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ABSTRACT

Various prchlems confronting the military operators of VTOL aircraft
in tactical environments which tend to impede the ability to hover and perform
related vertical flight maneuvers are examined. Several modes of flight
employed under certain tactical situations were examined to establish appro-
priate power and lift requiremerits in excess of those required to hover. The
influences of zdverse ambient temperature, high elevation, wind, uircraft and
engine deterioration, periodic aircraft weight increases, and operator skill
levels are evaluated. These factors are appropriately interrelated and allow-
ances are suggested to provide continued satisfactory vertical flight performance
in service. Recommended vertical performance criteria for application in con~
cept formulation studies, materiel requirements, and specifications for futuze
Army tactical VTOL aircraft are provided.
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VERTICAL FLIGHT PERFORMANCE CRITERIA STUDY

SUMMARY

1. PROBLEM

To establish criteria which define the mission essential vertical flight per-
formance requirements for Army tactical helicopters and V/STOL aircraft.

2. BACKGROUND

A study conducted in 1965 by the Combat Operations Research Group (CORG)
challenged the validity of the traditionai Army hot day criteria for rofary wing
aircraft, and resulted in the reduction of the hover criteria in several recent
requirements for new aircraft. The CORG Study defined hover performance
solely on the basis of ambient temperature and elevation effects. Since there
are other factors which influence vertical flight performance, any aircraft
designed to the CORG criteria would be unable to operate as intended in the
specified environment. The need to recognize and accommodate these other
factors prompted the conduct of the subject study as an in-house effort.

3. PURPOSE AND OBJECTIVE

The vertical flight performance criteria wili1 be sufficient to accommodate the
various adversities presented by environment, mission requirements, growth
potential, and service operator skill levels, yet avoid inefficiency resulting from
overdesign. The selected criteria will be identified for use in concept formula-
tion studies, qualitative materiel requirements (QMR) for future aireraft, and
aircraft model specifications as an item of guaranteed performance.

4. SCOPE AND METHOD

The operating environment for this study was defined using existing studies
which established occurrences of extreme temperatures and elevations in areas
of the world mest likely to require U, S, military support. Downdrafts encount-
ered in natural gusts and in the wakes of preceding aircraft were defined in a
similar manner. Experienced military aviators were interviewed to determine
the type and nature of typical maneuvers performed under tactical mission con-
ditions. Aircraft and engine deterioration aud growth trends were establishec,
based on experience with curreat inventory aircraft. Aircraft accidents and
their causes were examined to demonstrate the need for adequate vertical flight
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performance capabilities. Criteria were ultimately developed which could
accommodate these influences and requirements.

5. DISCUSSION

Several factors which influence the vertical performance capabilities of Army
tactical helicopters were discussed. The magnitude of each influence was eval-
uated wherever possible to provide a basis of establishing suitable performance
criteria. These influences are-- ’

a. Ambient Conditions. The ambient surveys examined support an environ-
ment of not less than 4, 000 feet/95° F. as the ambient baseline upon which the
vertical performance criterion may be deveioped.

b. Vertical Climb Performance. A requirement for a vertical climb capa-
bility of not less than 500 fpm OGE at zero airspeed was developed to permit
operation into and out of congested landing zones. This capability will minimize
exposure time to enemy action, accommodate wind gusts encountered in moder-
ate turbulence and downdrafts in the wakes of preceding helicopters, provide a
capability to abort the landirg from a steep final approach, and provide adequate
control power for maneuvering or stabilizing the aircraft.

¢. Performance Deterioration in Service. The performance capabilities of
any helicopter are degraded by erosion of the airframe and engine(s) accumulated
during a period of service. The rate of this deterioration depends primariiy upon
the presense of sand and dust in operating areas, and upon protective devices
incorporated on the aircraft. Maintenance practices in the more remote areas
in which Army tactical helicopters are operated may also contribute to reduced
performance. Rotor biade erosicn has been found to increase the power required
to hover; however, this increase probably does not exceed approximately 1 per--
cent before blades are replaced. Engine power available may be decreased from
+ to 9 percent by erosion before the engine is removed and replaced. The im-
position of a 5 percent power allowance to accommodate engine erosion, air-
frame/rotor blade erosion, and losses attributed to maintenance problems is
conservative, but should be sufficient for aircraft of the future.

d. Aircraft Weight Growth. Aircraft weight growth results from service
(repairs), mission chinges (expansion), and design improvements (changes
incorporated. during production and in service). Weight increases at a rate of
from 1 to 2 percent per year, depending on the initial size of the aircraft and its
versatilify or adzptability to perform other missions. Since the Army utilizes
a given aircra®t model at Jeast 10 years, weight increments oi from 10 to 20 per-
cent above initial design empty weight should be anticipated by the user and the
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developer. This factor may be overcome by insuring that the design has ade-~
quate growth potential in engines, transmissions, components, and airframe
structure.

6. COORDINATION

A preliminary study report was prepared in September 1967, and provided to
the major helicopter manufacturers and appropriate military activities for
review, Comments received were used fo revise this study. The findings and
recommendations of the ccordinated study were presented to the Commanding
General, U.S. Army Combat Developments Command; Deputy Commanding
General, U.S. Army Materiel Command; Cffice of the Assistant Chief of Staff
for Force Development; and Offices of the Secretary of Defense and Secretary of
the Army on 8 December 1967. It was agreed that aircraft growth potential
should be recognized philosopbically as a matter to be controlled by the develop-
ing activity. Thus, no magnitude would be specified in the criteria. It was also
suggested that the criteria be based upon the use ¢f Normal Rated Power to pro-
mote engine longevity. These changes were incorporated into a final draft study
report published in January 1968. Technical analyses were conducted by the
Aviation Agency using helicopter desigas provided by the U.S. Army Aviation
Materiel Laboratories to agsess the impact of normal rated power rather than
military rated power as the design requirement. These analyses indicated that
the aircraft size, gross weight, and cost would be substantially increased to
accommodate the larger, more powerful engine(s) installed to meet this
requirement. Based on these analyses, the Aviation Agency resubmitted the
study in February 1968, and requested that the power requirement reflect the
use of military rated power in the interests of efficiency and economy. This
revised vertical flight performauce criteria study report was approved by
Headquarters, U.S, Army Combat Developments Command in June 1968.

7. CONCLUSIONS AND FINDINGS

a. The eslablishment of Armay "hot day" performance requirements in
terms oi pressure altitude and ambient temperature conditions is not sufficient
in itself to define performance requirements for Army tactical VTOL aircraft.
Vertical flight performance requirements must be designed to pe.i:ul 2ccom-~
plishment of the various essential vertical flight maneuvers under adverse ambi-
ent and enrvironmental conditions and must provide for the continuation of these
capabilities throughout the aircrafit's service life.

b. Criteria based on the ability to hover and climb vertically OGE under
adverse ambient conditions, with power reserves for engine and airframe
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deterioriation, and growth potential for future needs are required for defining

the suitable vertical flight performance requirements of Army tactical VTOL
ajrcraft.

8. RECOMMENDATIONS

gLt jeditha 1"‘:; il o

a. The foliowing criteria be adopted as the USACDC standard for vertical
flight performance to be applied to concept formulation studies, QMR, and model

specifications for all subsequent Army tactical rotary wing and other V/STOL
aircraft:

L

F ‘»,!',m n:.).'d‘h-“)-‘ ':{4,'&‘

o P ‘h el
W .

it

- "The aircraft shall be capable of hovering out of ground effect
: (OGE) under zero wind, 4,000 feet pressure altitude, 95° F. tem-
perature conditions-at the basic mission gross weight, and achieve
a 500 feet per minute vertical climb at zero airspeed under these

conditions, using not more than 95 percent of engine military rated
power. "

<. "The aircraft shall be designed with adequate structure and
= - growth potential in engine(s) and transmission(s) to accommodate
s : future increased gross weight. "

S

) b. It is further recommended that consideration be given to the use of 4. 000

= . feet pressure altitude at 95° F. ambient temperature conditions in lieu of stand-

E ard ses level conditions to define those performance requirements for Army

= tacticai VTOL aircraft which are not covered by the vertical flight performance
criteria. This will provide consistency between the different performance param-

eters and will serve to relate aircraft specified performance to the intended mis-
sion and environmental situations.
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VERTICAL FLIGHT PERFORMAKCE CRITERIA STUDY

1. PROBLEM

To establish criteria which define the mission essential vertical flight per-
formance requirements for Army tactical helicopters and appropriate V/STOL
aireraft.

2. SCOPE AND OBJECTIVE

The criteria must be sufficient to accommodate the various adversities pre-
sented by environment, mission requirements, growth potential, and service
operator skill ievels, yet aveid inefficiency resulting from overdesign. The
selected criteria will be identified for use in concept formulation studies, quali-
tative materiel requiremenats (QMR) for future aircraft, and in aircraft model
specifications as an item of guaranteed performance.

3. ASSUMPTIONS

a. The requirement for vertical performance capabilities is valid; thus,
the penalties inherent in VTQOL designs are justified.

b. The Army must be capabie of operating anywhere in the world--day and
night--and under most unfavorable weather situations.

