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INTRODUCTION

This document presents the analyses supporting the Viking
Meteorology Instrument Sensor design, and compares the system
capabilities with the requirements of PD. 7400090.

The report has been arranged in three independent sections
covering the wind sensor, temperature sensor and quadrant
sensor.



SECTION I

TEMPERATURE SENSOR
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NOMENCLATURE

Thermocouple wire heat capacity
Thermocouple wire diameter
View factor

Atmosphere thermal conductivity
Thermocouple wire thermal conductivity
Thermocoup1e wire length

Wind Mach number

Nusselt number

Solar radiation enérgybdensity
Reynolds number

Recovery temperature

Total temperature

Thermocouple wire temperature
Ambient atmosphere temperature

Wind velocity

Distance from junction along thermocouple wire

Thermocouple wire low temperature absorptivity

Thermocouple wire solar absorptivity
Atmospheric specific heat ratio
Thermocouple wire emissivity (= a)

Thermocouple wire density

‘Stefan-Boltzmann constant

Thermocouple time constant
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1. DESIGN CRITERIA

1.1 Performance Specifications

The sensor is designed to measure the temperature of the Martian

atmosphere in accordance with the requirements given below.

Range 130°K to 350°K
Accuracy 3°K Absolute
1.5°K Relative
Hysteresis +.8°K
Stability +.8°K
Resolution t.8°K
Response Time < 3 sec
Warm-up Time < 4 sec
Attitude Operate in any attitude

1.2 ENVIRONMENTAL CONDITIONS

The sensor design reflects the severe environmental conditions which
will be encountered during the transit to Mars and on the Martian surface.
0f particular concern are the following:

Martian Atmospheric Pressure 2.1 torr to 15.2 torr
Martian Wind Speed 2 m/sec to 70 m/sec

2.  SENSOR SYSTEM DESCRIPTION

The sensor system is composed of three subsystems: 1) a set of sensing
thermocouples exposed to the Martian atmosphere, 2) an isothermal module
housing the reference thermocouple junction, and 3) the supporting electronics.

2.1 MSA Elements

The sensing thermocouples and reference module are mounted as part of the

MSA at the end of the MBA. The configuration is shown in Figure 1.

-1 -




2.1.1 Sensing Thermocouples and Frame

Three sensing thermocouples are mounted vertically in an open fork
frame. The frame design was chosen to minimize the influence of the frame's
thermal wake on the junction temperature. thh the sensor mounted so that the
plane of the fork lies in the center of the lander's thermal wake, the influence
of the wake can be neglected entirely. Of course, the greater influence from
the lander can be significant when the wind direction places the sensor in
its thermal wake, énd some consequent error will be introduced. The region
of influence is expected to be about 70 degrees wide.

The frame is machined from polyimide which provides electrical insulation
and a minimum of thermal expansion problems as well as the necessary strength
and rigidity. Thermocouple extension wires (.020 inch diameter) are mounted
in slots in the frame and the sensing thermocouple wires are welded to them.
The connection area is filled with silicone rubber to provide shock and
vibration protection.

The sensing thermocouples are fabricated by butt-welding .003 inch
diameter Chromel-P and Constantan wires. The butt-welding was chosen to
provide a cylindrical sensor. This simple geometry allowed a reasonably
accurate heat transfer analysis to be made despite the complexity of the
operating conditions which cover the transitional region from free-moiecular
to continuum flow. The materials were selected to best satisfy the following
desired characteristics. | \

o Low thermal conductivity . .- ///

e High loop EMF

e Adequate structural characteristics over the operatin§ range

e Corrosion resistance

e Adequately documented properties

o Low specific heat

e Low specific mass



A very thin (1000 A) gold plate is applied to the thermocouple wires to

stabilize the radiation properties by increasing the corrosion resistance.

2.1.2 Reference Module

The reference thermocouple junction is housed in an isothermal module
together with parasitic junctions, a platinum resistance thermometer and a
bridge reference resistor. The module is mounted just be]ow the temperature
sensor inside the MSA housing. A cross section of the module is included in
Figure 1.

The primary purpose of the reference module is to minimize the temperature
difference between the reference thermocouple and the platinum resistance

thermometer and make the difference independent of variations in the module

~ temperature. In addition, the module thermally connects the two parasitic

junctions (Chromel-P/copper) so that the total parasitic EMF is zero.

2.2 MEA Elements

The sensor is conneﬁtedvto its associated electronics package through.
junctions at the MSA/MBA and MBA/lander interfaces. Connections are made between
the thermocouple loop and the platinum and bridge reference resistors to the
input circuits of signal amplifiers.

The temperature sensor electronics consist of four elements: 1) the
thennocéup]e loop EMF amplifier, 2) the platinum thermometer ampiifier, 3)
the chopper oscillator, and 4) the supply voltage circuits. Both amplifiers
are chopper stabilized. ,

“The thermocouple loop EMF is fed directly to the amplifier and the
amplified signal is digitized and stored in a memory, ready for transmission.

