI LNW
DRVBTURBWD,
DRVBFI LVD,
DRVBFI LWD2,

DRVSFI LAD,

DRVSFI LNP,

DRVSFI LBD,

I S EE R R R I I O I

DIMNTURBW
DWMNTURBR,

DMNFI LW
DWNFI LR,
DIMNFI LNW
DVNTURBWD,
DMNFI LVD,
DWNFI LVD2,

DMNFI LAD,
DWNFI LAD2,
DRVBM LVK,
DRVBM LPK,
DRVBM LRK,
DRVBM LVDK,

FI LU,
TURBVD,
Fl LVD,
FI LNP,

DMNFI LNP,

DMNFI LBD,
DWNFI LBD2,
DMAM LVK|,
DM\M LPK,
DMAM LRK,
DWMAM LVDK,

WRI TE(33,"' ("' fornmat asc 2
WRI TE(33, "' (6al3)') XLAB1, (XLAB2(1), =2, NSI MCH2)
WRI TE(33,"' (' 'data001'')")
C
WRI TE(33,' (6G13.7)") T,
* DRVSTURBU, DRVSTURBY,
* DRVSTURBP, DRVSTURBQ,
* DRVSTURBQ2, DRVBTURBR2,
* DRVSFI LU, DRVSFI LV,
* DRVSFI LP, DRVBFI LQ,
* DRVSFI LNU, DRVBFI LNV,
* DRVSTURBUD, DRVSTURBVD,
* DRVSFI LUD, DRVSFI LVD,
* DRVBFI LUD2, DRVBFI LVD2,
* DRVSTURALP, DRVSTURBBET,
* DRVSTURALPD, DRMSTURBBETD,
* DRVSFI LA, DRVSFI LB,
C ******* 37 nmeans + 2 rns + 12 m
* DIMNTURBU, DVNTURBY,
* DNTURBP, DMNTURBGQ,
* DMNTURBQ2, DWVNTURBRZ,
* DWNFI LU, DWNFI LV,
* DWNFI LP, DWNFI LQ,
* DIMNFI LNU, DIVNFI LNV,
* DIVNTURBUD, DIVNTURBVD,
* DIVNFI LUD, DIWNFI LVD,
* DINFI LUD2, DWNFI LVD2,
* DNTURBALP, DMNTURBBET,
* DVMNTURBALPD, DWMNTURBBETD,
* DWNFI LA, DWNFI LB,
* DRVBFI LAD2, DRVSFI LBD2,
* DRVEBM LUK, DVAM LUK,
* DRVBM LVK, DMAM LVK,
* DRVBM LXK, DMNM LXK,
* DRVBM LUDK, DVNM L UDK,
* DRVBM LWDK, DVAM LVWDK
c
CLOSE( 33)
c
RETURN
END
SUBROUTI NE ASCFM T,
* TURBU, TURBV, TURBW
* FI LV, Fl LW TURBUD,
* TURBWD, FI LUD, Fl LVD,
* Fl LNY, Fl LNV, FlI LNW
* TURBP, TURBQ, TURBR,
* FI LP, FI LQ FI LR,

TURBALP,
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* % %k X % X X

C

TURBBET,
FI LB,
TURBRZ,
FI LADZ,
M LVK,
M LUDK,
NUMOUT,

TURBALPD, TURBBETD, FI LA,
FI LAD, FI LBD, TURBQ2,
FI LUDZ, FI LVD2, FlI LVD2,
FI LBDZ2, M LUK, M LVK,
M LPK, M LXK, M LRK,
M LVDK, M LVDK,

TSTP)

C%*****************************************************************

C*  SUBRQUTI NE ASCFM
C* WRITES AN QUTPUT FILE I N THE GETDATA FORMAT ASC.

C%*****************************************************************

C

cicy IMPLICIT REAL*8 (a-h, 0-2)

c

DI MENSI ON XLABEL2(47)
CHARACTER*16 XLABEL1, XLABELZ2

cjcy was real *8

REAL M LUK, MLVK, MLWK, MLPK ML M LRK
M LUDK, M LVDK, M LWDK

*

DATA XLABEL1 /' nanes'/
DATA NSI MCH2 / 47/

DATA XLABEL2/' nanes',

*
*
*
* 1
* 1
* 1
* 1
* 1
* 1
* 1
* 1
*

TURBU ,
FI LV,

FI LNU ,
TURBP' ,
FI LP,

TURBBET" ,

FI LB,

TURBR2'
FI LAD2'
M LW,
M LUDK'

" TURBWD

TURBV' ,
FI LW,
FILUD ,
FILNV ,
TURBQ ,
FILQ ,
TURBALPD
FI LAD ,
FILUD2' ,
FI LBD2' ,
M LPK' ,

M LVDK' ,

TURBW , "FILU ,
TURBUD ' TURBVD
FI LVD , "FILWD
FI LNW, "FILNP",
TURBR' ,

FILR , " TURBALP' ,
TURBBETD , 'FILA",
FI LBD , "' TURBQ' ,
FI LVD2' , " FI LWD2'
M LUK, "M LVK ,
M LXK, "M LRK,
M LVDK'  /

C OPEN A DATA CHANNEL FOR WRI TI NG THE GETDATA ASC FORMAT FI LE.

IF((T .EQ 0.0) ) THEN
OPEN (3, FI LE=' ACSL. ASC , STATUS=" UNKNON' )

C WRITE QUT DATA IN TO FI LE FOR USE | N GETDATA.

WRITE(3,' (''format asc 2
WRI TE(3, ' (6al3)') XLABEL1, (XLABEL2(I1),1=2, NSI MCH2)
WRI TE(3,' (' 'data001'')")
| NTERVA = NUMOUT

ENDI
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b B N S T T R

IF(T .GE. 0.0 .AND. T .LT. TSTP)
| F (1 NTERVA . EQ NUMOUT) THEN
WRI TE(3,' (6G13.7)') T,

TURBU, TURBV, TURBW
FILV, FI LW TURBUD,
TURBWD,  FI LUD, FI LVD,
FI LNU, FI LNV, FI LNW
TURBP, TURBQ TURBR,
FILP, FILQ FILR,
TURBBET, TURBALPD, TURBBETD,
FI LB, FI LAD, FI LBD,
TURBR2,  FILUD2,  FILVD2,
FILAD2, FILBD2, M LUK,
M LVK, M LPK, M LQK,
MLUDK, MLVDK, M LWK

I NTERVA = 1
ELSE

I NTERVA = | NTERVA + 1
ENDI F

ENDI F

| F(T .GT. TSTP) CLOSE(3)

RETURN

END

THEN

FI LU,
TURBVD,
Fl LVD,
FI LNP,

TURBALP,
FI LA,
TURBQR,
FI LVWD2,
M LVK,
M LRK,
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Time History Plots

Numerous 100-second runs were made with the GUSTMDL test program to produce turbulence sequences
for analysis of the continuous, Tustin, and MIL STD turbulence models. Simulated aircraft velocities of
100 ft/sec and 1000 ft/sec were used. Sample time history plots of the first 10 seconds of these sequences for
each modd areincluded in figures 1 through 3 for V = 100 ft/sec and in figures 4 through 6 for V = 1000

ft/sec.
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Figure 1. Sample time histories; V =100 ft/sec - continuous model.
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Power Spectral Densities

Performance of the three implemented turbulence models was evaluated by computing the power spectral
densities (PSD) of results of simulated turbulence from the GUSTMDL program. These PSD’s of the
simulated turbulence components were then compared to the theoretical Dryden spectral model components.
Equations used to compute the PSD for each model are listed in the section below, and the MATLAB m-files
used to implement these equations and produce the PSD plots follow in the next section.

Equations

The two-sided theoretical power spectral densities for the continuous model were provided by the
Government from the Dryden model (ref. 1) and are listed bel ow as equations (36) through (41).
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0& T, 1

SJ(CU) = T 1+ (Tuw)Z -
1~ agrv 1+ 3(1'\,0))2
S(w) =5 Py(w) = (37)
2 21 (1 +(va)2)2
1~ _o’t, 1+3(1,w)*
==0 = “w'w w
Su(w) > w(®) o (1+(Tww)2)2 -
o, 1
w) =
Sp(w) T 1 (pr)z (39)
Sq(w)z (Ct)/V)2 . (w) “0)
1+ (4, /m)(w/V)]
(wVv)? "

“= 1+[(30y,/ (@ V)]|”

The theoretical power spectral densities for the Tustin model were provided by the Government and are
listed below as equations (42) through (51).

T 2 2w [1+ cos{aT, )]
Ggu(w) = 24 |H ( ""TV) = —u=u : 42
() 2nl u\® m (w& +C§L) +(w§ —Cé,_)cos(wTV) @
Ggi (w) =2T—‘7’T "'i(eij")2 for i=v,w

B Kizaiz[az +b? +c? + 2(ab + bc) cogwT;, ) + 2ac cos(ZwTv)] “3

~ d?+e? + 2 +2(de+ef ) cog(aT,, ) + 2df cog(24T, )
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where

where

where

w =V/L

NG

w]
I o |

a=Cg +w
b=2w /3

= for 1 =Vv,W
c=w/v3-

w

O
vs)
~
(I

O
d =(co| +CBL)2 O
e= 2(0%2 _CéL) 0
[l
f=(w-Ca ) H

2 _ J%a)p [1+ cos(aT,, )]

Gep(w) = 5~ |H p(ej wTV)

2, 2 2 _~2
T (wp + CBLp) +(wp - CBLp)cos(wTv)

Gag() = Ho[€" | Gaa(0)

2 ZCéLq 1- cog(uT;))
V2 MG +MZ_ +2Mg M cos(aT, )

e ™)

Mg+ =1+ TqCBLq =
_ L
Mq_ =1- TqCBLq a

: 2
Gyr (w) = Hr(erTV) Gav(w)
2
[ = 2B 1- code,)
r - 2 2 2
VZ  Mf: + M +2M, M, _ cos(aT,)

Mr+ =1+7,Cg, B
U
M- =1-7,Cg,

(44)

(45)

(46)

(47)

(48)

(49)

(30)

(51)

The theoretical power spectral densities for the MIL STD model were provided by the Government ad
are listed below as equations (52) through (57).
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where

where

38

T2 5 for i= uv,w,p (52

1+(1—ai)2 - 2(1- &) co(wT,))

H; (eJ wly ) = Iu \‘"Zhai.

' 1-(1-g)e ¥V
J— for i= uv,w,p (53)
_ Ty~ 25
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(>4
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Code

(57)

The PSD equations listed in the previous section were coded into MATLAB m-file figl2dat.m. Time
history sequences from the GUSTMDL simulation were input using the gdload utility avoiding conversion of
input files prior to use of the MATLAB m-files. Execution of figl2dat.m required assigning a value for the
velocity V to correspond with the velocity used in the input file obtained from the GUSTMDL program.
Using the gdwrite utility, the m-file produces output files in the asc2 format which is compatible with one of
the plotting programs used by the DCB researchers. Source code for the m-file figl2dat.m is presented

below.

% Conput es data for PSD plots file=figl2dat.

%

%* * * *x k% * *x % % *x * % *x * % * *x * * *x * *

% First calc theoretical psd's
%**********************

%

% Snu = sanpling function transform

% Hxsg = magnitude in dB of transfer function for x-conponent
% Sx = spectrum of -, r-conponents

% Tnu = sanmpling interval = 1/80

% Lu = Lw = Lv = Lvw = Dryden scale length

% sigma = sigu = sigw = sigv = std dev of turbul ence

Tnu = 0.0125;

V = 100.;

bwi ng = 37.42;

Lu = 1750;

Lw = 1750;

Lp = sgrt(Lw*bw ng)/ 2. 6;
sigm = 5.;
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sigp = 1.9/sqgrt (Lw*bwi ng) *si gng;
Npts = 200;

ft = logspace(-2,2, Npts)"';

w = 2. *pi*ft;

tauu = Lu/V;

tauw = Lw/V;

taup = Lp/V;

tauq = 4.*bwi ng/ (pi *V);

taur = 3.*bwi ng/ (pi*V);

Kw = sigma”2*tauw/ (2*pi);
Ku si gma™2*t auu/ pi ;
Kp = sigp”2*taup/ pi;

%* * * % *x % *x * * *x % *x % *x * * *x * *x * * *

% Pre-allocate vectors

%* * * % *x % *x * * *x % *x % *x * * *x * *x * * *

zeros(size(w);
zeros(size(w);
Su = zeros(size(w);
Sp = zeros(size(w);
Hgsqg = zeros(size(w));
Hrsqg = zeros(size(w));
Sq = zeros(size(w);

Sr = zeros(size(w);

Gdu = zeros(size(w);
Gdw = zeros(size(w);

Gdp = zeros(size(w))
Gdqg = zeros(size(w);
Gdr = zeros(size(w));

%

Grilu = zeros(size(w);
Grilw = zeros(size(w));
Grilp = zeros(size(w);
Grilq = zeros(size(w);
Grilr = zeros(size(w);

%* * * % *x % *x * * *x % *x * *x * * *x * *x * * *

% Calculate psd's

%* * * % *x % *x * * *x % *x * *x * * *x * *x * * *

for i = 1:Npts,

Snu(i) = 10.*1 0gl0(si n(w(i)*Tnu/2.)~2/ (W(i)*Tnu/ 2.)2):

N=1. + 3. *(tauw*w(i))"2;
D= (1+ (tauw*w(i))"2)"2;
Sw(i) = 10.*1 0ogl0( Kw*N D) ;

Su(i) = 10.*10gl0(Ku/ (1. + (tauu*w(i))"2)):
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Sp(i)

Hgsq(i)

10. *1 0g10((W(i )/ V) A2/ (1 +

Hrsq(i)

10. *1 0g10( (W(i )/ V) "2/ (1

+

Sq(i)

Sr(i)

Hasq(i) + Sw(i);

Hrsqg(i) + Swi(i);
end

%

%* * * % *x * *x * % *x % *x * *x * * *x %

% calc discrete theoretical psd's

%* * * % *x * *x * % *x % *x * *x * * *x %

%

%* * *x % % * *x * % *x % *x * *x * * *x %

% u-conponent constants
%* * * * * * * * * * * * * * * * * *
%
wud = 1./tauu;
cfil = wud/tan(wud*Tnu/2.);
sdnois = 1.
kud = sigma*sqrt(tauu/pi);
cud = sdnois*sqrt(pi *(wud + cfil));
ufacl = kud*2*wud”2;
udl wud”2+cfil 22
ud2 wud”2-cfil 72;

%
% M| constants - u
au = Tnu/tauu;
onemau = 1. - au;
onemausqg = onenmau”2
Tnusg = Tnu”2,
si gusg=si gma"2
m | unume Tnusq/ (pi *t auu) *si gusq;

%

10. *1 0g10(Kp/ (1. + (taup*wi))"2));

(taug*w(i))"2));
(taur*w(i))"2)):

