
VOL. 10, NO. 9, SEPTEMBER 1973 J. SPACECRAFT 549

Selection of a Surface-Tension Propellant Management System
for the Viking 75 Orbiter
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For the Viking 75 mission, the midcourse trajectory corrections, Mars orbit insertion, and Mars orbit adjust-
ments of the spacecraft are performed by the Orbiter propulsion system. A surface-tension propellant manage-
ment system was chosen because of 1) its passive reliability and light weight, 2) its lower projected cost, and 3)
the propellant quantity and resultant slosh loads. Based on the propellant management system requirements of
the Viking 75 mission, a series of surface-tension design concepts was evaluated. The chosen concept is identified
and its mission operation is described. Ullage bubble and bulk liquid positioning characteristics, pressurization
and venting considerations, and liquid communication provisions are discussed. The nucleus of a development
plan is established, and the results of some preliminary design and testing are presented.

Introduction

THE Viking 75 mission includes boost, the approximately
12 month transit time to Mars with necessary midcourse

corrections, Mars orbit insertion, release of a Lander vehicle,
and periodic orbit adjustments of the Orbiter. The mid-
course corrections, Mars orbit insertion, and Mars orbit trims
are performed by the Orbiter propulsion system.

The propulsion system consists of a 1334.4 N (300 Ibf)
bipropellant engine using monomethylhydrazine (MMH) and
nitrogen tetroxide (N2O4) propellants, tankage to accommo-
date approximately 1360.8 kg (3000 Ibm) of propellant, helium
pressurant tank, and other feed system components. A com-
prehensive mission optimization study was conducted and
a surface-tension propellant management system was chosen
to be developed for the Orbiter. The primary factors
leading to the selection of a surface-tension system were the
propellant to ullage volume ratio, which produces slosh loads
that could be detrimental to a bladder, and the passive
reliability, potential light weight, and lower projected cost
of a surface-tension system. This selection represents the
first time that a complete surface-tension propellant manage-
ment system has been applied to interplanetary flight.

This paper covers a portion of the work done to select a
surface-tension propellant management system for the Viking
75 Orbiter. Additional details of the work can be found in
Ref. 1. Some preliminary design, fabrication, and testing
were done to answer questions regarding the basic structural
integrity of the selected concept, materials compatibility,
fabricability, ease of cleaning, and ease of installation and
removal.

Systems Design

The Viking 75 Orbiter propellant management system
begins operation after boost into an Earth-Mars transfer
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orbit, and must perform satisfactorily until propellant deple-
tion. It must provide propellant upon demand for Earth-
Mars interplanetary trajectory corrections, insertion into
Mars orbit, and orbit trims around Mars. In addition to
supplying gas-free propellant to the engine, the propellant
management device must also position propellant symmet-
rically about each tank centerline to keep the spacecraft
center of mass within the tolerances necessary to maintain
acceptable pointing accuracy for velocity change maneuvers.
In the event of a pressure regulator failure, the device must
position propellant to permit venting of the ullage gas with a
minimum loss of propellant, thus avoiding vehicle torques and
contamination of critical surfaces. As a result of the pro-
pellant tank design, the propellant management device must
be designed for installation and removal through a 22.9-cm-
diam (9-in.) access hole. To meet these requirements, devel-
opment of a surface-tension system must be preceded by
specification of the system requirements. Since the system is
passive, it must be designed to a specific set of requirements.
Some of the specific environments, vehicle constraints, and
functional requirements are listed in Table 1.

Design Concepts

A number of surface-tension propellant management
system design candidates were generated that meet the require-
ments. Several are shown in Fig. 1. These candidates
were evaluated to define performance weaknesses sufficient
to introduce mission sensitivity, degraded off-design capability,
increased development cost and risk, and reduced statistical
reliability. The objective of the evaluation was to evolve
a candidate that, within the constraints of weight and ease of
installation, eliminates marginal characteristics, and con-
sistently exceeds mission requirements.

Concept selection criteria were identified with an approxi-
mate numerical index of their relative importance. Some of
the selection criteria were cost, weight, reliability, system
operation, and development risk. All design concepts were
evaluated against these weighted criteria, and the selection
rapidly narrowed to a choice between the truncated central
cross and the central baffle concepts. The two concepts are
of the same basic family. Both position propellant over the
tank outlet, drive the ullage bubble radially outward and
forward, locate the propellant center of mass on the tank axis,
stabilize the ullage bubble on the tank centerline at the for-
ward end of the tank to reduce the disturbance during
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Table 1 Viking propellant management requirements

Functional requirements

Number of burns
Time between burns
Minimum time between maneuver and burn
Minimum propellant quantity at start of final burn

Minimum ullage volume (initial)
Minimum ullage volume (after Mars orbit insertion)
Flowrates

Pressurization
Pressurant
Liftoff pressure
Flight pressure at first burn and after
Time from flight pressurization to first burn
Regulator flowrate