The transmitted signal 15, therefore, a direct analog of the Toop EMF.
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The platinum resistance thermometer is connected in a bridge circuit

and the bridge unbalance voltage is amplified and transmitted in digital

form. Its value, together with the bridge supply voltage, which is also
transmitted, is used to determine the platinum thermometer resistance.
3.  PRINCIPLE OF OPERATION

The temperature of the Martian atmosphere is measured in two stages:
the difference between the atmosphere temperature and reference module
temperature is measured by the thermocouple loop and fhe module temperature
is measured by the platinum resistance thermometer.

The .003 inch diameter sensing thermocouples provide the rapid time
response. They are wired in parallel to provide redundancy and thereby
offset the risk of breakage from.excessive shock or vibration, impact by
sand particles, etc. The reference junction, housed in the isothermal moduie,
has a very long time constant and provides a stable relative reference. The
platinum resistance thermometer then provides the absolute temperature standard.

The operation of the sensor system relies upon the application of
calibration data. A block diagram showing the functional relationships is
given in Figure 2. Two sets of calibration data are required to characterize
the sensor. The first relates the sensor temperature to the inputs to the
sensor electronics (i.e., the loop EMF and platinum thermometer resistance).
The second relates the electronic subsysteh inputs to the transmitted digital
data.

The first calibration consists of measuring the loop EMF and platinum
thermometer resistance while the temperatures of the sensing thermocouples
and the reference module are varied over the operating range. The bridge
current used to measure the platinum thermometer resistance is maintained at

the same value used in the MEA in order to match the self-heating. The
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calibration provides a unique relation between the temperature of the sensing
thermocouples and the loop EMF and platinum resistance. Note in particular
that it is not necessary to determine the module temperature, thereby
eliminating the errors due to uncertainties in subordinate computations.

The MSA components are treated as a unit where two output values characterize
the temperature measurement,

The calibration of the sensor electronics involves the determination of
conversion factors used to compute the characteristic sensor outputs from
the transmitted digital data.

The calibration data are used to convert measured voltages to atmospheric
temperature values. The entire data reduction scheme is shown diagrammatically
in Figure 3. Note that it is divided into two phases, the first being a
relatively simple application of the calibration tables to provide a preliminary
estimate of the ambient temperature. Corrections are then made to account
for differences between the sensor and ambient temperatures due to conduction
along the thermocouple wires, radiation, and directed kiretic energy. The
preliminary estimate can be recovered very quick]y and can provide relatively
accurate information for near-real-time monitoring.

4.  PERFORMANCE ANALYSIS.

4.1. Operating Range

The operating range of the sensor system was verified by extending the
calibration to the specified temperature extremes. The results of a typical
calibration are given in Table 1. Note that the signal sensitivity is
relatively uniform over the temperature range. Values at significant points

are listed below.



o

Signal Sensitivity

130°K 230°K - 330°K 350°K

Loop EMF .038 mv/°K .066 mv/°K
Pt. Thermometer Resistance .606 9/°K  .597 q/°K

4.2 Accuracy

Errors in the measurements made by the temperature sensor system are
introduced at three points. First, a difference in temperature will exist
between the ambient atmosphere and the thermocoup]e junction due to conduction
along the thermocouple wires, the conversion of directed kinetic energy into
heat, and radiation. Inaccuracies in correcting for these factors will lead
td perceived temperature errors. Calibration inaccuracies are the second
source of error. These will be manifested as a difference between the
thermocouple junction temperature and the temperature calculated from the loop
EMF and platinum resistance values. Finally, errors will be introduced by
the sensing electronics and data transmission systems as evidenced by
differences between the actual and received EMF and platinum resistance
measurements.

4.2.1 Accuracy of Electronics

The accuracy of the signal handling electronics and digital data
transmission systems is discussed in the Worst Case Analysis for ine
Meteorology Electronics Assembly (METC-013, 29 -September 1972). The three
sigma uncertainties listed in the report correspond to tempefature measurement
errors of .59°K for the thermocouple electronics and 1.07°k for the p]atinum
thermometer electronics giving a total expected error of 1.22°K for the two

independent measurements.



| J

4.2.2 Sensor Calibration Accuracy

The accuracy of the sensor calibrations was determined by making
repeated calibrations of the same system. A statistical analysis of the

calibration data was performed to establish uncertainty intervals and

" determine the most accurate interpolation scheme. The three sigma accuracy

was established as 1.50°K. As ca\ipration experience is gained, this is
expected to decrease.

Sensor calibrations are carried out by the TRW Metrology Department.
Precise temperature control is obtained by using a Rosemount 913 calibration

bath and associated precision platinum resistance thermometers, sensing

‘bridges and control circuits. The overall accuracy of the system is +.02°C.

~ Freon 12 and Freon E-4 are used as calibration liquids. The fluids are

relatively inert and will not reapt with any material in the sensor system.
at the point where it is calibrated. Potting compounds and paint, which
do react with Freon 12, are applied after calibration.

The sensor frame is placed in the calibration bath and its temperature
is varied over the operating range. The reference modufe is placed in an
auxiliary facility and its temperature is varied from about 230°K to 330°K,
the highest temperature expected in the MSA housing. Readings of the output
parameters (loop EMF and platinum thermometer resistance) are taken at 30

calibration points (see Table 1). The resistance of the bridge reference

resistor.is also measured to verify its zero thermal coefficient of resistivity.

