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ABSTRACT

This paper describes a 300 kW, 1 atmosphere arc jet facility
which is capable of partially simulating the boundary layer produced on an
ablating re-entry vehicle. The portion of the boundary layer from the abla-
ting wall out to the maximum temperature is simulated. The simulation
parameter developed is the ratio of the characteristic flow time in the
boundary layer to the chemical time. Temperatures between 3000 and
60009K are obtainable in the arc. In this range the arc-heated air is shown
to be uniformly heated and in equilibrium. A method of positioning an abla-
tive sample in the arc jet is described which produces a two-dimensional
ablating boundary layer. An optical system is described which is capable
of spatially resolving the boundary layer perpendicular to the ablating sur-
face to better than 1/10 the boundary layer thickness. The integrated radia-
tion emanating from this boundary layer has been studied with photomulti-
pliers, and spatially resolved spectral plates have been taken. The air-
Teflon boundary layer shows radiation from CF, Na and CN, while Delrin

shows CN, Na, OH,NH, CH and H...

Absolute boundary layer intensities

have been measured on the air-Teflon system at 3869 + 33

, Which spans

the CN (violet) (0, 0) sequence.

By densitometering a spatially resolved

spectral plate, the absolute intensity profile through an air-Teflon boundary
layer has been evaluated for this radiation. At 5800°K this system is 20
times as intense as the free stream radiation in the same band pass, and

at all temperatures studied it is the dominant boundary layer radiator in the
visible, near IR and near UV. Experiments presently being carried out are
described and future work is outlined.
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1. Introduction

The ability to observe and investigate the pertinent reactions under
simulated flight conditions in the laboratory would greatly enhance our
understanding of the behavior of hot air-ablation product mixtures. The
difficulty of laboratory duplication of Reynolds number and total enthalpy
corresponding to the boundary layer of a re-entry vehicle is formidable.
Requiring suificient time to permit steady ablation further limits the choice
of available experimen}:al techniques.

In this paper we shall discuss the application of a technique first
used by Rose and Offenha.rtz1 to produce and measure turbulent boundary
layer ablation rates, The method consisted of confining the flow issuing
from a plasma generator to the inside of a pipe or channel. In such a flow
the conditions inside the channel yield turbulent or laminar boundary layers

which closely resemble those found on a se-entry vehicle,

The additional problem faced in this investigation was to attempt
to simulate the chemical processes occurring in these boundary layers.
In order to make this simulation general and also to circumvent the a
priori lack of knowledge of the chemical processes involved in the gas
mixtures, we have relied on a simple kinetic theory model to provide this
simulation. We have simply asked that the collision rate between air and
ablation species, at the energy level duplicating the boundary layer, be

reproduced in the experiment representative of the desired flight conditions.
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We have designed an experimental facility in which a two-dimensional
boundary layer determined by these considerations can be observed with
a spatial resolution of one-t.:nth the boundary layer thickness.

In the sections which follow, we shall present the details of this
simulation principle and how it can be achieved ia the laboratory, and
describe the experimental facility which has been developed for this purpose
and the diagnostic techniques used to date. Then we will discuss the pre-
liminary results which have been obtained in this facility and their signif-
icance. Finally, experiments in progress and plans to further explo{t this

facility and gain a better understanding of the chemistry of the ablation

process will be outlined.
2. Simulatior. Requirements

Since little is known about the ablated particles or their chs=mistry, o
it is not feasible to base the simulation requirements on chemical reaction
times as would be desirable., Rather we turn to kinetic theoryland examine
the collision rate, for collisions of a given energy, Eﬁ, of an ablated
molecule in the boundary layer assuming constant collision cross sections.
It is then possible to define a simulation parameter based on the number
of such collisions an ablated molecule makes during the time T¢ it spends
in the boundary layer. If weletT c be the average time between collisions,

this simulation parameter may be expressed as the ratio

T T 1 dn,.
e ) e
c ) i

¢
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'where?’ 3

dn,, * *
iy - -E /kT E
TL =2 ninjﬂijcije ('E'-I‘- + 1) (2)
is the rate of binary collisions between species i and j in which the trans-
lational energy is greater than E*. n, and "j are the number densities of
species i and j, ﬂij is the kinetic cross section, ZEij is twice the relative
mean thermal speed for the collision and is equal to Ej[ 1+mj/mi] 1/2.

and T is the temperature. Substituting Eq. (2) into Eq. (1) and noting that

the flow velocities for the species i and j are equal, we obtain

1/2
- m,
T % [1 m, ] -E*/k'l; E
—1-_—‘:- = njn‘jL uj e vl +1 ’ (3)

Avl

whers L is the lsngth of the boundary layer., For mixtures of masses of

the same order and of approximately equal kinetic cross néctiona. the

kinematic viscosity is

£
I -
ac,.