%* * * % % * *x * % *x % *x * * * * *x * *x * * *x

% v and w conponent constants

%* * * % % * % * % *x % *x * * * * *x * *x * * *x

%

wdw 1./tauw;

%

kwd sgrt(3./(2. *tauw*pi));
wosr3 = wdw/ sqrt(3.);

2. (wdwr2-cfi | A2)
(wdw cfil)A2;

a =cfil + wosr3;
b = 2. *wosr 3;

c = wosr3- cfil;
wnc = wdwtcfil;
d wnch2;

e

f
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wfacl
abcsum
def sum

kwd”2*si gnma2;
ar2+b"2+c”2;
dr2+enr2+f £ 2;

%
% M| constants - w, Vv
aw = 2.*Tnu/tauw;
onemaw = 1. - awv,
onemawsq = onemaw”2,;
m | wnunm= Tnusqg/ (pi *t auw) *si gusq;

%

%* * * % *x % *x * * *x % *x % *x * * *x * *x * * *

% p-conponent constants
%* * * * * * * * * * * * * * * * * * * * * *
%

wpd = 1./taup;

pcfil = wpd/tan(wpd*Tnu/2.);

mapt (1. + pcfil*taup);

nmpt (1. - pcfil*taup);

kpd = sigp*sqrt(taup/pi);

%

%

% M1 constants - p
ap = Tnu/taup;
onemap = 1. - ap;

onemapsq = onenmap”2;
sigpsq = sigp"2;
m | pnume Tnusq/ (pi *t aup) *si gpsq;

%* * * % *x % *x * * *x % *x % *x * * *x * *x * * *

% (- conponent

%* * * % *x % *x * * *x % *x % *x * * *x * *x * * *

%

wgd = 1./tauq;
cfilg = wgqd/ tan(Tnu/ (2. *tauq));
magqt = (1. + cfilg*tauq);
mgt = (1. - cfilg*tauq);
kgd = cfilqg/V,

%

%

% M| constants - ¢
aq = Tnu/taugq;
onemaq = 1. - aq;

% onemaw defi ned above
Xgw = 2. - aq - aw,

Ygw = onenmag*onemaw;

milgwkl = 1. + Xgw'2 + Yqw'2;
mlgwk2 = 2. *Xgw* (1. + Ygw);
mlgwk3d = 2.* Yqw,

kg = pi/(4.*bw ng);

kw = sigma*sqrt (2. *aw) ;
Tnuov2pi = Tnu/ (2. *pi);
kgsqg=kg”"2;

kwsg=kw"2;
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m | gwnkl= Tnuov2pi *kqsqg*kwsq;
% m | gwnkl= Tnuov2pi *3*kqgsqg*kwsq;
%

%* * * % *x * % * % *x % *x * * * * *x * *x * * *x

% r-conmponent constants

%* * * % *x * % * % *x % *x * * * * *x * *x * * *x

%
wd = 1./taur;
cfilr = wd/tan(Tnu/ (2. *taur));
mart = (1. + cfilr*taur);
mrt = (1. - cfilr*taur);
krd = cfilr/V,

%

% MI| constants - r
ar = Tnu/taur;
onemar = 1. - ar;

% onemaw, aw defined above
Xrv = 2. - ar - aw,

Yrv = onenmar*onemaw,

mlrvk4d = 1. + Xrv*r2 + Yrv/h2;
mlrvks = 2. *Xrv*(1. + Yrv);
mlrvké = 2.* Yrv;

kr = pi/(3.*bw ng);
% kw defined above
kv = kw,
%  Tnuov2pi defined above
krsq=kr"2;
kvsq=kv~2;
m | rvnkl= Tnuov2pi *krsg*kvsq;
% mlrvnkl= Tnuov2pi *3*krsqg*kvsq;
%
%* * * * * * * * * * * * * * * * * * * * * *
% Calculate psd's
%
% u-conponent
%* * * * * * * * * * * * * * * * * * * * * *
%
for i = 1:Npts,

coswt = cos(w(i)*Tnu);

cos2wt = cos(2*wW(i)*Tnu);
UN = ufacl*(1. + cosw);
UD = (udl + (ud2*coswt));

Gdu(i) = 10.*l oglO(UN UD);

%

% M1 specs - u

%
mlud = 1. + onenausq - 2.*onenmau*cosw ;
Grilu(i) = 10.*10og10(m [ ununm m | ud);

%

%* * * % % * % * % *x % *x * * * * *x * *x * * *x

% v and w conponent

%* * * % % * % * % *x % *x * * * * *x * *x * * *x
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%

wfac2 = 2.*(a*b + b*c)*cosw ;
wfac3 = 2. *a*c*cos2wt ;
wfacd4 = 2.*(d*e + e*f)*cosw;
wfach = 2. *d*f*cos2wt ;
%
W/N = wfacl*(abcsum + wfac2+ wfac3);

W/D = defsum + wfac4 + wfach;
Gdw (i) = 10.*1 0ogl0( WN WD) ;

%

%

% M1 specs - w, Vv

%
mlwd = 1. + onemawsq - 2.*onenmaw*Ccosw ;
Gmilw(i) = 10.*1 0ogl0(m | wnun m | wd) ;

%

%* * * % *x % *x * * *x % *x % *x * * *x * *x * * *

% p-conponent

%**********************

%
PN
PD

kpdn2*2.*(1. + coswt);
mapt "2 + Mmpt~2 + 2. *mapt *mmpt *(coswt ) ;

Gdp(i) = 10.*| 0g10( PN PD):

% M| specs - p

mlpd = 1. + onenmapsq - 2.*onenmap*cosw ;
Gmilp(i) = 10.*1 oglO(m | pnum m | pd);

%* * * % *x % *x * * *x % *x % *x * * *x * *x * * *

% (- conponent

%* * * % *x * *x * * *x % *x % *x * * *x * *x * * *

%
N = kqdn2*2.*(1. - cosw);
Q@ = maqt*2 + mmt*2 + 2. *nmagt *mmygt *(coswt ) ;

Gdg(i) = 10.*1 0oglO(QV QD) + Gdw(i);

%

%

% M1 specs - ¢

%
mlgwnk2 = (2. - 2.*coswt);
m | gwnum = m | gwnk1*m | qwnk2;

mlgwd = mlgwkl - mlgwk2*coswt + m | qwk3*cos2wt ;
Gmlq(i) 10. *1 0og10(mi | gwnun mi | qwd) ;
%

%* * * % *x % *x * * *x % *x % *x * * *x * *x * * *

% r-conponent

%* * * % *x % *x * * *x % *x * *x * * *x * *x * *x *

%
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RN
RD

krdr2*2.*(1. - coswt);
mart"2 + mrt”~2 + 2. *mart*mmt*(coswt);

Gdr (i) = 10.*1 0gl0(RN RD) + Gdwv(i);
%
%
% M| specs - r
%
%
% m | gwnk2 defined above
mlrvnk2 = m | gwnk2;
mlrvnum = mlrvnkl*mlrvnk2;
mlrvd = mlrvk4 - mlrvk5*coswt + mlrvk6*cos2wt ;
Grilr(i) = 10.*loglO(m I rvnuni mlrvd);
%
end
%

%* * * % % * % * % *x % *x * * * * *x * *x * * *x

% Now cal ¢ MEASURED psd's of run gustrxxx.asc2 data
%* * * * * * * * * * * * * * * * * * * * * *

%

% First load data fromrun gustrxxx.asc2

%

gdl oad gustr32.asc2

%

% Now do continuous psd's

%

nfft = 1024;
nov = 512;
fs = 80;

wi n = hanni ng(1024);

SF = norm(w n) "2/ sum(wi n)"2;

%

[Puc,fm = psd(turbu,nfft,fs,w n, nov);
Puc = 10.*| 0gl0( Puc*SF);

%

[Pvc,fm = psd(turbv,nfft,fs,w n, nov);
Pvc = 10.*| 0ogl0(Pvc*SF);

%

[Pwe, fm = psd(turbw, nfft,fs,w n, nov);
Pwc = 10. *1 0g10( Pwc* SF) ;

%

[Ppc,fm = psd(turbp,nfft,fs,w n, nov);
Ppc = 10.*| 0ogl0( Ppc*SF);

%

[Pgc,fm = psd(turbg,nfft,fs,w n, nov);
Pgc = 10.*| 0ogl0(Pgc*SF);

%

[Prc,fm = psd(turbr,nfft,fs,w n, nov);

Prc = 10.*| 0oglO(Prc*SF);

%

% Now do discrete psd's

%

[Pud,fm = psd(filu,nfft,fs,w n,nov);
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Pud = 10. *1 0g10( Pud*SF);

%

[Pvd,fm = psd(filv,nfft,fs,w n,nov);
Pvd = 10.*1 0gl10( Pvd*SF);

%

[Pwd, fm = psd(filw, nfft,fs,w n,nov);
Pwd = 10.*| 0gl10( Pwd* SF) ;

%

[Ppd, fm = psd(filp,nfft,fs,w n,nov);
Ppd = 10. *l 0gl0( Ppd* SF);

%

[Pad, fm = psd(filqg,nfft,fs,w n,nov);
Pgd = 10.*l ogl0( Pgd* SF) ;

%

[Prd,fm = psd(filr,nfft,fs,w n,nov);
Prd = 10.*l ogl0(Prd*SF);

%

%

% Now do discrete m| spec psd's

%

[Pmlud, fm = psd(mluk,nfft,fs,w n, nov);
Pmilud = 10.*1 0og10( Pmi | ud* SF);

%

[Pmlvd, fm = psd(mlvk,nfft,fs,w n, nov);
Pmilvd = 10.*1 0og1l0( Pmi | vd* SF) ;

%

[PmIwd, fm = psd(mlwk, nfft,fs,w n, nov);
Pmlwd = 10.*1 0og10( Pmi | wd* SF) ;

%

[PmIpd, fm = psd(nmlpk,nfft,fs,w n, nov);
Pm | pd = 10.*l 0g10( Pmi | pd*SF) ;

%

[Pmlqgd, fm = psd(nmlgk,nfft,fs,w n, nov);
Pmlgqd = 10.*l 0og10(Pm | qd*SF);

%

[Pmlrd,fm = psd(nmlrk,nfft,fs,w n, nov);
Pmilrd = 10.*l og10(Pmi | rd*SF);

%* * * % *x % *x * * *x % *x % *x * * *x * *x * * *

% Wite results

%* * * * * * * * * * * * * * * * * * * * * *

%

outvect = ['ft Snu Su Sw Hgsg Hrsg Sp Sq Sr Gdu Gdw Gdp Gdg Gdr Gmilu
Grilw Grnilp Grilg Gmilr'];

gdwrite('figl2dattj.asc2 asc2', outvect)

gdwrite(' figl2datnj.asc2 asc2','fm Puc, Pvc, Punc

Ppc, Pqc, Prc, Pud, Pvd, Pwd, Ppd, Pqd, Prd, Pm | ud, Pm | vd,

Pmi |l wd, Pmi | pd, Pmilqd, Pmilrd")

Plots
PSD’ s of sample sequences of each turbulence component were produced using figl2dat.m for each of the
three models. These datawere input into a commercia plotting program, and the resulting plots are shown

below in figures 7 through 12. These plots compare the sample PSD and theoretical PSD for each of the
turbulence sequences that were shown in figures 1 through 6.
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Measured Statistics

To evaluate the statistical accuracy of the simulated turbulence components extended runs were made with
the GUSTMDL program. Each run was 1000 seconds long to reduce start-up effects and reduce the variance
of sample statistics. A set of ten computer runs each using a different seed for the random noise generator
was made using a velocity of 100 ft/sec and the parameter values identical to those for figures 1 through 6. A
second set of runsusing a velocity of 1000 ft/sec was generated. Sample statistics ( rms and mean values)
were calculated for each component of turbulence for each of the implemented models by invoking the DRMS
macro of the GUSTMDL program.

Equations

Sampl e statistics (mean mg i) and standard deviation a( i) ) were computed for each sequence for each

computer run according to

. N
a2 :%Z&(k)? i=uvw,p,q,r; j=12L 10 9)

g

> B0l

k:l

Also computed were the mean I\7lg and standard deviation fg of the sample means and sample
standard deviations taken over the set of ten sequences for each component as follows:

10
)
0 jzlg (60)

| ZO ' @2 (61)

where g:rﬁ";i or &5i; i=uv,w,p,q,r.

Results

Results computed using equations (58) and (59) can be found in Tables 2 through 7. Sample means ad
gtandard deviations of each turbulence component for each of the ten 1000-second runs are shown for the
continuous, Tustin, and MIL STD models. Also shown in the tables are the mean and standard deviation of
the sample means and sample standard deviations taken over the set of ten sequences for each component
using equations (60) and (61).
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Table 2. Statistics for Ten 1000-Second Simulation Runs;
Continuous Case; V = 100 ft/sec

Run Standard deviation
u % w p q r
34 4.95 5.27 4.90 0.0371 0.0212 0.0242
36 4.80 5.51 5.83 0.0375 0.0214 0.0245
37 5.27 5.39 4.82 0.0373 0.0209 0.0239
38 4.84 4.20 5.16 0.0366 0.0209 0.0236
39 5.27 4.77 4,51 0.0379 0.0214 0.0243
40 5.24 5.32 4.76 0.0394 0.0207 0.0236
41 5.11 4.88 5.00 0.0366 0.0210 0.0245
42 5.46 5.11 4.78 0.0372 0.0209 0.0240
43 5.36 5.20 5.07 0.0368 0.0208 0.0236
44 4.40 5.23 5.24 0.0360 0.0215 0.0243
Mean 5.07 5.09 5.01 0.0372 0.0211 0.0241
Std. Dev. | 0.321 0.382 0.358 0.000912 0.000273 0.000369
Run Mean
u % w p q r
34 0.296 -0.112 -0.463 0.000106 -6.42e-05 6.54e-05
36 -1.23 -0.951 -0.388 -0.000551 3.45e-06 2.08e-05
37 -0.261 -0.740 0.214 -0.00264 -2.90e-05 -0.000109
38 0.259 111 -0.418 -0.000202 -5.56e-05 5.06e-05
39 1.77 -0.499 -0.185 -0.00267 8.01e-06 -5.22e-06
40 111 0.849 0.606 -6.02e-05 2.72e-05 1.67e-05
41 -0.419 0.229 -0.351 0.000188 -7.82e-05 -3.97e-05
42 -1.09 0.887 -0.284 -0.000544 -4.67e-05 -2.52e-05
43 0.425 -1.26 0.443 -0.000526 1.81e-05 -6.10e-05
44 -0.660 -0.258 -0.923 -0.00361 -4.15e-05 5.71e-05
Mean 0.0204 -0.0743 -0.175 -0.00105 -2.58e-05 -2.96e-06
Std. Dev. | 0.950 0.822 0.463 0.00138 3.73e-05 5.63e-05
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Table 3. Statistics for Ten 1000-Second Simulation Runs;
Tustin Case; V = 100 ft/sec

