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ENGINEERING STUDY OF FLEXIBLE BAFFLES
FOR SLOSH SUPPRESSION

By Franklin T. Dodge
Southwest Research Institute

SUMMARY

An engineering analysis and design study was conducted to determine if the potential of flexible baffles for
providing high damping per unit weight could be realized under operating conditions in a flight system. The elastic
properties of aluminum and a large number of non-metallics were determined at 20°C and —196°C, and those materials
having the best combination of elastic properties and reaction insensitivity in liquid oxygen were identified. A design
procedure was formulated, with the structural strength of the baffle being estimated by a membrane stress analysis. The
weight of a flexible baffle system, including the supporting structure, was shown to be substantially less than that of
the equivalent rigid baffle system. Model tests of three flexible baffles were conducted in a 0.76-m (30-in.) diameter
tank. Liquid nitrogen was used as the slosh liquid. The tests simulated the 100 reuse cycle of the proposed space
shuttle. Results of the test program verified the design procedures.

INTRODUCTION

Guidance and control of a liquid propellant rocket depends to a large extent on the suppression of sloshing.
Anti-slosh baffles usually are required to diminish the slosh oscillations by increasing the damping. A typical baffle
configuration for current vehicles consists of a stack of stiff annular rings fitted around the inner periphery of the
propellant tank. The size of each baffle (ratio of baffle width to tank radius) and the required number of baffles to
obtain a desired level of damping are determined from semiempirical relationships, such as the one presented by Miles
in reference 1. The minimum required thickness of the baffle is computed by a bending-theory analysis of the stresses
induced by the slosh pressures exerted on the baffle; this procedure is summarized in reference 2.

Although these current designs effectively attenuate slosh, the baffles are rather massive and represent a high
percentage of the tank weight. It has been suggested, therefore, that the thrust-to-weight efficiency of a rocket could be
increased by using lightweight, flexible baffles. In fact, model studies conducted at room temperature indicate that the
weight can be reduced by using flexible baffles, and, in many cases, an increase in the damping can be obtained for the
same size baffle (references 3,4, 5, 6, 7, and 8).

The objective of the present investigation is to conduct the detailed engineering analysis, design, and testing of
baffle, tank, and cryogenic propellant compatibility required to prove that flexible baffles have the potential to provide
high damping per unit weight for operating conditions in a flight system. During the first phase of the study, the elastic
properties of a large number of materials were obtained by stress-strain tests run at cryogenic temperatures. The
promising candidate materjals were then evaluated with regard to the safety of their use in liquid oxygen. A strength
analysis based on membrane theory was formulated and used to predict a minimum baffle thickness for specified slosh
conditions; a baffle designed in this way has the minimum weight for a given load-carrying capacity, and it also has a
large flexibility parameter. During the second phase of the study, three baffles were constructed of different plastic
films. Each baffle was installed in a 0.76-m (30-in.) diameter tank and tested in a way that simulated the 100 reuse
cycle of the proposed space shuttle. These tests were conducted with liquid nitrogen, which has a density and a boiling
temperature similar to liquid oxygen.

SYMBOLS
ds distance of baffle under free surface, meter

E modulus of elasticity of baffle material, newton/m?
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flexibility parameter, defined by eg. (5)
acceleration due to gravity or equivalent linear acceleration, m/sec
liquid depth, meter

factor of safety

average slosh pressure exerted on baffle, newton/m?
period parameter, defined by eq. (4)

radius to a given point on deflected baffle, meter
meridional and tangential radii of curvature, meter
tank radius, meter

arc length along deflected baffle, meter

baffle thickness, meter

baffle width, meter

effective thermal expansion coefficient, m/m-°C
damping factor

temperature drop from ambient, °C

radial and tangential strains, m/m

slosh wave amplitude, meter

flexible baffle efficiency, eq. (6)

circumferential coordinate, radian

Poisson’s ratio for baffle material

density of liquid, kg/m?

density of baffle material, kg/m3

radial and tangential stresses, newton/m?

slope of deflected baffle at radius r, rad

slosh frequency, rad/sec

2



PHASE I. ENGINEERING DESIGN AND ANALYSIS

Selection of Flexible Baffle Material

An important aspect of flexible baffle design is the selection of a material that is compatible with the thermal and
chemical properties of the cryogenic propellant. The material should retain sufficient flexibility at cryogenic tempera-
tures, and it should not degrade after a long exposure to the propellant nor should it react chemically (burn) with the
propellant under any credible operating condition. Because liquid oxygen (LOX) imposes perhaps the most severe
‘combination of low temperature and chemical reactivity, and is the source of the largest slosh loads for the space
shuttle, this investigation was concentrated on material selection and baffle design for LOX tanks.

Elastic properties.~Information about the elastic properties of materials at cryogenic temperatures is not abun-
dant; references 9, 10, and 11 present the scattered data available about the common metals and plastics. Consequently,
as part of this phase of the study, the elastic properties of
soft aluminum and 36 non-metallics, all of which appeared

to have desirable elastic properties at room temperature,
were determined at both 20°C and —196°C, the boiling ‘q}

&

temperature of liquid nitrogen. (Liquid nitrogen has a
slightly lower boiling temperature than LOX and is slightly
less dense but is much safer to handle.) The non-metallics
tested were plastic films, fabrics reinforced with fibergiass,
and fabrics impregnated with various plastics or rubbers.
Two tensile-test specimens of each material were made to
the dimensions shown in Figure 1. The thicknesses of the 2.5 10
specimens ranged from 5 X 10~% m (0.002 in.) to about
2.5X 10~%* m (0.01 in.). Each material was tested in uni-
axial tension at a constant strain rate of 0.005 m/m-sec,
until fracture occurred. Figure 2 shows the tensile-test
apparatus and associated electronics; in the test case shown,
the specimen was completely immersed in a bath of liquid
nitrogen at —196°C. Typical stress-strain curves obtained
from these tests are shown in Figure 3.

1.46 xi0™'

9.8%I10”" Gage tength ——I

8.9 10" diam.

17 xto”’!

—2.54 xuo'T

343x 107"
All dimensions are given
in meters.

erties of all the materials tested. The density and the coeffi-
cient of thermal expansion at 20°C (as tabulated in ref. 9 or
in the manufacturer’s specifications), the measured yield
stress, the ultimate stress, and the elastic modulus for the FIGURE 1. DIMENSIONS OF TENSILE TEST SPECIMENS
plastics and the soft aluminum are shown in Table 1.

