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In-Flight Thrust Measurements of Propeller-Driven Airplanes
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The development of a propeller model that will accurately predict airplane engine static and dynamic thrust
and torque in a full range of advance ratio has provided a powerful and reliable source for propeller-driven
airplane engine simulation that serves as a valuable tool for flight test analysis. A single-element propeller model
that reduces the propeller characteristics to a lift and drag coefficient vs angle-of-attack formulation was found to
describe accurately the propeller characteristics over a wide operating range. Measurements of airplane indicated
airspeed, flight altitude, torque, propeller speed, and throttle setting are the only required parameters for in-flight
thrust estimation. A check of the model showed that the predicted and measured values of static thrust, torque, and
dynamic thrust were within less than 2% over a wide range of advance ratios. With an accurate model of in-flight
thrust measurement, one could add a new gage on propeller-driven airplane to display the amount of available
thrust for the pilot or autopilot system, which would have a great impact on both the capability of verifying
airplane’s maneuvers and flight safety during recovery procedures.

Nomenclature

propeller model parameter set
propeller blade chord
propeller blade drag coefficient
propeller blade lift coefficient
power coefficient

torque coefficient

thrust coefficient

advance ratio, 101.34 (V /nD)
number of propeller blades
speed, rpm

shaft power

shaft torque

propeller radius

propeller blade element radius
solidity ratio

engine thrust

r/R

blade angle of attack

blade angle

air density

propeller rotational speed, rpm
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Introduction

HERE have always been difficulties in separating thrust and

drag forces acting on a propeller-driven airplane. The usual
flight-test method' used to determine airplane drag is to generate
a power-required curve for the airplane. The engine shaft power
is measured using calibration curves or a torque meter is installed
and airspeed is varied incrementally over the performance enve-
lope of the airplane. A propeller efficiency is assumed using the
Hamilton standard method? or a propeller chart. Hewes rediscov-
ered Lock’s model for propeller thrust and shaft power (Hewes,
D. E., and Bennett, A. G., private discussion on propeller modeling
employing Lock’s method, 1981). It was obvious that the propeller
characteristics could be modeled as functions that would suitable
for parameter identification methods.
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Lock conducted extensive propeller research during the 1930s and
1940s. As part of his work, he developed a single-element model®~°
for propeller thrust and shaft power that is based on the concept
that equivalent propeller lift and drag polars are functions of the
blade angle of attack at the 0.7 propeller radius that is applicable for
any blade angle and advance ratio. The simplified model was found
to be robust due to the inclusion of Goldstein terms to account
for interference velocity due to multiple blades. The direct method
computes the propeller thrust and shaft power assuming the propeller
lift and drag polar are defined.

Of particular interest was the inverse method, which has been
developed to compute the equivalent blade lift coefficient Cy, and
blade drag coefficient Cpy, given measured propeller advance ratio,
thrust, and shaft power. Haines’ conducted an extensive study of
the lift and drag polar of propellers using Lock’s inverse method.
It was found that the equivalent blade lift polar exhibited a linear
range and a smooth transition into a stalled regime. Similarly the
equivalent drag polar was found to be parabolic. It was shown that
these polars were universal for a wide range of blade angles and
advance ratios. The propeller blade polar was shown to depend on
the tip Mach number when the tip Mach number was in excess of 0.8.
It was obvious that the propeller blade polar exhibited characteristics
similar to that of an airplane; thus, the polar could be fitted with
low-order polynomials that would be suitable for completing the
performance model for a propeller-driven airplane.

The discussion that follows adopts briefly the development of
a propeller performance analysis method using Lock’s propeller
model. The fundamental approach is to optimize propeller blade
angle of attack to minimize the differences between calculated and
measured values of engine torque at each flight setting. Once the
propeller blade angle-of-attack adjustment in the model has reached
its optimized point, the calculated value of thrust could be adopted
as in-flight thrust measurement value.

Theory

The discussion of the theoretical aspects of the method will con-
sider some details of Lock’s propeller model and the basis for the
adoption of this method to predict propeller thrust and shaft power.

