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An experimental study of the diffusion of helium in the wake of a
circular cylinder wasg conducted in the GALCIT hypersonic wind tunnel
at a Mach number of 5. 8. The cylinder was constructed of material
having random: porosity and was mounted with its axis perpendicular to
the strear:. The light gas was injected in amall amounts and the thermal
conductivity method was utilized to detect the concentration of helium in
the air at points ﬁswna;‘;ream. Problems in the utilization of the thermal
conductivity method for low sample densities were overcome by suitable
calibration.

Flow in the wake of the cylinder was found to display character-
istically similar behavior at a few diameters downstream, with respect
to decay and spread of the concentration. Reynolds number shmilarity
was established in the laminar cage, but turbulent Reynolds number
similarity may require reference to momentwm thickness, which was not
possible with the preseut data.

Profile data was sormnewhat marred by a tunnel pressure perturba=-
tion, but many of the important conclusions were not affected. The pre«-‘
files appear to follow the theoretical Gaussian distribution in the similar
region.

The thermal conductivity method is quite promising as a means
of tracing the diffusion of one binary gas constituent in another, as
applied to hypersonic wind tunnel experiment. It will also serve in the
analysis of transition and turbulence, and of the lateral spreading of

the turbulent {luid into tie rest of the wake region behind the bow shock.
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I INTROCDUCTION

The problem of the wake behind a blunt body is one of the oldest
in the classical, incompressible aerodynamic literature, ’I_fhe practical
aspects have centered arcund the effects of wake vorticity and circulation
and the momentum defect determination of dr&gi*. A limited guantity of
this claesical literature has been direcily concerned with the problems
of mase diffusion in the wake. There exists, however, a great amount
of theory and experimental data on jet mixing of incompressible {lows
and lower Mach number compressible flows. The jet mixing theory is
of course directly analogous to wake theory in many respects, especially
in the subsonic casez. Also, for the viscous-temperature effects of
primary interest here, namely those of the diffusion of momentum,
masgs and energy, the jets and wakes are just free boundary cases of
boundary Xayer flow for which there is extensive ireatment in the
Iiwramrea.

A suminary of the mixing theory and list of references to 1954
has been contributed by %iz. This compilation indicates that the know-
ledge of diffusion processes of incompressible flow is fairly complete,
and congists for the most part in consideration of momenturn-vorticity
diffusion. The compressible subsonic theory is also well established,
with the addition of some topics of heat energy diffusion. More recent
contributions which are of particular interest in the present invesgtigation
are the works of 'Ecwasen@,é, and Schubauer and Tchenss, Townsend
proposes such ideasg as that of the intermittency at outer boundaries of

turbulent flows and discusses the wake behind a two-«dimensional

#® Supevescripts dencie references at the end of the text.
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cylinder at some length. Schubauver and Tchen collect and extend the
ideas of Townsend and others in a well-integrated description of such
flows, and include an excellent bibliography of the associated literature.
An additional recent contribution to the specific field of interest here is
the book by Hinzeé. |

Literature on the supersonic diffusion px'm::@a@&g in wakes cannot
depend so heavily on the jet mixing literature, and very little has been
done, even recently, in this more specific field. Also, the literature
described indicates little concern with mass addition and chemical
reactions, which have recently become highly important in the hypersonic,
high altitude flight regimes of advanced weapon design and s’pace explora-
tion. A number of theoretical and experimental papers bave been written
in g’ecem years which have demonsirated clearly the importance of these
physical=chemical considerations in the transfer of heat to bodies in
high Mach number flow media ~1>, A good sumumary of associated work
is given by L@ea?. E&ubesimla and MCMah0n13 , in particular, show that
a light gas is most effective with respect to weight of material injected
in reducing heat transfer rates. One concludes from such a literature
survey that many hypersonic probler:s of practical nature will involve
the injection of materials in light gaseous state into ti:i@ boundary layer
for cooling, which in turn may result in chemical reactions and nonani~
form mixtures of gases in the wake flow behind the body. Any complete
study of the hypérsonic wake musi consider these phenomena.

The wake flow behind a hypersonic body involves the usual con=
siderations regarding afterbodies, structure, and countrol surfaces, but
it hag other implications as well which may become quite important.

There is, for instance, the probable radar reflectivity and optical



emigsion properties of the material in the wake, which are of interest

in the study of meteor wakes and in the tracking of reentry vehicles, in
addition to other obvious military considerations. {Dr. Feldman and

his associates at AVCO Researéh Laboratories are currently investiga«
ting these problems. ) On the other hand, the study of the hypersonic wake
is of current interest as a pari of the preasent exhaustive investigation of
the hypersonic flow field in general.

The above considerations have led to the establishment at GALCIT
of 2 program for systematic study of the hypersonic wake behiad blunt
bodies. Wake pressure measurements at a nominal Mach number of
5.8 have been undertaken by J. M. McCarthy, and temperature and hot-
wire ancmometry measurements are being conducted by A. Demetriades
and . F. Dewey. In a separate study, M. D. Coffin is continuing the
work of M«:M&h@nu in the investigation of heat transfer with mass
injection at the stagnation point of 2 blunt body. In his wor&, Coffin
has developed an apparatus for the analysis of the concentration of one

gas in another by the method of thermal conductivity. The method was
16

&

known to hirn through his contact with the work of Rush and Forstall
and Forstall and Shapif@l ?, at the Massachusetts Institute of Technology.
The present investigation was suggested by Captain Coffin {(USAF)
and Professor Lees, as a means of extending the GALCIT wake program
by a diffusion smdy. The use of a tracer gas should help in under standing
the chemical aspects of wake {low and diffusion in a binary mixture
of gases. It was also envisioned that a light gas might be used as a
tracer to determine turbulent processes in the wake. Although the
thermal conductivity method is a classical one in gas amlyﬁisla, it

bas seen very little employment in the field of wind tunnel experiment.



In view of some of the limitations of other devices in the usual hyperscnic
wind tunnel apparatus for the measurement of the physical state of the
gas, it has become evident that new methods for obtaining and correlating
this type of data are required. A large portion of the discussion below
will necessarily involve the setting down of simple procedures,
corrections and congiderations that have been found essential in the
employment of the apparatus. It is hoped that inclusion of all relevant
procedures will assist future investigators in avoiding the many small
technical delays that interfere with a smoothly conducted experiment.
Seme lmmprovements to the egquipment which could not be incorporated
in the present study will also be indicated.

Thus, the present investigation is a study of the effectiveness
oi the thermal conductiviiy method for determining concentration of a
tracer gaé. At the same time it is an exploratory study of the utility
of ihis tracer gas in uncovering the nature of hypersonic wakes behind

blunt bodies.



II. EQUIPMENT AND PROCEDURE

II.1. General Experimeantal Method

In accordance with the cited objectives the following experimental
steps were planned:

{1) Ejection of light gas from a porous body of simple geometric
shape at & nominal Mach number of 5.8 in carefully controlled small
quantities.

{2) The extraction of samples of the wake at various stations in
the tunnel by means of a amall pitot tube. These samples were to be led
to a thermal conductivity cell which would compare concentration of the
diffuéing agent in the sample with @ known reference gas. This procedure

‘requires a calibration of the thermal conductivity of known mixtures of
the two gases against cell readings.

{3) The correction of the data for mean tunnsl concentration,
differences in pressure of the sample and reference cell, instrument
errors, and any other effect that might alter consistency and reproducie
bility of the readings {rom test to test.

{4) The comparison of wake pressure data taken for the ejection
model against that of the solid model used for total head surveys,
{McCarthy's model), to correlate results.

{5) Experimental check of the two-dimensionality of the tunnel
flow at the center of the model, and spanwise uniformity of the tracer
gas ejection.

(6) The reduction of the data to find what conditions of similarity
may be found in the flow, and whether turbulent zones can in fact be

defined by the method.



{7) The comparison with available theory and related experiment.

iL. 2, Selection of Diffusion Gas

The selection of a tracer gas for diffusion intc the tunnel air

that would best meet the requirements of the experiment was simple.

If one checks the list of the common unchjectionable, relatively

inexpensive laboratory gases, helium and hydrogen are the two most

suited to the application and most sensitive to thermal conductivity measures
inent. Hellum is 5.97 and hvdrogen 7. 15 times as conductive as air, but
hydrogen is irﬂamm&biel@o {See Table 1.) The choice of helium becomes
sbvicus, and it is certainly .one of the light materials that might be

employed in surface cooling applications. The commercial helinm
utilized was 99. 9976 per ‘cent pure, with traces of carbon dioxide,

argon, hydrogen, nitrogen, and rmethane, by typical analysis.

II. 3. Description of the Wind Tunnel

The GALCIT hypersoﬁic wind tunnel is 2 closed return, contine
uously operating tunnel with two iest section lég&z. The legs are designed
to be used alternately to provide for installation in one while the other
is operating. Leg 1l has nozzle blocks set for a nominal Mach number
of 5.8 in the 5% x 5. 25" x 29" test rhombus. The leg 1 operating
limits are as follows: reservoir pressure, P = =5 to 100 psig;
reservoir teniperature, ’1“0 = 225 to 325°F; for which Reynolds numnber
per inch, Re = 3.88 x 10% to 30.3 x 104 . The Reynolds number per

unit length is obtained by the formula
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For these tests with M = 5.8 and T_ = 275°F:

Refin = 2260x P, (ib}

where Pﬂ is measured in psia. The velocity of the test section flow at
ihis nominal Mach number and “3?3& is U= 2770 fi. /sec. as computed by
‘the formula:

(U/a ) = = ;g = \/’im@ , (3)

(2/34%) + (¥~ 1)

-

' ; ; de o .
where a,is the reservoir speed of sound . The reservoir pressure
could be varied between approzimately 0 -« 100 psig, but critical

starting and running conditions were avoided by lmitations of 10 - 85

A more complete description of the tunnel and compressor plant
is to be found in References 19 and 20. A schematic drawing of the
tunnel is included in Figure 1 and of the test section and related

experimental equipment in Figure 2.



II. 4. Model Consiruction and Installation

The basic model of the GALCIT hypersonic wake study at present
is the two-dimensional circular cylinder. The body geometry was
purposefully kept as elementary as possible in order to simplify the
correlation of data. Once the complete flow field for this model is
established the expex“imeaml r.ethods for the simple model can be
extended and appliec’xr to more complex shapes. It was found that a
0. 3" cylinder diameter was the maximum that could be employed for
consistent starting of the tunnel flow. Thus, a .3" x 5" cylinder was
mounted horizontally from wall to wall in the forward part of the 5 inch
wide tunnel test section {Figure 2). Initially the n:odel was installed at
a point 13. 2" aft of the nozzle throat. In the later tests, however, the
model was moved an additional 2. 6" aft to obtain betier flow conditions.
{See the discussion in Section IIl.)

McCarthy's total head and static pressure surveys were being
made with a brass model. Although brass migiht be made porous, it
was thought that a more suitable material should be found with a surface
as smooth as possible and with natural random porosity. These proper=-
ties were found in an alumina refractory rod of ihe type used to support
furnace heater elements. The refractory rods initially were of . 385 inch
exterior diamet=r and 0. 13 inch interior diameter. The exterior of the
model was carefully turned to a smiooth, uniform .3 inch diameter, but
the interior diameter could be as much as . 003 inch non-concentric,
because of warping of the rod. The slight non~symmetry of helium flow
that would result from this interior eccentricity was congidered of negli-

gible concern as to its effect on wake mieasurements of gas concentration,



in view of other exmperirrental difficulties that appeared to exclude such
minor cousiderations at the time of model selection. Unfortunately, the
rod material was soraewhat brittle and the models had to be replaced
frequently because of breakage. In spite of these deficiencies of the
 alumina rod ihe material was considered well suited to the present
application, because it provided low, well distributed helium {low rates
with low metering pressure during bench tests. Thus,the momentum of
the ejscted gas is small for a given mass flow, and should not ‘apfpreci-
ably alter the external flow and shock wave structure. It was desirable
to achieve this result, if possible, in order to correlate diffusion data
with the pressure data of McCarihy's experiments as divectly as
poseible, and therefore obviate the necessity of duplicating a large
amount cf his work.