Bulk temperature of stored propellant in flight
Feed quality
Ullage bubble eccentricity and liquid loss during venting
Materials and compatibility

12-35
1-320 days
128 sec
8.52kg(18.81bm)N2O4,
5.89 kg (13.0 Ibm) MMH
6.1%MMH, 11%N204
70% MMH
0.193 kg/sec (0.42 Ibm/sec) MMH
0.29 kg/sec (0.64 Ibm/sec) N2O4

Regulated helium
68.9 N/cm2 (100 psia) at 294°K (70°F)
167.5 N/cm2 (243 psia) nominal
24 hr
400 std m3/hr (250 scfm) He max per tank
286-297°K (55 to 75°F)
Greater than 99%
Minimum practical
Referee fluids (Freon TF and isopropyl alcohol) and propellants

Physical constraints

Weight
Tank material
Tank outlet end configuration

66.6 N(l 5 Ib) per device
6A14V titanium alloy
22.9-cm-diam (9-in.) access hole

Environmental constraints

Steady boost
Steady coast
Spacecraft attitude maneuver (up to 360° at 0.001 rad/s)

Steady (due to angular accel)
Steady Orbiter Engine burn
Slosh

5 g forward, 2 g lateral
1 x 10~7 g max in any direction

0.0002 g for 0.6 sec
0.04 g min, 0.15 g max
See Fig. 9

CENTRAL CROSSES

SPIRAL
4 BAFFLES

RUNCATED 12 BAFFLES
STRAIGHT

6 BAFFLES AND TRAP

CENTRAL BAFFLE

EXTENDED VENT EXTENDED VENT

pressurization, and provide vent port access to the vapor for
relief valve depressurization of the tanks. An optimal
12-element truncated cross design and 12- and 16-element
central baffle designs were chosen for comparison. Analyses
were conducted to determine the quantitative performance of
the three candidates against specific mission requirements.

The minimum ullage capability equals the volume of a
bubble, expressed in percent of tank volume, which is just
large enough in dimension, in its low-# form, to span across
the greatest distance existing between the propellant manage-
ment baffles and the tank wall. The determination of allow-
able adverse acceleration and maximum time for bubble
centering are discussed under the heading Bubble Positioning.

As shown in Table 2, the required performance under vent-
ing conditions cannot be satisfied with the truncated cross
but is met satisfactorily by both versions of the central baffle.
If the minimum ullage were increased to 10 %, and if the other
requirements were relaxed, analyses showed that there would

Table 2 Comparison of truncated cross and central baffle

Concept capability

Requirement
Truncated

cross

Central baffle

12 16

Fig. 1 Candidate concepts.

Minimum ullage 6.1%
capability, 6.1%

Allowable adverse 1 x 10 ~
acceleration during
venting, 10"5 g

Maximum time for 10 min
bubble centering,
4 min

3.5% 2%

1 x W~5g 1.5 x 10~5<

1.25 min 1.0 min



SEPTEMBER 1973 PROPELLANT SYSTEM FOR THE VIKING 75 ORBITER 551

10" g LATERAL ~ 10 g REARWARD ~10~ g FORWARD STARTUP-SLOSH SHORT BURN SHUTDOWN

LOW ULLAGE REBOUND SLOSH KINETIC CARRYOVER

-10 5 g LATERAL ~ 10 5 g REARWARD ~ 10 5 g FORWARD STARTUP-SLOSH SHORT BURN SHUTDOWN
INTERMEDIATE ULLAGE REBOUND SLOSH KINETIC CARRYOVER

COAST ~ 1 0 ~ g LATERAL ~10 g REARWARD -10 g FORWARD STARTUP-SLOSH SHORT BURN SHUTDOWN LOW -g WITHDRAWAL DEPLETION
REBOUND SLOSH KINETIC CARRYOVER

HIGH ULLAGE

Fig. 2 Typical operating sequence of Viking propellant management.

still be limitations to the truncated cross associated with
slosh damping and kinetic carryover. Slosh disturbances to
spacecraft guidance would be much larger and longer lasting
with the truncated cross. Kinetic propellant carryover
would be much stronger which would result in a high prob-
ability of ullage breakup, and a wider range of conditions
would have to be examined. Also, long prototype response
times correspond to long low-g test times and require complex
and high-cost test techniques. Based on these data, the central
baffle design concept was chosen. As shown in Table 2, the
performance of both the 12- and 16-element design is similar
and each meet the requirements. Thus, the 12-element
design was chosen for its simplicity and light weight.

Performance of Selected Concept

Introduction

Figure 2 depicts a typical mission sequence of operation
for the central baffle propellant management system. The
shaded and unshaded areas denote liquid and vapor, respec-
tively. The various views portray the propellant behavior
under various designated mission situations.

