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ABESTRACT

Experimental measurements of the diffusion of helium and argon
in the wake of a porous cylinder were made in the GALCIT hypersonic
wing tunnel at Mach number 5. 8. The cylinder was mounted perpendicular
to the flow and small quantities of tracer gas were pumped through the
model walls into the flow. The thermal conductivity method of gas
analysis was used to determine the cansentraéieﬂ of sample gases
extracied from points in the wake.

The transgverse and axial distribution of conceniration appeared
to follow theoretical estimates of "'similarity behavior'. Injection of
tracer gas was found to have a measurable effect on stagnation pressure
and this effect was taken into account during computations. Numerical
values of diffusion coefficients along the wake centerline were computed
from the experimental data and then compared with theoretical values
for laminar flow. Close agreement between experimental and
theoretical values at Red = 18, 000 verified that the inner wake was
laminar as far downstrearn asg measurements could be made {15 dia=
meters). AL Red = 72,000, the data showed that mixing processes
were 3 times more rapid for helium, and 10 times more rapid for
argon, than those expected in laminar flow. This result confirmed the

presence of turbulence at this flow condition.
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L INTRODUCTION

Tith the advent of mass injection and ablation irom a body
duying re-entry, the diffusion of mass in the wake of bodies in hyper=
sonic flow has become of great practical interest. This interest is
based, to a large extent, on concern with the radar reflectivity and
radiative emissivity of materials in the wake. Any study of this subject
reguires a basic understanding of the distribution of the material in the
wake, or in other words, of the mass diffusion processes. In addition
to questions of the material distribution, the study of the wake mass
diffusion is closely connected with the diffusion of momenturn and energy
in the wake.

This experimental investigation constitutes the second phase of
a general study at GALCIT of the diffusion of mass in the wake of a
cylinder in hypersonic flow. The first phase consisted of an investigation
by W. M@hlem&zoﬁi O of the effectiveness of the thermal conductivity
method of gas analysis for determining the concentration of heliurm in
a hypersonic wake. His investigation demonstrated that this method
was quite satisfactory and would be very effective in studies of
diffusion at hypersonic speeds. His discussion of the detailed experi-
mental procedures and his recommendations for eguiprment modification
were very helpful to the author in the preparation of the present experie
mental study, Mohlenhoff's paper also contained a good resume of
previous work and references pertinent to the subject. .

The basic steps in the gas analysis method employed in this

% Superscripts denocte references listed at end of text,



experiment were:

{l) Controlled injection of a tracer gas {rom a model ia hyper-
sonie flow.

{2} E=xtraction of gas samples from points in the wake by means
of a fine probe.

{3) Collection of these samples in a T/C (thermal conductivity)
gas analysis cell. -

(¢) Conversion of the T/C cell reading into a meaningful value

of gas composition.

In the discussion of these basgic steps and the eguipment involved
(Section II) a great deal of material which has already been well
covered in the previous work by Mohlenhoff need not be repeated here.
However, those particulars which had to be modified or which presented
special problems will be discussed in sufficient detail.

The first objective of the present investigation was to modify the
existing equipment and procedures so asg te increage the precision and
speed of the data~taking process, which had been a major problemn in
the previous investigation. The next objective was to obtain sufficient
data concerning the diffusion of helium to permit numerical evaluation
of the diffusion coefficients and comparison with theoretical predictions,
where possible. Finally, it was desired to obtain comparable data {or
the diffusion of a heavier gas, such as argon, to determine the effect

of molecular weight on diffusion processes, especially in turbulent flow.
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II. EXPERIMENTAL APPARATUS AND PROCEDURE

II. 1. Wind Tunnel Description

All tests in this iavestigation were performed in Leg 1 of the
GALCIT hypersonic wind tunnel, which is a closed return, continuously
operating tunnel. Leg ! has {ixed nozzle blocks which provide a
nominal test section Mach number of 5. 8. It is capable of operation
with reservoir pressure, P@ » between -5 and + 100 psig and reservoir
temperature, T _, between 225° and 325°F, The test section has cross
sectional dimensions of 5 by 5. 45" and the test rhombus theoretically
extends 29' in the axial direction. In reality, however, there exist
small disturbances, originating mostly in the throat region of the nozzle,
which amount to + 5 per cent variation in pitot pressure distribution in
some regions of the test rhombus. It appears that the flow in the wake
of a body is rather sensitive to this non-uniformity, necessitating
meagurements to be confined to a region extending 4. 5 inches in the
stream direction at P = 10 psig and 8 inches at F = 85 psig.

Diffusion measurements in this investigation were made at
P, = 10 psig and at P, = 85 psig, both at T,= 275°F. A reservoir
pressure of 10 psig was the minimurn pressure at which the presence
of the model and probe would not cause choking of the flow, and a
reservolr pressure of 85 psiy was the maximum pregsure at which the
tunnel could be operated {or extended periods of time. The intermittent
pregence of oil particles in the {low caused considerable difficulty which
will be discussed in the next section. These particles apparently

originated in the compressors and were carried along with the flow.
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Previous pressure, hot-wire, and conceniration measurements
have indicated that at E?@ = 10 paig, the inner wake is laminar, while
at Pﬁ = 385 peig, it is turbulent, It was hoped that the present investi=
gation could help determnine the validity of these observations, and

provide additional information about mase diffusion processes in the wake.

II. 2. Injection of the Tracer (Gas

The helium and argon gases used as tracers in this experiment
were supplied from high pressure commercial gas bottles, by
throttling thr@agh‘ a pressure regulator (Figure 1), Heliwmw was
chosen because its thermal conductivity is much larger than that of air
{Table 1}, and because it is safe to use without drastic precautions
againsgt fire or atmospheric poisoning. Argon was chosen as the second
tracer gas because it is ten times heavier than helium, and might show
behavior considerably different from that of helium because of this
greater relative mass. Argon retains the safety of helium, but does

aot differ from air in thermal conductivity as greatly az helium does.



The injection gas supply was metered through a single Fischer-
Porter Tri-flat flowmeter (FP=1/4-16=G=5, with 1/4" glass ball float).
This instrument replaced a larger flowmeter and a smaller flowmeter
which had been used in series previously. The new flowineter was
checked against performance data supplied by the manufacturer and was
found to perform as predicted. This calibration consisted of the dis-
placement of a measured guantity of water by helium metered at
atmmospheric pressure in a given time interval.

