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INTRODUCTION 

This document presents  the  analyses  supporting tne  Vik ing 

Meteorology  Instrument Sensor design, and  compares the  system 

capabi l i t ies   wi th   the  requi rements o f  PD.7400090. 

The repor t  has been arranged i n  three  independent  sections 

covering  the  wind  sensor,  temperature  sensor and quadrant 

sensor. 
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1. DESIGN CRITERIA  

1.1  Performance Speci f icat ions 

The sensor i s  designed t o  measure the  temperature o f  the  Mart ian 

atmosphere i n  accordance with  the  requi  rements given below. 

Range 

Accuracy 

Hysteresis 

S t a b i l i t y  

Resolution 

Response  Time 

hlarm-up Time 

Atti tude 

1.2 ENVIRONMENTAL CONDITIONS 

130°K t o  350°K 

3°K Absol~ute 
1.5"K Relat ive 

5 8 ° K  

+.8'K 

t.8"K 

< 3 sec 

< 4 sec - 
Operate i n  any a t t i t u d e  

The sensor  design reflects  the  severe  environmental  conditions  which 

will be encountered  during the t r a n s i t   t o  Mars and on the  Martian  surface. 

Of p a r t i c u l a r  concern  are  the  following: 

Martian  Atmospheric  Pressure 2.1 t o r r   t o  15.2 t o r r  

M a r t i  an Wind  Speed 2 m/sec t o  70 m/sec 

2. SENSOR SYSTEM DESCRIPTION 

The sensor  system i s  composed o f   th ree  subsystems: 1 ) a s e t   o f  sensing 

thermocouples exposed to   the  Mar t ian atmosphere, 2) an isothermal module 

housing'the  reference thermocouple junct ion,  and 3) the  support ing  electronics. 

2.1 MSA Elements 

The sensing  thermocouples and reference module are mounted as p a r t  o f  the 

MSA a t   t h e  end o f   t h e  MBA. The c o n f i g u r a t i o n   i s  shown i n  Figure 1 .  
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2.1.1 Sensing Thermocouples and Frama 

Three sensing  thermocouples art? mounted v e r t i c a l l y   i n  an open f o r k  

frame. The frame design was chosen to  minimize  the  inf luence  of   the  f rame's 

thermal wake on the  junction  temperature.  With  the  sensor mounted so that   the 

plane of t h e   f o r k   l i e s   i n   t h e   c e n t e r  of the  lander's  thermal wake, the  inf luence 

of the wake can be neglected  ent i re ly .  O f  course, the  greater  inf luence f rom 

the  lander can be s i g n i f i c a n t  when the  wind  direction  places  the  sensor i n  

i t s  thermal wake, and some consequent e r r o r  wi 11 be introduced. The region 

of inf luence i s  expected t o  be about 70 degrees  wide. 

The frame i s  machined from  polyimide  which  provides  electr ical  insulat ion 

and a minimum o f  thermal  expansion  problems as we1 

and r i g i d i t y .  Thermocouple extension  wires (.020 

i n   s l o t s   i n   t h e  frame and the  sensing  thermocouple 

The connection  area i s  f i l l e d   w i t h   s i l i c o n e   r u b b e r  

v i   b ra t i on   p ro tec t i on .  

1 as the necessary strength 

inch  diameter)  are mounted 

wires  are  welded t o  them. 

to   prov ide shock and 

The sensing thermocouples are  fabr icated by butt-welding .003 inch 

diameter Chromel-P and Constantan wires. The butt-welding was chosen t o  

provide a c y l i n d r i c a l  sensor. This  simple geometry allowed a reasonably 

accurate  heat  t ransfer  analysis  to be made despite  the  complexity  of  the 

operating  condit ions  which  cover  the  transit ional  region  from  free-molecular 

t o  continuum f low. The mater ia ls were se lected  to   best   sat is fy   the  fo l lowing 

desired  character ist ics.  

0 Low thermal  conductivity _. , 

0 High  loop EMF 

0 Adequate s t ructura l   character is t ics   over   the  operat ing range 

0 Corrosion  resistance 

0 Adequately documented propert ies 

0 Low spec i f i c   heat  

0 Low s p e c i f i c  mass 

1 
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0 

A very   th in  (1000 A)  go ld  p la te  is   appl ied  to   the  thermocouple  wi res t o  

s tab i l ize  the  rad iat ion  proper t ies  by  increas ing  the  corros ion  res is tance.  

2.1.2 Reference Module 

The reference  thermocouple  junction i s  housed i n  an isothermal module 

together   w i th   paras i t i c   junc t ions ,  a plat inurn  resistance thermometer and a 

br idge  re ference  res is tor .  The module i s  mounted j u s t  below the  temperature 

sensor ins ide   the  MSA housing. A cross sec t i on   o f   t he  module i s  included i n  

Figure 1. 

The primary  purpose of   the  re ference module i s   t o  minimize  the  temperature 

d i f ference between the  reference  thermocouple and the  plat inum  resistance 

thermometer and make the  di f ference  independent  of   var iat ions i n  the module 

temperature. I n  addi t ion,   the module thermally  connects  the two parasi . t ic  

junct ions (Chrome1 -P/copper) so t h a t   t h e   t o t a l   p a r a s i t i c  EMF i s  zero. 

2.2 MEA Elements 

The sensor i s  connected t o   i t s  associated  electronics package through 

junc t ions   a t   the  MSAjMBA and MBA/lander interfaces. Connections  are made between 

the thermocouple loop and the  platinum and br idge  reference  resistors t o  the 

i n p u t   c i r c u i t s   o f   s i g n a l   a m p l i f i e r s .  

The temperature  sensor  e lectronics  consist   of   four elements:  1)  the 

thermocouple  loop EMF amp1 ifier, 2) the  plat inum thermometer amp? i f i e r ,  3) 

the 

are 

chopper o s c i l l a t o r ,  and 4) the  supply  voltage  circuits.  Both  ampli f iers 

chopper s t a b i  1 i zed. 

The thermocouple loop EMF i s  f e d   d i r e c t l y  t o  t he   amp l i f i e r  and the 

ampl i f ied  s ignal  i s  d i g i t i z e d  and stored i n  a memory, ready  for  transmission. 

The transmit ted  s ignal   is ,   therefore,  a d i r e c t  analog o f  the  loop EMF, 
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The plat inum  resistance thermometer i s  connected i n  a b r i d g e   c i r c u i t  

and the  bridge  unbalance  voltage i s  amp1 i f i e d  and transmitted i n   d i g i   t a l  

form. Its value,  together  with  the  bridge  supply  voltage,  which i s  also 

transmitted, i s  used t o  determine  the  platinum thermometer resistance. 

3. PRINCIPLE OF OPERATION 

The temperature of   the  Mar t ian atmosphere i s  measured i n  two stages: 

the  d i f ference between the atmosphere temperature and reference module 

temperature i s  measured by  the  thermocouple  loop and the module temperature 

i s  measured by  the  plat inum  resistance thermometer. 

The .003 inch  diameter  sensing  thermocouples  provide  the  rapid  t ime 

response, They are  wired i n  pa ra l l   e l   t o   p rov ide  redundancy and thereby 

o f f s e t   t h e   r i s k  of breakage from  excessive shock or  v ibrat ion,   impact by 

sand par t i c les ,   e tc .  ?he reference  junction, housed i n  the  isothermal module, 

has a very  long t ime  constant and provides a s tab le   re1   a t i  ve reference. The 

plat inum  resistance thermometer  then  provides  the  absolute  temperature  standard. 