The approach used to assess the performance of the surface-
tension propellant management system consisted of generating
a particular baffle profile and determining its capability to
drive an ullage bubble. The small ullage bubble is generally
more difficult to drive, more important to position for venting,
and more susceptible to adverse bubble breakup effects due to
liquid kinetics resulting from body accelerations. A small
ullage bubble is also the size present early in the mission
when mass centering is especially important from the stand-
point of maintaining an accurate spacecraft trajectory.

A typical central baffle design and its bubble driving
capability profile are shown in Fig. 3. Bubble driving
capability is expressed in terms of an equivalent buoyant
acceleration acting on the bubble as a function of bubble
center location. This form of expression is chosen since the
buoyant force on the bubble during vehicular maneuvers or
disturbances opposes the surface-tension driving force of the

central baffle. In the absence of accelerations on the tank,
the bubble will always stabilize in static equilibrium with its
center on the forward centerline of the tank. The only
other place the bubble can be in static equilibrium is where its
center is on the aft centerline of the tank; however, this

20 40

EXAMPLE FOR N2O4 AND
APPROX 10% ULLAGE

10 20 30 40 50 • 60
DISTANCE "d" ALONG ANNULUS HALF BREADTH LINE

MEASURED FROM FWD Q.-TO BUBBLE CENTER - In.

Fig. 3 General profile of baffle driving capability.
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equilibrium is unstable, so the bubble resides there only
momentarily. If displaced from the forward centerline
position, the bubble will be forced to return there by surface-
tension forces created by the shape of the baffle elements.

In moving to the equilibrium bubble location, there will be
a bubble position, which is designated by the line X in this
10% ullage case, where the bubble leading edge passes the
tank forward centerline. Forward of this point the strength
of the meniscus at the leading edge no longer decreases with
forward progress. Instead it starts to increase and begins
approaching the strength of the trailing edge meniscus. When
the bubble center arrives at the tank centerline, the leading
and trailing edge menisci are of equal strength, the bubble is in
static equilibrium, and the driving force goes to zero as shown.

If a vent tube is placed with its port at point P in Fig. 3,
the port will retain access to ullage vapor until the bubble
center moves rearward past the position of line X. The
driving capability corresponding to position X then represents
the body acceleration that could be imposed on the tank
before loss of vent communication with the ullage, assuming
the body acceleration is acting in a direction directly opposing
the bubble driving force. Other vector directions of body
acceleration result in larger allowable acceleration levels.

When the bubble is moving toward a centered position in
the tank, the maximum resistance to the centering offered by
the vent tube also occurs with the bubble at position X. The
resisting force is the line force of the bubble meniscus inter-
section with the vent tube. The driving force tending to
overcome the resistance is equal to the surface-tension
centering force produced by the baffles.

The maximum driving capability of the bubble occurs when
its center is at the position denoted by line Y; however, the
designation of line Y is of little significance. The higher
driving capability in this region is a result of the greater
strength of the bubble trailing edge meniscus when the
bubble is in this location.

Characteristically, in setting up the baffle profiles, it is
important that they be far enough away from the tank wall so
that the centers of the smallest ullage bubbles do not lie
radially inward from the baffle chord lines. If this should
occur, the strength of the meniscus formed between the baffle
edges and the tank wall can exceed that of the meniscus
between baffle elements. This can result in the subdivision
of the ullage bubble and loss of bubble contact with the tank
wall. In that case, the bubble would no longer have access
to the annulus taper formed between the baffles and the tank
wall, and would result in a loss of bubble driving capability.
It would probably produce mass eccentricities, and result in a
loss of vent port access to vapor during coast.

Evolution of Selected Concept

Figure 4 shows several of the central baffle arrangements
that were analyzed. Figure 5 gives the bubble driving
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Fig. 4 Evolution of central baffle concept.
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DISTANCE "d" FROM TANK FORWARD Q.
TO BUBBLE CENTERLINE, in.

Fig. 5 Comparison of ullage bubble driving capabilities of various
devices tested.

capabilities of the four configurations. The capability of
the truncated cross concept is included as a point of reference.
These plots are on an expanded driving capability scale relative
to Fig. 3 and also omit the portions of the profiles near the aft
end of the tank because of the small involvement of that region
in subsequent performance discussions. The trend shown
from the CB 1 device to the CB 4 device reflects the effort that
has been made toward higher driving capabilities, particularly
near the forward end of the tank, which is the region of
primary interest.

Drop tower test results with configuration CB 3 illustrated
the bubble subdividing effect which was discussed earlier.
When the CB 3 configuration was dropped in an inverted
position with the bubble initially in the aft end of the tank,
the bubble subdivided due to surface-tension effects. Inspec-
tion of the aft region of the CB 3 baffle form shown in Fig. 4
suggests this possibility.

