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ABSTRACT

Results are presented of an experimental investigation of impact-
pressure and total-temperature interpretation at a nominal Mach number
of 5.6 The data indicate that the Rayleigh equation, which assumes
non-viscous flow, requires correct;i;on at low free-stream Reynolds num=-
bers, These viscous effects are detected at Reynolds numbers (based on
impact=probe diameter) as high as 6000, and they continue to increase
with decre:asing Reynolds numbers, At the low pressure limit of the
facilities used in this investigation, the maximum viscous correction
is 2,5 per. cent for a Reynolds number of h25,

The calibration curves for the recovery factor of a total-tem-
peréture_ probe are given, plus an analysis of suitable parameters with
which to present this informatione For the limited range of total-
temperatures of 200°F to 260°F, and a nominal Mach number of 5.6,
single calibration curves are shown using either the free-stream Reynolds
number, or. the Nusselt mumber of the flow inside the probe (based on

thermocouple wire diameter) as parameters,
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NOMENCLATURE

speed of sound, ft./sece.

area, s5qe fte

area of a sonic throat, sqe ft.

siaecific hea£ at constant pressure, Btu/(1b.){(deg.F)
probe outside diameter, inches

probe inside diameter, inches

heat transfer coefficient, Btu/(sq. ft.)(deg. F)(sec.)
characteristic outside dimension for flattened probes, inches
constant conversion factor = 778 ft. 1b./Btu |
thermal conductivity, Btu/(ft.)(deg. F)(sec.)

mean molecular free path length, inches

Mach number, u/a, dimensionless

Mach number inside temperature probe = constant
Nusselt number, hd/k, dimensionless

defined by Nu kg/ )@I; k., dimensionless

pressure, lbs./sq. in.

Prandtl number, u cp/k, dimensionless

heat flux, Btu/sec,

temperature recovery factor, dimensionless

gas constant for air = 1715 saq. 4./ (sece?) (degs F)
Reynolds number, ¢ ud/u4 , dimensionless

Reynolds number evaluated at/total temperature
absclute temperature, dege R

local velocity, ft./secs



ST

mean molecular velocity, ft./sece

X varia.ble length, fte

r ratio of specific heats, cp/cv, dimensionless
A a.length of themocouple wire, inches

AL absolute viscosity, lbe sec./sqe ft

3 mass density, 1be sec.z/f."t'..h

Subscripts

( )g refers to gas conditions
( )o stagnation or reservoir conditions

( ), pertaining to the thermocouple wire

Superscripts
( )' conditions after nommal shock, for an inviscid fluid
( )" stagnation conditions as read by impact-pressure probe



I. INTRODUCTION

Performance investigations of long-range missiles and rockets
inevitably lead to the conclusion that hypersonic Mach nunbers are
required for efficient operation; This conclusion quite naturally
directs attention to the complex aerodynamic problems associated with
hypersonic flight in the upper atmosphere, To obtain basic aerodynamic
information on bodies moving in this new regime, where the molecular
mean free path lengths are appreciable compared with the characteristic
body dimension, the hypersonic wind tunnel is an important tpol. For
purposes of identification, Mach numbers of 5 and above are considered,
in this report, as comprising the "hypersonic" velocity range.

The problems involved in the accurate determination of local
fluid stream préperbies s such as Mach number and Reynolds number, are
much more difficult in a hypersonic wind tumel than in supersonic or
subsonic facilities of higher densitye This difficulty stems primarily
from the larger viscous effect encountered in the hypersonic wind tumnel,
It is the purpose of this experimental investigation to calibrate and
interpret impact-pressure and total-temperature measurements in a
hyﬁersonic air stream,

Impact-pressure interpretation in supersonic and subsonic flows
of low density has been the subject of several theoretical and experi-
mental investigations (Refs. 1 to 8)./. It seems desirable to detemmine
to what extent the basic results qi" these previous investigations are
applicable at higher Mach numbers,

When considering supersonic continuum flow of a compressible,



non~-viscous fluid, the familiar Rayleigh formula (Cf. Ref. 9) is con~-
ventionally used to relate the observed impact pressure to the free
Stream static pressure and Mach number, However, as viscous forces
become appreciable compared with inertia forces, the Rayleigh formula
becomes increasingly inaccurates. Theoretical viscous corrections have
been applied to the Rayleigh equation in Refs, L4 and 5 for selected
impact-probe geometries.

The general field of rarefied gas dynamics, in which the analyses
of continuwm flow are no longer valid, is discussed by Tsien in Ref, 10,
It is indicated in this reference that the ratio of the mean molecular
free path length to a characteristic dimension of a body immersed in a
fluid stream is a significant parameter for estimating the magn:imde
of the low-density effecte It is further established that this ratio,
ﬂx/d, is proportional to the Mach number divided by the Reynolds number,
waew}er, the magnitude of the ratio -£/d for which the methods of
continuum flow mechanics are inadequate is not well defined. From
experimental data obtained by Kane and Maslach (Ref, 2), it appears
that conventional gas dynamics theory requires corrections for values
of . .£/d greater than about 0,015, |

When the molecular mean free path becomes large with fespect to
the body dimensions, a free molecular flow existse This regime of
fluid mechanics is characterized by Tsien as having values of -£/d
which are greater than 10 (Ref, 10)s In this case, the molecules in the
free stream can hit the body surface at full speed and be re-emitted
without direct interference from other molecules, In fact, collisions

of a molecule with the body are more frequent than collisions with



other molecules, Shock waves are no longer recognizable as such in a
free molecu;l.ar flow, and the kinetic theory of gases must be used to
predict impact pressures.