Bridge circuits are used to measure both the loop EMF and the,resistances;
The bridge current is maintained at the same value used in the temperature

sensor electronics (about 1 ma) during resistance measurements to reproduce
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the self-heating which will occur during actual operation. The platinum
thermometer resistance is measured to .01 ohms while the 1odp EMF is measured -
to one microvolt.

4.2.3 Temperature Difference Compensation Accuracies

4.2.3.1 Conduction Induced Errors

If the temperature of the sensor frame is different from the ambient
temperature, heat flow to or away from the thermocouple junction will lead
to a difference between the junction and ambient temperatures. This difference

can be evaluated using the equilibrium relation:

& dsz
kwﬂdez.-ﬁngu(Tw—Tm)=0
or, with AT = Tw - Tm
0 d?'ATA-4;9MAT=O- AT = aT = T T at x=t5
' - dx? w d? ’ o frame ® 2

Since the thermal conductivities of Chromel and Constantan are nearly

equal, we can take kw = const. Then, solving for aT:

‘[Jl X
cosh 2 K Nu d
W
‘/k v
cosh Ei'N“ 3

and, at the thermocouple junctions (x = 0):

AT = ATO

AT

= 1
T.C. ATo
g L
cosh vkw Nu d

o



Worst case conditions will occur at minimum pressure, wind speed and

temperature since the kg Nu product wiil be minimum." With:

i i L=2cm

i d = .003 in = .00762 cm

| kg = 12.79 x 10°° cal/cm-sec-°K
Nu = .557
k = 4.83 x 1072 cal/cm-sec-°K

we have:
AT

_ 0
Mite. “ 123

The temperature measurement uncertainty due to conduction can be expressed
p

1/2
saT = EgA_T_(S V)z]/
; aVi i

where the Vi are the variables in aT = AT(Vi), namely k

gl’/ aT,.

Assuming the following uncertainties for the independent variables:

as

g kw, Nu, L/D and

8

k
13
akw

.05

s L/D _
g = -03

éATO = Unknown
we have:

)
<

; 1
saT = [{.0815 5AT0)2 + (.0308 4T )]

Therefore, a difference in frame and ambient temperature of 23.6 t 8.7°K

®

will lead to a one degree measurement uncertainty.
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4.2.3.2 Radiation Induced Errors

An appreciable radiative heat exchange will take place between the
sensing thermocouple wires and the Martian environment. The following
components make up the radiative effect:

Emission from wires: - nd g ¢ Tw4; e = emissivity =
Absorption from surface: +« d Fsur Ecypr @ O Tsﬁr; Fsur = yview factor;
€sur - surface emissivity; o = wire absorptivity

Absorption from space: dF : aT 4

P pace: m sky “sky ¢ sky
Solar radiation: QS d a3 Q = solar energy; ag = wire solar absorptivity

The equilibrijum relation is, therefore:

4
- kg Nu (T, - T,) +nd Fsky Esky @ © Tsky o d Four Ssur ® 9 Tour
+Q do ~ndoaT =0
s % T 7 ® lw

Values used in calculations:

d = .00762 cm sd/d = .03

. -12 2 o 4 _
g = 5.67 x 10 watt/cm™ °K s§a/oc = .01
a= .l ' Safe = 1.
= ng =

FSky .5 6Fsky/‘sk A

CSk}/ = .95 Sk\y/b = .05

Tsky = 144°K Sl,y/T = .15

Fsur =5 5Fsur/Fsur =1

sur = 7 : Sesur/esyp = -3

Teur = T | Unknown accuracy
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L0734 watts/cm2

Qs = GQS/QS = ,068

ag = 2 Gas/as = .5

kg (130°K) = 12.79 1070 cal/sec em °K skg/ky = .05

ky (350°K) = 49.0 X 107® cal/sec em °K sky/ky = .02

Nu_. - (130°K) = .557 Nu/Nu = .2

Nu_. (350°K) = .254 | sha/Nu = .2
Defining aT = T, - T_, and substituting T.* 2 7% - 4 7.3 a7 for aT <« T,
we have:

rdF £ ao T +¢dF £ a0T4+éd -qnd T4
AT = sky “sky sky sur “sur w s % T TR agl,

T kg Nu+4rd a o Tm

and wind velocity.

Worst Case Conditions

3

Maximum temperature differences will be generated at minimum pressure

and the following calculations are required:

conditions with maximum solar radiation.