Bubble Positioning

Figure 6 shows the maximum allowable acceleration for the
full range of ullages for both MMH and N2O4. Interesting
items revealed here are the small variations in the allowable
acceleration with ullage in the region above the minimum
ullage and the infinite allowable acceleration above 94%
ullage. The small variation in the lower ullage range reflects
the geometry of the particular annuli tapers chosen. They
cause the force differentials between the ends of the bubble to
be proportional to bubble length, which makes the driving
capability virtually independent of ullage volume. The
infinite capability above 94% ullage reflects the effect of the
extension of the vent tube into the tank cavity to the point that
about 6 % of the tank volume is forward of the vent tube ports.
In this case the vent communicates with the ullage at any g
loading with liquid quantities of less than 6% of the tank
volume, since the liquid cannot reach the vent port.

The ullage will travel from any high-# position to an equi-
librium low-# position soon after the beginning of a low-#
environment, providing it does not become subdivided into
bubbles with diameters less than the maximum annulus
dimension. Subdivision of the bubble can be caused by two
mechanisms. One is the strictly surface-tension-induced
mechanism, which was described earlier. This mechanism
can be avoided by controlling the relationship of the space
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f 50 -

ALLOWABLE ACCELERATIONS
AT POINT OF ENCOUNTER/
DEPARTURE OF BUBBLE
WITH/FROM VENT TUBE

120

Fig. 6 Maximum allowable acceleration vs ullage for typical 12-
baffle device.

between adjacent baffles to the space between the baffles and
the tank wall. The other bubble breakup mechanism results
from liquid kinetics and will be discussed later. This mech-
anism can be avoided by specific design provisions.

Sufficient testing and analyses were conducted to permit
approximate prediction of bubble transient response times.
Low-# drop test results with ^-scale models using kerosene
as the test fluid and having a 10% ullage show the model time
required for a bubble to travel from any position in the
model to the forward centered position to be a maximum of
about 2 sec.

Prototype times can be estimated with the aid of model data.
The transient bubble achieves a terminal velocity at which
surface-tension driving forces are equaled by fluid dynamic
drag forces. The driving forces were derived from the
bubble meniscus dimensions and the surface-tension forces
characteristic of the liquids involved. The drag force is
composed of viscous shear skin-friction force and of pressure
drag force. The viscous shear forces result from liquid
flowing over the wetted tank walls and baffle surfaces during
transition from upstream to downstream of the moving
bubble. The pressure drag force results from the eddying
incurred by the liquid flowing around the bubble. It was
shown by Reynolds number calculation and isolation of the
pressure drag force increment that the model flows were
highly viscous dominated. Accordingly, the viscous force

coefficients effective in the models were readily calculated
from the driving forces and observed velocities of the model
bubbles. Through some iteration, a prototype velocity
was found which, with empirical values of pressure drag
added to a Reynolds scaling of the model viscous force,
resulted in a total drag force equaling the prototype bubble
driving force. From the aforementioned velocity and the
prototype dimensions, a prototype response time was deter-
mined. Prototype times were approximately 30 times the
model times. Thus, the time required for the prototype to
return a 10% ullage bubble from any position to the forward
centered position is predicted to be of the order of 60 sec.

Reorientation

Slosh due to propellant reorientation is generally important
from the standpoint of spacecraft pointing and A V accuracy
and from effects on propellant management resulting from
liquid kinetics remaining after shutdown. The initial energy
of slosh varies with the difference in propellant potential
energy between the low-# and high-# propellant orientations.
The distance traversed by the ullage bubble centroid before
the slosh ceases varies with the initial kinetic energy of the
bubble divided by the average damping force present during
slosh. Figure 7 characterizes slosh for the truncated cross
concept, the CB 4 model of the central baffle, and an undesig-
nated, low-slosh model of the central baffle. A 10% ullage
volume was chosen for the characterization because of the
greater interest in slosh early in the mission when control of
AK and direction is particularly important and because the
chance of loss of vent port communication with vapor due to
ullage bubble breakup increases as the ullage volume decreases.

The reverse occurs at engine shutdown. When a transition
is made from high-# to zero-#, all potential energy due to g
is lost. Only the potential energy difference between the
surface-tension forces at high-# and a minimum free energy
surface at a zero-# form remains. If at the time of the high-#
to low-# transition, the slosh is at a peak amplitude in which
all energy is of a potential form, only the potential energy
from surface tension will remain after the transition to zero
g. When a transition is made from a high-# to a zero~#
environment at other than peak amplitude, both kinetic
energy and the vector sum of momenta are conserved. The
transport kinetic energy is the quantity of interest from the
standpoint of ullage bubble relocation, mass shift, and imme-
diate loss of vent access. The rest of the energy goes to tur-
bulence, which does not cause the centroid of the ullage
bubble to relocate from its forward central position, the mass
center to shift, or the bubble to leave the vent tube region.

Figure 8 shows the calculated initial kinetic energy of the
bubble, the distance it will travel before it is arrested, and the
carryover index. The index is given a value of 1.0 for the
model CB 4 baffle configuration as a baseline. The initial
potential energy is equivalent to that resulting from the
mass in the crosshatched region falling from A to B at the
prevailing g.

LOW TO HIGH g
- TRANSIENT REBOUND

LOW g SURFACES
HIGH g SURFACE ——

Fig. 7 Reorientation slosh
modes.

