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Abstract

The National Aeronautics and Space Administration (NASA) is planning to
launch a network of scientific probes to Mars beginning in late 1996. The precursor
to this network will be PATHFINDER. Decelerating PATHFINDER from the high
speed of its approach to Mars will require the use of several deceleration techniques
working in series. The Jet Propulsion Laboratory (JPL) has proposed that gas bags
be used to cushion the payload’s ground impact on Mars.This report presents the
computer code, BAG, which has been developed to calculate the pneumatic perfor-
mance of gas bag impact attenuators and the one-dimensional rigid-body dynamic
performance of a payload during ground impact.
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List Of Variables

linear acceleration of the payload (meters/second?)

speed of sound in gas (meters/second)

area (meters?)

area of the bottom bag’s footprint on the ground (meters?)

total area of orifices connecting the bottom bag with the outside
environment (meters?)

total area of orifices connecting the bottom bag with the top bags
(meters?)

area of the intersection of overlaps, used in calculating footprint area
(meters?)

area of a circular segment, used in calculating footprint area
(meters?)

distance between the centers of the spherical lobes that define the bag
shape (meters)

mass of gas flowing through the external orifices per print interval
(grams), flow into the bottom bag is positive

mass of gas flowing through the internal orifices per print interval
(grams), flow into the bottom bag is positive

energy or work (Joules)

acceleration of gravity on earth (meters/second?)

acceleration of gravity on the planet impacted (meters/second?)
height above the ground (meters)

discharge coefficient for an orifice

mass of the payload (kilograms)

Mach number A

pressure (Pascals, Newtons/meter?)

constructed radius of the three spherical shapes that are used to
define the gas bag shape (meters)

gas constant (Joules/(kilogram-mole K))
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S = crush distance or stroke (meters)

T = gas temperature (K)

t = time (seconds)

At = time increment used in calculations (seconds)

u = velocity of gas (meters/second)

U = velocity of the payload (meters/second)

AU = increment in velocity of the lander (meters/second)

A% = volume (meters®)

w = total mass of gas contained in the bottom bag or all of the top bags
(kilograms)

X = distance from ground to the plane containing the centers for the
three spheres that define the trilobe shape of the bottom bag (meters)

XXy = R, constructed radius of a spherical lobe of the gas bag (meters)

Greek Symbols

B = ratio, (X/X,)

Y = ratio of specific heats, (Cp/Cy), 1.4 for ideal nitrogen

p = density of gas (kilograms/meter®)

Subscripts

Actual = true condition

Bag = condition in the bottom bag

Bagl = initial condition in the bottom bag

Bounce = condition associated with the rebound of the payload

d = conditions downstream of present position

EX = property of the orifices between the bottom bag and the local

environment, when used to subscript A, it refers to the total area of
these orifices
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property of the footprint of the bottom bag on the ground, when used
to subscript A, it refers to the area of the footprint

initial condition
property of the orifices between the bottom bag and the top bags
when used to subscript A, it refers to the total area of these orifices

property of bag footprint where there is an intersection of overlap
among the circular footprints of the three spherical lobes

local atmospheric condition

property of the piston

property of the planet

relates to a circular segment, used in calculating footprint area
property of a subsonic orifice flow

property of a sonic orifice flow

condition in the reservoir, i.e., the top bags

initial condition in the reservoir, i.e., the top bags

conditions in the throat of an orifice, the region of smallest flow area
condition predicted by a theory

conditions upstream of present position

value of variable at time, t, the current value

value of variable at time, t+At, the predicted value
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1. Introduction

Exploration of the planets of our solar system is a major goal of the National
Aeronautics and Space Administration (NASA). As a part of this activity, the Jet
Propulsion Laboratory (JPL), working under the direction of NASA, is planning to
launch a network of scientific probes to Mars beginning in late 1996. The precursor
to this network will be PATHFINDER. The 250 kg payload, which is to be landed on
Mars, will have a tetrahedronal shape until it comes to rest on the surface. Then,
powered hinges will rotate three of the sides until they and the fourth side (base) are
opened into a flat triangular shape. This will expose the instrumentation, solar pan-
els, and a small remotely controlled rover vehicle for use in the Martian environ-
ment. The instrumentation package proposed for this probe is relatively fragile and
cannot tolerate accelerations greater than 50 g’s during the atmospheric reentry and
ground impact.

Decelerating PATHFINDER from the high speed of its approach to Mars will re-
quire the use of several deceleration techniques working in series. Aerobraking in
the Martian atmosphere will be used for the initial deceleration. After the vehicle’s
speed has dropped sufficiently, the aeroshell, which protected the payload from reen-
try heating, will be jettisoned and a parachute deployed. Because the Martian atmo-
sphere is only about one hundredth that of earth, the final descent speed can still be
as great as 36 m/s, even using a large parachute. Retrorockets can be added to this
system to reduce the payload’s vertical speed to almost zero. However, the Martian
winds are estimated to reach speeds as high as 35 m/s so the normal component of
the impact speed with the uneven surface could still approach 20 m/s.

JPL has proposed that gas bags be used to cushion the payload’s ground impact.
A large uninflated gas bag would be packed and mounted on the exterior of each of
the four outer panels of the payload. Shortly before impact these bags would be in-
flated by gas generators. When fully inflated the bags would expand to completely
enclose the payload. Figure 1 is a schematic of the proposed payload and gas bag de-
celerator system.

During impact, gas must be expelled from the bags to remove the impact energy
that is being stored in gas compression. How successfully this gas is exhausted will
be directly reflected in the rebound that the payload experiences. If no gas is re-
leased, the payload could theoretically rebound on Mars to a height of more than 160
m.

