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associated with  the  application of model rotor testing,to achieve an improved
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par t icular , in i t ia l  flow information ott blade—vortex interaction for low
speed conditions were acquired .

Time—averaged values of two flow velocity components , measured with a lcser
velocimeter , are presented for the model test configurations and conditions .
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to blade azimuth position , are pracented for points on a rocket t ra j ectory
for the reference AH—lG configuration and conditions. Predicted wake geometries
and flow velocities are compared with the test data and used for interpretation
of the airf low results. A most signif icant  f i nding for low speed forward
f l ight  conditions is the notable reduction in the t ime variation of flow
velocities (peak—to—p eak amp litude) at points on the rocket trajectory compared
to t ip  vortex induced flow velocities nea r the blad e tip and , also,
compared to theoretical pr&ictions and hover test results from two pr ior
tnvestigat ions . For the AH—lG , the phasing of the blade azimuth and tip
vortex travel is synchroniz ed such as to produce a blad e—vortex intersection
which results in a d i f f u s i on  of each t ip  vortex and an associated decrease
in the unsteady aerodynamic interference at the rocket trajectories .
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An experimental investi gation was conducted to determine the airflow
c h a r a c t e r i s t i c s  in the v i c i n i t y  of a mode l helicopter to determine the
aerod ynamic interference at representat ive rocket trajectories and wind
senso r l o c a t i o n s  of an Army AH— l G h e l i c o p t e r  o p e r a t i n g  in low speed forward
t l i gh t .  Laser ve loc ime t ry  and f l o w  v i s u a l i z a t i o n  t echn i ques were app l ied  in
a w ind  t unne l to provide f low v e l o c i t y  and wake geometry data for use in a
rocket aeroballistics anal ys i s , correla tion with theory, and for a systematic
de termination ot the influence of the helicopter components (rotor , fuselage ,
and win g) and significant operat ing condition parameters (fli gh t speed , f l i gh t /
wind direction , ground effect , gros s wei ght , and aircraf t/rocket attitude ) on
the airflow influencing rocket trajectories. In a d d i t i o n , the  flow veloci t ies
3t  potential locations for a fire control wind sensor mounted on the helicopter
we re determined to eva lua te  p o t e n t i a l  wind sensor loca t ions  for  accuratel y
measu r i n g  f low v e l o c i t ies at the low f l i ght speeds required in accordance with
cur ren t te r r a i n  f l y ing/rocke t firing tactics. This research investi ga t ion also
served to demonstrate advanced experimental techni ques and provide rotor wake
and airflow information , which will contribute to the general technology asso-
ciated with the app lication of mode l rotor testing to achieve an improved under-
standing of the aerodynamics of helicopter low speed fli ght. In particular ,
i n i t i a l  f low i n f o r m a t i o n  on b l ade—vor t ex  i n t e r a c t i o n  for  low speed condi t ions
was acqui red .

Time—average va lues of two flow velocity components , measured with a laser
velocime ter , are presented for the mode l test configurat ions and conditions.
Also , the peak—to—peak values and cyclic t ime—variant flow velocities , related
to blade azimuth position , are presented for points on a rocket trajectory for
the reference AR—1G configuration and conditions . Predicted wake geometrics
and flow velocities are compared with the test data and used for interpretation
of the airflow results. A most significant finding for low speed forward
fli ght conditions is the notable reduction in the time variation of flow
velocities (peak—to—peak amplitude ) at points on the rocket trajectory compared
to ti p vortex induced flow ve locities near the blade tip and , also , compared to
theoretical predictions and hover test results from two prior investigations .
For the All—ic , the phasing of the blade azimuth and ti p vortex t rave l is
synchron i zed such as to produce a blade—vortex intersection which results in a
d i f f u s i o n  of each t i p vor tex  and an associated decrease in the unsteady aero—
dynamic interference at the rocket trajectories



FOREWORD

This report is the third of a series resulting from three contracts
provided by the Dept . of Army to the United Technolog ies Research Center
(UTRc). The first report “Prediction of Rotor Wake Induced Flow Along the
Rocket Trajectories of an Army All—ic Helicopter ” was published in March 1975
(Ref. 15). The second report “Investigation of the Airflow of a Hover ing
Mode l Helicopt er at Rocke t Trajectory and Wind Sensor Locations ” was
published in Jul y 1977 (Ref. 23).

This investigation was sponsored by the U.S. Army Research Office ,
Research Triang le Park , North C~ ro1ina , under Contract DAAG29—77—C— OOl3 .
Supp l ementary funding for the contrac t was provided by the MICOM , AMRDL
(Ft. Eustis ) and ARRAUCOM (Picatinny Arsenal) branches of the Dept . of
Army . The contrac t was initiated in May 1977 and comp leted in Sep tember
1979.

The Army contract monitor was Dr. Rober t Sing leton of the Army
Research Office. The interest and projec t suppor t provided by
Dr. Sing le t on , Mr . Saul Wasserman of the U.S. Army Armament R~~1) Command
and Kr. Robert W. Bergman of the U.S. Army Missile Command is gratefull y
acknowled ged . Also acknowled ged is the support provided at IJTRC by
Dr. John C. Benne tt , Jr. , Mr. Thomas Murrin , Miss  Donna Hess , and
personnel of the UTRC Test Facilities Section of UTRC . Dr. Bennett
provided the laser veloc imeter support and Mr. Murrin was the test
eng ineer during the test program .

The program manager for the contrac t was Mr. Anton J. Land grebe ,
Supervisor , Rotary Wing Technology Group, UTRC. Mr. Robert B. Tay lor ,
Research Eng ineer , Rotary Wing Technology Group, was the princi pal
engineer for the contract.
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INTRODUCT ION

The accurate determination of the flow field in the vicinity of a
helic opter is required when a helicopter is used as a weapons platform.
Si nce a free—fligh t project le ~uch as a rocket , when fired from a heli-
copter , ini tially travels at a speed which is the same order of magnitude
as the flow velocities , the flow field induced by the ro tor wake sys tem -

•

can have a si gnificant effect on the rocket trajectory . This can neces-
sitate some form of aiming compensation or special firing techni ques ——
par ticularly at the low helicopter fli gh t speeds at which rockets are to
be fired in accordance wi th current Army nap—of—the—earth , tactical con-
cep ts. The shortage of information on helicopter airflow and its influ-
ence on f ree f l i g h t r o cke t s  for  the purpose of achieving an effective fire
con t r o l  is a major  concern of the Army , as stated in Ref. 1. C u r r e n t  Army
doc trine calls for emp l oyment ot~ helicopters such as the AH—1 , AAH , and
UTTAS in hover , pop—up, and terrain fl y ing modes. The requirement fur
i nve s t i gation of rocket aerod ynamic interference for  helicopters op erating
in such modes and recomme’nd at ions  for such investi gation are well document—
ed in the Army Missile Comma nd memo ( R e f .  1), inc luded herein as A ppendix
A. The requirement is also d i s c u s s e d  in the Proceed i ngs of the Conference
on the E f f e c t s  of h e l i c o p t e r  Downwash on Free Projectiles (Ref. 2), par—

• t ic u la r l y in the presentat i ons of Army representatives Marner (Ref. 3),
Mo rse ( R e f .  4) , and Bergman ( R e f .  5 ) .

To assess the influence of the  ro tor /wake  f l o w f i e l d  on the  f l i ght
p a t h  of a 2.75 inch rocket fired from the  Army AR—ic he l i cop te r  (Fi gs. 1
through 3) when hovering or fl y in g a t low forward speeds , an a n a l y t i c a l
investig ation was comp l eted in 1975 at the United Technolog ies Research
Center , UTRC (formerly the United Aircraft Research Laboratories), to pre-
dict the induced flow velociti es at the rocket trajectories (Fig. 4).

• t’TRC computer analy ses which have the c a p a b i l i t y  to c a l c u l a t e  t i p vor t ex
geome t ry and rotor wake induced velocities were used to calculate the t ime—
averaged and t ime—varying (instantaneous) induced flow velocities along
the rocket trajectories for helicopter fligh t speeds of 0, 15 , and 30 kts.
Descri ptions of these analyses and th e ir application and validation are
contained in Refs. 6 to 14. The results of the analytical investi ga t ion
have been reported in Ref. iS in a report entitled “Predic tion of Rotor
Wake Ind uced Flow Vel ocities Along th~ Rocke t Trajectories of an A rmy AH— IG
Helicopt er ”. Sample results were presented on August 12 , 1975 at the Con-
ference on the Effects of Heli copter t)ownwash on Free Projectiles organized
by the 11 .5. Army Avia tion Systems Command . The paper for this presentation ,

• entitled “Rotor Wake Induced Flow Along Helicopter Rocket Trajectories” (Ref.
16), is included herein as Appendix B. The i nduced velocity results from
this investigation have been used by Wasserma n in a trajectory analys i s  at
the Picatinny Arsenal to predict the influence of the aerodynami c
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interference ot the rotor wake on rocket trajectories (Ret. 17). It was
conc luded  t h a t  this influence is significant and must be compensated for
when establish i ng aiming techni ques. This conc lusion has been substan—

• t ia ted in Army fligh t tests such as those reported for the OH—i and the
AU—I in kefs. 18 and 19.

Altho ugh th e ana lytical investi gation provided a signi ficant amount
• ot information regard i ng ind uced velocities along the AU— ic rocket trajec—

t ories , i t was limited in scope to three forwa rd fli gh t conditions , and
the interference effects of the fuselage , wing , and ground on the predict-
ed ve loc i ties were not included. It was concluded that mode l helicopter
t e s t  ing  s h o u l d  be conducted to provide systematic experimental data for
correlation , inv estigation of other operating conditions and neg lec ted
in terference effects , and de terin i nat ion of wind sensor locations . I t  was
thus suggested t h a t  the model hovering and wind tunnel fac ilities , and ex-
perime ntal flow measurement and visualization techni ques , av a i l a b l e  a t

• UTRC , be used to measure the flow velocities and wake boundaries in the

• reg ions of the rocket trajectories and potential wind sensor locations .
• 

- 
Descri pt ions o UT RC p r i o r  exper ience  w i t h  s i m i l a r  mode l t e s t i n g  and

• 

- 
experimen tal techni ques are contained in Refs . 6, 7 and 20 to 22.

A contract (DAAA 21—7b—C— 0151) was awarded to UTRC by the Army (Pica—
tinny Arsenal) in March 197b to use the UTRC mode l rotor hove r test facil-
ity to conduct  such an i n v e s t i g a t i o n  for  t he  hove r mode of o p e r a t i o n .
This contract was comp le ted in June 1977 with the deliver y of a final re-
port (Ref. 23). The Summary , Conclusion s , and Recommendations from Ref.
23 and the Scope of Work for this contrac t are presented herein in Appe n-
dix C. This investi gation was conducted to determine the a i r f l o w  charac-
teristics in the vicinity of a model helicopter to determine representa-
tive flow velocities at the rocket trajectory and wind  sensor loca t ions of
a hovering Army AH— 1C “Cobra” helicopt er. Laser veloc i me try and flow vis—
ualiza t ion techni ques wer e app lied to p rov ide  f l o w  velocit y and wake geo-
metry data for correlation with theory and for a s y s t e m a t i c  d e t e r m i n a t i o n
of the total and separate influence of each of the aircraft components
(rotor , fuselage , and wing) , and significant operating condition param-
eters (rotor thrust , tip speed , and ground effect ) on the airflow influenc—
i ng  rocket  t r a j e c t o r i e s .  In a d d i t i o n , the  f l o w  v e l o c i t i e s  at potential
l o c a t i o n s  for  a f i r e  c o n t r o l  sys tem w i n d  sensor , mounted  on the aircraft ,
were determined to assist in identif y ing wind sensor locations for accur—

• ately measuring f l o w  v e l o c i t i e s  at hover. Time—average and peak—to—peak
values of flow velocity components , measured with a laser velocimeter (LV),
were compared for the hovering mode l test configurations and conditions.
Also , the cyclic t ime—variant flow velocities , related to blade azimuth
p o s i t i o n , were presented for points on a rocket trajectory for the refer-

ence model AH—lG configura tion and condition. The measured model flow
veloci ties were scaled to representative full—scale values , and the appli—
c ab i l i t y  of s c a l i n g  procedures to ro to r  thrust and ti p speed va r i a t ions

_____________________________ ________



was demon strated . Rotor wake theory was applied to selected model and
full—scale configurat ions and conditions . The predicted flow velocities
generally compared favorably with LV teat data and we re used in combination
wit h wake geometry data for interpretat ion of the airflow results. The
location of the hovering rotor wake (particularly the ti p vortices at the
wake boundary) relat ive to the rocket trajectories and wind sensors was
shown to be a malur determinant of their flow velociti es . A sample corn-
parison of the measured and predicted time—average flow velocities for
the hovering condition is presented in Fig. 5. A complete list of the
find ings from Ref. 23 is presented in Appendix C.

Following the experimental hover investigation , the subject wi nd t un-
nel investigation , reported herein , was conduc ted for the Army Research
Offic e (ARO) wi -t b supplementary funding support, from MICOPI , AMRDL (now
App l~ied Technology Laboratory , Army Research and Technology Laboratories ,
Ft. Eus t. i s ) , and ARRADCOM branches of the Army. The wind tunnel invest i—
gation was conduc t ed to provide information for the low aircraft flig ht
speeds of interest in accordanc e with current rocket firing tactics. Con-
sistent with the hover test , combined model rotor—fuselage—wi ng testing ,
app licat ion of laser velocimeter techni ques to measure flow velocities ,
and application of flow visualization techni ques to determi ne wake geometry
were conducted for a model configur at ion approximately representat ive of
the Army AR— IG (Cobra). As will be presented , the results of the experi-
mental program provide velocity and wake geometry dat a for correlat i on
wi th theory and for a systematic determination of the total and separat e
influence of each of the aircraft components (rotor , fuselage , and wing )
and significant parameters (fligh t speed , f l i ght direction , ground effect ,
gross weight , and aircraft att itude ) on the airflow influencing rocket tra—

— jectories . Also , the flow velocities at potential locations for a wind
sensor mounted on the aircraft were determined to assist in solving the

- • problem of accurately measuring flow velocities at the low aircraft fligh t
speeds required in accordanc e wi th current rocket firing tactics.

It is not ed that~ in addition to the rocket application , the use of
a laser velocimete r to measure flow velocities at low flight speeds and
the evaluation of computer analyses for predicting such velocities is use-
ful in demonstrat i ng techni ques for determining helicopter aerodynamic
characteristics required in othe r investigations of interest to the Army
(e.g., those associated with low speed , terrain flying missions ).

The objectives of this wi nd tunne l test program are presented in the
following section of this report . in followi ng sections , a description of
the test , the flow visualization results , the flow velocit y results , con-
clusions , and recommendations are presented .
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TEST OBJECTIVES

Test data were acquired , prepared in graphical form , compared , and
• analyzed in accordance with the followi ng specific objectiv es and subtasks :

1. To provide representative flow velocity distribution s along rocket
trajectories of the AR—IC helicopter by appropriately scaling the
im~idet results. The velocit y data shall provide information for
use in rocket trajectory analyses to assess the infLuence of the
aerod ynamic interference on the accuracy of the AR— ic weapons
systems and similar weapons system s of future Arm y helicopters .

2. To assess the influence of the helicopter components (rotor , fuse-
lage , and wing ) on interference velocities at the rocket trajec-
tories. The separate and combined influence of the components
shall be analyzed to determine their relat ive significance.
These results will provide fundamental information for deter—

• m i n i n g  whether or not it would be advantageous to move the loca-
tion of a rocket la unch point relat ive to the fuselage and stub —
wi ng . Also , the experimental data for the separate components
shall provide independent data for correlation with theory . The
requirement for inc lud ing the fusel age and wi ng interference capa-
bi lit y in the computer anal ysis for predicting rocket flow veloc—
ities shall be assessed (fuse l age and wi ng effects were neglect-
ed in the results reported in Ref. 15).

3. To assess the influence of the experimental variat i ons of the
operat i ng condition parameters. The test data for the varia-
tions in forward fli gh t speed , rearward fligh t speed , cross wi nd ,
ground effect , thrust coefficient (representing gross weight),

• and helicopter/rocket attitud e shall be compared .

4. To perform an initial evaluation of theory by comparing the
scaled experimental wake geometry and veloci ty resul t s wi th the
predicted full—scale AH— lG helicopter results from the analyt i-
cal stud y reported in Ref. [ 5 .

5. To iden tif y the most desirable locat ions for a wi nd sensor.

The test data at the potential wind sensor locations shall be
compared and analyzed . Two components of velocity shall be
analyzed to determine flow direction and magnitude in the fore-
aft vertical pl ane .

1.7
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6. To assess the influence of canopy design on rocket interference
velocities and wind sensor locations. The velocity da t a for  the
two canopy configurations (round and flat—sided ) shall be compared .

7. To provide aerod ynamic data which demonstrates the results of
laser velocimeter and flow visualization techni ques of general
interest for applicat ion to other Army research programs . The
combinat ion of model helicopter and wi nd tunnel test i ng wi t h
performance , flow velocity, and wake geometry measurements shall
demonstrat e a uni que capability for other inve sti ga t ions such
as those involving low speed and nap—of—the—e arth operation and
related blade—vortex interaction . The ability to determine both
the time—average and t ime histor y of i n d i v i d u a l  co mp o n e n t s  of
flow veloci ty and relate them to the rotor operat i ng conditions
and associat ed wake geometry (ti p vor tex positions) shaLl he
demonstrated .

The specific objectives associated with each type of test dat a are pre—
sented in Table 1. Amp le data were obtained to comply with each objective.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ 
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TABLE 1. SPECIFIC TEST DATA OBJECTIVES

1. To measure time averaged horizontal and vertical flow velocity components
along the rocket trajectory to determine the followi ng effects:

Effect of — rotor only
— fuselage at 15 kts full scale
— wing (also t ime—dependent velocities)
— modified canopy

Effec t of — rotor only
— fuselage at 30 kts full scale
— wi ng (also time—dependent velocities)
— modified canopy

• - Effect of Low airspeed (10 kts full scale)

- Effect of change in thrust coefficient

- Effect of rocket launch position
Effect of rocket trajectory attitude (relative to rotor disc)

• Effect of crosswind
Ground effect

- Effect of tail wind/rearward flight
- Ground effect in tail wind/rearward fli ght

2. To measure time averaged horizontal and vertical flow velocities at
selected wind sensor locations.

3. To measure instantaneous horizontal and vertical flow velocities at
selected rocket trajectory points to investigate time dependent flow
interference.

4. To measure instantaneous horizontal and vertical flow velocities in
the vicinity of the rotor disk and wake boundary to study blade/
vortex interaction .

5. To obtain flow visualization data (using smoke still photography and
mot ion picture strobe cinematography) for selected configurations
and conditions representing the primary effects listed in objective 1.

19
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DESCRIPTION OF TEST

W I N D  TUNN E L FACIL iTY

The test prog ram was conducted in the 18 ft oc t agonal test section
of t h e  UTRC Large Subsonic Wind Tunnel. This closed return tunne l is
18 It in hei ght and width and has a speed range of approximatel y 5 kts
t o [75 las. An illustration of the wind tunne l and pho tograp hs of the
t est section are shown in Figs . 6, 7, and 8. An overhead support struc
ture in the test section supports the model rotor system so that it is
pos ttion ed laterall y on the centerl ine of the tunnel with the rotor cen—
te r 10.27 ft from the tunne l floor. The vertical posit ioning was chosen
to minimize tunne l floor and wall effects and at the same t ime provide
maximum coverage of the rotor wake by the LV system. As shown i n  Fi g. 7,
a portion of the tunnel wall o~ the con t rol  room s ide  is composed of
glass window s to allow the LV beams to enter the test section. The gl ass
window s are 5 f t hi gh by 12 ft long and allow the LV focal point to tra—
verse 1.4 rotor radii up and downstream and •.25, — .75 rotor radii above
and be l ow the rotor center , respective ly.

HELICOPTER MODEL

The helicopter mode l shown in Fi g. 9 used to simulate the Army All—I C

he l i c o p ter is  composed o f 2 ma j or par t s: the fu se l age  and the rotor sys-
tem . The model is shown installed ~p the wind tunnel  in Fi g. 1 0. An

existing 1/8 scale AR— IC fuselage model was loane d by the Government

from the Sell Helicopter Company and provided to UTRC for the test pro

gram . The fuselage model has removable wi ngs , and provisions were made

to interchange a square—sided canopy and a rounded canopy. The fuselage
is supported underneath the model rotor by means of a strut extending up

f r om the tunnel floor. The fuselage is fixed for zero angle between a
waterline and the freestream velocity. Y&~wing of the model to simulate
cros awinds or tailwind s is accomp lished by manuall y rotat ing the ruse—

lage model on the strut to the desired ya’~i ang le and then ti ghtening the

r et a i n i n g  fix tures. The rotor test rig is mounted t~o an overheaá sup-
port structure as shown in Fi g. 10 and tins a 90 Hp electric drtye motor
with a belt-type transmission ci~nnected I:o the rotor shaft . Rotor thrust
is measured wi th a strain ga&~

I toad cel I to within 2% accuracy and

rotor torque is measured by means of a strain gage bending beam . For
cor~~istency with the hover test results reported in Ref. 23, the same
rotor hub and blades used in the hover teat were utilized In this test.
The model rotor is two bladed , articulated in flapp ing , and rIgi d in lag.
Collective pitch and rotor shaft angle are set manu.slly, and there are
no provisions for cyclic p i tch.

- 
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The pr imary mode l rotor design values are compared with those of
the full—scale AU—IC rotor in Table 2.

Al though the mode l r ot or va l ue s do no t exac t l y dup l i cate the full—
scale val ues , they are regarded to be sufficient ly clos e so as not to
si gnificantl y compro m i s e t he accomp lish ment of the objectives of the ex-
perimental program. The rotor parameters of most si g n i f i c a nce to th i s
test (number of blades , solidity ratio , aspec t ra t io , and t aper ra t io)
were identicall y or very closel y scaled . The e f f e ct s o f the r e la t ivel y
small differences in twist and airfoil sections , indicated in Table 2 on
the rotor wake and flow velocities were minimized throug h test operation
at full—scale thrust coefficient. The use of an available hub with flap-
ping articulation rather than a teetering hub is , in i tself , of li ttle
conseq uence f or low speed f orward f l i gh t as long as the full scale con-
trol ang l e is maintained during the wind tunne l testing. This was en-
sured during the test by adjusting shaft ti l t  to provid e a near hero
(slightly propelling ) control angle as in the AH—lC in low speed fli ght.

The availabl e AH— lG fuse l age model was 1/8th full—scale size. The
ratio of the model rotor diameter to the full—scale rot or diameter was
119.26. Although the resulting rotor—fusela ge scaling was somewhat in—
consi stent (the fuselage was 14 percent too large ), the an t i c i pated ef-
fect of this inconsistency , on the data to be measured , was antici pated
to be small when the follow i ng were considered :

I. The contribution of the fuselage interference to the velocities
at rocke t trajectory points is small compared to the influenc e
of the rotor.

2. The narrow width of the AR—IC (only 7 percent of the rotor diam-
eter) results in a scaling inaccuracy of the model fuselage
wid th of less than 2 percen t of the mode l rotor diameter.

3. The model fuselage was positioned under the model rotor such
that the pr imary dis t ances for rotor/fuselage flow interference
at rocket trajectories and wind sensor locations were scaled to
be consis tent with full—scale AR— ic values. Considering the
importance of the rotor as the flow velocity producing dev ice ,
the pr imary distances selected were measured relat ive to the
rotor hub center and scaled to the rotor radius.

Regard ing the above , several scaling select ions should be ment ioned .
First , the fuselage was positione d relat ive to the rotor hub such that
the vertical distance between the canopy roof (at the pylon junction)
and the rot or was appropriately scaled to the full—scale value (0.18 R).

This was important for both canopy interference on the f low a t rocket

21 
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TABLE 2. MO DE L AND FULL—SCALE ROTOR DESIGN VALUES

Full—Scale Available
AR—IC 

- 
Model

Rt~t~~r Radius , K 22 t t .  28.5 in.

Blade  Chord , c 27 in . 2.94 in.

Asp ect Ratio 9.78 9.69

Nuinb ~~r of  Ul.id es 2 2

Rot~~r Solidity Ratio 0.0651 0.0b57

i~ipe r Ratio 1.0 1.0

L i n e . i r T w i s t  —10 deg —8 deg

Ai r f~~i 1 Section modified NACA 0012
NACA 0009

Hub Teetering Artic ulated
( f  l a p p ing)
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trajectory locations beneath the canopy and for selected wind sensor
locations aside of the top of the canopy . The hub was moved forward over
the fuselage to better simulate the full—scale nose—to—hub distance
(0.65 R) (The forward portion of the fuselage was of importance for
this rocket trajectory , wind sensor test.) This scaling was slightly
compromised to 0.70 R to prevent the hub center from moving forward of
the pylon . Mode l stub wings we re specially designed to be scaled to the
rotor . Following fabrication , they were mounted on the fuselage such

F that their relative position to the rotor hub was scaled equivalent to
that of the full—scale wing to rotor position. In addition to being
sized and positioned correctly for the rotor flow field , scaling the
wings to the rotor permitted rocket trajectory locations relative to the
wing to be representat ive of full—scale and correctly positioned in the
f l~~ field. A summary of the pr imary scaling values are presented in
Table 3.

It is noted that the rotor—d iameter—to—tunnel—span rat io (1:4) is
sufficientl y small to minimize tunnel wall floor and ceiling effects. —

Also , for the in—ground—effect testing , the ground plane had a leading
edge splitter plate to minimize boundary layer growth.

TEST CONFIGURATIONS AND TEST CONDITIONS

T’-e major portion of the test program was performed with the model
in the reference configuration. The reference configuration consisted
of the ro tor , the fuselage with a flat—s ided canopy , and the wing . Changes
of the model from the reference configuration were made to determine para-
metric effects of the fuselage , the wing,  and a modified canopy . Two (2)
reference operating conditions were selected based on a thrust coeffic-
ient representat ive of the AH—IG gross weigh t (9500 lbs) and two (2) nomi-
nal advance ratios (tunnel flow velocity/rotor ti p speed) of approx i-
mately 0.034 and 0.068. These advance ratios correspond to the 15 and
30 kts  f l i ght speeds of the fu l l—sca l e  AR— 1G condit ions analyzed and re-
ported in Ref. 15. A tip speed (373 fps) equivalent to one—half of the
full—scale AH-lG ti p speed was selected . The reduced tip speed was chosen
based on structural considerations for the available model blades. The
tip speed selection was justified on the basis that both theoretical and
experimental results have shown the validity of linear scaling of flow
velocities with tip speed for constant thrust coefficient. Good examples

• of the experimental validity are shown in the hover test report (Ref. 23).
To retain the appropriate advance ratio scaling, the wind tunnel free—
stream velocities (7.5 and 15 kts) were also set at one—half the aimu—
lated full—scale flight speeds. The shaft angle for the reference con-
di t ions was 2 degrees (upstream blade tip down). This selection was
based on the requirement to maintain a near zero tip path plane angle to

23
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TABL E 3. SCALING OF RE LATIVE POSITIONS OF ROTOR , FUSELAGE , AND WiNG

Model* Full—Scale A,.H_IG*

Canopy Roof to Rotor z — —0.18 z — —0.18
(Vertical Positioning of
Fuselage)

Nose to Rotor Hub Center x — 0.70 x — 0.65
(Horizontal Positioning of
Fu selage )

Wing  T r a i l i n g  Ed ge (At Root ) x —0.06 x
to Rotor Hub Center z —0.37 z —0.37

W ing Semi—Span y ~0.23 y — +0.23

*Al l values are scaled to the rotor radius (i.e., nond imension—
a l i zed  by R).
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closely simula te AH—lC low speed fli gh t. At full scale speeds of 15 and
it) kts it will be shown later that blade longitud i na l flapping was 1.2
and 1.8 degrees , respective ly. There fore t h e  2 degree shaft tilt selec-
tion provided the required sli ghtl y propelling ti p—path—plane angles
(0.8 and 0.2 t l e g) .  The selected reterence launch position is No. 4,
loc.it~ d at the most outboard wing station on the  ri ght  s ide of the
fuselage . The selected reference launch ang le is 7 deg. Table 4 summar—
izes  the ref erenc e mode l co n f i gura t ion and reference test conditions.
A summary of all combinations of test confi gurat ions and test conditi ons
fo r which  LV d a t a  were acquired is presented in Table 5.

