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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. 
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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 

- a -  



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 .  

- 11 - 



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 
"" -. 
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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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Test   cond i t ions   fo r   the   w ind   sensor   a r ray  were 

T 2 297°K 
m 

4.0 Po 5 57 Tor r  

w i t h  carbon  dioxide as t h e   t e s t  gas.  These condi t ions  correspond  to   the Mach 

number-Reynolds number map shown i n   F i g u r e  12; a l so  shown i n   F i g u r e  12 i s   t h e  

required  "high  accuracy' '   region  calculated from Figures 6 and 7 o f  Reference 2. 

(reproduced as Figures 13a  and '13b here in )  . The Knudsen number (based on the  

film temperature)  var ied from  .0014 t o  .02  and was found t o  produce a maximum 

10 pe rcen t   reduc t i on   o f   t he   Nusse l t  number from  the  continuum limit. 

The ef fect   o f   sens ing  e lement   temperature on Nussel t  number was 

assessed  over a wide  range o f  Reynolds number and Mach number. Data  were 

obtained  at   e lement  overheat  temperatures  of   approximately 58"C, 77"C, 98"C, 

118°C and 139°C. Sensor a r r a y   r o t a t i o n  and a t t i  tude  covered  the  ranges 

0" 9, < 360" and  -24" " < JI < 25" , respec t i   ve l  y. 

2.3 TEST RESULTS 

2.3.1  Data  Reduction 

The basic  procedure  used i n  reducing  the  performance  test   data was t o  

s u b t r a c t   t h e   p a r a s i t i c   r a d i a t i o n  and heat   condi t ion  losses  f rom  the  to ta l  power 

suppl ied  to   the  sens ing  e lement  and so ob ta in   the   convec t ive  power l oss  and the 

element  Nusselt number. A f i n i t e   d i f f e rence   p rog ram was used t o   s o l v e   t h e  

heat   t ransfer   equat ions.  An extens ive l i s t  of  parameters  including gas proper t ies ,  

element  dimensions,  sensor  performance  data and wind  tunnel  data  comprised  the 

i n p u t   l i s t   o f   t h e  program. The ou tpu t   inc luded Mach number, Reynolds number, 
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Nussel t number, p la t inum film temperature  and gas to ta l   temperature.  A 

d i s c u s s i o n   a n d   l i s t i n g   o f   t h e  program i s   g i v e n   i n   t h e  VMIS Supplier  Design 

Manual' (Reference 3. Note that  the  sensing  element skew was considered 

n e g l i g i b l e  and was i g n o r e d   i n   t h e   r e d u c t i o n  of the  performance  data. 

A var iab le  sens ing  e lement   emiss iv i ty  was used i n   c a l c u l a t i n g   t h e  

r a d i a t i o n   h e a t   t r a n s f e r   i n   t h e  performa'nce test   data  reduct ion.   Emi t tance 

data  were  obtained i n  measurements performed on  an alumina  deposi t ion "band 

meter"  obtained  from Thermo-Systems, Inc .  The thickness  dependent  spectral 

em iss i v i t y   o f   t he   a lum ina  was determined and the   resu l t s   used   t o   ca l cu la te   t he  

hemispherical emi t tance  over  a range , o f  temperatures and a1 umina thicknesses. 

The alumina on p la t inum  emiss iv i ty   for   the  per formance  test   sensor  (S/N 117) 

was found t o  be 

E = 0.63 - 0.00062 (T - Z O O . )  

Note t h a t   t h e  bandmeter subs t ra te  was s t a i n l e s s   s t e e l  and t h e   e m i s s i v i t i e s  

were  accord ing ly   ad justed  to   represent   the  expected  emi t tance  for  a p la t inum 

subst rate.  

2 
Severa l   mod i f i ca t i ons   o f   t he  program  have  been made. Updated 1 i s t i n g s   a r e  

avai  1 ab1 e.  

3Thermo-Systems , Inc .  was the  wind  sensor  suppl ier .  
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P e r f o r m m e   t e s t   d a t a  were  simultaneously  taken  for  sensors 117  and 

120; however,' there  was evidence  that  sensor 120  had p rev ious l y  been broken 

dur ing  handl ing and i t  was dec ided  no t   to   ana lyze   the   da ta  of t h i s  sensor. The 

10SS o f  sensor  120  data does reduce  the   de ta i l  of the  performance t e s t   r e s u l t s  

bu t   t he  240 data  points  produced  by  sensor 117 are  adequate  for  assessing  the 

Sensor  performance and acceptab ly   augment ing   the   f l i gh t   un i t   Ca l i   b ra t ion   da ta .  

Note  that  sensor 117 i s  i n  p o s i t i o n  Y2 (Figures 1 and 5) 

2.3.2 Data  Presentation 

A tabu1  at ion of the  breadboard  wind  sensor  performance  data i s  g iven i n  

Appendix A .  Both  the raw data and the  nondimensional i zed  (reduced)  data, e. g 

Reynolds number and Nussel t  number, a re   p resen ted .   No te   t ha t   a l l   t es t   sec t i on  

b lockage  e f fect   correct ions  are  incorporated i n  the  reduced  data. 

F igure 14 gives  the  sensor  Nussel t number d i s t r i b u t i o n  versus film 

Reynolds number for   the  case where t h e   w i n d   v e l o c i t y   i s   p e r p e n d i c u l a r   t o   t h e  

sensing  element  axis.  Also shown f o r  comparison i s  t h e   C o l l i s  and Wi l l iams 

e m p i r i c a l   c o r r e l a t i o n   c u r v e   f o r   t h e   h e a t   t r a n s f e r  from h igh   aspec t   ra t i o  

c i r c u l a r  cy1  inders  (Reference  1). It i s  seen that   the  wind  sensor   per formance 

data  are 20% t o  30% above the  Col.1 i s  and Wi 11 i ams curve. The overvalues  are 

a p p a r e n t l y   p r i m a r i l y  due to   t he   depar tu re  of the  wind  sensor  conf igurat ion  f rom 

t h e   i d e a l   c a s e   o f   t h e   i n f i n i t e   c i r c u l a r   c y l i n d e r .  Aerodynamic i n te r fe rence  

- 9a - 



- 10 - 

of t h e   s t i n g  and the  low L/D of   the  sensing  element (L/D = 20) are  the  geometric 

con t r i bu to rs   t o   t he   Nusse l t  number overvalues.  Approximately 2% o f   t h e   o v e r v a l u e  

may be a t t r i b u t e d   t o   t h e   t e s t  gas being CO, r a t h e r   t h a n   a i r ,   t h e   t e s t  gas i n  

t h e   C o l l   i s  and Wi 11  iams repor t .  

It i s  more d i r e c t   t o   c o n s i d e r   t h e   N u s s e l t  number d i s t r i b u t i o n  disagreement 

i n  terms of   the  sens ing  e lement  power d is t r ibut ion  versus  Reynolds number. F igure 

15 d isp lays  th is   compar ison  for   the  sens ing  e lement   overheat   temperature  o f  

97.5OC . The performance t e s t  power d i s s i p a t i o n  was obtained  using  the  formula 

2 

where RB and RH are  heat  f lux  system  parameters  (Figure  9) and RS and TS 

were de f ined above  (page 7 ) . l  Note t h a t  P i s -   t h e   t o t a l  power 

d i s s i p a t i o n  and  consequently  includes  heat  conduction and r a d i a t i o n  energy 

t r a n s f e r   i n   a d d i t i o n   t o   t h e   h e a t   c o n v e c t i o n   e n e r g y   t r a n s f e r .   I n   o r d e r   t o   p e r m i t  

a d i r e c t  comparison w i t h   C o l l i s  and Wil l iams i t  i s  necessary t o   s u b t r a c t  

t he   pa ras i t i c   hea t   t rans fe r   f rom P l eav ing   t he   convec t i ve   hea t   t rans fe r  

The sensor  heat  conduction  and  radiat ion  loss i n  a vacuum a t  100°C overheat was 

.0208 wat ts   (F igure 16) .  Reference 4 descr ibes  the vacuum t e s t  equipment and 

procedure. It was found i n  the   w ind   tunne l   da ta   ana lys is   tha t   the   paras i t i c  

l o s s e s   a t  100°C overheat  were  not more than 10% higher  than  the  heat  conduction 

and r a d i a t i o n   l o s s e s   i n  a v a ~ u u m . ~   N e g l e c t i n g   t h i s   d i f f e r e n c e  and sub t rac t i ng  

the .0208 wat ts   f rom  the   to ta l  power d i ss ipa t i on   ob ta ined  i n  the  wind  tunnel  

t es t   g i ves   t he   w ind   senso r   convec t i ve   hea t   t rans fe r '   cu rve   i nd i ca ted   i n   F igu re   15 .  

4 
It i s  genera l l y   t rue   t ha t   t he   hea t   conduc t ion   l oss  will inc rease   w i th  

increasing  convect ive  heat  t ransfer  losses. However, i n   t h e  case o f  sensor  117, 
t h i s   e f f e c - t   i s   s u b s t a n t i a l l y   c a n c e l l e d  by  convective  heat  transfer  losses  from 

the  p la t inum  paste segment a t   t h e  base of   the  sens ing  e lement .  



The C o l l i s  and Wil l iams  curve was obta ined  us ing  the  formula 

P = IT L kF Nu AT 

where, as previously  noted, 

L = element  length 

kF = gas film thermal   conduct iv i ty  

AT = sensing  element  overheat  temperature 

and Nu i s   t h e  Nussel t numberQgiven  by  (Reference  1) 

Nu = (TF/TA)' (A t B Ren) ' 
17 

-1" " 

w i t h  i 
i ?. 

Y 

e 0 2  - < ReF < 44 44 - < ReF - <: 140 

A 0.24 0.0 
B , 0:56 0.48 
n 0.45 0.51 

TA is   the   ad iabat ic   recovery   tempera ture .  L was s e t  equal t o   t h e   t o t a l   e l e m e n t  

length   (conserva t ive ly  chosen t o  be 1 .l centimeters)  and AT s e t  equal t o  100°C. 

Note  that   the 100°C value i s  also  conservat ive i n   t h a t  i t  represents  the  p lat inum 

film temperature  which i s  several  degrees higher  than  the mean sensing  element 

temperature. 

I t  i s  seen i n   F i g u r e  15 that  the  wind  sensor  data  are once again 20 t o  

30 percent  above t h e   C o l l i s  and Wi l l i ams   p red ic t i on .  The ind ica ted   conc lus ion  

i s   t h a t   t h e   w i n d   s e n s o r  power d iss ipat ion  overva lues  are due t o   t h e  aerothermo- 

dynamic cha rac te r i s t i cs   o f   t he   senso r  and no t   t he  manner of i n t e r p r e t i n g   ( o r  

reducing)  the  wind  tunnel  data. 

Returning to, t h e  Nussel t number data  (Figure  14),  a s i g n i f i c a n t   e f f e c t  

of  f low  rarefaction  {up  to  10  percent)  and  element  overheat  temperature  can be 

seen. Concern ing   the   f low  ra re fac t ion   da ta ,   the   upr igh t   t r iang les   represent  

the  wind tunnel  measurements and the   i nve r ted   t r i ang les   rep resen t  the same data 
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when ad jus ted   to   the   equ iva len t   con t inuum  va lues .  I n  performing  the  adjustment,  

the  formula  (Re.ference 1 ) 0 
l/Nuc = 1/Nu - 2 Kn 

was used  where Nu is   the   exper imenta l   Nusse l t  number, Kn is   the   sens ing   e lement  

film Knudsen number, and Nuc i s  the  equivalent  cont inuum  Nussel t  number. Three 

sets  of   overheat  data  wi th  sensi ,ng  e lement  overheat  temperatures  of  58"C, 97°C 

and 136°C are shown i n   t h e   f i g u r e .  An impor tant   overheat  dependence i.s seen 

t o   e x i s t ;   t h i s   e f f e c t  as w e l l  as the   ra re fac t i on   e f fec t   shou ld  be represented 

i n  t h e   f l i g h t . d a t a   r e d u c t i o n   l o g i c .  

F igure   17   p resents   the   var ia t ion  o f  normalized  Nussel t number versus 

sensor   angle  o f   a t tack where Nuo i s   t h e   v a l u e   o f   t h e  'Nussel t number a t  e = 0". 

F i ve   se ts   o f   da ta   cove r ing  a film Reynolds number range  from 3 t o  105 are  shown. 

No te   t ha t   f o r  e < 0" the  pedestal  i s  upstream o f   the   sensor  and an i n f l u e n c e   o f  

the  pedestal wake on the  sensor  performance can occur. 
\ @ 

, Ana lys i s   o f   t he   da ta  has shown .that  the  decrease i n  Nu/Nuo c l o s e l y   f o l l o w s  

the C O S ' / ~ O  var ia t ion  (obta ined  f rom  the  assumpt ion  that   on ly   the  cross  f low 

Reynolds number i s   i m p o r t a n t )   t o   a b o u t  e = 45". The d a t a   e x h i b i t  a d imin ish ing  

dependence o f  Nu/Nuo on e with  decreasing  Reynolds number, a r e s u l t   w h i c h   i s  

apparent ly  due t o   t h e   i n c r e a s i n g   r e l a t i v e   i m p o r t a n c e   o f   t h e   a x i a l   f l o w  component 

a t  the  lower  Reynolds numbers. The l a c k   o f  symmetry i n   t h e   d i s t r i b u t i o n   o f  

Nu/Nuo i s  caused  by  the  asymmetric  aerodynamic  configuration.  Note i n   p a r t i c u l a r  

t h a t   a t  e = -90" the  sensor was l o c a t e d   d i r e c t l y  downstream of  the  pedestal  

and i n  o r  near i t s  wake. 

Figure  18 shows t h e   v a r i a t i o n   o f  Nussel t number wi th  tilt angle  for   severa l  

ro ta t iona l   ang les  and film Reynolds numbers.  The d e f i n i t i o n   o f  tilt angle and 

r o t a t i o n a l  angle i s  g iven i n  the schematic on the   f i gu re  and i n   F i g u r e  5. F ive   se ts  
0 
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of  data  are  displayed. Two s e t s   a r e   f o r  eo = 90 w i t h  ReF 2 8 and  92. ,The 

sensor o f   i n t e r e s t  (No. 117) i s   a t  an angle o f  135" f rom  the icpstream 

d i r e c t i o n   ( i . e . ,  B = 135"). These data show a weak dependence on tilt angle. 

The ReF = 8.0  data show an  asymmetric  and s l i g h t l y   i r r e g u l a r   v a r i a t i o n   w i t h  $; 

i t ' s   n o t   c l e a r  what causes th i s   e f fec t   wh ich   i s   app rox ima te l y  +3% about  the mean 

va lue   bu t   the   p rox imi ty   o f   the   sensor  120  and 111 wakes coupled  with  the  presence 

of   the  pedestal  i s   t h e   p r o b a b l e  cause. 

The data  taken a t  = 180"  and 200' show m a r k e d l y   d i f f e r e n t   d i s t r i b u t i o n s  

cons ider ing   the   smal l   d i f fe rence  in   ro ta t ion   ang le .  The 8 = 200" data  are 

symmetric and near ly   un i fo rm  wh i le   the  = 180" d a t a   e x h i b i t  a considerably 

d i s t o r t e d   d i s t r i b u t i o n .   T h i s   i r r e g u l a r   v a r i a t i o n  has t o  be a t t r i b u t e d   t o   t h e  

presence o f   t h e  wake. I t  i s  hypothes ized  tha t   the   reduc t ion   o f  Nu/Nu, as JI 

increases  from 0" t o  10" i s  due t o   t h e  emergence of   the  sensing  element  f rom 

the wake o f   the   pedes ta l .  The subsequent  increase a t  JI = 25" may be due t o  the 

f u r t h e r  ti 1 t i n g  o f  the  sensor  into  the  f low. It i s   d i f f i c u l  t t o  say  what i s  

caus ing   t he   va r ia t i on   o f  Nu/Nuo f o r  J, < 0". 

The d a t a   s e t   f o r  6 = l o Q  i s   i n t e r e s t i n g   i n  two ways. F i r s t ,   t h e   d a t a  

are  symmetric  about = 3", s u g g e s t i n g   t h a t   t h e   l o c a l   v e l o c i t y   v e c t o r   i s  

v e r t i c a l l y   r o t a t e d  3", an ef fect   in t roduced  by  the  presence o f  the  pedestal .  

Second, the  data, when presented i n  terms  of the  angle between the  f reestream 

v e l o c i t y   v e c t o r  and the  plane  perpendicular  to  the  sensor  axis,   are i n  c lose 

agreement w i t h   t h e  same Reynolds number data i n   F i g u r e 1 7 f o r  e > 0. F igure 19 

shows t h i s  comparison (40 = 325"). The agreement i s   subs tan t i a l l y   comp le te  

when the  induced 3" r o t a t i o n  o f  t h e   v e l o c i t y   v e c t o r   i s   t a k m   i n t o  account. 
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Simi la r   da ta  comparisons  are  given i n  Figure  19  for  0, = 25", 135",  190°, 

215",  and 350". Close agreement i s  seen t o   e x i s t   f o r  e > 0; f o r  e < 0, however, 

1 ess agreement i s  observed, p a r t i c u l a r l y  f o r  t h e  4o = 135" case  where the  

sensor i s   d i r e c t l y  downstream o f  the  pedestal  . 
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3. PERFORMANCE ANALYSIS OF WIND SENSOR 

3.1 PERFORMANCE REQUIREMENTS 

Table 1 presents  the  wind  sensor  array  performance  requirements  (Reference 

2 , pages  10 t o  12)  the  actual  sensor  performance  and  the manner o f   e s t a b l   i s h i  ng 

t h i s  performance. 