The bottom bag will have orifices that can be opened to exhaust gas to the out-
side. These orifices will be triggered to open by an extended probe or a deceleration
pulse. Once opened they will remain open. If the payload sees even a short rebound,
the gas in the bottom bag could be exhausted to the point that insufficient pneumatic
cushion would remain to protect the payload during the next impact. For this reason,
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the bottom bag will also contain a diaphragm and each top bag will be connected to
the bottom bag by permanently open orifices. During any rebound then, the top bags
can recharge the bottom bag and the diaphragm will prevent their gas from being
lost through the external orifices.

+X External Pressure,
Direction
Internal
Orifice
Gravitational
Acceleration External
Orifice

Diaphragm Bottom Gas Bag
Pressure, PBag

_
//{,ﬁ, / / Y Mpm g %

Figure 1: Sketch of the Payload and the Gas Bag
Impact Attenuation System

The purpose of this report is to present a computer code that has been devel-
oped to calculate the pneumatic performance of gas bags and the rigid-body dynamic
performance of the payload during ground impact. Chapter 2 contains the develop-
ment of the governing equations. Chapter 3 exhibits the organization of the code.
Chapter 4 and b presents the input requirements and the expected output, respec-
tively. Chapter 6 presents the results of several methods that were used to validate
the code.
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2. Governing Equations

load

In this chapter, the equations which govern the rigid-body dynamics of the pay-

and the pneumatic performance of the gas bag impact attenuator are derived.

The following assumptions are important to these derivations:

1.

10.
11.

Mass of the gas in the bags and the mass of the bags is neglected in determin-
ing payload rigid body dynamics.

Motion is purely one-dimensional. The payload descends and rebounds in the
vertical direction only with no out of plane motion.

Nitrogen gas is used in the bags and performs as a perfect gas.
Gas compression and expansion occurs adiabatically within the bags.

Gas conditions of pressure, temperature and density instantaneously adjust
and are constant throughout each bag. This is justified because the speed of
acoustic waves inside the bags is many times faster than the maximum im-
pact speeds of interest. With an impact speed of 35 m/s and a gas temperature
of 288 K (60° F'), this speed ratio is 9.9.

The bottom bag volume will change with bag crush up, but not from the bag
material stretching.

The top bags have equal volumes which remain constant during the impact
process.

Gas conditions in the bottom bag can and will differ from conditions in the top
bags.

Gas conditions among the three top bags can and will vary with time but, will
always be equal to each other.

No aerodynamic drag of the payload and gas bags is considered.

The flow area of each internal and external orifice is unaffected by bag crush
up.

2.1. Dynamic Equations

In Figure 1, it can be seen that the forces acting on the payload consist of the

payload weight acting downward and the pressure force acting upward. Applying
Newton’s second law, the equation of motion for this system is obtained:
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LForces = MEpjyne;— (Ppog —Po)App = ma.

Rearranging the equation:

Q@ = Bplanet ™

AFPpo (pBag _ 1)
m P,

Using finite differences, the acceleration is defined as:

_ AU
¢ = At
and the velocity as:
AX
U= A

1)

(2)

(&)

(4)

Applying equation 3 to equation 2, the algorithm for computing the payload’s veloci-

ty change is obtained:

A
AU = At (gPlanet - F"zpo (pIB;ag - 1)) .
4]

The velocity change from one time step to the next is defined as:

U2 = Ul +AU

and the payload position after averaging the velocities, U, and U, is:

A

16
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(6)
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2.2. Gas Dynamics Equations

The nitrogen gas that is contained in all of the bags is assumed to perform as a
perfect gas. Thus, the mass of gas contained in a bag can be calculated, if the gas
pressure and temperature and the bag volume are known:

pV

W = .
RgasT

(8

Because all of the top bags communicate pneumatically with and through the
bottom bag, the gas contained within them will be at the same pressure and temper-
ature before impact. Just before impact, external orifices are to be opened in the bot-
tom bag and gas will start flowing out to the local environment from the bottom bag
and the gas in the top bags will begin flowing into the bottom bag. At impact, the vol-
ume of the bottom bag will begin to decrease. If the external orifices are not too large,
the gas pressure in the bottom bag will begin to increase forcing gas back into the top
bags as well as to the outside. If the external orifices are too large, the pressure in
the bottom bag will continue to decrease and the gas in the top bags will continue to
flow into the bottom bag until the diaphragm expands enough to fill the remaining
volume of the bottom bag. At that time, gas will cease flowing from the external ori-
fices.

In this code it is assumed that no heat is transferred during gas compression or
expansion. Several equations for an adiabatic process for an ideal gas are:

p = p, (g_) (9
and !
Y_i
T p ) Y
= = | &£ 10
T (PI )
where:
w
p = T/;. (11)

Gas flow through an orifice can be subsonic or sonic. For a diatomic gas, such as,
nitrogen, if the ratio of the static pressure of the gas downstream to that upstream is
greater than 0.5283, the flow will be subsonic up to and in the smallest flow area, the
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orifice. If the ratio is smaller than 0.5283, the flow will still be subsonic up to the ori-
fice, but sonic in the orifice.l

The kinetic energy of the impacting payload must be transferred into the poten-
tial energy of the compressed gas. Thus, the gas bags must operate with an internal
pressure that is greater than the local atmospheric pressure to be able to generate a
force which, acting through the deflection of the bag, does work on the payload to de-
celerate it. A gas bag impact attenuator system intended for use on another planet
can be tested in the earth’s atmospheric pressure with the intended initial pressure
differential from the bag interior to the atmosphere, but the external orifices may
not perform as they would on the planet since the pressure ratio across them is sig-
nificantly different.