The reference confi guration , the  isolated rot or , the rotor—fuselag e
combination withou t the wing, and the m o d i f i e d  can opy con f i g ur a t ion were
t ested at tht’reference test conditions . Variations from the re ference con—
di t ions t o  simulate aircraft velocity , f l i gh t (or wind ) d i r ec t ion , gros s
weigh t , attitud e variation , and ground effect were tested as follows. In
a d d i t i o n  to the two (2) reference fli ght speeds (15 and 30 kts), a third
s i m u la ted forwa rd f l i gh t speed ( 10 kts) and a 15 kt  s i m u l a t e d  re arward
f l i gh t speed were tested for the reference configurat ion. An independent
varia tion of thrust coefficient was tested for the  reference confi guration.
An independe nt variation of the relative attitude of the rocket trajectory

to the air craft was simulated by vary ing the model rotor attitude for the

reference confi guration . A change in trajectory ang le re la t ive to the
rotor disk from the reference 7° ang le was s i m u l a t e d  by i nc r ea s i ng the
rotor shaft ang1e~ to 

_4
0 from —2 °. This provided an eff ective trajectory

ang le relative to the rotor of 9°. The cr osswind conditio n s we re simu—

lated by yawin g the model ±30° wi th resp ec t to the f ree  st ream ve l oci ty
which was maint ained at 15 kt full scale. To simulate the tail wind (or
rearward t l i ght) condition , the f u selage mode l was ro t a t ed 180 ° so that t he
noso pointed downstream . Since the reference No. 4 rocket launch po sition

was now blocked by the fuselage from the LV beams , the No. I l aunch po s i t ion
was used for acquiring LV data. This  is the launch position on the left
side of the fuselage correspond i ng to the No. 4 launch position on the right
side of the fuselage . In addition to the No. 4 launcher , data for an inboard
launcher (No. 3) was acquired for forwa rd fli ght. To simulate a ground
effect condition , a ground plane was installed in the tunnel at a heigh t of
.75K below the rot or center. This corresponds to a skid hei ght on the AR— IC
of abou t 3.5 feet above the ground . The reference confi gura t ion was tested
in—ground effect (ICE ) for forward fligh t and rearward fli ght/tailwi nd
cond i tions.

TEST DATA ACQUiSITiON

Rotor instrum entation consisted of a rotor thrust load cell , l ongi tu-

dina l and lateral vibration pickups mounted to the rotor shaft h o u s i n g
(fixed system ) for safety monitoring , and b lade  root f l a p p ing meas ured by
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TAILE 4. REFERENCE TEST CONFIGURATION AND TEST CONDITIONS

R~fsresce Configuration

Rotor

— Fuselage with flat sided canopy

— Wing

Reference Test Conditions

Forward speed — 7.5  kts , 15 kts (scaled to 15 and 30 kis)

Tip speed 373 fps (L/Z of full scale tip speed)

Fuselage angIe of attack — 0’ —

Shaft angle — —2 ’ (upstream blade down)

Thrust coefficient .00472 (corresponding to AH—IG G.W. of 9200 Ibs)

Rocket launch position No. 4 (outboard , right side)

Rocket launch angle — 7

- L



TABLE 5. SUMMARY OF TEST COND ITIONS AND TEST tX~NFICURAT10N5

Airspeed Thrust
Model Ful l Scale Coefficient

Objec tive Configuration (kts) (±21) Co~~ents

Re ference Rotor—Fuselage—Wing 30 .00472 No. 4 launcher
hIR~~ . o~.—2°

Win g Rotor-Fuselage 30 .00472

Canopy Ro tor-Fuselage—Wing- 30 .00472
Modified Canopy

Isolated Rotor Rotor onl y 30 .00472

Ref erence Rotor-Fuselage—Wing 15 .00472

Wing Rotor—Fuselage 15 .00472

Canopy Rotor—Fuselage—Wing— 15 .00472
Modified Canopy

- I Isolated Rotor Rotor only iS .00472

~lternate Rotor—Fuselage—Wing 10 .00412
airspeed

Thrust Rotor—Fuse lage—Wing 15 .00435
Coefficient

Launch Position Rotor—Fusel age—Wing 15 .00472 No.3 Launcher

Trajectory Rotor—Fuselage—Wing 15 .00472 • _40
Ang le

Crosswind Rotor-Fuselage—Wing 15 .00472 yaw — ±30°

Ground effect Rotor—Fuselage—Wing 15 .00489 h/~ 
.~~

tail wind Rotor—Fuselage-Wing —15 .00472 No.1 launcher
(or Rearward
Flight)

Ground effect Rotor—Fuselage—Wing — 15 .00489 No.1 launche r
in tail wind h/R .75

Blade —Vortex Rotor onl y iS .00472
Inter act ion

Wind sensors Rotor—Fuselage—Wing 15 and 30 .00472
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an angular potentiometer. A motion picture camera was also continually
throughout the test to monitor the model so that the model could be viewed
on a TV screen in the control room. The mot ion picture was also used in
conjunction with hi gh intensity strobe li ghting to track the rotor blades.

As shown in Ref. 23, the flow velocities at points on the rocket tra—
jectories are dependent on the relative position of the rotor wake boundary
to the trajectory points. In order to determi ne the wake boundaries to
assist in analysis of the veloci ty da ta and to compare wi th theore t i c a l
wake boundaries , flow visualization data were acquired . Smoke patterns
i ndicating the rotor wake in the vicinit y of the rocket trajectories were
recorded on film for most of the test confi gurations and conditions.

Flow ve loc i ty da ta we re acq ui red by t raversing the focal poin t of a
lase r velocimeter to selected points along rocket trajectories. Velocity
points for the various confi gurations were selected to provide comparative
data at trajectory points of pr imary interest such as between the rocket
launch point and the wake boundary . Considering the blockage of the fuse-
lage , velocity data were primarily acquired for the rocket trajectories
on the side of the model accessible to the laser velocimeter equi pment .
Consistent with the results presented in Ref. 23, emphasis was placed on
the rocket trajectory nearest the laser veloc imeter (most starboard tra-
jectory for the forward fli ght condition ).

To provide flow velocity data to assist in the determination of in-
duced flow velocities and desired locations for a wind sensor for measur-
ing  fli ght speed , velocity measurements were taken at several potential
wind sensor locations. The vertical component of velocity and the
component in the direction of the tunne l flow velocity were measured at
three points in the region of the nose and cabin of the mode l fuselage
at the simulated 15 and 30 kt fli ght speeds. The locations of the wind
sensor points are shown in Fig. ii.

A description of the laser veloc imeter used in this test and the
associated data acquisition system is presented in the following section .

28 

--~- - - 



DESCRIPTION OF LASER VELOCIMETER AND DATA ACQUISITION SYSTEM

This secti on describes the laser veloc imtte r (LV ) and data acquisition
system installed in the (ITRC 18—ft Subsonic Wind T u n n e l .  The laser velo ci—
meter (LV) measures the vel ocity of part Ic les in the flow field and uses the
Doppler shift of li ght scattered by the mov i ng particl e s to determine particle
velocit y . Since the particles are trav elin g with the fluid flow , the [tow
veloc it v is also determined . The Dopp ler shi ft frequi.ncv is the differ ence
between the  f r e q u e n cy  of i n c i d e n t  l i g h t  and scat t er ed  l i g h t  . The use ~i of
m o n o c h r o m a t i c  cohe ren t  l i ght source makes it çk.~ssihte to determine the fre-
quency and wavelength of the incident li ght so that the Doppler shi  f t  and
hence the part i c Ic veloc it v can be determined . A more thorough discuss ion
of basic LV princ i p les and theory is inc luded in Ref. 23.

The laser velocimeter system consists of ~ s,ihsvstems : the installation ,
the laser , send i ng and receiving etectro— opt ics , s igna l  proc essors , and a
seeder. A short description of each subsystem follows .

Installa tion

The basi c LV system is housed in the area between the wind tunne l tes t
section and the con t rol room , as shown in Fig. 12. A wind ow system measur i ng
S f t h i g h  by 12 ft l ong is Install ed on t ~~~~

. LV side ot the test sect ion to
at low passage of the LV beams into the test sect ion. The laser w i t h  opt ics
shown in  Fi g. 13 is secured to a table that is mounted on tracks so that it

~an traverse the entire length of the windows (12 ft) in the test section .
The traverse of the LV system i s operat ed from ins ide t he cen t rol  room so
that the long itudinal streamwise locat i on of the LV focal p o i n t  is remotely
contro lled . The table ho ld i ng the LV system also incorporates a jack—screw
scissors support arrangement that raises or lowers the table so that the
vertical location of the LV focal poin t is remotely con t rolled . The lateral
location of the LV focal point is set by the zoom lens in the optics system ,
w h i c h  is also operated remotely from the con t ro l room .

Laser

The laser used is a 4 watt Argon—Ion laser. Two colors are used , 5145
Angstrom s (green) and 4880 Angstroms (blue ), to provid e velocit y measurements
in two orthogona l directions. These are norma lly the fret°stream and vertical

velocity component s relative to the wind tunne l test section . The total power

available for these two color line s is 1.4 watts.
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P Electro—Optics

This subsystem contains all of the optical and electrical component s re—
quiri~d to emit laser ligh t , focus the laser beam . to cross at the measuremen t
poin t (focal volume), collec t ligh t scattered from a particle in the focal
volume , project the received light on a photomultiplier tube , and amplif y the
voltage signal s from the pho tomultip lier for signal processing .

The optics consist of a three lens scanning system for zoom capability
desi gned to maintain constant ang les between the laser beams over the ent ire
scann i ng dis t ance (approximately 6.5 to 18 U) and three mirrors required to
turn the laser beams and scattered light through three right angles to pro-
vide compactness of the system . T h is  i s  shown clearly in Fig. 12. The op-
tics send three beam s that are focused on the focal volume : one blue and one
green beam and a blue—green beam . Both the blue and green beams have been
frequency—shifted by a Bragg cell module before leaving the optics. The known
frequency shift allows a zero velocity offset in the voltage signal so that
posi tive and negative velocities may be discerned . This step is required be-
cause the Doppler signal transmits only frequency increment information with—
out the sign of the increment. As li ght is scattered off of particles moving
t hroug h the focal volum e, the optics receive light in the back—scatter mode.
Blue and green light are separat ed by filters and then focused on separat e
photomulti plier tubes. Th~ collected light energy is converted into an elec-
trical voltage signal for both the blue and green si gnals and then sent to the
si g n a l  processors.

Si gnal  Proc essors

The purpose of the si gnal proc essors shown in Fi g. 13 is to transform the
electrical si gnals received from the photomult i plier tubes into a velocit y . To
accom p l i s h  th i s , two counter processors (one for each velocit y component ) were
directly connec ted to a PDP 11/40 computer to perform the signal processing
tasks as well as the dat a reduction and storage tasks. The counter processors
amplify and filter the signals , validate the Doppler frequency s~mp1es , and
finally compute the Doppler frequency. The processors are interfaced with the
PUP 11/40 computer and the data are transferred into the computer. Each piece
of data transferred is flagged with clockt ime and rotor revolution t ime so that
the blade azimuth position at the time the data were taken can be determined .
Once the data have been stored in the computer , the p o ssibilities for data re-
duction and ana l ysis are numerous. The emphasis in the present test was first
on time—average veloci ties , and secondly on time—dependent ve locities. Thus,
the computer was used to organize the data and calculate the time averaged
velocity and RMS value for a rotor revolution as well as the time dependent
velocities that are a function of blade azimuth. For the on—line data re-
duction , the data were grouped azimuth all y into 10 degree increments so that
all data fell into 36 separate bins for 360 degrees of azimuth. The mean
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velocity for each azimuth bin we re calculat ed on— line for both the vertical
and horizon tal velocIty components and then plotted on—Line as a function
of azim uth. In addition the time—average and RMS value s were displayed on-
line . Generally, 500 data samples (500 seedant particle measurements ) per
v elocity channe l were t aken for each data point and all of these data were
stored on magnetic disc for any further data reduction or analysis. For
selected data points the complete time histories showi ng the proper ve l-
ocity/blade azimuth combination for all 500 samp l es were plotted .

Seed i n g

Artifi cial seed i ng was introduced into the flow to provide particles
following the airflow for LV measurement. Atomized mineral oil was used as
a seedant and was pressure injected into the flow by means of nozzles which
we re at t ached to an upstream t raversing smoke rake used for smoke flow vis—
ua [ization . The smoke rake is connected to a pulley system in the upstream
por t. ion of the test section . The pulley system provides remote positioning
of the rake , both vertically and laterall y, in the test section . This pro-
vid ed the capability to inject seedant into the flow at the best location
for passage through the focal volume to achieve optima l signal response.

Another type of seed i ng system was also used for some portions of the
test. In this system , seedant was injected into the flow downstream of
th e test section so that the seedant particles had to travel the tunnel
ci rcuit before entering the test sect ion for possible velocity measurement
by the LV . This sytem has the advantage in theory of providing a homogen—
ous seedant—air volume due to mixing around the circuit so that every
diff erential flow vo lume contains an equal number of seedani partic les.
The disadvan t age of this seeding techni que is that it is difficult to seed
a large volume tunnel. Experience with this techn ique showed that a more
even azimuthal distribution of data samples were ob t ained , which indica ted
more homogenous seed i ng , but the si gnal—to—noise ratio was lowe r and the
data rate was also lower. The upstream seeding system with localized
seeding provided good quality data after obtaining a certain level of
experience and practice in positioning the upstream seeding rake , and
was used for most of the test points.

DATA REDUCTION AND ANALYSIS
p

Measured data consisted of rotor thrust , flow vis ualization photo-

grap h ic  da ta , veloc i ty measurement point Locat ions , and velocity compon—
en t data. The rotor thrust dat a was reduced to coefficient form. The

flow visualizat ion data was analyzed to determine the forwa rd wake
boundary and ti p vortex coordinates in the vicinity of the rocket tra-
jectories . All flow velocity data were reduced to t ime—average form.
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Selected flow velocity data were reduced to provide t ime histories of
velocity with rotor azimuth position as averaged over several rotor
revolutions .

The laser velocimeter system is a two—component system and measures the . 
-

v~ and v2 velocity components in the wind tunne l freestream (horizontal)
direction and the vertical direction , respectively. Thus , data for these two
components were measured and analyzed. Although the lateral flow velocity
component was not measured , i ts omission is not critical to the objectives ot
this test program because its magnitude is si gnificant ly lower than the other
two components for most all of the conditions tested.

The experimental wake geometry and flow velocit y results were pre-
pared in grap hical form and then compared and anal yzed to assess the
Lnf lu ence of the model helicopter components (fuselage and wing ) and the
experimental variations of the operating condition parameters. The cx—
perimental wake and velocity results for the mode l were scaled and corn—
pared with those of the predicted full—scale AN—IC helicopter results
from the analytical study reported in Ref. 15. Also , the most desirable
location for a wind sensor were identified from the  data at the  measured
loc ations .
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FLOW VISUALIZATION RESULTS (SMOKE)

SMOKE FLOW VISUALIZATION RESULTS

In this section , the flow visualization results obtained from in-
jec ting smoke into the flow are presented . The flow visualization of the
forward wake boundary and its location with respect to the rocket trajectory
were e spec i a l l y hel p ful for interpreting the laser velocimeter flow velocity
results presented in the next section. To assist in the interpretation of and
comparison wi th the forthcoming flow visualization results , the ti p vortex
geometry patterns for the 15 and 30 kt fli gh t condi t ions as predic ted by the
UTRC Rotor Wake Geometry Analysis are repeated from Ref. 15 in Figs. 14 and 15.
These samp le wake pa tt er ns app ly to the rotor azimuth position indicated .

A remotel y con t ro l led  moveable smoke rake was used to in jec t smoke
in to the flow upstream of the model. The rake consisted of a series of
nozzles spaced abou t 8 in. apart on a vertical wire . The smoke rake
could be moved vertically or horizontally so that the smoke filaments
covered a section of a vertical plane in the test section . The recording
eq u i pment consisted of 16 mm motion pic ture movies and 70 mm still photo—
grap hs. A sys tem of strobe li ghts were connected to the camera trigger—
ing systems by an elec tronic time delay system . Using a I/rev signal
from the rotor as a reference , the electronic de lay system tri ggered both
the li ght strobes and the cameras when the rotor was in the desired a u —
mu thal  posi tion. Strobing and photographing at 2/rev could also be
accomplished so that the vortex trail from one rotor blade could be
superimposed onto that for the other rotor blade. Samp le smoke flow
visualiza tion pho tographs are shown in Fi gs. 16 to 26.

Figures 16 to lb include results for the hover condition from Ref.
23. The smoke in the vertical plane creates a two—dimen—sional cross section
of the rotor wake in which the vortex sheet cross sections are indicated by the
discontinuities in the smoke filaments passing through the inner region of the
rotor wake, and the cross sections of the ti p vortices in the wake boundary
appear as circles. The center of each circle normally contains little smoke
which indica tes hi gh centrifugal pumping present in the vortex centers attrib-
utable to the vortex circulation .

Figure lb shows a comparison of the rotor wake for hover and low
speed forward fli ght at 7.5 kts model scale (15 kts full—scale). The
hover wake is symmetrical so that , except for the small fuselage influ-
ence, a cross section at any azimuth is representative of the rotor wake.
For the forward fli ght case the wake is convected downstream. These 
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photographs are good examp les of the tip vortices and also the inboard
wake described above . The fundamental ditference observed between hover
and low speed forwa rd flig ht is the location of the forward rotor wake.
In hove r , ti p vor t ices in the wake boundary are convec t ed downward wherea s
in low speed forward fli gh t the ti p vor t ic es t ravel  inboard and s l i ghtl y
above the rotor and are then convected down through the rotor disc . This
ditterence in the wake geometry is fundamental to the results of this
tes t and will be discussed in detail later. Fi gures 19 to 22 show addit iona l
t l ow visualizati on photographs for low speed forward flig ht at 10 , 1~ and
30 kts (lull scale). A comparison of Fi gs. 19 , 20 and 21 shows the change
i n the rotor wake as airspeed increases from 10 kts to 30 kts. The wake
ang le incr eases with airspeed but the location of the wake boundary near
the blade ti p retains essentiall y the same p r e v i o usl y men t ioned character-
i stic for all three airspeeds . Fi gure 22 shows the 1 k t ro tor wake for
the reference confi guration with the fuselage. The wake is nearly t he
same as for the isolated rotor wake shown in Fi g. 20 for the same airspeed.

The impor tant characteristic for all three airspeeds for the iso-
la ted rotor and the reference confi guration wi th the fuselage is the
loca tion of the forward rotor wake near the rotor disc . Fi gures 23 and
24 show the location of the ti p vortices in the rotor wake when the
rotor blade is sli ghtl y before , at , and af ter ISO degrees azimuth. Fi g—
ure 23 is for the scaled 10 kt condition and Fig. 24 is for the 15 kt
cond i tion. Note that the pha sing of the passing blade and the ti p vor—
tices is such to cause a close passage or even an intersection between
the vortex and the blade at 1St) degrees azimuth.

Fi gure 25 i s an examp le of the rotor wake near the blade tip on the
advancing side of the rotor disc , instead of plac i ng the smoke filaments
in the 0 —l80 azimuth p l ane , as in the p rev io us f i gures , the smoke fila-
ments were moved outboard to pass over the ad vanc i ng b lad e t i p  near 90
degrees azimuth. Fi gure 23 shows how the wake rolls up at the blade
tip into a concentrated vortex. The upper two smoke filament s indicate
how the airflow is convected in the wake . Another important feature
shown is the large change in velocity gradient s (magnitude and direction )
as air is entrained int o the wake. Follow ing the two middle filament s
f rom the upstream position , the air rises up and then curves over into

~he rot or wake , indicating the hi ghly three—dimens i onal character of the
rotor flow field.

Flow visualization of the  rotor wake in—ground—effect for low speed
forward flig ht , and also for rearward fli ght (or a simulated tai lwind ),
is shown in Fi g. 26. The important characteristic shown in this fi gure
is the change in the forward rotor wake. Instead of be ing convected
downst ream as in the out—of—ground effect condition , the forward rotor
wake rolls up in front of the fuselage nose , creating a large ground
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vortex . The diameter of the ground vortex is roughly the distance from the
rotor to the ground . The effects of the ground vortex wi ll be discussed more
fully in the Flow Velocity Resul ts.

ROTOR WAK E BOUNDARIES

The rotor wake boundary in the 0—180 degree azimuth verti cal p l an e
can be mapped b y p lotting the center of each vortex . The distance between each
t i p vortex cross section in the wake boundary represents time equivalent to
180 ° of rotor azimuth for the two—bladed rotor and therefore every other Li p
vortex emanates from the same blade. Since both rotor blades are creating the
same lift and hav e the same ti p vortex strength at a given azimuth , the locus
of ti p vortices can be thoug ht of as the t ime history of a helic al ti p vortex
as it is convected downwa rd .

The locus of ti p vortic es forming the forwa rd wake boundary i n the
0 180 ° azim uth vertical plane were plot t ed for various model configurat i ons and
t est conditions . The wake boundaries for the isolated rotor and the reference
co n f i guration (rotor , fuselage with wi ng and flat sided canopy ) are shown in
Fi g. 27 for the 15 kt re ference conditon . The location of each tip vortex in
the wake , when th e rotor blades are in the 0—180’ azim uthal position , is
den ot ed by the circular arr~~ wh ich also denotes vortex circulation direction .

Counting the newly formed ti p vor tex , there are 4 ti p vo rt ex cross
secti ons on the rotor wake boundary by the time the wake boundary crosses the
rocket trajectory. Up near  the rotor d i s c p l a n e , the wake boundaries for the
isola ted rotor and the reference confi gurat ion wi th the fuselage are nearl y the
same. This indicates that the presence of the A}1—IG fuselage has a small
eff ect on the wake boundary near the rotor disc .

After the ti p vortex is formed by the rotor blade at 1800 azimuth it
travels downstream above and then down through the rotor disc near 80 percent
radius. Because the rotor blades are in the 0—180° posi tion only twice per
revolution , i t could be possible for the ti p vortices to pass down through the
rotor disc between blades and not be in close proximity to a rotor blade
approaching the 180 azimuth position. However , as shown in the figure by the
circular arrows denot ing ti p vortices , the ti p vor tex from the retreating blade
crosses the rotor disc close to that instant in time when the advanc ing blade
is at 180’ azimuth. The result is a blade—vortex intersection , and the blade
absorbs energy from and thereb y diffuses the vortex . An indication of the

magnitude of the vortex diffusion is evident in the time histories of the
instantaneous flow velocities that will be discussed later. It suffices to say

at this
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poin t that the vortex intersection has important implicat ions , not only
rela ting to the impact on rocket trajectories but also to helicopter loads and
vibrat ion in low speed fli ght.

The wake boundary down nea r the rocket trajectory ~s slig ht l y affec t-
ed by the fuselage. For the isolated rotor , the wake boundary crosses the
t rajectory at x1. ~~ compared to a crossing point ot XT = .~+ 3 for the
reference con ti gur at ion with the fuselage . Since the thru st coefficient
and therefore the momentum flux is the same for the isolated rotor and the
reterence cQntigu rat ion , some expansion of the wake boundary as well as wake
.icc.’ le~rar ion could be expected for the reference couf i gurat ion  to  c o m pen s a t e
b r  the flow block age due to the fuselage .

Figure ~7 .ilso show s the wake ang le calcul ated from simp le momentum
theory . [his l inc detines the forward part ot the skewed cyli n der ot  air
to whtcn momentum is imparted by the rotor tot the 15 kt condition. There—
fore this line can be thought of as a pseudo momentum wake boundary character-

i zed  by a strai ght line emanat i ng f r om the f orwa rd pa rt of the rotor disc .
Thi s does not accuratel y represent the curving of the actual wake above and - 

-

then down throug h the rotor disc. However , down near the rocket trajectory the
momentum wake ang le is similar to the measured wake boundary .

The rotor wake boundaries for the isolated rotor and the re ference

con f i gurat ion are shown in Fi g. 2b for the 30 kt reference condito n . Up
near  the rotor disc p l a ne , the wake boundaries for the isolated rotor and

reference con fi guration are nearl y the same and also retain the fundamental

characteristics observed for the 15 kt condition whereby the wake travels

radi~~ll y above the ti p path plane and then passes down through the rotor disc.

A lso the phasing betwe en the ti p vortices and the advancing blade is such that

a blade vortex intersection occurs which again results in an impact on the tip
vortex from the preceding b l a d e b~ the blade at 180 dog az imuth. A fter passing
down through the rotor disc , the 30 kt wake bounda ry is disp laced downstream at
the rocke t trajectory relative to the 15 kt condition , and therefore croi~es

the t ra jec tory muc h c loser  to the la unch poin t. For the reference confi gura-

t ion , the rotor wake expands sli gh tly in the vicinity of the rocki~t trajectory
r e l a t ive to the isola ted ro tor due to f uselage blockage , and the crossing

poin t on the trajectory move s sli ghtl y outward to xT = .08. For air speeds
above 30 k t s , the wake boundary passes behind the launch point and the entire

rocke t trajectory is in free air.

Comparing the predicted and mea sured  t i p  vortex geometry along the
forwa rd wake boundary  for t h e  15 and 30 kt conditions , the follow i ng is

observed . (For 15 kts , Fi g. 14 predic ted results are compared with Fig.

27 test resu lts; for 30 kts , Fi g. 15 p r e d i c ted resu l t s ar e compar ed wi th
Fi g. 28 test results.)



I. The wake contrac t ion in the downstream direct ion is predicted
res u l t ing in accurate predictions of the point where the for—
ward wake boundary (tip vortices ) crosses the rocket trajec-
tory (xT = 0.4 and xT = 0 f or 15 and 30 kt s, respectivel y).

2. The blade—v ortex intersection is predicted for both fli ght
speeds.

Addi tional flow visualization data were taken for the AH— 1G at 10 kts and
the wake boundary results for this condition are shown in Fi g. 29. The wake
boundaries for the isolated rotor and the re ference confi guration have the
familia r characteristics observed at 15 and 30 kts. The ti p vortices still
trave l above the rotor disc as they emanate from the blade at 180° azimuth and
are intersected by the  ad vancing rotor blade 1/2 rev later as they pass down
through the  rotor disc. The fuselage has the same small characteristic effect
on the wake boundaries near the rocket trajectory tha t was observed at 15 and
30 kts. The rotor wake expands sli gh t ly due presence of the fuselage and the
wake boundary crosses the trajectory at XT = .55 compared to xT = .5 for
the isolated rotor.

The wake boundary results shown in Fi gs. 27 to 29, showing the blade—
vor tex intersection , are among the most important results uncovered dur-
ing this test because they not only impac t di rec t ly on the influence of
the wake velocity on the rocket fli gh t paths , but also because it is a phenoin—
enon tha t a f f e c ts othe r cri t ica l  aspec ts of low speed he l i cop ter f l i gh t such as
blade  loads , helicop ter vibration , noise and handling qualities. It is
important to observe that the blade—vortex intersection occurs over a wide
range of low ai rspeeds and that airspeed range is still unbounded experi-
men tal l y ,  except for the hove r condition. Sensitivity of the blade—vortex
in tersection to ti p pa th p lane ang le is not entirel y known , bu t cer ta i n l y there
is a hi ghl y propelling ti p pa th p lane ang le (approaching the propelle r mode )
for which the wake boundary passes entire ly below the rotor disc. Likewi se
there is probabl y an autorotat ing condition that keeps the wake boundary above
the rot or disc. In between these two extreme s are the norma l p r o p e l l i n g  and
brak i ng modes of operation at low speed . The range of ti p pa th plane ang le
covered in the tests (0 to 30 forward ) included simulation of the AR—lG in
steady ,  unaccelera ted flight , and therefore the shaft ang le range required to
reach these two extreme s is not known. However , the ti p pa th plane ang le range
covered during the test essentially covers the prac t i ca l  range tha t would be
used on a full scale helicop ter in low speed fli gh t so the results presented do

have meaning from a practical viewpoint.

