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1. INTRODUCTION .

Most atmospheric immersion type total temperature sensors are
designed to measure total temperature under steady state conditions.
Jensing element design for present units provide fast time constants.
[he units in flirht follow the total temperature with fair accuracy
and hence develop high temperatures at Mach number above 4. (), Gen-
erally, the construction of the units limits operation tol500°C, The
present units operating above Mach number 3.0 or above altitude of
160,000 feet require a correction of systematic errurs due to radi-
ation, conduct:ion, time constant and recovery factor. The accuracy
vf the systematic correction decreases as the altitude and Mach
nuwber are increased.

Work by REC under a previous contract NASB=5274 indicated the
following results:

(1) Analysis of fligsht test data on present total temper—
#ture sensors indic. ted that accuracy of *4% could be obtained up
to 45 Kms. of altitude.

(2) Large radiation errors could be suppressed if slow
time constant sensing elements were provided.

(3) Dynamic matching for temperatures of seusing element
and radiation shield appe.r iractical, thus, further suppressing
radiation errors,

(4) Due to practical size limitations, heat transfer oc-
curs by air gap conduction between radiation shield and sensing ele-
ment. This occurs at Heynolds nuuber less than (U. This effect
furtiier increases the need for dynamic matching of tew. erature
response between radiintion shield ane sensing element.

The current investigation has tlhe folluowing objectives:

(1) Using the eriteria developed under first phase 1nv.osg-
tization, continue the analysis and desisn of & practical sensor

confisuration,
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expected perforuance.,
(3) Conduet supersonic wind tunnel exeritents in o
Aovernment operating jacility with heated flow,

(4) ‘he final phase also consists of fabricating tour

prototyne units for delivery to NAsA,

<.  DESIGN O PROTOTYPH TUTAL TV UTRATURL SENSOR CUNPIGURATION

Many of the factors affecting the desiyn of total temperature
sensor configuration were analvzed under previous Contract N.-5=5274,
"inal recommendation and conclusions regarding this design are listed
below for convenience.

(a) Senaing element shall be oriented parallel to the direction
of air flow within the sensor,

{b) Mach number inside the radiation shield and at the sensing
element shall be approximately 0,73,

t¢) Diameter of the sensing element shuall be about mu,

{d) Sensing element should be located approximately 25 mm,
from the leading edge of the shield.

\e) The shield construction should be double wall type with
an evacuated air space.

{(f)  The use of boundary layer suct.on holes is optiovnal,

In addition it was indicated that a parallel flow sensing ele-
meunt was superior to the cross flow sensing element also analyzed
on the base of the following:

(a}) Tic cross flow sensing clenent loses heat by radiation
throu h the open ends.

() Recovery factor tor parallel flow sensing elements is higher,

(¢) Condiuction error for parallel flow element is minimized
by having ntextended length between the sensing clement and the rear
wounting portion.

{d) Dynamic matching is easier to accomplish for parallel flow
elemeut, lieat transfer coefficicnt8are iven by similar expressions

for sensin, element and radiation shield.
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2.1 Heat Transfer Consideratxons,

The relative axiul position of the sensing element inside of
the shield determines the amount of lLeut loss by radiation threugh
the open end of the shield. Calculations were performed to determine
this heat loss as the distance varied from 5 to 37.5 mm. Details
of heat transfer are given in Appendix A at the end of this report.
The calculated radiation and convective heat transfer rates and their
ratio were calculated. The results are presented as Figure 1 for

the following flight conditions.

Altitude 70 Km
Internal Mach numbers 0.333
Recover Temp. 2440°R
Wall Temp. 2330°R
Emissivity 0.08
Reynolds No. 40.0

Test results utilizing a special apparatus, Reference 1, indi-
cated that conduction of heat may occur between the sensing element
aud the radiation shield. The amount of conduction or temperature
error was not significant at Reynold's nuuber above 100 but became
significantly larger within decreasing Reynolds number. At a Rey-
nold's uumber of 40 the error introduced by heat conductiun hLas
been considered with res.lts plotted in Figure 2,

The effect ot increasing the distance of sensiug element from
leuding edge of the ghield is two fold, Firat, a reduction of rad~
iation heat loss is effected. Second, an increase in air gap con~
duction occurs. For example, from Figure 1 radiation lLeat transfer
becomes about 5% of the conduction at 25 mu, Air gap conduction,
Figure 2, ig about 15 per cent of the temjerature difference between
the sensing element and the radiation shield. |If effort is made
to watch the time constants of the sensing element and the radiation
shield t.is effect can be minimized. The temperature difference
between these components should be insignificant as shown in Figure
3. The locati n of approximately 25 um. was selected for sensing

elewent location.
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=.2 Analysis of Tempieroture Sensor Theory 1n Continuum and ioarcfied

Gas Flow,

A knowledge of the recoevery factor and the heat transfer coef-
ficients is essential for the reduction of flight test dato. The
data obtuined from the sensor is essentially the dynamie response
of the sensing clement, when subjected to varying conditions during
the flight. Most of the flight will probably occur such that the
dynamic response can be calculated from continuum flow equations.
For flirhts above 60 kilometers, the rarefied atmosphere at the sensing
element will influence the heat transfer coefficients. A flow tran-
sition to slip flow occurs and the relevent slip flow equations must
be used. Figure 4 shows a plot of Nusselt number against modified

Heynolds number, 7.

., A Re Pr (1)
T ST

where

Re = Reynolds Number

Pr = Prandtl Nuiber = 0, 3
Mach Number = 0.30

il

The Mach number at the sensing element has been chosen to be
0.3 in all these calculations. The variation of Z with altitude
1a also shown in Figure 4,

In continuua flow the local heat transfer coefficient at a dis-
tance x from the leading edge is given by

Nu = 0.332 ReV7 pp¥:333 (2)

where, Nu and Re are based on the distance x.