The operation of the sensor  system r e l i e s  upon the  appl icat ion o f  

ca l ib ra t ion   da ta .  A block diagram  showing the  funct ional   re lat ionships i s  

given i n  Figure 2. Two sets   o f   ca l ibrat ion  data  are  requi red  to   character ize 

the  sensor. The f i r s t   r e l a t e s   t h e  sensor  temperature to   t he   i npu ts   t o   t he  

sensor e lect ron ics (i .e., the  loop EMF and plat inum thermometer resistance).  

The second re la tes   the   e lec t ron ic  subsystem inputs t o  the   t ransmi t ted   d ig i t a l  

data. 

The f i r s t  ca l ib ra t ion   cons is ts  o f  measuring the  loop EMF and platinum 

thermometer resistance  while  the  temperatures o f  the  sensing  thermocouples 

and the  reference module are  varied  over  the  operating  range. The br idge 

current  used t o  measure the  platinum thermometer resistance i s  maintained a t  

the same value used i n  the MEA i n  order  to-match  the  self-heating. The 
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ca l ib ra t ion   p rov ides  a unique r e l a t i o n  between the  temperature  of  the  sensing 

thermocouples and the  loop EMF and platinum  resistance.  Note i n   p a r t i c u l a r  

t h a t  i t  i s   n o t  necessary t o  determine  the module temperature,  thereby 

e l im ina t ing   the   e r ro rs  due to   uncer ta in t ies  in   subord inate  computat ions.  

The MSA components are t reated as a u n i t  where two output  values  characterize 

the  temperature measurement. 

The c a l i b r a t i o n   o f   t h e  sensor electronics  involves  the  determination o f  

conversion  factors used t o  compute the  characterist ic  sensor  outputs  from 

the  t ransmi   t ted  d ig i ta l   data.  

The ca l ib ra t ion   da ta   a re  used to   conver t  measured voltages  to  atmospheric 

temperature  values. The ent i re   data  reduct ion scheme i s  shown diagramnatical ly 

i n  Figure 3. Note t h a t  i t  i s  d iv ided   i n to  two phases, the f i r s t  being a 

re la t i ve ly   s imp le   app l i ca t ion   o f   the   ca l ib ra t ion   tab les   to   p rov ide  a prel iminary 

est imate  of   the ambient  temperature.  Corrections  are  then made to'  account 

for   d i f ferences between the sensor and ambient  temperatures due t o  conduction 

along  the  thermocouple  wires,  radiation, and d i rec ted   k i r .e t i c  energy. The 

prel iminary  est imate can be recovered  very  quickly and can p rov ide   re la t i ve l y  

accurate  informat ion  for   near-real- t ime  monitor ing.  

4. PERFORMANCE ANALYSIS 

4.1 Operating Range 

The operating range o f  the  sensor  system was v e r i f i e d  by extending  the 

ca l ib ra t ion   to   the   spec i f ied   tempera ture  extremes. The resu l t s  o f  a t yp i ca l  

ca l ib ra t ion   a re   g iven   in   Tab le  1. Note tha t   t he   s igna l ,   sens i t i v i t y  i s  

re lat ively  uni form  over  the  temperature range. Values a t   s i g n i f i c a n t   p o i n t s  

are 1 i s t e d  below. 

- 5 -  



Signa l   Sens i t i v i t y  

130°K 230°K  330'K 350°K 

Loop EMF .038 mv/OK .066 mv/OK 

P t .  Thermometer Resistance .606 n/OK .597 n/"K 

4.2 Accuracy 

Errors i n   t h e  measurements made by the  temperature  sensor  system  are 

in t roduced  a t   th ree   po in ts .   F i rs t ,  a d i f ference i n  temperature will e x i s t  

between the  ambient atmosphere and the thermocouple j unc t i on  due t o  conduction 

along  the  thermocouple  wires,  the  conversion o f  d i rec ted   k ine t i c  energy i n t o  

heat, and radiat ion.  Inaccuracies i n  correct ing  for   these  factors will lead 

to  perceived  temperature  errors. Cal i brat ion  inaccuracies  are  the second 

source o f   e r r o r .  These will be manifested as a d i f ference between the 

thermocouple junction  temperature a nd the  temperature  calculated f rom the loop 

EMF and plat inum  resistance  values.  Final ly,  errors will be introduced  by 

the  sensing  electronics and data  transmission systems as evidenced by 

di f ferences between the  actual and received EMF and plat inum  resistance 

measurements. 

4.2.1 Accuracy o f  Electronics 

The accuracy o f  the  s ignal   handl ing  e lectronics and d i g i t a l  data 

transmission systems i s  discussed i n   t h e  Worst Case Analys is   for  w e  

Meteorology  Electronics Assembly (METC-013, 29 .September 1972). The three 

sigma u n c e r t a i n t i e s   l i s t e d   i n  the  report  correspond t o  temperature measurement 

e r ro rs  o f  -59°K f o r   t h e  thermocouple e lect ron ics and 1.07"K fo r   the   p la t inum 

thermometer e lec t ron ics   g iv ing  a t o t a l  expected  error o f  1.22OK for   the two 

independent measurements. 
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4.2.2 Sensor Ca l i b ra t i on  Accuracy 

The accuracy of   the  sensor   ca l ibrat ions was determined  by making 

repea ted   ca l i b ra t i ons   o f   t he  same system. A s t a t i s t i c a l   a n a l y s i s  of the 

ca l i b ra t i on   da ta  was performed to   es tab l i sh   unce r ta in t y   i n te rva l s  and 

determine  the  most  accurate  interpolation scheme. The three sigma accuracy 

was establ ished as 1.50'K. As ca l i b ra t i on   exper ience   i s   ga ined ,   t h i s   i s  

expected  to  decrease. 

Sensor ca l ib ra t ions   a re   car r ied   ou t  by the TRW Metrology Department. 

Precise  temperature  control i s  obtained by using a Rosemount 913 c a l i b r a t i o n  

bath and associated  precision  plat inum  resistance thermometers, sensing 

bridges and con t ro l   c i r cu i t s .  The overall  accuracy o f  the system i s  *.02"C. 

Freon 12 and Freon E-4 are used as ca l ib ra t ion   . l i qu ids .  The f l u ids   a re  

r e 1   a t i   v e l y   i n e r t  and will not   reac t  w i t h  any mater ia l   in   the  sensor  sys tem. 

a t   t h e   p o i n t  where i t  i s  .ca l ibrated.   Pot t ing compounds  and paint,  which 

do r e a c t   w i t h  Freon 12, are  appl ied a f te r   ca l i b ra t i on .  

The sensor  frame i s  placed i n  the   ca l ib ra t ion   ba th  and i t s  temperature 

i s  varied  over  the  operating range. The reference module i s  placed i n  an 

a u x i l i a r y   f a c i l i t y  and i t s  temperature i s   v a r i e d  from about 230°K t o  330°K, 

the  highest  temperature  expected i n  the MSA housing. Readings o f  t h e  output 

parameters ( loop EMF and plat inum thermometer resistance)  are  taken  at  30 

ca l ibrat ion  po ints   (see  Table  1) .  The resistance  of   the  br idge  reference 

r e s i s t o r   , i s   a l s o  measured t o   v e r i f y   i t s  zero  thermal c o e f f i c i e n t  o f  r e s i s t i v i t y .  

Br idge  c i rcu i ts   a re  used t o  measure both  the  loop EMF and the  resistances. 

