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FORWARD

This report covers the program conducted under contract No. NAS9-13692
with NASA, Lyndon B. Johnson Space Center. The contract time span was
November 1973 to June 1975 during which time the contract was dormant for
approximately six months (October 1974 to April 1975) awaiting availability
of government furnished model undeyr CCA No. 1.

The contract objective was to develop improved methods of fabricating
heat transfer wind tunnel models. The program was divided into a Phase A,
development of concepts, and Phase B, fabrication of an Orbiter model apply-
ing Phase A experience. Phase A experiments included cvaluation of a plated
slab model concept and feasibility study of plating controlled roughness
on & model surface. Based on NASA technical priorities and cost estimates
of Phase B options, a Change Order, CCA No. 1, was issued October '3, 1974
which directed the remaining funds to the selective plating of scaled
heatshield tiles on an existing Orbiter model.

Dr. Winston D. Goodrich, NASA-JSC program technical monitor,
provided valuable suggestions and encouragement which are greatly appreciated.
Many other individuals provided assistance; particular recognition and
thanks are given to:

Dr. Richard N. Claytor, Consultant on electroless plating
Mr. Jim Ji. Holland, laboratory co-worker
Mr. William K. Lockman NASA Ames, for tunnel tests of Phase A Models
Mr. Howard MacKay, Shipley Company representative, for suggesting
the ECAN process
Mr. Thomas C. Pope, for computer studies of instrumentation concepts
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DEVELOPMENTS IN CONVECTIVE HEAT TRANSFER MODELS
FEATURING SEAMLESS AND SELECTED - DETAIL SURFACES,
EMPLOYING ELECTROLESS METALLIC PLAYING

By C. J. Stalmach, Jr.
Vought Systems Division
LTV Aerospace Corporation
Dallas, Texas

SUMMARY

Several model/instrument concepts employing electroless metallic skin
were considered for improvement of surface conditiocn, accuracy and cost of
contoured-geometry convective heat transfer models. A plated semi-infinite
slab approach was chosen for development and evaluation in a hypersonic
wind tunnel. The plated slab model consists of an epoxy casting containing
fine constantan wires accurately placed at specified surface locations. An
electroless alloy is deposited on the plastic surface that provides a hard,
uniformly thick, seamless skin, The chosen alloy forms a high-output
thermocouple junction with each exposed constantan wire, providing means
of determining heat transfer during tunnel testing of the mndel. A set of
stringent model objectives were met except that maximum surface smoothness
and maximum operating temperatures were demonstrated independently but
not simultaneously. Plated epoxies with nominal 15 microinch RMS surface
withstood approximately 350°F temperature and with nominal 60 microinch
RMS surface withstood 550°F (which is approximately the limit for the epoxy
material). The plated slab model demonstrated good data accuracy in the
tunnel test. Further development effort is justified for electroliess plated
semi-infinite material and thin-skin calorimeter approaches.

A selective electroless plating procedure was used to deposit scaled
heatshield tiles on the lower surface of a 0.0175-scale Orbiter model.
Twenty-five percent of the tiles were randomly selected and p‘ated to a
height of 0.001-inch. The purpose is to assess heating effects of surface
roughness simulating misalignment of tiles that may occur during manufacture
of the spacecraft.



INTRODUCTION

During the aerothermodynamic development of the Space Shuttle Orbiter
the need for improved methods of fabricating heat transfer models of cone-
toured geometries was again apparent, Model/inetrument demands were in-
creased by the geometry and high structural strength and resistance of the
surface to particle damage were required by high Reynolds number hypersonic
tests. :

Problems with conventional machined thin-skin calorimeter modelé in-
clude the difficulty of instrumenting tight quarters such as leading edge
radii and the inaccuracy of the measured heat transfer distribution in
such areas caused by leteral heat conduction in the skin. Accessibility
requirements for welding thermocouple wires to the skin inner surface im-
plies high cost of machining and Joints in the model surface. TLocal rough-
nesses from mechanical joints and attachment hardware influence the heating
results, particularly at conditions near natural boundary layer transition.

Use of temperature-sensitive, phase-change paints applied to plastic
models provides valuable data on heating distribution, however not without
shortcomings. The optical recording of the melt-line progression causes
this method to have inherent problems in providing quantitative data at
all discrete model locations of interest over the surface of & contoured
body. The paint layer also adds surface roughness that may influence the
results. The surviability of the plastic models is often marginal to the
temperature and particle environment of hypersonic wind tunnels.

This program evaluated promising new fabrication concepts of heat
transfer models that employ an electroless deposition of a metallic alloy
to the model surface. Electrolesz plating is a means of depositing metal
through controlled autocatalytic chemical reduction. An electroless depo-
sition of metal was discovered in 184k by Wrentz, improvements (resulting
in a patent) were accomplished by Roux in 1916, however the process was not
practical until about 1946 when Brenner and Riddell developed a controllable
autocatalytic reduction process (Refs. 1, 2, 3). Since electrical current
is not involved in the deposition, the surface of non-conductors such as
plastics may -be plated by seeding the surface with a catalyst. The growth
of the deposit originates from multitudinous point sources (catalytic
centers) on the surface. On a properly prepared surface, the number of
nuclei is so large that growth proceeds as a plene front parallel to the
original surface. Thus electroless plating produces a plate of uniform
thickness wherever the solution may reach, including blind holes and sharp
corners that give problems in conventional electropleting. Most of the
electroless nickel alloys contein phosphorous which results in a very
hard plate comparable to chrome., Hardness and abrasion resistance can be
increased further to about Rockwell CTO by heat treatment at T50°PF. The
nickel phosphorous alloy has very low thermal conductivity which can be used
to great advantage in models that have high surface temperature gradients,
Shipley Company, in its Niculoy 22, improved the ductility of the alloy while
retaining hardness with the addition of one percent copper.



The inherent properties of electroless plating that are of particular
importance to fabricating heat transfer models are: (1) uniform plate
thickness regardless of the surface contour, (2) seamless coating over
many materials including plastics or combinations of surface materials,
(3) abrasion resistance, (4) low thermzl conductivity and (5) automatic
formation of ti#rmocouple Junctions when plated to surfaces equipped with
thermocouple wires. An outstanding feature discovered during this study
is that a high output, repeatable thermocouple junction results when the
chosen electroless alloy (Niculoy 22) is plated to a single (constantan)
wire. The one-wire Jjunction greatly improves the accuracy and cost of
instrumentation.

A Phase A effort studied several model/instrument fabrication ideas
employing electroless plating. A plated, semi-infinite slab approach was
chosen for laboratory and wind tunnel evaluations. In this method epoxy
models are cast with constantan wires protruding at desired model locations,
T™wo layers of electroless nickel totalling approximately 0.00l15-inch thick-
ness are applied. The ends of the wires are polished flush to the first -
layer surface so that the second layer provides a continuous skin over the
surface, Such models provide accurate data in a hypersonic tunnel to maxi-
mum surface temperatures of approximately 550°F. Expurimental evaluations
of two other conceptis and further refinement of the reported method are
recommended.

Phase B effort began with application studies of Fhase A results to
current Orbiter test requirements. The chosen Phase B hardware product
was to modify an existing Orbiter model to simulate the surface roughness
resulting from heatshield tiles that may be misaligned in surface height
during normal manufacturing and assembly practice, A selective electro-
less nickel plating procedure wes used to precisely raise the randomly
selected scaled tiles above the mean of the lower. surface of a 0.0175~scale
Orbiter model. This model ls scheduled for test by NASA in the AF AEDC
Tunnel F in the fall of 1975 where the same model was previously tested
in a smootir surface configuration. The use of selective electroless plating
to provide precise control of surface detail on wind tunnel models has signi-
ficant application potentiial.

This report describes the model/instrument concepts studied, wind
tunnel evaluations of one method and tables of the electroless plating
procedures applied in this effort.



PROGRAM  OBJECTIVES

New Mod=2l Methods

The objective for Phase 4 and part of Phase B was to develop techniques
for fabricating aeroheating models that: (1) have a minimum of surface joints,
(2) reproduce very closely the surface contours of the hardware, (3) have
a smooth surface finish suitable for boundary layer transition studies, (L)
are instrumented with thermocouple wires which can be predictably located,
(5) possess hard surfaces that have good resistance to abrasion by particles
normsily encountered in hypersonic facilities, (6) have sufficient struc-
tural strength to withstand hypersonic flows at high dynamic pressures,

(7) permit customizing the sensor sensitivity to the model location and the
facility conditions, (8)allow instrument placement anywhere on the model
surface, (9) are effective in measuring local heat transfer in areas of
high temperature gradients, (10) can be fabricated in less time than conven-
tional machining methods, and (11) can be fabricated at costs not to ex-
ceed conventional machining methods,

The technical characteristics (1l-9) were demonstrated in varing
degrees of success for the plated slab, model/instrument method evaluated.
Detailed grading relative to the above list will be presented later. The
item giving the most difficulty for the chosen approach was item (3). The
surface smoothness objective was met, however with a reduction of tempera-
ture resistance of the plate bond tc the substrate. Certain objectives are
more sensitive to the choice of model/instrument concept. The troublesome
objective may be better met by other methods to be discussed, Cost objec-
tives (10-11) remain as expected benefits once the model techniques are
fully developed. Test results indicate merits and potential of electroless
plated model methods that justify further evaluaticn.

Selective Plating of Controlled Roughness

The objective of Change Order CCA No.:l wes to simulate the roughness
of random misalignment of heatshield tiles that may exist on the lower sur-
face of the Orbiter by selective electroless plating of tiles on an existing
scaled model of the Orbiter. A

This objective was met completely by plating the specified pattern
and height on a 0,0175-scale stainless steel model. This successful appli-
cation should encourage further uses of this method to control surface
detail in aerothermodynamic models,



MODEL DEVELOPMENT PROGRAM

The development of improved methods of heat transfer modeling was
begun with a review of past experiences in the literature, After the
review a list was composed of promising concepts. A semi-infinite slab
method employing an electroless nickel skin was chosen for laboratory
development based on analytical, previous experience and cost considera-
tions. After evaluating several fabrication procedures, sample models
were made and evaluated in a hypersonic wind tunnel. Fabrication refine=-
ments after the tunnel test and cursory experiments with other concepts
completed the development portion of the effort.

Trade Studies

Library Research., - Requests were issued to Defense Documentation
Center and NASA Scientific and Technical Information Facility for camputer
Jiterature search, including limited distribution references, from the
period 1965 to the request date of September, 1973 for the following sub-
jects:

Electroless Plating of Plastics
Casting of Wind Tunnel Models
Heat Transfer Measurements

The results of the computer searches and private searches are presented in
Appendix I, after screening for applicability. The bibliographies are
not exhaustive but should be representative of the work published during
this period that best applies to the subject effort.

No evidence was found in the literature of any previous attempts to
use electroless plating in fabricating a heat transfer model (except for
the author's preliminary work (Ref. 4)). Review of instrumentation develop-
ments was very helpful in both stimulating and culling design concepts for
this program.

Model/Instrument Concepts. - Three instrumentation approaches that have
the potential of meeting the program objectives are:

Calorimeter
Gardon
semi-Infinite Material

Example sketches of how these instrumentation approaches may be incorporated
into a jointless heat transfer model are shown in Figure 1.

A method of messcaring temperature with the electroless nickel skin at
each point that it plates to a wire is shown for each of the concepts. The
one-wire method contributes significantly to meeting the objectives, there-
fore one of the first laboratory experiments was to assess the thermocouple
characteristics of the plate and varicus wire alloys. It was found that
Shipley's electroiess nickel Niculoy 22 plated to constantan wire provided
an excellent thermocouple as shown in Figure 2. The Niculoy/constantan output
is similar to the copper/constantan output which may be due to the one percent
copper contained in the Niculoy 22 alloy. The thermcelectric characteristics of

>



Niculoy and its improved ductility and surface smoothness resulted in it
being the primary plate material evaluated in the laboratory experiments.

The calorimeter approaches of Figure la include a free-standing' thine
skin shell shown as Style A. The advantages of a shell plated by the elec-
troless method compared to machining or electroforming include: (1) plating
to one wire rather than welding of two wires, (2) jointless surface, (3) uni-
form plate thickness (inherent Tor electroless, difficult in electroplating
and machining), (4) harder surface than heat treated stainless steel and
(5) lower thermal conductivity. Several fabrication approaches appear
feasible, For one example, a replica of the model could be cast with a
low melting temperature alloy such as Cerrotru (a product of Cerro de
Pasco Corporation). The casting would include the thermocouple wires and
sting/model adapter. After plating, the replica would be melted and removed
leaving a thin-skin, free-standing shell plated to the support and wires.

Style B provides sensitivity adjustment for long run facilities with
a slug that is cast in an insulative substrate. A thin electroless nickel
plate provides a jointless surface.