Although the ultimate and yield stresses for most of the plastics are slightly directional and vary somewhat with the
thickness of the film, the values given in Table 1 are representative and, furthermore, agree with the few available
published data.

The plastic films have the most favorable elastic prop- |>E

508 X107 —— =
3246

To assure that the materials would not fail in fatigue during sloshing, Plastics A and B and aluminum were
subjected to a 5000-cycle stress-strain test at —196°C, using the apparatus shown previously in Figure 2. During each
cycle, the specimen was strained to a maximum tensile stress of 6y;e14/2 and then compressed, with very little stress, to
form a “bowed out” circular arc. Owing to the long length of time required to perform the 5000-cycle stress-strain test,
the fatigue properties of some of the remaining plastics, namely those that were used in the Phase 2 tests, were
evaluated during the actual slosh tests. In no case was a fatigue failure noticed, and it appeared that all the materials
could withstand more stress cycles than they would experience in a flight system.

LOX compatibility.—According to data supplied by the manufacturers, Plastic A (a polyester film), Plastic B (a
polyimide film), Plastic C (a fluoronated ethylene propylene film), and Plastic E (a polytetrafluoroethylene film) do
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FIGURE 2. VIEW OF TENSILE-TEST APPARATUS
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FIGURE 3. TYPICAL STRESS-STRAIN CURVES AT 20°C AND -196°C
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TABLE 1. PROPERTIES OF CANDIDATE MATERIALS

20°C —196°C
- s : T 1/2
PB, a Oyield, Oultimate: E, Oyields Oyltimate: E, 2 pRE !/ /("yield)alz,
kg/m3 m/m —°C newton/m> newton/m newton/m? || newton/m? | newton/m newton/m kg/newton-m
Plastic A 140x10% | 2x1075 | 62x107 | 13.8x107 | 45x10° |[152x107 | 17.0x107 | B3x10° 68x 1075
PlasticB 142x10% | 2x1075 | 42x107 | 104x107 | 31x10° [[15.0%x107 | 15.0x 107 | s55x10° 58X 10™%
| PlasticC 215%10% | 8x1075 | 11x107 | 39x1207 | 07x10° || 83x107 | 83x107 | 72Xx10° 240X 1075
Plastic D 220%x10% | sx1075 | 21x107 | 38x107 | 12x10° || 85x107 | 100x107 | 45x10° 19.0 X 105
| Prastic E 210x10% | 5x1075 ) 19x107 | 21x107 | n1x10° |} 9.4x107 | 99x107 | a7x10°. 16.1 X 10~5
Plastic F 165x10% [20x107% | 20x107 | 4.0x107 | 05x10° [|190%x107 | 19.4x107 | 9.8x10° 63%x1075 .
1100(H14) Alum. | 2.70x10° | 2x1075 | 145 x107 | 255 x 107 | 69.0x10° || 16,5 x 107 | 30.0x 107 | 79.0 x 10° 430 % 10™%

NOTE: 0.69 X 10* newton/m? = 1 Ibfin2.

not degrade after long exposures to LOX. No data were readily available for Plastic D (a polychlorotrifluoroethylene
film) or Plastic F (a polyvinylidene chloride film).

Plastic A does not pass the standard LOX reaction test (NASA-MSFC Specification 106, a test in which the
material is immersed in LOX and impacted by a striker with an energy of 10 kg-meter, with combustion or the lack of
it as the observed quantity), and is not recommended for use with LOX in a man-rated vehicle. Fot the same reason, the
use of Plastic B in its larger thicknesses is questionable although not entirely precluded. In tests at SWRI (ref. 12),
Plastic F has been shown to have excellent resistance to combustion in gaseous oxygen, but its ability to pass NASA-
MSFC Spec. 106 has not been determined. Of all the .ested plastics, Plastics C, D, and E, which are all highly
fluoronated, are the most insensitive to impact reaction in LOX.

Relative weight.—The last column in Table 1 lists values of pg£'/ 2(Oyield)—3/ 2 a parameter shown later to be
proportional to the weight of a flexible baffle made of the material in question. The tabulated values show that a baffle
made of any of the plastics will weigh substantially less than an aluminum baffle, although the indicated differences
could be reduced by using a high-strength aluminum.

Plastics A, B, and F have the smallest values of pBEl/z(ayie]d)_3/2 but, as stated earlier, Plastic A cannot be

used safely in LOX, and the large coefficient of thermal expansion for Plastic F, when compared to those of the
common tank materials, indicates that thermal stresses would be a problem with it.* Thus, Plastics C, D, and E, with
possibly Plastic B as an alternate, have the “best” combination of elastic properties and reaction insensitivity to LOX.

Fabrication.—Plastics C, D, and E are available commercially in rolls or sheets up to about 0.93-m wide (36 in.)
and up to about 2.5 X 1073 m (0.1 in.) thick; Plastic B is available only up to about 1.3 X 10~% m (0.005 in.) thick.
Thus, full-scale baffles probably can be fabricated from these plastics, with the possible exception of Plastic B, without
the necessity of making laminations to obtain a thicker sheet; this is a desirable feature since laminating generally
increases the 1.OX impact sensitivity of the material (ref. 13). All four of the plastics can be made into sheets of larger
width by joining two or more sheets together with a combination of heat and pressure (heat-sealing). An exhaustive
study of fabrication techniques was not attempted during this study, but it was noted during the fabrication of the
baffles for the tests in Phase 2 that the heat-sealed bond for Plastic C was as strong as the parent material and the bond
for Plastic E, which had an acceptable shear strength, could be “peeled” apart easily.

Strength Analysis

In the Appendix, it is argued that the ability of a flexible baffle to withstand the loads developed during the
sloshing is derived primarily from the membrane stresses caused by the deflection of the baffle and that the bending

*Thermal stresses are discussed in the Appendix.



resistance of the baffle is negligible. A stress analysis for a circular-ring baffle, based on membrane theory, is given in
the Appendix. The analysis predicts that the maximum stress will not exceed Oy iel d/K , where K> 1 is a factor of
safety, if the thickness ¢ of the baffle is at least as large as
12 Ka/z E12
w Do
tminimum=0-57Ro(E_) (—) )

3/2
o cry{elc\

where R,, is the radius of the tank, w is the width of the baffle, and p,, is the average slosh pressure across the width of
the baffle. Thermal stresses are neglected in eq. (1), for reasons explained in the appendix. [Eq. (1) proves that, if other
things are equal, the weight of the baffle is proportional to pgE1/?(0y;14) /2, as was stated earlier.]