For example, the atmospheric pressure on Mars is about 1.0 kPa (0.145 psia). If
the initial internal bag pressure is specified as 13 kPa, the pressure differential is 12
kPa and the pressure ratio across an external orifice is 0.077, so the orifice flow is
sonic. To conduct an impact test on earth at sea level, the bag internal pressure
would have to be about 113 kPa to obtain the 12 kPa differential. The pressure ratio
across an external orifice would be 0.89 and the orifice flow would be subsonic. The
mass of gas discharged through the external orifices and the mass of gas remaining
in the bag directly affect the rebound of the payload, so an atmospheric test on earth
might not exhibit the same initial rebound speed as would actually occur on another
planet. Of course, the height and time achieved in a rebound depends on the local
gravity and aerodynamic drag as well as the initial rebound speed.

The mass flow rate through any orifice is:

dw
ar - kAP, Uy 12)

The gas density at the throat of the orifice is:

Dy

P = (13)
th " (RgasTum)
and the gas velocity at the throat in terms of sonic conditions is:
k
Uy = Mypagy (14)

where:
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*k
ay, = JYRgasTin- (15)

When equations 13-15 are factored into equation 12, the mass flow rate is ex-
pressed in terms of the pressure and temperature in the orifice throat.

dw Y
2= kA M, |—— (16)
dt thPthth ,/ RgasTon

Since the average gas flow within a bag is nearly zero, the static pressure and
the stagnation pressure in the bag are essentially equal. Then equation 44 from
NACA-1135 (reference 2) can be used to obtain the static pressure as a function of the
pressure upstream of the orifice.

Y
1-vy

-1) M?
Pin _ (1+__-—(Y ) th) an

D, 2

When equation 17 is solved for M and substituted along with equation 10 into equa-
tion 16, the equation for the subsonic flow through an orifice is obtained

~1, 05 -
05 =) o

dwW 1 2y (pr) " P\ ! |
aw _ P1 Tul | . 18
di = Mhwbd (RGASTI) LY‘ ! (Pd) J L(P ) J a8

For sonic flow in the orifice, M = 1.0, and equation 17 reduces to:
Y

=
Puh _ (Y“) ! 19)
D, 2

0.5

Substituting equation 10 and 19 into equation 16 and rearranging produces the
equation for the sonic flow rate through an orifice.

19



STEN A

aw_ kAthpI(m) | Ly(?i_ly_ J L(‘Z_‘;) ' J . (20)

2.3. Discharge Coefficient

Both equation 18 and 20 depend upon the value of the orifice discharge coeffi-
cient, k. Experiments were reported in reference 3 in which the pressure differential
across a sharp-edged orifice was varied to obtain subecritical (subsonic) and critical
(sonic) flow conditions. Figure 2 shows the experimental values of k that were mea-
sured as a function of the ratio of downstream to upstream pressure for the range
from 0.0 to 1.0. '

Flow Coefficients For Sharp-Edged Orifices

0.85 v - —
———_ '
! 1
i
0.80 - :
- :
3 : |
2 I
‘gg 0.75
< \ ~
4]
ah |
8 070 } N\,
= |
Q
2 |
a) I \
I
0.65 I G
Sonic orifice flow : Subsonic orifice ﬂow\ J
0.60 l . L

0.00 0.20 0.40 0.60 0.80 1.00
Downstream Pressure / Upstream Pressure

Figure 2: Flow Coefficients for Sharp-Edged Orifices

Each top bag can exchange gas only with the bottom bag through its internal or-
ifices. The total mass of gas contained within the three top bags at time t+At is:
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dw
WRes2 = WResl - At (_d—t—jIN (21)

The mass flow rate, d_W’ is determined by equation 18 or 20 depending on whether
the orifice flow is subdstonic or sonic. If the pressure differential causes flow from the
bottom bag into the three top bags (reservoir), that flow rate is considered to be neg-
ative and equation 21 predicts that the reservoir gains mass.

The bottom bag can exchange gas with the three top bags through the internal
orifices and also with the outside through the external orifices. The mass of gas con-
tained within the bottom bag at time t+At is:

_ AW AW
Whag2 = Whag +At((gt—)m+ ( 37 )EX) (22)

The same sign convention is used here. Gas flow out of the bottom bag whether
through the internal or external orifices is considered as negative. Thus, flow into
the top bags and to the atmosphere will both cause loss in the mass of gas contained
in the bottom bag.

2.4. Change in Bottom Bag Area And Volume

The gas bags proposed for the lander are constructed of fabric and restrained
with external straps and internal tethers so that each appears to consist of three
spherical bags that merge into one. The geometric model selected to represent the
bottom bag consists of three equal size spheres whose center spacing, DC, is less
than twice their radius, R.

As shown in equation 1, the force that acts to decelerate the payload depends di-
rectly upon the area of the footprint, 4., of the bag with the ground. The internal
pressure in the bottom bag which is being crushed also depends directly upon the
change in the bag’s volume. Figure 3 shows how the bag footprint will vary as the
bag crush up progresses. Note that an implicit assumption made in developing the
area and volume equations is that the parts of the bottom bag not in contact with the
ground do not move or flex. The distance, X, is defined as:

X=R-S. (23)

Region I is the range of crush up in which there is no overlap of the circular ar-
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a: Footprint within Region I b: Footprint at boundary between
Regions I and 11

Intersection
of overlap

c: Footprint at boundary between d: Footprint within Region III
Regions II and III

Figure 3: Regions Involved in the Calculation of the Footprint Area
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eas of contact with the ground. The range of X for this region is:

2
R>X> ’Rz— (Df) (24)

Region II is the range of crush up in which there is overlap of the circular areas,
but no intersection of the overlap areas. The range for this region is:

2 2
R?- (Df) >X> /Rz— (Df) (25)

Region III is the range of crush up in which where is overlap of the circular ar-
eas and also intersection of these overlap areas. The range for this region is:

2 (DO

R >X>0 (26)

For region I, the area of the footprint is simply three times the area of an indi-
vidual footprint.

