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A BSTRACT

This d-cument describes the results of an invei.tgation to reuuce the volume

and weight 1ei,,t3 of a transpiration-cooled nosetip expulsion system.

Efficient expulsion syten. designs were investigated I:o minimize the' volume

and weight requirements for a transpiration-codled nosetip. Coolant require-

m,..nts were reduced through efficient design of the nosetip and heat shield.

All parts of the expulsion system were optimized to minimize coolant wastage ,

and volume. The critical component was found to be the coolant control

valve. Many types of control were investigated, each sensitive to some

environmental or vehicular parameters. Two niethcds were found to be

quite attractive. TLe first was a deceleration-sensing device coupled with

an expelled coolant volume compensator. The second itilized an electro-

mechanical valve which used the free-stream veloc-.ty and density and the

vehicle angle of attack to regulate flow. A conical reservoir was found to be

mandatory from a volumetric efficiency viewpoint. In order to take full

advantage of this type of design, a bladder expul.3ion.cechnique must be used.

Both metallic and elastomeric bladders were considered. Warm- and cold-

gas pressurization sy.s,*,crns were investigated. Hot-gas techniques were

found to be considerabty more efficient. A rnulti~le-grain solid propellant

approach was selected for use in this study. The combination of the selected

components resulted in a nighly efficient a'-i (Mn:act de.,ign which could

meet the requirements of a wide /arxety of missicns.

An additional task performed during this contract was the successful comple-

tion of a rocket sled test through a rain environment. A test modet was

o&)tained frorr, another Air Force prograrr., modified to fit within the sled,

Ond testt,. Results of oth., AIr Force fled tests vith traispiration materials

are aliso included in this report.
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NOMENCLATURE

Aarea or Arrhanius cotistant

Ab. Iamina thickness of jlamnina

* C drag constants

C specific heat

* ~ ctvtin neg

D diameter

F force

F char fraction
B

F total force
T

F ultirm Ite tensile stresstuI
G ravitT

h enthalpy

H altitude o r enthilpy inwn.ding heats of formation

I mom-ent of inertia

J conversion factor

k thermal conductivrity

K permeability or constant

Kx. specie mass fraction of j :3pe'Cie

Mn mass

rn mass flux

IA * moment



N enthalpy-based heat transfer coefficient

P pressure

Pr Prandtl number

q heat fux

combustion term

r recovery factor

R body radius or gas constar.t

nose radius

Re Reynolds number

ablation rate I I
S running length

SCF stress concentration factor

SH step height

t time or thickness

T temperature

u velocity

V volume

x distance

z compressibility

a angle of attack or viscous prcssure-drop constant

inertial pressure-drop constant

Y void fraction
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F porous matrix tortuosity

4 emissivity or thread efficiency
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0 angle from stagnation point
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viscosity

damping ratio, or Equation 3-10

P. density

stress or Sltefan-Boltzrnan constant

natural frequency

Subscripts

A axial
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b e bending

c char or tip chamber

ro coolant

corn compressive

e boundary layer edge or effective

g gas

i initial

in inner

rn matrix

N normal

6 unniodified or initial

out outer

r recovery

R r adial

s stagnation

th thread

v coolant vapor

vi virgin

w wall



x pitch direction

y yaw direction

Z axiLal direction

E) at angle o
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Sec ":on 1

ENTRODUCT= N AND SUMMARY

Transpiration cooling is a proven thermal protection concept capable of
withstanding extremely high heat transfer rates. In fact, the porous matrix
concept used during this study is capable of surviving any reentry environ-

ment currently envisioned. This capability results in several important

advantages over other types of nosetip thermai protection. Some of the more

significant are retention of the nose shape, increased mission flexibility, and

all-weather operational c.•pability.

Unfortunately, transpiration Is not a complete nosetip panacea. The coolant
Sstorage and explusion sys•*et- requires a significant volume and weight. It is •

to this problem that the .- ffort expended on this contract was addressed.

SThe primary objective was to generate a preliminary d.sign of a flightweight

k expulsion concept which minimizes the volume or 'ength 'required to house the

system. This was accomplished by minimizing the coolant requirements and

by generating expulsion system concepts which result in very little wasted
space or coolant. Since the design of this system is somewhat dependent upcn"

the vehicle and missions being considered, several ground rules were

7 required. A water-cooled stainless steel tip with a carbon-phenolic heat

shield formed the basic thermal protection syst m. Nose radius was con-

sidered variable, and three radii were considered (0.5, 0.75, and 1.0 in.).

[he cone angle was fixed at I deg. Five trajectories, covering a wide range

of missions, were studied. These trajectories are shown in Figures 1-1

through 1-5. Trhe aerothermodynat.iic environments for these trajectories

were supplied at the start of the contract.

Coolant requirement minimization was accomplished in two wvays. First, the

nosetip external geometry was selected by minimizing the ideal coolant

requirement. A l.0-in.-radius tip without a skirt resulted from this study.

".4
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prossure, nosetip cavity pressure, deceleration, coolant flow, velocity,

alt'tude, angle of attack, and nosetip response. Depending upon the type of

parameter, either a mechanical or an electromechanical valve was designed.

Two flow control concepts are considered acceptable. The recommended

concept is a purely mechanical deceleration-sensing valve whose' flow

chiaracteristics are changed according to the integrated coolant flow. This

type of valve results in only 5 percent coolant exce's for the trajectories

being considered and can be developed within the one-year schedule. The

other concept requires an electromechanical valve. This valve requires

considerably more development and could be made available within 1Z to

18 mo.nths. Free-stream velocity and density and the vehicle angle of attack

are used to compute flow rates. A small digital electronic network was

designed to convert vehicle accelerations into these parameters and then

compute flow rates using simplified aeroheating relationships. Although this

valve 'requires slightly more coolant (11 percent over design) than the recom-

mended design, it may be capable of being more generally applied to a variety

of trajectories. A considerable effort was expended toward the development of

a nosetip response sensor. A control concept of this type would be truly

closed-loop. Two approaches may be possible: surface thermocouples and

optical sensing of nosetip melt. It is anticipated that no excess coolant would

be required; however, a very large development program would be required I
to ensure reliability and verify predictions of rosetip response with in-depth

vaporization.

Bladder and piston reservoirs were the only concepts considered during this

contract. Pistons, both single and double, are considerably less efficient

than are bladders. Both metallic and nonmetallic bladder designs were

"studied. It is felt there is little to choose between these two types. The

metallic bladder is being developed on a concurrent AFRPL contract; how-

ever, insufficient data was available to adequately evaluate its performance.

This type of bladder has the disadvantages of requiring an ullage bubble to

prevent thermal' expansion and may permit considerably more heat transfer

into the coolant. The nonmetallic bladder is being developed at McDonnellt

Douglas Astronautics Company (MDAC), but very little data has been gener-

ated. The most serious drawback of this design appears to be long-term

storage with clastomeric materials.



Both cold- and warm-gas pressurization concepts were studied. Cold-gas

systems (consisting of high-pressure helium) require more volume and are'

heavier than the warm-gas systems. Warm-gas designs considered both

monopropellants and solid propellants. Monopropellant gas generators are

slightly larger and may require more development to achieve the high-

pressure (7,000 psi) requirement. The major'difficulty in designing a solid

propellant gas generator is the need to supply sufficient pressure for all

trajectories and still not exceed the peak design pressure for the worst case.

In order to accomplish this, it is necessary to use multiple propellant grains.

Two- and three-grain designs were investigated, both of which will perform

adequately for the trajectories being considered. The three-grain configura-

tion is recommanded, as it will provide more flexibility.

A considerable number of other investigations have been performed to ensure

that the conceptual design will meet all requirements for an operational

vehicl.e. These studies include: (1) initiation of the transpiration system, L
(2) evaluation of mass. properties, (3) power and instrumentation requierements,

(4) response to a nuclear encounter, (5) performance under environmental

conditions, (6) reliability, (7) safety, (8) long-term storage, and (9). manu.

facturing. No unresolved problem areas were discovered during any of the

above investigations. For this reason, it is felt that no major design changes

will be required during the development phase.

Some of the more important results fromn these studies are the following.

System initiation will be obtained using a combination of timers and acceler-

ation switches, depending upon the type of control system contained withiin the

vehicle. Materials were selected to provide maximum strength and resistance

to corrosior., and to minimize weight. A stainless steel, 17-4 PH, was chosen

for all metallic parts in contact with water. The system design resulted in

a total weight of 16.88 lb, including 3 lb of water, and was packaged in less

than 25 in., measured with the nosetip. Protection from a nuclear encounter

was provided by applying a shield between the substructure and expulsion

system.

A ranking system was developed to aid in the selection of a preferred design.

The results obtained with this system indicate that the best design for the

6
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current ground rulis, including a development schedule of one year or less,

consists of a volume-compensated, deceleration-sensing flow-control valve,

a flexible nor.meta'llic bladder, and a three-grain solid propellant gas gener-

ator. Development test plans have been generated for these concepts as well

as several alternates for extended development schedules. These plans are

included in a separate report.

A rocket sled test was performed to gather information on the response of a

porous nosetip to a very heavy rain environment. The sled passed through

"2,400 ft of rain with a water content of 6.87 gmn/m3 at an average velocity of

about 5,180 ft/sec. Some damage did occur; however, it is very difficult to

translate these results' to a flight situation because of the extreme differences

in environment.
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Section 2

NOSETIP DESIGN

In order to arrive at a final nosetip design, several analytical tasks were

accomplished in sequence. The specified nose radii cover the range of

interest from the standpoint of vehicle performance anddesign. Aerodynamic

heating distributions were received for these hemisphere-cone configurations

for the specified set of reentry trajectories. A boundary layer blocking

analysis was performed to determine the thermally ideal coolant distribu-

tions that are required. These distributions were integrated over time to

yield, for each trajectory, '-he thermally ideal coolant weight as a function of

nose radius and conical skirt length. For each r.ose radius, the space avail-

able for heat rhield was evaluated as a function of cone length. This evalua-

tion is simply based on geometric relationships and takes into account the

required space for the substructure and the coolant supply tube. Then, by

conducting a heat shield ablation analysis, the required heat shield thickness

on the cone was evaluated as a function of distance from the hemisphere-cone

junction. After applying the necessary design margin, this required thick-

ness distribution was compared with the geometrically available distribution

to define the required nosetip conical skirt length for each nose radius.

These skirt length requirements were used in conjunction with the thermally ->

ideal coolant weights related to the nose radius and skirt length to define the

thermally ideal coolant weight for each nose radius. The minimum weight

value defined the optimum nose radius-skirt length combination.

It was then necessary to condufct the hydraulic design of the nosetip to define

the inner contour, the material permeability, and the coolant pressure

requirements. The objective was to closely match the design coolant distri-

bution at the nosetip surface with the thermally ideal distribution increased

*: b•b the desired margin of safety. The noseJip inner contour was approximated

by fir%ý conducting one-dimensional analyses for various ratios of coolant

9
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pressure to stagnation pressure. After selecting a value for the design

pressure ratio, a three-dimensional porous flow analvsis was conducted to

refine the inner contour and select the required noset p permeability-to .!
obtain the desired coolant distribution.

The reentry conditions selected for the point design of the nosetip were from E
the L-6 trajectory at the time of peak coolant flow, which was 34 sec after j
reentry at 300,000 ft altitude. In selecting the conditions that required peak

coolant flow, coolant wastage was minimized for the trajectory.

2. 1 IDEAL COOLANT FLOW

Ideal coolant flows were computed for the five trajectories and the three nose

Sradii. This was accomplished by -olving an energy balance, as describea in

Appendix A. Although it would be theoretically possible for the tip to per-

form adequately with these flow rates, there are a number of uncertainties

which cannot be easily included in tf.e basic analysis. For this reason, a

design safety margin was determined using the following parameters: nose-

tip permeability variation and measurement accuracy, porous flow predic-

tion, external pressure and heat transfer, and coolant effectiveness.

The primary source of information for evaluation of this margin was the

ongoing vehicle test program currently being accomplished at MADAC. The

reasons for emphasizing this program over past efforts are that improve-

ments have been made in (1) the techniques of obtaining permeability data,

(2) the porous flow analysis methods, and (3) the method of regulating flow

rates in the nosetip environmental tests.

Errors in permeability measurement are among the most difficult to deter-

mine. It is estimated that it is possible to measure permeability within

10 percent. Permeability variations within the porous !na•erial can be

measured in a gross sense. It has been found that matcrial can be made

which has variations of less than 10 percent.

The accuracy of the coolant flow prediction is also difficult to determine,

because it is not possible, using current techniques, t) precisely measure

the point-to-point flow. However, the total flow throug i the tip can be

10



measured and compared to that predicted. While it may be argued that
matching total flows is not valid, it does seem to be a reasonable approach.

This is particularly true when one considers that deviations from the actual

distribution would be most important at the stagnation point and that margins

have been experimentally obtained at this' point to verify the flow. These

margins will be discussed in subsequent paragraphs. A comparison for total

flow rate for an actual flight test using the latest analytic techniques is shown

in Figure 2-1. As can be seen, the worst error is about 5 percent. This type

of error has also been observed in comparisons of analysis to probe data.
However, the accuracy of the probe has not been determined.

Uncertainties in the aerotherrnodynamic environment to be considered during

this study were defined by the contract. A 5-percent variation in pressure

and a 15-percent variation in heat transfer were specified.

The uncertainty in the coolant effectiveness was evaluated using the results

of the recent series of tests performed at MALTA and at Philco-Ford. A

summary of the results obtained at the stagnation point for these tests is

shovn in Figure 2-2. A-more detailed description of these tests and a com-

plete comparison to predictions is available in Reference 2-1. Only the

stagnation-point results were used in order to eliminate the influence of

upstream injection. If this phenomenon were included, the coolant requir.a-

ment could be drastically reduced. For the MALTA test series, two points

at zero angle of attack are of the most interest. One of these shows that

melting of the tip occurred with a margin of -4 percent. The other indicates 4

that a liquid layer still existed with a margin o- +9 percent.

The ADP data are not quite as defiritive as those obtained at MALTA. This

is due to the facts that film coverage was not as good and that the films

themselves were more difficult to reaA. This is particularly true in defining

the point at which the liquid film disappears ano oxidation begins.

However, the onset of melting was easier to define. Two points are of

interest. One test with an angle of attack of 0 deg indicated that melting did

not occur until the margin dropped below -5 percent. The other test, with

an angle of attack of 7. 5 deg, showed that melting occurred at amargin

of +2 percent.

11
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Based on the results of these two test series, the point at which the nosetip

will melt occurs between a margin of 8 percent to 9 percent and 2 percent. f
With this as a guideline, an uncertainty in the coolant effectiveness calcula-

tion of 13 percent has beer. assigned.

The overall design factor of safety is obtained by combining the effects of

all these parameters. Table 2-1 summarizes tCe uncertainties assigned to
-2ch of the parameters. When these uncertainties are combined using a root

sum squarirg (RSS) procedure, the resulting safety factor is 1. 24. This

factor will be used it, the calculation of the design and actual coolant flow

requii re me nts.

Ideal coolant flo',,.'s have been obtained for all trajectories and all nose radii.

In order to estimate the effect of no:-c radii on coolant requirernent3, Fig-

ure 2-3 was constructed. In order to account for heat shield requirements

just aft of the tip, a constant diameter of the nosetip base was assu med for
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Table 2-1f COOLANT FLOW DESIGN UNCERTAINTIES

Parameter Uncertainty (percent)

Permeability variation 10

Permeability m.easurement 10

SPorous flow prediction 5

Pressure 5

SHeat transfer 15

Coolant effectiveness 10

RSS total 24

each configuration. This diameter ir that corresponding to an S/RN of 1. 67
•i for the l-in. nose radius configuration. As can be seen, the 1-in. radius

results in the least coolant for each trajectory. By comparing trajectories,
Sit can be seer, that L-6 defines the total coolant requirement. Additional

coolant flow requirements for specific geometries will be presented in the

following section.

Figure 2-4 shows the total ideal coolant requirement histories for all

trajectories considering a 1.0-in. radius and flow out the hemisphere portion

only. Maximum coolant flow rate is required for the S-3 mission.

2.2 NOSETIP EXTERNAL GEOMETRY

The nosetip external configuration was selected to minimize coolant require-

ments. The first step was to obtain heat shield requirements for vehicles

with all three nose radii. These then allowed the required skirt lengths to be

computed. Knowing th3 skirt length enabled the total ideal coolant to be

determined for each configuration. The optimum geometry, or that resulting

in minimum coolant, was then selected.

Heat shield ablation calculations were performed for the five specified

trajctories aid the three nose radii using the supplied environments. These

calculations were begun at 125, 000 ft altitude and were centi•ued until impact.

14
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Environmental ground rules constrained transition to occur at 125,000 ft and

precluded the influence of heat tr..-sfer reduction due to downstream cooling

and the generation of an aft facing step. Heat shield material was restricted

to 5055A carbon-phenolic." All computations were performed using the

MDAC F678 computer program (see Appendix B) using cylindrical coordi-

nates. The heat shield thicknesses obtained with these calculations were

multiplied by a 1. 3 safety factor to account for uncertainties in environment

predictions and material properties.

Screening analyses to determine design trajectories and the effect of nose

radius were accomplished first. TV ese calculations were performed allowing

the substructure to reach a maximum temperature of 400*F. As will be

shown later, this condition may result in heat shield failure due to bond out-

gassing. The results of this screening analysis were not altered by changing

this ground rule. Heat shield thicknesses at the tangert point and at the

1, 0-ft running leagth location were obtained for all trajectories and the

0. 75.in. radius configuration. Calculations were performed for both the

windward and leeward rays. Similar analyses were accomplished for the

tangency po.nt in the L-6 trajectory with the 0. 5- and 1. 0- in. radii. The

results obtained are given in Table Z-2.

Table 2-2

PRELLMINARY HEAT SHIELD REQUIREME NTS

F rajectory L

Location Ray L-6 606 L-1(a) L-12 S-3 RN=0. 5 in. RNl.in.

Tangent point 0 G. 958 3. 756 0.442 0. 468 J. 474 0. 988 0. 930
180 0.770 0.405 U. 388 0.435 0.410 0.803 0.740

1.0-ft 0 0.775 0.984 0.839 0. 543 0.364
running length 180 0.463 0.424 0.260 0. 388 0.312 -4

17



Based on the results presented in this table, the heat shield design

trajectories are the L-6 for all leeside analyses and the near-nose windward,

while the 606 is required for windward ray calculations further aft. As can

be seen, there is not a la? ve influence of nose radius onheat shield

requirement.

Before presenting complete heat shield requirements, it is necessary to
di,.:uss the effect of material properties and bondline temperature limit.

Figure 2-5 gives the thermodynamic properties of 5055A carbon-phenolic

which were used for the initial analyses. The cha.r conductivity did nc'. agree

with available experimental data, so a sensitivity study was accomplished to

determine the effect.

In general, the effect of char therrmal conductivity on heat shieid require-

ments is fairly small. However, for long mi3sions, such as those bei-ig

studied here, where a thick char laye!r Is built up and the heat can soak intc

the material, the effect is significant. A survey of char ther-nal conductiv'UY

information has been accomplished (see Figure2-6). Very little experimental

data is available, and the data that has been generated is nct for the exact

material being used on this study due to variations in marafacturing technique

and cloth !ayup angle.

The General Electric correlation (References 2-2 and Z-3) and the original
MDAC correlation were obtained from flight and ground test data reduction

and have been used to correlate this type of data. The Boeing curve (Refer-

ence 2-4) was obtained using a theoretical approach. The rapid increase at

higher temperature's is due to radiation through the char.

Ahother 'correlation was generated and is shown in Figure 2-6 as the final

curve. This is essentially the original relationship with a T 3 term to account

for radiation effects. These values have been used for all heat shield si•-;ing

presented in this report.

To illustrate the effect of conductivity, Table 2-3 has been constructei!.

Three locitions were compared for th,'ee conductivity correlations. There

is only a snmall difference inheat shield requirements using the original and

~ ~- - -, ~ ,. -
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final correlation. T1s is due to the fact that at lower temperatures, the

values at which most of the char layer exists, there is only a small difference

in conductivity. For the twice original correlation, there is a large differ-

ence at these temperatures which translates into much larger heat shield

requirements.

Table 2-3

CONDUCTIVITY EFFECT ON HLAT SHIELD REQUIREMENTS

Conductivity

Location Original 2 X Original Final

S/RN= 1. 6 7, RN= 1.0,

i Trajectory L-6, windward 0.95 1. 04 0.975

7 S/RN= 1.67, RN= 1.0,

"Trajectory L-6, leeside 0.79 0.95 0.82

S/RN= 5.76, RN = 1.,
Trajectory 606, windward 1. 1Z 1. Z2 1. 14

As previously mentioned, during the calculation of the original heat shield

requirements it was assumed that the bond layer could act as an insulator

and could achieve high temperatures. While this assuinption allows smaller

heat shields (Table 2-4), it may also result in failure of the heat shield due

to pressure buildup. Computationc were performed to determine internal

pressures and allowable pressures for the Leat shield.

A short literature survey was accomplished to obtain carbon-phenolic

permeability data and decompositior data for EPON 934 bond. Very little

permeabilitv data was available, so a parametric inveotigation was accom-
plishe'. Two value,, 0.4 x 10"10 and 0.5 x 10"9 in. , were considered.

Available data indicated that fully charred permeability was about
-10

0. 3 to 0. 7 x 10 , so the values assumed are probably optimistic. For this

reason, only the results of the lower permeability are presented. Decornm-

position information was obtained for EPON 934 in the form of TGA data and

is presented in Figure 2-7. Calculations were performed at the point of

maximum heat shield requirement for a 1. 0-in. nose radius configuration.

21



Table 2.4
r• EFFECT OF BOND TEMPERATURE ON HEAT SHIELD REQUIREMENTS

High-Temperature Bond Low-Temperature Bond
(Bond/Substructure (Bond/Heat

Location =400*F) Shield=400* F)

S/RN= 1.67, RN= 1.0, 0.93 1.04

Trajectory L-.6,

windward

S/RN= 1.67, RN= 1.0, 0.85 0.95

Trajectory L-6,

windward

S/RN= 5.76, RN = .0, 1.09 1.2Z
Trajectory 606,

windward

Figure 2-8 gives the temperature and pressure at the bond-heat shield

interface as a function of time for two values of char thermal conductivity.

The results for the final conductivity, as previously discussed, would lie

between there two but would be closer to the original curve. The critical

point, or point of peak pressure, occurs for an interface temperature of

about 700*F for both conductivities. At this temperature, the bond is out-

gassing at a high rate while phenolic -decomposition has only begun. Maxi-

mum pressures are 235 psi and 150 psi for the high- and low-conductivity

values, respectivly.

heat shield could withstand without failure. These calculations were per-

formed at the peak pressure point. The amount of heat shield material still i
having strength is of great importance; however, there is very little strength

data for 5055A above 500"F and none above 1,000"F.
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Allowable pressures were computed assuming that char had strength up to

temperatures of 1, 000 and Z, 000 F and are presented in Table 2-5. As can

: be seen, the lower temperature limit results in an allowable pressure con-

. siderably below those predicted, while the upper temperature yields a value

roughly equivalent to those calculated.

"Table 2-5

"ALOWABLE PRESSURE

Maximum Char Temperature Pres re
O(F) (psia)

:1,000 46

2,000 206

This analysis has shown that through the use of fairly optimistic assumptions,

"the allowable pressures are about equal to those predicted. This does not

result in a high-confidence design. In addition, a time point later in the

flight, although having a lower pressure, may have much less strength in the

p char layer. Therefore, the use of the bond as an insulating material will not

be used dur ng this study.

Using the final correlation of char conductivity and limiting t.ic temperature

at the back face of the carbon-phenolic to 400°F, heat shield, requirements

were computed. Most calculations were performed for the 1. 0-in. radius

configuration, since it was indicated in Section 2. 1 that coolant requirements

would be less with this geometry. Enough points were analyzed for the other

"radii to verify this. The results of this investigation are given in Figure 2-9.

These heat shield:thicknesses were translated into skirt lengths and ideal

coolant requirements. Skirt lengths were obtained by defining the smallest

* nosetip base diameter which will contain the heat shield, -a 0. 0 4-in. bond

* layer, and the coolant supply wand. Two wand diameters, 0. 125 and 0. 25 in.,

were considered. A 0. 06-in. substructure was included with the larger

Swand. Skirt lengths are. sumrnarized for all three nose radius configurations

in Table 2-6.

25
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Table Z-6

SKIRT LENGTH AND IDEAL COOLANT REQUIREMENT SUMMARY

Wand Outside
Nose Radius Diameter Skirt Length Coolant Requirements

(in.) (in.) (in.) (lb)

1.0 0.125 0.15 1.46

0.25 0.62 1.75

0. 75 0. 125 2.25 1.82

b0.25 3.40 Z.26

0.5 0. 125 4.75 1.95
0.25 5.65 2. 33*

*Denotes 606 trajectory; all others L-6.