1. Minimum Temperature

a. Solar Radiation
AT = ,003°K

b. Solar Radiation
AT = 1.719°K

2. Maximum Temperature

a:. Solar Radiation
AT = -.79°K

b. Solar Radiation
AT = -.7113°K

Case: Tm = 130°K
Absent: QS = ()

Maximum

Case: T_ = 350°K
Absent: QS =0

Max imum

The worst case temperature is not immediately apparent

The greatest temperature difference occurs at minimum_temperature

Since the uncertainties are linear

in most of the temperature difference variables, the greatest error should
occur at the same worst case conditions,

- 11 -



Uncertainty Analysis

With AT = AT(Vi)’ we evaluate the uncertainty after compensation for

radiation effects as:

9 172
1 = | S (23T
saT = [Z;(—V——a 1_ 5V].) ]

where the vV, are the independent variables

{d, FSk.y’ Esky, Gy T Tskya SSUY" ng GS, kg, NU},

For T = 130°K and ds = ,0734 watts/cmz, the component values are:

gé1-= sd = .035°K

AT

§F = ,003°K
3 sky sky
AT

Se = ,002°K

AT = .003°K

i

3T o = .0001°K

90 §o =
anT _ °
ST;;;.aTSky = ,018°K
anT - ov |
26— Sequr = -004°K
38T 5q, = .081°K
aQs
gAT éas = _595°K

Os
301 kg = .060°K

g
gﬁ%-sNu = .238°K
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The uncertainty is dominated by the solar absorptivity component with
. the Nusselt number contribution being the only other significant term.

The total (RSS) uncertainty is:

8T = .65°K at 130°K

With T_ = 350°K and és = 0, the component values are:

gﬁl sd = .023°K

AT _ o
GFsk = ,003°K

anky y
AT
—— §g = ,002°K
aesky sky
a8l o = .246°K
Ja
@ AT 5 = . 008°K
~ . 80
anT
sT = ,018°K
alsky sky
oAT
= 8¢ = ,130°K
dec p  SUr

aaT _ o
S'k‘-*ékg .016°K

AT _ o
-E_)N_J sNu .156°K

Here, the error is largely due to the uncertainty in the low temperature
absorptivity. The total (RSS) uncertainty is:

8T = .32°K
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4.2.3.3 Velocity Induced Errors

The sensor as designed will measure the recovery temperature, Tp. At
Tow wind speeds, this will be very close to the ambient temperature, T3
however, at the highest predicted wind speeds, compreésibi]ity heating will

be significant and compensation will be necessary. The governing relation is:

Tr
w - 12
T,

recovery factor = (Tp - T )/(Ty - T_)

T

TT = total temperature

y = specific heat ratio = 1.337 for .91 CO, + .09 A
u_ = wind velocity

The recovery factor is a function of the Knudsen number in the region
of transition from free molecular to continuum flow. Values associated
with the sensor operating range, .0072 < Kn < .232, are shown in Figure 4.
The data used in the graph were derived from values published by Atassi(l),
Moffet(z), and Vreba]ovich.(a)

Worst Case Analysis

Solving for the difference between the recovery and ambient temperatures

gives:
AT:TR_TOD:“L___-]H_-

The compressibility effect will, therefore, be greatest at the highest wind
speed, 70 m/sec, and the highest Knudsen number (i.e., highest «). Maximum
Knudsen number conditions occur with minimum pressure (2 torr) and maximum

temperature (350°K). With o = 1.04:
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AT = 3.0°K

The magnitude of this temperature difference makes analytic compensation
essential. The error induced in the recovered ambient temperature will then
be due to uncertainties in the compensation.

Uncertainty Analysis

The total uncertainty is again given by:

since the variables Vi = {u, a, vy} are independent. The component values are:

BT sy = 1.20°K with su/u = .2

3T 5. = .45°K with se/a = .15

o
=
§i

.14°K with an assumed argon concenctration of 9% t 5%

The total (RSS) uncertainty is, therefore:
AT = 1.29°K

4.2.3.4 Total Compensation Uncertainty

Sinée the largest uncertainties do not occur at the same conditions
for each of the three compensation térms, the total uncertainty is not the
sum or RSS of the components. Worst case conditions for the radiation and
conduction effects occur at the minimum wind speed where compressibility

effects are negligible. Similarly, at the highest wind speeds where the
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compressibility effect is greatest, the Nuése]t number is relatively large
and the convective heat transfer dominates conduction-and radiation. Since
the magnitude of all the compensation terms decreases at least linearly as
conditions vary from worst case, at intermediate values of the temperature,
pressure and wind velocity , the total compensation uncertainty will be
relatively small. Thus~the overall worst case lies at whichever extreme
condition yields the largest uncertainty.

Worst case conduction.effects have not been determined because the
difference between the frame and ambient temperatures has not been accurately
predicted for all combinations of ambient conditions. However, an engineering
analysis based upon the best estimate daily temperature and pressure cycle
showed that the frame stayed within a few degreeS of the ambient temperature.
Therefore, an assumed worst case uncertainty of one degree (corresponding
to a frame temperature difference of 23.6 + 8.7°K) shou\d be an adequately
censervative conduction error esfimate. With the radiation uncertainty,
tﬁis makes the low wind speed error 1.19°K. Thus, the high speed error,
1.29°K, is the worst case.

4.2.4 Total System Uncertainty

The errors due to all posfu]ated contributors can now be combined and

compared with the accuracy requirements. The resulting error budget is given

below.