Style C would be more suitable for short run duration tunnels where
8 thin skin is desired for sensitivity and where high dynamic pressures
require g solid backing except for local areas. The air gap reduces heat
losses to the substrate at the sensor location for a short run time.

Style D is an attempt to thermally isolate a slug calorimeter from
the substrate using an air gap. ’

Air spaces could be achieved by suitable placement of a low melting
temperature material into the mold prior to puring the casting material.
The disposable material would extend to the rear of the model to permit
removal eafter the plating operation., Wax or Cerrotru wires are example
materials and electroless plating was demonstrated for both. Hard "file-a-
wax' was plated after first polishing the surface with boron nitride.

A Gardon gage (Ref. 5) is & steady state instrument that has been
successfully used in heated blowdown tunnels (Ref. 6). The measurement
required is the delta temperature from {he center of a thin disc to its
outer edge., The disc edge is cooled by a heat sink. Figure 1lb shows
poscibie ways to use this instrument with electroless nickel to form an
ingtrumented, seamless model for use in long run duration tunnels.

Style A could make use of a machined steel model in which short
constantan tubes are placed. The sleeve would contain a small constantan
wire cast into its center, using a material such as Cerrotru. After plating,
the Cerrotru would be melted and drained. The model could be cast with
gardon gages for Styles A, B, and C, Style C reduces the complexity of
melting and removing materials, however the substrate under the disc needs
to be addressed for effects on sensor accuracy.



Two classes of semi-infinite material gages incorporating electroless
plating are shown in Figure lc. The plsited slab of 8tyle A is similar to
the cast models used for the phase-change paint method except that for the
plated slab the surface temperature is measured with thermocouple wires that
are joined to a thin metal skin during deposition of the skin,

Variations in material property have been experienced when fillers are
used in epoxy castings (Ref. 7, for example) whereas the thermal properties
are known and repeatable for thermocouple wire. The wire gage concepts shown
as Styles B and C attempt to either isolate a wire from the substrate
(Style B) or use a substrate that has thermal properties similar to the
wire. The wire gages measure heat transfer using the surface thermocouple
output and the wire material properties. The material in Style C may be
cast or machined steel. For a steel model, the wire would have a thin elec-
trically insulative coat. The electroless nickel would form the thermocouple
Junction and provide a seamless rurface. Style C employing a steel model
should give results similar to the coaxial gage (Ref. 8) and has the
advantages of requiring only one thermocouple wire per junction and ex-
hibiting a continuous surface.

Analytical Heat Flow Study. - An analytical program was conducted to
assess the effects of the geometric and thermal property variations on the
design and accuracy of the various model/instrument concepts. A two-
dimensional computer routine was programmed (Appendix II) and representative
results are given in Figures 3 through 8. The input heating condition
shown in these figures represents a flow condition in the NASA Ames 3-1/2
Foot Hypersonic Wind Tunnel, The one inch diameter hemisphere represents
the model size chosen for the Phase A test. Properties of the candidate
materigls are given in Table I. Some property values were assumed
based on literature values for similar msterials.

Effects of an air gap around a wire is indicated in Figure 3. The
alr gap locally increases the plate temperature which increases the temp-
erature of the plate over the wire. The wire was not isolated by the gap
because of the heat conduction in the plate, (Perfect isolation of the wire
would approach the case shown for the infinite wire diameter). For these
initial computer runs, the electroless plate properties were not known
and therefore a pure nickel plate, 0.0015-inch thick, was assumed. 'As
shown in Table I, the conductivity of nickel is over an order of magnitude
geater than electroless nickel., Although electroless nickel would provide
better isolation than indicated in Figure 3, a high degree of isolation with
practical skin thickness does not appear likely. The results of Figure 3
and fabrication complexity eliminated all design concepts involving air
gaps early in the study.

After the runs of Figure 3, the computer routine was refined to in-
clude calculation of the temperature at the interface between the plate and
wire (or substrate if a wire was not present). Niculoy 22 had been chosen
as the plate material and its properties were incorporated in the routine.



Figures L and 5 show effects of wire and plate dimensions for low
and moderate conductivity substrate materials. The low conductivity of
Isochem't Novimide resulte in a steep temperature rise, more than desired for
application in a heated blowdown tunnel.(Figure 4). The high thermal expan-
sion of this material also often caused failures in the plate during lab-
oratory evaluations and therefore Novimide TO0O/55 was not evaluated further.
The Novimicde material could prove advantageous in areas of low heat transe
fer and short run duration tunnels.

The results shown in Figure 5 for Emerson Cuming's Stycast £T62FT
indicate that such a material coupled with practical electroless plate
thickness and wire diameter will provide reasonable temperature histories
for a plated slab gage in the designated NASA Ames facility. The effects
of a 0,001-inch plate and & 0.003-inch diameter wire are noted as being
small and essentially constant after the time interval required to insert
the model into the test stream («fl/2 second). Larger wire diameters
around 0.032-inch may be used as semi-infinite wire gage if the Niculoy

plate is sufficiently thin acs indicated for the 0.,00025-inch case in Figure 5.

Figure 6 shows calculaied temperature distributions in'the materials
after 2,5-seconds of heating. It is observed that the temperature along
the axis of the 0.003-inch constantan wire that is cast within a Stycast
substrate and topped with a 0.00l-inch Niculoy plate is similar to the tenm-
perature distribution of the pure Stycast substrate,

Figures T and 8 were prepared to examine the possible use of Niculoy
plate as a thin-skin calorimeter (Figure la). As discussed in Reference 8,
a calorimeter gage will exhibit a straight line for the relation of Rigure 8
up to the time that conduction errors become significant. The 0.003-inch
diameter thermocouple wire had a negliglible effect on the calorimeter gages.
A 0.010-inch thick plate backed by Novimide (& very low conductivity sube
strate) indicates conduction errors after about a half second of heating.
Figure 8 indicates that a thin skin calorimeter supported by a low con-
ductivity substrate may be employed in a short run duration tunnel such
as a hotshot type, however a "free-standing" shell (i.ec. & thin shell held

by minimum contact with support structure) would be mcre suitable for heated

blowdown facilities.

Grading of Concepts. - Funding considerations necessitated an early
Judgement as to which one of the model/instrument concepts of Figure 1
would best demonstrate the program objectives in a hypersonic wind tunnel.
The above discussed library and computer studies; predicted availability
of required materials and fabrication complexities were used to help anti-
cipate relative grades for the model/instrument conicepts, Table II presents
the grading results and indicates that the plated slab gage of Figure lc
had the highest anticipated relative grade (8.8 out of 10). Laboratory
work from this point concentrated on developing and testing this model/
instrument method.

The anticipated grade for the plated slab concept was lowered as
shown in Table II after completion of the experiments because the substrate-
material/plating=-procedure combination did not fully meet the projected

results. Table II will be reviewed further vhen discussing recormmendaticns,
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Technique Development

Initial Material/Technique Evaluations., - After review of vendor in-
formation and Initial laboratory evaluations, the following materials were
chosen and proved to be adequate to meet the described needs of this study:

(1) Molds - Requires a castable material that faithfully reproduces
the surface of the master or sub-master models. The mold must
maintain diminsional accuracy while high temperature plastics
are being cured in the mold and must permit release of the cured
plastic replica, Silastic J by Dow Corning was chosen.

(2) Sub-master model - Requires a castable material that faithfully
reproduces the surface of the master model and that can be readily
drilled to locate each thermocouple station. (Sub-master is not
required if surface drilling is permitted on master model or
pattern). Epocast 11B, an iron-filled room temperature epoxy
by Furane Plastics was chosen.

(3) Model Skin - Kequires a smooth, hard, ductile and uniform plate
that is suited for plating of plastics and that forms a reliable
thermocouple junction with a standard wire. Niculoy 22 electroless
alloy by Shipley was chosen. Desired improvements would be a
plating solution that operates at a lower temperature and exhibits
lower plating stress than the chosen alloy.

(4) oOne-wire thermocouple - Requires a sensitive, repeatable output
from a standard thermocouple wire joined to an electroless plate.
Niculoy 22/constaxtau junction proved to be quite adequate (Figure
2).

Sensitize Smooth Plastics Nickel pPlate (SSPN). - Table III lists
three representative plating procedures used in the initial laboratory evalua-
tion of the candidate substrate materials of Table I. Because of the objec-
tive of a smooth surface, chemical etching of the plastic surface was only
briefly evaluated in these initial experiments. A concentrated effort was
made to obtain sufficient plate adherence tG 'a smooth plastic surface through
use of cleaners, ultraqonlc agitation and wetting agents. Light sanding of
the surface with wet 400 to 600 grit paper was added to the procedure to
break the high gloss of the castings. The polishing improved adherence
vhile retaining a sufficiently smooth surface. Several variations of the
procedures were evaluated including s room temperature bath suggested by
Feldstein (Ref. 9) and baking of the deposited palladium catalyst prior
to nickel plating. )

Evaluation of the casting and plating results for the SSPN procedure
brought the disappointing results shown in Table IV. The three hydraulic-
setting refractories evaluated exhibited surfaces considered too rough for
this study. LO=XAl25 by Duramics is the most promising of those evaluated
and should be reconsidered if extreme temperature service is required.

Large volume castings with hard surface molds produced an acceptable surface;

O



however small volume castings in RTV molds did not. The plating adherence
to the refractories was good,

The Novimide 700/55 material plated the best of the plastics evaluated
in the SSPN procedure, followed by Stycast 3762FT. None, however, had ade=
quate adherence to surviye the heating in a hypersonic facility.

The SSPN development was terminated and emphasis directed to an innova-
tive aluminum transfer method discovered during this study.

Aluminum Transfer Zinc Aid Nickel Plate (ATZN). - Significantly improved
platifig BonNds to €poxXy substrates were achnieved and with a very smooth
rlated surface by use of an aluminum transfer casting method followed by a
Zinc Aid and nickel plating procedure summarized as follows:

(1) Alvuinize the RTV mold surface by lightly rubbing "leafy"
aluminum powder into the surface with cotton and blowing away
all excess not adhered to the molad

(2) 1Insert the thermocouple wires into the holes cast in the mcld

(3) Pour the epoxy (or other castable plastic) into the mold

34

(4) Aluminum layer is bonded to the epoxy casting while curing

(5) Remove the casting from mold, aluminum film is transferred to :
the casting

(6) Post cure casting

(7) Clean and condition surface for plating

(8) pPlate surface and exposed wires to 2/3 of plate thickness
(9) cClip and polish wires to plated surface
(10) Reactivaté plate (Shipley 142k)
(11) Pleate to final thickness

Smooth nickel and copper electroless platings were achieved with all
of the epoxy materials evaluated. OQven tests demonstrated however that
the temperature resistance of the plate-to-epoxy bond is sensitive to: the
material composition and plating procedure. The material should have a
coefficient of thermal expansion near that of the plate material., The
cast material should develop a high bornding strength to the inner surface
of the aluminum powder without wetting the outer aluminum surface.

Table V shows the material samples that were cast, plated and evalu-
ated in an oven., Stycast 3070 material proved best in the "as received"
‘mixture and thus was used as the base material with which optimization with
additional fillers wes attempted. Optimization of the plating procedure
was also conducted and resulted in the procedure for depositing the first

10




layer of electroless nickel shown in Table VI. The best material/rluting
combination of those evaluated for the ATZN process is indicated in
Tables V and VI. This optimum combination will normally survive an oven
test of 350 F. Most other combinations would exhibit diamond-pattern
wrinrkles in the plate when cooled from 350°F because of inadequate bonding
~and high compressive stress in the plate., Additional improvements in the
basic metallic film transfer concept is certainly possible.

Personnel within the local (Dallas) and home offices of Shipley Com-
pany were interested in assisting in this program and were supplied sample
castings for their independent evaluation. Their study suggested an etch
process that will be dicussed next.

Etch, Catalyst, Accelerator, Nickel Plate (ECAN). - The mechanical
strength of the plate attachment to & plastic 18 greatly increased if the
surface is slightly porous to permit the plate to mechanically latch into
these pores. Certain materials, such as the ABS plastics used extensively
for plated plastics in industry, have a constituent that is readily re-
moved by etching. The contorted, tiny tunnels become plated in the electro-
less process and securely lock the plate to the surface, Unfortunately the
ABS plastics do not have the temperature resistance required in this study.
Most epoxies do not etch readily and generally develop i rough, pitted or
grainy surface.

It was disc¢vered at Shipley that an etched surface of Stycast 3070
castings was more suitable for plating than noruelly considered for epoxies,
possibly explained by the calcium carbonate powder filler., Calcium carbon=
ate reached by an acid will be dissolved leaviig random, fine-grain volds
in the epoxy surface. Oven evaluation demonstrated that the Phase A ECAN pro-
cess of Table VI would permit plated Stycast 3070 to withstand temperatures '
up to 550°F. This exceeds the quoted limit temperature for the epoxy material.
The surface was not nearly as smooth as the ATZN process, however.