Lock’s Propeller Model

The direct, single-element propeller model assumes that the blade
lift and drag coefficients acting at 0.7R can be used to represent the
entire propeller if the appropriate integrating factor is used. The
definitions of the force directions and the velocity components are
showninFig. 1. Itis assumed that the aerodynamic forces are aligned
with the local relative wind as is done in wing lifting line theory. The
application of the Lock’s simplified method of integration yields the
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Fig. 1 Forces and velocity vectors for a propeller blade element.

following expression for propeller thrust with the variables evaluated
at 0.7R:

T =0.50NgCW?RX[Cy;, cos(¢p) — Cpy, sin(¢)] (1
where
$=0—u 2

The key to this method is the calculation of the induced veloc-
ity w; and the blade angle of attack «,. The following are some
relationships and definitions:

W2 =W¢ - W} 3

Wy =r’o’ +V? 4)
Also,

W, = Wy sin(B) &)
where

B=0—a,—d (6)

Calculation of the blade angle of attack is described later. The angle
¢y is defined using Fig. 1,

¢o = Atan(V /rw) = Atan(J /7w X) @)

When the definition of J is included and factoring, the section
total and induced velocities can be written in terms of the forward
speed and advance ratio as

W = V2V cos(B) (®)
W, = V2V sin(B) )
Ve = (1+7%x%/J%) (10)

Substitution of the preceding relationships allow expression (1) to
be written as

T =0.5pNzCV,.V2RX cos®(B)[cos(¢)Crp — sin(¢)Cpp] (11)

The calculation of the blade angle of attack requires an itera-
tive procedure to determine «, that will satisfy the simultaneous
equations

sCyp = 4x sin(¢) tan(B) (12)
sCrp = f(ap) (13)

where Eq. (12) is the induced velocity equation and Eq. (13) is
the blade lift polar defined using analysis or the inverse method
discussed later. Equation (11) was evaluated using a table lookup
routine for the tip loss factor y, which is a function of advance ratio
Jj and the parameter ¢.

The shaft power equation is also developed by referring to Lock,®
where

Ps=wQ =TV +P +P, (14)

where P, is the induced power loss and P, is the profile drag power
loss. After some manipulation P; is defined as

p _ VeI Vsin(p)

cos(f — o) (15

and P, can be written as
P, =0.50NgCW?RXCp, (16)

The shaft power can be written in a form similar to the thrust
equation (11) after some algebra as

Ps = 0.50NsCRXV? cos® Ve {[Cry cos(B) — Cryp sin(4)]
x [1 4 Ve sin(B)/ cos(¢)] + V& cos(B)Crn } (17)

Inverse Method and Propeller Blade Polar Models

The inverse method developed by Lock® to compute the equiv-
alent blade lift and drag coefficients and angle of attack is briefly
summarized and applied to measured propeller—nacelle data to ver-
ify the method. When it is assumed that propeller thrust, shaft power,
and advance ratio have been measured, the direct method can be in-
verted to yield expressions for blade lift and drag coefficients Cy
and Cpy, defined to be

Crp = [ECy cos(¢) + FCyq sin(¢)]/s (18)
Cpy = [FCqcos(¢) — ECr sin(¢)]/s 19

where E and F are the average values of the integrating factor as
given in Ref. 7 by

3.276 2F
F=2=

=—, 20
4.336 + J? X @0

When this formula and the standard radius at the value of x = 0.7,
which is related to the shape of thrust grading curve as described in
Ref. 6, are used, blade element lift and drag coefficients are obtained
by the analysis of actual measurements of thrust and torque.

Because the blade angle of attack can not be measured directly,
two separate equations for the blade lift coefficient were used to
solve for the angle «;,. Two equations given by Lock for the blade
lift coefficient are

sCyp = 4x sin(¢) tan(B) 201
sCrp = ECr cos(¢) + FCg sin(¢) (22)

which require an iterative solution for «),. The table lookup proce-
dure described for the direct method is used for the inverse method
as well.

Data® from a propeller test, which was not included in the Haines’
study was processed using the inverse method to develop blade lift
and drag polar. The test used a full-scale propeller with a Royal
Air Force-(RAF-) 6 section and was installed in a realistic nacelle.
Thrust and shaft power measurements of a wide range of propeller
blade angles and advance ratio were used to explore the capability
of the method to reduce the data to lift and drag polar. The polars
that are produced by Lock’s method are shown in Figs. 2—4. It is
clear from comparisons with curve fits that the data for a wide range
of blade angles can be reduced to lift and drag polar with very little
scatter. However, note that the tip Mach numbers for this propeller
test were always below 0.7. Inspection of the lift polar showed a
linear region and a smooth transition into a stall. A single function
will not fit the curve well, and so a two-segment model for the lift
polar was assumed.

A first-order function of

Crp, = A1 + Aray, (a < op) (23)
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Fig. 2 Blade lift coefficient vs angle of attack.