Eicperﬁ.mental investigations of impact pressure have been made
in the Mach number range of 1,7 to 4.0, apparently in the tra.nsi'i:ion
region between continuum and free molecular flow, but near the estimated
continuum limit (Refs. 1 and 2), Results of these investigations
indicate that at very low Reynolds numbers the measured impact pressures
are higher than those which would be computed from the Rayleigh formula,
In addition, Ref, 1 indicates a region at slightly higher Heynolds
numbers where the measured impact pressure is less than that predicted
by the Rayleigh equation, |

The impact=pressure phase of the present investigation involves
experiments designed to determine the behavior of impact-pressure
méasﬁremen'bs at higher Mach numbers for two different impact-probe
geonetries, Practical considerations limited this investigation to a
nominal Mach number of 5,6 and to a minimum Reynolds number of 425,
based on impact-probe cutside diameter and free stream conditions.

The design and calibration of total-temperature éro‘bes for use
in hypersonic air streams have been considered in Ref, 11, Similar
investigations of total-temperature probes have been conducted for sub-
~ sonic and supersonic velocities (Cf. Refs, 12 and 13).

The design of a total-temperature probe involves a considerable
amount of theoretical study and experimental investigatione The proper
selection of materials and dimensions for the construction of a total=-

temperature probe is largely a qualitative process. Rather extensive



design and calibration studies of total-temperature probes at hypersonie
velocities have been conducted by E, Winkler of the Naval Ordnance
ﬁaboratory.

The optimum calibration curve for displaying total-temperature
data is one which would be valid for all flow conditions. It is Vnot
obvious, however, what fluid flow parameter will yield such an optimum
calibration curve, The conventional parameters, Mach number and
Reynolds number, have been used with reasonable success at subsonic and
supersonic velocities, but in the hypersonic range use of one of these
parameters as the variable will, as a general rule, yield families of
calibration curves for constant values of the other parameiers

A parameter involving the Nusselt number of the flow :‘Lnsiae the
probe (based on thermocouple wire diameter) and the ratio of gas
thermal conductivity to mean thermal conductivity of the themocouple
w1res has been considered in Ref, 11, The temperature recovery factor
for a given probe was plotted versus this parameter, and a single cali-
bration curve was obtained which was valid for a considerable range of
Mach numbers, Reynolds numbers, and stagnation temperaturess In
justification of this parameter, an elementary heat balance analysis
for a bare thermocouple wire was conducted during the present investi=-
gation and is included as Appendix A,

The scope of the temperature phase of this investigation did not
include the design of a new total-temperature probe, Instead, it was
detemined to construct a temperature probe based on successful exisitng
designs and then to calibrate this probe at a nominal Mach number of

5.6, over a range of free stream Reynolds numbers. Two total-temperature



probes based on designs suggested in Ref, 1l were constructed and compared,
and the one yielding the highest recovery factor was calibrated for use
in further investigations.
The experimental results presented in this paper were obtained
in the GALCIT Hypersonic Wind Tunnel, Leg Noe 1, in cooperation ﬁith

IT N. R, Quiel, U, S, Navy, under the supervision of Dr. He Te Nagamatisue



IT. EQUIPMENT AND PROCEDURE

A. Wind Tunnel Description

The GALCIT 5 x 5 inch Hypersonic Wind Tunnel (Leg Nos 1) was
used for these tests. It is of the continuously-operating, closéd-retum
type and is operated by a compressor plant consisting of sixteen com-
pressors driven by seven electric motors. The thirteen compressors in
the first five compression stages are Fuller rotary compressors, while
the final two stages consist of three reciprocating COmMpressorse A
system of valves and interconnecting piping permits the selection of a
wide variety of plant compression ratios and mass flous, These valves R
as well as the compressors, are operated remotely from a master ‘control
panel (Cf. Fige 1)e A schematic diagram of the wind tumel installation
is shown in Fig. 2,

o The Leg No, 1 test section with fixed nozzle blocks designed for a
nominal Mach number of 6 was used for these tests, The nozzle blocks
were designed by the Foelsch analytical method with correction applied
for the estimaled boundary layer growthe Static orifices were provided
at one-inch intervals in both nozzle blocks to pemit a check to be
made with the original nozzle calibration,

The Leg No. 1 air heating system employs superheated steam in a
. multiple pass heat exchanger and is capable of producing a maximum
stagnation temperature of about 300°F at a reservoir pressure of 9L psia,
and 230°F at atmospheric reservoir pressure,

The water content in the air was kept welltelow 100 parts per

miliion (by weight) by passing it through a tank containing approxi-



mately 2000 pounds of silica gel, O0il was removed by Cyclone separators
after each gompression stage and, in addition, by finely-divided activated
carbon canisters, porous carbon filter blocks, and a Mine Safety