= d . (4)

Y3
a8y [n + nj]

Equation (3) may be rewritten

e

, (S)
AV,

T Re, E'Ar (E°
-1-,-: "l er CJ ;—*— e TT +1
J
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where Rej = u.I../v.i is the Reynolds number, Mj = i c.i is the Mach number
and Cj = nj/(ni + nj) is the fractional concentration of species j. If species
j is air molecules, Cj will in general be of order unity; if species j is
ablated molecules, Cj will be small. Under the above assumptions Rej

and Mj are always calculated for air. From Chapman and Cowling, %

a = 1/2 so that av2 = 1,

For E*/kT » 1, as is usually the case in chemical reactions, Eq. (5)
is a strong function of temperature and the value of (T-f/T c) will be largely
determined by the maximum temperature in the boundary layer. Thus, it
will be reasonable in general to evaluate the parameters in Eq. (5) at this
point. It will be seen that the simulation parameter given by Eq. (5) is a
function of Reynolds number, temperature, Mach number and relative
particle density, which seems quite reasonable. Although it is not possible
to duplicate the flight value of all of these parameters simultaneously in
the arc facility, the resulting combination can be duplicated and they may
be individually duplicated.

The net result of these considerations is that the flight situation is

quite closely simulated ir the inner portion of the boundary layer, i.e. up

‘to the maximum temperature. In this region the collision partners and

their environment are duplicated. Outside the maximum temperature

region in the boundary layer the static temperature in the flight case drops
rapidly while the experimental boundary layer essentially ends. This lack

of simulation must be overcome by theoretical considerations. In the

experiment we are able to examine the inner portion of the ablating boundary

B0 Lo rns @ a it A e

g e ——— -
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layer in great detail under simulated flight conditions, and we can hope to
develop a theoretical model which will explain our observations. In such

a case we would have substantial confidence in the predictions made by this
model for the flight situation which includes not only the inner portion of

the boundary layer in which experimental verification has been achieved,

 but also the outer portion where we are unable to reproduce the phenoraena.

We have computed the values of the parameters defined in the previous
section for typical re-entry bodies and arc devices. Cones of 10° and 15°
half angle flying a typical re-entry path have been selected for the re-entry
bodies while, for the ax"c device, a plasma generator with a maximum
energy of 500 kW in the gas is used. The plasma generator discharges into
a plenurn chamber and thence into a channel or pipe. .

The simulation parameter defined by Eq. (5) has been evaluated at
the point in the boundary layer where T is a maximum. The pipe of the arc
device will have a subsonic or moderately supersonic boundary layer with
a cold wall and T will be a maximum at the edge of the boundary layer,

For the re-entry cone, a high Mach number boundary layer will exist and T
will be a maximum at some point within the boundary layer.

We cannot estimate the activation energy E* since we have no
knowledge of the reaction path, and consequently we must duplicate the
reaction partners and the maximum hypersonic boundary layer temperature.

#*
A
E/kT (E"/kT + 1) will then be duplicated, since we postulate

The factor e~
that the same reactions will take place in either the hypersonic boundary

layer or in the arc boundary layer.

-5-
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Having duplicated the temperature maximum in the boundary layer,
we need to evaluate the variations of the Mach number, Reynolds number
and species concentration of the ablating spécies. At the present time we
shall consider only laminar boundary layers, although by operating at
hig.her‘pressures. turbulent boundary layers can also be investigatéd.

In general, the fractional concentration of a given species through
the boundary layer cannot be found without a detailed solution of the
boundary layer equations. Thus, the value of Cj must be approximated.
The ratio of the total mass of ablated material injected into the boundary
layer per unit time and the total mass of air entering the boundary layer
per unit time yields an approximation to this value.

