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ABSTRACT

o %/\/V
\0\ ] 4872

Response characteristics of the impact probe in the transitional
regime between free-molecule and continuum flows have been investigated
both experimentally and theoretically., Experimental data Is presented
for Knudsen numbers, based on probe diameter, ranging betweeﬁ 0.05 and
10 and with nominal Mach numbers of 1, 3, 6 and 10, The conflgurations
tested were chosen with the view toward separating internal and external
probe geometric effects in the transitional regime. Measurements were
made with the probes held at the free-stream total temperature and at
41% of total temperature,

The theoretical investigations of probe response were based on a
first collision modification of the free-molecule model. Both Internal
and external effects are calculated ang good agreement [s shown with the
experiments, The free-molecule theory is also extended to the more com-
plicated internal probe geometries which were employed In the experiments.

Application of these investigations to fllight measurements is outlined,
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DEFINITION OF SYMBOLS

aperture dlameter

probe diameter

Knudsen number

aperture length

tube length

tube length preceeding significant wall collisions
Mach number

molecular flux/unit area

number of Incoming molecules that arrive at station (x) without
collliding with the wall

probability term’

pressure

Reynolds number .
Reynolds number evaluated at conditions behind a normal shock wave
speed ratio

temperature

probe pressure under free molecular condltlons
Rayleigh impact pressure

axial coordinate

mean free path

angle of attack

denslty ratlo across a normal shock wave

chamfer angle
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DEFINITION OF SYMBOLS (continued) - Subscripts

stagnation condltlion

condition at the aperture

free molecular flow conditions

relative to probe diameter

relative to probe length

condl'tions measured at the gauge cavity
transitional flow condlitions

conditions at the wall

relative to axlal dlistance

free stream conditions

conditions for the interaction of free stream molecules with
aperture molecules

conditions for the Interaction of aperture molecules with free
stream molecules
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1. INTRODUCTION

The impact pressure Probe has long been employed as a primary Instru-
ment for the measurement of free stream conditions both in filght and In
the wind tunnel laboratory. |Its aerodynamlic response relative to the free
stream is relatively insensitive to geometric configuration and angle of
attack and can be readily predicted from inviscid gas dynamics theory,
Response in the free molecule flow regime, while sensitive to probe geo-
metry, temperature, ﬁach number and angle of attack, is still in principle
amenable to analysis. In fact, experimental contact with the free-molecule
regime is so inaccessible that aerodynamic characteristics In this regime
are for the most part only known through analysls.

In contrast, the transitional flow regimes bridging the contlnuum
and free-molecule regimes are not accessible by rigorous analytical tech-
niques, since they ultimately require solutions to the Maxwell-Boltzman
equations which treat non-equllibrium distributions of molecular veloclties,
At the present time, no general solution to these equations has been found
which can be appfled to the Impact probe. There are, however, approximate
theorles based on simplified models of molecular mechanlcs which can be
applied to the Impact probe problem., These combined with approprlate
-experimental tests promise to provide the basis for extendlng the useful-
ness of the impact probe into the transitional regime,

The work described in this report was Initiated In July 1963, by the
National Aeronautics and Space Administration, Marshall Space Flight Center
(Contract number NAS 8-11046) to investigate experimentally and theoreti-

cally the response characteristics of Impact pressure probes in flows with



transitional Knudsen numbers, These Investigations were to be made wilth
the view to applying the impact probe to the calibration of low dehslty
supersonic wind tunnel nozzles and to the measurement of atmospherlc para-

meters from high speed flight vehicles.

1. EXPERIMENTS

A, Preliminary Consideratlons

The response of the impact probe In free-molecule flow |s determlned
by the conservatlion of mass flux between free stream molecules which enter
the probe aperture and the departing molecules which are in thermal equill-
brium with the probe cavity. The free-molecule model excludes considera-
tion of collisions among the probe molecules or between probe and free
" stream molecules, All collisions of significance are between the probe
walls and the probe molecules or the free stream molecules,

In considering the initial stages of transition from the free-mole-
cule to continuum response levels It is often useful to employ a "flrst
collision'" modification to the free-molecule model In which most of the
basic features of free molecule flow are retained, 1.e., the juxtaposition
of two classes of molecules, free stream and probe, each with Maxwelllan
distributions and the conservation of mass between free stream molecules
enterlng and probe molecules leaving the probe, The first colllslion model
does, however, consider the effects of single collislions between free

stream and probe molecules,



These Intermolecular colllisions can occur both Inslde and outslide of
the probe. The external effects Involve scatterlng of free stream m&le-
cules away from the path of the probe aperture by colllsions with probe
molecules emitted either from the solid front face or from the aperture,
This effect; taken alone, reduces the f\u; of free stream molecules Into
the aperture and thus reduces the probe cavity pressure relatlve to the
idealized free -molecule level., Two competing internal effects can be
visualized which foster additional effects. Flrst, in a manner analogous
to front face scattering, molecules which would leave the probe are
scattered near the threshold of the aperture by collisions with entering
free stream molecules. Secondly, collisions between free stream and
probe molecules reduce the number of free stream molecules that penetrate
to a given statlon inside of the probe. In effect, the probe molecules
offer another mode of wall contact for the free stream molecules so that
Intermolecular collislons tend to hasten the reduction of the free stream
molecular population within the probe relative to the distribution deter-
mined by wall collisions alone In idealized free-molecule flow.

These internal effects are of no consequence in the case of the
ideal orifice probe where the aperture length is negligible and the dimen-
sions of the cavity are large, relative to the aperture dlameter, However,
for apertures with finite length-diameter ratios the Intermolecular colli-
sions effectively shorten the aperture length, or from another viewpoint,
reduce the effective speed ratio of the free stream flow. It will be
shown in a later section that the numerical treatments given by de Leeuw
and Rothe (1962) and Pond (1962) in extending Clausing's theory of free-
molecule flow through tubes to the impact probe, can be modifled to

approximate the transitional effects of Intermolecular colllsions,



The impact probe experiments were designed to investigate transi-
tional response characteristics in flow regimes where these first-colli-
sion effects could be expected to have application. Both the orifice
type and the straight bore, i.e., very large aperture 44 confligura-
tions were used. The fIr;t enabled a systematic study of variations In
internal probe geometry, particularly for small values of aperture l/d.
The straight bore configurations provided the limiting opposite extreme
for internal geometry relative to the orifice probes and also represented
the configuration most frequently used by other investigators. The
experiments are described and results discussed relative to the results
of first-collision analyses for internal and external effects. The

essential features of these analyses are outlined In Section f11,

B. Description of Laboratory Faclilities

The experiments were divided between the Low Density Wind Tunnel at
the University of Southern California Engineering Center and the Hyper-
Altitude Simulation Facility of the Naval Missile Center, Point Mugu,
California. So far as low denslity wind tunnel operations are concerned,
both facilities are essentially identical. They consist of large cylin-
drical tanks (10 feet x 20 feet) which are cryopumped using 300 watt
gaseous hellum refrigerators. These refrigerators in combination with
the condensers were capable of continuously pumping at rates of 0.7
gm/sec of nltrogen with intermittent runs as long as a minute for rates
as high as 2 gm/sec., Both tanks are fitted with large valves which iso-

late the condenser from the main chamber in order to permit vacuum breaks
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without the necessity of warming up the condenser. These valves also
serve as throttles to facillitate the matchlng of chamber pressure with
nozzle exlt pressure for specific stagnation conditions and nozzle con-
flgurations.

