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Numerical Simulation of the Actuation System for the ALDF’s
Propulsion Control Valve

John J. Korte*
NASA Langley Research Center, Hampton, Virginia 23665

A numerical simulation of the actuation system for the propulsion control valve (PCV) of NASA Langley Air-
craft Landing Dynamics Facility (ALDF) was developed during the preliminary design of the PCV and was used
throughout the entire project. The numerical simulation is based on a predictive model of the PCV that was used
to evaluate and design the unique actuation system. The PCYV is a one-of-a-kind valve that controls a 1.7-million-
Ib thrust water jet used in propelling a 108,000-1b test carriage. The PCV can open and close in 0.300 s and
deliver over 9000 gal of water per second at pressures up to 3150 psi. The actuation system of the PCV is a com-
plicated mechanical-fluid power system designed for moving large masses at a high rate of acceleration. The
design concept for the PCV was unique and it was built without the benefit of prototypes to verify the engineer-
ing design. The results of the numerical simulation of the PCV were used to predict transient performance and
valve opening characteristics, specify the hydraulic control system, define transient loadings on components,
and evaluate failure modes. The unique actuation system operated as the design intended and met the required
performance without modification, largely because the results of the numerical simulation determined the re-
quired engineering parameters used to design the PCV. The mathematical model used for numerically simulating
the mechanical fluid power system is described. Numerical results are demonstrated for a typical opening and
closing cycle of the PCV. The computed results are shown to agree well with operational measurements. Finally,
a summary is given on how the model was used in the design process. This paper demonstrates the advantages of
having a predictive model for designing a complicated mechanical-fluid power system.

Nomenclature ay =counter clockwise angle from the horizontal
A-F =linkage pins to y )
[4-F1,, =xand y components of pin reactions B8 = bUI‘k modulu's _°f oil
Ags. = effective gas piston area of cylinder i v =ratio of specific heats )
Ay = effective oil piston area of cylinder i Axy = dffference I x between pins ! andj.
cv | =valve flow coefficient Ay =difference in y between pins i and j
I =moment of inertia about pin i, mR,? 8 = fraction of full opening, 0-1
I; =moment of inertia of link ij, m(L?+3R,2)/12 1 =efficiency of cylinder
k = spring constant 0 =shutter angle
L; =length between pins / and j
m =mass .
Py, = gas pressure of cylinder / Introduction ‘ _
Py, =oil pressure of cylinder i ATHEMATICAL models, experiments, and analytical
P, = force output of dual cylinder into mechanism techniques are used to determine the requirements for
0 = oil volumetric flow rate engineering designs so that they will meet performance
R, =radius to center of gravity - goals and operate safely. Design parameters for complicated
R, =radius of gyration mechanical systems that experience high accelerations are
R, =radius of linkage, 3 in. often based on scaling up the results obtained from testing
S =end of travel reactions inside dual cylinder prototypes. A high-acceleration unique mechanical fluid
T =torque power actuation system was proposed for opening and closing
t =time the propulsion control valve (PCV) of NASA Langley Aircraft
V. as; =gas volume of cylinder i Landing Dynamics Facility (ALDF). The subject addressed.by
Voi; =0il volume of cylinder i this paper is the numerical simulation developed to determine
w = weight the design parameters for this unique actuation system.
X,y = absolute coordinate positions The PCV was part of a project to increase the capability of
X1, = piston position of opening, closing cylinder ALDF.! The ALDF (Fig. 1) is a unique facility for the devel-
z =state vector opment and testing of aircraft and spacecraft landing gear

systems.? In addition, the facility has been modified for test-
ing airfoil performance in simulated rain.? A 108,000-Ib car-
riage containing the landing gear or airfoil to be tested is pro-
pelled to speeds of up to 220 kt (170 kt with an airfoil) by an
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18-in. diam jet of water. Approximately 26,000 gal of water
are stored in an ““L’’-shaped vessel at pressures of up to 3150
psi. A maximum of 10,000 gal of water is released through the
exit nozzle of the L-vessel during a test. The PCV covers the
exit nozzle of the L-vessel and is used to control the flow of
water through it. The PCV can open and close in 0.300 s and
deliver over 9000 gal of water per second. The opening time
and characteristic of the PCV govern the maximum loading on
the carriage from the water jet. Therefore, both the opening
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Fig. 2 Propulsion control valve (PCV).

time and characteristic of the PCV were specified to limit the
loading on the carriage to under 17 g.