HIGHg

REBOUND.

TRUNCATED CROSS (T.C.)
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CENTRA LBAFFLE'(C.B. 4) LOW SLOSH CENTRAL BAFFLE
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Fig. 8 Ullage shut-
down—slosh kinetics

carryover.
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0.0282 N-m (0.25 in.-lb)

7.62 cm (3 in.)

0.075

Pressurization and Venting

The effects of incoming pressurant gas are negligible during
an engine burn since the nominal volume flow rates are small
and the liquid surface is stabilized by the spacecraft accelera-
tion. The pressurization period of interest is that taking
place in the low-# environment prior to the first burn. At

that time the launch pressure is less than the operating pres-
sure, the rate of pressurization will be high, and no spacecraft
acceleration will be present to help stabilize the propellant
surface.

In a low-g environment the only forces available to statically
stabilize the propellant surfaces are those of surface tension
on the ullage bubble and those provided by the flow of the

Table 3 Venting concepts comparison

Comparison
Factors Extended Tube Recessed Tube Integral Tube

Description Tube extends into ullage
bubble

Tube submerged in recess
in top of tank shell

Tube submerged in bubble
positioning device, passes
out tank bottom.

Effective- Interferes with bubble
ness positioning at small ullage

volumes (eg location and
venting effects)

Longer tube has slightly
more volume and potential
for condensing more liquid
for loss during venting

Small liquid loss during
gas venting

Tank shell design gives in-
crease in stability of sym-
metric bubble

Minimum liquid loss dur-
ing gas venting except at
high ullages and sustained
rearward acceleration

Compatible with symmetric
bubble positioning

Longest vent tube, greatest
potential for liquid conden-
sation

No liquid loss during gas
venting except for conden-
sate

Reliability Confidence in bubble posi-
tioning has improved
through additional analysis.
Less sensitive to adverse
vehicle acceleration than
recessed tube.

High confidence in bubble
placement prior to venting
but not in maintaining dur-
ing vent with high ullages
and sustained rearward
acceleration

Medium confidence in
bubble placement prior to,
and during venting

Cost/Weight No significant cost or
weight penalty

Requires special tank shell
machining, but no special
forging s.

Requires external plumbing
to tie into pressurization
system; requires separate
provision for venting during
pad fill/drain.

Installation Installed after tank clean-
ing

Installed after tank clean-
ing, etc.

Installed integral with
bubble positioning device.
Plumbing connections more
complicated than other
approaches.

Development-
Risk

Decreasing as analytical
confidence in concept im-
proves. Test simulation
of bubble positioning
straightforward if concept
functions properly.

Low risk. Concept demon-
strated analytically.
Straightforward test simu-
lation of bubble positioning.

Medium risk. Concept not
demonstrated. Straight-
forward test simulation of
bubble positioning.
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pressurant itself. The pressurant flow could aggravate local
perturbations of the surface, but also, with appropriate
pressurant port design, can be positively employed to aid
surface-tension forces in stabilizing the bulk form and posi-
tion of the ullage bubble.

One logical approach to the pressurization port design
would be to distribute a series of holes to produce approxi-
mately equal static pressure everywhere on the bubble surface
in its low-# form and to ascertain that any perturbation of
the form or position results in a new pressure distribution
that tends to restore the low-# configuration. Another
approach would be to distribute holes in a manner that would
produce, arbitrarily, a new bubble form of a kind easier to
maintain during pressurization.

The primary concern in venting is the maintenance of
communication between the vent port and the ullage vapor

at all times. For communication to be maintained, the
bubble driving capability of the baffle system must be sufficient
to recover from perturbations of the ullage bubble position,
force the ullage bubble to surround the vent tube, hold it in a
venting position under spacecraft accelerations that may be
present during venting, and preclude bubble breakup due to
slosh kinetics.

Table 3 schematically illustrates three candidate pressuri-
zation/vent tube concepts and provides a tabulated comparison
of the concepts. The extended tube arrangement is the
tentative choice.

Liquid Communication Temperature Gradient
If the outlet end of the propellant tank becomes warmer than

the forward end, propellant will evaporate from the bulk

Table 4 Communications concepts comparison

Comparison
Factors Internal External Integral

Description Open channel communica-
tion device-channel shapes
set by manufactur ability,
weight, installation ease.

Tube from top of tank to
bottom outside tank shell

Open positioning device ex-
tends from bubble posi-
tioner to top of tank

Effective-
ness

Establishes communication
in ~10 sec after disturbance

Establishes communication
in ~10 sec after disturbance

Establishes communication
in ~10 sec after disturbance

Slight biasing effect on
ullage bubble location
(within tolerance).

Liquid pumping rate capa-
bility 100 times evapora-
tion/condensation rate

Good*retention margins —
liquid retreats to smaller
radius as g increases.