The bench tests of the moeﬁela mentioned above included other
coansiderations which are peculiar to this experiment. Firat, it was
noted during preliminary tunnel runs that a light-surface coating of
oil would collect on the model gurface. The oil problem is a continuiang
difficulty in the GALCIT tunnel for which a satisfactery solution could
not yet be found. It was therefore necessary to measure in some way
the effect of the oil on the flow of helium through the rod surface. After
several hours of running, the lightly oil~coated side of the rod was
covered and the model was connected to a vacuun purmp at one end, with
the other end sealed. The difference in the amount of vacuum the pump
would draw against a sealed space, and against the uncovered side of the
model, was measured with 3 U-tube manometer. The oil coated side
showed a negligible change in poresity. The ail. problem therefore was

not considered serious, since the model could be rotated {rom test to
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test to collect an even digtribution of oil, and the flow level could be
~adjusted to provide the same flow of helium regardless of slight
changes in model porosity.

Cne 1oust also make certain that all the metered heliwm is
gjected through the cylinder and not lost in faulty seals at the tuanel
walls. A clamping and locking arrangement and soft "o'-rings were
installed to prevent such leakage. After each insiallation the vacuum
te st describad above was applied to determine if he geal was cone-
sistently good. The helium was injected from both ends of the model in
order to provide a more uniform flow distribution across the cylinder
span. The roodel was mounied between metal ports because of the
aifficulty of securing an injection medel in glass ports when the in-
stallation must be repeatedly disassembled. Schlieren studies were
therefore not feasible with the byimczer injecting helium. However,

cormparison of the flow characteristics with and without helium f{low

could be obtained by taking representative total head pressure traverses.

vVIL 5. Control of Helium Injection

The flow of helium entering the cylinder at the tunnel walls was
‘metered with a standard Fisher-Porter Tri-flat flowrator, {Tube No.
3=¥=3/8-25-5/70, having a 3/8 inch glass ball), in series combination
with & smaller Fisher=Porter flowmeter (Tube No. OIN-15, 1/8 inch
sieel ball). The large flowrator provided stable measurement of the flow
in spite of "back-pressure’ variances of the model, while the small
flowmeter provided a double check and 2 more sengitive, vernier-type
monitoring of the flow quantity. The metering pressure was maintained

by reference to a standard U-tube mercury manometer. (See Figure 2.)
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Although the temperature correction is small, the temperature of meters
ing w&é noted for each test.

The metering of helium through the flowmeters was checked
against the Iisher-Porter Company predicticas and the previous
laboratory calibrations for heliuwm flow. This calibration was accoms=
plished by the timed displacement of a large volume of water at several
helium flow rates. The large flowrator checked closely with the
manufacturer's prediction, but the smaller flowrator was affected teo
geriously by back-pressure of the water to accomplish a good test.

The flow of helium was therefore always based on the reading of the
large flowmeter, with the smaller meter as a check against variances

in cylinder porosity by the back pressure effect, The test was conclusive
to about Tas per cent accuraéy in the flow range of interest, which is
also approximately the crder of accuracy in setting of the flow for the

tunnel experiments.

Il. 6. Sampling Probe

The prdbe employed to withdraw flow samples from the wake of
the injection model was of the type designed for iotal pressure measure=
ments in boundary layers. The tip was constiructed by compressing a
hypodermic tube to a flat orifice of 0. 004" depth with 0. 039" width. The
tip was faired out to a 0. 25" 0. D stainless steel tube fitted with a
0. 067" I. . neoprene tubing at the downstream end for iransport to the
jas analysis cell. The same probe was used for total head traverses in
the wake.

The probe was mounted in a mechanism designed to traverse it

axially from zero to 27 model diameters aft of the model centerline, and



vertically 1. 2" upvard to 2. 0" below the axial centerline of the tunnel.
The probe could be set to an accuracy of about 0. 01" axially and 0. 001"
vertically. (Sce Figure &.)

Saraples were withdrawn despite the low prescure of the tunnel
by the creation of a near vacuum condition in the conductivity cell.
{This procedure will be explained in movre detail in the next section. )
In the case of the lower tunnel pressures (near the model and at lower

reservoir pressure) a relatively slow time constant for gathering of the

3
saraple was noted - on the order of 30 seconds. "It was considered
essential to utilize the amall probe, however, bascause of the narrow

regiong of helium digtribution to be encountered near the model.

Il 7. Thermal Conductivity Apparatus and Procedures ’

Thé therrmal conductivity or heat transfer capacity of a gas mixture
ig a distinct physical quantity that may bé used in various ways to detect,
identify and trace the concentration of one binary constituent in another.

A very comprehensive summary of the principles and some of the more

2

comraon applications is preseated by Jii}ayneal':’. An application in which
Lelium wasg traced is the work of Rush, Forstall, and Eﬁzapir@lé' 1?,
where the method wasg utilized to irace diffusion in coaxial gas jets at
low gpeed. The form of the equipment in the prvasem experiment is
gimilar to that designed by Rush and Forstall. It was desgigned by
M. D. Coffin at the GALCIT hypersonic laberatory.

The thermal conductivity method of comparing two gas mixtures
consgists fundarnentally in passing the mixtures in question through
identical cell chambers with elecirical resistance ¢lementis forming legs

of 2 Wheatstone bridge. (See cell diagram, Figure 3, and wiring diagram,
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Figure 4.} The resistance elements in the two chambers have equal
currents since the resistances are paired in the two legs of each
chamber. Small variances can be removed by adjustment of the dividing
registance at the bridge input. When the gas conductivily in one chamber
equals that in the other, the wire heat, (I‘gm, is conducted through the
walls of the chamber, in egual amounts for the two chambers, and a
balance is achieved with no voltage across the bridge. The resistance
of the wiresg in the two chambers is not varied other than by the chamber
temperatures. Also, in the bridge, one holds the current constant and
espentially measures a change in R, the résiﬂﬁan@e of sample ch&mbér
wires. Thus R = R{wa ., where T, is the wire temperature. T, is
dependent on wire heat loss by the energy balance,

L] o ® Zv
qwzqg~@q@=zﬁ. '

where neglecting radiation and in stagnant gas:

éig = heat loss through the gas = X_{ AT/5)
aT = TW - Tc , the difference between wire and chamber
wall temnperature

§ = typical chamber dimensgion

E;e = heat loss through wire ends = € AT, where C = coefficient
of wire conductivity times wire area, in appropriate units.

Then

. ® :

a m

IE{»@T&@)QTW-TC} . {4}

The chamber walls conduct rapidly encugh to assume T ¢ © coustant.
{In this case the chamber walls were constructed of brass.) With cone

,and T .

stant curvent Eq. (4) then gives a relation between R, L. w
. kL

The mixture conductivity, however, is a {unction of concentration of the
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mixture gpecies and the temperature, T__ , of the mixture, by the

m
kinetic theory relations (Cf. Reference 2, page 159). The mixture teme
perature of the combination of helium and air can be expressed as some
function of & T, or as approximately the mean, T_ ={T - T.)/2. One

can thus replace K in Eqg. {4) by the above equation from kinetic

theory and then T, by a linear function of R, arriving at

K= Rtall = f{;:@‘:a»z*am . | {5)

Thus, each Wheatstone bridge resistance, R, is a function only of the
change in concentraiion of the helium in an air«helium mixture surrounde
ing it. In this case, the bridge resistance in the cell caviiy containing
helium enriched air is reduced by the greater cooling capacity of the
light gas. The variation of resistance in one chamber will cause a
voltage unbalance across the brieﬁ%g@ which can be read on a sensitive
potentiometer. Equation {5) can best be evaluated in terms of this
potential for purposes of calibration by laboratory measurement of
known sample concentrations. (See Section II. 7.1.) Other schemes of
operation are feasible, but this method is one of the most adaptable to
this experiment and was especially convenient in that a commercially
manufaciured cell could be utilized. (The specifications and manu-
facturer of the particular cell chosen are given in Figure 3.)

Although the fundamental procedures outlined above are con-
ceptually sirmple, several additional problems arose in procuring
representative samples from hypersonic flow fields, and in removing
possible sources of error {rom the method. Thesge are the considera=
tions which determine specific design of the apparatus and operating

procedure, and which will be discussed in succeeding paragraphs.



They can be classified under the following headiags:

{1} proper calibration of the cell

{2) adequate handling of the sample

{2) pressure differences between the two chambers

{4) temperature differsnce effecis

{53 in.strumeni; errors aand accuracy. -
{An additional item of consideration here might be the handling of
digsimilar mass flows between the two chambers. However, since
h‘ypersanie tunnel samples are widely variable in density and large
errors would be introduced by convective céolizzg effecte, it was decided
irom the outset to stagnate both sample and reference g&ﬁ@s.) The
above five items will be discussed in turn with regard to how they affected

the design and/or procedure of the experimeant.

I.7. 1. Cell Calibration

The calibration curve of potential across the bridge
versus concentration of helium in a reference gas must be obtained by a
laboratory method, as shown in conjunction with Eq. {5). The reference
gas used must be one which remains consistent in heat conductivity after
calibrmian for each subsequent filling of the reference chamber. In this
case, if one were to employ rooin air in the reference chamber, filling
the charnber for each period of use, an error may be introduced by
departure from the calibration curve because of changes in the atmos«
pheric mixture. The air mixture may change with small percentage
variations of carbon dioxide and watez vapor. The carbon dioxide
variation will not be significant, but water vapor partial pressure is

sufficiently variable and waier vapor is sufficiently differvent in thermal
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conductivity that noticeable error may be introduced if dry air is not
used. (See Table L.} Since the air in the hypersonic tunnel is well

dried and otherwise sufficiently uniform in content from one test period

o the next, a sample of heliumefree tunnel air was taken as the reference

or

gas before each test.

Having selected the reference gas as tunnel air, the cell
calibration should be made with air-helium mixtures against dry air.
The collection of large quantities of tunnel air is inconvenient, however,
and the present calibration procedure involved the comparison of known
mixtures of helium in dry nitrogen with pure nitrogen. Since the cone
ductivity of nitrogen is very close to that of air, this procedure involves
an error of snaller magnitude than that of preparation of the known mixtures
and plotting and reading of the graph. The magnitude of the error involved
can be estimated by noting that nitrogen is 0. 996 as conductive as air,
{Table I). Thus, an error on the order of one part in 250, or .4 per
cent, is the result of comparing any sample against a reference of
nitrogen instead of dry air. The difference in concentration obtained
between comparison of &8 sample containing large eiaami‘aies of nitrogen
against a nitrogen reference and comparison of 2 éMzilar air=helium
sample against air is therefore quiie negligible.

The samples were prepared by allowing a bottle of high pressure
ritrogen to discharge into a bottle of helium, with a seunsitive gage
measuring the pressure of the helium bottle accurately before and after
the addition of the nitrogen. The partial pressures of the two gases in
the volume then determined the concentration of the mixture. The
preparation was thereiore independent of possible nitrogen leakage

during the transfer. The method of computing the concentrations is
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based on the equation of state for components of a perfect gas mixture:

Pie =
where
Phe =
R, =
Mﬂe =
Vm =
Tin =
Wpe =
Py =

Solving for m
Solving f{o He

I He =
Similarly,
n =
N,
Thus
Kﬂe =

R T

He (M, /V UR /M )T,

PHe mo
partial pressure of He, measured before mixing
universal gas constant

molecular weight of He

mixture volume, constant

mixture temperature, constant

mass of helium

Py. ¥ Ppe = Pressure measgured after mixing, by
2 Dalion's law.
Pre Vm MHe
s Y ;
Pn, Vim My
2 2 . .
57 is the mass of niitrogen.
o “m
PHe = PHe MH&
e ¥ PN, Pn, M, * PHe MHe

Equation (6) is utilized to obtain the newly mixed concentration.

A series of samples was prepared,, having different concentrations of

He in N,. As each sample was prepared, if{s concentration was read in

terms of voltage deflection across the thermal conductivity bridge. The

plot of these calibration points is 2 smooth curve with little scatter.

