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ABSTRACT

An experimental investigation was undertaken at a nominal Mach
number of 5.6 in the GALCIT Hypersonic Wind Tumnel, Leg No. le. The
first phase was an investigation of the viscous effects on measured
impact pressures. The second was an investigalion of the "cemperé.ture
recovery characteristics of a singly shielded total~temperature probe.

Experimental results are presented for a straight, sharé-lipped,
cylindrical, impact-pressure probe and for a flattened-end probe.
Impact-pressure daba were obtained for a Reynolds nurber range from 425
to 8,000, where the Re;yﬁolds number was based on free stxeaxsivconditions
and the impact probe outside diameter, The data show that the Réyle‘igh
equation requires corrections for viscous effects at Reynolds numbers
less than 6,000 for the circular sharp-lipped probe and less than li,000
for the flattened-end probe, The viscous effects increase with
decreasing Reynolds numbers. At a Reynolds number of 4425, the measured
impact pmésum is approximately 2.5 per cent lower “cha’n: that predicted
by the Rayleigh_ equations It was concluded that the viscous effects
were dependent on‘ Mach number as well as Reynolds number,

‘ Temperature recovery factors for the total-temperature probe
were obtained throughout a Reynolds number range from 30,800 to 213,000,
where the Reynolds number was based on the probe entrance outside
 diameter and the free stream conditions., An analysis of suitable
parameters with which to present thé data is included together with the
experimental data. For a limited range of total temperatures, a
single temperature recovery calibration curve was obtained when the Reynolds
numnber was used as a parameter, The data show that the temperature

recovery factor of the total temperature probe decreases Wlth decreasing

Reynolds numbers.
iii
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NOMENCLATURE

speed of sound, ft./sec.

area, sq, ft.

area of a sonic throat, sqe. {t,

specific heat at constant pressure, Btu/(1b,)(deg. F)
probe outside diameter, inches

probe inside diameter, inches

neat transfer coefficient, Btu/(sa. ft.)(deg. ¥)(sec.)
characteristic outside dimension for flatiened probes, inches
constant conversion factor = 778 ft. 1h./Btu

thermal conductivity, Biu/(ft.)(deg. F)(sec,)

mean molecular free path length, inches

Mach number, v/a, dimensionless

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

defined by Wu kg/ }'T’[;- k,, dimensionless

pressure, 1lbs./sqe. in.

Prandtl number, u cp/k, dimensionless

heat flux, Btu/sec,

temperature recovery factor, dimensionless

gas constant for air = 1715 sq. f’c../(sec.z) (deg. F)
Reynolds number, © ud/w , dimensionless

Reynolds number evaluated at total temperature
absolute temperature, dege R

local velocity, ft./sece
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mean molecular velocity, ft./sec.

x variable length, ft,

} rati§ of specific heats, cp/bv, dimensionless
A a length of thermocouple wire, inches

yr absolute viscosity, 1be. sec./sqe fte

P mass density, 1lb, sec.g/i"b.LL

Subscripts

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

(), pertaining to the thermocouple wire

Superscrints

( )' conditions after normal shock, for an inviseid fiuid

N . T . 4
() stagnation conditions as read by impact-pressure probe



I. INTRODUCTION

Velocities of fluid streams which are much greater than the local
acoustic velocity are commonly referred to as "hypersonich velocities.
For the sake of definitenéss, the hypersonic regime is arbitrarily |
considered in this report as the Mach number range above 5, | ;

Recent developments in guided missiles and rockets, uhich are
designed to travel at hypersonic Mach numbers and exireme aiti‘éudes 3
have necessitated obtaining basic aerodynamic data in hypersonic wind
tunnels. The difficulty in accurately obtaining local fluid sitream
data such as Mach number, Reynolds number, etc., is much more severe in
a rarified hypersonic air stream than in supersonic or subsonic"flow
streams of higher densitye. The problem specifically treated in this
experimental investigation is that of interpreting and calibraiing
impact-pressure measurements and total-temperature measurements in a
hyperscnic flowe |

For measurements of impact pressures in a moving fluid field a
total head tube is conventionally used, The tube is aligned with its
axis parallel to ﬁhe flow, and the fluid stream is brought to rest at
t’né open end of the tubes The pressure at the open end of thertube is
thenb determined by a sultable pressure sensing systers Impact pressure
interpretation at low densities and in subsonic and supersonic flows
" has been the subject of several theoretical and exPermental investi=-
gations (Refs. 1 to 8).

For supersonic continuum flow of a compressible, non-viscous
£luid the familiar Rayleigh formula (Cf. Ref. 9, ps 77) provides a method

of relating impact pressure to the static pressure and Mach number;



vApplication of the Rayleigh pitot-tube equation implies that in the

fluid stream behind a normal shock only the inertia forces are signifi-
éant; consequently use of this equation becomes increasingly inaccurate
for conditions in which the viscous forces become appreciable compared
to the inertia forces. A criterion for this viscous force effec£ is the
Reynolds number of the flow based on a suitable characteristic dimensione

For the case of a continuum, supersonic, compressible, viscous
flow, (i.e., low Re) theoretical corrections have been applied to the
Rayleigh equation (Refs. L4 and 5) for selected probe geometiries,

For extremely low density fluid flow in which continuﬁm flow
analyses no 1onger are valid, the theoretical ordinary gas dynamics
predictions for the impact pressures must be set aside. The general
field of rarefied gas dynamics has been discussed by Tsien in Ref. 10.