(=] <)
S = ©
N ) N

°

Blade Drag Coefficient
o
@

8

0.0 20 4.0 12.0 14.0

6.0 8.0 10.0
Blade Angle of Attack (deg)

Fig. 3 Blade drag coefficients vs blade angle of attack.
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Fig. 4 Blade drag vs lift polar.

provided fairly close fit in the unstalled region, and a second-order
polynomial
Crp, = Az + Asop, + Asai, (ap > otp) 24)

was sufficient to represent the data points in the stalled region. The
continuity requirement at the break point is the only condition that
has to be satisfied to couple these two curves.

It is required that both functions evaluated at the break point be
equal, that is,

r(cir) = r(csr) 25)

where oy, is the value of «, at the break point.

Different orders of polynomial curves ranging from 2 to 7 deg
were used to represent the drag coefficient data vs blade angle-of-
attack angle with the aid of a least-squares analysis. The best fit
was found to be that of a second-order polynomial because of its
accuracy and lower number of coefficients,

Cpp = Ag + Aqay + Agar} (26)

Along with the development of a propeller model, a test criterion
was used to check the feasibility of the Lock’s method by comparing
the measured values® of propeller efficiency with those calculated
through the application of Lock’s direct method using the polyno-
mials and coefficients defined earlier.

In-Flight Thrust Model
Rewriting the thrust and shaft power equations to include param-
eters of Egs. (23) and (26) for points below the stall yields

T =05pNzCWRX[(A) + Asaty) cos(p)

— (A6 + Asa + Asar}) sin(9) ] 7
Ps = 0.5pNsCRXV? cos’ Ve {[(A1 + Aza,) cos(B)

— (A6 + Asay + Asa}) sin(@) (1 + Ve sin(B) /cos(¢)]

+ V7 cos(B)(As + Ara + Asery) | (28)
and for conditions above the stall,

T =0.5pNsCW>RX[(As + Ay + Asa; ) cos()

— (A6 + Ase + Asar}) sin(9) ] (29)
Ps = 0.5pNsCRXV? cos® Ve {[ (A3 + Asery, + Asaj) cos(B)

— (A6 + Asay + Asa}) sin(@) |1 + Ve sin(B) /cos(¢)]

+ V27 cos(B)(As + Aray + Asery) | (30)

After verification through comparisons between the theoretical
model and experimental data that the model provides satisfactory
results for propeller efficiency, attention is turned to validation for
calculated thrust. To validate the thrust estimation method, the fol-
lowing information must be available.

1) The installed propeller geometrical characteristics must in-
clude airfoil geometry at 75% of propeller radius from the hub,
propeller blade radius, and number of blades.

2) The installed engine static thrust and horsepower at different
throttle settings and propeller speed must be known. This informa-
tion, mainly at standard sea level conditions, is available through
the engine performance catalog.

3) In-flight throttle position (propeller speed in revolution per
minute), indicated airspeed (IAS), indicated altitude, outside air
temperature, and torque must be available. These data could be
read directly from normal airplane cockpit instruments, except for
piston engines, which require an extra torque meter installation.

When the listed information is assumed available for a fixed pitch
propeller-driven airplane, parameters A of Egs. (23), (24), and (26)
are known through curve fitting; hence, Cy, and Cp, are known
coefficients in terms of blade angle of attack «;.

For any throttle setting, either on the ground or flight, advance
ratio J is known and propeller pitch angle 6 is either measured
(fixed pitch) or estimated through iteration process for variable pitch
propeller type.

Blade solidity ratio is defined as

s =[2¢/(0.75rm)] (31)

Two independent values of blade lift coefficient Cy, calculated
using Eq. (21) (where the value of yx is selected through a table
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Table 1 Result of in-flight thrust calculation of F-27 (Friendship) airplane

Measured data (per engine)

Predicted data (per engine)

No. Throttle, % IAS,kn RPM  Torque, psi Torque, Psi %Error torque Thrust, b
1 100 212.48 14,700 360.0 360.4 0.111 5120.2
2 85 197.25 14,000 320.5 319.2 —0.406 4810.1
3 80 187.18 13,650 N/A 312.5 N/A 4268.5
4 75 175.78 13,300 300.0 301.1 0.367 3670.0
5 70 164.12 12,800 240.5 238.8 —0.707 3125.6
6 65 158.33 12,200 200.3 200.0 —0.15 2935.9
7 60 148.76 11,800 170.7 171.1 0.234 2570.3
lookup procedure) and Egs. (23) and (24), are compared by defining
a suitable tolerance.
The initial guess for o, could now be verified through an iteration Read Airplane Cockpit
. f Flight Data
process adopting the Newton—Raphson method to find its final value. Altitude, RPM, Torque, TAS Propeller Blade Data
With «,, verified, B is computed using the following equations: x (C,0,A’, %)