The PCV is a 20-in. spherical shaped shutter valve (Fig. 2).
Two shutters are used, an interior shutter for primary seal and
an exterior high-speed shutter (HSS) for controlling the water
jet. Both shutters pivot about the geometric center of the par-
tial spherical valve body. The investigation of the dynamics of
the HSS actuation system is the purpose of the numerical sim-
ulation. The actuation system of the PCV is a complicated
mechanical-fluid power system designed for moving large
masses at a high rate of acceleration. The HSS is part of a
four-bar linkage system (Fig. 3) connected to a special dual
cylinder actuator (Fig. 4) using an offset slider-crank mech-
anism. The dual cylinder consists of two separate cylinder
compartments each charged with nitrogen gas on one side of
the piston and hydraulic oil on the opposite side of the piston
(Fig. 4). All of the nitrogen gas (energy) necessary for
operating the cylinders is located inside each cylinder. A set of
hydraulic solenoid valves is used to release the oil from each
cylinder and to initiate the opening or closing of the PCV (Fig.
5). Different opening times for the PCV are accomplished by
adjusting a restriction in the hydraulic dump line. The above
HSS system will be referred to as the actuation system for the
PCV. The actuation system was required to open the PCVin a
repeatable manner by maintaining the angular velocity of the
shutter within prescribed limits without using a closed-loop
control system. Closed-loop control for the HSS velocity or
position could not be used due to the possibility of failure of
the control system, which could damage the test carriage. The
lack of a closed-loop control system required that the charac-
teristics of the actuation system be known in sufficient detail
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Fig. 3 Planar lﬁechanism.
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to ensure that the desired performance would be obtained.
Due to project schedule time constraints, a prototype of the
actuation system for the PCV could not be built. Therefore, a
predictive model* of the actuation system was developed that
could be used to determine the necessary design parameters
for the actuation system.

The initial design of the PCV was based on solving the kine-
matics and dynamics of the mechanism and actuator by graph-
ical and manual calculations.’ To accurately predict the tran-
sient behavior of the actuation system, the dynamics of the
planar mechanism, the dual actuator, and the hydraulic con-
trols have to be considered as a coupled system. In this paper,
a mathematical model of the planar mechanism, dual actua-
tor, and hydraulic controls is developed. The model is used to
simulate a typical PCV opening/closing cycle, and compari-
sons are made with operational data. The analysis includes the
kinematics and dynamics of the planar mechanism, including
travel limits and joint friction, the dynamics of the dual actua-
tor, including travel limits, the determination of nitrogen gas
and oil pressures inside the dual actuator, including oil com-
pressibility effects, and the oil control valve opening charac-
teristics.
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Mathematical Model of the PCV

The components considered in the mathematical model of
the actuation system for the PCV are shown in Fig. 6. The ap-
propriate physical characteristics of the actuation system are
given in Tables 1-4 for the pin locations shown in Fig. 3. The
rotation of the HSS is defined by 8, the location of the opening
cylinder is x,, and the location of the closing cylinder is x,.
The linkages are assumed to be rigid. The rotation (8) of the
HSS shutter can be directly related to the location (x,) of the
opening cylinder through the kinematic equations for the
mechanism. Therefore, the location of the opening (x;) and
closing (x,) cylinders can be determined by solving a two-
degree-of-freedom system.

Kinematic Equations

The kinematic equations for the four-bar and slider-crank
mechanism are determined using the constraint® approach.
The equations for the pin positions of the mechanism can be
determined from the geometric relationships. The appropriate
relationships for the four-bar and slider-crank mechanism are
(referring to Fig. 3)

xpg=L,p COS app (la)
Yp=Lapsinaap (1b)
Xc =Xg + Lgc €08 age (Ic)
Yc =Yg+ Lgc sin agc (1d)
Xp =Xg + Lgp €OS agp (1¢)
Yp =Yg+ Lgp sin agp 1n
Xp =Xp — Lpp €0S aprp (g
Lig=x%+% (1h)
Lic = Axhe + Avke 1)
Lic =Axke + Ayke (1))

Given that the position of pin C is known, the location of pin
B can be determined by solving the above system of nonlinear
equations using either a Newton-Raphson iterative method’
or, for a four-bar mechanism, a quadratic equation.® The
equations for the velocity components of the different pins are
determined by differentiation of Eq. (1), and a second differ-
entiation gives the acceleration components.