Gas pressure was monitored at both the entrance and exit of
the flowmeter with & U-tube mercury manometer. Flow level and
metering pressure were adjusted by manipulating throttling valves
located on both sides of the flowmeter (Figure 1). Although pressure
and flow level were coupled, the valve at the exit of the flowmeter had
the most effect on flow rate, while metering pressure was most
sengitive to adjustments of the inlet valve. After a given {low rate had
been established, small variations in supply pressure could be easily
detected by the mercury manometer and controlled by the inlet valve
to within * 0. 5 mm. Hg., resulting in no more than Tooz per cent
deviation in mass {low rate for a fizxed {low rate setting. The repeatability
of the flow rate setting, however, ii it had been disturbed, was poor
because the flowmeter could be read with an accuracy no better than
i3 per cent. Even over a period of several days, flow rate variations
were minute if the flow rate setling remained untouched, and adjustments
were made by means of the inlet valve alone. However, if the exit
valve was moved or adjusted, the chances of exactly duplicating the

previous {low rate were considerably lessened. Therefore, adjustments



“in the setting of this valve were poiatedly avoided after the desired flow

rate had been established.

1L 3. Cylindrical Model

The model used in this investigation was a 0. 30" diameter
poreus circular cylinder, with an exposed length of 5 {rom wal? to wall
in the wind tuaonel test section. It was mounted hovizontally across the
tunnel 17, 34 inches downstream irom the throat. The dimensions of the
model are identical to those used by M@hienhmffg g, and to those presently
being used in total pressure and static pressure surveys by McCarthy.
By keeping dimensions the same, it was expected that diffusion measure=
ments could be correlated with pressure measurements already
available.

The present model was similar to those used by Mohlenhoff in
that it was cc»mpased of a porous alumina material. The alumina com=
position was slightly different, making it considerably less brittle, so
that the breakage problen:, which had plagued previous efforts, was
negligible. In addition, the interior diameter, 0.065", was about half
that of previous models.

The method of sealing and holding the model ends in place by
clarnping and locking with soft "O"-rings was found to be cumbersome.
This technigue was replaced by fitting small diameter tubing into both
ends of the model and bonding the tubing to the model with an epoxy
resin, which also served as an effective seal. The tracer gas was
pumped into the model through this tubing (Figure 2). In addition, the

ends of the model, which were held in the tunnel walls during operation,



were coated and sealed with this resin to eliminate any tracer gas
gjection from regions other than the surface exposed to the flow. A
new clamping and locking arrangement, using threaded hollow bolts,
held the model in place with soft "O'=rings. These "O''~=rings were
not necessary for preventing helium leakage, but served to cushion the

g 8

model and to prevent leakage of outside air into the tunnel {(Figure 2}.

Considerable difficulty was encountered during the course of the
invegtigation when it was found that conceniration levels obtained in the
wake did not agree with the amount of helium being injected into the
model, but were consistently about 50 per cent to 75 per cent of the
expected value. This discrepancy was determined by integrating the
masgs flow of helium across the wake in the center vertical plane of the
test gpection. (This computation is discussed in detail in Section IIL 1.}
This discovery resulted in a complete shakedown and recalibration of the
antire experimental setup, which led to the conclusion that injection of
the gas from the model was not uniform.

By immersing various models in water, pumping helium through
them, and observing the ejection rates along the length of their surfaces,
it was found that models which had not been used in the tunnel displayed
fairly uniform ejection rates along their entire lengths. Models which
had been used in the tunnel, however, when tested in the same way,
were found {o have very high ejection rates at the model ends and con-
siderably lower rates along the remainder of the le?zmne Unuged models
which bad been determined o be uniform in ejection rates, were
installed in the tunuel flow for a period of time, then taken out and

checked. After exposure to tunnel flow conditions, they too displayed
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above,
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the non-uniform ejection pailern described

Visual examnination of these models showed that, aller ruaning
in the tunnel, they had become coated with the oil which is preseat
intermittently in the flow. The impact and flow rate of these oil
i, €., in the reglon away from the low-sgpeed wall boundary layer. Thus,
the ceniral portions of the models were considerably more saturated
with oil than were the ends of the models.

During water {immersion tests, many models displayed non-
vniform cjection rates along their center portions, which may be

atiributed to arrewu},ar model composition or porosity. Soveral models
were found, however, which digplayed very uniform ejection rates over

&

their eative center sections, with non-uniformitisg confired to that

a

region of the model surface exposed to the boundary laycr. Bocause of
the relatively slow diffusion times, any ges ejected at the very ends of

the model would not be expected to diffuse into the center seciion until

e

®

far downstream of the test section., Even al the location of the rears
most diffusion profiles, x/D = 24, it was found that the tracer gas had

t diffuged more than 0. 3" vertically from the centerline, and the same
order of magnitude of diffusion distance could be expecisd {or any crosge
diffusion from the boundary layer, which was 2. 5" from the centerline.

One particularly uniformm model was selected znd then subjected

to repeated testing in the tunnel and in water imunersion over a period
of a rmonth, to determine if any significant changes in cjection pattern
would take place. Pressure and

concentration profilez were repeatedly

taken over this period in the vertical center plane and gt several downe



stream positions. Integration of the mass flow at each of these positions
showed practically no change in the total amount of tracer gas flow in

the vertical center plane between successive downstream positions.

This result proved that the excess mass being injected into the boundary
layer was not diffusing into the test section. Repeated testing of the
model by water immersion during this period also showed no significant

change in surface ejection pattern. All diffusion data in this report

was obtained from teagis with this model.

1. 4. Tracer CGas Injection Rates

Initially, the helium flow rate used in this experiment was 0. 003
Ib/min, which is the same as that used by Mohlenhaﬁw. Because the
present equipment is much more sensgitive, a much smaller flow rate
of helium could be readily measured. In addition, it was learned that
the injection of gas from the model had a noticeable effect on total
pressure values in the wake (Section IIL 3.), so & helium flow rate of
approximately 0. 0004 lb/min was chosen as an adeguate level, This
flow rate represented the minimum level which could be accurately
controlled by the flowmeter.

The T/C cell was s@mevﬁm‘t less sensitive to 2 given mole
fraction of argon than it was to the same mole fraction of helium
{(Figure 6). In addition, the molecular weight of argon iz ten times that
of helium:, so that it was necessary {o inject argon at a mass flow
rate about twenty=five times that of helium, or 0. 010 1b/min, when the
tunnel reservoir pressure, P, was 85 psig. At the lower pressure,

P, = 10 psig, the same mass flow rate yielded much higher concentra-



tions, so the argon injection rate was cut down to 0. 005 1b/min, to

reduce the effect of argen injection on total pressure in the wake.