¢. The traditional hover criterion, expressed in terms of ambient varia-
tions, appears to be often misunderstood. This is evidenced by the fact that
most studies concerned with helicepter hover requirements have dwelled solely
on the probable occurrence of limiting ambient conditions and relating these
phenomena to the pure hovering mode of operation without regard to other ver-
tical flight mcdes such as ascent, descert, or gust response.

d. Army tactical aircraft wili be powered by turbine engines throughout
the foreseeable future.
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4. DISCUSSION

a. Introduction.

(1) Since the helicopter was first employed in a military role, it has
been ueed to gain access to sites inaccessible to other transportation means.
With the adoption of the airmobility concept by the Army in 1962, the helicopter
has provided a quick~reaction capability for the rapid displacement of ground
combat units unencumbered by most natural barriers.

(2) The missions conducted by airmobile units often entail operating in-
to and out of closely confined areas which necessitate steep appros.ches and near
vertical landings and takeoffs. At times, terrain slope, pinnacles, inurdation,
or foliage may even preclude landings, and loading and off-loading operations
must be accomplished from a hover. This ability to hover is the most evident
characteristic identified with the helicopter. Thus, helicopter vertical perform-
ance requirements have generally been considered in terms of this capability.

(3) There are several distinct factors which affect the ability of an air-
craft to hover. These factors include ambient temperature, pressure, density,
turbulence, and wind; engine and airframe condition; proximity to the ground;
pilot skill; and aircraft loading. The user has some measure of control over all
but the ambient corditions; thus, criteria for hovering are generally specified in
terms of the ambient conditions. Since hovering may be required at various
heights above the ground, and operation in close proximity to the ground (i.e.,
within-a height of up to approximately one rotor diameter's measure) has been
found to enhance hover performance, the additional constraints of in ground
effect (IGE) or out of ground effect have been applied to better define the hover
criteria.

(4) The Army hus eamployed a hot-day criterion which requires the
ability to hover OGE with no wind under ambient pressure altitude and tempera-
ture conditions of 6,060 feet/95C ¥. This criterion was established by military
users based upon their operational experience and judgment. When subjected to
the close scrutinization of Military and Department of Defense evaluators using
cost effectiveness analysis techniques, certain excesses have been indicated, and
the validity of this requirement has been challenged. A study conducted by the
Combat Operations Research Group (CORG) concluded that a 4, 000 feet/95° F.
hover OGE criterion is sufficient when based solely on the probabilities of
encountering various limiting ambient condi‘ions not more than 5 percent of the
time of the year in those countries which are contigucus to the Sino-Soviet Bloc
countries.1/ Although it was never approved by the Department of the Army,
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this study was instrumental in the dowugrading of hover requirements expressed
in several recent QMR for Army aircraft systems; and hover OGE requirements
for 4,000 feet/95° F., and 5,000 feet/90° ¥. have been substituted for the origi-
nal requirement of 6,000 feet/95° F. This apparent lack of consistency was

criticized by the Office of the Chief of Research and Development, Department
of the Army. 2/

b. Summary of Applicable Studies Conducted to Date. The following three
gtudies are considered in the preparation of this study of vertical performance
requirements:

(1) Research Study Report RER-32, HQ, U.S, Army Quartermaster
Research and Engineering Command, U.S. Army Quartermaster Research and
Ergineering Center, March 1963, subject: Temperature and Density Altitude
Considerations for Design of Arm Helicopters. The study conducted by the
Quartermaster Research and Engineering Center presents data oa the percentage
of {ime curing the warmest month that temperatures of 80°, 852, 900, 95°, 1000,
and 1059 F. are exceeded in selected stations located in moderately high eleva-
tion areas throughout the world between latitudes 45° N and 45° S. The warmest
month's mean daily maximum temperature, absolute maximum daily temperature,
and elevation (pressure altitude) are also presented. High temperatures at mod-
erate elevations were found to occur most frequently in the southern portions of
Asia and North America. Kerman, Iran, reported an elevation of 6,100 feet and
temperatures above 952 F. occurred 18 percent of the time in July. Its average
daily maximum temperature during that menth was 101° F. Kabul, Afghanistan,
at 5, 895 feet elevation, reported a mean daily maximum temperature in July of
920 F., and temperatures in excess of 95¢ F. § percent of the time. These two
stations were considered indicative of those locales. In central Mexico, two
statiors reported extremely high temperatures. Camargo, at 5,423 feet, experi-
enc2d a mean daily maximum temperature of 108° F. during June, and exceeded

95° F. nearly one-quarter of that month. Lagos, at 6,138 feet, exceeded 95° F.
11 percent of the time during June.

(2) Combat Operations Research Group Memoranium CORG-M-214,
15 July 1965, subject: Utility/Tactical Transport Requirements Study.

(a) The CORG study attempted to establish hovering design criteria
on the basis of providing a 95 percent probability of hovering OGE in those nations
contiguous to the Sino-Soviet border. Three hover design points were considered:
6,000 fe=t/95° F., 4,000 feet/95° F., and 2,700 feet/95° F. The study predicted
the probabilities of encountering suitable ambient conditions for hovering (i.e.,
probability of not exceeding each of the three design points) throughout the year,
using random daytime temperatura/elevaticn samples obtained in selected areas

3
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of each nation. The data were weighted on the basis of the sampled land area
relative to the total land area of the country, and a representative temperature/
altitude probability was established. Data generated in this manner are con-
sidered to be conservative for two reasons. First, the aircraft may be incapable
of accomplishing assigned missions for weeks at a time if the occurrence of
higher than design temperature/altitude conditions (5 percent of the year) is con-
secutive. Second, the significance of those smali areas within a countcy that
encounter extremes in temperature and altitude is lost when the weigated aver-
age is applied. Such conditions are found in the mountainous areas that separate
much of the Communist and non-Communist nations in Southeast Asia and it is
reasonable to anticipate requirements for U.S. Army support in these areas.
The majority of nations considered, however, also include large areas that are
far more favorable to helicopter operations, but which are much less likely to
require the airmobiiity advantages provided by Army helicopters.

(b) The conclusions of the CORG Study are that--

1. The overall daytime probabilities of hovering OGE in areas
adjacent to the Sino-Soviet Bloc for 6,000 feet/95° F., 4,000 feet/95° F., and
2,700 feet/95° F. design points are .99, .95, and . 90, respectively. On a 24-
hour day, full year basis (assuming 100 percent probability .t night), hover prob-
abilities are . 995, . 975, and . 950, respectively.

2. The hover probabilities of 100 percent occur in 12 nations
at 6,000 feet/95° F., 7 nations at 4,000 feet/95° F., and 4 nations at 2,700 feet/
950 F. in the 16 nations/areas considered.

3. A hover probability of . 95 is suitable for Army helicopter
design. This suggested adoption of the 4, 000 feet/95° F. design criteria.

(3) Boeing-Vertol Report SM-663, 10 January 1964, subject: Investi-
gation of the Hovering Environment for Military VTOL Aircraft in World Wide
Operations.

(a) The approach taken by Boeing-Vertol was to first determire
the potential areas of conflict throughout the world which would necessitate use
of the helicopter rather than fixed wing aircraft for containment. These coun-
tries are located within a band of 1, 500 nautical miles either side of the equator.
Since use of helicopters is most appropriate primarily in areas in which the ter-
rain precludes use of fixed wing aircraft and surface vehicles, the mean daily
maximum temperature data for the hottest month in those specific areas was
adopted rather than the land area weighting technique employed by CORG. The

4
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methodology employe¢d by Boeing-Vertol resulted in somewhat more frequent
occurrences of unfavorable ambient conditions than did the CORG Study.

T TRIURESTA DM RS Rt smso ouom

(b) Table I and figures 1 through 5 illustrate the probable occur- :
rences of surface temperatures during the hottest month of the year in the east- H

ern Mediterranean, Southwest Asia, Southeast Asia, Iran Saudi Arabia, and
Pakiston-Afghanistan areas, respectively.

TR

(c) This study concluded that a helicopter designed to the Army’'s E
6,000 feet/95° F. hover criteria could successfully carry its design payload in
87 percert of the reporting areas. (See table II and figure 6.)

It must be emphasized that these three studies make no allowance for cperational
problems or flight modes other than the static conditions of hovering OGE based
solely on the influence of ambient conditions.

¢. Hover Performance.

(1) The basic advantage of the helicopter over other aircraft types is its
ability to hover. The helicopter achieves its hover capability at the lowest cost
in terms of installed shaft horsepower (shp) of any known VTOL aircraft design.
This is because the power required to hover at a given gross weight depends up-
on rotor hovering efficiency (referred to as rotor figure of merit), rotor disc
loading (aircraft gross weight divided by the swept area of the rotor blades), and
ambient air density. The equations for power loading expressed as pounds of

aircraft gross weight per rotor shaft horgepower (Ib/shp) at hover was derived
as shown in annex A as:

AUt
USRIV

T on T i ket

P.L.

: 37.71&%(/-}2)

3 Where P, L.

rotor power loading, 1b/shp.

M = rotor figure of merit.

A = rotor disc loading, 1b/ft2.

N o cikduis ot o
i AN ¢ AN
. .