A useful criterion for estimating the low density effects is the molecular
méan>free path length, which can be defined as the average distance
between molecular collisions, The ratio of the mean molecular free

path to a characteristic dimension of a body immersed in:a fluid strean,
2/4 ~ ¥M/Re, is a significant parameter for estimating the magnitude of
the low density effect, -

The magnitude of the ratio £/d for which the methods of continuum
flow mechanics are inadequate is not well defined, On the basis of
. considerations of experimental data obtained by Kane and Maslach (Ref.
2), it appears that continuum fluid dynamics theory requires corrections
for £/d values greater than about .015,

When the molecular mean free paths are large, of the approximate
order of 10, compared to body dimensions, a fully developed molecular

flow exists (Cf, Ref., 10). In this case, the collisions of a molecule



with the body in the stream are much more frequent than collisions with
other molecules, and the methods of kinetic theory of gases must be used
to predict impact pressures.

With increasing molecular mean free path, the nomal shock wave
becomes thicker and less well defined and may not even exist as éuch for
a fully developed free molecular flow, Therefore, a modified Rayleigh
formula which omits the shock wave entirely might be of considerable
interest at low densities, Chambre and Schaaf (Ref, 6) have derived an
equation predicting the impact pressure based on consideration of
kinetic theory for fully developed molecular flowe |

In the transition region between continuum and fully developed
molecular flow, no theory predicting the impact pressures in a noving
stream exists at present, For this transition region Kane and Maslach
(Ref., 2) have made an experimental investigation of impact pressures near
the estimated continuum limit, £/d from 138 to ,0123 and over a Mach
number range 2.3 to 3.6 and Reynolds number range of 25 to 80h. Sherman
(Ref, 1) has also made an experimental investigation of’ 'impact pressures
near the estimated continvum limit, £/d = .003 to .11, Mach number
range of 1le7 to L0, and Reynolds number range of'k 15 'bb:800.

The resulits of both of these experimental investig’a‘oibns showed
viscous corrections at veiy low Reynolds numbers, which yielded impact
~ pressures higher than those which would be computed from Rayleigh's
formula, In addition, Ref. 1 indicates a region af slightly higher
Reynolds numbers where the impact pressure was less than that predicted

by non-viscous theory.



As a conclusion to Ref. 2, a need was expressed for further
experimental tests at higher Mach mmbers., The impact-pressure phase
of this invéstigation involves experiments designed to provide the exterded
Mach number range and to include a comparison of two probe geometries,

Because of practical considerations and limited time, this investi-
gation was restricted to a nominal Mach number of 5,6 and a minimum
Reynolds number of the order of Li00 based on impact probe outside diameter
and free stream conditions, The emphasis on this phase of investigation
was to obtain experimental data, at hypersonic Mach numbers and low
Reynolds numbers, on the variation of experimental impact -- pressure
measurenents from those predicted by Rayleigh's equation., In addition,
it was desired to substantiate the general trends in this variation as
determined by previous investigators at lower Mach numbers.

The design and calibration of total=-temperature probes for use at
hypeisonic velocities have been the subject of relatively few experi-
mental investigations (Cf, Ref. 1l)s For subsonic and supersonic
velocities the design and calibration of total-temperature probes have
been investigated in Refs, 12 and 13,

The design of a total-temperature probe to give a relatively
constant calibration for a certain range of test conditions is largely
a qualitative process involving the selection of materials and dimensions
~which will fit the test conditions. In order to approach the optimum
design of a total-temperature probe for use at hypersonic velocities,

a considerable amount of theoretical study and experimental investigation
is required, E. Me Winkler of the Naval Ordnance Laboratory has made

rather extensive design and calibration studies for total-temperature



proves at hypersonic velocities and over a considerable range of Reynolds
nunbers.

The most useful method of presenting total-temperature calibration
data is by means of a single calibration curve that would e valid for
all flow conditions, The choice of a parameter of the fluid flow which
will produce a single curve is not immediately obvious, The results of
previous temperature probe calibrations have conventionally been pre-
sented with either Mach number or Reynolds number as the variable
parameter, However, in the hypersonic range use of one of these para-
meters as the variable results in families of calibration cufves for
constant values of the other parameter,

The dependence of temperature recovery on Nusselt number is
considered in Ref, 11, Tie Nusselt number, based on thermocouple wire
diameter and conditions inside the probe, was calculated, and this
number was then multiplied by the ratio of gas thermal conductivity
to mean thermal conductiviiy of the themocouple wires, %his parameter
is a measure of ithe heat transfer balance at the thermocéuple Junction
as indicated in the analysis contained in Appendix A, In Ref, 11,
temperature recovery factor for a given probe was'plottéd versus this
paraneter, and the resulting plot produced a single curve which was
valid for a considerable range of Mach numbers, Reynolds numbers, and
~ stagnation temperatures of the flow,