Appliances "Ultra-Aire Space Filtert,

Be Model Description

le Impact-Pressure Probe Rake

Six stainless steel probes, of varying diameter, were mounted on
a 2 inch x 2% inch stainless steel, wedge-shaped rake as shown in Fige 3e
The lead-in tubes, also of stainless steel, were completely enclosed
within the wedge and its 5/16 inch diameter support rod, With the use of
the externally-operated model control system in the tunnel test section,
the rake could be moved vertically so as to bring each probe into the
tunnel center line,

Two probe-end geometiries were used, The Type I probes were
sharp-lipped and circular-ended with outside diameters varying from
0,016 inch to 0.25 inche The Type II probes were made by flattening
the ends of round tubes so that the ratio of outside height to outside
wid;‘bh was one-third, Sizes of probe~-end outside heights ranged from
0,01t inch to 0,109 inch.' Figure L shows a schematic sketch of these

two probe geometries,

2. OStagnation-Temperature Prébes

Two stagnation-temperature probes were constructed, both essen-
tially similar to the design given in Ref, 11 but differing from each

other in outside diameter of the probe enbrance and themocouple wire



diameter. Both probes consisted of a single platinum-coated quartz
shield cemepted to a stainless steel holder with a high-tempeﬁture
éeramic cement, To replace continuously the air inside the probe, a
single vent hole was provided in the shield aft of the thermocouple so
that the vent-area to entrance-area ratio was approximately 1:5.' Experi-
mental data in Ref, 11 indicates that this area ratio is an optimum
value, Iron-constantan themocouples were cemented into a quartz support,
which in tumm was sealed into the stainless steel holder,

Probe A had an entrance outside diameter of 0,10 inch, and B, and
Se gage 30 (.01 inch diameter) thermocouple wire was used, while the
outside diameter of the entrance of Probe B was 063 inch, and 0,012
inch diameter thermocouple wire was used. Fige 5 gives a schemétic
sketch of these probes, and Fig, 6 shows the probe support on which the
probes were mounted for placement in the tunnels It should be noted
that.this latter probe support also included an impact-pressure probe and
a static-pressure probe, in addition to the temperature probe, so that
flow conditions in the tunel test section could be measured readilye
Each probe could be positioned in turn on the tunnel center line by

means of the model support control.

3« Static-Pressure Probe

The static-pressure probe was constructed of 0,083 inch outside
diameter stainless steel tubing withh a solid 10 degree conical nose.
Three static orifices spaced unifommly around the tube circumference

were located 30 diameters downstream from the nose.



Ce Instrumentation

l. Pressure Measurements

The reservoir pressure was measured with a Tate-Emery nitrogen-
balanced gage and controlled within £ 0,04 psi by a Minneapdlis—ﬁoneywe]l—
Brown circular chart controller, All static and impact pressures were
measured on a silicone fluid, vacum-referenced manometer (Fige 1)e
With the latter, pressures could be easily read to the closest Q.1 cm
and estimated to 0.0l cm of silicone. This estimate is approximately

equivalent to 0.07 microns of mercury.

2¢ Temperature Measurements

The tunnel stagnation temperature was measured by an iron-con-
stantan, shielded thermocouple located one inch upstream from the nozzle
throé.t and was recorded and controlled by a Minneapolis-Honeywell-
Browvn circular chart controller to within =2°F, The thermocouples in
the stagnation-temperature test probes were differentially comnnected
with the reservoir thermocouple to a Leeds and Northrup ‘slide-wire

potentioineter, as shown schematically in Fig. 7.

De Test Procedure

l, Impact-Pressure Runs

Prior to the installation of the probe rake in the test section,
an axial static pressure survey was conducted on the tunnel center line
to locate a region of uniform pressure, A point 19.7 inches aft of the

throat was selected, and the impaci~pressure probe ends were aligned
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accordingly. In addition, a vertical total-head survey was made at this
position with results as shown in Fig, 8.

After the probe rake was installed and connected to the manometer,
each complete system was carefully leak-checked, With the tumnel
operating at a specified reservoir condition, each of the six different-
sized probes on the rake was in turn placed at the test section center
line, and its pressure measured on the silicone manometer, This
positioning was accomplished with the vertical-actuating model control
system, which was externally operated., In addition to counter readings
on the vertical supports, it was found desirable to use the schlieren
system and a fixed grid network placed on the glass port to check the
center line positioning., The cycle was repeated until a determination
of the reproducibility of resulis was completed,

Since it was desired to obtain the lowest possible Reynolds
numbér (and consequently, the lowest air density) in the test section,
the stagnation conditions of minimum possible stagnation pressure (po)
with the corresponding maximum total temperature (To) were selected
for one run,s In addition, several runs at slightly lower To's and
higher pols were made, |

The actual reservoir temperature and pressure combinations used

were as follows:

p,(psia) T, (°F) Remarks
.7 230 one-phase flow
.7 221 one-phase flow
1,7 210 one-phase flow

30.7 22 one-phase flow
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A sechlieren picture was taken of the flow around the probe rake
to determine if any shock wave interfere}lce existed from one probe to
another, Referring to Fige 9, it is seen that the strongest shock wave,
created by the largest probe, does not intersect the adjacent probe

until it is many diameters dowunstream,

2. Total-Temperature Runs

The total-temperature probe was mounted in the tunnel on a
support which also included a total~pmésure probe and a static-pressure
probe as shown in Fig. 6, The latter two probes were connected to the
manometer system and then carefully leak-tested, The leads from the
test thermocouple were differentially comected with the reservc;ir thermo~
couple to the potentiometer, Thus, the e.mefe read on the potentiometer
was proportional to the temperature difference between T 'and the
temperature sensed by the test probe, Ty'e