App = 3n(R*-X°) (27)
and the volume lost by the bottom bag due to crush up is:
AV = g (2R®-3R2X +X%) . (28)

In region II, the footprint is three times the area of an individual footprint mi-
nus the areas of overlap. Note that the area of a circular segment is equal to half of
the area of one overlap zone.

2
Agge = (B®-X?) acos ((—lc-—) - (DC J (R®-X) - llf—)) (29)

2J (R -X%)
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and
App = 3n(R®-X%) - 64z, (30)

The three-dimensional geometries involved in the bag crush up become much
more complex in regions II and III. So a different method is employed to calculate
the volume increment lost between times, ¢, and ¢+ A¢:

. AX
AV = 5 ( (App)t + (AFP)t+At) (31)
When region I1I is reached, the area of the footprint becomes:

The calculation of the area of the intersection of overlaps, A4,,,, is somewhat
complicated and was not included in the code formulation. The maximum error pro-
duced by neglecting it for the proposed PATHFINDER gas bag geometry with R = 1.2
meters and DC = 1.913 meters, was less than 0.5 percent.

The same method was used to calculate the volume loss in region III as was
used in region II.

When X <0, the footprint area is assumed to remain equal to the value for X = 0.
The volume loss was calculated with the same method as in region II.

These, then, are the equations that are incorporated into the computer model
for predicting the performance of gas bags decelerating a payload during impact
upon a planet or other astronomical body.

The formulation is deliberately slanted toward a particular configuration of
lander and gas bags proposed by JPL. If different shape bags are to be studied, if
would be necessary to derive footprint area and volume change relations that more
accurately describe them. Likewise, if the orifice shapes were changed more appro-
priate discharge coefficient data would have to be obtained.

2.5. Bounce Equations

The gas remaining in the bags after the payload has been successfully arrested,
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U = 0, can still be at a pressure greater than the local atmospheric pressure, so the
payload could experience some rebound (bounce). The same governing equations
which calculate the transfer of the payload’s kinetic energy into potential energy
stored in the compression of the gas can also calculate the reverse transfer of energy
from the gas to the payload. The maximum velocity for a rebound is achieved at the
instant the gas bag ceases to push on the payload. This is when the gas bag has rein-
flated to its original shape, i.e., X = R, or when the pressure in the bag reaches the
local atmospheric pressure. The height of the bounce, assuming no aerodynamic
drag, is found by simply equating the payload’s kinetic energy at the start of the re-
bound with its potential energy at the top of the rebound.

2
UBounce
hBounce = on (33)

2gPlanet

The equation for the total time consumed in this gravitational bounce is obtained
from the simple motion equations for a constant acceleration.

-2 UBounce
8Planet

34

tBounce =

The minus sign has been added to compensate for the initial bounce velocity which is
defined as negative.

2b
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3. Calculational Procedure

The calculational procedure used in this code closely parallels the one described
in reference 4:

Step1 At time, ¢, an approximate calculation is made to estimate the conditions at
time, ¢ +At, with zero acceleration and no mass flow. The resulting gas prop-
erties are then used to calculate mass flow rates through the orifices.

Step 2 Using the mass flow rates, improved gas properties are calculated and the
lander acceleration is calculated. More accurate mass flow rates and gas
properties are then calculated.

Step 3 The final calculation of the lander acceleration for time, ¢ + A¢, is made based
on the more accurate values.

Step 4 The gas properties and lander velocity and displacement are updated to the
values calculated in Step 3 and the process returns to Step 1, to begin the
calculations for time, ¢+ 2At.

3.1. Initialization

To start a calculation, a number of variable values are input into the code via
a menu request process. The values of other variables which are seldom changed
have been programmed directly into the code. The code uses these inputted and pro-
grammed values to calculate the initial conditions for all of the quantities needed for
the calculations. Current values of the variables, i.e., values at time, ¢, are denoted
by the subsecript 1, values predicted for time, ¢+ A¢, by subscript 2, and initial values
by subscript I. To start the time iterational process, the current values are equated
to their initial values.

W _ pIVBagI
Basl = RasTBagt
_ pIVRes
Whest = ReasTRes
U, =0
Xl = XXI

VBagl = VBagI
VRes = VResI
WBagl = WBagI
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WBag2 = WBagl
Wres1 = Wrear
WRes2 = WResl

R
PBagl = Vagl
~ Wheot

pResI B VResI
AFP]. = 0.0

3.2. Approximate Calculations

An approximate calculation to predict the state variables at the time, ¢+At,
from the known values at time, ¢, is made next. This calculation assumes that there
is no mass flow through any of the external or internal orifices and no lander acceler-

ation.

AXapprox = UlAt
Xapprox = Xl _AXapprox

The subroutine ARVOL is used to calculate the footprint area, A;,, and the re-
maining volume of the bottom bag, V.

— Amp +A
1 - 2FpL T <'FP2

2
. pBagl
MBagl =
a8 pBagI
pResl
Apest =
e pRe.er

- .Y
pBagl = Dy }”Bagl
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— .Y
pResl - pI }\'Resl

WBagl
VBag2

pBag2 =

pRes2 = pResl

WBagl

pBagZ = VBag2

Note that the mass in the bottom bag at time, ¢, is used to estimate the gas den-
sity at the next time increment.

pBag2
xBa 2 =
€% Ppagl

- Y
PBag2 = Prrpege

PPRes2 = PRes1

_ (pBagl +pBag2)
pBag - 2

PRes = PRes1-

The coding assumes that the bottom bag pressure is never less than the exter-
nal pressure. Hence, it does not permit gas to flow back from the outside through the
external orifices into the bottom bag. This agrees with the actual situation where a
greater external pressure would tend to collapse the bag. The pressure ratio across
the external orifices is checked to see if the flow will be subsonic or sonic. The actual
mass flow calculations are made in subroutine FLLOW. The sign convention used is
that flow out of the bottom bag is negative. Thus, the bottom bag will lose gas mass
when the gas flows out through the external orifices.