The design of a new type totali-temperature probe was not con-
sidered in this investigation. The scope of this investigation was
simply to construct a temperature probe based on existing designs that

had proved successful and to calibrate this total-temperature probe at



a nominal Mach number of 5.6 over a range of free stream Reynolds numbers,
Two total-temperature probes based on designs suggesited in Ref, 11 were
adapted fof use in this programe

The emphasis in this phase of the investigation was on obtaining
data over the greatest possible range of Reynolds numbers and total
temperatures and on converting these data to obtain calibration curves
for temperature recovery factors so that these temperature probes
could be used in further experimental worke It should be noted that the
calibration curves are limited to use with the two temperature probes
testede. |

This experimental project was conducted in the GALCIT 5 x 5 inch
Hyversonic Wind Tumnel Leg No. 1 in cooperation with LT J. Ce Graves,

Us S Navy, and under the supervision of Dr, He T Nagamatsu.



II.  EQUIPHMENT AND PHROCEDURE

Ae Wind Tunnel Description

The GAICIT 5 x 5 inch Hypersonic Wind Tumnel (Leg Noe 1) was
used for these testse It is of the continuously-operating, closed-return
type and is operated by a compressor plant consisting of sixteen com-
pressors driven by seven electric motorse The thirteen compressors in
the first five compression stages are Fuller rotary compressors, while
the final two stages consist of three reciprocating compressorse A4
system of valves and intercomnecting piping pemits ihe sele_étion of a
wide variety of plant compression ratios and mass flows. These valves,
as well as the compressors, are operated remotely from a master control
panel (Cf, Fige 1)e A schematic diagram of the wind tumnel instélla'bion
is shown in Fig., 2.

The Leg No, 1 test section with fixed nozzle blocks designed for
a nominal Mach mumber of 6 was used for these tests, The nozzle blocks
were designed by the Foelsch analytical method with correction applied for
the estimated 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% at a reservoir pressure of 94 psia,
and 230°F at atmospheric reservoir pressure,

The water content in the air was kept well below J.OO parts per

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



mately 2000 pounds of silica gele Oil was removed by Cyclone separators
after each compression stage and, in addition, by finely-divided activated
carbon canisters, porous carbon filter blocks, and a Mine Safely

Appliances "Ultra-Aire Space Filter®,

Be Model Description

l. 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 bcomple'bely.enclosed
within the wedge and its 5/16 inch diameter support rod. Withv‘the ﬁse
of the extemally-operated model control system in the tumnel test
section, the rake could be moved vertically so as to bring each probe
i-ntc- the tunnel center line,

Two probe-end geometries were used. The Type I probes were
sharp—lippéd 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
vridth was one-third, Sizes of probe=end outside heights ranged from
0,01t inch to 0,109 inch, Figure L shows a schematic sketech of these

two probe geometries,

2. OStagnation-Temperature Probes

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 entrance and thermocouple wire



diameter, Both probes consisted of a single platinum=-coated quartz
shield cemented to a stainless steel holder with a high=-temperature
é;era.mic 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 1ls 5./‘\ Experi-
nmental data in Ref, 11 indicate that this area ratio is an optimm
value, Iron-constantan thermocouples were cemented into a quartz support,
which in turn was sealed into the stainless steel holder,

Probe A had an entrance outside diameter of 0,10 inch, and B, and
S. gage 30 (.01 inch diameter) themocouple 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. Fig. 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 tunnel, 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 , 80
that flow conditions in the tunnel test section could be :measured
readily. Each probe could be positioned in tum 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 with a solid 10 degree conical nose,
Taree static orifices spaced uniformly around the tube circumference

were located 30 diameters downstream from the nose,
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e Instrumentation

le Pressure Measurements

The reservoir pressure was measured with a Tate-Emery nitrogen-
balanced gage and controlled within z 0.04 psi by a Minneapolis-—ﬁoneywell-
Brown cirecular chart controller. All static and impact pressures were
neasured on a silicone fluid, vacuuwm~-referenced manometer (Fige 1)e
With the latter, pressures could be easily read to the closest Q.1 cm
and estimated to 0,01 cm of silicone. This estimate is approximately

equivalent to 0,07 microns of mercury.

2. Temperature Measurements

The tunnel stagnaticn temperature was measured by an iron-.con-
stantan, shielded thermocouple located one inch upstream from the nozzle
'bhroé.t and was recorded and controlled by a Minneapolis-Honeywell=-

Brown circular chart controller to within %2°F, The thermocouples in the
stagnation-temperature test probes were differentially comnected with
the reservoir thermocouple to a Leeds and Worthrup siide-wire potentio-

meter, as shown schematically in Fig. 7.