Allows symmetric ullage
bubble

Liquid pumping rate capa-
bility 100 times evapora-
tion/condensation rate

Adequate retention mar-
gins — dumps liquid when
critical g is reached unless
tube has channel geometry
inside.

Interferes with bubble
positioning

Liquid pumping rate capa-
bility 100 times evapora-
tion/condensation rate

Good retention margins —
liquid retreats to smaller
radius as g increases.

Reliability Only failure mode is gross
structural damage

Some designs rely on a
max allowable separation
from wall

Rapid recovery from ad-
verse accelerations

External lines add leakage
potential. Bubble in tube
stops liquid communica-
tion unless tube has chan-
nel geometry.

Recovers from adverse
accelerations if no trapped
bubble

Possible adverse effects
due to eccentric bubble
positioning

Rapid recovery from ad-
verse accelerations

Development Concept previously demon-
Risk strated

Demonstration of all flow
and acceleration conditions
cannot be done simultan-
eously, but elements can
be proven separately.

Exact modeling of dents,
crimps, restrictions, etc. ,
effects difficult

May not be compatible with
central baffle concept based
on earlier tests/analysis.

Fabrication/
Installation

Fabrication of curved angle
stock may require special
attention

May require extra tank
ports or tubing interfaces.
Welded joints decrease
capability for removal if
damaged.

No special effort for com-
munication function

Weight/Cost Small relative to positioning
device recurring cost and
weight. Development cost
similar for all designs.

Cost to fabricate tube with
internal channels will be
high. Weight small rela-
tive to positioning device.

Small relative to positioning
device
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liquid surface and condense on the forward tank wall. Based
on mission requirements, a 261 °K (10°F) steady-state tem-
perature differential in that direction may exist, so that the
evaporation/condensation process must be considered. Un-
less means are provided to return such condensate to the
bulk propellant located in the outlet end of the tank, sub-
stantial amounts of propellent could be eventually transported
to the forward end of the tank, where it would not be accessible
to the tank outlet for supply to the engine and where it would
interfere with vapor venting. The transport rates for the
maximum specified steady-state temperature gradient will
be on the order of 10~6 kg/sec (10~2 Ibm/hr). Some mission
coast periods, however, are about 5 x 103 hr, so that, in spite
of low rates, the total quantity that could be transported would
become prohibitive unless means were provided to return it
to the bulk propellant. The most convenient and reliable
method for returning the condensate to the main body of
propellant is to establish a liquid communication channel
between the forward end of the tank and the region where
the bulk propellant resides. The channel will perform the
function passively by using the surface-tension properties of
the propellants. A small channel of 6.45 x 10~2 cm2

(0.01 in.2) cross-sectional area is sufficient to meet condensate
return requirements, so the size of the channel selected will
be dictated more by good structural practice and by require-
ments for recovering propellants dislocated within the
minimum specified time between burns.

Candidate concepts are shown schematically in Table 4
and comparisons of the candidates are made in tabular form.
The integral arrangement is the simplest, lowest weight and most
easily installed. Its main drawback is the inability of the
baffle system to push the ullage bubble past a sufficiently
large communication device under all conditions. This
capability is essential for center-of-mass control and venting.
Hence, the internal concept was chosen based on comparison
of bubble centering analysis and test results.

Depletion

Depletion refers to the process of draining and scavenging the
tank in final flight operation. The steady-flow velocity poten-
tial in the outlet region will be very uniform with the central
baffle design. Also, the minimum propellant quantity
required for restart will be small because of the efficient
outlet design and because of the strong surface tension holding
capability associated with the baffle elements in the central
baffle configuration.

Proposed Development Phase Testing

Development of a surface-tension propellant management
system is significantly different from the development of other
types of systems. Development of most propeliant manage-
ment systems centers around mechanical testing of the system
in a simulated flight environment to demonstrate mechanical
integrity throughout the mission. Generally, it is assumed
that if the systems remain intact, mission performance require-
ments will be fulfilled. However, a surface-tension device
is passive in operation, contains no moving parts and is
usually constructed from metallic components. Mechanical
integrity is normally assured by means of conservative design
and materials selection. Because the surface-tension system
is passive, it depends upon natural phenomena for proper
orientation of the propellant, and development testing is
conducted primarily to demonstrate satisfactory orientation
and expulsion of the propellant during the mission operating
environment.

To assure satisfactory performance of the passive pro-
pellant management system, its operation must be evaluated
completely and the associated phenomena, requirements, and
design elements identified. To accomplish this, a mission
functional matrix was prepared as the nucleus of the basic

development plan. The functional matrix identifies the inter-
actions between the various mission events, requirements,
design elements, and surface-tension phenomena. The com-
plete mission functional matrix is given in Ref. 1. The
propellant management system for Viking 75 Orbiter was
analyzed to generate a preliminary design. Performance
verification of the design will be accomplished by means of
similarity testing in conjunction with supporting analyses
during the development program.