#

i
Ilh

6 = ambient density ratio at actual density altitude
(€/Pgg)): the ratio of airmass density at altitude
(@ j to airmasa density at standard sea level con-
ditions (Pgg) = 0.002378 slugs/ft3).

it

n = power losses from fransmission, tail rotor, and :
- accessories.
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FIGURE 1

SURFACE TEMPERATURES FOR GIVEN PROBABILITIES OF
NOT BEING EXCEEDED IN THE EASTERN MEDITERRANEAN
AREA DURING THE HOTTEST MONTH
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SURFACE TEMPERATURES FOR GIVEN PROBABILITIES OF
NOT BEING EXCEEDED IN SOUTHWEST ASIA DURING THE
HOTTEST MONTH
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FIGURE 3

SURFACE TEMPERATURES FOR GIVEN PROBABILITIES OF
NOT BEING EXCEEDED IN SOUTHEAST ASIA DURING THE
HOTTEST MONTH
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FIGURL 4

SURFACE TEMPERATURE FOR GIVEN PROBABILITIES

OF NOT BEING EXCEEDED IN IRAN-SAUDI ARABIA

DURING THE HOTTEST MONTH
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FIGURE 5

SURFACE TEMPERATURE FOR GIVEN PROBABILITIES OF
NOT BEING EXCEEDED IN PAKISTAN - AFGHANISTAN
DURING THE HOTTEST MONTH
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TABLE II

"TROUBLE SPOT" WEATHER REPORTING POINTS

Country Location Elevation Country Location Elevation
1 Turkey Van 5682 33 Argentina Mendoza 2625
2 Turkey Sivas 3888 34 Argentina Victorica 1024
3 Turkey Kars 5741 35 Argentina Santiago Nel Estero 653
4 Turkey Erzurum 6402 36 Bolivia Conception 1607
5 Iran Seistan 2000 37 Bolivia Sucre 9344
6 Iran Tehran 4002 38 Brazil Caceres 387
7 Iran Mesheo 3104 39 Brazil Tbipetuba 1430
8 Iran Kermanshah 4285 40 Chile Potrerillos 9359
9 Iran Kerman 6100 41 Chile Santiagc 1705
10 Iran Isfahan 5817 42 Colombia Arndagoya 197
11 Pakistan Queztta 5490 43 Colombia Bogota 8678
12 Nepal Katmandu +388 44 Costa Rica San Jose!' 3760
13 Lebhznon Ksara 3018 45 Ecuador Cuenca 8301
14 Kashmir Srinagar 5205 46 Ecuador Quito 9446
15 Kashmir Leh 11503 47 Guatamala Cobam 4285
16 Iraq Rutba 2019 48 Guatamala Guatamala City 4855
17 Arabia Hail 3185 49 Mexico Mexico City 1575
18 Afghanistan Kamdahar 3462 50 Mexico Monterrey 1732
19 Afghanistan Kabal 5955 51 Paraquay Asuncien 456
20 South Africa Victoria Wes* 4124 52 Peru Cusco 10381
21 South Africa Sutherland 4777 53 Peru Jauta 11113
22 South Africa Mafeking 4173 54 Salvador Saa Salvador 2238
23 South Africa Kroonstad 4423 55 Vemnezuela Caracas 3418
24 South Rhodesia  Salisbury 4831 56 Venezuela Merida 5384
25 South Rhndesia Bulawayc 4405 57 Venezuela Santa Elena 2816
26 North Rkodesia Sciwezi 4542 58 South Vietnam Dalat 4921
27 North Rhodesia Kasempa 4439 89 South Vietnam Saigon 36
28 Morrocao Midelt 5003 60 South Vietnam Tourane (Tien Sha) 509
29 Morrocce Frherm 5741 61 Laos Luang-Prabang 951
30 Congo Elizabethville 4035 62 Cambodia Kratie 9
31 Congo Nioka 6234 63 North Vietnram Lang Son 850
32 Argentina Cordoba 1388
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FIGURE 6

TEMPERATURE*/ELEVATION CONDITIONS

FOR TYPICAL TROUBLE SPOT AREAS OF THE WORLD
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(2) Figure 7 illustrates the variation of power loading with disc loading
and rotor figure of merit.

(3) The power required to hover, defined in terms of rotor shaft horse-
power per pound of aircraft gross weight, is the reciprocal of rotor power load-
ing and is expressed in mathematical form as:

-\% = 0.0265 ‘g"—: ( \/cls‘)(li’l)

A typical military helicopter has a rc'or figure of merit, M = 0. 75; a disc load-

ing of W= 7 1b/ft2; and is required to operate at 4, 600 feet pressure altitude/

950 F, (density altitude = 7,200 ft; 1/f§ = 1.114). Total power required is .
approximately 10 percent higher due to transmission losses (3 percent) and anti-

torque (tail rotor) power requirements (7 percent). §/ Thus the actual power

required for hover OGE at 4, 000 feet/35° F. for the typical military helicopter

discussed is:

_ 0.0265x Y 7 x1.114
0.75 x (1-0.10)

2.4 shp/1b
d. Climb Performance.

L
w

(1) Ground combat operations may be conducted in confined areas which
impose distinct limitations on the mode of operation of the supportiag helicopters.
Access to these areas may be impeded by the location of trees, barricades, vehi-
cles, shelters, powerlines, terrain irregularities, or other aircraft. These
obstructions frequently necessitate vertical or near vertical takeoff and ascent to
heights well above the influence of ground effect* before the helicopter can be
accelerated through translational liit and achieve the desired climb airspeed.
Furthermore, the location of enemy antiaircraft fire may require takeoff and
landing approaches to be conducted ""downwind' which increase the demands for

*The term "in ground effect" (IGE) refers to a special condition of improved
pexformance encountered by helicopters when they are operated in close proxim-
ity to the ground. Rotor tip vortex strength is reduced and rotor downwash is
fiattened out by the surface which reduces rotor induced drag, permits rotor
blads pitch angle to be reduced, and thus lessens the power required for flight.
Ground effect is most pronounced at the surface, and extends upward with dimin-
ishing strength until at a height above the surface roughly cquivalent to one rotor
diameter in length all influence ceases.
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FIGURE 7

VARIATION Or¥ ROTOR POWER LOADING WITH ROTOR DISC
LOADING AND ROTOR FIGURE OF MERIT

1. Power Loading = 3TM \/—6_ (]..};)
Var 2%
2. 4,000 ft/95°F. ambient
conditions.

3. Power losses from trans-
mission, tail rotor, and
so forth, have been included.

(R=107%)
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power and rotor lift. The problem is increased substantially when the support-
ing helicopters are operated in formation as is often necessitated for reasons
of survival and timeliness. Turbulence is created by adjacent aircraft and is
discussed in f below. Hot exhaust gases from the lead aircraft may be ingested
by the engines of the following helicopters. Power losses experienced are 0.42
to 0. 50 percent per °F. of inlet air temperature increase for the current inven-
tory turbine engine. The vertical! climb performance should be sufficient to
avoid delays in leaving the combat zone, minimize exposure time to enemy fire,
and avoid delays in rejoining the formation. A rate of climb of 500 feet per min-
ute is considered to be a minimum acceptable level for this purpose. (It will
also serve to accommodate gusts as discussed in f below.) This requirement is
established without benefit of data showing the influence of vertical climb per-
formance on aircraft vulnerability to enemy ground fire. Additioral vertical
climb performance may be necessary to enhance survivability, especially if

the aircraft possesses large vulnerable areas.

{2) The power allowance required to produce a vartical climb is de-
rived in annex B. Figure 8 presents the variation of power required, expressed
as a percent power increment above that required for hovering OGE versus rotor
(thrust) disc loading for a vertical rate of climb of 500 fpm (8. 33 fps) under
4,000 feet/95° F. ambient conditions. It can be seen that approximately 8 per-
cent more hersepower above the required for hovering OGE must be provided
to permit a helicopter with a 7 psf disc loading to climb vertically at 500 fpm
under these ambient conditions.

{3} TFigure 9 shows the power required by the Army's AH-56A compound
helicopter to perfcrm specified maneuvers as a function of pressure altitude when
temperature is maintaineq at a constant 95° F. The intersection of the actual
powes available and power required for hover curves (point 1) shows that the
hover OGE ceiling is approximately 4, 800 feet at 95° F. From the intersection
of the power available and power required for vertical climb curves (point 2), it
can be seen that this particular aircraft should realize a 500 fpm vertical rate of
climb at 4, 000 feet/95° F. because of the design hover ceiling. The dash line
shows power available if the vertical climb condition had been met using only 95
percent of availrble power. The intersection of this curve with the power-
required-to-hover parameter shows that the equivalent hover ceiling wculd be
increased to approximately 5, $00 feet at 95° F.

e. Apprcach and Larding.

(1) The approach and landing phase of helicopter operations is often
influenced by the same constraints as the takeoff phase previously discussed.
When hostile fire is anticipated in the landing zone, fast flat approaches or near
vertical approaches and landings are employed to minimize exposure time and

18
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FIGURE 8

POWER MARGIN REQUIRED TO PROVIDE
500 Ft/Min VERTICAL CLIMB

i. Based upon momentum theory,

%_=V‘ﬁ :24-('}‘) a')

2. Profile power is assumed to be 25%

of the total hover power @ T/A=4 1bs/ft2
and remains constant as disc loading varies.