Wind tunnel test models were fabricated and evaluated for both ATZN
and ECAN processes a8 will be discussed. After the tunnel test an optimi-
zation study was conducted to improve the surface smoothness of the ECAN
process, . This resulted in the Phase B ECAN plating procedure of Table VI
and an optimum material of those evaluated in Table VII. The surface condi-
tion is very sensitive to the temperature, dwell time, and degree of nitro-
‘gen agitation of the Shipley PM-930 solution. The etch process partially
“xposes the fine glass fibers in the optimum material which provides addi-
tional "roots" for the plating. The Phase B ECAN process produced improved
surface smoothness compared to Phase A ECAN but the surface is not as smooth
‘as the ATZN process,

, Nickel Transfer to Epoxy Cast (NTEC). - Another approach to obtain a
smooth plated surface on an epoxy substrate is to first plate the skin
- and then cast the epoxy into the shell. The bond strength of an epoxy
cured to a plate may be greater than the adherence obtained by plating to
‘& smooth surface. Futhermore, the bond would not be subjected to the
plating stresses of the plate. The approach was not fully exploited,
~ however some effort was given to the following ideas with promising results.
. The primery problem wus casting a Cerrotru surface free of air bubbles.
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(1) Internal plating - Cast a female mold with a disposable material
that has a smooth surface and that plates well, such as Cerrotru.
Insert the thermocouple wires into the cast holes. Plate internal
surface with electroless nickel to about half to two-thirds the
final plate thickness. Pour epoxy into model cavity and cure,
Post cure the epoxy to a higher temperature which will also melt
away the Cerrotru mold. Polish the thermocouple wires to the sur-
face. Chemically clean and activate the surface. Plate skin to
final thickness. ~

(2) External plating - Cast a male replica including the thermocouple
wires with a disposable material tliat has a smooth surface and
that plates well, such as Cerrotru. Plate the surface to about
two-thirds the final plate thickness. Polish. the wires to the
surface, activate and plate the surface to the final plate thick-
ness. Cast around the outer surface of the model with a dispos-
able material such as plaster of Paris. Melt and drain the
Cerrotru, .chemically clean the inner surface and pour epoxy into
the cavity. After final curing of the epoxy, the plaster becomes
brittle from the oven temperatures and can be broken away from
the plate,

Free-Standing Thin-Skin Nickel Plate (FTSN). - A brief laboratory
evaluation was given to the free-standing, thin-skin calorimeter model as
depicted by Style A of Figure la, This concept is given a high anticipated
rating in Table JI. The generation of the uniform thickness shell would
be similar to that discussed for the NTEC process except that a thicker shell
is required (0.005 to 0.020-inch depending on facility conditions) and the
shell would be supported at minimum number of contact points. The support
could be joined to the skin during the plating process or later bonded to
the sgkin for maximum isolation.

A feasibility experiment was conducted by plating Niculoy 22 to a
thickness of 0.0l2-inch on a contoured piece of Cerrotru material, The
Cerrotru was melted snd drained and the inner plate surface was cleaned with
caustic soda. The resultant free-standing contoured shell is strong, hard,
uniform thickness, smooth and continuous. :

The primary difficulty experienced with this process was casting the
Cerrotru free of surface air bubbles. Cerrotru casting was attempted in the
Silastic molds used for the epoxy castings and the hot metal appeared to
cause an out-gassing in the RTV material,

12
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EVALUATION OF PLATED SLAB MODEL

Results of the development program were evaluated continuously and
had a daily effect on the course of the development. The major evaluation
of the semi-infinite slab method, however, was accomplished by subjecting
sample instrumented and noninstrumented models to M = T.32 tunnel flow in
the NASA Ames 3-1/2 Foot Hypersonic Wind Tunnel,

" Wind Tunnel Test Program

Models., -« The two model geometries of Figure 9 were tested in the wind
tunnel, The hemisphere cylinder provides ease of comperison to existing
data and theory. The flat face cylinder geametry provides a goond assessment
of the instrumentation accuracy in areas of high surfrce temperature gradi-
ents and assessment of the particle resistance of the plate. A master thin-
skin model was machined for each shape out of 17-k§{ stainless steel, The
steel models served as mold masters from which the ©poxy replicas vere de=-
rived. The steel masters were instrumented and tested simultaneously with
the plastic models to help gauge the data effectiveness of the plastic models,

Table VIII lists and briefly defines the Phase A test models., Figure
10 shows the models prior to shipment to the test facility.

~ Test Procedure, = Two master models and eight plastic models were
tested simultaneously by using the mount shown in Figures 10 and 11. The
shadowgraph of Figure 12 and oil flow patterns on the centerbody confirmed
that the model assembly was in fully started flow, Eight runs were conduc-
ted at M = 7.32 at a nominal tocal temperature of 1500°R, The test began
at low Reynolds number (0.8 x 10° per foot) and progressed to 4.0 x 10
per foot which exceeded the target value for the evaluatlon of 3.6 x 10°%
per foot,

The models were inserted into the flow stream and then retracted after
about two seconds. Digjtal temperature data from the models were recorded on

magnetic tape. Notes and photographs were made of a visual inspection of the
models after each run (Table IX), Models whose plating wrinkled or otherwlse

falled were replaced during the model inspection.,

Data Reducticn. - The data reduction procedure for the plated semi=-
infinite slab model is rather simple if sphere data are obtained and used
to determine the thermal property of the substrate-plate-wire combination.
The data reduction made use of the semi-infinite slab solution as expressed

by Jones and Hunt (Ref, 10)

T=1a= & ‘erfci .
T - T, ;
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For simplicity, assume T,

=T . The effects of this assumption and the

effects of the plate and thermdcouple wire on the in-depth heating of the
substrate are lumped into the material property term /pCK which is deter=
mined from a plastic hemisphere mgidel for which the heat film coefficient,
h, is known from measurements witia the master model. This effective ,/5CK
term is then applied to determin2 h for the flat face cylinder test model,
The flat face model was febricated in the same manner and encountered a
similar range of heating as the hemisphere model,

term.

The step=by-step procedure followed:

(1)

(2)
(3)
()

(5)

(6)

(1)

(8)

(9)

Establish h for a sphere in the test conditions using ‘the master
sphere modei (Table X, Average values shown in Figure 13)

Determine temperature~time data for the plestic models

Plot temperature-time data (See Figures 1l and 15 for examples)

Determine the effective time zero (t,) end initial wall

température (Twi) (Figures. 14 and 15)

Calculate T at selected times

Determine 8 from T (Ref. 10)

‘For the plasticVSPhere models determine YPCK at each station

and time by using the measured values of h cbtained with the

master sphere model

Plot vpCK as a function of Yt for all model‘positions, all
times and all runs for a given sphere modsl (Figure 16)

Calculate h for the flat face plastic models using the faired
values of /pCK from a sphere model composed of the same materials

The relation of /pCK to /f was suggested by Reference 7. An attempt
was made to more closely define the /p5CK term by relating it to a second
It appears that the term B can be related to /pCK for selected times

as is indicated in Figure 17.
of the Figure 16 fairings. The Figure 16 fairings were used in the data

“reduction.

1k

The Figure 17 faired values are within +10%

Data reduction of the flow conditions and heat transfer rates for
- the thin-skin master mcdels were provided by NASA-Ames, Millivoltetime
digital data were alsc provided for the plastic model thermocouples, :

Tunnel Data., = Evaluation data from the tunnel test began with notes
on model survivability as shown in Table IX. Thermocouple data from selece
ted ECAN and ATZN mnodels were reduced and the results are given in Tables
X and XI and Figure 18,

vk
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The averaged stagnation values for the hemisphere and flat face master
models were in excellent agreement with theory as noted in Table XI. The
plastic model data compare well with the master flat face model data and
expected distribution as shown in Figure 18, The surface of the ECAN Model
CC was rougher than the ATZN Models G and I. The ATZN models generally
failed after one or two runs, however. The sensitivity of the fairing of
/PCK on the comparison was examined. Calculations of h for Model CC were
made for the lower fairing of Figure 16. The results are presented in Table
XI and are 8% lower,

The increasing value for /OCK us time approaches zero in Figure 16
is attributed to the influence of the wire and plate (review also Figure
5)« The indicated influence is independent of the local geomet: v, Checks
wvere made to see if using the experimentally determined /pCK (that combined
the wire, plate and substrate properties) resulted in any time dependency
in the calculated values of the film coefficient, h., The coefficient was
calculated at each model station for several selected times between the
interval 0,1 to 1.75 seconds. The calculations were found to agree well
with the average and did not indicate a time dependency. Further proof
of the validity of the data procedure is given through the good agreement
of the computer prediction of temperature to the measured temperature
shown in Figure 1k, The average experimental value of /pCK at time one
second was input in the routine for the substrate property. The routine
assumes the value to be constant., The average experimental value of h
was also a constant computer input. The effects of the wire and plate on
the thermocouple temperature are taken into account in the routine through
thermal balance of the finite elements of the various materials,

The slope of the material property /pCK with time after about one
second (where the wire and plate effects become negligible) are comparable
with results for a similar substrate material without a plate or wire (Ref.
7). The reduction of the substrate value of /pCKk can explain why the
predicted temperature in Figure 14 falls below the measured for times
greater than one second.

Figures 1k and 15 indicate the agreement in temperature measurements
between the new Niculoy/constantan and standard copper/constantan thermo=-
couples. Stations 002 and 012 are both located thirty degrees from stag-
nation but along different rays. The agreement was particularly good for
the smoother models such as Model BB of Figure 15 and the ATZN models.

Evaluation Results

The combined laboratory and tunnel results for the plated slab method
are compared to the technical program objectives., The plastic modeling
research did not extend through a phase B model and therefore the cost ob=-
Jectives (10 and 11) remain as expected benefits.

Cclg;innce with Ob]cctivcs. - Combined laboratory and tunnel results

demonstrate that the plated slab concept fully meets the following program
objectives:
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(1) No surface Jjoints

(2) Good surface detail reproduction

(4) Accurate instrument location

(6) sSufficient strength

(8) Instrument placement anywhere

(9) Effective in areas of high thermal gradients

The plated slab possesses a very hard surface that is resistant to
particle damage and therefore meets In principal the model objective num-
ber (5). ‘However, particle damage did occur in the pebble=bed heater
facility used in this evaluation., TFigure 19 shows post=test magnified
views of the flat face of ECAN Model CC compared to the heat treated
(190,000 psi) flat face of the master Model A, Both models were subjected
to all eight runs in the hypersonic tunnel and both were still providing
data without any loss of instrumentation, Figure 19 and Table IX indicate
particle damage resistance of ths ECAN models is comparable to a heat
treated stainless steel model, The softer copper coating of the ATZC
process had more severe particlz damage as noted in Tsble IX.

The customization of sensor sensitivity, objective (7), was restricted
to materials that provided good plate=-to=-substrate bond strength. The
best materials for bond strength fortunately also provided good data sen-
sitivity. Areas of low heating impose less demand on the plate bond and
therefore less restriction on the choice of materials for increased sensie-
tivity (if required).

Data accuracy (not listed as a specific objective) obviously must be
adequate if the plated slab concept is to be practiced, The tunnel results
of this preliminary test proved that this model method will provide sc-
curate data, Further improvements in accuracy can be expzcted as material,
process and data reduction improvements are made., Discovery of the Niculoy/
constantan thermocouple greatly enhances the data accuracy and overall
attractiveness of this modeling approach.

Problem Areas., - A smooth surface finish (objective (3)) could be
provided, however, for marginal operating temperatures. The principal
problem area was finding an scceptable compromise between surface smoocnnaub,
plate hardness and maximum operating temperature of the model.