3.2 PERFORMANCE ANALYSIS 

3.2.1 Measurement Range 

The wind  sensor  array will operate  over  the  required  performance 

ranges. I n  o r d e r   t o   p r o p e r l y   o p e r a t e  i n  the  specif ied  environments  the  sensor 

a r ray  must (1) survive  repeated  exposure  to  the  ambient  temperature  extremes 

and (2 )  f u n c t i o n  as an anemometer over  the  specif ied  environments.  Regarding 

t h e   f i r s t   i t e m ,  a thermal  cycl ing  test   cover ing  the  temperature  range  f rom 

130°K t o  360°K was performed to   es tab l i sh   tha t   the   w ind   sensors  will surv ive   the  

temperature  extremes. The temperature  cycle, shown' i n  F igure 20, 

had a 2 hour   per iod and was cont inuously  performed  for  48 hours  g iv ing 24 sensor 

exposures t o  each temperature  extreme. Two sensors  were  tested and the  sensor 

res is tances and  chamber temperature  were  frequently measured i n  o r d e r   t o   d e t e c t  

a degradat ion i f  i t  occurred. The  chamber temperatures  were measured w i t h  a 

thermocouple  located i n  t h e   v i c i n i t y   o f   t h e   s e n s o r s .   F i g u r e  21 shows a p l o t  

o f   t h e  measured sensor  resistances  versus chamber temperature.  Also shown a re  

t h e   i c e   p o i n t  and b o i l i n g   p o i n t  sensor  resistances  obtained i n  an  independent 

ca l i b ra t i on   ( senso r  101 r e s i s t a n c e   a t  212OF unavai lab le) .   Whi le   there i s  

s i g n i f i c a n t   s c a t t e r  i n  the  data due to  the  unsteady  and  non-uniform chamber 

temperature,  the measurements suggest   tha t   the   sensor   e lec t r i ca l   p roper t ies  and, 

hence, p la t inum film, lead  attachments,  etc.,  were  not  degraded  by  the  thermal 

m 
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Table 1. Wind Sensor Functional Requirements 

3.1.1.2.2.1 

2.2 

2.3 

2.4 

2.5 

RANGE - 2 t o  150 M/sec a t  
pressure 2 t o  20 m i  11 ibars and 
temp  130°K t o  350°K over  an 
azimuth o f  360° 

ACCURACY - t 4  M/sec o r  20% 
7 m e r  i s  greater)  abso- 
l u t e  accuracy and f 2  meters/ 
sec o r  t10% (whichever i s  
greater)   re la t ive accuracy 
over  high range operating con- 
d i t ions;  no requirement  over 
low range 

HYSTERESIS - Increasing and 
decreasing  wind speed sha l l  
n o t   d i f f e r  by more than f0.5 
o r  5%, whichever i s   g r e a t e r  

STABILITY - Cal i   brat ion  shal l  
be be t te r  than f 0.5 M/sec o r  
5% (whichever i s   g rea ter )   over  
operating and non-operating 
l i f e   o f  system 

RESOLUTION - +0.5  M/sec o r  
5%, whichever i s  greater 

Speci f icat ion 
PD7400090 
Paragraph 

Requirement 

~~ ~~ ~ 

Performance Remarks 

Meets requirements Performance Test and 
\ Analysis Performance tes ts  

cover most o f   t h e  
high accuracy  range. 
Addi t ional   tests and 
analysis show sensor 
survives and trans- 
mits  data  over 
remainder o f  range 

Meets absolute Error  Analysis based 
accuracy reqUirf2mentS on Performance Test 

Data 
Meets r e l a t i v e l y  
accuracy  require- 
ments f o r  V 13 m/s 

Meets requ i remen t s  Design 

Design 

Meets requ i remen t s  Error  Analysis based 
f o r  V 5. 8 m / s  and on Performance Test 

Demonstration t o  be 
performed i n   t h e  
F1 i g h t  Uni t Acceptance 
Reports 



Table 1. Wind Sensor Functional Requirements 
(continued) 

"I 

U 

Speci f icat ion 
PD 7400090 
Paragraph 

Requ i rement Performance Ver i f i ca t i on  Remarks 

3.1.1.2.2.6 

2.7 

2.8 

2.9 

2.10 

2.11 

2.12 

CALIBRATION - The sensor shal l  
be ca l ibrated and r e t a i n   t h i s  
c a l i b r a t i o n   t o   w i t h i n   t h e  
s p e c i f i e d   s t a b i l i t y  

RESPONSE TIME - The response 
t ime t o  a step change i n  wind 
speed sha l l   no t  exceed  2 sec 

1IIAR"UP TIME - Meet performance 
requirement 4 sec a f t e r   i n p u t  
power appl ied  to   e lect ron ics 

ATTITUDE - Shall  operate i n  
any a t t i t u d e   w i t h i n  t25 
degrees o f  nominal pos i t i on  

SELF-HEATING - Shall  operate 
w i th  sensor 20 t o  140°C 
above ambient 

DIRECTION ACCURACY - Absolute 
accuracy f20 degrees a t  speeds 
5 t o  25 M/sec  and 210 degrees 
over  high  accuracy  regions 
(Reference P.D., Figures 6 and 
7) .  No d i rec t i on  accuracy 
requirements i n  reduced 
accuracy  range 

DIRECTION  RESOLUTION - f l 0  
degrees a t  speeds 5. t o  25 M/sec 
and t 5  degrees a t  speeds o f  
25 t o  150 M/sec 

Meets requirement 

Meets requirement 

Meets requirement 

Meets requirement 

In  substantial 
compliance w i t h  
requirements 

I n  substantial 
compliance w i th  
requirements 

Performance Test, 
Development Tests and 
Design 

Analysis 

Analysis 

Performance Test and 
Design 

Performance Test and 
Des i gn 

Error  Analysis based 
on Performance Test 
Data 

Error  Analysis based 
on Performance  Test 
Data 

Demonstration t o  be 
performed i n   t h e  
F1 i gh t   Un i t  Acceptancc 
Reports 

Character ist ic 
response time i s  0.09 
seconds 

Worst case warm-up 
i s  0.8 sec 



environment. The sensor  resistance  data  display  a  greater  precision when the 

resistances  are  cross-plotted as  shown i n  Figure 22. The self-consistency  of 

the  thermal  cycling  data and t h e i r  agreement wi th   the  independent   ca l ibrat ion 

da ta   ind ica te   tha t   the  sensors survived  the  thermal  environment. 

Turning now to   t he   sa t i s fac to ry  performance o f   t h e  sensor as  an 

anemometer, Figure 12 shows the  freestream Mach number-Reynolds number map 

corresponding to  the  required  high  accuracy  region.  Also shown are  the 

performance t e s t  ranges. It i s  seen tha t   the   subs tan t ia l   par t   o f   the   requ i red  

operating  region i s  covered by the performa'nce tes t .  The Reynolds number 

extremes are beyond the  wind  tunnel capabi  1 i ty. On the  basis o f  the many 

cy1 inder  heat  convection  experiments  reported i n  'the .1 i te ra tu re  , the sensor 

performance  data may be extrapolated  to  cover  the  remaining  regions. It i s  

concluded  then that  the  sensor,does  perform as  an  anemometer over  the  required 

atmospheric  conditions and hence, since i t  survives  over  these  conditions, meets 

the measurement range  performance  requi rement. 

3.2.2 Wind  Speed Accuracy 

The sources and magnitudes o f   e r r o r   i n   t h e  wind  sensor  array  data 

transmi  t ted from Mars are as fo l lows where the  errors  are  the 30 values : 

Wind Tunnel +_3% 
Sensing  Element Resistance Versus Temperature +1 O K  

Sensing  Element  Dimensions ' Negl i g i  b l e  
Heat  Conduction Loss 
Radiation Loss 
Sol a r  Hea ti ng 

+lo% 
+lo% 
k0.5 mw 

Freestream  Temperature  (Temperature  Sensor) +2.3"C 
Sensing  Element  Temperature 
Sensing  Element Power Diss ipat ion 
Sensing  Element Power Deadband 
602 Viscos i ty  
C02 Thermal Conductivi ty 

+2.25"C. 
+1 .ox 
k1.5 mw 
+O .5% 
+2.5% 
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These error  source  values  were used i n  ca l cu la t i ng   t he   abso lu te   w ind  

ve loc i t y   e r ro r   f o r   t he   wors t  case cond i t ions   us ing  a computer  program w r i t t e n  

f o r   t h i s  purpose.  Analyses  of   several   possible  worst   case  condi t ions  resul ted 

i n  t h e   s e l e c t i o n  of TDD = 280°K and P = 4 mb as  those  which  produce maximum 

er rors .  The wind speed  and  wind direct ion  ranges  considered  were 

00 

V = 5 m/s t o  140 m/s 
W 

$0 
= 0" t o  360" 

JI = 0" 

where 9, and IJJ a re  def ined i n  F igure  5. I t  was f e l t   t h a t   t h e   e r r o r   r e s u l t s  

a t  IJJ = 0" would be representa t ive  o f  the  JI # 0" performance. 

I n   t h e  computer   ana lys is   the   e r ro r   source   va lues   were   f i r s t   cas t  i n  

terms of   the  equiva lent   sens ing.   e lement   Nussel  t number u n c e r t a i n t i e s   f o r   t h e  

specif ied  f low  condit ions;  the  root-mean-square  Nussel t number unce r ta in t i es '  

were  then  obtained  fo l lowed  by an i t e r a t i o n   p r o c e d u r e   t o   f i n a l l y   a r r i v e   a t   t h e  

wind speed  and w ind   d i rec t i on '   e r ro rs .  

The performance  test   data  were  represented i n  the  program  by a t a b u l a t i o n  

o f  normal ized  Nussel t  number v e r s u s   r o t a t i o n   a n g l e   a t  ReF = 60 and two. func t ions  

represent ing  the  var ia t ion  o f   Nussel t  number wi th  Reynolds number a t  6 = 0' and 

90" where i s   t h e   a n g l e  between  the  veioci  ty  vec to r  and the  sensor   ax is ,  The 

Nu vs. 6 d i s t r i b u t i o n   f o r  ReF = 60 could  be  adjusted  to  adequately  reproduce  the 

Nu vs. 6 v a r i a t i o n   a t  any Reynolds number. The s m a l l   v a r i a t i o n s   i n   t h e s e  

d i s t r i b u t i o n s  among the  four   wind  d i rect ion  quadrants   were  ignored as were  the 

e f f e c t s   o f  Mach number. 

The s t e p s   f o l l o w e d   i n   c a l c u l a t i n g   t h e   w i n d  speed  and  wind d i r e c t i o n  

errors   were  the  fo l lowing:  
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1. Speci fy  Vm, +o, P-, Tm, overheat  temperature  and  the  err0.r  magnitudes; 

2. Ca lcu la te   the  film Reynolds number and  the  Nussel t numbers o f  each 
o f   t h e  two  wind  sensors  (at 90' inc luded  angle) ;  

3 .   Calcu late  the  uncer ta in ty  i n  Nussel t number f o r  each  wind  sensor; 

4. Increment  the  wind  sensor  Nusselt numbers by  the  corresponding 
unce r ta in t i es   p roduc ing   f ou r  cases (i .e., Null = Nu2 5 6Nul 
and Nu2' = Nu2  6Nu2) ; 

5. Use a Newton-Raphson i t e r a t i o n   t o   d e t e r m i n e   t h e   v a l u e s   o f  ReF and 
r$o wh ich   sa t i s f y  each  combination o f  Nu, I and  Nu2'  and t h e  
represented  performance  data; 

6. Determine  the maximum departures of the  va lues  o f  ReF and +o f rom 

7. Ca lcu la te   the   normal ized   uncer ta in ty  i n  wind speed from eRe 

the   g iven   o r ig ina l   va lues ;  

and the   uncer ta in t ies   in   e lement   tempera ture ,   f rees t ream  te  &' pera Re€ u re  
and gas v i s c o s i t y .  

Step 6 p r o v i d e s   t h e   e r r o r   i n   w i n d   d i r e c t i o n  i n  degrees  and  step 7 gives  sv/v. 

The temperature  dependent gas v i s c o s i t y  and thermal   conduct iv i ty  were  used i n  

the   ca l   cu l   a t i ons .  

F igure  23 shows the  ca lcu lated  absolute  wind speed error  versus  wind 

speed fo r   t he   cons ide red   wors t  case.  The wind  speed  error i s  seen t o   e x h i b i t  

a weak dependence on w ind   d i rec t ion .   A lso  shown on t h e   f i g u r e  as t h e   s o l i d  

curve i s   t h e   s p e c i f i e d  maximum e r ro r .  The wind speed e r ro rs   a re  seen t o  be 

w e l l   w i t h i n   t h e   s p e c i f i e d  maximum leve ls .  

Cer ta in  o f  the   e r ro r   sources   ind ica ted  i n  t h e   t a b l e  on  page  18 do n o t  

apply i n  t h e   r e l a t i v e   w i n d   v e l o c i t y   e r r o r   c a l c u l a t i o n s .  These are   the   heat  

conduction  energy  loss,  the  radiat ion  energy loss  and the   so la r   hea t ing .  These 

e r r o r  sources do no t   app ly  because t h e i r   e f f e c t  on  the  wind  speed  (and  wind 

d i r e c t i o n )   e r r o r s   i s   n o t  a f u n c t i o n  o f  wind  speed.5 The remaining  error  sources, 

wh i l e   o f   cons tan t   va lue ,  do in t roduce a wind speed  dependent e f fect  on the  

wind  speed  error  and  must  be  considered.  Actual ly,  the  element power  deadband 

5The   pa ras i t i c   l osses   ( rad ia t i on  and heat  conduction) do have a s l i g h t  dependence 
on  wind speed b u t   t h i s  dependence i s  cons idered  negl ig ib le .  
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i s   n o t   v e l o c i t y   r e 1   a t e d   b u t  i t  i s   t h e   n a t u r e   o f   t h i s   e r r o r   s o u r c e   t h a t  i t  must 

be  re ta ined i n  t h e   r e l a t i v e   e r r o r   c a l c u l a t i o n .  

It i s   p r o b a b l y   w o r t h w h i l e   t o   b r i e f l y   r e f l e c t  on why most o f   t h e   e r r o r  

sources  are  important i n  t h e   r e l a t i v e   e r r o r   c a l c u l a t i o n .   N o t e   f i r s t   t h a t   t h e  

wind speed e r r o r ,   r e l a t i v e   o r   a b s o l u t e ,   i s   o b t a i n e d   p r i m a r i l y   f r o m   t h e   N u s s e l t  

number uncer ta in ty .   Th is   uncer ta in ty  i s   c a l c u l a t e d   f r o m   t h e   f o r m u l a  

g i v i n g  

-&Nu = sQ/ ( T I  L kF AT) - Q 6L Q " k ~  Q  AT) 
2 -  

- 
2 

II kF AT L L AT kF II L kF (AT)' 

where 

Nu = Nussel t number 

Q = convect ive  heat   t ransfer  

L = sensing  element  length 

kF = gas film thermal   conduct iv i ty  

AT = sensing  element  overheat 

The impor tant   po int   conta ined i n  the above r e l a t i o n   i s   t h a t  even  though,  for 

example, the  normal ized  uncer ta in ty  i n  element  overheat  temperature,   ~(AT)/L\T,  

i s  independent of wind speed, i t s   e f f e c t  on the  Nussel t  number i s  wind speed 

dependent  since it i s  i n  p roduc t   w i th  Nu which i s   t h e   w i n d  speed  dependent. 

The er ro r   source  must the re fo re  be inc luded i n   t h e   r e l a t i v e   e r r o r   c a l c u l a t i o n .  

The same program  used i n  t h e   a b s o l u t e   e r r o r   c a l c u l a t i o n  was used i n  t h e  - 
r e l a t i v e   e r r o r   c a l c u l a t i o n .  I n  the  case o f  t h e   r e l a t i v e   e r r o r   c a l c u l a t i o n ,  
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however, the 1 i s t   o f   e r r o r  source  values  input  to  the  program was reduced  by 

the   pa ras i t i c   l osses  and  the  so lar   rad iat ion  uncer ta in t ies.   Again,   the  worst  

case  condi t ion was Pw = 4 mb and T W = 280°K. F igure 24 presents   the  ca lcu lated 

wind speed re la t i ve   e r ro r   ve rsus   w ind  speed. A lso shown i s  the   spec i f ied  

r e l a t i v e  accuracy  which is   ha l f   the  absolute  accuracy  requi rement .  It i s  seen 

tha t   the   ca lcu la ted   re la t i ve   accuracy  exceeds the  specif ied  accuracy  over  most 

o f   t h e   w i n d  speed  range.  Note t h a t   t h e   r e l a t i v e   a c c u r a c y   i s   n o t   s i g n i f i c a n t l y  

reduced  from  the  absolute  accuracy. 

3.2.3 H y s t e r i s i s  

No me'chanism f o r   h y s t e r i s i s   e x i s t s   i n   t h e   s e n s o r   o r   e l e c t r o n i c s  

design; hence the  hyster is is  requirement i s  s a t i s f i e d .  

3.2.4 S t a b i l i t y  

No s t u d i e s   i n   t h e  development  phase o f   t h e   w i n d   s e n s o r   a r r a y   s t a b i l i t y  

were  performed  by TRW. The sensor component which i s   p r i n c i p a l l y   s u s c e p t i b l e  

t o  a change i n   e l e c t r i c a l   p r o p e r t i e s  i s  the  p la t inum film. Note t h a t   t h e r e  

i s  no i n d i c a t i o n  i n  the  experience o f  Thermo-Systems Inc.   ( the  wind  sensor 

s u p p l i e r )   t h a t  a. cor rec t ly   depos i ted   p la t inum film could become unstable. 

Tests  are  performed i n   t h e  wind  sensor  production phase t o   c o n f i r m   t h e  

p la t inum film s t a b i l i t y .  The depos i t ion   ba tch   run- in   tes t   sensor   (se lec ted  

a t  random f rom' the  batch)  i s  operated  a t  300°C f o r   a t   l e a s t   t h i r t y  minutes, 

I n   a d d i t i o n ,  each  sensor  assembly i s  subjected t o  a 24 h o u r   t e s t   a t  2 O O O C  overheat. 

I n  these  tests  the  sensor  resistance i s  measured be fore  and a f t e r   t h e   t e s t  and 

compared t o , e s t a b l i s h   t h a t   t h e  film proper t ies   a re   s tab le .  

3.2.5 Resolut ion 

The l im i t s   t o   senso r   reso lu t i on   a re   t he   w ind   e lec t ron i cs   sens ing  

element power deadband o f  1.5 mw and the  temperature  sensor  temperature 

e 
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measurement  deadband o f  0.5”C. The computer  program  described above was 

executed fo r   t hese   e r ro r   sou rces   on l y  and  the  resul t ing  wind speed r e s o l u t i o n  

versus  wind  speed i s  shown i n  F igure  25. As before,   the  worst   case  o f  P = 4 mb 

and TW = 280°K was considered.  Also shown i n  t h e   f i g u r e   i s   t h e   s p e c i f i e d  

reso lu t i on .  It i s  seen t h a t   t h e   r e q u i r e d   r e s o l u t i o n   i s   s a t i s f i e d   e x c e p t   f o r  

the  wind  speed  range 8 < Y < 16  meters  per second. 

3.2.6 Calibrat ion  Requirements 

00 

” 

The breadboard  wind  sensor was c a l i b r a t e d  and the  resul ts   presented i n  

Sect ion 2.2. S ince  the  p la t inum film s t a b i l i t y   c o u l d   n o t  be af f i rmed  (see 

Paragraph 3.2.4), t h e   s t a b i l i t y  of t he   ca l i b ra t i on   canno t  be establ ished.  Note 

t h a t   t h e   s e n s o r   c o n f i g u r a t i o n   i s   s t a b l e  so t h a t   t h e   o n l y   s o u r c e   o f   i n s t a b i l  

i s   t h e   e l e c t r i c a l   p r o p e r t i e s   o f   t h e   p l a t i n u m  film. As noted i n  Paragraph 3 

each sensor will be s u b j e c t e d   t o  a 24 h o u r   r u n - i n   t e s t   a t  200°C ove rhea t   t o  

c o n f i r m   t h e   s t a b i l i t y  o f  the   p la t inum film proper t i es .  