The average heoat transfer coefficient over a length x is obtained

by integrating kquation (1). The iesulting expression ia

., 0.
Nu = 0.604 Re' "> pp'-333 (3)
This relation is shown as a dashed linme in Figure 1,
The averaye heat transfer coefficient in slip flow is g¢given

by the expression (Reference b)),
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This is shown a8 a solid line in Flgure &, 1he transition tg
free molecule flow from continuum flow occurs between ; = 3.27 and
32.7.  In this range a linc has been druwn to smoothen the Nu-vari-
ation from the two tlow regimes, This line is cxpressed by

!
Nu = 0,865 Re" 448 (

[ ]
p—

From this the local heat transfer heat transfer coefficient is
Ziven by
Nu = 0,387 pel- 448 (6)

The dynamic response of the sensing element was calculated
under the following flow conditions:

Flow parallel] to the sensing olement.
Diameter or the sensing element = 2,00 mms,
Mach Number in the shield = 0.3

Distince from tne leading edge = 37.5 mus.

The precedure for calculating the response is described in
detail in Reference 1. Adopting ti.ig I'rocedure the dynamic response
wus calculated using both the continuum and slip flow relations
(Lquations (2) and (6)).  The results have been tavulated in Table I,
It is seen from tliie Table that the dynamic response changes negli-
gibly when the slip flow equations are usged, Based on these calcu-~
lations, it Lasg been decided touse the continuum flow equation through-

out the fliht trajectory,

2.3 Physical Requirement_

Material used for fabrication of the sensing element and
shiields should liave the following jroperties,

(a) Ability to withstand and retiin its mechanical strength
at high temperatures,

(b) Good resistance to oxidation, corrosion, and other atpo-~
spheric nction.,

(c) Ability to take high polish, thus reducing emissivity

thereby reducing the heat trasfer to and from tne surface.
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(d) Physical properties, esgpecially the specific heat and
its variation with tewperature, should be known.

(e) Material siould be readily available, not prohibitively
expensive,

Materials were analyzed taking into account the above require-
ments. We finally decided to construct both the sensing element
and the radiation shields from 347 33r. This material may not be
operated to as high a te.perature as nthers. Considering that ini-
tial units are prototypes, it appears that tnis material would be
very practical, Temperature sensor would be limited to approximately
1400°C. The product of density times specific heat determines time
response of the sensing element. Variation of this product for three
stainless steel materials is shown in Table II. These data are neces-
sary for the prediction of the time constants of tie sensing element.
More detnils are included in the next section. The sensing element
is actually chromel aluwel thermocouple which is insulated from the
347 stainless shell by use of aluminum oxide insulation AL 0 Fro-
perties of the aluminum oxide are also important. The graph of
variation of the product of density times specific heat with temper-
ature for aluminum oxide and 347 stainless are shown in Figure 5,
The product of the two materials is similar over an extended temper-

ature range, 500-2200°R, as indicated,

3. PROTOTYPE SENSOR CONFIGURATION.

A sketch of one of the prototype sensors is shown in Figure 0,

The sensor consists of a 347 SST shield housing and a sensing element
asgembly, The element assembly consists of a 347 SST rod with an
embedded chromel-alumel thermocouple, and a 321 SST stem (or element
support tube) containing cliromel-alumel wires supported by aluminum
oxide (alumina) insulators. The stem design minimizes conduction
errors, maintains high insulation resistance at elevated temperatures,
and provides adejuate lead wire supjport,

Three different prototype element assemblies were fabricated
and designated as types A, B, and C. Types A and B, shown in Figure

7 (REC Drawing No, 503-101) share the same element configuration,
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but have different transition Sections betweep element unq Stem,
Type A element jg attached tg the stem by four 302 SST support wires,
each welded to the element 6n one end apy Secured to the Stem with
a refractory cement on 1}e otner, desipned to minimizge heat tonductionp
between the element and gien, Iype B element tonsists of 4 tapered
trangitiog section wiijch ¥us fabricated integrai wWith the element,
Thig tonventiong| mounting Pruvides g hermetically scaled unit wiilch
18 more rugged thap type 4 element, Type C elcment, the thirg Proto-
type element 88seubly, ;g Stown 1n Figyre y (i EC Drawing IU§~109),
and consigry 0f an element With o dinmweve tluwugt double that of
element ty. es A and p (0,125 g, diumeter for type C ag Compared to
0.065 in. diameter fop both types A anyg Ui, Iype ¢ element wag designed
to provide time constants that are about gyt 4s fust ag the tine
constants fgr type B element, , phtogruph °f u sengor huusing and
elements 4 and B are shiown in Figure gy,

Three Prototype gensor housings have interng] flow of Macy u,1,
Each housing Consists of twe parts, of which one wag cooled, the other
heated for an interference fit asgembly, 7w, housings were of the
configuration shown jip Figure 6 apg both were designatey as shield
K. The third Prototype housing wag similar dlmensionully to shield
B except that the ing:ge diameter of the stiield wag VU.760 in. (instead
of 0,787 in.) and the four air exjt POrts were 0.155 in, diameter
each (insteay of V.163 in. dlameter). the inner shielyd thicknesges
of 0.026 in. fop shileld € ang 0.013 in, for shicld B were designed
to pruvide dynamic temperature respounse matcehiing wity, the corresponding
elementy, lhe miatched shield for Liement Wiy desipgneqy Irom the
establ iglid sensor s Contirurat gy, Thrs wag acconplisghey DY nain-
taining a tonstant suri.ce drea to votume ratio for hotj 8ensing ele-
@ent and inpep shield, holding equal shield diameters apy element
lengths for each sensyr, The reduced simplifijoed ratio specify
that tle ratio of inper siield thicknes;ng for both Sensors equalsg

the corresponding ratio of Sensing olamegt diameterg,

REC Regourt 116505



o ALORY AND L LSMINTAL DET UMINATION OF TIME CONST .NTS.

b.! Analytical Prediction of Time Constants of the Sensing tleuent,

A kn.wledge of the time constant of the sensing element is
esgential in analyzing the t1i:ht test data. Under conditions ef
constant velocity und small terrvernture lifference, the time constant
will remain unctanged, but the following parameters vary during a
flight and thus influence the time constants:

{a) Specific heat of the element materi.l.