For each calibration run, the reservoir temperature was held
fixed and the reservoir pressure varied throughout its possible rangee.
At each flow setting the total pressure, static pressure, and e.mef.

were recorded,
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ITT. REDUCTTION AND ANALYSIS OF DATA

Ao Impact~Pressure Correction Technique

Ih order to determine a viscous correction, it is first necessary
to find the value which the impact pressure would have if the fl&w were
essentiélly inviscide This value could be determined if an impact
probe were used which was sufficiently large that the viscous effects
were no longer detectable, However, it was not known intuitively
whether the Reynolds number of the largest probe on the probe rake
tested was large enough to be free of viscous effects, Consequently,
some additional analysis was necessary. |

A method of attack which proved gquite satisfactory in Ref. 1 was
employed. This technique consisted of plotiing the measured impact
pressures against the inverse of impact-probe diameters for the six
dii‘i‘érent-sized probes tested and extrapolating a curve itnrough the
resulting points to 1./d = 0, The value of the pressure intercept at
this point was considered to be that corresponding to the impact
pressure in an inviscid fluide

This process of letting .1/d approach zero was considered equiva-
lent to letting the Reymolds number approach infinity, all other factors
in Re having been held constant. TIypical plots of data involving this

. process are shown in Fig, 10,

Be Detemination of Flow Parameters

1. Mach Number

With the measured impact pressure, corrected for viscous effects

as explained previously, plus the measured static pressure, the free
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stream Mach number was calculated using Rayleigh's well-known supersonic
pitot tube equation. In the instance where the static pressure was
measured during a run subsequent to a series of impact-pressure runs,
the reprdducibility of flow conditions was checked by means of a
reference impact~pressure probes

The svbsonic Mach number of the flow within the total~temperature
probes was calculated simply from the area ratio of the shield inside
diameter to the vent, Since the pressure ratio at the vent, p/po', is
well below the critical wvalue, a sonic throat exists in the vent passages
Thus, for a given probe geometry, the Mach number of the flow within

the probé is essentially independent of free stream flow conditions,

2. Reynolds Number

The Reynolds number per inch based on undisturbed free stream
c‘onditions was calculated for each flow setting, The corresponding
Reynolds number for each impact probe based on the outside diameler was
then determined, The measured free stream pressure, the :stagnation
temperature, and the corresponding value of the Mach number were used
to compute the Reynelds number,

By definition we can write

Re = {L‘l:ld = Pfl‘i&d (1)

The assumption of the perfect gas law gives e = p/RT, and the sonic
velocity, a, is given by a = Y vRl, Substituting for e and a in

Bg. (1) we obtain

MY rRT pd
Re =
T | (2)



which reduces to

Re = O,343RMd (3)
w YT

for ¥ =1Ji and R = 1715 £t./sece’ ORe The units of p, d, u, and T
are given in the list of symbols,
By assuming adiabatic flow the free stream temperature, T, was

then obtained from the equation

(L)

A plot of this equation given in Ref., 1l was used,

The corresponding value for the viscosity of air was obtained
from a plot of the Keyes! equation for viscositye. Ref, 15 indicates
that for air at very low temperatures Keyes! equation is more appro-
priate than the familiar Southerland's equation for viscositye. For
air, Keyes! equation becomes |

o (slugs/fte secs) = 24316 x 10710 YT (5)
219,8 _ -3/T
1+ -5 10

A'b‘higher temperatures (above SOOOR) the viscosity for air was obtained
from curves based on Southerland's equation given in Ref, 16,

Thus, all the properties used to characterize the air stream
" have been those of the undisturbed free streams It was also desired to
obtain a set of reference prope rties; based on conditions behind a normal
shock wave, The change in properties of a free stream passing through
a normal shock wave was calculated by the use of curves of normal shock

wave functions given in Ref., 1.
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3. Knudsen Number

The mean molecular free path lengths for the undisturbed free
stream and for flow conditions after a normal shock wave were calculated,
For each probe the corresponding Knudsen numbers were determined., From

Kinetic theory, Chapman gives (Ref, 17)
Moo= 0499 v L ' (6)

where Vv is the mean molecular speed and . is the mean molecular free
path lengthe Results from kinetic theory also comnect V with the

velocity of sound, a, by

v = 1—;—3_ a (7)

where ¥ is the ratio of specific heats., Combining Eqs. (6) and (7)

yields
Q= Ooh?aﬁ"' /-_-TTB'} ( 8)

Noting that am/ea = Md/Re and using ¥ = 1.4 for air, Eq. (8) becomes
L= 149 (M/Re) d (9

The Knudsen number is now expressed as a function of Reynolds number

and Mach number:

2/4 = 1,49 (M/Re) (10)
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i, Nusselt Number