The effective heat of ablation for an ablating material is defined

as

Hogq = ag/m ©)
where q, = heat transfer rate without ablation and m = mass rate of
ablztion. Assuming that the diffusion boundary layer is identical with the
velocity boundary layer and that the ablative material sublimes, we can
estimate the total ablation occurring over a distance x measured from the

leading edge of the boundary layer. The total mass injected per unit time

into the length of boundary layer is given by

- '
f . 9, Zqox
mdx = ‘ﬁ""'- dx e ’ (7)
.0 )o eff Heff
-6-
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since 9™~ 1/Nx. The mass rate at which air flows into the same boundary
layer is

8 (x) .
f pUdy=p_ U, (), (8)

o
where subscript e designates conditions external to the boundary layer.
Defining the ratio of these quantities as the mass fraction of ablated

]
material, Cj’ it follows that

1

C. o 5
J 14 peUe (G/Jx)Heff

(9)

Zqo'fx

1
Note that this procedure yields Cj independent of x, since to a first

approximation 6~nx. As long as the molecular weights of the ablated

- products and air species are not too dissimilar, the fractional concentra-

tion, Cj' will be approximately equal to the mass fraction C;. For Teflon
witl. its C, F, CO, CN, CFZ’ etc., this is a reasonable approximation
which, however, could be improved by additional calculations.

The classical incompressible laminar boundary layer thickness is
given by4

1/2
kX
=5 (_U—p ) (10)

e e

for the flat plate. In the case of a cone, the numerical constant in Eq. (10)
must be divided by A/3 and x should be interpreted as the distance from
the apex of the cone. For the cases considered here, boundary layer

thicknesses calculated from the dissociated gas, variable py theory of

-7-




Fay and Riddell5 differed by only 10% from the values calcuiated from -
Eq. (10).

The ratio of the boundary layer thickness for an ablating surface
to the nonablating value above may be written approximately as the ratio

of the two heat transfer rates, 1 thus

6abn 9 Heff

5 T Fn_ '
P, W v

(11)
qabﬂ

where hV is the heat of vaporization of the ablating material and the
sgbscript w refers to wall conditions.

For cones, the heat transfer rate for the nonablafing case, q, can
be obtained from an extension of the work of Kemp, Rose and Detra. 6 For
small cone angles, where the velocity on the cone, Ue' is approximately

equal to the free stream velocity, their results can be written as

a _( 3 )1/2 (PeUe(ps) 1/2 ) 1/2
q  NR, a2 P /% x

oS8

where R is the radius of the stagnation point, deiined by subsicript 8.
Using the stagnation point heat transfer rate, s \/-Rs. as given
approximately by Detra, Kemp and Riddell, U we can write an equation

for the heat transfer parameter, q ~x, needed in Eq. (9):
o

1/2 1/2 3.15
P U0, " p, ) ( Ue) . (12)

p 3/¢ Yy

q VX o 632 (
_ s Ps1, 10

R—
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In Eq. (5) the Reynolds and Mach numbers are to be evaluated at
the maximum temperature point in the boundary layer. The temperature
of a cone boundary layer reaches a maximum at a point within the boundary
ia.yer at hypersonic Mach nunibers. To determine this temperature we
use the Crocco integral to &etermine the static enthalpy maximum, hm

and assume T to occur at this point. Thus
- “max :

U

h=h + (h -h)—-‘-’---l-Uz(l) ,
w © es w e e

from which

and

h -h
- 1 es w 13
hmax & hw + '2‘ (-—"'U'-_"—) 3 . ( )
The density at the maximum temperature follows, since the pressure in
the boundary layer is constant at the external value, Pe.

For the arc the conditions can be calculated more easily. If the

channel wall boundary layer is thin with respect to the diameter of the

channel, then
Eeff = Pe Ue Aha’

where Eeff = energy imparted to the gas by the arc (500 kW), hs = stagnation
enthalpy of the gas, and A = channel area. This determines the size of the
arc device.

For the channel boundary layer the maximum temperature conditions

are the conditions in the channel external to the boundary layer. The

-9-




parameters leading to the evaluation of (T f/‘r C) for the arc device have
been calculated for several values of hs and Ps, i.e., (hs/Rl Tl) = 50,
100, 200, 300, and 0.1 < Ps <10 atm. Equilibrium air chart58 were used
to determine Ts' ps, and sour}d speed a_. The local value of the viscosity
¢ is determined from tabulations of the transport properties of equilibrium
air.

