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Actuator Installation

For the actuator design it is important to know the actuator stroke and the effective lever
arm as a function of surface deflection. These values can be calculated from data taken from
installation drawings. A schematic is given in Fig. 1 with

distance between actuator pivot point and control surface pivot point
distance between actuator attachment points

nominal distance between actuator attachment points at neutral position
measured lever arm length

action angle (angle between moment arm and actuator piston rod)
action angle with actuator in neutral position

see Fig. 1

B for control surface in neutral position

control surface deflection

effective lever arm

piston rod travel in relation to actuator neutral position

actuator stroke

The distance between actuator pivot point and control surface pivot point is a fixed value
a = a5 . With equations as follows actuator stroke and effective lever arm can be calculated.

a = \/bg + ¢* - 2b,c - cosa, M
b - ¢? - a?
B, = arccos 2 )
-2ac
B=p,+0 3)
b = {c® + a® - 2ac - cosp )
x=b-b, (%)
T - sing (6)

6

Appendix A lists a FORTRAN program which uses Equations (1) to (§) for writing and
plotting values for stroke and effective lever arm. For plotting DISSPLA - subroutines are
used, available on the Apollo workstation. As example the elevator is taken.
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Hinge Moments

Hinge moments are needed to compute actuator force levels so that the actuators can be
properly sized. Normally nonlinear effects are encountered so that windtunnel data must be
applied wherever possible. If for some reason windtunnel data is not available "Datcom" [1]
or "Roskam: Airplane Design” [2] can be consulted.

Following [2], quick results can be obtained from a two dimensional approach, if assump-
tions as follows do apply:

o subsonic aircraft speed
o linear range of control
(surface deflection < 20° ; angle of attack < 12°)
o the air flow over the surface is attached
o the airfoil is not cambered.

The hinge moment HM can be calculated from the hinge moment coefficient c,, the dyna-
mic pressure q = ¥ p vp,s? and the area of the control surface A

HM =c¢, "q-A -c ™)
c : mean chord of control surface
Vras - aircraft speed
P : density of the air from Table 1.

The hinge moment coefficient for an uncambered airfoil without tabs is calculated from

Ch =Cp & *+ ¢ 0 ®)
2
Depending on the application, the following substitutions must be made in Equation (J&):
For a wing with aileron: a=a, i 6=6,
For a horizontal tail with elevator: a=ay ; 6=26,
For a vertical tail with rudder: a=4 ;86 =6,

The hinge moment derivative due to angle of attack c,, is calculated from

C. ! Cl o t (C‘ )H 1
] y .2 L I R L )
s, { @) €3 theory €1 ) deory [ @) ] [ 2 p ] } o \/1_-571

with ®" from Fig. 2 and the various factors from Fig. 3, 4, and 5.

ed
The Reynolds Number Re (call Ry in Fig. 3) is

Voye ° C
Re = -H4S__~ (10)
v

c : chord of wing, horizontal tail, or vertical tail
v : kinematic viscosity from Table 1.
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The Mach Number M is

— vTAS (11)
a

Where a is the speed of sound from Table 1.

The hinge moment derivative due to control surface deflection ¢z is calculated from

C‘ ’ C‘ " t (C‘ )U 1 (l 2)
= s +2(c;) -1 - s -] tan — - = e e
Cr { (c‘.)m (Cb.)nlmry €1, theory (cl.)my ] { 2 ¢ ] } C‘." ;———"1 ;)

with the various additional factors from Fig. 6, 7, and 8.

Hinge moments have to be calculated for the various flight conditions in order to find the
maximum value. For these various flight conditions the angles of attack and the required
control surface deflection rates have to be determined before the hinge moment can be
calculated from Equation ().

The maximum elevator hinge moment has to be found among elevator hinge moments
calculated for various load factors and altitudes at maximum operating speed (V) or
maximum operating Mach Number (My,,).

The maximum aileron hinge moment can be calculated for an altitude of 0 ft, vy, / My -
condition, and maximum aileron deflection.