3. Ambient conditions are 4, 600 ft @ 950F.

(]

T/A Effective Disc Loading--Lbs/ft2
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FIGURE 9

POWER REQUIRED AND AVAILABLE AH-56A COMPOUND HELICOPTER*

3409,

32001 B

300(*-

2800

2600

a, 240(

; 3
2 ! \\ Power Available
3 a 2200- \ necessary to meet criteria
".: E Actual Power
3 c 2000 / Available
5]
[~
B 1s0d F
=
= @]
= R
5 1600~

1400 i i i 1 i 1 i

2 4 6 8§ 10 12
PRESSURE ALTITUDE--THOUSAND FEET

FLIGHT CONDITIONS--95°F. Constant Temperature.
A. Verticai climb @ 500 ft/min, zero wind.
B. Hover OGE, zero wind.
C. Stop descent from 90 kt, 12° glide slope, 15 kt taiiwind, 100 feet
above ground (CGE).
D. Stop descent from 990 kt, 12° glide slope, zero wind, 102 feet above
ground (OGE).
E. Climb @ 90 kts, 500 ft/min, zero wind.
*Calculated data provided by the Lockheed California Company.
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to avoid congestion in the area Additional power is required to arrest high
sink speeds and zero out airspeed, and to compensate for the loss in lift created
by the rotor wash of other helicopters. Furthermore, poor approach techniques,
enemy actions, or clutter in the intended landing zone may preclude safe landing
in that spot after the pilot has commenced his approach, thus necessitating a go-
around. The analysis of power requirements to meet these situations is similar
to that required for developing a vertical climb capability, except that ground
cushion is of benefit in arresting the descent, thus the power xequired for this
mode of operation is generaliy less than that required for a vertical climb. An
exception to this occurs when a pinnacle landing is required and little or no fav-
orable ground effect is available,

(2) Experience in Vietnam clearly shows the need for sufficient power
to abort a steep approach into the landing zone (i.e., arrest the rate of descent
and permit go-around if necessary). The technique employed with UH-1( ) air-
craft is essentially a powered autorotation in which full power is applied and
maintained from about 200 feet out, with collective pitch being pulled in the last
4-5 seconds to exchange rotor energy for additional power (rotor rpm generally
decays beyond the "warning" limit) to cushicn the impact. There is no excess
lift available to stop the descent and go-around; the pilot merely hopes to control
the aircraft's cttitude at touchdown. Ground cushion also is used to reduce some
of the lift required; thus, the point at which pitch is pulled is most critical (i.e.,
IGE with sufficient rotor rpm).

f. Gust Response.

(1) Turbulence, gusts, and wind components also have an adverse effect
upon the various helicopter maneuvers discussed. Increased rotor lift must be
available to counter downdrafts and to provide adequiate control power to maintain
aireraft attitude resulting from fransient wind disturbances. A complete analysis
of the gust response problem requires an understanding of the wind/gust phenom-
ena; identificaticn of the particular gust characieristics which significantly affect
aircraft performance, stability, and control; the dynamic response characteris-
tics of the specific aircraft model being considered; and the reingestion effects
of gust components on certain VTOL aircrait configurations. _5_/ The character-
istics of gusts encountered at low altitudes are not fully understood at the present
time, and are being studied in depth under USAF sponsorship. In the absence of
any proven mathematical solution to this problem, an analysis based upon opera-
tional experience and mission requirements is suggested. Army helicopter mis-
sions are routinely performed in areas with known conditions of moderate turbu-
lence. Severe turbulence also may be encountered inadvertently, particularly
when flight operations are conducted in close proximity to significant terraip
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irregularities such as tree lines immediately adjacent to the landing zone, cliff
ridge lines, and mountains. Downdrafts on the order of 4-7 fps are encountered
in moderate mrbulence*, and may create a definite aircraft settling problem un-
less the descent is arrested by application of reserve power.

{2) The presence of other helicopters operating in the same general
area creates a potential hazard due to the turbulence produced by the rotor down-
wash. The average downward velocities produced in this manner are directly
proportional to the aircraft's rotor disc loading and inversely proportional to the
aircraft forward speed and ambient air density. Surprisingly, downdrafts of
over 8 fps may persist 1 to 2 minutes after the responsibie aircraft has past. 6/
Subsequent passes through this same airmass can increase the strength of these
downdrafts; thus, the condition presents a definite hazard to aircraft entering
and departing the landing zone. Methods of minimizing the rotor wake hazard
include maintaining a separation interval of from 1 to 1-1/2 minutes between
aircraft, or operating successive aircraft either above or to the side of the pre-
ceding aircraft. Obviously, the timing of airmobile operations precludes such
practices in the landing zone area.

(3) The power reserve, established in d above to provide a vertical
climb capability of 500 fpm (8. 3 fps), can be utilized to accommadate steady
state downdrafts of this magnitude, and transient downdrafts of perhaps greater
magnitude depending upon the gust characteristics, duration, and aircrait
response properties. Thus, the use of the climb allowance simplifies the gust
accommodation analysis considerably. The problem cof recirculation may create
a situation of "settling with power" from which escape would be difficult at best.
Settling with power can be avoided during normal helicopter operations by obser-
vation of proper flight techniques. This should aiso be possible in gust
environments.

*Air Weather Service Manual 55-8, Volume I, 27 January 1967, defines
moderate turbulence as "a turbulent condition where occupants require seat
belts and occasionally are thrown against the belt. Unsecured objects in the
aircraft move about. " Severe turbulence is defined as "a turbulent condition
where the aircraft momentarily may be out of control. Occupants are thrown
violently against the belt and back into the seat. Objects not secured in the
aircraft are tossed about." Resultant gust speeds are 20-35 fps and 35-50 fps,
respectively. Information on the downward, vertical! wind components of
gust (i.e., downdraft magnitudes) encountered at low altitudes were provided
by Mr. John Dempster of the Boeing-Witchita Division, and were based upon
in-flight observations. Reported downdraft magnitudes for light, moderate,
and severe turbulence were 0-4 fps, 4-7 fps, and 7-10 fps, respectively.

22




g. Effects of Ambient Conditions.

(1) Engine power cutput is reduced by increased ambient temperature,
and by reduced ambient air density {a function of temperature and pressure alti-
tude). Current turboshaft engines used in Army helicopters loose from 0.42 to
0. 55 pereew.. 7, 8, 9/ of maximum, military, and normal rated power per °F.
above standard (55° F.). These engines also loose approximately 3.5 percent
of maximum, military and normal rated power per each 1, 000 feet of pressure
altitude above sea level, Thus, at 4,000 feet/95° F., 14 percent of the sea level
rated power is lost because of altitude effects, and another 15-20 percent is lost
because of increased ambient temperature. This is a total reduction of 29-34
percent below ine sea level rated power. Turboshaft engines of the futire may
reduce the magnitude of these losses somewhat. The variation of power cutput
with pressure altitude and ambient temperature for a typical turboshaft engine
is illustrated by figure 10.

(2) The other influence of adverse ambient conditions on vertical per-
formance is the reduction in aerodynamic efficiency of the rotor because of
reduced air density. Lift produced by the rotor is a function of two variables—-
blade angle of attack and dynamic pressure at the blade. (Blade airfoil, blade
area, and rotor speed are constant, and subsonic airflow over the blades is
maintained.) Since the dynamic pressure experienced by the rotor blade is
: reduced proportionately to the reduction of air density, the blade angle of attack
(pitch) must be increased to increase the lift coefficient and thus maintain lift,
This is a design consideration which the manufacturer can readily accommodate
through selecticn of the rator blade airfoil and blade area during the initial
design. It is normally of less concern than the engine power variations.

h. Effects of Asirframe/Rotor Deterioration.

(1) Erosion of helicopter main rotor and tail rotor blades is a serious
problem when helicopters are operated from unprepared surfaces. Army heli-
copters must operate for prolonged periods of time in dusty/sandy areas, and
thus encounter serious erosion problems.

(2) Rotor blade aerodynamic efficiency, a function of blade airfoil sec-
tion lift to drag ratio, is reduced by erosion. Additional blade collective pitch
application is then required to maintain the necessary rotor lift. This increases
3 the profile drag (blade form drag) of the rotor. Furthermocre, the outer portions
£ ; of the rotor blades experience the most severe erosion damage because the
- blade-particle impact velocities are high (blade element velocity increases in
direct proportion to its distance from the rotor hub), and because airborne
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particle concentration is higher at the tip (rotor downwash velocity which creates
the dust cloud is higher at the tip plane than inboard). 10/ As a result of these
effects, power must be increased to continue development of the required lift.

(3) Rotor blade erosion becomes a serious problem when aircraft are
operated in sandy or dusty areas. Serious erosion has been experienced by
Army helicopters operating in Vietnam, and rotor blade protection means have
been quickly developed to extend blade life. The urprotected UH-1 blades last
approximately 300 hours during dry-season operations. When protected, blade
life may be extended by a factor of 2-3. Rotor blade erosion experienced by the
CH-47A Chinook has not created significant increases in the power required for
hover (estimated increase is 1 percent or less), and blade replacements for ero-
sion damage have generally been necessitated by mass balance problems. It is
assumed that the mass balance problem occurs before the erosion seriously
alters the rotor blade aerodynamic characteristics.

i. Effects of Engine Erosion.

