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5. IMPLICATIONS OF ACCELERATION ENVIRONMENTS ON

SCALING MATERIALS PROCESSING IN SPACE TO PRODUCTION

Ken Demel, NASA/Johnson Space Center

I will cover some considerations regarding materials processing

from a commercial perspective. There's a lot of science and research

involved, but I think that the product potential in the commercial

sector will ultimately pull the research and science programs along to

benefit mankind in keeping with the NASA charter. The best mechanism we

have for dispersing scientific results of these programs to mankind in

general is through a process called commercialization. Like it or not,

that's our best distribution system. I represent Space Station Level B

and have been working with the commercial advocacy group. We are start-

ing from a perspective that had been pronounced by President Reagan in

his state of the union addresses, and we're also considering the amend-

ment to the Space Act in Public Law 98-361 given on the bottom of

Figure I. The amendment says that while you're doing things for all

mankind9 for national security_ and domestic welfare_ encourage commerce

also. This is essentially the charter that we've taken for developing a

commercial perspective that includes materials processing in space.

Figure 2 indicates a number of commercial utilization areas that have

been developed. The communications industry is well advanced. There is

activity in earth and ocean remote sensing as well. The bottom of the

figure indicates the promising area that we're here to discuss, and the

commercial requirements regarding materials processing that are driving

the Space Station design. Several key areas include power_ proprietary

data, operational requirements (including logistics), and also the

center of gravity (c.g.) location, and control of that location with

respect to materials processing payloads. The previous speaker, Bob

Naumann, talked about small samples, whereas I am going to go through a

rationale that says why you have to be even more careful as you expand

the scale and go to larger samples.
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We are aware of the "Why Materials Processing in Space" (Fig-

ure 3). Generally it is to apply another method of controlling the out-

come of an experiment with a material. Every time a new process param-

eter has been added to our repertoire in processing materials there has

been a great advance in materials capability. Progress, technological

and otherwise, marches on materials capability, so it is for the reasons

given here that we think materials processing could have a dramatic

payoff. Buoyancy, sedimentation, and hydrostatic pressure and their

adverse effects are well documented in the literature.

Figure 4 gets to the heart of the issue from the commercial

standpoin t . To determine whether one wants to enter a commercial enter-

prise_ one does market surveys and finds out what he has to make to give

himself a niche in the market for a consumer base. That dictates the

size of the product to support his appl_cation market as indicated in

the upper left hand corner of Figure 4. That in turn drives his space

station resources9 dictates his demand for resources, and his production

rate and logistics flow that has to be implemented to maintain a market

so that he can stay in business. Both the size of the product and the

production rate drive factory investment requirements, and all that

(market demand and production management) determines whether there is a

positive return on investment. And if that little block, Return on

Investment (ROI), doesn't come out right_ he's not a participant. He

can't afford to be. He is doing it on his own money. It's going

through this sort of a model that leads to the issues shown in Figure 5,

"Product Mortality versus Cost".

In Figure 5, the commercial endeavor starts out with the same

process that experimenters start with, that is, science and research.

It goes through a number of development sequences, then through engi-

neering, and finally into production. While the venture capital is

going at risk, as shown on a log scale, the objective is ROI past the

break-even point on the far right in an appropriate time. Getting

through those detailed steps of going from the possible approaches on
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the [eft to a final product and output on the right, leads the commer-

cial endeavor through a number of hurdles. Knowledge base building and

a certain amount of application screening are shown on the left hand

side. There's a lot of process development, control development, scale-

up, pilot plant, and so on to go through. We are working toward devel-

oping the Space Station that will support this activity. Whether mater-

ials production will occur on the Space Station or not is yet to be

determined. Throughout this entire process, that scale-up issue is a

critical one and Bob Naumann alluded to that in his talk.

Figure 6 expands on the scaling process between research and

production. It essentially involves calibration of research, or process

results versus the process environment. The process environment here is

a parametric definition of the thermal, the pressure, the electromag-

netic environment, and so on. Those are all process control parameters,

and we are adding the new one of the weightlessness in trying to deter-

mine how to exploit it so that it augments those other process param-

eters.

Figure 7, entitled "Scaling Issues," shows this a little more

graphically. Indicated is a hypothetical application size which is a

crystal of the order of 4 quarts, or about a gallon, in some configura-

tion. If one starts out by doing a number of process experiments (Pi)

at a given volume (shown here as a volume of about 7 or 8 cc on the

horizontal axis) and does this experiment as a function of g, buoyancy

driven convection and scaling from dimensional analysis would indicate

that there would probably be process thresholds as shown by the diago-

nally drawn family of curves. Point P1 shows what would be perhaps

unacceptable results. The second trial is also unacceptable. Finally,

one gets low enough g at point P5 to get diffusion growth control in

this particular process. Using the the Space Station Materials Lab, one

would hope to map out an environment where you knew what the process

threshold was, and then you still might be faced with a projection from

what you could do on a Space Station laboratory to a point design

required for production. That's critical because if you do a straight-
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line projection (if that's really what it is) it drives you to much

lower g levels. If there's some limiting mechanism occurring that makes

the process threshold veer off horlzontally9 that is going to be a much

less costly design to implement for production9 and that becomes risk

reduction to any commercial people who might be interested in this

activity.