The br idge  cur ren t   i s   ma in ta ined  a t   the  same Val ue used i n  the  temperature 

sensor electronics  (about 1 ma) dur ing  resistance measurements t o  reproduce 
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the  self-heating  which will occur  during  actual  operation. The plat inum 

thermometer res i s tance   i s  measured t o  .01 ohms wh i l e  the  loop EMF i s  measured 

t o  one microvol t .  

4.2.3 Temperature  Difference Compensation Accuracies 

4.2.3.1 Conduction  Induced  Errors 

I f  the  temperature o f  the sensor  frame i s   d i f f e r e n t  from the ambient 

temperature,  heat f l o w  t o   o r  away from the thermocouple j unc t i on  will lead 

t o  a d i f ference between the   junc t ion  and ambient  temperatures.  This  difference 

can be evaluated  using  the  equi l ibr ium  relat ion:  

d2 d Tw 

dx . 

2 

k w A p - - " - n k  9 NU (T, - T,) = 0 

o r ,   w i th  AT = T, - Too 

d' AT Nu - - 4 - AT = 0; A T  = AT,= Tframe - T  a t  x =  
dx " w d' + 

Since  the  thermal  conductivi t ies o f  Chrome1 and constantan  are  nearly 

equal, we can take kw = const. Then, so lv ing  for  AT: 

and, a t  the thermocoup 

AT =  AT^ 
cosh 2 $G 

W 
r 

cosh d-)- Nu $- 
W 

l e   j u n c t  

ATIT.C. 
- - 

ions  (x = 0): 

1 

cosh ($; 
W 
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Worst  case  conditions will occur a t  minimum pressure,  wind speed and 

temperature  since  the k Nu product will be minimum.;' k l i th:  
g 

. .. , 

L = 2 c m  

d = .003 i n  = .00762 cm 

k = 12.79 x cal/cm-sec-OK 

Nu = .557 
k, = 4.83 x 1 Om2 cal/cm-sec-"K 

9 

we have: 

B) 

- "0 
ATIT.C. - X 3  

The temperature measurement uncertainty due t o  conduction can be expressed 

as 

where the Vi are  the  var iables i n  AT = aT(Vi), namely k k,, Nu, L/D and 
9' 

AT,. 

Assuming the   fo l low ing   uncer ta in t ies  f o r  the  independent  variables: 

sNu - 
Nu 
" .2 

&AT, = Unknown 
we have: 

1 / 2  
&AT = [(.0815 &ATo) '  t (.0308 A T o ) 2 ]  

Therefore, a dif ference i n  frame and ambient  temperature o f  23.6 f 8.7"K 

will lead t o  a one degree measurement uncertainty.  
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4.2.3.2 Rad ia t i on   I nduced   E r ro rs  

An a p p r e c i a b l e   r a d i a t i v e   h e a t  exchange will take  p lace  between  the 

sensing  thermocouple  wi res  and  the  Mar t ian  env i ronment .  The f o l l o w i n g  

components make up t h e   r a d i a t i v e   e f f e c t :  

4 Emission  f rom  wires:  - TT d 0 Tw ; E = e m i s s i v i t y  = a 

4 Absorp t ion   f rom  sur face :  II d Fsur a Tsur; Fsur = v i e w   f a c t o r ;  

E s u r  = s u r f a c e   e m i s s i v i t y ;  = w i r e   a b s o r p t i v i t y  

Absorpt ion  f rom  space: TI d FSky a a T  
4 

sky 

S o l a r   r a d i a t i o n :  Q, d as ; Q = so lar   energy;  as = w i r e   s o l a r   a b s o r p t i v i t y  

The e q u i l i b r i u m   r e l a t i o n   i s ,   t h e r e f o r e :  

-71 k Nu (Tw - T,) + TI d Fsky a d 4  + 4 
9 S kY Fsur  'sur a 0 s u r  

+ Q, d as - n d a a T w 4 = 0  

Values  used i n   c a l c u l a t i o n s :  

d = .00762 cm 

CI = 5.67 x lo-' '  watt/cnl" O K  

a = .1 

3 4  

Fs ky = . 5  

= .95 'sky 
Tsky = 144°K 

FSur = .5 

E = .7 s u r  

Tsur  = T  

sd/d = .03 

6n/o = .01 

Ga/c = 1. 

' Fs ky' cs ky 

' E sky j ' s  ky 

sTs kylTs ky = .15 

= .1 

= .05 

GFsur/Fsur = - 1  

'csur/Esur = .3 

Unknown accuracy 



Q, = .0734 watts/cm 
2 

( X  = - 2  

k (130°K) = 12.79 x ca l /sec  cm O K  dicg/kg = .05 

k (350°K) = 49.0 x ca l /sec  cm O K  

Numi n 

Numi n 

S Gcrs/as = .5 

skg/kg = .02 
9 

g 
(130°K) = .557 6Nu/Nu = .2 

(350°K) = .254 GNLI/Nu = .2 

- T , and s u b s t i t u t i n g  Tw4 T - 4 T AT f o r  AT << Tm, Ujef in ing AT = Tw W 03 00 

we have: 

3 

v k   N u + 4 - r r d a a T 3  
g m 

Worst Case Condi ti ons 

Maximum tempera ture   d i f fe rences  will be  generated a t  minimum pressure 

and  w ind   ve loc i ty .  The worst   case  temperature i s   n o t   i m m e d i a t e l y   a p p a r e n t  

and t h e   f o l l o w i n g   c a l c u l a t i o n s   a r e   r e q u i r e d :  

1. M i  nimum Temperature Case: T = 130°K 
R) 

a. So la r   Rad ia t ion   Absent :  4, = 0 
AT = .003"K 

b. So la r   Rad ia t i on  Maximum \ 

AT = 1.19"K 

2. Maximum Temperature Case: T = 350°K 
00 

a .  Solar   Rad ia t ion   Absent :  Qs = 0 
AT = -.79"K 

b .  S o l a r   R a d i a t i o n  Maximum 

AT = -.113"K 

The g rea tes t   t empera tu re   d i f f e rence   occu rs   a t  minimum  temperature 

c o n d i t i o n s   w i t h  maximurn s o l a r   r a d i a t i o n .   S i n c e   t h e   u n c e r t a i n t i e s   a r e   l i n e a r  

i n  most o f  t h e   t e n l p e r a t u r e   d i f f e r e n c e   v a r i a b l e s ,   t h e   g r e a t e s t   e r r o r  should 

o c c u r   a t   t h e  same wors t   case   cond i t i ons .  
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Uncer ta in ty   Ana lys is  

With AT = AT(V.), 1 we eva lua te   the   uncer ta in ty   a f te r   compensat ion   fo r  

r a d i a t i o n   e f f e c t s  as: 

where the  Vi are  the  independent  var iables 

For  T m = 130°K and as = .0734 watts/cm*, the component values  are: 

" - ad = .035"K ad 

60 = .OOOl "K 
ao 

$ 9  
sk = .060°K 

- &Nu = .238"K aNu . 
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The uncer ta in t y  i s  dominated by t h e   s o l a r   a b s o r p t i v i t y  component w i t h  

the  Nussel t  number con t r i bu t i on   be ing  the on ly   o the r   ' s i gn i f i can t   t e rm.  