The Nusselt number considered here involves the rate of heat

transfer between the air flow and the thermocouple wire, It is defined

in general by
h &
Mo = e ¥ (1)
g
where h = heat transfer coefficient

kg = gas themal conductivity

d-w

Moreover, for flow in which heat transfef is taking place we may write

thermocouple wire diameter

Nu = fl(M, Re, Pr) ‘ (12)

where Pr is the Prandtl number for air and may be considered as remaining
constant, Now, if we determmine the Reynolds number, Re*, based on an
evaluation of gas density and viscosity at total temperature rather

than at static temperature, then
Re® = g(Re, M) (13)
and so

Nu = fy(Re”) (1h)

In Ref, 18, a semi-empirical equation has been determined for

this relation, namely,

Nu = 0.431 Yge¥ (15)

With this equation the Nusselt number of the flow inside the total-
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temperature probe (based on thermocouple wire diameter) is easily cal-

culated from measured quantities as followss:

at - Polpd . 03pe' ¥ & )T

Mo To Mo

00313 p,! My dy

Re¥ = 6
pIe (16)
YT, Mo (L4 0.21,%)3
vhere
po' = impact pressure in lbs./:ln.2
Mo = E(T,) = gas viscosity in lbs./ft.z-sec.
d, = thermocouple wire diameter in incies

Mp = Mach number inside probe

For the given probe geometries considered, there eiists the
problem of determining the proper area ratio to use in calculating Moo
However, considering the entrance area, where Mp is even greater than it
is at the themmocouple wire, we find |

aMaF = 5, M o= 0,17

Thus, the variation of the denominator of Eqe (16) with Mp is negligible,

and we can write

Re” _ 0313 dy po!
Be” , 1
i, )"I; s (17)

where the indefiniteness of calculating the constant Mp is eliminated

by including it with the parameter Re*,
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From experimental results in Ref, 11 and an analysis of heat
transfer balance in the thermocouple wire contained in Appendix &, it
appears that the parameter Nu kg/kw is significant for the investigation
of the temperature recovery factors. Accordingly, a parameter Nu© is

defined

" N
M = " ke (18)

Using Egs. (15) and (17), this may be written

1 1 '
Nu© = 00252 dy® po'E ko ' (19)
L 1 .

ToIx MoR Ky

For the thermocouple, k is a constant and may be considered as the
mean of the two values for iron and constantan, However, kg varies with
the changing conditions of the gas, In Ref. 18, a suggested formula
for calculating k, is |

-8 mOe 78

ko = 3.03 x 10 (20)

Thus, for a given probe geometry, Nu® is dependent only on the local
reéervoir conditions; and for any given run at a constant T,, Nu* is a

function only of impact pressure, p,'e

Ce_Temperature Recovery Factor Detemination

In order to calibrate a total-temperature probe for future
application, some measure of its ability to convert all of the kinetic

energy of an air stream into heat energy must be obtained., For this



19

urpose a temperature Yrecovery factor® is cormmonly defined as
pury D Yy

To' - T

T, - 1T

r = (21)

where TO-' is the temperature sensed by the probe,

Since it was desired to measure as accurately as poséible the
small difference between T, and To', the probe thermocouple was differ-
entially comnected with the reservoir thermocouple, as shown in Fige Te
In this mamer, the e.m.fs read on the potentiometer was proportional
to the difference, T, - T,'s Using the thermocouple temperature-
millivolt equivalent, the temperature difference was converted to
degrees Fahrenheit,

With the recording of reservoir temperature, T., and subsequent

[e24

calculation of the stream temperature, T, using the adiabatic energy

equation, all infommation for detemining recovery factor was available,
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IV. EXPIRIMENTAL EESULTIS AND DISCUSSION

Ae. Impact-Pressure Measurements

1. General Results

Two types of probes, as shown in Fige, L, were tested at a
nominal Mach number of 546, The complete range of free str_eain conditions

used are summarized as follows:

M = 543 1o 5.6
Re = L25 to 8000
4/d = 0,001 to 0,018

where the Reynolds numbers are based on the outside diameter of the probes.

The primary resulis of impact-pressure measurements for Type I
probes are presented in Figs, 11 to 1li, while similar presentations for
Type II probes are contained in Figs, 15 and 16, There are two curves
for each probe, based on two different free siream parameters, each
showing the ratio of measured impact pressures to the ideal non-viscous
impact pressure. In addition, two curves are presented for Type I
pr<‘:be_s based on flow conditions behind a normal shocke These resultis
show that the Rayleigh supersonic pitot tube equation requires
correction for viscous effects when the Reynolds number of the undis-
turbed free stream becomes less than about 6000, It should be noted,
however, that these specific corrections apply to particular type probes
and a restricted Mach number range,

The maximum deviation of the measured impact pressure from the
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ideal impact pressure was 2.5 per cent., This maximum deviation was
obtained at the lowest Reynolds number attainable with the experimental
equipment used, and it appears from the shape of the curves in question
that this deviabtion would become larger with decreasing Reynolds nurber,
211 of the deviations of the measured impact pressures from the s.deal s

non~viscous, impact pressure were negative (i.e., po“/p ol < 1).

