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20.

attitude, and rocket launch position wes also investigated. Velocities
induced by itip vortices near the intersections of the rocket trajectories
with the wake boundary were found to be similar in megnitude to the lsunch
velocity of the 2.75 in., rocket currently in use on the AH-1G aircraft.
Values of the downward induced velocity component as high as 70 fps (time-
aversged) and 130 fps (instantaneous) were predicted for the hover condition,
and the velocities decrease with increasing flight speed. For flight speeds
greater than approximately 3C kts, the rotor wake passes behind the rocket
launch position which significantly reduces the wake induced effects. The
location of the rotor wake boundary relative to the rocket trajectories is a
major determinant of the induced velocity distribution along the trajectories.
Thus, the use of an accurate wake geometry was found to be important for
accurate calculations of the induced velocities st the rockets.




SUMMARY

An analytical investigation wis conducted to predict the rotor wake induced
flow velocities along the trajectories of rockets fired from an Army AH-1G
helicopter. The three coaponents of both the time-averaged and inatantanecus
induced velocities were predicted at selected points along the trajectories of
rockets fired fram four wing locations. Three flight conditions with helicopter
flisht speeds of O, 15, end 3C knots were investigated. The sensitivity of the
predicted induced velocities to rotor wake model, rocket launch attitude, and
rocket launch position was also investigated. Velocities induced by tip vortices
near the intersections of the rocket trajectories with the wake boundary were
found to be similar in magnitude tc the launch velocity of the 2.75 in. rocket
currently in use on AH-1G aircraft. Values of the downward induced velocity
component as high as 70 fps (time-sveraged) and 130 fps (instantaneous) were
predicted for the hover condition, and the velocities decrease with increasding
flight speed, For flight speeds greater than approximately 30 kts, the rotor
wake passes behind the rocket launch position which significantly reduces the
wake induced effects. The location of the rotor wake boundary relative to the
rocket trajectories is a major determinant of the induced velocity distribution
along the trajectories. Thus, the use of an accurate wake geometry was found to
be important for accurate calculations of the induced velocities at the rocket.
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rotor chaft angle, angle between shaft axis and normal
to V, pusitive nose up, deg or rad

rotor tip path plane angle, angle between rotor tip path
plane and V, positive nose up, deg or rad

circulation strergth of a vortex filament, ftz/sec
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INTRODUCTION

The accurate determination of the fiow field arcund a helicopter is reguired
when the helicopter ie used as a weapons platform., Since a free-flight projectile
guch a8 a rocket, when fired from e helicopter, may initially be travelling at a
gpeed which is of the same order of magnitude as the flow velocities, the flow
fisld induced by the rotor weke system cen have a significant effect on the rocket
trajectory. This may necessitate some form of aiming compensation or specisl
firing techniques -~ particularly at the low helicopter flight speeds at which
rockets are 1o be fired in accordance with current Aimy tactical concepts.

For many years the United Aircraft Resenrch Laborstories have been engsged in
anslytical and experimental studies pertaining to the determination of helicopter
rotor/wake flow velocities., Several of these studies, which include beth the mea-
surement and prediction of rotor wake geometries and associated induced velocities
are described in References i through 10. References 1 through 3 represent previous
efforts in this field which were supported by the Dept. of the Army and contain
informetion which is particularly pertinent to any study of the flow environment of
a helice Jer when hovering or 1lying at low speeds., Most of the analytical methods
degcribed in these references have placed emphasis on the flow field at the rotor
disc. However, wit» certain recognized assumptions, the methods are applicable to
predicting the flow field anywhere in the vicinity of the helicopter. Refinements
to t.. analysis, such as “he provision o transient conditions {e.g., simulated
gusta), inclusion ~f the fuselage influence, and improvements in the far wake model
are cuvreniiy in progress.

Yo assesz the influeuce >f the rotor/wake flow field on the flight path of a
2.75 inch rocket fired from the Army Ad-1G helicopter when hovering or flying at
low forward speeds, available UAxL analyses were used to predict the induced flow
velocities along the rocket trajectories. Existivg UARL computer analyses which
have the capability to caleculate the deformed tip vortex geometry and rotor wake
induced velocities was modified to cal_ulate the flow velocities along the near
rocket trajectories corregponding to roc-eta mounted at four wing locations. The
analyses were applied to pcedict the time-varying (instentaneous) and time-averaged
velocities for heiicopter flight spe2as of 0, 15, and 3" kaots. A brie’ sensitivity
study was conducted to show the sensitivity of the predicted tlow velocities to
variations in wake geometry. rocket launch atititude, and rocket mount location.
The induced velocity results from this investigation are intendad for use in Army
trajectory analyses to essess the influence »f the aerodyncdc interferency of the
rotor wake on rocket trejectorias.

Included in this report are (1) a brief description of the computer analyses
ugsed and inherent assumptions; (2) a description or the flight conditicns, aircraft
configuration and wake models used in the c.ialyses, (3) presentation and discussion
of the induced velocity results for the three flight conditions, (L4) a discussion
of areas for further consideration, and (5, suggested pr cedures for applying the
induced velocity results in rocket tvajectory calrulstions.




BRIEF DESCRIPTION OF THEQRETICAL METHODS

Theoretical methods developad at the United Aivcraft Research Laborstorlies in
recent years were used duyring the course of this investigation. The following brief
description of the theoretical methods is presented to acquaint the reader with the
analyses uced. More detailed informmation on the contents, assumpiions and results
of the methods is contained in Refs. 1 through 8.

The basic components of the UARL Rotor Analysis are sghown in Fig. 2. Siuce
the objective of this study wms to compute induced velocities rather than rotor
airlosds and stresses, the UARL blade response analysis was not used and blade
motions and control settings from a teetering rotor analysis were provided by the
Ball Helicoptcr Company. A brief description of each of the other component methods
making up the UARL Rotor Analysis follows.

INDUCED VELOCITY AND CIRCULATION ANALYSIS

The UARL Prescribed Wake Rotor Inflow Analysis (Deck F389) is described in
Refs. 3 end 4. The function of this program is to compute the rotor time varying
circulation and inflow distribution that 1s compatible with a prescribed set of
blade section operating conditions and a prescribed weke geometry. In its simplest
forin the analysis generally represents an extension of the rotary-wing equivalent
of the classical 1ifting line approach used successfully for fixed wings. Each
vlade is represented by a segmented lifting line, and the wake is represented by
a finite number of segmented vortex filaments trailing from the blade segment
boundsaries, The fundamental relations of blade circulation to lift coefficient,
angle of attack, blade motions, control settings, induced velocity, and wake geo-
metry are used in this analysis. The circulation equations represent a matrix of
terms, the number of which equals the square of the number of points on the rotor
disc (number of azimuth positions x number of radial stations). Once the circula-
tions are computed, the velocities induced at and away (e.g., at rocket trajectories)
from the rotor disc by the bound and treiling vorticity of the rotor can be deter-
mined through application of the Biot-Savart law which can be expressed simply in
the following form:

vy = £ (T, Wake Geometry)

1 (1)
T (D) (ac)

LnR

Here the induced velocity at a point on the blade, vi, is a function of the circu-
lations, ', and wake geometry, and is proportional to the summation of the products
of the circulation atrength, I', and the geometric influence coefficient, GC, of
each element of vorticity in the rotor-wake system. The geometric coefficient is
related only to the geometry between s wake element and the point at which the




induced velocity is being camputed. Since the wake geometry is prescribed, the
wake may vary from an undistorted wake model to a complex experimental or distorted
analytical wake model with tip vortex roll-up and vortex core effects mathemati-
cally modeled.