Tests were made in flows from five different nozzles wlth nominal
Mach numbers of 1, 3, 6, 9 and 10. Thelr general configurations are
shown in Figure 1. The Mach 1 nozzle Is the Mach 3 nozzle wlth conical
skirt downstream of the throat removed. The Mach S rozzle was used only
in the USCEC facility and the Mach 10 nozzle only in the Point Mugu facil-
ity; the others, Mach numbers 1, 3 and 6, were used in both facilitles.
With the exception of the Mach 9, the walls of all nozzles were cooled
with llquid nitrogen, The test gas for all runs was nitrogen at 300°K.
Table | gives pertinent dimenslons and properties of the nozzles at various
stagnation conditions. The methods used for calibration are described in
Section 1l-E where data reductlon and correlatlion procedures for the Impact

probes are dlscussed.

C. Description of Probes

The geometfy of the baslc orifice probe Serles A desligns Is 11lus-
trated In Figure 2, The aperture was centered in a thin flat face wlth
diameter equal to 0.2 of the outside dlameter and length equal to 0.25
of the aperture dlameter, The cavlity behind the aperture was 0.8 D
and had a length of 10 D, This geometry was appllied to a set of § probes
ranging in dlameter from 0.05 inches to 1.0 IAches. These were used to

calibrate the nozzles and, at the same time to establish the response

|
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characteristics of the design over a factor of 200 range ln Knudsen
number.

Variations in aperture .l/d were Investigated with the Serles 8
configurations, In which all geometric features except aperture ,[/d
were fixed on a set of five 0.1 Inch diameter probes. {/d ranged
between 0.1 and 2. Another 0,1 diameter probe was constructed identl-
cal to the ,[/d = 2 probe except that its front face was chamfered
450. The relative outputs of these two probes provided a measure of
external free stream scattering effects from the probe face be;ause of
thelr identical Internal geometry,

The Series C stralght bore probes had an internal A/d of about
40 with outside diameters ranging from 0.032 inches to 0.375 Inches,

The Serles A and B probes vere tested at amblent temperature (about
290°K) and at 125°K. Cooling was accomplished by attaching a liquld
nltrogen line to the probe base attachment fitting. (See Figure 3).

A1l of the Serles A and B probes, except those of Serles A, 0.5 Inches
and 1.0 Inches In diameter, were made of brass, For these the thermal
conduction rate from base to tip exceeded the combined radlatlive and

gas conductlion losses by a factor of 3 or 4, Temperatures were measured
on the Z-inch copper tubing joining the probe to the attachment flxture.
The estimated increment in temperature between measurement polnt and
probe tip is less'than s°K. The Serles C probes were made of stalinless
steel and their thermal! conduction propertles were so poor that no

coolling runs were attempted,



D. Description of Apparatus and Instrumentation

A movable probe carriage permitted the consecutive testing of five
conflguratlons per run. tach group of flve were connected to a common
l manifold through solenoid operated isolation valves., Manifold pressure
was measured with a movable dlaphragm differential pressure transducer
with a variable capacitance-sensor. The nominal range of this instru-
ment was 0-600 microns Hg. |t was calibrated with a device which Intro-
duces incremental measured quantities of gas into a known test volume.
The minimum incremental pressure step used in the calibration was
I + 0.1 microns. The transducer produced a linear output within 1% of
reading in the range 10-500 wu Hg. The reference side of the transducer
was vented to the test chamber, Chamber pressure was méasured with a
Mcleod gauge 1n the USCEC facllity and with a thermocouple pressure
transducer in the Point Mugu facility. Both instruments were capable
of resolving 0.2 In the range 0.5 to 20 . Reservolr stagnation
pressures were measured with the same transducer as the Impact probes
at Mach numbers ! and 3 with a variable inclination unity oll manometer
at the higher Mach numbers. Accuracy of the latter Instrument was
within 1% of reading.

In a typical sequence of testing, a given flow condltion was
established and each probe configuration was positioned in turn at the
nozzle centerline and valved into the pressure transducer, Typlcal
response times for the measurement varied from a few seconds to three

minutes, depending on pressure level and probe geometry,



E. Data Reduction and Correlation

Measured Impact pressures were normallzed with the ldeallized Raylelgh
impact pressure derived from nozzle calibratlons. Since the variation In
nozzle boundary layer thickness, Mach number, Raylelgh pressure, etc.,
which accompany the variation in reservoir pressure are large In low den-
sity nozzles, the nozzle callbration involves the simultaneous callbration
of both the nozzle and the probe conflguration used in the calibratlon.
1t was assumed in the present callbration procedure that the transitional.
response properties of the geometrically similar probes of Serles A,
characterlzed by the ratio of measured pressure to Rayleigh pressure versus
Knudsen numbers are not altered for the limited range of Mach numbers pro-
duced by a single nozzle. With this assumption the Rayleligh impact pressures
assoclated with the various reservoir stagnation pressures arlving the
nozzle are simply those which force the correlation of the measurements
from all Serles A probes and at all reservoir pressures, The data were
first normalized with reservolr pressure and plotted at constant reservolr
pressure versus a-provisional Knudsen number based on trial estimates of
Mach number and Reynolds number. WIth this plot, determinations of Rayleigh
reservoir pressure ratlos PO/PO' were made whlch correlated all of the
constant reservoir pressure data on a single characterlstic probe response
curve of Pm/Po' versus Knudsen number. The flinal Knudsen numbers were
based on the Mach numbers and Reynolds numbers corresponding to the de-
rlved values of Po'/Po. The success of the method Is illustrated In
Flgures 4b, 4c and 4d for the flnal callbration results of the Mach number

3, 6 and 10 nozzles, |In the case of the sonlc nozzle the chamber pressure



was adjusted to the sonic’exit pressure corresponding to the varlous
reservolr pressure settings and the Mach number was taken as unlty.

Final values of Mach numbers and Reynolds numbers were derlved from

the ratlo of Rayleigh impact pressure and reservoir pressure,

The 0.9 power law was used for the temperature dependence of vls-
coslty In the Reynolds number determination. Reference condltions were
taken at 200°K. This approximation Is of slmpler form and ylelds a
better fit to experimental viscoslty measurements for the temperature
ranges considered than does the Sutherland approximation,

Thermal transplration corrections associated with the i-Inch tubing
connectlng the probes to the water cooled lsolatlon valves were Imposed

for the runs with probe coollng using the techniques of Arney and Balley

(1962).

F. Results

1. Serles A Probes
With the exceptlon of the case for Mach number 10, the transitional char-
acterlstics shown in Figure 4 for the Serles A probes were measured over a large
enough Knudsen number range to bring the response to within a few percent of the

theoretical free-molecule value, In splite of this, the data displays little



tendency of following an asymptotic approach to the free-molecule level

as the first collision theory suggests. The theory does, however, predict
rather well the over-all extent of the transitlon interval as evidenced by
the slope of the data and theory on the seml-log plot,

As might be expected from the results of other Investigators, notably
Potter and Balley (1963), and Matthews (1958), It was found that free stream
Knudsen number 1s not a suitable parameter for correlatloﬁ of the Initlal
rise of probe response from the continuum level, Potter and Bailey (1963)
have shown that the parameter, Rez (f)z/F%D)% , Is consistent with the
viscous layer and merged layer concepts and have successfully used It to
correlate a large body of experlmental data In these flow regimes. The
subscript "2 refers to condlitions behind the Inviscid normal shock and
pz/f%o is the normal shock density ratio., The reclprocal of the parameter
has been used to correlate the Serles A probe data for all Mach numbers In
Figure S. This has the effect of shifting the ordlinant, relative to free
stream Knudsen number, by factors of 0.670, 0.275, 0.322 and 0.420, respec-
tively, for Mach numbers 1, 3, 6 and 10,

The pressure response parameter (Pn- Po')/(PF- Po'), that is, the
ratio of the difference of measured and Rayleigh impact pressures to the
difference of fre;-molecule and Raylelgh Impact pressure, Is used In order
to normalize the varlous levels of free-molecule response at different
Mach numbers, It Is seen that the Inltial rise relative to these parameters
corresponds to values of Rez(f’z/F%o) - of 0.05 to 0.10. This Is In
substantial agreement with the Potter and Balley (1963) result whfch shows
the rise beginning at 10-20 relatlve to Rez(p Z/Fbo)%l Flgure 5 also

indicates that the correlatlon extends well beyond the Inltlal rise polint
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particularly for the lower Mach numbers. WIth increasing Mach numbers,
departure from the line of correlation occurs at correspondingly lower
values of Rez(f)z/F%o) - . This feature Is belleved to be a conse-

quence of the Internal geometry of the Serles A probe and will be dlscussed

in Sectlon 3 below.