The plenum gas is isentropically expanded to a preselected channel
Mach number, utilizing the value of y = Cp/cv = 1.2 which was shown by
Logan and Treanor9 to be a reasonable average for the range of conditions
selected here.

To determine q Nx in Eq. (9) the heat transfer parameter, Nuw/
'\fRew, has been used. For the laminar dissociated boundary layer on a
flat plate, without dissir.aation. the relationship derived by Kemp, Rose

andvDetraL6 has been used to obtain

0.5

. o\ 0438,
o Nx = 0. 648 w w < e e ) ( A ) (he'hw)- (14)

The simulation parameter defined by Eq. (5) can now be calculated
for the conical re-entry vehicles from Eqgs. (9) through (13) and the arc
experiment from Eqs. (9), (10), (11) and (14) along with equilibrium air
charts. Figure 1l shows the results calculated in this manner for a Ps of

two atomspheres, as a function of Tm » the maximum boundary layer

ax
temperature, i.e., the temperature which must be duplicated in the proposed

simulation. It can be concluded that most of the range of values of ('rf/'rc)

-10-
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needed to simulate the re-entry of conical bodies may be duplicated in

an arc operating at a stagnation pressure of two atmospheres while
simultaneously duplicating the maximum temperature. The choice of two
atmospheres stagnation pressure was made to simplify the initial operation
at M~ 0.5 by allowing the air to éxhaust into the ambient atmosphere. The
calculations shown assume Teflon as the ablating material.

Not all of the individual narameters which when combined form
Tf/Tc may be simultaneously duplicated in the arc. Duplication of the
simulation parameter is primarily obtained by adjusting the‘Reynolds and
Mach numbers to yield the correct value of the over-all parameter. The
cone boundary layer Reynolds number may be duplicated in the arc boundary
layer at any of the channel Mach numbers considered. Obviously the length
of the channel is a free parameter with which some variatio.. of Reynolds
number can be achieved. The Mach number at the maximum temperature
point in the boundary layer, however, can only be duplicated by operating
the arc at Mach > 2. It is not possible to duplicate the value of Cj
p;‘ecisely over any range; however, the value of C.i for the arc channel
boundary layer is never more than a factor of 3 different from that for the
cone boundary layer.

We have shown that the chemistry of the ablation contaminated
hypersonic boundary layer of a conical vehicle may be simulted in an arc
plasma generator assuining, of course, that the simulation parameter
suggested has the postulated significance. The calculations which have
been made are quite approximate and should be relied on only for trends.
However, we have attempted to show that we can operate in the proper

range of the critical parameters. For further and more quantitative use

-l2-




of the results to be presented here we can and must rely on a theoretical
model to bridge the gap between the experiments and full scale flight.
3. Arc Facility

The design of the arc facility used in the present experimentc was
based on an arc developed at the Research and Advanced Developrnent
Division of Avc). 10 Figure 2 is a schematic drawing of the arc used for
the present investigation. Nitrogen is introduced into (A) in a flow direction
tangential to the tungsten tipped cathode. This results in a spiraling flow
around the cathode as the gas moves into (B). The vortex flow stabilizes
the arc by constrictiné the arc to the anode center. The oxygen is introduced
downstream by means of twelve radial holes circumferentially placed at the
entrance to the plenum chamber (C). Uniform mixing is assumed to occur
within the plenumy chamber an: the hot air exits through the calorimeter
section (D). All internal components of the arc are constructed of copper
{except the cathode tip).

The exit nozzle consisting of the calorimeter section holder (F)
and calorimeter section (D) had either a circular cross-section 3/4" in
diameter or a rectangular cross-section 1/2" high by 1" wide. _ For the
purpose of gross measurements of the ablation boundary layer radiation,
the cylindrical calorimeter section is replaced by a pipe made of the
ablating material. When it is desired to spatially resolve the boundary
layer radiation, the ablating sample block is placed at the exit of the
rectangular calorimeter section flush with the bottom surface. For the
purpose of studying free stream radiation, either the circular or rectangular

copper calorimeter sections may be used.