{Figure 5).
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Temperature and pressure must be equal in the two cell éavities
for a proper calibration. (Pressure and temperature are discussed more
completely in the sections to follow.} Also the calibration curve is appli~
cable only for the voltage and current utilized across the bridge when the
sample deflections were read. The voltage and cﬁxrem choice depend on
two conflicting considerations. Calib:atio{xa whkich are more sensitive
and linear can be obtained for higher voltage-curreant combinations, as
shown by the curves of Rush and For stalllé. On the other hand, it is
desirable to keep cell resistance-wires warm by leaving the electric
current on while drawing the next sample, in order to minimize the timne
required for the cell temperature to reach equilibrium in the measurements.
However, during the sample collection, the gas deneily in the chamber
becomes very low, and heace the voltage-current combination must be
low so that the wires will not produce heat faster than it can be dissipated,
(See Sections II. 6. and II. 7. 2. ) Even though the current was turned off
before gathering a sample, the lowest sample densities are within a few -
milﬁmeters of the vacuum pressure, when the current must be on to read
the bridge deflection. It is therefore necessary to calibrate the cell with
the lowest satisfactory power to prevent fusing of the hot wires. To
accomplish the sensitivity adjustment in this case, a variable resistance
across the potentiometer terminals is utilized. (See Figure 4.) For
calibration over the low concentration range of inierest in the experiment,
a cufremt of 80 milli-amps with a 3 volt dry-cell circuit was employed,
and the potentiometer resistance was set so that an essentially linear
curve was obtained in the 0 - 2 per cent range. (See Figure 5 for equations

of portions of the curve.)
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1L 7. 2. Sampling Equipment and Procedure

The method of obtaining 2 representative gas sample from the
hypersonic tunnel is gomewhat more critical than in other applications
because of the low pressures encountered {on the order of one millirneter
of mercury). An intermitient sarcpling system is regquired in order to
stagnate both sample and reference {or proper comparison.

As previously mentioned, the reference air was drawn {rom the
tunnel in the present expéximent prior to commencement of the helium
{flow. The bridge was balaﬁced with the dry tunnel air in both sample
and reference cavities.,. Samples were withdrawn, after the helium {low
was comunenced, by creating a near vacuum at the outlet of the cell
{Valve 3, Figure 2). In order to compress the sample ag much as
possible to compare it properly with the reference air taken at atmos«
pheric pressure, a hande-operated mercury pump was included between
the tunnel 2nd conductivity cell. The pump in this case had a compr@ss«'
ion ratic of about three to one. The pumnp included a U~tube pressure
scale, accurate to about 1 mm of mercury. Referring to Figure 2,
valves 1, 2, and 3 are sequentially opened and closed with a continuously
operating vacuum pump so that the sampling steps are accemplisheﬁ as
follows:

(1) evacuation of the cell, mercury pump, and connecting lines

{2) waehing of the new sample through the same volumes

{(3) re-evacuation of the volumes, which establishes a vacuum

. in the cell
{4) drawing of sample with valve 3 closed, and the mercury

flask lowered
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{5) Compressing of the sample with valve 1 and 3 closed. The
time required for each of the above steps is a function of the sample
density. A low density sample enters the cell slowly because of low
pressure differential between cell vacuum and probe total head. It is
important to determine the proper time interval for each step. The time
of taking one sample point is generally 3-4 minutes at best by this
procedure, but if it is hurried the sample may not be representative.

The time for each step is found by taking an extended timme at first, and
then reducing the interval until & discrepancy is noticed in comparison
with the same sample point taken over a longer time imervai. This time
interval is most critical for the lowest sample pressures.

The sampling apparatus was thoroughly leak-checked prior to
each test run by applying low vacuum to the mercury pump, tubing and
cell cavities, closing the valves, and noting @hether or not the vacuum
is maintained by the mercury column. Even a slight leakage of room
air into the system would cause gross contamination of the sample. Also,
when a known sample is put in the sample cavity and left overnight, the
same reading could be read again before the next test period, as a
simple day to day check.

Another pertinent remark should be made in regard to the method
of collecting the reference sample. Since the pressure calibration
depends on the difference between the cell cavities, one should be careful
to see that the reference sample is collected at exactly atﬁnospheric
pressure. This objective may be accomplished by proper sequencing
of the valves at the time of collection, (i.e., shutting of the entrance
valve an instant before the exit valve). Once the reference sample is

collected at a known barometric pressure, it need not be changed again
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during the test period.

IL. 7. 3. Pressure Difference Calibration

The application of the thermal conductivity method of gas analysis
to hypersonic flow requires some suitable means of correction for
differences in pressure between the sample and referegace cavities of
the conductivity cell. For slight pressure differences this error is
negligible, but when the reference gas is at atmosgpheric pressure and
the sample at 2 few millimneters of mercury absolute, the error in
neglecting the pressure difference may amount to 50 per cent or miore
of the concentration reading taken. Simple kinetic theory predicts that
the heat conductivity coefficient of 2 gas is independent of pressure if
the mean free patih of the gas molecules is much less than the chamber
dimensions, and proportional to pressure in the cpposite limiting case.
The transition from one limiting case (o the other ig shown experimentally
by Bamelbuygaa. His graph of heat loss versus Kaudsen number
{proportional to pressure) clearly indicates a smocoth transition from the
independent region to the proporticnal region at Enudsen numbers
corresponding to the low pressures of the hypersonic wind tunnel, if
the chamber dimensione are such as to permit such a transition., It
was evident from the experiment by Bomelburg and {rom a few preliminai'y
tesis that the pressure correction to conductivity would be required in
the present investigation.

It is not simple, mechanically, to pump a representative sample
from the wind tunnel at near vacuwm to & pressure of one atmosphere in
the sample chamber. Mosgt methods of accomplishing this compression

involve the use of a pumping fluid medium which may contaminate the
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sarnple. While it is certainly desirable to investigate such meang
extensively, & simple expedient to circumvent the need for such a pumnp
is to calibrate the error in bridge potential against the corresponding |
pressure difference. This calibration i accomplished by reading the
bridge deflection of a known concentration sample at reduced pressures.
The sample potential is initially checked at one atmosphere and then a
portion removed in steps by a vacuum pump until very low pressures are
reached. The new potential acress the conductivity bridge is read for
each step. A suitable means of plotting the resulting calibratioa curve
for correction of tests is evident by physical r@asanimg, supported by
experiments like that of ﬁﬁm@lbﬂxgzg. One is led to the conclusion that
the conductivity of the gas in each cell cavity, and therefore any unbalance
of the bridge, ié a function of the absolute pressure in the cavity, when
the pressure is low enough that wall effects begin to become important.
Thus, if

P, = pressure in sample cavity, cm. Hg. absolute

P, = barometric pressure of the open and of the U-tube column

8 measuring pressure in the sample cavity, cm. Hg.,
a slowly varying function of time

Py, = baromstric pressure, Py » of the room at the time when
r the reference gas is s collected, cm. Hg.
Ap = height of mercury column, cm.

Then

B, = Py, = 4P
2 bs

is the independent variable in a function which determines the emf error
due to low pressure. Now Py, E P, for any given calibration or test

8 r
where the barometer does not change more than a few mm of Hg., as

is invariably the case. The emnf correction is not detectable on the
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instruments when the sample and reference cells are so nearly equal in
pressure. One can thus say thet p., = p, 80 far as conductivity in the
r 8
cell is concerned. To provide for barometer {luctuations, the absolute
pressure of the sample cavity should be plotted in atimospheres as
p/oy ) = by =4plp, = 1-(ap/p,) .
s 8 8 8 :
for the abscissa of the calibration plot. The graph of Figure 6 is the
result of the calibration. The points fall closely along the same curve
for the three low concentrations utilized. Tunnel air reference points
cannot be distinguished from nitrogen versus helivmenitrogen points in
the small scatter at higher presgure diflerences. The scatter is the
ragult of ingtrument inaccuracies, sampling variances, and the pregsure
measgurement inaccuracy of the mercury pump scale. The pressure
meagurement was accurate to about 1 mm of mercury. Redesign and
construction {or better accuracy was not considered essential in this
initial wake survey, in view of other experimental inaccuracies of the
same ovder of magnitudé. Also, ouly a few points near the model
involve pressure calibration at the very low pregsures. A maxirmum of
ten per cent inaccuracy for the pressure calibration at very low pressures
was accepted in that it would normally involve much less than ten per cent
errox in the total readings of bridge potential. The corresponding pers
centage error for any concentration level may be obtained from Figure 6.
The scatter in the lower concentration region of the curve is entirely
the result of slight variances in the sample and instruments used at the
tirae of the calibration. The emf correction here is small, and the best
average of the points was taken in the curve fairing. {Later, the

potentiometer was replaced and the micro-ammeter improved in order



that less scatter would be obtained in taking the wake concentration
surveys. See the instrument discussion in the next gection. )

The pressure calibration ceriainly would show a variation with
concentration if the concentrations were of a higher ragnitude than the

o
3 « 5 per cent levels measured in this investigation. A series of pressure
difference curves with various concentration levels as a parameter
swrould be required for high concentrations.

It is well to note that a pressure calibration for one geometry of
the apparatus might not be the same as for another where éhe dimensions.
of the tubing and cavity were changed. This would be the result of
mean {ree path and cell hot wire end loss effecig. {These effects are
discussed in the literature of kinetic theory and hot wire anemometzry,

Cf. Reference 2£2.)

FTinally, the following list of steps is given for a careful and
precive pressure correction of the type that would be reguired for emf
accuracies of 67 - 98 per cent with the lowest sample pressures to be
found near the mwodel at M = L,

(1) measurement of sample pressures in the range of 1 -~ 20 mm

of mercury abselute to an accuracy of 0.1 mrin, and higher
pressures to ! mm

{2} accurate calibration curves for known sample concentrations

{3) collection of reference gas at a known {atmospheric) pressure

{4} monitoring of barometric pressure throughout the test

{5) computation of pressure differences between cell cavities

and normalization by the barcmetric pressure. (Sincé the

variation in barometric pressure may be as much as 3 « 4 mm

of mercury for a test run of several hours, each critical
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reading can be cormputed using a curve of baromeiric pressure
for the times of the test.)
The alternative to this procedure is the pumping of each sample
to atmospheric pressure in the sample cavity with no contamination
during the process. In the present test, the above five steps were applied
as closely as possible, within the 1 mm accuracy of the mercury pump

pressure scale, and with special care during the critical readings.

1L 7. 4. Temperature Difference Effects

Normal variances in-room ‘temp@ratme will not affect the
accuracy of the thermal caa&zxcﬁvity bridge as long as the temperature
is equalized between the sample and reference cell cavities., (This was
shown by Eq. (5) above, and its derivation.) This statement can be made
as long as the temperature e::aéfiicient of conduction for the gases to be
compared is approximately equal. This factor determines the variation
of heat conductivity with temperature, and is nearly the same for the
gases considered here (Table I). The protection from radiating devices
and stray air currents in the room b§ a wooden container and the use Of‘
high heat conductive brass for the cell material, help to insure the
equalization of temperature. "Ehe brass also provides some egualiza~
tion between cell cavities for samples brought in at a temperature
unequal to the room temperature of the reference cell. The sample
traverses a distance of 3 or 4 feet in the room and is compressed in the
mercury pumnp; also, there is a finite time between sample collection

‘and reading of the bridge. The temperature of the average sample
therefore cannot be greatly different from the room: temperature of the

reference cell. It ig well, bowever, to estimate the effect of a small
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temperature difference in the bridge deflection reading. This estimate
has been accomplished by l;}aynes}’g » who states that the simple pre-
cautions given above are quite adeguate to prevent serious effect of
temperature differences beitween cell cavities. One may, however,
install the cell in a ihermosméicauy controlled housing if very accurate
readings of low conductivity differentials are desired.

Daynes, in his book, has given a very extensive coverage of the
more obscure congiderations in the method of thermal conductivity gas
analysis. He includes such factors as vibration and other secondary
effects. His conclusions regarding the detection of highly con&&;ctive
gases in air, however, are that very small concentrations can be
measured with accuracy if only the precautionary measures of the

present experiment are employed.

