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Abstract

It is sometimes easily assumed that an experimental measurement
will closely mimic the results from an associated theoretical model.
The purpose of this project is to determine how close to a theoretical
model —involving the component buildup method and the quadratic
drag polar assumption— a Piper Archer II will perform in an actual
test flight.

During the test flight, the Archer IT showed a similar correlation
between airspeed and performance as the model. The actual perfor-
mance numbers were however consistently lower than their theoretical
counterpart.



Introduction

The primary question this report seeks to answer is if an experimental
measurement of an aircraft’s performance in the form of a test flight
closely resembles the performance determined from a model consisting
of a component buildup method and a quadratic drag polar assump-
tion.

The aircraft that we will be examining and test flying —the PA-
28-181— is a variant of the Piper PA-28 more commonly known as
the Piper Cherokee Archer II. The Piper PA-28-181 will henceforth
be referenced to as the Archer I1.

The Piper PA-28 aircraft has since its introduction in 1960, by the
Piper Aircraft manufacturer, been one of the most iconic and widely
used general aviation aircraft. There is still to this day variants of the
PA-28 in production and the total number of aircraft that has been
built is greater than 32,000.

The Archer II variant is like the original PA-28 design a single
engined, piston powered, low-wing aircraft with a conventional tricycle
landing gear. The variant was certified in 1975 and is powered by a
Lycoming O-360-A4A four-cylinder engine rated at 180 horsepower at
2700 rpm and features a laminar airfoil semi-tapered wing.

The performance of the Piper PA-28-181 aircraft will be experi-
mentally analysed in terms of maximum climb rate, glide ratio and
stall speed through a testflight in the Archer II conducted by our-
selves. The result will be compared both to a theoretical model and
the corresponding performance numbers given in the aircraft’s Pilot
Operating Handbook.
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Nomenclature

Parameter | Description

Cp Drag coefficient

Cho Zero-lift drag coefficient

K Drag-duo-to-lift ciefficient

Cr, Lift coefficient

Cr Component flat-plate skin friction coefficient
F. Component form factor

Q. component Interference factor

Swet.c Component wetted area

Re Reynolds number

p Density

V Speed

e Component length

I Viscosity

k Skin roughness

f Relative thickness

(x/¢)m the chord-wise position of the maximum thickness
(ﬁ) Maximum thickness normalized chord
A, Sweep of the wing

y Dihedral angle or climb angle

€0 Oswald efficiency factor

AR Aspect Ratio

R/C Rate of Climb

W Aircraft weight

n Rotational speed [rpm]

D Propeller diameter

Py Engine power

Npr Propeller efficiency

Table 1: Nomenclature
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Wing Area (sq. ft.) 170.0
Min. Tuming Radius (ft.) 30.0
(from pivot point to wingtip)

Figure 1: Piper Archer II

1 Performance Analysis

The first step when determining the performance of an aircraft is to
calculate the drag coefficient as it is the base for all subsequent equa-
tions. The drag coefficient is based on the geometry of the aircraft,
e.g. wing-areas and component lengths.

1.1 Estimate Drag coefficient

The drag coefficient, Cp, can be calculated with the use of the zero-lift
drag coefficient, the drag-due-to-lift factor and the lift coefficient as
follows.

CDZCD()—J-KC% (1)

The zero-lift drag coefficient is calculated based on the geometry
of the aircraft, the drag-due-to-lift coefficient and the lift coefficient is
given from the geometry of the wing.



1.1.1 Zero-lift drag coefficient

There are two different methods to estimate the zero-lift drag coef-
ficient, C'pg. The most simple method is the equivalent skin-friction
method which is based on the total wetted area and a skin-friction
coefficient for different aircraft classes. The other method is the com-
ponent buildup method which is a little more detailed as it is based on
parameters that is calculated for the specific aircraft. In this project
the component buildup method have been chosen due to the fact that
the geometry of the aircraft is known [5].

1
Cpo = 5 ;[C’RCFCQCSW%C] + ACD misc + ACp,L&P (2)

The parameters Cr., F., Q. and Syet, is calculated according
to given formulas [1] where the geometry of the aircraft is taken into
consideration. ACp misc is taken from a table of known features of the
Archer II [4][p. 179].

1.1.2 The component flat-plate skin friction coefficient

The flat-plate skin friction coefficient, Cr., is based on the stream
wise length of the component being studied and can be calculated
according to equation (3).