One other point of interest is that the results shown in Figs. 27 to 29

are for a 2—bladed rotor and the wake geometry would be different for rotor
systems with more blades.
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FLOW VELOCITY RESULTS (LASE1~ VEL0CIM~TER DATA)

In this section the flow velocity results obtained from the laser
ve locime ter data are presented . For the conditions tested and discussed here-
in , two orthogona l component. of velocity are shown : v~ and v~ , which are
the horizontal and vertical velocity components in the wind axis system)
The major portion of the data to be presented is in t ime—average form such that
the flow velocities are averaged over all blade az imu th positions. In addi—
ti on , the mean instantaneou S flow velocities at each azimuth that describe
a periodic t ime history with blade azimuth posi tion will also be presented for
the reference configurations at the re ference test conditions. With the
excepti on of some wind sensor results and blade—vortex interaction results , al l
of the LV data results wilt be shown as a function of position along the rocket
trajectory . As previousl y men t ioned , this is the distance along the x.1. axis
with the orig i n  be ing  the rocke t l aunch  point. Hence , when plot ted in this

manner , the results will show the change in t ime—average horizontal and vert ical
fl ow velocity components that a rocket encounters as it travels from the launch H

poin t along the trajectory to the target. No data are plotted along the
trajectory at distances from the launch point greater than 1.4 radii since at

this poin t the rocket is nearly unaffected by the rotor wake . A complete set

of plots of t ime—average velocity data for each test confi guration and condi-
t ion , wi th each data point indicated , is presented in Appendix U. The fi gures
referred to in this section contain faired curves from the Appendix 1) p lo ts.

As previo usly mentioned , the test plan was forma tted in terms of achiev ing

test objectives. The results presented and discussed in this section are

formatted in the sisue manner. Following a presentation of the baseline resul ts
for the isol ated rot or con f igurat ion , the data results that acti ievc each ot the

ob jectives in Table S are compared and discussed .

I SOLATEL) ROTOR CONF ICU RAT ION

Figures 30 and 31 show the measured t ime average vertical and horizontal
flow velocity componen ts along the rocket trajectory for the isolated rotor

co n f i guration. The tunne l speed is 7.5 kts to simulate low speed forward

I The pos it I ye sign convent i oils for the flow ye b c  i ty components art’ upst ream

(opposi te to the Ireestream velocity direction) for ~~ and up in th~ verti c al

direc tion for v~ . Note that the  measured flow velocities in the horizontal

and vertical directions , ~~ and v5, presented in this report are in the wind

axes as opposed to the rocket trajectory axes, v,~ and v~~ , used in Refs.
15 and 16 (and Appendix B). Also , v~~, as defined in th is report , inc ludes
the freestream velocit y , —V. 
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f l i ght of the A H—lG at 15 kis . Both vertical and horizontal velocities have
fundamental identifiable characterist ics along the trajectory. At the rocket
launch point (x.~. — 0) the rocket is subjected to a strong downward and
rearwa rd flow velocity due to the rotor dowuwash . With respect t o  the rocket
trajectory the total flow velocity vector in the x-z plane makes an angle of 50
degrees with the inclined rocket trajectory (as will be shown in F i g s .  32 and
33) and the velocit y magnitude is 60 fps. As the rocket travels along the
trajectory from the launch poin t it encounters an abrupt change in the flow
velocities (stronger for the vertical componen t.) as the rotor wake boundary is
approached . The steepest grad ient of vertical velocity occurs near x1 0.4
which identifies the location of the wake boundary . This definition ot the
wake boundary crossing point on the rocket trajectory agrees well with the
crossing point defined by the flow visualization results in Fig. 27 and the
predicted wake geometry of Fig. 14. Also , as expected , this reg i on of steep
velocity gradient correspond ing to the wake boundary has been displaced down -
stream on the rocket trajectory relative to the hovering rotor results (xT —
0.73) shown in Fig. 5. On the rocket trajectory ahead of the wake boundary the
vertical velocity is much smaller (slight upwash) and the horizontal velocity
has decelerated to below freestream velocity but still retains the free stream
direction . By the time the rocket has traveled 1.4 radii along the trajectory
the vertical flow velocity is near zero and the horizontal flow velocity is  —

within 85 percent of the free stream velocity. Hence , the largest changes and
rates of change of flow velocities have occurred within 1.4 radii , and therefore
thi s is the xT range along the rocket trajectory where the rotor wake has the
largest influence on the rocket fli ght path.

A vector p lot of the flow velocities along the tra je ctory in Fi g. 32
provides a good pictorial representat ion of the influenc e of the rotor wake .
The figure shows a profile of the AH— IG from the wing forward . The rocket
trajectory is shown , and the flow velocities obtained from LV measur emen~~. are
plotted vectorially along the trajectory so that the magni t ude and d i r e ct ion of
the flow can be seen. The wake boundary , obtained from the flow visuali zation
results shown previously in Fig. 27 , is also presented here . Referring to Fig.
32, ahead of the wake boundary the flow vectors show the sli ght upwash and de-
celeration as the boundary is approached . The large increase in flow velocit y

is seen as the boundary is crossed and the flow simultaneously ali gns wi th the
angle of the wake boundary . The inboard flow is evident from the nearly con-
stant magnitude flow velocities , and the direction of the inboard flow remains
parallel to the wake boundary. Figure 33 siminarizes the influence of the rotor
wake average velocities by depicting the magnitude of the flow velocity and the
angle at which it acts with respect to the rocket trajectory . It is noted that
the momentum induced velocity for this condition is 32 fps; and when combined
with the freestream velocity, the resultant velocity is 51 fps. The largest
flow velocities (60 fps) combine with the largest flow angles (—50 deg) near
the rocket launch point . Since the rocket fli ght velocities are lowest at the
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launch point this would seem to be the area of greatest influence of the rotor
wake on the rocket fli ght path. Negative flow angles will create negative
angles of at t ack on the rocket and the rocket fins . For an initial rocket
launch velocity of 100 fps , the angle of attack of the rocket is —19 deg and
the dynamic pressure is approximately 26. Hence the rocket. would experience a
downward force due to pressure drag and a nose up pitching moment about its
center of gravity due to the downward aerodynamic force acting on the tai l
fin s.

Predic tions of the rotor wake flow velocities for the AH—lG in low speed
forward fli ght were made using the UTRC Rotorcraft Wake Anal ysis under contract
D A A A 2 I— 7 4 — C— 0 1 9 5  and are reported in Ref. 15 and summ arized in Ref. 16 which is
included herein as Appendix B. The isolated rotor flow velocity predictions
for the 15 kt referenc e condition are compared to the test results in Figs. 34
and 35. The Lest results are t aken directl y from Figs. 30 and 31. The theory
correc tly predicts the magnitude and gradient of the vertical flow velocity
along the trajectory as the wake boundary is approached from upstre am. The
peak vertical velocity for the inboard wake is also correctly predicted .
However the theory predicts a greater decrease in the inboard wake flow veloci-
ties as the Launch point is approached . Referr ing to the theory—test cor—
relation in Fig. 35 for the horizontal velocity, the theory correctly predicts
the magnitude and gradient of the horizontal velocity as the wake boundary is
approached from upstream . However , peak t ime—average horizontal velocity is
over—predicted by a factor of 2 and the gradient of this velocity componen t in
the inboard wake region is over—predicted . The noted discrepancies are mainl y
attributed to what is considered to be the most significan t finding of this
test program ; the diffusion of the circulation strength of the ti p vortices
followi ng their interseclion with the blade opposite to the one from which each
was emitted . This vortex diffus ion shown in the previous Flow Visualization
sect ion , results in flow mixing effects and related wake geometry changes wh ich
were not modeled in the UTRC Rotorcraft Wake Anal ysis used for the Ref. 15
predictions . These results identif y the requirement for a more detailed
investigation of the blade—vortex intersection phenomenon for refinement of
current rotor flow field and airloads analyses.

It is recognized that the actual flow interference at the rocket is
dependent on the instantaneous flow velocity corresponding to the instant of
t ime the rocket passes each point along its trajectory. The instantaneous
velocity is time (blade azimuth) dependent , and thus should be considered as
well as the t ime—averaged velocity. However , due to the -vortex diffusion
phenomenon due to blade—vortex intersection mentioned above , it will be shown
in a later section that the time dependent flow increments at the rocket
trajectory are smaller than anticipated , and the influence of the t ime average
flow is the pr imary consideration .

The previous results were for the first All—ic referenc e condition at 15 
—

kts. The results to be presented next are for the second reference condition 
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at 30 kts. Figures 36 and 37 show the t ime average vertical and horizontal
flow velocity components , respectivel y. Both flow velocity components along
the trajectory have similar characteristics to that seen at 15 kts except that
the wake boundary now crosses the trajectory at or behind the launch poin t.
This is characterized by the absence of peak horizontal and vertical velocities
to indicate the inboard wake flow . This agrees with the flow visualization
results in Fig. 28 and the predicted wake geometry of Fig. 15 which show the
wake boundary crossing the trajectory at the launch point.

Other than this important difference in wake boundary crossing points
between the 15 kt and 30 kt conditions , the trend of the flow velocities
along the trajectory are as would be expected . As the rocke t travels along
the t rajectory from the launch point , the vertical component decreases nearly
linearly to zero at x.F 1.0. The horizontal component of velocity also
decreases to abou t half of the free stream value at x.r = 0.3 due to blockage
by the rot or wake. As the distance along the trajectory is further increased ,
the presence of the rotor wake has less influence and the horizontal component
approaches 95 percent of the free stream velocity at x.,1. 1.4. Fi gu re 38
summarizes the influence of the rotor wake average velocities for the 30 kt
condition . As in Fi g. 33, the magnitude of the flow velocity and the flow
angle with respect to the rocket trajectory are shown . It is noted that the
momentum—induced velocity for this condition is 24 fps, and when combined wi th
the freestream velocity, the resultant velocity is 56 fps . As for the 15 kt
cond ition , the largest flow velocities combine with the largest flow angles at
the launch point. Thus, this  is the reg ion of largest influence of the rotor
wake on the rocket fli ght path. For an initial rocket velocity of 100 fps a t
the launch point , the angle of attack on the rocket and the fins is —8 degrees
and the dynamic pressure is 30 psf, compared to —18 degrees and 28 psf for the
15 kt condition . There fore, it could be argued that the influence of the
rotor wake at the launch point is about half as severe for the 30 kt condition
since the aerodynamic angle of attack on the rocket fins is half that for the
15 kt condition (with only a sligh t increase in dynamic pressure). Also the
rocket fin drag could be expected to be as much as 4 t imes hi gher for the 15
kt condition than for the 30 kt condition due to stall effects for the larger
negative angle of attack. The rate of change of flow angle and flow velocity
are also less severe for the 30 kt condition as the rocket travels along the
trajectory . These rate effects could be important factors influencing rocket
pitching oscillations generally characterized as “fish tailing ” motions.

In summary , for the 30 kt condition the rotor wake influence on rocket
trajectories would  be expected to be less than half of that at 15 kts. The
main reasons for this decreased sensitivity are the passing of the rotor wake
boundary at or behind the launch point , a smaller aerodynamic ang le of attack
at the launch point and reduced rates of changes of wake velocity and flow
ang le as the rocket travels along the trajectory . 
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EFFECTS OF FUSELAGE, WING, ANI) MODIFIED CANOPY

In this section , the individual effects of the fuselage , the wi ng, and
the modified canopy on the t ime—average flow velocities are shown by compar-
ing results for the different mode l confi gurat ions with the previousl y presen-
ted results for the i s o l a t e d  rotor. For the AR—IC at 15 kts the effect of
the fuselage is shown in Figs . 39 and 40 for the vertical and horizontal flow
v e loc iti e s , respec tively. Re ferring to Figs. 39 and 40, the primary impact of
the fuselage is to move the rotor wake boundary forward to about xT = 0.5 on
the rocket trajectory compared to (3.4 for the isolated rotor. The magnitude of
t h e  peak flow velocit y has slightly increased to b2 fps compared to 60 fps for
the isolated rotor. These two results are expected based upon the blockage
eft~’ct of t h e  f u se l ag e  on the rotor dowuwash. To satisf y contin uity and con—
st’rvation of momentum , the wake velocities will increase and the wake diameter
wil l  expand to accommodate the same mass flow i-ate (same thrust coefficient )
with reduced area due to fuselage blockage. This result agrees with the ex-
pans i on  of the wake boundary with the fuselage ptesence as observed in the flow
vis uali zation results. Additional data results are shown in Fi gs. 39 and 40
for t he  e f f e c t s  of t he  wing and the effect of modif y i n g  the canopy from the
tlatsided confi gu ra t ion to the rounded con f i gurat ion . The addition of the wing
has a small eff ect on flow velocities. The change in the canopy confi guration
has nearly no effect on the flow ve locities. In summary , i t is evident that the

effec ts of the fuselage and particular l y changes in the fuselage confi gura t ion
(stub—wings , canopy ) a t 15 k t s have onl y a small infl uence on flow velocities
so t h a t  the major impact of t he  rotor wake on the rocket along the trajectory
is represented by the  isolated rotor results, It follows that , althougi~ the
presence  o f t he f use l age  has  some i n f l uence , the f l i ght condition rather than
the aircraft configuration is the prime factor affecting the rocket aerodynam—
ic s interference.

The effect of t he  fuselage , wing , and modified canopy on t ime—average
flow veloc i ties are shown in Fi gs. 41 and 42 for the  second re ference condi—
tion at 30 kts. In these figures , the results for the different fuselage
c o n f i gurations are compared wi th the isolated rotor results. The effects of
the fuselage are nearl y the same as those at 15 kts, The fuselage provides
rotor wake blockage so that the wake boundary move s forward sli ghtly , as was
observed in the flow visualization results , and the maximum t ime—average
ver tical velocity increases from 30 fps to 40 fps at the l a u n c h  point. How-
ever , this launch point value is stil l only two—thirds of the value at 15 kts.

Therefore , the conclusion drawn from the isolated rotor results , that the

influence of the rotor wake for the 15 kts condition is more severe than at
30 k t s , also app lies for the rotor plus fuselage confi guration. It is also
clear that changes in the fuselage confi gura tion (addition of wing or change

in canopy ) have onl y a s m a l l  impact  on f l o w  v e l o c i t i e s .

Addi tional data were taken for the AH—l C at 10 kts to further study

changes in flow veloc i ties with forward speed . Data were obtained for the
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reference configuration (rotor and fuselage , wing and flat sided canopy) at
this airspeed and are shown in Figs. 43 and 44. As expected , the wake boundary
is farther forward for the 10 kt condition than at 15 kts and is approaching
the position of the hovering rotor wake boundary. This can be seen more
clearl y in Fig. 45 which shows the magnitude of the average flow velocity and
the flow angle for the 10 kt condition . The magnitude of flow velocity is
similar to that for IS kts , but the flow angle is large r for the 10 Ia condi—
tion and reaches its peak farther out on the trajectory . From these results ,
it can be concluded that the overall impact of the rotor flow field on rocket
flight paths at 10 kts is similar to that at 15 kts except that the peak ver-
tical velocities occur sli ghtly farther along on the trajectory (about xT —
0.6) for the 10 Ia condition .

TIME DEPENDENT FLOW VELOCITIES

The flow velocity results presented up to this point are t ime—averaged
over many rotor revolutions such that periodic changes in flow velocities that
occur every one—half rotor revolut ion for a two—bladed rotor are averaged out.
The results presented in this section will concentrate on the periodic changes
in the flow velocities that a rocket will encounter as it travels along the
trajectory.

Periodic changes in the flow velocities at a fixed poin t in space are
caused by the passing of Li p vortices along the wake boundary and the inboard
vortex sheets. This can be envisioned by referral to the tip vort ex plot s of
Figs. 27, 28, and 29. The Biot—Savart Law states that the velocit y ind uced at
a point in space by a vortex is directly proportional to the vortex circulation
strength and inversely proportional to the distance between the point and the
vortex . For a fixed point on the rocket trajectory, the horizont al and vertical
distances from the point to all vortex segments change periodically as the vor-
tices travel down the wake. Each vortex segment is most influential when
it is nearest the point on the trajectory . For a 2—bladed rotor , the minimum
distance condition occurs twice per revolution for both the tip vortices and
the inboard vortex sheets (not necessarily in phase).

An example of the laser velocimeter data for the time variation of
horizontal and vertical flow velocities for one rotor revolution is shown in

- ‘ Fig. 46. Each data point shown in this figure represents a laser velocimeter
measurement of the velocity of one seedant particle (data for 500 particles
were normally acquired per flow field point). It is noted that the measure-
ments are made over many rotor revolutions until the prescribed number of
seedant particle measurements are acquired . The faired curves in Fig. 46 thus
represent at each azimuth the mean of the instantaneous flow velocities. The

model configuration for Fig. 46 is the fuselage with wing and flat, sided canopy 

—
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for the AN—1G at iS kts. Both the vertical and horizontal velocity components
exhibit at XT 

— 0.2 on the trajectory the expected 2 per rev periodic van —
at ion , and the horizontal component shows the largest time variation for this
particular point.

A measure of the time variation is the peak—to—peak value which is
the maximum minus the minimum value oc~uring in one period . The peak—to—peak
values of the flow velocities along th~ trajectory from the launch point to
xT 1.4 are shown in Figs. 47 and 48 ~.or the A11—lG at 15 kts. Data for
different model configurations are shown on these figures and are distinguished
by different symbols. The most evident characteristic is the local maximum of
the peak—to—peak vertical velocity occuring at XT = 0.5 (Fig. 47). The
results from Figs. 39 and 40 showed that the forward wake boundary is located
near XT = 0.5 on the trajectory so it can be concluded that , as expected , the
largest periodic fluctuat ions in the flow velocities on the rocket trajectory
occur near the wake boundary . For poin ts on the trajectory outside the wake ,
the peak to peak horizontal and vertical velocities rapidly approach zero
exponentially. Inside the wake the peak—to—peak velocities reach a residual
level near the launch point. A comparison of data for the two different model
configurations indicates that the presence of the fuselage has a small impact
on the peak—to—peak velocities . The differences in the vertical and horizontal
peak—to—peak velocity variations along the rocket trajectory are believed to be
primarily due to the wake orien tation which causes the ti p vortices to be more
influential on the vertical component , and the inboard vortex sheets to be more
influential on the horizontal component.

The most predominant result evident in the data of Figs. 47 and 48 is the
large reduction in peak—to—peak amplitudes at the rocket trajectory relative to
those predicted in the Ref. 15 investigation . For example , at the intersection
of the rocket trajectory and the wake boundary, measured peak—to—peak amplitudes
are several times less than the predicted values. This is attributable to the
blade—vortex intersection effects which cause a drastic decrease in vortex
circulation strength in the wake boundary and hence a proportional decrease in
peak—to—peak velocities along the rocket trajectory. The vortex diffusion was
not represented in the Rotorcraft Wake Analysis. The two clues suppo r t ing the
occurrence of this effect are:

1. The marked decrease in peak—to—peak velocities at 15 kts in Figs. 47
and 48 compared to that measured in hover as reported in Ref. 23.

2. The blade—vortex intersection and resulting diffuse tip vortex cross
sections evident in the flow visualization data (Fig. 24).

With respect to the decreased peak—to—peak velocities , the hover results
in Ref. 23 showed values on the order of 60 fps full scale where the wake
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boundary crossed the rocket trajectory , whereas the maximum value from Fi gs.
47 and 48 is 25 fps. Figure 49 compares the rotor wake boundaries for hove r ,
15 las and 30 las as determined from flow visualization. The hover wake
boundary proceeds immediately downward from the blade tip while the forward
f l i ght wake boundaries trave l above the ti p path plane and then proceed down-
ward through the rotor disc. The phasing of the ti p vortices in the wake
boundary for the tested 2—bladed rotor is such that , when it reaches an azimuth
of approximate ly 180 deg , an advancing blade intersects a vortex as it travels
down through the rotor disc for both 15 kt and 30 kt conditions. The vortex
intersection is believed to result in a dissi pat ion of energy from the vortex ,
and therefore results in reduced vortex strength. For hover , no vortex inter—
section occurs and any decrease in vortex strength can be attributed primaril y
to viscou s decay . It is thus clear that the flow influence on a rocket as it
t ravels along the trajectory is different in hover than in low speed forward
fli ght. In hover , the peak—to—peak velocities are of the same order as the
t ime—averaged flow velocities. There fore , the aerodynamic impact of the flow
velocities on the rocket could be minimized by proper phasing between rotor
blade posi tion and rocket firing . In forward fli ght at 15 kts , the maximum
peak—to—peak velocities are about half of the maximum t ime average velocities ,
and therefore , the maximum aerodynamic impact is not on ly reduced but also
phasing of rocket firing with rotor blade position becomes much less important . —

The peak—to—peak vertical and horizontal flow velocities along the trajec-
tory for the AR—1,G at 30 kts are shown in Fi gs. 50 and 51 , respective ly. The
trend results for the 30 kt condition are similar to the results for the 15
kt condition: the presence of the fuselage has a small impact , the maximum
peak—to—peak value is about 25 ips, and the peak—to—peak ve locities decrease
exponentially as the rocket travels along the rocket trajectory . As shown in
Fig. 28, the wake boundary crosses the trajectory near the launch point , so the
maximum peak—to—peak velocities that can be expected to occur are those shown
at the launch point (X T 

— 0). The maximum peak—to—peak velocities are roughly
the same for the 15 kt and 30 kt conditions. Figure 28 also shows that the
30 kt wake boundary intersects with the ti p path plane , and the phasing of the
ti p vortices is such that a blade intersects the preceding blade ’s vortex at
the upstream blade position (180 deg). These flow visualization results ind i-
cate that the blade—vortex intersection phenomenon is occurring at 15 and 30 las,
and the reduced peak—to—peak velocities at the rocket trajectory demonstrate
the impact of the phenomenon in both cases. Just as for the 15 kt condition ,
the time—averaged velocities dominate for the 30 kt condition ; and therefore ,
phasing of rocket firing with blade position is less important than for hover.
Of the three fligh t conditions considered it is felt tha t the 30 kt condition
minimizes the aerodynamic impact of flow ve locities on rockets. The hover

• condition is the most critical because of the large peak—to—peak ve locities and
the larger duration of the rocket in the wake. The 30 Itt condition has the
smallest time—averaged and peak—to—peak velocities.
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Thus, the nature of the aerodynamic influence on the rocket fligh t path
between hover and forward flight is different . In hover , the influence of
phasing of the rocket firing t ime within the blade/wake passage interval may
be important due to the high peak—to—peak velocities encountered . If the flow
interference is significant , random excursions in the rocket flight paths could
result without a firing t ime control. For low speed forward flight conditions
with vortex diffusion resulting from blade—vortex intersection , the time—averaged
flow velocities dominate , and more constant variations in the rocket fli ght path
from the intended trajectory are anticipated. Corrective aiming compensation
should thus be more effect ive for such conditions.

BLADE/VORTEX INTERACTION

A brief study of the blade/vortex interaction was performed by taking LV
data points close to the rotor tip path plane in addition to the rocket trajec—
tories. The area of concentration was slightly above the tip path pane at outer
points along the 180 deg azimuth line of the rotor. Obtaining time history LV
data in this region to investigate blade/vortex interaction is considered
import ant for two basic reasons:

I. The peak—to—peak velocities along the rocket trajectory , shown earlier ,
are much lower than expected . Since the flow visualization results
indicated a blade/vortex intersection in this region as the rotor wake
passed down through the rotor disc , obtaining LV data above the rotor
before the blade/vortex intersection occurs would indicate the origina l
strength of the ti p vortex and also to what extent it was dissi pated
by the blade intersection. This could help exp lain quantitative ly the
low peak—to—peak velocities along the rocket trajectory .

2. Blade—vortex interactions have important influences on helicopter
noise , performance , stresses, and vibrations.

The LV data to study blade/vortex interaction were obtained at simulated
forward speeds of 10 and 15 Las. For both conditions, the model configura t ion
was the isola ted rotor , and the thrust coefficient was set at the reference
val ue for steady level fligh t of the All-ic helicopter. For the 10 Itt condi-
t ion , the rotor shaf t t il t was four degrees forward , and for the 15 kt condi-
t ion , the rotor shaft tilt was two degrees forward . The 15 Itt condition is
more realistic of low speed flight since the ti p path plane resulting from the
two degree shaft tilt is nearly leve l which provides a low propulsive force as
required in low speed flight. The —4 degree shaft ang le was tested at 10 kts
to explore whether or not the blade—vortex intersection could be eliminated by
increased rotor tilt to redirect the initial vortex trave l beneath the rotor.
The blade—vortex intersection persisted .
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Ke ferring first to the 15 Itt condition , the t ime history velocities in
the vertical and horizontal direct ions are shown in Fig. 52 for one rotor
revolution. The LV foca l point was positioned 1.5 inches (0.05 K) above the
rot or blade and one inch (0.035 R) in from the blade ti p (when the blade is in
the 180 degree azimuth position). This point proved difficult to obtain due to
difficulty in acquiring a uniform azimuthal (time) distribution of LV seedant
particles. The data point was repeated many t imes, and the results shown in
Fi g. 52 are synthesized from the repeated data points. The most obvious result
of this figure is the large peak—to—peak velocities for both the vertical and
horizontal components. The peak—to—peak velocity components are on the order
of 40—60 fps compared to maximum periodic velocities along the rocket trajec-
tory of 25 fps (Fi g. 47). This result indicates that , be tween the t ime the t i p
vortex is newly formed and the time it crosses the rocke t tra jec tory , the ti p
vortex circulation strength is decreased substantially . Furthermore , there is
no assurance that the periodic velocities shown in Fig. 52 are the largest that
occur since the LV point is only one flow field point and the tip vortex may pass
above or below the point as it emanates from the blade t ip. The ini tial vortex
strengt h could be higher , and the percentage reduction of peak—to—peak veloci—
ties at the rocket trajectory due to vortex dissi pation could be even greater.

The tip vortex dissi pation is believed to be due to the interaction of the
rotor blade with the ti p vortex. Previously in the flow visualization results ,
it was shown that the forward rotor wake passes up above and then down through
the rotor disc plane. It was also shown that the phasing between the blade
passing the 180 degree azimuth and the path of the tip vortices down through
the disc plane was such that the rotor blade came quite close to and even
impacted the ti p vortex . This is the phenomenon that is believed to cause this
large reduction in periodic velocities along the rocket trajectory .

Fi gure 53 compares the flow velocity t ime histories as the LV foca l point
is moved above the rotor (1.5 inches above) along the 180 degree azimuth line .
Considering the 28.5 in. rotor radius , the range of data points is 2 inches in—
board of the blade ti p to 0.25 inches outboard of the blade ti p. The periodic
velocity grow s as the focal point moves inboard . This is seen most clearly
in the vertical component .

Apparent ly , the proximity between the LV point and the passing ti p
vortices increases as the LV point is moved inboard from the blade tip. The
most inboard point shown is 2 inches in from the blade ti p, and the peak—to—
peak vert ical velocities indicate that there may be further growth for point s
even further inboard . These results are quantitative substantiation of the
differences in the rotor wake between hover and low speed forward flight. The
hover results in kef. 23 showed that LV point s above and inboard of the blade
tip exhibit less periodic velocity than at the blade tip. This is due to the
immediate downward movement of the newly formed ti p vortex. In contrast , for
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low speed flight , these results show that the forward rotor wake travels down-
stream slightly above or nearly in the rotor disc plane before trailing down-
ward . Therefore, the maximum periodic velocities occur slightly inboard of
the blade tip.