(b) Vensity of the clement vateriai.

(¢} Specific heat of air.

(d) Density of air

te) Viscosity of air,

(f) Thermal conductivity of air.

(g) Velocity in the shield.
The abuve factors vary appreciably with teuperature but negligibly
with pressure (except the density of air), In these calculations
the weak pressure dependeuce is neglected,

At any instant ol covling (or the heating) of the sensing element,
the energy balunce cau be written as

dT

ha (I—Ta) = —wC}I T (1)
where,
h = convective heat trianster coefficient;

B/hr-ft°-oF

)
-

A = area of surface ot tl element, ft,

T = temperature of the elewent at tine t, L

T = swhient tewperovure, °R
o

w = mass of the sensing element, 1by.

C = specific heat of the waterial of the
p

element, B/ /]h-vt
t = time, hr,
The above equation includes the hent transfer by convection to the
sensing element and the heut transfer as related to the mass speci-

fic heat and time rate of Change in tie sensins element Leperatire,
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Let © T-T{ the temwperature excess, Theun Dquation ] hecomes:
)

de hA .
dt ~ ~ wCp o (2)
The solution to Equation 2 can be written asg:
- . hA -\
& = G, Exp. <—w0p t (3)

where QU is the temperature excess at sero tine. {exp. signifies

an exponent. ) Differentiating (3) again we cet:
4B ha | hi
a— . n o e ) S CL
it~ %o ! wep) € Bxpe ( wep! ! (4)
Taking the ratio o from Pquati ns \3) cud V4 we get:
—_—
4o dt
e 'Cp
a7 R (5)

*

The parometer wCP/hA 18 known as the time constant.
For a circular cylinder paranllel tou the flow direction WLp can be

. . R . A
furtier simpiified as follows: h

. L0,
== p(a7/u)L = g (6)

JL 4
where, = density of the waterial of the element, lbﬁftj
d = diameter of the clement, ft.
L = length of the element, ft.

The expression for the convective heat transfer is:

h = 0,332 (%) ( 5%3)0'5 (Pr\0'333 (7)
where, k = thernal convectivity of arr, B hLr-ft- F

x = distance ftrom the element leading edoe, ft,

Vo= velocity, ftihr,

3

f = densit: of air, 1L ft
/41 viscogity of air, lb, ft-bLr.

P = Prandtl number of air, diwensionless

r
The velocity V can be expressed ip terms of Mach nunber as
V = a)M (8)
where, a = velocity of sound, ft/hr.

M = Much nurber of flow inside tihe shield.
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Combining Equations (6), (7) and (8) we pet:

p'Mat 1o, 330

BN o

) ] (9)
‘XV’) “.3 ) ‘]-333
) (;ﬁ‘) (r.)

Using the perfect sas law the density con be exrirvessed in terms of

ressure audd terpera ure. Then the foltowynn cxpression results:
‘ ty }

(nC Myag 1 S 1

w(® ——

b _ \3) 0,330 (iﬁ)u,s (';»)\1'5 (-B_)U.fj (pr)u.3'53kl(w)

hA 4

wheie, o= gas constant of avrp, o

‘)
' = pressure, 1L ft

The above equation can also be written as iollows:

. , 1,2 1,2
[ ! ’ ' .
- T, (2% T () (11)
de/dt B{0.532) Y M Yip
where, H = (pCVJMnt’) = f(lw) = temperature Jde evdet parameter

of sensing elereat material Lo, rires, htq/ft)~°F
| R B
= KH}AT) T Pr

k = f(T 7 }/2 =~ temjperature
e 1/2«,. 1.5
dependent jpara.cter ol air prosertieg, Htu lb f e oyt =hr.

Temperature dejendeut propertics, Hefercices 2 and 3, are lisied
in Table IIL. lhe air properties wulch are listed [or u.0l atrusphere
pressure, are independent of ,ressure t:ro. . h . ter crature ol 204901,
Hoys a function of thne element wait te erature, fw., 4 13 a function
of tune nveruge tewerature oi Iw and thie votul tew,erature To. rhe

expression has Lhree distinct terms; onc neonetrical constiant

(d'a) x “';/0.3)2; sccond, the pressure dependence l/pu'); thira,
0.)33k

, Lhe

the temperature dependent term, tUCp)Mat'lr(a)AT)O.j (Pr)
The geometrical constant, tneluding B oad M, hes been calculated
for tiue tollow.uy conditions:
d = 1,65 mas., = 0.0050 in.
X = 13.9 mas. = 0,505 in.
M= 0,333

The expression for the time constant becuiey:
i

. : . C
2] U.8Y53ip 1) Mat'l, 12)
U CrrTi 17T TI73) (

1,2 a )
p (7:}
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where 71'd593? = time constant, sec.

p = density of sensor uaterial, lb/ft3

CP = specific heat of semaor material, Btu/lb. -°F

P = pressure, atuwospheres

8 = speed of sound, ft,sec.

/4 = air viascosity, lb/ft-sec.

Pr = Prandtl number of air, dimensionless

k = thermal condnctivity of air, Btu/hr-ft

Equation (12) is based on the local (or point) value of the
heat transter coefficicnt and is plutted versus teuperature as the
golid curve in Fiy re 10. The dashed curve represents the theoretical
time constant based on the average value of the heat transfer coef-
ficient. The average valuc of the heat irausfer coefficient is twice
as large as the lecal value, and t ¢ time constant is based on the
entire 1,091 inch element length instead of the 15,0 mm distance from
the element leading cdge. The time constants hased on average values
are 0,680 times as large as those based on local values.
The theoretical time constants based on both local and average

heat transfer coefficients are plotted in Figuresll and 12 for a
8ensor with intermal iach number of 0.1 at 1,0 atmosphere pressure,
Time constant remaius relatively constant for temperatures up to 1500+P,

The theoretical time constants are also listed in Table III.