¢o = Atan[J /(0.757)] (32)
¢=06—a (33)
B=¢—do (34)
Related velocities are calculated by following relations;
W = 0.75 cos(B)/ cos(¢) (35)
w = 0.75 sin(B) /[cos(¢p) cos(¢)] (36)

Hence thrust, torque, and shaft horse power coefficients are com-
puted by

Teo = Crom W cos()/8 (37

Q = (7°/16)[(0.759 cos(B))/ cos(¢o)]’ (38)
Ap =nTe/4 (39)

F=m0Q/4 (40)

Cr = Aw(l — Cpyp tan(¢) /Crs) (41

Co =JCr/Q2n) + wAo/2+ FsCpy (42)
Cp =27Cy 43)

Finally, the estimated values of thrust, torque, and shaft horse-
power (SHP) is determined by following equations:

SHP = Cp p(rpm/60)*(2R)°/550 (44)
torque = C o (rpm/60)*(2R)’ (45)
thrust = C7 p (rpm/60)*(2R)* (46)

This process continues for each flight condition; therefore, thrust,
torque and SHP is calculated at each step as shown in flow chart of
Fig. 5.

Results

The calculated values of propeller efficiency proved the accuracy
of Lock’s method and the propeller modeling technique by show-
ing less than 1% error, when compared with the measured data® at
various blade setting of 11, 13, 19, 23, and 27 deg as shown in Fig. 6.

The method has been applied for thrust calculation of a four-
bladed variable pitch Rotol RA225907 propeller, installed on a twin
turboprop engine of an F-27 airplane. This airplane has been tested
in different throttle setting and in a wide range of its flight envelope.
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Fig. 5 Thrust calculation flow chart.
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Fig. 6 Comparison of measured and calculated propulsive efficiency.

The results of curve fitting of the blade lift and drag coefficient
of Rotal RA225907 propeller indicated A coefficients to be

Cot = 0.4996 +0.1096a,, (@ < app)
Cm = 1.3066 — 0.001a, 4+ 0.00240, (@ > p)
Cpp = 0.0258429 — 0.00318491a, 4 0.001727210?

When measured values of revolutions per minute and IAS at
10,000 ft, listed in Table 1, are considered to adjust blade angle
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of attack and engine torque values as a checkpoint to adjust its pro-
peller pitch angle, it only took a few iterations to find predicted value
of torque and its corresponding in-flight thrust at various flight con-
ditions. Percent of error in torque estimation relative to its measured
value at different flight setting is listed in Table 1.

Results of the evaluation for stopping criteria (flow chart of Fig. 5)
demonstrate no sensitivity other than truncation error on the calcu-
lation process. It is recommended to set it equal to one unit of engine
idle torque reading.

Conclusions

The thrust prediction method was adopted to calculate the avail-
able thrust for the purpose of flight simulation modeling. The
method was validated by comparing simulated and measurement
data. This comparison has shown less than 1% error in torque pre-
diction both for ground and in-flight measurement. Static thrust
results at various throttle settings also provided great accuracy, sim-
ilar to that of torque results. In-flight thrust validation was based
on static thrust accuracy and then on matching of engine revolu-
tions per minute, torque, and available SHP, through which pro-
peller pitch setting was found. Finally a validation of reliability of
the in-flight thrust modeling was done by applying the thrust model
on a twin engines turboprop airplane flight simulator for which
complete range of flight was tested, and satisfactory results were
reached.

Variation of a force parameter is well understood by any pilot or
student, rather than torque or propeller speed, which do not have
any reliable relation to verify airplane maneuvers or its capabil-
ity. Hence, adopting of an in flight thrust measurement gage on a
propeller-driven airplane to display the thrust force would certainly
provide a much better feeling to pilots. Therefore, it would shorten
the period of pilot training, increase the pilot’s sense of available

thrust, which is the most powerful tool for pilot decision making
in hazardous maneuver entrance, and increase the maneuverability
of existing airplanes due to lack of knowledge of available thrust
during flight.

Among other benefits of installing an in-flight thrust measurement
gauge, the most important beside flight safety are the increase in
pilot ability in maneuvers and the possibility of using low-cost and
high-maneuverability propeller-driven aircraft in close air support
missions in place of jet fighter aircraft with their associated high
cost and long-terms pilot training.
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