2, Choice of Parameters Used to Present the Data

The variations of the measured impact pressure from that pre=
dicted by the Rayleigh equation are apparently due to viscous forces.
Consequently, it would seem that an appropriate parameter for presenting
the impact pressure ratios would be Reynolds number, based on ei‘bher flow -
cenditions ahead of or behind a normal shock, If the Reynolds number
based on the undisturbed flow is chosen as the parameter, it would be
éxpected that the curves of impact-pressure ratio versus Reynolds number
would not be independent of Mach number,

Another parameter which is a significant measure of the éffec‘bs
of viscous forces associated with low densities is the Knudsen number,
or L/d ~ M/Re, It is not known, however, to what extent this parameter
would yield a pressure deviation curve that is independent of Mach
number, - Unfortunately, pracfical considerations circumvented the original
intention to include a considerably higher Mach number range in this
investigation.

Presentations of the data versus parameters, based on stream
conditions behind a normal shock, are included to permit comparison with

results for impact-pressure corrections in subsonic flowse
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3, Comparison with Previous Experimental Investigations and Theory

The present investigation was conducted at a considerably higher
Mach number than any known previous work. Hence, it is only possible
to compare the results qualitatively. Perhaps the most significa.nt
difference in results obtained in this investigation as compared with
previous investigations at lower Mach numbers is the detection of viscous
effects at much higher Reynolds numbers. For instance, the results of
Ref, 1 for a nominal Mach number of 2,5 do not indicate viscous effects
in the impact pressure until the Reynolds number has decreased to about
200, while the present results at a nominal Mach number of 5.6 show
viscous effects at Reynolds numbers as high as 6000,

| For a probe similar to Type I, the results of Ref, 1 show a

negative pressure variation (that is, with the measured impact pressures
less than the ideal value) in the Reynolds number range from 30 to
200 and a positive pressure variation at Reynolds numbers below 30, The
results of the present investigation are qualitatively in agreement with
those in Ref. 1, since it is entirely possible that the curves in Figs.
11 and 15, for example, would swing up to positive values of Po“/Po'
ifi data at lower Reynolds numbers were available at this Mach number.

Ref, 2 presents some impact pressure data versus the parameter
M/Re for a source-shaped probe, which is found in Ref. 1 to have con=-
| siderably different viscous characteristics than those of Type I in
this report. Moreover, no results ﬁith the parameter M/Re are given in
Ref, le Consequently, it is difficult to reach any definite conclusions
regarding the suitability of the parameter £/d ~ M/Re, However, a few
conversions of data frozﬁ Ref, 1 at a nominal Mach number of 2,5 indicabe

very little to substantiate a favorable comparisone
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A theoretical development which predicts a viscous correction
for impact pressure in a supersonic, continuum, viscous flow is con-
tained in Ref. 5. The analysis assumes a stagnation line flow through a
normal shock wave and includes the viscous effects in the subsonic flow
field by means of a boundary layer theorye. The theory developed predicts
that the pressures sensed by an impact probe in a viscous fluid will
always be larger than the pressure so obtained in a non=-viscous fluid,

This theory is at variance with the experimental results recorded
in the present ihwestigation but is in agreement with previous
investigations at lower Mach numbers, at particular ranges of Reynolds
numbers, and with certain other probe geometries. It appears, therefore,
that the theory is only valid for certain probe geometries, ovef
particular Mach number and Reynolds number ranges,

Another theoretical analysis, contained in Ref, 8, is based on
eﬁtrﬁpy rise and the related energy dissipation behind a detached normal
shock wave, This development predicts that measured impact pressures in
a viscous, supersonic flow are less than the ideal non—viscous impact
pressure, For the range of Mach numbers and Reynolds numbers of the
present experimental investigation, it appears that this theoretical

analysis more closely describes the physical phencmenon,

B. Total-Temperature Probe Calibration

1. Initial Calibrations for Comparison of Probes A and B

The initial calibrations were conducted at a constant total
temperature of 225°F, The choice of this temperature was based on two

considerations: it was sufficiently high to aveid condensation of
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constituents of the air in the wind tunnel test section, and it could be
maintained over the entire operational range of reservoir pressures,

Over the range of test conditions, the Mach number tended to decrease

- slightly with decreasing reservoir pressure and increasing reservoir
temperature, This Mach number variation was due to unavoidable variation
of boundary layer thickness in the nozzle., Test conditions for these

initial calibrations are swmarized as follows:

po(psia) = M7 to Olia7
Re/inch = 30,800 to 213,000
M = 5,5 to T8

Primary results of these calibrations are presented in Fig. 17.
The variation of temperature recovery factor with Reynolds number is
plotted for the two probes, The Reynolds nuubers refer to free stream
cﬁnditions and are based on the outside diameter of the entrance to the
probe, Adiabatic flow from the temperature probe located just ahead
of the nozzle throat to the total temperature probe in the test section
Was assumed,

The over-all shape of the two calibration curves is similar,
However, the recovery factor for Probe B is considerably lower than that
for Probe As This difference can be partially attributed to the smaller
- entrance diameter of Probe B, Evidently, the smaller diameter shield
allows more conduction and radiation losses from the stagnation streamline
than does the larger shield, In addition, the shield on Prcbe B is
somewhat longer than that on Probe A. The increased shield length is

also conducive to more heat loss, The length over diameter ratios of the
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thermocouple wires for the two probes are essentially the same., Hence,
it would be expected that the conduction loss through the thermocouple
wires would be approximately the same for the two probes.