For each skirt length, total ideal coolant requirements were found for each

trajectory. Maximum requirements are given in Table 2-6. Trajectory L-6
was found to be sizing for all but one case. It is evident that a 1. 0-in. nose

radius will result in the minimum coolant requirement regardless of the wand

diameter. This radius will therefore be used for all further analyses pre-

sented in this report. The larger radius also minimizes skirt length, which

makes it easier to match actual flow rates to the ideal. This is such an

important factor that additional efforts were expended to reduce skirt length

to ze ro.

The primary task was to determine the effect of replacing a portion of the

carbon-phet Y;-c immediately aft of the tip with a high-temperature insulator.

An optimization to determine the best design was not accomplished. The

thickness of the insulation was selected to allow use of a 0. 3)-in. -diameter

wand and to leave severý,l mils of charred carbon-phenolic at impact. This

resulted in a 0. 13-in.. ..tck layer. A total insulation length of '. 0 in. was

assumed. The material selected was Fiberflake (Figure 2-10), manufactured

,by the Atomic Energy Commission. This material will not be bonded on
either side.
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The real question in this case is how much heat will be transferred to the
coolant through the insulation. Temperature histories of the coolant for the
L.-6 mission are shown in Figure 2-11. Two cases, one considering a con-

stant co3lant inlet temperature of 70°F and the other using a time-dependent
temperature from gas generat,-e heating, were analyzed. For this latter
case, the peak inlet temperature was 80°F. As can be seen, there is slightly
less than a 4F rise in coolant temperature for both cases. Another analysis
indicated.that there was essentially no difference in the final temperature if

f the coolant wand was initially at 1000 F rather than 70 °.•

Final heat shield design included this insulation layer for the first 1. 0 in.
aft of the tip. The heat shield -equirement distr'bution for the selected
design is given in Figure 2-12. Recession histories and temperature pro-
files at impact for three important con4itions are presented in Figures 2-13
through 2-16.
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Ideal coolant requirements with the 1-in. -radius, no-skirt configuration have

been evaluated and are presented in Table 2-7. These quantities were used
to obtain the final design discussed in the following sections.

Table 2-7

FINAL IDEAL COOLANT REQUIREMENTS

Trajectory L-6 606 S-3 L-12 L-l(a)

Coolant weight (lb) 1.35 0.99 0.76 0. 53 0.48

Although not a part of the original contract, the effect of forming an aft
facing step immediately behind the nosetip was evaluated. This step is

created by the recession of the heat shield and causes separation of the

boundary layer and subsequent reattachment downstreanm. Convective heating

along the surface aft of the step is reduced where the boundary layer is

separated and increases during reattachment. A rigorous analysis would

require very complex and time-consuming procedures. Since only an esti-

mation of the effect was desired, a1 simple empirical proce'dure (Reference 2-7)
was followed. This technique essentially modifies the recession rates accord-

ing to an experimentally defined change in heat transfer coefficient. The

correlation used for the current analysis is shown in Figure 2-17.

To verify this analysis technique, comparisons to some experimental data

obtained with a low-temperature subliming material (Reference 2-8) were
performed. Several cases were analyzed, but only the one for 10 deg angle

of attack is included (Figure 2-18). As can be seen, the agreement is ý3

extremely good. Although this data was obtained for a low-energy flow (wind

tunnel) and not precisely the configuration recommended in this study, it

appears thlat this analysis technique could result in reasonably accurate

predirtions.
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The effect of this phenomenon on design requirements has been evaluated for

the baseline configuration. The reduction in heat shield thickness is shown

in Figure 2-19. This reduction is sufficient to 'allow operation without a

skirt or an insulation layer. It is recommended that this phenomenon be

further evaluated in the development phase and that full advantage be taken

of this method of reducing skirt length.

2. 3 NOSETIP INTERNAL CONFIGURATION

Selection of the nosetip inner contour is accomplished by minimizing the

mismatch between the actual and thermally ideal coolant distributions at the

nosetip external surface. A good match is obtained by selecting the proper

combination of nosetip permeability and inner contour. Due to the large

pressure and heating gradients over the surface of the hemisphere, it is this

portion of the nosetip that is difficult to design, while the inner contour of a

conical skirt can be readily selected tj provide an excellent match between34*
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The inertial component of the porous flow pressure gradient is generally mnuch

smaller than the viscous component. Therefore Equation C-24 can be reduced

to

pR R' -R
* Rout Rout iniP.- - iý7hfj (2-2)

in out0 KpG R in "

or

R R. in outout in n o (2-3)

in out.
KPG 8-nI

whcre K is the porous material permeability.

From past experience, it is known that regardless of what type of contour is

selected, a perfect match between ideal and actual coolant distribution can-

not be achieved due to the varying stagnation pressure. The amount of

coolant wastage is minimrized, however, if the tip permeability and contour

are selected to yield a good match at the point of peak stagnation heating,

which usually occurs close to the point in time of peak stagnation pressure.

Utilizing Equation C-5, Equation 2-3 becomes

2
R out-Rn i P. - 0.2758 P

tin s "(2-4)
in "'outKG •

"and considering the location of peak heating on the hemisphere,

R -R
-out- in'_ 2

inR Pin 0. 275 P 7 920.
SP. - s 1 0-P0 1667 (-5)

ouý' in in s 1.88(;0 (0.275)0"80T2)
R R. 34 / 75

37n
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If. at this design point in the trajectory, the nosetip internal pressure is

related to the stagnation pressure by a factor K, i.e.,

Pn =K P (2-6)

then Equation 2-5 can be rearranged to yield

R out [10+ ut - . |K-0. 2750 z 11.0-0. 1b670 2 1 (27

in° in 3 IK--. 63411.0. 88÷ 6(0. 275). 802 7

The analytical contour is therefore a function of local angle, the ratio K, and

the ratio between the outer and inner racii at the location of ma3imum heating

(34 deg. ). The thinnest portion of the hemisphere occurs at the angle of

tmaximum heating, as this is where the greatest flux of coolant is desired.

The radius ratio at this angle should be chosen based on consideration of

permeability, structural, and fabrication requirements. Typically, this

ratio has been about 1. 25.

Figure 2-20 presents a family of nosetip inner contours generated using

Equation 2-7 over a range of internal to stagnation pressure ratio, K. The

wall thickness has been held constant below an angle of 34 deg. In addition,

due to the small radial distance from the nosetip centerline, coolant wastage

in this region is relatively unimportant from the standpoint of nosetip total

flow requirement.

2. 3. 2 Final Inner Contour

A three-dimensional porous-flow analysis of the nosetip coolant distribution

was conducted using the MDAC H859 computer program. The program treats

a nosetip as a nodal system and accounts for both viscous and inertial pres-

sure drop, angle-of-attack effects, and viscous heating in the porous flow.

The environment selected for the analysis was that occuring at 34 sec for Lhe

L-6 trajectory. The thermally ideal coolant flow for this trajectory is ,

maximum at this time.
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Based on past experience and the desire to maintain required coolants

pressure within a reasonable limit, a value of 2. 0 was, chosen for the ratio •i!'

of 4 coolant pressure to, stagnation pressure. It was anticipated that this

", would also be a near-optimum value from the standpoint of coolant expulsion I
system weight and volume.

The ideal contours of Figure 2-20 were each investigated. It was found that

the best match to the ideal coolant distribution could be obtained using the

ideal contour labeled with a K value of 1. 2. In addition, the contour forward

of the 34-deg location was gradually thickened toward the stagnation point in

order to reduce coolant wastage in this region. Figure 2-21 presents the
final contour that was evolved. The design permeability of the porous

material is 3.06 x 10"11 in. 2

2.4 DESIGN COOLANT REQUIREMENTS

The basic design coolant requirements were evaluated by determining the

flow conditions necessary to maintain at least a 24-percent margin over the

thermally ideal coola'nt flux everywhere on the nosetip surface. As a perfect

match could not be obtained between the design distribution and the augmented
ideal distribution,. some excess coolant is required. The coolant tempera-

ture assumed was 530 "R, the nosetip goemetry and permeability of Fig-

ure 2-21 were used, and the geometric effect of the nosetip attachment was

not taken into account. As will be demonstrated later, the effects of variable

coolant temperature and an attachment are offsetting for the current design.

2. 4. 1 Coolant Weights, Pr'.9sures, and Distributions

Table 2-8 presents a summary of the design coolant requirements for the

five study trajectories. The maximum amount of coolant is required for

Trajectory L-6 and is 2.31 lb. The peak rate of coolant expenditure and
peak coolant pressure are required for Trajectory S-3 and are 0. 378 lb/sec

and 6, 317 psia, respectively. Figure 2-2*! presents the design coolanT flow J

history for each trajectory, and Figure Z-23 presents the coolant pressure

histories. Figures 2-24 through 2-28 present the design coolant distribution
for each trajectory at the time of peak coolant flow.
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Table 2-8

NOSETIP DESIGN COOLANT SUMMARY

Design Coolant Peak Design Peak Design
Weight Flow Pressure

Trajectory (Ib) (Ib/sec) (psia)

L-6 2.31 0.193 3,036

606 .1.81 0.0813 1,280

S-3 1.30 0.378 6,317

L-12 0.982 0.0867 1,378

L-1(a) 0.962 0. 150 2,375

2. 4. 2 Effect of Coolant Supply Pressure

As indicated previously, the nosetip inner contour was defined assuming a

design value of 2. 0 for the ratio of coolant pressure to stagnation pressure.

In order to investigate the effect of this pressure ratio, the nosetip contour

of Fig..'re 2-21 was analyzed for the L-6 trajectory to find optimum permea-

bilities and the associated design coolant weights. Figure 2-29 presents the

design coolant weight aL. a function of this pressure ratio.

The weight approa •es an asymptote of about 2. 17 lb at a value cf 3. 0 for the 4

pressure ratio. At the design pressure ratio of 2.0, the coolant weight is

6 percent higher. As will be seen in a later section, however, the coolant

weight savings at higher pressure are offset by increased thickness require-

ments for the walls of the coolant reservoir and gas generator, and a value

of 2. 0 for the pressure ratio is essentially optimum for the overall system

weight.

Z. 4. 3 Effect of Coolant Temnerature

The temperature assumed for the coolaat in the nosetip inner cavity has a

direct bearing on the design coolant weight. In essence, this is due to the

effect of temperature on coolant viscosity. Because the nosetip material is

isotropic in structure, the coolant flow distribution is affected by the

tangential pressure gradient at the nosetip outer surface. This pressure

gradient combines with tie viscous-flow-induced radial pressure gradient to
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define the coolant streamlinkes in the porous material. As the coolant

viscosity decreases due to increasing coolant temperature. the radial pres-

sure gradient decreases, allowing the tangential gradient at the surface toI

cause greater bending of the coolant streamlines in the aft direction. This

decreases the amount of coolant flowing to the nosetip surface in regions of

high precssc.re, while allowing excesas coolant to flow out of regions of lower

pressure.

Figure 2-30 presents the design coolant weight for the L-6 trajectory as a

function of coolant temperature. Over the assumed temperature range, the

relationship is nearly linear.

The coolant supply temperature can vary for several reasons: (1) the value

* at liftoff can be different th~.n the assumed value of 53(rR, (Z) the value can

be raised due to a nuclear encounter, (3) the value can be raised due to

heating of the coolant through the bladder maie rial, or (4) the value can be

t ¶x: I i t



raised due to heating of the coolant supply tube by conduction through the heat

shield material. Since nc' specification of coolant launch temperature was

made, this effect can be inferred from Figure 2-30. The other three sources

of temperature change have been investigated and are discussed in other

parts of this report. Figure 2-31 presents an estimate of the coolant com-

bined temperature history inside the nosetip.

The design coolantflow for this temperature history was evaluated and found

to result in a total coolant weight of 2. 404 lb, an increase of 3. 5 percent

over the amount required for a constant coolant temperature of 530°R.

z. 4.4 Effect of Nosetip Attachment

The preferred method of attaching the nosetip to the coolant supply tube will

require that an electron beam weld oe made similar to that illustrated in

Figure 2-32. The weld will present an impermeable barrier to coolant flow.

In order to determine the effect of the weld on coolant flow distribution, the

H859 three-dimensional porous flow program was used to analyze the nosetip

with the attachment lip shown in dashed lines in Figure 2-32. The inner sur-

face of the lip was assumed impermeable.

Fig re 2-33 presents a typical windward ray coolant distribution, both with

andl without the attachment. Also shown is the thermally ideal distribution

augmented by the 24-percent margin of safety. As can be seen, the attach-

ment reduccs the coolant ilux in regions aft of about 40 deg from. the nosetip

symmetry point.

There is a net saving in coolant weight amounting to 3. 5 percent and offsetting

the coolant weight increase due to the effect of a .rariable coolant temperature.

2. 5 ALTERNATE NOSETIP CONFIGURATIONS

Elimination of a conical skirt for the baseline nosetip configuration was made

-possible by leaving out the substructure in the near-nose region and providing

additional thermal insulation to protect the 0. 30-in. -diameter coolant supply

tube from high heating.
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Three alternate configurations, emoloying substructure but without additional

insulation were investigated. The coolant requirements of each are stun-

marized in Table 2-9. None of these designs are recommnendedo- and none

were used for definition of the total system.

If a 0. 25-in. -dian'eter coolant tuhý without insulation is retained, then a

0. h2-in. -long conical porous skirt must be incorporated into the nosetip.

This is to provide a large enough body diameter at the nosetip-heat shield

junction to accommodate the heat shield, heat shield bond, substructure, and

coolant tube. To meet these requirements, tuo alternate nosetip configura-

tions were studied.

Figure 2-34 presents the geometry and permeabilities for a dual-pernneability

nosetip with a 0. 6Z-in. skirt and a design value of 2. 5 for the ratio of maxi-

mum Cool-Ant cavity pressure to maximum stagnation pressure. The, relation-

ship between coolant pressure and coolant usage for a hemisphere is discussed

in Section 2. 4. 2, and a value of 2. 5 for the pressure ratio is shown to reduce

the required coolant. The internal geonetry of the hemispherical portion has

been slightly modified from, the baseline de.sign, and the internal cone angle

of the skirt is -14 deg. The permeability of the hemisphere is

1. 80 x 10 in. , and the permeability of the skirt is 1. 12 : 10" in.

The permeability junction occurs at the tangency point.

Figure 2-35 presents the geometry and permeabilities for a skirted nosetip

that has been partitioned circumferentially in order to permitr two pressure

levels to be established in the nosetip coolant cavity. This approach yields.

coolant savings because at anie of attack the Ieeside portion coolant pres-.

sure can be mnaintained lower than for the %ýind-ard side, thus resultng in
A

a lower rate of coolant expenditure.

With respect to inner contour and hemisphere permeability, the pa:titioned
Snosetip is identical to the baseline tip. The permeability of the skirt is

n t 11 i 2
1.45 x 10 in. . The partition shown in Figure 2-35 results in an included

angle of 135 deg for the windward portion. This is not necessarily the opti-

mum angle. Therefore, if partitioning were to be incorporated as a design

"feature, it would be advisable-to study the effect of partition-included angle

on coolant requirement.
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In order to reduce coolant requirements, it is desirable to utilize the shortest

skirt possible. Based on a temperature limit of 400°F for the bond-heat

shield interface, and a minimum coolanc wand outside diameter of 0. 125 in. ,

a skirt length of 0. 15 in. is permissible. Figure 2-36 presents the geometry

and permeabilities for a dual-permeability nosetip with a 0. 15-in. skirt. The

internal contour for the hemispherical portion is identical to that for the high-

pressure nosetip, but the internal angle of the skirt is -Z1 deg. The per-
meability of the hemisphere is 2. 79 x 10-11 in.2 and the permeability of the

s~irt is 1.44 x 10 11 in. The permeability junction occurs at the tanger.,v

point. The design ratio for maximum coolant cavity pressure to maximum

stagnation pressure is 2. 0.

0I
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Section 3

FLOW CONTROL CONCEPTS

Investigation of flow control concepts was accomplished through a two-phase

effort. First, a survey of available parameters for flow control was made.

These parameters were then applied to the design flows in a search for

correlations. Secondly, those parameters which exhibited good correlation

were investigated to determine if means for mechanizing the relationships

were feasible. Several control units were designed and applied to the spectrum

of trajectories, and comparative performance was determined.

Two types of valves, mechanical and electromechanical, were considered

during tne study. The mechanical valves were entirely self-coitained and

required no input from outside sources. The electromechanical valves

required an electrical signal to regulate flow. This signal could be obtained

from a nosetip sensor network or from a control system designed to compute

vehicle trajectocy parameters.

.1I 3. 1 FLOW CONTROL PARAMETERS
i Eight parameters were selected for investigation as possible flcw control

parameters. They were: (I) axial acceleration, (2) lateral acceleration;,-

(3) stagnation pressure, (4) tip internal or chamber pressure, (5) velocity,

(6) altitude, (7) an-gle of attack, nnd (8) L'ime.

Two trajectories were used, the L-6 and S-3. These trajectories size the

system for total volume and -naximu flow rate. It was assumed that any

systern which would meet thQ requirements of these trajectories would be

V adequate for the other three. This assumption was verified for each flow

control concept.

ro investigate the correlation of each of these parameters with required flow

rates. Figure 3-1 was const:uc ted to show the influence of the selected

parametcr on design flow for both the S-3 and L-6 trajectories.
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The criteria for a good, mechanizable parameter would be a curve, single-

valued In flow, which could be approximated by a simple function such as a

linear or square root. From the figure, tip pressure seems to meet these

criteria well, and axial acceleration and stagnation pressure moderately

well. The other parameters, by themselves, have a poor correlation.

The next step was to investigate the possibility of using two of the parameters

in combination. This was accomplished in the following' sequence: (I) select

a function of the first parameter, (2) calculate actut - lows based on that

parameter, (3) calculate difference between design -and actual flow, and (41

plot this difference against each of the other parameters.

The parameters and functions selected for the first iteration were: (1) axial

acceleration, (2) square root cf axial acceleration, (3) stagnation pressure,

and (4) square root of stagnation pressure.

Plots of the excess flow obtained with the initial parameter are shown as a

function of time in Figures 3-2 and 3-3. The relationships these parameters

have with other parameters are given in Figures 3-4 through 3-7. Again, a

good criterion for the combination is a single-valued function. The corre-

lations obtained using this approach are surrumnarized in Table 3-1. As can 4

be seen, there were practically no good correlations obtained. For this

reason, a purely analytical approach to generate correlating functions was

abandoned. Further investigations of these parameters and how they may be

implemented for'flow control will be discussed in the following sections on

valve design.

3.2 MECHANICAL VALVE CONCEPTS

The following systems were investigated for direct parametric control of

coolant flow: (I) square-root-of-g valve, '(2) dual-slope g valve, (3) Mark II

g valve, (4) volume compensation, (5) pressure control, and (6) partitioned

tip. These concepts are each discussed in the following sections.
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Table 3-

CORRELATION OF PARAMETERS,

Primary Parameter

Axial Acceleration Stagnation Pressure

Secondary Parameter Linear Sq Rt Linear Sq Rt

Axial acceleration -- P ---

Lateral acceleration P P P P

Stagnation pressure F P ....

Tip chamber pressure F P G P

Angle of attack P P P P

Altitude P P P P

Velocity P P P P

P = Poor

F = Fair

G Good

3. 2. 1 Square-Root-of-g Valve

The square-root-of-acceleration (g) valve, such as that used in the RVTO-1A,
-ZA, and ACE vehicles, Is included for" comparison purposes. The valve is

shown schematically in Figure 3-8.

The valve hcids a differential pressure, which is a function of acceleration,

across a fixed orifice. The force due to acceleration of the mass is opposed

by a pressi.re force across the spool. This force is generated by pressures

upstream and downstream of the fixed orifice acting on the spool area. A

force unbalance on the spool causes the variable orifice size to change,

thereby changing flow rate to maintain the des~red pressure drop. In this

way, the valve compensates for changes in upstream and downstream pres-

sures and produces a flow proportional to the square root of the acceleration.
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Figure 3-8. Square-Root-of- Valve

A co-ye of flow versus acceleration for this valve is shown in Figure 3-9.

While the valve meets the requirements of the S-3 and L. 6 trajectories, the
total coolant required will be large due to excessive flow margins.

S~3. Z. 2 Dual-Slope Valve

Examination of Figure 3-9 shows that a single square root of acceleration,

•,• enveloping all curves, res'i~ts in an excess of coolant for the lower-g portions-

• of the curve. This excess can be reduced by modification of the g valve so

<, tnat it operates on one curve to cover the lower g levels and switches to

o .•;- another curve for the higher g's. This effect can readily be accomplished
using the design shown in Figure 3-10. A secondary mass, preloaded by a 2

spring, is included. Below the g level determined by the mlass and the pre-
•=. load, the primary mass operates the g value. Above this critical g level, the :

;. spring is overcome and allows the secondary mass to contact the primary

mass and so tha.t th3 two act-effectively as one larger mass to produce a new •,

S:.. dationship betwee~n acceleration and flow. For the design being considered
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Figure 3-10. Dual-Slope g Valve

here, this valve will essentially follow the L-6 requirements at low g levels

and the S-3 requirements at high g levels.

3. Z. 3 Mark II Valve

The Mark II g valve is an adaptation of the original g v'alve which allows the

flow rate to be almost: any single-value function of g instead of just the square

V root of g. Limitations with this valve are that only, one flow rate is available

for a value of acceleration, and extremely abrupt changes .in flow requiremeat

with g will be faired in slightly due to mechanical constraints. As was the

case with the original valve, the flow is independent of changes in upstream

or downstream pressure.

A schematic of the valve is shown in Figure 3-11. Acceleration forces act

on the mass, moving it to a positL-.- where the acceleration force is balanced

by a spring force. This position represents a flow area generated by the pin

in the orifice. A differential pressure regulator holds the pressure across
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Figire 3-11. Mark II Flow Control Valve Schematic

this orifice constant, so the flow rate is a function of the flow area. Thus,

the flow will follow the relationship with acceleration into the pin. Since the

pressure regulator spool can be made small and light, and since flow is a

function of the square root of the differential pressure, veh;cle accelerations

will have a negligible effect on this part ef the valve.

3.2.4 Volume Compensation
• ~Although a good fit may be obtained by either t•he dual-slope or Mark Il

valves for the first part of the flow-g curve (see Figure 3-9) for the L-6
trajectory, there is another part of the curve t-;hich r,;uirej a different
function. No valve giving a singie value of flow as a function of acceleration

can be expected to improve this situacion. If we determine the excess flcw

"from a g vao.,e as a function of volume, we find there is a correlarion (see

Figure 3-12). Therefore, if the gain of the g valve can be varied as a

function of volume of coolnt used, a better fit to design flow can be obtained.

4ýt • ,
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The gain of the g valve is a function of the effective areao the calibWat:.',
orifice. Although this area could be varied directly, it preferabl4i to add
a series orifice, variation of which has the same effect but decreases the
"sensitivity of the system to tolerances, etc.

Orifice area variation can be easily accomplished with a piston-type reser-
voir. One mereiy attaches a pin with the required shape to the piston and
allows this pin to enter an orifice at the forward end of the reservoir.
Orifice area will now be a function of pin shape and position. with the latter
Controlled by the coolant volume in the reservoir.

For a bladder or diaphragm reservoir, another scheme mustbe used. A

flow divider consisting of two orifices is placed in the coolant flow path.
Tae ratio of flow in each path Is a function of the orifice diameters. One
branch carrie'. only a small percentage of the flow and contains a free-sliding
piston with the metering rod attached. The other branch flows through the
orifice being regulated by the metering pin. The displacement of the piston
is a percentage o the total flow, and the metering pin may be calibrated
accordingly to gite the desired flow function.

Other means of volume measurement such as a gear or vane-type fluid
;aotors are feasible and could be adopted if warranted.

The real advantage of this scheme is that it can be used with 4itlier the dual-
slope g valve or the Mark II valve. Considerable improvement-in the per-
formance of these valves is possible through the use of volume compensation.
This will be discussed further in Section 8. A preprogrammed valve (Fig-
ure 3-13) using this basic concept has been designed and is included for
comparison. The valve consists of a pressure regulator which holds a
constant pressure across a pair of series orifices. One of the series orifices
is varied by the metering pin. The other orifice is fixedbutmayrbe bypassed
by opening a squib valve to produce a different flow characteristic. This will
allow prelaunch selection to satisfy whatever trajectories are to be flown.
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3. 2. 5 Pressure Control

Although there appeared to be a good correlation between required flow and

tip or chamber pressure in the single-parameter study, there are several

obstacles to its implementation.

Chamber pressure is the sum of the stagnation pressure and an average

pressure drop through the tip. Since the latter is & function of flow rate, a

part of the apparent good correlation is illusion.