II. 5. Probe

The probe used to extracl gas samples {rom the {low had a tip
made of flattened hypodsrinic tubing with an orifice width of 0. 04"
and a height of 0. 004", The thickness of the tubing walls was 0. 0049,
FN
resuliing in overall tip frontal dimensions of 0. 048" by 0.012". This
probe was used for the measurement of both concentration and total
pressure. It was mounted in a {raverge mechanism which could move

the probe axially from zero to ten incheg downstrear of

the model within
- 0, 005", and vertically from 1. 5" below to 1. 2" above the tunnel

. c.ps T R
centerline, within ~ 0. 0005,

U. 6. Thermal Conductivity Cell

The saruple gas was led from the probe into a T/C {(thermal

conductivity) cell. A short summary of the principle of 2 T

S
€©
&
poct
gt

will be given here, but the reader is referred to worke by Daynes |
e g s 3% 2o £y 51@ d z 3 ]
HAush and Forstall™ ™, and Mohlenhofi = {or a more detailed discussion,

The T/C cell used in this experiment was a GOW-MAC Type

9235, ideuntical to thatl used by Mohlenhoff, It congisted of two chambers,

one containing dry air as & reference and the second containing the
saraple gas of unknown composition. Four {ilamconts, two in each
chamber, were cunnected to fs:;::m a Wheatstone bridge {Figure 3},

A constant current of 80 m.a. was maintained in the bridge at all times.

s

was balanced at the null position by

3

The voltage acrass the bridg



1g x&:e u&s.&&l V 12&%@
divider so that voltage across the bridge was zero. The presence ol a
trace of heliwm or argon in a cew sample gas will cause the thermal

conductivity of the sample to be different from that of pure dry aix.

Thig variation in thermal coaductivity will change the sguilibrium

o “ " 2 . ] - - s - ) S oy . o~ -
termperature of the filascents in the sample gas chamber, resulling in a
change in the resistance of the filamenis. Since {cial bridge current
iz held constant, the entive ccll will be aslightly unbalanced by these

changes, so that a new equilibrium position will be reached. At this
new eguilibriuvm position, there will be a2 small voltage deflection
across the bridge, caused by a aet change in voliage across cach
filament. In this way, ths cell can be calibraied so that a glven bridge
voliage deflection can be interpreted as a conceatration of helium ov
argon in a binary mixture with gir.

By varying bridge curreat for a {ixed sample gas, and measuring
the resulting bridge voltage deflection, it was found thal empirically

B I ., where MB and EE are bridge voltage and current,

fasd

current would produce a proporiionately larger exror in veliage. The
current was lmited, however, by the danger of buraing cut the filament
with oo large a current. This danger was nost severe when the cell
was evacuated, becauss the heat disgipation by therinal conduaction
would then be least. Bridge carvent was fized ai 80 m. a. , which had

en found to be the safe operating linit from past cxperience at GALCIT

o
o
@

with this type of cell.
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minimizing the volume of the lines and cell ¢connections, a compression
ratio of fifteen to one was achieved. The gas pressure was measured by
means of an integral U-tube mercury manometer,

The bridge voliage was measured on & Leeds and Northyrup
Ke2 potentiometer, with galvanometer and standard cell, which was
capable of accurately determining voliage to four significant {igures,

and of measuring voliage variations as low as one-half microvolt.

I 7. Thermal Conductivity Cell Calibration

In order to convert bridge voltage reading into meaningful con-
centration data the cell must be precisely calibrated. The calibration
samples were prepared by thorough mixing of accurately known amounts
of helivm or argon and dry air. Initially, the procedure used by
Mohlenhoff was followed; namely, throtiling guantities of high pressure
nitrogen into a bottle of helium and accurately measuring the pressure
of the helium bottle before and after the addition of nitrogen. Nitrogen
had been used because it was move readily available than high pressure
dry air. DBecause niltrogen éﬁas only 0. 4 per cent less thermal con-
ductivity than dry air, this difference should give negligible ervor if
nitrogen is also used in the reference cavity during calibration.

When the previously mentioned discrepancies in the helium flow
rate appeared (Section IL 3. ), it was decided to build eguipment which
could produce more precise mixtures of helium and alr for calibration
purposes, in order to remove suspicion of error from the calibration.
The mixing apparatus consisted of two glass bulbs, counnected in such

a way that they could be evacuated and filled with accurate guantities



of gases to be mixed, and of tubing, valves and mercury pumps to
facilitate the mixing of the gases {Figure 5). The volumes of the bulbs
were accurately determined by repeatedly filling them with water up to
fized graduations on the bulbs and measuring the volume of water in
graduated cylinders.

During the collection of the gases to be mixed, each bulb was
evacuated and then filled with ¢ither helium or dyy alr. Dry air was
obtained from the wind tunnel resgervoir and collected in gas pressure
botiles for use in calibration. Dry air was also used at all times in
the reference cavity of the T/C cell. During the collection of the gas
in each bulb, adeguate time was allowed for the temperature to
stabilize, and then gas pressure was measured with a U«tube mercury
manometer, which had been svacuated fo prevent contamination,
before introduction of the new gas.

When each bulb had been sealed off with its known quantity of
heliwm or dry air, all connecting lines between the bulbs were evacuated,
Then stopcocks on each bulb were opened, so that the gas in each would
be free to diffuse into the other. The mercury pummp on each bulb
accelerated the mixing process by pumping the gas alternately from one
bulb into the other. By repeating this cyele 8 number of times, a
thorough mixing could be expected. Afier the mixing process, the gas
from each bulb was pumped into the sample chamber of the T/C cell
at atmospheric pressure, and the bridge voltage was recorded, The
voltages resulting from the mixtures in both bulbs were consistently
identical, indicating that the mixing process had been comnplete.

The mole fraction, 3\% , of each component in the mixture is
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determined from the pressure and volume of each gas before mixing by

means of the equation of state for a perfect gas:

p=p RT/TN .
The total number of moles, n, in & volume V ig
a = pV/M = g,ﬁf/}?éi@? .
Since TH e = T Air before mixing, the mole fraction of each

component after mixing is

N - e - Pre V.}fzie
N =
He Qpir T PHe Pue YHe ¥ Tair ¥ Air
- %air z 1« N
ir n Air + ;‘}’gg@ He

. , ¥ P,. ,andV are the pressure and volume of the

He He * 7 Air Adr
designated gas in each bulb measured before mixing began.