Rudder hinge moments need to be calculated for various vy, / My, - conditions and various
altitudes and maximum rudder deflection. Maximum rudder deflection is a function of
rudder travel limitation which again depends on aircraft speed and permissible structural
loads.

For spoiler hinge moments the approach shown above does not work because spoilers are
attached on the wing instead of forming the trailing edge. Spoiler hinge moments need to be
calculated for retracted and extended surface. Hinge moments for the retracted position are
calculated with flaps extended. Hinge moments for extended spoilers are calculated for the
aircraft at emergency decent speed and aflow altitude. The spoiler hinge moment is

X
HM =c¢cy, A -q- = ‘c (13)

c

with

oN : normal force coefficient, positive downwards, acts normal to reference plane.

A : spoiler area

x/c : center of pressure as a fraction of chord of element measured form leading

edge of element
c : chord of the spoiler

cy has to be obtained from aerodynamic wing data.
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Actuator Design

The actuator stroke s can already be determined from the installation data as shown above.
The actuator piston area A is

SF - HM
= max (14)
T Ap
with
SF : safety factor
HM. .« : maximum hinge moment (all possible flight conditions considered)
Tef : effective lever arm
Ap : pressure difference at actuator piston

The pressure difference at the actuator piston has to be selected carefully taking into account
the delivery pressure of the hydraulic pump at realistic flow conditions together with the
pressure losses in the valve and those in the supply and return lines.

For an actuator with balanced piston, the diameter of the piston rod d and the diameter of
the piston D can be calculated from the ratio D/d. For a preliminary design standard values
for D/d can be selected. The piston rod diameter is

d = 4 / T A (15)
(DJd)? - 1
The instantaneous hydraulic flow without leakage of the actuator is
2T
Q=co' .reﬁ’.A (16)
360

where w is the deflection rate of the surface in °/s . An average hydraulic flow can be calcu-
lated from

Q=w - ‘A a7



Technical Note No.: TN-EV52-360/91
Issue: A

Page: 8

Stall force F,i,; and stall hinge moment HM,,,; are calculated from the pressure difference
selected for stall conditions Ap,,, :

Fou = ADgoy A (18)
HM_ kA = F,_, - T 19)

The damping hinge moment HMg,,,,, is calculated from the damping coefficient cgpm,

= . g2 20

The damping hinge moment from the actuator in damping mode requires a certain pressure
difference Apg,,, in the parallel and active actuator. The pressure drop in the servo valve
ADgervo Of the active actuator is the difference to the nominal operating pressure

Ap nominal,operating :

Ap servo AP nominal,operating - AP damp 2y
with
2
c damp M )
= = 22
Ap damp — (22)
eff

Pressure drop in the servo valve and flow at maximum deflection rate Q_,, of the surface
(aircraft on ground) are the design values for the opening area of the ports in the servo valve

A gpening -

A = Coax (23)

opening
- cd~\[2/p-Apsem/2
with
Cq : loss coefficient
p : density of hydraulic fluid

For a preliminary design, the valve spool stroke s and the valve spool diameter d can be
calculated from standard values d/s, keeping in mind that A =% "d s hence

A

opening (24)
n - dfs

opening
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If the pressure difference at the actuator ports Ap, is higher than required for the present
hinge moment, the surface will move with a certain deflection rate w. Only the damping
force of the parallel actuator (requiring a pressure difference APdamp in the active actuator)
and the pressure drop in the servo valve Ap,,,,, are considered in Equation (29). With

as
= 2
Ap+ Apdamp + Apservo (5)
27 21
ADgamp from Equation (24) and Ap,,,,, determined from Equations (28)
Q- A 0y | 2 - AP
~ “Yopening d p )
(26)
S
Q=w- A
6xnax - 6mm
allows the calculation of the deflection rate
w = ar,
c A 2 (27)
damp + actuator S . _l ‘ p
rcﬁ' ) Aactuator Aopening 6max - 6mm cd

A good understanding of the pressure in a servo valve at various over- and underlap condi-
tions can be obtained by plotting the pressure versus valve spool stroke. Summing the pres-
sure in actuator chamber A and actuator chamber B shows overlap or underlap conditions as
presented in Fig. 9. It is assumed that there is no flow into or out of the actuator chambers.
With nomenclature form Fig. 9, the pressure in the actuator chambers A and B can be
calculated as shown in the following derivation.