Figure 20 is a photograph comparing the surface smoothness of mester,
ATZN and ECAN modeis., The smoothness of ATZN models are considered agism
quate for applicaﬁions involving natural hypersonic boundary layer truansie
tion, Figure 21 shows magnified views of the ATZN surfaces comperéd 30
the master and the aluminum transfer film, Note thet polishing warky of
the master are reproduced in the plated plastic models which atfesis to
the faithful reproduction of surface detail of this process. - The “hicker
plate of Model M shows some pores caused by hydrogen bubbles furming
on the surface during plating. This problem can be reduzed uy ..
better control of the nitrogen agitation in the plating sclition.
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The ATZN process in the current state of development is restricted to
maximum temperatures of about 300 to 350°F, This maximum is based on both
oven and tunnel evaluations, One ATZN model, Model F, failed after run
four and experiencing a stagnation temperature exceeding 500°F (Table IX).
The ATZN models generally fail in the cool-down process when the compres=
sive stress in the plate overcomesthe bond strength of the plate. The
compressive stress results from the deposition process and from the dif-
ference in coefficient of thermal expansion of the plate and substrate,

An aluminum transfer method that meets both the temperature and
surface smoothness requirements is ATZC, The difference of ATZC with ATZN
is that an electroless copper (Shipley CP=Th) is deposited rather than
nickel. The CP=Th copper alloy is harder than pure copper and plates ,
smoothly, although not &s glossy as Niculoy 22, Table IX shows fhat Model
V with the ATZC process survived all eight runs at stagnation temperatures
exceeding 650°F without a temperature induced failure, The bond strength
of the electroless copper is not considered to be higher than electroless
nickel, therefore the lack of wrinkling is assumed to mean lower plating
and thermal expansion stresses exist at the interface., Nickel coatings
over the .copper, ATZCN, failed whereas ATZC did not. The ATZC models were
not instrumented; however no problems in obtaining data with the ATZC
process are expected., Valid one=wire/plate thermocouple of copper/con-
stantan should be possible. The ATZC method lacks particle resistance.

- The surface finish of ECAN models are shown in Figures 20 and 22,
Model CC represents the roughriess of the Phase A ECAN models, and Model FFF
represents the improved surface Ffinish obtained in a Phase B optimization
study conducted after the tunnel test, Table IX shows the ECAN models
generally survived all eight runs at stagnation temperatures exceeding
650°F, Oven tests (where the models were heat soaked and cooled to pro-
gressively higher temperatures) generslly caused local plate blistering in ECAN
models when cooling from 550°F, The manufacturer's rating of Stycast 3070
is 500°F. Therefore, the ECAN demonstrated operating temperatures exceeding
the plastic substrate rated temperature,

Models AA and CC provided walid heating data for the model geometries
of this study in spite of the uncdesirable roughness, The improved surface
finish of Phase B ECAN may .. prove adequate for many model applications,
however further improvements should be sought,
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APPLICATIONS STUDIES

The Phase A development results indicate applications and modeling
concepts that Justify further effort, Some of the recommended effort may
have progressed within a Phase B of this contract except that a reassess-
ment of priorities directed the remaining rfunds to the selective plating
effort to be described. ~

Orbiter Model Requirements in Tunnel B

. Phase B was begun with the intent of febricating a 0,0175-scale model
of the Orbiter with the improved ECAN process and test in the AF=-AEDC
Tunnel B. The Phase A tests in the NASA-Ames facility were conducted at
heating conditions exceeding Tunnel B at its maximum Reynolds number, The
model insertion mechanism is not as rapid in Tunnel B as is possible in the
NASA-Ames 3=1/2 Foot Hypersonic Tunnel, Figure 23 shows the computer
prediction of maximum temperatures that are expected for Orbiter and hemi-
sphere models during the nominal five to seven second insertion time of
Tunnel B, The shown extrapolations were made to conserve computer time,
Considering the temperature predictions, Phase A results, and the lower
particle contamination of Tunnel B, it appears Phase B ECAN models could
be tested successfully in Tunnel B, The "durability" factor of safety for
the models would be essentially one, however, unless: (l) the operating
temperature of the plated slab model is increased tarough improvements,

(2) the insertion time of the facility is decreased, or (3) the test is
conducted in the Mach 6 capability of the facility. If the model insertion
time in Tunnel B could be reduced to the nominal two seconds of the Ames
facility then the ECAN models could be used with confidence of survival in
Tunnel B and the smooth-surface ATZN models would have a fair probability
of survival,

Recommended Efforts

Based on the difficulty in finding a substrate-plating combination for
the plated slab method that meets both the smoothness and temperature cri-
teria, the "grade" in Table II was reduced for the plated slab approach.
Further material and process studies could raise this grade and should be
conducted because of the attractiveness of this method if the material .
problem is solved, :

Review of Table II and Figure 1 indicates that the semi-infinite wire
concept Style C and calorimeter concept Style A currently have the highest
predicted ratings. Laboratory and tunnel evaluations of both are recom-
mended., B

.~ The wire gage would be easily evaluated with an existing model machined
from 1T7=LpPH stainless steel or similar material. Instrumentation holes
would be filled with a length of constantan wire that has a coating of
electrical insulator., The surface would be plated with Niculoy 22 to
provide'a'smooth, Jointless surface and establish Niculoy/constantan thermo-
couples at each sensor location. The material property term /pCK of con-
stantan differs from 17-4 stainless steel by only one percent (Table I)

18



vhich should result in good accuracies. This approach is not suitable for
areas of high thermal gradients where the material conduction would quickly ;
distort the surface heating distribution,

The free-standing thin-skin calorimeter (FTSN) concept requires more
laboratory development, The electroless plated thin-skin heat transfer
model has several advantages over machined or electroformed models that
make it worthy of development. The concept also has application to dy=-
namic stability testing where low model inertia and freedom from energy
absorbing structural jJoints are important. A successful meterial-technique
optimization for the FTSN process would also permit fabrication and evale
uation of the NTEC process that could conceivably help the plated slab
method pass all of the objectives,

j'9. : :



SELECTIVE PLATING
HEATSHIELD TILE ROUGHNESS

The feasibility of electroless nickel providing a controlled surface
roughness on wind tunnel models was demonstrated during Phase A, This
process promised an accurate assessment of heatshield heating on the Orbiter
as affected by misalignment of tiles resulting from manufacturing. This
assessment is important to current NASA project and therefore, the remaine
ing contract effort was devoted to this task,

Specifications

The specifications for simulating misaligned heatshield tiles on the
lower surface of the Orbiter were:

(1) Tile Pattern - The herringbone tile pattern planned for the
centerline portion (as defined in Rockwell drawing VL70=
399043} will be used over the total area of interest

(2) Tile Area of intcrest = Begin tile pattern 2% length aft
of nose, covering the lower orbiter area up to the tangent
line of the chines and wing leading edge, extending rearward
to 80% length of the model

(3) Selection of Tiles to be Raised -~ Random selection of tiles
to provide 25% of raised tiles in the tile area of interest.
The plated tile pattern will be symmetrical about the lon-
gitudinal centerline (instrumentation is located only on one
side of centerline)

(4) Tile Size = All selected tiles will be plated to within
0.0009 to 0,001 inch height. The tiles are 0,105 inch
square for the 0,0175-scale model

Technique Development

A positive~resist method of selective electroless nickel plating was
chosen. Development tasks included a negative of the plating pattern and
customization of the selective plating method for the materlal. geometry
and speczf;cations of this effort,

A negative was generated by first accurately drawing all of the lower
Orbiter tiles existing on one side of centerline to 0,04167-scale with a
Gerber computer driven drafting machine. A table of random numbers (Ref,
13) was used to designate which 25% of the tiles would be raised.

The tiles and the selection are shown in Figure 24, The selected tiles
"were covered with 0.250=inch flat black tape on the drawing and then photo-
graphic processes were employed to provide a 0,0l75=scale negative of the

pleiing pattern with symmetry about the longitudinal centerline.
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The basic steps of the selective plating process are:

(1) Clean surface

(2) Apply resist

(3) Expose and develop resist

(4) Activate exposed surface

(5) Electroless plate exposed surface .
(6) Remove resist

The process used for the subject model is given in Table XII. The
nickel strike improved adhesion to the polished stainless surface, Two
coats of resist were necessary for it to endure the activation and rela-
tively long plating time. A vacuum bagging technique was used to tightly
hold the negative over the model surface during resist exposure, The
model is shown in Figure 25 with the exposed and baked resist prior to the
activation and plating steps.

Model Results

The plating of simulated heatshield tile roughness on a scaled model
was successfully accomplished, Figure 26 is a photograph of the completed
model, This existing model hed a welded nose section and weld fills, Weld
heat-lines became vivid during the mild etching of the activation process
as shown; however, they did not cause any surface roughness. The plated
pattern duplicates the negative with good fidelity. The plated height is
within the requested tolerance; the plate surface is bright and the tiles
are well adhered.

NASA has scheduled a test in the AF AEDC Tunnel F where this same model
was previously tested in a smooth-surface condition,

This demonstration of éontrolled roughness suggests application of the

technique to provide special model surface details in other aerothermody=-
namic requirements.,
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2.

3.

CONCLUSIONS AND RECOMMENDATIONS

A plated slab concept demonstrated the technical model objectives in
varying degrees of success, Objectives such as a jointless surface

and accurate placement of instruments were readily achieved, Good sur-
face smoothness and model operating temperatures to the limits of the
substrate material were demonstrated individually but not simultaneously.

The plated slab concept may be applied to hypersonic wind. tunnel models
if the maximim, momentary surface temperature is restricted to approxi-
mately S500°F for the ECAN and 300°F for the ATZN processes,

Experimental results indicate that further development work is required
and Justified for two modeling methods employing electroless nickel:
(1) semi-infinite material and (2) free-standing thin-skin calorimeter

Controlled surface roughness was successfully accomplished on a scaled
wind tunnel model using a selectivs electroless plating method., Selece
tive electroless plating is an eftgitive method for providing special -
surface details on wind tunnel models.

This research resulted in four innovations considered as new technology
items: (1) a plated slab model method of measuring convective heat trans-
fer. This method is a new approach for obtaining highly instrumented,
seamless-surface models regardless of external geometry, (2) a one-wire
Niculoy/constantan thermocouple that is formed during electroless plating
of the model surface.  This instrumentation improves accuracy and cost
and makes practical the plated slab model concept, (3) an aluminum
transfer procedure whereby a thin layer of aluminum powder is bonded

to the plastic surface during the casting process. The film is readily
plated with electroless nickel or copper to excellent surface brightness
and with temperature resistance up to 350°F for nickel and 550°F for
copper coating and (U4) selective electroless plating of scaled surface
detail on aerothermodymamic models. The use of photo resist and selective
electroless plating (or etching) to control surface roughness on wind
tunnel models is considered a new application of an existing technology.
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o TABLE 1
PROPERTIES OF MATERIALS CONSIDERED FOR MOUDEL AND INSTRUMENTATIOR
Therijzl Conductivity Specific Heat” The 5 Tensile Flexural { Compressive
Material X 10 2 Specific Cal/egn Maximum Surface mgl Expznsion Strength | Strength Strength Shrinkage
(Trademark & No,) {Cai)(em)/(sec)(em7)(°C)} Gravity o¢c Temperature °C Coef.x10 ~/°C PSI PSI st Linear
2762 FT 32,0 2.1 .2 300 38 18,500 ,
‘IStycast 3070 260 20 9,000 16,000 12,000
1095 . 4,48 .80 260 49 14,200 NIL
2850 KT 103.3 2.8 200 29 16,000
|Eccobond  Paste 99 40,3 230 32
Solder 58C 2. 260 32 9,700
|vovimige ToO7ES 5.0 1.9% 5ho 6h 10,4300 18,000 .05
LO-XA 125 40,0 1.80 1260 1.20 4,000 )
Thermo-Sil 120 14.8 1.88 1650 .81 5,000 .10
Kaolite 2200 5.68 .90 1200 700 .3
Air (Standard
Atmosphere &% Rest) 57" +00123 .2k
Quartz 34,0 2.2 .18 1100 .56
Wax {Nominal) 6.0 .9 69 120
Electroless Nickel '
(Literature) 105 to 135 T.85 890 13.
(RCA) ; 12k0
(Niculoy 22) .. 135% 8.20 3% 1000 13.5
Nickel (200) 11819 to 1600 8.89 .13 1450 15.3 to 13.5 48,000
Stainiess S. (1T-4PH) 430 1.78 .13 1k00 10.8 145,000
Chromel 460 8.73 107 1430 13.1 95,000
Constantan 506 8,92 00k 1226 14,9 80,000

v

#% Meagsurement not available; value shown assumed for computer program
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TABLE II GRADING OF MODEL/INSTRUMENT CONCEPTS
EMPLOYING JOINTLESS ELECTROLESS NICKEL SURFACE

PG CALORIMETER GARDOW~ - SEMI-INFINITE MATERIAL
CONCEPTS CONCEPTS CONCEPTS
OB T B8 1clD ]| AJ]A_ 1B lc ] A] a«]B]c]C
: - : NG, CAST| MACH AT&I% ECAN CAST |MACH
MODEL/INSTRUMENT FABRICATION : 7.8} 6.6 |6,4)5.6 | 5.617.6 }15.0]6.0] 8.4 ] 8.4 |6.2]16.8 }|8.4
Model Fabrication
Instrument Feabrication
Availability of Suitable Materials
Reproduction of Surface Detail 2
Ease of Instrument Placement -8

ELECTROLESS PLATING (To Required Thickness) 8.8}16.8]7.316.8 | 6.8]9.5 |6.86.8] 7.5 7.3 [6.8]|7.3]8.5
Lack of Joints . :
Lack of Mold Lines, Localized Roughness

- Overall Surface Smoothness ’
Process Complexity

ACCURACY OF DATA E 8.315.6 }6.8]5.5 | 7.317.3 |7.3}5.9] 8.6} 9.1 [6.317.9}7.8
Suitable Theory to Process Data B )
Calibration or Property Determination » ‘, -
Heat Loss/Gain Errors with Time '
Influence of Model Rezii 9 , . .