The average pressure p,, is related to the width of the baffle, the amplitude ¢, of the slosh wave, and the depth of
submergence d; of the baffle; in the Appendix, this relation is shown to be

0.485 ;- 1.5158

w [4
= 59p0R i 20 e—2'-79(dS/R0) 2
Po =59pg 0<R0> <Ro> @

Slosh Damping

The slosh damping provided by a rigid baffle (ref. 1) is

w w 3/2 g-a 112 4.6(dg/Rp)
i =28 — ) —— :] ( —_— ) e~ P50 3
Vrigid [R,, ( Ro> R, @)

where the damping factor v is the logarithmic decrement divided by 2#. The damping of a rigid baffle, for a given R,
and ¢,, thus depends only upon w and d;. For a flexible baffle, however, the damping depends not only upon w and d,
but also upon the thickness ¢, the elastic modulus £, and Poisson’s ratio s (which is about 0.3 for plastic films). The
variation of vy with these factors can be conveniently expressed in the graphical form shown in Figure 4 (adapted from
ref. 8). It can be seen that, for a given R,, {,, and w, the flexible baffle damping v, is a multiple of the rigid baffle

damping Vrigid’ the multiple is a function of the “period parameter” P,
P=21 <§_¢1) e—1-84(dg/R o) “)
w
3.0
o Period parameter, P
F 251 0.6
D
T—
]
~
0.8
& 2.0
T .0
o9
£
[=9
5 L5f *
: L5
2.0
Lo
n | ) 1 I t L | \ | = L J°
10°° 0° 0! 107° 10" 10 10
Baffle flexibility, F 3249

FIGURE 4. RELATIVE DAMPING AS A FUNCTION OF FLEXIBILITY
AND PERIOD PARAMETERS (REF. 8)



and the “flexibility parameter’ F,

oo (2292 (2

The flexibility parameter was originally derived from an elastic-plate bending analysis, but it is apparently a valid way
to correlate data even for values of F for which the bending strength of the baffle is negligible.

Design of Flexible Baffle Systems

The minimum damping that must be provided by a baffle system is determined by a stability and control analysis
of the rocket, or alternatively by a loads analysis, and by an estimation of the perturbing excitations along the flight
path. These analyses give, in addition to the minimum v, the maximum tolerable value of the slosh amplitude ¢,.
Assuming that the»analyses have been performed, so that {, and v are known, a flexible baffle system can be designed
in the following way, in which a realistic set of example conditions is used for the sake of definiteness:

Propellant LOX, p = 1.14 X 10° kg/m® (71 1b/ft®)

Baffle material = Plastic C

Tank radius R, = 2.54 m (100 in.)

Maximum g 3 g, = 28.40 m/sec? (1120 in./sec?)

Maximum ¢, 0.1R,=0.254 m (10 in.)

Minimum v = 0.06
These values are representative of the SATURN S-1C design.

Either as a first estimation or as a result of optimizing the spacing of the baffles by the method outlined in
reference 15, the baffles are assumed to be spaced uniformly along the tank walls at separation distances of 0.2 R, ; this
is also typical of the SATURN S-1C. For this separation distance and slosh height, the minimum damping occurs when
the baffle nearest the surface is at a depth of dg = 0.1 R,. The next closest baffle to the surface is at dg = 0.3 R,,, and,
according to eq. (3), it contributes about 40 percent as much damping as the first baffle. The contributions of all the
rest of the baffles are negligible. Thus, if v for each baffle individually is at least 0.06/1.40 = 0.043, the total slosh
damping will be adequate. As a first guess, the required width of a flexible baffle that has y = 0.043 can be computed
from the rigid baffle formula, eq. (3); the width is 0.095 R, =0.24 m (9.5 in.). Using this value of w in eq. (2), the
slosh pressure is 3.5 X 10® newton/m? (0.51 1b/in®). So, using a factor of safety of 3, eq. (1) shows that the thickness
of the Plastic C baffle should be at least 4.5 X 10™% R, = 1.16 X 10~ 3 m (0.045 in.).

Now that the width and thickness of the baffle have been estimated, the period and flexibility parameters can be
computed and the curves given in Figure 4 can be used to make a corrected estimate of the baffle size. In this case, the
parameters are P = 2.0 and F' = 0.23. According to Figure 4, then, the flexible baffle has nearly the same damping factor
as a rigid baffle of the same width, and, consequently, no corrections to the baffle sizing are needed. In fact corrections
to the first estimate will seldom be needed, even for heavily loaded baffles for which F might be as small as 10™2. The
reason for this is that P must be at least as large as 2 in order to obtain a significantly large v (small values of P
correspond either to deeply submerged baffles or to small slosh waves), and for such large values of P the effects of
flexibility are small. This fact will usually eliminate the need to optimize the baffle with regard to F.



Baffie Efficiency

Weight reduction is the greatest advantage of a flexible baffle. The magnitude of the weight reduction or the
efficiency n of the baffle has been defined in reference 8 as the ratio of (')'/z‘)ﬂ to ('y/t)" ;4> DUt, since the rigid and
flexible factors are always nearly equal, 7 is also just the ratio of Ligia 10 Igy Ttis logical o extend this definition to
include materials of different densities; thus, the definition of baffle efﬁc1ency used here is

_ s Digia

6
(th)flex ( )

and the rigid baffle must have the same width as the flexible baffle.