Run Standard deviation
u % w p q r
34 4.95 5.23 4.89 0.0370 0.0211 0.0240
36 4.80 5.44 5.75 0.0374 0.0213 0.0243
37 5.26 5.35 4.79 0.0371 0.0207 0.0237
38 4.84 4.18 5.11 0.0365 0.0208 0.0233
39 5.26 4,74 451 0.0377 0.0212 0.0241
40 5.23 5.27 4,73 0.0393 0.0206 0.0234
41 5.11 4.84 4.98 0.0364 0.0208 0.0243
42 5.45 5.08 4,77 0.0371 0.0208 0.0238
43 5.36 5.15 5.07 0.0367 0.0207 0.0234
44 4.40 5.21 5.22 0.0359 0.0214 0.0241
Mean 5.07 5.05 4,98 0.0372 0.0209 0.0238
Std. Dev. | 0.320 0.373 0.341 0.000919 0.000276 0.000372
Run Mean
u v w p q r
34 0.295 -0.0971 -0.450 0.000106 -6.22e-05 6.32e-05
36 -1.24 -0.897 -0.380 -0.000551 5.48e-06 1.95e-05
37 -0.258 -0.697 0.205 -0.00264 -3.03e-05 -0.000111
38 0.260 1.06 -0.408 -0.000198 -5.59e-05 4.93e-05
39 1.77 -0.474 -0.176 -0.00267 7.45e-06 -5.30e-06
40 111 0.812 0.585 -6.05e-05 2.74e-05 1.45e-05
41 -0.413 0.217 -0.342 0.000191 -7.60e-05 -3.90e-05
42 -1.08 0.854 -0.275 -0.000548 -4.70e-05 -2.78e-05
43 0.422 -1.18 0.418 -0.000532 1.82e-05 -6.23e-05
44 -0.661 -0.239 -0.877 -0.00362 -4.21e-05 5.65e-05
Mean 0.0207 -0.0646 -0.170 -0.00105 -2.55e-05 -4.22e-06
Std. Dev. | 0.948 0.781 0.444 0.00138 3.70e-05 5.62e-05
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Table 4. Statistics for Ten 1000-Second Simulation Runs;
MIL STD Case; V = 100 ft/sec

Run Standard deviation
u % w p q r
34 4.95 5.29 4.90 0.0372 0.0245 0.0280
36 4.80 5.47 5.76 0.0376 0.0247 0.0284
37 5.27 5.33 4.85 0.0374 0.0241 0.0277
38 4.84 4.22 511 0.0368 0.0241 0.0273
39 5.26 4.80 4.59 0.0380 0.0246 0.0282
40 5.24 5.28 4.81 0.0395 0.0239 0.0274
41 5.11 491 4.93 0.0367 0.0242 0.0284
42 5.46 5.09 4.80 0.0373 0.0241 0.0278
43 5.36 5.11 5.03 0.0369 0.0240 0.0274
44 4.40 5.18 5.23 0.0361 0.0248 0.0282
Mean 5.07 5.07 5.00 0.0373 0.0243 0.0279
Std. Dev. | 0.320 0.357 0.320 0.000914 0.000312 0.000421
Run Mean
u % w p q r
34 0.295 -0.121 -0.451 0.000106 -6.13e-05 5.09e-05
36 -1.24 -0.956 -0.368 -0.000551 5.42e-06 3.08e-06
37 -0.258 -0.752 0.203 -0.00264 -2.34e-05 -0.000121
38 0.260 1.10 -0.423 -0.000197 -5.72e-05 4.72e-05
39 1.77 -0.491 -0.191 -0.00267 9.76e-06 -1.80e-05
40 111 0.835 0.617 -6.16e-05 1.64e-05 1.69e-05
41 -0.413 0.232 -0.341 0.000191 -6.41e-05 -5.00e-05
42 -1.08 0.866 -0.295 -0.000548 -4.24e-05 -2.16e-05
43 0.422 -1.27 0.443 -0.000532 2.34e-05 -6.00e-05
44 -0.661 -0.262 -0.930 -0.00362 -2.94e-05 6.86e-05
Mean 0.0206 -0.0819 -0.174 -0.00105 -2.23e-05 -8.37e-06
Std. Dev. | 0.948 0.821 0.464 0.00138 3.39e-05 5.83e-05
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Table 5. Statistics for Ten 1000-Second Simulation Runs;

Continuous Case; V = 1000 ft/sec

Run Standard deviation
u % w p q r
35 5.07 5.03 5.07 0.0373 0.0207 0.0238
45 5.17 5.20 5.22 0.0372 0.0207 0.0238
46 5.16 4,94 4,98 0.0373 0.0206 0.0237
47 5.10 4.79 5.05 0.0370 0.0207 0.0237
48 5.28 5.07 5.16 0.0373 0.0208 0.0240
49 5.31 4,91 4,92 0.0376 0.0208 0.0237
50 5.26 5.03 5.03 0.0370 0.0206 0.0240
51 5.22 4.96 5.03 0.0372 0.0207 0.0239
52 4,92 4.85 5.01 0.0370 0.0206 0.0238
53 4,91 5.10 5.20 0.0368 0.0207 0.0238
Mean 5.14 4.99 5.07 0.0372 0.0207 0.0238
Std. Dev. | 0.141 0.122 0.0973 0.000228 8.38e-05 0.000115
Run Mean
u v w p q r
35 0.0393 -0.0217 -0.159 3.68e-05 1.63e-08 -4.04e-06
45 -0.417 -0.302 -0.115 -0.000174 -3.16e-06 -2.90e-07
46 -0.0929 -0.266 0.0601 -0.000824 -8.60e-06 -7.35e-06
47 0.0400 0.362 -0.147 -5.01e-05 -9.49e-07 -1.41e-06
48 0.551 -0.157 -0.0590 -0.000864 1.58e-06 -9.09e-06
49 0.391 0.271 0.199 -4.3%-05 -6.6%e-06 -6.65e-06
50 -0.125 0.0640 -0.128 5.42e-05 4.89%-06 -9.71e-06
51 -0.367 0.270 -0.104 -0.000167 -1.82e-07 -3.87e-06
52 0.143 -0.416 0.143 -0.000171 8.47e-06 -6.60e-06
53 -0.210 -0.0693 -0.303 -0.00115 2.91e-06 8.59e-06
Mean -0.00478 -0.0266 -0.0612 -0.000335 -1.72e-07 -4.04e-06
Std. Dev. | 0.308 0.266 0.152 0.000437 5.12e-06 5.40e-06
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Table 6. Statistics for Ten 1000-Second Simulation Runs;
Tustin Case; V = 1000 ft/sec

Run Standard deviation
u % w p q r
35 5.06 5.02 5.06 0.0363 0.0195 0.0221
45 5.16 5.18 5.20 0.0362 0.0195 0.0221
46 5.15 4,93 4.97 0.0362 0.0194 0.0220
47 5.08 4.77 5.03 0.0359 0.0195 0.0219
48 5.26 5.05 5.15 0.0363 0.0196 0.0223
49 5.30 4.90 4.91 0.0366 0.0196 0.0220
50 5.25 5.02 5.02 0.0360 0.0194 0.0222
51 5.21 4.95 5.02 0.0361 0.0195 0.0221
52 4,91 4.84 5.00 0.0359 0.0194 0.0220
53 4.90 5.08 5.19 0.0358 0.0195 0.0220
Mean 5.13 4,97 5.05 0.0361 0.0195 0.0221
Std. Dev. | 0.141 0.122 0.0977 0.000235 8.50e-05 0.000120
Run Mean
u % w p q r
35 0.0389 -0.0219 -0.160 3.69e-05 -5.64e-08 -4.11e-06
45 -0.418 -0.303 -0.115 -0.000174 -3.61e-06 -5.62e-08
46 -0.0919 -0.266 0.0605 -0.000824 -8.72e-06 -7.21e-06
47 0.0404 0.362 -0.149 -4.84e-05 -7.64e-07 -1.44e-06
48 0.551 -0.157 -0.0594 -0.000865 1.49e-06 -9.28e-06
49 0.390 0.271 0.201 -4.46e-05 -6.83e-06 -6.68e-06
50 -0.123 0.0647 -0.127 5.50e-05 4.66e-06 -9.81e-06
51 -0.365 0.272 -0.106 -0.000168 -1.10e-07 -3.78e-06
52 0.142 -0.416 0.143 -0.000173 8.33e-06 -6.40e-06
53 -0.211 -0.0689 -0.304 -0.00115 2.69e-06 8.24e-06
Mean -0.00473 -0.0262 -0.0615 -0.000335 -2.93e-07 -4.05e-06
Std. Dev. | 0.308 0.267 0.153 0.000437 5.12e-06 5.34e-06
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Table 7. Statistics for Ten 1000-Second Simulation Runs;
MIL STD Case; V = 1000 ft/sec

Run Standard deviation
u % w p q r
35 5.07 5.06 5.10 0.0386 0.0258 0.0308
45 5.17 5.19 5.23 0.0385 0.0258 0.0308
46 5.17 4,97 5.01 0.0385 0.0257 0.0307
47 5.10 4.81 5.05 0.0383 0.0258 0.0307
48 5.28 5.06 5.15 0.0386 0.0260 0.0310
49 5.31 4.93 4,95 0.0389 0.0260 0.0307
50 5.27 5.06 5.05 0.0383 0.0258 0.0310
51 5.23 4.98 5.03 0.0385 0.0258 0.0309
52 4,92 4.88 5.03 0.0383 0.0257 0.0308
53 4.92 5.10 5.21 0.0381 0.0259 0.0308
Mean 5.15 5.00 5.08 0.0385 0.0258 0.0308
Std. Dev. | 0.141 0.112 0.0906 0.000227 0.000102 0.000132
Run Mean
u v w p q r
35 0.0387 -0.0229 -0.159 3.71e-05 -6.71e-07 -3.69e-06
45 -0.418 -0.301 -0.115 -0.000175 -4.36e-06 5.25e-07
46 -0.0919 -0.264 0.0600 -0.000823 -9.53e-06 -4.6%e-06
47 0.0403 0.360 -0.148 -4.77e-05 -2.11e-07 -1.92e-06
48 0.551 -0.157 -0.0590 -0.000865 6.75e-07 -9.44e-06
49 0.390 0.270 0.201 -4.53e-05 -7.01e-06 -8.05e-06
50 -0.123 0.0644 -0.126 5.54e-05 4.44e-06 -9.36e-06
51 -0.365 0.270 -0.104 -0.000167 -3.17e-07 -3.44e-06
52 0.142 -0.414 0.144 -0.000173 8.52e-06 -6.00e-06
53 -0.211 -0.0691 -0.303 -0.00115 2.65e-06 7.13e-06
Mean -0.00476 -0.0263 -0.0609 -0.000335 -5.82e-07 -3.89e-06
Std. Dev. | 0.308 0.266 0.153 0.000437 5.33e-06 5.04e-06

59



Theoretical Statistics

Theoretical, or expected, valuesfor the sample statistics were desired for comparison with the measured
values in Tables 2 through 7. This section presents the equations used for these calculations, the code
implementing these equations, and results obtained in the form of tabulated data and plots.

Equations

The following equations defining the theoretical statistics were provided by the Government for
implementation and computation. Equations (62) through (64) calculate the theoretical standard deviation of

sample means of the various turbulence components.

R PEURNRE R (62)

Z(rh)zai,\‘;?' i=v,w 63)

E":‘@\ =

UJ. arej(Ri- + Ris )+ Tri(R-+ R+ )+ Tr¥(Rj4r ~Riq)
tf(Ris +R-) =R+ +R-)+ 2 {Rir - Riar) B

Equations (65) through (68) define the theoretical standard deviation of sample standard deviations for
each component.

>(my)= i,j=qw or r,v (64)

I:I]FI:I

1
- @] 9T| 4TI B 2Ti45§2

T gy T i=u,p (65)
1
g 1@31 8ary [P i =v,w (66)
2 %ﬁT T2
1
, - o7 (R~ + R+ )+ T (R- + R.) %ZEQ
) o2 0 0
2(6)= jytr 5 023 (e )RR S]
E E-T' (R_,_ +R_ )+2Tj3(Rj—T _Rj+1') EB

where
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T 2 2 Tri (2 2 2T
R4 +R)+—l(_+ )+ R_R_+R
S0 = > ( > R-+R% (—)]/Ti"']/l'j ( i-R J+R+)
2 2
T T;
vk (-RE = 2RI Ry ;T = R, + 2R Ry T) - L (RZ + R )

ZR (RJ+T Rj+)_2R—(Rj—TT+Rj—)+4(Rj+TR++Rj—TR—)
(]./Ti +]/Tj)2 (l/Ti +]/Tj)3

i st o o
# o [Rie(RiaaT = 2R )+ R o (R + 2R )| - (R + R

(68)

In the above equations T , defined by T = NT,,, is the length of the turbulence sequence. (N s the
number of samples in the sequence.) The variables 0, T, V, TV were defined previously in the section
entitled Continuous Model. The variables R _ Rj_, R+, Rj+, Rj—r, Rj+r are defined in the subsequent

section discussing autocorrel ation.
Code

Equations (62) through (68) were inplemented in the MATLAB m-file newA41.m. Comments were
added to the file to identify equation numbers listed in the previous section. The variables Smhatuu,
Smhatpp, Smhatqg, Smhatrr, and Smhatwv defined in file newA41.m are the standard deviations of the
sample means. The variables Ssighatuu, Ssighatpp, Ssighatqqg, Ssighatrr, and Ssighatwv defined in file
newA41l.m arethe standard deviations of sample standard deviations.