3 .2 .7  Response Time 

i ty 

.2.4, 

The governing  equat ion  for   the  response  of   the  sensing  element  temperature 

t o  a change i n  convec t ive   heat   t rans fer   (o r   w ind  speed) i s  

where 

p = sensing  element mass dens i ty  

c = sensing  element  speci f ic   heat 

v = sensing  element volume = T D~ ~ / 4  

TS = sensing  element  temperature (assumed uniform  throughout sens 
element) 

t = t ime 

i ng 
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E = pu lse  ampl i t u d e   ( v o l t s )  

ES = sensing power vo l tage ampl i tude 

RS = sensor  plat inum film res is tance 

Ta, Tb = sensor  temperatures  defining MEA du ty   cyc le  ramp length  

P 

(F igure 26b) 

L = sensing  element  length 

kF = CO, film thermal  conduct iv i , ty 

Nu = Wusselt number 

Tc  = ambient  temperature 

QL = parasi t ic   losses,  per  degree  cent igrade,  heat  conduct ion and r a d i a t i o n  
- 

Figures 26a and 26b  show the  MEA du ty   cyc le  and the  components o f   the   sens ing  

element power d iss ipat ion  versus  p la t inum film temperature. Tb - Ta i s   t h e  

MEA ''ramp length"  over  which  the  wind  sensor  sensing  element  temperatures  are 

s t a b i l i z e d .  The  dashed l i n e  i n  Figure 26b represents  the  sensing  phase  of t h e  

du ty   cyc le   du r ing  a p o r t i o n  o f  which  the  plat inum film resistance  (and, hence, 

temperature) i s  sampled. The sensing phase i s  on o r   ope ra t i ona l  when , the  

p r i m a r y   o r   d r i v i n g   p u l s e  i s  o f f .  The app l i ed   vo l tage   i s   des igna ted  ES. We 

then  have 

ES2 Ta - TS 

R S  Ta - Tb 
Qs = - 

For  the  sensing power d i s s i p a t i o n   r a t e   i n   t h e   p l a t i n u m  film. S i m i l a r l y   f o r  

t h e   d r i v i n g   p u l s e  power we have 
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The r a t e   a t  which  energy i s   t rans fe r red   f rom  the   sens ing   e lemen t   i s  

QT = IT L kF NU (Ts - Tc) + QL 

= L kF NU (Ts - Tc)  + cp (Ts - Tc) 

where Q, i s   t h e   t o t a l   p a r a s i t i c   h e a t   l o s s .  Then t h e   n e t   e n e r g y   t r a n s f e r   i s  

Qne t = Q, + Qs - QT 

and Equation ( 7 )  f o l l o w s   d i r e c t l y .  

Equat ion ( 7 )  may be wri t t e n  

Meaningful  results  can  be  obtained  with  the  assumption  that  the  parameters 

conta ined i n  A, B and C are  temperature  independent. Then Equation (8) has 

t h e   s o l u t i o n  

- i t  
T S = A e  + C/B e 

A p p l y i n g   t h e   i n i t i a l   c o n d i t i o n  TS = Ti a t  t = 0 g ives   the   comple te   so lu t ion  

- -  B t  
TS = [Ti - C/B] e ’ A + C/B .. 
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The system  t ime  constant i s  

I n  evaluat ing  the  system  t ime  constant   for   vary ing MEA s e n s i t i v i t y   o r  Tb - T, 

we choose the  fo l lowing  parameter  values : 

p = 3.85 gm/cm 

c = 0.84  watt-sec/,gm "K  

v = 2.156 x cm 

3 

3 

Ep = 5.0 v o l t s  

ES = .64 v o l   t s  

RS = 20 ohms 

L = 1.1 cm 

kF = 0.243 x watt/cm-"K 

Nu = 6.0 
- 
QP 

2 2 .0  x IO-'+ watts/oC 

F igure  27 shows t h e   v a r i a t i o n   o f   t h e  system  time  response  versus ramp width,  

Tb - Ta. For a ramp w i d t h   o f  15°C the  system  time  response i s  0.09 seconds. 

Note   tha t   the  MEA has an inherent  t ime  constant  which  permits a mini.mum system 

response  time o f  46 ms. - 
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3.2.8 Warm-up Time 

The wind  sensor warm-up time may be calculated  f rom  the  fo l lowing 

equation 

where 

p = sensing  element mass density 

c = sensing  element spec i f i c   heat  

D = sensing  element  diameter 

L = sensing  element  length 

t = t i m e  

AT = sensing  element  overheat  temperature 

P = maximum e l e c t r i c  power dissipated i ~ n  the sensing element d 

Q = to ta l   heat   t rans fer   ra te  from the  sensing  element  per  degree 
- 

centigrade  overheat  (heat  convection,  heat  conduction and radiat i :on). 

The l e f t  hand side o f  Equation (9) i s   t h e   r a t e   a t  which  energy i s  absorbed i n  

the  sensing  element and the  r i .ght hand s ide   rep resen ts   t he   ava i l ab i l i t y   o f  

energy for   ra is ing  the  sens ing element  temperature.  This  equation i s  

considerably  simpli f ied  by  choosing P and ij- t o  have representative  constant  yalues. 

- 27 - 



Solv ing  th is   equat ion  for  t gives  the warm-up t ime  relat ion  for   the  wind  sensor 

, L i s ted  below are  the  f low  conditions  which maximize the warm-up t ime 

T = 350°K 

Pa= 20 mb 

V = 150 m/s 

00 

OD 

where the  wind  veloci ty i s  perpendicular  to  the  sensing element axis.  For 

these  condit ions,  the sum o f  the  heat  convection,  heat  conduction and rad ia t i on  

energy transfer  rates i s  $0.50 watts.  Taking  the  operating  overheat t o  be 

100°C gives @ = 0.006. P may be approximated  by P = E /Rs where E i s  the 

amp1 i tude of the modulated  voltage  appl i ed   t o   t he  sensor c i r c u i t  and RS i s  the 

sensor  resistance. The maximum duty  cycle o f  87% i s  assumed. E i s  5.0 v o l t s  

and RS i s  assumed t o  be 20 ohms.  Hence P = 1.09 watts. The remaining 

parameters were given  the  following  values 

2 

p = 3.85 gm/cm3 

c = 0.84 watts-sec/gm-"K 

D = 0.05 cm 

L = 1.1 cm 

AT = 100°C 

Substituting  these  values  into  Equation  (10) and evaluating  gives a warm-up 

t ime  o f  0.8 second. 
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The w ind   e lec t ron i cs  have a warm-up t ime  which i s   cons ide rab ly   l ess   t han  

one  second, It i s  seen t h e r e f o r e   t h a t   t h e   t o t a l  warm-up t ime o f  the  wind  sensor 

and w i n d   e l e c t r o n i c s   i s   w e l l   w i t h i n   t h e  4 second limit. 

3.2.9 Atti tude 

The e f f e c t  o f  a t t i t u d e  on the  wind  sensor  array  performance was s tud ied  

i n   t h e  performance  tests and repor ted i n  Paragraph 2.3.2.  These data may be 

incorpora ted  i n  t h e   f l i g h t   d a t a   r e d u c t i o n   l o g i c   t o   p e r m i t   t h e   w i n d   v e l o c i t y  

t o  be determined a t   a r b i t r a r y   a t t i t u d e .  

3.2.10  Self-Heating 

The wind  sensor was des igned  to   opera te   w i th in   the   requ i red   overheat  

temperature  range. MEA t e s t s  and analyses show that   the  sensor   overheat  will 

be maintai  ned  near a 100°C overheat. 

3.2.11 Wind Direct ion  Accuracy 

The w ind   d i rec t i on   e r ro r   wors t  case cond i t ions   a re  P = 4 mb and 

T m = 280'K which  are  the same as those  for   the  wind  speed  error.  The computer 

program  described i n  Paragraph  3.2.2 was used to   genera te   the   w ind   d i rec t ion  

error   data  presented  be low.  I n  fac t ,   the   w ind  speed  and w i n d   d i r e c t i o n   e r r o r s  

were ca l cu la ted   du r ing   t he  same program  executions. 

OD 

Figure 28 shows t h e   c a l c u l a t e d   w i n d   d i r e c t i o n   a b s o l u t e   e r r o r  and  the 

s p e c i f i e d  maximum abso lu te   e r ro r .   For   w ind   d i rec t ions   in te rpre ted   ( i .e .  , 
measured) t o  be ou ts ide   o f   i15"   bands   about  each sensor  axis , t h e   c a l c u l a t e d   e r r o r s  

a re  seen t o  be w i t h i n   t h e   s p e c i f i e d  maximum values.  For  the  case where the 

i n t e r p r e t e d  wind d i r e c t i o n   i s   p a r a l l e l   t o   e i t h e r   o f   t h e  wind sensor axes, 

however, t h e   c a l c u l a t e d   w i n d   d i r e c t i o n   e r r o r  exceeds the  maximum al lowable when 

the  wind speeds are   g rea ter   than 25 meters/sec. 
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It i s  poss ib le   to   increase  the  wind  d i rect ion  accuracy  through  use  o f  

the  quadrant  sensor  data.  Note f i r s t   ' t h a t ,  when opera t ing  i n  the  quadrant 

sensor mode the  sensor will determine  which o f   e i g h t  

w ind   d i rec t i on   sec to rs   con ta ins   t he   ve loc i t y   vec to r .   F igu re  29 i l l u s t r a t e s  

t h i s   c a p a b i l i t y .  The quadrant  sensor  performance i s  such t h a t   e i t h e r  one o r  

two o f   the   four   heated  wake detecting  thermocouples will be i n  the  sensor 

thermal wake. The  shaded w ind   d i rec t i on   sec to rs   o f   t he   f i gu re   a re   t hose  where 

the  thermal wake contains  two  thermocouples and the  unshaded sectors   represent  

those  where-the wake contains one thermocouple. By observing  the  magnitude  and 

sense o f   t h e  thermocouple pa i r   ou tpu t   vo l tages ,   the   sec tor   con ta in ing   the   w ind   ve loc i t ,  

vec tor  can  be dedu.ced (see  Sect ion I11 for  the  quadrant  sensor  d iscussion).  

A l so   i nd i ca ted  on F igure  29 are  the  wind  sensor axes which  are seen t o  

co inc ide  wi th   sector   boundar i -es  (but   on ly   approx imate ly ,  i n  genera l ) :  The 

fou r   poss ib le   w ind   ve loc i t y   so lu t i ons  as determined by the  wind  sensor  array 

will be symmetrical l y  placed  about  the  wind  sensor  axes I t  i s  

apparent  then  that by  knowing  which  quadrant  sensor  sector  contains  the wind 

ve loc i ty   vec tor ,   the   t rue   w ind   ve loc i ty   so lu t ions   can  be se lected  f rom among 

the   four   poss ib le   so lu t ions .   In   add i t ion ,   the   quadrant   sensor   da ta  can  be  used 

to  increase  the  wind  sensor  wind  direct ion  accuracy  for   the  case  where  the 

i n t e r p r e t e d   w i n d   d i r e c t i o n   i s   n e a r  a sensor  axis.   Note  that   for   the  worst   case 

c o n d i t i o n s   w i t h  an ind ica ted   w ind  speed o f  25 m/s and an ind ica ted   w ind  

d i r e c t i o n   o f  6 = go", the   ac tua l  " 3 ~ "  w ind   d i rec t i on   cou ld  be anywhere w i t h i n  

215" about  the  sensor  axis. The quadrant  sensor can ident i fy   the  quadrant  

which  conta ins  the  wind  ve loc i ty   vector .  It i s  seen then  that   by  spec i fy ing 

t h e   w i n d   d i r e c t i o n   t o  be B = 83.5" o r  6 = 96.5", depending  on the  wind  quadrant,  

t he   w ind   d i rec t i on   unce r ta in t y  may be reduced t o  1/2 i t s   o r i g i n a l   v a l u e .  
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Unfor tunate ly ,   the   fu l l  50% e r r o r   r e d u c t i o n   i s   n o t   p o s s i b l e  due t o   t h e  

quadrant  sensor deadband exist ing  about  the  boundaries between the shaded and 

unshaded sectors shown i n  Figure 29 (see Section 111-4.2.7 for  the  quadrant  sensor 

deadband discussion).  Figure 30  shows the  quadrant  sensor deadband versus 

wind speed for   the  wind  sensor   er ror   worst  case  (see also  Figure 46 o f   Sec t i on  

111). As can be seen i n   F i g u r e  31, the  a 'ppropr ia te  formula  for   ca lcu lat ing  the 

improved. w i n d   d i r e c t i o n   e r r o r   i s  

' = (ew + dQ)/2  (11) 

Suppose, for  example, the  quadrant  sensor  indicates  the  wind  velocity  vector 

i s  i n  the  sector   conta in ing  the  rad i i  a and b.  Then we  know the  wind  vector , 

must be i n  the  angle e-O-c. It i s  also known that   the  wind  ve loc i ty   vector  

must be i n  the  angle a-O-d. It therefore  fo l lows  that   the  width  o f   the  wind 

d i rec t ion   reg ion  i s  ew . Speci fy ing  that   the  wind  vector   b isect   the  angle 

known to  contain  the  wind  vector  then  gives  Equation  (11 1. 
+ dQ 

Figure 32 presents  the maximum wind  d i rect ion  er rors   obta ined when the 

quadrant  sensor i s  used t o  advantage. It i s seen tha t   the   e r ro rs   a re  now 

wi th in   the   spec i f ied   l im i ts   except   fo r   w ind  speeds between 35 and 50 meters  per 

second. Note t h a t   f o r   s u f f i c i e n t l y   l o w   w i n d  speeds, the  quadrant  sensor i s  

capable of   determin ing  the  wind  d i rect ion,   requi r ing  on ly   the  f reest ream Reynolds 

number from the  wind  array;  accordingly,  since  the  quadrant  sensor i s  more 

accurate  than  the  wind  sensor and should be used t o  determine  wind  direct ion 

where possible,  the  quadrant  sensor  error  curve i s  given i n  Figure 30 f o r  

wind speeds l e s s  than 32 meters/second.  For  wind speeds between 32 and 35 

meters/second  the shaded region of Figure 28 provides  the maximum e r r o r .  And 

for   wind speeds greater  than 35 metersbsecond  Equation  (1 1 ) i s  used. 

- 31 - 



3.2.12 Wind D i rec t i on   Reso lu t i on  

The l i m i t s   t o   s e n s o r   r e s o l u t i o n ,  as discussed i n  Sect ion 3.2.5 a re   t he  

w ind   e lec t ron ics  deadband o f  1.5 mw and the  temperature 

measurement  deadband o f  0.5"C. Sensor  wind d i r e c t i o n   r e s o l u t i o n  as a f u n c t i o n  

o f  wind speed i s   g i v e n   i n   F i g u r e  33 for   the  worst   case  condi t ions o f  P = 4 mb 

and T W = 280°K. As i s   t o  be expected,   the  poorest   resolut ion  occurs  for   the 

case  where t h e   w i n d   d i r e c t i o n   i s   a l o n g   t h e  ax i s  of e i t h e r  sensor. It i s  seen 

t h a t   t h e   r e s o l u t i o n   r e q u i r e m e n t   i s   s a t i s f i e d   o v e r   t h e   s u b s t a n t i a l   p a r t  of the  

requi   red  condi t ions.  

W 
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Figure 4. D e f i n i t i o n  o f  the  Sensing  Element  Angle o f   A t t a c k  
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F i g u r e  5. D e f i n i t i o n   o f  Wind Sensor   Array  Rotat ion ‘and 
Atti tude  Angles 
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RB = BRIDGE  COMPLETION RESISTANCE 

RS = SENSOR  PLATINUM  FILM RESISTANCE 
R L =  TOTAL LEAD RESISTANCE 

R~ = HFS OPERATING RESISTANCE 

E = BRIDGE  VOLTAGE 

Figure  9 .  Schematic o f  Heat Flux System Bridge 
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APPENDIX A 

WIND SENSOR PERFORMANCE DATA 

A . l  INTRODUCTION 

Only  wind  sensor V2 (F igure 1) was c a l i b r a t e d  i n  the  breadboard model 

performance  tests  s ince  there was evidence  that  V1 had  been broken  dur ing 

handl ing.  The performance  data  are  presented i n  four   ca tegor ies :  

a)  Var.iation o f  Reynolds number and Mach number 

b)  V a r i a t i o n   o f   r o t a t i o n   a n g l e  

c )   V a r i a t i o n   o f   a r r a y   a t t i   t u d e  

d)  Var iat ion  of   e lement  overheat  temperature 

Both  raw and reduced  (nondimensional ized)  data  are  tabulated.  Note  that  the 

t e s t   s e c t i o n   f l o w   b l o c k a g e   e f f e c t   c o r r e c t i o n s  have  been app l i ed   t o   t he   w ind  

tunnel   data (M and Re ) . 
A.2 PLATINUM FILM RESISTANCE VERSUS TEMPERATURE DATA 

00 m 

Sensor 117 was c a l i b r a t e d  i n  a Rosemount temperature  bath and the  data 

analyzed  to  determine  the  p lat inum film resis tances   a t   the   th ree   tempera ture  

se t t ings .   Tab le  A1 presents  the  sensor  resistance  data  where RT i s  t h e   t o t a l  

res is tance measured including  the  sensor  leads and RS i s   t h e   p l a t i n u m  film 

resistance  (see  Reference 4 , page 12 fo r   the   p rocedure  used i n  

c a l c u l a t i n g  Rs). 

Table A1 . Sensor  117  Resistance  Versus  Temperature 

TS RT RS 
( "C)  (ohms) (ohms 1 
23 12.408 11.375 

115 14.965 13.596 
130  15.394 13.970 
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The % values a t  TS = 23OC and 130°C were  used t o   c a l c u l a t e   t h e   v a l u e s  

o f  B and y i n  t h e   r e l a t i o n  

aTs2 + $TS + y RS 

where a was spec i f ied  on the   bas i s  of resistance  versus  temperature  data 

obtained  f rom  the  product ion phase wind  sensors. The r e s u l t i n g   c o e f f i c i e n t  

values were 

a = - 1.05 X 10 

B = 0.02586 

y = .10.7858 

- s  

A. 3 

TO 

' 0  

"a 

*'b 

*' C 

RH 

TS 

SYMBOL DEFINITION 

= gas to ta l   temperature 

= gas to ta l   p ressure  

d i f f e rences  between the   to ta l   p ressure  and t h e   t e s t   s e c t i o n   p r e s s u r e   a t  

t h e   t e s t   s e c t i o n   a x i a l   l o c a t i o n s  a ,  b o r  c (F igure 7 )  
- - 

= opera t ing   res is tance  o f   the   TSI   heat   f lux  system. Th is   res is tance 

i s  the  indicated  resistance  deck  reading when t h e   h e a t   f l u x  system 

i s  i n   t h e   " r u n "  mode (F igure 9 ) .  Corrected  resistances  are  given. 

= sensing  element  plat inum film temperature. TS i s   t h e   s o l u t i o n   o f  

where = R,.(Tc) + (RH - Rc) and a ,  6 and y were obtained  from  the 

temperature  bath measurements o f   t h e  wind sensor  resistance  (discussed 

above). RS i s   t h e   p l a t i n u m  film resis tance.  
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a 

E 

$0 

M 
m 

Kn 

Re F 

Nu 

D 

RC 

RB 

RO 

0. 

A. 4 

= h e a t   f l u x  system  br idge  vo l tage  (F igure  9) .  

= ro ta t i on   ang le   o f   t he   w ind   senso r   a r ray .  The measurement was  made 

f rom  the  p lane  o f  symmetry o f   t he   pedes ta l  cap support ing  the  wind 

ar ray   (F igure  5).  

= freestream Mach number. The measured l o c a l  Mach number was adjusted 

t o   i t s   e q u i v a l e n t   f r e e s t r e a m   v a l u e   t a k i n g   i n t o   a c c o u n t   t e s t   s e c t i o n  

f low  b lockage  e f fec ts  

= Knudsen number, a/D,  where R i s   t h e   m o l e c u l a r  mean f ree   pa th  and D 

i s  the  sensing  element  diameter. R was eva lua ted   a t   t he  film temperature = 

us + TA)/2 where TA  was the  adiabatic  recovery  tempe.rature. 

= film Reynolds number. The pressure and wind speed are   the   ca lcu la ted  

f reest ream  va lues  tak ing  in to   account   the  f low  b lockage  e f fects .  

= sensing  element  Nusselt number cor rec ted   to   the   equ iva len t   con t inuum 

value. 

= sensing  element  diameter. 