After completing the calibration for helimmmeair miztures in this
manner, the resulilng data was superimposed on the calibration curve
which had been obtained earlier for heliumenitrogen miztures., There
wae no measurable difference between the two calibrations, indicating
that the first method, although comparatively crude, was guite adequate,
The calibration curve for argon-air mixtures was obtained in similar
fashion with the new mixing equipment {Figure &),

If bridge voliage is plotied against the mole {ractions of helium
er argon in air the resuliing curve is closely approzimated by a simple
polynomial {(Figure 6). In addition, the variation of voltage with mole

fraction was almost linear in the range of low concentrations, where
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most of the experimental tunnel data was obtained.

IL 8. Data Handling

After the voltage across the T/C cell bridge had been read,

ntermediate steps were necessary before the reading could be

Jomed
FEN

evera

[l

converted into a value of tracer gas mags fraction. When ¢

gas pressure was less than one atmosphere, the correction to the volitage

¥,

3

{Figure 7) had to be added to the reading. Within the accuracy of the
calibration, this voltage correction was found to be independent of the
gas composition when the ‘és:as:’ez* gas mass fraction was less than 25

per cent. The corrected voltage was converted into 2 mole fraction of

tracer gas by means of empirical formulas which were derived from the

calibration curves {(Figure &)

i N L e3 3 a4=7
NH’E R 4@ %8 K ig “’é“ bs égﬁ E T ﬁg
N, = 2.15Ex 107% < 3. 06 E‘?"xm”& .

The accumulation of injected tracer gas in the tunnel air supply
caused the buildup of a background concentration of this gas. However,
leakage of old air and introduction of fresh dry air during each
recirculation cyecle kept this background concentration down to about 2
per cent of the maximum concentrations measured. This background
concentration also included minute, indeterminate amounis of water
vapor and other atmospheric vapors which might slowly vary throughout
the day. The effect of this variable background concentration was
rneasured by extracting & gas sample at a point outside the viscous

wake which had not yet been reached by direct diffusion of the tracer
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zas injected from the inodel. This background cifect was monitored at

twenty to thirtye-minute intervals throughout the day. Since the priacipal
constituent of this background concentration was recirculated tracer
gag, the background veoltage reading was correcied and couverted iato
an effective backgreund mole {raction of tracer gas. The traces of

's

other vapors were so minute that their elfect was assunmied to be
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linearly additive. This effective background
tracied from the total measured mole fraction to yvield the mole fraction

produced by direct diffusion of the injected tracer gas.

&=
In order to convert the mole fraction of tracer gas inlo a mass
fraciion, the following relationship was used:
Ky o= ANy My) /(N My o+ Ny My )
where
Ny o Nggoo = mole {ractions of tracer gas and air, respectively
L %1 Ay © molecular weights of tracer gas and air, respectively

By introducing the values for molecular weight and simplifying,

the eguations for helium and argon, respectively, are:

i & ‘(‘1 Lod " ; N
Kpe mﬁ@; /(724 « 6,24 1 ﬁep
E\LA = {2‘5&&&} / iﬁn ?Z‘% "‘E" go 2?6 NA) @

Il. 9. Pressure Measuring Apparatus

.

Total pressure and static pressure surveys in the wake of 2
0. 2" circular solid brass cylinder are the subject of a parallel investi-

2

gation being carrvied out by J. McCarthy. It was hoped that pressures
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in the wake behind the porous model would correspond to those being
obtained by McCarthy, so that diffusion and pressure daba could be
combined to compute diffusion parameters. It was not expected that
all pressure data obtained with the solid cylinder would be repeated for
the porous cylinder for purposes of comparison, but if several profiles
of total pressure were found to be identical, identical pressure
digtributions could be assumed with reagonable assurance.

The total pressure in the flow was measured by means of a total
pressure probe, connecied ito & mercury manometer, which was capable
of measuring pressures up to one atmosphere within an accuracy of
to. 002 cmn Hg. The micromancometer was considerably slower than
more rapid transducers available, but it was necessary to sacrifice

this speed to gain the ability to detect small variations in total pressure

caused by the injection of helivm or argon.
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I, RESULTS AND DISCUSSION

i l. Pressure Measuremenis

[£3]

A survey of toial pressure along the axial ceaterline {Figure 8)
and several total pressure profiles were completed. A comparison of
the profiles with those obiained by J. McCarthy behind a solid 0. 37
cylinder is presented in Figure 9. Static pressure measurements in
the wake of a golid J. 3" cylindrical model had also been made "iizy
MeQarthy (Figure 13}, From this data, Mach number, siatic temmper-

aiure, and density profiles were computed,

Il 2. Continuity of Tracer Gag

Before the diffusion data obtained in this invesgtigation could be
utilized, it was necessary to determine whether the diffusion processes
in the test section were two=dimensional. If the gas ejection from the
model is ideally two=dimensional, the mass flow of tracer gas should
be identical in every plane perpendicular to the model axis., As
explained in Section IL 3., this was not the case. Instead, large ejection
rates oceurred at the model ends in the tunnel wall boundary layer, with
lower ejection rates along the major portion of the model. Bench tests
had shown that the ejection rates appeared constant along the surface
of the middle portion of the model, but it was necessary to verify this
uniformity more precisely.

The masgs {low vate wae meagured at 5, 9, and 15 diameters
downsiream of the model by taking concentration and total pressure

profiles in the center vertical plane at these stations. If the amount of
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tracer gas in that vertical plane remained constant between stations,
the mass flow rates at all stations would have to be the same. The
mass flow rate of tracer gas per unit span at any station can be found
by evaluaiing the in

=)

pu X dy .
>
Density cannot be directly mesasured easily in hypersonic flow,

but it can be determined by means of the equation of state if temperature
and pressure are known. Siatic temperature is also difficult to
determine, and accurate measurements of static temperature would
have involved an effort beyond the scope of this investigation. By
asgurning iscenergetic flow, the static temperature, T, can be

determined within © 10 per cent from the eguation:

Tw*rg/§3,+..§,%im V'

The Mach number is then calculated from the total pressure and static

pregsure data by means of the Ravleigh plitot eguation:

P, )
2 _ o, S+1 .2 0/m-1) ¥+l 1/(=1)
ol W { 2 M- (8- 1) ?