Figure 8 shows a number of process thresholds, and this does not

have the scaling aspect in it_ these ere just different processes that

we've developed with the help of Dr. Naumann and his associates. The

acceleration environment in the orbit (0 to about 0.05 Hz, labeled on

the horizontal axis on the bottom) includes the structural resonance

regime and the vibration and noise regime. Each of those areas has its

specific cause and countermeasures; and each has its specific detri-

mental effects on materials processing. The orbital effects, for exam-

ple, drag or any frequency attributed to flying solar inertial and

having the g vectors rotate t occur around 2 x 10-4 Hz. Things llke the

centrifuge operating at 22 rpm are at about 0.3 Hz. That's right £n the

middle of the structural resonance or close to the structural resonance

of the Space Station as it's now understood. Those are issues that the

materials people have to deal with when they do a detailed relation to

some of the principles that Bob discussed earlier.

One item that we've come across quite a bit is that accelerom-

eters on previous spacecraft have measured 10 -3 g, and adequate experi-

mental results were achieved. The data points at about 10 llz are quite

high, but because of the considerations that Bob gave earlier, they are

of no consequence to these particular processes. One cannot take 10-3

at 10 Hz and move to the left on the chart to 0 Hz and get by with 10-3 .

Our understanding of the fluid mechanics is getting to the point where

we're quite sure that operating on that assumption would be devastating.

Saying that 10-3 g is adequate at all frequencies since it is okay at 10

Hz is like saying that aerodynamic designs at subsonic regimes are

acceptable for hypersonic flight.
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Figure 9 shows another sequence of such threshold curves, g-

level versus frequency, and here are indicated three options that we're

studying at level B. The current Space Station requirements document

officially says 10 -5 g and that's the straight dashed line given in the

figure as Option i. As far as the wording is concerned, that accelera-

tion level is a constant with frequency. We're looking at the option 2,

which would start at 10 -6 in the low frequency regime and then increase

in the structural resonance area and the noise and vibration area to the

right. These curves are a family that, for Bridgman crystal growth,

correspond to the I-, 2-, and 4-cm diameter curves for the stabilizing

growth configuration with the hot part of the melt over the cold part.

Another set of three curves are for the destabilizing condition, where

the cold elements in the melt are over the hot elements. In that par-

ticular case, when the process is destabilized thermally, the g-level

requirements go down by an order of magnitude. This would preclude a

solar inertial rotation vector from being of use. Complicated schemes

for rotating process payloads within the equipment that has to fit

inside a universal double rack assembly that's less than a meter deep

and has height and volume restrictions, power leads and other process

lines are probably not feasible. I haven't seen any design that would

accommodate that sort of an approach.

Tight calibration between process results and process environ-

ment will need to be done to keep the transition from research to pro-

duction from being haphazard. Within that control is the calibration of

the environment. There's a very detailed characterization of the g

environment in all of the regimes that I mentioned, including the oscil-

latory area, the transient domain, and so on. What we get out of this

in terms of process results will be useless in terms of projection to

production if we do not know what is necessary to duplicate the process

environment. So if you do have a good research result for a small

sample and you don't know what environment you have to provide for a

sample that's five times larger for an application market, you don't

know what to do to go into production.

5-13



U
m

I.-

0

Z

.jO

U.l
...J

|

o

>'4

I
I
I
I
i
I I i I

0616 "gO1

0

7 c_
Ig

o

5-14



I think we have learned how to deal with the thermal process

parameters since the start of the bronze age. We've learned how to deal

with the vacuum parameter since James Watt started using it. This new

process parameter falls into that sort of a framework, but the sophisti-

cation of our methods now in fluid mechanics and so on is advanced

enough so that we should be able to make great strides quickly, if we

just do that tight calibration and the tight analytic modeling that are

required. Figure i0 indicates a set of calibration data that we think

the commercial community definitely needs. The Vander Slice Committee,

which was a parallel to the current science task force on Space Station

headed by Dr. Banks, made a big point that data bases are required to

support commercial activity.