Qy ~ 5, " Py ~ Py (28)
Q, ~ S, " Py ~ Pp (29)
@ -5\ o

Q, ~ S¢ " Py G1)
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Q =@, (32)
Q=0 (33)
Sy = Yo * Y (34)
Sy = Yoor = Y (35)
S3 = Youu ~ Y (36)
Sg = Vopu * Y 37)
p = p . ____1____
A 0 . (S3 2 (38)
+ | =
S
Pgp =Py - 1
B0 ) S, 2 (39)
+ | =
S,

A FORTRAN program for plotting the pressure diagrams is given in Appendix B. For
plotting this program uses DISSPLA - subroutines available on the Apollo workstation.
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Lujtdruck p, Lujtdichte o, Temperatur T, Schallgeschuindigkeit a und
kinematische Zdhigkeit v in Abhdngigkeit von der Hohe z fir die US Standard Atmo-

3phdire
z (km] 7T, | PP 0/ | aa */%
0 1,0 1,0 1.0 1,0 1,0
2 0,9549 7.846 .10t 8,217 - 107t 0,9772 1,174
1 0,9097 6,085 - 107! 6,688 - 10! 0,9538 1,388
6 0,8647 4,660 - 107! 5,389 - 1071 0,9299 1,654
S 0,3197 3,518.10"! 1,292 . 10! 0,9054 1,988
10 0,7747 2615-10"t 3,376 - 107t 0,3802 2,413
11,019 0,7519 2234.1071 2971 -10°! 0,3671 2,674
12 0,7519 1.915-10! 2,546 - 107t 0,8671 3,120
14 0,7519 1,399 - 10! 1,360 - 1071 0,8671 4,271
16 0,7519 1,022 .10t 1.359 - 10! 0,8671 5,346
18 0,7519 7.466 - 1072 9,930 - 10~ 0,8671 | 8,000
20 0,7519 5,457 - 1072 .,-)8 - 1072 0.8671 1,095 - 10t
20,063 0,7519 5,403 - 102 7.186 - 10-2 0,8671 1,106 - 10!
25 0,7689 2516102 3 272.10" 0,8769 2474 - 100
30 0,7861 1,181 - 10-2 1,503 - 102 0.8866 5.486 - 10t
32,162 0,7935 ‘8,567 - 1073 1,080 - 10~ 0.8903 7,696 - 10t
35 0,8203 5.671-10"3 6,909 - 1073 0,9060 1,236 - 102
10 0.8688 2834 -10"3 3,262 . 1073 0,9321 2,743 - 10%
13 0,0163 1.472-1073 1,605 . 1073 0,9575 5,319 - 102
47,330 0,9393 1.095 . 1073 1,165 - 103 0.9692 8,170 . 102
50 0,9393 7874-10% 8.383 . 10+ 0,9692 1,136 - 10®
52,429 0,9393 3,823. 104 6,199 - 10~ 0,0692 1,536 - 10®
55 0,9213 1.219.10* 4,578 - 104 0,9601 2049 - 118
60 0,8876 2217 .10 21497 . 104 0.9421 3545 - 108
$1.591 0,8768 1.797 - 104 2,050 . 104 0.9364 439718
63 0,8305 1,130 - 10+ 1.360 - 10—+ 0,9113 6,340 - 108
70 0,7625 5,443 - 1073 7,146 . 1073 0.8732 1,125 104
75 0,6946 2.458.10°3 3,538 - 103 0,333+ 2100 - 104
79,994 0,6269 1.024 . 1073 1.634 - [0~3 0.7913 4.161 - 10%
80 0,6269 1.023 . 103 1.632.10-5 0,7918 4,168 - 10%
85 0,6269 4,071 - 10-8 6.494 - 1078 0,7918 1,047 - 103
90 0,6269 1.622. 1078 2,588 - 10~ 0,7918 2,627 - 10°
7o = 9,8067 m/s?, T, = 288,15 °K,
Po = 10332 kp/m?, t, = 15 °C,
09 = 1,2250 kg;/m3, a, = 340,29 m/s,
Oy = 0,1:.49 kp s:/m‘, Vo = 1’4607 . 10-3 mz/s,

(dT/dH)y = —6,5 grd/km.