Since tracer gas concentration is not constant, the ratic of
specific heats, ¥ . i8 a variable, For & binary mixture of gases, the

ratio of specific heats is given by

_ < K, + ¢ H
y .p. Bt P2 Z
cv CV}; ;:il + cvg giz
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The numerical values for the specific heats ave:

. 2o, Y-
o3 = 4,290 17 /sec s s C. = 6,006 zf;‘:’fseez OR
.-i’é.ég’ ?A%.if
e FAY PY:
<, = 18,657 1" /sec °r ? < = 31,095 f%:‘;j,/ssee:g °x
Ee Prie
a 2
e, = 1,8661t°/sec®r , ¢ = 3,110 £t°/sec® %R
A Pa

By substituting these numerical values into the relation for § and
using the relation

Byt by, = 1,
the ratios of specific heats for hellumeair and argon-air mixtures,

reapectively, are expressed as follows:

e

=

44+ 5,856 &,
K _ 1.4 4 B, 58 %H@
o A
L+ 2.55 Lite

1.4« 0.675 iﬁ’;ﬁ

Jy = erons
3 ad %o 5@% .z,:..‘ﬂ%

Velocity, v, was determined {rom the equation
u = Ma

where a = ) y il = speed of sound in & perfect gas. The "gas congtant',
R, was also a variable, and had to be determined from the equation for

R in a binary mixture:
The numerical values of the gas constant are

1, 716 £%/5ec® OR

R&ir =,
Ry = 12,438 £t%/sec” °r
R, = 1,204 8%sec’®r .



The gas coastants for helivin-air and argon-air mixtures are,
reapectively:

o= 1,716+ 10,722 Kie

R = 1,?36«»478%&2& .

Computed pull profiles were plotted (Figures 14, 15, and 16)
and integrated over the vertical coordinate, y, for helium concentration
data taken during the final model shake=down period at P, = 85 psig,
and at x/d = 5, 9, and 15. Helium mass flow between stations in the
vertical center plane remained constant within experimental error.
Thig mass flow corregponded to approximately 60 par cent of the value
that would be obtained with an ideally two-dimensional gas ejection.
Tracer gas continuily profiles were computed for data taken during the
final concentration survey, in the same manner described above, for
both helium and argon injection at P, = 85 psig. The results (Figures
17 and 18} again showed that mass flow remained uniformn between

stations within the experimental error.

1L 3. Effect of Tracer Cas Injection on Total Pressure

The incrsase in probe total pressure, O g:ztz s produced by
tracey gas injection, relative to probe total px*e&ssﬁre without gas
injection, B, ., Was measured along the centerline, At E@g = 10 peig,
the effect on total pressure by heliuvm injection was most noticeable
{Figure 10), but with argon injection, this effect was considerably
smaller (Figure 11). At P, = 85 psig, the effect of helium injection

could still be measured, (Figure 12}, but it was not possible to detect
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any effect caused by argon injection at this reservoir pressure con-
dition.

When My >> 1, and {gz/g;a) <<il, p, = Py &A,}j . Therefore,

2
totak pressure will be affected by changes in either density or velocity.
It was expected that velocity would be decreased by gas injection
because the tracer gas would have initially legs momentum than would
the other gases in the flow. Density would be decreased by helium
injection, but increased by argon injection, (assuming no change in
temperature or static pressure) because of the difference in molecular
weights of these gases relative to that of air.

From the experimental plots, the defect in total pressure in the
case of helium injection was counsiderably greater than that in the case
of argon injection, but in both cases the injection of tracer gas reduced
probe total pressure. This effect was considered in all computations
involving total pressure, by measuring total pressure values at the
tracer gas injection rates used in the concentration measurements.
These values of total pressure taken along the centeriine are plotted

in Figure 8.

UL 4. Diffusion of in @ Laminar Wake

In a steady, laminar, non-reacting hypersonic wake, the

diffusion equation takes the form:

0K, 8K, B, mm, ik,

i .8
U PPV ey S ey PPl eyt e T

A5

-

An exact, explicit soluiion for By in a hypersonic wake with large

velocity and temperature gradients has not yet been found. As
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bohlenhoff™ 7 showed, far downsirearm of the neck where u e

T= Teo and v= 0, the diffusion equation can be considerably simplified:

BK, 8 @Ki
Pl B 7 sy | Ptz my |
By introducing the Howarth-Dorodnitsyn variable:

y
Y = (p/pe Yy
Q

and using the theoretical relation:
Z 4
p meél/ y i } ~ constant .

»
the equation becomes: Uy (&ii/ Ox) = EEB.«Z é&“'&f;i/ %Yg} .
: e

The boundary conditions on Ki are

e

{1} K, =30 as y—3w

mass {low of tracer gas per unit span

i

{) pu E‘Zi ay

el

&

constant = l’fli/b .

A solution of the simplified diffusion equation satisfying the

boundary conditions is

v T i Ye e y‘g /4D %
i % P.u.b ) SR exp (= ug $Dyp =)
e e l?:e =l

This sclution indicates the general appearance of diffusion behavior.
First of all, the maximum concentration is located along the centerline

and decays with downstream distance as follows:
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Secondly, at a given value of the axial coordinate, the distribution of

concentration across the wake is approximately Gaussian:

iy Yg/ 4D, . =
K/kg ¥ e ° g™

Experimental profiles of helium and argon concentration
measgured at P = 10 psig at fixed distances downstream of the model
are plotied in Figures 19 and 20. These profiles show the approximately
Gaussian distribution expected. Experimental values of maximum
concentration along the centerline from 1. 5 to 20 diameters downstream
of the model are plotted in Figure 21. Downstream of the neck, these
values show the expected behavior of LQN x‘% . By plotting Eﬁ:“z@
versus x/d for both helium and argon injection, it appears that a
“virtual” origin of laminar diffusion is located approximately one
diameter downstream of the model (Figures 22 and 23).