0.455

Cr= "
F [logioReio]25®

3)

where Rej. can be calculated from equation (4) or (5) depending on
which one is the lowest.

Le
Repe = 22 (4)
v
1.053
Recutor = 38.21 <k> (5)

where k is the skin roughness of the surface.

1.1.3 The component form factor

The component form factor, Fg, is calculated in different ways for
different components. For components like the fuselage this factor is
calculated according to equation (6)

60  f
Fom14+ 241 6
=RV (6)



where f is the relative thickness of the component

f= (7

while wings and stabilisers are calculated according to equation (8)

F, =

(@/¢)m

where t/c is the maximum thickness normalized chord, (z/c),, is the
chord-wise position of the maximum thickness and A, is the sweep of
this line.

400 <Z> + 100 <Z>4] [1.34Ma"®(cos A, )P 2] (8)

1.1.4 Wetted area

The wetted area, Syet,c, is the area which is in contact with the exter-
nal airflow. This area is calculated differently for different components.
Wings are calculated according to equation (10) and the fuselage is
calculated according to equation (9).

1
Swet,c = ai(Atop + Aside) (9)

where a is a numeric constant, commonly used as 3.4 for common
cross sections. Ay is the topside area of the fuselage and Ag;qe is the
side area of the fuselage.

Swet,e = [1.977 4+ 0.52(t/c)] Sexposed (10)

where Sepposeq is the exposed wing area. If the wing have a dihedral
angle the exposed area is calculated according to (11).

Snet
Ccos 7y

(11)

Se:cposed =

1.1.5 Drag-due-to-lift factor

The drag-due-to-lift factor, K, is expressed as a function of the aspec-
tratio, AR and Oswald efficiency factor, €.

1
K= 12
WARG() ( )
where eg is calculated from (13)
eo = 1.78(1 — 0.045AR%%®) — 0.64 (13)



1.1.6 Lift coefficient

To be able to calculate the lift coefficient for any given altitude and
speed the following relation can be used.
_ ™9
B V28
where p can be determined from the current altitude and temperature,
V' is the current speed and S is the area of the wing.

Cp, (14)

1.2 Glide ratio

The glide ratio can be determined from the relation between the lift
coefficient and the drag coefficient.
Cr Cr

glide ratio = —

Cp - Cpo+ KCy,

With this relation where the lift coefficient is a changing param-
eter dependent on speed and altitude the glide performance can be
determined for all possible scenarios.

(15)

1.3 Climb performance

Climb performance is about more than just the maximum rate of
climb, the climb angle also needs to be taken into consideration as
they give different results. The speed for best climb angle does not
have to be the speed for best for rate of climb!.

1.3.1 Rate of climb

The rate of climb parameter, R/C, is a parameter that depends on the
current conditions. It is dependent on the current speed, air density
and weight of the aircraft. It can be calculated according to [2] as

77]”( )J eng()c) 1 3 ! ( S ) ¢ )
= - 7 — ‘/ JR— — K ]

where 7, is the propeller efficiency and P.,4(p) is the engine power
at the current altitude and is calculated according to equation (17).

Pang(p) = Peng.arsp(1.130(p) — 0.13) (17)

IThey are in fact never the same speed except if the aircraft is flying at its absolute
ceiling altitude



Propeller efficiency as a function of speed. (n = 2400 RPM)
09 T T T T T T

0.85f : - -

0.75 i

0.7r b

= 0.65

T
1

0.6 4

0.55 i

05} : : -

0.45

T
1

0.4 L Il L L Il L
20 40 60 80 100 120 140 160

Speed [kts]

Figure 2: Propeller efficiency curve of the Archer II at 2400 rpm.

where o is based on the relation between the density at the current
altitude and the density at sea level as seen in equation (18).

o(p) = - (18)

PMSL

The advance ratio, J, can be calculated from the airspeed, pro-
peller diameter and rotational speed of the propeller according to
equation (19).

V.

== 1
J D (19)

The relation between the propeller efficiency and advance ratio for
the Archer II can be found in a table [4] where the propeller efficiency
can be determined from a corresponding advance ratio. When assign-
ing a rotational speed of 2400 rpm, the airspeed becomes the only
unknown parameter. As the airspeed is the only unknown parameter
the propeller efficiency can be plotted as a function of the airspeed as
seen in figure 2.