" (Thermal Gradients) ,

“Instrument Effect on Surface Temp. Dist. )
Instrument Effect on Surface Roughness . ‘ .

W ks

Customize Sensor Sensitivity (s .
Accuracy of Inst. Location k R
MODEL/INSTRUMENT DURABILITY © 19.0 | 6.7 |8.7 [6.7 | 43 ]5.0 [4.3 18.0 ] 5.0} 6.7 ;L.3]6.7]9.3
High Pressures and Vibrations : 6 R . 1
Particle Impingement . 5 F
Surface Temperature Rise _ : I o
AVG, GRADE OF MAJOR HEADINGS 8.5 | 6.4 |7.3 6.2 | 6.0 7.4 |5.9 |6.7 | T.4%] T.9% [ 5.9 7.2 }8.5

NOTES: (1) Refer to Figure 1 for concepts;' Text for objectives,

(2) Grading criteria: 1 = poor or very difficult
5 = acceptable or difficult
10 = excellent or simple :
(3) Each major heading grade is an average of subheading grading.
(4)  Grading is conjectured, based on library and computer studies and general experience to date.

The * columns include laboratory and wind tunnel ‘experience on samples (anticipated ~ 8.8
prior to recent experience) ‘

se
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TABLE III

REPRESENTATIVE PLATING PROCEDURES FOR

SENSITIZED SMOOTH PLASTICS (SSPN)

26

Process Solution Temperature Tiine Agitation
1 2 (Min,)
o o Sand with wet 400 to 600
grit paper
o} (o} Xylene RT 10 Ultrasonic
(o} o] ' Shake off
o o] Alconox RT 10 Ultrasonic
o o Rinse water + spray RT 1 Ultrasonic
Hydrolyzer (Shipley) 140 5
Rinse water + spray RT 5
Neutralizer, PM~950 110 3
(Shipley)
Rinse + spray rinse RT 2
) Sensitizer (Stannum 120 1 Ultrasonic
Chloride) ,
o Catalyst 9F (Shipley) RT 5
) 0 Spray rinse ' RT
o) Activator (Palladium 120 1 Ultrasonic
Chloride) ‘
o Accelerator PM-960 RT 2
(5hipley)
o. o Sprey rinse .. RT
o] Repeat Sensitizer eand
Activator steps ;
o | o PM-980 Nickel (Shipley) RT 5
o 0 Spray rinse RT
o | o Niculoy 22 (Shipley) 195  |As req'd N,
| ' } ~ 10w
_ inch/min,
o.} o Rinse water » 195 2
o 0 Spray rinse (ggtional) RT
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TABLE IV

- EVALUATION CF CANDIDATE SUBSTRATE MATERIALS WITH SSPN (TABLE III) PLATING PROCEDURES

Material - -

General Casting Air Pores, - Compatability | Plating
- (Trademarks) Characteristics Roughness Hardness With Waxed Wires Results
Stycast 2762FT g ¢ o) - -
3070 ¢ ¢ ) - X
1095 ¢ ¢ # -
2850KT ¢ ¢ @ - X
|Eccobond 99 X X o¢
1 s& X ¢ X
Nerieids g ‘/ . | /
700/55-F1 ’ -
700/55-F19 ¢ [ - b'e -
700/55-P19 @ . ¢ X
| T700/55-F18/P19 ¢ ¢ ¢ X -
- |ro-xa 125 - X - N/
- |Mermo-si1 120 X X - ¢
Kaolite 2200 X X X ¢
grading (relaitf_i'\'re:, based on the samples ¢¢ excellent
evaluated and not to be considered g good
""" an absolute conclusion) /  fair
‘ - marginal
X unsatisfactory
(blank - not evaluated




g2

TABLE V

MATERIAL SAMFLES EVALUATED WITH ATZN PLATING PROCESS

SUBSTRATE MATERIAL

, i, ' ; Emerson Cuming Furane ' Shell Dow
Filler Emerson Cuming Stycast 3070 Epocast 21 828 . 438
Material Stycast 2762FT +, Filler +% Filler +% Filler +% Filler
None 0 o 0 0 0
Graphite 2, 3, b*, 5,8, 20, bo
o 16
1/16" Long Fiber 2, b, 6, 8, 12, | 18, 35, b
|Gless 18 ’ :
PVA Fibers 625, 1.25
Quartz L, 8, 11, 22 LL, 51 79 ok
Aluminum 8, 16 116

# Considered best with the ATZN process

e
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TABLE VI

- PLATING PROCEDURES FOR ALUMINUM TRANSFER (ATZN) AND ETCHED SURFACE (ECAN) PLASTICS

S Phase A Phase B
AT_ZN "ECAN ECAN Tempsrature ‘Time:
¥ ** Solution (°F) (Min.) Agitation
.o Xylene RT 10 Ultrasonic :
;0 Shake off
o Alconox RT 10 Ultrasonic
o Rinse _water + spray RT 1 Ultrasonic
o 10% Nitrie Acid RT 1 Ultrasonic
o Zine Aid RT 1/2
o Concentrated Sulfuric Acid RT 2‘5
o Rinse water + spray RT 2 |
o Etch PM-930 (Shipley) 140 5 N,
o Etch PM-930 (Shipley) 150 7 N,
o o Rinse water RT 2
o o Rinse water + spray RT 2
o o | Neutralizer M-950 (Shipley) 110 5
o o Rinse water + spray RT 2
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TABLE VI (CONTINUED)

' Phasé A Phase B
ATZN -ECAN ECAN Temperature Time
* ) o Solution (°r) (Min.) | Agitation
o o 25% Hydrochloric Acid RT 1
o 0 5-2-1 mix catalyst OF (Shipley) RT 3 Ultrasonic
o o Rinse waﬁer + ‘spray RT s 2
o o Accelerator PM-960 (Shipley) 105 2 > . stir
o - o (o] Rinse water + spray RT 1
’ 0' ) K Niculoy 22 (Shipley) 195 Ai req";i N, o
inc%%n:l':n. |
o o o Rinse water 195 2
o o o Spfay rinse {optional) RT

* VOpt:‘Lh{iz"ed for Stycast 3070 + 49 graphite with bonded sluminum powder on surface

%% Optimized for Styeast 3070 + U4, glass fibers

-




TABLE VII

MATERIAL SAMPLES EVALUATED WITH ECAN PLATING FPROCESS

Substrate Material

Emerson Cuming

“Filler Stycast 3070 Dow 431
‘Material + % Filler + 9% Filler
None 0
Graphite 4, 6 6, 16, 32 -
Boron Nitride L
"
;{%Sr éi:is ! u*, 8, 12
Quartz 8
Calcium
Carbonate 2, b
Alumimm 4, 16, 32
Corppei' L, 16
Carbolized Iron L, 16, 32
Pure Iron 8, 16

% Considered best with the ECAN process

3
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TABLE VIII

A. PHASE A
FIAT | DOME SUBSTRATE INSTRU- SKIN SKIN PLATE | TUNNEL | FABRICATION
FACE FACE MATERTAL MENTED MATERIAL THICKNESS | PROCESS| TESTED | REMARKS
| A B Yes 17-4% PH .03 (Nom) Machine| Yes | Master Models, 4.8 to
. . . 9.8 rms
c | Stycast 3070 Yes Ni 22-9-M .001 ATZN - No Isolated wrinkle on
cylinder, void
p | 3070 +2% ar.| Yes M 22-9-0 0015 ATZN | No | Blistered, void
E 3070 + 3% Gr.| Yes Ni 22-9-M .001 ATZN Yes | ok
. 3070 + 4% Gr.| Yes Ni 22-9-M .0015 ATZN Yes .00L + ,0005, OK
G , 3070 + % Gr.| Yes | Wi22-9M | 0015 ATZN Yes | .001 + .005, surfacs
. o : 11 to 20 rms R
I8 i 3070 + 4% Gr.| Yes Ni 22-9-M .003 ATZN Yes .002 + ,001, 2 piece mold
I 3070 + 4%, Gr.| Yes Ni 22-10-N |  .0015 ATZN Yes .0005 + .001, No Agita-
: tion Plate Rougher
‘ than G
J o | 3070 + 4% Gr.| No Ni 22-9-0 .001 ATZN No | Al dull, plate spotty,
, - One Blister, void
1 1 3070 + 4% Gr.| No - : - - No Al. dull, did not
' plate, void

¥ v *» e



TABLE VIII (CONTINUED)

FLAT DOME SUBSTRATE INSTRU- SKIN SKIN FLATE TUNNEL FABRICATION

£t

_|FACE _FACE |  MATERTAL MENTED MATERIAL THICKNESS | PROCESS | TESTED | REMARKS
L | 3070 No Ni 22-9-0 .001 | araw No |oK
M 3070 To M 22-9-0 .0035 | amew No .003 + ,005, face loose|
- after plating, surface |
12 to 33 rms
N 3070 + 24 Gr.| No Ni 22-9-0 .001 ATZN No Al. dull, spotty plate,
. . Question B
o | 3070 + 3% Gr.| Mo - - - | N [A1l. au1, aid not
: . plate, void
P 3070 No CP-Th + .001 ATZCN Yes |.0008 + .0002, Al.
: Ni 22-9-M ' dull, plate spotty,
- | Question
Q | 3070 + 2% gr.| No Ni 22-9-M .001 ATZN | No - - |Al. duil, plate
]+ 2% Gl. _ spotty, Question
R 3070 No CP-Th .001 ATZC Yes |OK
NOTE: New RTV Molds were used for subsequent non-instrumented models to solve dull Al. problem
s | 3070 + 4% GL.| No Ni 22-9-M .0015 ATZN Yes Flate spotty
T 3070 + 2% Gr.| No Ni 22-9-M .0015 ATZN Yes Plate spotty
+29Gl. |
U 3070 + 4% Gr.| No CpP-7h .00125 ATZCN Yes .001 + .00025, OK
+ Ni 22-9-M
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TABLE VIII (CONTINUED)

FLAT DOME SUBSTRATE | INSTRU- SKIW SKIN FLATE | TUNNEL FABRICATION
FACE FACE MATERIAL | MENTED MATERTAL THICKNESS | PROCESS | TESTED REMARKS
v 3070 + 4% Gr.f No CP-Th .001 ATZC Yes | OK
W 3070 + 4% Gr.] No - ' - - ‘No Did not plate, surface
13 to 25 rms
X 3070 + 4% Gr.| No Ni 22-9-M .0005 | ATzn Yes | ok
Y 3070 + 4% Gr.| Mo, Ni 22-9-M | 002 | Arzx ves | oK
AA 3070 Yes Ni 22-9.5-N | .0015 ECAN Yes .001 + ,0005, surface
, , like CC
BB 3070 + 44 Gr.| Yes Ni 22-9.5-N | .0015 ECAN Yes .001 + .0005, not as
: . rough as CC
cc 3070 Yes Ni 22-9.5-N .0015 ECAN  Yes .001 + ,0005, surface
A ; i 70 to 140 rms
Db 3070 No Ni 22-9.5-N .003 ECAN Yes | .0015 + .0015,
' : surface like CC
EE | 3070 No Ni 22-9.5-N .003 ECAN No .0015 + 0015,
. surface like CC
FF 3070 No - - - No Did not plate, surfacej
10 to 17 rms




TABLE VIII (CONTINUED)

B. PHASE B
FIAT | DOME| DATE| SUBSTRATE | INSTRU- SKIN ' SKIN PLATE | TUNNEL FABRICATION
|FACE | FACE| CAST| MATERIAL MENTED MATERIAL THICKNESS | PROCESS| TESTED REMARKS
FFF |9/16 | 3070 + 4 G1. No Ni 22-9.5M .001 ECAN 'No Surface improved,|
' ~ 40 to 78 mms

G¢ |9/16 | 3070 + 4 Gl. | No Ni 22-9.5M .001 ECAN No Surface like FFF
HH “9/'16, 3070 + k4 g1, No Ni 22-9,54 .001 ECAN No Surface like FFF
II 19/16 | 3070 + L4 Gl. | No Ni 22-9.5M .001 ECAN No Surface like FFF