De 'Test Procedure

l. Impact-Pressure Runs

Prior to the installation of the probe rake in the test sectiocon,
an axial static pressure survey was conducted on the tunnel center line
to locate a region of uniform pressure. A point 19.7 inches ait 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 rske was installed and connected to the nanometer,
each complete system was carefuvlly leak-checked, With the tunnel
operating at a specified reservoir condition, each of the six different-
sized probes on the rake was in tum placed at the test seqtion 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 fornd desirable to use the.schlieren
system and a fixed grid neiwork placed on the glass port 1o check the
center line positioning. The cycle was repeated until a determination
of the reproduéibility of results was completed,

Since it was desired to obtain the lowest possible Reynolds
number (and consequently, the lowest air density) in the tesi section,
the stagnation conditions of minimum possible stagnation pressure (po)
with the corresponding maximum total temperature (To) were selected
for one rum, In addition, several runs at slightly lower T 's and
highsr Po's were made,

The actual reservoir temperature and pressure combinations used

were as followus:

0.

po(psia) To( ) Remarks
7 230 one-phase flow
1h.7 221 one-phase flow
W7 210 one-phase flow

30.7 2h?2 one-phase flow
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A schlieren picture was taken of the flow around the probe rake
to determine if any shock wave interference 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 downstream.

2, Total-Temperature Runs

The total-temperature probe was mounted in the tunnel on a
support which also included a total-pressure probe and a static-pressure
probe as shown in Fig, 6. The latter two probes were comecfed t o the
manometer system and then carefully leak-tested, The leads from the
test themocouple were differentially connected with the reservoir thermo-
couple to the potentiometer, Thus, the e.me.f. read on the potentiometer
was proportional to the temperature difference between T, and the lemperature
sénséd by the test probe, To"

For each calibration run, the reservoir temperature was held
fixed and the reservoir pressure varied throughout its po:ssible rangee

At each flow sebbing the total pressure, static pressure, and e.me.f,

were recorded.
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III. ZREDUCTION AND ANALYSIS OF DATA

A, Impact-Pressure Correction Technique

In order to deteﬁnine a viscous correction, it is first necessary
to find the value which the impact pressure would have if the flow wWere
essentially inviscid, This value could be determined if an impact
probe were used which was sufficiently large that the viscouws effecis
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,. Cons_équently,
some additional analysis was necessary.

A method of attack which proved quite satisfactory in Ref, 1 was
employeds This technique consisted of plotting the measured impéct
pressures against the inverse of impacte~probe diameters for the six
different-sized probes tested and extrapolating a cuwve through the
resulting points to 1/d = 0. The value of the pressure intercept at
this point was considered to be that corresponding to 'bhé impact
pressure in an inviscid fluid.

This process of letting 1/d approach zero'-was cénsidexed equiva-
lent to letting the Reynolds number approach infinity, all o‘bher factors
in Re having been held constante Typical plots of data involving this

_ process are shown in Fig, 1C,

Be Determination of Flow Parameters

le 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 nunmber was calculated using Rayleigh's well-known superscnic
pitot tube equation., In the instance where tne static pressure was
neasured during a run subsequent to a series of impact-pressure runs,
the reprdducibility of flow conditions was checked by means of a
reference impaci-pressure probe.

The subsonic Mach number of the flow within the total-temperature
probes wWas calculated simply from the area ratio of the shield inside
diameter to the vent, Since tihe pressure ratio at the vent, p/po' s is
well below the critical value, a sonic throat exists in the vent passage.
Thus, for a given probe geometry, the Mach number of the flow within

the probe is essentially independent of free stream flow conditions.

2 Reynolds Number

The Reynolds number per inch based on undisturbed free stream
conditions was calculated for each flow settinge The corresponding
Reynolds number for each impact probe based on the outside diameter was
then determined, The measured free stream pressure, the :stagnation
temperature, and the corresponding value of the Mach number were used
to. compute the Reynolds mumber,

By definition we can write

Re = pjd - ~ }f‘ad ( 1 )

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

Eqe (1) we obtain

re = M Y ¥RT pd (2)
M RT
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which reduces to

Re = 0,343 -4 (3)
® YT
for ¥ = 1,4 and R = 1715 ft./sec.2 °R, The units of py 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

T s v | )

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 viscosity. Ref, 15 indicafes that
for air at very low temperatures Keyes! equation is more appropriate than
the familiar Southerland's equation for viscositye. For air, Keyes?

equation becomes

i slugs/The sece) = 24316 x 10710 YT (5)
1+ 21%08 10-9/'1'

At higher temperatures (above 500°R) 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 streames It was also desired to
obtain a set of reference properties hased 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, llie
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36 Knudsen Number

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

Kinetie theory, Chapman gives (Ref, 17)
K = 0499 p¥ L B (6)

where v 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

FE oo

where ¢ is the ratio of specific heats. Combining Egqs. (6) and (7)

yields
. 0el99 t /Ty , |
L 52 Y8 | (8)

Noting that s /pa=4d M/Re and using ¥=1l.h for air, Eq. (8) becomes

2= 149 (M/Re) d o (9)

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

. and Mach number:

2/a = 1,49 (M/Re) (10)
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lie Nusselt Number

The Nusseltb nﬁmber considered here involves the rate of heat
transfer between the air flow and the themocouple wire. It is defined

in general by

Nu = e (ll)
kg
where h = healt transfer coefficient
kg = gas thermal conductivity

thermocouple wire diameter

G

Moreover, for flow in which heat {ransfer is taking place we may‘ urite
Nu = fl(M, Re, Pr) (12)

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

than at static temperature, then

AL

Re?\'

"

g(Re, M) ' | : (13)

and so

Nu fz(Re’"") (1k)

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

this relation, namely,
Mo = OM3L Vi (15)