. 7.5. Control of Instrument Errors

Leferring to Figure 2 the instruments employed for measurement
of the concentration potential difference were
(1) the milli-ammeter
{2} the thermal conductivity cell
{3) the precision potenticmneter with its associated standard
cell and galvanometer {The galvanometer is utilized to
obtain a null current through the potentiometer circuit. }.
A simple method for control of most of the possgible errors in these in-
strumnents was available ﬁhraagh the employment of the samples prepared
for the calibration procedure. A sample was put in the sample cavity
vefore each test rua and the bridge em{ was checked. The ratio of the

calibrated value to the present emf was then a corrective factor for the
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readings of the bridge duriag the test. This procedurs also served to
correct for variations in roomn temperature, as a2 check on the bias
setting of the bridge sensitivity, and as a check {or damage or cone
tamzination of the conductivity cell. Along with 3 standard cell comparison,
it also served to check the performance of the potentiometer. Carvefully
mixed samples of known concentration are thervefore indispensable in the
uge of the thermal conductivity method. Freguently, as mentioned in the
sample leakage control discugsion above, the known sample was left in
the cell for extended periods of time and the same reading was obtained
upon recheck. The reproducibility of such readings on known samples
was within about one per cent at all times.

The bridge was balanced by a aull indication on the galvanometer
and poientiometer before each test with the dividing resistance at the
bridge input, (B+, Figure 4). This balance was accomplished with
nitrogen in reference and sam:ple cavities, and then with air in bothas a
recheck while gathering the tunnel refereace air before injection of
helium. The stability of the cell zero potential was within 0.05 m. v.

at all times.

iI. 8. Total Pressure Apparatus and Procedures

The magnitudes of injected helium concentration to be measgured
in a flow depend inversely on the local defxsity aand veloecity of the flow.
The determination of these guantities at any station of interest is
therefore mandatory to a complete understandiag of the diffusion
processes. It is not an easy maiter to obtain such quantities ina
compressible fiowzz. The total and static pressures are ral&tz’.veiy

easy to obtain, but the measurement of another state variable is
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required to determine densgity and velocity. The additional measurements
might be the speed of sound, the temperature, or the direct measurement
of velocity and density, if these measurements were feasible and
dependable. At present, methods for close determination of these

flow variables are not fully reliable. One may asswme isoenergetic

flow, however, without serious error in first order calculations, and
cormpuie an approximate local temperature. The pressures are then
measured with suitably designed probes and associated manometers

or transducers, aiter which the Mach aumber can be obtained through

.y

the Ravleigh pitot relatiané"z

2Y .2 Yal 1/@r-1)
73T My - err) a

?/Poz | NI TIOY s (7)
where
P = siatic pressure

= total pressure behind probe normal shock wave
0, P
M, = Mach number ahead of probe shock wave

Y

i

ratio of specific heats,

The Mach number and pressgures may then be exnployed to determine
other fluid quantities.

As previcusly mentioned, a pressure study by J. McCarthy in
the wake of a 0.3 inch brass cylinder was also in progress at the time
of the present experiment. Ii was desirable in terms of wind tuanel
runuing time to utilize the pressure data {rom the brass model in the
diffusion studies made with the porous model. This procedure reguired

a comparigon oi the two models as to flow characteristics, without
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injection and with heliwm injection at the level to be metered during
the wake diffusion tests. The iotal pressure profiles were considered
the best means of comparison. Total pressure profiles behind the
injection model were therefore made with the equipment employed by
McCarthy., This equipment will be described more completely in his
repuri, but a brief description will be given here.

The probe utilized in the total head traverses behind the cylinders
was the same instrument employed to gather diffusion samples, and was
described in Section IL. 6. The total pressure in the probe was first read
with a mercury micro~-manor:eter at one or two poinis in the flow, after
the tunnel had been stahkilized at the test reservoir conditione. The total
pressure was then diverted to a Statham 1 psi differential pressure érans-
ducer with a reference pressure provided by a silicon oil column., The
transducer converted the pressure to electrical potential which was
traced on a Mosely xy- plotter. The transducer-plotter system was
calibrated by measuring the pressure with the mercury micromanometer
at a few points. The output from a voltage divider coupled to the probe
traversing mechanisr: was fed into the x- scale of the plotter. Sufficient
additional micro-manometer points were read to establish that the
recorder scale had not shifted during the tunnel traverse. All pressures
were referred to 2 very low vacuum and therefore were plotted as aﬁsalute
pressures. The micromanometer presgssures were non~dimensionalized
with the tunnel reservoir presgsgure converted to absolute units before
making the traverse. Thus, the pressure traverases are plotied in a

convenient form for comparisen of flow characteristics.



MeCGarthy had also taken static pressure {raverses of the wake
behind the brags cylinder. A comparison of static pregsures with the
porous meodel, however, was considered unnecegsary in that total head
profiles would give sufficieat insight into any flow differences, which
should not be large.

Fesults of the wake &iuﬁie@éepm&é greatly on whether two
dimensional ilow actually existed in the tunnel across the cylinder span.
A few representative total head traverses were therefore made to check
the {wo dimensionality of the {low approximately one inch from the tunnel

centerline.

I1.9. Correciion and Correlation of Data

The reduciion of emf data from the e:madm‘:&:iﬁ&iﬁy bridge reguires
a certain sequence of steps according to the discussion concerning the
several iteme of equipment in the preceding sections. DBefore cutlining
the reduction technigue, however, it will be necessary to show how the
build=up of heliur: in the tuannel circuit may affect the da?.a

The guantity of heliwm in the tunnel air can be predicted by a
brief analysis. Helium concentration does not build up in value indef-
initely, but approaches an asympiotic ratio of helium mass to tunnel air
mass which is dependent on the amount of make-up air added to the tunnel
circuit and the corresponding leakage rate frorm the circuit. The
governing equations are analogous to those {or water vapor in the iunanel
air, where the amount of water vapor is conirolled by the bypassiag of
circuit air for drying to prevent condensgation in the test section. The

equation for the tunnel helium conceniration can be derived as follows:



Let ?:Ha = conestant mass/time of He entering the tunnel
th = consgtant mass/time of make-up air eatering the tunnel
7o = mass of mixture in the tunnel,
X = councentration by mass of He in the mixture
T = mass of mixture leaviag the tunnel with concentration I,

which mmust egual the total mass entering for steady tunnel
operation, or

m = m. . = a constant .
mﬁe%n& 8

Therefore, the rate of change of helium concentiration is given by

bosW - (x‘%& ' .
aK/dt = —ii8 He

- A :

+ ma) FL

The solution of thig equation with K = 0 at t = 0 ig as follows:

! e, 4 1)
K = He ] -expl-—=ie 2 ;) (8)
mﬁe + Ly M

- Equation {8) demonsirates that the tunnel concentration tends o an
asymptotic constant value as { becomes suificiently large. This result
wa s confirmed experimentally in preliminary tests. Within the accuracy
of i:éze thermal conductivity measurement, the time required to reach a
constant value was on the order of 10 = 15 minutes for the normal quantity
of makew-up air, m a uiilized to repleniéh the tunnel circuit. The tunnel
concentration with normal make-up air and low veservoir pressure is of
the same order of magnitude as the lower conceniration readings. It is
therefore desirable that as much as possible of the background concen=
tration be removed. Make;sup air was increased to accbmplésh this
removal by excess leakage until levels of helium conceniration about

. 06 per cent or less were obiained at the several reservoir pressures.

Equation {8) shows that the asymptotic constant value of tuanel
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concentration reached is independent of tunnel E}e . and is dependent only
on the rate of helium and air added to the tunnel. (The rapidity in reach-
ing the asyinptotic value, however, is dependent on }?‘a through the tunnel
cycle mass of air, M.} This result was also shown to be correct when
the valves admitting make-up air were left fixed and the manei P, was
changed for sorne of the tests. When the mase rate of the helium and the
corresponding tunnel concentration are known, the make-up air rate can
be computed by Eg. {8). If the make-up air rate is too high the tunnel
air will not be sufficiently dried, and ervors in measurement of helium
concentration may be introduced through lowering of the air conductivity
by water vapor. The tunnel concentration may vary during a test if the
make-up air is changed. It was therefore checked at intervals and
corrections were made &s necessary in the daia reduction.

Perhaps the best method of discussing the reduction af’ concenira-
tion test data is to follow a typical data sheet {Table II) and reduction sheet
‘(Tab},e Ii1). The values of conceniration in millivolts read for a series of
distances, y, from the vertical ::‘éni:erline are entered in the reduction
sheet, along with the corresponding pressure differences, A p, between the
current atrospheric pressure and the sample cavity ps-essufe. The coms=
putation is started in column 6 with the subtracticn of the tunnel background
concentration from the emf reading. The tunnel concentration sample is
always compressed to atimmospheric pressure, which allows subtraction
before A p correction. The computation is continued with column 7, where
the em{ reading of the conductivity bridge is corrected for instrument
errors by the ratio of the emf of 3 known sample to its current reading.
{The instrument correction is not large, for it can be controlled by the
variable registance across the potentiometer terminals.) This ratio

correcte for variations in current measurement, room temperature,
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and slight change in cell characterigtics as discussed in previous
sections.

Colurnin 9 of Table III scales the A p vacuura versus barometric
pressure reaciimg of the mercury column to that barometric pressure,
The barometric pressurec taken at one time curing the experiment is
sufficiently accurate unless very low tunnel densities are expected. If
these densities are such that the ratio ap/p, > .99, it is well to take
into account shifis in baromeliric pressure of greater than 1 man.
Fortunately such low pressures are found only very close to the model
in restricted regions, where the concentration is normally high. The
perceantage error is therefore low in the total emf reading for a relatively
high error in o emf caused by cell cavity pressure differences.

The Ap/pm value is utilized in E‘iguz;e 6 to obtain the oemi
correction for column 10 of Table III. Finally the emf versus concentration
graph of Figure 5 is entered to obtain the concentration, I, in per cent
of helium by mass.

The remaining step before plotting of the concentration ;mta is
the determination of the centerline from: the maximwyn concentration
point. This step is carvied oul after the a4 p corrvection has bee%z applied
in order to determine the true maxirum, In some of the tests e:mié:
enough points were taken vertically above and below the centerline to
deterrmnine the true mwaximum for rate of decay versus axial downstream
distance. If & profile were somewhat skewed, the centerline was
determined by egual spacing of half~-maximum poinis. (This point will
be govered in more defail in the later discussion. )

The helium flow for son:e of the early tests was not exactly the

0. 0031 1b/min of the later tests. It was changed after the profile runs



to improve the exactness of the setting. A scale factor of 1.15 was
applied to the data of the early rung to refer all runs to the same helium
flow. The linearity of such & correction for small ranges is shown by
Figure 7, which is a plot of a few points taken at different helium flow
rates with the probe fixed at an arbitrary location behind the model.

This procedure would be in ervor if the concentrations measured were
not in the linear portion of the millivolt versus per cent calibration curve,
Figure 5.

Finally, before proceeding to the results of the experiment, an
estimate should be made of the errors to be expected in the concentration
data preduced by the equipment and procedures employed. The types
and é:ausés of the errors have been covered to a great extent in the above
discussion. A more complete swnmary of them is included in Table IV,
with an estimate of magnitudes wherever possible. Thig table may serve
as a guide to improvement of the accuracy of the method. A fairly come
plete reﬁerenc& coucerning accuracy of thermal conductivity measurement

is the book by Baynesw.

IL 10. Suramary of Test Parameter Variations and Test Objectives

In view of the simplicity of the apparatus in the present exploratory
investigation and the resultant long time intervals required in the
measurement of individual wake samples, the number of parameters to
be varied in the tests was held to a minimum consistent with the basic
objectives previously cited. The most important parameter in the wake
flow processes of interest is of course the Reynolds number. Variation

of Reynolds number was achieved by holding the reservoir temperature
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at T o= 275°F and altering the tunnel reservoir pressure alone,
according to Eq. 1b. {(Reynolde numbers of the tesis are included in
Table V.} The helium ejection rate was held at a constant low nominal
value of . 0031 1b/min throughout the tests. This was ascertained to be
the flow quantity desirable for proper tracing of the processges with
wminimum effect on the momentum of the basic flow.

