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Abstract

Flight test measurements of the performance of the
UH-60 Black Hawk helicopterwith both standard and
advancedrotorsarecomparedwith calculationsobtained
usingthe comprehensive helicopter analysisCAMRAD
II. In general, the calculatedpower coefficient shows
goodagreementwith the flight testdata. However, the
accuracy of thecalculationdegradesathighgrossweight
for all of the configurations. The analysisshows fair
to goodcorrelation for collective andlongitudinal cyclic
anglesand pitch attitude, and poor to fair correlation
for the lateral trim quantities (lateral cyclic angle and
roll attitude). The increasedsolidity of the wide chord
bladeappearsto bea dominantfactorin theperformance
improvement at high gross weight by reducing blade
loadingandthusdelaying stall.

Notation

���
power coefficient���
weightcoefficient

D fuselage drag
M Machnumber
q dynamicpressure� angleof attack��� aircraft pitchattitude� advanceratio	 solidity

Intr oduction

The ability to accurately predict the performanceof a
helicopter is essentialfor thedesignof future rotorcraft.
Before prediction codescan be successfullyused, it
is necessaryto assesstheir accuracy and reliability.
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Comparison of comprehensive analysis performance
calculations with helicopter flight testdatais crucial to
suchanassessment.

With the completionof recent flight tests,performance
and dynamic data are available for the standardUH-
60 blades tested on a UH-60A airframe [1]; the
standardbladeson a UH-60L airframe[2]; andseveral
different versions of the wide chord blades on the
same UH-60L airframe [2]. These extensive flight
test data sets provide a valuable bench mark for the
evaluation of comprehensive methods. In this study,
performance calculations were carried out using the
analysisCAMRAD II andtheresultsarecomparedwith
theseUH-60flight testdata.

Flight TestData

Testdatawith the UH-60A standard(STD) blades were
obtained onaUH-60A airframe in theNASA/Army UH-
60A Airloads Program conducted from August 1993to
February 1994[1]. Thetestaircraft, 82-23748, is asixth-
year production aircraft. The data obtained from the
testarestoredin anelectronicdatabaseat NASA Ames
ResearchCenter. Thestandardbladeis constructed using
a titaniumsparwith afiberglassoutercontour. Theblade
usestwo airfoils, theSC1095andSC1094R8. Thisblade
hasbeenusedon theBlackHawk over thelast25years.

The wide chord blade (WCB) is a development blade
which hasan all composite graphite/glasstubular spar.
The wide chord blade incorporatesan increasedchord
(10% increaseof solidity), advanced airfoils (SC2110
and SSCA09),and a swept-tapered tip with anhedral.
Six configurationsor variantsof the wide chord blade
have beentested: configurations 1, 2, 3, 4, 4A, and
5. The differences betweentheseconfigurations are
mostly in the mid-spanand leading edgetip weights.
All theresultsshown herearefor configuration4A. The
standardandwide chordbladeplanforms areshown in
Figure 1. The wide chord blade data usedhere were
obtained from a joint Sikorsky/Army feasibility flight
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test program conducted from November 1993 through
October1995(Appendix B of Ref. 2). The wide chord
bladeswere testedon an aircraft 84-23953, which is a
UH-60A upgradedto a UH-60L for testpurposes.

CAMRAD II Modeling

TheUH-60BlackHawk wasmodeledin CAMRAD II [3]
as an aircraft with single main and tail rotors. The
current model has beenupdated from a previous UH-
60A study[4] usingCAMRAD II. TheUH-60A master
inputdatabaseis availableto qualified researchers.Minor
changeshave beenmadein chord length, quarter chord
location, c.g. offset,pitch link geometry andthedetailed
representation of materialproperties. The SC1095and
SC1094R8 airfoil decks aresameasusedin Ref.4.

The wide chord blade structural and aerodynamic
properties were obtained from Ref. 5. Section lift,
drag,andmoment valuesfor the SC2110andSSCA09
airfoils wereobtainedfrom airfoil C81decks developed
by Sikorsky Aircraft.