%************************ f||e:neWA41m
% Conput es eq. A29, 62, 65 for u or p conponents
% A37-A43, 64, 67, 62 for q or r conponents
% A31, 63, 66 for wor v conponents

%* * * % % * *x * % *x % *x * * * % *x % *x * * * * *x * *x * * * * *x * *x * * *

%
% Tnu = sanpling interval = 1/80
% Lu = Lw = Lv = Lvw = Dryden scale length
% sigma = sigu = sigw = sigv = std dev of turbul ence
b = 37.42;
Lu = 1750;
Lw = 1750;
Lp = sqgrt(Lw*h)/2.6;
sigm = 5.;
sigp = 1.9/sqgrt (Lw*b) *si gmma;
% add sigq uses sigw, sigr uses sigv; for 67
%legs sigq = sqrt(0.05699*si gma"2);
%legs sigr = sqrt(0.07667*si gma2);
sigq = sqrt(1l. 736e-05*si gma"2);
sigr = sqrt(2.336e-05*si gma"2);
Tnu = 0. 0125;
Npts = 80000;
%
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% T=1000 sec, Npts=80000

T=Npt s* Tnu,

%

T2 = 2.*T;

Tsq = T"2;
Tcube = T"3;
Tfour = T"4;
Nt au = 501;
tau = |inspace(-10, 10, Ntau)"';
tauu = Lu/V;
tauw = Lw/ YV,
taup = Lp/V;

tauq = 4.*b/ (pi*V);
taur = 3.*b/(pi*V);

%* * * % *x % *x * * *x % *x % *x * * *x * *x * * *

% Pre-allocate vectors (autocorrelation vectors)
%* * * * * * * * * * * * * * * * * * * * * *

Rii = zeros(size(tau));

Rgq = zeros(size(tau));

Rrr = zeros(size(tau));

Ruu = zeros(size(tau));

Rpp = zeros(size(tau));

Rw = zeros(size(tau));

%* * * % *x % *x * * *x % *x % *x * * *x * *x * * *

%

%* * * * * * * * * * * * * * * * * * * * * *

%

% Logic to select u,w,p,q,r etc. for sigi, tauj, etc.
% use variable selup, or selqr, etc for equations

%* * * % *x % *x * * *x % *x % *x * * *x * *x * * *

%

%* * * % *x * *x * * *x % *x % *x * * *x * *x * *x *

% u, p Logic selection

%* * * % *x * *x * * *x % *x * *x * * *x * *x * * *

%

%* * * % *x % *x * * *x % *x * *x * * *x * *x * * *

% Selected sigma and tau

%* * * % *x % *x * * *x % *x * *x * * *x * *x * * *

%

if selup == 'u'
sigi = signg;
taui = tauu;

el seif selup == "'p'
sigi = sigp;
taui = taup;

end

%

%* * * % *x % *x * * *x % *x % *x * * *x * *x * * *

% eq. 69 eq. Rii autocorrelation function for u,p
*

%* * x % * * % *x % *x * * *x % *x * *x * * *x *

%
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%* * * % *x * % * % *x % *x * * * * *x * *x * * *x

% tau - 'for |oop' calculations
%* * * * * * * * * * * * * * * * * * * * * *
%
for n = 1: Ntau
%
A29pwr = abs(tau(n))/taui;
Rii(n) = sigi"2*exp(-A29pw);
%
if selup == 'u'
Ruu(n) = Rii(n);
el seif selup == "p'
Rop(n) = Rii(n);
end
end % end tau-loop for eq. 69
%
%

%* * * % % * % * % *x % *x * * * * *x * *x * * *x

% Conpute expected val ues of sanple statistics u or p conponents
%

%* * * % % * % * % *x % *x * * * * *x * *x * * *x

% constants for 62 and 65

%* * * % % * % * % *x % *x * * * * *x * *x * * *x

% eqg. 62

%* * * * * * * * * * * * * * * * * * * * * *
% for 62 and 65

tisq = taui"2;

% constants for 62

UPk1l = (taui/T);
UPk2 = (tisqg/Tsq);
%

%* * * % % * % * % *x % *x * * * * *x * *x * * *x

% eq. 62 for sigma(nean-hat)

%* * * % *x * % * % *x % *x * * * * *x * *x * * *x

%
Smhat 46 = sigi*sqrt(2.*(UPkl - UPk2));
%
%* * * * * * * * * * * * * * * * * * * * * *
% eqg. 65

%* * * % % * *x * % *x % *x * * * * *x * *x * * *x

% constants for 65 and use tisqg defined above
ticube = taui”"3;

tifour t aui N4;

%

UPk4=t aui / T2;

UPk5=9. *tisqg/ (4. *Tsq);

UPk6=4. *t i cube/ ( Tcube);
UPk7=2.*tifour/(Tfour);

%

%* * * * * * * * * * * * * * * * * * * * * *
% eq. 65 for signma(signma-hat)

%

Ssi ghat53 = sigi*sqrt (UPk4 - UPk5 + UPk6 - UPK7);
%



%
%* * * * * * * * * * * * * * * *
% Set all u or p calculations
%* * * * * * * * * * * * * * * *
%
if selup == 'u'
% Ruu(n) = Rii(n);
Smhat uu = Snhat 46;
Ssi ghat uu = Ssi ghat 53;
Smhat pp = 'undef';
Ssi ghat pp = 'undef';
el seif selup == "'p'
% Rpp(n) = Rii(n);
Smhat pp = Smrhat 46
Ssi ghat pp = Ssi ghat 53;
Smhat uu = 'undef';
Ssi ghatuu = 'undef';
end
%
%* * * * * * * * * * * * * * * *
% end u, p Logic selection and
%* * * * * * * * * * * * * * * *
%
%
%
%* * * * * * * * * * * * * * * *
% Start g, r Logic selection
%* * * * * * * * * * * * * * * *
%
% Selected sigma and tau i,j] = q
%* * * * * * * * * * * * * * * *
%
if selgr == '¢'
sigi = sigq;
sig] = signg;
taui = tauq;
tauj = tauw;
el seif selgr == "r'
sigi = sigr;
sig] = signg;
taui = taur;
tauj = tauw;
end
%
%* * * * * * * * * * * * * * * *
%
% eq. 71 - 77 constants for Rii
%
%
%* * * * * * * * * * * * * * * *
% for eq. 64 also- use tisqg, tjs

tisq = taui "2

64
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tjsg = tauj"2;
%

tauij = tauj*taui;
%

oneovtaui = 1./taui;
oneovtauj = 1./tauj;

RAk3 = oneovt aui +oneovt auj ;
RAk12 = oneovt aui / RAK3;

RAk4 = 1./(2.*tauij);
RAk3sq =RAk3"2;
RA4ov3sq = RAk4/ RAk3sq;

RAk5 = oneovt aui - oneovt auj ;
RAk13 = oneovt aui / RAK5;
RAk5sq =RAk5"2;

RA4ov5sq = RAk4/ RAKk5sq;

oneovtauisq = 1./tisq;
oneovtaujsq = 1./tjsq;

RAk6 = oneovt aui sg- oneovt auj sq;
RAk11 = oneovt aui sq/ RAK6;

RAk7 = RAk4*oneovt aui ;
RAk5by3sq = RAk5* RAk3sq;
RA5sqby3 = RAk5sqg* RAKS3;

RAK8 = 1./(2.*tauj);

RAk4ov3 = RAk4/ RAk3;
RAk4ov5 = RAk4/ RAKS5;
RAk70v6 = RAk7/ RAk6;

RAK9 = 1./(2.*taui);

RAk9ov5 RAk9/ RAK5;

RAk9ov3 RAk9/ RAKS;

RAk10 = 1./(4.*tauij);

%

%RAk3cube used in Sk7den eq. 68
RAk3cube =RAk3"3;

% not - used RA3by5 = RAk3* RAK5;
%

%* * *x % *x * * *x %

% Eq 72

%* * * * * * * * *

Rineg = 1. - RAk12 + RA4ov3sq - RAk13 - RAdov5sq .
+ RAk11l - RAK7/RAk5by3sq + RAk7/RA5sqgby3 ;

%* * *x % *x * * *x %

% Eq 73

%* * *x % *x * * *x %

R negt = RAkS8 RAk40v3 - RAk4ov5 + RAK70vV6;

%* * *x % *x * * *x %



% Eq 74

%* * * % *x * * * %

Ri neg = RAk9ov5 - RAk9ov3 + RAk10/ RAk5sq + RAk10/ RAk3sq;

%* * * % *x * * * %

% Eq 75

%* * * % *x * * * %

Ripos = 1. - RAk13 - RA4ovbsqg - RAk12 + RAdov3sq ..
+ RAk11l + RAk7/RA5sgby3 - RAk7/RAk5by3sq ;

%* * * % *x * * * %

% Eq 76
%* * * * * * * * *
Rj post = - RAk8 + RAk4ov5 + RAk4o0v3 - RAK70V6;

%* * * % *x * * * %

% Eq 77

%* * * % *x * * * %

Ri pos = - RAk9ov3 + RAk9ov5 + RAk10/ RAk3sq + RAk10/ RAk5sq;
%

Ri psq = Ripos”2;

Rinsq = Ri neg"2;

R psq = R pos"2;

Ry nsq = R neg"2;

R ptsq = R post”2;

R ntsq = R negt”"2;

%

%* * * % *x % *x * * *x % *x % *x * * *x * *x * * *

%eq. 71 eq. Rii autocorrelation function for q,r

%* * * % *x % *x * * *x % *x % *x * * *x * *x * * *

%

%* * * % *x % *x * * *x % *x % *x * * *x * *x * * *

% start tau - 'for loop' for 71
%* * * * * * * * * * * * * * * * * * * * * *
%
% constant for 71
Riikl = sigj”2/(Vr2*tisq);

%
%
for n = 1:Ntau
A37pw 1l = tau(n)/tauj;
A37pw 2 = tau(n)/taui;
%
% tau <O
if tau(n) <O
Rii(n) = Rikl*(R neg*rexp(A37pw 1) ...
+ R negt *tau(n) *exp(A37pw 1) + Ri neg*exp(A37pw 2));
el se
% tau(n) >= 0
Rii(n) = Rikl*(R pos*exp(-A37pw 1)
+ Rj post *tau(n)*exp(-A37pw 1)+ Ri pos*exp(-A37pw 2));
end
%
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if selgr == 'q
Rog(n) = Rii(n);
el seif selgr == "r'
Rrr(n) = Ri(n);
end
%
end % end tau-loop for eq. 71
%

%* * * % *x * % * % *x % *x * * * * *x * *x * * *x

%

% Compute expected val ues of sanple statistics for q or

%
%**********************
% eq. 64

%* * * % *x * % * % *x % *x * * * * *x * *x * * *x

%

% constants needed for i,j = g,wor r,v

% for 64 and tisq, tjsq defined above

Tti = T*taui;

Ttj = T*tauj;

tjcube = tauj"3;

% for 68 also use tjcube, Tti, Ttj defined above
tjfour = tauj"4;

%

% i cube = taui"3;

% i four = taui"4;

%* * * * * * * * * * * * * * * * * * * * * *

% 64 use tisq, tjsq calcs defined above
% constants for 64

%

QRk1 = sigj/(VTti);

QRk2 = Ttj*(Rineg + R pos);

QRk3 = Tti*(Ri neg + Ripos);

QRk4 = T*tjsq*(R post - Rinegt);
QRk5 = tjsq*(R pos + Rjneg);

QRk6 = tisqg*(R pos + R neg);

QRk7 = 2.*tjcube*(R negt - Rjpost);

QRk2t oQRK7 = (QRk2 + QRk3 + QRk4 - QRK5 - QRk6 + QRK7);
%

%* * * % % * *x * % *x % *x * * * * *x * *x * * *x

% eq. 64 for g,r sigm(nean-hat)

%
Smhat 50 = QRk1*sqrt ( QRk2t oQRK7) ;
%
%* * * * * * * * * * * * * * * * * * * * * *
%

%* * * % % * % * % *x % *x * * * * *x * *x * * *x

% eq. 68 constants for S00

%

Skl = Ttj/2.*(Ryjnsqg + Rjpsq);

Sk2 = Tti/2.*(Rinsg + Ripsq);

Sk3 = T2/ RAk3* (R neg*Ri neg + Rj pos*Ri pos);
Sk4 = tjsq/d4.*(-Rjnsq - 2.*Rjneg*R negt*T -
Sk5 = tisq/4.*(Rinsq + Ripsq);

r conponents

R psq + 2. *R pos*Rj post*T);
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Sk6énum = 2. *Ri pos*(Rj post*T - R pos) - 2.*Rineg*(R negt*T + Rj neqg);
Sk6éden = RAk3sq;

Sk7num = 4. *( R post*Ri pos + R negt*Ri neg);

Sk7den = RAk3cube;

Sk8 = (Rj post*(Rj post*T - 2.*Rj pos));

Sk9 = (Rinegt*(Rinegt*T + 2. *Rj neq));

Sk10 = tjcube/4.*(Sk8 + Sk9);

Sk11l = 3. *tjfour/8.*(R ntsqg + R ptsq);

%

%* * * % *x % *x * * *x % *x * *x * * *x * *x * * *

% eq. 68 calculation - S00 constant

%
SO0 = Sk1 + Sk2 + Sk3 + Sk4 - Sk5 + Sk6num Skéden ...

+ Sk7nunif Sk7den + Sk10 - Sk11 ;

%

%**********************

%

%**********************

% eq. 67

%**********************

%

% constants for 67
QRk8=si gj "2/ (sigi *(V*taui )"2*T*sqrt(2.));
%
%* * * * * * * * * * * * * * * * * * * * * *
% eq. 67 for sigma(signa-hat)
%
Ssighat 62 = QRk8*sqrt (S00 - 2. *( QRk2t oQRK7)"2);
%

%* * * % *x % *x * * *x % *x % *x * * *x * *x * * *

%

%* * * % *x % *x * * *x % *x % *x * * *x * *x * * *

% Set all g or r calculations

%* * * % *x % *x * * *x % *x % *x * * *x * *x * * *

%

if selgr == '¢'
% Raq(n) = Rii(n);
Smhat qq = Smhat 50;

Ssi ghat qq = Ssi ghat 62;
Smhatrr = 'undef';

Ssighatrr = 'undef';
elseif selgr == "r'
% Rrr(n) = Ri(n);

Smhatrr = Snhat 50;
Ssighatrr = Ssi ghat 62;
Smhat qq = ' undef';
Ssi ghatqgq = 'undef';
end
%

%* * * % *x % *x * * *x % *x * *x * * *x * *x * * *

% wor v calculation

%* * * % *x % *x * * *x % *x * *x * * *x * *x * * *

%

%* * * % *x % *x * * *x % *x % *x * * *x * *x * * *
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% eq. 70 Rw autocorrelation function for v,w

%* * * % *x * % * % *x % *x * * * * *x * *x * * *x

%

%* * * % *x * % * % *x % *x * * * * *x * *x * * *x

% tau "for loop' calculations

%* * * % *x * % * % *x % *x * * * * *x * *x * * *x

%

for n = 1: Ntau
%
abst au
A31pwr
Wk 1
Wk 2
Wk 3

abs(tau(n));
abst au/ t auw;

3. *si gma™2/ t auw;
tauw/ 3. ;
(1./6.)*abst au;

Rw(n) = W/k1*(Wk2*exp(-A3lpw) - Wk3*exp(-A3lpw));

%

end % end tau-loop for eq. 70
%
%* * * * * * * * * * * * * * * * * * * * * *
% eq. 63 for v, w signma(nean-hat)
%

Smhat 48 = sigma*sqrt(tauw/T);
%

%* * * % % * % * % *x % *x * * * * *x * *x * * *x

% eq. 66 for v, w signa(signma-hat)

%* * * % % * % * % *x % *x * * * * *x * *x * * *x

%

Wk4 = 13.*tauw/ (4.*T);
W/kK5 = 83*tauw”2/(8.*Tsq);
Ssighat55 = (sigma/2.)*sqrt(Wk4 - WK5);

%
Smhat w = Snhat 48;
Ssi ghat w = Ssi ghat 55;
%
% Display expected val ues of sanple statistics
%
Smhat uu
Smhat pp
Smhat qq
Smhatrr
Ssi ghat uu
Ssi ghat pp
Ssi ghat qq
Ssighatrr
Smhat w
Ssi ghat w

Autocorrelation
The theoretical autocorrelation functions were needed to compute some of the theoretical statistics

discussed previously. The functions were also used for comparison with correlation functions computed from
the sampl e sequences produced with the GUSTMDL program.