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

culated from measured quantities as follows:

1
e = 2oVl 03P U 4 )T
Ho T Ho
¢ 0343 p,t 2
Rei' = . pO Mp dw 5 _—;—_‘ (16)
YTy pg (1 + 0.2 M,2) |
where
p,! = dimpact pressure in 1bs./ine?
Mg = f(To) = gas viscosity in 1bs./ft.2-sec;
dw = ‘thermocouple wire diameter in inches

Mach number inside probe

g™

For the given probe geometries considered, there exists the
problem of determining the proper area ratio to use in calculating Mp.
However, considering the entrance area, where MP is even greater than it

is at the thermocouple wire, we find
A/AY = 5, H, = 0,177

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

and we can write

* 0.343 '
- e B | (an)
Ty My

where the indefiniteness of calculating the constant Mp is eliminated

by including it with the parameter Re*.
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From experimental resulis in Ref, 11 and an analysis oi heatl
transfer balance in the thermocouple wire contained in Appendix A, it
appears that the parameter Nu kg/l% is significant for the investigation
of the temperature recovery factore Accordingly, a parameter Nu* is

defined

T RS- (18)

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

L i
0252 d.° Po'® k

% L
3
To Mg kt "

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 kg is

K = 3,03 x 10-8 7078

: (20)

Thus, for a given probe geometry, I\Iu* is dependenti only on the local
3*

reservoir conditions; and for any given run at a constant T,, Nu is

a function only of impact pressure, p,'e

' Ce Temperature Recovery Faclor Detemination

In order to calibrate a itotal-temperature probe for future
application, some measure of ils ability to convert all of the kinstic

energy of an air stream into heat energy must be obtained, F or this
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purpose a temperature “recovery factor" is commonly defined as

- o
T = = (21)

where TO' is the temperature sensed by the probe,

Since it was desired to measure as accurately as possible the
small difference between T, and To', the probe thermocouple was differ-
entially comnected with the reservoir themmocouple, as shown in Fige. 7.
In this manner, the e.msfe read on the potentiometer was proportional
to the difference, To - To'. Using the thermocouple tempera_ﬁure-
millivolt equivalent, the temperature difference was converted to
degrees Fahrenheit,

With the recording of reservoir temperature, To, and subsequent

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

equation, all infomation for determining recovery factor was. available,
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IV. IEXPERIMENTAL RESULTS AND DISCUSSION

A, Impact Pressure Measurements

1, Experimental Results

Tmpact pressure data were obtained at a nominal Mach number 5,6
for impact pressure probe Types I and II as described in Section IT,

The range of test conditions are summarized as follows:

M = 503 to 506
Re = L425 to 8,000

The primary results of this phase of the investigation are showm
in Figs. 11-16 which show corrections to be applied to measured impact
pressures, Two different parameters based on free s tream conditions
were used to present the corrections which are given as the ratio of
measured impact pressure, po", to the ideal non-viscous impaci pressure,
po'. In addition to the parameters based on free stream conditions,
the impact pressure ratios obtained for impact pressure probe Type I are
presented in Figs. 13 and 1, as a function of the same parameter based
on flow conditions behind a normal shocks

The results of the experiments show that the Rayleigh formula
requires corrections for viscous effects when the Reynolds number
'based on free stream conditions is less than 6,000 for probe Type I and
less than l;,000 for probe Type II. However, the correction is small
for the range of Reynolds numbers obtained in this investigatione The
maximum deviation of the measured impact pressure, obtained at the low
pressure limit of the experimental equipment, was 2.5 per cente. The

deviations of the measured impact pressures from the ideal impact
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pressures were negative in sense that ithe measured impact pressure
was less than the ideal non-viscous impact pressure (i.e., Po"/Po' < 1)e

It sﬁould be noted here that the specific impact-pressure correction
data presented are valid only for the range of Mach numbers used to

obtain the data and for tihe particular types of probes considered.

2., Consideration of the Methods of Data Presentation

Presentation of the data versus a parameter based on free stream
conditions is most desirable from the viewpoint of practical application
of the datz to correction of measured impact pressures. The .deviations
of measured impact pressure from that predicted by the Rayleigh equation
are caused by viscous and low density effects. Consequently, the
Reyvnolds number and the Knudsen number based on free stream conditions
and the impact probe diameter were chosen as significant parameters,

It is not to be expected that the calibration curves, obtained
for measured impact-pressure correction versus parameters based on free
stream conditions, are independent of Mach number, Howevér, over the
limited range of Mach numbers encountered in this investigation the
dependence of the impact-pressure calibration curves on Mach number
was not apparent.