Values of the binary diffusion coefficient, ﬁm , €an be obtained
from this data for comparison with theoretical predictions. In general,
this process would involve tedious numerical procedures, but along the
wake centerline the exact diffusion equation is considerably simplified
because of wake symmetry. Along the centerline, the diifusion equation

becomes:

2 ;
( oK, 3 { 8 kK, m,m, Y @‘3?3
pu 3= ) = |p D ¥ s e ,
3z @ 13 @yéj méd & 5331' @‘

where (... )@ indicates evaluation along the wake centerline. Solving
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The quantity (9K/0x%) G was evaluated {rom the experimental

concentration data directly by taking the slope of la@%@E plotted versus

luf{x/d) (Figures 22 and 23) and using the relation

( 52 )
% ‘g
The quantity u@‘ was determined from the eguation:
u., = (Ma = (M RT
g = g = (M) ¥ 01 g

where M, § , R, and T were evaluated from concentration and pressure

data by the method explained in Section III 2.
The guantity (@‘ZE{/&*‘Z}@ was determined {rom the experimental

concentration profiles by assuming that near v = 0, the concentration

profile shape could be approximated by:
2 4
ngagy Y ko )}

Then(azﬁ/ayzpﬁ = oaz.i%ag .
n be

is plotted versus y (Figures 24 and 25), Yag ca

I fTog, (K 7R]

determined from the limiting slope near y — 0, because:

¥ lnge (K%/K}

Ya = Lim
2 y =20 v
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The quantity (8 T/8y") g e evaluated as a function of Mach
aumber, reservoir temperature, static pressure, and total presgsure,
by utilizming symmetry of the wake about the centerline. If isoenergetic

flow is assumed:

T = T, /0 + «1-2»—%- Mzg where T is coustant, then

A A &
& T =L g M

{ ) = —— (1) M —— .
oy”° & o 8y”

&

The Mach number is related to the pressure profile by the Rayleigh

pitot equation:

P, Y- Vg1
Tt g[lfu Ma} ¥+ 1
Py 2 1 280;% - (¥- 1) '

~where P is nearly constant across the inner wake. The equation for

{ -%; &'Z‘/ @yz 3@ can finally be written:
.‘ . ,
1 87 =Ty R Pty
{ —— e = {8-1) : : £. .
T 5% & T Py (2 34,° - 1) ay”
] “ .
2 P,

L Z . e )
where iz evaluated {rom the total pressure profiles,

In order to determine the effect of thermal diffusion, the value
of E»:? had to be found. ZEuperimental determination of this parameter

wae not possible, but a theoretical formula for k"}f“ is given by Hirschielder,

N, N, [%M N, - st NZ] (6¢, =5)
UBFLES R INE
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where Eﬁl . N, = mole {ractions of components 1 and 2, respectively,
and @“3 . Sw s A 12 0 Cm s X7\ s Y7\ are functions of molecular
wetght, temperature, and intermolecular {orce constants tabulated by

Hirschfelder.

A positive value of 1?"3? signifies that component 1 tends to move
inte & cooler region, while a negative value signifies 2 tendency to

. : . A0
move intc a warmer region. At 0°C, for very small concentrations of

tracer gas, I‘:Tg;») -0, 25 N}He and L’;T& ey O, 05 %JA . Changes in

temperature will change the numerical value of Ko slightly, but the

sign of k,E will remain the same. Since the wake center is warmer

than the external flow, thermal diffusion will tend to slow down heliun
diffusion and speed up argon diffusion outward from the wake centerline.

Frowm the experimenial data, values of T M~s 0., R,
P € e “gr g

A 4
1 &'7 &K 258 . L
{ T —— }@ N v }{E . 4 o bgﬁ. ., and u@ were determined

oy
as described above. From these values the binary diffusion coefficients
at the centerline, Qﬁ"}ﬁ 2}@‘ were computed and are tabulated in Table 2.
For purposes of comparison, the theoretical values of Dy, were coms

puted from an expression given by Hirschielder, et afé:

by, = —% azaéaaw - T (T, + M) ,
PO, 2Ty M,
where
P = pressure in atmmospheres
T = temperature {n degrees Kelvin
m l,ma = molecular weights of components 1 and 2, respectively
S 12(3# “, O;Z = functions of temperature and intermolecular force

constants tabulated by Hirschielder.
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This equation shiows that for a binary mixture of two given gases, the
quantity, F D, ., is a function of temperature alone. Values of P Ly
for i@.@iiém-»air mixtureg and argon-air mixtures were calculated over a
range of temperatures and are plotted in Figure 34, along with experi-
mental valuee of P z}iéi . This plot shows good agreement between

theoretical and experimental values,

The effect of therm:al diffusion on the helium diffusion process

wasgs found to be approzimately 20 to 30 per cont ag large as the effect

of molecular diffusion, and acted in an opposite direction, i.e., slowing
diffusion ocutward {rom the center of the wake. The effect of thermal
diffusion on argen diffusion was found to constitute less than 2 per cent

of the total diffusion, and acted in the same direction as molecular

diffugion.

1L 5. Diffusion of Mass in a Turbulent Wake

In a turbulent hypersonic wake, the mass diffusion processes
are considerably complicated by the effect of random, rotational, three-
dimensional vortices which greatly increase the rate of all diffusion
processes. The description of mass diffusion in this type of flow by
means of a simple equation does not appear to be feasible. Near the
wake axis, however, there is good reason to believe that the transport
of mass can be described in a semi-empirical maanner by a relation of
the form xﬁ:i s =p ﬁ? é@%i%/ﬁw » where Dy is 2 turbulent eddy
diffusivity (See ’Ecwnsemﬁié for a discussion of the analogous
momentum transfer process io a turbulent wake. ). The turbulent

diffusion equation near the wake axis is
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where 0 and v are mean velocity cornponents at a point in the flow,
thig equation, D.. encompasses all mass diffusion processes in the

i

flow: turbulent eddy diffusion, molecular diffusion, ste.