In view of the relatively poor performance of Probe B, no
additional calibrations were made of this temperature probe at other
reservoir temperatures; instead, only probe A was used for more extensive

calibration analysis.

2o Extended Calibration of Probe A

In addition to the initial run at a constant reservoir temperature
of 225°F, Probe A was also calibrated at total temperatures of 200°F and
260°F, over the complete operating range of reservoir pressures.‘ Thus,
three sets of data were recorded for essentially the same range of

Reynolds numbers and Mach number, which were as follows:

Re/inch = 30,800 to 213,000
M = 545 to 5.8

The results of the calibration of Probe A are contained in Figs,
18, 19, and 20, Temperature recovery factor is ploited versus the three
different parameters, Re, Nu, and Nu ', in an attempt to investigate the
effect of total-temperature variation at constant Mach number, However,
.for the limited total—-iemperature range available, any effect on the Re
and Nu curves due to change in total temperature is not distinguishable
within the normal scatter of experimental data as seen in Figs. 18 and
19, This is somewhat at variance with data presented in Ref, 11, where
it was found that for Reynolds numbers below 20,000 the calibration

curves for different total temperatures began to diverge quite appre-
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ciably and continued to diverge with decreasing Reynolds numbere Scme
of this discrepancy may be accounted for by the fact that in Ref, 1l
the total temperature changes were greater and, therefore, the diver-

gences more readily detected.

3« Suitability of Parameters for Presenting Temperature

Recovery Factor Calibrations

The ideal parameter to use in plotiting a calibration curve is
one that would yield a single curve valid over a considerable range of
flow conditionse. Results of this investigation indicate thaf for a
constant Mach number, either the free stream Reynolds number or the
Nusselt number based on flow conditions inside the probe and on thermo-
couple wire diameter produces a single curve, It is difficult, however
to justify theoretically the significance of these parameters in this
résPéct and they could not be expected to retain this property for
variable Mach numbers,

From a consideration of a simplified theory of heaf transfer and
the assumption that heat losses other than conduction through the
themocouple wires are negligible, it would appear that the recovery
factor, when plotted versus Nu" (defined by Eq. 18), should be invariant
with total temperature and free stream Mach number. The theoretical

~analysis in Appendix A indicates the significance of the parameter
Na kg/ , which is proportional to Nu%, this factor of proporticnality
being constant for a given probe geometry.

Referring to Fige 20, it is seen that the use of this parameter,

Nu*, does not yield a single calibration curve as effectively as does
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that of the other two parameters consideredes It thus appears that the
assumptions made in Appendix A are perhaps over~simplified and do not
provide an adequate analysis for the temperature probe used in this
investigé.tion. It is believed, however, that for variable free stream
Mach numbers, this parameter would prove superior. In Ref, 11, a
single calibration curve was actually obtained for a variety of
different total temperatures, Reynolds numbers, and Mach numbers,
using the parameter Nu kg/kw, which is, as mentioned previously, pro-
portional to what is defined here as MNu®,

It should be noted that the Nusselt number of the flow within a
given probe geometry is particularly convenient to use. The only data

needed are the total temperature and the impact pressure,
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V. CONCLUSIONS AND RECOMMAENDATTIONS

The resulis of the impaci~pressure phase of this investigation
provided the following evidence as to the interpretation of measured
impact pressures at a nominal Mach number of 5.6: |

(1) Viscous effects on impact-pressure measurements are
encountered at Reynolds numbers as high as 6000, lhese eifects are such
as to cause the measured impact pressure to read lower than prédicted
by the Rayleigh formulaes

(2) Within the range of this investigation, these viscous effects
increase with decreasing Reynolds number, and at a Reynolds ﬁumber of
L25 the measured impact pressure is approximately 2.5 per cent lower
than that predicted by the Rayleigh formula.

(3) A comparison with previous investigations at lower Mach
nunbers indicates that these viscous effects have a definite dependence
on Mach number as well as Reynolds number,

(L) The flattened-end type of probe is more sensitive to the
effects of viscosity than is the sharp-lipped circular itype.

The results of the total-temperature phase of this investi-
gafiqn for a nominal Mach number of 5,6 and a reservoir temperature range
of 200°F to 260°F are as follows:

(1) A comparison of two tobal-temperature probes indicates that
the thermocouple shield with the largest entrance diameter and the
shortest distance from its entrance £o the thermocouple has the best

nperature recovery factor,

(2) For the range of reservoir temperatures investigated, a

single calibration curve has been obtained using either the Reynolds
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number of the free stream based on the probe entrance outside diameter
or the Nusselt nunber of the flow inside the probe based on themocouple
1»rrire diameter,

It appears highly desirable that this impact-pressure invesiti-
gation should be extended to higher Mach numbers and lower Reynolds
numbers, since both of these variations tend to increase the viscous
effects, In addition, it seems desirable to extend the total=temperature
investigation to higher Mach numbers, lower Reynolds numbers, and a

wider range of reservoir iemperatures,
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APPENDIX A

TEMPERATURE ERROR AT A THERMOCOUPLE JUNCTION

DUE TO CONDUCTION IN THE THERMOCOUPLE WIRES

If it were possible to bring a fluid stream to rest adiabatically
at a thermocouple junction, the kinetic energy of the stream would be
completely recovered, and the fluid temperature at the junction would be
the total temperature, T . With an actual temperature probe, it is
impossible to achieve absolute adiabatic deceleration of the flow to stag-
nation, As the ltemperature of a fluid element in the stagnation stream-
line increases above the static temperature of the free stream, there is
a loss of heat from the sample due to conduction of heat through the gas
in addition to radiation and convective heat transfer to the probe
shield,e

However, according to Ref, 18, the heat loss dve to non-adiabatic
flow along the sbtagnation streamline and the heat loss from the thermo-
couple junction by radiation are considered to be relatively small com-
pafed to the heat loss from the junction by conduction through the
thermocouple wires, Consequently, for this analysis, only the heat
loss due to conduction through the thermocouple wire is considered.