69



Equations

The autocorrelation function Ri (T), i =u, p, for the u- and p-components can be found from the
Fourier transform of the spectral density asfollows:

Ri(1) = FY{Si(w)}

2.
= /:‘1%0' i 1 2% i=up (69)
g7 1+(riw)°
_ Uze |T|/T]

The autocorrelation function for the w-component is
30w Ow rlrlra _ Ly f/my O
T)= —e w——Tle w (70)

Since the spectra of the v-component and w-component are the same, the autocorrelation function R,V(T )
isalso given by equation (70). For the g- and r-components

[ 0' I

D\/z B?J /J+R /T +R eT/T'E forr<0

Tj
Ri(r)= (72)
D U '[ —T/T; /T
1727 B?H J+R+Tre /J+R+e T/T'E fort=0

O

0wy, Yrm) o ag  d(erm)

(]/Ti”/Tj) (]/Ti+]/rj)2 (]/Ti‘]/Tj) (l/Ti—]/Tj)Z

v ) )
(Ve -vf) (o v vri -vn) - (vr-vrg)n +ur)
R = L _ Yern)  dlerm) | veyr? -
T Qi) {un-an) (e -1

R-= Yen) _ v(em) ]/(4Tjri)2+ ]/(Mjri)z (74)
Ut -vry) [Uni+vn) vy - (vn )

where Rj_ = (72)

[0 5 01 000
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I T 1) N L R 4 Cis k)
o B (ri -y1) (J/Ti‘]/Tj)2 (T +vj) (]/Ti+]/Tj)2 o
i+ =0 ) 75

v ) e
(]/Tiz‘]/riz) (e -y ) (v +vry) (Vo +vg) (v -vr)

Ri+r =~ L, ]/(ZTjTi) + ]/(erri) - ]/erriz (76)
J 2 (v -v7y) (v +)) (J/r,z—]/rjz)

0 ]/.[_

0
o+
H

—

_Yen) |, wfer) | Y(am) | {ern)
(J/Ti”/Tj) (]/Ti‘J/Tj) (J/ri+1/rj)2 (J/ri—J/rj)z

These equations were coded in the MATLAB m-file newA41.m presented in the previous section.
Comments were added to the code to refer to equation numbers listed in this section. The variables Ruu,
Rpp, Rqg, Rrr, and Rwv are the autocorrel ation functions from equations (69) through (71) for the turbulence
components. The variables Rjneg, Rjnegt, Rineg, Rjpos, Rjpost, and Ripos in file newA41l.m are the
constants defined in equations (72) through (77).

R+ = (77)

Code

Code in MATLAB file A4lplts.m was generated to plot the theoretical autocorrlation functions
discussed above that are calculated in file newA41l.m. The MATLAB files newA41.m and A41plts.m should
be executed sequentially to be able to plot theoretical autocorrelation functions. The file A4lplts.m aso
computes and plots the sample autocorrelation functions of the turbulence sequences produced by the
GUSTMDL program. These autocorrelation functions were computed using the MATLAB function xcorr
from the Signal Processing Toolbox. The code for A41plts.m follows.

% *x * * * * * * * * * * % * * * * * % * * * * % flle A4lp|tsm
%

% autocorrel ation plots

%

whi t ebg

%

% Theorectical autocorrelation plots calculated in newAdl. m

%
% Sel ect u or p conponent
%
if selup == 'u'
%
pl ot (t au, Ruu)
title(" Autocorrel ati on Ruu V100')
x| abel (' tau, sec')
yl abel (" Autocorrel ation')
%
Y%pause
%orint Ruu
%
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el seif selup ==
%
pl ot (t au, Rpp)
title(' Autocorrel ati on Rpp V100')
x|l abel (' tau, sec')
yl abel (" Autocorrel ation')

%
Y%pause
%rint Rpp
%
end
%
% Select g or r conponent
%
if selgr == "'¢'
%

pl ot (tau, Rqq)

title(' Theoretical autocorrelation Rgq V100')
x|l abel (' tau, sec')

yl abel (" Autocorrel ation')

%

Y%pause

%rint Rqq

%

el seif selgr == "r'

%

plot(tau, Rrr)

title(' Theoretical autocorrelation Rrr V100')
x|l abel (' tau, sec')

yl abel (" Autocorrel ation')

%
Y%pause
Y%rint Rrr
%
end
%
% Sel ect w or v conponent
%

pl ot (t au, Rw)

title(' Theoretical autocorrelation Rw V100')
x|l abel (' tau, sec')

yl abel (" Autocorrel ation')

%

Y%pause

%rint Rw

%

%* * * % *x % *x * * * % *x * *x * % * * % *x * *x *x % * * % *x * *x * *

% Experi nmental autocorrelation plots from GUSTMVDL
%* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
%
i f V==100.
%
gdl oad(' gustr54sigs.cnp3')
%
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el sei f V==1000.

%
gdl oad( ' gustr55si gs.cnp3')
end
%
%* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
%

% conpute experinmental correlation (corrariance) function

%

%* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
Nt x=1000;

dt =. 0125;

%

%* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
%

% Sel ect w or v conponent to determine tx (plot tine)

%

%* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
%
if selvw == "v'
[ Rvvec] = xcorr(turbv, turbv, 'biased);
[RvwT] = xcorr(turbv, turbv, 'biased);
[RvwM = xcorr(turbv, turbv, 'biased);
tx = ([1l:length(Rvvc)]' - fix(length(Rvvc)/2) - 1)*dt;
%
% Select mddle +- 10 seconds
%

nx = fix(length(tx)/2) + 1
tplt = tx(nx-800: nx+800);

Rvvcplt = Rvvc(nx-800: nx+800) ;
RvvTplt = RvvT(nx-800: nx+800) ;
RvwMdlt = RvvM nx-800: nx+800) ;
% Pl ot w or v conponent

%

%

plot(tplt,Rvveplt, ' k-",tplt,RvwTplt, 'y-',tplt,RvwwMplt, ' m"', ...
tau, Rw, "'k--")

%

x| abel (' tau, sec')

yl abel (" Autocorrel ation')

grid
l egend(' Rvvc',' RvvT' ,' RvwwM, ' Rw')
%
i f V==100.
%
title(' Experinmental vs. Theoretical autocorrelation Rvv V100')
axis ([-2. 2. -5. 25.])
%

el sei f V==1000.
%
title(' Experinmental vs. Theoretical autocorrelation Rvv V1000')
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axis ([-2. 2. -10. 25.])
end
el seif selvw=="w

[Rwac] = xcorr(turbw, turbw, 'biased);
[ RMwT] = xcorr(turbw, turbw, 'biased);
[RwwM = xcorr(turbw, turbw, 'biased);

tx = ([1:length(Rmec)]' - fix(length(Rwec)/2) - 1)*dt;
%

% Select nmiddle +-10 seconds

%

nx = fix(length(tx)/2) + 1;

tplt = tx(nx-800:nx+800);

Rmweplt = Rwmawc(nx-800: nx+800) ;
RwvTplt = RwmwT( nx-800: nx+800) ;
RwwWplt = RwmvM nx-800: nx+800) ;
% Pl ot w or v conponent

%

%

plot(tplt, Rmecplt, ' k-",tplt, RmTplt, ' y-',tplt, Rsiplt, m',...
tau, Rw, "k--")

%
x|l abel (' tau, sec')
yl abel (" Autocorrel ation')

grid
| egend(' Rww' ,"' Rw")
%
i f V==100.
%
title(' Experinmental vs. Theoretical autocorrelation Rw V100')
axis ([-2. 2. -5. 25.])
%
el sei f V==1000.
%
title(' Experinmental vs. Theoretical autocorrelation Rw V1000')
axis ([-2. 2. -10. 25.])
end
%
pause
end
%
%
%* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
% Sel ect u or p conponent
%* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
%
if selup == "u'
%
[ Ruuc] = xcorr(turbu, turbu, 'biased);
[ RuuT] = xcorr(turbu, turbu, 'biased);
[RuuM = xcorr(turbu, turbu, 'biased);
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Ruucplt = Ruuc(nx-800: nx+800) ;
RuuTplt = RuuT(nx-800: nx+800) ;
RuuMolt = RuuM nx-800: nx+800) ;

%
plot(tplt,Ruucplt, ' k-",tplt,RuuTplt, 'y-',tplt, RuuMplt, m"', ...
tau, Ruu, "k--")

%
x| abel (' tau, sec')
yl abel (' Autocorrel ation')

grid
| egend(' Ruuc' ,' RuuT',' RuuM , ' Ruu')
%
i f V==100.
%
title(' Experinmental vs. Theoretical autocorrelation Ruu V100')
axis ([-2. 2. -5. 35.])
%
el sei f V==1000.
%
title(' Experinmental vs. Theoretical autocorrelation Ruu V1000')
axis ([-2. 2. -10. 30.])
end
%
pause
%
el seif selup == "p'
%
[ Ropc] = xcorr(turbp, turbp, 'biased);
[ RopT] = xcorr(turbp, turbp, 'biased);
[ RopM = xcorr(turbp, turbp, 'biased);
Rppcplt = Rppc(nx-800: nx+800) ;
RppTplt = RppT(nx-800: nx+800) ;
RppMolt = RppM nx-800: nx+800) ;
%

plot(tplt,Ropcplt, ' k-',tplt,RppTplt, 'y-',tplt, RopMlt, m"',...
tauprpvlk'_')

%
x| abel (' tau, sec')
yl abel (" Autocorrel ation')

grid
I egend(" Rppx', ' Rpp" )
%
i f V==100.
%
title(' Experinmental vs. Theoretical autocorrelation Rpp V100')
axis ([-2. 2. -2.e-4 14.e-4])
%

el sei f V==1000.
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%
title(' Experinmental vs. Theoretical autocorrelation Rpp V1000')
axis ([-2. 2. -2.e-4 14.e-4])

end
%
%
pause
%
end
%
%* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
%
% Select g or r conponent
%* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
%
if selgr == '¢'
%
[ Rggc] = xcorr(turbg, turbg, 'biased);
[RqqT] = xcorr(turbg, turbg, 'biased);
[RggM = xcorr(turbg, turbg, 'biased);
Rgqcplt = Rgqgc(nx-800: nx+800) ;
RgqTplt = RgqT(nx-800: nx+800) ;
RggMplt = RggM nx- 800: nx+800) ;
%

plot(tplt,Rgqcplt, ' k-",tplt,RgqTplt, ' y-',tplt,Rgghvplt, m"', ...
tau, Rqq, " k--")

%
x|l abel (' tau, sec')
yl abel (" Autocorrel ation')

grid
l egend(' Rgqc', ' RqgqT',' RqgM , ' Rqq")
%
i f V==100.
%
title(' Experinmental vs. Theoretical autocorrelation Rgqq V100')
axis ([-2. 2. -1l.e-4 5.e-4])
%
el sei f V==1000.
%
title(' Experinmental vs. Theoretical autocorrelation Rqg V1000')
axis ([-2. 2. -1l.e-4 5.e-4])
end
%
%
pause
%
elseif selgr == "r'
%
[Rrrc] = xcorr(turbr, turbr, 'biased);
[RrrT] = xcorr(turbr, turbr, 'biased);
[RrrM = xcorr(turbr, turbr, 'biased);

76



Rrrcplt = Rrrc(nx-800: nx+800) ;
RrrTplt = RrrT(nx-800: nx+800) ;
RrrMolt = RrrM nx-800: nx+800) ;

%
plot(tplt,Rrrcplt, " k-",tplt,RrTplt,"y-',tplt,RerMlt, " m"',...
tau, Rrr,"k--")

%
x| abel (' tau, sec')
yl abel (' Autocorrel ation')
grid
legend("Rrrc' ,"RrT',"RrrM,"Rrr')
%
i f V==100.
%
title(' Experinmental vs. Theoretical autocorrelation Rr V100')
axis ([-2. 2. -1l.e-4 6.e-4])
%
el sei f V==1000.
%
title(' Experinmental vs. Theoretical autocorrelation Rrr V1000')
axis ([-2. 2. -1l.e-4 6.e-4])
end
%
%
pause
%
end

if selup == '"u" & selvw == 'v' & selqgr == "q
outvectl = ['tau Ruu Rw Rgq tplt Ruucplt RuuTplt RuuMplt ' J;
outvect2 = ['Rvvcplt RvvTplt RvvMplt Rqgcplt RggTplt RggMplt' ];
outvect = [outvectl outvect?2];
gdwrite(' cor55uvg. asc2 asc2', outvect)

elseif selup == '"p' & selvw=="wW & selqr == "'r
outvectl = ['tau Rop Rw Rrr tplt Rppcplt RppTplt RppMlt ' ;
outvect2 = [' Rmwcplt RwIplt RwWwplt Rrrceplt RrTplt RrMplt' ];
outvect = [outvectl outvect?2];
gdwrite(' corb55pwr.asc2 asc2', outvect)

end

Plots
Example plots of autocorrelation functions produced by A4lpltssm for V =100 ft/sec ad

V = 1000 ft/sec are found in this section. The sample autocorrelation functions are for 819-sec turbulence
sequences produced using GUSTMDL.
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Figure 13. Autocorrelation functions for V = 100 ft/sec.
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Aircraft Simulation

The turbulence models and implementations discussed in previous sections of this report were developed
for use in arcraft simulations, primarily nonlinear six-degree-of-freedom simulations. The models were
installed in anonlinear six-degree-of-freedom simulation of the High Alpha Research Vehicle (refs. 3 and 4)
for evaluation and comparison among the three models. The HARV simulation is written in ACSL with
FORTRAN subroutines to implement input/output, sensor models, and control laws. The equations of
motion are integrated in the ACSL DERIVATIVE BLOCK (ref. 5).

Code

Much of the code installed in the HARV simulation to implement the turbulence models was taken
without change from the GUSTMDL program. In GUSTMDL the coefficients in the differentia and
difference equations were computed one time in the INITIAL BLOCK, since aircraft airspeed VTOT was
kept constant. Inthe HARV simulation some of these coefficients must be computed in the DERIVATIVE
or DISCRETE BLOCKS to accommodate changes in airplane airspeed during the simulated flight.

In this section the entire HARV simulation code will not be presented for to do so would significantly
increase the length of the report while adding very little information relative to the turbulence models and
their implementation. Instead, portions of code which show all of the modifications made to the simulation
to install the turbulence models will beincluded. In the code presentation below, to avoid confusion sections
of simulation code are separated from portions of report text by aline of #'s.