Characterization of the process, the environments_ what you

might expect to gain, are needed to map out the convective regimes that

are shown in the S-I area (Figure I0) versus the diffusive growth

regimes in the S-2 area. This is a lot of detail based on dimensional

analysis. We're trying to separate convective growth from diffusive

control, which is the main issue. Diffusive control, as shown in

Figure ii, maps detail nomograms for assessing how to scale up to a

production device. This figure pertains to germanium-gallium; it has

thermal gradients as one parameter. The H on the chart is the crystal

diameter; R is the growth rate. Concentration gradients are shown

across the horizontal axis on the bottom, and could be related to

dollars in the market place at a given size. Large crystals are to the

lower left-hand part of this diagram, where the g-levels keep going

down. One g is shown at the top on the left-hand axis, 10-6 go at the

bottom. This is the framework that we need to provide, or to develop

data for, so that we can assess the risk of going to a production

effort.

Figure 12 shows the environment that needs to be characterized.

It's a lot more detailed than is given here, but this shows the relative

magnitudes of drag-induced accelerations, the acceleration due to

attitude wobble on the Space Station, the gravity-gradient accelera-
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tions, the range of the intermittent activity on the Station and so on.

All of the frequency scale is on one chart, so one should not read in

here that the intermittent activity has the same effect as the g at the

same level for, say, gravity gradient. One has to go back to the fre-

quency curves on Figures 8 and 9 to get that component of the data.

Figure 13 indicates the type of characterization that we need to do to

the g field, and the instrumentation to do it with, with emphasis on

10 -3 to 10 -4 Hertz.

Figure 14 is a picture of the acceleration level that one can

acheive in the current Space Station configuration in the local verti-

cal-local horizontal mode. In the lower right-hand corner are the sizes

of that elliptic torus around the Earth. At 10 -6 g, that's 16 m by 5.3

m. At a nano-g that's 16 mm by 5.3 n_n, so anybody that needs a nano-g

has problems if he has something as large as a marble to work with.

Figure 15 indicates the issue more clearly. Here again is that scaling

chart from Figure 7, and in the upper right-hand area, there are some

intersect lines on process thresholds. That's the approximate cap on

what you can do in low-earth orbit because the sample starts getting

bigger than the environment that's available. What this implies is

that, as you go into assessing production, you may well run into that

cap. For example, there is an asterisk along the horizontal axis on the

left that is an approximate location of a curve for a Bridgman crystal

growth of germanium-gallium. Obviously, that curve would intersect the

application size above the limit where, from an acceleration standpoint,

you could do it. That's a regime above which the magnetic methods that

Dr. Naumann mentioned would be in order. The other mechanism would be

to go to a much higher orbit. If you went to about a 4,000 n.mi. orbit,

you'd be two Earth radii out from the center of the Earth and that cap

would move off and cross through the "C" in Commercial. Going to a much

higher orbit and incurring a much different, harsher environment does

buy you something, but it's extremely expensive. The main point I'd

like to leave with you here is that this gives a strategic framework

from which to decide where to put the thrust for later
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production. We need to be careful with our commercial constituency in

materials processing and point out that there are certain things that we

might not be able to bring to fruition in low-Earth orbit. It might

take a higher orbit and a much more capable transportation system. It

might be something that is available i00 years from now instead of I0

years from now.

Figure 16 is a view that you've seen previously but our basic

configuration in which 10-5 go is easy to get. That is indicated on

Figure 17. The large ellipse is the profile of I0-5 go at the dc level,

not the oscillatory, the bump, the grind, the rattle and roll activity

on the Station, but just the gravity gradient component. The small

ellipse is the l0-6 contour. I don't think we can change the c.g. of

this configuration to get the laboratory modules out of the I05 enve-

lope. I think we need to consider a micro-g or 2 micro-g for the static

g-level. This would require c.g. maintenance and control as we add pay-

loads to the upper and lower booms, and may be a critical technology for

the countries involved in the Space Station activity.

Figure 18 is a recap showing the LVLH configuration and its g

environment shown on the left, and the solar inertial configuration on

the right. The solar inertial has a high degree of vector direction

change. Stable processing configurations would go to unstable process-

ing configurations, whereas the environment on the left lets you stack

modules longitudinally along the flight path. You can't do that on the

right with the solar inertial. The small total volume that you can

exploit in the solar inertial, unless your process happens to be ideally

suited for reversal of the field, is just too great a penalty to pay.

Figure 19 shows another way of looking at the structure of the

field that we need to start considering. As you move around in the

fluid element in your process, up is not always the same direction. It

moves around. If your process element represented that sphere, the

forces on the surface of that sphere are shown with respect to the

radial direction, which is up and the cross-plane direction, which is
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horizontal on this chart. Figure 20 shows what's happening inside this

spherical fluid element. The fields are changing throughout, and our

fluid dynamics modeling shows the field to be generally constant and in

a constant direction. These are time stationary fields, but they do

change with position. There could very easily be some damping charac-

teristics that one might be able to utilize in this regard, but what

they are is a question for the expert in computational fluid dynamics.