HAKE GEOMETRY ANALYSIS

The Rotor Inflow Analysis requires that the rotor wake geocmetry be specified in
order for circulations and induced velocities to be determined. There are several
alternatives for rotor wake geometry. The least complex is a classical undistorted
wake which is simply a function of the flight condition and momentum inflow velocity.
The coordinates of this helical wake, which is skewed in forward flight, are easily
generated in s prescribed weke type of analysis given the governing parsmeters which
can be iteratad on if desired. If analytical, realistic distorted wake geometriez
require more complex and operationally expensive computer analyses. Appropriate
experimental wake data is certainly most desirable, but, except for hover, is not
currently available for most rotor configurations aud forward flight conditions.

It has been sstablished that the requirement for distortions from the classical
type wake geometry is dependent on the rotorcraft configuration, flight condition,
parameter of interest and accuracy mqﬁired. For example, an undistorted wake
geometry is generally sufficiently accurate for integrated performance calculations
(thrust, torque, etc.) for conventional rotorcraft operating in high speed flight.
However, for hover and low speed conditions wake distortions are very significant.
Either an undistorted or distorted wake geometry may be used in the Rotor Inflow
Analysis. Distorted wake geometry may be from analytical or experimental sources.

Undistorted Wake

In its simplest form, the wake from each blade can be assumed to be & classical
undistorted skewed n-lical gheet of vorticity defirned from momentum considerations
(hereafter referred to ss the undistorted wake). Sample undistorted wake represen-
tations are shown in Figs. 3 and 4 for hovering end forward flight conditions,
respectively. In Fig. ba, a ssmple compubter plot of the undistorted wake (AH-1G 30
kt condition) is presented. All vorbex filements are shown*. In Fig. bb, only the
tip vortex filament is precented. The coordinatea of the undistorted wake reprasen-
tation are cbtained from the rotor advance retio, ui, thruat coefficient, Cq, and
anglie of atiack relative to the tip-psth-plene, oppp. For example, tha top view of
the tip vortex filaments in Fig. Wb is obtsined directly from the helicoidal path of
the blade tip a8 it tranalates et tixc velocity vCOWrP! snd rotates at the veloc!ty
JR. The ajde view is dependent on the weke skew angle, x (angle between normal to
the rotor disc and weke boundary), which {s defined in the followving manner:

¥ As used for tnis study, the five cutboard filaments were not separete as shown,
but casbined at 15 deg behind each blade to simulate each rolled up tip vortex.




ROTIOR FORWARD VELOCITY COMPONENT IN PLANE OF ROTOR DISC

tan X =
MEAN ROTOR INFLOW VELOCITY NORMAL TO ROTOR DISC
or (2)
A
CO8W
¥ = tan-l ppp
vsinmrpp = vi
Distorted Wake

To eliminate the necessity for prescribing an undistoried wake goemetry, an
analytical method for computing more reslistic wake geometries was developed at
UARL., The basic approach of this method, entitled the UARL Rotor Wake Gecmetry
Analysis (UARL Deck F506), involves the following. First, an undistorted wake
model is Jefined along with the distribution of circulation strengths of the
various vortex elements comprising the weke, The classical Biot-Savart law is then
applied to detewmine the velocities induced by each vortex wake element at numerous
yvoints in the wake, These distorting velocities are then numerically integrated
over a small time increment to obtain new wake element positions. The process of
altemately computing new velocities and positions is continued until a converged,
periodic distorted wake geometry is attained. Further details of the procedures
used to compute wake gecmetries and results are given in Refs. 1 through 4. Sample
computer plots of the distorted tip vortex geometry (AH-1G et 30 kt) are presented
in Fig. 5. The inboard wake filaments are not shown for clarity.

For hovering conditions, systematic model rotor wake geometry data have been
acquired experimentally at UARL., The data have been generalized in Ref. 1 to
facilitate the rapid estimation of wake geometry for a wide range of rotor designs
and operating cenditions and have been used to sccurately predict the hover per-
formance for a wide range of full-scale helicopters. A special computer subroutine
has been prepared to model the hovering rotor wake in accordance with the generalized
data. A compariscn of the experimental hovering wake representation with the undis-
torted wake representation is presented in Fig. 3.

It will be mentioned that, for thia investigation, the wake geometry analysis
was used to genarate wakes for the forverd flight conditions, and the generalized
experimental wake geometry was used for the hover condition.




DESCRIFTION OF FLIGHT CONDITIONS AND AIRCRAFT
CONFIGURATION USED IN THE ANALYSES

Induced velocities were calculated for the Army AH-1CG helicopter, commonly
referred to as the Cobra. A schematic of the AH-1G helicopter is shown in Fig. 1.
The teetering type rotor of this helicopter has a radius of 22 £t. Each of its
two blades has a nominal chord of 2.25 ft, a linear twist of -10 deg, a modified
0009 eirfoll section, and a preconing of ~ 75 deg.

The calculations were performed for a helicopter gross weight of 9500 lbs and
8 center-of-gravity poaition at 198.5 in. from the nose of the aircraft. Three
flight conditions were investigated corresponding to flight speeds of O (hover),
15, and 30 kts, Considering the rotor tip speed of T46 fps, these flight speeds
result in rotor advance ratios, u, of 0, 0.034, and 0.068, respectively. The

respective rotor control, flapping, and disc angles used in the analyses are
listed below in Table I:

Table I: ROTOR CONTROL, FLAPPING, AND DISC ANGLES

Flight Speed, kbs

0 15 3Q
Collective Pitch, 6,, deg 16.2 15.6 1.6
Laterel Cyclic Piteh, Als’ deg -2.0 2.4 -2.4
Longitudinal Cyclic Pitch, B) , deg 1.k 1.5 1.6
1st Harmonic lLongitudinal Flepping, 81q9 deg -1.3 -0.9 -3.5
lst Harmonic Lateral Flapping, bls» deg -1.9 -0.9 -0.1
Rotor Shaft Angle, ag, deg 1.% 2.9 0.1
Rotor Tip Fath Plane Angle, appp, deg 0.2 0.0 -0.4

fue to the unavailadility of accurate msasured flight test angles, the ebove alues
were calc ilated by the Bell Helicopter Company using the C-81 Rotorcraft Perfurmance
Anslysis.

Induced velocity calculations were performed for the four rockets mounted at
the rollowing locations relative to the center of the rotor hub end parsllel or
norzal to the fuselage waterline (see Table II and Fig. 1):




Table II, ROCKET LOCATIONS

ROCKET ROCKET ROCKET
1l 2 3

Distance Below the Rotor Hub: in. - 103 103 103
¢ R~ 0.39 0.39 0.39

Laterel Distance From Rotor Hub: in. - -59 42,5 k2.5
:R- -0.22 -0.16 0.16

Distance Forward of Rotor Hub: in. - 9 9 9

¢+ R- 0.03 0.034 0.034

also showa in Flg. 1.