The investigation, with the above considerations, included the
iollowing tests:

{1) Determination of the maximum concentrations behind the
model for representative axial distances to the limits of probe travel
{27 diameters) for supply pressures P, = 10, 35, 60, 85 psig, and all
other conditions held constant. The maximmum concentration would be
determined by taking three or four samples near the tunnel ceaterline
until the maximurn is well defined. These tests were required to
determine how the maximum coucentration decays with axial distance
behind the model.

{2) Measuremeni of flow samples for concentration at a sufficient
number of polats off the vertical centerline to determine a concentration
profile at various downstream stations. These traversges for a number of
such stations would then display conditions of spreading and regiona of
similarity in the flow. The combination of centerline maximum con-
centration poinis taken and the profiles should then determine regions of
turbulent flow. To resirict the arnount of tunnel operating ti@e, the profile
traverses were limited to the exireme pressures considered, PD = 10 and
85 psig.

{3} Total pressure traverses were planned at & representative
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downstream distance, x/D = 5, for the supply pressures P@ = 18, 35, 60,
and 85 psig, with and without helium injection. Comparison with data
irom the brass model would then show corrections that should be made
for pressure differences, in utilization of that data for the porous model.

{4¢) Totial pressure traverses wera to be taken off centeriine to
determine if the flow is two~dimensional at a represeatative station,

%/ = & for P_ = 10 and 85 psig.

{5) Monitoring of the flow aéimervala during the concentration
rung was also to be included, by the taking of sufficient total head
traverses té see if conditions in the flow field remained consistent.

These were considered the minimal tests that could be made to
determine a satisfactory generval description of the flow and diffusion
processes affecting the injected helium. From such a limited investi-
gation, thea, a much more extensive survey could be planned, with
improved equipment and technique for coverage in reduced tunnel
operating time.

Lach test was designed to duplicate points of a previous test to
check for repeatability of heliurm flow setting, model installation character-
istics, conductivity apparatus vaviations, and possible alteration of the
bagic flow. Correlation of such repeated data would then establish a
confidence level and accuracy check of the procedures.

A typical data sheet for the recording of concentration test data
is included as Table II. The fixed parameters are included in the shest,
and the remaining blanks are explained by the discussion of the previous

gections.
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II. RESULTS AND DISCUSESION

IIL i. General Discussion of the Flow

At hypersonic speeds the flow field around a blunt body is domine
ated by the bow shock {Figures 8, 9). The static pressure on the {ront
portion of a circular cylinder with its axis perpendicular to such a stream
is much greater than ambient pressure, and the pressure faliésteaéily
along the surface. When the boundary layer is laminar, flow separation
eccurs some distance aft of the position of maxirmum thickness {Figures
8, 9). The static pressure along the inclined {ree shear layer is very
uearly constant and this layer is nearly straight until just upstrearn of
the characteristic "neck’ formed in the wake. Then the flow deflects
‘and the pressure rises abruptly in a short distance, while the flow veloecity
in the wake cavity along the dividing ''zero' streamline ig brought to rest.
A second shock wave is produced by this flow deflection. This obligue
wave ig intercepted by the expansion fan generated at the body surface
and decays rapidly in the downstrean divection.

When the free shear laver is laminar the width of the ''neck’ is of
the sarce order as the boundary layer thickness at the separation point
on the body. In the Reynolds number range of the present experiment,
the cylinder boundary layer is laminar at geparation, which is confirmed
by the fact that the neck is extrercely narrow in comparison to the bedy
diameter., Rapid lateral diffusion of vorticity and heat takes place as the
fluid moves downsiream. Of course, the gradients of enthalpy and velocity
in the “"external" flow which has traversed the bow shock are also being

smmoothed out by laminar diffusion, but the time scale of this process is



geveral orders of magnitude longer.

I a foreign gas is ejected from the surface of the circular cyliander
it will also be coacenirated at the narrow ‘'neck’”, provided the {ree shear
layer is laminar, Downsireayw: of the neck, the lateral diffusion of this
tracer gas furnishes a measure of the efficiency of the laminar rmixing
process. At sufficiently high Reynolds numbers, trangition to turbulent
flow is observed to occur in this inner wake downstream of the neck.

The subsequent lateral diffusion of the tracer gas in this casze gives some
insight into the vate of spreading of the turbulence into the Yexternal’

flow field. Of course the problem is complicated near the neck, but
further downstream the lateral conceniration yﬁr@ﬁles should exhibit a
certain similarity, Coosider & point far enough downstream of the neck so
that w, =u<<u, . Then the Oseen approximation can be employed, and
the diffusion equation to this approximation i éze followsa:

pu, (85/0x) = (2/eyd p Dy wo-) (9

where Dy, = D, , the binary diffusion coefficient for laminar {low, and
D% = Q"i‘ , the turbulent eddy diffusion coefficient for turbulent flow. For
laminar flow me abgorbs the dengity into the Howarth-Dorodnitzyan variable

by letting

¥ =fv (p/pd dy

o
By utilizing the approximation

- -
olp “12) = constant = Cp, (;Jw)e

as analogous to the usual pu = constant for the velocity defect solution,

Eq. (9) is reduced to the form:
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CiD, ol 97K

8K/8x = -

. | (10)

4
e &y

In addition there ig the condition for the conservation of the tracer gas,

aamely, ©
o= j p u ¥ dy = consgtant, : {1la)
-c0
or w0
° 4 wp 1
1 o= u £ = , °
xi Pe Ye S d¥ = constant {11b)

The soclution to Eq. {10) with the condition given by Zgs. (l1a) and (11b)

iz the welleknown Gaussian distribution

' 7
- A Y"‘
K = SxXp Q - P8 . ) . (13)
YD TG 5] Dyl ©/ug)
Wasre
A= A (rh/peua) s A= gconstant);
i€,
wmh ' YZ
X = AI exp { - ) . (13)
Ic Pe (D), ugx % 12)e c(?’w/‘la)

The conclusions indicated by this first order laminar soluition are that
(@) K.~ /% ,givenp_, th
{b) Sinece €E12)8~ yeN y‘e/Pe} s

o~ B Ve 3
Boras 1/}pe s given x, m ;

¥

- Y
(c) B/K . =exp(- oS0, CEGT b

indicatiag the Gaussian shape of the concentration profile.

Now for turbulent flow the situation is more complicated because
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the turbulent eddy diffusion cmeffie:iém: ig not independent of axial distance.
Roughly speaking, Do = Bau &, , whereau is the velocity difference

acrose the turbulent inner wake, B = a constant, and 52?; ig the breadth

of the inner wake. As the turbulent fluid penetrates into the "external flow',
.. increases. Nevertheless a first approximation for the turbulent case

is obtained by regarding D as a constant. Making another first order
approximation, let p = ? , a mean value in Eq. {9). Then the lateral
concentration profile for the turbulent case is sirnilar to the laminar

solution, except that {Dl &3 is replaced by D‘I&‘ , ¥is replaced by vy,

&

and C =1 in Eq. {13). Now

.y ~ _B(Un)wu
/e T =5 ’

where (CE})V, is the drag coefficient associated with the momentum defect
i
of the turbulent inner wake and D is the cylinder diameter. Then for

turbulent flow:

. 2
1 1 y
Kz A, (=t ) exp ( = y . {14)
2 Pele ¥ "B <, Y575 B Cp Dx
W wW

The conclusions drawn {rom the first order "solution' of the turbulent

cage are that

(@) % .. 1/ Y% , given P, W, Cy

-

-

(b) K.~ i/pe , given x/DI , mh, CBW

{c) The profile of K/K, is Gaussian.

fERT- 554
Before examining the experimental data in the light of the

preceding rough similarity considerations, certaia flow conditions
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discovered during the teste rmust first be discussed.

IIL. 2. Tunnel Flow Conditions and Variations

During the course c;f‘i;he pressure traverse tests made with the
brass model and the concentration teats with the porous model, certain
discrepancies began to appear. (Both models were mounted in the same
tunnel position, 13.2 inches from the nozzle thrga,ﬁ.) Discrepancies
~were first seen in the pressure data taken by McCarthy, prior to the
concentration runs. (See Table VI ) In particular, it was noted that
reproducibility of the pressure traces was not good, and that square~shaped
and nonesymmetrical wakes were being obtained. Actually, Gaussian
distributions of wake diffusion quantities are to be expected, according
to the discussion in Section IIL. L. The discrepancies in the pressure
traverses were attributed in part to oil droplet formation on the brass
model, (It diffused over {he surface of the porous model.} However,
it was not until a quantity of pressure and concentration data was taken
that the discrepancy affected the data seriously enough to be certain that
it, in fact, existed. The chronological history of the flow can be followed
by referring to Tables VI and VII and the corresponding figures (Figures
10-21), which are the complete presentation of the experimental data
obtained. In particular, Figure 13 shows the effect of the flow change
in spreading of helium mass; Figure 14 shows the effect on axial decay;
and Figures 16-18 are pressure iraverses which show the variationg in
the momentum defect of the wake core. Figurz 19 demonstrates that the
flow is identical for the two models. Figures 18 and 19 demonstrate that

the effect of helium flow is that of a slight lowering of the wake total



N
T

pressure, by 5 per cent or less at PO = 85, and widening of the shocks
and wake core at P, = 10 psig. Density effects of the light gas are
undoubtedly the factors which caused these differences in total head
traverses.

Vhen all of the above figures are reviewed, one comes to the
conclusion that tuanel flow perturbation is certainly evident. A few
pressure iraverses were taken without the model, These traverses
and some calibration hismfy of the tunnel revealed that two small waves
originating in the nozzle throat region crossed the tunnel at almost the
exact position of the model. Their symmetry had made them impossible
1o detect in the early data. Their effect was to cause intevmittent
variation in the pressure of the wake and Wideni\ng of all the wake totali
pressure ""buckets'. This effect can be verified by noting that the
pressure traverses taken with the probe off ceater aétu&lly correspond
closely to those taken with the model moved rear*;&'ard 2.6 in. out of the
perturbation region. {See Figures léc, 18b, 18c, and 19b.) These con=
clusions were confirmed by intermittently taking concentration data and
pressure traverses with the model at the rear position until the data of
concentration runs 10 - 15 was obtained without another shift of the flow.
The runs taken with a stable flow then serve as a means of correlating
the previous concentration profile data and cbtaining some useful
information from it. This procedure is justified only because of the
precautions taken in all concentration tests, namely those of repeating
sample points from preceding runs to check rﬁproducibilify. The small
variations in the duplicated points which were noted at the time of taking
the profile data could now be undarstood. Originally, these were attri-

buted to errors in helium flow setiing or to instrument errors.



43

It was considered impraciical in this exploratory study to repeat
the data of the first runse for the preseunt investigation, aiter moving the
model to the stable position. Rather, it was decided to utilize the data
in its present form to extract as much information as possible, and then
to repeat and expand the experiment in another investigation, with im-
proved equipment based on the knowledge gained to date. Actually the
effect of this compromise on the remaining discussion is not as great

as might at first be eﬁpected.

1Il. 3. Continuity Check of Helium Flow

By integrating the diffusion equation to suitable limits of the

concentration profile, one obtains

+8, +8, +8
K K K 9K . .
§ 7 ereapusiay + [ w/oppusiay = [ i0/anemy, ey
-&K ‘ =&y '%Z
Since the concentration and concentration gradient in ths y- direction are
both zero at the wake edges, the integral equation is reduced to
611{
{8/ 8x) f
- K

where the order of differentiation and integration has been interchanged.

pukk dy = 0 R
5 .

This result can only be valid if

&

B
j puk dy = coastant = n'qu/ unit length s {15)
-8y
which expresses the fact that the mass of helium injected from the cylinder
into the stream must equal the integral of the puX profile taken at any

station, % , and integrated over the span. Thus if one agsumesg two-

‘dimensionality of the flow, the iniegral
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5 f puk dy dz = n’xﬂe , mass/sec {16)
o «-6K

would equal the helium flow quantity metered into the cylinder. The
integral provides @ means of checking whether or not the concentration
measurement ig accurate, providing the product pu can be determined.
The method of computation for pu follows from the equation of state and |

appropriate modifications:

pu = p (Ma/RT) = pM WW ; (17)
where ¥m and R are the ratio of specific heats and gas constant of the
mixture of helium and air. If the assurmaption is made that the flow is
iso-energetic (with possible error not greater than approximately 10 per

cent), the local temperature can be replaced by the well-known relation,

T = ey . | (18)
14 i M
The Mach number may be determined from the pressure data taken by
McCarthy, which corresponds to the concentration profiles taken before
large shifts in the tunnel flow. The method of obﬁaimng the Mach number
from this data is given in Section IL. 8, for ¥V = Ym’ Although the static
pressure is given only for the wake ce'nter, McCarthy has found by taking
representative iraverses that static pressure is very nearly constant over
- wake cross-sections beiween inner shocks downsiream of the wake ''neck'.
To provide greater accuracy in the puk calculation, one should
apply & correction to the static pressure for the helium defect in the wake.