The trim solutionusedin CAMRAD II is basedon the
aircraftgrossweight,c.g.,flight speed,rotorrpm,density,
and outsideair temperatureand solves for the controls
andaircraft attitudesthatbalancetheforcesandmoments
with zerosideslipangle. For the standardbladeon the
UH-60A aircraft, the horizontal stabilatoranglewasset
to matchthe measuredflight test valuesfrom the UH-
60A AirloadsProgram. No equivalent measurementwas
availablefor theUH-60L testdatasothestabilatorangle
was set basedon Airloads Program measurementsat
given

� �
and � values. An aerodynamic interference

model in CAMRAD II was usedfor the performance
calculations. This includes the main rotor inflow
interferenceeffects on wing-body and tail and the tail
rotor, as time-averagedwake-inducedvelocity changes.
No empirical factorwasusedfor the calculationof the
interference.

The aerodynamiccharacteristicsof the UH-60 fuselage
are basedon 1/4th scale wind tunnel tests reported
in Ref. 6. Only fuselagedrag value was updated to
accommodateconfigurationchanges.

FuselageDrag Configuration

The baselineUH-60A fuselagedragequations from the
wind tunnel test[6] are:

�
���
�
ft ����������� ������� � �!�!" � � � # # � � � � Tail off�
���
�
ft �����%$!$&� ������� ����# � � � � # # � � � � Tail on

where q is dynamic pressure and ��� is pitch attitude
in degrees. The tail off configuration includesonly the

basicfuselageandthe tail on configuration includesthe
stabilator, vertical tail, andtail rotor headaswell. The
zeroangle of attackdragvaluedependsupontheaircraft
configurationandtendsto increaseasnew modifications
aremadeto theaircraft. However, it is assumedthat the
measuredvariation of drag with angleof attack is not
affectedby theseaircraftconfigurationchanges.

Thereare four possibilitiesfor the equivalent flat plate
area of the Airloads Program aircraft and these are
summarized in Table 1. These four cases differ
depending upon both baselinedrag and the drag of
aircraftmodifications.Therearetwobaselinevaluesfor a
zeroangleof attackdrag. Oneis Sikorsky’s value,25.69
ft � from their flight manualperformancesubstantiating
report [7], which is the basicreferencefor the aircraft’s
handbookperformance.Theothervalue,26.2ft � , is from
thestudyby Shanley [12], whichwasperformedundera
NASA contract.

The aircraft as testedin the Airloads Programdiffers
from the baselinein two respects.First, the aircraft is
a sixth-year production version and therefore includes
theExternalStoresSupport System(ESSS)fairingsand
miscellaneous changessuchasa deicesystemdistributor
assemblyandan ice detectorprobe. In addition, a wire
strike kit has beenaddedto this aircraft to upgrade it
to fleet standard. Sikorsky [7] hascomputed the effects
of thesemodifications differently than the US Army
Aviation Engineering Flight Activity (AEFA) [9–11].
Sikorsky’s estimateof the equivalent flat plate areaof
ESSSfairings, miscellaneous,and wire strike kit was
0.78 ft � , 0.63 ft � , and 0.21 ft � respectively. AEFA’s
estimate for those components was 2.5 ft � [9], 1.0
ft � [10], 1.0 ft � [11]. Second,specificinstrumentation
wasaddedto theaircraft for the testprogram. Thedrag
for the BladeMotion Hardware (BMH), Low AirSpeed
Sensingand Indicating Equipment (LASSIE), and test
instrumentation wasdetermined by AEFA. The dragof
theRotatingDataAcquisitionSystem(RDAS) wasbased
on its projectedarea.

The equivalent flat plate areaof the Airloads Program
aircraftwascalculatedbasedonthefollowing equation:

Airloads ProgramA/C = BaselineUH-60A (1st year
A/C) + ESSSfairing+ wire strike kit + misc.
+ BMH/LASSIE + testinstrumentation+ RDAS