2. Aperture ¢/d Effects

The results of the aperture £/d effects measured with the Series B
probes are summarlized In Figures 6a through 6d. Theoretlcal values are
shown both for the free-molecule 1imit and for the translitlional Knudsen
numbers which were tested. 1In the latter case, collislions bétween free
stream and probe molecules are only accounted for wlthin the length of
the aperture and no correction Is made for the effects of the distribu-
tlons of collisions on the tube wall and with molecules aft of the aper-
ture, Rather, the levels for these theoretical values are arbltrarlly
set at the measured value corresponding to Z/d = zero 1in order to facll-
itate the comparison of experimental and theoretical 1/d effects, The
theoretlcal free-molecule values; however, do account for the colllsion
distribution of free stream molecules wlith the tube walls and the tube-
aperture junction effects for molecules leaving the tube, as well as the
aperture {£/d effects computed by deLeeuw and Rothe (1962) for the
ideallzed aperture opening into a large cavity.

The most evident features diaplayed by these plots are the persls-

tence of free-molecule pressure rise characteristics Into the transltlonal



regime of Knudsen numbers for small values of 4/d and the abrupt depar-
ture from this trend between £/d =1 and £/d =2 ., The latter feature
becomes Increasingly pronounced wlth increasing Mach number., 1t Is attri-
buted to collisions between free-stream and probe molecules within the
aperture section and the fact that these collisions have a laréer effect
at higher Mach numbers because the entering molecular flux Is more
directed and the probablility of free stream colllsions with the aperture
wall iIs reduced. 1In effect, the collisions between free stream and probe
molecules within the aperture tend to ''cut off'' the aperture length,

An additional illustration of thls effect.is found In Figure 7 where
the response characteristics of the straight bore (Series C) probes are
presented In the same form used for the Series A probes in Figure 5, It
Is seen that, as be%ore, the points of Initlal pressure rise are correlated
with the parameter Rez( Pz/fh,) - . The most notable feature in Flgure
7, however, is the variation with Mach number of the interval of Knudsen
number required to complete the transition to the free-molecule response
levels,

At Mach numbers 1 and 3 1t appears that a two order of magnitude
change In Knudsen number Is sufficlent, while at Mach number 10 a four
order of magnitude change may be'requlred. This 1s due to a relatively
higher probabllity for the free stream molecules to penetrate deep Into
the aperture before striking the wall at the higher Mach numbers, Thus,
correspondingly greater reductions In molecular density inslde of the
probe must be achleved in order to eliminate all but a neglligible number
of molecular collisions and bring about the free-molecule dlstribution
of colllisions between free stream molecules and the Interlor probe walls

and bring about the free-molecule distribution,
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The elimination of molecular collisions is further retarded by the
fact that the hligher Mach numbers produce larger pressure Increments
relative to the Raylelgh impact pressure for probes with large 4/d

apertures.

3. Effects of Interior Geometry

It Is now convenient to make at least a qualitative comment on the
departures of the Mach numbers 6 and 10 data from the Serles A probe
correlatlon curves in Figure 5. In free-molecule flow, the tube sectlons
aft of the apertures on the Serles A and B probes are In every sense
impact tubes with respect to the free stream molecules which have not
suffered colllisions with the aperture walls, With a procedure analogous
to that used to compute the pressure response of impact tubes with finite
aperture £/d , the pressure rlse associated with the distribution of
free stream molecule collisions on the tube walls can be computed provided
due account is taken of the effect of the aperture on the end when con-
sidering the flux of molecules out of the tube. The differences between
the response of the Series A probes (with aperture £/d = 0.25) and the
idealized Infinite cavity case, with the same aperture £/4d , 1s only a
few percent at Mach numbers 1 and 3; but it rises to 13% at Mach number
6 and to 27% at Mach number 10, This larger contributlon from the tube
section at higher Mach numbers Is attributed to the larger fraction of
free stream molecules that get through the aperture and the hlgh proba-
bility that these yill travel far Into the tube before colllding with the

wall,
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The transition effects assoclated with tube section at Mach numbers
| and 3 are negligible since the total free molecule effect Is only 3%,
However, for the higher Mach numbers, full translition to the free mo le-
cule response will not be reallized until all but a negligible fractlon
of the molecular collisions within the tube section are ellminated,
Thus, in Figure 5 the long £/d transition characteristics assoclated
with the tube section, and similar to the straight bore probe character-
istlcs, are seen to emerge from the line correlating what are essentlally

the aperture transition characteristics.

4, External Collislon Effects

Collislons between molecules emltted from the front face of an
Impact probe and free stream molecules In the path of [ts aperture con-
stitute the remaining source of transitional effects. Theoretical
treatments of this problem using first colllsion conslderatlons have
been made by Liu (1958) and more recently by Kinslow and Potter (1963)
In connectlion with the drag of a sphere. Modiflcatlons to these
analyses are outllned below In Sectlon III,

An experiment.designed to secure a measure of these scatterling
effects was performed by measuring the relative responses of two Serles
B probes having ldentlcal Internal geometries, l.e., D= 0,10 and
l/d = 2.0 , but with differing external geometries. One had the stan-
dard flat face of the A and B Serles probes while the face of the other

was chamfered at LSO.
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If it is assumed that reflectlons from the face are diffuse and the
effect of the chamfered face Is to dilute the Intenslity of the effused
molecules which can produce scattering colllslons by the ratlo of the
projected frontal area to the actual area of the chamfered face, then
the ratlo of scattering Intensity from the chamfered face to that for

that of the flat face is cos¢ , where ¢ 1s the chamfer angle,

N E
*AZ-fo _dL Pmi _"_..'/f:ff Jd_ Pm2
R) : Bl
dul N

Now referring to the figure, let

fl = the scattering fraction assoclated with the flat face
fz = the scattering fraction associated with the chamfered face
fo = the scattering fraction assoclated with the aperture
Pm = measured Impact pressure for flat faced probe
]
Pm = measured Impact pressure for chamfered faced probe
2
then
f2 = f, cos¢
and

—:—:2—% = (1-f0 - fi cos¢)/ (v~ to - 1) (1)

Solving for f'

f, = (| -fo) (sz/Pml -1 )/(pﬂ'Iz /Pm| ‘C0$¢) ( )
2
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| f the aperture to face area ratlo is small, as It Is for the Series B

conflgurations, then f°<< I and notlng N]/N = ] - f'

N|/Nm =1 - (sz/Pm|‘ 1 )(sz/Pml ‘COS¢)
(3)

The measurements from the chamfered and flat faced probes, gxpressed
in the form of Eq. (3), are presented in Figure 8 and compared with the
scattering theory. 1t Is seen that the measurements tend to favor Liu's
(1958) analysis and glve evidence of less scattering than that predlcted
by the theory outlined in the present paper. The level off and subsequent
rlse of the measurements at low Knudsen numbers reflects the limit of the
free-molecule, 'flrst collislon' Interpretation of the data and, no doubt,

also Indicates the limit to which the theory is applicable,

5. Probe Cooling Effects

Flgures 4a and 4b show the response characteristlcs of the Serles A
probes wlth wal) temperatures held equal to the.free stream total tempera-
ture and to 0.41 of total temperature, The most notable difference between
the two cases Is the tendency of the cooled probes pressures to Initlally
fall below both the continuum and free-molecule response levels and then,
at the highest Knudsen numbers, to approach the free-molecule level. This

non-monotonlc behavior is clearly evident at Mach numbers 3 and 6 and is

16



implied at Mach number 10 where Knudsen number was presumedly not high
enough to reverse the downward trend In pressure response,

While there was not sufficient opportunity under the present contract
to pursue these cooling effects with detalled analysis or with additional
experiments, It appears probable ihat the observed behavior results from
the competltion between external and internal transitional effects, There
can be no doubt that internal effects are involved throughout the transl-
tlon interval starting at Knudsen numbers = O.Zl Figures 3a, 9b and 9c
show the response of the Serles B probes when cooled to temperature ratio
Tw/T° = 0.41. The external geometry and size of all of the Serles B
probes are Idenfical and so should have ldentical external effects. The
differences shown In Figure 9 are, then, due entirely to the effects of
aperture JZ/d. The {/d = 0.1 and 0.5 cases exhibit the same behavlor as
the Series A probes {with L/d = 0.25) and even the Z/d =1 and £/d = 2
cases show a delay in the beglinning of the transitlonal pressure rise when
compared with the uncooled cases shown In Figure 6.