Use of flow parameters based on stream conditions behind a
‘nomal shock permits comparison with experimental results for impact-
nressure corrections in subsonic flowse. For a more detailed study of
the data and correlation with theory, the most useful presentation is a
plot of measured impact-pressure correction versus parameters based on

stream conditions behind a normal shock (Cf. Figs. 13 and 1h).
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3s Comparison with Previous dxperimental Investigations and Theory

Only a qualitative comparison with previous investigations can
be made as the present investigation was conducted at considerably higher
Mach numbers than any previous experimental work, The most significant
difference in results obtained in this investigation as comparedb with
results of similar investigations is that the viscous effects on
impact-pressure measurements become apparent at much 1arge1; Reynolds
numbers for the higher Mach numbers encountered in this investigation,

The results shown in Ref, 1 for a probe of Type I at a nominal
HMach number of 2,5 show increasing viscous effects on measured impact
pressure with decreasing ngrzold.s numbers, beginning at Reynolds numbers
of 150 to 200. The present results at nominal Mach number 5.6 show
viscous effects for Reynolds numbers less than 6,000, Qualitatively,
the results of this investigation are in agreement with experimental
results shown in Ref. 1 for an impact-pressure probe of Type i. The
results of Ref, 1 show measured impact pressures less than the ideal
over the range of Reynolds numbers from 30 to 200, For Reynolds numbers
below 30 the data of Ref, 1 show measured impact pressures greater than
the ideale

Experimental results for a source shaped probe (Refs, 1 and 2) show
consistently increasing po"/po' with decreasing Reynolds number. It
~appears that the source-shaped probe has somewhat different viscous
characteristics than those of Types I or IT,

It is possible that the curve shown in Fig, 11 might fend to

swing up to values of p "/p ' greater than one if data at the lower
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.Reynolds nunbers were included, It should be ncted here that the
minimum value of the ratio po“/po' observed in this investigation was
lower by apbroximately 2 per cent than the values of po"/po' shown in
Ref. 1 for a probe of Type I.

An attempt to correlate directly p,"/p,' with £/d ~M/Re ffails
when a comparison is made with the results of Ref, l. For a nominal
Mach number of 2,5 the viscous effects become apparent for values of
£/4 less than 40196 as calculated from the data contained in Ref. l.
As shown in Fig, 12 the viscous effects at a nominal Mach number of 5.6
become apparent for £/d less than ,001l. The comparison with previous
investigations verifies the dependence of the curves shown in Figs,

12 and 16 on Mach number,

Ref, © contains a theoretical development, for selected prébe
geometries, which predicts a viscous correction for impact pressures in
sﬁpefsonic, continuum, viscous flow, This development assumes a nomal
shock wave and includes the viscous effects in the subsqﬁic flow field
by means of a boundary layer analysis, This theory prediﬁts that the
impact pressure sensed in a viscous fluid is always larger than the ideal
non~viscous impact pressure, |

The results obtained in this investigation are in variance with
this theorye. As pointed out previously, other investigations at lower

‘Mach numbers, with source-shaped probes, have shown measured impact
pressures higher than the ideal., It is apparent that for certain

Reynolds number and Mach number ranges, the theory given in Ref. 5is
invalid for impact-pressure probes of the types used in this investigation,

A theoretical analysis of impact pressure by Staros (Ref, 8);
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vbased on the entropy rise and the related dissipation behind a detached
normal shock, predicts that measured impact pressures in a viscous super-
éonic flow are less than the ideal non-viscous impact pressures. For the
range of Mach numbers and Reynolds numbers encountered in the present
investigation, it appears that this theoretical analysis is qmﬁtatively

correct,

Be Total«Temperature Probe {alibration

l. Initial Calibration for Comparison of Probes A and B

Tdtal—temperatum Probes A and B were ini'bially caliﬁrated at a
constant total temperature of 225°F, The choice of total tempeﬁé‘bum
was ’based on two considerations: the temperature chosen was sufficiently
high to prevent' condensation of the constituents of the aii' in the wind
tunnel test section and was sufficiently low for it to be maintained
over the bperational range of reservoir pressures. The Mach number was
not constaﬁt over the range of test conditions but tended to vary slightly
with decreasing reservoir pressure and increasing total temperature,
Unavoidable Variafion of the boundary layer thickness 311 the nozzle
préduced this variation of Mach number,

Test conditions for the initial calibrations are summarized as

follouwss
po(psia) = 17 to ka7
Refinch = 36,800 to 213,000
L = 5.5 to 5.8

The results of the initial calibration are presented in Fig. 17. The
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variation of the temperature recovery factor is plotted as a function
of the Reynolds number based on free stream conditions and the probe
éntrance outside diameter, For calculation of the temperature recovery
factor, adiabatic flow from the temperature probe located just ahead of
the nozzle throat to the total-temperature probe in the test sediion
was assumed.

The temperature recovery factor for Probe B was considerably
lower than that for Probe A, However, the general shape of the two
calibration curves is similar, The relatively poor performance of
Probe B can be partially attributed to its smaller en-trance:ciiameter.
Evidently, the smaller diameter shield is less effective than the large
diameter shield, and hence allows more conduction and radiation ‘losses
from the stagnation streamline, The shield on Probe B is also sdmewhat
longer than that on Probe A, The increased shield length is also con-
duciﬁe to more heat loss, It would be expected that, since the length
to diameter ratios of the thermocouple wires for the two probes are
essentially equal, the conduction loss through the thembcouple wires
would be approximately the same,