Error Budget

Electronics and Data Transmission 1.22°K
Calibration, Repeatability and Drift 1.50°K
Compensation Uncertainty ' 1.29°K
RSS 2.33°%K

Unassigned Latitude , 1.90°K
Specification 3.00°K
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4.3 Stability

The stability of the sensing elements was verified by monitoring
the output over a period of time during a calibration while the temperature
was held constant. There was no discernible variation. The long term
stability was inferred from the repeated calibrations. The stability of the
electronics was established independently, as discussed in the Worst Case
Analysis Report for the Meteorology Electronics Assembly (METC-013,
29 September 1972).
4.4 Resolution

The resolution of the thermocouple loop and platinum resistance
fhermometef is almost infinitely small and the system resolution is determined
by the characteristics of the electronics and data transmission elements.
These are discussed in the Worst Case Analysis Report.

4.5 Response Time

The response time of the temperature sensor was determined by a test
conducted in the Viking Wind Tunnel on 15 August 1972. The response time is
defined as the time required for the sensor to transition 63.2 percent
towards a step change in temperature. After adjusting the test results to
worst case operating conditions, the response time was found to uve ..o seéonds.

Test Description

The sensor was mounted in the wind tunnel with the open portion of the

frame facing upstream and the thermocouple junctions at the approximate

/EPMP
13'5;'(ﬂ3 e
. ¢ Sec
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center of the test section. A step change in temperature was simulated by
heating the thermocouple wires with a current until a stabilized overheat
was achieved. The current source was then disconnected and the colder fluid
flowing through the tunnel provided the incremental temperature change. The
response of the sensor to the temperature difference was then monitored to
determine the response time.

Since the test objective was to evaluate the response time under worst
case conditions, the wind tunnel was operated at the lowest measurable flow
rate. The resulting test conditions are compared with worst case operating
conditions i Vable 2.

Table 2. Comparison of Test and Worst Case Operating Conditions

Worst Case
Parameter Test Conditions Operating Conditions
Fluid Air CO2 + < 18% Argon
Pressure 2.17 mm Hg 2.7 mm Hg
Velocity 2.62 m/sec 2 m/sec
Temperature 296.3°K 130 to 350°K

The sensor thermocouple triad was wired in a loop with a Chromel-P/Constantan
reference junction placed in a distilled water ice bath. Secondary junctions
to copper leads were also located in the ice bath to minimize residual
voltages.

A 200 ma heating current was applied to the thermoccuple wires tirough
the copper leads. The diameter of the leads and the reference junction
thermocouple wire (.020 inch minimum) was sufficiently in excess oi wne .003 inch
diameter sensor wires to make the lead overheat negligible. A Harrison
6111A DC Power Supply was used to supply the heating current. The resulting
sensor wire overheat was about 17°C.

After a stabilization period of about one minute, the heating current
was disconnected and the thermocouple loop leads were connected to a voltage
recording system made up of a Hewlett Packard 467A DC stable power amplifier
and a Moseley Autograf X-Y plotter. The plotter was started as soon as the

“thermocouple loop was connected to the DC amplifier. The plot of EMF vs. time

was then used to determine the response time. A schematic of the test
configuration is given in Figure 5.
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The temperature sensor response was measured only after the wind tunnel
flow conditions had stabilized and had been verified at the desired pressure
and velocity. Final readings of total pressure, dynamic pressure and total
temperature were made simultaneously with the sensor output recordings. The

~wind tunnel and its recording equipment were operated in accordance with

published operating procedures.

Analysis of Results

A plot of the thermocouple EMF vs. time is shown in Figure 6. Values
from this plot were used to prepare the exponential plot shown in Figure 7,
The linearity demonstrates the anticipated exponential character of the
thermal response and the slope of the line yields the response time for the
test, .91 seconds. Adjustments to this value were necessary to obtain the
résponse time corresponding to worst case operating conditions.

The sensor response time can be equated to the ratio of the thermal
inertia and the rate of heat transfer:

2
=prwd
T 4 Kg Nu
where
, = thermocouple wire density
Cy = thermocouple heat capacity
d = wire diameter
Kg = gas thermal conductivity
Nu = Nusselt number
Therefore,
] . (Kg Nu) e
worst case test (Kg Nu)worst case

Since the worst case temperature is not immediately evident, the Kg Nu

- product must be evaluated for both temperature extremes.
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Thermal Conductivities:

K 62.09 x 10°° cal/sec cm °C

g(Air, 296.3°K)

K 12.79 x 107° cal/sec em °C

9(C02, 130°K)

49.0 x 10°° cal/sec cm °C

Kg(COZ, 350°K)

Nusselt Numbers:

The test and worst case conditions lie in the near-free-molecular fiow
regime and, therefore, Nu = Nu (M, Re).

Mach Numbers: M = u/vyRI

M .00756

test

b e o m
MWOrSt case, 130°K .01122 ) A ) rm/g

. ?-5"/6
Mworst case, 350°K .00681 Ll Wy

Reynolds Numbers: Re = p u d/y

Retest .0332
Reworst case, 130°K -281
R .0374

Cworst case, 350°K

The variation of Nusselt number in the Mach and Reynolds number ranges

of interest has been discussed by Baldwin, Sanborn and Laurence(4).