ROCKET

103
0.39
>9
0.22

9
0.034

The rocket launch attitudes were all specified at an elevation of 126 mils (7
degrees) relative to the fuselsge waterline except in a sensitivity study where
160 and 195 mils were used. It is noted that each rccket was assumed to be
concentrated at a point (center-of-gravity) when deteymining the launch point.
Induced velocities were calculeted at increments of 0.1 R elong the rocket tra-
jectorieas from the launch point. The trejectories from the launch point to a
distance of one rotor diameter (extent of colculation) were agsumed to be straight
lines. The coordinste system (xp, yp, 27) used for the predicted induced velo-
cities ies referenced to the rocket lsunch point and the axes sre parallel and
normal to the rocket trajectories as shown in Fig. 1. Positive directions ere

© vt e e



DESCRIPTION OF WAKE GEOMETRIES USED IN THE ANALYSES

The wake representation used in the analyses consiatid of 0 finite vortex
filaments trailing from each blade. These vortex filsusnts were diviiod into
straight vortex elementa at azimuth intervels corresponding t> 15 degnes of blede
rotation. The extent of the filament geometry was prescrited by € weke revulutions
from the rotor except for t» “over condition for whicta it wvas § tevolutione. This
resulted in wake truncation at a sufficiently far disteace %o te Liwiwr’ficant for
velocities at the rocket trajectory. The five ocuter vorter filomente :uch emanated
from the outer 20 percent of the blade were combined beyond & 15 Jdsgree azimuth
distance fram the blade to simiste the roll-up of the tip vortex. Both undistorted
and distorted wake models, described previcusaly, were used to show the sensitivity
of the resulis to weke geametry. For the undistorted vortex filsments, the vortex
elemants were positioned in a direction ncrmal to the rotor disc in accordance
with the mean induced velocity as determined from momentum theory at the rotor
disc. The values of this momentum induced velocity for the 0, 15, and 30 kt flight
conditions are -36.3, -31.6, and -22.9 fps, respectively. These values vhen uged
in equation (2) in combination with the rotor thruet coefficient, advence ratio,
tip speed, and tip path plane angle, result in wake skew angles, X, of 0, 39, and
65 degrees.

The undistorted and distorted tip vortex geometries for the G, 15, and 30 kt
conditiong are presentad in Figs. 6 through 11. For the hover condition, the entire
distorted wake mcdel was obtained fran the generslized wake equations of Ref. 1.

us for the hover condition, both the inboard weke (inboard vortex sheets) and
the tip vortex geooetry are based on experimental data. Due to the current lack of
generalized experimental wake geametry date for forwerd flight, the distorted tip
vortex geometry for the 15 and 30 kt conditions was calculated using the UARL Rotor
Wake Ceometry Analysis. 1v is noted that only distortions of the tip vortices were
cajculated for the two forvard f£light conditions and an undistorted inboard wake
model was assumed. Although i1t i3 physically inaccurete and compromises the resuits
scmevhat, ths latter asswmption may be justified considering the relatively higher
cireulation atrength of the rolled up tip vortices compared to that of the inboard
vortex filazents.

The prixery difference detween the undistorted and distorted webkes (Figs. 6
and 7) for the hover conditions is the wake contraction. In sddition, as shown in
Fiy. 3, the inboeard wake is trensported dowmvard vith e nonuniform redislly varving
exial wvelacity which ceuses the cuter portion to travel fester than the inner pore
tion, At 15 kis, the tip vortex distortions (Fig. 92) result in & contraction of
the forvard boundary of the weke relative to the undiatorted wvake bousdery (Rig. 38).
A similar contraction cocurs at 30 kts (Figs. 10 and 11). This contrection of the
weke has a predominrant effect on the {nduced velncity diatribuiicn siony the rocket
trajectories in that (it moves the intersestion point of each frajfectory with the
veke boundary reervani, and thus decreases the duration of time thet the rocket is
inside the rotor wek¥e. The contraction will Be showt to be perticularly significant
for the 30 &t condition.




DISCUSSION OF INIACED VEIOCITY RESULTS

The three components of induced velocity, vy, Vyms and v,., *=re calenlated
along each rocket trajectory at points corresponding €0 an interval in xp of 0.1 R.
The calculations were performed from the rockst launch point to a point on each
trajectory 2.0 R from the lsunch point. Thus, velocities were ccaputed at 21 field
points for each trajectory. The four rockets and their trejectiuries were nurbered
in order, 1 through 4, as shown in Fig. 1.

Since the orientation of the rotor blades end wake relative to a point on e
rocket trajectory varies with time, the instantaneous velociiy components induced
at that point also vary with time., Since steady flight conditions were gelected
for this investigation, the positions of the blade and weke and the resuiting
velocities are periodic. The pericd is the time corresponding to the blade vassege
interval, which for the 2-bladed AH-1G rotor is the time required for & blade to
travel 180 degrees. Thus, time was expressed in terms of increments of rotor
rotation designated by rotor position and the corresponding azimuth angles of the
two blades. The calculations were performed uaing an azimuth increment of 15
degyees, which resulted in 12 rotor positions per blade passege interval#, In
addition to the instantanecus velocities at each rctor position, the time-averaged
velocities were calculated.

The major varieblea for this investigation and the notation to be used for the
plotted results are summarized below in Table III:

Table IIT. MAJOR VARIABLES

Flight Conditions
Wake Models
Instantanecus Velocity Camponents

Vv = 0,15, 30 k¢
Distorted, Undistorted

VxT’ \’}-?’ \v':‘r_

¢ N o 7‘ - el . t " . *
Time-Aversaged Velocity Cosponents u)_?w{;, v Yave® v “Tavg
g:’io‘t.or Pogsitions (Time Step) 1,2, 3 ..., 32

(\',15@; 15,19, 30,210 ... 16%,%%
1,2,3%, 4%

’mt&e Azimutha, ©, deg
fRociet mosber
Gikx:bet Lateral Fosition

tositiun Alomy Rocket Trajectery B Dy T, 22, o, 2

¢ iiging: the AN-1G rotor tip apeed of TLO fps st the roter rsdiug of 22 %, the tine
intercal corvesnonding to 1S degrees of biade exismuth trevel ig 0.0077 seconds.
For a rocket velocity of 130 fpg, the time interws) corresponding tn &% intervel
in v of one rotor vedius i 0.22 seconds. At the gpaed of 102 fps, 2 rocket
travals » distance of 0.52 R during & blede rassege interval {che-Ralf rotor
revolution, end {t tales the tizme corresponding to 1.19 roter revolutions {L2o
degrees) to trevel s distance of cne roter redius.
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In addition to all corbinations of these variables, a few computer cases were
run to inveatigate the sensitivity of the results to rocket launch attitude and
launch poaition. That is, for the hover condition, rocket lsunch ettitude relative
o the fuselage waterline wveas veried in 2 degree increments from the reference 7
degrees (126 mils elevaiion) to 9 and 1) degrees (160 mils and 195 mils). For tha
30 kt conditicn, a variation of rocket launch position of G.05 R in the x end z
directions wes investigated.