1.3.2 Climb angle

The climb angle, ~, is the best angle of climb and can be calculated
according to [2] as

. npr(V )Peng(p) 1 9 (W ! 2 (LS[ ) 60827
— dprit JZeng ) op v L) o gIAS/ T
v = arcsin ( D 2p

nn

1.4 Stall speed

The stall speed is the speed where the wings of the aircraft stall and
looses its capacity to carry the weight of the aircraft. By rewriting
equation (14) the stall speed can be determined as a function of CL.

/ 2-L
Vo= =—— 21
C'L,max',O'S ( )



2 Flight test

In addition to the theoretical analysis of the performance of the Archer
I1, a test flight has been performed. The purpose of the test flight was
to examine and compare the data from the flight with the correspond-
ing analytically calculated data.

The test flight included four elements; a maximum climb test, a
glide test and a stall speed test.

2.1 The Atmosphere

Our planets atmosphere is varying in terms of air density at different
locations, altitudes and at different times. An aircraft’s performance
is also affected by the air density in which it moves. In order to stan-
dardize and benchmark an aircraft’s performance, the International
Standard Atmosphere —henceforth referenced to as the ISA— is there-
fore commonly used. The aircraft’s performance is generally presented
as the performance it would have in this standard atmosphere.

Ideally, the aircraft’s performance would be determined by test
flying it in the ISA. The ISA is however a desk construction and it
rarely —if ever— appears in the real world. Because of this, the aircraft’s
performance needs to be converted to the corresponding values in the
ISA from the values gathered in the actual atmosphere at the time of
the test flight.

The ISA specifies the standard pressure and temperature in the
atmosphere. The altimeter inside the aircraft measures the static
pressure on the outside and is calibrated in accordance with how the
pressure varies with altitude in the ISA2. In usual cases, the altimeter
setting is set to the actual pressure at sea level but for our test flight it
is set to the standard setting if 1013 hPa (or 29.92 inHg). This means
that the altimeter will show the pressure altitude, which is the altitude
in which the ISA altitude has the same pressure as exists outside of
the aircraft. Note that this is not the actual altitude of the aircraft,
except if it flies in an atmosphere with identical pressure variation as
the ISA.

Knowing the pressure altitude does not however mean that the
density of the air is known because the density of the air does also
depend on the temperature 3. The compensate for any temperature
deviations from the ISA and calculate the density altitude John T.

’https://en.wikipedia.org/wiki/Altimeter#Use_in_aircraft

3The density of the air does in fact also depend on humidity. The more moist the air
is, the less dense it is since the molecular weight of water is lighter than that of air. This
effect is however negliable in our climate.



Lowry suggests the following method, called the inchworm method [3].

3
To derive the method one starts with the atmospheric hydrostatic
differential equation

dp = —pgdh (22)
combined with the ideal gas law,
p = RgpT (23)
gives
—RT(p)d
—RT(p)dp _ dh (24)
p
The pressure altitude, hj, can be defined as follows
TO ( D >aR
hy=—1[1—[(— 25
p= ( z (25)
a —the temperature lapse rate— , pg —the pressure at sea level—
and Ty —the temperature at sea level— are all defined parameters in

the ISA (o = 0.00650 C/m, po = 1013.25 hPa and Tj) = 15°C).
Differentiating (25) gives

dh,,

dhy TR (p)
dp po \Po

(26)
and combining (26) and (24) results in the following expression
T(p) Po oft
— == dh, = dh 2
2= (), (7
Using

Ts(h) =Ty — ah, (28)
where h is height in the ISA, it follows from the ideal gas law (23)
that

dp___dh
p  R(Tp— ah)
and by integration

(29)
By division, (28) and (29) gives the relationship between sea level and
another position in the standard atmosphere as

Tsﬁp) B (ppo> :

9

(30)



Combining (30) and (26) results in

_ T
dh = T (hp)dhp

and after integration

M T(p)
Ah_/h oy (31)

pl

With (31) it is possible to calculate the height difference in the
standard atmosphere, Ah, given the temperature at the various pres-
sure altittudes, T'(p) and the corresponding temperatures in ISA,
T'(hp). It is however considerably easier and more practical to evalu-
ate the integral in (31) by using the mean values at the ends of the
interval:

T(hpl) T<hp2) _Ahp
Ts(hpt — Ts(hp2 2

(32) is a good approximation since the temperature generally varies
slowly and steadily at the pressure altitude ranges we will be concerned
with.