= room temperature  sensor   c i rcu i t   res is tance  as measured by  the  TSI 

h e a t   f l u x  system. 

= h e a t   f l u x  system  br idge  resistance  (Figure 9) .  

= sensing  element  plat inum film i c e   p o i n t   r e s i s t a n c e .  

= p la t inum film resis tance- temperature  coef f ic ient ,  a = - 
PERFORMANCE DATA TABULATION 

Certa in   o f   the  per formance  data do not   vary   dur ing  the  course  o f   the 

1 AR 
Ro 

t e s t  and  these  are 1 i s t e d  below: 

D = 0.05314 cm 

RB = 39.96 n 
R, = 13.30 n 



TO 

0 
23.7 
24.5 
24.3 
24.2 
24.2 

24.2 
24.2 
24.5 
24.6 
23.8 

23.8 
24.0 
24.2 

nJ 25.9 
24.5 

24.5 
25.5 
24.9 
25.2 
24.7 

25.0 
25.2 

U 

( t o r r )  

3.94 
10.94 
5.54 
4.19 

22.30 

11.53 
5.93 
4.03 

56.60 
29.10 

15.00 
7.75 

17.80 
5.57 

50.60 

21.74 
10.54 
21.54 
12.37 
36.35 

13.10 
14.75 

*pa 
( t o r r )  

. 001 04 

.00157 

.00316 

.00416 

.00549 

. 01 076 

.02116 

.03136 

.00792 

.01552 

.03019 

.05901 

.12853 

.4663 

.16744 

.4015 

.883 

.926 
1.895 

.668 

1.999 
2.234 

Apb 
I t o r r )  

.00114 

.00168 

.00340 

.00447 

.00582 

.01148 

.02251 

.03343 

.00841 . 01  641 

.03191 

.06252 

.13530 

.4974 

.17568 

.4224 

.940 

.981 
2.050 

.703 

2.156 
2.410 

( t o r r )  

.00123 . 001  82 

.00368 

.00484 

.00629 

.01234 
-02420 
.03544 
.00892 
.01750 

.03408 

.06677 

.14350 

.5369 
,18576 

.4474 
1.012 
1.043 
2.202 

.744 

2.369 
2.647 

VARIATION OF REYNOLDS NUMBER AND MACH NUMBER 

RH TS 
(ohms) ("C) 

15.68 121.56 

E 
(vo l ts)  

4.637 
5.144 
5.112 
5.090 
6 .OOO 

5.964 
5.900 
5.841 
6.733 
6.734 

6.697 
6.620 
7.648 
7.418 
8.830 

8.807 
8.545 
9.493 
9.260 
9.840 

9.389 
9.634 

$0 
(degrees) 

45 

4 

Ji 
(degrees ) 

0 2.07~101: 
1.51X10-, 
3.02X10-, 
3.98X1g-2 
1.97X10 

3.84~101: 
7.51~10 

1 .4i)xl O-, 
2.83~1 0-' 

5.62~10:: 

1 .06~10 
3.76~10" 
7.18x10-' 

1.71  x10-1 
3.76~10-1 
2.64~10-: 
5.30~10- 
1.70~10" 

5.27~101: 
5.25~10 

l . l l x l o - l  

1.10X10~, 

Kn Ref 

2.00xl o-, 1.42 
7.22~1 0-3 2.87 
1 .42xl O-' 2.91 
1.88~1 O-, 2.90 
3 . 5 4 ~ 1 0 - ~  7.63 

6.85~10-23 7.68 
1.34~10:~ 7.70 
1.98x10-, 7.71 
1.40~10 14.51 
2.71x10-, 14.58 

5 . 2 7 ~ 1 0 - ~  14.56 
1.03~10- i  14.59 
4.47~101, 32.42 
1.55x10-, 32.76 
1.57~10 62.40 

3.70~10-33 76.12 
8.20~10- 61 -87 
3.83~10:: 93.32 
7 .60x10- , 93.01 
2.21~10 104.60 

7 . 1 6 ~ 1 0 - ~  98.44 
6 . 3 6 ~ 1 0 - ~  110.52 

Nu 

1 . 8 5  
1.513 
1.527 
1.537 
2.148 

2.151 
2.242 
2.176 
2.818 
2.813 

2.796 
2.798 
3.781 
3.778 
5.069 

5.046 
4.977 
6.069 
5.892 
6.431 

6.036 
6.367 



VARIATION OF ROTATION  ANGLE 

TO 

0 
24.5 
24.7 
24.7 
24.7 
24.9 

24.7 
24.7 
24.7 
24.7 
24.0 

24.6 
24.1 
24.2 
24.1 

w 24.0 

24.3 
24.1 
24.0 
24.1 
23.8 

24.1 
24.0 
24.1 
24.0 
24.2 

24.5 
24.5 
24.5 
24.6 
24.5 

U 

( t o r r )  

21.08 
21.04 
21.04 
21.03 
21.03 

21 .03 
21 * 02 
21.02 
50.44 
49.30 

48.92 
48.92 
49.18 
49.16 
49.20 

48.80 
34.34 
34.16 
34.00 
.34.00 

34.15 
34.15 
34.08 
34.07 
6.77 

6.80 
6.80 
6.80 

42.38 
42.22 

"a 
( t o r r )  

.00084 

.00084 

.00084 

.00085 

.00090 

.00089 

.00089 

.00089 

.16644 

.1615 

. 1 596 

.1615 . 1 744 

.1730 

.1726 

.1727 

.6373 

.6287 

.6228 

.6300 

.6821 

.6772 

.6756 

.6789 

.00027 

.00027 

.00028 

.00030 

.00284 

.00279 

"b 
( t o r r )  

.00091 

.00088 

.00088 
* 00090 
-00097 

.00100 
-00094 
.00100 
.17450 
.1696 

.1659 

.1693 

.1814 

.1783 

.1768 

.1788 

.6699 

.6561 

.6472 

.6608 

.7090 

.6972 

.6924 

.7044 

.00030 

.00030 

.00032 

.00034 

.00307 

.00295 

*PC 
( t o r r )  

.00098 

.00096 

.00095 

.00097 

.00107 

. 001 05 

.00104 

.00106 

.1840 

.1800 

. 1 743 

.1788 

.1838 

.1791 

.1772 

.1803 

.7099 

.6930 

.6813 

.7008 

.7159 

.6988 

.6925 

.7080 

.00032 

.00034 

.00034 

.00035 

.00330 

.00318 

RH 
(ohms)- 

1' 68 

TS 
0 

121.56 

t 

E 
(vol  t s )  

5.159 
5.120 
4.851 . 
4.598 
4.428 

4.622 
4.989 
5.110 
8.795 
8.685 

7.895 
6.655 
7.180 
7.514 
8.396 

8.718 
9.731 
9.634 
8.710 
7.262 

7.998 
8.267 
9.248 
9.682 
4.472 

4.318 
4.194 
4.375 
6.004 
5.546 

$0 
(degrees ) 

45 
25 

350 
325 
135 

155 
190 
21 5 
45 
25 

350 
325 
135 
155 
190 

215 
45 
25 

350 
325 

135 
155 
190 
21 5 
45 

350 
155 
190 
45 

350 

JI 
(degrees ) 

0 

i 

t 
I 

" 

7 . 8 0 ~ 1 0 - ~  
7.87~10- i  
7.85X10-, 
7.91x10-, 
8.36~10- 

8.50~1 O-: 
8.23X10-3 
8.41~10- 
7.17~10:: 
7.14~10 

7.08~10:: 
7.12x10-, 
7.57x10-, 
7.43x10-, 
7.38~10 

7.39~1 0-2 
1.71x10-: 
1.70x10-, 
1.69x10-, 
1.70~10- 

1.79x10-: 
1 . 7 7 ~ 1 0 - ~  
1 .77xlO- 
1 .77x10-' 
8 . 1 0 ~ 1 0 - ~  

8.06xI01: 
8.46x10-, 
8.70~10-, 
l.O3xlO-, 
1.02xlO 

Kn 

3.75~1 0-3 
3.75~10:: 
3.75X10-, 
3 . 7 6 ~ 1 0 ~ ~  
3.76~10 

3.76~10:: 

3.76x10-, 
1.57x10-, 
1.61~10 

1.62~10-z 
1.62x10-, 
1.64~10- 
1 .61 x1 0-3 
1.61x10-, 

1.62xlOI: 

2.35~10- 
2.37X10-, 
2.37~10 

2.36~101, 
3 

2.36x10 
2.36xlO-, 
2 .36~10:~ 
1.17~10 

1.16~10-E 
l.l6xlO-, 
1.16~101, 
1.86~10 
1 .87x10- 

3.76X10-3. 

2.34XIO-3 

Ref 
- 
2.93 
2.85 
2.78 
2.76 
3.09 

3.07 
2.91 
2.90 

62.05 
60.05 

58.00 
57.90 
61 .71 
61.77 
61.10 

60.17 
99.28 
97.05 
94.56 
94.08 

101.34 
100.48 
99.39 
98.54 

.95 

.92 

.99 

.99 
7.62 
7.20 

Nu 

1.523 
1.493 
1.296 
1.131 
1.032 

1.150 
1.393 
1 .477 
5.013 
4.839 

3.951 
2.723 
3.210 
3.544 
4.499 

4.904 
6.289 
6.156 
4.966 
3.302 

4.132 
4.424 
5.647 
6.21 1 
1 .071 

-976 
.906 

1.020 
2.148 
1.7b1 



TO 

o_ 
24.3 
24.3 
24.1 
24.0 
23.8 

23.8 
25.1 
24.7 
25.0 
24.9 

( t o r r )  

42.47 
42.47 
30.77 
30.80 
30.87 

30.87 
25.86 
25.55 
25.33 
25.30 

( t o r r )  

.00306 

.00307 

.5757 

.5646 

.6154 

.6124 
1.1135 
1.083 
1.1825 
1.1790 

"b 
( t o r r )  

.00324 

.00324 

.6060 

.5873 

.6343 

.6281 
1.1700 
1.130 
1 .220 
1.2090 

( t o r r 1  

.00334 
,00334 
.6424 
.6196 
.6355 

.6282 
1.255 
1.195 
1.225 
1.2095 

VARIATION OF ROTATION  ANGLE (Continued) 

RH Ts E $0 Q 
(ohms) ("c) (volts)  (degrees)  (degrees) 

15. 

1 

68 12 56  5.210 
5.773 
9.494 

8.099 

9.092 
9.885 
8.897 

9.421 

a. 540 

a.418 

155 0 
190 

3 50 
155 

190 
45 

350 
155 t 
190  1.5 

45 1 

" Kn 

1 . 0 8 x l O ~ ~  1.86~10:: 
l.O7xlO-, 1.86~10-3 
1.72x10-, 2.62xi O-, 

1 .78~10  2.61~10 

1.77~10-: 2.61~10:: 

2 .60~10  , 3.23x10-, 
2.75x10-, 3.27~10 
2.73~10- 3.27~10- 

1.69~10-,  2.61~10-3 

2.63XiO:l 3.19X10-3 

Ref Nu 

7.80 
7.68 

89.38 

91.17 
85.74 

90.25 
112.00 
106.14 
111.81 
110.75 

1 .533 
1.947 
5.984 
4.744 
4.251 

5.460 
6.577 
5.224 
4.630 
5.917 

P 
U 



VARIATION OF ARRAY ATTITUDE 

TO 

0 
24.6 
24.1 
24.0 
24.0 
24.0 

24.0 
24.0 
23.8 
24.0 
23.7 

23.7 
23.7 
23.7 
23.7 
23.7 

23.7 
23.7 
23.8 
24.6 
24.5 

24.5 
24.5 
24.3 
24.3 
24.2 

24.2 
24.2 
24.5 
24.3 
24.2 

j t o r r )  

56.35 
56.35 
56.35 
56.33 
56.30 

56.30 
56.30 
56.30 
56.30 
56.00 

56.00 
56.00 
56.00 
56.00 
56.00 

56.00 
56.00 
56.01 
56.70 
56.66 

56.62 
56.57 
56.38 
56.18 
56.10 

56.06 
56.04 
56.67 
56.66 
56.65 

*Pa 
( t o r r )  

.00795 

.00799 

.00802 

.00805 

.00826 

.00791 

.00790 

.00785 

.00779 

.00785 

.00783 

.00783 

.00787 

.00809 

.00783 

.00782 

.00777 

.DO773 

.00775 

.00772 

.00774 

.00776 

.00788 

.00764 

.00761 

.00757 

.00758 

.00785 

.00786 

.00785 

"b 
j t o r r )  

.00843 

.00845 

.00849 

.00855 

.00879 

.00840 

.00838 

.00830 

.00817 

.00827 

.00827 

.00829 

.00835 

.00861 

.00826 

.00823 

.00815 

.00806 

.00818 

.00812 

.00815 

.00822 

.00842 

.00802 

.00793 

.00786 

.0Q783 

.00831 

.00834 

.00833 

( t o r r )  

.00895 

.00898 

.00907 

.00911 

.00923 

.00892 

.00890 

.00884 

.00862 

.00876 

.00877 

.00879 

.00884 
,00909 
.00876 

.00870 

.00864 

.00847 

.00861 

.00860 

.00863 

.0087 1 

.00882 

.00848 

.00844 

.00836 

.00825 

.00883 

.00886 

.00884 

RH 
(ohms) 

15.68 

v 

TS 
0 

121.56 

i 

E 

( v o l t s )  

6.725 ~ 

6.741 
6.743 
6.741 
6.730 

6.748 
6.749 
6.743 
6.723 
6.687 

6.685 
6.684 
6.676 
6.672 
6.688 

6.694 
6.700 
6.714 
6.147 
6.158 

6.166 
6.176 
6.234 
6.158 
6.166 

6.203 
6.332 
5.420 
5.412 
5.410 

$0 
(degrees ) 

45 

t 
25 

t 
350 

t 
325 

J, 

(degrees ) 

0 
1.5 
3 
9 

25 

358.5 
357 
351 
336 

0 

1.5 
3 
9 

25 
358.5 

357 
351 
336 

0 
1.5 

3 
9 

25 
358.5 
357 

351 
336 

0 
1.5 
3 

" 

1 . 4 9 ~ 1  O-' 
1 .49xlO:i 
1.49~10 
1 .50xl O-' 
1 .52xl O-' 

1.49~10:: 
1.48xlO-, 
1.48x10-, 
1 .47~10 
1.48 x1 O-, 

1.48x10:; 
1 .48xlO_, 
1 .48xlO-, 
1 .51  x1 0-, 
1.48~10 

1.47~10:: 
1.47x10-, 
1 .46xlO-, 
1 .45xlO_, 
1.45~10 

1.46xlO-' 
1 .46xl O-' 
1 .48xl O-' 
1.45~1 O-: 
1.44~10- 

1.44~10:: 
1.44x10-, 
1.46xlO-, 
1 .47 x1 0-, 
1.46~10 

Kn Ref 

1 . 4 0 ~ 1 0 - ~  14.50 
1 .4Ox1 O-, 14.51 
1 . 4 0 ~ 1 0 - ~  14.54 
1.40~10-33 14.46 
1.40~10- 14.36 

1 . 4 0 ~ 1 0 - ~  14.51 
1 . 4 0 ~ 1 0 - ~  14.52 
1.40~10-33 14.59 
1.40xlO-, 14.65 
1.41~10- 14.17 

1.41x10-, 14.15 
1.41x10-, 14.15 
1.41x10:33 14.10 
1.41~10 14.04 
1 . 4 1 ~ 1 0 - ~  14.19 

1.41~10:: 14.18 
1.41x10-, 14.25 
1.41 xlO-, 14.35 
1.39~10 13.88 
1 . 4 0 ~ 1 0 - ~  13.83 

1.40~1013, 13.83 
1.39~10 , 13.79 
1.40~10:~ 13.59 

1.41~10- 13.67 

1.41x10-; 13.71 
1.41xlO-, 13.86 
1.39x10-, 13.79 
1.39~10- 13.78 
1 .39~1 0-3 13.75 

1.41~10 3 13.74 

Nu 

2.813 
2.807 
2.807 
2.804 
2.783 

2.809 
2.810 
2.803 
2.791 
2.729 

2.727 
2.726 
2.719 
2.715 
2.729 

2.735 
2.767 
2.777 
2.272 
2.278 

2.285 
2.292 
2.348 
2.275 
2.278 

2.329 
2.414 
1.693 
1.685 
1 -681 



VARIATION OF ARRAY ArCITUDE (Continued) 

TO 

0 
24.2 
24.2 
24.2 
24.2 
24.2 

24.2 
23.7 
23.7 
23.6 
23.7 

23.7 
23.7 
23.7 
23.7 

u 23.7 

23.7 
23.6 
25.6 
23.6 
23.7 

23.6 
23.6 
23.7 
23.7 
23.6 

23.6 
23.6 
23.6 
23.6 
23.6 

m 

( tor r )  

56.64 
56.62 
56.65 
56.65 
56.62 

56.61 
56.41 
56.39 
56.38 
56.36 

56.36 
56.34 
56.32 
56.31 
56.30 

56.29 
56.28 
56.26 
56.26 
56.25 

56.25 
56.24 
56.22 
56.21 
56.19 

56.17 
56.16 
56.14 
56.13 
56.11 

*pa 
j t o r r )  

.00792 

.00817 

.00787 

.00785 

.00778 

.00774 

.00845 

.00847 

.00848 

.00854 

-00856 
.00845 
.00843 
,00837 
.00811 

.00838 

.00838 

.00840 

.00843 

.00844 

.00838 

.00836 

.00831 

.00804 

.00837 

.00834 

.00835 

.00839 

.00839 

.00834 

Apb 
( t o r r )  

.00844 

.0087 1 

.00834 

.00831 

.00820 

.00810 

.00888 

.00888 

.00888 

.00888 

.00882 

.00890 

.00892 

.00900 

.00870 

.00872 

.00872 

.0087 1 

.00870 

.00864 

.00874 

.00875 

.00882 
.00863 
.00868 

.00864 

.00864 

.00861 

.00857 

.ooa67 

"P, 

j t o r r )  

.00894 

.00920 

.00885 

.00882 

.00872 

.00854 

.00915 

.00914 

.00912 

.00910 

.00904 

.00918 

.00922 

.00934 

.00942 

.00887 

.00885 

.00885 

.00882 

.00876 

.00888 

.00890 

.00910 

.00930 

.00880 

.00877 

.00875 

.00872 
-00868 
.00881 

RH  TS 
(ohms). I"c) 

1 68 121 5 

E 

(vol  t s  1 
5.436 
5.778 
5.436 
5.467 
5.595 

5.982 
5.820 
5.765 
5.735 
5.480 

5.780 
5.875 
5.900 
5.610 
5.810 

5.985 
5.980 
5.965 
5.942 
6.040 

5.995 
5.990 
5.960 
6.113 
6.480 

6.477 
6.477 
6.476 
6.520 
6.481 

40 J, 
(degrees)  (degrees) 

325 9 
25 

358.5 
357 
351 

t 336 
135 0 

1.5 
3 
5 

25 
358.5 

I 357 
351 
336 

155 0 
1.5 
3 
9 

25 

358.5 
357 
351 

t 336 
190 0 

1.5 
3 
9 

25 
358.5 I 

Kn 

1 .48xlO$ 
1 .50xlO 
1 .47xlO-f 
1.46~10:; 
1.45~10 

1.44~10:: 
1.54Xi o-, 
1 .54xlO_, 
1.54xlO-, 
1.55~10 

1 .54xlO:: 
1.55x10-, 
1 .55xlO-, 

1 .53xlO 

1.53~1 O-' 
1 .!53x1 0-2 
1 .53xl O-: 
1.53xlO-, 
1.54~10- 

1 .54x101: 