The t o t a l  (RSS) unce r ta in t y  i s :  

6T = .65"K a t  130°K 

With T m = 350°K and Q, = 0, the  component values 

a 6d = .023"K 

a AT 

a Fs ky 
6Fsk, = .003"K 

_r__ 6~ = .002"K a €  
S kY S kY 

_c 6a = .246"K 
aa 

- 60  = .008"K 
a5 

a AT a~,ky 6TSky = .018"K 

a AT  

aEsur  

ak !3 9 

  AT 
aNu 

= .130"K 

- 6k = ,016"K 

-  NU = .156"K 

are : 

Here, t h e   e r r o r   i s   l a r g e l y  due t o  t h e  uncer ta in t y  i n  the 1 ow tenlperaturr 

a b s o r p t i v i t y .  The t o t a l  (RSS) unce r ta in t y  i s :  

6T = .32"K 
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4.2.3.3 Veloc i ty   Induced  Errors  

The sensor as designed will measure the  recovery  temperature, TR. A t  

low  wind speeds, t h i s  will be  very  c lose  to  the  ambient  temperature,  Tm; 

however, a t   t h e   h i g h e s t   p r e d i c t e d   w i n d  speeds, compress ib i l i t y   hea t ing  will 

be s i g n i f i c a n t  and  compensation will be necessary. The gove rn ing   re la t i on  i s :  

T 
I 

T =  R .  
l + a + r d 2  a, 

= recovery   fac to r  = (TR - T,)/(TT - Tm) 

TT = to ta l   tempera ture  

y = s p e c i f i c   h e a t   r a t i o  = 1.337 f o r  .91 C02 t .09 A 

= wind  ve l   oc i  ty 

The r e c o v e r y   f a c t o r   i s  a f u n c t i o n   o f   t h e  Knudsen number i n   t h e   r e g i o n  

o f   t r a n s i t i o n  from f ree  molecular   to   cont inuum  f low.  Values associated 

with  the  sensor  operat ing  range, .0072 < Kn < .232, a re  shown i n   F i g u r e  4. 

The data  used i n  the  graph  were  derived  from  values  publ ished  by  Atassi , 

Moffet' '), and Vrebalovich.  ( 3 )  

( 1 )  

Worst Case Analys is  

S o l v i n g   f o r   t h e   d i f f e r e n c e  between the  recovery and ambient  temperatures 

g i  ves : 

A T = T ~ - T  = u  
a, 2 YR 

y - 1 u 2  " 

The c o m p r e s s i b i l i t y   e f f e c t  will, therefore,  he g rea tes t   a t   t he   h ighes t   w ind  

speed, 70 m/sec, and the  h ighest  Knudsen number ( i . e .  , highest  a ) .  Maximull1 

Knudsen number cond i t ions   occur   w i th  minimum pressure ( 2  t o r r )  and maxirnuni 

tewperature (350°K). With ~1 = 1.04: 
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A T  = 3.D°K 

The magnitude of  th is   tempera ture   d i f fe rence makes analyt ic  compensat ion 

essen t ia l .  The er ro r   induced i n  the recovered  ambient  temperature will then 

be due t o  u n c e r t a i n t i e s   i n   t h e  compensation. 

Uncer ta in ty   Ana lys is  

The t o t a l   u n c e r t a i n t y   i s   a g a i n   g i v e n  by: 

s ince  the  var iab les Vi = {u, CY, y )  are  independent. The component values  are: 

- 6u = 1 .20°K w i t h  6u/u = .2 au 
a A T  

- = .45'K w i t h  ~ U / C Y  = .15 a AT 
aa 

The t o t a l  (RSS) u n c e r t a i n t y   i s  , therefore:  

SAT = 1 . 2 9 O K  

4.2.3.4 Tota l  Compensation Uncer ta in ty  

S ince   the   la rges t   uncer ta in t ies  do n o t   o c c u r   a t   t h e  same cond i t ions  

f o r  each o f   the   th ree   compensat ion   te rms,   the   to ta l   uncer ta in ty   i s   no t   the  

sum o r  RSS o f  t he  components.  Worst  case cond i t ions  f o r  t h e   r a d i a t i o n  and 

conduct ion   e f fec ts   occur   a t   the  minimum wind speed  where c o m p r e s s i b i l i t y  

e f f e c t s   a r e   n e g l i g i b l e .   S i m i l a r l y ,   a t   t h e   h i g h e s t   w i n d  speeds  where the  
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c o m p r e s s i b i l i t y   e f f e c t   i s   g r e a t e s t ,   t h e   N u s s e l t  number i s   r e l a t i v e l y   l a r g e  

and the  convect ive  heat   t ransfer   dominates  conduct ion-and  rad iat ion.   S ince 

the  magnitude o f  a1 1 the  compensation  terms  decreases  ,at 1 e a s t   l i n e a r l y  as 

condit ions  vary  from  worst  case, a t  in termediate  va lues  o f   the  temperature,  

pressure  and  wind  ve loc i ty   the  to ta l   compensat ion  uqcer ta in ty  will be 

r e l a t i v e l y   s m a l l .  Thus the   overa l l   wors t  case l i e s   a t  whichever  extreme 

cond i t i on   y ie lds   t he   l a rges t   unce r ta in t y .  

Worst  case  conduction  effects have n o t  been determined  because  the 

difference  between  the  frame and ambient  temperatures has not  been accura te ly  

p red ic ted   fo r   a l l   combina t ions   o f   ambien t   cond i t ions .  However, an engineer ing 

analysis  based upon the   bes t   es t imate   da i l y   tempera ture  and pressure  cyc le  

showed tha t   the   f rame  s tayed  w i th in  a few degrees  of  the  ambient  temperature. 

Therefore, an  assumed wors t   case  uncer ta in ty   o f  one degree  (corresponding 

t o  a frame  temperature  dif ference of 23.6 t 8.7'K) should  be an adequately 

conserva t i ve   conduc t ion   e r ro r   es t ima te .   W i th   t he   rad ia t i on   unce r ta in t y ,  

t h i s  makes the 1 ow wind speed e r r o r  1.19"K.  Thus, t he   h igh  speed e r r o r ,  

1.29"K, i s   t h e   w o r s t  case. 

4.2.4 To ta l  System Uncer ta in ty  

The e r r o r s  due t o  a1 1 pos ' tu la ted   con t r ibu tors  can now be  combined and 

compared with  the  accuracy  requirements. The r e s u l t i n g   e r r o r   b u d g e t   i s   g i v e n  

below. 

Error  Budget 

E lec t ron i cs  and Data  Transmission 'I. 22°K 
Ca l i b ra t i on ,   Repea tab i l i t y  and Drift 1 . S O O K  

Compensation Uncer ta in ty  " 1 .29'K 
RSS 2.33"K 

Unassigned La t i   t ude  1.90"K 
, Spec i f i ca t i on  3 .OO°K 
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4.3 S t a b i l i t y  

The s t a b i l i t y  o f  the  sensing  elements was v e r i f i e d   b y   m o n i t o r i n g  

the  output   over  a pe r iod   o f   t ime   du r ing  a ca l i b ra t i on   wh i l e   t he   t empera tu re  

was held  constant.  There was no d i s c e r n i b l e   v a r i a t i o n .  The long  term 

s t a b i l i t y  was in fe r red   f rom  the   repeated   ca l ib ra t ions .  The s t a b i l i t y  o f  the 

e l e c t r o n i c s  was establ ished  independent ly,  as discussed i n  the  Worst Case 

i c s  Assembly (METC-013, Analys is   Repor t   for   the  Meteoro logy  E lect ron 

29 September 1972). 

4.4 Resolut ion 

The r e s o l u t i o n  o f  the  thermocouple  loop and p l   a t i   r u n   r e s i s t a n c e  

thermometer i s  a l m o s t   i n f i n i t e l y   s m a l l  and the  system  resolut ion  is   determined 

by   the   charac ter is t i cs  o f  t he   e lec t ron i cs  and data  transmission  elements. 