Equations of Motion for the Mechanism

The equations of motion for the mechanism are determined
using the direct application of Newton’s law of motion. The

Cva1 CVm1”
N

Gas—/

Opening
cylinder (X4)

Closing @

cylinder (X,)

Fig. 6 Model of the propulsion control valve.
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direct method for determining the dynamical equations is used
instead of the Lagrange’s approach, since it is desired to deter-
mine the pin reactions as part of the solution procedure. For
each linkage element, the effect of the inertial acceleration and
gravity are included. The forces and moments are summed on
each linkage component:

Mey Xp =Py —F, (2a)
Yampp(¥p + Xp)=F,—D, (2b)
Vampe(Up + ) =F, — D, — Wpg (2¢)
Yampc(Xg +Xc)=C, — B, (2d)
Vampe (Vg +¥c)=C, — B, — Wpye (2e)

I, cap =Lag(B, sin azp + B, cOS 0orpp)

— R, Wag €08 0 — Teric — Tshock (21)
Igcbipe = 1/2L5c[(Cy + By) sin apc +(C, + B)) cos apc] (2g)
Inpbipp = 1/72Lpp[(Dy + F) sin apg — (D), + F,) cos apg]  (2h)

Igdpe= — Lpp (D, sin agp + D), €08 agp)

+ Lgc(C, sin age + C), c0s agc)

+ R o Wepk cosl(agp + asc)/2] — Thymper 2i)

The moments and acceleration are computed at the centroid of
the linkage bars DF and BC. The angular acceleration for the

Table 1 Mechanism data

Link Length, in. Weight, 1b.
A-B 34.004 5188
B-C 18.000 173
C-E 42.000 457
D-E 12.000 n.a.
D-F 20.000 178
F-G 35.000 155
G-H n.a. 450
Table 2 Fixed points
“Pin X, in. Y, in.
A 0.000 0.000
B 24.000 70.964
F n.a. 60.572
Table 3 Crank data
A-B E-D-C
Radius gyration, in. 23.600 20.500
CG radius, in. 20.360 14.000
Stop radius, in. 32.000 27.000
Stop impact angle, deg 67.0 23.0
Link connection angle, deg n.a. 22.338
Table 4 Actuator data (ready-to-fire)
Open cylinder  Close cylinder
Gas pres., psi 3250 900
Gas piston, in.? 11.339 26.500
Gas vol., in.? 260.26 205.81
Oil piston, in.2 19.635 14.500
0il vol., in.? 825.00 225.00
Stroke, in. 13.00 13.00
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cranks AB and CED are computed about the fixed points A
and E, respectively. The torque generated by friction, the
shock absorber, and rubber bumper stop are designated as
Teric»> Tsnocks and Tyymper, TESPEctively.

The travel of the linkage is limited by two identical shock
absorbers in the open position and a rubber bumper in the
closed position. The rubber bumper is simulated as a non-
linear spring. The variable orifice shock absorber is simulated
as a nonlinear damper. The water pressure produces a huge
force (~ 1.3 million 1bf) on the HSS shutter, which is reacted
through its center of rotation (pin A). The pressure force on
the HSS drops to zero as the projected area of the HSS moves
out of the water stream during the PCV opening. This large
force develops a significant frictional torque about pin A dur-
ing the opening of the valve. Spherical bearings are used at pin
A that have a 6.9-in. radius and a coefficient of friction of
0.0025.