1 .56~10-, 

1 .54X10-2 
1.55X1 
1.50xlO-, 
1.53~10 

1.54~1 O-: 
1.53~10- 
1.52~101; 
1.52x10-; 
1.53~10 

1 .39xlO-; 
1 .40xlO- 
1 .39xl O-: 
1 .39x1OI3 
1.39~10 

1.39~101: 
1 -40x1 0 
1 .40 x1 O-: 
1.40x10-, 
1 .40xlO- 

1 .4OxlO-: 
1 .40xlO-, 
1 .40~1 0 I3  
1.40~10 
1.40~10- 

1.40x10-; 
1.4OXi 0-3 
1 .40xlO-, 
1 .40xlO- 
1 .40xl 0-3 

1 .4OxlO-: 

1.40~10 
1 .40x101, 
1.40~10 

1.4OxlO-: 
1.40X101, 

1 .40xlO- 
1 . 4 1 ~ 1 0 - ~  

1.4OX101, 

1.40~10 3 

Ref 

13.72 
13.64 
13.84 
13.84 
13.84 

13.99 
14.93 
14.91 
14.89 
14.83 

14.65 
14.95 
14.98 
15.08 
15.64 

14.70 
14.62 
14.62 
14.63 
14.52 

14.72 
14.70 
14.89 
14.11 
14.55 

14.72 
14.46 
14.40 
14.26 
14.51 

NU 

1.707 
1 .964 
1.704 
1.724 
1.821 

2.139 
1.989 
1.945 
1.920 
1.723 

1.957 
2.033 
2.053 
1.824 
2.029 

2.121 
2.115 
2.104 
2.085 
2.172 

2.127 
2.123 
2.101 
2.228 
2.543 

2.537 
2.539 
2.536 
2.576 
2.543 



VARIATION OF ARRAY ATTITUDE (Continued) 

TO 

0 
23.6 
23.6 
23.6 
25.2 
25.0 

24.7 
24.5 
24.5 
24.5 
24.5 

24.4 
24.4 
24.5 

24.3 

24.3 
24.3 
24.3 
24.3 
24.2 

24.3 
24.3 
24.3 
24.3 
24.3 

24.4 
24.5 
24.5 
24.5 
24.5 

4 
q 24.5 

( t o r r )  

56.10 
56.08 
56.07 
56.44 
.5639 

56.28 
56.37 
56.35 
56.33 
56.33 

56.32 
56.32 
10.06 
10.06 
10.07 

10.18 
10.12 
10.05 
10.04 
10.03 

10.03 
10.06 
10.04 
10.07 
10.08 

10.09 
10.06 
10.05 
10.04 
10.04 

"a 
( t o r r )  

.00833 

.00822 

.00791 

.00843 

.00842 

,00842 
.00850 
.00851 
.00842 
.00841 

.00831 

.00803 

.00040 

.00041 

.00042 

.00040 

.00039 

.00040 

.00041 

.00038 

.00037 

.00038 

.00039 

.00038 

.00036 

.00037 

.00034 

.00039 

.00041 

.00042 

"b 
( t o r r )  

.00868 

.00873 

.00851 

.00882 

.00880 

.00880 

.00883 

.00876 

.00884 

.00885 

.00887 

.00862 

.00044 

.00045 

.00046 

.00045 

.00043 

.00043 

.00044 

.00041 

.00040 

.00042 - 00044 

.00040 

.00039 

.00040 

.00044 

.00043 

.00045 

.00045 

APC 
( t o r r )  

.00882 

.00905 

.00909 

.00904 

.00902 

.00303 

.00905 

.00892 
fOO909 
.00911 

.00925 

.00934 

.00048 

.00049 

.00051 

.00049 

.00047 

.00047 

.00048 

.00045 

.00045 

.00046 

.00048 

.00044 
,00043 

.00043 

.00047 

.00046 

.00047 

.00047 

RH TS 
(ohms) ("c) 

15.68 121 5 

E 
(vo l ts )  

6.485 
6.490 
6.515 
6.664 
6.663 

6.662 
6.665 
6.643 
6.678 
6.679 

6.683 
6.676 
4.703 
4.698 
4.703 

4.698 
4.709 
4.709 
4.713 
4.494 

4.490 
4.486 
4.480 
4.467 
4.485 

4.508 
4.326 
4.336 
4.341 
4.377 

$0 
(degrees ) 

190 

1 
21 5 

7 
45 

t 
350 

t 
155 

I 

J, 

(degrees) 

357 
351 
336 

0 
1.5 

3 
9 

25 
358.5 
357 

351 
336 

0 
1.5 
3 

12 
358.5 
357 
348 

0 

1.5 
3 

12 
358.5 
357 

348 
0 
1.5 
3 

12 

Kn 

1.41xlO-; 
1.41x10-, 
1 .41 x1 0-, 
1.40x10-, 
1 .40xlO- 

1.40~101: 

1 .40x1013 

1 .40xlO- 

1 .40x10-3, 
1 .40xlO-, 
7.86xlO-, 
7.86xlO-, 
7.85~10- 

7.76~101: 
7.81~10 

7.84~10-: 
7.88~10- 

7.88~101: 

1.40~10 3 

1.40~10 3 

7.85~10 3 
7.87Xi 0-, 
7.85X10-3 
7.84~10- 

7.83~10-i 
7.86xlO-, 
7.86xIOI3 
7.87~10 
7.87~1 0-3 

Ref Nu 

" 

14.53 2.546 
14.64 2.550 
14.78 2.573 
14.24 2.763 
14.32 2.734 

14.29 2.727 
14.28 2.724 
14.12 2.709 
14.38 2.736 
14.40 2.736 

14.48 2.739 
14.59 2.734 
1.41 1.221 
1.43 1.215 
1.45 1.216 

1.41 1.213 
1.41 1.220 

1.37 1.222 
1.31 1.086 

1-36 1.086 
1 -38 1.086 
1-38 1.072 
1.30 1.083 
1.28 1.081 

1-32 1.094 
1.42 .981 
1.39 .986 
1.41 .989 
1-40 1.008 



VARIATION OF ARRAY ATTITUDE (Continued) 

To 
I"c) 
24.5 
24.5 
24.6 
24.2 
24.2 

24.3 
24.3 
24.3 
24.3 
24.2 

24.2 
24.0 
23.8 
23.7 

03 23.7 
U 

23.7 
23.7 
23.7 
23.7 
23.6 

23.6 
23.6 
23.6 
23.5 
24.3 

24.1 
24.0 
23.8 
23.8 
23.7 

( t o r r  1 
10.04 
10.04 
10.04 
10.00 
10.00 

10.00 
10.00 
9.99 
9.95 

10.00 

50.34 
50.31 
50.31 
50.31 
50.29 

50.31 
50.29 
50.27 
50.27 
50.27 

50.88 
50.25 
50.25 
50.21 
49 -79 

49.77 
49.75 
49.73 
49.71 
49.69 

*Pa 
J t o r r )  

.00040 

.00039 

.00038 

.00042 

.00042 

.00042 

.00045 

.00043 

.00041 

.00040 

.04523 

.04526 

.04530 

.04581 

.04516 

.04509 

.04477 

.04444 

.04449 

.04452 

.04482 

.04434 

.0443 1 

.04409 

.04743 

.04740 

.04740 

.04744 

.04729 

.04718 

Apb 
( t o r r )  

.00044 

.00042 

.00042 

.00046 

.00046 

.00046 

.00047 

.00046 

.00044 

.00044 

.04753 

.04759 

.04767 

.04843 

.04741 

.04731 

.04671 

.04627 

.04636 

.#647 

.04711 

.04610 

.04604 

.04553 

.04902 

.04885 

.04874 

.04844 

.04900 
,04894 

"P, 

( t o r r  ) 

.00047 

.00045 

.00045 

.00048 

.00048 

.00049 

.00049 

.00049 

.00048 

.00047 

.05035 

.05039 

.05044 

.05078 

.05023 

.05014 

.04953 

.04872 

.04885 

. 0 4 w  

.04962 

.04856 

.04849 

.04783 

.04939 

.04926 

.04914 

.04883 

.04938 

.04946 

RH TS 
(ohms) ("c) 

15.68 121.56 

E 

(vo l ts )  

4.324 
4.318 
4.313 
4.581 
4.581 

4.581 
4.582 
4.583 
4.584 
4.591 

7.766 
7.768 
7.769 
7.773 
7.783 

7.786 
7.798 
7.088 
7.087 
7.087 

7.105 
7.102 
7.110 
7.173 
6.738 

6.742 
6.745 
6.778 
6.770 
6.778 

$0 
(degrees ) 

155 

1 
190 

I 

45 

t 
350 

lt55 

t 

J, 

(degrees ) 

358.5 
357 
348 

0 
1.5 

3 
12 

358.5 
357 
348 

0 
1.5 
3 

12 
358.5 

357 
348 

0 
1.5 
3 

12 
358.5 
357 
348 

1) 

1.5 
3 

12 
358.5 
3 57 

Kn 

7.87~1 O-: 
7.87x10-, 
7.87~10:~ 
7.90~10 
7 . 9 0 ~ 1 0 - ~  

7.90~10:: 
7.90~10 
7.91  x10-33 
7.94x10-, 
7.90~10- 

1.57xlO-, 
3 

1.57Xi 0-3 
1 .57x1OI3 
1.57x.10 
1.57~10- 

1 . 5 7 x W 3  
1.57~1 0-3 
1.57~1  0-3 
1.57~1 0-3 
1.57~1 0-3 

1.55~1 0-3 
1.57~1 0-3 
1.57~1 0-3 
1.57~10:: 
1.59~10 

1.59~1 O-: 
1 .59x1Oz3 
1.59x10-, 
1.59~10 
1 . 5 9 ~ 1 0 - ~  

Ref Nu 

" 

1-41  -978 
.38 .975 
40 .972 

.40 1.132 

.40 1.131 

" - 

1.40 1.132 
1.41 1.133 
1.41 1.134 
1.37 1.134 
1.40 1.139 

32.52 3.861 
32.48 3.849 
32.45 3.845 
32.35 3.846 
32.57 3.855 

32.59 3.860 
32.80 3.872 
31.18 3.113 
31.17 3.111 
31.16 3.111 

31 -28 3.126 
31.16 3.124 
31.18 3.131 
31 -24 3.188 
32 -68 2.798 

32.62 2.796 
32.57 2.796 
32.38 2.824 
32.67 2.816 
32.68 2.821 



TO 

0 
23.7 
23.7 
23.7 
23.7 
23.7 

24.3 
24.2 
24.1 
24.1 
24.1 

24.1 
24.1 
24.2 

w 23.8 
24.3 

24.3 
24.3 
24.1 
24.2 

rj 

l t o r r )  

49.66 
49.74 
49.71 
49.70 
49.68 

42.65 
42.65 
42.66 
42.60 
42.59 

42.50 
42.44 
31.12 
31.10 
30.57 

30.55 
30.79 
30.80 
30.61 

*pa 
( t o r r 1  

.04662 

.04707 

.04713 

.04713 

.04713 

.00308 

.00306 

.00307 

.00313 

.00304 

.00303 

.00293 

.6142 

.6147 

.6043 

.6113 

.6046 

.6028 

.5923 

"b 
( t o r r )  

.04930 

.04841 

.04838 

.04829 

.04790 

.00332 

.00330 
-00331 
.00336 
.00329 

.00328 

.00323 

.6544 
-6542 
.6420 

.6454 

.6443 

.6432 

.6334 

A% 
( t o r r )  

.05028 
-04868 
.04859 
.04855 
.04815 

-00353 
.00351 
.00352 
.00354 
-00350 

.00351 
-00350 
.6817 
-6804 
.6656 

.6655 

.6733 

.6736 

.6740 t 

5.692 
5.651' 
5.592 
5.752 
5.721 

5.716 
5.678 
8.931 
8.937 
8.802 

8.888 
8.912 
8.928 
8.960 

VARIATION OF ARRAY ATTITUDE (Continued) 

RH TS E 40  $ 
(ohms) ("c) (volts)   (degrees)   (degrees)  

15.68 121.56 6.780  155  348 
7.458  190 0 
7.457 
7.452 3 
7.448 12 I 1.5 

0 0 
1.5 
3 

12 
358.5 

357 
348 

0 
1.5 
3 

12 
358.5 
357 
348 

Kn 

3.89~10:: 
3 . 8 4 ~ 1 0  
3.84~101, 

3.89~10- 

1.08~101: 
1.08xlO-, 
1 .08xlO-, 

1 .08~10  

1 .08xl  O-: 
l.O7xlO-, 
1.79x10-, 
1 . 7 9 ~ 1 0 - ~  
1 . 7 9 ~ 1 0 -  

1 .79~10"  
1. 78x10-1 
1.78~10" 
1 . 7 7 ~ 1  0-1 

3 .84~10  2 

1 .09X10-2 

1.59xlO-, 
1.59x10-, 
1 .59~10-  
1.59xlO-; 
1 .59~10-  

1.85x10-, 
1.85x10-, 
1.85x10-, 
1 .85x10-, 
1 .85xlO- 

1 . 8 6 ~ 1 0 - ~  
1 .86xlO-; 
2.59~10- 
2.59~10:: 
2 .64~10  

2 .64~1 0-3 
2.62~10-z 
2.62xlO-, 
2.63~10- 

3 

3 

Ref  Nu 

" 

32.88 2.823 
39.79 3.484 
32.21 3.484 
32.16 3.480 
32.20 3.477 

8.04 1.911 
8.00 1.866 
8.00 1.821 
7.95 1.942 
8.01 1.925 

8.04 1.923 
8.10 1.883 

92.75 5.233 
93.46 5.213 
91.62 5.057 

91.31 5.192 
92.72 5.222 
92.88 5.233 
93.83 5.278 



VARIATION OF ELEMENT  OVERHEAT  TEMPERATURE 

TO 

0 
24.2 
24.1 
24.1 
24.0 
24.0 

24.0 
24.0 
24.0 
24.0 
24.1 

23.5 
23.5 
23.5 
23.8 
23.8 

23.5 
23.8 
23.6 
23.5 
23.5 

24.0 
24.0 
24.0 
24.3 
24.1 

24.0 
24.0 
23.8 
23.8 
23.8 

j t o r r )  

21.24 
21.24 
21.24 
21.24 
21.23 

21.22 
21.22 
21.22 
21.22 
21.22 

48.60 
48.59 
48.59 
48.99 
48.99 

48.95 
48.91 
48.94 
48.94 
48.94 

6.72 
6.72 
6.72 

42.60 
42.60 

42.60 
30.80 
30.80 
30.78 
56.37 

*pa 
( t o r r )  

.00077 

.00077 

.00079 

.00079 

.00077 

.00077 

.00078 

.00078 

.00076 

.00076 

.15932 

.15936 

.15932 
,16092 
.16092 

.16260 

.16305 

.16294 

.16300 

.16296 

.00028 

.00028 

.00024 

.00286 

.00286 

.00287 

.5709 

.5709 

.5703 

.00795 

Apb 
( t o r r )  

.00082 

.00082 

.00084 

.00084 

.00082 

.00083 

.00084 

.00084 

.00083 

.00083 

.I6587 

.16586 

.16582 

.16740 

.16740 

.17062 

.17115 

.17106 

.17104 

.17100 

.00031 

.00031 

.00027 

.00308 

.00308 

.00309 
,6003 
.6003 
.5997 
.00844 

APC 
( t o r r )  

.00089 

.00089 

.00090 

.00090 

.00089 

.00090 

.00092 

.00092 

.00091 

.00091 

.17485 

.17484 . 1 7480 

.17638 

.17638 

.18059 

.18095 

.18095 

.18096 

.00034 

.00034 

.00031 

.00331 

.00331 

.00332 

.6366 

.6366 

.6360 

.00895 

. la090 

RH 
(ohms) 

1, 
1 
1 
16.16 
16.63 

14.73 
15.20 
15.68 
16.16 
16.63 

14.73 
15.20 
15.68 
16.16 
16.63 

14.73 
15.68 
16.63 
14.73 
15.68 

16.63 
14.73 
15.68 
16.63 
15.20 

4.73 
5.20 
5.68 
6.16 
6.63 

4.73 
5.20 
5.68 

TS 
0 
82.52 

101.15 
121.56 
142.35 
163.10 

82.52 
101.15 
121.56 
142.35 
163.10 

82.52 
101.15 
121.56 
142.35 
163.10 

82.52 
101.15 
121.56 
142.35 
163.10 

82.52 
121.56 
163.10 
82.52 

121.56 

163.10 
82.52 

121.56 
163.10 
101.15 

E 
( v o l t s )  

3.915 
4.569 
5.151 
5.718 
6.205 

3.955 
4.628 
5.217 
5.776 
6.281 

6.641 
7.708 
8.646 
9.524 

10.33 

6.788 
7.853 
8.817 
9.717 

10.53 

3.404 
4.506 
5.443 
4.594 
6.049 

7.264 
7.333 
9.552 

6.012 
11.36 

$0 JI 
(degrees) (degrees) 

20 0 

I 
I 
I 

45 

20 

45 

t 

" 
3 

7.56xlO-, 
7.56x10-, 
7.65xlO-, 
7 .65~10-  
7 . 5 5 ~ 1 0 - ~  

7.61~101: 
7 . 6 6 ~ 1 0 - ~  

7 . 6 1 ~ 1 0 - ~  
7 .61~10 

7.11~10:; 
7.12x10-, 
7 .11~10 
7 . 1 2 ~ 1 0 : ~  
7 .12~10  

2 
7.19X10:, 

7.66~10-3 

7.21~10 , 
7.20~101, 
7 .20~10 2 
7.20x10- 

8 . 2 6 ~ 1  Om: 
8.26xlO-, 
7.71x10-, 
1.03~10- 
1 .03xl O-' 

1 .04x1 O-' 
1 .7lxlO-: 
1.71x10-, 
1 .71 x1 01, 
1.49~10 

Kn 

3 
3.42~101, 
3.56XIO-3 
3 .72~10 3 
3.87xlO-, 
4.02~10- 

3 
3.42X10-, 
3.57~101, 
3 .72~10 
3 .89~10- i  
4.03~10- 

1 . 5 0 ~ 1 0 - i  
1.56x10-, 
1.63x10-, 
1.68xlO-, 
1.75~10- 

1.48xlO-, 

1.62xlO-, 
1 .68xlO-, 
1.75~10- 

1.08xlO-; 
l.l7xlO-, 
1.27xlO-, 
1.70xlO-, 
1 .85xlO- 

3 

1.55xlO-3 

2.01x10-; 
2.4OxlO-, 
2.61 x1 0-, 
2.83~10- 
1 . 3 4 ~ 1  O-, 

Ref Nu 

" 

3.09 1.535 
2.91 1.525 
2.78 1.504 

2.46 1.478 

3.16 1.569 
3.01 1.570 
2.84 1.549 
2.67 1.545 
2.52 1.519 

60.10 5.000 
62.22 4.921 
58.77 4.806 
!55.87 4.721 
52.79 4.619 

68.11 5.239 
64.14 5.141 
60.62 5.016 
57.27 4.955 
54.09 4.832 

1.09 1.103 
.97 1.096 
.82 1.078 

8.61 2.246 
7.6€ 2.201 

6.84 2.122 
100.12 6.279 
89.05 6.038 
79.25 5.741 
15.35 2.863 

2-62 1.496 



TO 

0 
23.7 
23.6 
23.5 
23.6 
23.6 

23.3 
23.6 
23.7 

( t o r r )  

56.36 
56.36 
15.04 
15.04 
15.03 

7.82 
7.82 
7.82 

Apa 
( t o r r )  

.00791 

.00790 

.03019 
,03020 
.03020 

.05916 

.05924 

.05923 

Apb 
( t o r r )  

.00842 

.00838 

.03192 

.03192 

.03193 

.06269 

.06271 

.06269 

VARIATION OF ELEMENT  OVERHEAT  TEMPERATURE (Continued) 

"P, RH TS E 40 $J 
( t o r r )  (ohms) ("c) ( v o l t s )  ( d e g r e e s )  (degrees) 

.00895 15.68 121.56 6.769 45 0 

.00890 16.16 142.35 7.490 

.03410 15.20 101.15 5.969 

.03410 15.68 121.56 6.712 

.03411 16.16 142.35 7.404 

1 

.06706 15.20 . 101.15 5.920 

.06706 15.68 121.56 6.648 

.06702 16.16 142.35 7.332 T 

" Kn Ref Nu 
" 

1 . 4 9 ~ 1 0 : ~  1.40x10-: 14.52 2.821 
1.4bxlO-, 1.46x10-, 13.64 2.780 
5.61x10-, 5.04x10-, 15.46  2.871 
5.61~10  5.26~10- 14.59 2.805 
5 . 6 1 ~  0-2 5.48x10-, 13.78 2.780 

2 

1.09x10:; 9.74~1OIz 15.54 2.865 
l.O9XlO-, l.O2X10~, 14.69 2.818 
1.09xlO 1 .06~10  13.84 2.774 
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1. SYSTEM DESCRIPTION 

The w i n d   d i r e c t i o n  as determined  by  the  wind  sensors has an inherent  

four- fo ld   ambigui ty .  I n  order  t o  overcome t h i s   d i f f i c u l t y ,  an approximate  but 

unambiguous secondary  wind  direct ion measurement i s  necessary. The quadrant 

sensor  obtains  this  secondary measurement by  locat ing  the  thermal  wake of a 
heated  ver t ica l   cy l inder .   Th is   is   accompl ished  by  determin ing  the  temperature 

d is t r ibut ion  about   the  cy l inder   wi th   four   chromel-constantan  thermocouples.  