In order to evaluate n for a given flexible baffle, it is necessary to specify the thickness and the elastic properties
that are required to make the baffle “rigid.” A definition of rigidity must be rather arbitrary, but one reasonable
definition is to require that the baffle be so thick that it acts as an elastic plate rather than as an elastic membrane. As
an example, consider a rigid baffle having the same width and damping factor as the Plastic C baffle previously
discussed but made of high-strength stainless steel (o, ;.4 = 6.9 X 10® newton/m?, E = 2.07 X10'! newton/m?, pg =
7.85 X 10® kg/m®). The elastic plate formulas for a uniformly loaded circular-ring (ref. 16) show that for this baffle the
maximum stress will not exceed one-third the yield stress if its thickness is at least 3.32 X 1073 R, =84 X 10~3
(0.33 in.). With this definition of rigidity, therefore, the efficiency of the flexible Plastic C baffle is n = 27; that is, the
flexible baffle has only about 4 percent of the weight of the rigid baffle. Another way of defining a rigid baffle is to
require that its flexibility parameter be no larger than 10~ 5, for then the flexibility is sufficiently small that the baffle
appears to be rigid (see Fig. 4). Using this definition, the stainless steel baffle must have a minimum thickness of 1.07
X 1072 m (0.42 in.), and the efficiency of the flexible baffle is 34. Incidentally, a baffle made of Plastic C that is rigid

by either of the two definitions has a thickness in excess of 3.8
X 1072 m (1.5in.), and the efficiency of the flexible baffle for

24x107'm this case is about 34.
8.4x 107*m Other ways of obtaining a rigid baffle, such as by decreasing
I _l — the required thickness and adding stiffeners or longitudinal braces
i at the inner edge, would probably give similar values of 7 if the

. 2 s weight of the braces were included in the weight of the rigid baffle.
Supportangle 6 x 100 mx 6 x 10 ' mx2.1x10 'm

Only the efficiency of the flexible baffle by itself is repre-
sented by eq. (6). A more useful comparison of the weight savings
includes the weight of the structure supporting the baffle. Obvi-
ously part of the weight savings will be lost if a flexible baffle
requires a more massive supporting structure than a rigid baffle. A
complete investigation of this problem was beyond the scope of this
investigation, but an estimate of the magnitude of the weight
savings can be obtained by considering the example of a supporting
structure for the previous Plastic C and stainless steel baffles.-Fig-

a. Stainless steel rigid baffle

Clamp ring 3 x 102m x 2.1 x 107°m

-3
Ll' 16 x 10 "m ure 5 shows a configuration similar to that used in the model studies
! reported in reference 8 and in the Phase 2 tests of this study. The
\ support angle, which is assumed to be made of high-strength stain-

Support angle 6 x 107m x 6 x 107°m x 21X 107°m o0 steel, has been sized approximately to correspond to current
design practice and the thickness then selected so that the stresses
caused by the slosh load and the baffle weight do not exceed
one-third the yield stress. For this arrangement, the efficiency of

=0 the Plastic C flexible baffle and its supports is about 8; that is, the
FIGURE 5. SIMPLIFIED BAFFLE flexible baffle and its supports weigh only about 12 percent as
SUPPORT SYSTEM much as the rigid baffle and its supports.

b. Plastic C Flexible baffle



Other Considerations

Non-cylindrical tanks.-Propellant tanks used in some space vehicles are not cylindrical, and some of the tanks that
are proposed for the space shuttle are not even circular in cross-section. Very little design data for rigid baffles exist for
these kinds of tanks (but see Chapter 4, of ref. 17) and almost none exist for flexible baffles. It is perhaps premature in
these cases to elaborate a design guide for flexible baffles. Nonetheless, an adequate flexible baffle system for axisym-
metric tanks could probably be designed by assuming the tank to be a circular cylinder, with its radius equal to the
radius of the axisymmetrical tank at the point in question. Tanks that are almost axisymmetrical might also be idealized
as cylindrical, in this case with a radius such that the cross-sectional area of the cylindrical tank would equal the
cross-sectional area of the actual tank.

’

Tanks with internal insulation.—When the propellant tank is lined internally with thermal insulation, a baffle
support system such as the one shown in Figure 5 might result in an excessive number of “heat leaks.” Further, other
kinds of tanks do not have a sufficient number of “hard points™ to mount the baffles in the way shown in Figure 5. In
both cases, longitudinal stiffeners or stringers, fixed only to the hard points of the tank, are required to mount the
baffle supports. The model tests described in Phase 2 of this study used such a system of longitudinal stringers.

Bubble entrapment.—Flexible baffles offer less possibility of trapping vapor bubbles than do rigid baffles since
the buoyancy forces of the bubble tend to cause the baffle to deflect and allow the bubble to vent. The tests conducted
during Phase 2 verified this observation.

Tank fueling procedure.—The process of fueling flight tanks can impose severe fluid dynamic loads on baffles.
The rigid baffles originally installed in SATURN II-C, for example, were broken out during fueling, and the filling
procedure for SATURN 1-C had to be changed to prevent a similar occurrence. Flexible baffles should be less prone to
damage during fueling since they will deflect and thereby present less of an obstacle to the flow.

PHASE 2. MODEL TESTS

Verification of the preceding analysis and design procedures by model tests of selected designs was the objective
of the Phase 2 investigation.

Model Tank and Instrumentation

The tank used in all the model tests was an aluminum right-circular cylinder, 1.14 m (45 in.) high and 0.76 m
(30in.) in diameter, with a wall thickness of 3.2X 1073 m (0.125 in.). As shown in Figure 6, aluminum plates,
1.60 X 10~2 m (0.625 in.) thick, were bolted to flanges on the cylindrical section to form the top and bottom of the
tank; the figure also illustrates the ice formation created during a typical test. A viewing port, 0.20 m (8 in.) long by
2.2 X 10™2 m (0.875 in.) wide, was located at a distance of 0.76 m (30 in.) above the bottom of the tank. The viewing
port, a double layer of plexiglass, was kept free of ice during the tests by evacuating the space between the two layers
with a vacuum pump and spraying the outer layer with “windshield deicer.” The tank was filled through the bottom
plate by a flexible piping system connected to a large reservoir of liquid nitrogen. A vent pipe in the upper plate was
used to prevent the tank pressure from rising above 6.9 X 10* newton/m? (10 Ib/in?).

Four support legs were used to mount the tank on a mechanical shake table. Strain gages on one of the support
legs formed a load cell to sense the overturning moment exerted on the tank by the sloshing liquid.