A simple valve for implementing this control is shown In Figure 3-14. The

flow through this valve design is proportional to the square root of chamber
pressure. When applied to a system, however, the resultant flow becomes a

fundtion of valve and tip characteristics and does not meet design require-
ments well. Figure 3-15 shows the actual and required flows with this valve.

From Figure 3-15, it can be seen that a valve with a _inear flow Characteristic

might give a better correlation. By combining the steady-state equations of

flow for a linear valve (Equation 3-1) and for flow through the tip

(Equation 3-2),

rhi= K PC (3-1)

rh-- K1 (PC 0.5 Ps) (3-2)

where

h= flow of coolant.

PC = chamber pressure.
P = stagnation pressure.

the following relationship is obtained:

K I K2 Ps
S= K7 (3-3)
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Therefore, flow will be a linear function of stagnation pressure. Looking at

Figure 3-16, which shows the relationship of e'slgn fow to stagnation pres?-_

surer ic is obvious that a linear relationship is not a good fit to the curves,

and excessive coolant margins will be required..,

Another pitfall of the pressure control system is the stability margin. A
valve is required which gives increased flow rate as chamber pressure

increases. Since the chamber pressure also increases as flow increases,

there is a limit to valve gain,.

3. Z. 6 Partitioned Nosetip Flow Control

In order to deliver coolant flow to a partitioned nosetip, it is necessary to

split the main flow such that each section of the nosetip. receives the proper

amount-of coolant to reflect angle-of-attack effects. Figure 3-17 illustrates

a flow diverter used to proportion coolant flow as a function of lateral

acceleration. The lateral forces operating on the spring-loaded dumbbell

piston cause it to shift, reducing coolant flow to one portion and increasing

it to the other. This cor,:eot would be used in conjunction with another

primary flow control device such as a g valve. .

Unfortunately, the amount of coolant which can be saved by partitioning the

tip is quite small for the current nosetip designs. For a tip with a long

skirt, this concept could be very attractive.

3. 3 ELECTROMECHANICAL VALVE FLOW CONTROL I
Electromechanical flow control valves are very attractive from the standpoint

of mission adaptability. This type of valve has quick response and can make

use of environmental feedback to reduce excessive coolant usage. Electro-

mechanical valves can be used in either closed-loop, open-loop, or functional A

flow control systems.

Two types of electromechanical flow control concepts were investigated.

The first of these utilizes free-stream parameters as input to a flow control

syetem. The second takes inputs from a nosetip response serqor.
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S.3.1 Utilization of Free-Stream Parameters

The flow control concept utilizing free-stream velocity, density, -and angle

of attzkck (u, p. and a) is an open-loop, environment-sensitive system which

appears to be adaptable to a wide range of trajectory requirements without

resulting in excessive flow margins. Th.-se parameters are related to

coolant requirements for a porous hemispherical nosetip by a set of relation-

ships that are eqsentially fixed. Theoretically, coolant flow can be modilated

through environmental feedback, resulting in a control system which would be

second in abaptability only to a closed-loop, direct-feedback system utilizing

nosetip sensors. Disadvuntages of the u, p, a system are the development

time and the complexity and uncertainty of the computer and electrical com-

ponents necessary to drive the valve. In addition, since the system operates

essentially open-loop, flow feedback may be required due to variations in

upstream and downstream pressures.

The thermally ideal coolant flow rate for a 7-deg cone angle and zero angle

of attack is approximated in Equation 3-4 (derived in Appendix C,

Equation C-21):

1. l*1.29 0.8
rh = 1.384x 0"` Nr2/3 [(1.0+ 3.03 lO 8 u 1/4. 0] (3-4)

The bracketed ter~n accounts for turbulent mass transfer blocking on the

nosetip surfac.e.

Ignoring the mase transfer blocking term, there is a more simplified control

equation of the form:

ractual = K , (3)

Using Equation 3-5, a computer simulation found the optimum values of a

and b that minimized the excess coolant flow for every time pcint on the L-6

trajectory. L-6 was chosen because it has the highest design coolant weight.

The valve gain, Kv , was adjusted to form an envelope around the coolant

requirements for all five trajectories.



Poor results were achieved wt this equation. as 43.8 percentexcess

coolant was required. The excess coolant flow is defined as

t

Percent excess flow = 100 o___.___ ._ -. 1 (3-6)f m~ 5 ~fdtt

0 mdesign d

The mass transfer blocking effect was then taken into account by expressing

Equation 3-4 as

a b i08 2)/

S uaK b [l.O + 3.03 x lou- ) 1.01 (3-7)

and using the same procedure to find new values of a, b, and K This time,

32. 6 percent excess coolant :-edulted. It was obvious that an additional

correlation still needed to be mnade.

Figure 3-18 shows the effect of angle of attack on design coolant flow rate.

By fitting the relationship with a quadratic, Equation 3-*i can be extended to

1/4
rmca K u p [1.0+ 3.203 x lo-8U 1. 0]

(3-8)

[ .0+ 0. 0036101 + 0. 00115& Z

After optimizing the a and b constants, 11. 3 percent excess coolant flow

resulted for the L-6 trajectory.

For some types of vehicle control, the altitude rather than th3 density may be

available. Density must then be computed. Equation C-39 is an approxi-

mation to air density in the form of an exponential of a cubic, in geomr.tric

I altitude. When this function i used to provide the air-density term in
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Equation 3-!, the excess coolant is reducd to 10.9 percent. Apparently the

small errors in the density function are in the right direction to improve

cool ant utilization.

Table 3-Z surrL-narizes the parametric equations for actual coolant flow and

the resulting exces:" ccolant. It is interesting to note that the final exponents

for the velocity and density terms are very close 'i those of Equation 3-4,

which were estimated analytically in.Appendix C. As further evidence of the

validity of the approach, Figures 3-19 through 3-21 present actual and design

coolant flow h"stories using Equation 3-8.

3.3. 2 Electrical Generation of Free-Stream Parameters

The free-strearn parameters required to determine actual coolant flow must

be obtained or generated from outputs available from the vehicle autopilot.

Two types of autopilot have been specified for this study (Reference 3-I). In

the Type A autopilot, only pitch, yaw, and axial acceierations (iqx, 1y a_-A

Y1 are available for signal conditioning. In the Type B autopilot, it is

assumed that u, p, and a are available. Therefore, this type -1 not be

investigated further.

Both analog and digital signai conditioning devices were considered for the

Type A autopilot. In both systems, ix T1' and rl are inputs, and a signal

representing Equation 3-8 is relayed to the electromagnetic flow control

valve. As shown in Appendix C, angle of attack, a, is obtained from the

normal ac.eleration, r1N' and the axial accelerationr, r1Z (Equation 3-9) 5I!
-- (3-9)Iol = C2a " c) /

where the C's are constants describing the drag characteristics of the ",ehicle,

and N is the ratio of vehicle normal and axial accelerations.

N Ti
•"• fiN= -- qZ(3-10)

Za 8
S~87



........

>I

10 0
c x

+ 4

o 0 00 C;

- -

Go 0

> >



TUA..

4 J

11 '3% EXCESS I-

21 K~....f- A TUAL ETF

D~tIGN
-- ___L?____ LP

0n -7 i

20 30 40 50
Time (seconds)

Figure 3-19. Electromagnetic Valve Flow Histories, L6 and 606

89



fo

S. . . • ~ m - _ l_ __III I III I_ |11 Il II
l CRSi3

.3 .......
3X75%,EXCE S-.......... S .... .

r- V- -- _-_~ -_ _ -

I ' I

In .2

""C3 0 
D-SIGN(1.3100 LOS)

____ I I - _ - -

C41 I I
0

"S- TRAJECTORY

10 1s 20
Time (seconds)

Figure 3-20. Electromagnetic Valve Flow History, S-3

90



CRIn

.1 1 DESkGN

0 

1

- L-i2 TR JECiORY

0 - - --------

.2 
JATUAL

11 -t? I I
I 11.~EXCESS

............. ...........

• . - -•_

0 - - •- 4- - --

4-, I. -:.,Time (secor -L

Figure 3-21. Electromagnetic Valve Flow Histories. L-1(a) and L-12

"91

J 4



Velocity is obtained by intera-..ng resultant accelerations according to

Equation 3- 11.

t

U + .(nZ CosB + 1N sino) dt (3-11)

0 0

Since altitude cannot be determined with sufficient accuracy using only

vehicle accelerations, an atmosphere density model cannot be used. There-

fore, free-stream density mu-t be derived from the axial drag equation as

shown in Appendix C:

r -Z (3-12)O U 2 C

m
where C iB-, m is the vehicle mass, AB is the vehicle base area, and CZ

is the axial drag coefficient, defined in Equation C-29.

Figure 3-2L is the schematic of the analog valve signal conditioner valve

diiver. This system uses approximately 20 analog multipliers and 40 oper-

atiorial amplifiers. In addition to that shown, circuitry would be nece.ssary

in the form of limiters to prevent division by numbers approaching zero and

also to prohibit the possibility of negative square roots. A low-pass filter is

also required to eliminate high-frequency noise. This type of network wouldI

contain signal errors exceeding the 10-percent target value due to its com-

plexity, and would not be practical for the Type A autopilot vehicle.

The digital system, which would be within the 10-percent accuracy range,

would basically consist of the circuitry shown in Figure 3-23. This system

consists of a multiplexer to process the incoming accelerometer data, and a

digital-to-analog converter to interface the accelerometer data with the

digital processor. The processor will contain the software and hardware

necessary to solve the flow rate equation. An 8-bit system with a 10-Rsec
processor cycle tinie would allow 104 instructions to be processed and still * 4

remain within a 10-msec execution time for determining a solution to the
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flow control equation with three-axis acceleration input data. A digital-to-

analog converter would then convert the processor solution to an analog

signal, which wculd be conditioned to drive the valve. Using the beam lead

packaging technique, this system could be packaged within a 15-in. volume,

and the power requirements would be within 15 w.

3. 3. 3 Nosetip Performance Sensors

The ultimate in flow control concepts would be to sense the response of the

nosetip to the aerothermodynamic environment and meter the flow in a man-

ner which allowed the tip to operate right on the threshold of failure. The

critical factor in this system is the response sensor. A fairly extensive

survey of sensor concepts which may be usable for this application has been

accomplished.

Five basic approaches have been considered for poviding nosetip performance

sensory data that -:an he utilized for co.,nrolling coolant flow rate. These

approaches include the use of thermo-.ouples, gamma ray detection, acoustic

detection, optical detection, and electromagnetic detect.in. Two of the five

approaches appear feasible. These are utilization of thermocouples in the

porous nosetip to sense nosetip surface temperature, and utilization of an

oý.tical sensor embedded in the heat shield to sense nosetip melt particles in

the surface boundary layer. Each of the five approaches is analyzed in detail

in the following subsections.

3. 3. 3. 1 Thermocouples
SIn order to permit qu,*ck response to chang-es in the nosetip environment, it is

desirable to place thermal sensors as close to the heated surface as possible.

Figure 3-24 illustrates approaches that might be used to provide surface

temperature measurement in thro areas: on the porous nose, at the back

edge of the porous nose, and in the heat shield at the nosetip-heat shield

junction. The latter approach utilizes a sheathed thermocouple in order to

facilitate installation and avoid any shunting that might occur, both due to

contact with the metallic nosetip and charring of the heat .,meld. Figure 3-25

illustrates temperature histories recorded with this method during a recent
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ground test conducted at 30 deg angle of attack with step reductions in coolant

flow. Considerable response to coolant flow change is apparent, particularly

on the windward ray. However, as can be seen, the time to steady state for

this type of instrumentation is relatively long. In addition, this is a heat

shield temperature measurement and :-•es not necessarily reflect conditions

everywhere on the nosetip surface; that is, melting could be occurring some- J
where on the tip due to local coolant starvation while excess coolant is being

ejected af- of this region, yielding a low termperature measurement on the

heat shield. For these reasons, heat sh.eld thermocoup'es are not

recommended.

A continuous thermocouple junction can be formed at the back face of the

nosetip by plating, flame spraying, or vacuum-depositing one side of the

junction on the surface or back edge of the nosetip, relying on the nosetip

material to form the second side of the junction. Extreme care would have

to be exercised in attaching the lead wires, and each wire would have to be

of the same material as the corresponding side of the junction. Although

this technique should provide rapid response, like heat shield thermocouples

it could indicate low surface temperature while at some forward point a high

surface temperature existed. Therefore, this approach is not r-ýcommeded.

The installation and hot-flow around test of 0. 020-in. -diameter sitoathed

thermocouples in porous nose material has been attempted in the past. The

tests indicated that a hot spot forms around the thermocouple, apparently due

to local blockage of coolant flow, and the nosetip eventually fails due to

nmelting in this region. By reducing the site of the thermocouple, however,

the disturbance created may be correspondingly reduced to an acceptable

effect.

Sheathed thermocouples are available in diameters down to 0. 008 in. How-

ever, it is felt that further reductions in size are possible if thermocouples

can be custom made, starting with bare wire, which is available in diameters

down to 0. 0003 in. The minimum couple size appears to be limited by the

ability to produce 'holes in the nosetip material. A minimun. hole diameter of

0. 002 in. may be achievable by EDM (electrical discharge machining) or by

laser drilling. However, the best vwhich has been achieved to date is 0. 0039 in.

[ 98



Single-wire systems can be produced by utilizing the nosetip material in

conjunction wi:h :ne wire material to formn the junction at the wire attachment

point. If a coiiveitional, ceramic-insulated, two-wire couple were used,

there could be stLi e difficul-y associated with obtaining a thermocouple bead

in good contact with the nosetip material, Attachment of the bead to the nose-

tip surface could be accomplished by peening or by hot or cold welding. The

technique of hot-spot welding is well developed and appears to be the best

choice.

* Two-wire systems can also be made by utilizing a pair of holes, closelyLI spaced, and attaching each wire to the nosetip surface. The electrical path

created by the nosetip material betwee- the two wires completes the couple.

By utilizing only a single wire for each hole, more reliable consact with

the tip surface is possible, and larger-diameter wire can be used, which is

appealing from the standpoint of therm-)counle durability.

The selection of wire materials for producing nosetip thermocouples is based

primarily on two considerations: operating temperature and couple voltage.

Figure 3-26 presents electromotive force (EMF) curves for several cauples

as a function of temperature. The maximum expected use temperature would

be the melting temperature of the nosetip material, while the liquid film

temperatur on the surface could be as low as a ,ow hundred degrees at low

surface pressure. For two-wire couples, iL appears that chromel-alumel

would be a good selection. Possible single-wire couples could be formed

with stainless steel and platinum, chromel and stainless steel, and berylliurm

and platinum.

Figures 3-27 and 3-28 present possible design approaches for one- and two-

vwire thermocouple systems in porous ;tainless steel. The on,-wire systems

require a 0. 002-in. -diameter hole, and tne twvo-wire system req:1ires a

0. 00 3-in. -diameter h,,le.

3. 3. 3.2 Gamma Ray y

Figure 3-29 illustrates the use of a basic concept that ik heing develo, d

for the purpose of sens.ng graphite n,,setip shape change on a flight test

---'hicle. For application to a transpiration nosetip, a radioactive source
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is distributed over the external surface of the tip. A detector located behind

the nosetip senses the level of radiation and, in conjunction with an electronic

package, produces a signal when a change in activity is observed. The

change in activity is caused by a loss of a small amount of the radioactive

material. A desirable feature of this approach is that with a single sensor, p7

a change could be detected regardless of where it occurred on the tip.

Several important consideration, irnpapt .ossible designs for this type of

sensor:
A. The source must be a gamma-ray emitter. I
B. The gamma rays need to be of sufficient energy to penetrate to the

detector.

C. The half-life should be oit the order of several years to allow for *1
an adequate shelf life.

D. The material must be compatible with the nosetip and unaffected by

the coolant (i. e. , must not react with or dissolve in the coolant at

elevated temperatures)

E. The properties -of the material should not degrade in storage (e. g.,

oxidation or corrosion).
F. The source should be easily activated, with no competing reactions

within the primary nosetip porous material.I
G. The isotope should be porous and not seriously degrade the nosetip

performance.

H. The overall design should minimize radiation hazards to ground

personnel.

I. The continually changing environment diring reentry requires that

the isotope layer be reusable several times.

Possible candidates for an isotope are listed in Table 3-3. From these, it

appears that Eu' 52 ' 154 and BiZ 7 are the prime candidates.

The isotope coating must be porous to permit coolant flow. It w¢ould thus have

to be either flame-sprayed onto the surface of the nosetip or infiI'.rated into

the pore structure near the surface.
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Table 3-3

POSSIBLE ISOTOPES

Half- Life Melting Point
Source (yr) Activation (9G) Comments

Na 2 2  2.6 Na 2 3 (p, d) 98 Formb soluble
oo1hydroxide.

Co0 5. 3 Co5 (n.y) 1,495 Melting point suitable
only for ablation.

Sb 1 2 5  2.7 Te1 2 9 (p, a) 631 Hard to activate.

Cs13 4  2. 1 Cs 1 3 3 (ny) 29 Forms soluble
hydroxide.

Eu152  '.3 Eu 1 5 1 (ny) 826

Eu 1 54  7.8 Eu 15 3 (n,y) 826

Bi 20 7  30 Pb2 ( 7 (p, n) 271

Two major design problems exist using the radioactive isotope technique.

One is the hazard to personnel at the required activity levels. The second is

the problem of providing sufficient sensitivity. The former difficulty can, in

principle, be minimized by providing suitable lead shielding around the nose-

tip during storage. Such shielding would probably have to be removed prior

to launching. Obviously, there is no restriction on the location of the shield-

ing as long as it lies between personnel and the nosetip.

The second problem is of a more serious nature in that it involves inherent

limitations due to the radiation detector. Typically, it is difficult to reliably

66
operate a gamma ray detector at counting rates above 5 x 106 counts per I
second. Usually, 106 counts/svc or less is the normal operating limit. The

statistical error in a given counting sample is the square root of the number

of counts in the sample. The sample time length is given by the desi-:ed

response time of the system. This implies the following relation to deter- A

mine the absolute sensitivity limitation based on detector properties only:

Y Farea 1T;iMre
N N Nreuse Nsigma (-3

106



where

N maximum counts/sec in the detector x 106,

F fraction of the total area that has melted.
area

Time = sample time (i. e., response time).

N = number of times the system can respond to a melt at a singlereuse
point.

Nsigma signal-to-noise ratio

. All but one of the quantities on the right of the expression must be set to

either typical or limiting values to determine the last variable. Obviously,

both variables in the denmminator should be no smaller than 2. Since a

typical spot of overheating on the surface is about Z mm in diameter, this

fact will limit the total area permitted to have a radioactive coating. The

response time should be less than 100 msec. Inserting these numbers, it

rapidly becomes clear that the entire surface cannot be covered with activity.

The small activity change in a Z-mm spot could never be observed within a

reasonabie response time. However, if the activity is confined to a band on

one side of the nosetip, e. g. , the windward ray, which extends from the

stagnation point to the heat shield, then a decrease in response time is

achieved. This special configuration of activity is practical for flight with
angle of attack.

If the diameter of the hot spot is assumed to be equal to the width of the

radioactive band, then signal- :o-noise ratio can be determined as a function

j• of response time and the ratio of bandwidth to number of reuse times for a

particular spot. Figure 3-30 presents signal-to-noise ratio for a range of

- :these parameters. Assuming a bandwidth-to-reuse ratio of 0. 02 in., a

response time of 0.01 sec yields a signal-to-noise ratio of about 1. 1, which

would be marginal at best. As will be seen in the discussion oi nosetip

thermal transients,. the reuse cycle time for this approach would probably be

on the order of 10 to 100 msec, more or less, making this approach

impractical.
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3. 3.3. 3. Optical

Figure 3-31 illustrates the use of optical techixiques f£r 'etermining the

existence of high temperature on the surface of the nose :ai; An optical

sensor is located on the windward ray within the heat shield at the nosetip

junction and senses the electromagnetic radiation from particles or combus-

tion products that are produced on the nosetip and carried aft. TLis technique

can sense high surface temperature over a fairly large portioni of the tip.

Two spectral regions appear attractive from the standpoint of discriminating

a signal. The infrared wavelength range between 3 and 4 Vm is a minimum

in the reflected and radiated solar and sky Ppectrum, thus permitting dis-

crimination against earth, sun, and z^`y background radiation. The next

window begins between 0. 5 and 0. 4 microns, the upper end of the solar

spectrum, and bordering between visible light and ultraviolet.

A suitable detector for the 3- to 4-pm band is lead selenide (PbSe) operating J

at ambient temperature (20C). Typical PbSe detectors with a I- ty I-mm

sensitive area are manufactured by Santa Barbara Research Center. An

interference filter, designed to pass the 3- to 4-tim band, is mounted just in

front of the detector in a well about 1/4 in. in diameter. The size of the well

can be reduced if necessary and made rectangular. A plug of synthetic

sapphire with optically polished faces is mounted in the well in front of the

filter and serves as a window which is refractory and transparent to 3- to

4-gm radiation. The melting temperature of the sapphire is 5, 000*R, and

the sapphire could easily survive with a minimal ar-ount of downstream cool-

ing from the transpiration tip. The production of particles *-1 front of the

window may be facilitated by mounting the window back from the surface

in a reentrant position, which may also prevent the premature covering of the
window by the molten material. If .aerodynamic requirements prevail, how- /

ever, the window can be mounted flusk .vith the. surface.

A suitable detector of radiation in the 0. 5- to 0.4-4±m range is tne silicon

avalanche photodiode. A typical unit with preamplifier (General Electric

Company) has a noise-equivalent power figure at this wavelength of about
-13 -I3.7 x. 10 wHz l/Z. The same arrangement shown in Figure 3-31 can be

used, with the Si detector substituted for the PbSe infrared detector.
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Figure 3-31. Us. of Optical Detection

attempt to resolve spectra from laboratory- simulated reentry models. They

determined that the molecular band system of CH molecules consisted of

strong infrared, while BeO had a very strong emission at 0. 47 ýLm. Other

materials might also qualify.

To illustrate the feasibility of discriminating boundary layer particles,

calculations were performed in two spectral bands: 3 to 4 1±m and 0. 46 to

0. 48 ýim. It can be shown that the signal-to-noise ratio is given by

I I

2 2

2r d t d A D*
SIN H (T)p dX (3-14)

• •
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whereSn = effective transmission of window and filter.

d = diameter of particle (cm).
p: • •p emittance of particle.

d = diameter of window (cm).

A = sensitive area of detector (cm, .
c -

D= specific detectivity of detector (cm Hz w

x = distance from particle to detector (cm).Sp -

HX (Tp) = spectral emittance of black body (w cm'2).

T = temperature of particle (K).
p

= wavelength limits of spectral passband (cm).

Vp. = velocity of particle past window (cm sec ).

Figure 3-3Z shows this relation for the 3- to 4-ýim band, and Figure 3-33 for

the 0. 46- to 0. 48-jim band, plotted as S/N versus Td, for several values of

the particle velocity past the window. Assumed values of the other

parameters, which are representative, are listed on the figures. It can be

readily seen that the signal-to-noise ratio expected should provide for

adequate discrimination against background radiation. These calculations

are for the detection of a single particle. It should be noted that greater

sensitivity can be obtained by integrating the signals from several particles

as they pass by for a convenient period, in order to reduce the probability of

false alarm further. The curves may be scaled up or down, depending on

whether larger or smaller values are taken for the parameters in the

equation. For example, it can be noted that S/N is proportional to the

square of the particle diameter, but only to the square root of the window

diame'er.

If particles arc not formed, but a continuous film of molten material passes

o,'-r the window, this event can be detected oy the s..me arrangement by

making use of the step-function signal produced in the detector by the hot
wemitting material. The sensitivity requirements are considerably less for

this situation than for the detection of small particles passing at high speed in
front of the window.
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The observable material used to provide the emissions would be applied in a

thin layer, a few mils thick, to the surface of the tip. Hydrocarbons, like

plastics or epoxy, should provide a good source of CH for production of

radiation in the infrared region. The problem would be in obtaining a porous

coating to permit coolant flow. BeO would be a natural product from a melt-

ing beryllium nosetip. If it were plasma-sprayed to .he surface of a stainless

steel tip, a porous layer could be obtained.

3. 3. 3. 4 Acoustic

Figure 3-34 illustrates the use of acoustic sensors to determine temperature

change at the surface of the nosetip. The method involves the evaluation of

surface wave velocity, which is affected by temperature. This Ls done by

placing a piezoelectric transducer on the aft face of the nosetip and propagat-

ing a wave around the surface of the tip. The wave would be picked up by

either a second receiving transducer or by the first transducer using a pulse

echo technique (the transducer alternately transmits and receives). By

measuring the time between transmission and receiving, wave velocity is

determined. Changes in wave velocity (due to changes in nosetip tempera-

ture) would be monitored. By selecting a wave frequency in the ultrasonic

region, wave propagation would be confined to a surface layer a few thou-

sandths of an inch deep.