The mass flow through the internal orifices is calculated next. This flow can be
subsonic or sonic and can go in either direction through the internal orifices. The
pressure difference across the orifices is examined first to determine the direction of
flow and then the pressure ratio is checked to determine whether the flow is subsonic
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or sonic. Flow from the bottom bag into the top bags (reservoir) is considered to be
negative. This flow direction will cause the bottom bag to again lose mass. After the
mass flows through the external orifices, DW,, and the internal orifices, DW,, are de-

termined, values of the gas properties are recalculated.

WResZ = WResl _DWZ

_ WBag2
pBagZ - VBag2
_ WRes2
PRes2 = VR

es
pBag2

MBaga =
o8 pBagI
pRes2

MRes2 =
e pResI

— Y
PBag2 = pBagI}"Bagz

_ Y
pRes2 - pReSIA’R332

_ (PBog1 tPpag2)
pBag - 92

_ (pResl +pRes2)
DRes = 9

3.3. Improved Calculations

Improved calculations are now made using the average values of the bag and
reservoir pressures. The lander acceleration based on the average pressures and
footprint area are computed and used to determine an average lander velocity.
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AU = AFPpoAt (pBag -1 _—Ln—gp )
m D, Appp,
— AU ’
U=U;+ -
AX = UAt

Subroutine ARVOL is used to calculate the new footprint area,A;,,, and the re-
maining gas volume of the bottom bag, V..

_ (ABagl + ABag2)

Bag — 2
pBag2
Apog2 =
o pBagI
p
}"R 2. — Res2
% PRest

— Y
pBag2 - pBagI}”Bagz

— Y
PRes2 = pRestResz

_ (pBagl +pBag2)
PBog = 2

_ (PRes1 +pRe32)
DRes = 2

Again the mass flow through the external and internal orifices are calculated
using the most recent average values of the bag and reservoir pressures.
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WBag2 = WBagl +DW1 +DW2

WRes2 = WResl _DW2

_ WBag2

pBag2 - VBag2

_ WResZ

PRes2 = VRes

A _ pBag2
Bag2 ~ p

Bagl

A _ pRes2

Res2 - pR I

es

- Y
pBag2 - pBangBagz

- Y
PRes2 = pResI}"Resz

_ (PBag1 +PBag2)
pBag - 2

_ (pResl +pRes2)
DRes = 92

. From these average values, the final calculation of the lander acceleration, ve-
locity and position at time, ¢ +A¢, are calculated.

AU

- AFPpoAt (EBag -1 - mgp )

m P, Appp,

' A
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The inertial acceleration of the lander, not including the planet’s gravitational
acceleration, in earth g’s is:

A
(E) - —( mg )(;kyBagz—l)‘

To obtain the rate of change in acceleration:

fi_}\'Bag (}"Bag2 - xBagl)

dt At ’
dApp _ (Appe —App1)
dt At ’

and A ™
dfa) _ _Po FP((P1\,v _ Py y-l( Bag))
a(g—)' z;((az )((—;)x&g 1) *AFP(E,)*“Bas’ & )

The code then checks to see if bag crush up has progressed to where XSTOP is
reached and the lander payload is beginning to directly impact the ground. If it has,
a final print out of conditions is made and the code is exited. If not, the lander veloci-
ty is checked. If it is greater than zero, all of the variables are updated, a check is
made to determine if printout is needed, and then the calculations for the next time
increment are cycled to Step 1, the approximate calculation.

If the lander velocity is less than zero, rebound is occurring. The standard cal-
culational process will continue until the pressure in the bottom bag is within 0.1
percent of the outside pressure or the bag has reinflated to its original radius. Then
the last lander velocity that has been computed is used to predict the height and
time duration of the rebound that will occur in a vacuum. This information is printed
out and the code is exited.
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4. Input

The input variables that are seldom changed when using the code have been
programmed into the code. These variables are:

XSTOP = -0.3 meters

Rp,, = 1.2 meters

DC = 1.913 meters,

VBagr = 21.0 meters®

Vpes = 63.0 meters®

Eplane: = 3.72653 meters/second? for Mars
Rg,, = 296.929 Joules/(kilogram-mole K)
vy=14

Ratiop;,phragm = 0-10

OTIME = 0.002 seconds

At = 0.0001 seconds

XSTOP is the X distance in the crush up where the inflated reservoir bags begin
to be crushed also. The value of XSTOP could be as large as -1.2 m before the
structure of the full-scale lander would be reached. Thus, a value smaller than
the maximum also provides a cushion, or margin or error, so that the lander
structure is not reached if a landing happens to be on large pointed rocks.

Rp,g is the constructed radius on one of the three spherical lobes that defines
the shape of each bag.

DC is the distance between the centers for the three spherical lobes that define
each bag shape.

VBag1 is the initial volume of the bottom bag.
VRes 18 the total volume of the three top bags.
&Planet 18 the planet gravitational acceleration, for Mars.

R, is the gas constant for nitrogen acting as an ideal gas,
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yis the specific heat ratio are for the diatomic gas, nitrogen.

