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AIRCRAFT ACCESSORY DRAG TORQUE DURING ENGINE STARTS

1. PURPOSE:

The purpose of this Aerospace Information Report is to present a
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characten
the need

MAIN ENGI

cussion of the drag torques of aircraft accessories op
eratures, spec1f1ca11y -65°F. The parameters affectin
of torque at various speeds and acceleration rates-ar
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for a standard test method.
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net accelerating torque by the algebraic addition
torque and starter output torque at a common shaf

IT = summation-0f* engine and starter inertia reflected
shaft.

a = resultant rate of acceleration of a common shaft.
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ngine idle.
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In many cases this method of calcuTation provides the Thformation necessary

to comple

te the starting system analysis.

If a more accurate analysis is

required the effects of engine driven aircraft accessory gearbox loads can be
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2.

3.

COLD START DRAG TORQUE ANALYSIS FOR ACCESSORY LOADS:

-2 -

(Continued):

included. This is accomplished by determining the steady-state accessory
torque vs. speed and algebraically adding this torque magnitude to the engine
torque curve and adding the accessory inertia to the total system inertia.
This method is satisfactory for normal accessory loads and relatively large
engines. At temperatures below -40°F, and in particular -65°F, the loads
from hydraulic devices and gearboxes can be increased many times because of
the large increase in oil viscosity at these temperatures.

The engine and accessory starting system analysis at -65°F is more involved
because qf—i : : i e To Targe thanges in oil
viscosity in the engine, gearbox and hydraulic accessories. /\To| make a
detailed |analysis of the -65°F system, special attention must bp given to
these lodds before they can be added to the steady-state 'engine| torque curve
in the start calculation.

3.1 Basic Parameters: The torques required to rotate hydraulic deyices and

gearboxegs during an engine acceleration are.influenced by the Following
parameters:

(1) Ingrtia (I) of the rotating mass

Equation 1: T =1 a

(2) MWindage of rotating parts-in air

Equation 2: T = K x function of speed (uw)

(3) Pumping of fluid

Equation 3: T = Displacement x A pressure
A pressure head is also a function of the oi] viscosity
(u) and speed (w).

(4) Chupning and shearing of the o1l

Equation 4: T = Geometrical constant x a function of speed (w) and
viscosity (u).

{5) Friction

Equation 6: T = a function of contact forces (F) and the coefficient
of friction (f).

Total loads from Items 1 (inertia) and 2 (windage) are easily determined by
calculations and steady-state test measurements and impose no particular
problems. On large engines the torques from Items 1 and 2 are small
compared to total system torque during the engine start cycle and will not
be considered in this study. The torque due to friction will not be
considered as a separate item in this study.
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3.2

(Continued):

As noted in equation (3), the torque loads are a function of displacement
and pressure head. This displacement per revolution (D/rev.) can be
considered a constant for a given fixed displacement unit during the start
cycle which results in a flow rate proportional with speed (w). The total
hydraulic head is determined by system operating pressure and flow rate and
decreases with increasing fluid viscosity (u). Pumping pressure is normally
a constant designed pressure, but at very cold conditions can be greatly
increased. Special considerations would be necessary to determine the
pumping torque of variable displacement hydraulic pumps which are pressure
compensated and destroked for low flow rates.

In equatlion (4), the torque loading is determined by the geometrical size of
the unitl which can be considered as a constant depicted as an qrea (A) in
square inches, the speed of the individual components shearing|the 0il (w)
in feet [per second, and the dynamic viscosity (u) ipislugs per|feet per
second.

The following illustrates how equations (3) and (4) can be generalized and
combined by separating constants and variables which affect the system
starting torque:

(3) T = D/rev. x A Pressure
D/rev. = constant’ (K1)
AP = f (u,w)
T = K]_ x f (u,w)
(4) T =Ko x fu,w0) Ko = Geometrical Constant

Equations (3) and (4) can be combined to yield:
Equation (5) T =K3 x f (u,w)

Over nofmal opérating temperature ranges, viscosity can be considered a
constant and the steady-state torque would vary as a function [of speed.