Numerous testing techniques have been developed to
simulate the low-# propellant behavior in propellant tanks.
A complete discussion of the available test methods is given
in Ref. 2. These testing techniques were evaluated for their
potential application in assessing the performance of the
Viking 75 Orbiter propellant management system.

Mission operational events and the variables involved in
each event have been identified. The dominant dimensionless
groups were identified and then used to calculate model scale,
test conditions, test equipment requirements, and test fluids
for alternate test methods. These results were used to deter-
mine acceptable similarity test methods, model sizes, test
times, test complexity, data precision, test cost, and schedule.
The performance test matrix, shown in Table 5, summarizes
the planned development test program. Detailed test analyses
will be conducted to determine specific test objectives, test
equipment, test plan and anticipated results for each category.

Preliminary Design and Testing

Prior to the final selection of the central baffle design as the
propellant management system for the Viking 75 Orbiter,
some preliminary design, fabrication, and testing were required.
There were unanswered questions regarding the basic structural
integrity of the baffle concept, materials compatibility,
fabricability of the baffle concept, ease of cleaning, and ease of
installation and removal of the baffle design. Since the Orbiter
propellant tanks were being fabricated from 6A14V titanium
alloy, attempts were made to use the same material wherever
possible on the propellant management device to avoid the
potential compatibility problems associated with the use
of dissimilar metals in propellant systems. Available data
has established the compatibility of 6A14V titanium alloy
with MMH and N2O4, the propellants used on the Orbiter.

A spherical tank baffle device was designed and fabricated
to obtain preliminary vibration data and installation and re-
moval information. The choice of a spherical device was made
to allow the vibration testing to be done in the 76.2-cm-diam
(30-in.) spherical plastic tank available from the Mariner
Mars 71 Project. The spherical device had baffle elements
made in pairs from 2.54 x 10 ~2 cm (0.010 in.) thick sheet
and spaced around the center tube using 1.27 x 10 -1 cm
(0.050 in.) gusset spacers. The baffle elements were mechan-
ically attached to the center tube with screw fasteners. Pure
titanium was selected rather than 6A14V for this spherical
device because of its availability.

Low-frequency slosh vibration of the spherical device was
accomplished using water as the test fluid and with gas ullages
from 6 to 40%. Sinusoidal vibration levels, given in Fig. 9,
were selected to represent the on-pad wind environment that
could be seen by the Viking Spacecraft. For each ullage
condition, sinusoidal sweeps from 0.6 to 5 Hz were made at
1 octave/min and slosh resonances were identified. Dwells for
15 cycles were performed at each slosh resonance. Instru-
mentation consisted of strain gages mounted on the center
tube, accelerometers located at the base and top of the center
tube, and color motion pictures of each test. The thin
baffle elements moved quite readily under the slosh loading,
and strain gage readings indicated that only small loads were
transmitted to the center tube. The rapid decrease in slosh
motion observed at the termination of a test indicated that the
baffles provided considerable damping to fluid motion. No
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Table 5 Planned performance verification tests for Viking propellant management system

Mission event
Dominant
variables

Dominant
dimensionless

groups Scale ratio Test fluid Test method

Propellant retention characteristics

Low-# propellant configuration

Recovery from disturbances to
equilibrium propellant configu-
ration, slosh carryover

Propellant initial withdrawal tran-
sient, low-# venting propellant
loss

Surface tension, contact
angle, gravity

Surface tension,
acceleration,
tank thermal
characteristics

Surface tension, inertia,
acceleration, viscosity

Bond No.

Bond No.

Weber No.
Bond No.
Reynolds No.

Surface tension, inertia Weber No.

1/1

1/30, 1/3

1/4

Propellants \-g bench

Water,
kerosene,
CCI4

1/30, 1/18 Water

Water

Drop tower,
immiscible

liquid

Drop tower

Drop tower

Propellant steady withdrawal and
depletion

Propellant reorientation

Inertia, acceleration,
surface tension,
viscosity

Acceleration, inertia,
viscosity

FroudeNo. 1/4, 1/3 Water
Weber No.
Reynolds No.

(Bond No. 1/4, 1/3 Water
Regime)

Froude No.
Reynolds No.

\-g bench

\-g bench

cracking, galling, material permanent set, or other damage to
the baffle device was observed as a result of the vibration
testing. The low level of the structural loading of the baffle
device permitted some weight saving features to be incorpora-
ted into the baseline propellant management device.

Although there were no major difficulties during the fabri-
cation of the spherical tank device, several potential problems
became apparent. The mechanically fastened baffle elements
created numerous cavities that could trap particles and make
cleaning of the assembled propellant management device
difficult. The mechanically fastened design permits relative
motion of metal surfaces in contact with other metal surfaces
and could therefore lead to particle generation. Initially,
a mechanically fastened baffle device was felt to be desirable
from the installation and removal viewpoint. Variations
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FREQUENCY, Hz

Fig. 9 Viking Orbiter propellant management device sinusoidal slosh
environment.

of the fabrication technique used on the spherical tank baffle
device would permit the assembly and disassembly of the
device within the propellant tank. Although the introduction
and removal of propellant management device elements
through the propellant tank access hole becomes easier with
this method, the chances of damage to a propellant tank by the
baffle elements increases during this relatively uncontrolled
assembly/disassembly process.