Ratiopjgphragm, the diaphragm ratio, is the fraction of the initial gas mass in
the bottom bag that is contained between the diaphragm and the internal ori-
fices. If conditions cause mass flow from the bottom bag into the top bags, the
flow will stop when the mass of gas above the diaphragm has been trans-

ferred.

OTIME is the time required by the external orifices to go from completely closed
to fully opened. The coding increases the orifice area linearly with time.

At is the time increment by which the calculations are advanced with each iter-
ation. The value of 0.1 millisecond was chosen to insure that the features of
the external orifice opening could be properly captured.

The code has an input menu which requests values for the variables that have
been more frequently changed in design studies for PATHFINDER. In the order of
their appearance they are:

G deceleration to activate orifice #1, ALEVEL (<0) - This acceleration level (g’s)
must be reached to initiate the opening of the external orifices.Values of -40 g’s
have been typically used.

Type 0 or 1 to turn check valve off or on - Logic is built into the code for check
valves to be included in the internal orifices. If the check valve is turned on, no
flow can occur from the top bags into the bottom bag. Check valves increase the
complexity of the bag deceleration system. However, they do permit the pneu-
matic volume of the top bags to be used to decrease the pressure rise in the bot-
tom bag during impact while also reducing the amount of gas that must be
exhausted to minimize rebound. Decreasing the pressure rise decreases the de-
celeration g’s.

Type 0 or 1 to not have or have a diaphragm in the bag - This option permits the
features of a diaphragm to be explored.

Total mass of the lander (kg) - This is the total mass (kilograms) of the lander.

Impact velocity (m/s) - This is the velocity (meters/second) of the lander as it

impacts perpendicularly into the ground. This code can not handle oblique im-
pacts.

External pressure and initial pressure of bag and reservoir (kPa) - This is the lo-
cal atmospheric pressure and the initial gas pressure in the bottom bag and the
top bags before the onset of impact in kiloPascals.

Initial temperature of gas in bag and reservoir (K) - The gas temperature in the
bottom and the top bags at the onset of impact in degrees Kevin.
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Area of orifice #1 and #2 (m?) - The sum of flow areas in square meters for all of
the external orifices (#1) and for all of the internal orifices (#2) when fully open.

This completes the input required by the BAG code. A sample input is contained
in Appendix A.
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5. Output

The code is written in FORTRAN and typically runs a solution in less than 2
seconds on a SUN SPARC station IPC workstation. Its output begins with the
title of the code and a listing of all of the values input via its menu request
process. Then the following column headings appear:

TIME
U

AX
XD
PBAG
PRES
VBAG

DW1

DW2

ACCDOT

WBAGD

WDIAP

time from the start of impact in milliseconds,

lander payload velocity in meters/second,

axial acceleration in earth g’s,

amount of bottom bag crush up in meters,

pressure in the bottom bag in kiloPascals,

pressure in the reservoir (top bags) in kiloPascals,

gas volume remaining in the bottom bag in cubic meters,
increment of mass in grams transferred into the bottom bag
through the external orifices since the time of the previous
printout, DW1<00,

increment of mass in grams transferred into the bottom bag
through the internal orifices since the time of the previous
printout, —0 < DW2 <00,

rate of change of the acceleration in earth g’s/second,

mass of gas remaining between the external orifices and the
diaphragm in grams, when this reaches zero, flow through the
external orifices ceases,

mass of gas remaining in the bottom bag between the internal

orifices and the diaphragm in grams, when thi.s reaches zero,
flow through the internal orifices into the reservolr ceases.

Note that this printout is 108 characters wide. When printed on standard 8 1/2 by 11
inch paper, the quantities WBAGD and WDIAP do not appear.

Two endings to the output are possible. If the input para_meters are sized so
that, XD <R-XSTOP, i.e., the gas bag margin of error in crush up is not exceeded and
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the code will compute until xp returns to zero or the pressure in the bottom bag
reaches 1.001 of the local atmospheric pressure. At that point another row of column
titles and the following quantities will be printed:

Duration of bounce

Height of bounce

Minimum X reached

Maximum Acceleration

time in seconds from when the lander and bags
rebound from the impact surface until the second
impact, assumes no aerodynamic drag and

planetary gravity.

altitude (meters) reached by rebound, assumes no
aerodynamic drag and planetary gravity.

smallest distance (meters) to the ground from the
reference plane that contains the centers that define
the initial spherical trilobe shape of the gas bag.

largest acceleration (g’s) seen by the lander during
the impact.

If xp2Rr-xsTOP, the gas bag margin of error in crush up is exceeded and the
code stops calculating and exits. The output is truncated at the last conditions
calculated and no other output will appear.

A sample output is contained in Appendix B. Note that pound signs (#) are
used to start each line of the alpha-numeric output. This artifice permits the data to
be plotted by the code, TempleGraph.

40



6. Code Validation

Code validation is an essential part of code development. The BAG code
contains a number of nonlinear features which interact to make it difficult to
validate its performance.

Consequently, the code’s three subroutines, ARVOL, FLOW and KVAL were
tested individually to ascertain that they function in the intended matter. The code
was used then to calculate the deceleration of a mass by the adiabatic compression of
a gas contained within a constant area piston-cylinder. No gas was assumed to be
transferred during the deceleration.

Finally, the complete code was used to compute the performance of gas bags
decelerating a payload with a varying footprint area and mass transfer through
internal and external orifices. These results were compared with data from tests
performed on a 0.38-scale lander gas bag impact attenuation system in the Sandia
National Laboratories High Altitude Chamber.

6.1. Adiabatic Compression Check

A free piston moving into a closed cylinder will be decelerated by the
increasing pressure of the gas trapped in the cylinder and undergoing adiabatic
compression. Figure 4 is a schematic of the piston/cylinder arrangement.