Figure 8
shows their results over the range of interest. The figure gives the Nusselt
number as a function of Reynolds number only for M = G and M = .1 (above

Re = .8, data for M = .05 is also given). Therefore, an interpolation scheme

was used based on the relation:

RIS N
Nu = Nu Re

cont
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where NuCont is the M = 0 Nusselt number, and the factor k was determined

from several values at M = .05 and M = .1. A representative value of k =
10.3 t .3 was established. The resulting Nusselt numbers were:

Nu (M = .00756, Re = .0332) = .226

A
Nu (M= .01122, Re = .281) = .557 0¥ 77 L
Nu (M = .00681, Re = .0374) = .254  vduin ¢ O F

The ratios of the thermal conductivity-Nusselt number products are then:

(Kq Nu)
g test
= 1.963 194>
(K N“)worst case, 130°K

(K. Nu)
g test S1a28 v
worst case, 350°K

Ky Nu)

The worst cése temperature is, therefore, 130°K and the adjusted time
constant is:

Tworst case 1.963 v, oy = 1.8 seconds

Evaluation of Uncertainty

1. Test Uncertainties
a. Measured Time Constant

The aggregate error from electronics and plotter inaccuracies
is less than 3 percent. Thus:

§ 1
test - .03
Ttest
b. Measured Quantities
Temperature + .02mv =1+ .5°

Total Pressure  + .005 M HY  Met paper galenr|ad i
Dynamic Pressure £ 00001 mm Hg  foe o 6%l o) )G
]

Eﬁ\i’- 2# k( Cu«, f’f&%ﬁ.‘)

- 21 - Fogn Samfoah !.\P'“L‘t{.‘ycn
el e @ 0N, e o ue D 2 0uls
M é/‘"‘ AR ) 1 3§ . 8
" A . c 4
Pe Fewr 2 e lifebn . \%5
Lo XN ’ ',

5% spred l\@x§
ro (ds €.633, zfzgw‘)hf.

-

w T =2 L% 0 A
L 'f?%



c. Mach Number Uncertainty

P 1/2
2 e} . LP
M, = {1 (mo"\) -1 -1.195(p-0-)
and
) 2 1/2
sM 6P ]
o _ 1 SAP
‘M;“z[(AP) + (52)
sM_
—ﬁ;—'—' .058
d. Reynolds Number Uncertainty
Re = 0.4 d
u
. 1/2
2 2 2 2
SRe _ [(6 su 8d )
TRe [Fﬁl) + (17) + L?r) + (j%)
1/2
80 - 0029  from [(‘SP")2 4 (2o )Z]
0 BT
&M
suU _ o
'-TJ-— 058 from W:
sd _
T° .
%% = .02 for air at ambient temperature
Then
Re . 118
Re

e. Nusselt Number Uncertainty
.l.: ] + k_M-
Nu = Nu Re

cont
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kM 2 2
T R [(6RR: )+ (50 ]

@

= 087
test

f. Thermal Conductivity Uncertainty

Gl;ﬂ> test *

g

2. Worst Case Uncertainties

a. Mach Number Uncertainty

W 0 defined value

b. Reynolds Number Uncertainty

R _ 8u - o5 {d correlated with test uncertainty
n other values defined

c. Nusselt Number Uncertainty

oNu _ kM 6Re
Nu Re + kM Re

= .029

3. Total Uncertainty

s [(i'iq) ) ey
T test g’/ worst case Nu test
1/2
N (GNU) 2 N 8 Ttest)z]
Tﬁr’worst case Ttest

.107

Thus, 1 = 1.8 £ .2 sec
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4.6 Warm-up Time

The sensing elements have an insignificant warm-up time and meeting
this specification involves the electronics package only. This is discussed
in the Worst Case Ana]ysis Report.
4.7 Attitude

The design of the sensing element makes the system inherently insensitive
to attitude changes. It is, however, sensitive to orientation in one
respect. When the wind direction is such that the sensor lies in the thermal
wake of the lander, an error of unknown magnitude will be introduced by the
change in air temperature over the sensing thermocouples. The affected
directions are expected to cover a sector of about seventy degrees.
4.8 Hysteresis

The hysteresis of the sensing elements was determined during a
calibration by approaching a calibration point temperature from above and
below. The measured output difference was within the limitations of the
test equipment (i.e., equivalently less than .2°K). Similar tests were
performed on the electronics paékage, as discussed in the Worst Case Analysis
Report.
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Table 1. Temperature Sensor Calibration Schedule