4.2 Description of High Temperature Flow Apparatus.

The high temperature internal flow apparatus for testing sensors,
illustrated in Figure 13, consiats of three major components; a tube
furnace; a water cooled heat exchanger; and a Beach-Russ vacuum pump,
Photographs of the apparatus are presented in Figures 14 and 15,

For main flow operation, reom air entoré the adjustable inlet valve
and is heated in the tube bundle located inside the furnace., For

room temperature air flow operation, air enters through two lines
located downstream of the furnace. PFither operation mede, main flow
or room temperature air, can be selected by a single switch which
controls twe normally open solenocid valves for room temperature air
and one normally closed solenvid valve for the main flow inlet. Three
adjustable hand valves control desired teat pressure settings for

either operatjon mode. The air reaches the test section and flows
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through the test sensor, the reference sensor, and eight 1/32 inch
diameter bleed holes located in the sensor wounting plate to mini-
mize nonuniform air temperatures. leated air is cooled by the heat
exchanger before exhausting through the vacuum pump.

Automatic temperature control of the 3400 watt Hevi-Duty elec-
tric tube furnace is provided by a West Gardsman on-off controller
monitored by an iron-constantan thermocouple on the surface of the
furnace duct assembly, A mercury relay switch activates the tube
furnace.

The Perfex single pass heat exchanger contains 1/4 inch diameter
brass tubing. Water coolant enters the higher teujerature upstrean
end of the heat exchanger and discharges through the downstream end.

An 18 inch long tube bundle consiating of about 312 1/8 inch
U.D., 0.105 inch I.D., tubes provides a heat sink for heating air
during main flow operation. The tube can supply constant high temp-
erature air during a test run for the length of time required te
reduce the heat sink capacity by about one-half., The tube bundle,
ducting, and flanges are constructed of 321 SST.

The test unit and the refereuce sensor (REC Model 103T sensor)
are supported by a sensor mounting plate, Figure 135. A phetegraph
of the sensors and mounting plate is shown in Figure 16. The sensor

leads are brought out through the plate to external instrumentation,

4.3 Experimental Results in High Temperature Flow Apparatus:

Instrumentation for experimental determination of time constants
in the high temperature internal flow apparatus is pictured in Figure
14 and includes a Sanborn paper strip pen recorder to measure sensed
temperatures and a U-tube mercury manometer to measure pressures,

An abselute pressure reading Merriam manometer, (specific gravity,

1,04) in conjulction with a direct reading Hastings vacuum gage and
& small vacuum pump for evacuating the absolute board, was used for
low pressure measurements. An ice bath provided the 32°F reference

Junction temperatures for the test thermocouple leads.
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The test runs in the flow apparatus normally involved the fol-
lowing procedure. The furnace was operated at the desired controller
temperature until heat saturation in the tube bundle was reached,
Valve pesitions were Preset to the desired test pressure in both
main flow and room air tenperature flow lines. The 8trip recorder
vas turned on and checks were made on established scale factors.

The rapid switch from room air flow to heated main air flow provided
the stepped temperature change from low to high temperature. Down-
stream pressure wasg monitored to assure a downstream to upatreanm
pressure ratio of 0.528 or less, re uired for sonic flow to exist

at the sensor exit ports. The test run was continued until recovery
temjerature was reached. A typical sensor temperature trace is shown
in Figure 17.

Sensor time constant was determined from the temperature trace
by the initial slope metlod, Figure 17, in which the time constant
is the elapsed time for the initial slope to intersect the sensor
recovery temperature. Conditions before the stepped temperature
change are stable and the time constant determined at the beginning
of the temperature transient is the most reliable value. As the test
Bun progresses, secondary heat transfer effects may introduce errors
which are not measurable.

Experimental time constants for various combinations of three
sensor housings and three element assemblies were determined from
tests in the high temperature flow apparatus. The experimental results
are presented on logarithmic plots, Figures 18 through 23, in which
data agrees with the theoretical slope of -1/2, Temperature variation
in time constant data was neglected for high temperature flow tests.
The housings and elements were previously described in detail, para-
graph 3,

Experimental time constants for types A, B, and C elements,
housed in a type B housing defined as shield no. 1, are shown in
Figures 18, 19, and 20. Types A and B element configurations are
similar except for the means of attaching the element to the stem:
type A is wire supported and type B incorporates a tapered section.
Results for both are similar, indicating negligible cenduction dif-
ferences due to means of element support, Subsequent testing was

limited to type B element because of its more rugged construction,
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Experimental results for type B element (or type A element) can be
cempared to theeretical values given in Figure 12 for which the ele~
ment cenfigurations are similar. The experimental time constant of
9.15 sec. at 1,0 atmosphere pressure, Figure 19 is 48 and 23 percent
less than the theoretical values based on the local and average heat
transfer coefficient, respectively. Pigure 20 shows results for
type C element,, which has a diameter of about double that of type

B element, housed in shield number 1 (type B housing). The time
constant is 15.8 sec. at 1.0 atmosphere pressure.

A second type B housing, defined as shield number 2 was fabri-
cated for type C element. Figure 21 shows a comparison of type C
element in similar shields number 1 and number 2 at relatively low
test temperatures, resulting in slightly faater responses for the
alement in shield number 2 (lk.} sec, at 1.0 atmosphere pressure).

A pair of sensors was tested in a supersonic tunnel, fer which
data is presented in a later section (paragraph b.2), The time constants
involved in the data reduction included those from Figures 19 and
21, for element B in shield number 1, and element C in shield number
2, respectively, resulting in a time constant ratio of 1,6, It
appeared necessary to rerun tests at a later date in the same super-
sonic tunnel, incorporating a different means of providing the stepped
temperature change. (Data is presented in paragraph 6.3). Another
housing desiynated as type C housing, shield number 3, was designed
to match the dynamic tenperature response of element C. Element C
time constants of 16.5 and 14.3 sec. at 1.0 atmosphere pressure, in
matched and unmatched shields (shield number 3 and shield number 2)‘
are compared in Figure 22, The matched shield produced slower time
constants as expected. The time constants involved in the data
reduction of the second set of supersonic test runs included those
from Figures 19 and 22, for eienent B in shield number 1, and element
C in the matched shield number J, respectively, resulting in a time
constant ratio of 1,8,