As it wa- not clear how to set up an analytical model of the acoustic technique,

some simple laboratory tests were conducted to determine feasibility. An

acoustic wave was propagated along the surface of a (3 by 3 by 0. 1 in.) piece

Of V4 stainless steel that was heated by a hot air gun. A 5-Mf-z transducer

was used as a transmitter. A 10-MHz transducer positioned 1-9/16 in. from

the transmitter was used as the receiver. Changes in transit time through

the stainless steel due to temperature were measured with the time delay

multiplier on an oscilloscope.

At 73F, the received signal was, referenced to a delay time of 0. 0 Jsec with

a signal amplitude of 4 cm peak-to-peak with a low gain atting on the

amplifier. The temperature was slowvly increased from 73*F to 204°F. As

the temperature increased, the delay time increased while the amplitude of

the received signal decreased, requiring a higher gain setting on the amplifier

r. 11?

L'



EU-4

P. 1

S//

434

S_ /

C, z

113

L ~J



-777,71`7'-'!

to bring the signal back to the 4-cm peak-to-peak reference point. At

Z04"F, the delay time had increased to 0. 85 ýLsec, but the amplitude oz the

received signal was reduced to almost the level of the electrical noise. The

thermal expansicn of the stainless steel was determined and found to account

for only 0. 007 ý±ses increase in the delay time, therefore having a negligible

effect.

To apply the technique to a nosetip, a quartz element (because of its high

ultrasonic energy characteristics) would transmit the surface wave around

the ouIEide surface, and the wave would be picked up by a lithium sulfate

element (because of its high resolution characteristics) positioned on the

opposite side. There are three obvious problems. First of all, as indicated

from the tests, the signal-to-noise ratio is low. Secondly, since the test

resultb were obtained on a spe':iAmen that was subjected to a temperature rise

over its entire length, the signal-to-noise ratio should be much lower for a.

nosetip that is experiencing hot spots over small portions of its surface

Finally, suitable insulation techniques would be required to keep the p'ezo-

electric elements from going higher than 165*F. At temperatures higher than

1651F, piezoelectric elements show a definite loss irl sensitivity and output j
power. From the practical standpoint, this technique does not appear feas-

ible for use with a transpiration nosetip.

3.3. 3.5 Eddy Current f
An electromagnetic technique might be applied by locating an eddy current

sensing coil in the coolant casity ne;.r the forward wall of the nosetip. The

excited coil would generate a magnetic field which wrald induce eddy currents

into the nosetip. A chp.age in surface temperature would cause a change in

the electrical conductivity of the nosetip. This change in electrical con-

ductivity would affect the induced eddy current, which would a!ker the

electrical impedance of the sensing coil. Changes in the resistance and

reactive components of the sensing coil would be monitored to determine

surface temperature.

As for the acoustic method, it was not clear how to set up an analytical

model. Therefore, a laboratory test was performed. An eddy-current-

senming coil was placed on the top surface of a 3 by 3 by 0. 1 in. piece of
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stainless steel. A Nortec Model NDT-3 eddy current instrument was used to

exLite and generate a n',agzLetic fiLzd which induced eddy current into the

stainless steel test sample. Temperature appliec to the bottom of the stain-

less steel caused a change in the electrical conductivity of the stainless steel.

Information was obtained by taking meter readings (vamp)-from the NDT-3.

Operating frequency was 20 kHz, and at this frequency, the depth of pene-

tration was 0. 081 in.

A hot air gun connected to an adjustable voltage source provided a variable

temperature. Temperature was recorded with a chromel-alumel thermo-

couple adapted to a digital voltmeter. The temperature was increased from

736F to 1990F. At 73"F, the vamp meter settia.g was referenced at zero.

As the temperature increased, the vamp readings increased. At 199"F, the

vamp reading had increased to 450. At this point, the temperature was

decreased to 730F. As the temperature decreased, the vamp readings

decreased to the original zero reference point.

The drawback with this approach when it is applied to a nosetip is sensitivity.

The sensitivity is proportional to the fraction of the mass of the nose ip that

is at elevated temperature. Since hot spots are initially small in size and

restricted to an extremely thin layer near the surface, the surface condition
would be masked by the major part of the nosetip that was at low temperature.

3.3.4 Closed -Loop Coolant Flow Control Analysis

The temperattire-feedback, closed-loop control system has been simulated

on the digital computer. The system control block diagram is shown in Fig-

ure 3-35. For simplicity, the controa logic was assumed to be a simple ramp

control function sized to provide a minimum coolant flow below the first set

point (2, 0009R) and a maximum flow at the saturation set point (2, 4609F).

The control valve was assumed to respond as a second-order function with a

response time (tR) and a time delay (tD). The time delay was 10 percent to
30 percent of the total timne response. This represents the response charac-

teristics of a typical control valve. Values of 15 and 20 msec were assigned

to tR, and the system was simulated with alternate delay times. Valve

natural frequencies and damping ratios were calculated to give the optimun,

response.
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CLOSED LOOP FLOW CONTROL BLOCK DIAGRAHM
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} ~Figure 3-35. Closed-Loop Flow Control Concept •
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A forcing function was obtained from thermodynamic calc ilations for the

closed-loop simulation. A cable of values of coolant flow rate represented the

rosetip dynamics for a step change In. heat input versus time. This table was

then used to drive the system. The step input was 80 percent higher than the
2-

assumed nominal hbat-_. "--!- -f 14 000 Btu/ft -sec. This table represented

only one operating condition which may not have been the worst case. If t~i,;.

temperature feedback control system is to be optimized, extensive nosetip

heating analysis would be necessary to completely define the nosetip response.

Transient nosetip temperature response to step heating has been computed,

as discussed in Appendix D, and is shown in Figures D-1 and D-2. Typical

nosetip temperature transients and coolant flow transients are shown in

Figures 3-36 and 3-37 for tR = 15 msec. Similar curves for ti, = 20 msec

are shown in Figures 3-38 and 3-39.

In order to obtain a measure of valve response efficiency, the coolant f!ow

margin was defined as the increment of flow r.-,- a',ove the ste'-iy-state flow

rate associated with a constant nosetip temperature of 2, 4606R. This

increment was zalculated a"- the maximum flow transient and is about 30 per-

cent lower than the ideal requirements presented in Section 2. The values of

2, O00"R and 2, 460 *R for minimum and maximum tip temperature were

chosen arbitrarily and would be redefined if the control system were to be

optimized.

Typical gain and phase were obtained from linear analysis (i.e., for a fixed

r point in time, representative gains were determined for the nonlinearities).

Figures 3-40 and 3-41 are plots of the summarized computer output informa-

tion. Gain m trgin, phase margin, and flow margin are plotted against time

delay. In Figure 3-40, the valve response is 15 msec plus time delay. In

Figure 3-41, valve response is 20 msec plus time delay. These responses

were estimates of the actual valve characteristics that would be required.

Figures 3-38 and 3-39 indicate that the system will be stable up to 4 msec

pure delay with a 24-msec total response (20 msec second-order response

and 4, msec delay). However, at this response, the flow margin is very high,

so that a f&.3ter-response valve is desired. A 17- to 20-msec total response

117



CR138

2460

200

C-

to .006 Sec----

1-000.04Sc

CR3

1000*

.09A

.06 f-

t D 002 Sec
.0a .t 0 .004 Sec.

t03 a .006 Sec

.03'
.022

.01.
Time From Heating Step (Secondis)r Figure 3-37. Coolant Flow Response to Step in Heat Input for (0.015 + to) -Sec Response Valve

118



2460 4A

oI T

~2000\IJ V \ J

I -.6

*1~ t

1000-
0 .1.2

Time From Heating Step (Seconds)

Figure 3-38. Nosetip Temperature Response to Step in Host Input for (0.020 + t).Sac Response Valve

.09

W) .06

* .05 t '002-sec

C2* .004 Sec

.03,
*t

.0,1 I

c .1 2
Time From Heating Step (Seconds)

Figure 3-39. Coolant Flow Response to Step in Heat Input for (0.020 + t1Sec Responsw Valve

119



tR)5is cods
I L 1 R

2n drVav oe

50 j 0 25 .

30 E -6t-- 15..--- I

'C.

-51

20 -4110



t 20 -1- 1-seod

2n Ore Vav Mod ,I!•
-- --- ... ... ... 50 - - - -,-- - - ' - -- -

'o -to ...• . .
-to - IEDLY(ILSCNS¶

____9- - 4-1---- - -L

LL

Z 0

20- z----~ -4 t 30

50 -20 -- -25-- -

I~20

T IM D-ELAY-- (MLIECNS
Figre3-1.Syti Rsposeto80Pecet te Inces t oeipHaigVlvReone 2 .. t

40 -8 - - ------------ v-~121O



valve appears adequate for this system and would require less than 15 percent

margin on the high surface temperature design flow rate at this heating level.

Time delays greater than 4 msec have exhibited oscillations in the response

which may limit delays to less than this value.

3. 3. 5 Electromechanical Valve Designs

The electromechanical valve designs discussed in this section are applicable

to either the closed-loop sensor feedback system or to the open-loop u, p, a

systems. Valve development time must be scheduled for this type of control

valve concept because all past vendor surveys have indicated that no

high-pressure water flow control valves are available which can withstand a

five-year storage. Two types of valves are currently being considered;

however, configuration changes may occur during development.

Figure 3-42 is a schematic of a typical single-stage proportional flow control

valve. The flow is modulated by a pressure-balanced spool and is driven ';

a leakage flux magnet. The leakage flux magnet force is independent [

plunger position over a large portion of its stroke. This permits tfie meter-

ing orifice and flow to be proportional to electrical current or voltage. Mov-

ing part weight makea the valve somewhat sensitive to axial acceleration

(which may improve coolant usage) and to lateral acceleration (which causes

hysteresis in valve response). The high length-to-diameter (LID) ratio of

the leakage flux magnet makes it suitable to the shallow cone-angle envelope

shown in Figure 3-42.

A. similar-type electromagnetic driver wbich has a slightly lower L/D ratio

is the plunger solenoid. This driver has rr ýre force potential, but its

sensitivity to plunger position is more pro.iounced than the leakage flux

magnet.

Figure 3-43 illustrates six types of magnets which have widely varying force-

stroke characteristics. One or more of these types may be optimized to give

the required force-stroke characteristics using return springs and/or limited

stroke range. For example, a flat-faced armature has a magnet forre which

is proportional to the reciprocal of the square of the air gap. By limting the
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stroke, a linear force-to-stroke characteristic may be approximated. Trade-

oi's of weight economy and a parameter such as index number (defined in

Figure 3-431 would be conducted during rievelopment tests. Three-

dimensional mapping of flux paths would also be investigated to minimize the

required amount of magnet material. Response time of the closed-loop sys-

tem valve must be optimized using the v,'.Ive driver electrical network.

The effect of axial and lateral acceleration will be reduced by using the

smallest possible spool diameter. Spool valves have been built and tested

%.'th diameters of 0. 125 in. If some mechanical axial deceleration feedback

is desired, the spool can be made delit erately heavy.
I

The single-stage flow control valve requires an analog or digital-anaiog

simulator signal to operate proportionally. A single-stage valve will require

approximately 10 w of continuous power. A two-stage valve such as the one

illustrated in Figure 3-44 can be operated with a pulse-width-modulated sig-

nal and requires slightly less power. Figure 3-45 is an enlargement of the

pulsed valve. The g-balanced armature of this valve opens and closes a

flapper as a pulsed signal is relayed to the magnet. This has the effect of

modulating the pressure on the right-hand side of the main-stage poppet.

The ratio of on-to-off electrical signal operating a squa'e-wave function of

fixed fre4uency determines the amount of opening -f the main-stage outlet.

The pilot-stage outlet is returned i-'o the low-pr%.L -ure throat area of the

main stage. The valve also has zero leakage wit:. no input signal, unlike

ma,,y two-stage designs. A restricting orifice on the right side of the main-

* stage poppet reduces pihot losses. Output flow would bp slightly oscillatory

due to the pulsed "'ilot flow.

Response of a breadboard prototype valve of this design was determined for

the on-off mode. The response of signal to full-on and no signal to full-off

was less than 3 msec. Eighty-five-percent pressr! recovery was measured

across the valve during this test. Pressure. r-c -,very can be improved with

design changes.
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Valve component configurations may be optimized using a computer analysis
method currently under development. This method minimizes the value of a
nonlinear polynomial expression by determining the optimum values of the

variables in the equation. Fo- -nample, valve weight can be minimized by
varying dimensions, which in turn are functions of flow and pressure

constraints.
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Section 4

EXPULSION CONCEPTS

Expulsion concepts seriously considered during this study were limited to

"two: piston and bladder. These were selected on the basis of possible

development and reliability.

4. 1 PISTON

Two types of improved-efficiency piston expulsion systems were considered,

a single-piston type and a double-piston arrangement. Both of these operate

within a stepped cylindrical bore. The double piston arrangement (Figure 4-1)

consisted of an external stepped piston with a second piston located internal

to the small step of the external piston. The single piston looks very similar,

except that a single stepped piston is used instead of the double piston. As

expected, a better utilization of the allocated volume was achieved by use of

the double-piston arrangement. However, neither one of the piston concepts

is competitive on either a weight or volume basis with the bladder configura-

tions described in the following paragraphs. Advantages of using a piston

expulsion system include the high level of confidence and reliability gained

from past usage and performance, straightforward method of manufacture,

and low development risk.

4.2 BLADDER
Three types of bladders (nonmetallic, rolling, and metallic) were investigated.

!• None of these concepts are completely developed. There-'are, instifficientdesign information is available to accurately define their relative merits.

However, best estimates were used in order to arrive at a selected design.

4.2. 1 Nonmetallic Bladder oi

The nonmetallic bladder concept, shown ini Figadre 4-2, con'ists of a.

reservoir like the frustrum of a cone. The cons1 ! shape of the reservoir

most efficiently utilizes the available -.pace specified ir. the contract. The
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bladder, which is located along the centerline of the rebervoir, is mLA.u-

factured in a cruciform shape. Coolant is, stored external to the bladder

between the bladder and walls of the reservoir. Characteristics of the

K:adder are unique in that as the bladder is collapsed during fill, its length

becomes foreshortened. During the expulsion cycle, the bladder is pres-

surized internally and expands radially and axially to expel the coolant.

This characteristic precludes entrapment of the c-' lant by the bladder during

the expulsion cycle. This is a result of the fact that the bladder can only

expand against the forward reservoir wall when it is fully extended from its

foreshortened length, and it cannot reach its extended length until it has

expanded ftlly radially, at which time all coolant has been expelled from the

reservoir. An additional precaution made to prevent the trapping of coolant

is to place several rows of beads along the outside of the bladder. This will

hold a small portion of the bladder a very short distance from the wall to

provide a path for coolant passage.

4. 2. 2 Rolling Bladder (Nonmetallic)

The rolling bladder exptlsion concept (Figure 4-3) consists of a reservoir

made- in two halves. One of the halves contains the bladder, which is formed

to fit the inside contour of the half reservoir. Each half is internally

identical. This enables the bladder to move from one half to the other with

the least amount of distortion during the expulsion cycle. To expel the

coolant, gas is directed into the half of the reservoir that contains the

bladder. The bladder must move forward with a rolling action to expel

coolant and enter the second of the reservoir halves. Disadvantages of this

concept are as follows: (I) the bladder must turn completely "inside out"

to expel the coolant, and the extremely small bend radii associated with the

rolling motion may result in shear -induced delamination of the bladder fabric

and rubber binder; (2) the utilization factor of the available volume is low; and

(3) the bladder may be subjected to undesirable tensile loads during expulsion.

4. 2. 3 Metallic Bladders

There are two metallic bladder concepts under consideration for coolant

expilsion systems. One is a conical container with'a stainless steel bladder,
currently under development on an AIWRPL contract. The other is an

adaptation of the ACE control system tank utilizing an aluminum bladder in a
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cylindrical tank. Recent conversations with the vendor indicate that this can

be adapted to the conical shape.

Fortunately, either of these concepts is compatible with the packaging of

the elastomeric bladder. Although the elastomeric bladder is considered as

a baseline, modification of this decision can be made at a time when develop-

ment has progressed to the point where sufficient information is available.

This can be accomplished without appreciable impact on the system.

As previously mentioned, there is a scarcity of information on the develop-

ment of the stainless steel bladder unit at this. time. However, there are

several problem areas inherent in the metallic bladder which do not occur,

with the nonmetallic, and which must be resolved before it can be used in the

exptusion system. These include the following:

A. Center-of-gravity shift during expulsion.

B. Heat transfer to water.

C. Thermal expansion compensation.

D. Ullage transient.

Unlike the piston reservoir, the bladder reservoirs do not completely control

the liquid-gas interface in a reservoir. Thus, vehicle accelerations can

cause sloshing of the coolant in the reservoir and its attendant dynamic:

effectP.

Additionally, expulsion of liquid by a metallic bladder will normally cause a

lateral center-of-gravity shift to occur. For comparison, the elastomeric

bladder will produce an axial center-of-gravity shift during expulsion,

whereas the piston reservoir can be designed to minimize this shift. The

significance of these phenomena is dependent on the vehicle and should be

considered in final evaluations.

The effect of water temperature on coolant requirements for the current

system was shown in Figure 2-30. This indicates that large temperature

increases will require additional coolant and some modification tc flow con-
trol characteristics. It is therefore desirable to hold the temperature increase
to a minimum. Since the major contribution to coolant heatup results from
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heat transfer through the bladder, it is necessary to evaluate this effect.

Litt data has been made available to determine the heating of coolant in
the metallic bladder reservoir. Although applications of insulating materials

to tha bladder could reduce excessive heat transfer, addition of material may
negate some of the development testing and require retest and/or redesign.

Another potential problem are& with ihe metallic bladder is the coolant itself.
The tank cannot be filled full at ambient temperatures because expansion of

the coolant would averpressurize the tank. If an ullage bubble is not left in

the tank, or if it is filled at the anticipated high ambient temperature, tem-

perature variations. may cause the bladder to flex, which would cause fatigue

problems in the metal over long storaje times. Additionally, any bubble
might become entrained in the coolant going to the nosetip, with urdesirable

results. A solution may be to provide a small accumulator on the coolant

side to accommodate thermal expansion. This would require sonme

development.

Extreme care must be taken in this ullage problem to avoid pressure transients
-vhich may occur when the system is iaitiated. When the ullage bubble collapses,
a shock condition may occur which may produce pressure peaks of the order of

twice the working pressure. Either steps must be taken to alleviate these
pressuze peaks, or the tankage strength must be increased to accommodate

them. Effects of these transients must also be considered on the other

c~omponents of the system.
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Section 5

PRESSURIZATION

Pressure can be supplied to the coolant in a variety of ways. During this

study, cold-gas blowdown, multiple-grain solid -propellant gas generators,

and bootstrap and blowdown monopropellant gas gen'rator designs were

investigated. These concepts were selected after a ,rc~litrinary investigation

showed that development time and cost of "hese concept&. wauid be less than

for hybrid concepts, and that design would be less complicated than for bipro-

pellant concepts. The critical design constraint on all concepts is to guarantee

sufficient pressure, and therefore sufficient coolant, throughout all five

trajectories studied.

5. 1 COLD-GAS PRESSLjRIZATION

Cold gas pressurization systems using high-pressure helidm were investigated.

Although it was anticipated that this system would be large and heavy, such

systems are completely developed and more reliable than warm-gas genera-

tor designs. The system investigated consisted of a spherical (or nearly

spherical) pressure vessel, a sc, b valve for nitiation, and a pressure

regt',ator.

The cold-gas system is identical to the other concepts except that t.e gas

.enerator is replaced by a high-pressure storage bottle. Operation of this

system is as follows. The squiib valve, located between the gas bottle and

the pressure regulator inlet, is trifgered approximately I sec before

coolai . is required at the nosetip. Thc pressure regulator mirnimizes initial

pi essure transients which may harm the reservoir bladder, flow control

v-lve, or filter. This device also maintains a higher gas temperature in the

bottle and reservoir due to the damped pressure transients, reduced blowdown

rate, and improved heat transfer to the gas from the more torturous flow path.
The higher temperature will result in improved gas utilization and reduce the

danger of bladder damage due to embrittlement at very low temperature.
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One of the most important c.onsiderations is the storage pressure of the helium
gas. Figure 5-I shows the effect of initial gas pressure on weig.s and volume,

assuming a sherical container. Pressures were assumed and ga. volumes

were determined by means of a digital computer simulation. ,At le-st lI0 psi

pressure differential was required at all times across the flow control valve.

This determined the minimum gis volume. The worst-case pressure

requirement occurred at the end of the S-3 trajectory. Tota." volume and sys-

tem weight were determined by assuming a burst-pressure factor of safety

of 2. 6. This value hati been used before ia similar application on the TOW

pressure vessel. The contairer material was assumed to be 17-4 PH with an

ultimate strength of 190, 000 psi. The following thick-wall pressure-vessel

equation was used to determine system volume:

Vmetal 3
- = To- - 1 (5-1)

gas ultimateE? Sburst

Gas compressibility was calculated using a compressibility factor ia the

equation of state:

PV = Z m RT (5-2)

The compressibility factor (A") was determined from a six-coefficient equation

correlated to experimental data up to 15, 000 psi (see Reference 5-I). This

equation was used in this analysis for pressures considerably above this value.

Since no data has bsten obtained at these high pressures, the Reference 5-1

equation serves only as a best estimate (and probably an optimistic one).

Free convection heat transfer from the container to the gas was considered

to be a function of the acceleration history. This method has proven success-

"ful during the ACE TCNT development tests (see Reference 5-2). No heat

iransfer was assurmed in the reservoir, which makes the analysis slightly

ronservative.
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Figure 5-1. Helium Gas Bottle Volume and Weight

A pressure regulator was located between the reservoir and gas bottle.

Reservoir pressure was limited to 7, 000 psi and dropped below this value only

when the gas-bottle pressure became less than 7, 000 psi.

The results indicate that increasing the gas-bottle pressure can appreciably

reduce the required volume. Unfortunately, this also increases personnel

safety problems and enhances the possibility of leaks. Gas temperature is

also very low, which may create difficulties for both the bladder and coolants

At the end of the S-3 trajectory, the pressure-vessel gas temperature was

calculated to be -62*F, and the reservoir gas temperature was -34*F with

this system.

The minimum-weight system, including gas weight, as shown in Figure 5-i,

was computed to weigh 5. 56 lb. This occurs when the gas storage pressure

is 25, 000 psi and results in a required gas volume of 30 in. and a total

system volume of 48. 6 in. 3 .
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Figure 3-2 shows the cold-gas pressurization system enclosed within the

required envelope. The shipe of the pressure vessel and reservoir have been

modified in order to fit the envelope. System weight will be higher than that

previously discussed due ta the modified shape and the addition of the pres-

sure reguiator. Total weight of this design would be about twice that of an

equivalent warm-gas design.

Because of the weight dijadvantage, packaging inflexibility, high-pressure

storage, and optimism in the compressibility calculations, cold-gas

pressurization is not recommended.

5.2 WARM-GAS PRESSURIZATION

Warm-gas pressurization of an unvented chamber is substantially different

from ard more difficult to control than pressurization of a system with a

pressure relief valve through which e:ccess gases can be vented. Heat trans-

fer is much more important because pressurization directly reflects a

decrease in the temperature of the gases, and gas temperatures are much

lower with an unvented gas generator compared to a similar vented gas

generator design. An accurate description of heat transfer from the gas to

surrounding Lurfaces requires an extensive description of conduction within the

walls of the pressure vessel, bladder, and other surfaces in contact with the

gas, as well as accurate heat transfer coefficients. The computer program

used for this analysis considers all these effects and is capable of accurately

describing heat transfer in the entire subsystem. Thermal analysis of the

elastomeric bladder and coolant wert. included as a part of the pressurization

analysis.

Another notable difference between the vented and unvented gas generator

designs is that condensation of water vapor from the solid-propellant

combustion gases can occur in the unvented gas generator and can subst,*ntially

affect both pressure and heat transfer. Pressures may be 20 percent lower

than predicted due to this effect alone, and heat transfer from thc gas to

surroundings may be several times greater than predicted. This effect ha-_

been observed experimentally (Reference 5-3). There are methods that can

be used to reduce the amount of condensation that occurs, and theje methods
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are discussed in the following paragraphs and incorporated into the f'nal

recommended design. The computer program used to describe subsystem

operation considers condensation in detail.

5.2. 1 Soliu-Propellant Pressurization Concepts

The advantages of a ,olid-propellant gas generator include (1) simplicity of

design, (2) established high-pressure reliability, (3) relatively amall develop-

ment cost, and (4) a compact unit that is eaiily adaptable to the subsystem

envelope. With a solid-propellant gas generator, theie are no moving

parts (which increases reliability), and with reasonable quality control, a

solid propellant produces reliable and reproducible pressurization. Previous

experimental etiurts have shown the feasibil ty of tie solid-propellant,

unrented gas gen,;ratcr for pressurization oý an expulsion system

(References 5-3 and 5-4).