These are  discussed i n  the  Worst Case Analysis  Report.  

4.5 Response Time 

The response  time of  the  temperature  sensor was determined  by a t e s t  

conducted i n  the   V ik ing  Wind Tunnel on 75 August 1972. The response  time i s  

def ined as the   t ime  requ i red  f o r  t he   senso r   t o   t rans i t i on  63.2 percent 

towards a s tep change i n  tempera ture .   A f te r   ad jus t ing   the   tes t   resu l ts  t o  

worst  case  operating  condit ions,  the  response  t ime was found t o  Le .C, seconds. 

T e s t   D e s c r i   p t i  on 

The sensor was mounted i n  the   w ind   tunne l   w i th   the  open p o r t i o n  o f  the 

frame  facing  upstream and the  thermocouple  junct ions  at   the  approximate 
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cen te r   o f   t he   t es t ' sec t i on .  A s tep change i n  temperature was simulated by 

heat ing  the  thermocouple  wi res  wi th  a c u r r e n t   u n t i l  a s tab i l i zed   ove rhea t  

was achieved. The current  source was then  disconnected and t h e   c o l d e r   f l u i d  

f lowing  through  the  tunnel   provided  the  incremental   temperature change. The 

response of the  sensor   to   the  temperature  d i f ference was then  monitored t o  

* determine  the  response  t ime. 

S ince   t he   t es t   ob jec t i ve  was to  evaluate  the  response  t ime  under  worst  

case  condi t ions,   the  wind  tunnel  was operated  at   the  lowest  measurable  f low 

ra te .  The r e s u l t i n g   t e s t   c o n d i t i o n s   a r e  compared w i t h   w o r s t  case  operating 

cond i t ions  '1;) tab le  2 .  
. _  

T a b l e  2. Comparison o f  Test and Worst Case Operat ipg  Condi t ions 

Worst Case 
Parameter Test  Condi ti ons Operat ing Condi ti ons 

F l u i d  Air C02 + < 78% Argon 
Pressure 2.17 mm Hg 2.T mm Hg 
Vel o c i  ty 2.62 m/sec 2 m/sec 

Temperature 296.3"K 130 t o  350°K 

The sensor  thermocouple t r i a d  was w i r e d   i n  a l o o p   w i t h  a Chromel-P/Constantan 

r e f e r e n c e   j u n c t i o n   p l a c e d   i n  a d i s t i l l e d   w a t e r   i c e   b a t h .  Secondary junc t ions  

t o  copper  leads  were  also  located i n  t h e   i c e   b a t h   t o   n i n i m i z e   r e s i d u a l  

vo l tages.  

A 200 ma hea t ing   cu r ren t  was appl ied  to   the  thermoccuple  wi res  L i rougt i  

the  copper  leads. The diameter o f  the  leads and the   re fe rence   j unc t i on  

thermocouple  wire ( .020 i nch  minimum) was s u f f i c i e n t l y   i n  excess u'i Llle .003 i n c h  

diameter  sensor  wires  to make the  lead  overheat   negl ig ib le .  A Harr ison 
61 11A DC Power Supply was used t o  supply   the  heat ing  'current .  The r e s u l   t i n g  

sensor  wire  overheat was about 17°C. 

A f t e r  a s t a b i l i z a t i o n   p e r i o d   o f   a b o u t  one minute,   the  heat ing  current  

was disconnected and the  thermocouple  loop  leads  were  connected t o  a vo l tage 

r s c o r d i  ng sys tern made up o f  a Hewlett  Pazkard 467A DC s t a b l e  power amp1 i f i e r  

and a Iqoseley  Autograf X-Y  p l o t t e r .  The p l o t t e r  was s t a r t e d  as soon as the 
thermocouple  loop was connected t o   t h e  DC amp1 i f  i e r .  The p l o t   o f  EMF vs . t irue 

wds t+en used t o  determine  the  response  t ime. A schematic of  t h e   t e s t  
c o n f i g u r a t i o n   i s  g iven  ir, Figu-e 5. 
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c) 

The temperature  sensor  response was measured on ly   a f te r   t he   w ind   t unne l  

f l ow   cond i t i ons   had   s tab i l i zed  and had been v e r i f i e d   a t   t h e   d e s i r e d   p r e s s u r e  
and ve loc i t y .   F ina l   read ings  o f  to ta l   p ressure ,  dynamic  pressure  and t o t a l  

temperature  were made s imul taneously   wi th   the  sensor   output   record ings.  The 

wind  tunnel  and i t s   r e c o r d i n g  equipment  were  operated i n  accordance w i t h  

publ ished  operat ing  procedures.  

Analys is  of Resul ts  

A p l o t  of the  thermocouple EMF vs.. t ime i s  shown I n   F i g u r e  6. Values 

f r o m   t h i s   p l o t  were  used to   p repare   the   exponent ia l   p lo t  shown i n  F igure  7. 
The l i n e a r i t y  demonstrates  the  ant ic ipated  exponent ia l   character o f  t h e  

thermal  response  and the s lope o f  t h e  1 i ne y ie lds   t he   response   t ime   fo r   t he  
t e s t ,  .91  seconds.  Adjustments t o   t h i s   v a l u e  were  necessary t o   o b t a i n   t h e  

response  time  corresponding t o   w o r s t  case opera t ing  cond'i t i ons .  

The sensor  response  time can  be  equated t o   t h e   r a t i o  o f  the  thermal 

i n e r t i a  and t h e   r a t e   o f   h e a t   t r a n s f e r :  

where 

O W  
= thermocouple  wire  density 

= thermocouple  heat  capacity 

d = wire  d iameter 

9 
K = gas thermal   conduct iv i ty  

Nu = Nussel t  number 

Therefore , 

Nu) tes  t 
T = ,[ 

worst   case  test  (Kg 

Since  the  worst  case  temperature i s   no t   immed ia te l y   ev iden t ,   t he  K Nu 

product must be evaluated  for   both  temperature  extremes. 
9 
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Thermal C o n d u c t i v i t i e s  : 

2, 

Kg(Air,   296.3"K) 62.09 x c a l / s e c  cm " C  

Kg ( C02, 130OK) 12.79 x ca l /sec cm " C  

Kg(CO,, 350°K) 49.0 x ca l   / sed  cm O C  

Nussel t Numbers : 

The t e s t  and  worst   case  condi t ions l i e   i n   t h e  near- f ree-molecul  a r  f low 

regime and, t h e r e f o r e ,  Nu = Nu (M, Re). 