No additional calibrations were made for Probe B at other
reservoir pressures; instead, Probe A was chosen for more exﬁensive

calibration analysis,

2. FExtended Calibration of Probe A

Probe A was calibrated for the operating range of reservoir
pressures at three total temperatures. The range of total temperatures

used was restricted due to the considerations previously mentioned,



27

Three series of data were recorded for essentially the same range of
Reynolds numbers and Mach numbers at constant total temperatures of
220°F, 225O F, and 260°F, respectively. Test conditions for these calibra-

tion runs are surmarized as follows:

P = .7 to a7 psi
Re = 30,800 to 213,000
M = 5,5 to 58

The results of the calibration of Probe A are presented in Figs. 18-20,
The temperature recovery factor is presented as a function of three
different parameters, Re, Nu, and Nu*, in an attempt to show the effect
of the total-temperature change on the calibration curves, The bnly
curve which shows a distinguishable effect due to total temperature
change is the one based on the parameter No© shown in Fig, 20 4 Thus,
it is noticed that the temperature recovery factor is apparently highest
for a given valve of Nu" at the lowest total temperature, It should be
noted here that the calibration curves obtained in this ihves tigation

are guantitatively valid only for the particular probes used in the tests,

3s Suitability of Parameters for Presenting Temperature

Recovery Factor Calibrations

The ideal parameter to use in plotting a calibration curve is
one which is based on properties of the free stream and which yields a
single eurve valid over a considerable range of flow conditions, The
Reynolds number based on properties of the free stream provides a con-
venient parameter, and the resulis of this investigation show that use

of this parameter produces a single curve for this range of test con=
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ditions, The Husselt number based on flow conditions inside the probe
and on the themmocouple wire diameter also produces a single curve over
the range of test conditions. It is difficult, however, to justify
theoretically the significance of either of these paramebters, and it
could not be expected that use of either Reynolds number or Nusselt
nunber would produce a single curve for large variations of Mach number
or total temperature, It should be noted that the Nusseli number of the
flow within a given probe geometry can be related to the properties of
the free streame The only properties required to obtain the Nusselt
nunber are the total temperature and the impact pressure,

An attempt was made to determine theoretically a significant
parameter based on flow conditions inside the temperature probe, Ihis
theoretical analysis is presented in Appendix A and is based on consider-
ations of a simplified theory of heat transfer, For the purposes of
the problem, it was assumed that heat losses other than conduction
through the thermocouple wires are negligible, This analysis indicates
the significance of the parameter Nu ky/l,, which is proportional to
Nu® (defined by Eqe 18), this factor of proportionality being constant
for a given probe geometry, The theoretical results shoﬁn in Appendix
A indicate thalt the temperature-recovery factor, when plotted versus Nu*,
showld be invariant with respect to total temperature and the free stream

.Mach numbere

As previously noted, use of the parameter Nu* does not yield a
single calibration curve, It appears, therefore, that the assumptions
nade in the theoretical analysis are perhaps over simplified, and
consequently do not provide a sufficiently accurate analysis for the

temperature probe used in this investigation, It is believed, however,
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that for variable free siream Mach numbers this parameter would prove

superior to those based on free stream conditions.

L, Comparison with a Previous #xperimental Investigation

By using the parameter Nu kg/kw’ which is as mentioned préﬁiously.
proportional to what is defined in this study as Nu*, Ee Winkler, Ref, 11,
has obtained a single calibration curve valid for a considerable range
of total temperatures, Reynolds numbers, and hypersonic Mach numbers,

For the probe calibrated in Ref, 11, it was estimated that 95 per cent
of the total heat losses was due to conduction through the .'bhérmocouple
wires, The results obtained in this investigation are somewhat different
from those of Ref, 11, This variance might be partially attiributed to
the shielding employed on Probe A not being as effective as the s’hielding
used for the probes calibrated in Ref, 11l. Less effective shielding
would make more inaccurate the assumptions used in Appendix A, which
theoretically establish N as being a significant parameter, It would
then be expected that a probe which had relatively inadeqﬁa‘be shield:ing
with consequent increased losses from the stagnation sireamline would
not, for a given value of Nu*, have a iemperature 'recove%'y factor
constant with respect to total temperature, |

Experimental data given in Ref, 11 show a dependence on total
“temperature of a plot of temperature recovery factor versus Reynolds
number, In Ref, 11, the total-temperature changes were quite large;
therefore, the dependence on total temperature was easily detecled. As
previously pointed out, for the limited total-temperature range available

in this investigation and for the curve of temperature recovery factor
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versus Reynolds number shown in Fig. 18, any effect due to change in
total temperature was not apparent within the normal scatter of the
experimentai datas It is expected that if the range of temperatures
could have been extended, the effect of the change of total temperature

would have become apparent,
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Ve CONCLUSIONS AND RECOMMENDATIONS

With regard to the impact-nressure phase of this investigation at
a nominal Mach number of 5.6, the results indicate the detection of
viscous effects on the readings of impact-pressure probes at Reynolds
numbers as high as 6000, While the effects are negligible at this
Reynolds number, they continue to increase with decreasing Reynolds
numbers, and at a Reynolds number of 425 the measured impact pressure is
approximately 2.5 per cent lower than that predicted by the Rayleigh
equation, A comparison of the two probe geometries tested indicates
that the flattened-end probes are more susceptible to these ﬁscous
effects at the lower Reynolds numbers than are the circular end p'robes.
It appears definitely that this investigation should be extended to
higher Mach numbers and lower Reynolds numbers, since both of these
variations tend to increase the viscous effects on impact-pressure
determination.