The disadvantages cf solid propellants are (1) a fixed gas supply rate that

is independent of demand and (2) higher gas temperatures tha.n cold-gas or

monopropellant gas generators, which may damage an eLastomeric bladder or

cause excessive heating of the coolant. As will be shdwra later, these

disadvantages can be minimized through careful desig.

5. 2. 1. 1 Propellant Requirements

The primary requirement of the propellant is a low flame temperature to

minimize heat losses of the gas, degiadation of the bladder, and coolant

heatup. Numerous propellants are available with flame ttmperatures of

approxi,:ately 2, 000*F. It is also advisable to select a propellant th,,t has

combustion gases with a iow wa er-vapor content within this low-temperatur'•

group. Of the warm-gas propellants investigated, the double-base propellants

had 6 t,. 9 percent water vapor, which was substantially lower than AP co•.'-

posite propellants I ( to 30 percent) and AN composite propellants (20 t-.

28 Sz&cnt). Since propellant screen:tag was not a primary part of this study,

it is very possible that other AN and AT ýnrrnulations would have less water

varor conttnt. Ilo,,ver, double-base propoellants were used almost exclusively

in this 
analysis.
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Another factor that affects propellant selection is burning rate. Burning rates

of itpproximately 0. 2 in. /sec at 2, 000 psi were selected in order to minimize

volume for the envelope and operating conditions under consideration.

The Chemtronics D-198 double-base propellant used in generating the

recommended gas generator design is an example of one propellant that could

fill the requirements and is currently available. Burning rate is shown in

Figure 5-3 for pressures tu 6,000 psi, and properties of the combustion gases

are described in Table 5-1.

5.2. 1. 2 Igniters

Adequate igniter size is dependent upon propellant ignition temperature, which

is a function of rropellant reactivity and burn rate, and heat flux to the

propella~it surface for a particular ignite. design and igniter material.

Ignition temperatures of 500 to 600'K have been determined experimentally

for a number of propellants. This temperature is about that which produces

thermal decomposition of the binder. Igniter design is seldom based on a

rigorous thermal analysis of the propellant surface, and empirical approaches
S are often used. In addition, it is common practice to use as much igniter
material as possible while remaining within the pressure limits of the motor.

With an unvented system, the pressure generated by igniter material must

be kept fairly low or the pressure generated by the igniter will cause the

propellant to burn too fast and overpressurize the subsystem. For this

reason, a material that produces a large heat output for a small amount of

gas is desirable. Boron potassium nitrate was selected fol use in the

current study. Experience has shown that small amounts of this material

can adequately ignite the Chemtronics D-198 propellant. Igniter weights for

the analytical results presented, here are based on a 4. 0-gram igniter for

the first grain, and 1. 5-gram igniters for Grains 2 and 3. These will be

verified during development testing. Because of the small amount of material

being used, powder could be employed. However, small pellets will be used

to reduce the safety hazard. The pellets and bridgewire are held between

two thin sheets of plastic which can be attached to the surface of the grain.
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Table 5-1

D-198 'PROPELLANT EXHAUST GAS AND
__ALLUSTIC CHARACTERISTICS

Elemeital compoqi'i-, (moles/gram) C 2. 599

H 3.867

N 0,758

0 3.391

Burning rate at 1, 000 psia (in. /sa ) 0.212

Pressure exponent 0.4

Chamber temperature (*'1) 2, 121 |

Molecular weight 20.53

Specific heat ratic 1.29 i
Exit temperature at t 2 (OF) 1,500

Exit pressure at t = 2 (psia) 'CO

Exit Mach number at i = 2 1.95

Characteristic velocity (ft/sec) 3, 822

Sonic vacuum specific impulse (see) 148

Propellant density (lb/in. 3) 0. 053

Exhaust gas composition at throat (mole percent) CO 44. 79

HZ 28.95

CH 4  0.97
NH-3 0.02

CO 2  8.19

H 2 0 9.21

HZ 7.86

5.2. 1. 3 Grain Design

The optimum grain design must satisfy two criteria. First, pressures

generated by the gas generator must equal or exceed the minimum pressure
t required to supply an adequate flow of coolant through the nosetip. Second,

the grains must form a cor.ipact gas generator that can be easily fitted into

the specified volume with little wasted space. The gas generator de;ign was

changed numerous times during the study as methods were found to decrease

size. Final designs shown in Section 7. 1 have a 2-in. -long by 4-1/2-in. -

diameter gas generator chamber at the large end of the cone. Since it was
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desirable to use two or three grains in this chamber, the grain design

selected for the first grain is not comrronly used in solid-propellant appli-

cations. A circumferential-burning grain design significantly reduced the

length of :he gas generator. This first grain provides a pressure-sustaining

gas flow for several seconds. When the need for an increase in pressure is

signaled by the coolant flow valve, an additional grain is ignited. With the

two-grain concept, the second grain is ignited when the pressure drop across

the valve decreases to 200 psi. With three grains, a more complex ignition

circuit is required (Figure 5-4). The sequence of events which results in

grain ignition is as follows: (I) receive initiation signal directly at the first

grain igniter; (2) lock out the pressure switch signal for approximately

0. 5 sec to allow pressure buildup; (3) when the pressure drop across the

valve goes below 110 psi, send a signal to the second grain igniter; (4) another
0. 5-sec lockout of the pressure switch is required; and (5) [f arid when the

valve AP drops to 110 psi, the signal is sent to the third grain igniter.

The pressure requirements for five trajectories were shown in Figure 2-23.

The S-3 trajectory is the shortest and requires the highest pressure, and

consequently the highest propellant burn rate and the most propellant, of all

five trajectories considered. The L-6 trajectory is the longest trajectory and

requxires a much longer pressurizatira schedule. To satisfy both trajectories

with a single grain and the same size of gas generator requires an extremely

heavy pressure vessel capable of withstanding pressures to 70, 000 psi. It is

completely unreasonable to consider operating at this condition, particularly

when the performance of two or three grains is examined.

Fig-'res 5-5 through 5-7 show the pressures generated by a two-grain design,

using a circumferential-burning first grain and an end-burning second grain.

The S-3 trajectory sizes the total amount of propellant required, with both

grains sized to end at impact. The second grain is 15 percent larger than the

first. As shown in Figure 5-5, the second grain ignites and burns in the last

2.7 sec, compared with 9. 2 sec for the first, because of a proportionately

larger burning surface. The reason for this division of the propellant is

shown in Figure 5-6, the pressure histor, for the L-6 trajectory. The end

of the first grain occurs substanti;illy before the ignition of the second

grain, but at a pressure tait is very near the maximum design pressure. If
-4
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the first grain were larger, the maximum design pressure would be exceeded

at the end of the first grain, and if the second grain were larger, the maxi-

mum design pressure would be exceeded at the end of the aecond grain.

Therefore, the S-3 trajectory, the shortest being considered, fixes the total

propellant weight and burning surface of the grains, and the L-6 trajectory,

the longest, fixes the division of propellant into individual grains. Pres-

surization of intermediate trajectories was found to be satisfactory with any

grain design that satisfied both the short (S-3) and long (L-6) trajectories.

With two grains, the intermediate trajectory that produced a maximum pres-

sure closest to the maximum design value was the L-l(a), shown in Fig-

ure 5-7. It is obvious from the figures that two grains will satisfy pressur-

ization requirements adequately for these five trajectories. However, grain

design must be precise, or over 0cessurization will occur on the longer

trajectories because the maximum design pressure is approached on three

of the fi. trajectories studied.

To obtain greater versatility and flexibility, a design consisting of a

circumferential-burning grain and two end-burning grains was investigated.

Three grains have naturally greater versatility, as lesser amounts of gps are

brought into the system at any one signal for increased pressure. The result

is a pressurization concept that mo e closely follows the pressure require-

ments of diversified trajectories. The only disadvantage is increased com-

plexity in the initiation design.

There are an infinite number of grain designs that will satisfy one trajectory.

The merit of any particular comnbination of grains only becomes apparent

after the grain design is tested against several trajectories. This wa:% trtue

of the two-grain concept aad is even more fundamental for the three-grain

concept. The procedure for determining a good grain design began with the

investigation of physical grain shapes that could fit within the corpact space

allotted to the gas generator, and was verified by the determination of pres-

sures for each trajectory. An iteration procedure was accomplished, and

after each step of the investigation, a comparison of the rcs,ilts indicated

changes which would improve the design. This technique resulted in the

design shown in Figure 5- 8.
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the first grain were larger, the maximu-n design pressure would be exceeded

at the end of the first grain, and if the second grain were larger, the maxi-

mum design pressure would be exceeded at the end of the second grain.

Therefore, the S-3 trajectory, the shortest being.considered, fixes the total

propellant weight and burning surface of the grains, and the L-6 trajectory,

the longest, fixes the division of propellant into individual grains. Pres-

surization of intermediate trajectories was found to be satisfactory with any

grain design that satisfied both the short (S-3) and long (L-6) trajectories.

With two grains, the intermediate trajectory that produced a maximum pres-

sure closest to the maximum design value was the L-l(a), shown in Fig-

ure 5-7. It is obvious from the figures that two grains will satisfy pressur-

ization requirements adequately for these five trajectories. However, grain

design must be precise, or overpressurization will occur on the longer

trajectories because the maximum design pressure is approached or three

of the five trajectories studied.

To obtain greater versatility and flexibility, a design consisting of a

circumferential-burning grain and two eid-burning grains was investigated.

Three grains have naturally greater versatility, as lesser amounts of gas are

brought into the system at any one sig-aal for increased pressure. The result

is a pressurization concept that more closely follows the pressure require-

ments of diversified trajectories. The only disadvantage ic increased com-

plexity in the initiation design.

There are an infinite number of grain designs that wiil satisfy oa e trajectory.

The merit of any particular combiination of grains only becomes apparent

after the grain design is tested against several trajectories. This was true

of the two-grain cokcep4 and is even more fundamental for the Lhree-grain

concept. The procedure for determining a good grain design began with the

investigation of physical grain shapes that could fit within the compact space

allotted to the gas generator, and was verified by the determination of pres-

sure! for each trajectory. An iteration procedure was accomplished, and

after each step of the investigation, a comparison of the results indicated

changes which would improve the (esign. This tchnique resulted in the

design ehown in Figure 5-8.
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The total weight of the three solid propellant grains is 0. 255 lb. The weights
-and bf.rn~dig surface_ of the grains re shown in Table 5-2. Figure 5-9

illustrates the surface-area variation of the first, or circumferential-

burning, grain.

Predicted operation of this gas generator design with each of the five

trajectories is shown in Figures 5-10 through 5-14. The results obtained

for all five trajectorie, are summarized in Table 5-3 for both the two- and
three-grain designs.

On all trajectories, the delivered pressures are closer to the required pres-

sures, and the maximum pressures are further irom the ma&ximum design
pressure with three grains compared with two grains. The higher three-
grain design pressure on the S-3 trajectory reflects an increased operating

margin with this design to ensure adequate pressurization with a nominal
va.riation in propellant burn rate. Further work with two grains would also

have reflected this increase.

Table 5-2-

THREE-GRAIN PROPELLANT DESIGN SUMMARY

Grain Weight AB Length Diameter
No. Grain Design (Ib) (in. Z) (in.) (in.)

1 Circumferential 0.09 0. 33* 5. 15 0.88 x 0. 375

burning

2 End burning 0.04 0.9 0.838 1.07

3. End burning 0. 125 2.35 J. 00 1.73

*Initial.
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Table 5-3

SUMMARY OF PRESSURIZATION WITH SOLID PROPELLANTS

Maximum Maximum Pressure Generated
Required (psi)

Duration Pressure
Trajectory (see) (psi) Three Grains Two Grains

S-3 9 6,600 7,000 6,600

L-1(a) 11 2, 500 4,000 6,800

L-12 15 1, 600 2,700 4,200

606 28 1,600 3,900 5,000

L-6 30 3, 600 5, 600 6, 600

Acceleration effects, thermal effects, pitting or uneven burning of the grain,
and small variations in formulation can cause the propellant burning rate to

fluctuate from the norm. Most of these effects would serve to increase the

burning rate. Testing of the gas generator on a centrifuge would. allow

acceleration and thermal effects to be included into th, ictors used to

develop a grain design, but this information is not presently available. It is

estimated that the burning rate could be as much as 20 percent higher or

5 percent lower than the base burning rate used in the previously discussed

grain design. After a series of tests have been made to determine burning

rate in the flight environment, the variation in propellant burning rate between

similar flights should be ,pproximately ± 5 percent.

SVariation in burning rate with the three-grain solid-propellant concept is only

important for the S-3 trajectory, where the gas generator develops pressures

* equal to the maximum design value. Figure 5-10 shows the effect of burning-

rate variation. If the gas generator were built without -kny -additional burning-

rate information, this design would be expected to deliver pressures some-

where between the dotted lines. In all cases, presburization is adequate, and

in the worst case, overpressurization would be 600 psi, which is far less than

the safety factor of the pressure vessel. Figure 5-11 shows the effect a, a

similar variation for the L-6 trajectory. The maximum design pressur in

not exceeded by a Z0-percent increase in burning rate.
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With three grains, the optimum in grain derign is not as clearly indicated an
was the case with two grains. It is felt that the three-grain design could

be further improved so that generated pressures would match required pres-

sures more closely than is shown in this report. However, these changes
would be small, as the de,3ign presented is auite good.

5. 2. 2 Monopropellant Pressurization Systems

Mo;, propellant systems have found increasing applications in recent year;

in various missile and space systems because of their "on-off" capability

and low-temperature exhaust products. The most commonly used mono-

propellant fuel has been hydrazine ignited with the now-well-known Shell 405

catalyst. This combination can be used to spontaneously and repeatedly

initiate decomposition of hydrazine for a range of exhaust gas conditions

sur:h that the temperature of the pressurizing gas can be controlled to

reasonably low levels. This is done by controlling the amount of ammonia

disstciated in the hydrazine reaction. It is usually desirable to maximize

the ammonia dissociation in order to produce a maximum volume of gas with

low molecular weight and low temperature, if space permits. An ammonia

dissociation of 80 percent is a typical design value, resulting in an adiabatic

gas temperature of 1,400OF and an average molecular weight of 11.6. Sub-

stantially lower temperatures may also be achieved when dissociation is

less. Hydrazine also offers the advantage of efficient, vapor-pressure

storage in a liquid form, and simple conventional methods of fluid contw-.

The major disadvantage with the monopropellant concept in the current

application is lack of perfcrmance data at the high pressures of interest.

Two monopropellant concepts were investigated and compared in this study-

a blowdown, pressure-regulated, stored-gas system (Figure 5-15) and a

bootstrap system (Figure 5-16). The blowdown system utilizes a single tank
with the hydrazine separated from its peessurant by a positive expulsion

device. The pressurant is stored at high pressure and expels the hydrazine
whenever the control device opens. The regulated pressure is the maxAmum

expected coolant pressure. Disadvantages of the blowdown system are (I)

stored high-pressure gas, which is undesirable from the standpoint of safety

and reliability during storp.ge; (2) excessive catalyst bed pressure drop,

causing rapid catalyst degradation; and (3) volume and weight penalties.
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The bootstrap system shown in Figure 5-16 allows the pressurant to be

stored at its own vapor pressure. This syste. n may be activated by firing a

squib in +he forward end of the pressure amplification device (piston) w-ich,

in turn, pressurizes the fuel. When the control device opens, hydrazine is

forced into the reactor, thus generating gas which is fed back to the top of the

pressure amplifier, bootstrapping the system. As with the blowdown system,

a simple conventional fuel control device may be used with this concept.

Performance of the bootstAkp system for the S-3 and L-6 trajectories is

shown in Figures 5-17 and 5-18.

The bootstrap concept combines the inherent simplicity of a solid-propellant

system (no searate pressurization system or stored high-pressure gas) and

the flexibility of a liquid system (greater versatlity as a result of the capa-
f !bility of demand operation). Disadvantages of the bootstrap system relative

to the solid system are (1) increased complexity because of the number of

components required, (2) higher development and unit cost, and (31 a longer

development time.

The factors considered in the monopropellant system design studies are

summarized in Table 5-4. Comparison of the blowdown and bootstrap con-

cepts was made on the basis of expulsion requirements given in Section 2. 4.

A computerized model of each system was utilized to generate performance

data which could be compared with solid-propellant data. The S-3 and L-6

trajectories were assumed to fix the design. It was also assumed that prob-

lems of long-term, high-pressure storage and seal ig are solvable, and that

operation of a monopropallant gas generator in the 7, 000 -psi range is not too

d ifferent from the anticipated performance based on lower pressures.

Fuel volume iequirement iL the major factor in determiling the size of the

monopropellant system. Calculations of fuel weight requirements were made

for the two extreme trajectory conditions (S-3 and L-6) for a range of values

of percent ammonia dissociation. On the basis of these fuel weights, it was

found that the fuel weight iequirement for the monopropellant system cculd

be slhRtly less th.in 0. 35 lb (Figure 5-19) and that a short catalyst bed (low

amionia dissociation) would nrt cause a severe penalty in fuel weight. The
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Table 5-4

CONSIDERATIONS FOR MO,,NOPROPELLANT STUDIES

Design concepts Blowdown
Bootstrap

Sizing Fuel weight (0. 5 lb)
Catalyst bed length (1 to 2 iW.)
Free volume (5.0 in. 3)
Flow rate (0.05 lb/sec maximum)
Igniter (0. 005 lb, bootstrap only.)
Gas volurme (12 in. 3, blowdown only)

Operating characteristics Pressure
Percent ammonia dissociated
Gas te-nperature
Bladder temperature
Coolant temperature
Fuel uiage
Tank pressure (blowdownonlyY

bootstrap system would require slightly more fuel than the blowdown system

because of the increase in free volume as fuel is uss 1 , bhat the bnotstrap

iystem would have other design advantages, as will be discussed later.

In the interest of minimizing volume requirements, further calculatiorns %were

made to determine the effect of catalyst bed length for the five trajectories

of interest. The ga;s temperatures resulting from these variatioais did not

appear to have a large effezt on the temperature of the bladder and coolant.

Therefore, it would be reasonable to make uae of a small catalyst bed, on

tne orde-r of I in,, thus minimizing hardware volur.ne reqt iremnents. The

variation in arnron-,a dissocatior, for a 1-in. catalyst hed is s;howrn i- Fig-

ure 5-20 for the L-6 tryj'ctory.

STotal volume requirc'n-ients of a rnonopropt'llant pressurization tystem would

be slightly in excess of 40 in,. 3 Whilo this is sornewhat more than that

required for & solid -prorellant sy:;tenm, there are snme packaging advantages

for the mononorotellant. As shown in Figure ý--21, it would be possible to

locate the cnrlIre mnronopei•r ldnft s;asteon in a sm.dll t•ube down thtw contor core

of the bladder, so that full .idvar.tage is ajker, of the rpace avdilable. Furthcr

comparisons of those ayst :ri, are jp eented it, !,; ctic, n 8. Z, and the ratt nale

for seloction of a b:aseline pressurization syste'm design is given
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5. 2. 3 Comptibiility With Expulsion Concepts

Piessurization with combustion gases results in some side effects that are

not present with cold-gas pressurization. The bladder material is exposed

to relatively high gas temperatures, and the surface of the bladder approaches

thermal equilibrium with the gas during the period of operation. Most of the

current study was accomplished using elastomeric bladders, which may

experience thermal degradation when exposed to a moderate thermal environ-

ment. Metallic bladders would have to be insulated, so a similar problem

would exist. A maximum operating temperature cannot be estimated with

much confidence because final material selection has not been accomplished.

The materials being considered may be rubberized composites of some

fabrics which can withstand very high temperatures, and other fabrics that

melt or char at a few hundred degrees. Only bladder testing with warm-gas

pressurization will.establish the actual response of the mz.teriaI to this

enrvironment.

Thermal analysis of the bladder has been made for all trajectories, different

bladder designs, materials, material thicknesses, and pressurization con-

cepts, assuming no thermal degradation. •urface temperatures, presented

in Figure 5-.2, fluctuate widely, reflectin4 the dependence of heat transfer

coefficients on pressure, axial and lateral g's, and temperatures of the gas

and surface. At temperatures below 705"F, heat transfer is complicated by

condensation of water vapor from the exhausi gases. Bladder surface

temperature directly reflects the temperature of the gases in the bladder,

and gas temperature is highest on the S-3 trajectory because all the propel-

lant is burned in the shortest time. Since this was the most critical

trajectory, a summary of bladder surface temperatures during this mission

for several bladder designs is presented in Figure 5-23. Relatively little

difference in biadder surface temperature results from either change in

bladder thickness or design a." long as the pressurizing gas and bladder

material are not changed.

Another potential problem area created by warm-gas pressurization is an

increase in the temperature of the coolant. This may cause the amount of

required coolant to increase. Sizice an elastomeric bladder serves as an

insulator, this is one of the major reasons why this type of design is attractive

for a transpiration-cooled nosetip.
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The elastomeric bladder behaves as a heat sink with a very substantial

temperature drop across it. Figure 5-24 shows the temperature distribution

through the bladder at numerous times for the L-6 mission. The temperature

of the bladder at the gas surface (on the left side of this figure) fluctuates

widely according to variations in heat transfer, but the variation is filtered

out and :he thermal inpL- to the coolant is quite uniform. The influences of

materi Ll thickness and bladder design and shown in Figure 5-25 for the L-6.

trajectiry and are summarized in Table 5-5., Figure 5-26 illustrates the

coolant temperature histories for all trajectories using the baseline bladder

design.

As may be seen from Table 5-5, a major change in design has lcss effect

than a change in thickness. Other factors, such as flexibility and expulsion

efficiency, also influence the selection of bladder thickness.

Table 5-5

VARIATION IN COOLANT TEMPERATURE (L-6 TRAJECTORY) :,
Change in Temperature

Surface Area Thickness of Coolant
Bladder Type (in. 2) (in.) (F)

Cruciform 130 0. 12 6.8

Diaphragm 50 0.06 21.8

Cruciform 130 0.06 (baseline) 25.8

Diaphragm 50 0.03 34.8

Cruciform 130 0.03 34. 5
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Section 6

INIUIATION CONCEPTS

The choice of the TCNT initiation sfstem depends upon the type of reentry

vehicle (RV) autopilot, since a large portion of the initiation system will be

an integral part of the vehicle control system. The remaining part of the

initiation system is the squib fire mechanism located on the gas generator.

Reference 3-1 discusses two types of autopilots. Type'A is an open-loop

device, and Type B is a full-navigational, closed-loop feedback computer

system. This section discusses initiation mechanisms which. will be used with

each type. The sequence of events re 4 uired for initiation is shown in

Figure 6-1.

An electronic clock with an accuracy of about ± 0. 3 percent is started at

separation in the Type A system. At approximately 170, 000 ft, the clock

triggers a circuit which activates a threshold detector. The-clock accuracy

can predict altitude to within 1 10, 000 ft, and the threshold detector activation

time will not be updated by the booster.

Accelerometers transmit signals to the threshold detector. When the limit

specified by this detector is exceeded, a second timer is started. This

timer is used to send the initiation signal to the gas generator and is connected

to the same circuits which start despin and activate the control system. The'

gas generator squibs are fired through relays, which prevents premature

initiation caused by extraneous EMF.

Root-mean-square error calculations for the Type A system components

indicate a maximum altitude of 157, 000 ft at which flow would occur at the )
nosetip. This error demands that 0. 07 lb of excess coolant is required to

cover the descent from 157, 000 ft to 140, 000 ft. The coolant required to fill

the nosetip and wand is included in the above number.
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More accuracy can be obtained frnm the Type A system ii an additional thresh-

old detector specifically for the initiation system is included in the autopilot.

The second timer could then be eliminated. The threshold detector would

maintain the same accuracy (± 0. 026 g) but would switch at a higher g level.

The increate in precision does not appear to justify the added components

and zircuitry at this time.

If an appreciable angle of attack is expected while the threshold detector is

operating, tnree-axis accelerometer inputs may Le required. This would

decrease the accuracy of the initiation system and result in a small increas

in coolant.

The Ty-pe B autopilbt Will have a very accurate digitai clock. The initiation

squib will be fired at a spezified t interval after separation from the

booster. This time interval is input to the RV computer be-lrce launch, along

with trajectory information. The booster computer will update this information

and correct for altitude errors prior to separation.

The clocK will have an error of less than 0. 1 sec. This translates to a maxi-

mum altitude for flow out the nosetip of 147, 000 ft. The additional coolant

required for initiation errors, nasetip fili, and wand fill is 0. 04 lb. For both

vehicle control systems, an additional amount of coolant is required to cover

the altitude range between 140, 000 ft, where initiation is desired, to

125, 000 ft, the altitude at which the environmental c,.Iculations were initiated.