Additional experiments, designed to determine more extensively the
external effects of transition and the effects of coollng on both internal
and external effect, will have to be performed In order to galn a clearer
picture of the relatlve importance of these effects. For example, the
chamfered probe data, as shown In Figure 8, could be extended to higher
and lower Knudsen numbers by testing smaller and larger geometrically
similar probes, and the pertinence of the Interpretatlon placed on the
data could be assessed with the testing of other chamfer angles, in addi-
tion, other probe temperatures should be investigated wlth the view to

more closely simulating actual flight conditions at various Mach numbers,



111,  THEORET!ICAL ANALYSIS
A. Modification of Free Molecular Flow Limit for Series A Probes

In free molecular flow the pressure measured by a gauge depends
upon the geometry‘of the tubing connecting the gauge to the aperture of
the probe. Pond (1962) and delLeeuw and Rothe (1962) have made calcula-
tlons of the free molecular response of gauges mounted on stralght bore
tubes. These analyses are also approprlate for oriflice type probes that
are connected to the gauge cavity by large d]améter tubing such that the
orifice diameter is negliglble by comparison, In this sectlon considera-
tion will be given to the change In cavity pressure caused by the use of
a finlte orifice to tube diameter ratlos.

Using the geometry shown In Figure 2, the probe consists of an aper-
ture section of diameter d and length £ connected to the gauge cavity
by a tube of diameter D and length L ., The pressure at the gauge
cavity will be assumed to result from a pressure rise across the aperture
section and a pressure rise across the tube sectlion. The pressure rise
across the aperture section will be that given by the results of delLeeuw
and Rothe (1962) for a probe with geometry £/d 1f a correction s made
for any non-Maxwellian distrlbution of the flow returning into the aper-
ture section. The non-Maxwelllan distribution that ls slgnlflcant at a
change In tube cross-sectlon results from the gas flcwing in the tube.

In vacuum technology it is commonly referred to as '‘beaming.'"" The pri-
mary pressure rise In the connecting tube results from those molecules

that passed through the aperture sectlion without wall colllslons. A
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secondary pressure change would result from the non-Maxwelllan distribu-
tion of the molecules that enter the tube section after striking the wall
in the aperture section. This secondary pressure cﬁange Is small and
will be neglected. |If the molecules that pass through the aperture section
without a collision enter the tube section with the same veloclty distri-
bution as those entering the apert;re, the pressure rise across the tube
section could be related to the results of delLeeuw and Rothe for a probe
with geometry L/D . Any change in velocity distribution would be mani-
fested by a change in the distribution of collisions on the wall of the
probe, When a comparison is made of the distribution of wall collislons

|
between molecules entering an open tube, and molecules entering the same
tube when equipped with a small aperture of negligible length, It is found
that while the distribution is altered, the primary effect of the aperture
is to shift the starting point for the distribution. Assuming the shift
Is the only significant change In the distribution, and denoting the start-
ing point by L' , the pressure rise across the section of the tube between
the starting point and the gauge cavity can be related to the pressure of

a straight bore tube with geometry (L - L')/D.

gg__ncu)(d)?(m:) ,
"N o/\P /) LK
' ) (4)
Ne(d)

—ﬁ%— = fraction of the Incoming molecules that arrlve at

wi thout colilding with the aperture wall
PE
(——r)L_L. = pressure In a stralght bore tube with geometry
D

(L -1L')/D
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P, = reference pressure equal to the pressure measured
behind an Infinitely thin orifice In a cavity at

the same temperature as the probe

The assumptions leading to Eq. (4) were based on the comparlson Involving
a thin aperture, It is not obvious that a similar veloclty distribution
would exist if the aperture had a finite length. In the event the distri-
bution iIs changed by the finite aperture length, the degree of change will
Increase as the fraction of Incoming molecules that pass through the aper-
ture decreases. Since fewer molecules wlll be Involved in any altered
distribution, the effects of the alteration will be lessened., For the
present analysis any effects will be ignored,

The pressure rlise across the length L' can be obtalned from the

‘"long tube'' approximation. (See Dushman, 1962, for example).

AP _ Nc(2) /4 2 3 U
PN (B) 73 (s
The gauge pressure can now be approximated by
(2, 4 Net L) (_d.)’ (_’i) 3L
Pr \P /L Ny 0 Py /- ¢ O (6)
d o

The last term In this expresslion Is a semi-empirical correctlon to account
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for the fact that the pressure drop through a serles of components Is less
than the sum of the pressure drops through the indlvidual units, This is
caused by molecular "'beaming' in the tube that results In a non-Maxwelllan

veloclity distribution at the junction of the components,

B. External Transitional Effects

When the stream density increases, molecules rebounding from the probe
face will travel ahead of the probe and collide with free stream molecules.
Sbme of these collislions will involve free stream molecules that were pro-
ceeding into the aperture and, as a consequence of the colllsion, these
incoming molecules willl be diverted or scattered from the path of the aper-
ture., While other free stream molecules may be diverted into the aperture,
the probabllity of this occurring is small due to the small solid angle swept
out by the aperture.

Liu (1958) and Kinslow and Potter (1963) have Investigated the scatter-
ing of free stream molecules by molecules rebounding from a probe face and
a sphere, respectively., While the calculation detalls differ, the basic
assumption in both analyses is that any colllision between a molecule
leaving the body and a free stream molecule located In the collision zone
prevents that molecule from striklng the body, The collision zone 1s
defined as the cyllnder extending forward from the body with a cross-sec-
tlonal area equal to the projected area of the body.

Using thls baslic assumption, and denoting the fraction of the re-

bounding molecules that colllde with free stream molecules In the collislon

21



zone by N]—a/NI , it Is found that the rate at which molecules strike

a unit area on the body Is given by

v (M) &

or

Ni-o00 (8)

The results of calculations of this term using the two baslc approaches
are presented In FigurelO. Also included are the results of a more exact
numerlical analysis for the same term where Nl_m/Nl was calculated as the
fractlon of the rebounding molecules that colilded wlth free stream mole-
cules before passing through the surface of the collision zone,

The results of the analysls which was similar ‘to that by Kinslow and
Potter (1963) show the most colllsions since that approach applies the
maximum colllsion frequency, 1.e., the centerline value, over the entlire
cross-section of the collision zone. The results of Liu (1958) show the

least colllslons, since the approximatlion used overestimates the radlal

expansion of the rebounding molecules near the probe face,

C. Internal Transitional Effects

1. Introduction

As was outlined in the prellimlnary discussion of Section 11,
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Intermolecular collisions within the probe have two. lmportant effects,
One effect Is the tendency of the Incoming molecules to hinder probe
molecules from leaving the exlt. Since the investigation of thls pheno-
menon will be limited to collisions with outgoing molecules that would
not normally collide with either the wall or another probe molecule
before leaving the probe, the effects of this process will be dominated
by collisions near the aperture,

The second effect results from the collisions causing the Incoming
molecules to lose most of thelr directed character before they strike the
wall, This has a similar effect to moving the distribution of wall colli-
sions forward and tends to reduce the gauge cavity pressure. The effects

of this process are significant all along the walls of the probe.