Frame Rosemount Module Voltage Resistance Resistance

Temp. (°K) Fluid Temp. (°K) Pin 4-Pin 3 Pins 1, 2 Top Pins
130 FREON 230 - 4,542 124.41% 121.01
12 255 - 5,911 139.24 121.00
280 - 7.358 154.05 121.01
305 - 8.864 168,86 121.01
330 -10.421 183.64 121.01
180 FREON 230 - 2.366 124.47 121.01
12 255 - 3.730 139,22 121.01
280 - 5.179 154.08 121.01
305 - 6.682 168. 88 121.01
330 - 8.247 183.59 121.01
230 FREON 230 0.003 124 .51 121.01°
12 255 - 1.375 139. 31 121.01
280 - 2.816 154.09 121.01
305 - 4.324 168.84 121.01
330 - 5.880 183.58 121.01
270 FREON 230 2,222 124.39 121.01
E-4 255 0.858 139.20 121.02
280 - 0.591 154.01 121.01
305 - 2.101 168.78 121.01
330 - 3.664 183.70 121.01
310 FREON 230 4.639 124.43 121.00
E-4 255 3.267 139. 31 - 121.01
280 1.823 154.35 : 121.01
305 0.315 168,92 121.01
330 - 1.256 183.72 121.01
350 FREON 230 7.200 124.50 121.02
E-4 255 5.839 139.27 _ 121.01
280 4.392 154,21 - 121.01
305 2.887 168.81 121.01
330 1.324 183.63 121.01
NOTES PINS
1. Frame temperatures accurate to +.05°K TOP PINS -
2. Module temperatures accurate to t1°K ° :
3. Voltage measured accurate to t+.002 mv +4 3
4. Resistances measured accurate to +.01 ohm
1 2
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1. WIND SENSOR ARRAY DESCRIPTION

1.1 CONFIGURATION

Figure 1 shows a drawing of the Meteorology Sensor Assembly with the
temperature sensor, quadrant sensor and wind sensor array indicated. Figure 2
displays drawings of the wind sensor array elements. The principal components
of the wind sensor are the hot film sensing element, the glass-epoxy sting
supporting the sensing element and the platinum wire leads extending through
the sting to the base of the sensing element. The sensing element consists of

a 0.020 inch diameter pyrex rod, a split platinum film on the surface of the

‘rod and an alumina covering for protection of the platinum film from dust

abrasion. The platinum paste cap at the tip of the element serves as part of

the sensor electrical circuit as does the platinum paste at the element base.
Conductive gold epoxy is used to reinforce the lead attachments.

Figure 3 displays the MSA electrical circuitry. An important feature of
the circuitry is the existence of Kelvin junctions for eéch of the wind sensor
leads. The Kelvin junctions permit measurement of the element resistances and
the resistances of the leads running to the junctions exclusive of the additional
circuitry running to the wind module and the MEA. This feature increases the
precision of sensor resistance measurements.

1.2 PRINCIPLE OF OPERATION

Each of the wind sensor array elements is a hot film anemometer, i.e.,
it is an instrument which permits the calculation of wind speed from the power
required to maintain a specified overheat temperature. The sensor convective

heat transfer may be represented by the Nusselt number



Nu = Q/(n L kg aT) (1)

where Q is the power convected to the fluid, L is the element length, kF is
the gas thermal conductivity (at the gas film temperature) and AT is the element
overheat temperature. For an infinite cylinder, the Nusselt number is related

to the film Reynolds number, Rep, by the empirical relation
= (1T (A + B Re") (2)
Nu = (Tp/Tp) + B Reg

where TF and TA are the film temperature and the cylinder adiabatic recovery
temperature, respectively, and A, B and n are constants (Reference 1).

Equation (2) is valid for gas velocities which are perpendicular to the
cylinder axis. For gas velocities which are not perpendicular to the cylinder
axis, the Nusselt number is reduced to a value which can be adequately

represented, for the purpose of the present discussion, by the relation
.17 : n
Nu = (Te/Tp) " [A + B (Rep cose)'] (3)

where o is defined in Figure 4. This equation holds that thé convective heat
transfer is simply determined by the cross-flow Reynolds number. It is the
variability of convective heat transfer with flow angle (in addition to wind
speed) that is the essence of the wind array principle of operation. Each
wind sensor element may have its convective heat transfer represenfed by an

equation like Equation (3); for example,

Nuy = {Tp/Ty)"'7 [A + B (Rep cose)'/?] (4)

Nup = (Te/Ty)"  [A + B (Rep cos[o - 90°1)1/2] (5)



r @

It is assumed here that the attitude angle y is zero where y is defined in
Figure 5. The Nusselt numbers are calculated from the flight data using
Equation (1). Equations (4) and (5) are then determinate permitting a solution
for ReF and 6; the wind speed is calculated using the definition of the Reynolds
number and the known sensor and gas properties. Note that the quadrant sensor
is needed to determine the true solution from the four possible solutions.

It should be noted that the power supplied to-the wind sensor elements
is lost through the parasitic heat transfer modes, heat conduction and radiation,
in addition to heat convection. Since only heat convection is related to the
wind velocity, the parasitic heat losses should be subtracted from the total

power before a solution for the wind velocity can be obtained.



2. PERFORMANCE TESTING OF WIND SENSOR

2.1 TEST DESCRIPTION‘
2.1.1 Facility

Figure 6 shows a drawing of the Viking Wind Tunnel. The test gas flow
is produced by the pressure difference between the atmospheric pressure at the
intake and the parfia] vacuum in the manifold pipe leading to the pumps. Air
or C0, at ambient temperature and pressure flows into the intake manifold and
through one of the three volumetric flow meters. These meters are used as
guides in producing the desired flow and are not used in calculating the test
section flow properties. The gas then flows into the stagnation chamber, into
the tunnel test section and through a sonic orifice plug valve before entering
the manifold. The test section Reynolds number is determined (approximately)
by the mass flow rate into the tunnel and the Mach number by the ratio of the
test section cross-sectional area to the sonic orifice area. A precise
calculation of the test section flow properties is permitted by measurements of
the total temperature and pressure in the stagnation chamber and the pressuke
differentials between the total pressure and the wall pressure at three locations
along the test section (Figure 7).