(1) The effects of dust/sand ingestion on turbine engine performance
are similar to the effect of rotor blade erosion. The first stage of the engine
compressor generally experiences the most severe erosion both in compressor/
stator blade airfoil deformation and in increased compressor blade tip to con-
przssor case clearance. Both forms of erosion degrade compressor efficiency,
and generally result in reduced engine power available and increased specific
fuel consumption (SFC).

(2) The rate of accumulation of erosion damage and, to some exient,
the severity of damage can be reduced by use of particle separators {generally
of the centrifugal/inertial type) and/or filters located in the engine inlet ducts.
However, these devices reduce duct recovery efficiency, and thus create mod-
erate power losses (approximately 2 percent of rated power) and increased air-
craft empty weight (100-200 1b for current utility and medium helicopters).

(3) Experience with the T53-1-9/11 engines installed in UH-1 helicop-
ters, without protective devices, shows an average deterioration because of ero-
sion of 9.1 percent at the end of the time between overhauls (TBO) period (1200
houre). The engines considered were all high time engines. Since many of the
UH-1 helicopters operated in Vietnam required engine replacement because of
erosion after only a few hundred hours of operation, the sample *high time"
engines prebably experienced only moderately dusty cperating conditions. How-
ever, the rate of erosion damage accumulation is of little significance to this
study (assuming that engine rejection from erosion occurs before the TBO period
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is achieved); it is the magnitude of power lost before the engine is changed that
is of significance. It is significant that incorporation of filters in the UH-1( )

inlet reduces the rate of erosion damage, permitting many engines to achieve the
specified TBO period.

(4) Experience with the T55 engines installed in the CH-47A has been
more favorable, averaging only a 4 percent power loss at time of removal.
However, the aircraft on which this data was accumulated had not received the
same exposure to dust and sand, on ‘he average, as had the UH-1. (Much of the

CH-47A total flight time has been in CONUS; whereas, the UH-1 have extensive
experience in Vietmam.)

jo FEffects of Engine Maintenance. There are two other operational problems

which have reduced installed engine power, but which do not show up in the engine
erosion tests .'iscussed above. These factors are as follows:

(1) Accumulation of dirt in the engine inlet ducts and the engine itself,
but which has not yet caused engine erosion. Helicopters operating in Vietnam
have experienced marked power losses from this cause, and it is necessary to

*wsash' the T55 engines in the CH-47 every 10-12 hours of operation to clear
this dirt.

(2) Engines installed in Army helicopters are not always retrimmed in
the field to account for different ambient temperatures and pressures. It is not

possible to assess the magnitude of power lost because of this; but, it is worth
noting that this problem does exist in certain situations.

k. Engine Instailation Losses. It is generally recognized that when installed
in an aircraft of any type, an engine experiences certain "installation" losses,
and thus it produces less than specification horsepower. The aircraft manufac-
turer makes allowances for many of these losses during design; however, not
ali are anticipated at this stage. Engine inlet air temperature is increased a
minimum of 3-4° F. merely as it passes through the intake. Heat is added by
skin friction and by preximity to the hot engine itself, to gearboxes, and to other
heat sources. When duct screens or other engine air filtering means are added
to prevent engine erosion from sand and dust, the engine inlet temperature rise
may be doubled. This problem can be accommodated by the designer if the air~
craft operational requirements are fully understood and engine protectiocn is
specified in the QMR and applied to the procurement specifications. Thus, this
condition should be accommodated in the Army's future designs, and need not
affect the hover criteria established by tl.is study.
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1. Aircraft Weight Growth,

(1) It is a well known fact that as successive blocks of production of &
particular aircraft are delivered, and as these aircraft are operated, maintained,
and repaired in service, aircraft gross weight increases. This is due to three
principle sources, none of which are fully allowed for in the original design.
These main sources of weight are--

(a) Design improvements in subsequent production models to cor-
rect deficiencies, improve capatilities or component strength, and adopt newly
available sutsystems which may or may not have been envisioned during the
original design.

(b) In-service weight acquired in the form of structural repairs
(patches and doublers), accumulation of dirt, grease, and fluids; and addition of
mission equipment desired by the various operational units to meet their specific
problem areas (e.g., extra oil, water, rations, armor platinrg, weapons, and
ammunition).

(c) Expansion of the aircraft's mission requirements to perform
secondary tasks not originally assigned or envisioned. The use of the UH-1
(originally designed as an aeromedical ev :cuaticn aircraft) as a2 squad carrier
(UH-1D} and gunship (UH-1B/C) at substantially highér mission gross weights is
an extreme example of this mission growth. Unfortunztely, these forms of
giowth occur after the rotor and airframe have been put into production; thus,
the rotor disc loading is increased proportionate to this growth, and the power
loading factor is degraded.

(2) Typical weight growth of production Army helicopters can be seen
in the following tabulations of CH-47A and UH-1( ) aircraft:
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Production
model year

i FY 60
' FY 61
FY 62
i FY 63
FY 63
FY 64
FY 65
FY 68
FY 66

17,117

Production
model year

FY 60
FY 61
FY 62
FY 63
FY 64
FY 64
FY 65
FY 66

Ve b, e n b

4,410

CH-47A

Representative
aircraf unit no.

B-7
B-12
B-30
B-54
B-76
B-78
B-138
B-198
B-256

: Weight growth of 940 pounds represents an increase of:
: 940, 100% = 5.5% or 0.9% per year.

UH-1B/C

UH-1B

UH-1C

Weight growth of 590 pounds represents an increase of:
590 x 100% = 13.3% or 2.2% per year.
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Basic empty

weight (Ib)

17,117
17,165
17,132
17,495
17,748
17,758
18, 027
18, 037
18, 057

Basic empty

weigﬁt g&!

4,410
4,440
4,460
4,520
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UH-1D

Production Basic empty
model year weight gl_b_)_
FY 62 4,700
FY 63 4,730
FY 64 4, 800
FY 65 4, 830
Y 66 5, 050

Weight growth of 350 pounds represents an increase of:
350 x 100% = 7.4% or 1.8% per year.
4,700 -

(3) Since much of the weight growth is caused by the addition of specific
items, the percentage incre2se of a given item should appear to be greater in the
smaller aircraft {UH-1), thus explaining the greater percent weight growth of the
UH-1. Also, the UH-1 series has had substantially greater utilization in Viet-
nam, and thus has had more basis for change than has the recently intreduced
CH-47. Typical of the empfy weight growth from the initial production aircraft
to the better defined aircraft configuraticns of subsequent procurement is 15 per-
cent cf the first production air>raft empty weight. This is derived by extrapo-
lating the observed weight growths of the CH-47A, UH-1B/C, and UH-1D to the
end of their planned 10-year service life, Since the Army generally retains
such aircraft well beyond this design service life, the 10-year basis is considered
to be conservative. Furthermore, it does not include the weight increases
achieved because of in-service repairs, -uission equipment changes, and mission
expansion.

(4) A 15 percent increase in empty gross weight is not necessarily
indicative of the mission gross weight which is influenced by the additional con-
siderations of payload and mission equipment changes. For illustrative purposes,
a 10 percent increase in gross weight has been assumed (i.e., very little change
in mission equipment and payload compared with the 15 percent empty weight
growth). The additional power required to accommodate this 10 percent gross
weight increase can be found by examination of the power factor equation devel~
oped in annex A--
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W=002£5.£___( ) )l

by substituting W/7T R2 for &, and rearranging terms,

p = :1‘0276:32 (é) (1_1;1)

A ratio of power required at the over gross weight condition (P' ) to power
required at the design gross weight (P) can be formed, permitting cancellation
of all constant terms. Trus,

2 (w32
P w

When operating at a 10 percent over gross weight condition (V.'l /W =1.10),

!
i ¢ S (1.10) 3/2

Pi

1.15

Thus, & power increase of approximately 15 percent is required to accommodate
a 10 percent gross weight increase.

(5) It is essential that both the aircraft mamifacturer and developing
activity consider growth potential in the initial design and selection of engines,
tranamissions, components, and airframe structure and aerodynamics to accom-
mociate these periodic weight increases, and then maintain strict weight control
over the successive blocks of production aircraft.

m. Pilot Faciors. Aireraft in gervice seldom acnieve the level of perform-~
ance intended. The performance requirements specified as essential tc comple-~
tion of the mission in the QMR and subsequent production contracts may have
been successfully demonstrated by the factory pilots early in the aircraft's devel-
opment program; however, the problems cf weight growth, adverse ambient con-
ditions, airfraimne and engine deterioration, and maintenance problems reduce
the service performance as discussed previously. One other factor which
reduces the performance achieved is the ability of the pilot. The experienced
factory test pilct can extract the maximum performance available from an air-
craft because of his intimate knowledge of the aircraft, polished techniques, and
ability to devote his undivided attention to maintaining the optimum flight profile.
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The service pilot, however, is usually less proficient in the type aircraft, must
concern himself with a variety of problems pertaining to his miseion (e.g., navi-
gation, formation, communications, coordination with other aireraft and ground
units, weapons firing), and is often distracted by enemy antiaircraft fire, exces-
sive air traffic, and the actions of his crewmembers. Although no quantitative
allowance can be established to counter these losses, it is considered important
that the problem be recognized.

n. Accident Experience.