The total-temperature phase of this investigation involved the
calibration of a particular temperature probe and an analysis of various
paraneters suitable for presenting this calibration. For the nominal
Mach number of 5.6 and total temperatures from 200°F to 260°F , a single
calibration curve of temperature recovery factor was obtained with the
use of the Reynolds number of the free stream based on '_l:he probe entrance

outside diameter or the Nusselt number of the flow inside the probe based
on the thermocouple wire diameter, The data show that the temperature
recovery factor of the total-temperature probe decreases with decreasing
Reynolds numbers, Here again it seems desirable to extend the investi-
gation to higher Mach numbers, lower Reynolds numbers, and a wider range

of total temperatures,
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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 themocouple junction, the kinetic energy of the stream would be
completely recovered, and the fluid temperature at the junction would be

the total temperature, T

o° With an actual temperature probe, it is

impossible to achieve absolute adiabatic deceleration of the‘ flow to
stagnation, As the temperature of a fluid element in the stagnation
streamline 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, |

However, according to Ref, 18, the heat loss due to non-adiabatic
flow along the stagnation streamline and the heat loss from the thermo-
couple junction by radiation are considered to be relatively small com-
pa.:éed 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 themmocouple wire is considered.
‘To evaluate this effect it is assumed that there exists a uniform fluid
temperature, T , along the bare themocouple wire and that there is a
negative temperature gradient from the thermocouple junction to the base
of the wiree It is also aésumed that the temperature of the wire is

constant abt any cross sectione
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Referring to the above sketch, the temperature of the wire at
A, Tp, must be greater than the temperature at B, Tp, in order for heat
to flow from A to B. Also, (dT/dx), = O by symmetry, and the velocity
inside the probe, up, is assumed small so that (u.pz)/(Zg J Cp To) << 1.
Considering an element of wire of length dx, the heat flux, Q,
through the wire at a given cross section is

Q = (- dT" ) g —— d"‘ (A-1)

where k, is the coefficient of thermal conductivity of the wire, Then at a

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

d2 T, 2

Q+dQ = - ( ) + ( —— )dka-r (4-2)

and the increment of heat flux in the element of wire of length dx is

4T dw
dQ"'*—d—;c—‘!—dkaT (4-3)

Now consider the heat flux from the fluid to the wire through the

surface of the wire element. This may be written

aQ = (T, = %) hmd, dx (A=L)

where T, is the stagnation temperature of the fluid, T, (x) is the local
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temperature of the wire, and h is the convective heat transfer coefficient
which includes the combined effect of conduction through the film and
convection in the fluid, This coefficient is assumed to be constant 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

a2t
dxg - kthdw (T, =T,) = 0 | (A~5)

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

Nu = hdyfk, (a-6)
where kg is the coefficient of themal conductivity of the fluide Then,

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

a7 X 5
7= - M e G- T) =0 (D)

The general solution of this differential equation is

Ty~ To = C& e B% 4 c, Bx (A-8)

Wwhere

BZ = M (/i) (L/ma) (4-9)

Now, if the boundary conditions are applied

T T
o = ¢ _._..13.'.\:....9_..“ (A~10)
e™Pr + o6
and
(T =T ) cosh B8x
Ty =T, = —2>—E - (A-11)

cosh B2
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where A is the length of wire between points A and B in the previous
sketche At the thermocouple junction, x = 0, T, = T,', and Eqs (A-11)

becones
T T ¢ = To - TB
0 o cosh BA

(A=12)

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

perfect gas may be written

2

- - u -
TO T 2g J cp"“ (A 13)

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

at the themocouple junction, this equation becomes

t 2 :
T «T = r O __ -1l
0 2z J Cp - (a1l
or
u2
- = S ————————— & "1
'I’B T rg 553 (A-15)

where rp is the temperature recovery factor of the thermocouple base
(Point B ).
Combining Eqse (A=12), (A-ll), and (A-15) yields the following

expression for recovery factor

(a~16)

It is clear that for a given probe geometry, r = r(rB,/S), where 3 is
defined in Eqe (A-9)e Thus, the significance of the parameter Nu (kg/kw)

can be easily seen,
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AFPPENDIX B

ACCURACY ANALYSIS CF 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 error. For the experimentally

measuvred quantities, these estimated errors are as follows:

Measurement Estimated Maximum Error
Static pressure - p £0.2 mm, of silicone
Impact pressure - p " %0.5 rm, of siliconé
Reservoir pressure - Po less than 0.5%
Reservoir temperature - T £20p
Thermocouple voltage £0,01 micro volt
Impact tube dimension d,h £,0005 inch

The ideal_impact pressure was obtained by an extrapolation
procedure as explained in Section IT¥I, The estimated maximum probable
erfor in the extrapolated value of impact pressure is 0,5 rm. 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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Quanti Maximum Error
Ratio of impact pressures - po"/po‘ 2 0,124
Hach Number - M tg
Free Stream Temperature = T I
Reynolds Number = Re %o,

T8

Temperature Recovery Factor - r »06%
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