In order to find 2 first ovder golution for aa . we examine the
flow far downstream of the model, and near the wake centerline. In
this region we can ascume thatu, g, and ‘;E are nearly constant and

that ¥V is mero. Then the diffusion equation takes the form:
Z .,
é’%if;- 8 K,
U g ¥ Dy e
0% T

8y
The boundary conditions are identical to those for laminar flow:

(1) y—=>oo,

K‘i I
o
{2) pUK, ay = constant = /b .
- o0
Therefore,
Lo~ T 0
&ii = UL W
ﬁ u b 1'2? o Py

-
exp (= uy /4D..x)
In the case of

e
s

the centerline

turbulent flow, it is expected that the concentration along
will be approximately

Eﬁ}i E{ 1
~ o0
K = - ~ o &
¢ = e I

pub

T*

and at a given value of the axial coordinate distribution of concentration
across the wake will be approxin.ately Gaussian:

K
75.@
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Ed
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Uy /4&33\:&



Fxperimental profiles of helium and avgon concentration
measured at Z@Q = 85 psig at fived distances downstream of the model

distribution expected. Experimenial values of maxiroun concentration
along the centerline from 2 to 30 diameters dowastream of the meodel
are plotied in Figures 23 and 29. Beyond teun diameters dovwnstream
. 3
1 1 . =

of the model, these plots show thoe expected behavior of

in regions of the flow closer to the model, the maxivaum concentration
apparently decays more rapidly. This behavior is probably caused in

3

maxrt by the lowsy stveam velocities in this region, relative to those
¥ "

downstream, which would permit a2 longer local "residence time' of
the fluld, and a greater net transverse diffusion. DBy plotting EiLg
versus x/d for both helium and argon injection (Figures 30 and 31}, it
appears that a 'virtual origin of turbulent diffusion is located

approximately 3. 5 diameters dowastream of the model. This virtual

origin is where transition frow laminar to turbulent flow appears to

take place. Upstream of 3.5 the spreading vate is very

slow, but downstream of this peint, diffusion is much more rapid,

‘*»

indicating the probable onget of turbulence at this point.

£

In order to obtain specific values for the turbulent mass -

3

diffusion coefficient, .., from this data, the procedure of evaluating

Lo

the diffusion equation at the centeorline to take advantage of symmetry

was again used. The expression for D, , evaluated at the centerline is

8x

(D) = =
g %QK
88

o

by .
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Again, {(8°K/8y ;Q was evaluated by assuming that near y = 0, the

concentration profile ig of the formi:

2 4
eiazy FaLY teeo I}
a 2

t@ﬁ‘
[

>
80 that (@ZK/ﬁyé’)@ = 22{1@; 2, , where

laga QK@{KB
a., = Lim k- .
2 . s
¥y =20 v

Values for Xé':g were determined by plotting Y%@g@ iﬁi@/ﬁ} VErsus y
{Figures 32 and 33) and evaluating the slope of the resulting lines near
the origin.

Likewise, Ea.@; and {8K/ &%) @were evaluated from the concentration
and pressure data in a manner identical to that cutlined in the discussion
of laminar flow {Section IIL. 4. ). Values of Tg» Mg J G R@,
ga%/ayapq, wifi/a:«z}@, and ?}.@‘ were determined in this way, and
experimental values of @? were calculated and tabulated in Table 2.

In order to compare the experimental valuesg of Do with the
theoretical binary diffusion coefficient, Dyao the product of Ba}? and

static pressure is plotted in Figure 34, along with P ”“m values obiained

=5

earlier. The diffusion coefficients obtained at PQ = £5 psig are all cone
siderably higher than the theoretical laminar values for the binary
diffusion coetficients. In the case of heliwm diffusion, the values of

'&’E were about three times larger than the corresponding theoretical
values for Dys o In the cage of argon injection, this ratio was even
greater, i. €., ten to one. This fact strongly indicates the presence

of turbulence at this flow condition.
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It bas been suggesied by Townsend™ =, Mickelsen

14 . . ; . s s .
Saffman , that in certain cases the effects of turbulent eddy diffusion

., and

and molecular diffusion will be linearly additive, but data on this subject
has been largely confined to subsonic, incompressible flow at pressures
close to atn’zespéerica Near atmospheric pregsure, the molecular
diffusion coefficient, Byae is very small relative to the turbulent
diffusion coefficient, Q’E‘ - But Dy, is inversely pr@p@ﬁi@@l to
pressure, and at the very low static pressures of the flow in this
investigation, the theorvetical values for Dy in the case of helium were
one=third the size of the measured turbulent diffusivity. Therefore, the
effect of molecular diffusion in certain cases of turbulent diffusion may
uot be simply additive,

The mean values of D, for the vange of x/d in which measurements
were made are D, = 0,11 ?2/38?‘32 for helium diffusion and
‘&‘I‘ = 0.14 &Z/geca for argon diffusion at PQ = 85 psig. Experimental
values of Doy for given downstream distances are plotied in Figure 35.
This plot shows that although there was considerable scatter, the
average values of E".%i’ changed very little with axial distances. Some

~

estimates of the turbulent diffusivity, 3 o for the turbulent diffusion

of momentum have been made at GALCIT by L. Lees, using the equation:

Pe g’:&." ~ g’; g‘& £
E;; o d = G (=1 .
where
Pe is the density in the outer wake
o is the density ahead of the bow shock
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Gy is a profile shape parameter

= u/u_
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0.06 { ¥ is inversely proportional to Townsend's

en

-
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The guantities gefgzam s B, %@l , &nd 3 can be determined from

e

pressure measurements made in the wake. @}i} was estimated to be
£
&

about 0. 05. Using these values, it was found that

ET = 0,14 ftz/secz .

The quantity 3 o Gannot be considered to be equivalent to .Z:*? . because
| one deals with the diffusion of momenturn and the other with the
diffusion of mass, but it was expected that they should be of the same
order of magnitude. The cloge agreement found here between the two
is probably coincidental, but it is more important to note that the

experimental values for .. were of the same order of magnitude as

T

the predicted value of g T
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IV, CONCLUSIONS AND RECOMMENDATIONS FOR FUTUI

1, The thermal conductivity method of gas analysis was shown

to be a very satisfactory teol in the study of mass diffusion proceases
in hypersonic flow.

Z. 'The injeciion of tracer gases was found o produce a
raeasurable effect on the stagnation pressure in the wake. This effect
was apparently caused by differences in molecular weight, enthalpy,
and momentum between the injected gas and the gas in the {ree siream,
and had to be allowed {or in computations involving pressure.

3. The sifect of probe tip dimensions on the experimental duta
should be investigated to determine whether the probe is drawing a true
concentration sample of the gas in the wake and not smearing the shape
of the profiles, especially in regions of large gra s of councentration.

4., The distribution of tracer gases in the hypersonic wake
appeared to follow theoretical estimates of “slmilarity behavior” in

both laminar and turbulent diffusion. Concentration proliles appeared

]

Gausgian and the centerline concentration was approximatsly invergely
proportional to the square root of the axial distance downstream.

5. At P@ z 10 psig {?’Reé = 18, 000) with a 0. 3" cireular cylinder,
ﬁﬁﬁf&@i@ﬂ coefficients calculated from the experimental data, for both
heliumn and argon diffusion in air, corresponded very closely to
theoretical binary diffusion coefficients computed for laminar flow. [t
is reasonably certain that the inver wake at this flow condition was
laminar as far downstream (15 diameters) as measurements could be

made in this investigation.