The slosh amplitude during a test was estimated by two methods. The inside wall of the tank was marked at
intervals of 2.54 X 1072 m (1.0 in.), so visual observations through the viewing port gave one determination of the
amplitude. Also, liquid oxygen condensed on the part of the outside tank wall corresponding to the part of the inside
wall wetted by the slosh wave. Thus, by carefully scraping off the outer ice formation, the maximum upward trace of



FIGURE 6. VIEW OF 0.76 m DIAMETER SLOSH TANK FIGURE 7. SLOSH WAVE TRACE ON TANK WALL

the wave could be seen directly on the tank wall, as is illustrated in Figure 7; in the case shown in the figure, the

zero-to-peak amplitude was measured to be 3.8 X 10™2 m (1.5 in.).

Baffle Support Structure

In order to make the design realistic, the model tank was assumed to have hard points only at the top and
bottom. Eight box-section stringers, spaced equally around the circumference, were attached to the hard points, and
the angle supporting the baffle was attached only to the stringers and not to the tank itself. Figure 8 shows a

FIGURE 8. INTERIOR VIEW OF TANK AND BAFFLE SUPPORTS
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photograph of this structure, with a baffle in
place. The baffle support angle was located 0.76 m
(30 in.) above the bottom of the tank, so that the
baffle would be centered in the viewing port.
Other pertinent dimensions are given in Figure 9.

The structure originally was sized in accor-
dance with the expected slosh loads. However, the
loads for a tank of this diameter are so small that
the stringers and the support angle could not be
obtained in the design thicknesses; thus, the
smallest available sizes were used instead. The
result of these substitutions is that the structure is
overdesigned, and therefore overweight, by at least
a factor of five.

Design of Model Baffles

Model baffles were fabricated from Plas-
tics B, C, and E, three of the four plastic films
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FIGURE 9. BAFFLE SUPPORT STRUCTURE

recommended in Phase 1. The other recommended plastic, Plastic D, has chemical and elastic properties so similar to
Plastic E that it did not seem to be worthwhile to test it separately.

The design slosh conditions originally were picked to be {,=0.1R, (3.8X 1072 m), d,=0.1R,
(3.8 X 1072 m), and ¥ = 0.06, which seem to be representative of the SATURN S-1C design. From eq. (3), the required
baffle width for these conditions is w = 0.12 R, (4.56 X 10~ 2 m). Since the baffle support angle is itself 1.9 X 1072 m
wide (Fig. 9), a baffle with a width of only 4.56 X 102 m would probably be too stiff to be realistic, and the width
was therefore increased to 5.80 X 102 m (= 0.15 R,,). This increased the design damping factor to y = 0.084.

The slosh pressure was computed by eq. (2) to be about 1.68 X 10% newton/m? (0.024 Ib/in?). With this load
and a factor of safety of 3, the minimum thickness of the baffles [eq. (1)] should be 2.9 X 107® m (1.2 X 10~ % in))
for Plastic B, 8.3 X 10™% m (3.3 X 10~ in.) for Plastic C, and 5.5 X 10~¢ m (2.2 X 10~% in.) for Plastic E. Although
the materials are made in a thickness as small as 1.27 X 1075 m (5 X 10~% in.) which, however, is still somewhat
thicker than required, they could not be obtained in any of the smaller thicknesses during the time allotted for this
investigation. Once again, substitutions had to be made; the actual thicknesses were 7.62 X 10~ % 1n (3 X107 3 in.) for
Plastic B, 5.08 X 1075 m (2 X 10~ 3 in.) for Plastic C, and 12.7 X 10~% m (5 X 10~ 3 in.) for Plastic E. The unfortu-
nate consequence of the substitutions was that the apparent factor of safety at the design slosh condition of ¢,
=0.1R, and d; = 0.1 R, was more nearly 10 than 3. During the tests, this overdesign of the baffles was at least
partially compensated for by subjecting the baffles to the more severe off-design conditions of {, = 0.2 R, at d,
=0.2 R,; the apparent factor of safety for these tests was only about 5. Also, the baffles were subjected to a large
number of cycles of wave impact when the liquid level was at the baffle location, which imposes a relatively severe load
on the baffle.

Plastics C and E could not be readily obtained in sheets wider than 0.46 m (18 in.). Thus, these two baffles had to
be fabricated in halves and joined together as shown in Figure 10; the other pertinent dimensions of the baffles are also
shown on this figure. The heat-sealed joint for both Plastic C and Plastic E appeared to be as strong for in-plane tensile
forces as the plastic itself, but the Plastic E joint could be peeled apart by transverse forces. The overlapped area (see
Figure 10) was always located in the tank at the nodal point of the slosh wave, although this was not really necessary
since the support angle and clamp ring provided more than enough restraint to the two halves even without heat-sealing
the joint. All three baffles were cut out with a sharp razor blade from a common template. No attempt was made to
smooth out rough edges or nicks that might have been created during the fabrication.
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FIGURE 10. DIMENSIONS OF MODEL BAFFLES
TABLE 2. PARAMETERS OF MODEL BAFFLES Other relevant information about the baf-
fles is presented in Table 2. The flexibility
Design Conditions parameters were computed using only the
s 7 )

Material | w'/Ro | Roft | F AR "ﬂ(einle)ﬂd Yrgia | Wwidth w' of the baffle that extended beyond
TUe - | the support angle, as is suggested in reference 8.
PlasticC | 0.108 | 7150 | 0.120 3.5 ~1.15 0.084 The flexibility parameters are smaller than was
desired because the thicknesses are too large;
PlasticB | 0.108 | 4750 | 0.035 3.5 ~1.30 0.084 this accounts for the fact that Yejex/¥rigia I8
substantiall reater than one for all the

PlasticE | 0.108 | 2850 | 0.009 3.5 ~120 [ o008 | A y &

Test Procedure

At the start of each test, it was necessary to chill the entire apparatus with liquid nitrogen from the reservoir for
at least 45 minutes in order to prevent immediate vaporization of the entering liquid nitrogen. As soon as liquid began
to collect in the tank, however, the filling proceeded rapidly. (In fact, the rate of flow was great enough to form a
liquid jet that subsequently impacted the baffle when the liquid level was just approaching the baffle; this in itself was a
severe test of the baffle’s structural integrity.) The tank was filled to a level d, above the baffle of about 0.3 R, to
allow for losses due to boiling. As the liquid boiled off, slosh tests were conducted at several liquid levels, until the
liquid was below the baffle. The rate of boil-off was about 1.2 X 1072 m (0.5 in.) per minute, a rate so slow that the
boiling did not interfere with the sloshing in any way.