(1) The preceding discussion was concerned with specific performance
capapilities which are considered esszntial for satisfactory mission accomplish-
ment. It is well known, however, that the majority of the Army's tactical heli-
copters is incapable of achieving the level of performance described when con-
figured and equipped for combat operations in Vietnam. Since the Army must
utilize whatever capability it has, man and machine are taxed to the limit in
order to perform essential combat missions. Oiten the limits of one or the
other are exceeded, and an accident rzsults.

(2) The UH-1 series of helicopters has evolved from a 6, 600-pound
gross weight aeromedical evacuation aircraft into a 9, 500-pound gunship (UH-1B
and UH-1C) and a 9, 500~pound troop transport (UH-1D). These aircraft are un-
able to hover OGE at these gross weights even at standard sea level corditions
(59° F.), and are approximately 2, 000 pounds above the maximum gross weight
at which they can be hovered OGE at 4, 000 feet/95° F. Thus, to permit opera-
tion under the environment encountered in Vietnam, a special set of operating
techniques were employed. Running takeoffs in which the helicopter is skidded
and bounced across the ground until translational lift has been achieved and
flight is possiblc are often employcd as the only means of achieving flight. Many
aircraft are Jestroyed and crews injured or xilled when takeoff is not achieved
or when there is insufficient power available to clear trees and other obstruc-
tions. Once airborne and in formation, problems of inadequate engine power
and poor aerodynamic control power (slow response) make formation flight diffi-
cult. The trailing helicopters are exposed ic the downdrafts created by the pre-
ceding helicopters (discussed in f above) and have difficulty maintaining forma-
tion position or altitude. As the landing zone (LZ) is approached, the formation
tightens to permit rapid entry and departure to and from the LZ. Here an
"accordian effect' may be experienced. As aircraft attempt to close formation,
they may have insufficiext power to decelerate and loose altitude to avoid running
intc the aircraft ahead or use so much collective application to avoid contact that
rotor rpm is lost and the aircraft cannct maintain its position. During descent,
there may be insufficient power available to permit a go-around if the LZ is too
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congested, and the pilot uses up all of his engine power and rotor RPM to arrest

his descent and control the aircraft's attitude at impact.

The accident summaries

reflect the results of such practices! A summary of accidents occur-ing in all
types of Army aircraft operated in Vietnam during the period 1 January 1966

through 31 December 1966 is presented below: 11/

USARV

COST BY TYPE OF ACCIDENT
AND PERCENTAGE OF TOTAL

1 JANUARY 1966 THROUGH 31 DECEMBER 1966

CAUSE FACTOn

Loss of rpm, overgross, high
density altitude

Aircraft struck obstacle
Engine failure

Materiel failure

Faulty autorotative technigue
Lost directional control

Engine failure with suitable area
available

Weather

Hard landing

Meshed rotor blades
Landing short or long
Maintenance error

Foreign object struck tail rotor

NUMBER PERCENT *TOTAL COST
71 17.3 $12, 361, 633. 61
56 13.5 5,024, 551. 85
35 8.5 4,734,785.19
34 8.3 7,096,011.71
30 7.3 2,437,211.98
22 5.3 1,316, 842. 60
21 5.1 2,174, 885.75
20 4.8 7,830, 028. 00
19 4.6 1,261,069.13
16 3.9 3,001, 367. 55
16 3.9 2,919,111.91
11 2.8 2,067,152.35
10 2.4 3,363, 397. 04

See footnote at end of list, page 33
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CAUSE FACTOR

Stalled out

Wire strike

Flew into the ground
Flew into water
Midair collision
Unknown

Faulty slope technique
Faulty sling technique
Fuel exhaustion

Damage by propwash or rotor
downwash

Ground collision
Uncontrollable slingload
Premature gear retraction

TOTAL

NUMBER PERCENT  *TOTAL COST
8 2.0 1, 024,103. 00
7 1.7 696, 656. 28
6 1.5 1, 464,796. 01
4 1.1 961, 937. 00
4 1.1 2, 375, 560. 94
4 1.1 1, 515, 294. 00
4 1.1 150, 026. 00
4 1.1 980, 772. 28
3 0.7 265, 639. 99
2 0.5 20, 250. 00
2 0.5 127, 800. 00
1 6.2 1, 800, 015. 06

1 0.2 210, 000. 00

411 100. 0 $67,231,772.17

*Total cost includes parts and man-hours expended.

(3) Notice that the "loss of rpm, overgross, high density altitude"
category is responsible for 71 aircraft accidents or 17. 3 percent of all Army

aircraft accidents in Vietnam.

(Percentages are misleading since fixed wing

accidents are included resulting in the apparently low percentage.) Further-
mc e, several of the accidents atiributed to aircraft struck obstacle, hard land-
ing, landing short or long, wire strike, f{lew into ground, flew into water, mid-
air collision, unknown, and faulty slope techrique may have been caused by
inadequate vertical performance capabilities of the helicopter. Possibly even
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more significant is the fact that these deficiencies increase aircraft vulnerability
by lengthening exposure time to enemy ground fire and may centribute to the
combat loss rate. Such losses are not included as accidents in the totals on the
above chart.

o. Engine Power Reserves.

(1) The preceding discussion has established operational requirements
for definite reserve power allcwances in military helicopter designs However,
design requirements of this nature usually entaii compromise in cther areas
which may appear as increased size, weight, cost, or complexity, * Heretofore,
increased engine power in helicopters has resulted in weight increments of
0.2 lb/shp (uninstalled) plus 2 pounds of aircraft gross weight per each additional
pound of fuel carried (helicopters only, other configurations experience greater
weight increments). Procurement cost is approximately $40 for each additional
shaft horsepower. The increased fuel capacity is generally required because
of the tendency to utilize the extra power, and because cruise and other low-
rower flight conditions are conducted at reduced power settings which result in
increased specific fuel consumptions (SFC)** in contemporary engines.

(2) Problems of increased SFC at reduced power settings, however,
may not persist in the next generation of turboshaft engines. The U. S. Army
Aviation Materiel Laboratories solicited industry proposals for a demonstrator
engine program on 17 February 1967 under RFQ DAAJ02-67-Q-0039, and con-
tracts have been awarded to General Electric and Pratt & Whitney for the
construction and testing of prototype engines. The purpose of this program is
to demonstrate a "breakthrough" in the technology of medium (1, 500 shp) size
turbine engines. Engine weight reduction of 40 percent, cruise SFC reductions
of 25-30 percent, maximum power SFC reductions of 20-25 percent, and mini-
mum power loss due to high elevations and temperatures (up to 6, 000 feet/95° F.)
are the program objectives.

(3) Aavanced engine technology forecasts show that a nearly constant
SFC may be achieved over the range of cruise to maximum power settings, and
advanced engine designs employing regenerative cyele techniques should pro-
vide optimum (reduced) SFC in the cruise power settings. This would eliminate
the cruise inefficiencies previcusly associated with extra power, und may act-
ually tend to cancel the remaining penaliies of installation weight and additional

*Cost and weight factors are based on current practice, and were provided
by the U. S. Army Aviatiorn Materiel Laboratories and the Lockheed California
Company.

**Specific fuel consumption (SFC) is engine fuel flow per shp per hour. Thus
inefficient operation is accompanied by increased SFC.
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procurement cost. Figure 11 shows the relationship of SFC to power setting of
the engines discussed. 12/

(4) Allowances for adverse ambient temperatures and densities may be
made without entailing the weight and cost of stronger aircraft dynamic compo-
nents by "flat rating' engine output. This technique involves the selection of an
engine which provides sufficient power to permit operation under the most
unfavorable ambient conditions selected for design purposes. A power limit
eaqual to that required for operation 2t this most adverse ambient condition is
then imposed and observed under all situations. This permits use of lighter dy-
namic components and structure throughout the aireraft than would be required
if the engine's actual low altitude output had to be accommodated. Other advant-
ages of the flat rating approach include long engine life because the engine is
operated below maximum output most of the time, and a power reserve at all
but the upper ambient limits to accommodate some of the problems previously
discussed. Even the poor SFC obtained at partial power operations in the cur-
rent engines may be reversed. Flat rating also simplifies mission planning in
the field by permitting lift of the design payload (a constant) at all ambient con-

ditions up to and inclw. ing the selected design altitude/temperature.

(5) The influence of power reserves and power losses on hover per-
formance was examined to answer the inevitable question--"What does all of
this mean in terms of hover ceiling ?"" The variation of the hover OGE ceiling
(at 2 constant 95° F. ambient temperature) with engine power settings above and
below that required to hover OGE at the design baseline conditions of 4, 900 feet
pressure altitude and 95° F. temperature was developed in the following manner:

The power to weight ratio required for hovering OGE at the design
ambient baseline was derived in Aanex A as--

P/W = 0.0265 *’f“ (\’31-)(1‘131)

At some "'off design' power availability level (P'), the power to weight expres-
sion becomes--

W = N 1 N1
P /W 0.0265 N (\/? ) (1_n)

{The prime (') denotes the new condition. )
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By setting a ratio of the off-design power (P*) expression to the design power
(P) equation, and cancelling all constants (0.0265, 4, M, and W), the relation-
ship of off-design to design power becomes--

P = ey
P (NE )

solving for the density term, we find

g ) = UNF ’%‘

This equation can be plotied in terms of pressure altitude and power variations

(figure 12) by converting the (1//Z )* into pressure altitude values, holding
temperature consi...t at 950 F.