In total, eix base cases (3 flight conditions x 2 wake models) plus three
gensitivity variations were rui. Considering the 3 velocity components, 4 rocksts,
21 rocket trajectory points and the 12 rotor positions plus the time-average velo-
cities, a total of 3276 velocity velues were computed for each of the 9 cases.
Tebulations of these values have been provided geparately to the Army. Since
inclusion of plots of all thege results wes beyond the scope of this effort, a
Judicious selection was made of cambinations of variaebles for which datae are to be
predentzd. In this selection, emphasis was placed on the results based on the
more realistic distorted wake model over those of the undistorted wmke. The v
velocity cosponent was emphasized over the Vip and Vyp components because the
magnitude of the vy, velceity ie generally significently greater. Rocket nurber b
was arbitrarily selected for emphasis. It will be shown that rocket lateral
position is genereily the least significant variable. For consistency, rotor
positions 1, 4, 7, and 10 corresponding to reference blade azimuths of O, 45, 90,
and 13% degrees were selected. Where the selection of specific points along the
rocket trajectory were required, points 1 (xp = 0.0), 21 (x¢ = 2.0) and points in
the irmediste vicinity of the weke boundary were genereliy selected.

The following results are grouped by flight condition end presented in order
of flight speed -- 0, 15, and then 30 k%t. Resuits based on both distorted ani
undistorted wmke naxiels ere pregented for each flight conditior. Following thase
resulis, the results showing the sensitivity of the induced velocitiez to variations
in rotor launch attitude and position are presented.

HOVER CONDITION (¥ = 0}

The variation of the tive-averaged v.- velesity aloag the rocket trajectories
of all four rockets, besed on the distorted wveie model, is presented in Fig. 12,
This velovity coarponent normal te szazh trajectory, incresses {ron approxisately
3 te T fps (dowwerd) going froe the rocket launch position {xp = 9] to the
intereecticn of each tralectory with the wake boundary showm in the top view in
Fig. 7 {e.g., st x¢ = ©.TT for zocket L). This incresse is conkistent with the
Tect that the rocief lauich poaiticn is near She center of the yake in hover, sud
the veie vertical transpork velacity has been cbserved experimentally io increase
vith {ncreasing radial position {Red. 1}, It &5 interesting that the mean indused
velocity as the rocket pesses through the veie is approxizately the 0 fps used by
tie Aruy in previcus celculeticns of the rutkel tmsiectory. Hoving ifrom inzide to
autside of the wike boundary an abrupt chenge in velocity occurs in both msgnitade
snd dirertion (downflw %o upfiow). The upflsw is not s severe as the downflow
becscse the contribivtions of the tip vortices and tre inboerd weke are opneing




outeide of the wake, whereas they are sdditive just inside the weke, As the rocket
moves &wvey from the wake, the velocity decreases as expected, and at 2.0 R from
tha launch point the upward velocity is less then 2 fpas. It is also chown in fig.
12 that the influence of the different lateval positions of the four rockei tre-
Jectoriea on this average velocity camponent is amall,

In Fig. 13, the instantaneous V,m Velocity component is presented for the
four rocket trajectories eand rotor position 1 where the blades are positioned at
0 and 180 degrees. Th2se instantaneous velocity results are similar to the
averaged values of Fig. 12 (generelly within #5 fps) except near the wake boundary.
Near the waite boundary the ingtantaneous velocities vary significantly with rotor
position as shown in Fig. 14 for rocket L and four selected rotor positions at
azimuth increments of U5 degrees. 7Tiis tima varistion is clearly shown ir Fig.
15 where the Vzp velocity is plotted versus rotor position for selected trsjectory
points both neer and far from the wake boundary. FPor the rocket launch point
(x:r = 0), the variation with rotor position i3 relatively small. At the farthest
point calculated (xT = 2.0), the 2 fps velocity is probebly negligible, considering
its effect on the rocket, and its variation is insignificant. The variation .s
generally small for points in the wake up to the region of Xp = 0.7 a8 showm in
Fig. 15 by the abrupt change in the pesk-to-peak vslues between Xy = 0.6 and 0.7.
At xp = 0.7 the velocity component reages fyom 36 to 130 fps in the downward
direction. It is noted that the 130 fbs flow velocity exceeds the initisl rocket
launch velocity which is spproximately 100 fps. The cyclic nature of the induced
flow at & frequency of oance-per-blade passege is & direct result of the rassage of
the tip vortex, and to a lesser extent the inboard vortex shest, past the tyajec-
tory point. The peak downverd velocity of 130 fps cccura when the tip vortex is
closest to the point. The magnitude of the velocily is low (36 fps) at rotor
position 1, because.as shown in Fig. 7, the trajectory passes approximately mid-way
betueen the tip vortices at this rotor position. looking back to Fig. 13, it can
thus be stated that the low velues in the vicinity of the vortex are dus to the
selected rotor position. Greatey differences betuween the values for different
rockets near the wake boundary were noted in the tabuletions for other rotor posi-
tions.

Results for the Ve Velocity cotponent are presented in Figs. 16, 17, and 18,
The time-aversged veleeity is shown in Fig. 16 to he in e directicn opposite to
that of the rocket travel, mid the penk velue of 23 fys near the wvake boundary £s
sigdficantly less than the 7 s of the Vo, Velotily caspenent. The instsntanesus
vg~ 13 showm in Fig. 1T for the & rovkets and rotor.pesition 1. In Pig. 8, the
varistion with rotor position for rocket L et selected irslectory peints is pre.
gented. It 45 shownm that th2 instentanecus Ve veleoity chasyes direction in the
vicinity of the veke boundery, and valines as high as &0 frs are invtcated. Siotlar
plots for the Vi velocity couponent are presested in Figs. 19, 20, end 21, It is
shosm thel this camponeni, which is in e divecticn %5 influence the lateral coticn
of the rotkets, has the lovest sagrnituie of the three. The tize-aversged velocity
does not exceed 12 fps, end the instantanvcus velncity Soes not excees 2% Ses.
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The effect of wake model, distorted versus undistorted, on the induced velocity
conponents may be noted by couparing Figs. 22 through 27 for the undistorted wake
with the appropriate figures presented previoualy for the distorted wake model. The
predaninant difference observed from the tims-averaged velocity plots (Fig. 22 vs,
Fig. 12, Fig. 2 va. Fig. 16, and Fig. 26 vs. Fig. 19) ia the shift of the point
at which the velocity componeats change abruptly. This outward shift for the un-
distorted walke corresponds to the outward shift of the uncontracted wake boundary
shown by couparing Fig. 6 to Flg. 7. Thus, it is important to have e realistic
wake model to accuraiely prediet the point along the rocket trajectory up to which
the velocities increase and then change abruptly.

The predominant effect of weke model on the instantansous velocity components
also occurs in the region of the wake boundery, and consists of a shift in the time
(rotor position) at which the peak velocities occur at rocket trejectory points in
this region. Studying the time variations of each component (Fig. 23 and Fig. 15
for v,., Fig. 25 end Fig. 18 for Vips Fig. 27 end Fig. 21 for vy,‘), it is noted
that the peak velocities for the xp position ingide and nearest to the wake boundary
occur at times associatad with epproximstely the following azimuth positions of the
reference blade (generslized to within approximately 30 degrees):

DISTORTED WAKE UNDISTORTED WAKE

APFROXIMATE AZIMUTH OF THE
MHOHE HEGATIVC VELOCITY FEAK G0 deg. Q deg.

APPROXIMATE AZDUTH OF BIS
NORE POSITIVE VELOSITY PEAK 0 dey,. % de,:.