Figure 23 shows three repeat curves, all of which are involved
in supersonic data reduction. The data points are the results of

four temperature step conditions consisting of two high temperature
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steps (stepped temperature change from low to high temperature) and
two low temperature stepa., The high temperature step data agrees with
previous corresponding data, curves of which are shown in the figure.
The low temperhture step time constants for element B, Figure 23,

are significantly faster tian the high temperature step data. Since
a different flew path was involved (reom air flow through the two
cooling lines), additional tests were run after a temporary modifi-
cation to the flow apparatus, In these teats the furnace was not
used. A wire heater wrap was applied to one of the two cooling lines
and the other cooling line was closed off. Low temperature steps
provided by room air d{rected Ehrough the unheated tube bundle pre-
duced slower time constants (not shown) which agreed with the high
temperature step data. The results indicate that air flew through
the cooling lines produces turbulent flow at the sensor resulting

in much faster time constants than those obtained uaing main flow

air through the tube bundle.
5. THEORY OF TEMPERATURE AND PRESSURE PREDICTIUNS.

5.1 Theory of Total Temperature Predictions.

The theeretical time constant equation (equation (12), para.

“el) can be rewritten as follows:

1/2
r-c @) p- / (13)
where, T =0 = time constant, hr.
' dd/dt
C = geometrical constant by definition

(D/1.328) (Rx/u) /2, £2/0p}/2

-]
]

(PCP)ypqrys Btuw/160-oF

(s//« '!‘)1/2 Prl/Jk, Btu/lbl/2-‘F1'5-hr.

Q
2
p = pressure, lb/ft

An expression for total temperature, To, can be written by solving
the above equation for two sensors, B and C. Assume olement recovery
temperature, T , equals T . Substitute T - (To-T')Aﬁ?/dt), on

8 = T'-To, and y = dT/dt.
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oo (Je e QB/HB)

r - —c "B % /M (14)
. 190—“-3#'%
s Cp QMg

The ratio CC/CB is an experimental constant determined from sensor
calibration data in the high temperature flow apparatus, The solution

of equation (1) for two sensors is:

o= Too (og/m) (15)

s T3 (3,71,

When sensors B and C are calibrated at the same test conditions,

the temperature dependent parameters cancel, leaving the required
constant ratio equal to the ratio of the time constants. The fol-
lowing equation can be written by subatituting T = ('l'o-‘l‘)‘y in the

above equation.

T
Ve [T - "w. ) ¢C (¢/H)
£ .. C) Ef' TVETE— (16)

Yp To - T'B
If the temperatures were varied while holding the ratio (To-T' )/(To-T' )
constant, YB/YC will vary with the temperature dependent ratio ¢
inyolving Q and H, .Tharofore, it is reasonable to assume that the
slepe ratio YB/YC in equation (16) cannot be experimentally determined

without including temperature effects, and:

(E) . e (o/B)y (17)
YB/Test B (Q?HSC

Substituting in equation(l4)results in the total temperature pre-

diction equation; , -

T' -T' (XE)I (fg '
i} € B\Y5/2est \Cp (18)
L

'y Test CBJ
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The ratio CC/CB is normally determined experimentally. However,
it is possible to calculate the ratio from the geometry of the
sensors. The constant “C"™ by definition (equation 13) is:

c . d (&-)1/2
w(0.332)  \u

The ratio for two sensors is:
1/2
cc/cB - (dc/dB) (uB/uC) (18B)

where : d = diameter of the element
M = Mach number of flow inside the shield

5.2 Theory of Predicting Total Pressure ur Total Temperature with

a_Single Sensor,

fotal pressures can be predicted from a single sensor provided
total temperature is known, and conversely, total temperature can
be predicted provided total pressure is known. The required equatioas

are obtained from equation (13)

T =T, e y(u/q)p Y2 (19)

p o= c” [T(y/m)] (20)

where constant C is:

¢ = (0/u)p"/ 2 (21)

An additional consideration must be introduced to the subject pre-
dictions involving a single sensor that was unnecessary for ‘l‘o
predictions where t..e constant “C" appeared in ratio form for the
required pair of semsors. A correction factor for air turbulence

18 necessary to relate calibration results in the flow apparatus

to test results in the wind tunmnel. Turbulence factor corrects a
calculated Reynolda number to an effective Reynolds number, Since
time constant varies inversely with the square root of Reynolda
nuwber in To predictions (equation 9) and directly with constant "C",
the required correction factor is as follows:

F= 71 (wind tunnel)
-+ (flow apparatus)

REC Report 11652B -17-
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The corrected constant "C" is then the constant "C" from equation
(21) multiplied by the factor "F". It is this corrected constant
"C" which is required in equations (19) and (20) for pressure and

temperature predictions,.

6. RESULTS OF WIND TUNNEL TESTS.

6.] Test Pacility and Summary of Test Conditions.

Two series of supersonic wind tunnel tests were performed in

the Gas Dynamic Wind Tunnel, Hypersonic (E) of the von Karman Gas
Dynamies Facility (VFK), Arnold Engineering Development Center (ArDC),
Air Force Systems Command (AFSC). Dynamic temperature responses
were measured at nominal Mach 8, nominal stagnation pressures of
400, 500 and 600 (first and second series of tests), and 900 psia,
at nominal stagnation temperatures of 900°F for both series of runs,
The difference between the two series of tests involved the method
of cooling the sensors (between 50 and 150°F) before they were sub-
Jected to the stepped temperature change. Summaries of the first
and second series of supersonic wind tunnel test conditions are
presented in Tables IV and V. Test details are available in AEDC

letter reports, References 4 and 5.

©.2 First Series of Wind Tunnel Tests.