Mach Numbers: M = u / m  

M t e s t  

% o r s t  case, 130°K 

Mworst  case, 350°K 

Reynolds Numbers : Re = p u d/p 

R e t e s t  

Reworst  case, 130°K 

Reworst case, 350°K 

.00756 

.0332 

.281 

.0374 

The v a r i a t i o n   o f  Nussel t number i n  t h e  Mach and  Reynolds  number  ranges 

o f  i n t e r e s t  has been  discussed by Baldwin,  Sanborn  and L a ~ r e n c e ' ~ ) .   F i g u r e  8 
shows t h e i r   r e s u l t s   o v e r   t h e   r a n g e  o f  i n te res t .  The f i g u r e   g i v e s  the  N u s s e l t  

number as a f u n c t i o n  o f  Reynolds number only f o r  M = G and M = .1  (above 

Re = .8, d a t a   f o r  M = .05 i s   a l s o   g i v e n ) .   T h e r e f o r e ,  an i n t e r p o l a t i o n  scheme 
was used  based  on  the  re la t ion:  

--. 
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where Nucont i s   t h e  M = 0 Nusse l t  number, and t h e   f a c t o r  k was determined 
from  several   values a t  M = .05 and M = .l. A r e p r e s e n t a t i v e   v a l u e  of k = 

10.3 f .3 was e s t a b l i s h e d .  The r e s u l t i n g   N u s s e l t  numbers were: 

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

Nu (M = .01122, Re = .281) = .557 . &9\d 
:. 1' 4 

The r a t i o s  o f   the   thermal   conduct iv i t y -Nusse l t  number products   are  then:  

Nu) t e s t  
= 1.963 i .qb3  

7Kg Nu)worst  case, 130°K 

( Kg' Nu) t e s t  y/ = 1.128 
rKg Nu)worst  case, 350°K 

The worst   case  temperature i s ,  t h e r e f o r e ,  130°K and   the   ad jus ted   t ime  

cons tan t  i s : 
\ 

T worst   case = 1.963 = 1.8  seconds 

E v a l u a t i o n   o f   U n c e r t a i n t y  

1. T e s t   U n c e r t a i n t i e s  

a. Measured  Time  Constant 

The a g g r e g a t e   e r r o r   f r o m   e l e c t r o n i c s   a n d   p l o t t e r   i n a c c u r a c i e s  

i s  l ess   t han  3 percent .  Thus : 

' ' t e s t  .03 
T t e s t  

b .  Measured  Quant i   t ies 



c. Mach  Number Uncer ta in ty  

and 

6M 

M 
" 

00- .058 
m 

d. Reynolds Number Uncer ta in ty  

. 2  2 2 2 1/2 
' Re 
" sRe - [ y )  t ( y  + (T) + (Y)  ] 

6M 

M 
6U - co .058  from - " 

U 
m 

" 6P - .02 f o r   a i r   a t  ambient  temperature u 

Then 

= .118 Re 

e. Nussel t Number Uncer ta in ty  
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(%Ites = .087 

f .  Thermal  Conduct iv i ty  Uncertainty 

= 

2. Worst Case Uncer ta in t i es  

a.  Mach  Number Uncer ta in ty  

6M 
00 

= 0 de f ined  va lue  
iw 

b. Reynolds Number Uncer ta in ty  

d c o r r e l a t e d  wi t h   t e s t   u n c e r t a i n t y  
o ther   va lues   de f ined 

c.  Nussel t Number Uncer ta in ty  

3. To ta l   Uncer ta in ty  

2 
+ (%) worst  case + (6   test)^]''^ tes  t 

= . l o7  

Thus, _I_= 1.8 f .2 sec 
"" -. 

- 23 - 



4.6 Warm-up Time 

The sensing  elements have an i n s i g n i f i c a n t  warm-up time  and  meeting 

t h i s   s p e c i f i c a t i o n   i n v o l v e s   t h e   e l e c t r o n i c s  package  only.  This i s  discussed 

i n  the  Worst Case Analysis  Report.  

4.7 Atti tude 

The des ign  o f   the  sens ing  e lement  makes the   sys tem  inherent ly   insens i t i ve  

t o   a t t i t u d e  changes. It i s ,  however, s e n s i t i v e   t o   o r i e n t a t i o n  i n  one 

respect .  When t h e   w i n d   d i r e c t i o n   i s  such tha t   t he   senso r   l i es   , i n   t he   t he rma l  

wake of the  lander ,  an e r r o r   o f  unknown magnitude will be introduced  by  the 

change i n   a i r  temperature  over  the  sensing  thermocouples. The af fected 

d i rect ions  are  expected  to   cover  a sec tor  o f  about  seventy  degrees. 

4.8 Hys teres is  

The hysteres is   o f   the  sens ing  e lements was determined  dur ing a 

c a l i b r a t i o n  by  approaching a ca l ib ra t ion   po in t   tempera ture   f rom above  and 

below. The measured ou tpu t   d i f f e rence  was w i t h i n   t h e   l i m i t a t i o n s   o f   t h e  

t e s t  equ ipment   ( i .e . ,   equ iva len t ly   less   than . Z ° K ) .  S i m i l a r   t e s t s  were 

performed on the   e lec t ron i cs  package, as discussed i n  t,he  Worst Case Analys is  

Report. 
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Table 1. Temperature  Sensor  Calibrat ion  Schedule 

Frame  Rosemoun t 
Temp. ( O K )  F1 u i d  

1 30 FREON 
12 

180 

2 30 

270 

31 0 

350 

NOTES 

FREON 
12 

FREON 
12 

FREON 
E-4 

FREON 
E-4 

FREON 
E-4 

Modu 1  e 
Temp. ( O K )  

230 
255 
280 
305 
330 

2 30 
255 
280 
305 
330 

230 
255 
2  80 
305 
330 

230 
255 
280 
305 
330 

230 * 

255 
280 
305 
330 

230 
255 
2  80 
305 
330 

Vol tage 
Pin  4-Pin 3 

- 4.542 
- 5.911 
- 7.358 
- 8.864 
-1 0.421 

- 2.366 
- 3.730 
- 5.179 
- 6.682 
- 8.247 

0.003 
- 1.375 
- 2.816 
- 4.324 
- 5.880 

2.222 
0.858 

- 0.591 
- 2.101 - 3.664 

4.639 
3.267 
1.823 
0.315 

- 1.256 

7.200 
5.839 
4.392 
2 ,887 
1.324 

Resi  stance 
Pins 1,  2 

7 24.41 
;39.24 
154.05 
168.86 
183.64 

124.47 
139.22 
154.08 
168.88 
183.59 

124.51 
139.31 
754.09 
168.84 
183.58 

124.39 
139.20 
154.01 
168.78 
183.70 

i24.43 
139.31 
'154.35 
168.92 
183.72 

124.50 
139.27 
154.21 . 

168.81 
183.63 

PINS 

1. Frame temperatures  accurate  to  k.05"K 
2. Module  temperatures  accurate t o  f l ° K  
3. Voltage  measured  accurate t o  f.002 mv 
4. Resistances  measured  accurate t o  f.01 ohm 

Resistance 
Top Pins 

121.01 
121 .oo 
121.01 
121.01 
121.01 

121.01 
121.01 
121.01 
121.01 
121.01 

121.01 
121.01 
121 .Ol 
121.01 
121.01 

121.01 
121.02 
121 . O l  
121.01 
121.01 

121 .oo 
121.01 
121.01 
121.01 ' 

121.01 

i 21.02 
121.01 
121.01 
121.01 
121 .Ol 

c=J TOP P INS 

+O- 
L 
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1. WIND SENSOR ARRAY DESCRIPTION 

1.1 CONFIGURATION 

F igure  1 shows a drawing of   the  Meteorology  Sensor  Assembly  wi th  the 

temperature  sensor,  quadrant  sensor and wind  sensor   ar ray  ind icated.   F igure 2 

displays  drawings  of  the  wind  sensor  array  elements. The p r i n c i p a l  components 

o f   the   w ind   sensor   a re   the   ho t  film sensing  element,   the  g lass-epoxy  st ing 

suppor t ing  the  sens ing  e lement   and  the  p la t inum  wi re  leads  extending  through 

t h e   s t i n g   t o   t h e  base  of  the  sensing  element. The sensing  element  consists  of  

a 0.020 inch  diameter  pyrex  rod, a s p l i t   p l a t i n u m  film on the  surface  of   the 

r o d  and an a lumina  cover ing   fo r   p ro tec t ion   o f   the   p la t inum film from dus t  

abrasion. The p la t inum  paste cap a t   t h e   t i p  of the  element  serves as p a r t  of 

the   sensor   e lec t r i ca l   c i rc ,u i  t as does the   p la t inum  pas te   a t   the   e lement  base. 