Tiie time variation of the velocitly cooponents is mostly due to the periodic passaze
of the tiv vortices past the point on the rockel trajectory. The relation between
the rhasing of the pesk velocities and the pelative ;ositioning of the tip vertex
Recmetry with the points vheve the sacket trefectorices intersest ile foraarnd uwse
boundery may be cleerly sesn by relsting the azimyth locations of the pea: welscities
o the orfentetions shown in Fig. 27, The more neadstive pesk veiues generalily --rur
when & tip vortex peasses ciosest Lo the point, end Rke =move rogitive peak velues
generally ocour wien the point iz approxisstely midusy betwsen G gutcessive iy
vertices. The grestest magnitudas of velonily corresyond o the more negative ek
vaives of the poinl uyt inside the vake boundery profuced dy the presesce of the

iy vorlex. It 13 alsy showm in Wals Tigure thel, {-r *his {1ichl conditien, the
vake model veristicon froe distorted o undistorted resulis in & phase shift of

pod =]

s proxinately 30 desrees in the ilp vorlex passese time {gee Fip. ZR{b ang 27{c.
¥hich froduces 1he chase sHifR noted betveen the veio~ities ~ the 2wt wmke models.
This indicates the inperlance of eccuralely representing $the weke &5 ixe
variaticon of the inslantanevys velocities et the richket Arsieciory are af intersst.
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15 KT FLIGHT CONDITION

At the 15 kt flighS condition, the wake boundary is skewed back toward the
rocket, launch point ag shown in Fig. 9. The rocket trajectory intersects the
distorted wake boundary betveen au xp of 0.3 and 0.k, This results in the occur-
rence of the maximum downward velocity component (vZ } in that region as shown in
Figs. 29 to 31. Thus, the rapid change in the skew angle of the wake with the
sanll change in flight speed from O to 15 kts leads to a significant decrease in
the distance from the leunch point that the rocket is inside the rotor wake
(xT T 0.35 at 15 kts vs. 0.77 at O kt). The maximum time-averaged downward velocity
(VZTAVG) at the four rocket trajectories ranges between approximately 4O and 60 fps
(Fig. =8) compared to the 70 fps at O kis (Fig. 12). Greater variations of the
instanteaneons vyp veloeity for different rockets are also indicated at this flight
condition for points in the wake (Fig. 30 vs. Fig. 13). However, this is mainly
a timewise phesing variation in that the results in these figures are limited %o
rotor position 1 and similer nigh and low velocities occur for each rocket at
other rotor positisns. The sensitivity of the vzpvelocity component to rotor
posivion is shown 71 Figs. 31 and 32 for the trajectory of rocket 4. Similar to
the resul*s for O kt, the downward velocity exceeds 100 fps near the wake boundary.
nl:ike the results for O kt, a large upward velocity (approximately 90 fps) is
predicted in sdditi-n to the large downward velocity for the point just inside the
wake boundary (traiectory point 4). Tnis is due to the predicted close passage
ol btip vortex filements on both sides of the trajectory point at different rotor
positions. 4 phasing difference hetween the rotor positions corrasponding to the
peek velocities for i5 kt vs. O kt is also noted in Figs. 32 and 15.

The time-averaged and instantaneous Viep velocity variations are presented in
Figs. 33 and 34, respectively. The magnitudes of this velocity component are shown
to be generally greater at 15 kt than at O kt, and the phase differesnce with rotor
position occurs, As shown in Figs. 35 and 36, similar to the results for O kt,
the lateral velocity component Yy at 15 kt is small in magnitude.

The difference between the distorted and undistorted wake geometries for the
15 kt flight condition was shown in Figs. 8 and 9. It is shown by comparing the
results for the undistorted wake presented in Figs. 37 through 42 with those just
presented for the distorted wake that the predominant effects of wake model varia-
ilion are similar to those at O kt. That is, the tip vortex distortion contracts
the wake to a position closer to the rocket launch point and causes the peak
velocities to alsc occur closer. Also, the phasing of the instantaneous velocities
is different, Thus, agein the importance of sccurately representing the wake
geometry is demonstrated.

i
g
|
|
|
|
!
{




30 KT FLIGHT CONDITION

It ig shown in Fig. i1 that the predicted distorted wake is skewed just
enough st 30 kt for the tip vortices to pass behind the rocket launch poinv¥,
This plescemsnt of the rocket trajectories ocutside of the weke results in relatively
low megnitudes (less than #10 fpe) of all velccity components ag noted in Figs. 43
through 50. Alaso, only minor varietions of the veloclity components are predicted
between the four rocke® trajectories and the various rotor positions. Iv thus
appears that beyond a flight speed of approximately 30 kt the AH-1G rotor wake is
swept behind the rccket trajectories, and the wake induced effects at the rcckets
aye probably insignificant.

In Fig. 10, it is shown that the use of an undistorted wake medel places the
rocket launch point right at the wake boundary. The velocity components based
on this undistorted wake representation are presented in Figs. 51 through 56.
The close provimity of the tip vorticea to the lsunch point results in large
instantanecus veloci’ies at certain rotor positions. Thus it is at this 30 kit
flight condition where the sengitivity to wake model is the greatest. Depending
upon the placement of the launch point inside, at, or outside the wake boundary
results in an extreme difference in the predicted induced velocities.

VARIATIONS OF ROCKET LAUNCH ATTITUDE AND POSITION

In order to show the sensitivity of the induced velocity component to small
veriations in rocket launch attitude, the launch attitude relative to the fuselage
waterline ras changed in 2 degree increments for the hovering flight condition.

As shown in Fig. 57(a), the resulting attitudes were changed from 7 degrees (126
mils elevation) to 9 and 11 degrees (160 and 195 mils). Since the flight condition
and distorted wake geomeiry were unchanged, the time-aversged velocity components
did not change significantly with the small reorientation of the rocket to the
time-averaged wake geometry. However, the instantaneous velocity components in

the vicinity of the wake boundary experienced a phase shift with rotor position

due to the reorientation of the rocket trajectory to the tip vortices at & specific
rotor position, This phase shift is shown in Fig. 58 for the three rocket atti-
tudes. TFor the 126 mils elevation, the peak velocity for rocket U4 near the wake
boundary (xp = 0.7) occurs at rotor position 6. Increasing the elevation to 160
mils and 195 mils shifts the occurrence of the peak velocity to rotor positions 5
and 3, respectively. Thus, a 4 degree change in attitude results in approximately
a U5 degree change in rotor rotation for the occurrence of the pesk v, velocity
component. This effect is similar to that noted earlier for the change from the i
distorted to the undistorted wake model where the reorientation of the tip vor- '
tices to the rocket trajectory resulted generally in a 90 degree phase shift.

* Although a tip vortex filament appears to he very close to the rocket launch
point in the side view in Fig. 11, it is shown in the top view that the lateral
displacement of the launch points place them forward of the vortex filament.
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What is the significance of the phese shift, and is it important for estsdb-
lighing improved rocket firing teclmiques? Considering that a rocket passes
through the wake boundary at one instant of time, the xocket at such a point along
its trajectory, such as that of Fig. 58, will experience the waks induced effects
agssocieted with just one rotor position. 8ince the dowmwerd v,m component varies
from epproximately 40 to 130 fps with rotor position, the time 'frotor position) at
which the rocket crogses the wake boundary mey be very significasnt. If so, &
means of synchronizing the rocket firing time vw.th rotor position could be con-
gsidered which would cauge the rocket to cross the wake boundary at the rotor
position for minimum induced velocity. This would result in minimizing the
aerodynemic interfervence at the rocket. Although the phese difference produced
by varying rocket attitude is not relevent to current firing techniques where the
rockets are fired without regard to rotor position, the phase difference would be
important to kmow if a firing synchronization technique were used.