To prevent possible damage to the propellant tank during
propellant management device installation and removal and
to promote a clean propellant tank assembly, a one-piece
baffle assembly was desirable. To establish the feasibility
of the installation and removal of a one-piece baffle assembly
through the 22.9-cm-diam (9-in.) access hole in the propellant
tank, a prototype installation and removal tool was designed
and built. The tool provides 12 rods which furl the baffle
elements when the baffle assembly is rotated within the tool.
The furled baffle assembly can then be installed or removed
through the propellant tank access hole. During installation,
the tool provides a means for the controlled unfurling of the
baffle assembly within the propellant tank. The spherical
tank device and the prototype installation and removal tool

BAFFLE
ASSEMBLY

PRESS URIZATION/
VENT TUBE

OUTLET PORT

-COMMUNICATION
CHANNEL

Fig. 10 Viking Orbiter baseline propellant management device.



558 M. W. DOWDY AND S. C. DE BROCK J. SPACECRAFT

established the feasibility of a one-piece baffle assembly.
The furling concept does allow metal-to-metal contact between
adjacent baffles when the baffle assembly is in the furled con-
dition; however, metal-to-metal rubbing between adjacent
baffles or between baffles and furling rods is minimized by
supporting each rod on roller bearings.

As a result of the fabrication and testing of the spherical
tank device, the baseline propellant management device for
Viking 75 Orbiter was selected to have a one-piece, electron-
beam welded baffle assembly. The selected baseline design,
shown in Fig. 10, incorporates most of the recommendations

of the concept selection phase of the Orbiter propellant
management program.
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Verification of a Comprehensive Thrust Chamber Compatibility
Model for Liquid Rocket Engines

CAPT. W. L. PRITZ* AND RJ. SCHONER|
Air Force Rocket Propulsion Laboratory, Edwards, Calif.

The objective of this effort was to assess the accuracy and validity of the Injector Chamber Compatibility
model coupled with the Aerotherm Thermal/Chemical Ablation Analysis as a design tool for analyzing liquid
rocket ablative or refractory thrust chamber durability. This evaluation consisted of analyzing and predicting
chamber and/or throat erosion for five liquid rocket engine firings. The results demonstrated that the analysis
can be used with a high degree of confidence to predict the amount of erosion and the location and depth of
chamber and/or nozzle streaking.

Introduction

A CRITICAL aspect of liquid engine thrust chamber
design is the relationship between the injector configu-

ration and the durability of the chamber liner materials.
Consequently, the Air Force Rocket Propulsion Lab. spon-
sored the development of a series of computerized models for
predicting liner material performance. The main products
of this effort were the Injector Chamber Compatability (ICC)
Model1'2 developed by Rocketdyne and the Aerotherm Ther-
mal/Chemical Ablation Analysis.3 When combined, these
models constitute a design tool for analyzing: 1) the injector
induced three-dimensional combustion and gas dynamic en-
vironment in the thrust chamber; 2) boundary-layer character-
istics and subsequent heat transfer to the chamber wall; 3)
the rate of material erosion and pyrolysis due to chemical and
thermal attack. The purpose of the effort discussed herein
was to assess the validity of this design tool through a sys-
tematic comparison of analysis and experiment.

This evaluation was accomplished by predicting chamber and
nozzle liner erosion for five liquid rocket engine firings. In
an attempt to ensure the objectivity of this evaluation, all but
one of these predictions were accomplished before the experi-
ments were conducted.

Presented as Paper 72-1078 at the AIAA/SAE 8th Joint Pro-
pulsion Specialist Conference, New Orleans, La., November 29-
December 1, 1972; submitted November 27,1972; revision received
May 16, 1973.

Index categories: Liquid Rocket Engines; Combustion in
Heterogeneous Media; Material Ablation.

* Lab Astronautical Engineer, Combustion Group, Technology
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Description of the Analytical Model

The ICC model was specifically developed to account for
the effect of the injector configuration on the mass distri-
bution and mixture ratio variation within the chamber. Con-
sequently, this model is capable of relating the injector design
to the performance of the chamber and nozzle liner materials.

Analysis of the combustion gas dynamics within the cham-
ber is accomplished through a series of theoretical models
which describe the progression of the liquid spray and ex-
haust gas from the combustion zone to the throat plane
(Fig. 1). These calculations are usually accomplished for a
wedge shaped portion of the chamber which has been selected
upon consideration of symmetry.

The behavior of the liquid spray in the region immediately
adjacent to the injector is calculated by the Liquid Injector

STREAM TUBE

BOUNDARY LAYER
ANALYSIS- WALL

RESPONSE

Fig. 1 Injector/Chamber Compatibility analysis.