Conductive  gold epoxy i s  used to   re in fo rce   the   lead   a t tachments .  

F igure  3 d isp lays   the  MSA e l e c t r i c a l   c i r c u i t r y .  An i m p o r t a n t   f e a t u r e   o f  

t h e   c i r c u i t r y   i s   t h e   e x i s t e n c e  o f  K e l v i n   j u n c t i o n s   f o r  each o f   the   w ind   sensor  

leads. The Ke lv in   j unc t i ons   pe rm i t  measurement o f   the   e lement   res is tances  and 

the   res i s tances   o f   t he   l eads   runn ing   t o   t he   j unc t i ons   exc lus i ve  o f  t he   add i t i ona l  

c i r c u i t r y   r u n n i n g   t o   t h e   w i n d  module  and t h e  MEA. Th is   feature  increases  the 

p rec i s ion   o f   senso r   res i s tance  measurements. 

1.2 PRINCIPLE OF OPERATION 

Each of   the  wind  sensor  array  e lements i s  a h o t  film anemometer, i .e. ,  

i t  i s  an ins t rument   wh ich   permi ts   the   ca lcu la t ion   o f   w ind  speed f rom  the power 

r e q u i r e d   t o   m a i n t a i n  a speci f ied  overheat  temperature.  The sensor  convective 

h e a t   t r a n s f e r  may be  represented  by  the  Nussel t  number 
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where Q i s  the power convected t o   t h e   f l u i d ,  L i s  the element length,  kF i s  

the gas thermal  conduct iv i ty  (at   the gas film temperature) and AT i S the  element 

overheat  temperature.  For an i - n f   i n i t e  cy1  i.nder,  the  Nussel t number i s  r e l a t e d  

to   the  film Reynolds number, ReF, by the  empir ica l   re la t ion 

NU = (TF/TA)’ (A  + B ReFn) 
17 

where TF and TA are  the film temperature and the  cy l inder   ad iabat ic   recovery 

temperature,  respectively, and A, B and n are  constants  (Reference 1 ). 

Equation (2).  i s  Val i d   f o r  gas ve loc i t ies  which  are  perpendicu lar   to   the 

cyl inder  axis.   For gas ve loc i t ies   wh ich   a re   no t   perpend icu la r   to   the   cy l inder  

axis , the  Nussel t number i s  reduced t o  a value  which can  be adequately 

represented, f o r   t h e  purpose. of   the  present  d iscussion,  by  the  re lat ion 

Nu = (TF/TA)*17 [A + B (ReF  COS^)^] (3) 

where e i s  defined i n  Figure 4. This  equation  holds  that  the  convective  heat 

t rans fe r  i s  simply  determined by the  cross-f low Reynolds number. It i s  the 

va r iab i l i t y   o f   convec t i ve   hea t   t rans fe r   w i th   f l ow   ang le   ( i n   add i t i on   t o   w ind  

speed) t h a t   i s   t h e  essence o f   the   w ind   a r ray   p r inc ip le  of operation. Each 

wind  sensor  element may have i t s  convective  heat  transfer  represented by an 

equat ion  l ike  Equat ion (3); f o r  example, 

Nu, = (TF/TA) l7 [A -t B ( ReF cose) 1/2, (4) 
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It i s  assumed h e r e   t h a t   t h e   a t t i   t u d e   a n g l e  9 i s  zero  where J, i s  de f ined i n  

F igure 5. The Nussel t  numbers a r e   c a l c u l a t e d   f r o m   t h e   f l i g h t   d a t a   u s i n g  

Equation  (1 ) . Equations (4 )  and (5)  are  then  determinate  permi t t ing a s o l   u t i  on 

f o r  ReF and e; the  wind  speed i s  c a l c u l a t e d   u s i n g   t h e   d e f i n i t i o n  o f  the  Reynolds 

number and the  known sensor  and gas propert ies.   Note  that   the  quadrant  sensor 

i s  needed to   de te rm ine   t he   t rue   so lu t i on   f rom  the   f ou r   poss ib le   so lu t i ons .  

It should  be  noted  that   the power suppl ied  to.   the  wind  sensor  e lements 

i s   l o s t  through  the  paras i t ic   heat   t ransfer  modes, heat   conduct ion  and  rad iat ion,  

i n   add i t i on   t o   hea t   convec t i on .   S ince   on l y   hea t   convec t i on   i s   re la ted   t o   t he  

w ind   ve loc i t y ,   t he   pa ras i t i c   hea t   l osses   shou ld   be   sub t rac ted   f rom  the   t o ta l  

power be fore  a s o l u t i o n   f o r   t h e   w i n d   v e l o c i t y  can  be obtained. 
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2. PERFORMANCE TESTING OF WIND SENSOR 

2.1 TEST  DESCRIPTION 

2.1.1 F a c i l i t y  

F igure 6 shows a drawing o f   t h  le V ik ing  Wind Tunn e l .  Th e t e s t  gas f l o w  

i s  produced  by  the  pressure  difference  between  the  atmospheric  pressure a t   t h e  

i n t a k e  and t h e   p a r t i a l  vacuum i n  the   man i fo ld   p ipe   lead ing  t o  the pumps. Air 

o r  CO, a t  ambient  temperature and pressure   f lows  in to   the   in take   man i fo ld  and 

through one o f   the   th ree   vo lumet r ic   f low  meters .  These meters  are  used as 

guides i n  producing  the  desired  f low and a re   no t  used i n  c a l c u l a t i n g   t h e   t e s t  

sec t ion   f low  p roper t i .es .  The gas then  f lows  in to   the  s tagnat ion chamber, i n t o  

the   t unne l   t es t   sec t i on  and through a s o n i c   o r i f i c e   p l u g   v a l v e   b e f o r e   e n t e r i n g  

the  mani fo ld .  The t e s t   s e c t i o n  Reynolds number i s  determined  (approximately) 

by the mass f l ow   ra te   i n to   t he   t unne l  and t h e  Mach number by t h e   r a t i o   o f   t h e  

. t es t   sec t i on   c ross -sec t i ona l   a rea   t o   t he   son ic   o r i f i ce   a rea .  A p rec i se  

c a l c u l a t i o n   o f   t h e   t e s t   s e c t i o n   f l o w   p r o p e r t i e s   i s   p e r m i t t e d  by measurements o f  

the   to ta l   tempera ture  and pressure i n  the   s tagnat ion  chamber  and the  pressure 

d i f f e r e n t i a l s  between the   to ta l   p ressure  and  the   wa l l   p ressure   a t   th ree   loca t ions  

a long   t he   t es t   sec t i on   (F igu re  7 ) .  

Figure 8 shows t h e   e l e c t r i c a l   c i r c u i t r y  between  the  wind  array,  the  heat 

f l u x  systems and t h e   d i g i t a l   v o l t m e t e r s .  The heat   f lux   system  br idge  vo l tage 

was monitored on t h e   v o l t m e t e r   i n   o r d e r   t o   i n c r e a s e   t h e   p r e c i s i o n   o f   t h e  

measurements. A s impl i f ied  schematic  of   the  heat  f lux  system  br idge i s  shown 

i n  Figure 9. The br idge  vo l tage  (E)  i s   a u t o m a t i c a l l y   a d j u s t e d   s u c h   t h a t   t h e   w i n d  

sensor   leg  res is tance (Rs + RL) equals  the  heat  f lux  system  operat i .ng  resistance 

(RH). 
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2 1.2 Wind Sensor  Array Model 

The sensor   a r ray   tes t  model consisted  of   two  wind  sensors,  a re ference 

temperature  sensor and an MSA pedestal  combined i n  t h e   f l i g h t   c o n f i g u r a t i o n .  