{See Figures 18 and 19.) A measurement of the static pressure with and

without helium flow should ordinarily have been made. It is reagonable,
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however, that the velocity is not changed and that the static pressure, p,

ig changed by the same ratio as the iotal pressure, Pp = p+ p/z Ug

because of the density eifect of the helium. The effect in this case was

®

so slight that no correction to p was made. The Mach number does not
change in any case, with the assumption that the velocity ézﬁmnge iz very
small,

| ‘An accurate computation of the pu¥ guantity also reqguires that
the parameters ¥m and 'E"\m be replaced by their true values, rather than
by approximating them with Ya=1.4and Ry =1, 716 ft. z’/s&a{:2 °R for air,
because the parameters of the two binary constituents are quile different in
the case of helinm and air. QFH = 12, 438 ft. 3/3@«;2 g?ﬁ and xﬁ«ie = 1.667)

The eguation for the gas constant is

L

R_ = 3_:*317{1 = KRy + (- KRy, . (19a)

where K = concentration of heliurmn in air, by mass. The equation for the

ratio of specific heats is €,
o , He
(lI-X)c_ +Ke 1-30F, + Bl =)
Y = Py PHe - : Va 20
m * (R e FR e — ° = . (20a)
W ¥ v
a He 1eK + K He
. When the numerical values for the gas parameters are substituted, the
two equations become
R, = 1,716+ 107. 22K {195)
Yo . 140+ 5.351K
D £+ BN N 1:11):4 : {20b)

The value of pull obtained for each vertical distance, y, by the
above procedure, is plotted as in Figure 23. The integration by planimeter

then gives the mass per unit span. The double integration is complete when
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the mass/span is multiplied by the span length, b= 5 in. The two
example curves of Figure 22 came from the profile data of Figures 10
and 11 and the corresponding pressure and Mach number profiles of
Figures 20 and 21. The non-symmetry of the puk profiles is to a certain
ement the result of non-gymmetry in the total pressure profiles, but
may also be caused by the non-uniform injection of heliumn through the
cylinder. faur such integrations were possiblé with the available data

and were completed with the result:

P, = 85 - %/D = 15 thy . = . 00279 Ib/min
P, = 85 *x/D = 20 rhm = . 00300 lb/min
P, = 10 2/D = 9 thy, = . 00307 Ib/min
P, = 10 x/D = 15 n’aHe = .00281 lb/min

These values are to be compared with the flowrator setting the =, 00305
L. o010 lb/min. (The second value above was taken by doubling 2 half-
concentration profile, afier the {low had shifted slightly.}) Xvea though
the several approximations above were made, the values have less than
10 per cent error and 10 per cent spread. It could be argued that the
results are somewhat fortuitous, but it is unlikely that gross errors
could have cancelled each other for the four different cases at two tunnel
reservoir pressures. One is led to the fairly safe conclusion that:

{a) The iso~energetic temperature assumed is within about 10
per cent of the true value.

{b} The static and total pressure measurements are dependable.

{¢} The concentration measurements are also to be trusted

within the accuracy predicted by Table 1V.

{d) The tunnel instability was not serious in this case because



the pressure and concentration profiles corvesponded.

{e} Even better accuracy should be‘obmined if the instrumentation
is improved and the model is located in the rear position.

{f} Two dimensional flow is, for all practlical purposes, a
certainty. {This conclusion is supporied by the relatively good agreement
between the forward off«cenier pressure traverses and those taken with

the model in the rear position. )

Il 4. Discussion of the Diffusion and Similarity Properties

The values of all maxin:wn concentrations taken at the wake
centerline are plotted in Figures 14 and 15. The plot of Figure 14 was
included to show the effects of the flow shift on axial decay at P = 85 psig,
when the model was in the forward position. The pointa plotted in Figure
15, however, are those taken with stable flow conditions when the model
was moved to the rear position. Unfortunately this shift in model position
reduced the probe travel behind the model centerline to 27 diameters
instead of the previocus 36, but by this expedienta ccxmpia%e and cone
sistent set of axial decay points at four P values was obtained. The
flow was checked befar‘e, during, and after the ruans by total pressure
traverses with the probe ai 5 diameters. The stable traverses of Figures
16 - 19 were consistently duplicated. Having esiablished a fairly high
degree of confidence in the data of Figure 15 by the contiauity check of
the previous section and the evidence of stable flow, this plot may be
discussed in the light of previous experiment and ﬁkeory,

When the wérd siznilarity is used in the f{ollowing discusgion it
should be construed to mean similarity or approximate similarity in the

general sense; that is, 2 scaling of the flow according to ceriain laws
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| relating the coordinates and diffusion parameters, such that all cross-
section profiles taken at downstreamn positions have the same structure
and shape and follow the same decay rule. Townsend attached this
meaning to the term “self«prea@rving”% , and reserved the term
"gsimpilarity' for the more specific Reynolds number similarity in
‘mx‘bulant flow, requiring that the "processes which determine the main
structure of turbulent motion are substantially independent of viscosity',
'i‘his essentially applies to all turbulent {ree boundary flows in the con-
tinuwm regimes at high velocity. It does not mean, however, that the
boundary conditions of the flow cannot be influenced by viscosity, as
indeed they must in the case of the cylinder wake, where the drag

coefficient is a function of Feynolds number.

Il 4. 1. Downstream Decay of Maximum Concentration

The theory shows for the present case that the maximum helium
concentration should be distributed down the tunnel centerline in inverse
prapﬁrtion to the sguare root of x, the axial coordinate. Further
Kzzz& x‘“’ x.% should be true of the flow in either the laminar or turbulent
case. The plot of Figure 15 indicates that this condition is true in only
the 353*0 = 10 psig case for the region beyond 2/ = 4. A constant slope
for the other reservoir pressures is indicated, however, for regions
sufficiently far downstream. In the physical case, it is realized that the
nodel axis is not necessarily the origin of the similar flow, and that in -
order to compare the slope of the decay curve with theory, one must

determine the virtual origin of the similar flow by 2 suitable auxiliary

plot. This procedure is accomplished for the present data by platting
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the values I/E{maxz against the coordinate, x, on a rectangular plot.
{See example, Figure 23.} Though scatier is enlarged by this procedure,
a straight line through the points is evidently a good approximation to
their distribution, showing that the x"% condition is satisfactorily met,
with virtual origin as indicated by the x-intercept. The resulting
correction to the plot of Figure 15 for all four reservoir pressures is
included in Figure 24. It can be seen that the maximum: conceatration
does at least closely approximate the decay condition given by the theory.
It should be noted that a few points in Figure 15 fall below the
normal scatter of the data. A close check of the experimental data sheets
revealed that the points warked in the figure were taken at the end of a
day of operation with high tunnel make-up air. It is quite likely that the
tunnel drying equipmam could not remove sufficient quantities of water
vapor in these cases, and the conductivity of the tunnel air was lowered
as compared to the reference sample taken at the beginning of the run,
| With the relative coanductivity of water vapor as given in Table I, about
1 per cent by mass would have been sufficient to cause the observed
deviations. This is then a likely reason for the appearance of the profile
taken at 24 diameters in the P, = 10 psig case of the early data (Figure 11}
which wag also taken at the end of a long test period with high make-up
air. The use of high make~up air for other than ‘short runs therefore
appears questionable. Another expedient would be to collect a reference
sample for each tunnel sample, but this would increase the time of

taking a reading and the possibility of error in the procedure.



1L 4, 2. Variation of Maximure Concentration with

Tunnel Presoure

The separation of all the curves in Figure 24, for the various
reservoir pressures, does not appear to be a function of PQ alone, but
is dependent on some other condition of the flow. Since the theory calls
for XKel/ YE; proportionality at a given x/D in the laminar case, one
immediately checks to see if the condition is satisfied in the present data,
This is done by checking the slope of the auxilliary plot made to deteriine
the virtual origin, x_, or by checking the‘ ratio between straight~line
portions of the curves in Figure 24. The condition is satisfied for the

case of P@ = 10 versus Pa = 35 psig, with

‘ 2 = o . i), . a2 .4}_,
Y puag.;w ?OEIQS 7331: T 14 i””ii-}- 14 g; 1.42 s

where 14, 4 psi is the average barometric pressure of the laboratory

elevation. It is not satisfied for

where the values for the absolute square root ratio are 1. 23 and 1. 16,
respectively. Furthermore, the flow does not satisfy the predicted
condition for the fully turbulent case in either of these comparisons,
in that the K_

ax values are not scaled directly by the pressure ratios,

pa(w)/;na(asy and Pe(éfé}/Pe(e’;O) .

A possible conclusion indicated by these facts is that the flow at
P = 60 psig is in & region of transition from laminar to turbulent flow
and that the flow at P, = 85 psig is fully turbulent. The flows at P, = 10

and 35 psig are of suificiently low Reynolds number that they are laminar.



51

These statements are supported by the related pressure traverses which
were taken intermittently with the concentration runs to check flow
stability (Figures 16 - 18, runs 10 - 13). The wake portion of the pressure
traverse in the PO = 60 psig case is narrower and deeper than that of the

P = 85 trace. This trend is opposite to that between the Po = 10 and

G

P
o

35 psig cases, where the PO = 10 trace becomes shallower at the

wake center on the nondimensional scale, and remains at about the same
width., Schlieren photographs and hot-wire studies made by A. Demetriades
also support these conclusions. Transition at 3 ~ 4 diameters in the

P, = 85 case is indicated, and at 4 - 5 diameters in the P = 60 psig case.
In both cases it appears that the mechanism of transition commences in

the 2 diameter region,corresponding to the position of the necked-down
portion of the wake. (See Figure 15.) The other possible explanation for

the lack of predicted scale between the Km turbulent PO curves, is that

ax
the drag affects the scaling in a manner which cannot be determined by
the present data. (The appearance of CD in the boundary condition of
the turbulent case was shown in Section IIV;. 1l.) The present data is

inadequate in that momentum thickness could not be properly computed

because of the effect of the tunnel perturbation.

II1. 4. 3. Transverse Spread of Concentration

The similarity of concentration profile shapes may be checked by

plotting the normalized concentrations K/Km ver sus the normalized y

ax
coordinate yav/ym , Where Vay 18 the mean of the positive and negative
absolute values and Vin is the same mean taken at the half-maximum

point of concentration. The curves are thus fitted at two points and the

scatter pattern of the remaning points checked for similarity. The plots
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of Figures 25 and 26 are the result of such a procedure. It can be seen
that, except for the x/D = 3 case at P, = 10, the curves indicate 2
similarity as to shape of the spreading concentration profile. The
exception noted in the /D = 3 curve is to be expecied, since it is too
close to the origin of the similar region and an anomaly appears in the
data of Figure 1l. The profile points taken at P, = 85 after a slight
shift of the flow, plot equally well with the profiles at 9 and 15 diameters
before the flow shift. Having thus established at least reasonable shape

2
similarity and the decay with x 2, one may plot ¥/ Ee:m ay VeTrsus

7 = y/D - v
Y (x-ng?E Y D{x - ngs

and obtain one curve for all profiles. This is done for the P@ = 85 case
in Figure 27, with the appropriate virtual origin for the flow shift. In
addition, a mean, f , and standard deviation, o, are computed from
the curve faired through the points, and the two parameters are used to
compuie a Gaussian distribution for comparison with the faired curve.
The mean is jusi the width of the half-profile bage and the standard

deviation is given by

.
ol _ Z 7 (‘{/%max) _ oz
TS WD / ’

for discreet values of the abscissa. The chi~squared test of statistical
theory could be applied to determine the percentage confidence in the
normality of the distribution. Ii was not done for this case because the
tunnel perturbation effiect would alter the meaning of the result.