-13-
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The arc is started by means of a capacitor discharge across the
separ.ition between cathode and anode at E and is ''blown' downstrearn by
the N, flow to a position to give stable arc operation. The total electrical
power put into the arc is increased in steps by switching in individual
(water coolzd) 0.924 ohm x;esistors in parallel, thus reducing the ballast
resistance which is in series with the battery bank power supply and the
arc. The gas pov;/er is calculated by subtracting the wall losses from the
arc power.. These losses are obtained by measuring the temperature rise
AT and the flow rate of the coolant water m (see (G), Fig. 2). The

enthalpy per unit mass of gas H is then given by

VI-(Sm AI’)HZO
H= - . (15)
MAIR
where S is the specific heat of water and n.lAIR is the sum of the mass flow
rates of the O2 and Nz.
Total arc power ranged from 80 kW to 330 kW. At a total arc power

of 152 kW and an air mass flow rate of 46.2 x 10'3

lbs/sec an arc efficiency
of 60.4% was observed. The equilibrium air temperature was 3070°K. At
a total arc power of 330 kW and an air mass flow rate of 22.3 x 10'3 lbs/sec
an arc efficiency of 38.3% was observed. The equilibrium air temperature
was 5590°K.

Radiation data were obtained using an {/10 Hilger prism spectrograph
(Kodak 103-F film) and a Bausch and L.omb grating monochromator along
with an external optical system consisting of two 45° mirrors, a 24" focal

length spherical mirror (located equidistant between arc light source and

instrument slit), and an aperture which serves as a limiting stop for the

-15-
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optical system. Figure 3 shows a schematic diagram of the optical

system., The distance between the instrument slit and the arc light source
is four times the mirror focal length so that the magnification is unity.

The 1/4" diameter aperture limiting stop is placed in the external optical
system at the mirror focal length. Hence, the solid angle subtended by

the optical system is 8.5 x 10"5 steradians resulting in a resolution of

0.13 mm for a 1" optical path (i.e. for the rectangular nozzle). Diffraction
limitation is negligible. The spectrograph has a magnification of 0.88 and
a dispersion at A = 3900 £ of 33 £ /mm for quartz optics and 11 £/mm for
glass optics. The monochrt.;omator has a dispersion of 33 R/mm independent
o. wave length,

Figure 3 also shows a sketch of how the ablation sample is positioned
with respect to the end of the arc apparatus. Also shown is the location of
the slit image during a typical ablation run. It takes about 7 seconds for
the thermistors monitoring the coolant water temperature to reach steady
state. If the ablation sample was =xposed to the arc gases from the time
the arc was struck until the desired operating conditions were obtained,
it would be severely ablated and a valley would be produced hiding the
boundary layer. To alleviate this difficulty a solencid unit was built which
movcda the ablating sample up to the bottom of the rectangular calorimeter
section subsequent to steady state operation of the arc.

4. Experimental Results
4.1 Clean Air

As described in the previous section, the temperature is determined

from energy balance considerations in the arc. In order to check these

temperatures-and to determine the temperature range under which the

-16-
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arc heated air can be -considered to be uniform throughout the gas exiting
from the nozzle; a number of experimeﬁts were performed on the un-
contaminated gas. These experiments included taking spectra to identify
the radiating species11 and their uniformity throughout the gas jet.
Furthermore, quantitative specfral intensity measurements were made in
a fixed band pass and these were compared to theory.

The clean air spectra showed the following molecular radiating
systems: N2+(1-), N2(2+), N2(1+), Oz(Schumann-Runge), NO(y) (requires
longer exposure), and various atomic lines of nitrogen and oxygen. The
three nitrogen systems tend to dominate the free-stream spectra at high
temperatures whereas the OZ(S-R) and NO(p) tend to dominate at lower
temperatures. It should be pointed out that the NO(B) system has not been
identified in the air spectra, however, its presence is surmised from the
data as will be described shortly. This lack of identification is in keeping
with our knowledge of the NO(p) system}L2 which, when in thermal equilibrium,
exhibits very little structure, appearing almost as a broad continuum.
Examples of the free stream spectra are given in Figs. 5 (high temperature)
and 6 (low temperature) below; the free stream systems are identified at
the top of each spectra. Copper is always seen as an impurity in the free
stream spectra. Absolute intensity measurements of the 4022.7 Rcu
line indicate copper concentrations of the order of 10 parts/million.