The two  wind  sensors (Nos. 12O/V1 and  117/V2)  and the  reference  temperature  sensor 

(No. 11  1/V3)  were se lec ted   f rom  the  Phase I 1  batch   o f   b readboard   un i ts .  A 

re ference  temperature  capabi l i ty  was n o t   r e q u i r e d   i n   t h e   p e r f o r m a n c e   t e s t s  and 

sensor 11 1 was inc lude$   on l y   t o   p rov ide  a sensor  array  which was aerodynamically 

e q u i v a l e n t   t o   t h e - f l i g h t   u n i t .  The wind  sensor  array was supported on a 

c a l i b r a t i o n   f i x t u r e   w h i c h   p e r m i t t e d  360" ro ta t i on   o f   t he  model about  the 

/ 

I 

reference  temperature  sensor ( in   the   sensor   a r ray   p lane)  and 225" tilt o r  

a t t i t u d e  change i n   t h e   p l a n e   i n c l u d i n g   t h e   t e s t   s e c t i o n   a x i s   ( F i g u r e  5 ) .  

Note tha t   t he   i nc luded   ang le  between  each  wind  sensor and the   re fe rence 

temperature  sensor i s  45". 

\ 

An accurate  knowledge o f  the  wind  sensor  d imensions  and  electr ical   propert ies 

i s  necessary  to  proper ly  reduce  the  wind  tunnel   data.   Sensor  e lectr ical   resistance 

versus  temperature was measured i n . a   t e m p e r a t u r e   b a t h   a t  

temperatures o f  23, 115, and '130°C. The res is tance  o f   the   p la t inum  w i re   leads  and 

p la t inum  paste segment between  the  lead  attachments and p la t inum film was 

subtracted  f rom  the measured r e s i s t a n c e   t o   o b t a i n   t h e   p l a t i n u m  film resis tance 

versus  temper.ature. The resistance  data  are  presented i n  

Appendix A. Sensing  element  diameter,  platinum film l e n g t h  and the   leng ths  and 

diameters o f  the  p la t inum  paste segments were  measured i n  Metrology's  Dimensional 

Center and are  g iven i n  F igure 10.  The diameter  of  the  pyrex  rod and the 

thicknesses o f   t h e   p l a t i n u m  film, plat inum  paste and alumina  layers  were 

determined  through measurements obtained  from  sensing  element  microsections 

(sensor 122 of the  alumina  and  plat inum film deposi t ion  batch  containing  sensors 

c 
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, . .. 

Know1 

w he r e  

Alumina  Thickness 
Plat inum F i l m  Thickness 
Platinum  Paste  Thickness 
Pyrex Rod Diameter 

edge o f   the   sens ing   e lement   o r ie  

11 7 and 120 was used). These data  are  requi red i n  t h e   c a l c u l a t i o n   o f   t h e  

sensing  element  heat  conduction and rad ia t ion   losses .   Tab le  1 presents   the 

dimensi 'onal   data  obtained  f rom  the  microsect ions.  

Table 1. Sensing  Element  Microsection  Data 

0.00020 i nches 

0.000025 i nches 
0.003 inches 
0.02025 inches 

n t a t i o n   w i t h   r e s p e c t   t o   t h e   w i n d  

ar ray   i s   necessary   to   p roper ly   in te rpre t   the   w ind   tunne l   per fo rmance  da ta .  

Table 2 presents  the  sensing  element skew data  of  sensor 117 (only  the  performance 

da ta   o f   sensor  117 i s  presented i n   t h i s   r e p o r t ) .  The sensing  element  or ientat ion 

i s   g i v e n   i n  terms o f   the   c ross-sec t ion   cen t ro id   po la r   coord ina tes  (7, A )  a t  

l o c a t i o n s  5 and 7 o f  F igure  10.  Figure  11  defines 7 and A. 

Table 2. Sensor  117  Sensing  Element  Coordinates 

P o s i t i o n  r (inches) . A (degrees) 

5 .006 347 
7 .0085 6 

2.2 TEST PROCEDURE AND CONDITIONS 

The t e s t   p r o c e d u r e   f i r s t   i n v o l v e d   t h e   c a l c u l a t i o n   o f   t h e   s e n s o r   o v e r h e a t  

resistances.  Equat ion (6)  was used i n   t h i s   c a l c u l a t i o n  

RH = Rc + Ro ~1 AT 

RH = sensor c i r c u i t   r e s i s t a n c e  with the   p la t inum film at   the   ove rhea t  
temperature ; equ iva len t ly ,   the   heat   f lux   sys tem  opera t i .ng   res is tance 
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Rc =. sensor c i r c u i t   r e s i s t a n c e   w i t h   t h e   p l a t i n u m  film a t  room temperature 

Ro = p la t inum film i c e   p o i n t   r e s i s t a n c e .  

O. = p la t inum film resis tance- tempera ture   coe f f i c ien t ,  a = l/Ro AR 

AT = p la t inum f i  Jm overheat  temperature 

Rc was measured a f te r   the   sensor   a r ray  was placed i n   t h e   w i n d   t u n n e l   t e s t   s e c t i o n .  

The ambient  temperature was measured a t  the same t ime  us ing  the  to ta l   temperature 

thermocouple i n  the  tunnel   s tagnat ion chamber. Adding  the  overheat  temperature 

to  the  ambient  temperature  gives  the  approximate  sensor  platinum film temperature, i .e., 

TS = Tamb + AT. Note t h a t  it i s  t h e   o r i g i n a l   a m b i e n t   t e m p e r a t u r e   t h a t   i s  used 

in   t he   f o rego ing   equa t ion  and not   the  ambient   temperature  a t   the  t ime  o f  any 

given  sensor  performarice  data  point; TS o r  RH, once  determined,  remained 

unchanged throughout   the  test .  

The fol lowing  steps  comprised  the  operat ing  procedure  for   taking a wind 

sensor  performance  data  point: 

Turn on the power to   the  wind  sensor   producing  the  requi red 
overheat  temperature.   Note  that   th is  step i s   g e n e r a l l y   n o t  
required  s ince  the  sensor power i s  continued  between  data  points. 

Ad jus t   the   sensor   a r ray   ro ta t ion  and ti,lt angles t o   t h e   s p e c i f i e d  

values. 

Set  the  volumetr ic  f low  meters and the  sonic   or i . f ice  p lug  va l  Ye 

to   t he   spec i f i ed   se t t i ngs .  

Wait one minute, when necessary , to   permi t   the   w ind   tunne l  and 
sensor  performance to   achieve  s teady  s ta te and record   the  
performance  parameters. 

Close  the  vo lumetr ic   f low  meter   va lve.   In termi t tent  w 
ope ra t i  on was f o l  lowed  because o f   t h e  1 imi t e d   t e s t  gas 

generator  capaci ty.  

1 

1 

The t rue   p la t i num film temperature i s   t h e   s o l u t i o n   o f   t h e   e q u a t i o n   f o r   t h e  
p la t inum film resis tance,  Rs, 

~1Ts + BTS + y = RS 2 

where RS = Rs(TC) + (R - Rc)  and a ,  B and y were obtained  from  temperature 
ba th  measurements o f  t PI e wind  sensor  resistance  (Appendix A) .  
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