Reasonable certainty of agreement with the theory, however, is indicated.
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In spite of the tunnel flow difficulties, it can be stated in summary
that the flow is approximately similar for x/D 4 G throughout the Reynolds
number range investigated. The related incompressible literature
indicates that much greater downsiream distance is required for the
flow to achieve complete similarityé. Oune possible reason f{or this
difference is that the proper transverse length scale for the hypersonic
"inner wake'' is actually much smaller than the body diameter, so that
a distance of 9 « 10 body diameters corresponds to a distance of many

inner wake momentum thicknesses.

III. 4. 4. Non=Similar Reg@ons of the Flow

Very little quantitative evaluation of non-similar flow regions
has been presenied in the literature. This is understandable in view of
the fact that these are regions of rapid adjustment in which nonlinear,
fluctuating eifects take place in the transition {rom one state of natural
flow to another. In the wake of the hypersonic cylinder, such regions
are to be found in the narrow portion of the wake and in the near vacuuwm
at the rear of the model. A typical profile observed in the wedge shaped
cavity between the model and the neck of the wake ie that of FFigure 28.
The trapezoidal shape is evident until the concentration profile achieves
a ﬁéiangular distribution at the neck, after which the statistical effects
of diffusion alter the shape toward that of the error curve. The base
and point of the triangle are last io achieve the characteristic norral
distribution in the similar flow downstream. This effect is also observed

17

in the incompressible coaxial jet profiles of Forstall and Shapire”'. The

trapezoidal region corresponds to their jet potential core.
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NI 5. Suggestions for Improvement of the Experimental Method and

Scope of the Wake Investigation

Il 5. 1. Improvement of the Apparatus

Several suggestions have previously been made concerning the
apparatus, but a few additional points could be made, afier reviewing

the data obtained.

175, 5. 1. a. DModel Construction

The data reveals that porosity of the model was adeguate, but
improved uniformity would possibly remove some of the unsymmetric
behavior of the profiles. A few variations in the flow were noted which
are not accounted for by thé tunnel pertfurbation. It is possible that
these resulted from model surface condition effects on the drag. The
surface conditions are affected by model tool marks and other defects
and the oil problem in the tunnel. These factors can be reduced to a
minimum if the oil problem can be solved and the same model and model
orientation is used for each test. The concentration rneasurements are

very sensitive to drag effects on the wake pressure.

II3. 5. 1. b. Probe Installation

The probe is restricted in the present installation to about 27
diameters of travel, after moving the model rearward. The traversing
mechanism should be modified to give about 50 - 60 diameters of travel
downstrears. It should be provided with a positive locking system to
prevent shift during measurements, and & micrometer scale. It should

be small enough in croes-sectional area to provide easy starting of the
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flow. {This was a problem in the present investigation, with a probe

re.echanism of about 5/8 inch cireular cross-section. )

1. 5. 1. ¢. Helium Flow Metering

The metering of helium flow in the present investigation was
satisfactory only after it was realized that model back pressure caused
variances in the meter reading for the same mass {low, if the small
meter was used. The large meter provided the necessary stability to
differences in model porosity, but it was necesgsary to read the scale
very accurately. The reading could be improved by the installation of
a light and magnifying glass on the meter, with the pr.aviaion of a means
of sighting the level of the ball through a reticle or gunsight arrangement
to insure consistency of eye level. With this arrangement the helium flow
could be turned off and on at will and readjusted quickly, which would
reduce the usage of helium during periods of apparatus adjustment and

check-out,

II. 5. 1. d. Sampling Apparatus and Procedure

There are two major difficulties with the present sampling system
that should be corrected before sxtensive testing is regumed:

(1} The times required to clear the previous sample and bring
in a new one are urmecessariiy long.

{2) The accuracy of the pregsure correction is not satisfactory
for very low sample densities.

For the {irst problem, there are two possible sclutions: The
first has been previously mnentioned as the pumping of each sample to

barometric pressure. This method hae attendant difficulties with regard
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to possible contamination of the sample. In addition it requires a valve
sequencing and pumping method which may become complex. It does,
however, also eliminate the second problem. The second method is to
follow the procedure utilized in the present investigation, measuring the
pressure defect afier a single compression, but to use larger compreaéion
raiio and provide automatic sequencing wherever possible. The automatic
sequencing is desirable for precision and alleviation of the natural
tendency to allow exira time for each step of the procedure. It could be
accomplished by a suitable system of relays and solenocid-operated
valves. The time would be even more reduced if a sensitive recorder
is used in place of the potentiometer and the pen dropped for each sample
point, in the relay sequencing. The proper time constants could be set
in the relays with a‘iew preliminary measurements at each reservoir
pressure. The system and valves would have to be leak checked, of
course, at frequent intervals. A rough diagram of a suitable system is
included as an Appendix.

The second problem, of measuring the pressure accurately, can
be handled by reading total pressure intermittently with sample readings
on the same recorder plot, if the sample is not compressed. Compression
is desirable, however, at the very low tunnel densities, to prevent the
pressure correction from becomning as large as the sample reading. I
a transducer were installed on the sample volume the pressure could
still be read intermitiently on the recorder, and the total pressure at
the probe could also bé plotted as a third trace.

The proper combination of the above ideas should provide equipment

which would operate to take sample pbints automatically after each
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movement of the probe. The Apperdix is an example of one such possible
combination. Sample points could be read in times of less than one
‘minute if equipment of this type could be developed, instead of the
several minutes avar&ge per point required in the tests of the présent
experiment.

In addition to these problems, the water vapor contamination is
of some ad&itienal concern. Either high tunnel make up air should be
utilized and a reference saruple gathered from the tunnel circuit, or
low maké up air with the single reference sample as taken in the present

tests.

15 5.1.e. Instrument Spacificatiana

The potentiometer of the present experiment was of Leeds and
Northrup manufacture and was sensitive to four decimal places in
millivolt units. It was well suited to the tests. Three decimal place
accuracy is sufficient, but stability of zero is important. A recorder
utilized in place of the potentiometer would need to meet the same
specifications.

The ammeter utilized was of the standard laboratory variety,
accurate to about one-tenth millisamp. An accuracy of 0. 01 milli-amp
is desirable for maintaining constant current through the c‘ell bridge.

The conductivity cell itself was fairly accurate and stable, but
it should be cleaned at intervals and checkéd freéueni:ly for possible
drift of zero or potential bias of the setting made to read the initial
calibratioﬁ curve. Known samples are indispensable to the proper
employment of the conductivity cell, and good mixing equipment and

procedure should be employed for their preparation, The current and |



)

in
o

voltage used in the cell bridge should be as high as possible for sensitivity

but low enocugh to prevent fusing of the paired resistance wires.

IIL. 5. 2. Sugg&sticms for Additional Covera%e of the

Cylinder Wake

Any new eguipment designed for concentration studies in the wa.kie.
should be checked against the results of Figure 15, which is the plot of
points taken with the model in stable flow. Following check-out of the
equipment, the profile data of this investigation should be repeated’in
the stable flow. The new data ghauid include ¥ max points taken for
various tunnel pressures in the turbulent Reynolds number regions.
Extensive total and static pressure coverage of the same P_ and x/D
points should be made to determine exchange coefficients. Extensive
coverage of the necked region of the wake should be cbiained to determine
how initial conditions might affect the later similar flow. Comparison
of the normalized profiles with error distributions and mudiﬁeé
fbrmula,s from the erpirical theory should be made. Variation of the
helium flow is desirable to see what effects may result in the diffusion
and pressure profiles. Another diffusing gas should be employed to
determine the effects in this regard. A heavy gas for instance might be
‘U;sefu.l in determining the relative diffusion of mass and momentiwmn asg
compared to the light gas of the present experiment. An extensive program
of wake coverage as outlined will provide a good background for studies of
_all types in wakes and boundary layers, where binary gas components

may be detected by the thermal conductivity method,



IV, CONCLUSIONS

{i

The several important conclugions which may be derived from
the present investigation are as follows:

(1) The thermal conductivity method is an important and useful
one for diffusion studies in the hypersonic flow field, where one binary
congtituent is to be detected in another. The method is adequate in
determining maas diffusion properties of a flow with a light gas injected
as tracer or as coolant for the model.

{2} The problem of low densities in the samples taken from
hypersonic flows can be cantralle& by suitable calibration. ”The procedure
can be improved over that of the experiment with 8 more sensitive |
- measurement of the sample pressures. |

{3) Other improvement of the model, probe, and instrumentation
will increase the accuracy of the method employed in thie case to within
one or two per cent error for concentrations on the c)réer of one~half
per cent.

{4} The method is adequate to determine turbulent processes of
the flow and to detect transition, if the data is properly reduced and
plotted to bring out the similarity properties.

{(5) The wake of the hypereconic cylinder is formed from the
boundary layer gas which is retained initially in shear layers at very
low pressure behind the model, in trapezoidal shaped profiles of mass.
The gases are compressed into a very narrow wake at a distance of
aboui two diameters downsiream of the model, after which the lateral
diffusion rapidly approaches the similarity regime.

{6) The similar pattern is set up in either laminar or turbulent
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flow at between 5 - ?}diameters behind the model. This result is in
contrast to the much greater diatance‘s required in low speed flow.

{7) Iu the laminar case, the theoretically predicied scaling of the
maximum conceniration inversely as the square root of the supply

pressure was satisfied in the ratio of the P,

10 and P_ = 35 psig

readings. In the higher pressure cases (P = 60, 85), K

i i
max did no

scale with 1/ PQ as an approximate coansideration indicates. Either the
dependence on the pressure is more involved in the turbulent case, or
the fully turbulent flow was not yet reached at the highest Reynolds
number of the experiment.

(8) Diffusion profiles were affected somewhat by a tunnel {low
perturbation, but are still observed to be typically Gaussian, as theory
predicts, a few diameters downstream of the narrowed portion of the

walke.
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ABLE I

SUMMARY OF GAS PROPERTIES

(1) {2) {3) (4) (5
Gas Molecular Ratio of Temperature  Per Cent
Weight- Conductivity Coefficient of in Dry
to Alr at Conduction Air at
0°¢C 0 - 100°C, Sea Level
per C By Maegs
Air 28. 97 i.00 . 00265
Carbon Dicxide 44. 01 . 605 . 00527 .05
Helium 4, 003 5.97 . 00256 irace
Hydrogen 2.016 .15 . 00265 trace
Nitrogen 23.02 . 996 . 00264 75.80
|O=mygen 32.00 1.013 . 00303 23.22
lArgon 39.99 . 685 . 00311 .94
|Water Vapor 18. 90z . 725 {46°C) . 00540 0-60

Column References:

{2) Handbook of Chemistry and Physics, 1st edition

(3), {4) Daynes, Gas Analysis by Measurement of Thermal Conductivity,
Table 1, Cambridge University Press, 1933

{5) Aeronautical Handbook, Prattand Whitney Aircraft Company,
1957



CONCENTRATION TEST DATA SHEET

Run No.

Type of Run

{1} Tunanel Conditions {6}

M= 5.8 T, =275°F
P’a = psig
{2} Model Insiallation Check

- Vac. pump vs. chamber
- Vac¢. pump vs. model
- Difference, (cmn Hg)

‘ {33 Room Conditions

Bar. Press. Tgmp. Time
"Pb - em Hg C

) 55943
Ret. Dar Press, P = Hg.
{4} Instrument Check

zZero bridge tare v o

Samnple correction ratio, for
bridge bias

{5} Helium Flow Data

He on at : pseig

"He oif at : psig
Flowrator setling

Metering pressure S Hy
:Metering temperature

Tunnel Conc., mv  Time

Date

x/a

Time

Probe
y, in.