The geometry  and c r i t i c a l  dimensions o f  the  quadrant  sensor  are  presented 

i n   F i g u r e  1. 

A block  diagram  of  the  quadrant  sensor i s  shown i n   F i g u r e  2. The 

thermocoup le   e lec t ron ics   a re   essent ia l l y   iden t ica l   to   those  fo r   the   tempera ture  

sensor, and the   hea te r   con t ro l l e r  and  temperature  readout   are  s imi lar   to  
those used for  the  wind  sensor.   Note  that   opposing  thermocouple  junct ions 

are  connected i n   s e r i e s  so t h a t  each p a i r  measures the  temperature  d i f ference 
across  the  sensor.   This  e l iminates  the need f o r  a re ference  junct ion 

temperature measurement. 

1.1 SENSOR OUTPUT 

Typ ica l   resu l t s  o f  performance  test ing on a breadboard model of  the 

duadrant  sensor  are shown i n  Figures 3 and 4. The p l o t s  show the  output   o f  

each thermocouple p a i r   a t  100°C overheat, as a func t ion   o f   w ind   d i rec t ion  

( i n  quadrant  sensor  coordinates), w.i t h  a .  zero  azimuth 1 ine   de f ined  by  one 

thermocouple  pa i r ,   des ignated  arb i t rar i ly  as p a i r  1. A1 t e r n a t e l y ,   i n   F i g u r e  3 

c o n s i d e r   t h a t   t h e   w i n d   v e c t o r   i s   f i x e d   a l o n g   t h e  0" ray and the  quadrant  sensor 

f r e e   t o   r o t a t e .   F o r  0" o r i e n t a t i o n  of the  quadrant  sensor,  the  themocGup1e 

j u n c t i o n s   f o r m i n g   p a i r  number 1 are  located  along  the  0"-180"  ray, one on 
e i t h e r   s i d e  of the  center .  The junc t i ons   f o rm ing   pa i r  number 2 a re   loca ted  
a1 ong the 90"-270° ray. The outputs o f   t h e  two thermocouple  pairs  are  both 
ind ica ted   by   po in ts   a long  the  0" ray  (marked 1 and 2 i n   F i g u r e   3 ) .  I f the  

quadrant  sensor i s   r o t a t e d   t o  30" ( f o r  example) w i th   respec t   to   the   w ind ,   the  

thermocouple  junct ions  forming  pair  1 will l i e  along  the 30"-210" l i n e ,   w h i l e  
p a i r  2 will l i e  a long  the 120°-300" l i n e .  The output  from  both  pairs,  however, 

i s   i n d i c a t e d  by  po ints   located  a long  the 30" ray  (marked 1 '  and 2 '   i n   F i g u r e  3 ) .  
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e As the  quadrant  sensor i s   r o t a t e d   p a s t  180" w i t h   r e s p e c t   t o   t h e   w i n d   v e c t o r ,  
the  pat terns  for   thermocouple  pa i rs  1 and 2 repeat ,   except   that   the  s igns  o f  

the  outputs   reverse as the   junc t ions   fo rming  each p a i r   r e v e r s e   t h e i r  

p o s i t i o n s   i n   t h e   f l o w f i e l d .  The Reynolds numbers w r i t t e n  on each f i g u r e   a r e  

d e f i n e d   a t   t h e  fiTm temperature,  i.e., 

where the   dens i t y  o f  and v i s c o s i t y  pf are d e f i n e d   a t   t h e  f i  lm temperature 

T =  f - 2 " -  + Theater 

where T i s   the   f rees t ream  ad iabat ic   recovery   tempera ture .  It has  been 

shown t h a t ,   f o r   f i x e d  geometry  and f ixed  overheat,   the film Reynolds number 

e f fec t i ve ly   de termines   the   tempera ture   d is t r ibu t ion   about   the  cy1  inder. 

m 

For  var iab le  overheat ,   per formance  test   resul ts  show tha t   t he   senso r  

ou tpu t  E can  be cor rec ted  by: 

= E  100 
00" Theater - T- 

I where EIOOO i s   t h e   c o r r e c t e d   o u t p u t   f o r  one thermocouple  pair.  

The thermal power o f  each thermocouple  junction  (dE/dT) i s  a f u n c t i o n  

o f   the   junc t ion   tempera ture .  Hence the   ou tpu t   o f   the   sensor  will be a 
funct ion  o f   ambient   temperature as w e l l  as the  temperature  d i f ference  across 

the  sensor. Thus the  sensgr  output  must be cor rec ted   be fore   the   ou tpu t  can 

be  compared t o   c a l i b r a t i a n   d a t a .  The correct ion  procedure will use  thermocouple 
c a l i b r a t i o n   d a t a  and the  ambient  temperature as measured  by the  temperature  sensor. 

F o r   s u f f i c i e n t l y   h i g h  Mach numbers, a s l i g h t  dependence o f   t h e   p a t t e r n s  
on Mach number also  occurs.  The maximum d e v i a t i o n   i n   t h e   o u t p u t   o f  each 

thermocouple p a i r   f r o m   t h e   i n c o m p r e s s i b l e   c a s e   i s   o f   t h e   o r d e r  o f  7 percent. 

The performance  tests show t h a t   t h e   c o r r e c t i o n   f a c t o r  can  be estimated  from: 
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where E r e f e r s   t o   t h e  emf ou tpu t  of one thermocouple  pair, Nu r e f e r s   t o   t h e  

average  Nusselt number fo r   t he   cy l i nde r ,   subsc r ip t  i r e f e r s  to  the  incompressible 

(low Mach number) resu l t ,  and subsc r ip t  c to   the   compress ib le   (h igh  Mach 

number) r e s u l t .  The r a t i o  Nui/Nuc as a f u n c t i o n   o f  Mach number and Reynolds 

number i s  known to   the   p rec is ion   requ i red   f rom  exper imenta l   da ta  on f l ow  

ac ross   i n f i n i t e   cy l i nde rs   wh ich  i s  a v a i l a b l e   i n   t h e  open l i t e r a t u r e .  

A t  low  temperatures,  the  thermal  conductivi ty o f  the  C02 is.much  lower 

than  the  thermal  conduct iv i ty o f  t h e   c a l i b r a t i o n   f l u i d  {room  temperature a i r ) .  

Thus, whi le  heat  conduct ion down the  thermocouple  wires i s  negl i g i   b l  e w i t h  

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

necessar i l y   t rue   fo r   the   co ldes t   Mar t ian   ambien t   cond i t ions  and a co r rec t i on  

may be  requ i red. 
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2. OPERATION OF SENSOR 

2.1 OPERATION AS A QUADRANT SENSOR 

The operat ion  of   the  quadrant  sensor i n   i t s  intended mode i s  accomplished 
by sensing  whether  or   not   the downstream member of each thermocouple  pair  i s  

ins ide   the   thermal  wake. As an i l l u s t r a t i o n   o f  how t h i s   i n f o r m a t i o n  can 

indicate  the  wind  quadrant,  consider  the  geometry shown i n  F igure  5. L e t   t h e  
wake have a we l l   de f i ned  edge ( w r i t t e n   i n  terms o f   the   apparent   ha l f   ang le  ~1 

a t   t h e   r a d i u s  o f  the  thermocouple  junct ions).   Further assume t h a t  each 

thermocouple p a i r   g i v e s  one r e s u l t  (marked +,- i n   F i g u r e  5) i f  one member i s  

i n s i d e   t h e  wake, a second r e s u l t  (-,+) i f  the  opposi te  member i s  i n s i d e   t h e  

wake, and a t h i r d   r e s u l t   ( d e s i g n a t e d  0,O) i f  n e i t h e r  member i s   w i t h i n   t h e  wake. 

If t h e   t r u e   w i n d   v e c t o r   i s   s l ' i g h t l y   t o   t h e   l e f t   o f  one wind  sensor as i n  case  1, 
w i th  e c 2~ - go", the  output  o f  the  thermocouple  pairs 1 and 2 will be, 

respec t i ve l y ,  +,-; +,-. If t h e   t r u e   w i n d   v e c t o r   i s   s l i g h t l y   t o   t h e   r i g h t  
of   the  wind  sensor,  as i n  case 2 (again wi th 8 < 2a - 90°), the   ou tpu t  will be 

+,-; 0,O. The s ign  o f  the  outputs  i n  e i t h e r  case  qu ick ly   e l iminates two 

of  the  false  solut ions.  Furthermore,  the  two  cases can  be d i s t i ngu ished   f rom 
one another so tha t   t he   co r rec t   so lu t i on   o f   t he   rema in ing   pa i r   i s   de te rm ined .  

If we have 2a - 90" < e < 45" w i th   t he   t rue   w ind   vec to r  on t h e   l e f t  as i n  
case 3, the   ou tpu t  will be 0,O; +,-; and, f o r  case 4 w i t h   t h e   t r u e   w i n d  

vec tor  on t h e   r i g h t ,   t h e   o u t p u t  will be +,-; 0,O. Thus again, we can 

d i s t i n g u i s h  betwclen these two cases.  For e > 45", r o t a t e   t h e   p a t t e r n   i n  

F igure  5 by 90" and the  pat tern  repeats .  Because the  angle e i s   u n i q u e l y  
determined  by  the  wind  sensors , Ne always know which o f  the  above cases to   cons ide r  

I n   F i g u r e  6, we de f i ne   t he  wake w i d t h   i n  terms o f   t h e   o u t p u t   o f  each 

sensor a t   t h e   a r b i t r a r i l y   d e f i n e d  wake h a l f   w i d t h s  a o f  65", 67.5' and 70", 
u s i n g   d a t a   l i k e   t h a t  shown i n  Figures 3 and 4. I d e a l l y ,  we would l i k e   t o  

assume t h a t   f o r  thermocouple  pairs  or iented  at   angles  less  than  the wake h a l f  
w id th  fro111 the  d i rect ion  o f   the  wind  vector ,   the  absolc te  magni tude of the 
ou tpu t  will always be greater   than  the  threshold  va lue shown i n   F i g u r e  6. This  
condi t ion  would  be  assoc iated  wi th  a + ,- o r  - ,+ output  i n  the  above 

d i scuss ion .   S im i la r l y ,  when the  angle  of  each  thermocouple  pair  with  respect 
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t o   t h e   w i n d   v e c t o r   i s   g r e a t e r   t h a n   t h e  wake ha l f   w id th ,   the   ou tpu t   wou ld  
be less   than  the   th resho ld   va lue  and  would be labe led  0,O. I f  t h i s  were t r u l y  
the  case, any of the wake w i d t h   d e f i n i t i o n s  shown i n   F i g u r e  6 would be 

acceptable,   provided  that   the  quadrant  sensor  were  or iented a t  an angle a 

w i t h   r e s p e c t   t o  one wind  sensor. 

U n f o r t u n a t e l y ,   t h e   s i t u a t i o n   i s   n o t  so simple.  For a 65" hal f -angle 

wake d e f i n i t i o n ,   f o r  example, the wake edge a t  Ref 2 150 i s  about 2 mv. The 

output  from  each  thermocouple  pair i s   l e s s  t h a n   t h i s   v a l u e   f o r   t h e  case when 

one of   the  thermocouples i s   i n  the   exac t   cen ter   o f   the  wake. This i s  because 
of a c e n t r a l  minimum i n   t h e   t e m p e r a t u r e   f i e l d   o f   t h e  wake. To overcome t h i s  

d i f f i c u l t y ,  we can  choose to   i nc rease   t he   ha l f   ang le  cc or   equ iva len t ly   reduce 
the wake edge thermocouple  output  below  the  central minimum. Unfor tunate ly ,  

i n   o rde r   t o   accomp l i sh   t h i s ,   t he  wake ha l f   w id th   mus t  be increased so much 

( to   approx imate ly  70") t h a t ,   f o r   h i g h  Reynolds numbers,  no measurable 

thermocouple  output i s  ob ta ined   a t   t he  wake edge. For example, f o r  Ref 2 400 

the   o r ien ta t ion   a t   wh ich   the   ou tpu t  from  each  thermocouple p a i r   v a n i s h e s   i s  

less  than 70" w i th   respec t   t o   t he   w ind   vec to r .  

For  these  reasons a compromise o f  wake w i d t h   d e f i n i t i o n  and quadrant 

senso r   o r i en ta t i on   i s   requ i red .  Such a compromise i s   i n d i c a t e d   b y  heavy l i n e s  
i n  F igure 6. The  wake ha l f   w id th   de f i ned  by these  curves  varies from 70" 
t o  about 65". The thermocouple  orientat ion  would be 67.5" w i t h   r e s p e c t   t o  one 

wind  sensor. The i m p l i c a t i o n   i s ,   f o r  Ref 2 100 f o r  example., that   the  quadrant  

sensor  would  not be ab le   to   reso lve   the   t rue   w ind   vec tor   f rom  the   c loses t   fa lse  

wind  vector  when the  wind  vector  1 

ax is .   Th is   uncer ta in ty  o f  2 . 5 O  i s  
d i r e c t i o n a l   e r r o r ,  however, and i s  

2 .2  OPERATION AS A WIND DIRECTION 

For  low  Reynolds numbers (Ref 

ies   c loser   than 2.5" t o  one wind  sensor 

small compared with  the  wind  sensor 
acceptable. 

* 

SENSOR 

< 63) the  quadrant  sensor can be used a s  

an accurate  wind  direct ion  sensor.   Figure 7 i l l u s t r a t e s   t h i s .  

'* 
Al though  the  threshold EMF i s  reduced, f o r  62.7 < Ref < 210, so tha t   t he  wake 

edge thermocouple  output will be less  than  the wake center  thermocouple  output 
f o r  nominal  condit ions , e r r o r s   a r i s i n g  i n  non- ideal   operat ion may reduce  the 
thermocouple  output a t   t h e  wake center  below  the  threshold. We there fore  
s t r o n g l y  recommend,  when a thermocouple  output  below  threshold i s  obtained, 
that   the  wind  sensor  wind  angle be checked against   the  quadrant   sensor   output   to  
be absolute ly   cer ta in   that   the  thermocouple i n  ques t i on   i s   no t   nea r   t he  wake 
center l ine.   This  procedure will el im ina te  ambiguous r e s u l t s .  
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The axes o f   F igure  7 represent  the  outputs  of e.ach of the thermocouple 

p a i r s   i n   m i l l i v o l t s .  The curves show contours  of  con.stant  wind  angle w i t h  

respect t o  the  axis  def ined by thermocouple p a i r  1. ,The  Reynolds number 

var ies  f rom  po int   to   po int   a long each contour. 

I n  o r d e r   t o  use the  p lo t   to   obta in   the  wind  angle,   the  outputs  from each 

thermocouple pair  are  corrected  for  systematic  errors and the  corrected 
values  are  p lot ted on Figure 7. The wind  angl-e can be read  d i rec t l y .  

Note  that, f o r  Reynolds numbers greater  than  about 63, the  contours a t  

the  corners o f  the  f igu.re merger Where the  curves  cross, one p a i r   o f  thermocouple 

outputs  corresponds t o  two d i f f e r e n t  angles and the  technique can no longer 

be used. 
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3. PERFORNANCE TESTING OF QUADRANT SENSOR 

3.1 TEST DESCRLPTION 

The pr imary  funct ion  o f  performance t e s t i n g   o f   t h e  breadboard, model 

quadrant  sensor i s   to   es tab l i sh   the   per fo rmance  charac ter is t i cs   o f   the   sensor  
f o r  operation  in  the  "normal" mode (100"  overheat,  zero  angle o f   a t t a c k ,   i n  

a i r ,  a t  low Mach number). The secondary func t i on   i s   t o   de te rm i  ne the 

e f f e c t s  o f  operat ion  a t  extreme condit ions (i .e., extreme  angle o f   a t t a c k ,  

extremely  high Mach number, var iab le  overheat ,   ca l ibrat ion  in  CO, r a the r  

than a i r ) .  

The. performance tests  were c a r r i e d   o u t   i n  two di f ferent  wind  tunnels:  

the  V ik ing  wind  tunnel   for   the  lower   par t   o f   the Reynolds number range and 
the TRW Low Speed Wind Tunnel fo r   the   h ighes t  Reynolds numbers. The Vi king 

wind  tunnel  permits  variable Mach  number, var iab le  angle  o f   a t tack,  and 

var iab le gas composition,  while  the  low speed wind  tunnel i s  l i m i t e d   t o  a 

s ing le Mach number a t  each  Reynolds number, permits  zero  angle o f   a t t a c k  

measurements only, and uses a i r  as the  working  f lu id.  

3.2 TEST PROCEDURE 

3.2.1 Range o f  Test  Conditions 

Figure 8 shows the range of   operat ing  condi t ions on  Mars f o r  which an 

accuracy  requirement has been placed on the  instrument. The two axes represent 

frees tream  Reynolds number (not  film Reynolds number, as above) and frees tream 

Mach number. The condi t ions  for   which  data  points were obtained  are  ;ndicated 

on the map, Circles  represent  points  taken in   the  V ik ing  wind  tunnel  and 

squares represent  points  taken  in  the low speed wind  tunnel. 