A coolant quantity of 0. 1 lb is needed to satisfy this constraint. If, during

the development phase, it•itiation can be allowed to occur at a lower altitude,

the excess coojant required by the high-altitude initiation can be reduced.
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Section 7

SYSTEM DESIGN CONSIDERATIONS

The baseline design and the constraints imposed on this design due to

structural, environmer.tal, manufacturing, and vehicular requirements and

reliability considerat'ons are discussed in the followirng sections.

7.1 PACKAGING

7. 1. 1 Layo-,i,

The layout shown in Figure 7-1 describes the complete baseline system. The

S system consists of a solid-grain gas generator fur pressurization, a conical-

shaaed reservoir, P. nonmetallic bladder, a flow control valve, a porous nose-

tip, a wand, and associated attachments. Included also are the heat shield,

radiaticn shielding, ard substructure. Forward of the valve and attached to

the primary structure are the impact sensors. Wire bundles from the impact

sensors and valve pressure switch are routed aft between the reservoir and

radiation shield. The gas generator is located aft of the coolant reservoir.

The nosetip and wand assembly are welded together and slipped into the

supporting structure.. An alternate method of incorporating an z'l-beryllium

nosetip ard wand .assembly is shown in View A of Figure 7-1. In this design,

the wand-nosetip assembly is spring-loaded so that the nosetip fits snugly

against the heat shield, locking it in place. The nosetip and wa~id assembly

are allowed to float if requi-ed due to the'mal expansion of the heat shield.

7.1.2 Materials

The materials of construction for the system were selected on the basis of

strength (to minimize system weight) and compatibility with the coolant to

provide for long-term storage. Material for the bladd'er was selected after a

series of tests were performed o,. various materials using warm gas as the

pressurant and water as the expelled liquid. Table 7-1 summar~ze.. th.e cr•'a-

ponents and materials selected.
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Table 7-1

MATERIAL SELECTION

Component Material

Reservoir 17-4 PH

Gas generator case Maraging 250 GR STL

Gas generator retainer nut Maraging 250 GR STL

Bladder backup retainer nut 17-4 PH

Bladder backup 17-4 PH

Bladder PBI cloth, silicoa rubber

Valve parts 17-4 PH

Wand 17-4 PH (Be)

Nosetip 316 (Be)

lWand adjustment nut 17-4 PH

Wand locking nut 17-4 PH

O-ring Silicon

7.1.3 Assembly
Referring to Figure 7-1. assembly of the system is accomplished as follows:

A. The control valve is assembled as a separate component. The burst

disc is not included at this time.

B. The control valve is assembled onto the reservoir by means of the

threaded attachment, with the O-ring and backup ring in place.
Orientation of the valve with respect to the reservoir is not required,

since an annulus is provided in the reservoir fo -ward wall to direct

coolant flow to the valve inlet passages.

C. A plate is installed in place of the gas generator to facilitate proof
p.-essure testing. The entire s,, tem is pressurized to 7,700 psi.

D. The burst disc is intalled in tht valve and proofed to 500 psi to I
leak-check the .,Kars. disc.
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E. The bladder is installed into the reservoir with the bladder backup

and bladder backup retainer nut securing it in place. The water side

of the bladder is pressurized to 15 psig with helium and leak-checked

with a mass spectrometer.

F. All air is evacuated from the system, and coolant is introduced. The

evacuation is required to remove air from the coolant. After the

reservoir and valve are filled, the fill port is closed and the vacuum

on the gas side is relieved.

G. A sterilization cycle is then accomplished by heating the entire

assembly to 250 t 10 F for 2 hr. After cooling, a final leak check

is performed.

H. At this point it is assumed that assembly of the substructure, heat

shield, and impact sensor is complete. The nosetip-wand assembly

is pushed through the hole in the insulation and substructure. The

wand axial adjustraent nut is threaded onto the wand and against the

substructure shorlder. Adjustment is made by positionin'! the

adjustment nut toi provide the required gap between the nosetip and

heat shield. The wand locking nut is then installed to secure the wand

and nosetip assembly into its adjusted position.

L The gas generator can be i',stalied at this time or at any time after

i|. the reservoir and valve assembly is installed into the vehicle.

Mating of the gas generator to the reservoir is accorrmplished by

inserting the gas generator with the metal seal in place into the aft

end of the reservoir. The gas generator is retained In position by

the gas generator retaining nut. Prior to torquing the nut, the gas

generator can be positioned to provide the proper orientation of the

igniter lead wire bundles.
J. The axial retention nut is screwed onto the threaded outside diameter

of the reservoir. The valve, reservoir, and gas generator subassem-

bly are inserted into the substructure cavity. The subassembly is

supported radially by the substructure at the valve. The coolant exit

cavity is sligh.dIy bell-mouthed to compensate for misalignment of the

wand. The subassembly is pushed forward until the axial retention

nut bottoms against the substructure shoulder. The axial locknut is

then installed to retain the subassembly in position.
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7.1.4 Comparison With Contract Envelope

The completed assembly fits well within the contract envelope. Part of the

cor.ical section of the envelope is used for heat shielding on the windward

side. Lengthwise, the assembly is shorter than the contract envelope by

1.35 in., when measured from the aft end of the envelope to the threaded aft

end of the reservoir. The envelope is shown relative to the assembly in

Figure 7-1.

7. 1. 5 Intirface Requirements

Interface requiremen'.s with the rest of the vehicle have been defined for the

baseline (Mark II) flow contrcl -oncept and the additional demands created by

two optional concepts. These requirements are shown schematicaily in Fig-
, ure 7-Z. For the Mark 11 valve, only the initiation signal (see Section 6) and

the power foe' the gas generator ignition circuit are required (Figure 7-2(a)).

Figure 7-2(b) iCl,.strates the additio-tal power requirements for a nosetip

response sensor flow control technique. This power is required to operate

the computer and the electromechaqical valve. Requirements for the free-

* stream parameter concept over and above those needed for the baseline

system are shown in Figure 7-2(c). The type of vehicle control system will

dictate whether the autopilot or a computer is required to generate the free-

stream parameters.

7.2 STRUCTURAL EV.ALUATION

7. 2.1 Critical Load Definition

Pressure loads on the nosetip, consisting of both axial and radial forces and

moments, were computed by integrating the supplied local pressure distribu-

tions over the nosetip. Figures 7-3 to 7-d give the axial force and moment

histories fo," each of the trajectories,, including the L-l(a) modified to include

passage thrc-.gh & nuclear fireball. Blast loads were computed by increasing

the pres-Aure loads by the same ratio as the s&agnation pressure was increased.

This resolts in a conservative loading condition. Figure 7-9 contains a

summary of the critical loads for the three worst cases. Figures 7-10

through 7-12 show the nosetip pressure distributions for the points tabulated

in 'Figure 7-9. Figures 7-13 through 7-15 give the heat shield tempe-rature
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profiles for these same trajectories and time points. The critical case is at

19.7 sec into the S-3 trajectory. Accelerations were obtained from %he

supplied environments.

7.2.2 Component Analysis

A structural analysis was completed for all system components. For

structural members, a factor of 1.25 times flight loads was used. FoZ

pressurized components, a factor of 1.25 times operating pressure plus

1.25 times flight loads determined the design. Maximum operating tempera-

ture of the component was considered in determining the allowable material

stress. In consideration of the heat shield as a structural member, only the

thickness of heat shield below a temperature limit of 600°F, as determined

from Figures 7-13 to 7-15, was used. Details of the calculations are shown

in Appendix E.

Figure 7-16 indicates the component critical stress areas. Table 7-2

summarizes the critical stress areas with a tabulation of the loads, consider-

ing actual stress, material, allowable stress, and margin of safety.

7.3 MASS PROPE;RTIES

7. 3. 1 Detailed Breakdown

Table 7-3 lists each component of the assembly with its material density and

individual weight. The total weight shown includes coolant but does not include

any parts which are classified as substructure. The change in total system

weight for a change in coolant requirements has been computed. For each

pound of water, the system weight (including water) will ch:.nge by Z lb. This

"change will also alter system length by 0. 5 in.

The center of gravity of the system of weights shown in the table is located as

[ indicated in Figure 7-1.

7.3.2 Possible Improvements

Possible improvements in the design to reduce the weight of the system

include use of higher-strength steel (not yet investigated), use of more pre-

"cise flow control to reduce the amount of coolant, and use of composite
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Table 7-3

MASS PROPERTIES

Compon,-it Density (lb/in.3 ) Weight (lb)

Reservoir 0.29 6.65

Gas generator case 0.29 2.40

Gas generator grain and insulation --- 0.85

Gas generator retairner nut 0.29 0. 507

Bladder backup retainer nut 0.29 0. 088

Bladder backup 0.29 0.45

Valve assembly 0. 29 1.50

Wand C. 29 0.10

Nosetip 0.29 0.28

Bladder --- 0.30

Water 0.036 3.00

Total weight 16. 125

structures such as glass or boron wrap on the conical and cylindrical

sections of the reservoir. Use of the composite structures is the most

promising at present, since the major portion of the weight is contained in

the reservoir. Both of these procedures are similar, as use is made of thin

fibers which have extremely high tensile strength. The fibers are wrapped

around the reservoir in the hoop direction and carry a substantial portion of

the hoop stress when the reservoir is pressurized. A steel reservoir would

still be used with boron fibers, while the glass fibers would be impregnated

with a resin to form a completely nonmetallic structure. As a result, the

reservoir walls can be reduced in thickness to a point which is determined

by the longitudinal stress in the walls. The net reduction in weight using a

boron wrap amounts to 35 percent of the steel weight, or 1.45 lb.

7.4 NUCILEAR HARDENING I
In order to ensure survivability of the subsystem during a nuclear encourter,
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protective shielding is required. An external boot is required to protect the

nosetip ane ýorward part of the wand. An internal shield, approximately

0.07 in. thick, is needed to protect the rest of the system. This shield was

sized to prevent the water temperature from increasing more than 7.5*F.

7.5 ENVIRONMENTAL PERFORMANCE

Table 7-4 ists the environments which must be considered for an operational

vehicle. The first four of these should pose no problem if the nosetip is

protected. This should not be difficult, since a boot over the tip is required

to protect the tip during the initial stages of reentry.

Table 7-4

ENVIRONMENTAL PERFORMANCE CONSIDERATIONS

Humidity

Dust

Salt fog

Rain

Fungus

Long-term storage

Temperature and pressure during storage, launch, and reentry

Vibration and shock during storage, launch, and reentry

Acceleration

Acoustic

Electrointerference

Electro-explosive device3

The principal area of concern during long-term storage is preventing

deterioration of the water contained in the reservoir. Unless suitable pre-

cauitions are taken, algae will grow in the water. The algae can cause

plugging of both the valve and the nosetip pores.. Two approaches are avail-

able to prevent algae growth: introduction of a biocide and sterilization.'

The addition of a biocide to the water prevents the growth of any algae

present. Two problems are associated with this approach. The first is
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longevity of the biocide. There is some questions as to whether biocides,

particularly iodides, will retain full effectiveness over a five-year storage

period. The second problem is that of corrosion. The introduction of

biocide ions into the water increases the problems of gaivanic corrosion,

especially between parts of the system made of different alloys. To ensure

against this possibility, only 17-4 stainless steel has been used for metallic

components in contact with water.

The rlternative approach to the algae problem is to use steriliza'ion. The

manufacturing processing is more complex, but it avoids the problems of

biocide longevity and corrosion. The sterilization procedure is to place the

water and all contacting comprnents (as an assembly) into an autocla,'e.

This is the approach currently favored for this sytem.

Another potential problem encountered during long-term storage is that of

corrosion (galvanic, pitting, or stress) in metal components. Corrosion

possibilities have been minimized by careful selection of materials and heat

treatments. Use of the information obtained during a current AFRPL con-

tract will be made for final material selections.

The most critical thermal problem is to prevent freezing of the coolant when

exposed to the environments specified in the contract. If the time periods

during which freezing is expected are cyclic, then transient analyses should

be performed to determine whether or not freezing will occur. If there is a

possibility, then heaters will be required.

The structural integrity of the system under vibration, acoustic, and shock

environments must be determined through test. The worst expected

environments are the ground storage shock and the boost-phase vibration

and acoustic loads. It is not anticipated that these environments will dictate

the need for any design changes.

The most critical component of the system will be the elastomeric b!ltdder

under acceleration loads. Adequate testing of the compcnent will be ,erformed

to assure that the hlad(er will expand properly and deliver the full volume

of coolant under all dcceleration histories.
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The flow control valve will be designed to withstand and operate under the

environmental criteria. It may be necessary to utilize a low-friction

bushing to support the acceleration-sensitive mass of the valve to preclude

sensitivity to lateral accelerations. Similar measures were taken with the

ACE flow c antrol valve.

7.6 RELIABILITY AND SAFETY

Table 7-5 lists several possible failure modes of expulsion system components.

Their effect on system performance has been estimate". Ways of minimizing

their occurrence will be obtained during t.X! development phase.

The proposed flow control system is mechanically similar to those successfullyh used in the RVTO- 1A and -ZA reentry vehicles developed by MDAC. Because

of this similarity, no problem areas are anticipated.

Since bladders and gas generators of the designs required for the current

application have not been previously developed, a considerable amount of testing

"will be required to ensure the reliability of these components.

The only safety problems expected are connected with the gas generator

propellants. The most serious of these, concerns the igniters, since the

propellants themselves are not considered a hazard. The real problem is to

prevent premature firing of the igniters through a spurious electrical signal.

This will be prevented by proper design of the igniter, use of shielded leads,

and requiring a shaped ignition signal (see Section 6).

7.7 MANUFACTURING

Most of the system components (gas generator, coolant reservoir, valve,

and wand) present no particular manufacturing problems and will be fabricated

using conventional aerospace manufacturing techniques. The porous nosetip

and its connection to the wand require unique technology and will be described

in more detail.

The nosetip is fabricated from a billet of porous stainless steel. The billets

are produced by MDAC to the specific permeability requir.ement of the end

item using a powder metallurgy process. Permeability is controlled by

203



Table 7- 5

FAILURE MODES AND EFFECTS

Component Failure Mode Effect Solution

Flow control Acceleration-sensitive Constant flow rate Design and test
valve spool jams

Acceleration-sensitive Full flow, early Design and test
spring breaks depletion

Pressure regulator Flow varies with Design and test
spool jams pressures

Pressure regulator Low flow rate Design and test
spring breaks

Volume compensator Excessive flow, Design and test
jams early depletion

Extersial leaks Loss of coolant Analysis, proof
develop test

Orifice plugged Flow wrong for Design, use of filter
conditions

Bladder Bladder ruptures May mix gas Test, analysis
reservoir with liquid

External leakage Loss of coolant Analysis, proof
test

Improper bladder Fluid may be Test
collapse trapped

Gas Improper ignition Insufficient Test
generator pressure

Improper AP switch Rapid pressure Design and test
operation decay

Wrong burn rate Wrong pressure Test

External leakage Loss of pressure Analysis, proof
• ~te st

IXo appropriate selection of stainless steel powder size and size distribution,

pressing pressure, and sintering time and temperature. To make a biilet,

accurately characterized stainless steel powder of the selected size is placed

in a flexible mold and co'.'2:ted in an isostatic press. The "green" billet

formed by thus compacting the powder has sufficient strength to be

removed from the mold and placed in a furnace retort. It is then sintered in

a vacuum atmosphere to achieve the desired properties. The sintered billet

is then nondestructively inspected for flaws and is tested to characterize its

strength and permeability.
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The characterized porous billet is then machined tc the nosetip configuration

using tools and techniques specifically designed to minimize "cold working"

or smearing of the surface metal, which would cause blockage of surface

pores. The configuration for the system under study in this report will be

machined with an "open back side" to permit tool access for achieving the

complex shape required.

The machining operation is followed by an electrochemical surface etch to

remove the last traces of surface smearing. The etched tip is then tested

for gross flow t'irough the tip and for consistency of flow through sections

of equal thickness and permeability.

A back closure is next assembled to the nosetip to close the open back side

and to-provide an attachment point for the wand (coolant pipe). I he back

closure is attached by electron beam welding. The electron b, rr. process

was selected because the small weld bead size attainable with this process

causes a minimum of perturbation of the adjacent porous, permeable nosetip

material. A second advantage of the process is that the vac,.um atmosphere

required minimizes nosetip contamination by dust or welding fumes such as

would be likely with other welding processes.

A butt weld joint was selected for the electron beam weld. The butt joint

contains r step at the bottom, as may be seen in Figure 7-1. This design

was chosen for two reasons. First, the step at the root of the joint prevents

any weld dropthrough spatter from impinging on the porous interior of the

nosetip and plugging the pores. The step also provides a positive method of

locating the part during assembly, making it self-jigging and thus avoiding

the use of additional weld-locating tooling.

The nosetip assembly is shot-peened on the back surface to prevent coolant

loss through this area. The assembly is given a final flow check to verify

both the absolute permeability and the uniformity of the flow distribution.

The nosetip is then ready for final assembly on the completed system. If

required, porous beryllium nosetips can be manufactured using similar

procedures (Reference 7-1).
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Section 8

CONCEPT DEFINITION

To asn: st in the selection of concepts for this final recommended design, a

ranking -vstem was developed. This system was applied to each compo:aent,

and raLings for the di;ferent concepts were obtained. The designs having the

highest ratings were then selected.

S8. 1 RANKING SYSTEM

The ranking system is comprised of two parts. The first is made u, of the

weighting factors for the various parameters being considered. These are

shown in Table 8-1. Length and weight must be judged on overall system

effects, since it is possible for one concept to weigh less or be shorter than

another but have the reverse effect on the total system. Adaptability is a

very arbitrary quantity which corresponds to the! ability of a given concept to

perform other missions than the ones studied during this contract. Effective-

ness is simply a measure of the amount ot excess coolant required by an

individual concept. Hardenability is the difficulty encountered in protecting

against a nuclear encounter. Reliability is an estimate of the confidence in

the design and performance of a given component. Development and operation

are measures of the difficulty expected during the development and operational

phases. Op-rr'ronal conrisiderations includ.: safety, long-term storage, and

manufacturing procedures. Rating on development :.ncluded estimates of

developme" 't risk and cost, and of probler.s expectec' in testing the various

concepts.

The second p;:--t of the ranking system is the rating value assigned to each

parameter for each concept. An attempt was made to generate analytic func-

tions *o obtain these values. However, due to the nature of these parameters,

this was not possible for all cases. In fact, it was believed that a purely I
subjective approach based on the relative merits ot each concept would result

in a mo-e accurate ranking. Therefoi e, rating values from 0. 0 to 1. 0 were

given to each concept for each of the parameters being considered.
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Table 8-1

RANKING SYSTEM

Parameter Weighting Factor

Length 10
Adaptability 8

Effectiveness 7
Weight6

Hart.Lnability 5

Reliability 4

Operation 3

Developrrment 3

After the rating values were aasigned for each parameter and concept, they

were multirlied by the weighting factor for the corresponding parameter.

The results obtained fcr each concept were then summed to obtain the final

rating. The concept with the highest rating was selected for the final design.

This procedure has been applied to each of the three primary components

(valve, reservoir, and pressurization) to obtain the final design.

8.2 CONCEPT RANhKING

Separate rankings were performed for each of the three major components:

flow control, expulsion, and pressurization.

8. 2. i Flow Control

Table 8-2 shows the rating values and the ranking totals for several conccrts.

Discussion of how these valuej were developev4 is included below.

SRating for the weight, length, and effectiveness parameters is almost

completely dependent upon the amount of coolant used. Table 8-3 summarizes

the results obtained for each of the concepts studied. The closed-loop design

using a nosetip sensor has not been included in this table, since insufficient

analysis and no experime- tal data have been generated to define coolant

requirements accurately. However, good estimates of the performance of

this system based on the data presented in Section 3. 3 can be made.
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Table 8-2

FLOW CONTROL RANKING

Dual Mark Pres- Prepro-
Parameter Weight g" Slope II vp,o sure grammed Sensor

Length 10 0.3 0.8 1.0 0.8 0. Z 0.7 1.0

Adaptability 8 0.6 0.9 0i 9 1.0 0.6 0.4 1.0

Effectiveness 7 0.4 0.9 1.0 0.8 0.4 0.6 1.0

Weight 6 0.4 0.9 1.0 0. 8 0.4 00.6 1.0

Hardenability 5 0.8 0.7 0.7 0.6 0.8 0.8 0.6

Reliability 4 1.0 0.8 0.8 0.4 0.6 0.8 0.4

Operational 3 0.8 0.6 0.6 0.5 0.7 0.7 0.4

Development 3 1.0 0.7 0.7 0.5 0.6 0.8 0.4

Weighted -

totals 26.4 37.5 40.8 34.0 22.3 29.7 38.G

Table 8-3

COOLANT REQUIREMENTS

Nominal Actual
Wright Excess Margin Weight

System (lb) (percent) (percent) (lb)

Design (L-6) 2.31 0 ....

Y-94.99 115 3 5.14

Dual slope,
volume compensator 2.76 20 lc 3.04

Mark .,
vnl,.ý-. compensator 2.43 5 10 2. 67

u'p,* 2.56 11 10(?) 2.82

Pr .programming 2. 84 22 10 3. 02

Adaptability of the candidate systems to different trajectories was difficult to

evaluate. While the system operatiug from trajectory data will compensate

automatically for new conditions, it is felt that it is possible to define envelopea

for all feasible trajectories for a given vehicle with the Mark II systLm without

exceeding the requirements of the most severe.
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There is very little difference in the hardenability requirements for most of

the concepts, since they can be contained completely within the protective

shield. Both electromechanical concepts require extra equipment which must

be outside the main shield. For this reason they were rated lower.

The systems using the electromechanical valves were penalized in considering

reliability, operation, and development by the anticipated development time

and difficulty for these valves. Starting with the RESEP program in 1967, a

number of efforts have been made to find an electri.aechanical valve which

would meet the requirements of a transpiration system. The most concen-

trated effort was made in 1970 for the ACE proposal, when a request for

information was submitted to a number of valve vendors. There were two

replies, neither of which were adequate for a subsystem.

Early in the present study, tt.e feasibility of an electromagnetic valve which

would meet !low control. system requirements was established. Discussion of

this valve will be found in Section 3. Z. 3. However, it appears that development

time for this valve might not fall within the development schedule for the

proposed syLitem (9 to l1 months).

S. 2. Z Expulsion

Table 8-4 presents rating values and ranking totals for the expulsion concepts.7I
Adaptability and effectiveness were not included in this ranking, since ;t was

f) t these will be identical for all expulsion systems.

The poor performance of the piston system in the length and weight categories

,. result of its poor volumetric efficiency. There is no difference between

the two bladder ionc rpt .tor these two considerations.

7 The advantage of a piston system becomes evident by considering the last

three parameters. It is a highly reliable, well-developed design. There is

insuifficient data available on the bladd.r concepts to differentiate between

then at this time. The metallic bladder was graded slightly lower in relia-

billtxr because 3f the i.rnolems with the coolant discussed in Section 4. 2. 3.
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Table 8-4

EXPULSION SYSTEM RANKING

Metallic Elastorneric
Parameter Weight Piston B'adder Bladder

Length 10 0.7 ).0 1.0

Adaptability 8 .........

Effectiveness 7 ---. ...

Weight 6 0..8 1.0 l.0
Hardenlhity 5 0.6 0. 6 0.6

Reliability 4 1. 0 0.8 0. 9

Operation 3 1.0 0.8 0.8

Development 3 1.0 0.7 0.7

Weighted totals 24. 8 26. 7 27. 1

8. 2. 3 Pressurization System

Five different pressurization system designs were considered in the

comparisons shown in Table 8-5. These were the two- and three-grain solid

systems, the blowdown and bootstrap monopropellant liquid systems, and a

cold-gas system. The cold-gas system was included as a basis for comparison.

Table 8-5

PRESSURIZATION RANKING

Maximum Solid Monopropellant
W eighting Cold

Parameter Factor 3-Grain 2-Grain Bootstrap Blowdown Gas

Length 10 9 9 8 7 2

Adaptability 8 6 4 7 7 7

Effectiveness 7 7 7 7 7 7

Weight 6 5 5 4 4 2

Hardenability 5 2 2 2 2 2

Reliability 4 3 4 3 3 4

Operation 3 3 3 1 1 2

Development 3 2 2 1 1 2

Weighted ......
totals 46 37 36 33 32 Z8
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The length of the pressurization and expulsion system is directly related to the

size and design flex:ibility of the gas generator device. The solid gas generator

requires less volume for packaging than the monopropellant and has no

particular length requirements, except to provide sufficient web length for the

necessary burn time. The maximum web length is sufficiently small so that
the solid system can be packaged circurnferentially. Thus, no penalty is

imposed on the length of the total system. The design of the monopropellant

systems, on the other hand, requires more total lengfh than the solid system

because of the difficulty in packaging the system in a small-length-to-diameter

volume. The bootstrap system is more compact than the blowdown system

because it is self-pressurizing.

The monopropellant system is somewhat more adaptable to a variety of

situations than the solid-fuel system because of its "on-off, " or "demand"

capability. Increasing the number of solid grains to more closely approximate

a demand system would not be feasible because of the corresponding decrease

in reliability.