To determine the damping, the shake table was actuated at the slosh natural frequency of about 1.05 cycles/sec,
and a constant sinusoidal excitation was maintained until steady-state sloshing was obtained. It was found that a
shake table displacement of 1.27 X 10~2 m (0.5 in.) zero-to-peak would produce a slosh wave with about the
desired amplitude of ¢, =0.1 R, (3.8 X10™2 m) for d; = 0.1 R,. This shake table displacement was then used in
all the tests. After obtaining steady-state sloshing, the tank was quick-stopped, using a shear-pin fixture in the
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driver arm of the shaker, and the free

decay of the liquid motion was recorded
with the load cell. The procedure was
repeated several times at each liquid level
to get an average value of the damping.

The original planning of the program
included tests in which each baffle would be
subjected to 100 cycles of filling the tank,
sloshing, and draining the tank, each time
allowing the entire apparatus to come to
room temperature, thus simulating the
thermal shocks that would be encountered
in the 100 reuse cycle of the space shuttle.
But the time required for each cycle was
over 2 hours, so the tests were abandoned
after only ten cycles of testing with the first
baffle (Plastic B). There was no evidence of
any thermal shock damage at the end of the
ten cycles. During the remaining tests, the
tank was refilled only as necessary to make
up for boil-off losses. However, each baffle
was subjected to over 2500 slosh cycles of
varying ¢, and dg; these tests were more
than adequate to simulate the total slosh
loads that any individual baffle should
experience during the 100 cycle reuse life of
the space shuttle.

Results

There was no evidence that any of the
baffles suffered structural damage or tearing
at the edges from any of the slosh loads,
thermal stresses, thermal shocks, or wave
impacts. Since the thermal stresses are inde-
pendent of the baffle thickness, these tests
were a realistic simulation of this part of the
baffle environment even though the baffles
were too thick. The maximum stresses due
to the slosh loads were unavoidably too
small by about a factor of at least 1.5, since
the baffles had to be constructed in larger
than the desired thicknesses, but the simula-
tion was close enough to give confidence in
the design procedure.

The measured values of slosh damping
“agreed fairly well with predicted values. Fig-
ure 11 shows a typical record of the slosh
decay and indicates the way in which the
damping factors were computed from the

dg=5.1x10"m
=3.0x10°m
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FIGURE 12. DAMPING FACTORS FOR FLEXIBLE BAFFLES
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logarithmic decrements. Damping factors for the three baffles tested are shown in the upper half of Figure 12, as a
function of liquid depth above the baffle. The damping generally increases as the liquid depth decreases, but when
ds/R, < 0.1 the slosh wave is not in contact with the baffle over the entire slosh cycle and the damping decreases
markedly; this also holds true for rigid baffles (ref. 17). The influence of the period and flexibility parameters on the
relative damping is shown in the re-plot of the data on the lower half of Figure 12. The curves, which agree roughly
with the more extensive curves given previously in Figure 4, demonstrate again that for P > 3.0, the relative damping
Yr1ex/Yrigia is nearly equal to one. (In every case, the viscous damping due to the washmg of the liquid on the tank
walls did not amount to more than about y = 0.0004, which is a negligibly small contribution to the total.

CONCLUSIONS

An engineering analysis and design study was conducted to determine if the potential of flexible baffles for
providing high damping per unit weight could be realized under operating conditions in a flight system. The following
specific conclusions are offered as a result of this study:

(1) At least three lightweight plastic films (fluoronated ethylene propylene, polytetrafluoroethylene, and poly-
chlorotrifluoroethylene) and possibly a fourth (polyimide) have the combination of good elastic properties
at cryogenic temperatures and reaction insensitivity in liquid oxygen that is required to make it possible to
design a flexible baffle.

(2) An optimum flexible baffle designed by the membrane analysis developed herein has a large flexibility
parameter of about 0.1 or 0.2.

(3) A flexible baffle designed by the method outlined herein will have a damping factor at least as great as that
of a rigid baffle of the same width and will weigh considerably less; in the example cited, the flexible baffle
had a weight equal to only 4 percent of the rigid baffle weight.

(4) Substantial weight savings are realized even if the weights of the supporting structure of the flexible of the
rigid baffle are included in the calculations; the flexible baffle system cited as an example had a weight of
only about 12 percent of the rigid baffle system.

(5) Model tests of three different flexible baffles in a 0.76-m (30. in.) diameter tank, with liquid nitrogen as the
simulated propellant, indicate that thermal stresses (due to the mismatch in the thermal expansion coeffi-
cients of the plastic films and the aluminum tank) should not be large enough to cause thermal shock
problems in a flight system.

(6) No structural or fatigue damage to the flexible baffles was observed during a simulated 100 reuse cycle of
the proposed space shuttle.

(7) Calculations of the damping provided by the flexible baffles show that previous empirical correlations
(ref. 8) of the damping as a function of period parameter and flexibility parameter can be extended to
cryogenic temperatures.
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APPENDIX A
STRESS ANALYSIS OF A CIRCULAR-RING FLEXIBLE BAFFLE

Basic equations.—The stresses in the flexible baffle are analyzed under the assumptions that membrane theory is
applicable and inertia effects due to the baffle motion are negligible. The membrane approximation is justified by the
negligible bending rigidity of a thin, flexible baffle, and the internal material damping of a plastic baffle is sufficiently
large and the slosh frequency is usually sufficiently high in comparison to the baffle natural frequency that the
assumption of negligible inertia effects is valid.

The maximum stresses in the baffle occur at the locations where the average slosh pressure on the baffle is the
greatest—under the antinodes of the slosh wave. These maximum stresses can be calculated very closely on the basis of
an axisymmetric theory, since the slope of the deflected baffle in the circumferential direction is only about
w/nR, < 0.05 as large as the slope in the radial direction directly under the antinode.