The periodic veloc ities presented in Figs. 52 and 53 definitely show a
much larger peak—to—peak variation than those measured along the rocket tra-
jectory, and the difference is attributed to blade—vortex interaction. The
maximum ti p vortex periodic velocities before intersection with the rotor
blade are not known for certain because there is no guarantee that a tip vor—
tex passes directly over any of the LV focal points selected . The results for
Fig. 54 are believed to be closer to this situation . The flight condition for
Fig. 54 simulates the Al1—1G at 10 Las with four degrees of forward shaft tilt ,
compared to 15 las with two degrees of forward shaft tilt for Figs. 52 and 53.
The LV focal poin t is one inch inboard of the blade tip when the blade is in
the 180 degree azimuth position , and the vertical displacement of the LV focal
point above the rotor ti p path plane was about 3 inches compared to 1.5 inches
for the previous figures. Apparently, this combination of forward speed and
ti p path plane angle was favorable for positioning the LV focal point close to
the path of the tip vortex as it emanates from the blade ti p. The peak—to—peak
velocities shown in Fig. 54 are about 100 fps, the largest experienced during
the test , and the nature of the velocity time history (particularly the ver—
tical velocity) has a spike characteristic typical of a close vortex passage.
The overall conclusion to be drawn from this figure is that the peak—to—peak
velocities are four times larger than those experienced along the rocket tra—
jectory, so this quantifies to a certain extent the influence of the blade
vortex interaction responsible for the periodic flow velocity reduction at the
rocket trajectory.

Additional substantiating LV data from two other operat ing conditions are
presented in Figs. 55 and 56. LV data are presented for a point directly above
and close to the passing blade tip (Fig. 55) and a point on the rocket trajec-
tory in the immediate vicinity of the wake boundary (Fig. 56). The contrast in
velocity distributions representative of the tip vortex influence before and
after blade—vortex intersection is further evidence of the vortex diffusion
associated with blade—vortex interaction .

It is concluded that for the 2—bladed A1l—lG rotor , the phasing of the
blade azimuth and tip vortex travel is synchronized such as to result in a
diffusion of the tip vortex core and an associated decrease in its local
induction strength in the region of the rocket trajectories.

EFFECT OF THRUST COEFFICIENT

A change in the rotor thrust coefficient was made at the 15 Itt reference
condition to determine the resulting effect on time—averaged flow velocities
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along the rocket trajectory . Rotor thrust was decreased by approximatel y 8
percent (CT 0.00435 vs 0.00472) at 15 las for the reference configurat ion ,
and the flow velocity results are shown in Figs. 57 and 58. In these fi gures
the flow velocity data for the reference thrust and reduc ed thrust conditions
are compared .

The impact of decreased thrust is strongest at the wake boundary for the
Lime—averaged vertical velocity and in the inboard wake region for the hori-
zontal velocity. The steep gradient of vertical velocity along the trajectory
has moved toward the launch point , which indicates that the wake boundary has
moved inboard . The peak time—averaged vertical velocity has decreased by 5
percent and the horizontal velocity across the inboard wake has increased by 10
percent , which indicates that the flow angle has changed . These changes with
decreased thrust are shown more clearly in Fig. 59 which compares the magnitud e
of the flow velocity and the flow angle for the reference thrust and reduc ed
thrust conditions . The large gradient of flow angle locates the wake boundary
crossing point on the trajectory, and the flow angle comparison shows that it
has moved toward the launch point by 0.lOR wi th reduc ed thrust. This result
is expected for a rotor in forward fli ght with near zero ti p path plane ang le
since the vertical velocity component is fundamentall y the rotor induced veloc-
it y, and by decreasing thrust the induced velocity is also reduced so that
the rotor wake will be inclined furthe r back.

Although these changes in the wake characteristics with rotor thrust are
of interest for understand ing the rotor wake characteristics , the impact of
these thrust induced changes in the flow velocities on rocket flight paths are
probably small. Moving the wake boundary crossing point on the rocket trajec—
tory inboard by 0.lOR should have little effect on the rockets particularl y if
the peak vertical velocity is  reduc ed by onl y 5 percent . Therefore the effect
of flow velocities on rocket trajectories for 10 percent reduc ed thrust condi—
tion is not antici pated to be much different from that for the reference thrust
condi tion .

EFFECT OF LAUNCH POINT

The bulk of the LV flow velocity data are for the No. 4 launch position,
which is the outermost launch point on the starboard wing located at y .22R
as shown in Fig. 4. To determine if the flow velocities along the rocket
trajectories change from launch point to launch point , LV fl ow velocity data
were taken for the IS kt reference condition along the rocket trajectory for
the No. 3 launch position, located on the starboard wing at y — 0 .16R . The
blockage of the LV beams by the fuselage prevented obtaining LV data for the
two port side launch points. Comparisons between flow velocity results along
the trajectory for the No. 3 and No. 4 launch positions are shown in Figs. 60
and 61 for the 15 ki reference condition and reference configuration. Figure
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60 shows effective ly no change in the vertical flow velocity component between
No. 3 and No. 4 trajectories , and the horizontal velocity results in Fi g. 61
show a 5 fps increase along the No. 3 trajectory in the region of the inboard
wake. Overall , the change in flow velocities between the No. 3 and No. 4
trajectories is small , so that the influence of the rotor wake on rocket
fli ghts would be essentially the same for both the No. 3 and No. 4 starboard
trajectories for low—speed flight.

EFFECT OF ROCKET TRAJECTORY ANGLE

The effect of rocket trajectory angle relative to the rotor disc was
simulated by vary ing the rotor shaft tilt angle from the reference position
by two degrees. Tilting of the rotor shaft changes the rotor ti p pa th p lane
angle and hence changes the relative positionin g of the rotor and rotor wake
to the rocket trajectory . This testing was done with the rotor only , so the
two degree change in shaft tilt should closely simulate a two degree change in
trajec tory ang le.

Figures 62 and 63 show the time—averaged full scale vertical and horizontal
velocities for the two rotor shaft tilt positions. The 2 degree forward shaft
tilt results are for the reference condition with a 7 degree trajectory ang le
relative to the rotor. The four degree forward shaft tilt results in a 2
degree change in rocket trajectory angle relative to the rotor from 7 degrees
to 9 degrees. The data in Figs. 62 and 63 show that the simulated two degree
variat ion in trajectory angle changed the vertical and horizontal flow velocity
components. As the shaft tilt was increased to simulate a larger nose up rocket

trajectory angle, the maximum vertical velocity component decreased , and the
maximum horizontal velocity component increased . This indicates a change
in the rotor wake angle relative to the rocket trajectory as expected. In Fig.
64 the magnitude of the flow velocity and the flow angle for both shaft tilt
conditions are shown. These results indicate that the magnitude of the flow
velocity was essentially unaffected , but the flow angle was largely affected
over the inboard wake and also upstream of the rotor wake. Itowever , the change
in flow angle is much larger than expected . Over the inboard wake region, a
two degree change in shaft tilt changed the flow angle by 15 degrees whereas a
nearly equal tradeoff was expected. The reason for the large change in flow
angle is not known. The change in flow angle over the inboard wake and also
upstream of the rotor wake is unreasonab ly large for a 2 degree change in shaft
angle. It is reasonable to expect a nearly equal tradeoff between shaft angle
change and flow angle change for this test condition so the results presented
are suspect. Particularly suspe ct are the data for the —4 degree shaft angle
considering that the vertical velocity component data in Fig. 64 Indicates a
residual velocity value (10 fps) at x.r 1.4.

In summary , test results for a change in rotor shaft tilt indicate that
increasing the rocket trajectory angle will decrease the velocity component
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!~FFECT OF CROSSWINI)

The i~t tect of wind was simulated by yaw i ng the mode l tuselage to the
1 e t t and right by it) degrees . Th I $ a imu 1 a ted an e (I ec t ye crosswind vi’ I oc it y
component equ I va lent to 50 percent o t the tot a I fri ’est i-earn Vi’ I oc it y . i.~ I gu res
a S and ~b show t he t low vi’ I oc I v ri’ suIt s at t he No. 14 1 ti c ki’ t t r :ij ec t ory or
the crosswind cond it ion at I S kt s . in each Ii gun’ the Ii’ t t and rIgh t yaw
re stilt s ar e ’ compa rod wi t ii the zero yaw it ’ s tilt ~ prey iou sl y pros(’nt ed in I•’ i gs
39 .iiid () . The result s in Fi g. h S show that the Vi’ r t i ca I I low vol oc i t  I i’S f o r
both yaw cond t ions  art’ ci OSO t o  t he  ~i’ro yaw cond it ion. ‘l’ht’se changes in tlit’
vt’ r t i cat t low ye I oc it i es wit ii mode i V 8W i t O  sum ii , as expected , S i n c e  at these
low :1 irs peeds the ye r t i c a t  t irne — a v e  raged Induced vi. I oc it I e a are rough l y i nde—
pendent ot azimuth 1 ocat ion . The horizontal flow ye  • ic it I es in Fig. bb show
li t t l e  variation t torn the base’ line for the negat i vi’ yaw cond i t  ion i n  w h i c h  the
starboard side is open to  t he  freestream . However , a moderate increase in
horizont al vol oc it v i s evident ne at the wake boundary t or t he post t i vi’ yaw con—

• .11 t ion for wh i c h the at a rboa rd $ ide i a blocked by the ; et. a t  r eam . At lea s t
part of this horizont al t low accel eration can he at t r i h u t e d  t o  the I i t t  ing
cliaract or i at  ic s o t the fuse I age when yawed. When yawed pos i t  ivi ’  l y the at ar—
board side of the t use I age act a as the uppe r su r f  ace 0 t an a i r toil , ~nd the
horizont al flow wi 11 be 8cct’ lor~ ted as a net side force on the t u s o  lagi’ is
created. It is noted that , a (thoug h the LV da t  a wer e acqui red along the rocket
r.’iject ory loca t ions yawed wit It the model , the measured horizontal I I ow compo-

nent reum i ned in the t reest ream direct ion (d i tec t ion ot wind t unni’ I t low ) due
o the Ia se’ r ye I oc i met or component  rest t i c t ton .

Fl guro b7 summarizes the i nfl tienc,’ ot  crosaw i nds on the I tow v e l o c i t y
magn it tide and flow angle at t he t rajec t ot-y . The peak flow vi’ b c  i ty magn i —
tiide for the posit ive yaw condit ion has increased by 10 ips over the base—
I I ne and the wake boundary has a I so moved outward by abou t 0. IN , but these
a ri~ re I at i vi’ I y ama I I  changes  from t hi’ base Ii tie . These result s show that the
i nduced et ted a of the flow v e l o c ities art’ small , so that the main difference

- . bet ween a fo rward  f t  i gh t conti i t ion and a crossw I nd cond i t ion w i l l  be the
increasing a ize ot the a ideward component  ot the tot a l t low vi’ b c  i t  v (which is
norma l t o  the rocket trajectory ) as tlti’ helic opter is yawed .
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CROUNI) EFFECT

Testing was performed with a wind tunnel spann i ng ground p l ane inst at led

in the t ta int ’  1 to a inui late ground effect in low speed I li ght . The v e r t i c a l
d i s tan c e ’  f r o m  t h e  rot  or c e n t e r  to  t h e  g round  p l a n e  was  set at 0. 75K wIt icli
cor rca ponds to a ski (I he i gli t of 3. 5 ft above the ground . LV niea su reme ut a were
t aken along the rocket trajectory for the re terence cont igur a t ion  at the I S kt
condition , and a vector plot of the measured f l o w  velocities is shown in Fi g.
b8. With the aid itt two points taken be l ow the trajectory , the I low Vectors
show t he’ t u r n i n g  ot t he  a i r f l o w  due to  the ground vortex , instead of the
t o r w a r d  wake t r a i l i n g  d o w n s t r e a m  unde r  the fuselage , the wake’ impinges on the
ground and then t ur its ups t ream . Tb is con f i r m a  the t low tee t r cu l a t  i on (ground
ei cx) ahead of the a i r c r a f t  in ground effect observed in the flow vi sua II za—

tion results (Fig. 2b) that were previ ousl y di scussed.

Ft gu re’s b9 and 70 show the  vi’ rt I cal and hor I zont a I t b  ow ye toe i t v components
tor the in—ground—c ffect cond it ion (ICE ) and compare t hem with the r e fe ren c e
out—of—ground effect (OCE) results. In Fi g. b9 , the  peak t ime average vertical
velocity at the rocket trajectory for ICE has no t chang ed from the rete’rence
OCE . The gradient of velocity along the trajectory differs t -i om that for the
OCE condi tion. In Fi g. 70, the character of the ICE horizontal v e l o cit y along
the trajectory has comp letel y changed from the reference t)CE results. ln

ground e f f e c t , the larges t hor i zon t al  vel oci t i es on t he trajector y occur ahead
of the wake boundary r e f l e c t ing t he ro l l  up of the roto r wak e ahead of the
aircraft int o a “gr ound vor tex ”, whereas the OCE results show flow decelerat ion
in  the same reg ion .

The horizon tal flow acceleration inside the wake boundary is  not as
large for ICE compared to OCE. This characteristic would tend to  make’ t he  wake’
imp inge on the ground at a steeper flow ang le and also move outward the wake
boundary crossing point on the trajectory . This i s shown inort’ clearl y in Fig.
71 which shows the flow ang le and the flow velocity magnitude tot t he’ l’d.
condition compared to the OCK condition. The trans I at ion ot t hi’ f l o w  ang le
gradient outward by about 0.25K for iCE in d i c at e s  that the wake boundary cros-

sing poin t on the trajectory has al so move outward and the maxi mum f low angle
is also greater for ICE . With respect to the magnitude of the (low velocity ,
the ICE results have the same’ characteristic as the OCE results except that the
variation of time—averaged velocity along the trajectory is about  half that for
OCE. From these results , the influence of flow velocities on the rocket tra-
jectories due to ground effect is difficult to ascertain. From a i~’ak time —
average flow veloc i ty viewpoint , there is l ittle dift ere ’nce between lCi. and
OGE ; but the duration of the large flow veloci t it’s a l o n g  t h e ’  t r a j e c t o r y  i s
greater for ICE . The importanc e of each of these flow ch aracter ist ics remain s

to be determined through app lic ation of an ae r oh a ll i stic s analysis.
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EFFECT OF TAILWIND/REARWARD FLiGHT

A tailvind was simulated by yawing the model 180 degrees in the tunne l so
that the fuselage tail pointed upstream. This also simulated a 15 kt rearward
f l i ght condition. Flow velocities were measured along the trajectory for the
outennost launch point on the port wing (No. I launcher) for the 15 kt condi-
tion, and a vector plot of the measured flow velocities is shown on the left
side of Fig. 72. To provide a more complete flow p icture in Fig. 72, the fl ow
velocity vect ors for the 15 kt forward flight condition are shown for the No. 4
trajectory poin t ing ups t ream so that an approximation to the total rotor wake
can be visualized. These are shown on the trajectory on the ri ght side of Fig.
72.

The rocket trajectory in a tai lwind (or rearward flig ht) is that shown on
the left side of Fig. 72. The un i form flow of the inboard wake passes just aft
of the wing and the low mome n tum core of the rotor wake due to the non—lifting
portion of the rotor radius (the aerodynami c blade root cutou t is at 0.20K)
crosses the trajectory just at the launch point and extends along the trajec-
tory to about x.,~ 0,4. The notable characteristic of the flow in this
region is the absence of vertical velocity since no vertical momentum has been
imparted directly to the flow. Also , the inboa rd vortex sheets from the blades
induce a retarding upflow in this region. The orientat ion of the flow vectors
near the launch point in Fig. 72 even suggest a sligh t upuiow and a strong
downstream horizontal velocity , The inboard wake crosses the trajectory from
xT 0.4 to about x.r 1.0. At xT — 1.0, the vert ical velocity decreases
sharply which indicates that the wake boundary has been crossed. The separate
vertical and horizontal velocity measurementS for the tailwind condition are
compared wi th the forward flight flow velocities in Fi gs. 73 and 74. For the
vertical velocity, the most important result is the region of near zero velocity
near the launch point which was observed by the vector orientation in the pre—
viou s figure. Since the rocket velocity is lowest at the launch point , mi ni-
mizing the vertical ve locity at the launch point is beneficial for reducing
rotor wake influence. Therefore the tailwind condition is advantageous from
this viewpoint . However, the obvious disadvantage is the doub le gradient of
vertical velocity along the trajectory in the tailvind compared to the single
gradient for the reference forward fligh t condition. The double gradient would
create an oscillation in the ang le of attack on the rocket which could possibly
have as strong an influence on the rocket fligh t path as high vertical velocity
at the launch point . For the tailwind/rearward flight condition , the horizon-
tal velocity component is in the same direction as the rocket fli ght direction
(v
~ 

is negative in the freestream velocity direction ). The flow direction
for tailvind thus differs from the forward flight situation where the horizon-
tal flow direction is opposite to the rocket direction.
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GROUND EFFECT IN TAILWIND/REARWARD FLIGHT

The tailvind/rearward flight condition was also simulated with the ground
plane installed so that flow velocities along the trajectory could be measured
in a 15 kt tailwind with the helicopter hovering in—ground—e ffect (ICE). Test—
ing was performed with the same model height above the ground plane previou sly
used in the forward fli ght testing (3.5 ft skid height for the AH—1G). Figure
75 shows the velocity vectors for the tailwind ICE condition. Comparing these
results with those shown in Fig. 72 for the tailwind OGE condition , two differ-
ences are apparent. First , the low momentum wake region (due to the non—lift—
ing port ion of the rotor radius inboard of the cut—out) extends farther along
the trajectory for ICE than for OGE. For ICE, this low vertical velocity region
extends nearly to the nose of the aircraft . The importance of the reduced
vertical velocity is that it decreases the aerodynamic angle of attack acting
on the rocket due to the wake flow velocities. Extending this region from the
launch point where the rocket axial velocity is lowest will reduce wake effects
on the rocket flight path. The second difference noted is the change in wake
angle not only for the inboard wake region, but also for points on the trajec—
tory downstream of the wake boundary . The flow angle for IGE is significantly
less than for OGE since the ground inhibits the vertical flow and redirects the
rotor wake downstream. This effect ively decreases the vertical velocity and
increases the horizontal velocity . This result is shown more clear ly in Figs.
76 and 77 which present the separate velocity components along the trajectory
for the ICE and OGE tailvind conditions. The region of low vertical ve locity
previously observed in the velocity vector plot (Fig. 75) is shown in Fig. 76
to extend to about x.1~ 0.6 on the trajectory . The decrease in peak vertical
velocity due to deflection by the ground previously observed is significant (25
f pa) and amounts to about one—third of the peak time—averaged vert ical velocity
for the OGE tailwind condition . Figure 77 shows the effect of the ground on
the horizontal velocity . The ground displaces the wake further downstream
where the horizontal velocity increases. At xT 1.0 the increase over the
OGE results is about 30 fps. Similar to OGE, the horizontal velocity component
is in the same direction as the rocket fligh t direction .

Just as for the tailvind OCE condition , it is difficult to ascertain the
impact of the flow velocities on rocket fligh t paths for a tailw ind in—ground—
effect . The magnitude of flow velocity and the range of flow angles along the
trajectory are close to the reference forward flight condition. Therefore , any
differences in how the flow velocities affect the rocket flight paths will be
due to the part icular combination of flow velocity magnitude and flow angle
and also due to the rate at which they change along the trajectory . The impact
of these effects should be determined by analytical simulation of the
rocket dynamic response to the experimental flow field.
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WIND SENSOR LOCATION

Flow velocity data were obtained at three potential wind sensor locations
near the fuselage for the 15 kt and 30 kt conditions. As shown in Fi g. 5,
one sensor location is near the top of the canopy , and two sensor locations are
in fron t of the fuselage nose. lhe blocking of the LV beams by the fuselage
prevented obtaining LV wind sensor data at other locations on the port side of
the fuselage . Table 6 presents the coordinates of the wind sensor locations as
measured from the rotor hub center.

TABLE 6. WIND SENSOR LOCATIONS

Wind Sensor —

Location No. x z

— 1 0.27 0.133 —0.185
2 0.77 0 —0.40
3 0.835 0 —0.40

The perfect wind sensor is described as one that exactly measures the freestream
velocity for all fligh t conditions. Because of the influence of the fuselage
on the airflow , and also because of the induced velocity field of the rotor , the
airflow around the fuselage is not freestream velocity and is also affected by
f l i ght condition . Therefore , the best practical wind sensor location could be
described as that which can be accurately calibrated to give the freestream
velocity, and be insensitive to changes in the fuselage confi guration .

Figures 78 and 79 show vector plots of time—averaged airflow velocities
measured at the wind sensor locations for 15 kts and 30 kts , respective ly .
Data for the two canopy confi gurations (reference flat—sided and rounded) are
shown. In addition , some results in—ground—effect (ICE) for the 15 kt condi-
t ion are also shown. To provide a re ference , the freestream velocity vector
with correct length scale is also shown.

The most obv ious result in the fi gures is that the velocities measured at
the canopy wind sensor point are larger than freestream due to the rotor induced
flow and the velocities measured in fron t of the fuselage are less than free—
stream due to fuselage blockage . The effect of the canopy is most pronounced
at 30 kts for the wind sensor locations in front of the fuselage , and is larger
than expected .

One other interesting result is shown in Fig. 78 for the in—ground—effect
condition at 15 kts. The flow velocity vectors at the wind sensor locations
ahead of the fuselage nose are pointing down and upstream and are also much
larger in magnitude than the freestream velocity. These velocity vectors are
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the result of the large ground vortex ahead of the fuselage that was observed
and discussed in the flow visualization section. It is obvious that these two
wind sensor locations would be useless for low speed ICE fli ght conditions.

The potential for calibrating the horizontal component of the wind sensor
velocities is shown in Fig. 80. The horizontal components of the measured flow
velocities are plotted versus the freestream velocity for both canopy configu—
rations. The perfect sensor measurement would Lie on the 45 degree line shown.

For the reference flat—sided canopy , the results for wind sensors 2 and 3
have nearly the correct slope with airspeed so that the calibrated correction
is approximately a constant bias. Of the three wind sensors , the No. 3 loca-
tion has the closest slope and has a —13 fps bias .

Caution should be used when interpreting the results for wind sensor 1.
This wind sensor location is immersed in the rotor wake at both the 15 kt and
30 kt conditions , as shown previously in Figs. 27 and 28. At a f l i gh t speed
of approximately 40 kts , the forward wake boundary will be at this wind sensor
point , and for higher speeds , the wind sensor point will be outside of the
rotor wake. Thus, large variations of the horizontal veloc i ty component can
be expected at wind sensor 1 at this low speed range. In fact , the variation
between 15 kts and 30 kta is probably not at all linear , as drawn in Fig. 80. ‘

Results for the modified canopy are markedly different than for the

~~~~~~~~~~~ reference flat—s ided canopy . For the wind sensors ahead of the fuselage , the
• sensitivity with airspeed is significantly changed so that the correction is a

slope differential plus a constant bias.

In summary , wind sensors at any of the three wind sensor locations tested
cannot be used for low—speed flight to measure the freestream velocity directly .
Significant deviations from freestream velocity were measured at all three b ce—
tions. For the reference flat—sided canopy , the No. 3 wind sensor location is
best , except for ICE condi t ions , where it is useless due to the ground vortex.
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CONCLUSIONS —

The following conclusions are based on the application of mode l test
results to a full—scale helicopter in low speed flight. Where specific
values are indicated , they are representative of the full—scale AH—lG

• helicopter. Each conclusion listed below either supplements or further
substantiates the conclusions from the earlier theoretical investi gation
(Ref. 15) and the experimental model helicopter hover investi gation
(Ref. 23) which are included herein as Appendices B and C , respectively .

1. The wake boundaries and the measured time—averaged flow velocities
along the rocket trajectories are generally similar to those predicted
by the UTRC Wake Geometry Analysis and Rotorcraft Wake Analysis for low
speed forward flight. As the rocket moves from its launch position , the
imposed t ime—average flow velocites are large until the wake boundary is -

•

crossed . As the rocket moves beyond the rotor wake, the induced f low
velocity decreases abruptly and becomes ins ignificant within a distanc e
of one rotor diameter from the launch position . The intersection of the
wake boundary and the rocket trajectory approaches the launch point with
increasing fli ght speed and moves from a distance of 75 percent of the
rotor radius for hover to about 40 percent at 15 kts and to the launch
point at 30 kts. Beyond 30 kts , the wake induced flow velocities are
insignificant due to the location of the forward wake boundary aft of the
rocket launch point.

2. A significant finding is the notable reduction in the t ime variation of
flow velocities (peak—to—peak amplitude ) at points on the trajectory ,

• and in particular where the ti p vortices in the wake boundary cross the
t r a j e c t o r y, compared to theoretical predictions , the hover test results ,
and LV measurements of the local tip vortex induced velocity near the
blade tip. This is pr imarily attributed to the aerodynamic interaction
of the blade with the preceding blades ’ ti p vortex resulting from the
occurrence of a blade vortex intersection . For the 2—bladed AN—IC
rotor in low speed forward f l i ght (not hover), the ti p vortex initiall y
moves above the rotor , and the phasing of the blade and ti p vortex as it
travels down through the rotor disc is synchronized such that a blade—
vortex intersection consistentl y occurs at a blade azimuth above the
rocket trajectories. This results in a diffusion of the tip vortex core
and an associated significant decrease in its local induction strength
in the reg ion of the rocket trajectories. Thus, the nature of the
aerodynamic influence on the rocket fligh t path between hover and

• forward f l i ght is different . In hover, the influence of phasing of
the rocket firing t ime within the blade/wake passage interva l may be
important due to the high peak—to—peak velocities encountered . If
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CONCLUSIONS (Cont ’d)

the flow interference is significant , random excursions in the rocket
f l i ght paths could result wi thout a firing t ime control. For low speed
forward fli ght conditions , with vortex diffusion resulting from blade—
vortex intersection , the time—averaged flow velocities dominate , and
more constant variations in the rocket fligh t path from the intended
trajectory are antici pated . Corrective aiming compenstion should thus
be more effect ive for such conditions.

3. The occurrence of the forward fli ght blade—vortex intersection and the
location of the crossing point of the forward wake boundary (tip vortices )
and the rocket trajectory was accuratel y predicted by the UTRC Wake
Geometry Analysis. Accurate prediction of the reduced peak—to—peak flow
velocities at the rocke t will require representation of the vortex
diffusion associated with the blade—vortex intersection in the UTRC
Rotorcraft Wake Analysis. In addition to the rocke t problem , the blade—
vortex interaction phenomemon present s significant imp lications for the
prediction of airflow velocities for helicopter low speed performance ,
handling qualities , vibrations , and no ise.

4. The application of laser veloc imetry to measure mode l rotor airflow for
low speed flight conditions was successful. LV proved to be a valuable
techni que for acquiring both the t ime—average and t ime variation of flow
velocity component s at rocket trajectory and wind sensor locations inside
and outside of the rotor wake. The total and separate influence of each
of the aircraft components (rotor, fuselage , modified canopy , and wing ),
and significant operating condition parameters (rotor thrust , wind
direction , and ground effect) on the airflow influencing rocket
trajectories were successfull y measured . LV also proved use ful for
identify ing wake features and investigating blade—vortex interaction .

• 5. Flow visualization techniques (smoke) were valuable for the tested low
speed fli ght conditions to identify wake geometry (tip vortices and in-
board vortex sheets), wake stability , and vortex core characteristics in
the vicinity of the rotor , rocket trajectory and wind sensor locations .
The influence of fligh t speed , the fuselage, modified canopy , thrust
leve l , flight/wind direction , and ground effect on wake geometry ,
determined from analysis of the flow visualization data , were use ful
for interpretation of the flow velocity data.

6. For forward fli gh t condi t ions, the influence of the fuselage and
particularl y changes in the fuselage configurat ion (stub—wings ,
canopy) on the rocket trajectory a i r f low were generally small.
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CONCLUSIONS (Cont ‘a)

The fuselage produces .~n expected wake expansion whi ch moves the
rotor wake boundary forward on the rocket trajectory (approxima tely
10 percent of the rotor radius ) in low speed fli ght. Although the
presence of the fuselage has some influence in low speed forward
fli ght , the fli ght condition rather than the aircraft configuration
is the primary factor affecting the rocket aerodynamic interference.

7. In low speed forward fli ght , the effect of thrust ~gross weigh t )
increme nt pr ima r i l y results in .i wake skew ang le ch ange which
reorient s the  wake boundary relative t o  the  rocke t trajectory . At
IS kts an 8 percent  decrease in thrust coefficient produced a move-
ment of the wake boundary and associ.ited hi gh fl ow veloc ity reg ion
10 percent of t he  ro to r  r a d i u s  toward the  launch point .

8. Differences in the airflow at inboard and outboard rocket
trajectories are small in low speed forwa rd fli ght.

9. As a n t i c i pated , the  ground e f fe c t , c ro s swind  and t a i l  wi nd cond i t ions
are very influential for the flow velocities at the rocket  t r a j e c —
tories in low speed fli ght. For ground effect conditi ons , the de—
creased flow velocities in the inboard w~ike regIon , the relocation
of t he  wake boundary , and the  presence of the obs erved ups t ream
ground vor tex all contribute to a considerable change in the flow

velocity distribution along the rocket trajectories. For crosswind
condi t ions , the flow velocity dis t ri but ion is primarily influenced
by the relocation of t he  intersection of t he  wake boundary  and
rocke t trajectory and the reorientation of t he  t’reestream flow to
the rocket t rajectory direction . For tail wind conditions , the

reversal of the inclination and o r i en ta t ion o t the wake relative
to the rocket trajectory results in loca t ing  the cen t r a l , low
momentum region of the rotor wake at and ahead ot the launch
poin t on the rocket trajectory . This and the relocated wake
boundary produce a considerable varia tion in the airflow at the
rocket trajectory . Combining tail wind and ground e t t e c t  extend s
the low momentum region farthe r along the trajectory . The flow
impact on the rocke t trajectory , for tail wind conditions , may be
less severe due to the resulting decreased vertical flow velocities

• near the launch point where its fli gh t veloc i ty is lowe st.

10. Due to rotor wake and fuselage aerodynamic interference , wind
sensors at the locations tested (ahead of the fuselage nose
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4

CONCLUSIONS (Cont’d)

and laterally extended from the top of the cockpit canopy ) cannot be
used to directly measure the freestrea m velocity for low speed flight.
Of those tested , the best calibrated wind sensor location is the farthest
from the fuselage nose (15 percent of the rotor radius) , except for
in—ground—effect conditions , where it is useless due to the ground vortex.
Howeve r, this location is unsatisfactory in hovering fli ght due to its
proximity to the rotor wake boundary , and thus a further distance from the
fuselage nose is desirable.
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RECOMMENDATIONS

1. The effect of the rotor wake induced velocities determined in this
investigation on the rocket trajectories should be calculated using
the Army rocket dynamic response analysis. From this analysis , the
deviations of the rocket trajectories can be determined , and the degree of
accuracy required of the induced effects for rocket trajectory calculations
would be established .

2. Analysis of the t iine—varient flow velocity data to present and inter—
pret the results for all configura t ions and cond i t ions rela t ive to
rotor azimuth position was beyond the scope of the investigation
reported herein. The results of the above recommended aeroballistics
investigation should be used to assess the requirement for additiona l
data in the t ime history format.

3. Flow velocity data for full—scale aircraft should be acquired , at
least for a limited number of flow field poin t s and test conditions ,
to compare with the model test data and to determine the relative
flow unsteadiness between full—scale operation and model testing in
a controlled environment.

4. Due to the larger than expected and unexplicable effects for the rotor
disc/rocket trajectory angle variation and the influence of the rounded
canopy on the wind sensor measurements , it is recommended that conclusions
not be made for these effects without additional data.

5. The mode l testing, laser velocimetry , and flow visualization
techni ques , as demonstrated in combination in this investigation
for the specific rocket/wind sensor application , are recommended for
use in a more general investigation of rotor aerodynamics and assoc-
iated performance. In addition to further defining fundamental char-
acteristics , such an experimental program would provide comprehensive
data for validation of rotor airloads theory and the further general-
ization of the aerodynamics and performance of helicopters operating
in low speed and nap—of—the—earth flight.

6. A future detailed investigation , using the experimental procedures
identified during this test program , has a potential technological
application for acquiring a fundamental understanding of the blade—
vortex interaction phenomenon which , in addition to aerodynamic
in terferenc e, can influence rotor performance , handling qualities ,
vibrations, and noise.

_____ -______ 
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RECOMMENDATIONS (Cont ‘d)

7. Considering the favorable correlation of the wake geometry theory
(UTRC Rotor Wake Geometry Analysis) for the isolated rotor in low
speed flight , and the usefulness of the air flow theory (UTRC —

Rotorcraft Wake Analysis) for interpretation of the model data
for full—scale aircraft , it is recommended that analytical
refinements be included to improve the scope and accuracy of the
analyses. Recommended refinement s include provisions for ground
effect , maneuvers , and fuselage aerodynamic interference. Wake
modeling refinements , particularl y for the vortex diffusion
associated with the blade—vortex intersection phenomemon , should
be incorporated as guiding experimental data become available.

8. Application and evaluation of the demonstrated experimental tech—
niques and rotor wake theory for other aircraft (for example, AAH - •

and tJTTAS) over a wide range of operating conditions , and general—
ization of the predicted flow velocities is recommended.
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GLOSSARY

CT Rotor thrust coefficient , rotor thrust/p1 R2(~ R)
2

h Heigh t of rotor above ground , ft

ICE In—ground—effect

OGE Out—of—ground—effect

r Radial coordinate from rotor center , ft

K Rotor radius, ft

V Freestream velocity, kts or fps as noted

~~ v>,~ 
v~ Horizontal and vertical flow velocity components in the

x , y ,  a coordinate axis system , same sign convention as
x , y ,  z; fps

v~ , v~ Flow velocity components in rocket trajectory coordinate
T T T system (XT, 

~T’ zT) ;  sign convention is consistent with
coordinate definition , fps

x , y, a Hub centered wind axis system coordinates nondimensiona lized
by R, left—handed coordinate system (see Fi g. 4)