To show an example of the aensltivity of the induced velocity components to

a change in rocket launch position, the launch position was moved forward and down
by 0.05 R for the 30 kt flight condition (see Fig. 57(b)). The selection of this
example wes based on the intent to show the potential for significantly reducing
the induced effects at the rocket by moving the launch point ocutside the wake. It
was previously shown that at 30 kt the rocket launch point moved from outside the
wake to inside the wake in changing from a distorted to an undistorted wake model.,
A significant incresse in aerodynamic interference resulted. As shown in Fig. 59,
moving the launch point outside the undistorted wake by the 0,05 R movements men-
ioned above, results in a significant decrease in interference similar to that
attained through use of the distorted wake model. This emphasizes the importance
of the location of the wake boundary relative to the rocket lsunch point. It is
noted that similar changes in the relative position of the rocket launch point to
the wake boundary could be produced by changes in any of the factors determining
the wake skew angle (flight speed, aircraft gross weight, and rotor attitude as
determined by the aircraft center of gravity location or maneuver condition).
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AREAS FOR FURTHER CONSIDERATION

Several assumptions wers made in the computer anslyses and procedures used
to determine the induced velocities presented. The fact that gome of these
assumptions could have a significant effect on the wake interference at the rockets
should be recognized when making use of the results presented herein, and they
should be subject to further comnsideration.

The distorted wake geometry used in the calculations for the hovering flight
cendition, although determined from experimental information, is accurate only in
the region directly beneath the rotor (the near wake). It was assumed in the
analysis that following the contraction of the wske boundary, the far wake con-
tinuved at the ssme vertical transport velocity and retained its symmetry and
stability. In reslity, the wake becomes unsteady at some point beneath the rotor
and viscous dissipation occurs. This is explained in Refs. 1 and 2 baged on
observetions from both experimental flow visualization data and analytical wake
geometry results. It is shown in these references that the unsteadiness of a tip
vortex from a hovering, two-bladed rotor is initiated at approximately 2 vortex
revolutions from the blade, For the AH-1G rotor wake shown in Fig. 7, this would
place the onset of the unstesdy wake at approximately 0.6 R below the rotor hub.
Since the rocket trajectories intersect the tip vortices (wake boundary) at
approximetely 0.3 R below the rotor hub, it appears that the rocket trajectories
are completely within the steady near wake region. Some inaccuracy in the results
presented herein are produced by differences in the induced effect of the unsteady
far wake. The extent of this inaccuracy remains to be agsessed. However, it is
known that the wake in the locel vicinity of the rocket trajectory is significantly
more effective, and since this near wake has been modelled accurately the results
presented herein should be sufficiently accurate for providing an improved under-
standing of the wake interference at the rockets and for initial rocket trajectory
calculations.

At the 15 and 30 kt flight conditions, the unsteadiness cf the wake could
also have & significant effect. Although experimental flow visualization data
are more limited for low flight speeds, some evidence of wake unsteadiness does
exist. This unsteadiness has also been predicted analytically in that a completely
converged far wake geometry was not achieved in the calculations leading to the
distorted wake geometries presented in Figs, 9 and 11. Although this lack of
complete convergence of the far wake could be partially attributed to the finite
vortex filament and finite time step wake model, it is noted that the analysis has
predicted the onset of the unsteadinesa sccurately for hovering conditions (Ref. 1).
However, it should also be recognized that the most complex wake patterns occur at
low forward speeds where the tip vortices at the upatream region of the rotor pass
up through the rotor disc before returning below the rotor, and tend to roll-up
into ¢wo concentrated vortices downstream from the sides of the rotor disc. The
interasction of these complex tip vortex patterms with the blades results in the
"transition roughness" experienced on some aircraft as increased vibrations and
control sensitivity at low speeds. The occurrence of this on the AH-1G aircraft
could be an additional fector leading to rocket inaccuracy.
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Some inaccuracy in the predicted velocity components is produced by the use
of finite time and spatial increments in the calculations along with an wpproximsts
vortex core representation. The use of time steps corresponding to 15 deg
increments of rotor rotation and positions along the rocket trajectory of 0.1 R
leads to some inaccuracy in establishing the peak induced velocities. Since the
peak velocities generally occur when the rocket is in close proximity to the tip
vortices, these intervals may be too coarse to establish the actual peak values.
If the rocket trajectory passes extremely close to a tip vortex, the vortex core
diameter agsumed becomes important, for it is at the boundary of the core thet

the peak velocity would occur. A vortex core diameter of one-fifth of the blade
chord was assumed for the calculations performed in this study. Also, any dissi-
pation of the vortex clrculation strength neglected in the analysis could be
significant.

Another assumption mede in this initial study is that the rocket trajectories
are a straight line in the vicinity of the aircraft, That is, the induced velocity
components were calculated along straight lines from each rocket launch point to a
point 2.0 R from the launch point. In reality, the rockets veer somewhat from a
straight course. 1In fact, the computation of the induced velocities are directed
toward the objective of determining the true rocket trajectories. Thus, when the
sensitivity of the rocket paths to the induced effects is determined, the require-
ment for performing iterations to include induced velocities calculated along the
actual rocket trajectories should be considered.

Fuselage and wing aerodynamic interference effects were neglected in the study
reported herein. However, to roughly determine the order of magnitude of the effect
of the fuselage on the flow at the rockets, the velocities at the rocket trajectories
were calculated using an existing general fuselaye representation in an analysis
developed at the Sikorsky Division of the United Aircraft Corporation. This analysis
is described in Ref. 10 and is a potential flow analysis based on vortex lattice
techniques. This analysis is shown in Ref. 10 to accurately predict fuselage loads.
An isometric view of a general fuselage modelled for this analysis is shown in Fiy.
€0. To construct the geometry of the AH-1G fuselsge was beyond the scope ot this
investigation, and thus the pgeneral fuselage representation was used. To scale
the rocket trajectory ilateral positions from the AH-1G to the ,seneral fuselspe,
the AH-1G values in percent fuselage width were used as shown in the schematic of
the configuration in Fig. (1. It should be noted that the general fuselsge used
has a fineness ratio (length/width) of 6 compared ta the Al-1G volue of L. Thus,
the results to be presented should be considered as preliminary and in a relative
rather than absolute sense.

The fuselage induced increments of the three components of induced velocity
at points alon;; the rocket trajectories are shown in Flys., 72 and 3. Since the
velocities scale with the forward velocity of the aircraft, the {nduced velorities
have been nondimensionalized by this quantity. 1In these fliures, it is shown that
the peak velocity components occur at a distance from the rocket launch point which
is in the vicinity of 0.5 R. For the rockets clogest to the fuselage (At 65 percent
ol the fuselage width, Fip. €2), the peak induced velocity components are of the
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order of 10 percent of the forward flight speed. For the further rockets (at

108 percent of the fusalage width, Fig. 63) the peak velocities are decreased to
approximately ons-half of the valuss at the closer lccstion. At the low speeds

of this investigation (0 to 30 kt), these results indicate that the direct fuselage
effect is quite small. For exexzple, at the 30 kt condition, the peak velocity
component is epproximstely 6 fps. The downwani coeponent, Vzps Which wes greatest
for the rotor induced flow is least for the fuzelage induced flow, and it's peak
is only sbout 2 fps at 30 kt. It shovld be noted, however, that the analysis used
does not account for the influence of the fuselage on the rotor wake and rotor
induced velocities nor the effect of the wing. These effecta ere probably greater

than the direct fuselage effect at low spesds, particularly near the rocket launch
points at the wings,