Hample emt
AP, cm Hg_i my
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TABLE IV

ERROR ESTIMATE

(1 (2) (3) (4) {5)
Itern Causge Amount Range of Possible
Error Remedy
1. Cy
helium | low seasitivity = 3.5%  all readings mmore sensitive
flow of flowmeter of emf meter
setting {rxv)
2o +
Zero ungtable T. C. - .05 all readings stable seunsitive
shift cell, ammeter, mv instruments;
and monitor current
potentiometer closely; keep
cell clean
30 .%h
pressure| low seusitivity = 8% K=5%at use micro=
calibrae | of pressure to 07 sp/ Ppg = 1.0 manometer on
tion scale of mv - pump scale;
&rror to‘p/Pbs <+?  measure apto
.1 mum Hg

4. Miscellaneous small effects having less than 1% aggregate exror
for average concentration readings of the tests:

a. temperature difference e. vibration '

b. probe setting f. heliwm impurity {(from linesg)
c. model differences g- funnel conditigns off by
d. oil in flow - .4 psiand 27F

5. Intermittent errors {large ones can usually be detected):

a. water vapor in flow caused by excess make-up air with
insufficient drying

b. model installation or heliumn line leakage after metering

c. large contamination in conductivity cell

d. bad leaks in sampling system

Total possible error for a sample of 1% helium concentration at pressure
ratios ap/p,, < .9 is approximately 6 7 .



TABLE V

TEST REYNOLDS NUMBERS

T = 27502‘ = gonsgtant

°
; . -4 4
P_, psig Refin x2 107 % Re,. x 10" %
o D v
10 5.52 1. 66
35 11.18 3.35
60 16. 82 5.05
85 Z2. 48 6. 75

¥ Based on atmospheric pressure of 14. 4 psi for the laboratory

elevation, and cylinder diameter, D = 0.30 inch
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TABLE VII

SUMMARY OF CONCENTRATION DATA

All Runs:

M= 5.8;

T, = 275%F;

= 0.00305 % , 0001 ib/min

He
(1) (2 {3) (¢) (5) (6) {7}
Run Fig. Date P, Typeof x/D Remarks
No. No. psig Run :
1 10 11/23/59 85 Profile 3
2 16 11/30/59 85 Profiles 9,5
3 10,13 12/3/59 85 Profile 15 ’;‘“‘ﬁf’ . 00279 1b/min
4 11,15 12/22/59 10 Profile 3
5 11,15 12/23/59 10 ©Profiles 9 h . 00307 1b/min
15 z;H %= , 00281 Ib/min
_ 24 ,
6 14 1/29/60 85 K ay Pts 3,5 Flow shifted slightly
R 6.5 since runs 1-5
. 8,9
7T 14 2/2/60 85 Kpax P8 912,15
5§ 14 2/4/606 85 K_ ax Pt 28
12 % Profile 20, 36 rh,. ¥=. 00300 1b/min
fo¥ /Q = 20
9 14 2/29/60 85 x pts 9,5,6,5,3
mRE T a1z, 20
12,13 Profile 15
10 14,15 3/18/60 85 Koy Pt 4 Huns 10~15:
e o /o e Bagic flow shifted
1 15 3/21/60 10 Sinax P8 7 again since runs 6-9.
12 15 3/22/60 10 K, g P8 5,20,27,1  Model position now
35 N 5,15, 20 2. 6" aft of position
13 15 3/23/60 35 ® ___pts 5,27,9,2 for runs 1-9.
60 ‘ 2,5,9,20
* n’xHﬁ values refer to continuity check. See Zection IIL 4.

This table is continued on the following page.




TABLE Vil-- CONTINUED

{1y (2) {3) {4) {5) (6) (7)
Ruan Fig. pate P, Type of %/D Remarks
Ne. No. péig Run
14 15 3/24/60 60 Kypay P8 5, 3; 7,

\ 15, 27

Profile 1
14,15 85 ¥___pts 9,5,3,2,
’ max T "5 18, 27

15 14,15 3/25/60 35 i‘imx pts 3,1

£5 i,7
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5 feed- through connectors wired
in full Wheatstone bridge. Fiber-

glass insulating sleeve,!2"leads.

For chromatography to 300°C.

Gow -Mac instrument GCo.
Madison, N.J.

Model 9285 with wiring
mod. 9193 (Te-1l)

Tungsten filaments Outlet

Dimensions of cell:
2x2 x258"

FIG. 3 THERMAL GCONDUGTIVITY GELL
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Zero control

4 filoment
bridge
Pairs
Ri- S
Ro- Sz

Milliammeter

Bt

8-

Ref.
gas

Current
control

Zero control
| or 2 Ohm pot.

;£_>To pot.

-7 8 & Za
| B+ gPot 88
Manganin shunt g 3 y

100 or rec.
Ohm -

selected for zero
control of 40% of
scale oneitherside Bt
of zero balance

Sample _

o

Wire wound pot.

+Pot.-
S

or helipot

R_NtRy

.

1 B-

Sample

9:}—————>

—

R, -

Milliammeter

Bt
6 volts recommended

FIG.4 DIAGRAM OF WIRING FOR THERMAL GONDUGTIVITY

BRIDGE

H  E——
VLA

Current control
20 Ohm pot.

Ref.

Wiring diagram
for 4 filament
tungsten bridge



77

10 » 1

0/ = m. V.
ZHK(/o) 49|

8 /
Known sample
v concentrations

0.
6 ——K=202 + —:s—e-(m.v.—3.75)

.64

Conc. ' l + / //

) N g / /
o, A //
4
-

For:

=
\

2 <—K=0.539(emf) : Cnrcu|.t voltage—- 3 v.  __ |
, Circuit amperage — 80ma

0] 2 4 6 8 10
Analysis cell reading, m.v.

FIG.5 MASS CONCENTRATION OF He IN 'NZ VS. BRIDGE
DEFLECTIONS



100
' Loss of proportionality
q)\{ Probably from wire end effects
Y Y
%ﬂ\
A
1.0
'Xx\
Am.v. \72%
5@\&
™
k%\
0.1 O
L —®,
g ':( f ?Z’ Bench tests, AA@
=17 N, reference X\
X K = 0% 2 ' A
—— v K = 0% Tunnel air
0O K & 3.5% ) reference )
| x\
X\XJ
0602304 0.0l LOIO " 0.80
= A%’bs |
FIG. 6 CALIBRATION OF CONDUCTIVITY CELL FOR PRESSURE

DIFFERENCE BETWEEN SAMPLE AND REFERENCE
CHAMBERS
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0.00410 — X
//7(/
0.00305 / X ]
//y~/ \—- Flow of tunnel tests
000220F— X -
.
MHe ;
? Ordinates correspond to
b min flowmeter scale readings
040 0.50 0.60 0.70 0.80 090
Concentration, K, m.v. at arbitrary position in wake

of cylinder injecting helium

FIG.7 LINEARITY OF CONCENTRATION WITH A SMALL

CHANGE IN FLOW OF HELIUM
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FIG. 8 -- SCHLIEREN PHOTOGRAPH OF POROUS CIRCULAR
CYLINDER, M=5.8at P_= 60 p51g, T = 275°F
(extraneous pattern caused by oil in flovxcr), model
shape affected by chips in glass)

FIG. 9 -- SCHLIEREN PHOTOGRAPH OF POROUS CIRCULAR
CYLINDER, M= 5.8 at P = 35 psig, T, = 275°F
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Po= 85 psig, To=275°F
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FIG. 10 HELIUM CONCENTRATION PROFILES IN THE WAKE OF
A POROUS CIRCULAR CYLINDER
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FIG. Il HELIUM CONCENTRATION PROFILES IN THE WAKE
OF A POROUS CIRCULAR CYLINDER
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HELIUM CONCENTRATION PROFILES IN THE WAKE
OF A POROUS CIRCULAR CYLINDER
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To=275°F
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Both at )y0= 15
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FIG.13 COMPARISON OF PROFILES BEFORE AND AFTER
SLIGHT TUNNEL FLOW SHIFT "
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FIG. 16 FLOW SHIFTS WITH MODEL AT FWD. POSITION
COMPARED WITH STABLE PLOT (C)
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FIG.17 GCOMPARISON OF TOTAL PRESSURE TRAVERSES
WITH MODEL IN STABLE AND SHIFTING FLOW
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FIG.18 GCOMPARISON OF FLOWS FOR STABILITY AND
MODEL POSITION
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FIG.20 TOTAL PRESSURE AND MACH TRAGCES CORRESPONDING
TO GCONGCENTRATION PROFILES, FIG. 10
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FIG.2l TOTAL PRESSURE AND MACH TRACES CORRESPONDING
TO CONGENTRATION PROFILES, FIG.!I
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Sk B Runs 3,5°
f = My, /b 1.6, M= 5.8
' 3. R =85 psig
where b = length 5. R =10 psig
of cylinder To=275°F
M= 0.00305 'D/min.
as metered

Both at x/D=15

mye= 0.0028I

My = 0.00279
Ib./min.

Ib./min.
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FIG.22 CONTINUITY PROFILE FOR HELIUM MASS PER
SEGCOND IN THE WAKE OF THE POROUS GYLINDER
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2.0} Po = 35 psig

F1G.23 PLOT TO DETERMINE VIRTUAL ORIGIN OF
SIMILAR FLOW
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FIG.24 PLOT OF MAXIMUM CONCENTRATION VERSUS AXIAL
DISTANCE WITH VIRTUAL ORIGIN CORRECTION
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FIG.25 PLOT OF NORMALIZED CONGENTRATION VERSUS
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Run no. 14
Po = 60psig
To = 275°F
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3 correction for
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FIG.28 TYPICAL PROFILE IN THE WAKE CAVITY NEAR
THE MODEL , x/p <2
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APPENDIX

THERMAL CONDUCTIVITY APPARATUS AND PROCEDURE

FOR HYPERSONIC WIND TUNNEL EMPLOYMENT

Refer to Figure A-1

I. Preliminary, with probe at desired distance behind model:

1‘
2.
3.

4.

é‘

Check all lines, volumes and valves for leakage.

Check concentration measurement on known sample.

Start tunnel and stabilize. {Can be done along with 1 and 2.)
Make zero concentration check with air in sample and
reference cavities. Zero the concentration scale on the
recorder. 7Turna helium on.

Prepare to set pressure sensitivity by manually opening
valve a, ¢, and d with m, b, and e closed. Measure total
pressure on the micromanometer manually. Close d. Zero
the pressure scale on the recorder.

Set total pressure sgensitivity in recorder ordinate scale;
find tunnel centerline by probe movement vertically and set

probe position potentiometer to read correctly on abscissa.

II. Measurement of Total Pregsure and Concentration:

A,

Automatic Operation, where sample is at pitot pressure
greater than 1 ¢cm Hg absolute:
1. Set’pmhe‘ veriical distance, valves a, ¢, e, and {

open, and b and d closed. Turn on '"washing machine"
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type relay systems, which follows the following
seq&en&:e:

(a} Closes valve m and opens n to clear cell -
relay holds for sufficient tizne, then opens
m to allow next sample to wash through =
relay again holds and then closes mu. This
‘operation leaves the cell clean and at low
vacuum for drawing of the tunnel sampile.

{b) Relay operates after sufficient time to achieve
cell vacuum and closes n, then imm ediately
opens m. {With 1l cm Hg or more differential,
a tunnel sample is drawn into the cell in
satisfactory time for automatic operation. )
After sample is drawn, relays switch to
transducer circuit and drop recorder pen
momentarily for total pressure, then switching
to cell bridge circuit, drop pen for concentration.

{c} Relay cycle is compléte. Move probe and repeat
for other points. This procedure obtains both
total pressure and canéentratiorm.

B. Manual Operation, where sample is at pitot pressure less
than 1 cm Hg absolute:
The pressure correction in this range is too great for
direct concentration me#surement of the sample at pitot
preassure. The sample must be compressed. The hande

operated pump is adequate in that very few readings are
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taken at these low pressures with the preseat tunnel
densities. The me rcury pump itself may be designed as a
micromancmeter, in which case it may be used for the
reading of cell pressures and will be more convenient for

the manual operation than the transducer. (For a description
of the hand operation, see Sections IL. 7.1. and IIL 5. of the
basic repozt. )

The meagurement of total pressure along with compressed
sample pressure requires additional steps. Usually, however,
it will not be necessary to obtain total pressure at theaé low
sample pressures, as they occur only in non-similar regions
near the model.

If possible, the cell bridge current should be turned off
during each interval when the cell is completely evacuated.

{See Section IL 7. 1. of the basic report.}
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