~~~ y,.~., 2T Rocket trajectory axis system coordinates nondimension—
alize d by H, centered at intersection of axis of rocket
launch positions and fuselage centerline , left handed co—
ordinate system with positive x.F in direction of rocket
travel (see Fig. 4)

Shaft angle , positive nose up, deg

1 Rocket launch attitude , positive upward rotation , deg

Blade azimuth ang le, deg

Rotor rotationa l frequency , rad/sec
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Flgu.re 5. Sample Measured and Predicted Flow Velocities at Rocket
Trajectory of Hovering AH-lG Helicopter.
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Figure 12. Schematic of’ Laser Velocimeter Installation in 18-ft
Main Wind Tunnel.
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Figure I~~. ~rnokc Flow Visualization thotograph of a Wake Cross Section
for the Reference Configuration in the Hover Condition . 
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Figure 21. Smoke Flow Visualization Photograph of Wake Cross Section
for Isolated Rotor in Low Speed Forward Flight (v = 3C~ kts).
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V = 5 KTS SCALED TO 10 KTS
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AFTER INTERSECTION (~i> 180°)

Figure 13• i~moke Flow Visualization Photographs cf Blade-Vortex
L5’~ ~ s~~~~lct ion t~V = 10 kts).
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Figure 21~. Smoke Flow Visualization Photographs cf Blade-Vortex
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ROCKET TRAJECTORY NO. 4, y.1. — 0.22, V. 7 DEG
TEST CONFIGURATION: VARIED

TEST CONDITION: ~~ • 373 FP8 SCALED 10 746 FPS
V .  7.5 KTS SCALED TO 15KT$

C7 — o.oo~n ±2%

8~MU~ATED SKID lIT •
0.2

02 ~“~...OBSERVED
LOCATION OF

LU TIP VORTEX
, -j

LU TORT0 / ROC~~~ IR~JEC

/
/

U. MOMENTUM
Z / THEORY

0.6 -

0.8 -

ROTOR ONLY— —— ROTOR-FUSELAGE-WING

—10 1
0 0.2 0.4 0.6 0.8 1.0

POSITION ALONG BLADE RADIUS rIP (WIND AXIS)

Figure 27. Forward Rotor Wake Boundaries Determined from Smoke Flow
Visualization for the 15 kt Reference Condition .
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ROCKET TRAJECTORY NO. 4, y1 — 0.22, V. 7 DEG
TEST CONFIGURATION VARIED

TEST CONDITION. (~ • 373 FPS SCALED TO 746 FPS
V .  ISKTS SCALED TO 3O KTS

07 . 0.00472 *2%

SIMULATED SKID lIT - ~ (OGE)
0.2

‘
~~
- OBSERVED LOCATION

‘

~~ -0.2 - / 
OF TIP VORT EX

/
LU

—I

ROCKET TRAJECT0~~

I-
2 0 4 ’ ,
~~

~ 
,

ROTOR ONLY— — — ROTOR-FUSELAGE-WING

-1.0 I I I
0 0.2 0.4 0.6 0.8 1.0

POSITION ALONG BLADE RADIUS r/P (WIND AXIS)

Figure 28. Forward Rotor Wake Boundaries Determined from Smoke Flow
Visualization for the 30 kt Reference Condition .
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ROCKET TRAJECTORY NO. 4,y 1 • 0.22. V. 7 DEG
TEST CONFIGURATION VARIED

TEST CONDITION: OR - 373 FPS SCALED TO 746 FPS
V • 5 KTS SCALED TO 10 KTS

• C7 — 0.00472 ±2%

~~~— - 2 ’
SIMULATED SKID HT - .(OGE)

• 0.2

~~
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_ _ /
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ROTOR ONLY— — — ROTOR.FUSELAGE~WING
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0 0.2 0.4 0.6 0.8 1.0

POSITION ALONG BLADE RADIUS rIP (WIND AXIS)

Figure 29. Forward Rotor Wake Boundaries Determined from Smoke Flow
Visualization for tI’~ Scaled 10 kt Condition .
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ROCKET TRAJECTORY: NO ~ ~‘T = 0.22, V . 7 DEG
TEST CONFIGURATION: ROTOR ONLY

TEST CONDITION: OR = 373 FF5 SCALED TO 746 FPS
V = 7.5 XIS SCALED TO 15 XIS

= 0.00472 ± 2%

= -2°
SIMULATED SKID HT = ~~ (OGE)

VELOCITY SCALE FACTOR 2.0
20

~ -20 -

L U N

D -
U-

-60 -

-80 I I I I

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

POSITION ALONG ROCKET TRAJECTORY, X1

Figure 30. Scaled Time-Average Vertical Flow Velocities Along the
Rocket Trajectory for the Isolated Rotor at the 15 kt
Reference Condition.
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ROCKET TRAJECTORY NO 4. • 0 22. V. 7 DEG
TEST CONFIGURATION. ROTOR ONLY

TEST CONDIT1ON:OR - 373 FF5 SCALED 70 746 FF5
V • 7.5 KTS SCALED TO 15 KTS

Cr = 0 00472 ± 2%

~
s = - 2 0

SIMULATED SKID HT = 
~~ (OGE)

VELOCITY SCALE FACTOR 2.0
20 -

~~~O O !2 O!4 :6~~~~ 8 1!O I!2 1k4 1..
- POSITION ALONG ROCKET TRAJECTORY, K r

Figure 31. Scaled Time-Average Horizontal Flow Velocities Along the
Rocket Trajectory for the Isolated Rotor at the 15 kt
Reference Condition.
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ROCKET TRAJECTORY NO ~ = 0.22. V= 7 DEG
TEST CONFIGURATION ROTOR ONLY

TEST CONDITION OR • 313 FF5 SCALED TO 746 FF5
V — 7 5  KIS SCALED TO 1~ KTS

C7 = 0.00472 *2%
a5 — -2°

SIMULATED SKID HT = (OGE)
0.2

V~~ = 15 KT S
V.
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z

—

• -‘,~~~

N
ROCKE1 TRAJECTORY

)
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_ ___ j
V

I— WAKE BOUNDARY OBSERVED
FROM FLOW VISUALIZATION
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POSITION ALONG BLADE RADIUS ~/R (WIND AXIS)

Figure 32 . Scaled Time_ Average Flow Velocity Vectors Along the Rocket
Trajectory for the Isolated Rotor at the 15 kt Re ference
Condition.
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ROCKET TRAJECTORY NO 4 . = 0 22. V= 7 DEG
TEST CONFIGURATION: ROTOR ONLY

TEST CONDITION: OR - 373 FF5 SCALED TO 746 FF5
V • 7.5 XIS SCALED TO IS XIS

C7 — 0.00472 ±2%
a8 = -2’

SIMULATED SKID 147 - .IOGE)

VELOCITY SCALE FACTOR 20
, 80

5Q
0 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

U- 

: 
O 4  o

l
e 1.6

POSITION ALONG ROCKET TRAJECTORY, x1

Figure 33. Scaled Time-Average Flow Velocity Magnitude and Flow Angle
Along the Rocket Trajectory for the Isolated Rotor at the
15 kt Reference Condition.
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ROCKET TRAJECTORY NO 4 . = 0 22, Y 7 DEG
TEST CONFIGURATION ROTOR ONLY

TEST CONDITION OR = 373 FF5 SCALED TO 746 FF8
V 7 S K T S SCALED T O 15 K T S

C’1=000472 ± 2%
as — -2’

SIMULATED SKID I4T - (OGE)

VELOCITY SCALE FACTOR 20
20

0

~ -20 -

-40 - THEORY

D -U-

-60 - •

..8Q I I I I I

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

POSITION ALONG ROCKET TRAJECTORY, x 1

Figure 314. Theory-Test Correlation of Time-Average Vertical Flow
Velocities Along the Rocket Trajectory for the Isolated
Rotor at the 15 kt Reference Condition,
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ROCKET TRAJECTORY- NO.4. y7 • 0.22, V. 7 DEG
TEST CONFIGURATION: ROTOR ONLY

TEST OONOITION OR - 373 FP$ SCALEDTO74 FPS
V • i.s XIS m IS XII

C7 — 0.00412 i 2%

SIMULATED SKID HI - IOQE)

VELOCITY SCALE FACTOR 20
20

0
TEST

-

~° ~,— TI4EORY

~ -40 -

U-

4 0 -

-80 I I I I
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

POSITION ALONG ROCKET TRAJECTORY, *1

Figure 35. Theory-Test Correlation of Time-Average Horizontal Flow
Velocities Along the Rocket Trajectory for the Isolated
Rotor at the 15 kt Reference Condition.
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ROCKET TRAJECTORY NO 4 . 
~‘T — 0.22. )‘ = 7 DEG

TEST CONFIGURATION ROTOR ONLY
TEST CONDITION. OR - 373 FF8 SCALED TO 746 FF8

V = 15 KTS SCALED TO 30 KTS
C 7 = 0 0 0 472 t 2 %

SIMULATED SKID HT = ~~ ~OGE)

VELOCITY SCALE FACTOR 20

4 0 -

—60 I I I I I I I
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

POSITION ALONG ROCKET TRAJECTORY , X 1~

Figure 36. Scaled Time-Average Vertical. Flow Velocities Along the
Rocket Trajectory for the Isolated Rotor at the 30 kt
Reference Condition.
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ROCKET TRAJECTORY NO 4. - 0.22, V 7 DEG
TEST CONFIGURATION. ROTOR ONLY

TEST COND TION:QR - 373 FF5 SCALED TO 746 FF5
V = 15 XIS SCALED TO 30 XIS

C1 = 0.00472 x 2% -j
SIMULATED SKID HI = ~~ LOGE)

VELOCITY SCALE FACTOR 20
20

0 _ _ _ _ _ _ _ _

-20 -U
r ’

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

VQ.

—80 1 I I
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1. 6

POSITION ALONG ROCKET TRAJECTORY , x1

Figure 37. Scaled Time-Average Horizontal Flow Velocities Along the
Rocket Trajectory for the Isolated Rotor at the 30 kt
Reference Condition .
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RO(. k1 T TRAJFCTOR’~ NO ~ ~T 
= O~’.’ )‘ -

TEST CONFIGURATION ROTOR ONLY
T EST CONDITION ~~ ~1 FPS SCAt rI) TO 746 Fl’S

V iS~ JSSCA LED TO3u I~TS
C1 = 0 00112 !2%

SIMULAT ED SKID HI = ~~OGf~

VELOCITY SCALE FACTOR ~‘0
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0
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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O~8 1.6
POSITION ALONG ROCKET TRAJECTORY, xT

Figure 38. Scaled Time-Average Flow Velocity Magnitud e ai~d Flow Angle
Along the R~cket Trajectory for the Isolated Rotor at the
30 kt Reference Condition.
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ROCKET TRAJECTORY: NO. 4 , y.~ z 0.22, V~ 7 DEG
TEST CONFIGURATION: VARIED

TEST CONDITION: OR • 373 FF5 SCALED 10746 FF5
V = 7.5 KIS SCALED 10 15 XIS

C7=o .00472 t 2%

SIMULATED SKID HI = ~~ (OGE)

VELOCITY SCALE FACTOR: 2.0

- :
- 

-

F 0
: / 1

— — ROTOR ONLY
- ——— ROTOR-FUSELAGE

ROTOR-FUSELAGE-WING 
ROTOR-FUSELAGE-WING-MOD CANOPY

40 I I I I I
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

POSITION ALONG ROCKET TRAJECTORY , XT

Figure 39. Effect of Model Configuration on the Scaled Time_Average
Vertical Flow Velocities Along the Rocket Trajectory for the
15 kt Reference Condition .
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ROCKE T IRAJECIOHY NO 4 0 22. )‘ z 7 t)EU
11 ST CONI IGUITAIION VA HII Il

TESI CONDITION (~R = 373 FPS SCALED 10 146 FPS
V S I’ T S  SCAt I t )  R I S  MS

I. . LI( .lIl4 ,~.’ •

SIMLJ I . A 1I I) SI’.II~ III (~ 1I~ I I

V ELo CITY SCAI.E ~AC IOR ~‘020

E 

2: 
_ _

-40

— — ROTOR ONL ’~
-60 - — — — ROT ORFUSEL AGE

ROTOR- F USE LA GE-W INU

- ROTOR-FU SE LAGE WINO MOP CANOI’\

•80 I I I I I
0 0.2 04  06 08 1 .0 1.2 1,4 1.6

POSITION ALONG ROCKET TRAJECTORY , x.1

Figure ~40. Effec t of Model Configuration on the ~$ca1ed Tirne~ Average
Horizontal Flow Velocities Along the Rocke t Tra~iectory for the
~~~~ kt Reference Condition.
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ROCKET TRAJECTORY: NO. 4
~~T — 0.22, Y= 7 DEG

TEST CONFIGURATION: VARIED
TEST CONDITION: OR - 373 FF5 SCALED TO 746 FF8

V =  15 KTS SCALED TO 30 XIS
C~. = 0.00472 ± -2’

-2
SIMULATED SKID HI = ~~ (OGE)

VELOCITY SCALE FACTOR: 2.0

o

-

L

— ROTOR ONLY
~~~ ROTOR-FUSELAGE

- 
______ ROTOR-FUSELAGE-WING

ROTOR-FUSELAGE-WING-MOD CANOPY

I I I I I I

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

POSITION ALONG ROCKET TRAJECTORY , x1

Figure 11.1. Effect of Model Configuration on the Scaled Time-Average
Vertical Flow Velocities Along the Rocket Trajectory for the
30 kt Reference Condition .
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ROCKET TRAJECTORY. NO 4 . = 0.22. )‘= 7 DEG
TEST CONFIGURATION VARIED

TEST CONDITIOP4:OR = 373 FPS SCALED TO 746 FF5
V = 15 KTS SCALED TO 30 KTS

CT = 0 00472 2%
2°

SIMULATE D SKID HI = ~~ (OGE)

VELOCITY SCALE FACTOR 20
20 _______________________________________________

0

-20 -

L0

-60 - — — ROTOR ONLY

— — — ROTOR-FUSELAGE
ROTOR-FUSELAGE-WING

- ROTOR-FUSELAGE-WING- MOD CANOPY

I I I I I I I
0 0.2 0.4 0.6 08 1.0 1.2 1.4 1.6

POSITION ALONG ROCKET TRAJECTORY, xT

Figure b~2. Effect of Model Configuration on the Scaled Time-Average
Horizontal Flow Velocities Along the Rocket Trajectory for the
30 kt Re ference Condition.
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ROCKET TRAJECTORY NO 4 . 
~T = 0.22, )= 7 DEG

TEST CONFIGURATION - ROTOR-FUSELAGE-WING
TEST CONDITION: OR = 373 FF5 SCALED TO 746 FPS

C1. = 0.00472 ± 2%
SIMULATED SKID HT = ~ (OGE)

VELOCITY SCALE FACTOR 2 0

(
7

1
,
~~~~~~~

- — — 5 KTS SCALED TO 1OKTS
7.5 KTS SCALED TO 15 KTS

I I I I I I I
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

POSITION ALONG ROCKET TRAJECTORY , xT

Figure 143. Comparison Between Scaled Time-Average Vertical Flow
Velocities Along the Rocket Trajectory for the Reference
Configuration at 10 kts and 15 kts .
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ROCKET TRAJECTORY NO 4 , = 0.22, )‘ = 7 DEG
TEST CONF IGURATION ROTOR.FUS~1A~ E-W~~cj

TEST CONDITION OR = 373 FPS SCALED TO 746 FF5
C7 =0 0 0 4 7 2 ± 2 %

SIMULATED SKID HT = ~~ (OGE)

VELOCITY SCALE FACTOR 20
20

-40 .

— — S KIS SCALEO TO 10 XIS
- 

______ 7 5 KT S SCALED TO 15 KTS

I I I I I I
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

POSITION ALONG ROCKET TRAJECTORY , z1-

Figure 1414. Comparison Between Scaled Time-Average Horizontal Flow
Velocities Along the Rocket Trajectory for the Reference
Configuration at 10 kts and 15 kts .
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ROCKET TRAJ ECTORY NO 4 . = 0 22. )‘= 7 DEG
TEST CONFIGURATION ROTOR-FUSELAGE-WING

TEST CONDITION OR = 373 FF5 SCALED TO 146 FF5
V = 5 KTS SCALED TO 10 KTS

C.1. = 0.00472 ~ 2%

•
SIMULATED SKID HI •(OGE)

VELOCITY SCALE FACTOR 20

~. 4 O ~8~~~~~~~~~~~2 1 6
POSITION ALONG ROCKET TRAJECTORY , x1

Figure ~5. Scaled Time-Average Flow Velocity Magnitude and Flow Angle
Along the Rocket Trajectory for the Reference Configuration
at 10 kts.
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ROCKET TRAJECTORY - NO. 4 . = 0.22 . y= 7 DEG
TEST CONFIGURATION. ROTOR-FUSELAGE-WING

TEST CONDITION OR = 373 FPS SCALED TO 746 FPS
V = 75KT S SCALED T O ISKTS

CT = 0.00472 ± 2%
=

SIMULATED SKID HT = ~ (OGE)
XT = 0.2

VELOCITY SCALE FACTOR. 2.0

v~ (VERTICAL)
80

•
•• • DOWN

~~~ 4C Is I.  • I

~ v~ (HORIZONTAL)
> 5 0
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2C

0 90 180 270 360

BLADE AZIMUTH (DEG)

Figure 146. Scaled LV Flow Velocity Results at = .2 for the Reference
Configuration at the 15 kt Reference Condition.
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ROCKET TRAJECTO RY NO ~~, 

~‘r — 0.22, V = 7 DEG
TEST CONFIGURATION NOTED

TEST CONDITION OR — 373 FF5 SCALED TO 746 FF5
V = 7 5 K T S  SCALED TO 15 KTS

CT • 0.00412 t 2%
—

SIMULATED SKIO MT - .(OGE)