' To evaluate this effect it is assumed that there exists a uniform fluid
temperature, To, along the bare theﬁnocouple wire and that there is a
negative temperature gradient from the themmocouple junction to the base
of the wire, It is also assumed that the temperature of the wire is

constant at any cross section,
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B Junction

Wire Support

Referring to the above sketch, the temperature of the wire at
A, Tp, must be greater than the temperature at B, T, in order for heat
to flow from A to Bs Also, (dT/dx) A = 0 by symetry, and the velocity
inside the probe, L) is assumed small so that (upz)/(2g J Cp_To) << 7,
Considering an element of wire of length dx, the heat flux, Q,

through the wire at a given cross section is

e ) kW % ' (A-l)

where kw is the coefficient of thermal conductivity of the wiree Then

at a point a distance, dx, from the given cross section the heat flux is

“given by

Q+dg = - [(‘”W)M ) ax ﬂd“z (A-2)
] T{ e — kWT
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and the increment of heat flux in the element of wire of length dx is

a® T, T d,°

| o= - kg (4-3)

Now consider the heat flux from the fluid to the vaire'thrdugh
the surface of the wire eiement. This may be written

aQ = (T, -T,) h7d,dx (A=k)

(%)

where T, is the stagnation temperature of the fluvdd, 'I’W(x) is the local
. temperature of the wire, and h is the convective heatl transfér coefficient
which includes the combined effect of conduction through the fiim and
convection in the fluide This coefficient is assumed to be constnat:
over the length of the wire.

Now, for equilibrium conditions to exist in the wire, the heat
flux through the surface must equal the change of heat flux along the

thermocouple wire, Thus, the resulting differential equation is

bh :
po- i (T, = Ty) = O -~ (A-5)

Tt is convenient now to introduce the Nusselt number, in the form

Nu = h d.w/kg } (A-é)

where k., is the coefficient of thermdl conductivity of the fluide. Then,

denoting the cross sectional area of the wire by A, Eq. (A-5) becomes

a= T
—_1 . & 1 =
dx2 i k, A (Ty = T5) = O - (A7)
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The general solution of this differential equation is

Tw~To = @ e~ 4 co X (A-8)
where
82 = Mu (ki) (Lma) (4-9)
liow, if the boundary conditions are applied
Tp = T
B o
Cp = ¢ = (A=10)
1 2 e—PA o682
and
(T, = Tg) cosh B x
To =Ty = cosh BA (a-11)

where A is the length of wire between points A and B in the previous
sketch, At the thermocouple junction, x = 0, T, = T,', and Eq. (4-11)

becones

T =T
- o B (A=12)

o cosh Q@A

The energy equation for adiabatic, frictionless, steady flow of a

perfect gas may be written

2

- = __u -
T, =T T (8=13)

"and by the use of the definition of the temperature recovery factor, r,

at the thermocouple junction, this eQuation becomes

)= = r B (A=1L)



or

T, -T = 2

2 s e (4-15)

where rB"is the temperature recovery factor of the thermocouple base -
(Point B).
Combining Egs. (A=12), (A-1L), and (A-15) yields the following

expression for recovery factor

(1'I'B)

TN (4-16)

Tt is clear that for a given probe geometry, r = r(rB, @), where 3 is
defined in Eq., (A-9). Thus, the significance of the parameter

Nu (kg/kw) can be easily seens
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APPENDIX B

ACCURACY ANALYSIS OF EXPERIMENTAL DATA

The magnitude of the random errors encountered were estimated by
considering the reproducibility of the observations, the sensitivity of
the scale, and the associated reading errore For the experimentally

measured quantities, these estimated errors are as follows:
3

Measurement Bstimated Maximum Error
Static pressure - p £0,2 mm, of silicone
Impact pressure = p," %0,5 mm. of silicone

'Reservoir pressure - p, less than 0,5%

Reservoir temperature - T, 120
Thermocouple voltage £0.01 micro volt

Impact tube dimension d,h  £,0005 inch

The ideal impact pressure was obteined by an extirapolation
procedure as explained in Section III. The estimated maximum probable
efror in the extrapolated value of impact pressure is £0,5 rme of
silicone, This estimated value was determined as a result of a
graphical study of the extrapolation curves,

The accuracy of the computed values, based on both estimated

errors in the individual measurements and the errors from the use of

graphs, tables, etc., is as follows:
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Quantity Maximum Error
Ratio of impact pressures + 0,12%
= PPy
Mach Nunber - M Tz
Free Stream Temperature - T £ 2%
Reynolds Number - Re L 5,59
Temperature Recovery L 068

Factor - r
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