The first series of supersonic tests at AEDC involved cooling

the sensors by supplying nittogen gas through two pairs of 1/4 inch
0.D. lines through the sting and sensor mount, directing two cooling
Jets through the base of each sensor. The cooling gas was shut off
wvhen stable tunnel conditions were established. The sensing elements
were them subjected to the heated air flow which provided the stepped
temperature change. The sting supported dual sensor mount is shown
in Figure 24,

Results of the first series of supgrsonic tests are shown in
Figures 25 through 36. Predicted total temperatures, shown in Figures
25 through 30, are based on equation (18), using CC/CB w 1,6 (para-
graph 4.3), Predicted temperatures based on CC/CB = 1,7 are also
shown for comparison. Predicted temperatures are within 100°F of
measured stagnation temperature at 20 sec. into the run for the 400

and 500 psia runs, Figures 25 through 28, Predictions to within 100°F
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for the 900 psia runs occur about 7 sec. earlier, Figures 29 and 30.
Temperature predictions are erratic during the first six seconds of
the test runs.

All test runs exhibit the tipical trends of parameters plotted
in Figures 31 through 36 for the 400 psia run. Time history of measured
sensor temperatures and tunnel stagnation temperatures are shown in
Figure 31. The time rates of temperature change for each sensor are
shown in Figure 32. Time constants for the selected run are shown
in Figure 33 and the three repeat runs in Figure 34 indicate that
the selected run is representative of all four 400 psia runs. Time
constants remain at a fairly constant value throughout the time his-
tories. Constant "C" in Figure 35 was calculated from equation @1)
for the test data, and the trends are similar to time constant data.
The ratio Cc/cB for the selected run, shown in Figure 36, decreases to
a constant value of about 1.6, in 40 gec. The variation in ratio
C /C can be attributed to unrealistic initial conditions during the
atepped temperature change.

6.3 BSecond Series of Wind Tunnel Tests.

The second series of supersonic tests involved an improved means

of providing the initial condition. The model was fully retracted
from the airstream and cooled to a uniform temperature by several jets
of gaseous nitrogen. The model was then injected into the airstream
in about 1 second by a pneumatically operated inject mechanism. Pig-
ure 37 shows the mudel mount which was attached to the inject mechan-
ism. The inject method provided a more realistic means of initiating
the test runs than was provided in the first series of supersonic runas
during which the sensing element and the inside of the housing were
cooled by jets of nitrogen directed through the aft end of the sensors.
Although radiation heat transfer effects between the sensing element and
shield were not expected to be signifiecant, the first series runs
appeared to result in unrealistic performance., The unmatched shield
for element C was replaced by a8 housing with a matched shield for

the second series tests.
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Results of the second series of supersonic tests are shown
in Figures 38 through 48, Predicted total temperatures, shown in
Figures 38 through 40, are based on CC/CB = 1,8 (para. 4.3) and
exhibit the same trends with earlier temperature predictions. In
general, repeat data agrees for the three time intervals calculated,
A thermocouple was attached to the outside surface of semsor
C housing at AEDC. Available shield surface tenperature data are
shown in Figure 41 for 400 and 600 psfa pressure runs. The con-
stant difference between element and shield surface temperatures
throughout the run is indicative of close dynamic temperature
matching between the element and inner radiation shield.
Comparisons of predicted temperatures and various parameters
for first and second series of supersonic test runs are shown in
Figures 42 through 47, Predicted temperatures, shown in Figures
42 and 43 for 400 and 900 psia pressure runs, are based on CC/CB-I.G
for comparison purposes. The second series of teast runs involviug
the wore realistic initial condition (model inject method), result
in a 5 second earlier predicted temperature than the first ‘series
runs. Predicted temperature based on CC/CB = 1.8, also shown in
Figures 42 and 43, illustrate the best justified predictions of '
the current study.. Comparisons of sensor B time rates of tempera-
ture change, Figures 44 and 45, show the effect of different initial
conditions; the heated outer surface of the sensor B housing in
the first series of test (dashed curves) results in steeper (increascd)
temperature slopes for about 15 sec. into each run. Sensor C time
rates of temperature change are essentially the same for both
series of test runs. Time constant uniformity is increased for
the second series test runs at 400 psia pressure, Figure 46. In
general, Figures 46 and 47 indicate that the time constants for
firet and second series runs have much the same trends and magnitudes.
Predicted pressures, calculated for one 600 psia test rum in
the second series of tests, wre based on equation (20) using pre-
dicted temperature variation, Figure 38. The constant "C" was
calculated from equation (21) using calibration data, Figure 23,
for each sensor. The "C" value must be corrected for the difference
in air turbulence between the flow apparatus and the supersonic

tunnel by the factor described in para. 5.2. The measured pressure,

shown as the dashed curve in Figure 4%, is the total pressure
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behind the shock wave which was calculated from stagnation pressure
data. Predicted pressures from a single sensor appear to be imprac-
tical at this stage of development due to excessive scatter of cal-

culated results.

7. FINAL TOTAL TEMPERATURE SENSOR.

7.1 Fipal Design of Total Temperature Sensor.
Two pairs of high temperature, high altitude total temperature

sensors, fabricated for the subject contract, were each degsignated
&8 REC Models 107C-1 and 107C-2 (correaponding to prototype sensors
B and C sensors, respectively). The sensors were designed for an
internal flow of Mach 0.3, (Prototype sensors had internal flow

of Mach 0.1.) Basic information on the Model 107C is presented

in the REC Specification Drawing, Appendix B.

Model 107C fncorporates changes and improvements over the
prototype sensors, consisting of enlarging flow exit ports to aeco-
modate the internal flow Mach number increase, increasing maximum
operating temperature by redesign of the element stem, and improving
the strength of the thermocouple lead wire junction at the base
of the model by adding a wire support tube. The dianoterséof alumina
insulators in the element stem were increased to eliminate the gold
used for anchoring platinum wire spacers to the insulators. Thus
the maximum operating temperature was increased from 1100°C to 1&00°C.r
The inerease of internal Mach number will provide improved perform-

ance for the intended flight applications.

7.2 Calibration of Vinal Total Temperature Sensors,

The four 107C total temperature sensors were calibrated in the
internal flow apparatus at nominal test pressures of 4, 8, and 10
inches mercury, and at an average stepped tew,.erature change from
77°F to 212¢p, Figure 49 shows similar time constant results for
units with the same configurativn, within experimental accuracy,

The experimental constants and their ratio are as ftollows:
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Model 107C-1, serial nuwbers 1 and 29

172
]

,
Cl = 0,0071 fio )0

Model 107C-2, serial numbers 1 andg 2.