Factors|Affecting Fluid Viscosity: As seen on the graph of vilscosity versus
tempera d € ; 3 Futd viscosity
changes approximately 50 to 1 between 0 F and <65 F. Correspondingly the
resistance will vary considerably with small temperature changes in this
range. This phenomenon affects overall torque characteristics at Tow
temperatures since local viscosity changes as a function of unit activity.

After the initial revolution of a unit which has been cold soaked to -65°F,
the fluid in contact with the bearings, gears, pistons, and other
reciprocating and rotating parts in the unit is subjected to motion and
shearing. The work (W) done on the fluid through shearing will in turn heat
the o0il adjacent to the moving surfaces. This causes a substantial change
in local viscosity and therefore a change of work input for the next
increment of time.
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3.2

3.3

3.4

(Continued):

During a cold start cycle, the oil temperature within a unit at any time
after initial start will vary significantly within the unit itself. A rapid
temperature rise would be noted adJacent to the moving surfaces which are
1mpart1ng the most work to the o0il, in contrast to a slow temperature rise
in a relatively stagnant sump area.

Effect of Work on Fluid Temperature: It is assumed that any work absorbed

by an accessory above its normal steady-state output energy is transferred
into heating of its internal fluid.

Therefore:

—r

Dynamic viscosity (u) is a function of its temperature (Te
Equation (6): u = f (Te)
The|fluid temperature (Te) is a function of thelwork (W) imparted to
the| fluid by moving parts.

Equation (7): Teo = f (W)

worE is equal to a force times distance :and in this case
Equation (8): W =T x e

Where, T = torque (to overcome viscous friction)

e = revolutions or radians

It can beé generalized that the fluid temperature or viscosity gt any time
(t) aftep start initiation is dependent upon the summation of the torque
transmitted to the unit times the number of revolutions to timg (t).

In Figure 1 below, the transmitted torque is plotted against revolutions (e).

o)

(Note: The work accomplished o time (t),
is the shaded area under the curve.)

TORQUE (T)

NN NNEEN
REVOLUTIONS (&)

Y

FIGURE 1. Typical Torque vs. Revolutions

Acceleration Rate Varies the Work Accomplished: Assume an accessory is
accelerated at two different uniform rates ai, and «2 from zero to a

speed w], and there is no change in the fluid temperature, the torque

versus speed curve is as shown in Figure 2. For this same accessory, torque
versus revolutions is shown in Figure 3 where the areas shown as A1 and

A2 represent the total work done on the unit where A1 > Ap and

W1 > Wao.
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3.4

-5 -

(Continued):

%3
2

TORQUE (T)

SPEED (W)

FIGURE 2. Torque vs. -Speed

TORQUE (T)

OS2
REVOLUTIONS (©) !

FIGURE 3. Torque vs. Revolutions for Two Acceleration Rates

It is noted that with different amounts of work done on the oil, the
temperature of the o0il at speed wj for the acceleration with aj is
higher than with a3.

10 radians/sec?
20 radians/sec
50 radians/sec

As an example, assume: a]
a2
wl
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3.4

(Continu

substituting e

ed):

nnnu

1/2 o X 2
125 radians

0]
62.5 radians

82

As shown in Figure 3, the area under the respective curves would be

A1 = 2A9.

Thereforie, the work accomp1ished'with a1 would be twice the wo

accompli
furgher,
-65F,

can be

.12
Bo =

It can 1
0il, thg
(2) as @

Cold st
that the
shape of
start sy
as showr

shed with ap. If this generalized example is carried
and it is assumed that the accessory temperature is u

jnd W1 raises the oil temperature 20°F and Wpiraises it

een from Figure 10 that the viscosity u s

slugs
ft. sec.

W1
i

ow be stated that if all

249
1/2u2

the work is transferred into

riginally stated.
But, Tp < T2

rt test results’ of hydraulic or lubricated accessories

below>in Figure 4.

.06 slugs |
ft. secl

rk

h step

nifgrm at

10F it
and

heating up the

torque at speed uj for, run (1) is not equal to the tojrque for run

have shown

change influid viscosity is a dominant factor in determining the
the accessory torque versus speed curve during the accelerated
ch that the slope of the curve is not as shown in Figure 2, but more

E
w
=
g \\_
[
SPEED {(V) W,
FIGURE 4. Torque vs. Speed
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3.5

4,
4,1
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(Continued):

This curve shape shows that decreasing fluid viscosity has a'greater effect
on the absolute torque than increasing speed.