Now by superimposing parameters of engine power available at specified throttle
{power) settings (showing typical engine power output variations at a given throt-
tle setting due to changes in pressure aititude), we can obtain the e zrivalent hover
ceiling at "'off design" power conditions. This occurs at the intersection ot the
power required to hover parameter with the selected power available parameter.
These effects are illustrated by the following example:

The typical helicopter discussed in paragraph 4¢(3) had a rotor disc loaa-
ing of 7 psf. Figure 8 shows that a power increment of 8 percent above that
required for hovering at 4,000 feet/S59 F. is needed to satisfy the requirement
for a 500 feet/minute vertical climb at these conditions. The imposition of an
additional 5 percent power reserve is also required to accommodate engine and
airframe erosion. Thus, this helicopter must be designed with a 13 percent
power reserve at the design hover OGE condition (point A, figure 12). If this
power reserve is used to increase the hover ceiling, we move to point B, figure
12. This excess power permits the helicopter to ascend. As altitude increases,
engine power ouiput decreases du. to altitude until the power available and power
required for hover OGE are equal (point C, figure 12). This establishes the new
hover ceiling. The resultant hover ceiling in this example is found to be 6,200
feet pressure altitude at 950 ¥. ambient temperature conditions. This example
also shows that the equivalent hover ceiling is dependent upon aircraft design due
to the variation of climb power with rotor disc lcading {figure 8).

p. Alternative Forms of Expressing Vertical Flight Performance Criteria.
An appreciation for the various influences and contingencies which must be
accommodated in the design of military helicopters and VTOL aircrait has been
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FIGURE 12

VARIATION OF HOVER OGE CEILING WITH ENGINE POWER
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developed in the preceding discussions. The selection of an appropriate form of
expressing the resulting vertical flight performance criteria remains. Vertical
performance criteria may be expressed in any of the following ways:

(1) Require the ability to hover OGE under a particular set of ambient
conditious, padded sufficiently fo accommodate all other "non-ambient" factors
which influence vertical performance capabilities. This method is the technique
traditionaily employed by the Arr A specific ambient temperature and pressure -
altitude were used in lieu of the corresponding density altitude to accommodate
the different influences of each on the engine and on the airframe aerodynamics.
This method has achieved a measure of success in the past; however, its intent
has often been misinterpreted. The validity of the criteria has been severely
challenged on the basis of the low probability that the specified ambient conditions
will ever be encountered. These challenges have succeeded in reducing the
requiremcuts ju recent YMR for aircraft minimum "essential” performance fo a
more frequenily encountered set of ambient conditions. In doing so, all margin
for the other problemns previously accommodated has been taken away.

(2) Establish a power reserve factor above that reguired to hover at
some realistic set of ambient conditions. This method is an improvement over
the one described in (1) above in that there are no inflated values needed to
accommodate unidentified factors. The ambient conditions specified can be
directly applied to the airframe design, and the power reserve can be related to
the selection of an engine which has cptimum partial power SFC. Furthermore.
the application of flat rating the engine to finimize dynamic component strength
is suggested. The major deficiency cf this procedure is that the resulting air-
frame may be structurally inadequate to accommodate aircraft growth. It
could also result in an inadequate rotor aerodvnamic design if the ambient density
altitude specified is overly conservative (low) or if extensive weight increases
occur.

13) Establish a lift-to-weight ratio greater than unity under a set of
realistic an'bient conditions. This method hes been used by the U.S. Navy to

accommodate gust problems while hovering over the water on antisubmarine
warfare missions. It could be successfully applied to Army use by including

a set of ambient conditions appropriate for Army tactical operations. The major
disadvantage s that it departs from familiar terminology and does not imme-
diately suggest the economics of airframe and SFC apparent in the method
described in (2) above, and does not relate directly with the various performance
moaes intended. It does minimize the possibility of inadequate aerodynamic and
structural design to accommodate the engine.
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{4) Establish a requirement to perform specified operations such as
hover and climb under realistic ambient conditions. This method is essentially
the same as {3) above, except that the allowances relate directly to the actual
maneuvers and contingencies intended for niilitary helicopters, and thus the
purposes and magnitudes oi the margins are more readily understood.

(5) Establish a criteriz composed of two or more of the above, chosen
to minimize the disadvantages of the individual constituents. This method has
the obvivus advantage of being able to mirimize the pitfalls present in any single
technique through judicious selection of two or more complementary methods.
The selection of vertical performance criteria for military helicopters must
identify justifiable adverse ambient conditions expressed in terms appropriate
to both the aerodynamic and power variations encountered. Secondly, it must
provide a power reserve to permit accomplishment of the most demanding
maneuvers required during tactical operations. Finally, it must recognize the
unavoidable growth in aircraft gross weight as a function of time.

5. FINDINGS

Several factors which influence the vertical performance capabilities of Army
tactical helicopters have been discvssed. The magnitudes of each influence has
been evaluated wherever possible to provide a basis of establishing suitable
performance criteria. These influences are summarized below:

a. Ambient Conditions. The various ambient surveys examined support a
design "hot day" environment of not less than 4, 000 feet pressure altitude at
950 F. temperature. This 4, 000 feet/250 > F. environm:nt defines the ambient
baseline upon which the vertical performance criterion may be developed.

b. Vertical Climb Performance. A requirement for a vertical climb
capability of not less than 500 fpm OGE at zero airspeed was developed to permit
operation into and cut of congested landing zones. This capability will minimize
exposure time to enemy acticn, accommodate wind gusts encountered in moderate
turbulence and downdrafts in the wakes of preceding helicopters, provide a
capability to abort the landing from a steep final approach, and provide adequate
control power for maneuvering or stabilizing the aireraft.

¢. Performance Deterioration in Service. The performance capabilities of
any helicopter are degraded by erosion of the airframe and engine(s) accumulated
during a period of service. The rate of this deterioration depends primarily
apon the presence of sand and dust in operating arees, and upon protective
devices incorporated on the aircraft. Maintenance practices in the more remote
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areas in which Army tactical helicopiers are operated may also contribute to
reduced performance. Rotor blade erosion has been found to increase the power
required to hover; however, this increase probably does not exceed approximately
1 percent before blades have to be replaced. Engine power available may be
decreased from 4 to 9 percent by erosion before the engine is removed and
replaced. Engine inlet air filters and particle separators are proving to be very
effective in reducing the rate at which erosion damage is accumulated. Engine
protection is specified for future Army tactical aircraft and should permit the
majority of engires to achieve the scheduled overhaul interval without removal
‘because of erosion. Thus, in instances where noticeable power losses are
experienced, removal of the engine will be possible without overloading the
supply system. The ir:position of a 5 percent power allowance to at«.ommodate
engine erosion, airframe/rotor blade erosion, and losses attributed to mainte-
nance problems is conservative, but should he sufficient for aircraft of the future
Allowances for power lost by the installation o1 engine protection devices will be
included in the design of the aircraft under "installation losses' and need not be
covered in the performance criteria.

.

d. Aircraft Weight Growth. Aircraft weight growth results from service
(repairs), mission changes (expansion), and design improvements {changes
incorporated during production and in service). Aircraft empty weight increases
at a rate of from 1 to 2 percent per year, depending on the initial size of the
aircraft and its versatility or adaptability to perform other missions. Since
the Army utilizes a given aircraft model at least 10 yzars, empty weight
increments of from 10 to 20 percent above initial design empty weight should be
anticipated by the user and the developer. Since this weight is acquired over a
period of years, it may be impractical to provide the full eungine power and
component structural margins in the initial production aircraft. The aircraft
manufacturer and developing activity should, however, anticipate periodic
weight increases of order of magnitude discussed by providing adequate growth
potential in the design and selection of engines, transmissions, components,
and airframe structure and aerodynamics. in this manner, the specified vertical

flight performance capabilities may be retained throughout the service life of
the aircraft.

e. Consolidated Effects. The preceding has identified spec*fic factors
which influence aircraft vertical performance. These specific ! - - rs are

interrelated in such a manner as to preclude their accommodat La in a simple,
isolated factor approach. The use of a set of ambient conditions {e.g., 4,000
feet/95° F.) is not su:ficient in itself to insure adequate vertical performance.
Rather, ambient conditions may be used as a baseline upon which the other influ-

ences (i.e., allowances for maneuvering, physical deterioration, and weight
grewth) are added and are accommodated in r “cognizable form.
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6. COORDINATION