Ambient pressure, p,

AN \
N
X \ N
NI N
‘l' § § +U

X N
X, N % N
N X
§ p, T,y §

v
N \

AMMIMIIITNTNNINY

Figure 4: Piston-Cylinder Decelerator

Work performed on the gas by the moving piston:
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X
E = f(p_po)APistondx‘
0

Define the following:
X
B =
XO
and
Ap = p;—p,-

Using the preceding two equations and equation 9 for an adiabatic process,
the following non-dimensional relationship for work can be obtained:

E
p oAP istonX o

_ 1 Ap _eyltY_ oy
- a2 (a-p)' -1 -p

When the initial conditions for the piston decelerator are equated to those
that a lander bag decelerator might have:

U, = 35 meters/second,
m = 76.66 kilograms,
P, = 1.0 kiloPascals,

p; = 14.0 kiloPascals,

V; = 7.0 cubic meters,

Apision = 2.0 square meters,

Yy=14.

Then:

v
X = 1!

R = 3.5 meters,

APiston
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Ap = 13.0 kiloPascals.

Subroutine ARVOL in the BAG code was modified to output the footprint area
as a constant 2.0 square meters and to calculate the cylindrical volume as the piston
moved toward the closed end. When the preceding initial conditions were input into
BAG, it predicted a maximum piston stroke of 1.2994 meters. Hence,

1.2994

and with this the theoretical adiabatic equation predicted the non-dimensional work
as

__E
D oAPistonX

0 Theoretical

( = 6.76832

and:

Erheoretical = 47378.3 Joules.

The actual kinetic energy of the piston which was input to the code was

mU2
1
E4rual = —5— = 46954.3 Joules.

From this comparison, it appears that the code slightly overpredicted the
maximum stroke required to transfer the initial kinetic energy of the piston into the
stored potential energy of the compressed gas. The error between the actual and the
theoretical energy is about 0.9 percent.

6.2. Comparison With Test Data

A 0.38-scale model of a lander and gas bags with inte:rngl and extern_al oriﬁces
was tested with an impact apparatus specially constructed inside the Sandia N ation-
al Laboratories High Altitude Chamber. This apparatus could generate normal im-
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7. Summary And Recommendations

1.

10.

A computer code has been developed to predict the one-dimensional rigid-body
dynamics of a payload being decelerated by gas bags as it impacts the ground.

The gas in the bags was assumed to be nitrogen, acting as a perfect gas.

Gas compression and expansion during bag crush up and any subsequent re-
bound were assumed to be adiabatic processes.

Gas flow between the bottom bag and the top bags was permitted through in-
ternal orifices. These orifices were always open. Subsonic and sonic flows in
the orifices were possible.

Gas flow from the bottom bag to the outside was permitted through external
orifices which could be opened when the payload deceleration reached a pre-
scribed level. Subsonic and sonic flows were possible in these orifices.

A diaphragm was incorporated into the code. This diaphragm was located
north bottom bag and served to prevent all of the gas from the bottom and tea-
pots being vented through the external orifices during a rebound. Thus, sea-
beds would be able to still provide some protection during a second and
subsequent impacts.

The area of the bag’s footprint on the ground and the gas volume remaining
were modeled as the bottom bag was crushed up in the impact.

The code was validated for two cases. The first was a piston decelerating in
gas filled, closed end cylinder. The code calculated a maximum stroke which
implied a piston kinetic energy that was within 0.9% of the theoretical value.
The second case was a comparison with actual test data from a 0.38-scale
lander payload and gas bags. The agreement for this complicated case was
very reasonable.

The BAG code appears to do a very adequate job of predicting the performance
of a payload and gas bag decelerator. It is coded in FORTRAN and runs in less
than 2 seconds on a SUN SPARCstation IPC workstation. It can be a very use-
ful design tool.

The predictive capabilities of the code could be enhanced by incorporating a
feature that would allow the bottom bag to flex or move relative to the payload
as impact is occurring. The present model assumes that the parts of the bot-
tom bag not in contact with the ground do not move relative to the payload.
This causes the predicted accelerations and pressures to be too large and the
impact duration too short.
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Appendix A: Example of the Input

This example is for a version of the BAG code where the programmed initial
values are arranged to compute impact testing of a 0.38-scale model test on the
earth. This version of the code is called SBAG_E. The programmed initial values are:

XSTOP = -0.114 meters

Rp,, = 0.456 meters

DC = 0.727

VBagr = 1.162 meters®

Vhes = 3467 meters?

EPlanet = 9-80665 meters/second? for Earth
Rg,. = 296.929 Joules/(kilogram-mole K)
y=14

Ratiop;, hrogm = 0-10
OTIME = 0.002 seconds
At = 0.0001 seconds

The following shows each question asked by SBAG_E and then the response
provided by the user:

G DECELERATION TO ACTIVATE ORIFICE #1, ALEVEL (<0)
-40.

TYPE 0 OR 1 TO TURN CHECK VALVE OFF OR ON

0

TYPE 0 OR 1 TO NOT HAVE OR HAVE A DIAPHRAGM IN THE BAG
1

TOTAL MASS OF THE LANDER (KG)

27.66

IMPACT VELOCITY (M/S)

20.67

EXTERNAL PRESSURE AND INITIAL PRESSURE OF
BAG AND RESERVOIR (KPA)

1.99 12.0

INITIAL TEMPERATURE OF GAS IN BAG AND RESERVIOR (K)
273.