In practice, this means that only the temperature at the beginning
of the pressure altitude range, T'(hp1), and at the end of the range,
T'(hpz), would have to be recorded during the test flight, together with
the pressure altitudes themselves.

Ah = (32)

2.2 Testing Procedure

At the day and time of the test flight, ground temperature and gross
weight of the airplane were noted and the altimeter was set to 1013 hPa
as to read pressure altitude directly. Once the pre-flight checks and
procedures were completed and the aircraft was airborne the testing
could begin.

The maximum climb test was conducted as follows; the aircraft’s
throttle was kept fully open and the aircraft’s indicated airspeed was
kept constant during the steady vertical climb. The time to climb
between two altitudes and the temperature at those altitudes were
noted as well as the propellers rpm. The glide test was conducted in
a similar manner to the maximum climb test with the exception that
the throttle was kept closed while the aircraft descended at idle power
through the two altitudes.

The maximum climb and glide procedures were repeated several
times at various airspeeds, increasing with 10 kt increments.

The stall speed was noted in a idle power, level stall.

10



The flight instruments , such as the speed-indicator and altimeter,
were recorded with a video camera during the entire flight for further
analysis of the data on the ground.

2.3 Flight Data Analysis

Once on the ground again, the flight data were analysed. Ah was
calculated in accordance with (32) and divided with the recorded climb
time to obtain the equivalen rate of climb in the standard atmosphere

Rate of Climb = %

The climb angles were obained by

Rate of Climb
limb Angle = sin™ ‘
Climb Angle = sin <Indicated Airspeed>

The sink rates in the glide tests were calculated in a similar manner
to the rates of climb in the maximum climb tests. Additionally, to
obatain the glide ratios, the following calculation was made

Cr,  Indicated Airspeed

lid tio = —= =
Glide Ratio Cp Sink rate

In order to compare our testflight values with the theoretically cal-
culated ones, new theoretical calculations were made. This time with
parameter values for air density and aircraft gross weight matching
those of our flight test conditions.

11



3 Results

3.1 Theoretical performance

The equations 3-14 give the results for all components in table 2.

Fuselage Main wing Vertical tail Horizontal tail
Fe 1.2544 1.2762 1.2100 1.2607
Cr | 0.0026 0.0033 0.0031 0.0038
Q 1.000 1.2000 1.0500 1.0500
Swet | 18.1607 32.4690 2.1710 5.0169

Table 2: Component values

Using these values into equation (2) results in the final sum for

Cpo = 0.0296.

From the theoretical analysis of the aircraft’s performance the fol-
lowing data were computed: The glide ratio as a function of the air-
craft’s indicated airspeed is shown in figure 3. The maximum climb
rate at various airspeeds is represented in figure 4 and figure 5 shows
how the climb angle is varying with airspeed. The airspeed for best
rate of climb, V,, was calculated as 78.6 knots. The Pilot Operat-
ing Handbook does under the same conditions present a value of 76
knots [6]. The Archer II will, according to the POH, climb at a max-
imum rate of 735 feet/min at sea level and maximum gross weight.
The comparable value from the theoretical performance model is 1040

feet /min.

V:, the airspeed for best climb angle is lower, 64 knots according

to the POH and 55 knots according to our theoretical model.

The best glide ratio for the Archer II is, with the theoretical model
used 12.6, higher than the value provided by the POH, which is 10.1.
The stall speed of the Archer IT is 53 knots at a flaps-up configura-
tion at sea level and MTOW according to the POH. Our calculations

give a stall speed at the same circumstances of 59 knots.

12



Glide ratios as a function of indicated airspeed
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Figure 3: The glide ratio as a function of indicated airspeed at sea level in
ISA with MTOW (1156 kg).

Rate of Climb as a function of indicated airspeed.
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Figure 4: Rate of Climb as a function of indicated airspeed at sea level in
ISA with MTOW.
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Climb angle as a function of indicated airspeed.
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Figure 5: Climb angle as a function of indicated airspeed at sea level in ISA
with MTOW.

3.2 Test flight performance

The maximum climb and glide ratio tests during our test flight were
all conducted between the pressure altitudes of 3000 and 4000 feet.
The climb rates and glide ratios are therefore compared to the the-
oretical values with the average air density between those altitudes
(corresponding to a density altitude of 3565 feet in this case). The
actual weight of the aircraft at the time of the test flight was deter-
mined to be 924 kg so the theoretical values in the comparisons were
calculated using that weight as well. The comparisons are presented
in figure 6 for glide ratios, in figure 7 for climb rates and in figure 8
for climb angles.