6. At P@ = 85 psig, {E’:ea = 72, 000) diffusion coefficients calcue



Lo
&

s
Ty

” 3 ey gy P <3 e ey g p 3 . oy B -3 o A (RN
lated {rom the experimental data, for both helium and argon diffusion in

¥

ajr, were consistently much higher than theoretical diffusion coefficients
for laminar flow at the same presgsure and femperature. This greatly
acceleraied mixing process is ascribed to the presence of turbulence

in the inner wake,

7. The effect of thermal gradients cannot be neglected when cone-
sidering laminar mass diffusion processes in & hypersonic wake, espe-
cially in the diffusion of light gases. In the specific example in this ine
veatigation of helium diffusion in a laminar wake, the thermal diffusion
effect was found (o account for up to 30 per cent of the net mass diffusion.

8. In the turbulent diffusion of a tracer gas with low molecular
welight, the mass diffusion rate atiributed to molecular diffusion may be
expected to be of the same order of magnitude as that caused by turbulent
diffusion. Further investigation into this borderline area might produce
valuable information regarding the relationship between the two processes.

9. The diffusion of very heavy gases, such as krypton or xenon,
can be expecied to show & very strong conirast beltween laminar and
turbulent diffusion rates. Investigation of the diffusion of these gases
would be especially valuable in a region of transition from laminar to
turbuleant flow.

10. More information about diffusion processes in a hypersgonic
walke can be obtained if a cylindrical model of smaller diameter is
utilized. This smaller cylinder would enable measurements to be
made much further downstream in terms of model diameters and might
reveal the nature of the interaction of the inner wake and the '‘cuter

walke' generated by the bow shock wave.
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SELECTED GAS PROPERTIES
(1) (2) (3) (4) {(3)
Gas Chemical &é@?ecalar Ratio @i, * ZEE 2 in
Formula  Weight Conductivity AlY at
to Alr at 1 atm
0°c and é}é@
Alr - 28. 952 1 ce
Argon A 39. 944 0. 684 0. 158
Carbon Dioxide COo, 44, 01 0. 605 0.113
Helium He 4,003 5,97 0. 74
Hydrogen H, 2. 0156 7. 15 0. 73
Krypton Kr 83. 7 0. 360 0.113
Methane CHy 16,03 1. 25 0. 172
Neon Ne 20.183 1.93 0. 30
Nitrogen N, 28,016 0. 996 0.175
Oxygen Oy 32. 000 1.013 0.171
Water Vapor E-ia@ 18. 02 0. 775 s
Henon b4 131,3 0. 210 0. 089

Column References:

{2), {3) Handbook of Chemistry and Physics, 31st edition, Chemical
Rubber Publishing Co., 1949.

{(4) Daynes, H. A., Gas Analysis by Measurement of Thermal Con-
ductivity, Cambridge University bress, 19337

{5) Hirschifelder, J. O. et al, Molecular Theory of Gases and Liquids,
Jobn Wiley and Sons, 1954, -




39

TABLE 2

SUMMARY OF DIFFUSION COEFFICIENTS

CALCULATED FROM EXPERIMENTAL DATA

?@égzsig} Tracer Gas x/d = Q% {ft‘ﬁ/se;aq
16 Helium 5 0. 251
190 Helium 7 0.216
10 Helium 9 0.21¢
10 Helium i2 0. 285
10 Helium 15 0. 261
10 Argon 5 0. 0555
10 Argon 7 0. 0595
10 Argon 9 0, 0587
1o Argon 12 0. 0640
10 Argon 15 0. 0638
85 Helium 5 G.1138
85 Helium 7 0. 1245
85 Helium 9 0.1028
85 Helium iz 0. 1237
85 Helium i5 0.1185
85 : Helium 19 0. 116
85 Helium 24 0. 096
85 Argon 5 0. 160
85 Argon 7 0. 1355
85 Argon 9 0. 156
85 Argon 12 0. 134
85 Argon 15 0.152
85 Argon 19 0. 130
85 Argon 24 0. 146

At P, = 10 psig; Dy =Ky, {laminar)

At P = 85 peig; BK = ‘@T {tarbulent)

&
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FIG. | - DIAGRAM OF INJECTION GAS SUPPLY



41

—~ Wind Tunnel

Wall
\
< —25" — =] .
. 4~ Rubber O-Ring
) - Steel Locking
! 0.3 0.D. = ,;/;,”" / Screw
P R N AASN T L —
. #\ / ﬁScron
1 0.085"  / Tubing From
[.D. / = = Gas Supply
Lpming B
Model
| LTubing
Tunnel Bonded In Model
Centerline >

FIG. 2 -~ CROSS-SECTION VIEW OF MODEL INSTALLATION
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FIG. 3- THERMAL CONDUCTIVITY CELL GEOMETRY
AND WIRING DIAGRAM
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FIG.6 - BRIDGE VOLTAGE CALIBRATION FOR HELIUM
AND ARGON IN DRY AIR AT ATMOSPHERIC

PRESSURE
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FIG. 7- VOLTAGE CORRECTION FOR LOW SAMPLE
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FIG. 8 - EXPERIMENTAL PROBE STAGNATION PRESSURES
ALONG THE WAKE CENTERLINE
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FIG. 13- STATIC PRESSURE ALONG THE WAKE
CENTERLINE
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Helium injection
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FIG. I7- CONTINUITY PROFILES FOR HELIUM INJECTION

AT Py,= 85 PSIG (FINAL TEST DATA)
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FIG. 18- CONTINUITY PROFILES FOR ARGON INJECTION
AT P,= 85 PSIG (FINAL TEST DATA)



0.3

0.1

0 : : 0.3
y(inches)

FIG. 19 - HELIUM MASS FRACTION PROFILES AT Py =10 PSIG
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FIG. 21 — VARIATION OF TRACER GAS MASS FRACTION
ALONG THE WAKE CENTERLINE AT FR,=I0OPSIG
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FIG. 26 - HELIUM MASS FRACTION PROFILES AT
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FIG. 31-PLOT TO DETERMINE VIRTUAL ORIGIN
OF ARGON DIFFUSION AT F, =85 PSIG
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FIG.34-COMPARISON OF THEORETICAL AND EXPERIMENTAL
DIFFUSION COEFFICIENTS
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