49

Footnotes for

Table VIII

N 22-
CP74 -
9-0
9-M
10-N
Gr
e R
ATZN
ATZC
ATZCN
ECA%

Niculoy 22, Nickel Alloy by Shipley - -
Copper Alloy by Shipley

" 90%, strength, old solution

Graphite, powder
Glass, chopped fibers

90% strength, old and new solution mixed
100% strength, new solution

Aluminum Transfer cast process with Zinc Aid, Nickel plate procedure

Aluminum Transfer cast process with Zinc Aid, Copper plate procedure

ATZC with Nickel plated over the copper

Etch, Catalyst, Accelerator treatment of plastic with Nickel plate



TABLE IX
Model Surviability Results
M = 7.32 Tests

hs”* N MAX;.** Inser-*** Mount Model Model
Run 2B'I'U ~ ;23;1 ot | ;'11?12 "ch’gz!i;- Letter Condi;i;n After
No. ' IFt -Sec- R 6=306,°F Sec.
1 .020 ) 2 1 B gouT
' : 2 A gocd
3 AA goe
L cc good
355 5 ‘BB good
6 T good
7 H good,
8 F good
9 G face wrinkled after run
10 E . face wrinkled after run
2 | .028 1 1 B ( slight particle abrasion
iat stagnation on all models
2 A
3 AA
L cC
395 5 EB
\ 6 1 face loose after run
7
8 F
9 DD
10 v
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TABLE IX

Model Surviability Results

M= T.32 Tests

| ns”  hax.” nser- Mount Model Model
Run _BTU Model tion P.?si- Ietter Condition After
No. F‘bg-Sec—oR g:ggé,g; gixgt.a tion Run
3 .034 1 1 B particle abrasion
2 A more noticeable
3 AA on all modelis
- L cc
445 5 BB
6 u particle pitting more appar-
ent due to copper under nickel]
7 H wrinkle and spalling on face
8 F two fine cracks in plate from
‘ particle pits
9 Db
10 v particle pitting more appar-
: ent on copper
L .0kD 1 1 B particle pitting continues
2 A gon all models
3 AA
L cc
k90 5 BB
: 6 u
7 Y most of plate on face lost
8 F some spalling of plate on facej
9 DD
10 \'
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TABLE IX

. Model Surviability Results

M= T7.32 Tests

| ws” fmax. Inser- Mount Model Model
Run - BTU Model " tion ‘Posi- Letter Condition After
I ro. |w2_can_Onl Temp, at Time tion Run
1 Ft ,Sec ‘R ‘9=306;°F Sec.
5 .038 2. 1 B particle pitting very noticeable
' 2 A particle pitting very noticeable ‘
3 AA some particles penetrating plate,
local damage only
4 cC some particles penetrating plate,
local damage only
540 5 - BB practically no particle penetra-
tion, very little abrasion
6 U face area very pitted and rough
T X most of plate on face lost
8 T plate peeling at stagnation area
9 DD two small blisters and a crack
in plate on face, very little
particle penetration
10 v most partgcles penetrating
through plate and deep into
o substrate
6 - .0b3 2 B pitted, rough face
A pitted, rough face
AA hit by a large particle leaving
a crater and local plate damage,
fine cracks in plate at stagnation
L cc particle pitting of plate notice-
ably increased
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TABLE IX

Model Surviability Results

M= 7.32 Tests -

ns© o fmax.” Inser- Mount Model Model
Run BTU Model tion Posi- Ietter Condition After
Temp Time tion Run
No:.; Pt -Sec-"R §=30° , F Sec.
6- .0h3 615 2 5 BB two small blisters in plate
(Cont'd)E ’ near stagnation
6 U fine cracks in plate in addi-
tion to heavy pitting
7 P wrinkles in plate on face
8 R stagnation area blue and pur-
. ple from heat
.9 DD more cracks in plate, particle
penetration low
10 v stagnation area blue and pur-
= ple from heat
T .039 2 1 B no apparent change (except moreH
particle hits)
2 A no apparent change
3 AA no apparent change
i ce no apparent change
560 5 BB no apparent change
6 U most of plate on face lost,
peeled back
N S local spalling and blistering
of plate on face :
8 R no apparent change
9 DD cracks in plate increased,lost |
v a spot of top coat of plate
10 v no apparent change

e

o e g e

o

e

-
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TABLE IX

Model Surviability Results

M = 7.32 Tests

" — v e - m—— -
hS MAX., Inser- ’ Mount Model Model
‘Run BTU Model tion Posi- Letter Condition After
! B 2 o, |Temp. at Time tion " Run R
Mo, -Sec -
| Ft -See- Rlg_ 30%,%F Sec.,
8 Rellel 2 1 B no apparent change in any
' ’ of models
2 A '
3 AR
L cC
70 > BB
6 - models in mounts 6-9°removed
7 . ' and mount rotated 90  so that
position 5 is top, an objec-
8 - tive of run was to get best
9 shadowgraph view of shock
- system on each type of model
10 \'s
*  Measured value on Model B, 1.0 inch diameter hemisphere
*%  Measured on Model BB, 30  off stagnation, 1.0 inch diameter hemisphere; this model mounted such
-~ .that it was first into and last out of flow, maximum temperature reached during retraction cygle.
B .24

Delta time between beginning of insertion to beginning of retraction



TABLE X SUMMARY OF PHASE A MODEL TEST RESULTS
M = 7.32, AMES 3-1/2 FOOT HYPERSONIC TUNNEL

Ih

‘ h h
Run P, T E /ft Model | Model S/R . Q h
No. Psza og €10 6 Face & T/C ggl - aBtu gtu » hsFla’c hsSphere
Type t =0 ] ft-sec £t -sec-°R
: : t =0 ' g
1 202.8 | 1548.7 .813 Dome BOOL 0 562.,0 19.k4gh .01976 1.0
Master BOO2 .524 560.4 17.18 .01738 .8796
BOO3 | 1.047 559.0 8.907 .00906 14585
, BOO4 | 1.571 557.2 2,083 .00210 .1063
Flat A0OL 0 563.0 11.491 .01166 1.0 .5901
Master A002 | .50 | 563.2 12.854 .01304 1.1184 .6599
A003 | 1.1k6 562,8 12.888 .01307 1.1209 L6614
Aook | 3.092 561.9 1.137 .00115 .0986 .0582
Flat ccoiz2f .50 552 .01189 1.0200
ECAN ccoo2| .50 - 552 .01628 1.3962
ccoo3| 1.146 | 552 .01l4l6 1.2401
ccool 3.092 552 .00136 L1166
Flat 1012 | .50 545 .01399 1.1998
ATZN 1002 .50 sL5 .01283 1.1003
1003 | 1.146 545 .01256 1.0772
004 | 3.002 545 .00139 .1192
Flat Go12 .50 540 .01374 1.1784
ATZN GOOo2 .50 540 .01328 1.1389
Go03 | 1,146 540 .01256 1.0772
GOok { 3,092 540 .00151 .1295




TABLE X SUMMARY OF PHASE A MODEL TEST RESULTS
M = 7.32, AMES 3-1/2 FOOT HYPERSONIC TUNNEL

.1062

Run | P T, R /ft Model | Model Q h - S h
No.. PT ox xe{0-6 Face & T/C S/R SWi Btu Btu By By
sia R o R 5 5 5 Flat Sphere
»T‘,n;e t=0 f{ ~-sec ft -sec- R
t=0
2 399.3 1 1561.1 1.579 Dome WOL | O 572.4 27.800 .02812 1.0
» Master Boo2 | .s524| 570.6 2k, 713 .02495 .8873
BOO3 1.047 | 569.1 13.217 .01332 4737
BOOk4 1.571 | 567.1 2.901 .00291 .1035
Flat A0O1 0 573.5 15.977 .01619 1.0 .5T54
Master | A002 .50 573.9 18.283 .01852 1.1448 .6587
A003 1.146 | 573.4 18.129 .01836 1.1346 .6528
AOOL4 3.092'| 570.9 1.672 .00169 1okl .0601
Flat cco12 .50 555 .01797 1.1099
ECAN Cccoo2 «50 555 02347 1.4500
€coo3 | 1.146 | 555 .01916 1.1834
ccool | 3.092 | 555 00171 .1056
Flat . 1012 }. .50 550 .01957 1.2088
ATZN 1002 .50 550 01777 1.0976
1003 1.146 | 550 .01658 1.0241
1004 3.092 | 550 .00172




TABLE X SUMMARY OF PHASE A MODEL TEST RESULTS
M = 7.32, AMES 3-1/2 FOOT HYPERSONIC TUNNEL

)

Ran | P | R,/ft | Model | Model | S/R Q h h | &
No. P'gia. gﬁ x220°% | Face & T/C TWi gtu Bttzx hsFl at hss phere]
Type t =0 | ftZ-sec | ft°-sec-°r
£t =0
3 599.2 1597.8 2.277 Dome BOOL 0 566.7 34.666 .03362 - 1.0
Master B0O2 .52h 564,2 31.005 .02999 .8920
BOO3 1.047 562.0 16.614 .01603 L4848
BOO4 1.571 559.7 3.663 .00352 1047
Fiat AOOL 0 568.2 20.205 .01962 1.0 .5836
Master A0OZ .50 | 568.4 22.769 .02212 1.1274% .6579
A003 1.146 568.0 22.47m .02182 1.1121 L6490
Aook 3.092 567.8 2.007 .001G5 0.0994, .0580
Flat cco12 .50 555 .02250 1.1468
ECAN ©C002 .50 555 .02916 1.4862 -
€coo3 1.146 555 .02375 1.210%
ccool 3.092 555 .00257 .1310
N 850.2 1616.3 2.638 Dome BOO1 0 580.1 41,390 .03994 1.0
Master | B002 524 577.2 36.959 .03556 8902
B0O03 1.047 | 574.6 | 19.783 .01899 ATSh
BOO4 1.571L 572.2 4, 462 00427 . :
7lat AO01 0 581.7 24,153 .02335 1.0 .58kh
Master AOO2 .50 .. 581.6 26.840 - 0259k 1.1112 6ok
1 a003 1.146 581.1 | 27.085 .02611 1.1183 .6536
AOOk 3.092 582.9 2.hh6 .00237 .101k .0593
Flat ceo12 .50 570 .02616 1.1203
BCAN €002 .50 STO .03h52 1.M76h
€co03 1.146 570 .02802 1.2000
ccook | 3.092 | 570 . 00294 .12%




E TABLE X SUMMARY OF PHASE A MODEL TEST RESULTS . .
' M = 7.32, AMES 3-1/2 FOOT HYPERSONIC TUNKEL
Run r Ty R /ft; | Model | Megei| s/R Tay Q h '%4 ' g - ]
No. Psia 5 x°10 Face & T/ °r Btu Btu SFlat Sspher
' Type t=0 £1%-sec £t2_sec-°R
t=0
5 848.0 | 1562.% | 3.349° | Dome BOOL 0o | 569.3 | 37.9%0 .03621 1.0
S , o Master BOOZ .52k 566.7 33.929 .03Lo7 .8917
BOO3 1.047 | 564.3 18.471 .01850 8Ly
BOOL 1.571 561.9 4,356 .00435 .11387 Rl
Flat 5001 0 571.6 23.230 L0234k 1.0 L6135
Master | AOO2 .50 5T1.7 25,222 .025h6 1.086 .6663
A003 1.1k6 | STL.b 24,720 .02kol 1.064 .6527
AOOL 3.092 | S5T1.h4 2.318 ,0023h4 .0998 0h12
Flat ccol2 .50 560 .02268 9676
ECAN ceoo2 .50 560 .03025 1.2906
€Co03 1.146 | 560 .02680 1.1433
, ccook 3.092 | 560 .00286 .1220
6 - 997.1 1617.7 3.709 Dome BOO1 0 5T1.7 45,142 .04316 1.0
1 Master BOC2 .52i i 568.8 40,320 .0384k4 .8906
BOO3 1.047 | 564.8 | 22.032 .02092 L8uT
BOO4 1.5T1 | 561.5 5.293 .00501 .1161
Flat AOOL 0 573.0 | 26.626 .02540 1.0 .5905
Master | AO002 .50 STh.6 29,240 .02803 1.0999 .6495
A003 1.146 | 573.7 28.759 .02755 1.0808 .6383
AOOk 3.092 | 573.1 2.725 .00261 L1024 . 060k
Flat ccol2 .50 550 02462 .9693
ECAN €c002 .50 550 .03347 1.3177
€C003 1.146 | 550 .03039 1.1965
CCO0k 3.092 | 550 .00340 .1339