VELOCITY SCALE FACTOR 2 0
50

- V ROTOR ONLY

V ROTOR-FUSELAGE-WING

40 - 
~~~
‘ ROTOR-FUSELAGE-WING-CANOPY

~;;

0 I I I I ___
~~

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
POSITION ALONG ROCKET TRAJECTORY, XT

Figure 147. ~3caled Peak-to-Peak Vertical Flow Velocities Along the
Rocket Trajectory for the 15 kt Reference Condition.
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ROCKET TRAJECTOR Y NO ~ = 0 22. )=  / DELI
TEST CONFIGURATION NOTED

TEST CONDITION OFI = 373 FF5 SCALED iCi 74I~ FF8
V = 7 5 K T S SCALEDTO 1S KTS

CT = 0 00472 ~ 2%

SIMULAT ED SKID HT = .(OGE )

VELOCITY SCALE FACTOR 20
50

— ROTOR ONLY

I. ROTOR-FUSELAGE-WING
ROTOR-FUSELAGE-WING-CANOPY

I
0 0,2 0.4 0.6 0.8 10 1.2 1.4 1.6

POSITION ALONG ROCKET TRAJECTORY. XT

Figure 148. Scaled Peak—to-Peak Horizontal Flow Velocities Along the
Rocket Trajectory for the 15 kt Reference Condition .
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ROCKET TRAJECTORY NO ~ ~‘T — 0.22, Va 7 DEG
TEST CONFIGURATION. ROTOR ONLY

TEST CONOITION.OR • 373 FF5 SCALED TO 746 FF5
V • AS NOTED

CT . 0.00472 ± 2%
— -2

SIMULATED SKID HI - ~~(OGE)
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—
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Figure 119. Comparison of the Rotor Wake Boundaries Determined from Smoke
Flow Visualization for the Isolated Rotor in Hover and for the
15 kt and 30 kt Reference Conditions .
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ROCKET TRAJECTORY NO 4 , = 0.22. V = 7 DEG
TEST CONFIGURATION. NOTED

TEST CONDITION OR = 373 FF5 SCALED TO 746 FF8
V = IS XIS SCALED TO 3O KTS

CT 0.00472 ± 2%
=

SIMULATED SKID HI = .(OGE)

VELOCITY SCALE FACTOR 20
50

- ROTOR ONLY

V ROTOR-FUSELAGE-WING

40 ROTOR-FUSELAGE-WING-CANOPY
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0 I I I~~~~~~~~~~~~~*~~~~~~~~~~~~~~
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POSITION ALONG ROCKET TRAJECTORY , xT

Figure 50. Scaled Peak—to—Peak Vertical Flow Velocities Along the
Rocket Trajectory for the 30 kt Reference Condition.
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ROCKET TRAJECTORY NO 4~ Y-1. z 0.22, Y= 7 DEG
TEST CONFIGURATION NOTED

TEST CONDITION OR = 373 FF5 SCALED TO 746 FF8
V = 15 XIS SCALED TO 30 XIS

C T = 0 0 0 4 7 2 ± 2%
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Figure 51. 3caled Peak-to—Peak Horizontal Flow Velocities Along the
Rocket Trajectory for the 30 kt Reference Condition.
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Figure 52. Time Variation of the Scaled LV Flow Velocity Resalts at
a Point Above the Rotor and Near the Upstream Blade Tip
for the 15 kt Reference Condition.
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ROCKET TRAJECTORY NO 4 = 022 . y= 7 DEG
TEST CONFIGURATION ROTOR ONLY

TEST CONDITION flR = 373 FPS SCALED TO 746 FPS
V = 7 5 KT S SCALED TO 15 XIS
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Figure 53. Time Variation of the Scaled LV Flow Velocity Re sults for
Several Points Above the Rotor and Near the Upstream Bla~1e
Tip for the 15 kt Reference Condition .

79— 09—33—83119



ROCKET TRAJECTORY NO -I = 0 ?~!. Y = 1 DEG

TESI CONFIGURATION ROTOR ONLY
TEST CONDITION (~R = 3 13 11’S SCALED 10 146 F PS
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Figure 511. ‘lime Variation of the Scaled LV Flow Velocity Results for a
Point Close to the Tip Vortex Above the Blade at 10 kts .
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Figure 55. Time Variation of the Horizontal Flow Velocity Component
at a Point Near the Up ~$tream 1~lade Tip t’t ’r n : ‘cro Shrt f’t
Tilt 10 kt Condition.
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Figure 56. Time Variation of the Horizontal Flow Velocity Component
at a Point on the Rocket Trajectory Near the Wake Boundary
for a 14 Degree Shaft Tilt 15 kt Condition. 
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ROCKET TRAJECTORY NO 4 
~T = ~~~ Y~ 7 DEG

TEST CONFIGURATION. ROTOR-FUSELAGE-WING
TEST CONDITION. (ZR = 373 FPS SCALED TO 746 FPS

V = 7 5 K T S  SCALED TO 15 XIS
SIMULATED SKID HI = ~ (OGE)
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Figure 57. Effect of Rotor Thrust on the Scaled Time-Average Vertical
Flow Velocities Along the Rocket Trajectory for the Reference
Configuration at the 15 kt Reference Condition.
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ROCKET TRAJECTORY NO 4 , = 0.22. )f= 7 DEG
TEST CONFIGURATION ROTOR-FUSELAGE-WING

TEST CONDITION:QR = 373 FPS SCALED TO 746 FP$
V = 7 5 K T S  SCALED TO 15 KTS
SIMULATED SKID HI = ~~(OGE)
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Figurs 58, Effect of’ Rotor Thrust on the Scaled Time ..Average Rorizontal
Flow Velocities Along the Rocket Trajectory for the Reference
Configuration at the 15 kt Reference Condition.
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ROCKET TRAJECTOR Y NO 4 V~ 022 Y~ DEL,
T EST CONFIGURATION. ROTOR-F USELAGE-WING

TEST CONDITION flR = 373 FPS SCALED TO 146 FPS
V = 7 5X T S SCALED TO 15 XIS

C1 = NOTED
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= _ 2•
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Figure 59. Effect of Rotor Thrust on the Scaled Time-Average Flow Velocity
Magnitude and Flow Angle Along the Rocket Trajectory for the
Reference Configuration at the 15 kt Reference Condition.
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ROCKET TRAJECTORY. )‘ = 7 DEG
T EST CONFIGURATION ROTOR-FUSELAGE-WING

TEST CONDITION (ZR = 373 FPS SCALED TO 746 FPS
V = 7 5 K T S SCALED TO 15 KTS

C-1- =0004 72 ± 2%
= -2°

SIMULATED SKID HT = ~ (OGE)
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Figure 60. Effect of Launch Point Location on the Scaled Time -Average
Vertical Flow Velocities Along the Rocket Trajectory for the
Reference Configuration at the 15 kt Reference Condition.
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ROCKET TRAJECTORY )‘ = 7 DEG
TEST CONFIGURAT ION ROTOR-F USE LAGE -WING

TEST CONDITION OR = 373 FPS SCALED TO 746 T- PS
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Figure 61. Effect of Launch Point Location on the Scaled Time -Average
Horizontal Flow Velocities Along the Rocket Trajectory for the
Reference Configurat ion at the 15 kt Reference Condition .
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ROCKET TRAJECTORY NO 4 . = 022. )‘= / DEG
TEST CONFIGURATION ROTOR ONLY

TEST CONDITION (ZR = 373 FPS SCALED TO 746 FPS
V =  7 5 KT S SCALED T O 15KTS
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Figure 62. Effect of Simulated Change in Trajectory Angle on the Scaled ... . 
-

Time-~Average Vertical Flow Velocities Along the Rocket
Trajectory for the Isolated Rotor at the 15 kt Reference
Condition .
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ROCKET TRAJECTORY NO ~ “I = 022 . ~ r 7 DEG
TEST CONFIGURATION. ROTOR ONLY

TEST CONDITION OR = 373 FPS SCALED TO 746 FPS
V = 75 KTS SCALED TO 15 XIS
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Figure 63. Effect of Simulated Change in Trajectory Angle on the Scaled
Time-Average Horizontal Flow Velocities Along the Rocket
Trajectory for the Isolated Rotor at the 15 kt Reference
Condition.
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ROCKI I TI4AJ I TORY NO 4 - 0 ‘ _‘ ) F DIG
T EST CONF IGURATION ROTOR ONLY

T EST CONDITION OR - 373 FPS SCALED TO /46 FPS
V ‘SK1SSCA L~D 1 O 1 S K T S

C1 0 00472 ‘2%
= NOTED

SIMULAT ED SKID HI ~~(OGE)

VELOCITY SCALE FACTOR 20

40 -

POSITION ALONG ROCKET TRAJECTORY , XT

Figure 61~. Effect of Simulated Change in Trajectory Angle on the Scaled
Time-Average Flow Velocity Magnitude and Flow Angle Along
the Rocket Trajectory for the Isolated Rotor at the 15 kt
Reference Condition.
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ROCKET TRAJECTORY NO 4 = 0 22 V - 7 DEG
T EST CONFIGURATION ROTOR-FUSELAGE-WING

TEST CONDITION (ZR = 373 FPS SCALED TO 746 FPS
V = 75 XIS SCALED TO 15 KTS

C1 = 0 00472 ± 20/,

SIMULATED SKID RI = ~ (OGEI
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Figure 6~. Effect of Sidewind on the 3caled Time-Average Vertical Flow
Velocities Along the Rocket Trajectory for the Reference
Configuration at the 15 kt Reference Condition.
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ROCKET TRAJECTORY NO ~ ~T = 022 . v~- 7 DEG
TE ST CONFIGURATION ROTOR-FUSE LAG L -WING

TEST CONDITION OR = 373 FPS SCALED 10 746 FPS
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Figure 66. Effect of Sidewind on the Scaled Time-Average Horizontal Flow
Velocities Along the Rocket Trajectory r’or the Reference
Configuration at the 15 kt Reference Condition.
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ROCKET TR AJ ECT O RY NO 4 U ?.‘ )“ = / DI’ O
T EST CONFIGURATION ROTOR ONLY

TEST cONDITION OR 373 F l’S SCALE D TO 746 FPS
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Figure 67. Effect of Sidewind on the Scaled Time-Average Flow Velocity
Magnitude and Flow Angle Along, the Rocket Trajectory for the
Reference Configuration at the 15 kt Reference Condition.
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ROCKET TRAJECTORY NO 4 . = 0.22, Va 7 DEG
T EST CON} IGURAT ION Fl()TOH I 051 LAOI WINO

TEST CONDITION (ZR — 373 FPS SCALED TO 74$ Fl’S
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Figure O~~. Sc~ 1ed T1me-Avera~e Flow Ve ’ooity Vectors Along t .ht ’ Rocket
Trajectory for the Lsolate l Rotor ~t. the ~ “ kt Reference
Condition In—Ground—Effect. IGF~
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ROCKET TRAJECTORY NO 4 , y 1 = 0 22. )‘ - - 7 DEG
TEST CONFIGURATION HOTOR-FUS1LAOL-WIN (~
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Figure 69. Groimd Effect on the Scaled Time—Average Vertical Flow
Velocities Along the Rocket Trajectory for the Re ference
Configuration at the 15 kt Reference Condition.
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ROCKET TRAJECTORY NO 4~ = 0 22, Y= 7 DEG
T EST CONF IGURATION ROTOR-F USE LAUL -WING

TEST CONDITION OR = 373 Fl’S SCALED TO 746 Fl’S
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Figure 70. Groul’)d Effect on the Scaled Time-Average Horizontal Flow
Velocities Along the Rocket Trajectory for the Reference
Configuration at the 15 kt Reference Condition.

1 36 

~~~~~~~~~~~~~~~~~~~~~~ - - .~~~~~~~~~~ .-
~ 

j



— - - . - -— 1 ’

ROCKET TRAJECTORY NO 4 . = U 2~ 1= 7 DEG
TEST CONFIGURATION ROTOR-FUSELAGE-WING

TEST CONDITION OR = 373 FPS SCALED TO 746 Fl’S
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Figure 71. Ground Effect on the Scaled Time-Average Flow Velocity
Magnitude and Flow Angle Along the Rocket Trajectory for
the Re ference Configuration at the 15 kt Reference
Condition .
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ROCKET T RAJECTORY NO 4 . = 0.22. Y= 7 DEG

TEST CONFIGURATION ROTOR-FUSELAGE~WING
TEST CONDITION. (ZR = 373 Fl’S SCALED 10 146 Fl’S
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Figure 73. Effect of a Simulated 15 kt Tailwind on the Scaled Time-
Average Vertical Flow Velocities Along the Rocket Trajectory
for the Reference Configuration .
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ROCKET TRAJECTORY NO 4 , 0 22. Y~ 7 DEG
TEST CONFIGURAT ION ROTOR-F USE I. AOL WING
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Figure 714 • Effect of a SinTulated 15 kt Tailwind on the scaled Time-
Average Horizontal Flow Velocities Along the Rocket Trajectory
for the Reference Configuration.
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ROCKET TRAJECTORY. NO 4 , 
~T = 0.22, y = 7 DEG

TEST CONFIGURATION: ROTOR-FUSELAGE-WING

TEST CONDITION: OR = 373 Fl’S SCALED TO 746 Fl’S

V = 7.5 KTS SCALED TO 15 KTS

CT = 0.00472 ± 20/.

=

SIMULATED SKID HI = 3.5 FT

Figure 75. Scaled Time-Average Flow Velocity Vectors Along and Behind
the Rocket Trajectory for the 15 kt Tailwind/Rearward Flight
Condition In-Ground-Effect ( IGE) .
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ROCKET TRAJECTORY NO ~ = 022 Y= 7 DEG
TEST CONFIGURATION: ROTOR-FUSELAGE-WING

TEST CONDITION. (ZR = 373 Fl’S SCALED TO 746 Fl’S
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FIgure 76. Effect of a Simulated 15 kt Tailwind on the Scaled Time-
Average Vertical Flow Velocities Along the Rocket Trajectory
for the Reference Configuration In-Ground-Effect (IGE).
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Figure 77. Eft’ect. ~‘~t ~t ~3imu1ated 1 ‘~ kt Tailwina ~ the ~‘~caled ‘rime—
Average Horizontal Flow Velocities A1on~ the Rocket Tr~.ie~’t.~”ry
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ROCKET TRAJECTORY NO 4 . y~ — 022 , Y= 7 DEG
TEST CONFIGURATION VAR IFU
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Figure 78. Scaled Time—Average Flow Velocity Vectors lit Three Wind
Sensor Locations for the 1~’ kt Re ference Condition.
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Figure 79. Scaled Time..Average Flow Velocity Vectors at Three Wind
Sensor Locations for the 30 kt Reference Condition .
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applied research is being pursued to develop a solution to the user
requirement for art effective aircraft/weapon system at low air speed.

!~ . This Of f i c e  sponsored the 2.75 Inch Rocket/AM-1G System Baseline
Accuracy Test which was a detailed analysis of the helicopter/rocket system
performance at airspeeds of 90 and 120 knots. The major conclus i on of the
test was that helicopter rocket fire control was needed to accomplish a
significant improvement in system effectiveness. The lack of appropriate
instrumentation was a prime factor in not acquiring the sane type of
dat a for hove r and low forward air speeds . Currently , instrumentation has
still not advanced sufficiently to provide adequate experimental data on
airflow under the Cobra rotor disc throughout the weapon launch envelope
at iciw airspeeds . Discussions with the aeronautical laboratories revealed
that no definitive data existed on the area of interest.. Rocket ballistic
simulations had to be performed utilizing assumed data generated with
standard momentum theory based on the size of the rotor and gross helicopter
weight . Airflow perturbations within the rotor down wash were unknown .

5. After determining that there existed a large gap in data on airflow
in the rocket launch envelope at low airspeeds , the 2.75 Inch Rocket Project
Manager ’s Office took advantage of a proposal from United Aircraft Research
Laboratories (UARL) to acquire basic information utilizing computer simuiation~
Mr. Jack Landgrebe and his associates at UARL have exhibited considerable
expertise and dedication in deriving the degree of data presented in the
reference report, particularly when one considers the size of the Picatthny
Arsenal contract. The comput er simulat ion techn iques developed by IJARL are
unique in the capability to provi de instantaneous and time—averaged airflow
vectors in both distorted and undistorted rotor wakes.

6. Mr. Saul Wasserman3 of the Aeroballistics section at Picatinny Arsenal
is currently follow ing through with the dat a presented in the report to
calculate the effects of the airflow on the rocket ballistic trajectory.
The rocket will normally be influenced by the passage of approximately two
rotor blades during its exit from the weapon launch envelope. During pre—
uiminary simulations with a six degree of freedom rocket ballistic simulation ,
it was found that at ranges below 2000 meters , a vari at ion in impact distance
could be detected as a function of the blade position and instantaneous
velocities depicted in Fig. 15 of the reference report . At ranges greater
than 2000 meters , the rocket was not influenced suf f icen t ly  by variation in
firing time to be detected in changes in the simulated ground impact. In

actual hover firing tests at Yuma Proving Ground in 19714, the 2.7S Inch
Rocket achieved a mean point of impact at 14500 meters while at 30 feet above
target wi th  a three degree nose—up angle. Firings from 90 knots at 300 feet.
required a 7 degree climb to achieve Ie000 meters. The rocket is highly
stable and weatherv anes up into the rotor down wash , therefore , the effec t on
the trajectory of’ the rocket is significant .
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As mentioned in the report, a number of the assumed variables have yet
to be confirmed and refinement will probably have some effect on the per-
formance characteristics of the helicopter/rocket system. It must be noted
that these simulations are conducted at specific airspeeds of 0, 15 and 30
knot 3 , without representation of fuselage effects. A review of the report
wi l l result in the impression that the airflow under rotor is very d~jnamic
an I velocity predictions at any one point are not necessarily representative
of the total launch envelope. An additional consideration is that in the
tactical situation the helicopter will rarely be in a stationary hover
without a velocity vector in some direction .

8. New techniques of airflow measurements , such as Laser Doppler Velocimeter
(LDV) have been developed in recent years. United Ai rcraft is capable of
LDV moasurement , both on a hover stand and in wind tunnels .  The advantage
of the LDV technique is the ability to measure airflow from a remote position ,
the reby ,  eliminating the disturbance effects normally involved with mounting
a sens ing  device directly in the air f low.  Ul t imate ly ,  the LDV may become a
tool for helicopter instrumentation and be flight qualified for full scale
flight research .

0 . The reference report is viewed as only the In i t i a l  step in achieving
data to properly evaluate the characteristics of helicopter/rocket systems
when fired at a hover. A number of recommended tasks to continue development
of a i r f low simu lation and data acquisition techniques are as follows:

a. An All—1G fl ight test to accurately determine the rotor control ,
f lapping and disc angles assumed in Table I of the reference report.

b. A Laser Doppler Velocimeter ( LDV ) survey of a scale model of each
helicopter gunship to determine the optimum location for an operational fire I
control relative wind sensor on each aircraft .

c. A LDV survey of the weapon launch envelope of each helicopter gun —
ship at hover and fo rward airspeeds to provide experimental dat a and analysis
to support the findings of the reference report .

d. Determine the feasibility of packagi ng the LDV concept so that it
can be used as instrumentat i on on—board a gunship for detection of airflow
characteristics under actual flight conditions.

e. Further development of a i r f low simulat ion techniques to include
fuselage configuration effects and the resultant effect In the weapon launch
area.

f. Adaptation of the airflow simul ation to determine flight dynamics
during the pop— up maneuver.
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g. Initiation of 6.2 and 6.3 research into instrumentation and
operational air data sensor devices.

h. Funding for aeroballistics analysis of the airflow effects on weapon
performance and evaluation of courses of action to compensate for airflow
effects.

10. Helicopter stability must be improve d during hover in order to provide
an effective weapons plat form . This is particularly ti-ne when a large number
of rockets are to be fired in the shortest possible time. It is expected that
helicopter cont rol systems will eventually provide this characteristic.
Parallel research effort s are necessary so that a combination of’ platform
stability , fi re control, and rocket design can accomplish accurate rocket
delivery during hover, pop—up and low speed flight as the helicopter transi-
tions. These integrated tasks must be performed in order that the user can be
provided with the effective helicopter system he desires.

ROBERT BERGMAN
A?4CPM-RK214

1977 Updates:

1 United Aircraft Research Laboratories ( UABL ) is now United Technologies
Research Center (uTRC)

2 
The MM primary weapon system is the Hellfire system . The 2.75 Inch
Rocket and 30 mm cannon are secondary weapons systems .
Mr. Saul Wasserman is now with U. S. Ars~r Armament R&D Command.
Mr. Robert Bergman is now at DRCPM- RK , MIRADCOM , Redstone Arsenal .
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APPENDIX B
PAPER PRE S ENTE D AT THE CONF ERENCE ON
THE EFFECT S OF HELICOPTER DOWNWASH
ON FREE PR OJECTILE S

Rotor Wake Induced Flow Along Helicopter Rocket Trajectoriec

Anton J. 1~nndgrebc
Supervisor , Rotary Wing Technology

and
T. Alan Egoif

Associate Research Engineer

United Technologies Research Center
East Hartford , Connecticut

SUMMAR Y

An analytical investigation was conducted to predict the rotor wake induced
fl ow velocities along the trajectories of rockets fired from an Army AH--IG helicopter .
The three components of both the time-averaged and instantaneous Induced velocities
were predicted at selected points along the trajectories of rockets f i red from four
wing locations . Three flight conditions with helicopter flight speeds of’ 0, 15, and
30 knots were investigated . The sensitivity of’ the predicted induced velocities to
rotor wake model , rocket launch attitude , and rocket launch position was also inves-
tigated . Velocities induced by tip vortices near the Intersections of the rocket
trajectories with the wake boundary were found to be similar in magnitud e to the
launch velocity of the 2.75 in. rocket currently In use on AH-lG aircraft. Values of
the downward induced velocity component as high as 70 fps (time-averaged ) and 130 fps
( instantaneous ) were predicted for the hover condition , and the velocities decrease
with increasing 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 accw’ate calculations of’ the induced velocities at the rocket .

The results of thi s analytical investigation were published in March 1975 in
U.S. Army l’icatinny Arsenal Technical Report 14797, ‘Prediction of Rotor Wake Induced
Flow Velocities Along the Rocket Trajectories of an Army AH-lO Helicopter.’ This
paper , presented on Augus t 12 , 1975 at the Conference on the Effects  of Helicopter
Downwash on Free Projectiles sponsored by the U. s . Army Aviation Systems Command , is
a condensation of that report .
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NOTATIO!’~

R rotor radius , ft

V forward flight velocity , fps

, Vy 
V ., instantaneous induced velocity components in rocket

T P 
~
‘T trajectory coordinate system (X T, y , Z

T
); sign con-

vention is consistent with coordinate definition, fps

v , v , v time averaged induced velocity component s in rocket
X~ 

~
TAVG TAVG trajectory coordinate system (xT, 

~T’ 
Z
T
); same sign •1

convention as V , V , v , fps
XT ~T T

x , y, z hub centered axis system coordinates nondimensionalized —

by R, x-y plane parallel to rotor tip path plane, right
handed coordinate system with positive x downstream
(see Fig. 5)

• X~~, 
~T’ ZT rocket trajectory axis system coordinates nondimension-

alized by R, centered at inter sect ion of’ axis of rocket
launch positions and fuselage centerline , left handed
coordinate system with positive X

T in direction ofrocket travel (See Fig. 1)

rotor advance ratio , component of V parallel to rotor
tip path plane nondimenslonalized by rotor tip speed

blade azimuth angle measured from x axis (see Fig. 1),
pos itive in the direct ion of rotat ion , deg
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INTRODUCTION

The accurate determination of’ the flow field aroun d a helicopter is required
when the helicopter is used as a weapons platform . Since a free-flight projectile
such as a rocket , when fired from a helicopter, may initially be travelling at a
speed which is of the same order of magnitude as the flow velocities , the flow
field induced by the rotor wake system can have a significant effect on the rocket
trajectory. This may necessitate some form of aiming compensation or special
firing techniques -- particularly at the low helicopter flight speeds at which
rockets are to be fired in accordance with current Army tactical concepts.

To assess the influence of the rotor/wake flow field on the flight path of’ a
rocket fired from the Army AH-1G helicopter when hovering or flying at low forward
speeds , computer analyses developed at the United Technologies Research Center ,
TJTRC (formerly the United Aircraft Research Laboratories ) were used to predi’ct the
induced flow velocities along the rocket trajectories. The four rocket trajectories

- 

- of the A}I-1G helicopter (commonly referred to as the Cobra) are shown in Fig. 1.
The results of the Army sponsored investigation have been presented in Ref. 1, and
this paper is a condensation of that reference report. The induced velocity results
from this investigation have recently been used in Army trajectory analyses to
assess the influence of’ the aerodynamic interference of the rotor wake on rocket
trajectories (Ref. 2).

Included herein are (i) a brief description of the computer analyses used ,
(2) a description of the flight conditions and wake models used in the analyses,
(3) presentation of selected induced velocity results for the three flight conditions
analyzed, and (14)  conclusions and recommendations.

BRIEF DESCRIPTION OF THEORETICAL ~€TH0DS

The basic components of the UTRC Rotor Analysis are shown in Fig. 2. Brief
descriptions of the Prescribed Wake Rotor Inflow Analysis and the Wake Geometry

• Analysis are presented below.* More detailed information on the contents,
assumptions and applications of the methods is contained in Refs. 3 through 8.

• Prescribed Wake Rotor Inflow Analysis

The function of’ the UTRC Prescribed Wake Rotor Inflow Analysis is to compute the
time varying circulation and induced velocity distributions along the rotor blades

* Blade motions and control settings were provided by the Bell Helicopter Company.
Thus, the blade response analysis in Fig. 2 was not used for this study .
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and in the wake that are compatible with a prescribed set of blade section op era t in ~
conditions and a prescribed wake geometry . Each blade is represented by a segmented
lift ing line , and the wake is represented by a finite number of segmented vortex
filaments trailing from the blade segment boundaries. The fundamental relations of
blade circulation to lift coeff icient , angle of attack , blade mot ions , control
settings , induced veloc ity, and wake geometry are used in this analysis. Once the
circulations are computed , the velocities induced at and away (e.g., at rocket
trajectories) from the rotor disc by the bound and trailing vorticity of the rotor
are determined through application of the Biot-Savart law which relates the induced
velocity at a point in space to the circulations and wake geometry. The induced
velocity is proportional to the summation of the products of the circulation strength
and the geometric influence coefficient of’ each element of vorticity in the rotor-
wake system . The geometric coefficient is related only to the relative geometry
between a wake element and the point at which the induced velocity is being computed .
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 mathematically modeled .

— Wake Geometry Analysis

The Rotor Inflow Analysis requires that the rotor wake geometry be specified in
order for circulations and induced velocities to be determined . There are several
alternatives for rotor wake geometry. Appropriate experimental wake data is certainly
most desi rable , but , except for hover , is not currently available for most rotor
configurations and forward flight conditions .

In its simplest form , the wake fr om each blade can be assumed to be a classical
undistorted skewed helical sheet of vorticity defined from momentum considerations
(hereafter referred to as the undistorted wake).  Sample undistorted wake representa-
tions are shown in Figs. 3(b) and 14 for hovering and forward flight conditions,
respectively.

To eliminate the necessity for prescribing an undistorted wake geometry, an
analytical method for computing more realistic wake geometries was developed at IJTRC .
The basic approach of this method , entitled the UTRC Rotor Wake Geometry Analysis,
involves the following . First , an undistorted wake model is defined along with the
distribution of circulation strengths of the various vortex elements comprising the
wake. The classical Blot-Savart law is then applied to determine the velocities
induced by each vortex wake element at numerous points In the wake . These distorting
velocities are then numerically integrated over a small time increment to obtain new
wake el ement positions . The process of alternately computing new velocities and
positions is continued until. a converged , periodic distorted wake geometry is attained .
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For havering conditions , systematic model rotor wake geometry data have been
acquired experimentally at UTRC . The data have been generali?.ed in Ref. 3 to
facilitate the rapid estimation of wake geometry for a wide range of rotor designs
and operating conditions and have been used to accurately 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 generait-ed
data . A comparison of the experimental hovering wake representation with the
undistorted wake representat ion is presented in Fig . 3.

DESCRIPTION OF WA1~ GEOMETRIli~; USED IN THE ANALYSES

For this invest igat ion , the wake geometry analysis was used to generate wakes
for the forward flight condit ions , and the generalized experimental wake geometry
was used for the hover condition .

The wake representation used in the analyses consist-ed of 10 finite vortex
filaments trailing from each blade. These vortex filaments were divided into
straight vortex elements at azimuth intervals corresponding to 15 degrees of’ blade
rotat ion . The extent of the filament geometry was prescribed by 6 wake revolutions
from the rotor except for the hover condit ion for wh ich it was 8 revolut ions . The
five outer vortex filaments were combined beyond a 15 degree azimuth distance from
the blade to simulate the roll-up of’ the tip vortex. Both undistorted and distorted
wake models , described previously, were used to show the sensit ivity of the results
to wake geometry. For the undistorted vortex filaments , the vortex elements were
posit ioned in a direction normal to the rotor disc in accordance with the mean in-
duced velocity as determined from momentum theory at the rotor disc. The values of
this momentum induced velocity for the 0, 15, and 30 kt fl ight conditions are -36.3,
-31.6 , and -22.9 fps, respectively. For the distorted wake representations, only
distortions of the tip vortices were calculated for the two forward flight conditions
and an undistorted inboard wake model was assumed. The latter assumption may be
justified considering the relatively higher circulation strength of the rolled up tip
vortices compared to that of’ the inboard vortex filaments. I - -

The undistorted arid experimental distorted tip vortex geometries for the hover
condition are presented in Figs . 5 and 6. The analytical distorted tip vortex geom-

— 
etries for the 15 and 30 kt- conditions are presented in Figs. 7 and 8. The primary
difference between the undistorted and. distorted wakes (Figs . 5 and 6) for the hover
condition is the wake contraction. In addition, as shown Fig. 3, the inboard wake is
transported downward with a nonuniform radially varying axial velocity which causes
the outer portion to travel faster than the inner portion. At 15 and 30 kts, the tip
vortex distortions result in a contraction of the forward boundary of the wake. This
contraction of the wake has a predominant effect on the induced velocity distribution
along the rocket trajectories in that it moves the intersection point of’ each trajec-
tory with the wake boundary rearward, and thus decreases the duration of time that
the rocket is inside the rotor wake .
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I~h~CR LP T 10N ~W FLIGHT COND1’t 1ON~ A NT’ AIECR&FT
CONF1GUBA-ri ~~ USED IN ‘~1IE ANALYSES

Induced vc~ - -~ities were calculated for the Army Au1-l~; helicopter , o~nt’ii ’i Ly
referred to  as the Cobra. A schematic of the AJI-IG helicopter is shown in l-i ~ . I.
The teetering :~~e rotor of this  helicopter has a radius of 22 1.1. Each of it t’~o
blades has a nominal chord of 2 .2 5 ft , a linear twist of -10 deg , a modified OOO’~ 

—

airfoil  section , and a precon ing of 2 .75 deg.

The calculations were performed for a helicopter gross weight of’ 9500 lbs and

~i center-of-gravity position at 198.5 in. from the nose of’ the aircraft. Three
flight condit ions were investigated corre3ponding to flight speeds of 0 (hover ’

~.
15, and 30 kts. Considering the rotor tip speed of 7146 fps , these f l ight speeds
result in rotor advance ratios , i , ,  of 0. 0.0314, and 0.068, respectively . The
respect ive rotor control, flapping, and disc angles used in the analyses are pre-
sented in ~ef. 1.

Induced velocity calculat ions were performed for the four rockets mount-ed at
0.3° Rbel~w and 0.0314 E fowar d of the rotor huh , and lateral positions of 0.16 R and
0.22 R on both sides of the fuselage centerline. The rocket launch at tit -u les  were
all specified at an elevation of 126 mils (7 degrees) relative to the ñise1a4~c water-
line except In a sensitivity study where 160 and 105 mils were used. It is noted
t hat each rocket was assumed to be concentrated at a point (center-of-gravity ’ when
determining the launch point . Induced veloc ities were calculated at incremen~: of
0.1 R along the rocket trajectories from the launch point . The trajectories from
the launch point to a distance of one rotor diameter (extent- of calculation ’~ we re

assumed to be straight l ines . The coordinate system (x1, y 1 , ~~j ) used for th - pro-
• dicted induced velocities is referenced to the rocket launch point and the axes are

parallel and normal to the rocket- trajectories as shown in Fig . 1. Positive direc-
tion s are also shown in Fig . 1.
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DiSCUSSION OF INDUCED VELocITY RE~3ULTS

The three components of induced velocty, vxT, v~~, and ~~~~ were calculated along
each rockc’t trajectory numbered 1 through 14, as shown in Fig. 1. Since the orier.ta-
tion of the rotor blades and wake relative to a point on a rocket trajectory varies
w i th time, the instantaneous velocity components induced at that point also vary with
time. Since steady fl ight condit ions were selected for th i s invest ir~ation, the pos itions
of the blad e and wake and the resulting velocities are periodic. The period is the
time corresponding to the blade passage interval, which for the 2-bladed AH-IG rotor
is the time required for a blade to travel 180 degrees . Thus , time was expressed in
terms of increments of rotor rotation designated by rotor position and the correspond-

~ng azimuth angles of the two blades . The calculations were performed using an az i-
muth increment of 15 degrees , which resulted in 12 rotor positions per blade passage
interval.* In addition to the instantaneous velocities at each rotor position, the
time-averaged velocities were calculated.