Measurements of the absolute intensity averaged over the bou.ndary
layer were made using a calibrated photomultiplier (DuMont 6291) and the
monochromator and external optical system described in Section 3, The

band pass chosen to make these measurements was 3869 t 33 R, since
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this encompasses the (0, 0) sequence of the CN (violet) system, a
dominant radiator in the ablating boundary layer to be discussed below.
The same band pass was used for measurements in the free stream. In
reducing the data the optical path length was taken to be 1" in the case of
the rectangular nozzle and 3/4" in the case of the circular nozzle. The
free stream air data are shown in Fig. 4 where the intensity in watts/cc-
ster is plotted agai;xst the temperature (obtained from arc energy balance).
. The data shown cover a temperature range of 3200—5900°K.

The solid lines shown in Fig. 4 are theoretically computed using
. electron transition moments and radiation equations given in the review
paper of'Keck, Allen and Taylor. e These theoretical intensities are, of
course, calculated for the band pass 3869 + 33 £. The dashed line gives
the sum of these theoretical components to the radiation. It is seen that
above about 3500°K the data agree well with the theoretical curve. Below
3500°K data progressively fall higher than the theoretical curve. Indeed,
free stream data were taken at temperatures as low as 2500°K and continue
to deviate in this manner. Free stream spectra taken at these lower
temperatures clearly indicate that the arc no longer produces a uniformly
heated gas jet, but shows a hot core which is responsible for the data
deviating in this manner from the theoretical curve. Between 4500 and
5500°K the slight deviation of the data from the theoretical curve might be
due to an uncertainty in the electronic transition moment for the NO(B) system.

It should be pointed out that the free stream spectra shown in

Figs. 5 and 6 in the vicinity of 3869 R bear out the dominance of the OZ(S -R)
[and NO(B )] at low temperature and the onset of the NZ+(1 -) and NZ(Z+) at
high temperature.
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Free stream air intensity vs. temperature at 3869 + 33 A.
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radiation. .
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Finally, it might be mentioned that some emissivity temperatures
of the N2+ (1-) (0, 1) band head at 4278 K were made which agreed well with
the arc energy balance temperature. From the random fluctuations on the
oscilloscope tracé of such measurements, it was estimated that the
temperature fluctuations (th about 6000°K) were of the order. of several
hundred degrees.

The above experiments demonstrate the satisfactory operation of
the arc facility at temperatures above approximately 3500°K.
4.2 Ablating Boundary Layer

Figures 5 and 6, which have already been referred to with respect
to the free stream portion of the spectrum, also show the spatially resolved
air-Teflon boundary layer. The componer;ts radiating in the boundary layer
are called out along the bottom of the spectra. It is seen that at both
temperatures the sodium doublet at 5890 ):S appears. It should be pointed
out that the amount of sodium radiation varies considerably among different
batches of Teflon. To date, no quantitative measurements have been made
on the sodium radiation and no attempt has been made to control the sodium
impurity present in the ablating sample.

The high temperature (free stream T = 5800°K) spectrum shown in
Fig. 5 shows the CN (violet) (0, 0) (A = 3883 R), (0, 1) and (1, 0) sequences in
the boundary layer. About 90% of the intensity is in the (0, 0) sequence.
Careful inspection will also show the beginning of the CN (red) system
arourd 6500 & in the boundary layer. This spectrum was taken with quartz
optics. Figure 6 taken at a free stream temperature of 3950°K shows only

the strongest CN (violet) sequence, i.e., (0,0). The CN (red) éystem can
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again be seen in the boundary layer. Furthermore, one sees the CuF
system at 4932 R (c1 T~ x1 Z). i The CuF is only seen in the boundary
layer when the free stream temperature is low. This is probably related

to the fact that the dissociation energy of CuF is about 3.0 eV, o However,
one would expect to see it in an equilibrium boundary layer close to the
surface where the temperature should be low even when the free stream
temperature is high. Its absence in this case probably must be attributed
to a nonequilibrium situation. When an air-Teflon boundary layer spectrum
is greatly overexposed with no attempt made at spatial resolution, the CF
system (AZ z - xzﬂ’) becomés apparent., These spectra are similar to those
obtained by Wentink15 ccvering the spectral region from 2200 to 2900 R,
No quantitative measurements have been made of the CF systefn.

Figure 7 shows a spatially resolved air-Teflon boundary layer
spectrum, greatly enlarged, just covering the (0, 0) through (4, 4) sequence
of CN (violet). The arc energy balance temperature for this run was 5810°K.
Also indicated in this figure is a distance scale normal to the Teflon surface.
The broad white mark which serves to locate the zero on this distance scale
is a helium line taken with a wide slit. The helium lamp was placed behind
a razor blade stop set at the l.:vel of the Teflon surface and the spectrum
was taken before the arc run was made.