The four possiblecasesshown in Table1 are: (1) Case
1 : Sikorsky’s baselinedrag+ Sikorsky’s dragbuild-up,
(2) Case2 : Shanley’s baselinedrag+ Sikorsky’s drag
build-up, (3) Case3 : Sikorsky’s baselinedrag+ AEFA’s
dragbuild-up, and(4) Case4 : Shanley’s baselinedrag
+ AEFA’s dragbuild-up. The final flat platearea,then,
variesfrom 32.95 ft � to 36.34ft � . The current analysis
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usesa zeroangleof attackdragvalueof 35.14 ft � for the
UH-60A, whichis verycloseto theCase3 value.For the
UH-60L, a flat plateareaof 35.04ft � wasused,asthis
provided the bestmatchof parasitedragat high speed.
This valueis about 10% higherthanthe valuespecified
by Sikorsky [2] for this configuration.Thefuselagedrag
equationsusedin thepresentcalculations are:

�
���'�
ft �(�)�%*!"&�+�-,.����� ���/# � � � # # � � � �

for UH-60A (Airloads Program)�
���'�
ft � �)�%*!"&� �0,.����� ���/# � � � # # � � � �

for UH-60L

Resultsand Discussion

UH-60A Performance

The total power coefficient for the UH-60A was
calculatedusing CAMRAD II and is compared with
level flight data obtainedin the Airloads Program for
six weight coefficients in Figure 2. The total power
coefficient is the sumof eachengine’s power, basedon
anengineoutput shafttorque sensorandtheoutputshaft
speed. The trim solution usedin CAMRAD II solves
for the controls and aircraft attitudesthat balancethe
forcesand moments in flight with zero sideslipangle.
Performancewas calculatedusing nonuniform inflow
with a free wake geometry and a zero angleof attack
dragvalueof 35.14 ft � . CAMRAD II calculatesonly the
mainrotorandtail rotorpower. Thusthefixedaccessory
power of 65.8 HP [7] was addedto the CAMRAD II
calculations.

In general, the estimatedpower coefficient shows good
agreement with the flight test data. At low speeds
( � 1 ���+� ), the analysis tends to underpredict the
power coefficient. The reasonsare threefold: (1)
airspeedmeasurementsdegradeat lowerairspeedsasthe
dynamic pressureis reduced, (2) trim conditionsaremore
difficult to maintain,and(3) computedpower is strongly
influenced by induced power which is more sensitive
to wake effects. This correlation will be discussed
quantitatively in the section“Quantitative Performance
Correlation.” As weight coefficient increases,larger
differences are seen between the calculations and
measurements.

Thecalculatedmainrotor power coefficient is compared
with the measured value in Figure3. This is the same
calculationas in Figure 2, except that only main rotor
poweris compared.Main rotorpowercoefficient datafor
the UH-60A werecalculatedbasedon themeasurement
of the main rotor torque. The analysisshows good
agreement with the flight test data. Slightly better
correlation is observedthanwith thetotalenginepower.

Figure 4 compares the calculatedtail rotor power with
the test data. Tail rotor power coefficient data were
calculatedbasedon themeasurementof theintermediate
shaft torque. The analysisunderpredictsat low speeds
andoverpredictsat moderatespeedsup to

�2�
of 0.0091.

However, an overprediction is observed at all speedsat���
of 0.010 and0.011. Tail rotor power is sensitive to

theaircrafttrim, in particular, thesideslipangle,andthis
will beexaminedin thenext section.

Trim Effectson UH-60A Performance

The trim results at
���

of 0.0065 (
�3� � 	 = 0.08)

are investigated in detail in Figures 5 through 8.
Aircraft attitudesandpilot control anglesareshown in
Figure 5. The analysisshows fair to good correlation
for collective and longitudinal cyclic anglesand pitch
attitude. However, a large difference is observed in
the lateral trim quantities (lateral cyclic angleand roll
attitude). Within the datascatter, the flight datawere
obtained for a zero roll angle, that is, no steadylateral
accelerationon the pilot. To accomplish this, the pilot
tendsto fly with a small amount of sideslip and uses
the aircraft’s staticdihedral to zero the roll angle. The
CAMRAD II trim for �54 �6� $ is clearly outsidethis
scatter.