The t e s t  procedure  involved f i r s t   s e t t i n g  up one of   the  f low  condi t ions 

ind icated by points i n  Figure 8, then  recording  the  sensor  output  while  the 
sensor was rotated  in  regular  increments  (10"  or  20") through a complete 

c i r c le   w i th   respec t   t o   t he   f l ow   d i rec t i on .  The outputs   o f   - the two  thermocouple 
pa i rs  were measured by d ig i ta l   vo l tmeters  and a permanent record was obtained 

by recording  the  voltmeter  readings  manually,  or on a d i g i t a l   p r i n t e r .  
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3.3 TEST RESULTS 

3.3.1 Primary  Data Base 

The pr imary   da ta   base  ( fo r  "normal I' o p e r a t i o n )   i s   d e p i c t e d   i n   p o l a r  

f o r m a t   i n   F i g u r e s  3 and 4, discussed above,  and  Figures 9 through 15. Figures 5, 

6 and 7 i l l u s t r a t e   t h e  use of th is  data  to  determine  the  wind  quadrant and 
d i r e c t l y  measure the   w ind   d i rec t ion   a t   low  Reyno lds  numbers. 

3.3.2 - C02 Resul ts  

The C02 data   po in ts   a re   cor re la ted  wi th  r e s u l t s   t a k e n   i n   a i r   i n   F i g u r e  16 

(showing wake edge d e f i n i t i o n )  and Figure  17  (showing  wind  direct ion 
determinat ion  a t   low  Reynolds number). The  wake edge threshold  thermocouple 

o u t p u t   i s   v e r y   s l i g h t l y  changed  by the  use o f  air rather   than CO, t o   c a l i b r a t e  

the  sensor. The e f f e c t   i s   t o . n a r r o w   t h e  wake h a l f   w i d t h   a n g l e   f o r   c o n s t a n t  
th resho ld  emf by  about 3" a t  Ref 2 6, 2' t o  3" a t  Ref l' 25, and about  1" a t  

Ref 2 200. All ca l ib ra t i ons   o f   de l i ve rab le   ha rdware  will be c a r r i e d   o u t   i n  

a i r ,  and a th resho ld  emf correct ion  factor,   determined  f rom  Figure  16, will 
be a p p l i e d   t o   c o r r e c t   f o r   o p e r a t i o n   i n  C02. From F igure  17, t h e   e f f e c t   o f  

c a l i b r a t i o n   i n   a i r   r a t h e r   t h a n  C02 on t h e   d i r e c t  measurement o f   w i n d   d i r e c t i o n  
i s  n e g l i g i b l e .  

3.3.3 High Mach  Number Resul ts  

For   three film Reynolds numbers (approximately 18, 63 and 25) the  sensor 

output  was determined a t   t h e  minimum Mach number and maximum  Mach number 

permi t t e d  by the   opera t ing  map (see  F igure  8) .   In   on ly  one case (Ref Q, 63) 
i s  a s ign i f i can t   d i f f e rence   beween   h igh  and  low Mach number resu l ts   ob ta ined.  

The r a t i o  of thermocouple  outputs f o r   t h e   h i g h  and low Mach number r e s u l t s  

a t  Ref /L 63 i s  shown i n  F igure 18. The r a t i o   i s  seen t o  be near ly   cons tan t  
w i th   respec t   to   ang le .  A comparison w i th   t he   Nusse l t  number r a t i o   f o r   t h e  two 
cases,  determined  by  d i rect  measurement o f   t h e  power requ i red   to   opera te   the  

hea te r ,   i s   a l so   g i ven  and, as expected,  the  agreement i s  very   c lose.  

In   conc lus ion ,   the  maximum change i n  thermocouple  output due t o  Mach 
number v a r i a t i o n s  a t  constant  Reynolds number i s  approximately 6%. Correct ions 

o f   t h i s   o r d e r  can  be made w i th   the   requ i red   accuracy   us ing   ava i lab le   da ta  on 
Nussel t  number v a r i a t i o n   w i t h  Mach number and  Reynolds number. Therefore,  
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no f u r t h e r   t e s t s   o r   c a l i b r a t i o n s   a t   h i g h  Mach number are  planned. All 
c a l i b r a t i o n s  will be .performed a t   t h e  minimum Mach number t h a t   i s   a s s o c i a t e d  

w i t h  each  Reynolds number by  the  operat ing map (F igure  8). 

3.3.4 Var iable  Overheat  Resul ts 

Resu l ts   were   ob ta ined  a t   th ree   d i f fe ren t   overheats  (5OoC, 100°C, 123°C) 

f o r  film Reynolds numbers o f   approx imate ly  6 and 245. The thermocouple 

outputs  were  converted t o  a measured  temperature  d i f ference,  corrected  for  
t h e   s l i g h t   v a r i a t i o n   i n  film Reynolds number wi th   overheat ,  and t h e   r e s u l t s  
a r e   p l o t t e d ,   f o r   c o n s t a n t  film Reynolds number,  as a f u n c t i o n   o f   o v e r h e a t  

temperature i n  Figures 19, 20, 21 and  22. I n   a l l  cases ar,d a t   a l l  wind 

d i rec t i on   ang les  , the  thermocouple  outputs  are 1 i n e a r ,   t o  an e x c e l   l e n t  
approximat ion,   wi th  overheat  temperature.   This  informat ion will be  used t o  

co r rec t   t he   m iss ion   da ta   t o  a nominal 100°C overheat  before  comparison  wi th 
the   ca l   ib ra t - ion   da ta .  

3.3.5 Angle o f   A t tack   Data  

Resu l ts   were   ob ta ined  w i th   the   quadrant   sensor   inc l ined   a t  24" w i t h  
respec t   t o   t he   w ind   t unne l   f l ow   ax i s .  The sensor  axis was i n c l   i n e d  downstream 

so t h a t   t h e  1 arge  suppor t   f lange and the  top  of   the pedes t a l   s u p p o r t i n g   t h e  
quadrant  sensor  were i n   t h e   w o r s t   p o s i t i o n   ( i . e .  , p r o v i d i n g  aaximum blockage 

o f   t he   f l ow   ove r   t he   senso r ) .  

Comparison o f  wake edge t h r e s h o l d   d e f i n i t i o n s   f o r   s e n s o r s   a t  24' angle 

o f   a t tack  and 0" angle o f   a t t a c k   a r e  shown i n   F i g u r e  23.  The e f f e c t   o f   a n g l e  

o f   a t t a c k   i s   t o  reduce  the  apparent wake ha l f   w id th   by   abou t   1 "   a t ,  Ref q, 17, 

less   than  1"   a t  Ref % 60, and 2 t o  3" a t  Ref 'L 240. Our conclus ion i s  t h a t  

t h e   e f f e c t s   o f   a n g l e  of a t tack   less   than t 2 5 "  on t h i s  mode of opera t ion   a re  
small and i t  seems unnecessary t o   f u r t h e r   c h a r a c t e r i z e   o r   c a l i b r a t e   t h e   s e n s o r  
ove r   t he   f u l l   r ange   o f   ang les   o f   a t tack .   I ns tead ,  an. average  cor rec t ion   fo r  

a n g l e   o f   a t t a c k  will be a p p l i e d   t o   a l l   d a t a ,   r e g a r d l e s s   o f   t h e   t r u e   a n g l e  
o f   a t t a c k .  The maximum quadrant   er ror   accru ing  f rom  th is   procedure will 
e v i d e n t l y  be o f   o r d e r   t 1 . 5 "   t o  2". 

The e f f e c t   o f  24" a n g l e   o f   a t t a c k  on the   opera t ion   o f   the   quadrant  

sensor as a w i n d   d i r e c t i o n   s e n s o r   i s  shown i n   F i g u r e  24. C l e a r l y ,   t h e   e f f e c t  
i s   n e g l i g i b l e   f o r  Ref = 17.6 and the  maximum e r r o r   f o r '  Ref = 61.6 i s  about  3* 
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t o  4". Again, no attempt will be  made to   ob ta in  and apply  a co r rec t i on  

f a c t o r  as a func t i on   o f   ang le  o f  at tack.   Instead, an average  correct ion 
f a c t o r  will be estimated f r o m  the  data i n   F i g u r e  24 and a p p l i e d   t o  a1 1 data, 

regardless o f  angle o f  a t tack.  . 
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4. PERFORMANCE VERIFICATION 

4.1 PERFORMANCE REC$lIREMENTS 

The requirements  levied on the  quadrant   sensor   by  Mar t in   Mar ie t ta  

S p e c i f i c a t i o n  PD 7400090 are  presented i n  Table  1.   Also  indicated i s  the  

way i n  which  the  performance  requirements have  been demonstrated. 

4.2 PERFORMANCE ANALYSIS 

4.2.1 Range 

The f l u i d  mechanical   operat ion  of   the  quadrant  sensor  over  the  h igh 

accuracy  range  (see  Direction  Accuracy,  Table 1 ) has been demonstrated  by 
the  wind  tunnel  performance  tests  described above. The pressure,  temperature, 

and v e l o c i t y  ranges  corresponding to   the   h igh   accuracy   range were  reduced 

t o   e q u i v a l e n t  Mach and  Reynolds number ranges and the  sensor was tes ted  
ove r   t he   resu l t i ng  Mach number-Reynolds number map. 

The e f f e c t   o f   t h e  ambient  temperature  range on t h e   s u r v i v a l   o f   t h e  

quadrant  sensor has been determined  by  temperature  cycl ing  over  the  ent i re 

required  range (130°K t o  350°K). Operat ional   tests  have been c a r r i e d   o u t  
only  at   the  lower  extreme,  but   the  survival   temperature o f  the  poly imide 
r e s i n  (%530°K) which i s  the  most l i k e l y  component t o   f a i l ,  i s  above the 

maximum temperature  that  will be 'a t ta ined  by  the  heater ,  'even a t  100" overheat 

and 350" ambient  temperature. 

The ambient  pressure  (always much less  than one atmosphere) can degrade 

the  sensor  only  by  inducing  outgassing-  Breadboard model sensors  have  been 

sub jec ted   to  vacuum a t  pressures  well   below  the minimum spec i f i ed   Mar t i an  

pressure   w i thout   no t iceab le   e f fec t .  

The combined e f f e c t   o f  temperature,  pressure, and wind speed  can dest roy 

the  sensor i f  the dynamic pressure due t o  wind  loading becomes l a r g e  enough 

to   f rac tu re   the   po ly imide   suppor t ing   s t ruc tu re  o f  the  thermocouple  wires. 

For the   spec i f ied   cond i t ions ,   the  maximum dynamic pressure (ob.13 l b / i n 2 )  i s  
n o t   l a r g e  enough t o  cause damage under any circumstances. 

4.2.2 C a l i b r a t i o n  

The ca l ibrat ion  requi rement   lev ied  by PD 7400090 s t a t e s   t h a t   t h e  
sensor s h a l l  be c a l i b r a t e d  by the   supp l ie r .  By our  performance  tests  of   the 
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breadboard model quadrant  sensor, we have  demonstrated  our a b i l i t y   t o ,  

per fo rm  the   requ i red   ca l ib ra t ions .  

4.2.3 Response Time 

The quadrant  sensor i s   r e q u i r e d   t o  respond  to a change i n  w ind   w i th in  
2 seconds.  The  main fac to r   l im i t i ng   t he   response   t ime   o f   t he   quadran t   senso r ,  

once the  heater  has a t t a i n e d  a steady  state  temperature, i s   t h e   a b i l i t y   o f  

the  thermal mass o f  the  thernlocouple  junctions to   t rack  the  ambient   temperature.  
Tests  have been performed i n  the Vi k ing   w ind   t unne l   t o  measure the  response 

t ime  of  the  ambient  temperature  sensor,  which  also uses 3 mil thermocouple 
w i re .  These t e s t s  show that  the  worst   case  sensor  t ime  constant will be 
1.24  seconds. 

* 

4.2.4 Warm  Up Time 

The bas ic  warm  up t i m e   o f   t h e   i n s t r u m e n t   i s   l i m i t e d   b y   t h e   r a t e   a t   w h i c h  
the maximum ava i l ab le   hea te r  power  can increase  the  temperature  o f   the  heater ,  

when opposed  by heat  losses due t o  convect ion and conduction. The e l e c t r i c a l  

power de l ivered  to   the  sensor   is   determined  by  the  sensor   res is tance,   which 
depends upon the  ambient   temperature.   S imi lar ly ,   the  ra te o f  convec t i on   o f  

heat away f rom  the  heater  depends  upon ambient  conditions.. The parameters 
cont ro l l ing   the   heat   conduct ion   th rough  the   po ly imide   suppor t   s t ruc tu re   a re  

n o t  as dependent upon ambient  condi t ions.  

A warm-up tes t ,   cor respond ing   to  one s e t   o f  ambient  condi t ions  (stagnant 
room temperature a i r )  , has  been. conducted  using  the  breadboard MEA t o  power 

quadrant  sensor S/N 4-3. I n  the   f o l l ow ing   sec t i on ,  a mathematical model o f  
t h e   t r a n s i e n t   h e a t   t r a n s f e r   o c c u r r i n g   d u r i n g   t h i s   t e s t   i s   f o r m u l a t e d .  The 

combination of parameters  control l ing  the  heat  conduct ion  through  the  sens'or 

s t ructure  (which,  as mentioned above, i s   i n s e n s i t i v e   t o  ambient  condi t ions) i s  

evaluated by comparison w i t h   t h e   t e s t   d a t a .  The mathematical model i s  then 

appl   ied  to   the  range  ambient   condi t ions  obta ined  dur ing  operat i  on o f   t h e   i n s t r u m e n t  

on  Mars us ing   t h i s   emp i r i ca l   cons tan t .   F ina l l y ,   t he   wors t  case ( o r  minimum) 

There i s  a s lower   t ime   cons tan t   assoc ia ted   w i th   t he   ra te   o f   conduc t ion  o f  
heat down the  thermocouple  wire  from  the  supports. The corresponding change 
i n   j u n c t i o n   t e m p e r a t u r e   w i t h  t i m e  can  be ca l cu la ted  and cor rec ted   fo r ,  however; 
and so  t h i s   e f f e c t  i s  not   cons idered  to  be a t r u e  limit on the  sensor 
response  time ; 

* 
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overheat   to  be expec ted   a f te r  a f o u r  second warm-up i s  computed  and presented 
as a f u n c t i o n   o f  Reynolds number. The i m p l i c a t i o n   o f   t h i s   w o r s t  case  overheat 

(which i s   sma l le r   t han   t he   s teady   s ta te   va lue )   i s  a s l i g h t   r e d u c t i o n  i n  the 
direct ional   accuracy  a l though  the  sensor s t i l l  meets the  spec i f ied  accuracy 

requirement.  This will be d i scussed   fu r the r   i n   Sec t i ons  4.2.7.1.2.2  and 
4.2.7.1.2.5. 

The assumptions  employed in   the   mathemat ica l  model a r e   f o u r   f o l d .  The 

convec t ive   heat   t rans fer   to   the  gas surrounding  the  sensor i s  assumed t o  be 

quasi  -steady. The heat  conduction  through  the  heater  wire i s  assumed t o  be 

su f f i c i en t l y   rap id   t ha t   t he   hea te r   su r face   t empera tu re   i s   i ndependen t  o f  
l oca t i on .  The thermal mass o f  the  heater i s  assumed n e g l i g i b l e ,  and the  
unsteady  heat  conduction  inside  the  polyimide  heater  support i s  assumed t o  
be ax isymmet r ic ,   w i th   neg l ig ib le  end e f f e c t s .  The temperature  wi th in   the 

heater  support  i s  given  by: 

where p i s   t h e   d e n s i t y   o f   t h e   p o l y i m i d e  

c i s   t he   hea t   capac i t y   o f   t he   po l y im ide  

k i s  the  thermal  conduct iv i ty o f  the  polyimide  (1.44 x lo4 erg/cm2  sec O K )  
P 

and r i s   t h e   r a d i a l   c o o r d i n a t e   o f   t h e   p o l a r   c o o r d i n a t e  system  centered  on 

the   heater   ax is  

The i n i t i a l   c o n d i t i o n   f o r  Eq. ( 1 )   i s   g i v e n  by 

T = To when t = 0 

and the  boundary  condi  t ion i s 

NU kg (T - T,) 
L 

k - = -  
p ar R aT v2 (.87) - 

a t  r = ra 
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where V i s  the maximum vo l tage   ava i l ab le  from the  MEA heater power supply ( 5  V )  

.87 i s   t h e  maximum poss ib le   du ty   cyc le   f o r   t he   hea te r   con t ro l   e lec t ron i cs  

R i s   t he   hea te r   res i s tance  

Nu i s   t h e  Nussel t number o f   the   f low  over   the   sensor  

k i s   t h e  thermal   conduct iv i ty   o f   the gas surrounding  the  sensor 
9 

and L i s   the   charac ter is t i c   d imens ion   o f   the   sensor  

(L = hea te r   l eng th  = .797 cm fo r   f ree   convec t ion   heat   t rans fer  
L = heater  diameter = .35 cm fo r   f o rced   convec t i on   hea t   t rans fe r )  

The heater   res is tance,  R, i s   a l s o  a func t i on   o f   i t s   t empera tu re .  To 

s impl i fy   the  so lu t ion  o f   the  problem,  the  compl icated  four th   order   po lynomia l  

descr ib ing  R i s  replaced  by a 1 inear  expansion  about  the i n i  ti a1 temperature, 

To. Fo r   t he   t es t  case ( i  .e., sensor 4-3 s t a r t i n g   f r o m  room temperature), 
t he   res i s tance   i s   g i ven   by :  

R = 11.86 + .0418 (T - 23°C) Q (4) 

The s e t   o f   e q u a t i o n s   [ ( l ) ,  (2 )  , (3)  and ( 4 ) ]  was s o l v e d ,   u s i n g   f i n i t e  
d i f f e rence   t echn iques ,   f o r   i n i t i a l   cond i t i ons   co r respond ing  t o  the warm-up 

t e s t  and a Nussel t  number cor respond ing   to   f ree   convec t ion   heat   t rans fer  
ove r   t he   ve r t i ca l   cy l i nde r .  The parameter PC appearing i n  Eq. (1 )  was l e f t  

unspec i f i ed ,   wh ich   e f fec t i ve l y   l eaves   t he   re la t i onsh ip  between the  t ime 

i n t e r v a l ,  A t ,  and the   rad ius   i n te rva l  , nr, unspeci f ied:  

The t ime   i n te rva l  was then  f i xed  by requ i r ing   the   p red ic ted   tempera ture  

r i s e   a f t e r  4 seconds t o  equal  the measured temperature  r ise.   Figure 25 shows 

the  temperature  var ia t ion  o f   the  test   data,   which has a near ly   exponent ia l  
r i s e   w i t h  a cha rac te r i s t i c   t ime  o f  4.4 seconds. The t e s t   t h e r e f o r e   i n d i c a t e s  

an overheat o f  59.75"C a f t e r  4 seconds. The radius  increment used i n  the  

c a l c u l a t i o n  was .0175 cm and  the number o f   t i m e   s t e p s   r e q u i r e d   t o   a t t a i n  a 



surface  temperature  of  59.75"C was 12.1. The r e s u l t i n g   v a l u e   o f   t h e  

q u a n t i t y  P C  i s :  
* 

P C  = 3.113 x 10' ergs/cm' O K  

Th is   empir ica l   va lue o f  PC was then  used w i t h  Eq. (1 ) to   determine  the 

ra te   o f   t empera tu re   r i se   f o r   Mar t i an   ope ra t i ng   cond i t i ons .  The s lowes t   ra te  
o f  temperature r i s e   a t  each  Reynolds number i s  expected  for   the maximum i n i t i a l  

sensor  temperature and maximum gas thermal  conduct iv i ty,   both  of   which  reduce 

the  power i n p u t   t o   t h e   h e a t e r .  These condi t ions  correspond  to   the maximum 

temperature  associated  wi th each film Reynolds number by  ,the  requirements o f  
PD 7400090.  The  minimum overheat ,   a f te r  a 4 second warm-up, i s   p l o t t e d  as 

a f u n c t i o n   o f  Reynolds number i n  Figure 26. The e f f e c t  on  instrument  accuracy 
i s  discussed i n  Sect ion 4.2.7. 