Equation of Motion for the Dual Cylinder

The dual cylinder develops the required force to open and
close the PCV. One cylinder is used for opening and the se-
cond for closing. Each piston is driven by compressed nitrogen
gas stored inside the cylinder. The piston is held in the firing
position by high-pressure oil. When the fire command is
received, a solenoid valve opens, releasing the oil into a reser-
voir. The oil pressure in the cylinder drops to the pressure gen-
erated by the oil flowing through an orifice. This process is
very quick, resulting in a rapid increase in force applied to the
piston,

The two cylinders are made to slide inside one another. To
accurately represent the dynamics of the two cylinders, the
load transfer through the structure has to be included. Con-
sider the free body diagram (Fig. 4) for the two cylinders. The
travel stops are simulated as stiff springs (S,_,), which have a
stiffness based on the actual configuration. The force transfer-
red into the linkage mechanism from the dual actuator is

P, =9(PyAg; _PgasAgas)Cyl +5; -8, 3)
where the efficiency 5 is assumed to be 95%. Recall that the
piston rod is directly connected to the linkage mechanism, so

that the acceleration of the rod is considered in Eqs. (2). The
equation of motion for the closing cylinder is

mCyz)EZ = n(PgasAgas —Pydg )Cy2

- W(Poileil —PgasAgas)Cyl + Sl - SZ + S3 - S4 (4)
The spring forces (S,_,) are zero unless the piston is at the
beginning or the end of its stroke. The nitrogen pressures are

calculated based on an isentropic expansion
Pgas(t ) =Pgas(0)[Vgas(o)/ Vgas(t N (5a)
Vaas, () = Vigas; (0) — Aga [%1 (2 ) —%,(0) = x,(1 ) + x,(0)] (5b)
Vgasz(t )= Vgasz(o) +Aga52 [x2(2 ) —x,(0)] (5¢)

The rate of change of oil pressure is defined by

P oil = — B Voil/ Vil ' (6a)
Voill = (=X +X2)Aci; — Qouy (6b)
Voilz =%2A 01, ~ Qouty (6¢)

Voir, (8 ) =V, (0) + Agy, (1) =x,(0) ~ X,(1) + x,(0)]  (6d)
Vo (8) = Vo, (0) — Ay, [%2 () —x,(0)] (6¢)

where O, is the total volumetric oil flow rate through the
solenoid valves.
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Qil Control Valves

The movement of each cylinder in the dual actuator is in-
itiated by opening the main and bypass control valves (Fig. 5).
Different opening and closing times for the PCV are obtained
by changing the setting (cv,) on the adjustable valves. Each
cylinder is decelerated at the end of its stroke by closing the
main control valve and throttling the remaining oil through
the bypass valve,

The total volumetric oil flow rate is defined by

Qout = U (Poy))” 0

The effective valve flow coefficient is a function of the instan-
taneous opening of all the oil valves

cv =[1/cv2+ 1/(8,cv) +8,,cv,,)?] % ).

The opening characteristic of the control valves is assumed to
be sinusoidal. The opening and closing time of the control
valves is adjustable. The fraction of opening () of the control
valves is specified as a function of time to obtain the desired
PCV operation.

Numerical Procedure

The state of the system is obtained by the integration of six
ordinary differential equations. The state vector z for the
system is

z=[&gc, o X25 X35 Poity »Poity ] T ©)

A fourth-order Runge-Kutta algorithm is used to advance z in
time. The initial conditions are obtained by determining the
static equilibrium position of -the linkage pins and cylinder
pistons for the initial oil and gas pressures in the dual cylinder.

The derivative of z is determined as follows:

1) The oil flow out of the dual cylinder is computed using
Eq. (7), and then the oil pressure derivatives are calculated
with Eqgs. (6).

2) The gas pressures and spring forces are calculated based
on the cylinder’s position, and then the acceleration of the
closing cylinder is calculated with Eq. (4).

3) The force transfer into the linkage system is computed
using Eq. (3), and then a linear system of equations is solved
for the linkage system to determine the angular acceleration
about crank CED.

The acceleration equations obtained from differentiating
Egs. (1) twice and the equations of motion given in Egs. (2)
described a linear system of equations for the pin reactions
and linkage accelerations. Gaussian elimination is used to
solve the sparse matrix equation to determine the forces and
accelerations. :

After each integration step, the new angular velocity and
position about the crank CED are used to determine the link-
age pin velocities and locations by solving the kinematic equa-
tions given by Egs. (1).

Numerical Simulation of the PCV

The mathematical model presented above is used to numeri-
cally simulate the operation of the actuation system for the
PCV. Two cases are presented. The first case simulates a typical
opening and closing cycle of the PCV. The second case com-
pares the numerical results to the operational measurements.