Although the above factors chould be considered for future studies, in tnat
they could have s significant effect on the detailed quantitative results, the
results presented herein are believed to be generally accurate. The degree of
accuracy required of the induced effects for rocket trajectory calculations should

be egtablished when applying the results presented herein. The specific arees
for future consideration ahould be decided by the degree of accuracy required.
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SUGGESTED PROCEDURES FOR APPLYING
INDUCED VELOCITY 'ESULTS

At each point in time along their trajectories, the rockets are affected by
the instantspeous induced velocity components associmted with the particular rotor
position at that inetant of time. Thus, to be accurate when perfoming the rocket
trajectory calculations, the procedure should be to determine the rotor position
for each point slong a trajectory and use the correaponding induced velocity com-
ponents., However, the problem arises that the rotor positions are not known due to
the tect that the firing time is currently determined by the gunner irrespective
of rotor position. Without rotor position synchronization, the correspondence of
rocket position with rotor position is unknown. However, to evaluate the impact
of this problem, the following procedures are suggested for the rocket trajectory
calculgtions:

1. VFerform the rockst trajectory calculations using the time-averaped induced
velocity components at each point.

l'erform the calculations assuming that the rockets pasa in close proximity
to a tip vortex. In accordence with this assumption, select the rotor position
which produces the maximum velocity components {emphasize v, in the selection)
at the trejectory point nearest and inside the wake boundary. Using an assured
rocket velocity (e.g., the leunch velocity of approximately 100 fps), determine
the time increment and corresponding rotor rotation interval bstweai points
along the trajectory. Based on the rotor rotation interval, determine the
rotor positions for each point along the trejectory and interpclate the
tabulated results provided to obtain the velocity components at each point to
be used in the calculaticn of the rocket trajectory.

3. Perform the calculations using instantaneous velocities corresponding to
a fev other selected rotor position sequences. Include in this gelecticn the
rotor position &t the wake boundary which produces the minimun induced
velocity casponenta,

Using the ebove procedures, the maxizur and minieua deviastions of the rocket
trajectories based on the instantanecus induced velocities releative to the trwjec-
tories based on the time-sversged velotities should generslly result. With these
results, the renge of peasidble trejectories produced st {ndiscriminate firing tiaes
wuld be esteolished, ws well as vhmther or not the provision of a mechanism for
firing synchronization in the aircraft instruzentation is deairsble.




CONCLISIONS

The following conclusicons apply to the AH-1G helicopter opersting at hover
and low speed flight conditiocns:

1. Although the effect of the aerodynamic interference of the rotor wake

on ths rocket tisjectories remains to be detexmined, the magnitudes of ths
predicted induced velocity components at tha trajectories appear to be sig-
nificant considering that they can exceed the rocket launch velocity. Values
of the downward induced velocity component as high as 70 fps (time-averaged)
and 130 fps (instantanecus) were predicted.

2. Of the three velocity components, the greatest induced velocities were
predicted for the downwerd component normal to the rocket trajectory. The
coaponent along the rocket trajectory was generally next in order of magni-
tude, and the smalleat velocity magnitudes were predicted for the lsteral
component.

3. Asg the rocket moves from its launch position, the downward velocity
component increases as the wake boundary is approached. As the rocket
moves to the cutside of the rotor wake th2 magnitude of the downward
velocity decreases sbruptly, and becomes insignificant within a distance
of one rotor diameter from the launch position.

L. Ths position of the intersection of a rocket trajectory with the wake
boundery is most influential for it determines the length of time that the
rocket remains in the higher induced velocity region inside the wake. It
also determines the location where the close proximity to a tip vortex can
result in & high induced velocity. The importance of the wake boundary
location establishes the importance of accurately determining the items
vhich establish the wake skew angle -- flight speed, rotor and aircraft
sttitude, and aircraft gross weight (rotor thrus:).

5. Cousidering the variation of the predicted induced veiocities with
flight speed, the influence of the wvake aercdynemic interference on the
rocket trajectories is expected to decrease with increasing flight speed.
in hover, the predicted velotities are ths highest, and the rcckat remains
in the wake for the longest period of time. For flight speeds greater than
approximately 30 kts, the rotor wake generally passes behind the rocket
isunch positicn whirh significantly reduces the wake induced effects.

£. large iniuced velocity veriations with time occur at points on the
rocket trajectory near the weke boundary. These variations are caused by
the passege of the tip vortices. If the high impulsive type velocities
induced by thz clase pessege of a iip vortex are "~und to significently
slter the flight path of the rocket, e mechansim for synchronirsing the
rocket rfiring time with the rotor position for mjnimin tip vortex inter-
ference zmay be desirsble.
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7. The variation of ths predicted time-averaged induced velccity componenta
between the four rockets of the AH-1G helicopter is within #10 fps at similar
points along the trajectories.

8. It is necessary to use an sccurate rotor wake model in calculations
directed toward predicting induced velocities at rocket trajectories. The
ugse of an undistorted wake model rather than & realistic distorted wake
model results in sigrnificant differences in predicted induced velocities.

9. Small variations (4 degrees) in rocket launch attitude produce small
induced velocity changes at the rocket trajectories except near the weke
boundery where the variations produce a difference in the phasing of the
velocities essocisted with the relation hetween rotor position and the
passage of a tip vortex. This is generslly also true for small variations
in rocket lsunch point. However, vertical and/or longitudinal variations
in launch point produce significant variations in induced velocities near
the launch point at approximately 30 kis due to the movement of the point
from ingide to cutside of the rotor wake or vice versa. The relative
position of the rockat launch point to the wake boundary could also be
varied by changes in sny of the factors which determine the wake boundary
(flight speed, aircraft gross weight, and rotor/fuselage attitude).
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RECOMMENDATIONS

l. Several factors which were approximatsd or neglected in the analytical
calculstions, should be considered. Those ars weke inatability and dissi-
pation, vortex core size, the aslection of the finite epatial and temporal
ircreaents used in the enklyses, and wing and fuselage interference effects.
Also, the possible requirement for iterating between the induced velocities
and the rocket trejectory should be congidered.

2. The effect of the rotor wake jinduced velocities determined in this investi-
gation on the rocket trajectories should be calculated using the Army rocket
dynamic response analysis and the procedures described herein®, Using these
procedures, the deviations of the rocket trajectories can be determined, and
the degree of accurecy reguired of the induced effects for rocket trajectory
calculations would be established.

3. The rotor wake effects for flight conditions other than those investigated
herein should be determined. In particular, calculations for specific flight
conditions for which flight test rocket trajectory data become available
should be performed for correlation purposes. Also, the sensitivity of the
results to variations of the significant parameters in actual aircraft
operation which influence the wake strength and weke/rocket positioning
should be {avestigeted.

h.  Model halicopter tests should be conducted to acquire gystemstic experimental
data on this rocket serodynamic interference problem. Nodel hoverinr and
wind tunnel]l facilities and experimentel flow measurement visualization tech-
niques, such as those available at the United Alrcraft Research laboretories,
should be used to measure the wske boundaries and flow velocities in the
regiong of the rocket trajectories. Cosbined model rotor-fuselage-ving
testing (ss discridbed in Ref. «), epplicstion of flow visualization techniques
{such as those reported in References 1, 2, 8 and 9), and spplication of
iaser velocimeter techniques (as reported in Reference 1l) to measure flawv
velocities, should be conducted. The results of such an experimental progran
wrile pravide dste for correlatian vith theary end ar & systematic determin-
ation of the total snd separste infivence uf ezch of the aircraft components
(rotor, fuselage and wing) and significant persmeters (flipht speed, cross
weirnt, mirvreft sttitude, etc.:. In addition, the determinsticn of the
velacity T1eld at potentiel locations for wised sensors mounted on the sircreft
veuld an252% in Solvins the prodlen of gocuretely rmeasuring the low airvrald
flicht speeis required in accordance with current rockel firing tactics.