2. Internal Scattering

In order to determine the number of probe molecules that are pre-
vented from going out the aperture by collisions with Incomlng molecules
1t will be necessary to: (1) determine the distribution of colllslons
between incoming molecules and probe molecules; (2) determline the number
of these probe molecules that were directed towards the aperture; aﬁd
(3) determine the number of these aperture-bound molecules that would
have proceeded to the aperture wlthout colliding with a probe molecule,

In order to estimate the collision rate between fncoming and probe
molecules, It Is necessary to conslder the decrease In Incoming molecules

due to colllslions with the wall, 1t Is convenlient to use an analytlcal
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approximation for the free molecular flux of Incoming molecules that have

not struck the wall at a station x . |In this approximation, It Is assumed
that the velocity distribution of the incoming molecules that have not
struck the wall is unchanged along the length of the tube. In this case

the fractlon of the Incoming molecules that have not struck the wall

becomes

xI’
D

21 +erf (s)] (9)

=
exp-32+\/; S [l +erf(S)]

X
erf(x)= _2_/ exp-yzdy
/m
)

If the radial travel of the molecules 1s lgnored in the calculation
of the distance traveled, the collision rate between Incoming molecules
and probe molecules is-obtained by multiplying Eq. (9) by exp - (x/\ oo-l)
Xif— where A © -1 Is the mean free path between Incoming molecules and
proLe molecules relative to the probe and must be consldered as an average
value since the density changes with axial location in the probe,

Of these collisions, approximately one-half were with probe molecules
that were moving toward the aperture end of the probe. The fractlon of
these molecules that were directed toward the aperture can be obtalned from
free molecular flow concepts. Assuming that the centerline condlitions are
representative of the cross-section, the fraction orlented toward the orifice

is glven by l/[ 1+ (Zx/D)z] .
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The fractlion of these probe molecules that would have proceeded to
the orlfice wlthout furtéer colllsions with other probe molecules is
exp(- x/A ') where X' Is the mean free path of the probe molecules,
If all of these modifications are applied to Eq. (9) and the result

Iintegrated over the collision length there 1s obtalned

o o sl ) L
Noo-1 == Ny 2 [ -l ! alF) (10)
-1 2 D
0 ,+(2_x)
D
Ne-1 = rate of collisions per unit area of entering

molecules with probe molecules that (1) were
directed toward the aperture, and (2) would
not have collided wlth other probe molecules

before reaching the aperture

The upper limit on this expression will vary with the probe geometry
since 1t should include the length of the orifice and some characteristic
distance Into the cavity to account for Internal scatterlng In thls region.
Since this integral must be evaluated by approximate methods, and since It
is found that the pressure correction resulting from this term Is small,
the Integral has been evaluat;d with an upper limit of Infinlity. Thils
produces an error of less than 156 in the correction term If the approprlate

distance Is greater than a mean free path, This result Is included In

Figure 10.
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%3, Modiflication of £/d Effect Due to Internal Colllslons

When Tncoming molecules strike probe molecules, the incoming mole-
cuies are diverted from their original trajectory. Due to the directed
nature of the Incoming molecules, there Is a tendency for these colli-
sions to result In both molecules having an axlal motion toward the gauge
cavlity, but In adﬁition the collisions usually result In both molecules
recelving a radial component of velocity. This radlal component will
generally cause both molecules to contact the wall before moving any
slgniflcant axial dlstance. As a result of this wall collistion, 1t Is
assumed that both molecules lose any directional characterlistics and
leave the wall with the random distribution. Siﬁce the intermolecular
colllsions occur before the Tncoming molecules arrive at the axlal loca-
tion of the wall colllsion in free molecular flow, the princlpal effect
of these intermolecular colllsions is to cause the Incoming molecules to
lose thelr directed character nearer the aperture than they would in the
free molecular flow case. In order to evaluate the effect of these colli-
slons it wlill be assumed that an Incoming molecule loses Its dlrected
velocity upon its first collision with elther a probe molecule or the
wall. This corresponds to the condition of negligible axial movement by
the Incoming molecule between the Intermolecular collision and the next
wall collision,

Since thls assumption has the effect of altering the distribution of
the Initial colllsions of Incoming molecules with the wall, It Is necessary
to determine the effect of this altered distribution on the gauge pressure,

The analysls of this effect wliill be limited to stralght bore probes.
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Both Pond (1962) and delLeeuw and Rothe(1962) used the baslc develop-
ment of Clausing (1932) to determine the free molecular pressure In a
stralght bore probe. By using the continuity equation, they show that the

pressure can be approximated by

Pm _ Nm 1 (1)
P, T N (Nm)
t/8=0
Nm
N = fraction of incoming molecules that arrive at
the gauge cavlty
(N"') n luated S =0, i babi 1
Ni/s=0 = N evaluated at $S =0, ..., proba ty

1
that a random molecule will proceed through

the tube before returning to the entrance

The term Nm/N] can be expressed by

4 Nel)
Nm Nc) £ TN
N, Nj P dx X (12)

p = probability that a molecule striklng the wall
at x wlll arrlve at the gauge cavity before

1t arrives at the aperture

Equations (11,12) were derlved for free molecular flow, but they will
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apply to the transitional flow If the effects of Intermolecular colll-
slons are Included In the terms,

The term Nc/Nl , which corresponds to those molecules that have
not struck the wall, must be modified since In the transitional flow
analysls the inltial collislons between Incoming and probe molecules are
to be considered equivalent to wall collisions. |If the radlal motlon of
the incoming molecules s neglected, the transitional flow colllsion

term (Nc/NI)T becomes

(13)

This term can be evaluated by using the numerical methods of Pond
(1962) and delLeeuw and Rothe (1962) or less accurately by using the approxi-
matlion presented in Eq. (9).

Another term In Eq. (12) that may vary with the Knudsen number is the
probability term p . Some experimental results obtained from the flow of
gases In tubes connecting large chambers have been summarlzed by Dong and
Bromley (1961)., These results Indicate that the probabllity Is essentlally
unchanged [f the Knudsen number is greater than unity., |t has been argued
that this Is the result of two opposing conditions brought about by the
Intermolecular collisions, These colllslions tend to impede the progress
of the molecules since the mean free path between collisions s effectively
reduced, but at the same time the collisions tend to generate a mass motlon
In the tube. These tendencies effectively cancel one another untll the
Knudsen number decreases below unlty where the mass motlon dominates and

slip flow begins.
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The pitot probe represents a more unique condltion since there is no
chance for a mass motlon to develop. fhls 1s due to the lack of net mass
flow at all stations in the tube, Since there [s no net mass flow, It
would be expected that the effect of Intermolecular collisions would be
to reduce the probability., Pollard and Present (1948) have shown that for
long tubes this reductlon is approximately .guivalent to increasing the

effective tube £/d by

L _d+\ 4
(d )effective- _2 d (14)

Preliminary calculations indicate that this approach tends to over-
estimate the changes in probability for short tubes. Since It appeared
that a much more sophlsticated analytical and experimental Investigatlon
would be required to resolve thls problem, the simplest assumption was
made, that the probabilities are unchanged by the Intermolecular collision
Clausing (1932) developed an approximation for the probabllity term p

which has the form

S.

p=a+(l-20)tl (15)

a = function of £/d only (approximately
equal to one-half of the Clausing

factor for that £/d).
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Using Eqs. (13) and (15), Eq. (12) becomes

() om0 5% e (- 35)]

(16)

If Eq. (16) fs used in Eq, (11), the resulting value of gauge pressure
must then be corrected for external or internal scattering. Before apply-
ing this correction however, It is useful to compare the uncorrected
pressures obtained from the numerical approach of deleeuw and Rothe (1962)
with these obtained from the approximation, Eq. (9). This approximation
Is particularly convenlent since a closed solution can be obtalned for

.(Nm/N')T

)]

(17)
l-exp- -jl— + ,l
+ (1-2a) =1
VIR
3 "N

The uncorrected=pressures resulting from the use of Eq. (17) or numer-
lcal calculations with Eq. (11) are compared at S = 2,5 for a range of
Knudsen numbers in Figure 1} ;, This figure shows that the largest differ-
ences occur In the free molecular flow reglon so thls limiting case Is

compared for varlous speed ratios In Flgure 11 b, In all of these compari-

sons, the reference term (N /N ) was evaluated from Clausing's results,
’ m 1/5=0 |



Figure 11 b shows that the ap;roxlmate solution is useful for an Increas-

ing range of L/D as the speed ratlo is increased, but for typlcal super-

sonic conditions the approximation appears adequate for tubes with L/D< 1,
In order to calculate Pm/PI It Is necessary to apply the correctlons

F .
that have been developed. This Is accomplished by the following expression.