Inthe MACRO SECTION MACRO DRMS was inserted after the existing MACRO ALFDYN. The
code for MACRO DRM S follows and was used to compute statistics needed for evaluation of the performance
of the three turbulence models.

HHEHHHBBBBEH BB BB B BB R HB RN B BB R R RS
!

!**********************************************************************!
MACRO DRVB(RMBX, MNX , X, N)
!**********************************************************************!

!

! MACRO TO COVPUTE SAMPLE STATI STI CS OF RANDOM VARI ABLE

! WIB, JCY 2-24-94
|

MACRO REDEFI NE SUM SUMSQ EPS
CONSTANT SUM = 0., SUMBQ = 0.

CONSTANT EPS = 1.E-22

SUM = SUM + X

SUMBQ = SUMBQ + X*X

MIX = SUMN

RVBX = SQRT(MAX((SUMBQ - MNX*SUM)/ (MAX(N-1., EPS)), 0.))
MACRO EXI T
MACRO END

HAEHHHBREHHHBHHH BB HB R HH BB BB HARHRH

In the INITIAL BLOCK constants were initialized. The code showing initial values needed by the
implementation of the three turbulence models follows. Comments indicating equation numbers refer to the
previously defined equations in this report.

R R R R R R I N I
RA2DG = 180./ ACOS(-1.)
D&RA = 1./RA2DG
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CONSTANT WG
CONSTANT WG
CONSTANT WAG

oo
O

CONSTANT UVWAD
CONSTANT VWD
CONSTANT WAND

oo
©

CONSTANT  VWADI C

HDW C

VWADRT

HDWRT
########################### HHHBBHBEBHEBRHY
Still in the INITIAL BLOCK definitions of turbulence constants and initial values of turbulence
variables were placed after the END OF/ EULER ANGLE/ QUATERNI ON/ DI RECTI ON COSI NE/ TRI M

UPDATE comment in the aircraft simulation.

RAHHBHABHABBHABBH A B A B RHBBRHAER BHABHABRHBRHH

, &
, &
&

eeo

o

EEEEEEEE END OF/ EULER ANGLE/ QUATERNI OV DI RECTI ON COSI NE/ TRI M UPDATE. !

|**********************************************************************|
!
[ I S R I R R R R R |

oo START | MPLEMENTATI ON OF TURBULENCE MODEL WB, JCY 9- 10- 97!
!**********************************************************************!
CONSTANT SDNOI'S = 1., &
TSAMVP = . 0125, &
TURBL = 1750., &
TURBSIG = 5.
|
CONSTANT FI LNU = 0., &
FI LNV = 0., &
FI LNW = 0., &
FI LNP = 0., &
BW NG = 37.4
|
CONSTANT FI LU = 0., &
FI LV = 0., &
FI LW = 0., &
FILP = 0., &
FI LQ = 0., &
FILR =0
|
CONSTANT M LUK = 0., &
M LVK = 0., &
M LVK = 0., &
M LPK = 0., &
M LQK = 0., &
M LRK =0

!

HAERHBHABHHHBHHHB R HH B HHBR Y H BB HBERHRH
Character variable TURBFLG was défined to allow a choice of which turbulence model to be

implemented during execution of the program. Values of thisvariable can be ‘CON’, ‘TUS', or ‘MIL’.

RHHBHABHABBHABBH A B A B RHBBHAR BFHABHABRABREHAH
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CHARACTER TURBFLG*3

CONSTANT TURBFLG = 'TUS
CONSTANT EPSLON = 1l e-22
CONSTANT SAMPS = 0.

LOGE CAL PORFLG

CONSTANT PQRFLG = . TRUE.
HEHHHBREHHHABHHH BB HB R BB BB BB HBRHYH
Logica variable PQRFLG was defined to allow a choice to use p-, ¢, or r- gusts to turbulence mode
outputs. Values of .True. or .False. should be used for this variable. The following variables were defined
before the end statement of the INITIAL BLOCK as in the GUSTMDL program. These variables ae
constant and do not depend on velocity.

RHHBHABREH B BHABHABRHBRHB BRI BHABH A B RHARHH
!

pi = acos(-1.)

i rseed should be pos, odd, integer ,possibly 8 digits

nmultiply defined irseed CONSTANT | RSEED = 28545269
GAUSI ( | RSEED )
!
CONSTANT TURBUO = 0., &
TURBXVDO = 0., &
TURBXVO = 0., &
TURBXWDO = 0., &
TURBXW) = 0.
!
CONSTANT TURBRO = 0., &
TURBQO = 0., &
TURBPO = 0.
!
SI&J = TURBSI G I sanme as sigv, sigw

SIGV = TURBSI G
SIGW = TURBSI G
SIGP = 1.9 / SQRT(TURBL * BWNG * SIGW I eq.8

! APPROXI MATI ONS OF EXPECTED VALUES OF STD. DEV. (P AND R COVPONENTS)

Sl &Q
SIGR

SQRT(pi /(2. *TURBL * BWNG)) * SIGW I eq. 14
SQRT(2.*pi /(3. *TURBL * BWNG)) * SIGN ! eq.17

| I o |

END $ ! OF INNTIAL !

| I o |
| I o |

| I o |

DYNAM C

| I o |

DERI VATI VE

82



HERHHABHHHBHHHB R HH B HHB R H BB HBERHYH
Variables implementing the continuous models were placed in the DERIVATIVE BLOCK of the ACSL
simulation. They were inserted with the steady-state wind model after the END statement for the linearization
procedurd and before the table look-ups for the HARV aerodynamic model. This placement of the mode
allows the latest turbulence velocities to be included in the calculation of aerodynamic forces and moments.

RHHBHABH A B BHABBH A B A B RHB BRI BHABH A B RABRHH
I

NCLLN. . CONTI NUE
!
END$ ! ENG NE LI NEARI ZATI ON PROCEDURAL!
R R COVPUTE BODY FRAME COMPONENTS OF W NDI

VELWND = VWN\DI C + WANDRT*( H - 15000.)/1000.
HEADWAD = HDW C + HDWRT*( H - 15000.)/1000.

XDWND = VELWAD * COS( HEADWND* DG2RA)

YDWND = - VELWAD * S| N( HEADWND* DG2RA)

ZDMD = 0.

XDDWND = VMRDRT* ( HDY 1000. ) * COS( HEADWKD* DG2RA) &
- VELWND* SI N( HEADWKD* DG2RA) * HDWRT* ( HDY 1000. ) * DG2RA

YDDWAD = - VMRDRT* ( HD/ 1000. ) * SI N( HEADWND* DG2RA) &
- VELWKD* COS( HEADWKID* DG2RA) * HDWRT* ( HD/ 1000. ) * DG2RA

ZDDWAD =

UWAD = CXX*XDWND + CXY*YDWND + CXZ* ZDWND

VWAWD = CYX*XDWND + CYY*YDWND + CYZ*ZDWAD

WWD = CZX*XDWND + CZY*YDVWND + CZZ* ZDVWND
*

* * * * * * *

Tur bul ence or Gust components

UAM = U - UWD
VAM =V - VWWD
WAM = W- WMWD
UAZ2M = UAMF UAM

VAZ2M = VAM' VAM
WAZM = WAM* WAM

HERHHABBEHHHBHHH AR HH B HHB R H BB HBERHYH
The variable VTMINUS defines a “pseudo steady-state” value of true airspeed for use in calculating
turbulence model coefficients. VTMINUS isthe total air speed minus, or without, turbulence.

RHHBHABHABBHABBH A B A B RHBBHAR BFHABHABRABREHAH

VTM NUS = SQRT( UA2M + VA2M + WA2M )
VTOT = VTM NUS

use turbl= 1750. for Lu, Lv, Lw
use tau for tauu, tauv, tauvw

TAU = TURBL/ VTOT | eq.3,4,6
TAUQ = 4.0 * BWNG / (Pl * VTOT) I eq. 13
TAUR = 3.0 * BWNG / (Pl * VTOT) I eq. 16
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LP = SQRT(TURBL * BWNG) / 2.6 I eq. 10

TAUP = LP/ VTOT I eg. 13
TURBOVEGA = VTOT/ TURBL I sane as 1./TAU, 1./ TAWY, 1./ TAUW
WP = VTOT/LP | sane as 1./ TAUP

|

i CONSTANTS FOR CALCULATI ONS OF CONTI NUQUS W AND V I eq. 1,2

|

' TURBK2U TURBSI G* SQRT( 2. * TURBOVEGA/ TSAMVP)

K2P = SIGP * SQRT(2. * WP/ TSAVP)
TURBKLVW = 2. * TURBOVEGA
TURBK2VW = TURBOVEGA* TURBOVEGA
TURBK3VW = TAU* SQRT( 3.)
TURBK4VW = TURBSI G+ SQRT( TURBOVEGA* * 3/ TSAMP)

khkkhkkhkkhkkhkhkhkhkhkhkhkhkhhkhkhkhhhhhhhhkhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhkk*%]|

TURBULENCE MODEL WIB, JCY 2-24-94

khkkhkkhkkhkkhkhkhkhkhkhkhkhkhhkhkhkhhhhhhhhkhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhkk*%]|

U - COVPONENT

khkkhkkhkkhkkhkhkhkhkhkhkhkhkhhkhkhkhhhhhhhhkhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhkk*%]|

used in eq.5

TURBUD = - TURBOVEGA * TURBU + TURBK2U * FI LNU
TURBU = I NTVC ( TURBUD, TURBUO)

khkkhkkhkkhkkhkhkhkhkhkhkhkhkhhkhkhkhhhhhhhhkhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhkk*%]|

V - COVPONENT

khkkhkkhkkhkkhkkhkhkhkhkhkhhkhhkhkhhkhhhhhhkhkhhkhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhkk*x]|

used in eq.2

TURBXVDD = - TURBKIVW * TURBXVD - TURBK2ZVW * TURBXV &
+ TURBKAVW * FI LNV

TURBXVD = | NTVC ( TURBXVDD, TURBXVDO)

TURBXVDI = TURBXVD

TURBXV = INTVC ( TURBXVDI, TURBXVO)

TURBV = TURBXV + TURBK3VW * TURBXVDI

TURBVD = TURBXVDI + TURBK3VW * TURBXVDD

khkkhkkhkkhkkhkkhkhkhkhkhkhkhhkhhhhhhhhhhkhhhhhhhhkhkhkhhhhhhhhhhhhhhhhhhhhhhhhkhhkhhkhkhhhkkkx%]|

W - COVPONENT

khkkhkkhkkhkkhkkhkhkhkhkhkhkhkhkhkhkhhhkhhhhhhhhhkhhhhhhhhhhhhhhkhkhkhkhhhhhhhhhhhhhkhkhkhkhkhkhkhkhkkk%]|

used in eq.2

TURBXVWDD = - TURBKIVW* TURBXWD - TURBK2VW * TURBXW &
+ TURBKAVW * FI LNW

TURBXWD = | NTVC ( TURBXVDD, TURBXWDO)

TURBXVWDI = TURBXWD

TURBXW = I NTVC ( TURBXWDI , TURBXWD)

TURBW = TURBXW + TURBK3VW * TURBXWDI

TURBWD = TURBXWDI + TURBK3VW * TURBXWDD

| I o |

! P, Q R COVPONENTS ADDED 5-15-95 JCY
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[ R I R R R |

! P -

COVPONENT

[ R I R R R |

used in eq.7

TURBPD =
TURBP

TURBQD = -
TURBQ = |

R - COVPONE

TURBRD = -
TURBR I

WP * TURBP + K2P * FILNP

| NTVC ( TURBPD, TURBPO)

khkkkkhkkhkkhkkhkkkhkkkhkkhkkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhhkhhkhkhkkhhkhhkhhhkhkhkhkhkhkhkhkhkhkhkhkkkkkkkkx%]|

Q - COVPONENT

khkkkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkhhkhhhhhkhhhhhkhhkhkhkhkhkhkhkhkkkkkx%]|

used in eq.12

TURBQ / TAUQ + TURBWD / (TAUQ * VTOT)
NTVC ( TURBQD, TURBQD)

khkkkkhkkkhkkhkkhkkkhkkhkhkhkkhkhkkhkhkhkhkhkhkhkkhkhkhkhkhkhkkhkhkhkhkhhkhkhkhkhhhkhkhkkhkhkhhhhkhhhkhkhhkhkhkhhkhkhkhkhkhkkkkkx%]|

NT

khkkkhkkhkkkkkhkkhkhkhkkhkhkkhkhkhhkhkhkhkhkhkhkhkhkhkhkkhkhkhkhhkhkhhkhhkhkhkhkhkhhhkhhkhhhkhhkhhkhkkhhkkhkhkhkkkkkkkx%]|

used in eq.15

TURBR / TAUR + TURBVD / (TAUR * VTOT)
NTVC ( TURBRD, TURBRO)

[ R R R R R R R R R |

RHHBHAHBRH

RHHBREHBBHABHABRHAR BHBRH AR A RHH

The following code selects the continuous, Tustin, or MIL STD models for use in the aircraft

simulation.
RHEHRHHHHHH

RHHBREHBBHABHABRHAR BHBRH AR A RHH

PROCEDURAL( wng=wand, TURBU, TURBV, TURBW TURBP, TURBQ TURBR)
IF (TURBFLG .EQ 'TUS .AND. T .GT. 0.) THEN
WG = FI LU
WG = FILV
VWAG = FI LW
PWG = FILP
QA\G = FILQ
RWG = FILR
IF (.not. PQRFLG) THEN
PWG = 0.
QG = 0.
RWG = 0.
END | F
UDWG = FI LUD2
VDWG = FI LVD2
VWDWG = FI LWD2
ELSE IF (TURBFLG .EQ 'ML' .AND. T .GT. 0.) THEN
WG = M LUK
WG = M LVK
WAG = M LVWK
PWG = M LPK

QNG
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RWG = M LRK
IF (.not. PQRFLG THEN

PWG = 0

QNG = 0.

RWG = 0.
END | F

UDWG = FI LUD2
VDWG = FI LVD2
VWDWG = FI LWD2
ELSE IF (TURBFLG .EQ 'CON .AND. T .GT. 0.) THEN
WG = TURBU
WG = TURBV
VWAG = TURBW
PWG = TURBP
QMG = TURBQ
RWG = TURBR
IF (.not. PQRFLG THEN
PWG = 0.
QNG

END | F
UDWG
VDWG
VDWG
ELSE
WG
WG
WAG
PWG

In 11
coo

TURBUD
TURBVD
TURBWD

cococooo

END | F
END $! OF PROCEDURAL TO CALCULATE tur bul ence!