Table | from  [4]
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C % %k %k %k %k Kk %k Kk Kk %k Kk Kk

C * ELEVATOR *
O kkxkkkkkkxkk

REAL a,b,c¢,b0,al,be,dl,all,bel

REAL xdl,yb,ystroke,yarm

INTEGER i,m

DIMENSION b (20),al(20),be(20),dl(20)

DIMENSION xdl(101),yb(101),ystroke (101),yarm(101)

DATA c,b0 /76.0,390.0/
DATA 41 /-18.0,-15.0,-10.55,-10.0,-5.0,0.0,5.0,10.0,15.0,20.0,

1 25.0,30.0,33.0,7*0.0/
DATA al0 /78.0/
m = 13
DO 10 1 = 1,m
dl(i) = RAD(d1l(i))
10 CONTINUE
al0 = RAD(alo)
a = SQRT(b0**2 4+ c**2 - 2.0*b0*c*COS(all))
be0 = ACOS((b0**2 - c**x2 — ax*x2)/(-2.0*a*c))

WRITE (6,100)
100 FORMAT(///1H ,’'ELEVATOR’/

1 1H , ' ========'//

2 1H ,’ SURFACE !, " STROKE ,
3 'ACTION ANGLE *,"MOMENT ARM "/
4 1H ,’DEFLECTION [DEG] ‘,’ [MM] r,
5 ¢ [DEG] . [MM] r/
6 1H ,64(1lh-))

DO 20 1 = 1,m

be(i) = be0 + dl (i)
b (i) = SQRT (c**2 + a**2 - 2*a*c*COS(be(i)))
al(i) = ACOS((a**2 - b(i)**2 - c**2)/(-2.0*b(1i)*c))

WRITE (6,200) DEG(dl(i)), b(i)-b(l), DEG(al(i)), c*SIN(al(i))
200 FORMAT(1H ,F10.1,3F17.1)
20 CONTINUE

WRITE (6, 300)
300 FORMAT(///)

xorig = -50.0

Xxmax = 50.0

xstep = (xmax - xorig)/100.0
xdlorig = -18.0

xdlmax = 33.0

xdlstep = (xdlmax - xdlorig)/100.0
yorig = 0.0

ymax = 100.0

ystep = (ymax -~ yorig)/100.0

DO 30 i = 1,101

xdl (1) = xdlorig + xdlstep*(i - 1)

vbe = be0 + RAD (xdl(i))

yb (1) = SQRT(c**2 + a**2 - 2%a*xc*COS (ybe))

ystroke (i) = yb(i) - yb(l)

yarm(i) = C*SIN(ACOS((a**2 - yb(i)**2 - ¢c**2)/(~-2.0*yb (i) *c)))

30 CONTINUE

CALL YNAME ('’ stroke, momentarm [mm]’,22)
CALL XNAME (’surface deflection [deg]’,24)

400 CALL GRAF (xorig, xstep,xmax,yorig,ystep,ymax)
CALL MARKER(’S’)
CALL CURVE (xdl,ystroke,101,+10)
CALL MARKER('A’)
CALL CURVE (xdl,yarm,101,+10)
CALL MESSAG('ELEVATOR’,8,-40.0,70.0)
CALL MESSAG(’S = stroke [mm]’,15,-40.0,60.0)
CALL MESSAG(’'A = moment arm [mm]‘,19,-40.0,50.0)
CALL KEY STROKE (IFLAG)
IF(IFLAG .EQ. 1) GOTO 400
CALL PLTEND (IERROR)