Figure 21 indicates some of the drag aspects that we're faced

with. Currently the program is taking the approach that it's going to

design a station so that it could operate at an altitude that would

incur an average drag of 0.3 micro-g. But within the orbit, we won't be

flying a constant fixed drag acceleration because that requires moving

up and down. The Space Station altitude has not yet been specifically

picked, only the design range of the station has been set. Somebody

will want to fly the Station to its extreme altitudes so it could still

be a threat, so the altitude flight issue must still be addressed.

Figure 22 is a list of things to watch on the station from a

user and an implementer's viewpoint in the materials processing area.

TEA is torque equilibrium attitude. The station doesn't fly exactly

with the boom structure vertical to the Earth's surface; there can be

two or three degrees of wobble, depending on momentum conservation

considerations in the attitude control system. There will be signifi-

cant changes when the Shuttle docks. Generally it will be noisy enough

and we'll be doing enough things in the laboratory where we would prob-

ably shut down operations while the Shuttle is docked. We don't envi-

sion the Shuttle to be there for long. The TEA limit of a few degrees

is the most likely limit. As you get out farther and farther on the

cantilever, flying along the flight path of the center of gravity, any

torque equilibrium attitude can tip you up right out of your required g

environment. The center of gravity will migrate with growth, as some of

the payloads are several tens of thousands of pounds, and are going to

get mounted to the upper or lower booms. The center of gravity would

move tens of feet. There is a possibility for manifesting the payloads
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in such a way that that doesn't happen. There's still room for using

ballast units of waste solid or liquid materials on the station to do

this. This really hasn't been addressed yet, but people like you will

have to bring the message for the need to stay at a micro-g or two

micro-g.

Question: Is there is any effort in fluid dynamics?

Dem_l: The answer is ye_. Code E, that's Dick Halpern's organization

in NASA Headquarters, has a considerable effort in computational

fluid dynamics. It's getting bigger. At level B in the Space Sta-

tion, we're funding, or will be funding, some activity in that regard

to tailor the answers of the work that we need to characterize the

environment for the Space Station, what the implications are on Space

Station design. Aerodynamics on the Shuttle were done by computa-

tional fluid dynamics and it was supported by wind tunnel testing_

But a lot of the data base that is used in Shuttle operations come_

from the computational part. I think that's a very valid model f,)_

us to use here in materials processing.

Alex Lehoczky, N_SA/MSFC: Couldn't forces in the melt due to solL_ e

concentration gradients be a major factor as well?

De.m_l: Alex was making the point that all of this is based upon conve_ -°

tion considerations and not solution considerations or concentration

considerations, that's true. Getting the thermal aspects under con-

trol I think is essential to providing the access to the problems so

you can address the soluta[ aspects.

Lehoczky: What I'm referring to i_ the /riving {orce.

Demel: Yes.

Ulf Merbold, ESA/ESTEC: Have you looked at thrusters to exactly cout_-

teract the drag forces?

Dem_l: Yes. Bob made mention of the DISCOS experiment or the TRIAD

experiment that was flo_ in the early 70_ l th_k _rol,nd '74 _,r

so. That was a drag-free satellite oriented toward assessing true
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gravity orbits nonaffected by drag, photon pressure, electric fields,

or whatever. But in that experiment they demonstrated a sensing and

control capability to maintain down to I0-II or 10-12 g in the very

core of a test mass, not for a very large volume. It still has

dimensions of a few microns at those levels. But the control tech-

nology has been with us, for a satellite, since the early 70's. Now

applying that control technology to the station is another issue. We

have been discussing the resistojets for drag make-up but in terms of

having engines that would have a variable thrust to exactly counter

drag as it varies in the orbit, we haven't really addressed that.

The people who are concerned with reboost are concerned about the

reliability of the engines and making sure the Space Station doesn't

get into an attitude or altitude where it deorbits and that sort of

thing. We have been reviewing that constant drag makeup to do a

detailed counteraction of drag in the orbit as a growth capability on

the station and really not made a big point of it at this point.

That's something we can fix later; we're concentrating on those

things that have to be fixed now in the basic configuration, but yes

that is a way to take care of that drag component.

Fred Henderson, Teledyne Brown Engineering: That drag level -- there

may be something about the geometry I didn't understand, but it would

seem that atmospheric drag you could move the center from the very

center of the geometry rather than fly a reaction type acceleration.

Demel: No, when you do your vector summation of all the effects, and

take in account the attitude wobble on the spacecraft, the volume at

a given g level is shifted in the velocity direction as you men-

tioned. But you're continually driving or going to a lower altitude.

You're spiraling in continuously at tens to a I00 meters per orbit.

When you insist that a process chamber spiral in with you, it's

experiencing the same drag forces constantly that the station does.
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