Figure 6 shows blade flap and lag hinge rotation
angles. The calculatedconing anglesare compared
with measuredvalues from blades1 and 2. Steady
coning can also be derived from the blade thrust and
the centrifugal force (70,883 lb.). The calculated
coning anglesshow good agreement with CAMRAD II
estimatedvalues. Thus, it is concluded that therewas
a bias error in the coning angle measurements. The
calculatedmeanlagangleshowsgoodcorrelationat �87
0.3, considering the scatterof the measured data. At
higher speeds,however, the measured data agree well
with eachotherandtheanalysisshowsanoverprediction.
The calculatedlongitudinal flapping anglesshow good
correlation up to � of about0.2, but overpredictasspeed
increases.CAMRAD II capturesthesuddenincreaseof
the longitudinal flapping angleat � = 0.35. However,
the analysisshows a muchlarger change thanthe data.
The analysis underpredicts lateralflappinganglesat all
speeds.This is similar to thepoor lateraltrim predictions
shown in Figure5.

The calculatedmain rotor shaftpitch androll moments
arecomparedwith flight testdatain Figure7. Thetrend
is thesameasthelongitudinalandlateralflappingangles.

The calculated tip path plane angles in an inertial
coordinate systemare comparedwith measured values
in Figure8 to seethe combined effects of a rotor anda
fuselage.Thetip pathplanetilt anglesaredefinedas:
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Longitudinal TPPtilt angle= 9;:=< (longitudinal flapping
angle) > aircraft pitchattitude ��*@? shaftpre-tilt
Lateral TPP tile angle= 9�: � (lateral flapping angle) >
aircraftroll attitude

The longitudinal tip path plane tilt anglesshow good
correlation at all forward speeds.This resultshows that
the rotor propulsive force, thusthe airframe dragvalue,
is accurate.However, thereseemsto be an inaccuracy
in the lift and pitching moment of the fuselage and
stabilator. Thecalculatedlateraltip pathplanetilt angles
show good correlation up to � of around 0.2 and then
overpredictasspeedincreases.Although thecorrelation
appears to be better than with roll attitude, there still
may be uncertainties other than fuselageaerodynamic
characteristics.

To understandthepoorto fair correlation of thetail rotor
power andlateral trim values,the effect of sideslipwas
evaluated by looking at changesof A 5 degrees. These
changes have little influenceon the main rotor power
andlongitudinal TPPtilt angle. As shown in Figure9,
however, a > 5 degreesideslipangletrim slightly reduces
the tail rotor power at moderateand high speeds,and
thusimprovesthecorrelation. However, theaircraft roll
attitudeis increasedsignificantlyso that the lateralTPP
tilt angleis far from the flight test data. A � 5 degree
sideslipangletrim shows bettercorrelation for the roll
attitudeandlateralTPPtilt anglebut overpredicts thetail
rotor power at moderate and high speeds. The lateral
flappingangleshows no sensitivity to the sideslipangle
change.

The effect of a main rotor to airframe aerodynamic
interferenceon the performanceand longitudinal trim
valuesis shown in Figure10. Themainrotor to airframe
interference has a small influence on the main rotor
and tail rotor power required. The pitch anglesare
slightly underpredictedatmoderateandhighspeedrange
without interference. The longitudinal flapping angles,
however, show good correlation without interference
effects,especiallyat �84 0.2.

The effect of a fuselage flat plate areachanges on the
power coefficient andlongitudinal trim values is shown
in Figure 11. A 10% change of the flat plate area
from the baselinevaluechanges the required power by
a maximum of 6.5%. A 10% reduction of the fuselage
drag shows good correlation for the longitudinal TPP
tilt angle. However, the pitch attitudeand longitudinal
flappingangleshow largerdeviations at highspeeds.

STD/UH-60L and WCB/UH-60L Performance

The total power coefficient ( B� � ) for the STD/UH-60L
is calculatedandcomparedwith level flight testdatain

Figure12. Thetotal powercoefficient is thesumof each
engine’s powerandit is normalized to protectSikorsky’s
proprietary data. The standardblade was testedon a
UH-60L, aircraft 84-23953, as part of the development
testingof the wide chordblade. The only differencein
modeling betweentheUH-60A andtheSTD/UH-60Lis
theflat plateareaof the fuselage. Thecalculatedpower
coefficient for the STD/UH-60L matchesthe measured
valuesquite closely. Figure13 comparesthe calculated
performanceof the WCB/UH-60L with flight testdata.
Thenormalizedpowercoefficient ( C� � ), whichis different
from B� � used for the STD/UH-60L, is used for this
comparison. The analysis shows good correlation up
to a weight coefficient

�3� � ��� � � � . However, an
underprediction is observed at high gross weight and
speed.Thesecorrelationswill bediscussedquantitatively
in thenext section.