The change in torque required by bearings and other components that operate
with an interference or tight fit at -65°F condition and loosen as ]
temperature increases also affects the cold start in a manner 51m11ar to oil

viscosity changes.

Generalized Cold Start Torque Equations for Accessories: Equation (5) noted
in Sectipm 3. T tombimedthe pumpinygand shearing drag torques {nto one
equation and grouped the independent constants.

Equation (5) T = K3 x f (w, u)

This equation is not very useful because it is very difficult to determine
or measure fluid temperature at the critical moving surfaces dgring the

start cycle. Therefore, it is necessary to reflect the viscosjty variable
as a measurable function. Equations (6), (7). and (8) showed how viscosity
is a function of work (W) or (T x e). ‘

~ Equation (9) u = £3°(T x e)
From thils it can be stated that the: torque at any time or speed during the
start cycle is a function of the speed and of the work done on|the fluid up
to the speed in question.

Equation (10) T = K x f [w, f = (T x e)]

TEST METHODS FOR DETERMINING DRAG TORQUE:

Steady-Sitate Torque.and Polar Moment of Inertia: The component to be tested
is conditioned in,the required environment and then driven to a
predetermined speed. The torque required to drive the componept is then
measured while~the acceleration rate is zero. From a series of points
derived [in this manner, a steady-state curve of torque versus s$peed is

The polar moment of inertia of the component 1s det rmined

then added to
the engine drag curve and the 1nert1a is added to the system inertia.

This method is greatly influenced by the Tapse of time between data point
measurements. For instance, on a -65°F test the hydrau11c and lubricating
fluids are very viscous, but warm up rapidly as work is being done on them.
Once the constant speed data point is reached (acceleration = 0) the torque
continues to decrease with time as the fluids become Tess viscous. The
problem of an accurate reading is influenced by:

1. The torque measurement is made after too much work is put into the
component producing too low a value.
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4,1

4.2

4.3

4,4

(Continued):

2.

The torque measurement is made before enough work is put into the
component which produces too high a value.

This is possible when actual

engine acceleration rates are lower than used on the test.

This test method is considered acceptable at moderate temperatures where the
change in o011 viscosity is not large.

Uniform Acceleration Rate:

The component is accelerated at a fixed rate

during which time the accessory torque is continually monitored.

method 1
compared
method o

The pola
adjustme
This wou
specific
mean a d
differen
torque a

Variable

This test

5 satisfactory for applications where the engine drag.js large
to the accessories. However, on a small engine, a’more accurate
f determining accessory drag may be desired.

 moment of inertia of the system can be determined, and an

ht made in the torque to account for acceleration of the masses.
Id provide a steady-state torque versus speed curve for that
acceleration rate. However, a different’ acceleration|rate would
ifferent Tevel of energy being put into the fluid resulting in’a
t rate of change of fluid viscosity«which directly affects the
bsorption of the accessory.

Acceleration Rate: Measure torque absorption of an agcessory using

a variab
conditio
closely

It is ne
accelera
into con
of this
variable

An undes
starting
complica
characte

e acceleration rate to more-closely simulate actual engine
ns. This is an improvement over the other two methods|as it more
simulates actual operational start conditions.

cessary in this approach to determine the approximate ¢
tion profile. This. acceleration profile would then be|segmented

stant acceleration rates between predetermined speeds.| An example
is shown in Figure 11, which also dramatizes the diffefence between
rate acceleration and constant rate acceleration.

ngine

irable factor in this test method is each change in temperature or
mode “requires a new acceleration rate. This becomes gven more
ted-because the rate of acceleration is dependent upon|the drag

ristics of the accessories,

Analytical Conversion of Constant Acceleration to Variable Acceleration: A

fourth method of torque absorption measurement utilizes the data obtained

from accelerating the accessory at a constant rate of acceleration.

From

these data a method can be derived which enables calculation of accessory
drag torque at any desired rate of acceleration.

=K f (uw, W)

T
f (w, W)

From Section 3, T

Transposing, K
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4.4

(Continued):

To simplify this equation the constant (K) will be replaced with a dependent
variable (Y) which is a function of w and W such to allow the equation to be
written as follows:

where Y is a variable unknown in terms of « and W.