Pm - Nl Nm | + Nw-—|
PIF N(D N, (_’!Ln_) N| (]8)
1)S$=0

IV, APPLICATION OF THE IMPACT PROBE TO FLIGHT MFASUREMENTS
A. Introduction

The impact probe is well established as a primary flight Instrument
in continuum flows, At fllght speeds In excess of 1.5 or 2 times the
speed of sound, Impact pressure has a weak dependence on Mach number and
Is very nearly equal to /’Uz , the net momentum flux of the free stream
gas. Thus, the Impact pressure provides a direct measure of the aero-
dynamic forces imposed on the fllight vehicle structure. In addlition, If
an Independent measure of vehicle veloclty is avallabie, which Is usually
the case for rocket boosted vehlcles where radar tracking Is employed,

then the quotlent of the Impact pressure and the square of the measured

veloclty glves the local amblent density of the atmosphere,.
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Since the free molecule response of an Impact probe Is determined by
the relative rates at which molecules can enter and leave the probe aperture,
and not by the momentum which they carry, there are some notable differences
between the free-molecule and contlnuum response characteristics., The most
obvious of these Is a dependence on the first power of free stream velocity,
instead the second power, and a dependence on probe temperature, In addi-
tion, 1t will be shown that Mach number (or speed ratio) has a signiflcant
effect which Is related to Internal®geometry and, in fact, this Interrelated
effect of Mach number and internal geometry can be used to obtaln direct,
i;dependent measure of Mach number,

The continuum and free molecule response levels are the anchor polnts
for the transitlional characteristics of the probe which must be drawn pri-
marily from experiments similar to those described In Section Ill. The
procedures and assumptions involved In reducling wind tunnel experimental
data to a form which can be appllied to the Interpretation of fllght measure-
ment will be discussed below, Free molecule response wlll be considered
first and expressed In terms of the independent variables which are usually

avallable in flight measurements,

B. Free Molecule Regime

Since no collislons between molecules are allowed, each specles of

gas may be considered Independently and the flux of free-stream molecules
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of species ''i " through the aperture is:

N_. = ni ~/ 2kToo X(s) u)(?!-,s,a) ('9)

i m ZQZ; '

where s 1Is the molecular speed ratio defined by

S = Y = 7/2 X Mach number
A/ ngTh
k = Boltzmann constant

m = mass of a molecule
n_ = number density of the species in the free stream

nn = temperature of the species in the free stream

X(s) =€ sz+ s./m (1 +erfs)

and w(% , s, 8) 1is the probability that a free stream molecule, after
entering the aperture with length £ and angle of attack 8 , will reach
the probe cavity. A similar expression can be written for the flux of
molecules leaving the probe cavity in which case w(%, o, o) 1Is simply
the Clausing factor. Equilibrium requires that the two fluxes be equal.

Therefore If the subscripts @ and m refer to free stream and probe

cavity conditions respectively,

Noo /Z%Tm X(S)w(l/d, S,9)li="m,/2%Tm X(O)w(‘%.o»e) i (20)



Now If To is expressed In terms of the free stream velocity (U)
and speed ratlo, the partlal pressure response in the probe cavity for

specles "“i'" [s

. /T X(s)  wiid, s,
Pmc nkam|i- 2.\/175 W(2/4.0,0) U/ "Tm nwﬁh (21)

X(S)
If the speed ratio is greater than 2, the function W is within a

fraction of a percent of unity. Then, if the ratio of the '‘w' probability
functions are expressed as \N(l, s, 8 ) the summation of all partial pres-

sures |s

Pm=-Y Pmi =v/T UJ/2kTm ¥ W(£/d,5,0) ng /mi (22)
i 1

In a gas mixture, the heavier molecules have a larger speed ratio
and a corresponding larger value for W. Therefore, the Impact probe
discriminates to favor a larger concentration of heavy molecules In the

gauge cavity than in the free stream,

Now if a free stream mean molecular weight is defined:

Ew = Pm/”a)= z mi "mi/znmi (25)
i i

and similarly a mean speed ratio among all species §=lh/\/2'hﬁﬁn ,
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then Pm ts written in final form

Pm="/T /2sz Py uwi/d,5,6) ¥ w(fj: 59) ./"" . (24)

Figure 12 shows a plot of the function W versus the speed ratio for
constant values of aperture d/4 and for zero angle of attack. It is seen
that if the speed ratio associated with the individual specles does not vary
from the mean by more than 10 or 20%, then the ratio W(S )/W(S) can t;e

expressed In the approximate form

- Si
W(S)/W(S) I-B+B§ (25)
_ dw s
where B = ds x wis
Now, noting that §§i—-= % , the expression under the summation can be
written

T . | (26)
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A preliminary analysls indicates that for all possible combinations

of molecular and atomic nitrogen and oxygen in the atmosphere, the Summa-

tion -}: ni L is within 1 or 2% of unity. Thus, the free
nw m

stream density is expressed In terms of the measured parameters

Po = — P2 (27)
T o/eklm g w/d,5,8)

Mo

A note of caution, however, is iIn order regarding the behavior of
atomic species. The response relationship which has been derived tacitly
assumes the absence of any recombination within the érobe aperture or
cavity, The validity of this assumption should be critically investigated,
particularly with regard to recombination at the probe wall, before free
molecule probes of any description are applied to upper atmosphere measure-
ments where significant decomposition exists. Frrors as large as 30% can
result depending on the extent of recombination,

If an ionization type sensor Is used Instead of a pressure sensor,
the molecular number density in the probe cavity is the quantity which is
measured and must‘be related to free stream conditions. The response rela-
tionship Is similar to that for the pressure sensor but is modifled to
account for the varlations in lonization gauge response wlth respect to
gas specles,

If Ci Is the lonization gauge calibration for specles "in the

gauge cavity number density response Is:
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2/ T w(Si) Nooi

Cinmizs ——— — - Cj
L /2kTm w(S) Noo Mo
m (28)

The total indicated gauge density relative to the mean molecular welght of

the free stream }s

— 2/ T Upmw(é) Ww(S:) 4 N i
moozcinmi=Pm= ) —W—("S') ~/ 'rr;—' —'ﬁ- Ci (29)
i 2kTm i S
Moo

Thus ambient density can be written

P = Pm (30)
2T —2— w@ Y A5 S fwig
‘\/Em i W(Ss) (o]
M

Here the quantity to be summed Is the same as that for pressure response
except for the additional gauge callbration factors, Ci . It is not
expected that C will differ appreciably for the principal specles present
in the atmosphere, and the value of the summation will be very near unlty.
Four notable differences are seen between the free molecule and con-
tinuum response characteristics, First, the free molecule response depends

on the first power of probe velocity rather than veloclty squared; second,
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there Is a direct dependence on probe temperature and amblent mean mole=~
cular weight; third, there Is a dependence on probe Internal geometry and
attltude through the function W ; and, finally, the effects of recombina-
tion and other chemical reactions within the probe aperture and cavlty
must be accounted for,