The solid-fuel system wcight advantage reflected in Table 8-5 results

mainly from the differences in hardware complexity. The requirements for .

catalyst bed and a means for pressurizing the fuel in the monopropellat.t

system result in additional weight not required by the solid system.

Non•e of the pressuiration systems considered in this study are, in themselves,

nuclear-hardenable. This would be accomplished by enclosing the system in

an appropriate case.

The major factors affecting the relative reliabilities of the solid and

monopropellant systems are hardware complexity and state of the art. The

solid system is considered more reliable at the present time because it is

inherently more simple, and more solid propellant data hare been generated

at high pressures. Also, high g effects are now s4ffiiently well-characterizei

that burning-rate problems appear to be solvable. However, it is believed that

the monopropellant system can be designed with a high reliability through

adequate ground tests.
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The primary factors considered in comparing operation of the pressurization

systems are safety, long-term storage, and manufacturing. Solid systems
have a decided advantage in each of these categories. Monopropellant hydra-

zine, for example, is toxic and, because it is a liquid, is not as storable as

solid fuels. Manufacturing problems related to solid-fuel systems would also

be less complicated because of the differences in hardware complexity.

Considerable development would be required to fully characterize
monopropellant system performance, since little high-pressure data is
presently available. While it is not expected that high-g effects would be

important in such a system, obtaining basic high-pressure performance data
would require a considerable amount of testing with relatively sophisticated

and costly equipment. Both systems would require considerable centrifuge

testing, but the solid fuels are known to be more sensitive to g effects.

8.3 SELECTED DESIGNS

The recommended flow control design is a Mark II flow control valve with

volume compensation. A schematic of this valve is shown in Figure 8-1.

Actual and design pressures and flows are shown in Figures 8-2 through 8-4.

This selection was made because this system minimizes the actual coolant

requirements and because it is felt that it fits the development "ime schedule

better than the r!-nner-up. If adaptability becomes an increasingly important

parameter, and if further studies show that the selectea concept will not

satisfy the new missions, then the free-stream parameter method with an
electromechanical valve would have to be used. However, the possibility of

this occurring without a large change in vehicle requirements is felt to be
small. The nosetip sensor concept is not recommended due to the large and

lengthy development program which would be required.

The nonmetallic crucifc-n, bladder shown in Figure 4-2 has been selected as

the current baseline. As was shown in Table 8-4, this choice was .made on

the basis of an extremely small margin. It is felt that a final choice should

be delayed several months until more data on both this concept and the metallic I
bladder design is available. Substitution of the metallic bladder in the current

design could be accomplished with practically no basic design changes.
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The three-grain solid-propellant concept (Figure 5-8) has been selected for
use with the current design. It has been shown that a significant reduction in
subsystem size and weight can be obtained through the use of this design, as
well as other warm-gas pressurization concepts, as cormpared to cold-gas
pressurization. The three-grain system is selected over the two-grain syJtem
to reduce the sensitivity of the design to small ch•.nges in mission requirements.
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Section 9

ROCKET SLED TEST

The performance of a reentry vehicle nosetip ma" ,e severely degraded if

the vehicle must pass through any environment c..ntaining particles, i. e.,

ice, rain, or dust. Current analytical predictions of the damage inflicted by

this environment are very limited due to the lack of test data. This is par- 11
ticularly true for a transpiration-cooled nosetip. The test on the Holloman

rocket sled track conducted in this program is the first step in the generation

of the required data.

The problem associated with transpiration tips is more difficult to evaluate

than for passive tips. For passive tips, increased recession is the most

important item, but it is only one of the considerations for an active tip. Based

on available data, recession for a metal tip will be much less. However, the

permeability of the transpiration tip may be altered, resulting in a change in

the fLOW characteristics of the tip. Unfcrtunately, the effect of this change

on system performance is difficult to determine. It is quite likely that all

material change will occur near the surface. This will block the flow and, in

a real flight, cause the surface to heat up and perhaps melt. This may remove

the densified material, and the tip will once again operate closa to its design

condition. Determination of this phenomenon must be made by testing.

The purpose of this program was to determine if a transpiration tip will

experience any material degradation as a result of passing through a heavy

rainfall at approximately 5, 000 ft/sec. The total damage was not quite as

severe as that expected during flight, but the water content was muchhigher.

Two tests were planned, but only one was performed. The second test was

cancelled as a result of damage to the expulsion system during a test with

another contractor's nosetip.
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9.1 FACILITY DESCRIPTION

The Holloman rocket sled track (Figure 9-1) is described in Reference 9-1,

and only a brief summary will be presented here. The track is 35, 000 ft

long and is equipped with spray nozzles for rain simulation. The rain field

can be as long as 6, 000 ft; however, only 2, 400 ft were used for this test.

While monorail or two-rail sleds can be used for rain erosion tests, a

monorail vehicle was used here. Vehicle slowdown was accomplished by

water braking.

9. 1. 1 Rocket Sled Configuration

The rocket sled hardware and motors were provided by the Holloman sled

test track. The specific configuration used for the test was to achieve a

peak velocity of 5, 800 ft/sec through the rain field and consisted of six HVAR's,

a Little John, and a Gila IV. A sketch of the rocket sled -configuration is

shown in Figure 9-2. A peak velocity of 5, 380 ft/sec was eventually achieved

prior to entry into the rain field.

9.1.2 Environment

The velocity of the sled as a function of time is given in Table 9-1. The time

at which each of the three rockets fired is indicated.

The length of tie rain field selected for tbh. test was 2, 400 ft. The inean

drop size was 1. 89 mm, and the liquid water content was 6.87 g/m 3 with a

rain rate of 6.6 in. /hr.

9. 1. 3 Data Acquisition and Instrumentation

Data was generated from both onboard and external detectors. Ornboard

data, consisting of flow rate, temperature, and pressure, was obtained

through a frequency-multiplexed IRIG proportional-bandwidth 1'M/FM

telemetry system. The FM data that was to be obtained from the telemetry

system was (1) bottle pressure, (2) tip pressure, (3) tip water temperature,

and (4) water flow rate. The external data consisted of sled velocity and

photographic observations. Data was only obtained for the first 3. 5 sec of

the test because of a short in the telemEtry system.
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Table 9-1

SLED TEST EN'VIRON*WENT

Field 3.51 to 3.97 sec

Velocity
Time (sec) (it/sec) Rocket

0 0 6 HVAR's (0 to 1 sec)

1.0 690 1 Little John
(1.0 to 2.67 sec)

Z. 0 1, 675 .

2.5 2,875

3.0 4,512 1 Gila IV
2. 67 to 17. 69 sec)

3.2 5,296

3.4 5,574

3.8 5,067

4.0 4,840

4.5 4,440

5.0 4,010

6.0 3,490

7.0 3,010

8.0 2,630

9.0 2,300

10.0 2,030

p 10.5 1,250
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Photographic coverage for these runs included seven stations of image motion

cameras (IMC's), 10 stations of 16-mm fixed motion pictures cameras (FX's),

and still documentary (before and after) photography. The image motion

technique provided a full-length view of the test sample at intervals through

the rain field.

Documentary coverage with color and black-and-white still photos was obtained

to show the condition of the test cones, the vehicle, and the propulsion system
before and after firing.

9. Z TEST MODEL

A schematic of the entire model is shown in Figure 9-3, and the detailed j
design is shown in Figure 9-4. As seen in thest figures, the model consists

of a transpiration nosetip, an explosive valve, a thermocouple assembly, a

coiled stainless steel tube, a cavitating venturi, two pressure transducers,

a turbine flow meter, a flow control mechanism, an expulsion system con-

sisting of a water and gas reservoir, two hand valves, two stainless steel

shells, and two expulsion system supports. I
The nosetip is a porous 316L stainless steel tip having a 3/4-in. radius nose, f
a 0. Z65-in. skirt with a 7-deg cone half-angle, and a 0. 152-in. wall thickness -

at the stagnation region. The tip is supported by a stainless steel 9-deg shell.

The flow rate and pressure characteristics of the nosetip that was tested are

shown in Figure 9-5. Point probe measurements were also made, as dis-

cussed in Reference 9-Z. Details of the expulsion systern and instrumenta-

tion are available in Reference 9-2.

9.3 POST-TEST ANALISIS AND DATA REDUCTION

Post-test analyses have been performed to estimate the environmental effects

on the nosetii). These include considerations of rough-wall and particle-

indiced heat transfer.
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Figure 9.5. Nosetip Flow Rute vs Pressure for Tip No. 538-5

9. 3. 0 Environment

The velocity history actually experienced by the sled is shown in Figure 9-6.

Peak velocity was not experienced within the rain field due to staging differ-

ences between the test arid predicted sled performance. Stagnation pressure i

and smooth-wall heat transfer histories are given in Figure 9-7. In addition •

to the smooth-wall heating, the effect of particle impa.ct on the stagnation

heat transfer has been evaluated.

The technique used to estimate the particle-induced heating is that described

in Reference 9-3. This method is empirical, based on tests with small dust

particles impacting spherical modelIs. Based on the results presented, the

heat transfer increase is caused by the occurrence of a separation region in

front of the tip due to interference between particles. Figure 9-8 shows the

flow phenomena ohserved. The application of this method to a rain environ-
ment is questionable, since much of the particle interference is caused by

rebounding from the nosetip surface, and this phenomenon should be less

29.1*
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with rain. However, the particle densities are greater for the Holloman

field than for the tests of Reference 9-3. It may be that the phenomenon

would still occur, but to a lesser extent. Schlieren movies through the rain

field would be required to accurately evaluate the real occurrence of this

phenomenon. Since none have been obtained, calculations of the particle-

induced heating were accomplished as described in Reference 9-3 (Equa-

tion 9-1). This relationship

N 2
Ncrain .1.0 + M-Re. 50.3 0 [ 955.0 m 1901)

C0224x10 m-20+ .

air

showed an increase in stagnation-polnt heat transfer by a factor of 9. This

is an extremely large increase, and although it is likely to be conservative,

it indicates that the heating environment could be much higher then anticipated.

The data available indicates that the heating around the nosetip decreases

fronk the stagnation point values similar to a laminar flow distribution. No

indication is given for the combined effects of particlo- induced separatiu.

and rough-wall turbulent flow. Since there is no data available for the

coupled phenomena, particle heating has only been ar-alyzed for the stagnation

point.

Both smooth-wall and rough-wall heat transfer were computed for the turbulent

flow regions away from the stagnation point. Rough-wall heat transfer was

computed using the correlation recommended in Reference 9-4. The roughness

height used was the average crater depth measured after the test. These

values are shown In Figure 9-9 for a point 17 deg away from the stagnation

point, or the point of minimum coolant margin. These values are approxi-

mately 30 percent lower than the peak heating values. As can be seen, the

t- rough-wall heating is about 2. 5 times as high as the 3mooth-wall heating.
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9.3. Z Coolant Flow Margins

Coolant margins were computed for each of the environments discussed above.
This was accomplished by first determining the coolant flow rates achieved
during the test. Siace telemetry was lost after ,. 5 sec, the flows could not

be measured directly for mo.t of the test. The flow history given in
Figure 9-10 has been extrapolated from the early time measurements using
the pretest analytic model. Flow distributions through the tip were then
computed using a three-dimensional porous matrix flow computer program.

It was a'ssumed that the permeability of the tip was not changed during the

test.

Coolant margins were then computed by applying Equation 9-2 at each point

around the nosetip.

mractual
IMargirn = a l(9-2)

mide al

CRI38

.07 _

.06

Lai

2.05

S.04'-

0 2 4 6. 8 10 12
TIME "~SEC

Figure 9-10. Flow Rate History
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The minimum margin for both the rough-wall and smooth-u all cases occurred

at a point 17 deg from the stagnation point. These margins iuring the

critical time period are shown in Figure 9-11. As can be seen, if rough-

wall heating existed through the entire rain field, margins less than 1 were

possible. This means that insufficient coolant was reaching the surface to

keep the surface at or bclow the boiling point of water.

For the environment created by particle interference, coolant margins

considerably below I exist through the entire rain field. These margins

have been used to correlate the damage experienced by the tip.

9. 3. 3 Nosetip Temperatures

Surface temperatures have been computed for a variety of conditions to deter-

mine the maximum temperatures possible. Calculations were performed for

all environments for both the stagnation point and the noint of maximum

heating. All analyses were conservative in that they negiected the effect of

water flow through the trip.

Stagnation-point temperatures were predicted for the following cases:

(1) nominal heat transfer through the entire test; (2) no heat transfer until the

rain field was encountered, and then aominal heat transfer for the remainder

of the test; and (3) no heat transfer until entry into the rain field, particle

heating through the field, and nominal heating thereafter. Heating was

neglected prior to the rain field in an attempt to simulate a condition where
coolant was flowing prior to the rain field and was prevented from flowing
after the encounter with the rain. The results for the three cases mentioned

above are given in Figure 9-12. As expected, the worst case is for the

particle-heating environment.

Figure 9-13 gives the surface temperatures predicted at the peak heating

point for the following three cases: (I) all smooth-wa.il heating; (2) all rough-

wall heating; and (3) no heating until the rain field was encountered, then

rough-wall heating for the remainder of the test.
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4
From these results, it can be concluded that there was almost no chance of

the nosetip melting, regardless of the phenomena which occurred. However,

it is quite possible that the material got hot enough to become quite soft,

particularly for the particle-induced heating environment.

9. 3.4 Physical Damage

The nosetip did experience some damage in the forward region. Penetration

by the rain into the material averaged slightly less than 30 mils. The

permeability reduction in the damaged region was measured at about

50 percent.

9.4 RESULTS OF RELATED TESTS

9. 4. 1 Holloman Sled Tests of Dry, Porous, 316L Stainless Steel

Thirteen 316L porous stainless steel flat-plate specimens were tested at

the Holloman facility under the direction of George F. Schmitt, Jr. The

o-amples were furnished by MDAC and were subjected to the rain field in a

strictly dry condition (i. e., no water in the porous matrix).

9. 4. 2 Test Environment, Matrix, and Models

Table 9-2 presents the environment (rain conditions, velocity, exposure

time, etc.), the configuration, data tested, and the exposure angle at which

the models were exposed.

The models shown in Figure 9-14 were 1. 25 in. square with a 1. 0-in. square

exposure area. Plate thickness was 0. 5 in.

9. 4. 3 Test Configuration and Propulsion Systems

The plates were mounted on'three types of test configurations (Figures 9-15,

9-16, and 9-17)'which were designated the 13. 5-deg cone, the 30-deg cone,

and the small wedge. Additional details of these configurations and mountings

may be found in References 9-5 and 9-6. Table 9-3 indicates the Mach

number, test fixture, and propulsion systems used for each test.

240



CO 00 o ~ N0 M 1'
0 O

0 0 0 -4

Q 0n

44

44 to r'- a0 0 CD
r. 44 -W

o x
u~~~ 0' 0' 0' U)

14

C:4  4

o ~ 0 0 ', 'D '

N M) *

0Cz~ z

0z . 0 0 0 0

'24



CRIM

321+ 1u1.0A +. •0100

-i 0

• ---. 240 + 00 .

-1 000+.010 -I-

CD

3 !

S~+1 +

/- il

4I

Figure 9-14. Sample

242



CR1 2

SOLID -

TIP

"~ U

I c,

I ,
cc

, I.

SPECIMENS -- •-.

1.00" x 1.00" I
(FLUSH MOUNTED)

Figure 9-15. AFML 13.6-Deg Half-Angle Cone Schematic
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Table 9-3

VEHICLE TEST CONFIGURATION

First-Stage Second-Stage Third-Stage

Run No. Mach No. Test Fixture Booster Booter Booster

30R-D2 5.0 30-deg cone I LaCrosse I Gila IV ------

30R-E3 5. 0 13. 5-deg cone 4 HVAR's I Little John I Gila IV

30R-F1 4. 0 Small wee.je I Nike I Nike 4 M-58's

30R-G1 3.0 Small wedge I Nike 1 Nike 4 M-58's

30R-K5A 5.5 13. 5-deg cone 4 HVAR's 1 Little John 1 Gila IV

9.4.4 Procedures

Photographs were taken at low and high magnifications to record surface

damage. A weight measurement was made of each sample tested and was

compared to weight values obtained prior to test in order to determine

weight loss from erosion. Nitrogen gas flow measurements were made and

compared to pretest values. The gas-flow evaluation was conducted by

measuring; the time required to collect 100 cc of nitrogen gas at a pressure

of 100 psi passed through the specimen from a 1/4-inch orifice. Percent

increase in time to collect 100 cc of gas was calculated.

Surface roughness measurements were made to determine the maximum

difference in surface contour high and low values. A dial gage with an

approximate 1/32-in. -diameter rounded tip was used. The machined surface

at the edge of the exposed area was used for the reference plane. Further

surface damage evaluation was made using the scanning electron microscope.

A metallographic cross section was made of the sample exhibiting the most

severe surface damage tc determine extent of subsurface deformation.

9.4. 5 Results and Discussion

9. 4. 5. 1 Reduction in Gas Flow

Tabulated results for the weight change, surface roughness, and reduction

"in gas flow (as measured by percent increase in time required to fill 100 cc
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when forcing nitrogen gas through the erosion specimen) are presented in

Table 9-4. The surface appearance of all test specimens is shown in

Figure 9-18. The most severe surface damage occurred for the Mach 5.0,

30-deg exposure condition (MDAC Specimen No. 259-4, Figure 9-19), which

also had the highest percent time increase for gas flow. The effect of

exposure angle on surface damage was more significant than the effect of

velocity for the Mach 5.0 and Mach 5.5 specimens (Figure 9-19). Specimen

259-8, exposed to Mach 5.5 at 13. 5 deg, had only a 15-percent gas flow

time increase, as compared to Specimen 259-4, exposed to Mach 5. 0 at

30 deg, which had a 3, 720-percent gas flow time increase. The percent

gas flow time inc-ease, as a function of exposure angle and velocity, is

presented in Figure 9-20. The percent gas flow time increase (gas flow

reduction) was greater for the Mach 3. 0 specimens than for the Mach 4. 0

specimens for equal exposure impingement angles. This is to be expected

when noting that the Mach 3. 0 specimens were exposed in the rain field

approximately four times longer than the Mach 4. 0 specimens, i. e., 1. 9 sec

compared to 0.48 sec (Table 9-4). This condition would allow much more

time for the water drops to close the surface pores in relatio.nI to only a

slight increase in velocity. The rain field length for the Mach 3. 0 specimens

was 6, 020 ft, compared to only approximately 2, 050 ft for all other specimens.

9.4. 5.2 Suriace Roughness

Evaliation by surface roughness, although not as revealing or precise, did

show the same trends (as a function of exposure angle and velocity, Fig-

ure 9-21) as shown for reduction in gas flow, Figure 9-20. A distinction

between Mach 3.,0 and Mach 4. 0 sample surface roughness was not observed.

In fact, distinction in surface roughness would not necessarily be expected,

since the lower velocity and longer time experienced by the Mach 3. 0 samples

could result in more surface pore closing, and possible 1- to 2-mil damage

depth, without creating deeper pits. Therefore, the reduction in gas flow

would be greater, but the depth of surface irregularities could be equal for

the Mach 3.0 and Mach 4.0 samples.
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Figure 9-18. Rain Erosion Specimens
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9. 4. 5. 3 Weight Change

The weight change data is shown in Table 9-4 and in Figure l-22. Again, the

same trend is shown when plotted as a function of exposure angle and velocity.

For most of the samples, a very slight (2- to 6-midlligram) weight gain wav

observed. This weight gain may have been due to rnic-oscopic dirt particles

embedded or lodged in the samples as they passed through the rain field.

Also, some contamrination may have accumulated on the specimens as a

result of three years of handling since 1970, when the pretest weight

measurements were taken.

Scanning electron micrographs were taken on specimens showing the most

severe surface damage, medium surface damage, and slight or essentially

no significant surface damage (Figure 9-23). The surface of MDAC Speci-

men No. 259-4 at Z60X shows that water impact has clcsed nearly 100 per-

cent of the surface pores for an exposure of Mach 5. 0 to 30 deg. This

resulted in a 3, 720-percent time increase for gas flow compared to the

pretest gas flow time required to fill 100 cc. MDAC Specimen No. 258-3

(Mach 4. 0 at 60 deg) showed less closing of the surface pores and only a

480-percent gas flow time increase. The surface appearance of MDAC

Specimen No. 258-6 (Mach 4. 0 at 30 deg) was found to be typical of porous

stainless steel as etched, and resulted in only a 6-percent gas flow time
increase.

9.4. 5.4 Cross Section

A metallographic cross section of MDAC Specimen No. 259-4 (Mach 5.0 at

30 deg) is shown in Figure 9-24. The photomicrograph at 40X shows an

a_,?ioximate 0. 016-in. damage depth from the surface in which the pores

were effectively closed by the impinging water drops. This subsurface

damage was sufficient to increase the gas flow time (to fill 100 cc) from
about 1. 2 rain to almost 30 rain, a severe degradation in permeability. Other
than collapsing of the pores neaý. the surface, no other internal damage was

observed.
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9. 4. 6 Significance of Results

The test results are considered significant in the following respects:

A. An increase in exposure time (increased rain-field length) is more

damaging than'an increas2 in velocity from Mach 3.0 to Mach 4.0.

B.. Increased exposure (impingement) an~gles greater than 45 deg result

in severe gas flow loss for Mach 3. 0 and Mach 4. 0 exposures.

C. Increased exposure angles greater than 13. 5 deg result in severe

gas flow loss for Mach 5.0 exposures.

D. An exposure angle of 13.5 deg resulted in very little surface

damage and only a slight gas flow loss for the Mach 5. 5 exposure.

E. No internal material damage was observed, other than closing of

pores near the surface.
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Appendix A

CALCULATION OF THERMALLY IDEAL COOLANT FLUX

By performing an energy balance on the surface of the liquid film, the

following equation can be written:

N N[ (hr-hw)] ,(T' T ink) + nAh (A-1)
Co

0

where Ah is the net enthalpy rise of the coolant, including subcooling, heat

of vaporization, and surface superheat; and Nc/Nc represents the apparent

reduction in heat transfer coefficient due to the mass transfer "blocking"

occurring in the boundary layer. In order to solve the above equation, the

blocking reduction must be computed.

Bartle and Leadon (Reference A-l), Rubesin (Reference A-2), and Arne

(Reference A-3) have presented design correlations, based on similarity,

for the ratio Nc/Nco. The correlations of Arne are presented here. For a

laminar boundary layer,
SEli 0.4

Nr 0. 1.68 -0.08 (A-2)

For a turbulent boundary layer,

Pv rm
N p

Nc ( e) 0
/Cpv 0.8(A-3)

0 1. 0 + 0.2 . ' - 1. nco

c 1.0
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where C /C is the ratio between the coolant van3r specific heat and free-

stream species specific heat, evaluated at the lozal surface pressure and

specified local surface temperature.

For the laminar case, Equations A-I and !L-2 are solved explicitly for the

thermally ideal coolant flux.

- 0.4 -0.4

6 C (h-r hw)-0 0./68 cPv (h-r hwm• --- Sc

0.4

+ Ah - 6 .8 (h - hr hw h Ah
\Pe) r

c 0.4 0•. 5I

-0.32 (hr hw hr hW (T 4 T 4
"r"r sink

(A-4)

For the turbulent case, a technique such as Newton-Raphson linear iteration

must be used on the coolant flux, utilizing Equations A-3 and A-1 until

convergence is obtained.

Based on the previous equations, Figure A-I presents thermally ideal coolant

fluxes for water as a f-unction of boundary layer enthalpy potential, surface

temperature, and no-blowing surface heat transfer coefficient. It can be

seen by examining Equations A- throughA-4 that for high heat transfer

coefficients, a solution is approached in the form of the dimenEionless ratio

* rrV NCO. As can be seen from Figure A-i, for the range of surface tempera-

* ture presented, this ratio becomes essentially independent of Nc at a value
0

of 1.0.
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Appendix B

HEAT SHIELD ANALYSIS METHODOLOGY

This appendix presents a short description of the analytical techniques used

in the MDAC F678 computer program. More detailed descriptions may be

obtained from References B-i and B-2. Inherent in the analysis used in this

design is (I) equilibrium thermochemistry at the ablating surface, (2) exclusion

of mechanical removal mechanisms, (3) neglect of internal radiation, and

(4) obtaining internal decomposition through a single Arrhenius rate equation.

The ablating surface energ-' balance (iquation B-i) is solved to obtain the

net heat transfer at the surface (qw).

"( T4 T4 (B-1)
qw = c (hr-hwe)m- r Q - (ry\ " ink (B-i) -s

The heat transfer coefficient to the wall (Nc) is obtained from the aerodynamic
heating (predicted without ablation) reduced to account for mass transfer.