TABLE X SUMMARY OF PHASE A MODEL TEST RESULTS

o

TT——— M= T7.32, AMES 3-1/2 FOOT HYPERSONIC TUNNEL
P, | B R./ft | Model Mod 1N~g§\~““’““‘"* h - h J |
] e e T \—~-~.o__‘_____m
Phia °§ x 10-6 Face & 7/C 0:1 Bza \B{,ﬁ"‘\m_{si‘lqt% ] hsSphver
) Type t = 0 fte-sec ftz-Sec_":R o
‘ t=0
848.0 15%9.3 | 3.397 Dame EOOL 0 '575.8 37.658 .03871 1.0~
Master BOO2 .52k 573.5 33.625 ,034h45 .8900
BOO3 1.047 570.3 18.381 .0187T .u8k9
BOOL 1,571 567.6 k421 .00450 .1162
Flat . AOO1 0 STT.4 | 22.666 .02332 1.0 .6023
Master A002 .50 578.9 24,805 .02556 1.0961 6602
A003 1,146 577.9 | 24.338 .02506 1.07kL L6NTL
A00k 3.092 576.9 2.297 .00236 .1013 .0610
Flat ccol2 .50 558 .02287 .G807
ECAN | €Coo2 .50 - 558 | .02995 1.2843
€co03 1,156 | 558 : .02753 1.1805
ccool 3.0692 558 .00296 .1269
8i6.7 | 1415.9 | 3.952 | Dome BOOL o | 563.9 | 3u.am | .ouoos 1.0
: Master BO02 .524 | 56h4.1 30,320 03559 8647
BOO3 1.047 562.2 16.431 ,0152k L6Th
BOOL 1.5T1 560.3 3.870 .00452 .1098
Flat | AOOL o} 561.2 20.044 .02342 1.0 .5845
Master 1 AQ02 50 559.9 22.155 .02588 1,1053 L6461
A003 1.146 557.1 21.896 .02550 1.0888 .6364
AOOk 3.092 553.9 2.045 .00237 .1012 .0592
Flat cco12 .50 547 02271 <9697
ECAN CC002 .50 ST .02965 1.2660
€003 1.146 | 54T : .02T78 1.1862
ccook ] 3.092 | 54T ; ~ .,00306 .1307




TABLE XI AVERAGED VALUES OF PHASE A MODEL TEST RESULTS
M= T.32, AMES 3-1/2~FOOT HYPERSONIC TUNNEL

Model Face |  Model e 2 L 2 " Runs
and Type ' - 7/C S/R 2 s veraged
: : ; 1 SSphere sTheory Flat ag
Dome ; BoOl = | o | 1.0000 1,020%4% 1-8
Master ©f  BOO2 © W52k ' . 886k '
: L BO03. 1,047 _— X
BOOL 1.571 | .2097
Flat - A001 0 ! .5906 1.011%%e 1.0000 1-8
Master A002 .50 1.1111
A003 1,146 : 1.0990
ACOL 3,092 0,1011
Flat | €C002 & R :
ECAN CCol2 .50 1,2034% 1-8
€C003 1.146 1,1937*
ccook 3,092 0.12k40%
Flat ccoo2 & | : .
ECAN : Cccolz2 e 50 1. 1057.. 1"8
' 1 ~ ¢coo3 1,146 1,093%#
ccoob 3.092 , 0,11L1%w
Flat 1002 & ' !
ATZR 1012 .50 1.1516% 12
1003 1,146 _ 1.0874®
T00k4 ~3.092 _ | .1127*
Flat | G002 & -
ATZN G012 «50 1.1587% 1
G003 1.146 1.0772%
gook | - 3.092 | +1295%
® Using mid fairing of VPCK - ##8 . Fay-Riddell theory (Calculated
#»  Using lower fairing of vpCK (See Figure 16) each run by NASA Ames)

%888 7oby-Sullivan theory, Ref, 11




TABLE XII SELLCTIVE PLATING PROCESS ON STAINLESS STEEL MODEL

Water Rinse and Spray

~ Temperature Time*®
_ Solution or Treatment (°F) : (Win.)
! #* Nickel Chloride Plate 140 Strike Coa.t
_ Preheat in Oven 175 60
| Clean 1k24 (Shipley) 165 12
? Water Rinse and Spray RT .
Dry in Oven 175 ; 30
Resist AZ111 (Shipley) BT ! Dip
wlair Dry . RT 30
Sle Resist AZ111 (Shipley) RT i Dip
E |(Opposite End First)
&|airary ‘ RT S i30
g|Cure in Oven 175 60
2 Expose Pattern Through Negative
g with Ultraviolet Lamps RT 15
AlDevelop AZ-303A (Shipley) RT 10
|Water Rinse and Spray :  RT :
Bake in Oven i 400 60
Preheat Model 200 60
Activate 1424 (Shipley) 165 13
Water Rinse and Spray 165 2
Plate Niculoy 22 (Shipley) 195 As Required
' ~10 Y in./min, %*#*
'Remove Resist 1112A (Shipley) 170 60
RT

i
{

#® Optional, Depending on Plate Thickne§s Required

**'Approximate Times; Actual Times Depehdent on Specifié
Condition, i.e, Model Size, Light Intensity, Resist

Thickness, etc,

#%% Tyo Coats of Resist Will Withstand Activation and
Plating to Approximately 0.001 Inch Thickness

.




Plate
<Q.009" te.0.020" A b

Constantan
Wire
& ngb%'E-
Plate
-o.ootr' B
SN = AN\
\ \* E/\\ \\\
\ \ \ . \\\
\
AN TN \\\
NV RN \ N
Al
Plate b

-0.00{" ?s.o.ow' c_. - TR y’
\ N \ AN |
AN AU \\\\\ %
AEEVENA S I R VAN RN /%

N A v

\,;‘ S
} Alr Spuce

\ \\\\\{\\\\\\\\\\\;

\ \ \ \ ‘\ \ N Sub‘\r‘%e \‘ ‘\ \\\\ N

\
\ « \ \ \
X”\\J(L) AN \

S

Figure 1 Model/Inutrunont:tion Concepts Employing Electroless
' Fiakel Burface a, Calorimater Gages



~0,0015" A
4 /////f y’/// ( High Thernal
Vs / ,/jj 7 A "\ Conductivity
d , B é/ / /" /") Material
4 Vd / /
g 4 /59 ;; 7 R
AL A S Ll
' Constantan
/ r HSIeeve
e R ¢
B b

+ TNTNTN 7 g R (T - T)
R
g Z

/ ‘ Alr Space
N N N\
N SqutrQ?e o AN NN N
N\ N NN < N\
N e T e e

Plate C

Constantan
Heat Sink

Constantan Wires

Figure 1 Model/Instrumentation Cdncepts Employing Electroless
Nickel Surface b, Gardon Gages

k9



Plate Slab Gage
§~0,0015" A
N YAY YD

NN \\ NN N
N

\ N N Sukstrate N
N, * .
NN\
Wire
n = B/Fek
e
Bz
Ty~ Ty = l-e¢ erfcB=T
Taw = Ty
Wire Gages
Plate Plate
~0,0015" B ' ~0, 0015" to 0,00025" C
\,‘ \ ’ : -
(\ NN é
N N N /
| %
Air Space ;j

NN D

X

Conductivity
Material

Figure 1 Model/Instrumentation Concepts Emplqying Electroless
Nickel Surface c. Semi-Infinite - Material Gages



Thermocouple Output, Millivolts

9.0

8.0

7.0

6.0

5.0

Copper/

‘\Consta.ntan

Niculoy/
Constantan

| | 1 |
260 300 3140‘ 38_0 L2 460

Temperature, °F
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°F

Plate Temperature,

Thickness (in)
Nickel Plate

Diameter (in)

Constantan Wire

v s e

Atr Gap (in)

Time, Sec,

Around Wire

Substrate
Material

Novimide 700/55

Novimide 700/55
Novimide T700/55
Novimide 700/55

.039 Btu/fta-sec-°R

0 +0015 .010 o
< L0015 .010 .010
O .o015 .03125 0
Qq  .0015 0325 01625
O .o015 ® 0
900 -~
800 L E;
700
1,0 inch diameter hemisphere
600 Stagnation point heating
h = constant =
Ty = 1500°R
500 Pp = 850 psi
M = T.3 6
R/ft = 3.6 x 10
400 ‘
300
200 0
100
o | 1 | L ]
0 .2 .h ' .6 08 1.0 102

"Figure 3 Temperature Response of Nickel Plated Novimide 700/55,

Effect of Alr Gap



Interface Temperature, °F

Thickness (in) Diameter (in) Substrate

 Niculoy Plate Constantan Wire Material
] .001 0 , Novimide 700/55
A oo .003 Novimide 700/55
¢ .001 .010 Novimide T00/55
D .001 032 Novimide T00/55

: 0 .001 ® .-

900

-O
1,0 inch diameter hemisphere
Stagnation point heating

h = constant = ,039 Btu/fta-sec- R

200k~ = 1500°R
S; = 850 psi
= T,3
40O }— R/ft = 3.6 x 106
e
300
200 — 0
100
0 l l : J.~ J_ l J

0 2 ou .6' .8 1.0 1.2

Time, Sec,

Figure 4 Tempernture Responle of Niculoy Plated Novimide 700/55,
Effect of Wire Diameter ‘

‘ : o 53‘7;



1,0 inch diameter hemiayﬁ;—x;e
Stagnation point heating
h = constant = ,039 Btu/ft =gsec«°R

Tp = 1500°R
Pp = 850 psi
M = T,3 6
R/ft = 3,6 x 10
Thickness (in) Diameter (in) Substrate
Niculoy Flate Constantan Wire Material
O 0 0 Stycast 2T762FT
O .oo 0 Stycest 2762FT
é 1001 »003 Stycast 2T762FT
VoL001 .010 Stycast 2762FT
; D oo '032, Stycast 2762FT
700 g & 400025 +032 Stycast 2762FT
0 .001 ® @)
mme SIS -
600*_ ——
o]
J 500}
3 |
Y
§. LOoO }—
g
o
» 300
O
d
4
o 200
+ ¥
5 /4
Y/
100
0 o . | | 1 | i { JL N { | |
0 o2 I N 8 1,0 1,2 1,4 1,6 1,8 2,0 2,2

5k

'Figure 5' Temperature Response of Niculoy Plated Stycast 2762FT,
- Effects of Wire and Plate Dimensions

Time, Sec,
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D .o01 . .032 ~ Stycast 2762FT
o 001 00 : ' o=

Figure 6 Temperature Gradients in Materials
at Time 2.5 Seconds
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1.0 inch diameter hemisphere
Stagnation point heating
h = constant = ,039 Btu/ft"=sec=°R
= 1500°R
= 850 psi

P
M = 7.3 ¢
R/ft = 3,6 x 10

Thickness (in) Diameter (in) Substrate

Plate Temperature, °F

Niculoy Plate - Constantan Wire Material
900 - O .010 0 None
0 .ow0 .003 Novimide 700/55
800 - A 020 003 None
600 b~
500
400
300
200
100
o | ARRE N RS N (N N RS N | |
0 2 ol 6 .8 1,0 1.2 1Lk 1.6 1.8 2,0 2.2 2.k

Time, Sec.

Eigure 7 Temperature Response of Niculoy‘P;ate Used As A Calorimeter
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Models Prior to Tunnel Entry

Figure 10 Phase A
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FIGURE 11 Ten Phase A Models Installed in NASA Ames
3-1/2 Foot Hypersonic Wind Tunnel



Figure 12 Phase A Models Being Tested at M = 7,32
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Figure 13 Distribution of Film Coefficient
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Figure 14 Temperature History of !odel AA Hemisphere, Run 5
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Material Property, /pC
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Figure 18 Distribution .of Film Coefficient
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Model A

Steel Master
Flat Face

8 x Magnification

Model CC

ECAN (Phase A)
Flat Face

8 x Magnification

FIGURE 19 Couparison of Particle Damage Between Steel and
Plated Epoxy Models After Eight Tunnel Runs



Model W, Aluminum Transfer
RMS = 13 to 25 U in

L e
= '

Model G, ATZN (,0015" Plate)
RMS = 11 to 20 4 in,

Model M, ATZN (,0035" Plate)
¥ RMS = 12 to 33 u in,

Model A, Steel Master K. i@
RMS = 4,8 to 9.8 g

A £

"'_. ECAN (?huse r‘.;m‘_ :
RMS = 70 Lolbop in. :

Figure 20 Representative Development Models
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Model A, Steel Master
8 x Magnification
RMS = I‘.B to 9.8 U in,

Model W, Aluminum Transfer
8 x Magnification
RMS = 13 to 25 ¥ in.

Model G, ATZN (0.,0015" Plate)
8 x Magnificatioxn
RMS = 11 to 20 W in.

Model M, ATZN (0.,0035" Plate)
8 x Magnification
RMS = 12 to 33 ¥ in.

Figure 21 ATZN and Master Model Surfaces
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Model A, Steel Master
8 x Magnification
RMS = 4,8 to 9.8 M in,

Model CC, ECAN (Phase A)
8 x Magnification
RMS = 70 to 140 u in,

Model FFF, ECAN (Phase B)
8 x Magnification
RMS = LO to 78 M in.