A preliminary study report was prepared in September 1967, and provided to
the major helicopter manufacturers and appropriate military activities for
review. Comments received were used to revise this study. The findings and
recommendations of the coordinated study were presented to the Commandiug
General, U.S. Army Combat Developments Command; Deputy Commanding
General, U.S. Army Materiel Command; Office of the Assistant Chief of Staff
for Forcz Development; and Offices of the Secretary of Defense and Secretary
of the Army on 8 December 1967. It was agreed that aircraft growth potential
should be recognized philosophically as a matter to be controlled by the develop-
ing activity. Thus, no magnifude would be specified in the criteria. It was also
suggested that the criteria be based upon the use of Normal Rated Power to pro-
mote engine longevity. These changes were incorporated into a final draft study
report published in January 1968, and are reflected in the following paragraphs
of this report with the exception of 7a(3) and b. Technical analyses were con-
dvcted by the Aviation Agency using helicopter designs provided by the U.S.
Army Aviation Materiel Laboratories to assess the impact of normal rated
power rather than military rated power as the design requirement. These analy
ses indicated that the aircraft size, gross weight, and cost would be substan-
Hally increased to accommodate the 'arger, more powerful engine(s) installed
to meet this requirement. Based on these analyses, the Aviation Agency resub-
mitted the study in February 1968, and requested that the power requirement
reflect the use of military rated power in the interests of efficiency and economy.
This revised vertical flight performance criteria study report was approved by
Headquarters, U.S. Army Combat Developmenis Command in June 1968,

7. CONCLUSIONS
it ie concluded that--

a. The following allowances should be incorporated in the vertical flight
performance criteria:

(1) Ambient conditions of 4, 000 feet/95° F. zs the baseline to accom-
modate both temperature and density influences on engine and airframe in areas
likely to require U,S. military support.

{2) Vertical climb of not less than 500 fpm OGE at zero airspeed to
minimize expesure to enemy antiaircraft fire when leaving a confined landing
zone, accommodate downdrafts found in natural turbulence and in the wakes
created by other helicopters, permit landings to be aborted during steep final
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approaches, and provide controi power for maneuvering and stabilization of the
aireraft,

(3) Reserve prwer of not less than five percent based on engine Mili-
tary Rated Power to accommodate engine and airframe erosion accumulated in

service.

(4) Growth potential to accommedate aircraft empty weight increases
which will be incurred over intended service life from design improvements,
service repairs, and mission expansion, without loss of the specified vertical
performance capabilities.

b. The following criteria, comprised of the essential vertical flight per-
formance parameters with compensation for adverse ambient and environmental
conditions, extended service use, mission expansion, and operator proficiency,
are appiicable for the design of Army tactical rotary wing and other V/STOL
aircraft:

"The aircraft shall be capable of hovering cut of ground effect
(OGE) under zero wind, 4,000 feet pressure altitude, 95° F. tem-
perature conditions at the basic mission gross weight, and achieve
a 500 feet per mimite vertical climb at zcro airspeed under these
conditions, using not more than $5 percent of engine military rated
power. "

'"The aircraft shall be designed with adequate structure and
growth potential in engine(s) and transmission(s) to accoinmodate
future increased gross weight. "

8. RECOMMENDATIONS

a. It is recommended that the criteria presented in paragraph 7b be adopted
as the USACDC's hot day criteria for vertical flight performance to be applied to
concept formulation studies, QMR, and model specifications of all subsequent
Army tactical rotary wing and other V/STOL aircrait.

b. It is further recommended that consideration be given to the use of 4,006
feet pressure altitude at 95° F. ambient temperature corditions in lieu of stand-
ard sea level conditior -~ to define those performance requirements for Army tac-
tical VTOL aircraft which are not covered by the vertical flight performance
criteria. This will provide consistercy between the different performance param-
eters and will serve to relate aircraft specified performance to the intended mis-
sion and environmental situations.
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ANNEX A

DERIVIATION OF POWER REQUIREMENTS AT HOVER

SYMBOLS

Rotor figure of merit defined as:

‘power required to hover by ideal rotcr

M= actual rotor power required to hover

Rotor thrust, 1b.
Rotor power, ft Ib/sec (550 ft Ib/sec = 1 shp).

Installed engine power, shp.

Mechanical losses from power utilized to drive the tail rotor, trans-
mission, etc., expressed as a percent of engine installed power,

Rotor downwash velocity, ft/sec.

Air mass density, slugs/ft3
(for sea level standard conditions, P ssl = 0.002378 slugs/£t3).

Ambient density ratio, ? / P ssl-

Roter disc loading, 1b/ft2.
W .

R2

Rotor disc radius.

Power loading, gross weight per horsepower, 1b/shp.

DERIVATION

power required to hover by ideal rotor
actual rotor power required to hover
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Substituting the expression for downwash

=T T
M-_/_._____
P 2@ Tr Rr2

Under conditions of hover, thrust=weight, thus

e ¥ f w
TR 21 R2

Substituting the expression for disc loading,

w ’N
M_Pr 2 e

Solving for the rotor power required per pound of aircraft gross weight in
terms of shp:

Pr - 1 Mf
w 550M > ©

This can be expressed in terms of ambient density ratio for convenience by
substituting

(V& )vew) = (ve)(vem) +r v&

- _1 v
530M (EX\[‘(,; IX \/-6_)

Substituting the value Q ssi = 0.002378 slugs/ft3 and combining constants,
the expression becomes--

B | 0.0265 1

w
B

The reciprocal of this expression is referred to as the power loading (1b/shp).
W

= - 7.7 VE
t/,uf

R

B




These equations define the power required at the rotor, but make no allowance
for transmission and tail rotor losses which must be accounted for if we wish
to relate power loading to installed engine power. This can be accomplished
by replacing the rotor power term with the expression for instailed power:

Installed engine power = rotor power + power losses
B+NP
B, P_RP
PA-R)

Thus, £ = 0.0265 \/;/“;7 (V%;’)(l-l-n)

and power loading becomes,
VY -rmm VE @ -}z ).
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ANNEX B

DERIVATION OF POWER REQUIRED FOR
VERTICAL CLIMB AS A FUNCTION OF POWER REQUIRED TO HOVER

WL S IR LR

-
sttt R

gLt

SYMBOLS

HNHERRIDOREL R Syt
]

Rotor thrust produced, 1lbs.

26 bt it & LSSt 2000 e Anbn 15 b 12 B 3Hs) Fs

T
) € = Air density, slugs/ft3.

| e S i T DY PN
L aT U

PASE EtANK

LIRS

A = Rotor disc area, ft2 (A=77 R2). ;
‘ A = Air flow velocity experienced at the rotor disc, ft/sec. =
4 % t = Air flow final velocity achieved downstream of the rotor disc, ft/sec. m
4 % Ve = Vertical rate of climb, ft/sec. 2
| pih = Indaced power for hevering, shp. 3
; % P1 c = Induced power for climb, shp. ,;
3 g DERIVATION
i
% Newton's second law of physics states that a force is required to accelerate a E
E mass: E
5 E F =ma (eq: 1) 3
% The force produced by a rotor is called "thrust.!' Thrust can be analyzed by %
§ . restating this law in terms of the change in momentum of an air mass passing 3
- £ through an ideal rotor disc: 2
: T = (@AM N {eq: 2)
] % . The kineHic energy per unit time imparted to the air stream flowing ttrough the ﬁ%
3 £ rotor by the rotor itself is: =
E E « e
%

S——————




Substituting eq 2 for thrust into eq 3 above:;

-%-(e.uf)y; 2= (PANMIN - W

Cancelling terms present in both sides of the equation, we find that--
ANy = 2N (eq: 4)

Substituting eq 4 for v ineq2,
T = 2Pa?2 {eq: 5)

The vertical climb thrust is merely a special case of hover in which the free
stream airflow has a velocity relative to the rotor disc which is equal {and
opposite) to the climb rate. Thus, the climb velocity is added to the air flow
rate at the rotor disc in eq. 2--

T = CAW + Voluy (eq: 6)

and making the velocity substitution 4 = 24 from eq 4,
T = 2QAW + V)~ (eq: 7)

Eq 7 can be solved in terms of 4/ as a quadratic expression:
T
(%)
Ve i‘lycz +( 2)(2)

LYW
Rearrangirg eq 7 in terms of (#7+ V¢);
. T
+ V) =
W+ ) 20AN
The power required at the rotor to produce this thrust is calied induced power

when rotor aerodynamic losses are neglected, and is defined as the product of
thrust and the induced velocity at the rotor disc.

B, =Tw+* V) {eq: 9)

4 =

{eq: 8)

or, in terms of horzepawer;

2 = T + Y\ -

Eq 8 may be substituted for 4~ in eq 10, producing:
P, T [ > 7
e = ——— VciJVc“ *(2)(1)l (eq: 11)
1100 ®/\a/s
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The induced horsepowei required for hover can be developed in the same man-
ner, resulting in:

- o V(#)(3)

The percent induced power required to climb a~ a function of the hover induced
power term can be found by dividing eq 11 by eq 12

.;;.i‘_:. I i?/ Ve (’23') (%) t2q: 13)

s R

This equation {eq 13) is plotted in figure 8 to indicate percent increase above

- hover power required for a vertical climb speed of 500 ft/min (8. 33 ft/sec)

vergus rotor disc loading (T/A), The use of thrust in lieu of gross weight for
disc loading is to eliminate the nced to consider airframe drag during the climb.
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