¢ These -~aloulstions are -urrently In progress at the Ammy Tileticny Arzensl.
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Figure 4(b).

Flight Condition -- Undistorted Wake Model,

Tip Filaments Only.
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Figure 6. Variation of Instantaneous Vzp Velocity Component With
Rotor Position for the Four Rocket Launch Points
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the Four Rocket Trajectories -- 30 Kt, Distorted Wake.
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75

RO2--102-10

o .,




R

40 '—I

/ \ POSITION ALONG
ROCKET TRAJECTORY, X

(o ']

-—-——OA Q1

——— e an an = () 20

FPS

-20

j2e

-40
q

60

--100

BLADE | ——a (

BLADF ¢ ——a= 180

Figure 52.

ROTOR POSITION
15 30 46 60 1% 80 108 120 135 150 165 180
195 210 225 240 255 70 285 300 ns 330 345 360
BLADE AZIMUTH. . DEG

Variation of Instantaneous vy, Velocity Component With
Rotor Position for Selected Points on One Rocket
Trajectory -- 30 Kt, Undistorted Wake, Rocket No. b
(yT = 0-22)0

76

RO2-86-13




Q

@°ﬁbﬂﬁ44444

ROCKET NO.
AND
(LATERAL POSITION, vy

1 (-0,22)
2 (-0,18
J (0.16)
4 10.22)

o Qb

| | | ! ] | | L
0.4 0.8 1.2 1.6 2.0

POSITION ALONG ROCKET TRAJECTORY, xt

Figure ;3, Variation of Time-Averaged Vg Veloaity Couponent Along
the Four Rocket Trajectories -- 30 Kt, Undistorted Wake.

77

RO2- 102 -10

:
M
i
i
¢
H
]
i




1

POSITION ALONG
ROCKET TRAJECTORY, Xy

BLADE | ——e (.

BLADE 72 ~—= 180

Figure Sk.

ROTOR POSITION
15 30 45 60 15 94 166 120 135 180 16% 180
195 210 225 240 855 220 265 305 318 130 35 160

BLADE AZIMUTH, , 0E€G

Variation of Instaantaneous YRy Veloecity Component With
Rotor Position f'or Selected Points on One Rocket
Trejectory -- 30 Kt, Undistorted Wake, Rocket No. k
{yp = 0.22).

78

RO2--&8-11




ROCKET NO,
AND
(LATERAL POSITION, vy)

QO 11022
A 2({-0.16)
O 3 0.6
O 4022
4
"g o_&ﬂ&&ﬂﬁ &ﬂgsoago@oogeﬂi
S Posp6606080°
20
" WA R T DA W SN SN N
0 04 a8 1.2 1.6 20

POSITION ALONG ROCKET TRAJECTORY, xy

Pa—

: Figure 5%. Variation of Time-Aversged Vg Velocity Component Aleny
! the Four Rocket Trajectories -- 30 Kt, Undistorted Weke.

RO 102-1




_FPS

Yy

POSITION ALONG
ROCKET TRAJECTORAY, )Lt

[o I}

—— e N O}

0 o2

— v () 0)

15 x +5 £ 2% e 10% e
(333 N pi 2l %% hbesl 28y e
b 3 e
ST ATT AWML | g

Varintlion of Instactapecus Vo~ Veloci
Rotor Position for lelegted
Tratectory -- 3
(g - D20

&0

H




RIS ' " FENN v -
,\ i} e Ay i <,
T ) - N
‘. 2

g

195 MIL S
160 MIL S
IBSMILS

{a) VARIATIONS OF ROCKET LAUNCH ATTITUDE - -
O KT, DISTORTED WAKE

-

LAUNUR LDCATION ROVED 5 T T T
FORTINRS) AND DOANWARE

TR

L e" e e ma

GHIGIN AL et
AN < ]
LA TION -

,.
f—

¥igure

-19

08

IR VARIATION OF

o
(]
2

w

ROCKET LAUNCH POSITION

KT UNDISTORTED WAKE

=oEel launch Ate

o, hmitoe vt smrtepan i+




-20p—

ROCKET LAUNCH ATTITINE (ELEVATION)

YO —C———C— ° ? DEG (126 MILS)
——— - o 9 DEG {160 MILS)
11 DEG (105 MILS)

——— e e )

BLADE | = 9

5 RUADE 2 ——w 180

Figure 58,

ROTOR POSITION

15 36 45 60 75 90 105 120 135 150 165 180

195 210 225 240 255 270 285 300 315 130 345 360

BLADE AZIMUTH, ., DEG

Effect of Variastion of Rocket ILaunch Attitude on ;
Instantanecus Vzq Velocity Component Near the Wske ;
Boundary -- O Kt, Distorted Wake, Rocket No. 4 .
(%7 = 0.7). :

R02-66-8




S O REFERENCE LAUNCH POSITION

- o - o e £ LAUNCH POSITION MOVED
FORWARD AND DOW ¢ 0,05 R

ROTOR POSITION
BLADE 1 vt 16 30 45 &0 15 90 105 120 136 150 185

BLADE 2 ===~ 130 198 210 225 240 255 270 285 300 315 330 345

BLADE AZIMUTH, v, DEG

Figure 59. Effect of Variation of Rocket Launch Position on
Instantaneous Vyp Velocity Component Near the Wake
Boundary -- 30 Kt, Undistorted Wake, Rocket No. k,
(xp = 0).

83

180

360

RO2-65-17




./',
'}-7‘2222?%;;/

84

Isometric View of Fuselage Modelled by Computerized

Geometry Method.

Figure 60.




yo

xT

vT

'S‘J -
£ f
g- <rl -
g L 4 ﬂb
o
ST T
g L od -AL
- b P9
]
3
L3
85

= 126 MILS

e
YT, = 65% FUSELAGE WIDTH

YT, =108% FUSELAGE WIDTH

Schematic of Configuretion Used to Calculate

Figure 61.

Fuselage Induced Effects on Rocket Trajectories.

R02-155-3




016

012} pd -\

Aav,

0.08 p—
0.08}—
3
>
=
G
o
@ 9
>
a
W
G
3
Q
Z
~0.08 -
—uoe#—

-012
0 | | | | P

0 0.2 04 o 0.6 0.8 1.0 o
|

Figure 62. Fuselage Induced Velocities Along Rocket Trajec-
tories -- ¥p = 65% Fuselage Width.

86

RO2-168-2




KO2-185-1

0.6

X7

Fuselzgs Induced Velociti«s Along Rocket Tiajec-

tories -- ¥p = 108% Fuselage Width.
87

0.16

0.12 3~

0.08 .-

0.04 [~
0

L
3
T

0,08}~
~£mi-
0 fms
Figure 63.

. AT ALIDON3A G30NANI