To make[this equation useful, the value of Y can be determined empirically
at specjfic points during testing.

From constant acceleration data the torque (T) at a given speed (w) is
known. |However, the work (W) done is not known and must be established
before (Y) can be resolved.

A typical torque versus speed curve for an accessory conditioned at -65°F at
a constant acceleration is shown in Figure 5 '

~o Thedretical

Actual

o

w (Includes

3 Actuation
(04 .

S Devices)

SPEED (1))

FIGURE 5. Typical Torque vs. Speed for Constant Acceleration
From these data, a plot of torque versus revolutions can be obtained as

shown in Figure 6. The total area under the curve represents the work (W)
accomplished by the accessory.
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4,4 (Continued):

TORQUE (T}

REVOLUTIONS (©)

FIGURE 6. Torque vs. Revolutions

A serieg of values for (Y) can now be obtained“in terms of the| area under
the curve (W), torque (T), and speed (w). <Example #1: Deternfine the value
of (Y) 4t 500 rpm when the accessory was accelerated at 150 rpm/sec. From
Fig. 5, |assume that T = 400 in.-1b. at 600 rpm. The number of revolutions
of the dccessory (e) equals the average speed multiplied by the time element

or,
o = %'x-g where: e = revolutions
w = velocity, rpm
« = acceleration, rpm/sec.
= 5%9- %%g-x %U t = time = w, sec.

o«

=(13.9 revolutions

From Fig. 6, thke)area under the curve at 13.9 revolutions can pow be
computed in_square inches (or any other convenient terms). In this example,
assume grea.3s 1.309 square inches. A value for Y can now be computed in
terms of T3’ v, and W at a specific point:

I
wh

T = 400, w = 500, W = 1.309

Y

400 1 .

A series of similar calculations, solving for Y, will generate new values
for Y at different speeds or total revolutions. (Y) can then be plotted
against total revolutions as a curve on semi-log paper, as in Fig. 7.
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It becomps apparent at this point, that although the (Y) factor

“catch-a
to descr
establis
degree o
componen

The firs
calculat
characte
drag wou
drag cur

When thi
accesson
relation
be deten
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4.4 (Continued):

TOTAL REVOLUTIONS (O)

“-~_~_-~_‘--

FIGURE 7. Y vs. Total Revolutions

11" for many factors, variable and tenstant, its basic
ibe the fluid viscosity versus temperature curve. Hav]
hed the (Y) factor, it is now possible to determine, wi
f accuracy than in methods previously described, the ac
t drag curve when it is installed on an aircraft.

e an engine start, utilizing the known drag and start
ristics of the engine and starter. In this start, the
1d be that obtained in the constant acceleration test,
vel

s is completed, the speed in 100 rpm increments and thg
y revolutions to that speed are calculated. Then by u
ShipT:Y'u'
mined.

Example

is a
function is
ng '
th a higher
ttual

t step in establishing-the desired accessory drag torqye curve is to

accessory
i.e., Fig. 5

2 number of
5ing the

W, the torque for the new acceleration rate can

i#29' In Example #1, it was determined that it took 13.

to get t

o 500 rpm with a constant acceleration rate.

B revolutions

In the engine start

calculation above, let us assume that it takes 16 revolutions to get to

500 rpm.

Then, T=Y « v * W

From the torque vs. e curve of Fig. 6, we find the work accomplished in 16
revolutions corresponds to an effective area of 1.32 square inches.
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4.4 (Continued):

From the (Y) versus o curve of Fig. 7, we find that Y equals 0.50 at 16
revolutions.

Therefore: T =Y « w + W
Where, Y = 0.50, v = 500, W = 1.32
T = 0.50 (500) (1.32) = 320 in.-1b.
Similar calculations at various speeds will give a forque value for that

speed. is wi en establish a new pssory at a
variable acceleration rate as shown in Fig. 8.

o =CONSTANT AFIGURE 5)

=, =VARIABLE

TORQUE (T)
’

-~
-~
~

SPEED, (V)

FIGURE 8. Torque vs..Speed for Constant and Variable Acceleration

A second engine start should now be calculated, using the new accessory drag
curve. | The same;procedure would be followed as above, with the result of a
second [calculatéed accessory drag curve as shown in Fig. 9. :
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