The W function is a measure of the probability that a directed
molecule with speed ratio s will traverse the aperture length { com-
pared with the probability of molecules with a random velocity distribution,
when S |, and/or £/d are zero, the value of W is unity. At high speed
ratios and finite aperture J/d , the free stream molecule can penetrate
deep Into the aperture before encountering the wall and W becomes greater
than 1. Referring again to Figure 12, it is seen that, for large speed
ratios, aperture lengths that are just a fraction of the diameter produce
significant increases in probe response,

The effect of flight attitude angle (@) is essentlally to move the
distribution of first collisions with the wall forward In the aperture.
This effectively cuts off the aperture 4/d and the value of W s
appropriately reduced. Hughes and delLeeuw (1964) calculate a 5% reduc-
tion in pressure with 8 = 10° for a probe at Mach number 5 with an
aperture L/D = |. The reduction is 15% for O = 20°. Therefore, If
free molecule érobes with long apertures are flown at high speed ratlos
the attitude of the probe must be carefully controlled.

The dlscriminatory characteristics of the Impact tube which favor
the heavier molecules appear to be of little consequence, provided the
mean molecular welght of the free stream Is appliled to the speed ratio
and the gas constant for the probe cavity molecules. The effects of mole-

cular recombination, however, can be a significant source of error If large

concentratlons of atomic specles are Involved,
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C. Transitional Regime

It was shown in Section !l that for probes with short aperture
lengths, the parameter Re,, (%%f)% provided good correlation for
experimental data between Mach numbers 1 to 10 over the entlre range of
transition, Since the short aperture geometry also lends ltself readily
to flight applications because of short response times and relative insen-
sitivity to angle of attack, the Interpretive procedure developed below
for flight measurements in the transitlional flow regimes will be based

on response characteristics simllar to those measured for the probe

P-P!
_m_o

- [}
PF Po
monotonically vary from zero to unity in the interval of about a two order

Series A conflgufatlon. That is, the response parameter will

of magnitude change in Rez(;E)% and will be Independent of speed ratio
and probe temperature, The experimental evidence argues strongly for this
assumption in cases where the probe temperature s held equal to the free
stream total temperature. However, in cases where the probe temperéture s
less than steam total temperature, there are equally strong indications of
a non-monotonic responée characterized by undershooting the free-molecule
level., While this latter sltuation will most assuredly prevall In actual
flight measurements where the probe will be held at a flxed temperature
compatibie with Its associated Instrumentation, the monotonic response func-
tion will be used for purposes of Illustration and the changes In the pro-
cedure necessary for the accommodaticn of probe cooling effects will be
indlicated,

If the response function [s represented by ''F'* , then
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Normalizing all pressures with pLﬂ , the momentum flux of the amblent

stream and rearranging

Pm . _Pol +[ Pe - Ao ]F (31)

pUz = pu? puz - put

The free-molecule response was glven In Eq. (27)

PFE 2kT 3 = J
;65"/—" /__D_L"_ wild,s) = /7 = (32)

where Sm is defined:

= v v
T JokTm W(ld, S)

Sm

The continuum response, or Raylelgh pressure, Is glven

P Y +1 %) -%-' | Y- '77'-7
P82= ( 2 ) (y) (I- W) (34)



and for Y =7/5 and Mach numbers greater than 1.5 the expresslon can

be simplified to

P—Uz-=o.9|[|+ Z;Mz] = 0.91 [I + 4'32] (35)

Therefore the ratio of measured pressure to pUz in the transitional flow

r«gime s given below

(36)

Figure 13 shows typical variations of this ratio for constant values of

1
S using the response function F [Re (f@)i] , taken from Figure S for
m 2" P

the probe Series A geometry,

It s now evident that probe coolling effects can be introduced with-
out undue complication if the data are organized in terms of constant
2
values for the parameter Sm , that Is Tm/lJ = constant., This would
not be difficult to manage In the wind tunnel because U2 Is nearly equal
to the free stream tota! temperature for Mach numbers greater than 3 or 4.
P2.%
In thls case, the function F would depend on Sm as well as Re. (5~)

2" Ro

and a new set of plots similar to those in Figure 13 would be generated.
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The advantage of organizing the data in this form Is that the parameter
Sm Is known directly from the flight measurements.
The other two independent varlables, ''S'" and Re2(7y)% cannot
[s)
be known directly and it will be necessary to make provisional estimates
from values of density and temperature given In the standard atmosphere
P 1
tables. Fortunately, Rez(p—) is directly proportlional to free
©

stream Knudsen number but only weakly dependent on speed ratio and ambient

temperature. {See Figure 14). The other speed ratio dependent function

1+ —li Is also of little significance for speed ratios greater than
4s
1.5. For example, a 10% error In estimating ambient temperature for the
calculation of speed ratio yields errors In 1+ —15 of only 1% at
4s ‘

speed ratlo 1.5 and 0.3% error at speed ratio 3.

Similarly, Figure 12 shows the probabllity function W wused In the
evaluation of Sm to be little affected by speed ratio for small aperture A4
and thus agaln insensitive to the estimate of ambient temperature.

The density is thus determined from measurements of impact pressure
and flight velocity, provisional estimates of density and temperature and
an fterative procedure using Eq. (36) which will glve successively improved
calculations of density and the parameter Rez(fﬁi)% . Ambient tempera-

Foo

ture can also be drawn into the iteration by the procedure outlined below,

D, Determination of RT from Density Proflle Measurements

If a succession of denslty measurements are made over ascending or

descending trajectories such as Is the case for sounding probes and satellite
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boosters, the rate of variation of density with altltude gives a measure
of atmospheric specific energy, i T =RT ., The relatlonshlp Is derlved

from the statement of equillbrium of forces actling on an elemental volume:

P __ 4
an - P97 g PRT

Rewrlting thls equation In terms of RT gives the required relationship:

dRT dir,
RT = - dRTY /7 dirp
[g LT aH

Values of RT alititude grédients are used from the standard atmosphere
tables for the inltial trlal calculation and successlve Improvements are
derived from an iteratlive procedure,

A more direct determination of RT is feasible in the free molecule
regime where the Interrelationship between the effects of Internal geometry
and speed ratio can be exploited, Referring again to Flgure 13, It s seen
that If simultaneous measurements are made with probes which are ldentical
in every respect except for aperture length dlameter ratlo, then the ratlo
of their Individual response levels Is a monotonic function of speed ratlo,
Thus If the probe velocity is known, values of RT can be computed directly
along the trajectory from the measured speed ratio. This method Is partl-

cularly attractive at altitudes above 90 KM where large temperature gradlents



make the RT determination from density proflles, described above, more
difficult, It Is well to note, however, that the attitude of the probe
would have to be carefully controlled to avoid the degrading effects of

angle of attack.

V. Concluding Remarks

The investigations which i.ave been described ac ieved tiree essen-
tial results, First, the experimental response characteristics of
several Impact probe cunfigurations were determined .ver nearly the full
interval of transition between the free-molecule and continuum flow
regimes and over a wide range of Mach numbers, The configurations were
designed to distinguisi between internal and external transition effects
and the results siow a profound influence of buth Mach number and probe
aperture length on the extent of the transition interval, The results
also indicate that the transition interval can be minimized to about two
orders of magnitude in Knudsen number by employing pfobes with very shcrt
aperture lengths and large cavity dimensions relative to the aperture
diameter.,

Secondly, a theory based on a Jflrst collision" modification to the
free-molecule model was developed which accounted for much of the experl-
mentally observed Internal and external probe characteristics, The free-
molecule theory was also extended to probe geometries which lack the

ideallzed simple aperture and large cavity conflguration previously



treated by other investigators.