Figure 8 shows the electrical circuitry between the wind array, the heat
flux systems and the digital voltmeters. The heat flux system bridge voltage
was monitored on the voltmeter in order to increase the precision of the
measurements. A simplified schematic of the heat flux system bridge is shown
in Figure 9. The bridge voltage (E) is automatically adjusted such that the wind
sensor leg resistance (RS + RL) equals the heat flux system operating resistance

(Ry)-



2.1.2 Wind Sensor Array Model

The sensor array test model consisted of two wind sensors, a reference
temperature sensor and an MSA pedestal combined in the flight configuration.

The two wind sensors (Nos. 120/V1 and 117/V2) and the reference temperature sensor
(No. 111/V3) were selected from the Phase II batch of breadboard units. A
reference temperature capability was not required in the performance tests and
sensor 111 was included only to provide a sensor array which was aerodynamically
equivalent to the’ff?éht unit. The wind sensor array was supported on a
calibration fi}ture which permitted 360° rotation of the model about the

reference température sensor (in the sensor array plane) and +25° tilt or

attitude change in the plane including the test section axis (Figure 5).

Note that the included angle between each wind sehsor and the reference |
temperature sensor is 45°.

An accurate knowledge of the wind sensor dimensions and electrical properties
is necessary to properly reduce the wind tunnel data. Sensor electrical resistance
versus temperature was measured in-.a temperature bath at
temperatures of 23, 115, and 130°C. The resistance of the platinum wire leads and
platinum paste segment between the lead attachments and platinum film was
subtracted from the measured resistance to obtain the platinum film resistance
versus temperature. The resistance data are presented in
Appendix A. Sensing element diameter, platinum fiim length and the lengths and
diameters of the platinum paste segments were measured in Metrology's Dimensional
Center and are given in Figure 10. The diameter of the pyrex rod and the
thicknesses of the platinum film, platinum paste and alumina ﬁayers were
determined through measurements obtained from sensing element microsections

(sensor 122 of the alumina and platinum film deposition batch containing sensors

-5 -
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117 and 120 was used). These data are required in the calculation of the
sensing element heat conduction and radiation losses. Table 1 presents the

dimensional data obtained from the microsections.
Table 1. Sensing Element Microsection Data

Alumina Thickness 0.00020 inches

Pilatinum Film Thickness .0.000025 inches
Platinum Paste Thickness 0.003 inches
Pyrex Rod Diameter 0.02025 inches

Knowledge of the sensing element orientation with respect to the wind
array is necessary to properly interpret the wind tunnel performance data.
Table 2 presents the sensing element skew data of sensor 117 (only the performance
data of sensor 117 is presented in this report). The sensing element orientation
is given in terms of the cross-section centroid polar coordinates (r, a) at

lTocations 5 and 7 of Figure 10. Figure 11 defines r and a.

Table 2. Sensor 117 Sensing Element Coordinates

Position r {inches) A (degrees)
5 .006 347
7 .0085 6

2.2 TEST PROCEDURE AND CONDITIONS

The test procedure first involved the calculation of the sensor overheat
resistances. Equation (6) was used in this calculation

Ry = R, + R, o AT (6)

where

RH = sensor circuit resistance with the platinum fiim at the overheat
temperature ;  equivalently, the heat flux system operating resistance




. sensor circuit resistance with the platinum film at room temperature

=
1]

o

R0 = platinum film ice point resistance.

o = platinum film resistance-temperature coefficient, o = ]/R0 %%
AT = platinum film overheat temperature

Rc was measured after the sensor array was placed in the wind tunnel test section.
The ambient temperature was measured at the same time using the total temperature
thermocouple in the tunnel stagnation chamber. Adding the overheat temperature
to the ambient temperature gives the approximate sensor platinum film temperature, i.e.,
TS = Tamb + aT.! Note that it is the original ambient temperature that is used
in the foregoing equaticn and not the ambient temperature at the time of any
given sensor performance data point; TS or RH, once determined, remained
unchanged throughout the test.
The following steps comprised the operating procedure for taking a wind
sensor performance data point:

(1) Turn on the power to the wind sensor producing the required
overheat temperature. Note that this step is generally not
required since the sensor power is continued between data points.

(2) Adjust the sensor array rotation and tilt angles to the specified
values.

(3) Set the volumetric flow meters and the sonic orifice plug valve
to the specified settings.

(4) Wait one minute, when necessary, to permit the wind tunnel and
sensor performance to achieve steady state and record the
performance parameters.

(5) Close the volumetric flow meter valve. Intermittent wind tunnel
operation was followed because of the limited test gas (CO,)
generator capacity.

T 0]
The true platinum film temperature is the solution of the equation for the
platinum film resistance, Rg,

OLTSZ + BTS + vy = RS
where Rg = Rg(T.) + (Ry - Rc) and a, B and y were obtained from temperature
bath measurements of the wind sensor resistance (Appendix A).
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