These mass transfer corrections are the same as that discussed in the ideal
cooh,.nt flux calculation section (Appendix A). The second term on the right

side represents the combustion occurring within the boundary layer and is

defined by Equation B-2.

m1_
-- H c H 1 h + h (Bh- 2)

m q -h c _ *. hwe I K. w (°Sjw .jw

The first and seccnd terms on the right-hand side of Equation B-2 ars the

energy carried to the surface by the pyrolysis g;.s and the char, respectively.

The specie -nass fraction, K is defined for ,'ar-h j element as follows:

ww,

JW C
K. -W = -- (B-31

iw ~w
Nc
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The enthalpy at the wall conditians is designated h for the free-stream gas
weand hw for the reaction products. This latter value is obtained by assuming

that thermochemical equilibrium exists between the free-ttream gas, pyrolysis

gas, and char.

This analysis is capable of accurate predictions in all ablation regimes.

The in-depth material response is obtained by the solution to a transient

one-dimensio.ial relationship (Equation B --k).

8T -8 (k + n A dp + p T (B-4)
ohx8gdx + ppT

p at ax Ox x + ! aa

Sensible Conduction Energy Energy Energy
energy exchange e-cchange exchange
exchange due to due to due to the

gaseous decomposition moving
transfer coordinate

system

To obtain a solutio i, the material is divide. into layers, and an energy

balance is performed on e•.ch lamina. The coordinate system maintains the

surface at a fixed location, and materi;l is removed from the back. Standard

finite difference techniques are used. The conduction into the surface is equal

to the net hea' transfer at the surface (Equation B-I).

The gaseous floe rate for the j lamina is deter.mined from tLe layer beneath

it (Eqation B-5).

r = rg.4 ( P) Ab+ (B-5)

The pvrolyiis heat of decomposition for each lamina is derived from an

energy and mass balance and is presented in terms of energy per unit mass

of pyrolysis gas formed.
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T ri f. 1
1 I) CP~ dTE - 7 c dT

iHdp-I d1 3C

a .a - gi-I g (B-6)

The decomposition gas formation rate is computed uasLig Equation B-7.

ýdp 1B P*i 1 'i (!B 'B) AOe* (B-7)
bt r"ifB+'f) eE

Other terms in Equation B-4 are self-explanatory. Temperature-dependent
material properties, specific heat and condtuctivity, are input for both the
virgin and char materials. The properties for each lamina are computed
both as a function of the temperature and the density of the lamina.

P1 - [P1 - pi (• -,Pi - p
MPj= Pi 1 -) MPw. (I .1 I MP c (B-8)

i B' B

where MP represents either the specific heat or the conductivity.
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Appendix C

APPROXIMATION CF COOLANT FLOW REQUIREMENTS
WITH FREE-STREAM PARAMETERS

C. 1 AERODYNAMIC HEATING

Reference C-I presents the results of a study that was conducted to simplify

the relationships for predicting turbulent heating on a hemisphere in hyper-

sonic flow fields. A series of reent.ry heating conditions were analyzed

utilizing MDAC computer program H586 (Reference C-2), which is the real-

gas analysis program usually employed to estimate aerodynamic heating on

hemisphere/cones. The results of the detailed analysis were then correlated

using basic flow field parameters and utilized in conjunction with van Driest's

equation for turbulent heating, which is

0. 042 -0.2
0.A 0 R2/3 e u (h-h) (C-l)

4A P 2/3 e 3 e e r- w

Using the H586 results, Ue/uO is correlated by the following equation

ue/U0 = 0.410 above 70, 000 ft

ue/UC0 = 0.480 below 70, 000 ft (C-2)

where 0 is the local angle to the stagnation point. Above a local angle of

60 deg, this relation deviates from the H586 results. The local boundary

layer edge viscosity is correlated on the basis of stagnation point viscosity

by Equation C-3,

e (1 -0. 167702 (C-3)

•s26
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.. . . . . .. . . . . . .-

while the stagnation viscosity is correlated by Equation C-4.

0 . 7671

JA l. 55 x 10"9 u0  (C-4)

In attempting to correlate local pressure, the popular cosine-squared

distribution left much to be desired, while the power law expression in

Equation C-5 matches the H586 :esults well.

P
e 0 (C-5)
s

Utilizing the relation

H 2

and making the assump a. -i that

Pe e s
Ps f (he/hs)

the boundary layer edge density is found to be correlated by Equation C-8.

27502
e__ 0. 275(c-B)

PS (I - 0. 1667e2)

The curve fit of the ratios of free-strtam to stagnation-point density is

.ipproximated well by Equation C-9 in the range of free-stream velocity from 4

7, 000 ft/sec to 2C, 000 ft/sec.

P= 6. 05 u- 0.424 (C-9)
sPs



Making the necessary- substituxtion*, a local enthalpy heat truamfe oefficientt

may be defined based on Equation C-1, and is foundt to be

0.8 L.29

N - -O3Z1 u p0. (0.275)08
C ~ ~~~ -r1  R(10. 1667 0 z?4-

Figure C-I presents the angular distribution of N c/Ncma for Equation C-10.

The distribution is conservative, in the sense that it lies above. the M586

results for high local angles. This result is primarily due to the uzse of the

boundary layer edge velocity distribution in Equation C-2. The turbulent

heating distlribution peaks at an angle of 34 deg away from the stagnation

point. Figure C-2 presents the peak turbulent heat transfer coefficient for

several time points from the reentry Lrajectory that was aralyzed. It zan be

seen that fair agreement exists.

For low surface temperature, such as would cxist on a transpiration-cooled

nosetip, the enthallpy potential for heat transfer is

h r h w h r(C-1il)

while the recovery enthalpy is

h r rh s (1-0 he (C-I 2)

Utilizing Equations G-C ar-1 C-2 in conjunction with Equation C-12. the

recovery enthalpy becomes

hr h I -(1-0r) - 0. 1667 e21~-3

For a recovery factor of 0. 89, the recovery enthalpy at the tangency point of

a7dghemisphere/cone is over 95 percent 6f the total enthalpy. Therefore,

terecovery enthalpy can he well approximattJ hy-
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2U•
h ah ", 

(C-i4)

r s ZGJ

Combining Equations C-10 and C-14, and assuming a Prandtl number of 0. 7.

the heat flux from Equation C-i becomes

0.8 3.29 0.6 882

.- 818 x 10-8 p OU D (0.275) 0.
N (I - 0.1667 0

C. 2 BOUNDARY LAYER MASS TRANSFER EFFECTS

For relatively low surface temperature, such as would occur with liquid

transpiration cooling, the radiation terms in Equation A-i can be neglected,

and the equation becomes

= N/N 
(C-16)

A N IN
o o

0 0 
(-6

Expressing the heat flux in terms of the boundary layer enthalpy differential

and the aerodynamic heat transfer coefficient, and making use of Equation C-11,

Equation C-16 can be rearranged to

h N
r c

N h N (C-17)
c 0c 0. oCo

Substituting the turbulent mass transfer blocking relationship of Equation A-3,

and rearranging, the mess flux can be expressed as

1/4-
,' 4N /C0+ 0 .8

(0/c } .8 . C( 0-18)
Pv PsP

! 
•,74
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'Sim

Utilzing Equations C-10 and C-14, and assuming a specific heat ratio of 2. 0

and a coolant net enthalpy rise of 1, 150 Btu/Ibm, the local idea: coolant flux

at an eifective angle, 0, from the stagnation point becomes

7.4x 10" 3 p0 . 8 u 1 ]2 9 3 /4
! n r =r2/3 0. 2 11.0 3. 03 x 10-_ u, _1.0

Pr2 1 R0 N~~ ~

80.6 (J. 275)0.80
2

1 ~0667 2) (C-19)

Equation C-19 can be combined with the expression for differential surface

area on a hemisphere to obtain the local ideal coolant flow over an angular

inc.remcnt, dO:

1.8

ndA '4.-65 x 10. N 0.8 1.29r'nA :4. 5 xI0 r/3 M• u o

2"1/4 0 .6 (0. 276)°'80z sine
3. 03 x 10-8 u25 0.7-

(1.0 -0.16670 )

(C-20)

The angular dependent parameter appearing in Equation C-20 has been

numerically integrated and is presented in Figure C-3. For a half-cone

angle of 7 deg and a zero-deg angle of attack, the thermally ideal coolant
!:£ flow rate is

1.8 0.8 1. 9 2

"n 1. 584 x 10" 2 RN Pt u3.03 21/4I_1.0• p r~ 2 / 3 1 1 .0 + 3 .0 3 x 1 0 u ~j - . - .I

Pr 75 ('

275



CR138

.40~

.30I

C 4ý

IC9

.10

*0 1
04 2- 406. 8

Sufc An},edq

Fiur S-3 Ida olnIlxSraeItga

m .44276



C. 3 COOLANT POROUS FLOW

A fair approximation can be made to the coolant flow distribution through the

porous nosetip by performing a local one-dirrensional solution in splerical

coordinates. This approximation becomes le.,s accurate for increasing

stagnation pressure.

The modified Darcy equation is utilized to estimate porous flow pressure

gra.dient,

where a is the porous material viscous pressure-drop constant, and • is the

ine'tiai pressure-drop constant.

The locr.l coolant flux within the porous material is related to the flux a-t the

surface by the radius ratio.

R 2
dP R_

S + out out out (C-23)-G (IL p p R 2 .out R c

Rearranging and integrating between the inner and outer surfaces,

P. P ap out Rout- Rin
in out pG R in mout

PR 3 R 3 R
out' out" in .2

+_3p R3out'-

in

Section 2. 3 of this report utfl. -.es Equation C-24 to approximate the optimum

inner contour of the nosetip, which is later refined by a detailed three-

dimensional analysis.
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C. 4 ANGLE OF ATTACK

Equation C-21 requires free-stream density and velocity in order to define

thermally ideal coolant flow rate. These parameters can be readily evaluated

from acceleration measurements on the three vehicle axes. In general terms,

the normal and axial accelerations due to aerodjnamic forces on a reentry

vehicle are

p u AB CN ( 5

MN M

and

22

B = A (C-26)
M

while the normal acceleration is the resultant of that on two axes.

2N (Tj 2 + 2i 2 (C-27)
N x y

The normal drag coefficient in a first-order function of angle of attack, and

the axial drag coefficient can be represented as a second-order function of

angle of attack.

G K a (0-28)SC~N 0 °i

"C, =K + K 2 a Kc C (C-29)
z 2 3

By taking the ratio of the normal and axial accelerations. XZquations C-25
through C-29 can be solved for the vehicle angle of attack.

Z +C 1  --l [0. ' (C-3O)
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where is the ratio of normal to axial acceleration.

9N N (C-31)
z

4.

and

II

K 0
0 K

2 1 3

S-3(C-32)

C. 5 FREE-STREAM VELOCITY

The vehicle accelerations on body axes can be resolhed into a coordinate

system based on the vehi.,e flight path or free-stream ,elocity vector. Two

-omponents result: a drag component parallel to the frea-rstream vector, end 1

a lift component perpendicular to the free-stream vector.

9D z cos a + flN sina (C-33)

nL : nz sin a +q N cos a(C-34)

Vehicle velocity can be well approximated by integrating the drag acceleration.

u = U (rZ cos a tN sin a) dt (C-35)
to
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C. 6 FREE-STREAM DENSITY
Free-streart de-':,ty can be approximated ha several ways. It can be

derived from the dynamic pressure and free-stream velocity.

p© = -/•(C-36)
uca

It can be derived from the free-stream velocity and axial deceleration.

Z M 9(C-37)
A 2wB ut CZ

where the axial drag coefficient, CZ, can be defined as a function of angle of

attack as in Equation C-29. Finally, free-stream density can be evaluated if

vehicle altitude is known and a suitable atmospheric density model is avail-

able. Vehicle altitude could be determined from a radar altimeter or by

integration of vehicle accelerations and use of a suitable coordina.te

transformation.

A first-order approximation to atmospheric density is usually made utilizing

an exponential relationship, as in Equation C-38.

S= Pref e 'H (C -38)

where Loh (Reference C-3) recommends the following values:

P 123, 500 ft

0. 002377 slug/ft
3• ~Pref

Figure C-4 presents a plot of the ARDC model atmosphere (M9•)Q along with

Equation C-38. The mismatch is due primarily to variations in atmospheric

temperature. Figure C-5 presents the corresponding atmospheric tempera-

ture variation. It appears as though it can be approximated by a third-degree

2W 0
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polynomial up to 150, 000 ft. Therefore, an improvement can be made on

Equation C-38 in the form of

P Pref e(o 0 +pH+ P2 H2 + 3 H3 ) (C-39)

where the reference density and temperature coefficients would'be based on

conditions within the expected reentry area.

Using the form of Equation C-39 in conjunction with the ARDC 1959 atmosphere

model, a least-.square fit of the natural logarithm of density with altitude has

led to Equation C-40 for a density fit between sea level and 200, 000 ft

geometric altitude.

.0.002337 (00419- 3.05x 10 SHil - 1.96x 1010 H2 , 7.15x10" 1 6 H 3)

(C-40)

The density error is relatively small and is prezer.ted in Figure C-6.
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Appendix D

TRANSPIRATION NOSETIP TRANSIENT THERMAL ANALYSIS

In order to aid in the definition of a flow control system, it is desirable to

know the thermal response of the nosetip to changes in heating environment.

To provide this information, a computer program has been developed that

performs a transient, one-dimensional analysis of a transpiratimn matrix

under conditions of increased surface heating. The program uses fourth-

order Runge Kutta integration, can treat a matrix consisting of two materials,

and permits coolant phase change and matrix surface melt.

D. 1 POROUS MATRIX EQUATIONS

The basic equations for the porous matrix include conservation of coolant

mass, tne modified Darcy equation for pressure drop,

- (D-)

and the porous flow energy equation,

-k VT - (Vk T) + V" (H •) -- (ph) (D-2)e e c c at e

The viscous pressure drop constant, a, is the inverse of the porous matrix

permeability, and the constant P is to account for additional pressure drop

due to inertial effects. The quasi-steady approximation is made that the

coolant flux is uniform between the inner and outer surfaces over a time

interval, and the flux is evaluated at the end of each interval. The local

effective thermal conductivity is that of the infiltrated matrix and is

determined by

ke - ko+ (1 r ) (I -y) ks (D-3).
e Yco 5
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where

kco = the local cc Alant conductivity.

k = local conducrivity of porous matr:x parent material.

y, = void fraction of porous matrix.

r = porous matrix tortuosity.

The local effective energy density is that of the infiltrated matrix and is

(ph) Pcohco + (l-y) Pm C T (D-4)

where

Pco = the local co,'lant density.

h = the local coolant en~thalpy.co

p = the density of the porous matrix pa. iterial.

C = the specific heat of the porous matrix p• • material.

T the local temperature.

Equation D-2 assumes that the coolant within a pore and the surrounding pore

material are in thermal equilibrium. Assuming that purely laminar flow

exists within the porous material, a one-dimensional analysis based on a
spherical pore geometry yields the following equation for the local tempera-

ture differential within the porous matrix.

Ci: ., = 006•52 2•, Pco :

TO. 0625 D (.) c (h -h )(D-5)pore co pore e k k co C.• ~co e c

For the following typical set of reentry conditions,

Coolant:

Water

it - h 500 Btu/lb
C C.

ýn : 4 lb/ft2 -sec
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Porous matrix:

316L stainless steel

Y =0.2

D = . 71Lpore

Equation D-5 indicates a structuare-to -coolant temperature differential

of 0. 68 F.

D. 2 HEATED SURFACE EQUATIONS

The ideal coolant flux and heat transfer at the heated surface are estimated

using the equations in Appendix A.

D. 3 NUMERICAL RESULTS

The resulting computer program has options for establishing the boundary

conditions on both the inner and outer surfaces of the porous matrix. On the

outer surface, a step change in heating may be imposed by a change in the heat

transfer coefficient and/or the boundary layer recovery enthalpy. For the

inner surface, either coolant flow rate or coolant cavity pressure may be I -
maintained constant.

A series of calculations has been performed to determine the porous matrix

response to step increasei in heat transfer coefficient. Both a constant

coolant flow rate condition and a constant inner pressure condition have been

examined. For each case, the coolant flow conditions existing prior to the

onset of the heating step are those required to establish thermal equilibrium

with a liquid coolant film on the surface. 11
Figures D-1 and D-2 prpqent surface temperature transients for porous 316L

[ stainless steel for low and high surface pressure conditions as a function of

the amplitude of the heating step. It is clear that for these conditions,

maintaining a constant cooling flux during the transient results in a slower

temperature rise than if internal coolant pressure is maintained constant.

This is because coolant vaporization near the surface, after the onset of the

heating step, increases back pressure, thus restricting the flow of coolant. 1
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The transients in general appear to be fairly long, and would tend to become

longer for materials with increased thermal diffusivity, such as berylliumr.

The S-3 trajectory was analyzed to see the effect of applying heating steps

at any time during reentry. The nosetQ location chosen was 34 deg from the

stagnation point (essentially peak heating). Figure D-3 presents equilibrium

surface temperatures that would be reacht-A after the occurrence of the step.

The maximum possible temperature corresponds to the assumed melting

point of the nosetip material.

For the constant flow rate condition, even a 40-percent heating increase will

not result in nosetip melt over the entire duration of the trajectory. For

constant internal pressure, even a 10-percent heating increase will produce

nosetip melt for at least a portion of reentry.

Figure D-4 presents the t-une interval after the onset of the heating step

for the nosetip to begin melting. For even a 40-percent increase and a

constant coolant pressure, a minimum of 48 msec is required. This should

provide adeq!.ate time for a coolant flow control system to respond.

For use in determining nosetip degradat*ion, Figure D-5 pre-ents the initial

melting rate once melting begins. The:s(. rates are significant and would

probably rule out the use of any flow control system such as a gamma radiation

sensor that relied on the detection of .:hange in a thin surface layer. This is

because the layer would need to be reusable.

In order to estimate the transient re:;ponse of the nosetip in conjunction with

a coolant flow control system, a series of quenching calculations were per-

formed for which a 20-percent heati:ag step was applied for a constant coolant
pressure and then, upon the surface reaching the melt te:nperature, step

changes in coolant pressure were applied while the heating 3tep was still

maintained.
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figure D-6 presents the resvlts of the calculations. The surface temperature

immediately- begins to decrease, reaches a minimum, and then eventually

rises again to the melting temperature. The duration of this cycle is a

direct function of the size of the coolant pressure increase. Figure D-7

presents required coolant pressure increase as a function of quench cycle

duration. This type of information would be. required to evaluate the per-

formance capability of any coolant flow control system that relied on nosetip

sensor input.
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Appendix E

STRESS ANALYSIS

This appendix summarizes the calculations which were performed to verify

the structural integrity of the recommended design. Analyses were accom-

piished for the wand, gas generator cover, reservoir wall, gas generator

retainer thread, and substructure attachment A structural safety factor of

1. 25 was applied to all loads.

E. 1 WAND

Calculations were performed to verify that sufficient strength was available

in the wand to prevent failure. Properties ef the wand and wand material

are shown in Table E-1. Two loading conditions, the S-3 and L-l(a) given in
Figure 7-9, were considered for each of the two analysis points (A and B)

shown in Figure E-1. The results for Point A are shown first.

Table E-1

COOLANT WAND PROPERTIES A

Parameter Value.

Inside diameter 0. 125 in.

Outside diameter 0. 3 in.

Cross-sectional area 0. 0585 in. 2

Moment of inertia 0. 000386 in.4

Ultimate tensile strength 260, 000 psi

Wand compressive load due to PA was computed using Equation E-1:

f PA 7,050 120, 400 psi (E-l) 1
com A 0.0585
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Figure E.1. Wand Stress Configuration

Bending stresses were computed with Equation E-2. Acceleration loads on

the tip were neglected.

D/2 - 1 = 138, 500 psi (E-()356
be - I 0.000386 1 5(

where M =0.045 P M M =356 in. -lb.
PA A IR

The total stress in the wand is the sum of these two. A value of 258, 900 psi

is obtained, which is just slightly lower than the allowable. Following an

identical procedure for the other loading condition resulted in a total stress

of 153, 000 psi. It is obvious that the S-3 mission is more severe.

Calculations were also performed to evaluate the stress level at Point B in

Figure E-1. Compressive stress was the sa'ne as shown in Eqation E-1.
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Bending stress calculations were modified slightly (Equation E-3) to include

the moment introduced by the radial pressure force, PR'

D/2 M (0. 15) (1801
fbe 1 - 0.000386 70,200 psi (E-3)

where M= 0 . 0 4 5 P A MA "MR "0. 5 5 .PR = 180in.-lb.

The total ;.ress at this point is 190, 600 psi, indicating that the most critical

point on the wand is right at the nosetip-wand junction. A similar result was

obtained for the L-l(a) condition, where a total stress of 93, 800 psi was

computed.

An analysis was performed to determine the minimum wand diameter which

would be required if a beryllium wand were used. Assuming the heat shield

could not carry any of the load, an outside diameter of 0. 56 in. is needý.J.

If t-. a heat shield is included as a load-carrying member, this can be reduced. 3

However, the diameter cannot be reduced to the 0. 3-in. requirement dictated
by the thermal protection system. It is obvious that downstream cooling
effects must be considered for the design of a beryllium tip and wand.

E. 2 GAS GENERATOR COVER AND RETAINER THREAD

The configuration analyzed for the gas generator cover and retainer thread is

shown in Figure E-2. The design pressure, P, was computed to be 9, 600 psi
by multiplying the 7, 000-psi operating pressure by the 1. 25 safety factor and

a factor of 1. 1 to account for the acceleration loads. The total force acting

on 1 in. of circumference is obtained as follows:

Ft~~~~ P-a1a : 4. 82

F Pcirca) 4 . 11,500 lb/in. (E-4)
t circurn it 4. 8

The bending force at A is computed as shown in Equation E-5. The value

obtained is less than the 190, 000 psi allowable.

M L'2 (2,760) (0. 15) 184, 000 psi (E-5)
be I O.00225
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Figure E-2. Gas Generator Cover

where

M =0. 24F =2, 760 in. -lb/in.

t = 0. 30in.

1. 1(0.3)~~ 3 OZ~
12 0 02 n

for the 17-4 reservoir material.

The stress at Point C was computed according to Case 5, page 261 of
Reference E-1 (.Equation E-6).

f P (radius (9, 600 (5.2) 89, 300 psi (E-6)
2t (2) (0. 23)

A stress concentration factor of 2. 5 was assumed to account for the change
in section from a sphere to a pla~te. This results in a final stress of

223, 000 psi,, which is slightly below %he allowable 250, 000 psi for maraging

steel.

300



The stress in the retainer thread (B of Figure E-2) was computed using

Equation E-7. The allowable stress is

FT 17 .' 0 - 43, 500 psi (E-7)

-fh 4. 00 -

where

F total force= (4. 8)2 (9, 600) 173, 800 lb.

2
A = shear area = ,x4. 9x0.52x = 4.00 in.

= efficiency = 0. 5.

The allowable stress must be reduced to 55 percent of the maximum value for

a thread. This results in an allowable of 137, 000 psi, which is still much
above the actual stress value.

E. 3 RESERVOIR WALL

Calculatioiis were performed at three points on the reservoir wall, as shown

in Figure Z-3. The reservoir wall thicknesses at Points B and C were

computed with Equation E-8.

tn - 1 x SCF (E-8)tin - _ Ftu P

where

Ftu ultimate tenzile stress = 190, 000 psi.

•.P = design pressure = 9, 600 psi. A

St = wall thickness.

i; D = diameter. :

mSCF = stress concentration factor for a junction of wall and end = 2. -

The calculated thicknesses for B and C are 0. 106 and 0.22 in.
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Figure E-3. Reservoir Wall

The stress in the thread at A is computed using Equation E-9.

FT 2 37,100 psi (E-9)w ther = 0.756 - ,

where

2r 2
F - d P = (0.785)(1.93) (9,600) 28, 100 lb.

T4 A
2A •dA x Fx thread length = ir (1.93) (0. 5) (0. 25) = 0.756 in.

If the allowable stress is reduced to 55 percent of its original value, an

allowable of 104, 000 psi is obtained. This is approximately three times the

actual.

E. 4 SUBSTRUCTURE ATTACHMENT

Loading on the substructure attachment (Figure E-4) is due solely to

acceleration loads. The peak acceleration of 90 g was assumed to act on

the entire weight of the subsystem (16. 13 lb). The 1. 25 safety factor was

also used, which results in a total load of 1, 820 lb acting on the circumference
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Figure E-4. Substructure Attachment

at A in Figure E-4. The stress at this point is computed according to

Equation E-10.

M t/2 (364) (0. 05)
'be -70.0014 13, 000 psi (E-10)

where

M moment 0.2 x 1, 820 = 364,

t thickness 0. 1. S5.35) 
(0. 1) 3

- moment of inertia = - 0.0014.

This component is made# of beryllium, which has an allowable tensile strength

of 50, 000 psi. Therefor,!, the attachment mechanism as proposed is

structurally sound.
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