Finally, the techniques for applying the impact probe to the call-
bration of low density wind tunnel nozzles and to flight measurements In
the transitional Knudsen number regime were devéIOped and dliscussed. The
former involves a straight forward separation of nozzle viscous effects
from probe effects in the transition regime and can be easily acéomplished
by employing a set of geometricélly similar probes which are relatively
insensitive to Mach number changes. Probe configurations with short aper-
ture lengths and large cavity dlameters meet the latter requirement and
the general procedure is illustrated in Section it E,

Application of the impact probe to flight measurements 1s more
tedlous and depends upon the other measurements which are available,
Section IV treats the case for the determination of atmospheric density
when the probe's speed, altitude and temperature are known, together
with the measured Impact pressure and a predetermined probe callbration,

There are several aspects of the investigation in which the results
were Indeclsive and Incomplete, The most notable of these are the extent
to which the theory was applied to the experimental data, the experimental
effects and theoretical effec£s of probe cooling, and a declslve experi-
mental demonstration of free-molecule conditions for the probe, It was
an unfortunate circumstance of the program that the development of the
theory in its final and most promising form came too late to Influence
the course of the experliments or to permit even the large number of calcu-
lations necessary to compare it with all of the measured data, The most
intense Interest naturally centers around the probe cooling data because
of the unexplained undershooting effect and its dlirect application to

flight measurement.



An equally inconclusive state of affalrs exists regarding the ex-
perimental achievement of free-molecule conditions. In spite of the
fact that Knudsen numbers approaching and exceeding ten were achieved
with the Serles A probes at Mach number I, 3 and 6, and that the corre-
Spondlng response levels were within a few percent of theoretical free-
molecule values, the experimental data showed little indication of
asymptotically approaching the free-molecule level. 1t would appear
that new experiments designed to produce Knudsen numbers of at least 30
will be necessary to complete the transition interval for short aperture
probes, Such experiments are feasible in the Point Mugu Hyperaltitude
Facility using a larger nozzle and a more efficient diffuser-cryopump

configuration,
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Figure 1. Low Density Nozzle Configurations.



TABLE |

LOW DENS!TY NOZZLE PROPERTIES

Nozzle Po go M Re/cm Aoo |Poo D )
mm K cm Fqu core | gm/sec
cm

sonic 0.023 | 290 | 1.0 4.5 0.35 {12.2 1.9 0.06
’ 0.060 11.7 0.13 (31,7 3.5 0.18
0.108 21.1 0.071{57.0 | 4.6 0.3

0.218 42.5 0.035| 115 | 5.8 0.60

0.400 78.0 0.019] 211 7.0] 1.

3 0.020 | 2%0 | 2.90 2.1 2,0 |0.63] 2.3] 0.06
0.041 3.05 3.9 1.2 1.00] 4.8] 0.12

0.061 3.16 5.3 0.89 | 1.29| 6.6 0.18

0.123 3.29 | 10 0.49 | 2.18| 9.5 | 0.37

0.256 3.38 | 20 0.25 | 4.00|12.8| 0.67

v 0.520 | y 3.47 | 39 0.13 | 7.11 |15.5| 1.46
6 0.51 290 | 5.53 | 13.3 0.62 | 0.55) 3.3 0.04
1.00 5.91 | 21.6 0.4! | 0.70 ]| 5.5 | 0.08

2.00 6.28 | 37.0 0.25 | 0.96| 7.6 | 0.19

4.07 6.58 |.66.4 0.15 | 1.46 | 9.9 | 0.4]

5.94 6.74 | 89.0 o.11 | 1.82}11.2} 0.62

8.11 5.78 | 120 0.08 | 2.39 |12.2 ] 0.83

v 10.14 v 6.87 | 147 0.07 | 2.76 |12.7 | 1.06
9 15.0 290 | 9.10 | 96 0.14 | 0.66 | 6.1 ] 0.19
25 9.21 |1s2 0.09 | 1.02] 7.6 | 0.32

10 14.5 290 | 9.77 | 76 0.19 |{0.40| 6.4 ] 0.16
20.1 10.25 | 92 0.17 | 0.40 | 7.6 | 0.22

40.0 10.98 | 147° 0o.11 |o.51 | 8.9 0.44

59.2 11.38 | 194 0.03 { 0.5} 9.6 | 0.65
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Figure 3. Impact Probes Mounting Arrangement.



| *ON yoey ‘asuodsay aqoutd 1dedw| y sajiag “ep aunbji4 .

Quy
o'l N0)

o'l V\_HTJWJM-%‘%

.\i
— e
\QD\\\O\ \@\

o v =™ e N\\

vl
Y4
CY

o021 = ML~ ST0BWAS 350D
AHO3H LA / "
N A o %0062 =" ~ ST0BWAS N3dO

N/,
7 o 961 €00
z 5 s

v’ Wy cll LS
P \ sS 82
z ‘ L2 6¢!

P / 8l b | L
0L | 22

-
-

opAvAad

- d

Ol s M

'I'J

\\ w9y W (bH 1)°%4 [108WAS

LINIT TOW 33454 O¢




‘€ ‘ON ydey ‘asuodsay 2qoud 1oedw| y sa143§ *qP 24nbi4

Qu
0]] o'l A 1'0
]
7
» 0L 1p =) T ~_|
O LR T0W 33u4 fPJ[J
P evfums VS GEEES ey cEm— x
>mou:p/ A
i 21
. e¢ SH e 00§ X
bl 02 8e'¢g 9g2 B]
S 01 62'¢€ £21 v
rd v'G 9l'¢ 19 d
i St e —— Wy R 11°g 2 D
LIWIT 0N 3344 6¢ co'¢g I O
9| 02 062 12 o
wo /8y W (BH )% | T0BWAS




"9 "ON ydey ‘asuodsay aqo.y Idedw| y sajiag *o% 84nbj4
a
Ql oY A 10
X
=SS
Ho021 =M1 ~ SI08WAS 33501)
A0062 =ML ~ SI08WAS N3JO
LY | 489 b1 0l q
021 82°9 18 D
068 vl 9 €6 S A
v 99 8G9 LO0'¢ v
0°L¢€ 82'9 002 O
912 16'G 001 o]
£¢l €G6'G G’ @)
wo/ ay W PHUW T 30 8WAS
|




‘0l "ON yoey ‘asuodsey aqodq 3dedw| y sajuag ‘py ?.nb6) 4

OCY_
(o)) o'l I'0
80
p A
&:\v/b ~
QL - 7 . b ﬁur
O] [1b =M| Ol - TP 4 -
e enge came Gmes emve e
LINITTIGW 33414
| e
h 2’1
o e ]
ol |
o) °d Me02! =ML ~ SIOBWAS 03S0TD
W
, d Mo062 =ML ~ SI08WAS N3dO
'l
S61 | 8811 | 266 4
b21 | 0211 | b'Og v
8¢v | 86'01 1°0b A
| 0Z1 | 6901 00f o
ST R 9 06 | szol| 102 o]
T o e — €19 226 20l O
LINIT 0W 3344
w9y w | PREY Tq08WAs

o4




Ol

‘uo1je|a110) 3qoud 31dedu| Yy S3143§

*G @4nb1 4

O
2
T (z2) mL
o'l 1-Lnteq I'0
0]
2 X
o0
2o '®) X3
>
X 40 103
xxn 0
20
O]
Dmu X
SIEL 90
\ 0L =M
o, 4
Qk Ldod $9 1 | 61 -19 | b1I-£6 X
\%m yd-"d 0S'1.| Lb1-€1 | 696G O
80 261 | 8e-2 | 9¢-62 O
\ 86 | | 961-€b _ Q
cd H3IBWNN
<A S wa /2y JSNON {108wAs
. Q
U.A‘ro o




Figure 6a.
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Series B Impact Probe £/d Effects, Mach No. 1.
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