END

FUNCTION rad(al)



pi = 3.14159265
rad = al/180.0*pi
RETURN

END

FUNCTION deg(al)
pi = 3.14159265
deg = al*180.0/pi
RETURN

END
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C**********************************************************************

c

C Programm zur Berechnung der Druecke am Ausgang

o eines Servoventils

c
C**********************************************************************
c

C *** MNPTS: Anzahl der zu berechnenden Punkte fuer den Plot
C

PARAMETER( MNPTS =1001 )

DIMENSION Y (MNPTS), PA(MNPTS), PB(MNPTS), PS (MNPTS)

C
C *** Alle Laengen in mm
C
o] YMIN : Stellung aes Kolbens des Servoventils am
o] linken Anschlag
o] YMAX : Stellung des Kolbens des Servoventils am
C rechten Anschlag
c Y01lA : Ueberdeckung aussen links
c YO1lE : Ueberdeckung innen links
cC Y02E : Ueberdeckung innen rechts
cC Y02A : Ueberdeckung aussen rechts
C
C SPALT: Mass des verbleibenden (geringen) Spieles
c des Servoventil-Kolbens bei Nullueberdeckung
o] !'!'! SPALT muss groesser als Null sein !!!
C
DATA YMIN,YMAX / - 0.7, 0.7/
DATA YO01lA,YOlE,YO02E,Y02A /0.23240, 0.23240, 0.2324, 00.23240 /
DATA SPALT /0.002 /
C
C *** Berechnet fuer p0 = 1.0
C
NPTS = MNPTS
YSTEP = (YMAX - YMIN)/(NPTS - 1)
C
DO 10 I=1,NPTS
Y(I) = YMIN + YSTEP*(I-1)
S1H = 0.5*%(Y01lE + Y(I) + ABS(YO1lE + Y(I)))
S2H = 0.5*(Y02E -~ Y(I) + ABS(Y02E - Y(I)))
S3H = 0.5*(YO1lA - Y(I) + ABS(YO0lA - Y(I)))
S4H = 0.5*(Y02A + Y(I) + ABS(Y02A + Y(I)))
S1 = SQRT(S1H**2 + SPALT**2)
S2 = SQRT(S2H**2 + SPALT**2)
S3 = SQRT(S3H**2 + SPALT**2)
S4 = SQRT (S4H**2 + SPALT**2)
PA(I)= 1./(1. + (S3/S1)**2)
PB(I)= 1./(1. + (S4/S82)*x2)
PS(I)= PA(I) + PB(I)
10 CONTINUE
C
C *** Ausgabe spezieller Werte
C
WRITE (6,200) Y(667),PA(667),PB(667),PS(667)
200 FORMAT (//1H ,'Ausgabe der Werte fuer 33% Ventiloeffnung’//
1 1H ,’Yy = ',F8.5/1H ,’'PA = ’,F8.5/1H ,’'PB = ’,F8.5/
2 1H ,’'PS = ',F8.5//)
C
C *** plotten der Ergebnisse
C
XORIG = -0.7
XSTEP = 0.1
XMAX = 0.7
C
YORIG =-0.1
YSTEP = 0.1
YMAX = 1.5
C
CALL XNAME(’Y - Servoventil-Stellung [mm]’,29)
CALL YNAME ('p/p0 - Druckverhaeltnis’,23)
C
100 CALL GRAF (XORIG, XSTEP, XMAX, YORIG, YSTEP, YMAX)
C
CALL MARKER('A’)
CALL CURVE (Y,PA,NPTS,+100)
C

CALL MARKER(’'B’)
CALL CURVE (Y, PB,NPTS,+100)



CALL MARKER(’S’)
CALL CURVE(Y,PS,NPTS,+200)

CALL MESSAG(’LAT Seitenruder/ABEX 410 modifiziert’,36,-0.6,1.45)
CALL MESSAG(’Ventil: SYMMETRISCH; SPALT=0.002’,35,-0.6,1.25)
CALL MESSAG
(Y= +/- 0.7 YO0lA= 0.232 Y0lE= 0.232 Y02E= 0.232 Y02A= 0.232'
,59, -0.6,1.05)

CALL KEY STROKE (IFLAG)
IF ( IFLAG .EQ. 1) GO TO 100
CALL PLTEND (IERROR)

STOP
END
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