CAMRAD II was usedto investigatethe effectsof the
new airfoils alone and combined with the increased
solidity. Figure 14 shows the anglesof attack versus
Machnumber at

�3�
= 0.011 and � = 0.24. Thesevalues

are calculatedfrom CAMRAD II and plotted at three
differentspanwiselocations (r/R = 0.5,0.7,and0.9)and
at every 15 degree azimuthangle. At this high gross
weight condition, most of baselineblade experiences
stall on the retreatingside. The addition of the new
airfoils to the standardbladehaslittle influence on the
angleof attackdistribution, andthusstall characteristics.
However, thewidechord blade, dueto increasedsolidity,
reducesbladeloading andthusdelaysstall inceptionat
this highweightcoefficient.

QuantitativePerformanceCorr elation

To characterizethe accuracy of the correlation, the
performance data have been examined quantitatively.
Figures 15 through 17 compare the calculated and
measuredperformance of the UH-60A. Only data for�ED ���+� � is includedin Figure15. The45 deg diagonal
line representsaperfectmatchbetweenanalysisandtest.
The calculatedpower coefficients lie above the 45 deg
line if the analysisoverpredicts, and below the line if
theanalysisunderpredicts.Thecorrelation is assessedby
fitting a leastsquaresregressionline andcomputing the
slope,m. A secondmeasureis thecorrelationcoefficient,
r, which provides an indication of dispersion. A third
measureis theRMSerrorfrom the45deg line. A similar
approach can be found for the harmonic correlation
for oscillatory flap bending moment by Bousmanand
Maier [8]. CAMRAD II shows goodcorrelationat �FD
���+� � . Excluding

� �
of 0.011 which hasfew datapoints,

theworstvaluesare:m= 1.060, r = 0.970,andRMSerror
= 4.6508E-5. Estimatedpower is underpredicted at low
speed( �G7 �6�H�!� ) except

� �
of 0.01, thusboth m and
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r aresignificantlylessthanunity asshown in Figure16.
Themainrotor powercorrelation showsbetteragreement
thanthe total enginepower (Figure 17). Excluding

�I�
of 0.011, theworstvalues are:m = 1.045, r = 0.990, and
RMS error= 3.4586E-5.

The STD/UH-60L correlation also shows good
agreement as in Figure 18. The analysisappears to
slightly overpredict at moderate speeds,as was seen
with the UH-60A prediction. However, the analysis
shows good correlation at moderate speeds in the
WCB/UH-60Lcaseasshown in Figure 19.

In general, CAMRAD II underpredictsperformanceat
highgrossweightandhighspeed.Thus,theslopedeparts
from1,although thecorrelationcoefficientindicateslittle
dispersion. The m, r, and RMS error values for the
threeaircraftsare tabulatedin Table 2 and also shown
in Figure 20. The scaleof RMS error values of the
UH-60L correlationis different from that of the UH-
60A correlation due to the normalizationof the power
coefficients for UH-60L.

The ability of the analysisto predict the performance
degradesfor all the configurationsas the grossweight
increases. To understand the performance prediction
degradationat high grossweight, theeffectsof dynamic
stall (Leishman-Beddoesmodel) on the performance
were investigated for the wide chord blades. The
parameters required for the Leishman-Beddoesmodel
werecalculatedusingCAMRAD II becausetest values
werenot available. The calculationwith dynamic stall
showedminoreffectsat moderatespeedwhile thepower
wasslightly reducedat highspeed.

Conclusions

The analysisCAMRAD II hasbeenusedto predict the
performanceof the UH-60 Black Hawk helicopter with
standardand advanced rotors. The analysis has been
correlatedwith theflight testdatabothqualitatively and
quantitatively. Fromthis studythefollowing conclusions
areobtained:

UH-60A

1. The predictedtotal engine power and main rotor
power show good agreement with the flight test
dataat �JD ���+� � . However, an underprediction
is observedat �87 �6�H�!� .