Model FF, Stycast 3070
8 x Magnification
RMS = 10 to 17 U in,

Figure 22 ECAN and Master Model Surfaces



Temperature, °F

Stycast 3070 with ,0015" Niculoy Plate and 0,003" Wire
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Figure 23 Temperature Predictions for Epoxy Models if Tested in AF Tunnel B
at Maximum Reynolds Number
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Figure 26 0,0175 scale Orbiter Model with 25% Tiles Plated to 0,001 inch
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Appendix II

Description of a Computer Routine for the Analysis
of a Two=Dimensional Conductive Heat Transfer

By: T, C. Pope

A simplified heat transfer routine has been developed for the anslysis of
tiro-dimensional conductive heating in a body comprised of as many as four
materials, The heat source for the system was conductive heating, repree-
sented by § = HA (Tadiabatic -Twall)’ to which one side of the body was
wall
exposed, Although the routine was coded for a specific problem, it is
adaptable and can be used for other applications involving conductive heat-
INga

The program was developed under NASA contract NAS9-13692 for the purpose of
determining the effects of the geometric and thermal-property variations
which could be affected in the design of heat transfer instrumentation.

The basic configuration is illustrated in Figure 1 and consists of a

thin, metallic film to which a wire is butted to the back-

side} the remainder of the backside volume consists of a low=conductivity
substrate and, if desired, an air gap around the wire.

Since the problem was two-dimensional, the model configuration was sliced
in half and divided into finite elements as shown in Figure 2, {The ar-
rangement and number of elements in this figure, L4 by 10, is for illustra=
tive purposes only; the routine is capable of handling 11 by U4 elements

if computation time is not a consideration.) A single element is shown in
Figure 3 and the various conductive areas are defined. The two=dimensional
elements which were modeled in the computer routine are illustrated in
Figure 4 with the areas designated and the heat flow sign convention de=-
fined,

By modifying the three-dimensional elements of Figures 2 and 3 to the two=-
dimensional form of Figure U4, the model matrix becomes that of Figure 5.
The dimensions of the elements may be variedj; however, with the present
arrangement the first two layers have a width of half the wire diameter and
a depth or thickness equal to the film thickness; the remaining layers have
the same width and & thickness of 0.05 inches. The progrem is a finite=-
interval computation of the heat balance equation given in Figure L for
each of the elements., The incremental heat conduction is caleulated from

(thermal conductivity){conduction area)(tezperature difference between elements){time increment)

(conduction length)

for each of the four heat flux components, The temperature increment for
each element is caluclated from

(heat stored)

(specific heat)(density)(element volume)
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Tﬁe boundary conditions slightly alter the heat balance equation in Figure
4, For instance, for elements on the surface (the first layer) Q, would be

replaced by HA (Tadiabatic “Tua11
wall
adiabatic boundaries so that the appropriate Q in each case would be set to
zero, The selection of the time increment is most important from two as=-
pects not related to accuracv. If the increment is too small, the computer
time can become prohibitive. If the tim€ increment is too large, the com-
puted temperatures will begin to oscillate, rather than continuously rise,
and subsequently diverge. An estimate of the magnitude of the largest
increment that can be used, and divergence avoided, is given by

)+ Similarly, the sides and bottom are

(specific heat)(density)(element thickness)2
thermal conductivity

The above expression must be evaluated for each materiael and the minimum
value obtained selected for use,

With regard to the simplification of the routine it should be noted thet
radiation has been neglected in the heat balance equation., Similarly, cor=-
rections for Joints (interfaces between materials) have been omitted. This
was done because of the 11l defined Joints which would probably exist and
the complexity which would be required in establishing the model matrix for
the routine. Finally, in the runs that were made with an air gap
separating the wire from the substrate, convection was ignored.

The results which were generated for the aforementioned contract are diffi-
cult to check., Thus, to provide some verification of the routine and pro=
cedures upon which it was based, & classical, constant-property, semi-
infinite-slab problem was run, and a series of hand calcu-

lations were made using the information presented in Temperature Response
Charts by P. J. Schneider'@91963,John Wiley & Sons, Inc. A comparison of
these results is shown in Figure 6., The agreement between the two methods
at 3 seconds /[the problem termination time) was within 0.,1°F. This ex=
tremely small difference is particularly impressive or perhaps fortultous
since in the course of this solution the computer performed 30,000 finite=-
interval sepproximations without the benefit of extended precision, This
feature was not available due to the limitation of the storage capacity,
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Other applications of‘the routine may be effected by varying the material
properties and element dimensiors as desired, Cases ranging from the basic
semi-infinite homogenous slab to the more complex fourematerial problem can
be handled,

Enclosure 1 defines some of the more prominent terms used in Enclosure 2,
a listing of the FORTRAN program. A sample of the output format'is given
in Enclosure 3.

8k



TS TIEREEETErIEry
- - \J
- - -~ - - = - "
. - - - &
& - ® -
- - - o -
- s - -
- - -
- o -
- - -
- - - -
-
- P -
- - - -
- - - L
-
- o - - 2% -
-
- - - &
- / - - P
- -
-

SUBSTRATE

AIR GAP
WIRE

FIGURE |  GENERAL CONFIGURATION
(CROSS SECTION)

85



o
B
O
;7 7 J [/ [/

] 7 I [/ /

\\
B
l"’/,p kk
3
Oy . Oy

] 7 I/l /

L
il
"V 4
NN ' ' Op
N ' s(/&sr
4 4
|
N
N/
W
JJ
FIGURE 2 ELEMENT
R ARRANGEMENT




ATB

Al

ADIABATIC SURFACES

FIGURE 3 DEFINITION OF AREAS ON TYPICAL ELEMENT

87



Al ATB

A2
ATB 02

Qsroren =& = + Q5 - Q,

FIGURE 4 TWO-DIMENSIONAL VERSION OF TYPICAL
ELEMENT AND HEAT FLUX SIGN CONVENTION



DIMENSIONS (1, ))
| # LATERAL ELEMENT NUMBER
J = VERTICAL ELEMENT NUMBER

R G T S R v ‘el
28 AR T T N U SN SR,
L ' ’ ’
i.'a. ke —-: - --". ..-—-o e - -'\ -:— -y -_‘I'f?.‘; :
0-11—4- o'!. v sdlin - - .., T e -—+ ‘ g . .{‘—. ‘0. h
L5 : ’ . ' Y .
?. - - .;;—---:—-o - E. codoaneds r'._T-,'
HHE '_:- :' ~ - -4:. .or -o=. -: -
7/ - -?. \ — o-.;.-o—-j --+ R - - \
il e Lt
WS I - ' SUBSTRATE N\
AIR 77 T i \
- —yrm= o= fce e s qe ey :
NS SR AN S
. ' \
- ot e - L AR Y
P :
- - - ] . ;— -!o
= SRR B :
‘A.. ) ADIABATIC :
|

BOUNDARY

11/ 77

FIGURE 5 ELEMENT DEFINITION IN COMPUTER PROGRAM




ELEMENT TEMPERATURE °F

’ O CALCULATED FROM TEMPERATURE RESPONSE CHARTS BY P. J. SCHNEIDER ! :
250 —— COMPUTER RESULTS (CALCULATION INTERVAL = 0001 SEC., OUTPUT R gl
INTERVAL = ,01 SEC.) BN ;

Pl ELEMENT ILLUSTRATED HERE IS CENTERED — T -
|} 1 0,027 BELOM THE_ SURFACE R SRR NI S 0 SN e 00 S
. § = 37.4 BTU/FT.2 SEC. | R e =

200 f——

! ; . b
+ i
‘ H PN
=1 [ EERE 3 - i 4 —— e e &
1 : T N N 17 : PR &
. i B | - ixo s . 5 - -8 . . - . N
. P - . PR . . PR . 1 . N “ B bl
; : ‘ 4 i H 4
H N i Lt A N b - M N L N R
LT s 3 ooy g e v
% T N - T T N ; e A I
i ) F 1 S S R T R B ® .
| &3 4 . ' . 1 ce - B B P I a4
4 ! ! . : : :
+ [ 4 * *
i . :
1 b

150 H- i b et e e A b e e e e

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

poe
. . . . . N
v o o b
-

0.5 1.0 1.5 2.0 2.5 3.0

o

ol
s VBaRSS: - -
'\;h\ % -
SR S &~ VSN H N B U
A i {l
. .
et e Ke AR S |
. ! : :
I 5 . PO S SR
1
SAEN
]
]
1

TIME  SECONDS

FIGURE 6 COMPARISON OF COMPUTER,RESULTS WITH CALCULATIONS FROM
_ TEMPERATURE RESPONSE CHARTS BY P. J. SCHNEIDER FOR A
__HOMOGENOUS.- CONSTANTAN SEMI-INFINITE SLAB




§CPA, CFF, specifig heat of air, film, substrate and wire, respectively,
CPS and CPW | BTU/1b.°F

DENA, DENF, | density of air, film, substrate and wire, respectively, 1b./ft.>
DENS and DENW|

W wire diameter, in.

Dx DW/2, the width of an element, in.

DYF the height of elements in the first two layers, in.

D?W the height of elements in layers Velow the first two layers, in.
H heat transfer coefficient, BTU/ft.2 sec. °F

IE lateral element number (see Figure 5)

1F2 the number of elements in the horizontal plane (see Figure 5)
J vertical element number (see Figure 5)

Jw2 the number of elements in the vertical plane (see Figure 5)
KA, KF, XS | thermal conductivity of air, film, substrate and wire,

and KW ' respectively, BTU/ft.°F sec.

AW ' adisbatic wall temperature, °F
| ¥ .film thickness, in.

™1,J) temperature of element(}lq) °F.

Enclosure 1 - Definition of Some Terms Used in Program
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Ty Z.007
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i) 113 J=g420)
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LP(Iyd)=GPS

e (] RFEDITHN

113 R{I,Jd)=KS
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ey pni (I )=3e 1alawupas i{ g l=l) /vy flaa, - .

TR0 J=1g1 , m-*J

thp 1ol I=1.71+2

71 (1 1) =5e LELERO RN FR{1=1171 4.

71y J)=ne L] kDY EA L/ LAk

CI{Tsd)=luessn i) 7TH{T)/DYE

CelTad)=ldessn(Iyi)a  1{TIsJ)/DX
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GO TG 157 ———ORICINALPAGE 18
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150 Ca(IlyJ)=CP (T yJd)xnFr{lyJ)oATnl{I)I=ny/12.

933 FORMAT( 5E20.6)
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(1) No surface joints

(2) Good surface detail reproduction

(4) Accurate instrument location

(6) Sufficient strength

(8) Instrument placement anywhere

(9) Effective in areas of hign thermal gradients

The plated slab possesses a very hard surface that is resistant to
particle damage and therefore meets in principal the model objective nume
ber (5). However, particle damage did occur in the pebble-bed heater
facility used in this evaluation, Figure 19 shows post-test magnified
views of the flat face of ECAN Model CC compared to the heat treated
(190,000 psi) flat face of the master Moa=l A. Both models were subjected
to all eight runs in the hypersonic tunnel and both were still providing
data without any loss of instrumentation., Figure 19 and Table IX indicate
particle damage resistance of the ECAN models is comparable to a heat
treated stainless steel model, The softer copper coating of the ATZC
process had more severe particle damage as noted in Table IX,

The customization of sensor sensitivity, objective (7), was restricted
to materials that provided good plate-to-substrate bond strength., The
best materials for bond strength fortunately also provided good data sen-
sitivity. Areas of low heating impose less demand on the plate bond and
therefore less restriction on the choice of materials for increased sensi=-
tivity (if required).

Data accuracy (not listed as a specific objective) obviously must be
adequate if the plated slab concept is to be practiced. The tunnel results
of this preliminary test provei that this model method will provide ac-
curate data., Further improvements in accuracy cin be expected as material,
process and data reduction improvements are made. Discovery of the Niculoy/
constantan thermocouple greatly enhances the data accuracy and overall
attractiveness of this modeling approach.

Problem Areas. - A smooth surface finish (objective (3)) could be
provided, however, for marginal operating temperatures. The principal
problem area was finding an acceptable compromise between surface smoothness,
plate hardness and maximum operating temperature of the model.

Figure 20 is a photograph comparing the surface smoothness of master,
ATZN and ECAN models. The smoothness of ATZN models are considered ade=-
quate for applications involving natural hypersonic boundary layer transi-
tion., Figure 21 shows magnified views of the ATZN surfaces compared to
the master and the aluminum transfer film, Note that polishing marks of
the master are reproduced in the plated plastic models which attests to
the faithful reproduction of surface detail of this process. The thicker
plate of Model M shows some pores caused by hydrogen bubbles forming
on the surface during plating. This problem can be reduced by
better control of the nitrogen agitation in the plating solution.
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