The major variables for this investigation and the notat ion to he used for the
plotted results are summarized below : -

Major Variables

Flight conditions V = 0, 15, 30 kt
Wake Models Distorted , Und istorted
Instantaneous Veloc ity Components vxT, v~~, VZT
Time-Averai~ed Velocity Components VxTAvG~ 

VY T ,  V
~T

~Rotor Positions (Time Step) 1, .2, 3, ..., 12
~B1ade Azimuths, $, deo 0, 180; 15, 195; 30, 210; ... 165, 3~ 5

5 Rocket Number 1, 2, 3, 14
i Rocket Lateral Position IT = -0.22, -O.1t , 0.16, 0.22
Position Along Rocket Trajectory XT = 0, 0.1, 0.2, . ..,  2.0

In addition to all combinations of these variables, a few computer cases were
run to investigate the sensitivity of the results to rocket launch attitude and launch
position.

In total , six base cases (3 flight conditions x 2 wake models ) plus three
sensitivity variations were run. Considering the 3 velocity components , 14 rockets ,
21 rocket trajectory points and the 12 rotor positions p lus the time-average velocities ,
a total of 3276 velocity values were computed for each of the 9 cases. Tabulations of
these values have been ~‘ovided separately to the Army. In Ref. 1 a judicious selec-

tion was made of combinations of variables for which velocity data comprising 140 figures

* For the AH-lG, and a rocket speed of 100 f’ps , a rocket travels a distance of’ 0.142 R
during a blade passage interval (one-half rotor revolution).
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were presented. A sampling ot ’~~ he~- e ~igares , se1ecte~ to convey the primary results
for the hove r and fo~~ard flight cond I t i ons , are pres er. t- e~i and d I scus sed below .

Hover Condition (V

The variat ion of the time-average v .r vel.ocity along the rocket t rajectorier of
all four rocket s, based on the distorted wake model, is presented in Fig. 9. This
velocity component normal to each trajectory , increases from approximately 50 to 70
f’ps (downward) going from the rocket launch position (xT -

~ 0) to the intersection of
each trajectory with the wake boundary shown in the top view in Fig. 6, (e . g . ,  at
xT = 0.77 for rocket 14). Moving from inside to outside of the wake boundary an abrupt
change in velocity occurs in both magnitude and direct1 on (downflow to upflow). The
upf low is not as severe as the downflow because the contribut i ons of the tip vortices
and the inboard wake are opposing outside of’ the wake, whereas they are additive jus t
inside the wake. As the rocket moves away from the wake, the velocity decreases as
expected. It is also shown in Fig. 9 that the influence of thu different lateral
positions of the four rocket trajectories on this average velocity component is small.

In Fig. 10, the instantaneous VZT veloc I ty component is presented for rocket ~+

and four selected rotor positions . Near the wake boundary the ins tantaneous veloci-
ties vary significantly with rotor position. This time variation is clearly shown in

~‘ig. U where the VZT velocity is plotted versus rotor position for selected trajec-
tory points both near and far from the wake boundary. For the rocket launch point
(xT = 0), the variation with rotor position is relatively small. At the farthest
point calculated (Xp = 2.0), the 2 fps velocity is negligible, considering its effect
on the rocket. The variation is generally small for points in the wake up to the re-
gion of xlr 0.7 as shown by the abrupt change in the peak-to-peak values between
xT = O.(’ and 0.7. At xT = 0.7, the velocity component ranges from 36 to 130 fps in
the downward direction. It is noted that the 130 fps flow velocity exceeds the initial.
rocket launch velocity which is approximately 100 fps . The cyclic nature of the in-
duced flow at a frequency of once-per-blade passage is a direct result of the passage
of the t ip vortex , and to a lesser extent the inboard vortex sheet , past the trajec-
tory point. The peak downward velocity of 130 fps occurs when the tip vortex is
closest to the point. The magnitude of the velocity is low (3t’ fps ) at rotor position
1, because as shown in Fig. 6, the trajectory passes approximatel.yrnid-way between the tip
vortices at this rotor position. Similar results were generally predicted for the other three
rocket trajectories.

Results for the VXT and v~~ velocities are included in Ref. •1~. ilie tinic-averaged

~XT velocity was predicted to be in a direction opposite to t h a t  o:’ the rocket travel,
and the peak vallue of 23 fps predicted near the wake botuidary is significantly less

than the 70 l’ps of the VZT velocity component. 
Instantaneous values as h1i~h as ‘~-‘O

fps were predicted . The vy~r 
velocity component , which is ~n a direction to influence

the lateral motion of the rockets , was predicted to have t h e  lowest magnitude of’ the
three components. The predicted time-average velocity did not exceed 10 fps , a.~d the
instantaneous velocity did not exceed 25 fps .
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Two primary effects of wake model , distorted v~ rcu~: unii.~ ~rt ed , on the ~ i
veloc i ty components were noted. The predominant difference ‘bserved Iron the time-
average velocity results in Ref. 1 is the outward shift of tIo point, at wIicn
velocity components change abruptly, caused by the outward sh i f t of the uncontractud
wake boundary of the undistorted wake evident in a comparison of Fig. 5 with Fig. U .

The predominant effect of’ wake model on the instantaneous vclooity component.;
also occurs in the region of the wake boundary, and consists o~ a shift in the t i~ne
(rotor position) at which the peak velocities occur at rocket t raje~’tory points in
this region. This is evident in a comparison of Fig . 12 wi th Fig . 11. These differ-
ences indicate the importance of accurately representing the wake when predictin
induced velocities at rocket trajectories.

Iii order to show the sensitivity of the i nduced velocity component to small
variations in rocket launch attitude, the launch attitude relat ive to the fuselage
waterline was changed in 2 degree increments for the hoverin : flight condition. That
is , the launch attitude was changed from 7 degrees (126 pills elevation) to 9 and 11
degrees (it~o and 195 mils). Since the flight condition and distorted wake geometry
were unchanged, the time-averaged velocity components did not change sIgnificantly
with the small reorientation of the rocket to the time-averaged wake geometry. How-
ever, the instantaneous velocity components in the vicinity of the wake boundary ex-
perienced a phase shift with rotor position due to the reorientation of the rocket
trajectory to the tip vortices at a specific rotor position. This phase shift is
shown in Fig. 13.

15 Kt Flight Condition

At the 15 kt flight condition , the wake boundary is skewed back toward tb
rocket launch point as shown in Fig. 7. The rocket trajectory intersects the dis-
torted wake boundary between an xT of 0.3 and O.~4. This results in th e  occurrence
of the maximum downward velocity component (V ZT ) in that region as shown in Figs .
114 and 15. Thus , the rapid change in the skew angle of the wake with the small ciian~e
in flight speed from 0 to 15 kts leads to a significant decrease it-i (lie distance from
the launch point that the rocket is inside the rotor wake (XT C.35 at 15 kts vs. 0.77
at 0 k t ) .  The maximum time-average downward velocity (v z,r ,~,) at the four rocket
trajectories ranges between approximately LC) and 60 fps (F4g~ 114) compared to the 70
1~ps at 0 kts (Fig . 9). A representative variation of the instantaneous vzT velocity
component for selected rotor positions is shown in Fig. 15.

30 Kt Flight Condition

It is shown in Fig. 8 that the predicted dis tor ted  wake is skewed jus t enough at
30 kt for the tip vortices to pass behind the rocket launch po int. This placement of’
the rocket trajectories outside of’ the wake results in relatively low magnitudes (less
than 10 fps ) of all velocity components . This was true for both t ime-averaged
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and instantaneous velocities. (Time-averaged velocities arc presented in Fi - . lu~
instantaneous velocities are similar.) Also, only minor variations of the velocity
components were predicted between the four rocket trajectories and the vario s rotor
rositions . It thus appears that beyond a flight speed of a~ ~‘roxit~atay 3C kt tiie AU-l i
rotor wake is swept behind the rocket trajectories, and t} i ~~ wake induced effects at the
rockets are probably insignificant.

Use of an undistorted wake model, for comparison , placed the rocket l~ w~ch n~ int
ri~Jtt at the wake boundary . The resulting close proximity o~ the ti1 vortices to ~he
launch point resulted in large instantaneous velocities at certain rotor positions .
To show the sensitivity of the induced velocity components to a change in rocke: launch
position , the launch position was moved forward and down by ~.05 R for the 30 kt flight
condition. The selection of this example was based on the intent to show the oten-
tia.l for significantly reducing the induced effects at the rocket by moving the launch
point outside the wake . As shown in Fig. 17, moving the launch point outside the undis-
torted wake by the 0.05 R movements mentioned above, results in a significant decrease
in interference similar to that attained through use of the distorted wake model. This
emphaz i~ es the importance of accurately locating the wake boundary relative to the
rocket launch point . The placement of the launch point inside , at , or outside
the wake boundary results in an extreme difference in the prelicted induced vel-
ocities. Changes in the relative position of the rocket launch point to the wake
boundary can 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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CONCLUSIONS

The fol lowing conc lusions app ly to the Ali- l~ hel icopter  operating at bev~-r
and low speed f l ight cond it ions:

1. The magnitudes of’ the predicted induced ve loc i ty eompou’-nts at the
trajectories can exceed the rocke t launch ve loc i ty . ~~ l~~ - Of t~ v

downward induced velocity component as high as 70 fps ( t i m e -~ ve raged )
and 130 fps (instantaneous) were predicted.

Of the three veloc ity components , the greatest induced -- eloei ti cs
were predicted for the downward component norma l to the recsel. traiectory .
The component along the rocket trajectory was geueraL1~, next ii order of
magnitude , and the sma lles t. velocity magnitudes were predicted for the
latera l, component.

3. As the rocket moves from its launch position , the downward ve locity
component increases as the wake boundary is approached. As the rocket
move s to the outside of’ the rotor wake the magnitude of’ the downward
velocity decreases abruptly , and become s in s ign i f icant  w i t h i n  a distance
of one rotor diameter from the Launch posi t ion.

14. The position of the intersection 01’ a rocket t rajectory with the wake
boundary is most influential for it determines the length of time tna t  the
roc ket  remains in the higher induced ve l ocity region inside the wake. It
also determines the location where the d ent.- proximit~ to a t i p  vortex can
resuLt  in a high induced veloc i ty . The importance of the wa ce boundary
Location establ ishes  the impor tance  of accurate ly de termir tine ’ the i tems

which establish the wake skew angle -- flight speed , rotor and aircraft
attitude, and aircraft gross weight (rotor thrust).

5. Considering the variation of the predicted induced velocities with
f l ight  speed , the influence of the wake aerodynamic interference on the
rocket trajectories is expected to decrease with increas i ng flight speed.
In hover , the predicted velocities are the highest , ~and the rocket remains
in the wake for the longest period of time . For flight speeds greater
than approximate ly ~O kts , the rotor wake generally passes behind the
rocket launch position which significantly reduces the wake induced effects.

U .  Large impulsive type, induced velocity variations with time occur at
points on the rocket tra .~ec tory near the wake bouudar~ . These variat ion s
arc caused by the passage of the tip vortices. 11 ’ the high impulsive type
velocities induced by the close passage of a tip vortex are found to signi-
f icantly alter the f l i g h t  path of the rocket , a mechanism for synchronizing
the rocket f i r i n g  time with the rotor position for minimum tip vortex inter-
ference could he considered.

161

_ _ _ _ _ _ _ _ _  
_ _ _ _ _ _ _ _ _ _ _ _ _  

- -- -
— - -- -— ,—---  - -- -s-—~-- - ~~-~~- - - ~~- - --- -~ -



7 .  The va ri a t i on  el’ t h e predicted time-averaged induced velocit y components
between the four rockets of the All -Id he licopter i s  w i t - h  i~ 

• 10 fps at s i m i l a r
points  a long the trajectories.

~ . It is necessary to use an accurate rotor wake model in calculations
directed toward predicting induced velocities at rocket trajectories. The
use of an undistorted wake model rather than a realistic distorted wake
mode l results in s ignif icant  differences in predicted i nduced velocities.

‘- ) .  Small variat ions (14 degrees) in rocket launch attitude produce small
induced velocity changes at the rocke t trajectories except near the wake
boundary where the variat ions produce a difference in the phas ing of the
velocities associated with the relation between rotor position and the
passage of a tip vortex . This is generally also true for small variations
in rocket launch point. Uowever, vertical and/or longitudinal variations
in launch point produce significant variations in induced velocities near
the launch point at approximately 30 kts due to the movement of the point
from inside to outside of the rotor wake or vice versa. The relative
position of the rocket launch point t o the wake boundary could also be
varied by changes in any of the factor s which determi ne the wake boundary
(flight speed , aircraft  gross weight , and rotor/fuselage attitude).
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RECOMMENDATI ONS

I .  Several factor s which were approx imated or neglected in the analy t ical
calculations, should be considered . These are wake instat -ility and dissi-
pation , vortex core size , the selection of the f ini te  spatial and temporal
increments used in the analyses , and wing and fuselage interference effects.
Also , the possible requirement for iterating between the induced velocities
and the rocket trajectory should be considered.

Calculations of the effect  of the rotor wake induced velocities determined
in this investigation on the rocket traj ectories should be continued.

3. The rotor wa ke effects for f light condit ions other than the three discussed
herein should be determined . In particular , calculations for specific
flight conditions for which flight test rocket trajectory data become
availab le should be performed for correlation purposes. Also, the sensi-
tivity of’ the results to variations of the significant parameters in
actual aircraft operation which influence the wake strength and wake/rocket
positioning should be investigated , and procedures for generalizing the
results should be determined .

14. Model helicopter tests should be conducted to acquire systematic experimental —
data on this rocket aerodynamic interference problem. Mode l hovering and
wind tunnel facilities and experimental flow measurement and visualization
techniques should be used to measure the wake boundaries an d flow velocities
in the regions of the rocke t trajectories. Combined mode l rotor-fuselage-
wing testing, application of flow visualization techniques, and applicat ion
of’ laser velocimeter techniques (as reported in Reference 9) to measure flow
velocities, should be conducted. The results of such an experimental program
would provide data for correlation with theory and for a systematic determin-
ation of the total and separate influence of each of the aircraft components
( rotor , fuselage and wing ) and significant parameters (flight speed , gross
weight , aircraft attitude, etc.). In addition , the determination of the
velocity f ield at potent ial locat ions for w ind sensors mounted on the aircraft
would assist in solving the prob lem of accurately measuring flow velocities
at the low aircraft  fligh t speeds required in accordance with current rocket
firing tactics.
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FIgure 1. Schematic of AM-IG Helicopter Sh~~ ing A , sume d Rocke t
Trajectories and Coordinate System .
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Figure 3. Computer Wake Trajectories For One Blade ~f a Hovering
Rotor .
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APPENDIX C

SU~ 1ARY, SCOPE OF WORIC, CONCLUSIONS AND
RECOMMENDATIONS FROM HOVER TEST (REF. 23)
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SUP.t4A,Ry

(From Ref . 23)

As investigation was conducted to determine the airflow characteriBtics
in the vicini ty of a model helicopter to determine representative flow velo—
cities at the rocket trajectory and wind sensor locati ons of a hovering Army
AH—1 G “Cobra ” helicopter. Laser velocimetry and flow visualization techniques
were applied to provide flow velocity and wake geometry data for correlation
with theory and for a systematic determination of the total and separate
influence of each of the aircraft components (rotor , fuselage, and wing) , and
signif i cant operating condition parameters (rotor thrust, tip speed, and ground
effect) on the airflow influencing rocket trajectories. In addition, the flow
velocities at potential locations for a fire control system wind sensor,
mounted on the aircraft, were determined to assist in identifying wind sensor
locations for accurately measuring flow velocities at hover.

Time—averaged and peak—to—peak values of flow velocity components,
measured with a laser velocimeter (LV), are presented and compared for the
model test conf igurat ions and conditions. Also, the cyclic time—variant flow
velocities , related to blade azimuth posit ion, are presented for points on a
rocket trajectory for the reference model AB—1G configuration and condition.
The measured model flow velocities are scaled to representative full—scale
values , and the applicability of scaling procedures to rotor thrust and tip
speed variations is demonstrated. Rotor wake theory was applied to selected
nodel and full—scale confi gurations and conditions. The predicted flow velo-
cities are compared with LV test data and used in combination with wake
geometry data for interpretation of the airflow results. The location of the
rotor wake (particularly the tip vortices at the wake boundary) relative to
the rocket trajectories and wind sensors is shown to be a major determinant
of their flow velocities, The presence of either the fuselage, modified
canopy , or ground is shown to produce significant flow velocity increments;
~.owever, the influence on the rocket flight trajectory and resulting aim
bias reciujrements remain to be determined from a separate aeroballistics
invest igation,
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SCOPE OF WORK FOR CONTRACT DAAA21-76-C-0151
(From Ref . 23)

INVESTIGATION OF THE AIRFLOW OF A MODEL HELICOPTER FOR TIlE
DETERMfl~AT~~N OF AERODYNAMIC INTERFERENCE AT ROC KET TRAJECTORY

AND WIND SENSOR LOCATIC~ S (HOVER TEST)

I. Objective :

a. The objective of the study proposed by the Oontractor is to determine,
through an experimental program, the air flow characteristics in the vicinity of a
model of the AHz1G “Cobra ” helicopter at zero forward air velocity. The results
of the experimental program shall provide flow velocity and wake geometry data for
correlation with theory and for a systematic determination of’ the total and sep-
arate influence of each of the aircraft components (rotor , fuselage and wing),
ground effect, and significant parameters (gross weight, and aircraft attitude) on
the airflow influencing rocket trajectories. In addition, the flow velocities at
potential locations for a fire control system wind sensor mounted on the aircraft
shall be determined to assist in identifying potential wind sensor locations for
accurate],y measuring flow velocities at hover. The data will also be used to deter-
mine the aim bias necessary for rocket firings at hover.

II. Background :

a. The accurate determination of the flow field in the vicinity of’ a helicopter
is required when a helicopter is used as a weapons platform. Since a free flight
projectile such as a rocket, when fired from a hovering helicopter, initially
travels at a speed which is the same order of magnitude as the flow velocities,
the flow field induced by the rotor wake system can have a significant effect on
the rocket trajectory. This can necessitate some form of aiming compensation,
particularly at the low’ helicopter flight speeds being considered for tactical use.
It was concluded that model helicopter testing should be conducted to provide sys-
tematic experimental data for correlation, investigation of neglected interference
effects and determination of wind sensor locations required for a fire control
system. It was therefore suggested by 1J~RC that the UTRC model hovering facilities
be used to measure the flow velocities and wake b oundarie s in the regions of the
rocket trajectories and potential wind sensor locations .

III. Procedure :

a. The program described herein is directed to the experimental determination
of rotor induced air velocities in the vicinity of an AH-1G Helicopter model along
a 2.75 inch Rocket trajectory and in various potential wind sensor locations.
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b. The Contractor shall apply his personnel and facilities for a period of
11 months towards the measurement, data analysis and reporting of rotor induced
velocities along the 2.75 inch Rocket flight path and at potential wind sensor
locations .

lV. Requirements:

a. The Contractor shall run an experimental program to acquire hover flow
data. The test will be run using a 1/8th scale All-1G fuselage model which will
be borrowed from the Bell Helicopter Company by the Government and furnished to
the Contractor. The Contractor shall provide two existing model rotor blades and
an existing hub system to approximate the AH1-G rotor. The Contractor shall use
suitable model helicopter test rigs, flow visualization and measurement equipment.

b. Hover Test

(l)  The hover test program shall be conducted at the Contractor ’s model
helicopter hover test facility. A laser velocimeter system should be used to
measure the two components of flow velocity in the plane normal to the axis of
the emitted laser beams. A configuration consisting of the rotor , fuselage and
wing shall be selected as the reference configuration. A nominal thrust coeff i-
cient representat ive of the AH1-G gross weight (9500 ibs ) and a nominal tip speed
of approximately 500 feet per second shall be selected in combination with out-of-
ground-effect operation as the reference operating condition. In addition to
testing the reference configuration and operating condition, the influence of the
fuselage and wing on the flow velocities and wake patterns shall be measured by
testing the isolated rotor and the rotor fuselage combination without the wing at
the reference operating condition. An independent variation of each of the
operating condition parameters (a single increment of thrust coefficient , tip
speed and ground effect ) shall then be tested for the reference configuration
The fuselage of the reference configuration shall be modified to represent a flat
sided canopy and tested at the reference operating condition.

(2) Flow velocity and flow visualization data shall be acquired for all test
conditions. Velocity data shall be acquired at selected points along the two rocket
trajectories on one side of the model helicopter. Velocity measurements at selected
points for a rocket trajectory attitude variation and a rocket trajectory on the
opposite side of the fuselage shall be taken for the reference configuration and
condition. At least eight points along the trajectory lines ranging from the launch
point to a point outside the wake shall be selected for the reference configuration
and condition . Point s for other configurations and conditions shall be selected
to provide comparat ive data at trajectory point s of primary interest (i.e., near
the launch point and wake boundary). The velocity component in the vertical plane
and normal to the rocket trajectory shall be measured at all selected points.
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Also, the velocity components in the lateral direction and the direction of the
rocket trajectory shall be measured for the reference configuration and condition
at a few selected points .

(3) In addition to rocket trajectory points, velocity measurements should
be taken at several potential wind sensor locations . The vertical component of
velocity should be measured at five points in the region of the nose and cabin of
the model fuselage for the reference configuration and condition , reference con-
figuration and thrust variation condition , and isolated rotor and reference
condition . For the modified canopy configuration, vertical velocity data shall
be required at rocket trajectory points and five (5) wind sensor points.

(~4)  Measured data should consist of rotor thrust, torque , flow visualization
photographic data, velocity measurement point locations, and velocity component
data. The rotor thrust and torque data should be reduced to coefficient form.
The flow visualization data should be analyzed to determine the tip vortex coordi-
nates. All velocity data shall be reduced to time-averaged form. Selected
velocity data shall be reduced to provide time - histories of velocity with rotor
azimuth position as averaged over several rotor revolutions.

c. Analysis

(1) The wake geometry and flow velocity results should be prepared in graphi-
cal form arid then compared and analyzed to assess the influence of the model
helicopter components (fuselage and wing ) and the exper imental variations of the
operating condition parameters. The experimental wake and velocity results for
the model should be scaled and compared with those of the full-scale AH1-G predicted
in the ana.l~tical study reported in Picatinny Arsenal Report TR 11.797. In addition,
the Contractor shall use the UTRC “Prescribed Wake Hover Performance Analysis ” to
predict the velocity components at the measured rocket trajectory points for the
hovering mode l configuration at the two thrust levels tested. This shall permit a
direct comparison of the predicted and measured velocities to be made for the same
configuration. The most desirable locations for wind sensor locations should be
identified from the data at the measured locations.

V. Progress Reports:

Periodic progress reports shall be prepared and submitted in accordance with
the requirements set forth in the DD Form 11423. The contracted effort should cul-
rninate with the submittal of a final summary report in which the test program shall
be described and the results documented. The results should also be summarized in
an oral presentation.



CONCLUSIONS

(From R ef .  21)
The following conclusions are based on the application of model test

results to a full—scale hovering helicopter. Where values or locations are
indicated , they are representative of the full—scale A11—lG helicopter.

1. The flow velocities of the hovering helicopter simulation model ,
measured with the laser velocimeter, substantiated the general
ai rflow characterist ics at rocket trajectories of the AH— lG helicopter
predicted in the previous theoretical investigation .*

2. The application of laser velocimetry to measur e hovering rotor airflow
was successful . LV proved to be a valuable technique for acquiring
both the time—average and time variation of flow velocity components
at rocket trajectory and wind sensor locations inside and outside of
the rotor wake.

3. Flow visualization techniques (smoke and Schileren ) were valuable to
identify wake geometry , wake stabi lity ,  and vortex core size in the
vicinity of the rocket trajectory and wind sensor locations. The
infl uence of the fuselage, modi fied canopy , thrust level , tip speed,
and ground effect on wake geometry , determined from analysis of the
flow visualization data, were useful for interpretat ion of the flow
vc~~ city  data.

1.. The total and separate influence of each of the aircraft components
(rotor, fuselage , modified canopy, and wing), and significant operating
condition parameters (rotor thrust, tip speed, and ground effect ) on the
airf’ow influenc ’ng rocket trajectorieB were successfully measured.

5. The presence of the fuselage produces a small but possibly significant
effect on rocket trajectory airflow. On the starboard side of the air-
craft, the fuselage effect is most noteworthy in the vicinity of the
rocket launch points where it contributes additional downflow. A
possible fuselage produced flow dissymmetry , which requires further
verification , was indicated in a comparison of LV data from opposite
sides of the fuselage. The presence of the stub—wing does not sig-
nificantly add to the aerodynamic interference of the fuselage at
rocket trajectories. The modified flat—sided canopy of’ the AR—1G

produces an additional downf low increment along the portion of the
rocket trajectories aside of the fuselage.

*prlmary airflow characteristics are listed in the conclusions from the

theoretical investigation in Appendix B.
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6. The effects of rotor thrust and tip speed increments on the rocket
trajectory airflow are scalable using momentum inu ’ced velocity as
the scaling parameter. For large tip speed increments , a possible
deviation from the scaling procedure at points near the fuselage
remains to be substantiated through further investigation .

Operation near the ground results in a significant reduction in the
magnitude of the downflow along the extent of rocket trajectories
in the rotor wake. For simulated AH—1G skid heights above ground of’
less than approximately 20 it, time—averaged upflow was measured in
the vicinity of the launch point of an inboard rocket trajectory.

8. In the rotor wake , consistent with rotor hovering downflow patterns ,
the downflow at the outboard rocket trajectory is generally greater
than that of the inboar d trajectory .

3. ~‘f the three velocity components , the downward component normal to
the  rocket t ra jec tory  is substantially larger in magnitude than the
oth ers.

10. A rocket attitude variation of 2 deg does not significantly influence
the time—averaged flow velocities at the rocket trajectory , l~ut does
result- in a phase sh i f t  of the time varian t velocit ies re la t ive  to
rotor azimuth position ,

11. The airflow inside the rotor wake is fairly steady ; however , large
induced velocity variations with small increments of distance and
t ime occur at points on a rocket trajecto ry nea r a wak e boundary .
These variations are caused by the close passage of the tip vortices .
The magnitude of the mean time—variant downflow associated wi th each
rotor azimuth position is generally wi thin approximately ±10 fps of
the time—average value for points on the rocket trajectories within
the rotor wale. This peak—to—peak variation increases substantially
(e . g . ,  +30 fps ) in the vicinity of the wake boundary . The ~MS devi —
ations from the mean downflow values for specifi c rocket. trajectory
points and rotor azimuth positions , representative of flow unsteadiness ,
are generally within 10 fps, away from the wake boundary .

2. Of the tested win d sensor locations , a location aside and removed from
the fuselage canopy by 18 percent of the rotor radius, was foun d to be
most favorable for avoiding fuselage aerodynamic interference and the
wake boundary . If the distance must be compr~~.ised , based on forward
fl ight drag cons iderations , placement ahead of the wing tic may be
preferable.
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13. Neglecting fuselage interference effects, the results of the limited
correlation study indicate that the UTRC Prescribed Wake Hover Perfor—

• mance Analysis can accurately predict the airflow characteristics at
rocket trajectories. The time—averaged downflow within the rotor wake
was generally predicted within 5 fps for the isolated rotor. (Fuselage

• aerodynanic interference Is not currently included in the analysis.)
The capability of the analysis to accurately predict the time—variation
of the flow velocities is dependent on the accuracy of the wake geometry.