AREA OF ORIFICE #1 AND #2 (M2)
0.13 0.26
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After the orifice areas are input the code performs the requested calculations.
The output is shown in Appendix B.
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Appendix B: Example of the Output

The output that is shown resulted from running a version of the BAG code
which had its programmed input variables arranged for a impact test on earth of a
0.38-scale model of the lander payload and gas bag impact attenuation system. The
programmed and requested input are shown in Appendix A.
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FE Sk 3 3 e e e e e A e I e W A W e 3 3 I I I A A

CODE SBAG_E

AMASS= 27.660 KG UI= 20.670 M/S MAX DEFLECTION= -0.114 M

BAG VOLUME= 1.152 M3 RESERVIOR VOLUME= 3.457 M3
ALEAKl= 0.130 M2 ALFAK2= 0.260 M2
AMBIENT PRESSURE= 1.990 KPA INITIAL BAG PRESSURE= 12.000 KPA

INITIAL BAG TEMPERATURE= 273. K

GAS MASS OUTSIDE DIAPHRAGM= 153.5 GM GAS MASS INSIDE DIAPHRAGM=
BAG RADIUS IS 0.456 M DISTANCE BETWEEN CENTERS IS 0.727 M
ORIFICE 1 OPENS WHEN DECELERATION EXCEEDS -40.000 G
CHECK VALVE IS INOPERATIVE IN ORIFICE #2
A DIAPHRAGM IS INSTALLED IN THE BAG
TIME U AX XD PBAG PRES VBAG DW1
(8) (M/8) (G"S) (M) (KPA) (KPA) (M3) (GM)
0.0010 20.648 -6.101 0.021 12.014 12.004 1.150 0.00
0.0020 20.565 -12.267 0.041 12.053 12.017 1.145 0.00
0.0030 20.422 -18.197 0.062 12.117 12.038 1.136 0.00
0.0040 20.223 -23.909 0.082 12.203 12.066 1.125 0.00
0.0050 19.968 -29.420 0.102 12.309 12.103 1.110 0.00
0.0060 19.661 -34.739 0.122 12.434 12.147 1.094 0.00
0.0070 19.302 -39.871 0.142 12.574 12.198 1.075 0.00
0.0080 18.895 -44.560 0.161 12.667 12.255 1.054 -0.59
0.0090 18.447 -48.311 0.179 12.616 12.310 1.032 -2.22
0.0100 17.967 -51.069 0.197 12.508 12.352 1.009 -3.25
0.0110 17.463 -53.431 0.215 12.457 12.382 0.984 -3.25
0.0120 16.937 -55.585 0.232 12,446 12.403 0.959 -3.24
0.0130 16.391 -57.531 0.249 12.457 12.420 0.934 -3.24
0.0140 15.828 -59.252 0.265 12.473 12.437 0.908 -3.25
0.0150 15.248 -60.752 0.281 12.490 12.454 0.883 -3.25
0.0160 14.655 -62.045 0.296 12.504 12.470 0.858 -3.25
0.0170 14.050 -63.149 0.310 12.514 12.486 0.833 -3.26

17.1 &M

DW
(GM
-0.
-0.
-0.
-0.
~-1.
-1
-1.
-1
-1
-1.
-0
-0.
-0.
-0.
-0.
-0.
-0.

2

)

13
39
63
88
11

.34

55

.13
.65

28

.89

64
53
51
51
50
47

ACCDOT
(G's/8)

-6293

-5414

-5038

-2241

.20
-6043.
-5818.
-56009.
.20
-5225.
.56
-4266,
-3288.
-2476.
.18
-2048.
-1832.
-1608.
-1394.
-1197.
-1016.

93
01
98

40

93
20
66

30
68
55
54
01
66

WBAGD
(a1
153.48
153.48
153.48
153.48
153.48
153.48
153.48
153.02
150.97
147.75
144.50
141.25
138.01
134.77
131.52
128.26
125.01

WDIAP
(@)

o R R e e s
R NS OO o

NNWWbs DO Y

.59
.98
.13
.04
.73
.20
.48
.81
.49
.56
.90
.37
.86
.36
.86
.39



Q9

0 OO0 0000D00000000000000000000000000O0

.0180
.0190
.0200
.0210
.0220
.0230
.0240
.0250
.0260
.0270
.0280
.0290
.0300
.0310
.0320
.0330
.0340
.0350
.0360
.0370
.0380
.0390
.0400
.0410
.0420
.0430
.0440
.0450
.0460
.0470
.0480
.0490
.0500
.0510
.0520
.0530

.0540
.0550
.0560
.0570
.0580

.0590

e
cCoRNMDNW

QOFNNWWEOOUON I IWO®YW

.436
.813
.183
.547
. 907
.263
.616
. 968
.320
.673
.028
.386
.747
.113
.484
.861
.245
.636
.034
.440
.854
.278
.290
.849
.398
. 937
.467
.987
.496
.996
.486
. 965
.434
.893

.342
.781
.209
. 627
.035
.433
.820
.198

-64.
-64.
-65.
-66.
-66.
-66.
-67.
-67.
-67.
-66.
-66.
-66.
-65.
-65.
-64.
-64.
-63.
-62.
-61.
-61.
-60.
-59.
-58.
-57.
-56.
-55.
-54.
-53.
-52.
-51.
-50.
-49.
-48.
-47.
-46.
-45.
~44.
-43.
.079
~41.
~-40.
.969

082
862
511
053
495
813
009
087
038
890
649
317
899
402
832
196
501
756
966
134
265
364
433
478
503
511
505
491
470
442
409
372
332
290
247
204
161
119

040
004

C0D0OO0OO0O0O0DO0D0DO0DO0OO0OO0DO0OODOO0O0DO0OO0D0DO0DO00DO0DO0DO0DO0DO0DO0DODO0ODOO0O0CO0OO0O0OOO0O0OO

.324
.337
.349
.361
.372
.383
.393
.402
.411
.419
.426
.433
.439
.445
.449
.453
.457
.460
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