The first case simulates an opening of the PCV in 300 ms,
followed by an 800-ms dwell, and a closing of the PCV in 310
ms. The opening time for the PCV is defined as the time start-
ing with the development of flow area at the 20-in. exit and
ending when the 18-in. jet is no longer impacted by the HSS.

The main oil control valve commands are programmed as
shown in Fig. 7. The simulated response of the oil and gas
pressures for the dual cylinder are shown in Figs. 8 and 9. The
force output (P,) of the dual cylinder is shown in Fig. 10. The
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positions and velocities of the cylinders are shown in Figs. 11
and 12. The compressed oil in the opening cylinder is released
by the opening of cv,,,, resulting in a rapid drop in oil pressure
and a large increase in P,. The increase in force applied by the
opening cylinder has to be transferred through the closing
cylinder to the supports. This results in an increase in the clos-
ing cylinder’s oil pressure during the opening stroke. The clos-
ing cylinder can be seen bouncing on the compressed oil col-
umn by the oscillation of the velocity trace. Towards the end
of the opening stroke, cv,,, is closed, resulting in an increase
in the opening cylinder’s oil pressure that decelerates the
mechanism. The opening cylinder comes to a hard stop against
the closing cylinder at the end of the opening stroke.

The closing stroke is initiated by the opening of cv,,,. The
closing cylinder oil pressure drops to zero until the cylinder
begins to move. The large acceleration of the closing cylinder
into the opening cylinder results in a slight oscillation of the
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velocities due to the bouncing of the closing cylinder into the
opening cylinder. The two cylinders move as a unit during
closing until cv,,, is closed and the deceleration of the
mechanism is started. The deceleration force generated by the
closing cylinder is greater than the force the opening cylinder
can generate with the expanded gas in the cylinder. This is
shown by the limit of P, = — 17,000 Ibf reached at 1.5 s. The
opening and closing cylinders separate during the deceleration
of the closing stroke, as shown by the changes in the velocities.
The oscillation shown at the end of the closing stroke is the
light bouncing of the crank CDE on the rubber stop.

The velocity and the position of the HSS are shown in Fig.
13. The opening and closing times for the PCV can be deter-
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mined by examining the height of the shutter (Fig. 14). The
opening and closing times for the simulated case were a 300-
ms opening, an 800-ms dwell, and a 310-ms closing.

Comparison with Operational Data

The initial checkout of the PCV required that the time
history for the position of the opening and closing cylinders be
recorded. A comparison of measurements of the opening and
closing position of the dual cylinder was made with the pre-
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dicted values from the simulation (Fig. 15). The mathematical
model was updated to reflect the mass and inertia characteris-
tics of the actual system. Excellent agreement is obtained be-
tween the prediction and the measurements.

Design Impact of Numerical Simulation

The results obtained from numerically simulating the actua-
tion system for the PCV were used to specify design parame-
ters. Six cases using both normal and failure operating condi-
tions were simulated to define the maximum pin loadings for
designing and analyzing the linkage elements. The investiga-
tion of the dynamics of the dual cylinder showed that the oil
pressure could go as high as 4000 psi during the opening stroke
and that the cylinders separated during the closing stroke. This
required that the seals and the cylinders be evaluated for a
higher design pressure than 3000 psi. The separation of the
cylinders during the closing stroke was minimized by the re-
charging of the opening gas pressure during the closing stroke.
The impact of the opening and closing cylinders was simulated
for a zero dwell opening and failure of the main oil control
valves. It was determined that the structural impact loads due
to the two cylinders running into each other were excessive.
An investigation was made that recommended the incorpora-
tion of a Belleville washer-into the cylinder’s design to mini-
mize the impact loads. The sizes and operating times of the oil
valves were determined by a study using the numerical simula-
tion results. The control concept was also verified using the
simulation.

Summary

A numerical simulation procedure has been developed for
predicting the dynamics of the high-speed actuation system for
the PCV. The equations used in the mathematical model were
presented. A typical opening and closing cycle of the PCV was
simulated and the dynamics were discussed. A comparison
was made with operational measurements that showed good
agreement. A brief summary was made of how the simulation
was used in the design process and how it affected the final
design. The unique actuation system operated as the design in-
tended and met the required performance without modifica-
tion, largely because the results of the numerical simulation
determined the required engineering parameters used to design
the PCV.
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