This CN spectrum was taken specifically for the purpose of
densitometry; calibration data were taken on the same plate. The spectrum
shown was scanned with a densitometer parallel to the Teflon surface with a
slit 0. 1 mm high and 0. 01 mm wide. Nine such densitometer scans were

made, each time moving out 0.1 mm (i. e., one slit height) from the
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Fig. 7 Spatially resolved spectrum of boundary layer above Teflon
ablating in arc heated air showing the CN (0, 0) through (4, 4)
sequence enlarged. This plate was taken specially for’
densitometry. Free stream temperature equals 5810°K,
exposure 1 sec, limiting optical aperture is 1/4 inch.

-25-

A300!




-y g

previous scan. These transmission vs. wave length densitometer curves
were transformed into absolute intensity vs. wave length curves. The
area under each of these nine curves was then obtained; thus the intensity
in the CN (violet) (0, 0) sequence was evaluated as a function of distance
through the boundary layer. These data are shown in Fig. 8. It should be
pointed out that the intensity dip seen at 0.3 mm in the boundary layer can
be identified in the spectrum (Fig. 7). It is clear that spectral data, like
that shown in Fig. 7, can be used to deduce rotational and vibrational
temperature profiles through the boundary layer. Preliminary work along
these lines has begun. |

By finding the area under the curve shown in Fig. 8 and dividing by
the boundary layer thickness (1.6 mm), one obtains the average.(O, 0)
through (4, 4) CN radiation in the boundary layer which will be compared
with integrated photomultiplier measurements discussed below.

Measurements of the average boundary layer radiation have been
made using a calibrated photomultiplier. Once again the band pass
investigated was 3869 T 33 R. In Fig. 9, we show a typical example of
these data along with a photograph of the arc exit nozzle showing the Teflon
sample raised to the position that it would be at during the run. Also shown
is a photograph taken during the run with a filter over the camera lens which
passes only 3869 33 R. The exposure for this photograph was 100 insec
taken between 90 and 190 msec with the zero of time set when the solenoid
pushing the Teflon sample was activated. The oscilloscope trace shown in
this same figure shows the output of the photomultiplier which is monitoring

the boundary layer radiation. The oscilloscope trace starts at zero time.
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Fig. 8

A2000
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a2 04 06 08 10 12 14 16 18 20
DISTANCE THROUGH BL(mm)

The CN (0, 0) through (4, 4) intensity plotted against distance
through the air-Teflon boundary layer. Free strecam tempera-
ture equals 5810°K. The data are obtained from the spectrum
shown in Fig. 7. The indicated free stream intensity is
obtained from Fig. 4.
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For the first 20 msec, the time it takes for the Teflon to be raised into
position by the solenoid, a small signal is seen which corresponds to the
free stream radiation. It then takes approximately 20 msec lcager for a
steady state boundary layer to form above the Teflon surface. Subsequent
to that the radiation emanating from the boundary layer remains essentially
constant.

This signal can be converted into the boundary layer radiation after
correcting for the fact that only a portion of the slit is illuminated by the

boundary layer radiation. The correction is accomplished via the equation

0+ g+ 0,

Lg

-1

'QC
fs. T, (16)

where It is the total intensity indicated by the photomultipler output, If s

is the free stream radiation given by Fig. 4 and ‘QA’ QB and QC are the

lengths of the slit which are below the Teflon surface, filled by the boundary
layer, and filled by the free stream, respectively. 'RB is obtained by
measuring the boundary layer thickness at the position of the slit image
from photographs such as shown in Fig. 9(B).

These data are plotted in Fig. 10. Also shown on this figure is the
single intensity measurement made by the densitometer measurements
described above. At the lower temperatures the free stream radiation
correction becomes important. The data points are plotted using the
experimental values for the free stream radiation shown in Fig. 4. If, on
the other hand, the theoretical value of the free stream radiation is used,
the lowest temperatufe data points shown in Fig. 10 would be raised to

the position of the arrowheads as'shown in the figure. All the runs plotted
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Air-Teflon boundary layer intensity averaged through the
boundary layer plotted against temperature. The experimental
data are compared with the theoretical free stream intensity.
The densitometer point was obtained by integrating the intensity
curve shown in Fig. 8.
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in Fig. 10 yielded boundary layer photographs similar to the one shown
in Fig. 9(B) with the exception of the two lowest temperature runs (3675°K).