R Conpute tinme rate of change of body frane conponents of w nd.

beeme - - Vb(ody) = [L] Ve(arth)

bemeem - - d/dt Vb = (d/dt[L])Ve + [L](d/dt Ve)

R d/dt[L] = - [onega][L] Etkin, eq (5.2,11)

R d/dt Vb = - [onega][L]Ve + [L](d/dt Ve)

------- d/dt Vb = - [onega] Vb + [L] (d/dt Ve)
UDWND = r*vwg - g*wwg + CXX* XDDWND + CXY* YDDWAD + CXZ* ZDDWAD
VDWND = -r*uwg + p*wwg + CYX*XDDWND + CYY*YDDWAD + CYZ* ZDDWAD
WOWAD = g*uwg - p*vwg + CZX*XDDWAD + CZY* YDDWND + CZZ* ZDDWAD
UA = U- UND - WG
VA =V - VWID - W\G
WA = W- WAWD - WAG
UDA = UD - UDWAD - UDWG
VDA = VD - VDWAD - VDWG
WA = W - WOWAD - WDWG
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UA2 = UA*UA
VA2 = VA*VA
WAZ = WA*WA

HERHHABEHHHBHHH BB HH BB HB R H BB HBERHYH
The variables PA, QA, and RA define instantaneous attitude rates relative to the turbulent atmosphere
for use in the aerodynamic model table look-ups.

RAHHBHABHABBHABHABHABRH BRI BHABBH AR AR RHH

! Calc PA, QA RA
!

PA = P + PWG
QA =0+ QNG
RA = R + RWG

PROCEDURAL ( TMPK=H)
CALL ATMAT62( TMPK, H, 3)

TWMPKOLD = TMPK
TWPK = TMPK + DELTK

END $! OF PROCEDURAL TO CALCULATE TEMPERATURE | N KELVI N

I oemmm-- COVPUTE W ND AXES VARI ABLES !

CSALF = COS(ALF)
CSBET = COS( BET)
SNALF = SI N(ALF)
SNBET = SI N( BET)
PW = ( P*CSALF*CSBET + R*SNALF*CSBET + (Q ALFD)*SNBET )
QN = (- P*CSALF*SNBET - R*SNALF* SNBET + (Q ALFD)* CSBET )
RW = (- P*SNALF + R*CSALF + BETD )
PWDG = PW* RA2DG
QDG = QW * RA2DG
RWDG = RW* RA2DG

AYW= VT * RW
AZW = -VT * QW

HAERHHBBHHHBHHH BB BB BB HBR S H BB HBERHRH

The variables PA, QA, and RA were used as parameters in the calls to subroutines SFAERRF ad
AEROINC, which define the HARV aerodynamic model, to replace theinertial variablesP, Q, and R. These
variables (PA, QA, and RA) were also used in the PROCEDURAL surrounding the calls to subroutines
SFAERRF and AEROINC. Existing variables ALDGRF, BEDGRF, MACHRF were used in the calls to
the aero models, but these variables now include the effects of turbulence.

RAHAHBHABHABBHABHABHABRHBBRHAR BFHABBH AR AR RHH

PROCEDURAL ( &
FVRA &
, CXRFSF , CYRFSF , CZRFSF , CIRFSF , CVRFSF , CNRFSF &
, CDRFSF , CLRFSF , TVJPAVG, TVJYAVG, TVIJRAVG &
, Cho ,cnbeta ,cnlef ,cntef ,cnail ,cnrud ,cnraero&
, cnp ,clo ,Clbeta ,cllef ,cltef ,clail ,clrud &
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,LDBA ,LQSE ,LRTE |, S\WRF ,
FGAERO , TVJANP , TVJANY , XSTRAKE, DGZRA , DNSL , DNSR
» H)

, clr ,Clp ,dclfl x &
=ALDCRF , BEDGRF , MACHRF , PA , QA , RA ,HRF &
, HGC , BAR ,CWRF ,BWRF ,VTRF &
, DSR , DSL , DAR , DAL , DRR , DRL ,DFR &
, DFL , DNR DNL , DSB , DLG &

&

&

R CALL SFAERRF TO USE THE R/ T AERO DATA E FOR RRG D MOTI ON. !
SFAERRF | NTERPRETS LEFT RUDDER AS POS T.E.LEFT. THIS IS !
I N ACCORDANCE W TH MCAI R CONVENTI ON. !

Al titude i nput to SFAERRF has been changed from pressure altitude
to true altitude. This was done to match the inplenentations in
the DMS, ACES, and Dryden sinul ations.

CALL SFAERRF( &
CDRFSF , CYRFSF , CLRFSF , CIRFSF , CMRFSF , CNRFSF &
, ALDGRF , BEDGRF , MACHRF , PA , QA , RA , H &
, HGC , BAR ,CWRF ,BWRF ,VTRF &
, DSR , DSL , DAR , DAL , DRR , DRL ,DFR &
, DFL , DNR , DNL , DSB , DLG &
,LDBA ,LQSE ,LRTE ,cnho ,cnbeta ,cnlef ,cntef &
,cnail ,cnrud ,cnraero,cnp ,clo ,Clbeta ,cllef &
,cltef ,clail ,clrud ,clr ,Clp , dclfl x)
| |
CALL AERAO NC ( &
CDRFSF , CYRFSF , CLRFSF , CIRFSF , CMRFSF , CNRFSF, &
ALDGRF , BEDGRF , MACHRF &
BAR  ,SWRF |, FGAERO , TVJANP , TVJANY , &
DSR , DSL , DRR , DRL , TVIPAVG TVIYAVG &
TVIRAVG, PA , QA , RA , O\RF | BWRF &
VTRF |, XSTRAKE, D&RA , DNSL , DNSR , &
DCNFS )

!
RHHBHA BB H B BHABHABRHBRHB BRI BHABH A B RHARHAH

The Tustin model and the MIL STD model were implemented in the DISCRETE BLOCK GUST which
computes the turbulence outputs from these models at intervals of 0.0125 seconds (80 Hz).

RHHBHA BB H B BHABHABRHBRHB BRI BHABH A B RHARHAH

|
| I o |
!

DI SCRETE GUST

| I o |
!
I NTERVAL TSGAUS = 0. 0125

| I o |

! GAUSSI AN RANDOM PROCESS
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[ R I R R R |

| F(SDNO S. LE. EPSLON) GOTO LETAl

FI LNU = GAUSS( 0., SDNO S)
FI LNV = GAUSS( 0., SDNO S)
FI LNW = GAUSS( 0., SDNO S)
FI LNP = GAUSS( 0., SDNO S)
GOTO LETA2
LETAL. . CONTI NUE

FI LNU = 0.

FI LNV = 0.

FI LNW = 0.

FILNP = 0

LETA2. . CONTI NUE

[ S R R R S R R R |

CONSTANTS FOR CALCULATI ONS of TURBULENCE VI A TUSTI N TRANSFORM

TWOPI OVTNU = SQRT( 2. * Pl / TSAMP)

khkkkkhkkhkkhkhkkhkkhkkhkkhkkhkkhkhkhkkhkhkkhkhkkhkhkkhkhkhkhkhkhhkkhkhkhkkhkhkhkhkhkhkhhkkhkhkkhhkhhkkhkhkhkhkhkhkhhkhkhhkhkhkhkhkkkkkkkx%]|

U- COVPONENT

khkkkhkhkkhkkhkkkhkkhkhkkhhkhkkhkkhkkhkhkhkhkhkhkhkhkhkkhkkhkhkhkhkhhkhkhhkhkhkhkhkhkhkhhhkhhkhkhkhkhhkhkhkhkkhhkkhkhkhkhkhkkkkkx%]|

constants used in eq.18

KFI L
CFI L
FI LK1
FI LK2
FI LK3

TURBSI G+ SQRT(1./ (Pl * TURBOVEGA))

TURBOVEGA! TAN( TURBOVEGA* TSAMP/ 2. ) I eq. 19
(TURBOVEGA - CFI L)/ ( TURBOVEGA + CFIL)

KFIL /(1. + (CFIL/ TURBOVEGA))

SQRT(PI * (TURBOVEGA + CFIL))/SDNO S

[ S R R R R S R R |

V- COMPONENT and W COVPONENT

khkkkkhkhkkhkkhkkkhkkhkkhkkhhkhkkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkhhkhkhkhkhkkhkhkhhkkhkhkhkhkhhkhhhkkhkhhhkhkhhkkhhkkkkkkkkkx%]|

constants used in eq. 20

KWW =

SQRT( 3. * TURBOVEGA/ (2. *P1))

WNPC = TURBOMVEGA + CFIL

Fl LK4
FI LK5
FI LK6
FI LK7
FI LK8
FI LK9

lused in eq.

KFI LD1

2. * ( TURBOVEGA* TURBOVEGA - CFI L* CFI L) / ( WNPC* WNPC)
(TURBOVEGA - CFI L) *( TURBOVEGA - CFI L)/ ( WNPC* \WNPC)
CFIL + TURBOVEGA/ SQRT(3.)

2. * TURBOVEGA/ SQRT( 3.)

TURBOVEGA/ SQRT(3.) - CFIL

KVW TURBSI G /  ( WNPC* \WNPC)

90

= TURBSI G* SQRT( 2. * TAU TSAWP)

potential alternate (filwd2, filvd2)
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KW2 =
CTWBR3 =

1. - TAUCFIL)/ (1.

+ TAU*CFI L)

(
TURBSI G* SQRT( TAU TSAWP) * CFI L/ (1. +TAU* CFI L) ** 2
SQRT(3.) * TAU* CFI L

| I o |

P- COVPONENT

| I |

90

used in eq

PFI L
PCFI L
PK1
PK2

.21

SI GP* SQRT(2./

W/ TAN( WP

(TSAVP *

Wp))

*TSAVP/ 2.) I eq. 22
(WP - PCFIL) / (WP + PCFIL)
PFIL /(1. + (PCFIL/WP))

Q COVPONENT and R- COMPONENT

used in

CFILQ
QK1
QK2

used in eq

CFI LR
RK1
RK2

constants
used in eq

tovtau =
tovt au2=
tovt aud=
t ovt aup

tovt aup2
t ovt auq

t ovt aur

mlkl
ml k2
ml k3
m | k4
m | k5
ml k6
ml k7
ml k8
pi ovdb=p
pi ov3b=p

D
o]

N
w

khkkhkkhkkhkkhkhkhkhkhkhkhkhkhhkhkhkhhhhhhhhkhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhkk*%]|

khkkhkkhkkhkkhkhkhkhkhkhkhkhkhhkhkhkhhhhhhhhkhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhkk*%]|

(1. / TAUQ / TAN(TSAMP / (2. * TAUQ) | eq. 24
(1. - CAILQ * TAUQ / (1. + CFILQ* TAUQ

(CFILQ / VTOT) / (1.

.25

+ CFILQ * TAUQ

(1. / TAUR) / TAN(TSAMP / (2. * TAUR)) | eq. 26
(1. - CFILR* TAUR) / (1. + CFILR * TAUR)

(CFILR / VTOT) / (1.

for ML STD cal cs

s. 30 - 35

t sanp/tau

2.* tovtau
4.* tovtau

= tsanp/taup
= 2.* tovtaup
t sanp/ t auq

t sanp/ t aur
(1. - tovtau)
(1. - tovtau2)
sqgrt (tovtau2)
sqgrt (tovtaud)
(1. - tovtaup)
sqgrt (tovtaup2)
(1. - tovtauq)
(1. - tovtaur)
i/(4.*bwi ng)
i/(3.*bwing)

I'(for

I'(for
I'(for

I'(for
I'(for

I'(for

I'(for
I'(for

+ CFILR * TAUR)

khkkhkkhkkhkkhkhkhkhkhkhkhhkhkhkhkhhhhhhhhhkhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhkk*x]|

8-28-97

u, w, v)

p)

o))

u, w, v)

p)

o))
r)



[ R I R R R |

! TURBULENCE VI A Bl LI NEAR TRANSFORM OR TUSTI N TRANSFORM

|
I
! U- COVPONENT
|
UFI LK = FILNU
IF (T .EQ 0.) THEN
UFI LKML = 0.
GUFI LKML
FI LUDKML
FI LUD2KML = 0.
ENDI F

= 0.
= 0.

! eq. 18

khkkkkhkhkkhkkhkkkhkhkhkkhkkhhkhkhkhkhkhkhkhhkhkhkhhhkhhhhkhhhhhhhhkkhhkhkhhhhkhhhhhhhhhhhhhhhhkkkkkx%]|

khkkkkhkhkkhkkhkkkhkhkhkkhkkhhkhkhkhkhkhkhkhhkhkhkhhhkhhhhkhhhhhhhhkkhhkhkhhhhkhhhhhhhhhhhhhhhhkkkkkx%]|

GUFI LK = - FI LK1*GUFI LKML + TWOPI OVTNU* FI LK2* (UFI LK + UFI LKML)

eq. 27

FI LUD = (GUFI LK - GUFI LKML) / TSAMP

! eq. 28

FILUD2 = - KWDL * filud2knd
+ (kfild1*CFIL/ (1.
*(ufilk - ufilkmi)

FI LUDKML = FI LUD

FI LUD2KML = FI LUD2

UFI LKML = UFI LK

GQUFI LKML = GUFI LK
FI LU = GUFI LK

+ tau*CFl L))

khkkkkhkhkkhkkhkkkhkhkkhkhkkhkhkkhkhkkhkhkhkhkhkkhkhkhkhhkhkkhkhkkhkhkhhkhkhkhkhkhkhkhkhkkhhkhhhhkhhhkkhhhkhkhkhkhkhkhkhkhkhkkkkkx%]|

DI G TAL | MPLEMENTATI ON OF DERI VATI VE CALCULATI ONS OF U- COVPONENT

khkkkkhkhkkhkkhkkkhkkhhkhkkhkhkhkkhkkhkhkhkkhkhhkkhkhkhkhkkhkhkhkhhkkhkhhkhkhkhhhkhkhkkhhkhhkhkhkhhkhhhkhkhkhkhkhkhkhkhkhkhkkkkkx%]|

5-9-97

[ S R R R R R R R R |

! V- COMPONENT

[ S R R R R R R R R |

VFI LK = FI LNV

IF (T .EQ 0.) THEN
VFI LKML =
VFI LKM2 =
GVFI LKML
GVFI LKM2 = 0.
FI LVDKML = O.
FI LVD2KML = 0.
FI LVD2KM2 = 0.

ENDI F
FILVKML = GVFI LKML

0.
0.
0.