/2
C, = 0.0125 £4°/ oy}

2
Ratio of experimental coustanta:

01/02 = 0,57

Cl/C2 is used in the equation for total temperature predictions shown
orf the 107C specification drawing, Appendix B, The experimental
constant "C"” is used for predicting total temjperature or preassure

using o siugle sensor as described in paragraph 5,2. (Note that

"C" may reyuire a correction factor to account for different levels

of air turbuience between calibration and intended flight applications,
a8 explained in paragraph 5 2. The ratie 01/02 does not require

8 correction since turbulence effects cancel. )

Ingutficient capacity of the iuternal :low apparatus necegsi-
tated reducing the sensor 1nternal Mach number to assure sonic tlow
at the sensor exit purts. (The required downstream to upstream
pressure rativ must be less tﬂan Ve528.) The sensors were calibrated
with three of the four sensor exit flow ports covered with a metal
8leeve, Calibration results at the low internal Mach number were

correctea to the nominal internal Mach number of U.3 as tollowa,

T (culibration)

; 1/2
1’(aenlbr)l& (1 exit port openy ]

ly (4 e¥it ports open) |

Mach numbers were determined {rom area ratios calcuiated trom

measured sensor uimensions .

7.3 Predicted In-Flight Performance of Final Tota]l Temperature

Sensor,

Predicted in-flight performance of RiC Models 107C-1 and 107cC-2,
baged on the expected high Mach number operational trajectory and
corresponding altitude variation (Figure 4 of Ref. 1), 1s shown in
Figure 50, At subsonic Mach numbers no shock occurs ahead of the
sensor and the design velocity cannot be maintained inside the shield.
The Mach number inside the shield was then determined by using fic-

titious throats when the external flow was subsonic.
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The in-flight performance results, Figure 50, are based on time
constant calibrations of prototype sensors B and C. The calibrations
for prototype semsors with internal flow of Mach 0.1 were corrected
analytically for internal flow of Mach 0.3 for the final sensors
by the metiod of fictitious throats (time constant varies inversely
with the square root of internal Mach number).

The dynamic characteristics of a 2.0 mm. diameter (0.079 in.)
sensing element, 0.333 internal Mach number, 0.5 mm. (0.020 in.)
thick ehield, and 25.0 mm (0.984 in.) distance of thermocouple from
the sensor leading edge, is shown in Figure 3 (reproduced Figure
16, Ref. 1). In-flight performance, Figure 50, is based on the recovery
tewperature from Figure 3. The recovery temperature and the dynamic
temperature responsec of the 2.0 mm diameter sensing element, ourves
Al and A2, are reproduced in Figure 50 for comparison with predicted
dynamic characteristics of Models 107C-1 and 107C-2. Numerical
iterations for selected time increments were employed to evaluate

the element temperatures.

8. CONCLUSIUNS AND RECOMMENDATIONS.

Two prototype total temperature sensors, designated as sensors

B and C, were designed and fabricated according to the criteria de-
veloped under the first phase investigation, Reference 1. Experiments
were conducted in the REC internal flow apparatus and in a supersonic
tunnel. Two pairs of total temperature sensors were fabricated and
delivered to NASA under terms of the subject contract. The two sensor
configurations are designated as REC Models 107C-1 and 107C-2 (see
specification drawing, Appendix B).

Recommendations based on the subject study are as follows:

(1) The supplied Model 107C units should be tested for in-flight

performance, perhaps on a fli ht vehicle such as the X-15.

(2) No further supersonic wind tunnel tests are necessary.
Temperature step transients and turbulence associated with wind tun-
nel testing do not occur in actual flight operation. Sensor temper-
ature stabilization before the temperature step is questionable and
may influence test results. Dased on available date, & minimum
of about 10 seconds after the temperature step is necessary for

obtaining an acceptable temperature prediction.
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(3) Over the range inveatigated, test results of prototype
sensors calibrated in the REC internal flow apparatus indicate
uniform calibration‘resultalfor sensor operation at total pressures
down to 1/4 inch mercury (occurs at an altitude of about 60 km and
flight Mach pumber 6). Calibration techniques at very low pressures

and the associated rarefied gas effects could be investigated.

(4) Turbulence level influence on time constant and its effect
on single sensor performance could be investigated. Reliable
operation of sensors in pairs ias expected, regardless of turbulence

level,
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10, NOMENCLATURE,

A - Area of surface of the element, ft2

a - Velocity of sounds ft/hr or ft/sec

c - Experimental or geometric constant for sensor ft2/°R1/2

Cp =~ Specific heat of sensing element wmaterial, Btu/lb - °R

D - Diameter of sensing element, ft

e - Napierian base for natural logarithma, 2.718

Exp - Exponent

F - Radiation configuration factor; also, angle factor

H - Temperature dependent parameter of sensing element
material properties, pCp = f(Tw), Btu/tt3 ~ °F ;

h - Convective heat transfer coefficient of tie fluid, Btu/hv-ft2-°ﬂ

k - Thefnal conductivity of air, Btu/hr.-ft-°F

L - Length of sensing element, ft.

M - Mach number of flow inside shield

Nu - Nusselt number, dimensionless

P - Pressure, 1b/ft2 or atmospheres

Pr - Prandtl number of éir, dimensionless

Q - Temperature dependent parameter of air properties,
(a/u T)1/2[Pr1/3 ket{(r +1Y2], Btu/162/2 = og!*S_pr,

q = Convective heat lods, Btu/hr -f$2 !

= Radiation loss, Btu/hr. - ft2

R - GAI'constndt of air, ft/°F

Re <~ Reynolds number, dimensionless

3t - Stanton number, dimensionless

T - Temperature, °R

- Time, hr

T - Ambient temperature, °R

- Total temperature, °R

Tr - Recovery temperature of sensing element, °R

Tw - Temperature of sensing element (wall temperature), °R

V. - Veloeity, ft/hr

w - Mass of sensing element, lbs.

x - Distance from tlie element leading edge, ft.