These two runs showed no luminous boundary layers.

4.3 Delrin Air Boundary Layer

Although most of the boundary layer work described in this paper
deals with the air-Teflon system, it should be pointed out that other |
materials have been examined in 2 qualitative manner. As an example
we show in Fig. lla spatially resolved air-Delrin spectrum. Delrinis
a polyformaldehyde (CHZO)n. Free stream temperature equals 5880°K.
Besides the CN (violetf and (red) systems and the sodium line that we have
already described in the air-Teflon case, OH, NH and CH systems are also

identified. 1!

The H(1 line is seen at 6563 B, It is interesting to note that
the CH system is seen only very deep in the boundary layer (the CH
dissociation energy is 3.47 eV)]‘4 whereas the Ha line is seen only far
out in the boundary layer (excited state at 12 eV).

5. Conclusions and Plans for Extension of Work

It is clear from the foregoing that the arc facility described in this

paper is capable of producing a uniform equilibrium hot air jet at temperatures

- between approximately 3500 and 6000°K. A method of mounting a sample

has been developed which produces a well defined two-dimensional ablating
boundary layer which is simple enough in geometry so as to allow the
gathering of data which can be treated and analysed by straightforward
methods. As has already been mentioned in the previous section, work

is now in progress to determine rotational and vibrational temperatures
through the buundary layer., Also some preliminary meaéurementa have

been made using a liquid nitrogen cooled indium antiminide detector

-31-




< = ‘..'.rﬁﬂau....n.i:.ms.s!%. " ag

AT TR P L D M OTOAES Pemeeies ey v ano 5 c 5 = [ it
i e e e & e R s IR % prerners e . Er s - =
¥ - -
.o [ ] *® “9 [ ° -

‘yout $/1 st doys ‘03s [ aansodxd ‘M,0885 b
stenba aanjersduwraj wreaxis 9913 “wnajdads ayj jo uwrojjoq
ay3 j3e st urayed ~Y} JO IdTJaNs 9YJ, °JIie pajeay oae ur Suijerqe
utife 2A0qe xafe] Aiepunoq Jo wunil}dads paajosaa Aqrenyedg 11 33

.32-

"y o Mmoo G o et o Lrsapud B AL L e a0 T

.,.
LitR

......u 1 . i w ) me~mn
o 4A el . - : -

: £ SR T A : “.a_mw._h..mﬂ__w,mw._.,._m,__:_4:.:.ﬁ._.::..;w_ P TPE Ry
s} 5 ¢l 32 A B mv 5 W OE :

s et

AJSQY




(sensitivity to 5.7 u). The CO vibrational-rotational systein at 4.6 |, has
" been identified in the air-Teflon boundary layer. Ir crder to get profiles
of this CO radiation through the boundary layer, a horizontal scanning slit
apparatus has been built which will allow the display of the indium antiminide
. signal on an oscilloscope as a function of distance throngh the boundary layer.
In the near future we plan to measure the ratio of the CN {red) to
the CN (violet) intensities as a function of distance through the boundary
layer, hence yielding an electronic temperature profille. Also contemplated
is an experiment to measure the boundary layer conductivity employing the
Q-coil technique. = This device has a response proportional to the

conductivity times the radius to the fourth power. The Q-coil would be

placed external to an ablating Teflon pipe, and hence the signal is most

sensitive to the boundary layer conductivity.

} The present optical system used in the emission studies could be
] . readily adapted to doing absorption experiments simply by placing a light
- source on the opposite side of the arc from the present optical system. By

doing absorption experiments we could identify and study molecules which

exist only very near the ablating surface, and hence might be too cold to
radiate.
Although it is not immediately contemplated, it seems quite feasible

to use the line reversal technique (see, for example, Ref. 17) to measure

the electronic temperature of some of the boundary layer species. And

finally, it seems quite possible that the electron beam scattering technique

developed by Camac for shock tube wcork18 could be employed on the boundary
o layer arc experiment to determine density profiles through the boundary

. layer.
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Up to the present time all the experimental work has been carried

out at 1 atmosphere pressure. Recently the arc facility has been modified

so as also to allow experiments to be done at reduced densities and super-
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sonic flows as discussed in Section 2 of this paper.
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