! eq. 20
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GVFI LK = - FI LK4*GVFI LKML - FI LK5* GVFI LKM2 &
+ TWOPI OVTNU* FI LK9* ( FI LK6* VFI LK + FI LK7*VFI LKML &
+ FI LK8* VFI LKMR)

khkkhkkhkkhkkhkhkhkhkhkhkhkhkhhkhhkhhhhhhhkhkhhkhkhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhkk*x]|

DI G TAL | MPLEMENTATI ON OF DERI VATI VE CALCULATI ONS OF V- COVPONENT

khkkhkkhkkhkkhkhkhkhkhkhkhkhkhhhhhkhhhhhhhkhhhhhhhhhhhhhkhhhhhhhhhhhhhhhhhhhhhhkhhhkhkhhkkk*%]|

eq. 27

FI LVD = (GVFI LK - GVFI LKML) / TSAMP

! eq. 29
|
FILVD2 = -2.*KWD1*FI LVD2KML &
- KWDL1** 2* F| LVD2KM2 &
+ kwd2* ( (1. +CTWSR3) * VFI LK &
- (2. *CTWBR3) *VFI LKML - (1.-CTWBR3) *VFI LKM2) | 5-12-97
|
GVFI LKM2 = GVFI LKML
GVFI LKML = GVFI LK
VFI LKM2 = VFI LKML
VFI LKML = VFI LK
FI LVD2KM2 = FI LVD2KML
FI LVD2KML = FI LVD2

FI LVDKML = FI LVD
FI LV = GVFI LK

| I |

! W COVPONENT
!**********************************************************************!
W LK = FI LNW
IF (T .EQ 0.) THEN
Wl LKML =
WEI LKMR =
GNFI LKML
GFI LKMVR
FI LWDKML
FI LWD2KML
FI LWD2KM2
ENDI F
FI LWKML = GAFI LKML

0.
0.

o n
O«

! eq. 20

GWFI LK = - FI LK4*GWFI LKML - FI LK5* GAFI LKMR &
+ TWOPI OVTNU* FI LKO9* ( FI LK6*WFI LK + FI LK7*WFI LKML &
+ FI LK8* WFI LKMR)
!**********************************************************************!
I DI G TAL | MPLEMENTATI ON OF DERI VATI VE CALCULATI ONS OF W COVPONENT
!**********************************************************************!
I
! eq. 27
I
FI LWD = (GWI LK - GWFI LKML) / TSAMP
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! eq. 29

FILWD2 = -2.*KWDL* Fl LWD2KML
- KWDL* * 2* FI LWD2KM2
+ kwd2* ( (1. +CTWSR3) * WFI LK

R0 R0 Ro

- (2. *CTWBR3) *WFI LKML - (1. - CTWBR3) * WFI LKM2 15-12-97
!
GWFI LKM2 = GWFI LKML
GWFI LKML = GWFI LK

WFI LKM2 = WFl LKML
WFI LKML = WFI LK
FI LMD2KM2 = FI LWD2KML
FI LMD2KML = FI LWD2
FI LMDKML = FI LWD
FI LW = GAFI LK

[ S R R R R R R R R R |

' P, Q R COVPONENT ADDED 5-15-95 JCY

[ R I R R R R R R R R |

! P- COVPONENT
!**********************************************************************!
PFI LK = FILNP
IF (T .EQ 0.) THEN

PFI LKML = O.
GPFI LKML = O.

ENDI F
GPFI LK = -PK1*GPFI LKML + PK2*( PFI LK + PFI LKML) I eq. 21
PFI LKML = PFI LK I 5-2-97
GPFI LKML = GPFI LK I 5-2-97

FI LP = GPFI LK

[ S R R R R R R S R R R R |

! Q COVPONENT

[ S R R R R R R |

IF (T .EQ 0.) THEN

FILQKML = 0.

ENDI F
FILQ = -QKL*FILQKML + QK2*(FILW- FI LWKML) | eq. 23
FILOKML = FILQ

!
[ S R R R R R R R R |

! R- COVPONENT

[ S R R R R R R R R |

IF (T .EQ 0.) THEN

FI LRKML 0.

ENDI F
FI LR = -RK1*FI LRKML + RK2*(FI LV - FILVKML) I eq. 25
FI LRKML = FILR

[ S R R R R R R R R |

! ALPHA | BETA COVPONENTS ADDED 5-7-97

[ S R R R R R R R R |

FILA = FILWVTOT ! ALPHA COVPONENT
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FILB = FILV/VTOT ! BETA COVPONENT
FI LAD = FI LMY VTOT
FI LBD = FI LVD/ VTOT

| I |

! ALPHA , BETA COVPONENTS ALTERNATES ADDED 6- 19- 97
!**********************************************************************!
FI LAD2 = FI LWD2/ VTOT
FILBD2 = FILVD2/ VTOT

!
| I |

' ML STD | MPLEMENTATI ON CF CALCS OF u, v, w, p, g, r- COVPONENT

! 8-28-97
!**********************************************************************!
IF (T .EQ 0.) THEN
M LUKML = O.
M LVKML = 0.
M LVWKML = 0.
M LPKML = 0.
M LQKML = 0.
M LRKML = 0.
ENDI F
MLUK = m | k1*M LUKML + sigu*m | k3*ufilk I eqg.30
MLVK = m | k2*M LVKML + sigv*m | k4*vfilk I eg.31
MLW = m | k2*M LWKML + sigw m | k4*wfilk I eg. 32
M LPK = m | k5*M LPKML + sigp*m | k6*pfilk I eg.33
MLQK = mi | k7*M LQKML + pi ov4b* (m | wk-m | wknl) I eq.34
M LRK = m | k8*M LRKML + piov3b*(m|vk-m | vknil) I eqg.35
|
! Cal c derivatives 9-23-97
|
M LUDK = (M LUK - M LUKML)/ TSAMP
M LVDK = (M LVK - M LVKML)/ TSAMP
M LWK = (M LW - M LVWKML) / TSAMP

! save past val ues

M LUKML = M LUK
MLVKML = M LVK
MLWKML = M LWK
M LPKML = M LPK
MLQKML = M LQK
M LRKML = M LRK

!
| I o |
END ! GQUST DI SCRETE
!
| I o |
!
| I o |
|
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[ R I R R R |

! DI SCRETE TO COMPUTE

!
| NTERVAL TRMS
SAMPS = SAMPS

DRVS( DRVBUVG,
DRVS( DRVBVW\G,
DRVS( DRVBVWAG,

DRVS( DRVBPVG,
DRVS( DRVBQAG,
DRVS( DRVBRWG,

DRVS( DRVSUDWG, DVNUDWG, UDWG
DRVS( DRVSVDWG, DMNVDWG, VDWG
DRVS( DRVBVWDWG, DMNWVDWG, WDWG

DRVS( DRVBM LUK,
DRVS( DRVBM LVK,
DRVS( DRVBM LV,
DRVS( DRVBM LPK,
DRVS( DRVBM LCX,
DRVS( DRVBM LRK,

+ 1.

DIVNUVG,
DVNWWG,
DIVNWAG,

DIVNPW\G,

DIVNQAG,
DVNRVG,

ML STD calcs, u,v,wp,q,r

END ! of DI SCRVMS DI SCRETE

[ I R I R R S R R R |

0. 0125

RMS OF TURBULENCE

DM\M LUK, M LUK,
DM\M LVK, M LVK,
DM\M LVK, M LVK,
DM\M LPK, M LPK,
DM\M LK, M LQXK,
DM\M LRK, M LRK,

WG , SAWPS)
VWG , SAWPS)
VWAG , SAMPS)
PWG , SAMPS)
QNG , SAWPS)
RWG , SAMPS)
SAWPS)
SAWPS)
SAWPS)

extra i f needed

SAWPS)
SAWPS)
SAWPS)
SAWPS)
SAWPS)
SAWPS)

RAHHBHABHABBHABBHABHABRHB BRI BHABBH A B RHBRHH

Time History Plots

Numerous runs were made with the modified HARV aircraft simulation to evaluate the performance of
the implemented turbulence models. The 20-second runs were made with five trim cases.  Some runs set the
PQRFLG variableto .True. to use effects of p, g, and r gust effects, while other runs had a value of .False.
for the PQRFLG variable. All runs used the same random seed for noise generation. Time history plots of
comparisons of the continuous, Tustin, and MIL STD models for each trim case are presented below in
figures 15 through 59. Attitude and air data variables are also plotted. The five trim cases plotted were for a
values of 5°, 25°, 35°, 55°, and 60°. Figures 15 through 23 are the time histories for the a = 5° trim case.
Figures 24 through 32 are the time histories for the a = 25° trim case. Figures 33 through 41 are the time
histories for the a = 35° trim case. Figures 42 through 50 are the time histories for the a = 55° trim case.
Figures 51 through 59 are the time histories for the a = 60° trim case.
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Figure 15. Comparison of continuous, Tustin, and MIL STD model turbulence for a = 5°, seed no. 1.

96



pdg, deg/sec

w N = o = N w IN
p—
R
L —
I “r\
S
/sec
o o
ol N
?
.

\I —— Cont
0.4 T
v \/J ‘USt
0 5 10 15 20 0 5 10 15 20
Time, sec Time, sec
(8).- Roll rate. (b).- Pitch rate.
0.6 : 5 :
—— Conti —— Conti
ontinuous Ak ontinuous [/
0.4|-----Tustin - -----Tustin /
f 3 /
% 0.2 ‘ \f g, ,
¢ A f [
=0 \u IR vhv =1 /“\ \ /
\/ \/ \ﬁj O \ I//
| N
0.4 : -2
0 5 10 15 20 0 5 10 15 20
Time, sec Time, sec
(¢).- Yaw rate. (d).- Bank angle.
—— Continuous — Conti‘nuous /\ J
5.4 - 0.8} ;

: /\ - Tustin B ustin / \/

5.2 \ 0.6
\ © /
b - 0.4 }

4.8 S - 0.2 /

e \/ \ 0 /\/\/‘/ aa

thedg, deg
(6]

44l e N2l e
0 5 10 15 20 0 5 10 15 20
Time, sec Time, sec
(e).-Pitch angle. (f).-Heading.

Figure 16. Comparison of continuous and Tustin attitude rates and angles for a = 5°, seed no. 1.
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Figure 17. Comparison of continuous and Tustin air data and accelerations for a = 5°, seed no. 1.
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Figure 18. Comparison of continuous and MIL STD attitude rates and angles for a = 5°, seed no. 1.
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Figure 19. Comparison of continuous and Tustin air data and accelerations for a = 5°, seed no. 1.
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Figure 20. Comparison of Tustin attitude rates and angles w/ and w/o PQR gusts for a = 5°, seed no. 1.
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Figure 21. Comparison of Tustin air data and accelerations w/ and w/o PQR gusts for a = 5°, seed no. 1.
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Figure 22. Comparison of MIL STD attitude rates and angles w/ and w/o PQR gusts for o = 5°, seed no. 1.
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Figure 23. Comparison of MIL STD air data and accelerations w/ and w/o PQR gusts for a = 5°, seed no. 1.
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Figure 24. Comparison of continuous, Tustin, and MIL STD model turbulence for a = 25°, seed no. 1.
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Figure 25. Comparison of continuous and Tustin attitude rates and angles for a = 25°, seed no. 1.
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Figure 26. Comparison of continuous and Tustin air data and accelerations for a = 25°, seed no. 1.
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Figure 27. Comparison of continuous and MIL STD attitude rates and angles for a = 25°, seed no. 1.
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Figure 28. Comparison of continuous and Tustin air data and accelerations for a = 25°, seed no. 1.
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Figure 29. Comparison of Tustin attitude rates and angles w/ and w/o PQR gusts for a = 25°, seed no. 1.
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Figure 30. Comparison of Tustin air data and accelerations w/ and w/o PQR gusts for a = 25°, seed no. 1.
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Figure 31. Comparison of MIL STD attitude rates and angles w/ and w/o PQR gusts for a = 25°, seed no. 1.
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Figure 33. Comparison of continuous, Tustin, and MIL STD model turbulence for a = 35°, seed no. 1.
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Figure 35. Comparison of continuous and Tustin air data and accelerations for o = 35°, seed no. 1.
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Figure 37. Comparison of continuous and Tustin air data and accelerations for o = 35°, seed no. 1.
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Figure 40. Comparison of MIL STD attitude rates and angles w/ and w/o PQR gusts for a = 35°, seed no. 1.
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Figure 41. Comparison of MIL STD air data and accelerations w/ and w/o PQR gusts for a = 35°, seed no. 1.

122



g - component, rad/sec

u - component, ft/sec
[$)]
v - component, ft/sec
o

w - component, ft/sec

15 : 5

H
(@]

T
=
—a
(i)':
lw)

o

i \
—— Continuous ]
10 e oo Tustin
Y — -----MIL STD &
V i
A0 e sl
0 5 10 15 20 0 5 10 15 20
Time, sec Time, sec
(a).- u-component. (b).- v-component.
10 , 0.15 ;
| —— Continuous — gogtt.i nuous|
W Tustin @ V] oL ustin 1
5 : ----MIL STD ; 0.1 ___MIL STD
® 0.05
1
§- 0 B 11 I
IS
Q
(&S]
5 -0.05F M- B MR -
-0.1
Al 015 e
0 5 10 15 20 0 5 10 15 20
Time, sec Time, sec
(¢).- w-component. (d).- p-component.
0.15 0.15 :
—— Continuous|
----- Tustin
0.1 0.1 -----MIL STD
0.05 T 005
g
0 < 0
g !
Q
o
-0.05 ! -0.05
- —— Continuou -
O prmtm 00 Tustin 0.1
-----MIL STD
015l b L 015 b
0 5 10 15 20 0 5 10 15 20
Time, sec Time, sec
(e).- g-component. (f).- r-component.

Figure 42. Comparison of continuous, Tustin, and MIL STD model turbulence for a = 55°, seed no. 1.
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Figure 43. Comparison of continuous and Tustin attitude rates and angles for a = 55°, seed no. 1
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Figure 44. Comparison of continuous and Tustin air data and accelerations for a = 55°, seed no. 1.
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Figure 45. Comparison of continuous and MIL STD attitude rates and angles for a = 55°, seed no. 1.
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Figure 46. Comparison of continuous and Tustin air data and accelerations for a = 55°, seed no. 1.
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Figure 47. Comparison of Tustin attitude rates and angles w/ and w/o PQR gusts for a = 55°, seed no. 1.
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Figure 48. Comparison of Tustin air data and accelerations w/ and w/o PQR gusts for a = 55°, seed no. 1.
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Figure 49. Comparison of MIL STD attitude rates and angles w/ and w/o PQR gusts for a = 55°, seed no. 1.
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Figure 50. Comparison of MIL STD air data and accelerations w/ and w/o PQR gusts for a = 55°, seed no. 1.
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Figure 51. Comparison of continuous, Tustin, and MIL STD model turbulence for a = 60°, seed no. 1.
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Figure 52. Comparison of continuous and Tustin attitude rates and angles for a = 60°, seed no. 1.
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Figure 53. Comparison of continuous and Tustin air data and accelerations for o = 60°, seed no. 1.
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Figure 55. Comparison of continuous and Tustin air data and accelerations for o = 60°, seed no. 1.
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Figure 56. Comparison of Tustin attitude rates and angles w/ and w/o PQR gusts for a = 60°, seed no. 1.
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Figure 57. Comparison of Tustin air data and accelerations w/ and w/o PQR gusts for a = 60°, seed no. 1.
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Figure 58. Comparison of MIL STD attitude rates and angles w/ and w/o PQR gusts for a = 60°, seed no. 1.
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Figure 59. Comparison of MIL STD air data and accelerations w/ and w/o PQR gusts for a = 60°, seed no. 1.
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