2. The analysisshows fair to good correlation for
collective andlongitudinal cyclic anglesandpitch
attitude and poor to fair correlation for the
lateraltrim quantities (lateralcyclic angleandroll
attitude).

3. The tip path plane tilt angles in an inertial
coordinate system show that there seems to
be an inaccuracy in the fuselage longitudinal
aerodynamic characteristics.Although sidesliphas
a significantinfluence on the tail rotor power and
theaircraft roll attitude,noconsistentimprovement
is obtained.

STD/UH-60L and WCB/UH-60L

1. The analysisshows the sametrends as the flight
testdata.However, anunderprediction is observed
for the performanceof the WCB/UH-60L at high
gross weight and speed. The degradationof the
ability of theanalysisto predict theperformanceat
high grossweightoccursfor all theconfigurations
calculated.

2. Increasedsolidity of thewide chord bladeappears
to be a dominant factor in the performance
improvement at high gross weight by reducing
bladeloadingandthusdelaying stall inception.
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Table1 Flat plateareacalculation

EquivalentFlat PlateDrag(sq. ft.)
Case1 Case2 Case3 Case4

BaselineUH-60A 25.69[7] 26.2[12] 25.69[7] 26.2[12]

ESSSfairing 0.78 0.78 2.5 2.5
wire strikekit 0.21 0.21 1.0 1.0

misc. 0.63 0.63 1.0 1.0

BMH/LASSIE 2.0 2.0 2.0 2.0

testinstrumentation 0.83 0.83 0.83 0.83

RDAS 2.81 2.81 2.81 2.81

UH-60A (Airloads program) 32.95 33.46 35.83 36.34
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Table2 Slope,correlation coefficient,andRMS errorvalues

UH-60A UH-60A���
m r RMS m r RMS

( �KD �H�!� ) ( �87 �+� � )
0.0065 1.015 0.995 2.0225E-5 0.436 0.944 6.2228E-5

0.0074 0.993 0.995 2.8172E-5 0.344 0.916 8.1571E-5

0.0083 1.060 0.994 2.2579E-5 0.907 0.844 7.1231E-5

0.0091 1.052 0.970 4.0415E-5 0.432 0.956 15.240E-5

0.010 1.027 0.992 4.6508E-5 0.459 0.593 6.1474E-5

0.011 0.832 0.867 3.0164E-5 N/A N/A N/A

UH-60A (MR)� �
m r RMS

( �KD �H�!� )
0.0065 1.042 0.997 1.4217E-5

0.0074 0.987 0.997 1.2302E-5

0.0083 1.045 0.995 2.9285E-5

0.0091 1.030 0.975 3.4586E-5

0.010 1.018 0.990 1.9127E-5

0.011 0.821 0.908 4.3542E-5

STD/UH-60L WCB/UH-60L���
m r RMS m r RMS

0.0065 1.093 0.994 0.021069 1.048 0.996 0.022893

0.0081 1.003 0.988 0.017743 0.987 0.993 0.017304

0.0085 1.034 0.991 0.015666 0.905 0.990 0.017643

0.0091 1.040 0.999 0.057867 0.875 0.995 0.015197

0.010 0.848 0.973 0.026714 0.682 0.990 0.039625

0.011 0.498 0.984 0.053192 0.583 0.966 0.066199
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Fig. 10 Effectof interferencefor UH-60A at
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Fig. 12 Calculatedandmeasuredpowercoefficient for STD/UH-60L
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Fig. 13 Calculatedandmeasuredpowercoefficient for WCB/UH-60L
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Fig. 16 Calculatedandmeasuredpowercoefficient for UH-60A (AirloadsProgram), �e7 �H�!�
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Fig. 18 Calculatedandmeasuredpowercoefficient for STD/UH-60L
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Fig. 19 Calculatedandmeasuredpowercoefficient for WCB/UH-60L
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Fig. 20 Slope,correlationcoefficient, andRMS error values
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