Figure 1-A shows an element of the baffle in the deflected position. In this sketch, the arclength s is measured
along the baffle width and the angle ¢ represents the slope of the element. A force balance in the plane of the element
shows that, as Ar—> 0, As = 0, and A8 — 0, the stresses must satisfy the equilibrium relation:

dﬂ+(0,—09)cos¢=0
ds r

(1-A)

The force balance in the direction normal to the element, which must account for the curvature of the element,
has been shown by Den Hartog (ref. 18) to be

ag 0,
O % P (2-A)
R, Ry t

where R,,, = ds/d¢ is the meridional radius of curvature and Ry = r/sin ¢ is the tangential radius of curvature.

The boundary condition on the stresses is that ¢, = O at the inner edge of the baffle.
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The strains induced in the deflected baffle must satisfy Hooke’s law:

1
€= E (0, —uog)
(3-A)

1
€g =— (09 — O
0 E(o uoy)

Since the strains can be computed independently from geometric considerations (as will be shown), egs. (3-A) give two
further relations between the o, and oy stresses.

The pressure p acting on a circular-ring flexible baffle cannot be calculated exactly from any measurements or
analytical methods known to the writer. (The measurements of the pressures on a rectangularly shaped flexible baffle
by Schwind, et al., ref. 5, apparently are the only pressures ever measured on a flexible baffle). Consequently, it is
assumed here that p can be predicted with adequate conservatism by the results for a rigid baffle given in ref. 14. The
average pressure across the width of a rigid baffle is p, = Cpw?¢?, where C is a nondimensional parameter that depends
only on the period parameter, P = 2nt/w; the best fit of the data for 1 <P <20 is C=7.8 P~ %485 1In this equation,
the slosh frequency w is [1.84(g/R,)] /% and the amplitude of the motion { at the baffle location is ¢ ,e~ *-34(ds/R o),
where d; is the submergence depth of the baffle, and {,, is the slosh wave amplitude. (In all the equations, the liquid
level in the tank is assumed to be so large that bottom effects are negligible.) Thus, the pressure is

w 0.485 g—o 1.515
Po =59 pgR, (—) ( ) e e @A)
R, R,

Equation (4-A) gives the average pressure; the actual pressure distribution is nearly parabolic across the baffle width.

Approximate solution.—The solution of egs. (1-A), (2-A), and (3-A) cannot be obtained in closed form, even if
the pressure is assumed to be constant across the baffle width. A finite-element computer program was used to solve the
equations numerically, but later it was discovered that an approximate solution could be obtained by assuming that
(1) the baffle deflects into an arc of a circle, which physically just means that a certain kind of pressure distribution,
not necessarily parabolic, is imposed on the baffle, and (2) higher powers of the ratio w/R, can be neglected in the
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FIGURE 2-A. NOMENCLATURE FOR THE APPROXIMATE STRESS ANALYSIS
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equations. The approximate solution gives results that are almost identical to the finite-element program and is much
more convenient to use. Thus, it is outlined below.

Figure 2-A shows the deflected baffle. The deflected shape must have a horizontal tangent at the inner edge in
order to cause the pressure loading to be zero at this point, a requirement which helps the assumed pressure distribution
to approximate more closely the true parabolic pressure distribution. That a horizontal tangent at the inner edge causes
the pressure to be zero at this point can be seen from eq. (2-A) if it is realized that 0, = 0 and Ry = r/sin ¢.= r/sin 0°=c0
at the inner edge.

The relation between o, and 0y can be obtained by evaluating eg from the geometry of the deflected baffle.
Assuming that the strains are small, the eg strain is (r — r;)/r;. Also, the radius to the point where the strain is evaluated
isr=R, — R,,(sin ¢, — sin ¢). The meridional radius of curvature, R,,, is a constant and equal to w/¢,, where ¢,, is
the angle the deflected baffle makes with the normal to the tank wall, at the outer edge of the baffle. T4 initial radius
r; to the same point can be written in terms of deflected baffle parameters and the radial strain:

¢o d¢ ¢o
7i=Ro—R, [ e =R, —R, | (1—e,+e2—e+...)dp (5-A)
] r ¢

Since €,<€ 1 and R,,, = w/¢,, eq. (5-A) can be simplified to give

r,-=Ro[1~—‘1 <1 ¢)+lv_¢;[¢oerd¢] (6-A)

R, ¢/ Ro bo

Thus, the tangential strain is

»_v[l_i_sin¢o+sin¢] w ¢Oerd¢

R ¢o ¢o ¢o Ro¢ ¢0
o= - - 5 (7-A)
1—= (1——"i>+—w— joe—’d¢
Ro ¢0 Ro¢ ¢o

It will be shown presently that gy > o,, which is almost intuitively obvious in any case. Consequently, the radial strain
€, from eq. (3-A) is about equal to —uog. Using this approximation and then invoking the assumption that the higher
powers of w/R,, can be neglected, eq. (7-A) reduces to

w ( ¢ _sin ¢0+sin_¢> (8-A)

~—|1——

R, bo %o ¢o

€o
Equation (8-A) specifies €g in terms of known quantities. The approximations involved in deriving eq. (8-A) amount to
neglecting the stretching across the baffle width.

The circumferential stress, according to Hooke’s law, eq. (3-A), is
w sin sin
00=uar+E<*—)(1—i—i+——¢> (9-A)
Ro ¢0 ¢0 ¢0

Substituting eq. (9-A) into the in-plane force balance, eq. (1-A), and using the transformation ds = R,,,d¢ = w(d¢/¢,),
the force balance can be written as

do R, % R,/ \'e, 00 b0 o
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where higher powers of w/R, have been neglected. With the boundary condition that g, = 0 at ¢ = 0, the solution of
eq. (10-A) is

o =£(1)2<¢ sin ¢ — sin ¢ sin¢+lsi112¢—cos¢—¢sin¢+l) (11-A)
r ¢?) Ro o o 2

and higher powers of w/R,, again have been neglected. This equation can be put in a simpler form by using the series

expansions for sin ¢ and cos ¢:
1 w ¥V 1 o 1¢°
a=—E2<—-—> <1+— 2)(———— 12-A
r=g % R, 20% b 687 (12-A)

This expression is an accurate representation of the way o, varies with ¢ whenever ¢, < /4.

The tangential stresses can be computed from egs. (9-A) and (12-A):
1 w 1 o 1¢*\ 1 w ¢
I
=%\ R, AT Y YA AV WA (13-4)

A comparison of eq. (13-A) and eq. (12-A) shows that o, is about a factor R,/w greater than g,, which verifies the
assumption made earlier about the magnitude of o,.