Z - \Modified Reynolds number, (Re Pr)l/2/2.63M
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2 ? © % O

Time rate of change in sensing element temperature, dT/dt,
°R/hr

Emissivity of the surface, « 0,68

Temperature excess, or difference between elewent and ambient
tenjperatures, T-Ta' °F

Temperature excess at time zero, °F

Viscosity of air, lb/ft-hr or 1b/ft-sec

Density of sensing element material, lb/ft3

Stefan-Boltzmann constant = .1713 x 105 Btu/hr —1t2_ep

Time constant, hr., or sec.

Subscrigts

0, -
() -
() -
0, -
0, -

REC

Total condition, or initial condition
Applies to sensor B

Applies to sensor C

Applies to'Hodel 107¢C-1

Applies to Model 107C-2
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TABLE LIX Continued)

(Average Values)

T 58751 (sec) for p=1.0 atn
oF) M = 0.333 M= 0.1
68 ..6.42 11.73
100 6.42 11.72
200 6.4k 11.75
300 6.40 11.63
400 6.35 11.59
500 6.39 11.66
600 6.36 11.61
700 6.33 11.55
800 6.32 11.54
900 6.31 11.51
1000 6.31 11.53
1100 6.33 11.55
1200 6.29 11.61
1300 b.4] 11.70
1400 b.46 11.79
1600 6.76 12.33
1800 7.28 13.28
2000 7.18 13.12
2200 7.20 13.15
2400 7.38 13.47
2600 7. 47 13.063
2800 7.37 13.45
3000 6.95 12.69
3200 5.40 9.85
3400 3.81 6.95
3600 3.04 5.95



Tapil Iy

SUMMARY OF WIND TUNNLL TuST LUNS AT MACIl 8

Group No. Nomingl _ Averggg : Average Re/fﬁﬁ
~-Run No. M pt(pSJg} To ()b) pt1p51a) T0 (°h7 pt'("Hg) x 10
1-1 7.589 900 880 ©91.4 1316.2 16.39 h,12
2-2 7.7 500 840 499.8 1297.5 9.7% 2.48
3-3 7.77 Lo 835 400.7 1282.5 7.89 2,01
=t 7.77 Loy 40U 4035.6 1358.4 799 1.87
-3 7.77 ‘v U GOu 401.3 1355.u T4 1.86
0=5 7.77 ARy G 399, 8 1354.9 Lo 1.86
=t 779 SRt Qi 306,8 L4206 Yoi0 2.34%
3-0 A 20U S0t 1597.0 RINVRS 2.31
ey 709 I G 8ul4. 6 1551.5 Yo, nn 3.94

1a=7 S8 G LY 97 .4 1,%0.0 Lo 3.97!



Run No.

15
16
17
18
19

20

o
Y=}

TABLE V:

SUMMARY OF MAY 20, 21 MACH 8 WIND

7.89
7.82
7.89
7.82
7.77
71.77
7.82

7.77

TUNNEL RUNS AT AEDC

Average

Pt T
(psia)  (°R)
898 1351
604 1350
900 1345
601 1347
403 1343
403 1340
605 1350

403

1350

Re/ Lt
x1¢

4.02
2.78
4,06
2.77
1.89
1,90
2.80

1.88
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Figure 9: Photograph of Sensor Shield and Elements,
Type A (Left) and Type B
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Figure 16: Photograph of Test Sensor and Reference

Sensor Installed in Mounting Flange
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Figure 37: Photograph of Sensors B and C in Dual Sensor
Wind Tunnel Mount
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Figure 49: Calibration Data for Four Final Total Temperature
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APYENDIX A
d ! G ENT

The configuration factor between the sensing element and the
open end of the s.ield, shoutd first be calculated to evaluate the
heat transfer. The configuration considered is shown in Figure 1A,
It is assumed that the diameter of the sensing element is much smaller
than the diameter of the shield.

The awifferential angle factor between the sensing element and

dA2 can be written as:

c c
oa‘jl oaﬁ2
dF1-2 = 2 A,
™s -
But By#b, = ™
2
Expressing 1:05‘5 and cospl in terma of distances, we get:
1 2
dF, _, = ; ; ;] rdrde
”s -
. a _r2dr] 46
g | gt
= a [err ] a0
™ a2+r2
where S2 - a2 + r2

To obtain the angle factor between the one half of the sensing

element and half the open end we integrate dFl_q as follows:

-

1’/

r dr a9
2 2 il
U/[ r dr

=9

2 2 2



- 1/2 [}an-l % - 1/2 sin ( 2 tan~} %)]

By symmetry the other face of the sensing element has the same
angle taector with the other half of the sensing element. Therefore,
the total angle factor F can be written as:

F . tan” ) R - 1/2 Sin (2 tan~} R)

a a
Now the radiation heat loss from the sensing element cun be

written as:

T &
(IUU

= Radiation loss, Btu/hr. ft.

=0 EF Bmﬂu.fLQ

ip
where 9 2
€ = Emissivity of the surface, = 0.08
c-d

« Stefan-Boltzman constant
- 0.1713 x 10”2 Btu/hr. £¢.2 (°R)

T = Absolute temperature of the sensing element, °R

The value of F for values of a, in this range 5 to 50 mms. were

calculated and thus i evaluated at each value of a.

Convective Heat Transfer: The convective heat transfer to the sensing

element 4 is given by:

q, = h(tr -t

)

w

where ‘

q convective heat loss, Btu/hr. ft.
t = Recovery Temperature inside the shield, °F
t = Wall temperature, °F
h

LS

= heat transfer coefficient, Btu/hr. 12 oF

The value of h for various values of the distances from the
leading edge, in the range 5-50 mms, were calculated and hence 9,
evaluated.

Finally, the ratio qc/qR was calculated for each value of a.

The results are shown graphically in Figure 1.
The values of tr and t' correspond to an actual flight condition

at an altitude of 70 Kms. These values were taken frow Figure 3.



FIGURE W Geometrical Confipuration Considered
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