. .. The model test data for rocket trajectory and wind sensor flow velocities
can be appropriately scaled to represent full—scale aircraft operating
conditions (thrust level and tip speed). Refinements for the full—scale
AH—~ ~ representation , to account for remaining differences in conf iguration
dcsigr., airfoil characteristics (Reynolds number, Mach number), and coning
an~~e can be determined using predicted increments between model and full—
scale theoretical results as a guide. Theoretical indications are that
the effects of the latter scaling differences are generally small, par—
tic~~arly for time—averaged velocities and the magnitudes of the time
variant, velocities. Any influence on the positioning and/or timing of ‘1

the tip vortices , such as blade coning differences or aircraft and wake
motions associated with full—scale helicopter operation, would result in
a phase shift in the flow velocity time variation at a rocket trajectory
or wind sensor location. Corrections for phase shifts associated with
coning angle can be determined. The determination of corrections for
random shifts associated with ambient winds, helicopter motion, or wake
unsteadiness would be much more difficult, if not impractical.
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RECOt’~~NDATIONS

(From Ref. 23)
As plann ed , the effect of the rotor wake induce d veloc it ies determined
in this Investigation on the rocket trajectories should be cairulated
using the Army rocket dynamic response analysis and the procedures des-
cribed herein. Using these procedures, the deviations of the rocket
trajectories can be determined , and the degree of accuracy required of
the Induced effects for rocket trajectory calculations would be estab-
lished .

Analysis of the time—variant flow velocity data to present and inter-
pret the results for all configurations and conditions relative to rotor
azimuth position was beyond the scope of the investigation reported
herein. The results of the above recommended aeroballistics investi-
gation should be used to assess the requirement for additional data
analysis in the time history format (in addition to the time—averaged
and peak—to—peak format presented).

3. Considering the demonstrated usefulness of laser velorimetry for rocket
trajectory flow measurements , the model helicopter experimental program
is being extended to apply the LV technique to low speed forward flight
conditions in a wind tunnel . It is suggested that several tasks beyond
the scope of the planned program be considered , such as the testing of
yawed flight, sideward flight, in—ground—effect , and gust rc’~~.it ions.

L~. Additional hover testing to further investigate the extent of the flow
dissymmetry produced by the fuselage is recommended.

S. Considering the favorable correlation of’ the hovering wake theory for
the isolated rotor , and the usefulness of the theory for interpretation
of the model data for full—scale aircraft, it is recommended that
analytical refinements be included to improve the scope and accuracy
of the analysis. Recommended refinements include provisions for ground
effect , vertical (‘limb , and fuselage aerodynamic interference . Wake
modeling refinements should be incorporated as guiding experimental
data become available.

t. Appl i cation and evaluation of hovering rotor wake theory for other
aircraft (for example, AAH and UTTAS) over a wide range of operating
conditions , and generalization of the predicted flow velocities is
recommended .
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7. Flow velocity data f o r  full—scale aircraft should be acquired, at
least for a limited number of flow field points and test conditions,

• to compare with the model test data and to determine the relative
flow unsteadiness between full—scale operation and model testing in
a controlled environment.

8. The model testing, laser velocimetry, and flow visualization techniques,
as demonstrated in combination in this investigation for the specific
rocket/wind sensor application , are recommended for use in a more general
investigation of hovering rotor aerodynamics and associated performance.
In addition to further defining fundamental characteristics, such an
experimental program would provide comprehensive data for validation of
theory and the further generalization of the aerodynamics and performance
of hovering rotors.
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APPENDIX D

PLOTS OF FLOW VELOCITY DATA POINTS
FOR TIME-AVERAGE AND PEAK-TO-PEAK LV DATA

I
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Figure Dl. Variation of Time-Average Scaled Vertical Flow Velocity
Component for the Isolated Rotor Configuration at the
15 kt Reference Conditio n .
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Figure D2. Variation of Time-Average Scaled Vertical Flow Velocity
Component for the Isola ted Rotor Contiguration at the
30 kt Referen ce Condition.
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~1gure D3. Variation of Time ..Average Scaled Vertical Flow Velocity
Component for the Rotor-Fuselage Configuration at the
15 kt Re ference Condition.
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Fiaure D4, Variation of Time-Average Scaled Vc~rtical Flow Velocity
Component for the Rotor-Fuselage Configuration at the
30 kt Rsf’~rence Condition.
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Figure D5. Variation of Time Average Scaled Vertical Flow Velocity
Component for the Rotor-Fuselage-Wing Configuration
at the 15 kt Reference Condition.

79—09—33—B

197

~~~~ I • - -~~ -- -~~~~~~~ --~~~~~~ —~~~~, - ~~~~~ .—•-— - —-—•—— -~~~~~~ 
.~~~.-



ROCKET TRAJECTORY NO ~ ~‘T = 022 , Va 7 DEG
TEST CONFIGURAT ION ROTOR-FUSELAG E-WING
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Figure 1.6. Variation of Time-Avnage Scaled Vertical Flow Velocity
Component for the Rotor-Fuselage-wing Configuration at
the 30 kt Reference Condition .
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Figure 1)7. Variation of Time-Average Scaled Vertical Flow Velocity
Component for the Rotor-Fuselage-Wing Configuration at
the 10 ict Reference Condition.
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C T = 0~~~ 72 ± 2%
— -2’

SIMULATED SKID NT a ~~(OGE)

VELOCITY SCALE FACTOR 20
20 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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POSITION ALONG ROCKET TRAJECTORY , XT

Figure 1)8. Variation of Time-Average Scaled Vertical Flow Velocity
Component for the Rotor-Fuselage-Wing Configuration at
the Simulated 15 kt Tailwind Condition.
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ROCKET TRAJECTORY: NO. ~ YT 0.22, Va 7 DEG
TEST CO!~iFlGURAT lON: ROTOR-FUSELAGE-WING

TEST CONDITION: OR = 373 FF5 SCALED TO 746 FF8
V = 7.5 KTS SCALED TO 15 KTS

CT = 0.00435
=

SIMULATED SKID NT = w(OGE)

VELOCITY SCALE FACTOR. 2.0
20

V0 V
>-I-

Ui
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F 
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6 0 -
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0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

POSITION ALONG ROCKET TRAJECTORY , xT

a

Figure D9. Variation of Time-Average Scaled Vertical Flow Velocity
Component for the Rotor-Fuselage-Wing Configuration at
the 15 k-b Reference Condition with Reduced Thrust.
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ROCKET TRAJECTORY, NO. 4. 
~T = 0.22, Y= 7 DEG

TEST CONFIGURATION ROTOR-FUSELAGE WITH MODIFIED CANOPY-WING
TEST CONDITION: OR = 373 FF8 SCALED TO 746 FF5

V = 7.5 KTS SCALED TO 15 KTS
CT = 0.00472 * 2%

=

SIMULATED SKID MT a ~~(OGE)

VELOCITY SCALE FACTOR 2.0
20

-40 -

D
U.

—80 I I I I I I I
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

POSITION ALONG ROCKET TRAJECTORY , x1

Figure D10. Variation of Time-Average Scaled Vertical Flow Velocity
Component for the Rotor-Fuselage with Modified Canopy-Wing
Configuration at the 15 kt Reference Condition .
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ROCKET TRAJECTORY: NO. ~ ~T = 0.22, )‘= 7 DEG
TEST CONFIGURATION: ROTOR-F USELAGE WITH MODIFIED CANOPY-WING

TEST CONDITION:flR = 373 FF5 SCALED TO 746 FF8
V = 15 KTS SCALED TO 30 KTS

CT = 0.00472 ± 2%
0r5 . 2

SIMULATED SKID HT = w(OGE)

VELOCITY SCALE FACTOR. 2.0
20

0

8
~ -20 -

~~~U.

UJ N

-60 -

I I I I
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

POSITION ALONG ROCKET TRAJECTORY , xT

Figure 1)11. Variation of’ Time-Average Scaled Vertical Flow Velocity
Component for the Rotor-Fuselage with Modified Canopy-Wing
Configuration at the 30 kt Reference Condition .
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ROCKET TRAJECTORY: NO. 4’~T = 0.22, V= 7 DEG
TEST CONFIGURATION: ROTOR-FUSELAGE-WING

TEST CONDITION: OR = 373 FF5 SCALED TO 746 FF5
V = 7.5 KTS SCALED TO 15 KTS

CT = 0.00472 ± 2%
YAW = -30’(SIDEWIND)

SIMULATED SKID HT a .(OGE)

~ S~~~ 2’

VELOCITY SCALE FACTOR: 2.0
20

0
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~ -20 -
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U I 3 N
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0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

POSITION ALONG ROCKET TRAJECTORY, XT

Figure 1)12. Variation of Time-Average Scaled Vertical Flow Velocity
Component for the Rotor-Fuselage-Wing Configuration at
the Simulated 3.5 kt -30 Deg Sidewind Condition.
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ROCKET TRAJECTORY: NO. ~ ~‘r = 0.22, Va 7 DEG
TEST CONFIGURATION: ROTOR-FUSELAGE-WING

TEST CONDITION: OR a 373 FF5 SCALED TO 746 FF5
V = 7.5 KTS SCALED TO 15 KTS

Cr a 0.00472 ± 2%
YAW = +30 ’ (SIDEWIND)

SIMULATED SKID MT a .(OGE)
a

VELOCITY SCALE FACTOR: 2.0
20

0

UJ ,!1

—40 -
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0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

POSITION ALONG ROCKET TRAJECTORY , XT

Figure D13. Variation of Time-Average Scaled Vertical Flow Velocity
Component for the Rotor-Fuselage-Wing Configuration at
the Simulated 15 k-b +30 Deg Sidewind Condition.

79—09—33— 13

205

— . . _ ,~~~~~  . ~~~~~~~ 
—. —I—



ROCKET TRAJECTORY NO ~~ ~T = 0.22 . Va 7 DEG
TEST CONFIGURATION- ROTOR-FUSELAGE-WING

TEST CONDITION. OR a 373 FF5 SCALED TO 746 FF5
V = 7.5 KTS SCALED TO ISKTS

CT = 0 00489

0r5 a -V

SIMULATED SKID NT = 3 5 FT (IGE)

VELOCITY SCALE FACTOR 20
20

0

8
~ -20 - V

~~~U.

40

-U-

.60 —

I I I I I

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.8
POSITION ALONG ROCKET TRAJECTORY , x1

Figure D1l~. Variation of Time-Average Scaled Vertical Flow Velocity
Component for the Rotor-Fuselage-Wing Configuration at
the 15 Itt Reference Condition In -Ground -Effect.
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ROCKET TRAJECTORY NO 4 . 
~T = 022. Y= 7 DEG

T EST CONFIGURATION ROTOR-FUSELAGE.WING
TEST CONDITION OR a 373 FF5 SCALED TO 746 FF5

V = -1 5 KTS SCALED TO -15 KTS
CT = 000489

SIMULATED SKID MT 35 FT (IGE)

VELOCITY SCALE FACTOR 20
20

0 _____
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.20~~

W
>
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-40 -
V
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D
U.

-6 0 -

-80 1 I I I I

0 0,2 0.4 0.6 0.8 10 1.2 1.4 1.6
POSITION ALONG ROCKET TRAJECTORY , x1

Figure D15. Variation of Time-Average Scaled Vertical Flow Velocity
Component for the Rotor-Fuselage-Wing Configuration at
the Simulated 3.5 Itt Tailwind Condition In-Ground-Effect .
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ROCKET TRAJECTOR Y NO 3. 
~T = 0 16. )‘~ 7 OEG

TEST CONFIGURATION ROTOR.FUSELAG[.w ING
TEST CONDITION OR = 373 FF5 SCALED TO 746 FF8

V = 7 5 K T S SCALED T O 1S KT S
CT = 0 00472 ± 2%

a -V
SIMULATED SKID MT a .(OGE)

VELOCITY SCALE FACTOR 20
20

0

7
-20 -

—40 -

-J
-J

U.

-6 0 -

4 1 I I I
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

POSITION ALONG ROCKET TRAJECTORY , x1

Figure D16. Variation of Time-Average Scaled Vertical Flow Velocity
Component for the Rotor-Fuselage-wing Configuration at
the 15 Itt Reference Condition for the No. 3 Launch Position.
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ROCKET TRAJECTORY NO 4 — 022 V = 7 DIG
TEST CONFIGURATION NOTED

TEST CONDITION OR = 373 FF8 SCALED TO 746 FPS
V T S K TS SCALED TO ’ SKTS

CT — 0 00472 ~ 2%
— ‘V

SIMULATED SKID NT a .(OGE)

VELOCITY SCALE FACTOR 20
50

- V ROTOR ONLY

~ ROTOR-FuSEt.AG€.WING

40 - V ROTOR-FUSELAGE.WING-CANOPY

*

0 1 ’ i

0 0~2 0.4 0.6 0.8 10 1.2 1.4 1.6
POSITION ALONG ROCKET TRAJECTORY , x1

Figure Dli. Variation of the Scaled Peak-to-Peak Vertical Flow
Velocity Component Along the Trajectory for the 15 kt
Re ference (~ondition .
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ROCKET TRAJECTORY NO ~ ~‘T 0.22, Va 7 DEG
TEST CONFIGURATION NOTED

TEST CONDITION OR = 373 FF5 SCALED TO 746 FF5
V 15KTS SCAIEDTO 3O KTS

CT = 0.00472 t 2%
a -2’

SIMULATED SKID MT = .(OGE)

VELOCITY SCALE FACTOR 20
50

- V ROTOR ONLY

V ROTOR-FUSELAGE-WING

40 - 
V ROTOR-FUSE LAGE-WING.CA.NOPY

20

~~~

0 I
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

POSITION ALONG ROCKET TRAJECTORY, x1

Figure D18. Variation of the Scaled Peak-to-peak Vertical Flow
Velocity Component Along the Trajectory for the 30 kt
Reference Condition .
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ROCKET TRAJECTORY NO ~ ~‘T = 0 22. V= 7 DEG
TEST CONFIGURATION. ROTOR ONLY

TEST CONDITION. OR = 373 FF5 SCALED TO 746 FF5
V = 75  KTS SCALED TO 15 KTS

CT = 0.00472 ± 2%

SIMULATED SKID lIT = . (OGE)

VELOCITY SCALE FACTOR: 2.0
20 _ _ _ _ _ _ _

j

16
POSITION ALONG ROCKET TRAJECTORY , x1

Figure D19. Variation of Time—Average Scaled Horizontal Flow Velocity
Component for the Isolated Rotor Configuration at the
15 Itt Reference Condition.
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ROCKET TRAJECTORY: NO. ~. 
~T = 0.22. V = 7 DIG

TEST CONFIGURATION: ROTOR ONLY
TEST CONDITION: OR = 373 FF5 SCALED TO 746 FF8

V =  15KTS SCALED TO 3O KTS

CT = 0 00472 ± 2%

SIMULATED SKID MT = ~~ (00€)

VELOCITY SCALE FACTOR : 2.0
20

0

-20 .

-80 I 1 I

0 02 0.4 06 01 1.0 1.2 1.4 1.6
POSITION ALONG ROCKET TRAJECTORY , x1

Figure D20. Variation of Time-Average Scaled Horizontal Flow Velocity
Component for the Isolated Rotor Configuration at the
30 Itt Reference Condition.
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ROCKET TRAJECTORY NO ~~. 

~T = 0 22. Y= 7 DIG
TEST CONFIGURATION ROTOR.FUSELAGE

TEST CONDITION OR = 373 FF8 SCALED TO 746 FF8
V = 75KTS SCALED TO I5KTS

CT = 0 00472 ± 2%

SIMULATED SKID NT = . (00€)

VELOCITY SCALE FACTOR 20
20

0

* > 2 0 :

I I I I I I

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
POSITION ALONG ROCKET TRAJECTORY . xT

Figure D21. Variation of Time-Average Scaled Horizontal Flow Velocity
Component for the Rotor-Fuselage Configuration at the
15 kt Reference Condition.
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ROCKET TRAJECTORY NO. ~~- 
~‘T = 0.22, Y= 7 DEG

TEST CONFIGURATION ROTOR-FUSELAGE
TEST CONDITION OR = 373 FF5 SCALED TO 746 FF8

V = 15 KTS SCALED TO 30 KTS

CT = 0.00472 ± 2%
= -2’

SIMULATED SKID HT = ~~ (00€)

VELOCITY SCALE FACTOR. 2-0
20

0

—20 - 
a

- f
—80 I I I I I I

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
POSITION ALONG ROCKET TRAJECTORY , *1~

Figure D22. Variation of Time-Average Scaled Horizontal Flow Velocity
Component for the Rotor-Fuselage Configuration at the
30 kt Reference Condition .
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ROCKET TRAJECTORY. NO. 4. 
~T = 0.22, )‘= 7 DIG

T EST CONFIGURATION ROTOR’FIJSELAGE’WING
TEST CONDITION OR = 373 FF8 SCALED TO 746 FPS

V = 7.5 KTS SCALED TO 15 XIS
CT=0 .o0472 t 2%

-2’
SIMULATED SKID NT = ~~ (001)

VELOCITY SCALE FACTOR. 2.0
20

k 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

-40 -

—80 1 I I I
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

POSITION ALONG ROCKET TRAJECTORY, x1

Figure 1)23. Variation of Time—Average Scaled Horizontal Flow Velocity
Component for the Rotor—Fuselage-Wing Configuration at the
15 kt Reference Condition .
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ROCKET TRAJECTORY NO. 4 , 
~T 0.22, Y= 7 DIG

TEST CONFIGURATION ROIOR-FUSELAQE.WING
TEST CONDITION. OR = 373 FF5 SCALED TO 746 FF8

V =  t 5 K T S SCALED TO 3O KTS

CT =000 .472 ± 2s
as =

SIMULATED SKID MT = ~~ (00€)

VELOCITY SCALE FACTOR. 2.0
20

0

> -20 -

~~~0 0!2 0~4 0 ~6 0!8 1!0 1~2 1!4 1.6
POSITION ALONG ROCKET TRAJECTORY , xT

Figure D2~. Variation of Time-Average Scaled Horizontal Flow Velocity
Component for the Rotor-Fuselage-Wing Configuration at the
30 Itt Reference Condition .
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ROCKET TRAJECTORY NO ~ 0 2. . V - P DEG

U St CONI IGIII1ATION HOIOM I USI ( A .,t W IN~
TEST CONDITION OR • 373 FF5 SCALED TO 746 FF8

V • ~ KIS A t i  I~ 10 t~~ hiS

SIMULATED SKID MT . . (00€)

VELOCITY SCALE FACTOR 20
2 0 —

-

-80 I I I I I

0 0.2 0.4 0.6 0.8 1.0 1 2 1.4 1.6
POSITION ALONG ROCKET TRAJECTORY , X T

Figure 1)25. Variation of Time-Average Scaled !k~ri ;-.~ntal )‘low Velocity
Component for the Roto r—Fusel age..W1 tig cC~flr.tgTLrIltiofl nt the10 Itt Re ference Conditi on .
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ROCKET TRAJECTORY. NO. ~ * 0.22, Y= 7 DIG
TEST cONFIGURATION: ROTOR-FUSELAGE-WING

TEST CONOITIOI4:OR = 373 FF5 SCALED TO 746 FF8
V -7.S KTS SCALED T O-15 KTS

CT = 0.00472 ± 2%
=

SIMULATED SKID MT = . (00€)

VELOCITY SCALE FACTOR: 2.0
20

.80 1 I I I I I

0 02 0.4 0.6 0.8 1.0 1.2 1.4 1.6
POSITION ALONG ROCKET TRAJECTORY , x1

Figure D26. Variation of Time-Average Scaled Horizontal Flow Velocity
Component for the Rotor-Fuselage-Wing Configuration at the
the Simulated 15 Itt Tailwind Condition .
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ROCKET TRAJECTORY . NO. 4. 
~T = 0 22. V= 7 DIG

TEST CONFIGURATION: ROTOR.FUSILAGE-WING
TEST CONDITION: OR = 373 FF5 SCALED TO 746 FF5

V z 7.5 XIS SCALED TO 15 XIS
C T = 0 0 0 4 35

SIMULATED SKID HT = . (OGE)

VELOCITY SCALE FACTOR . 2.0
20

• 

16
POSITION ALONG ROCKET TRAJECTORY. Zr

Figure D27. Variation of Time-Average Scaled Horizontal Flow Velocity
Component for the Rotor-Fuselage-Wing Configuration at the
the 15 Itt Reference Condition with Reduced Thrust .

79—00—33—29

219
• 

- .:: 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _ _ _ _



ROCKET TRAJECTORY NO 4 , y~. = 0 22, )‘ = 7 DIG
T EST CONFIGURATION ROTOR-FUSELAGE WITH MODIFIED CANOPY-WINU

TEST CONDITION. OR = 373 FF5 SCALED TO 746 FPS
V * 7.5 KTS SCALED TO 15 XIS

CT = 0.00472 ± 2%
as = -2’

SIMULATED SKID MT = . (00€ )

VELOCITY SCALE FACTOR . 2.0
20

1 1 1 1

0 0.2 04 0.6 0.8 1.0 1.2 1.4 16
POSITION ALONG ROCKET TRAJECTORY. x1

Figure 1)28. Variation of Time-Aver age Scaled Horizontal Flow Velocity
Component for the Rotor-Fuselage with Modified Canopy-Wing
Configuration at the 15 Itt Reference Condition .
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ROCKET TRAJECTORY. NO. ~ ~T = 0.22, Y= 7 DIG
TEST CONFIGURATION ROTOR-FUSELAGE WITH MODIFIED CANOPY-WING

TEST CONDITION: OR * 373 FF5 SCALED TO 746 FF5
V a  15KTS SCAL ED TO 3O KTS

CT = 0.00472 ± 2%

SIMULATED SKID NT = . (00€)

VELOCITY SCALE FACTOR. 2.0
20

0

• -20 .

0 02 ~ 4 ~ 6 ~ 8 1.0 1.2 1.4 1.6
POSITION ALONG ROCKET TRAJECTORY, *1

Figure D29. Variation of Time—Average Scaled Horizontal Flow Velocity
Component for the Rotor-Fuselage with Modified Canopy-Wing
Configuration at the 30 Itt Reference Condition .
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ROCKET TRAJECTORY. NO. 4
~~T = 0.22. Y= 1 DIG

TEST CONFIGURATION ROTOR-FUSELAGE-WING
TEST CONDITIQN:DR a 373 FF5 SCALED To 746 FF5

V a 7.5 XIS SCALED TO 15 XIS

CT 0.00472 * 2%
YAW -30’ (SIDE WIND)

a5 * -2’
SIMULATED SKID MT = . (00€)

VELOCITY SCALE FACTOR 2.0
20

F:
:

I I I I I I

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
POSITION ALONG ROCKET TRAJECTORY, xl

Figure D30. Variati on of Time-Average Scaled Horizontal Flow Velocity
Component for the Rotor-Fuselage-Wing Configuration at the
the Simulated 15 Itt -30 Deg Sidewind Condition.
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ROCKET TRAJECTORY: NO. ~ = 0.22, )‘= 7 DIG
TEST CONFIGURATION: ROTOR-FUSELAGE-WING

TEST CONDITION: OR = 373 FF5 SCALED TO 746 FF5
V = 7.5 XIS SCAIED TO 15 XIS

-

~ 
CT = 0.00472 ± 2%

YAW = + 30° (SIDE WIND)

SIMULATED SKID NT a . (OGE)

VELOCITY SCALE FACTOR: 2.0
20

~
0

0 0
’
2 0

’
4 6 0

’
8 1

1
0 1

1
2 1

1
4 16

POSITION ALONG ROCKET TRAJECTORY, x1

‘Figure D3l. Variation of Time-Average Scaled Horizontal Flow Velocity
Component for the Rotor-Fuselage-Wing Configuration at the
the Simulated 15 Itt +30 Deg Sidewind Condition.
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ROCKET TRAJECTORY NO. ~ = 0.22, 2= 7 DIG
TEST CONFIGURATION ROTOR-FUSELAGE-WING

TEST CONDITION OR = 373 FF5 SCALED TO 146
V = TSKTS SCALED TO 15KTS

C1 0 00489

a5 -2

SIMULAT ED SKID HT = 3. 5 FT (IGE )

VELOCITY SCALE FACTOR. 20
20

1 
~~0

_

0 0.2 0.4 0.6 0.8 1.0 1.2 1,4 1.6
POSITION ALONG ROCKET TRAJECTORY. x1

Figure 1)32. Variat ion of Time-Average Scaled Horizontal Flow Velocity
Component for the Rotor-Fuselage=Wing Configuration at the
the 15 Itt Reference Condition In-Ground-Effect.
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ROCKET TRAJECTORY NO 4
~~T = 0 22. 2= 7 DEG

TEST CONFIGURATION: ROTOR-FUSELAGE-WING
TEST CONDITION OR = 373 FF5 SCALED TO 746 FF8

V = -7.5 KTS SCAIED TO-1SKTS
C1=00048 9

= -2’
SIMULATED SKID HI = 3 5  FT (IGE)

VELOCITY SCALE FACTOR. 20
20 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

0

>.

~ •20

a:?
O~~I)’

~~
> -40 .

: 1

—80 I I I I

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
POSITION ALONG ROCKET TRAJECTORY , x1

Figure D33. Variation of Time-Average Scaled Horizontal Flow Velocity
Component for the Rotor-Fuselage-Wing Configuration at the
the Simulated 15 Itt Tai3.wind Condition In-Ground-Effect ,
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ROCKET TRAJECTORY NO 3 = 0 16. Y 7 DEG
TEST CONFIGURATION ROTOR-FUSELAGE-WING

TEST CONDITION OR = 373 FF5 SCALED TO 746 FF5
V = 75K1S $CALED TO 15 XIS

CT = 0 00472 ± 2%
= -2’

SIMULATED SKID HT a ~~ (00€)

VELOCITY SCALE FACTOR. 20
20

0 _ _ _ _ _ _

I I I I I I

0 0.2 0.4 0.6 0.8 1.0 1.2 1,4 1.6
POSITION ALONG ROCKET TRAJECTORY , x-1

Figure D314. Variation of Time-Average Scaled Horizon tal Flow Velocity
Component for the Rotor-Fuselage-wing Configurat ion at the
the 15 Itt Reference Condition for the No. 3 Launch Position.
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ROCKET TRAJECTORY NO d y 1 a 0.22, V 7 DIG
TEST CONFIGURATION NOTED

TEST CONDITION OR = 313 FF5 SCALED TO 746 FF5
V =  7SKIS SCALED TO I5 KTS

C T = 0 0 0 4 7 2 t 2%
a

II ~~UtATED &(ID HI ~

VELOCITY SCALE FACTOR 20
50

o ROTOR ONLY

• ROTOR-FUSEI.AGE-WING
I ROTOR-FUSELAGE-WING-CANOPY

~~~~~3 0 .

~~~~1

2 0-

• POSITION ALONG ROCKET TRAJECTORY. *T

Figure D35. Variation of the Scaled Peak-to-Peak Horizontal Flow
Velocity Component Along the Trajectory for the 15 Itt
Reference Condition.
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ROCKET TRAJECTOR~ NO 4 = 022. 2 7 DIG
TEST CONFIGURATION NOTED

TEST CONDITION OR = 373 FF5 SCALED TO 746 FPS
V = 15 KTS SCALED TO 3C) XIS

C T = 0 00472 i 2%
=

SIMULATED SKID HT = ~~(OGE)

VE OCITY SCALE FACTOR 2 0
50

Ia ROTOR ONLY

I ~ ROTORFtJ SEL.AGE-WING

40 [U’ ROTOR-FUSELAGE.W ING-( ANOPV
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0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
POSITION ALONG ROCKET TRAJECTORY , XT

Figure D36. Variation of the Scaled Peak-to-Peak Horizontal Flow
Velocity Component Along the Trajectory for the 30 kt
Reference Condition .
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DISTRIBUTION

As per the instructions for Contrac t DAA629—7 7— C—00 13 , the o f f i c i a l
distribution list for this  final  report wi l l  be ccimpiled by the Army Research
O f f i c e  and w i l l  comprise those agencies , offices , contractors , and individua ls
who should receive the report in the interest of the Government . Th e distribu-
tion will be made by the Army Research Office.
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