The pressure loading that causes the baffle to deflect

2-0( o . into the assumed circular arc can be computed from the
- _/ arabolic force-balance equation in the normal direction, eq. (2-A).
o LSf——-£ £q. (14-A) In this equation, the meridional radius of curvature R,,,, is
= ~ w/¢, and the tangential radius of curvature Ry is r/sin ¢.
Lo Neglecting higher powers of w/R,,, the pressure is
2 Etg}y( w 1 N[ 16
= 0 P et L0 56%) Ge%)
o o o o
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FIGURE 3-A. PREDICTED PRESSURE DISTRIBUTION (Even though oy > o,, both 05 and o, support the
COMPARED TO ACTUAL PARABOLIC pressure about equally, because R,, €Rg). The pressure

PRESSURE DISTRIBUTION given by eq. (14-A) and shown in Figure 3-A is slightly
too small near the supported edge of the baffle, com-

pared to the actual parabolic distribution. Nonetheless, the pressure distribution is reasonably close to parabolic
over most of the baffle width. The average pressure, according to eq.(14-A), is

_ 1 go Etg rw
b, = — f pdo = (—)[0.068 (1 +0.05¢2) + 0.050(1 —0.023¢2)] (15-A)
¢00 RO RO

For values of ¢, less than n/4, eq. (15-B) is well approximated by

- w\Er¢?
po=0.118<—> °
R,/ R,

(16-A)

which allows the angle ¢, (and the meridional and tangential radii of curvatures) to be easily computed when the true
average pressure p, = p,, is specified from eq. (4-A).



The maximum stress is the oy stress at ¢ = 0; the maximum g, stress is much less than this. By substituting ¢,, as
computed from eq. (16-A), for a given p,,, into eq. (13-A), the maximum stress in the baffle is found to be

w\1/3 (p R, \23
Omax =0 =O=0.69E(—> (—"—")
max 0(¢ ) Ro Et

(17-A)

Comparison with exact theory.—Equation (17-A) was used to compute 0,4, for a number of sample cases, and
the results were compared to the “exact” finite-element solution mentioned previously. The comparison is shown in
Table 1-A. The average pressure p, for these comparisons was computed from egq. (4-A), by assuming various values of
W/R,, $o/R,, and dy/R,,, with p, g, and R,, given the realistic values shown in the table. As can be seen, the difference
between the two maximum stress predictions is very small regardless of whether the baffle is lightly loaded (small p,,
and small w/R,) or heavily loaded (large p, and large w/R,). It can be concluded, then, that the approximate solution
gives accurate results over the complete range of the variables, namely: 0.05 <w/R, <0.15, 0<{,/R, <0.15, and
0<dy /R, <0.40.

TABLE 1-A. COMPARISON OF MAXIMUM STRESS PREDICTED
BY APPROXIMATE THEORY AND “EXACT” FINITE-
ELEMENT COMPUTER PROGRAM

p=114 X 103 kg/m3  8=2= 19.6 m/sec2 Rp=254m
E X 107 % newton/m? | dy/R, | w/R, | /R0 | wolvg Ry (t/R ) x 10% amal’.:‘é_nfl“;t;n)/mz Om"'"‘:l{lﬁ:{:{gn/mz
8.3 (Plastic A) 0.15 | 0.05 | 015 | 00510 0.70 6.20 x 107 5.98 x 107
5.5 (Plastic B) 0.15 | 015 | 0.15 | 0.0865 3.50 380x 107 3 x 107
77.5 (Aluminum) 015 | 010 | 015 | 0.0713 2.72 8.30 x 107 8.13 x 107 N
77.5 (Aluminum) 0.05 | 0.05 | 005 | 0.0126 0.34 8.30 x 107 8.06 x 107

NOTE: 0.69 X 10% newton/m? = 1 1b/in?.

Incidentally, the baffle thickness ¢ for these calculations was picked so that oy, ,, was a realistic maximum stress
for the material; thus, these thicknesses, which range from about 8.6 X 1075 m (0.0034in) to 89 X 1074 m
(0.035 in.) are representative of full-scale baffle thickness for a tank of about 500 cm (200 in.) diameter.

Baffle thickness.—The allowable o,,,, should be less than 0514, Say Opy4x = 0y ic1a/K where K> 1 is a factor of
safety. Thus, eq. (17-A) can also be used to calculate the required minimum baffle thickness for given baffle width,
slosh pressure, and material properties:

w2 KIRE2,
tminimum = 0.57R, < [’?_> < —0572__> (18-A)
o yield

Thermal stresses.—For this approximate theory, the thermal stresses induced in the baffle when its temperature is
lowered can be computed independently of the stresses induced by the slosh pressures. The thermal stresses also satisfy
eq. (1-A) (and here ¢ =0, that is, the baffle is flat), so they can be included directly in eq.(2-A) along with the
pressure-induced stresses to compute a new pressure distribution and average pressure p,, to compare with the known

Po-
The thermal stresses are

1 R, —w)?
09 = — EGAT [1+(-~"—-—‘) ]
2 r?
19-A
1 _ (Ro - W)2 ( )
0, = — EGAT |1— —2— 2
2 r?

19



where @ is an effective thermal expansion coefficient, including the thermal expansion coefficient and flexibility of the
baffle supports. The maximum value of & occurs when the supports are perfectly rigid, so that @ = ag — ar, which is
the difference between the thermal expansion coefficients of the baffle material and the tank walls. The maximum
values are &AT ~ 0.005 to 0.01 for a representative plastic film baffle, aluminum tank walls, and a temperature drop of
200°C (room temperature to LOX boiling temperature), and the thermal stresses are about 0.005 E to 0.01 E. For most
plastic films, the thermal stresses therefore are about one-third to one-half of the yield stress. Thus, if K = 3 in
eq. (18-A), the baffle should not be overstressed even if the thermal stresses are neglected. Of course, if complete
information about the baffle supporting structure is available, the flexibility of the supports can be evaluated and the
thermal stresses can be computed exactly. It is believed, however, that eq. (18-A) with K = 3 is sufficiently conservative
for design purposes, especially since this formula neglects the contribution of the thermal stresses in supporting the
pressure load.
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