The Archer II has a relatively unpronounced making it somewhat
difficult to determine the exact stall speed during the test but the
aircraft stalled at around 50 kts.
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Glide ratios as a function of indicated airspeed
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Figure 6: Glide ratios as a function of indicated airspeed combined with
datapoints from the test flight at 3500 feet in ISA and with an aircraft weight
of 924 kg.
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Figure 7: Rate of Climb as a function of indicated airspeed combined with
datapoints from the test flight at 3500 feet in ISA and with an aircraft weight
of 924 kg.
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Climb angle as a function of indicated airspeed.
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Figure 8: Climb angle as a function of indicated airspeed combined with
datapoints from the test flight at 3500 feet in ISA and with an aircraft weight
of 924 kg.

4 Discussion

The first test flight that was conducted took place in an erratic and
turbulent atmosphere which resultet in unconsistent and unreliable
data. It was therefore decided that another test flight should be per-
formed. The second test flight occured under much more favorable
conditions with more consistent measurements as a result. The mea-
surements from the second flight are the only ones that are included
in this report.

The distribution of the value from the glide ratio tests does resem-
ble the theoretically calculated curve under the same conditions. The
actual glide ratios are however all lower than their theoretical coun-
terparts as seen in figure (6). The same tendency can be seen for the
climb angles in figure 8 as well. The distribution is similar but the
test flight performance numbers are lower.

The systematic tendency of the practical values to be lower could
be explained with factors making the aircraft perform worse such as a
dirty fuselage, less than ideal maneuvering from the pilot and in the
case of the climb test; an aged and underperforming engine and/or
propeller.

Other factors might include uncalibrated altimeter, thermometer,

16



stop watch and/or airspeed indicator as well as erratic pressure and
temperature in our altitude range. These factor might as well though
induce errors with the opposite tendency.

The comparable values from the theoretical model at MTOW and
the POH suggests that the theoretical model used gives an overesti-
mation of the Archer II’s performance. That would imply a smaller
difference between the aircraft’s optimal performance and the mea-
sured performance from our test flight than is shown in figure (6)-(8).

There is however, one scenario where the measured data does not
match the pattern from the theoretical model; the maximum rate of
climb scenario. The measured data implies a relationship were the
rate of climb increases with decreased airspeed unlike the theoretical
curve which has a conversely quadratic shape. This might be due
to the effect the propeller slipstream has on the other parts of the
aircraft.

When the propeller is turning at a high rate, a considerably air flow
will be prodiced which blows past the inner section of the main wing.
This effectively lowers the angle of attack of the inner part of the wing.
This effect might give the impression of the aircraft performing better
at lower airspeeds than expected, because the propeller slip stream in
fact adds air flow over a big section of the wing making it perform as
if the actual airspeed was higher. That would also explain why the
aircraft seems to perform best at a higher airspeed during the glide
test, in which the propeller slip stream effect is much smaller.
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5 Conclusions

e The component buildup method gives an overestimation of the
Archer II’s performance compared to the Pilot’s Operating Hand-
book

e The data measured from the test flight have a similar distribution
as the values derived from the theoretical model.

e The measured data does consistently indicate lower performance
than the theoretical model under the same circumstances

e Favourable conditions during the test flight is beneficial to the
gathered measurements.
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Sheetl

Flight Test Data

Description |Max Climb|Max Climb [Max Climb |Max Climb |Max Climb [Max Climb Max ClimMax ClimkGlide |Glide |Glide |Glide Glide |Glide

Speed 85 90 65 70 75 100 75 80 75 80 90 65 60 75
Start Level 3000 3000 3000 3000 3000 3000 3000 2500 3000/ 3000| 3000 3000, 3000, 3000
End Level 4000 4000 4000, 4000 4000, 4000 4000, 3000 2000| 2000| 2000 2000] 2000| 2000
Start Temp 50 50 50 50 50 50 50 53 50 50 50 50 50 50
End Temp 45 45 45 45 45 45 45 50 45 45 45 45 45 45
Time 01:18 01:23 01:08 01:10 01:12 01:51) 01:12)  00:34) 01:16] 01:10] 00:54] 01:27] 01:29) 1:21
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