4.2.5 Atti tude 

As i n d i c a t e d  by the  results  discussed  above  (Section  3),  the  performance 

tes ts   a t   ang le   o f   a t tack   p rove   t ha t   t he   senso r  will operate  and meet 

performance  requirements when o r i e n t e d   w i t h i n  25' o f   v e r t i c a l .  Because we 

do no t   p ropose   t o   p roper l y   co r rec t   f o r   t he   sma l l   sys temat i c   e r ro r   t ha t  

resu l t s   f rom a non-vert ical   sensor,  a c o n t r i b u t i o n   t o   t h e   o v e r a l l   s e n s o r   e r r o r  

resu l ts .   Th is   i s   d iscussed  be low.   (Sec t ion  4.2.7). 

4.2.6 Se l f -Heat ing  

The range o f  overheats  which  the  quadrant  sensor will a t t a i n  i n  steady 
s t a t e   o p e r a t i o n   i s  shown i n  F igure 27. This  range o f  overheats i s   c a l c u l a t e d  

f rom  the   p roper t i es   o f  a heater   meet ing   the   acceptance  tes t   c r i te r ia  

R = 12Q * . 3 5 ~   a t  23" 

C( = m) = .00385/OC 5 .OOO1/°C 
RdT  0°C 

* 
Note tha t   t he   va lue  o f  P C  can  be independent ly  determined. '  The empi r i ca l  

value, however, takes some account o f   t h e   e r r o r s   i n t r o d u c e d  by the  mathematical 
approximations. The end e f f e c t s   a r e   p r o b a b l y   n o t   t o t a l l y   n e g l i g i b l e  i n  
r e l a t i o n   t o   r a d i a l   h e a t   t r a n s f e r   w i t h i n   t h e   p o l y i m i d e   c y l i n d e r ,   f o r  example. 
Our model a lso  does n o t   a c c o u n t   f o r   t h e   h e a t   l o s s   o r   g a i n  due t o   t h e   h e a t e r  
lead   w i re   runn ing  down the   cen ter  o f  t he   cy l i nde r .  It can  be  demonstrated, 
however, t h a t   t h e   e m p i r i c a l l y   d e r i v e d   v a l u e   o f  P C  i s  approx imate ly   cor rec t ,  
I f  t h e   p r o p e r t i e s   o f   w a t e r   a r e  assumed, f o r  example, the  product P C  would 
have the  value  pc = 4.18 x 1 O7 ergs/cm3 O K .  
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A1 1 overheats  are  greater  than 20°C and less  than 140°C, as requ i red   by   the  
speci f i  c a t i  on. 

The sensor will meet a l l  performance  requirements fo r   t he   ove rhea ts  

shown i n  F igure 27. The maximum possible  sensor  temperature i s  435"K, w e l l  
below the   po ly imide   fa i lu re   tempera ture .  As i s  shown above,  and i n  Sec t ion  

4.2.7.1, the  sensor will meet a l l   s p e c i f i e d   r e q u i r e m e n t s   w i t h i n   t h e   r e q u i r e d  

4 seconds under  worst   case  condi t ions.  The compliance o f  the  sensor t o  the 

a c c u r a c i e s   s p e c i f i e d   i n  PD 7400090 wi th   the  overheats  shown i n   F i g u r e  25 i s  

also  d iscussed i n  Sect ion ,2.'4;7. 

4.2.7  Direct ion  Accuracy 

. 1  
. ,  
-...a 

Two separate  error  analyses  have been performed fo r   the   quadrant   sensor :  
one f o r   o p e r a t i o n  as a quadrant  sensor and the  second f o r   o p e r a t i o n ,   a t   l o w  
Reynolds  numbers, as a w ind   d i rec t ion   sensor .  

4.2.7.1  Quadrant  Sensor 

For  operat ion  of   the  quadrant  sensor as a wind  quadrant  detector,   the 

data  reduction  process  discussed above (Sect ion  2.1) i s  used.  The film. 
Reynolds number is   obta ined  f rom  the  wind  sensor   data,   the  corresponding wake 

edge c r i t e r i o n   ( t h e r m o c o u p l e   e m f )   i s   o b t a i n e d   f r o m   t h e   c a l i b r a t i o n   d a t a ,  and 
each o f   t h e  measured  thermocouple  outputs i s  compared w i t h   t h e  wake edge 

c r i t e r i on   t o   de te rm ine   whe the r   o r   no t   t he  downstream member o f   t h e   p a i r   i s  

w i th in   the   thermal  wake. 

I n   r e a l  1 i f e   t h e   s i t u a t i o n   i s   c o m p l i c a t e d  b y   t h e   f a c t   t h a t   t h e  film 
Reynolds number i s   n o t  known e x a c t l y  so t h a t   t h e   c o r r e c t  wake edge c r i t e r i o n  
i s   n o t  known exac t l y .  A l s o  e r r o r s   i n  measurement o f   the   thermocoup le  emfs 

cause  the  value we compare t o   t h e   c a l i b r a t i o n   d a t a   t o   d i f f e r   f r o m   t h e   i d e a l  
thermocoup le   ou tpu t   under   iden t ica l   cond i t ions .   Th is   s i tua t ion   i s  shown i n  
F igure  28 f o r  a ha l f   w id th   ang le  ~r = 67.5". AER i s   t h e   r e a l   o r   i d e a l  
thermocouple  output and AE, i s   t h e  measured  value. Because  of  measurement 

e r ro rs ,  we wou ld   i n te rp re t   t he   da ta  as i n d i c a t i n g   t h e  downstream  thermocoup 
o f   t h e   p a i r   i n   q u e s t i o n   t o  be ins ide   the   thermal  wake when i n   f a c t  i t  i s  

ou ts ide   t he  wake. 

l e  

N o t e   t h a t   t h i s   s i t u a t i o n  can on ly   occur  when the  t rue  thermocouple  output  
1 i es   ve ry   c lose   t o   t he   t h resho ld   va lue ,  o r  when t h e   w i n d   v e c t o r   l i e s   v e r y  
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c l o s e   t o   t h e  one wind  sensor. The r e s u l t   i s   t h a t   t h e   e r r o r   a n a l y s i s   d e f i n e s  

a range o f   w i n d   v e c t o r   o r i e n t a t i o n s   ( o r  dead  band)  around  each  wind  sensor 

ax is   for   which  the  wind  quadrant   cannot  be unambiguously  determined,  since 

the   t rue   w ind   vec to r   so lu t i on  and  one fa lse   so lu t ion   bo th   must  be w i t h i n   t h e  

dead  band (see  Figure 29).  For   wind  sensor   so lu t ions  outs ide  th is   range,   the 

quadrant  sensor has  no t roub le   d i sc r im ina t i ng   aga ins t  all o f   t h e   f a l s e  

so lu t i ons .  The goal o f   des ign ing  the  quadrant   sensor  i s   t h e r e f o r e   t o  keep 

the  dead  band ha l f   w id th   sma l le r   t han   t he   w ind   d i rec t i on   accu racy   pe rm i t ted  

by t h e   s p e c i f i c a t i o n .  Then, when the   t rue   w ind   vec tor  1 i e s   w i t h i n  one o f   t h e  

dead  bands ( f o r c i n g  one o f   t h e   f a l s e   w i n d   s e n s o r   s o l u t i o n s   t o  a1 so 1 i e w i t h i n  

the same dead  band on the  opposi te   s ide  o f   the  nearest   wind  sensor   ax is ,  see 

F igure  2 9 ) ,  we can  achieve  the  requi   red  wind  d i rect ion  accuracy  by  dec lar ing 

the   w ind   vec tor   to   co inc ide   w i th   the   cor respond ing   w ind   sensor   ax is .  

The e r r o r s   c o n s i d e r e d   i n   e s t i m a t i n g   t h e   t o t a l  dead  band angle  are 

summarized i n  Table 2. The errors   are  d iv ided  in to   two  groups:   those  which 

are random i n   n a t u r e  and  can be  combined i n  root-sum-square  fashion, and 

those  which  are  systemat ic  (heat  conduct ion,   errors,  and e r r o r s  due t o  
compromises i n  wake edge d e f i n i t i o n )  and  must be combined by adding. The 

e r r o r s  marked w i t h   a s t e r i s k s   c o n t r i b u t e   s i g n i f i c a n t l y   t o   t h e   t o t a l   e r r o r  and 

the  techniques  used  to.est imate them are   b r ie f l y   d iscussed  be low.  Some o f  

the  errors  not   d iscussed  below  are  d iscussed i n  d e t a i l   i n   t h e  performance 

t e s t   s e c t i o n   ( e f f e c t  o f  c a l i b r a t i o n   i n   a i r   r a t h e r   t h a n  C02, r a r e f a c t i o n   e r r o r s ,  

and ang le   o f   a t tack   i nduced   e r ro rs ) .  

Two cases  have been ana lyzed   f o r  each  quadrant  sensor film Reynolds 

number: t he  case  corresponding  to  the minimum possible  ambient  temperature 

a t  each  Reynolds number (cold  case),   and  the  case  corresponding  to  the maximum 

possible  temperature  at   each  Reynolds number (hot  case).  Since  the 

temperatures  for  these  two  cases  vary  with  Reynolds number, t h e   l a b e l s   " c o l d  

case" and "hot  case" do n o t   r e f e r   t o   f i x e d   t e m p e r a t u r e s .  

4.2.7.1.1  Systematic  Errors 

4.2.7.1 .l . 1 Heat  Conduction  Errors 

The thermocouple  junctions  are suspended  on 3 mil thermocouple  wire  from 

poly imide  supports  which may be up t o  100°C d i f f e r e n t   f r o m   t h e  gas temperature 
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around  the  junct ion  (see  F igure 30). Thus the  temperature  at ta ined  by each 

j u n c t i o n   i s   t h e   r e s u l t   o f  a balance between convec t i ve   hea t   t rans fe r ,   rad ia t i ve  

heat   t rans fer   ( rendered  neg l ig ib le  by go ld   p la t i ng   t he   j unc t i on   t o   reduce  

t h e   e m i s s i v i t y ) ,  and  conductive  heat  transfer. The equat ion   fo r   the  

tempera ture   a t ta ined  by   each  junc t ion   in   s teady   s ta te   i s :  

k A - -  d2T kg NU f (T - Ta) = 0 a 

dx2 

where  kw i s   t he   t he rma l   conduc t i v i t y  o f  the  thermocouple  wire  (almost  equal 
f o r  chrome1 and constantan,  average  value  used) 

k i s   t h e  thermal   conduct iv i t y   o f   the  gas 

Nu i s   t h e  Nussel t number o f  the   f low  about   the   w i re  
9 

and t h e   o t h e r   u n i t s  and  boundary  condit ions  are  defined i n   F i g u r e  30. 

Equation (5 )  has t h e   f o l l o w i n g   s o l u t i o n   a t  x = - 6  ( l o c a t i o n  of. t he   j unc t i on ) :  

T = T a +  

Now t y p i c a l l y ,   t h e   q u a n t i t y  Jk Nu/kw Q i s   l a r g e  enough t h a t  we can 
g 

reduce t h i s  t o  the  fo l lowing  approximat ion:  

R 

T = Ta + (Ts - Ta)  e ( 7 )  

where II = L/2 - 6. 

What we measure,  however, i s  not   the  temperature o f  any s i n g l e   j u n c t i o n  

but  the  temperature  d i f ference  across  the  sensor.   fh is  can be expressed 
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R 
AT = AT, + (T - T ) e 

s a 1  

where subscr ip ts  1 and 2 r e f e r   t o   t h e   c o n d i t i o n s   o n   e i t h e r   s i d e   o f   t h e   s e n s o r .  

I f  the  temperature change due t o   c o n d u c t i o n   i s   n o t   s u f f i c i e n t l y   l a r g e   t h a t  

the  thermal power i s  s e r i o u s l y   a f f e c t e d ,   t h e   e r r o r   i n  measured thermocouple 

output ,  E, due to   conduct ion  wi 11 be 

- R 
6E = K(AT - ATa) =, k (Ts - Ta) e 

1 
(9)  

where K = aE/ aT. 

The square   roo t   o f   the   thermal   conduct iv i t y  will n o t   v a r y   s e r i o u s l y  
between the  two  s ides  of   the  heater.   Furthermore, because o f   t h e   r e l a t i v e  

i n s e n s i t i v i t y   o f   t h e   N u s s e l t  number t o  Reynolds number a t  low Re (see  Figure 

31 ) , the  Nussel t number o f   t h e   f l o w   a b o u t   t h e   w i r e   i s   a l s o   n o t   v e r y   d i f f e r e n t  
on the  two s ides  o f   the  sensor ,  even when one thermocouple. is   d i rect ly   upst ream 

w i t h   t h e   o t h e r   d i r e c t l y  downstream.  Thus, another   usefu l   approx imat ion can 

be made: 

6E = K(T - Ta ) e a, 1 
L I 

Note that   the  suppor t   temperature Ts i s  now completely gone from  our  expression. 

The express ion   fo r   e r ro r   must   be   fu r ther   mod i f ied   s ince  we c a l i b r a t e   t h e  
sensor a t  room temperature  wi th some heat   conduct ion   e f fec t   a l ready   p resent .  
The q u a n t i t y   t h a t  we r e a l l y  seek i s   t h e   d i f f e r e n c e  between the  heat   conduct ion 

c o r r e c t i o n  6 E  a t   Mar t ian   opera t ing   tempera ture  and the  heat  conduct ion 
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c o r r e c t i o n  6E f o r   c a l i b r a t i o n .   T h i s   c o r r e c t i o n   i s   t h e  one t h a t   s h o u l d ,   i n  

theory ,   be   app l ied   to   the   da ta   be fore   compar ison   w i th   ca l ib ra t ion   curves .  
L e t   t h i s   q u a n t i t y  be AE. Then 

(we have assumed kw independent o f   tempera ture   s ince  kw changes much more 

slowly  than k ). Now, s ince  K = dE/dT i s  a weak funct ion  of   temperature,  
9 

AE 2' K (T - Tal) 
a2 

EMF e r r o r s   f o r   t h e   h o t  and c o l d  cases  were ca lcu lated  f rom  Equat ion (8).  

The r e s u l t s   f o r   p e r c e n t  change i n  6E [or ,   equivalent ly,   aE/k(T - Tal)]  are 
shown i n   F i g u r e  32.  The co r respond ing   e f fec t  on the  thermocouple  output a t  

po in ts   near   the  wake edge ( i . e . ,   t h e   e f f e c t  on the  wake edge d e f i n i t i o n )   i s  

i l l u s t r a t e d   f o r   t h e   c o l d  case by F igure 33. The l a r g e s t   e f f e c t   i s   t o   i n t r o d u c e  

a change i n  thermocouple emf app rox ima te l y   equ iva len t   t o  a 7" c o n t r i b u t i o n   t o  
the  quadrant dead band ( a t  Ref 'L 30). 

a2 

'The dead  band contr ibut ion  in t roduced  by  heat .   conduct ion i s  a systemat ic 

e r r o r  and can  consequently be c o r r e c t e d   f o r .  The s i m p l e s t   e r r o r   c o r r e c t i o n  

scheme i s   s i m i l a r   t o   t h a t  employed f o r   t h e   c o r r e c t i o n   o f   a n g l e   o f   a t t a c k  

induced  er rors :  an average  correct ion (shown i n   F i g u r e   3 2 )   i s   i n t r o d u c e d  

in to   t he   ca l i b ra t i on   cu rve .  The r e s u l t   i s   t o   i n t r o d u c e  a maximum symmetric 

e r r o r   o f   o n e - h a l f   t h e   d i f f e r e n c e  between t h e   h o t  and c o l d  cases.  The maximum 

symmet r i c   e r ro r   con t r i bu t i on   t o   t he   quadran t  dead  band  induced  by t h i s  

approximate  heat  conduct ion  correct ion i s  shown i n  F igure  34. 
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4.2.7.1.1.2 Wake Edge D e f i n i t i o n   E r r o r s  

As discussed  above  (Section  2), a s y s t e m a t i c   e r r o r   i s   b u i l t   i n t o   t h e  

da ta   reduc t i on  scheme o v e r   p a r t  of the  Reynolds number range.  The wake 

edge t h r e s h o l d  EMF i s  a r t i f i c i a l l y   r e d u c e d   ( b y  an  amount e q u i v a l e n t   t o   a b o u t  

2.5")  from Ref = 62.7 t o  Ref = 210. Th is  i s  done t o   a v o i d   s p u r i o u s   i n d i c a t i o n s  

t h a t   t h e   t h e r m o c o u p l e   i s   o u t s i d e   t h e  wake due t o   t h e  minimum i n  thermocouple 

' o u t p u t  when one  thermocouple i s   d i r e c t l y  downstream o f   t h e   h e a t e r .  A t  film 

Reynolds numbers  above about 300, t h e  wake edge t h r e s h o l d  EMF i s   a r t i f i c i a l l y  

increased  (again  by an amount e q u i v a l e n t   t o   2 . 5 " )   t o   a v o i d   s i g n a l   t o   n o i s e  

r a t i o  problems. The s y s t e m a t i c   ( a d d i t i v e )   e r r o r   c o n t r i b u t i o n   t o   t h e  dead 

band  due t o   t h e s e   e f f e c t s   i s  shown i n   F i g u r e  35. 

4.2.7.1.1.3 - Tota l   Sys temat ic   Er ro r  

The t o t a l   s y s t e m a t i c   e r r o r   i s   f o u n d  by   combin ing   the   resu l ts   f rom  F igures  34 

and 35 u s i n g   l o g i c   d i s c u s s e d   b e l o w .   T h e   t o t a l   o r   n e t   s y s t e m a t i c   e r r o r   i s  

then added t o   t h e   t o t a l  random e r r o r   ( t o  be  discussed i n  Section  4.2.7.1.2) 

t o   o b t a i n   t h e   t o t a l   q u a d r a n t   s e n s o r  dead  band. 

Fo r   t he   co ld   case ,   t he   sys temat i c   e r ro r  due to   heat   conduct ion  reduces 
the   s igna l   be low  the   expec ted   s igna l  (i .e.,  the mean s y s t e m a t i c   e r r o r   c o r r e c t i o n  

i s  1 ess   than  the   t rue   cor rec t ion) .   The EMF e r r o r  ,due t o  compromises i n  wake 

edge d e f i n i t i o n  makes the   expec ted   t h resho ld   s igna l   l ower   t han   t he   ac tua l  

s i g n a l   f o r  62.7 < Ref < 210. Thus the   sys temat i c   e r ro rs  due to   hea t   conduc t ion  

(cold  case)  and wake edge d e f i n i t i o n   a r e  of   opposi te  s igns,  and the   angu lar  

dead  band c o n t r i b u t i o n s   f r o m   F i g u r e s  34 and 35 p a r t i a l l y  compensate.  The 

abso lu te   va lue   o f .   t he   d i f f e rence   be tween   these   con t r i bu t i ons   i s   used  as the  

n e t   s y s t e m a t i c   e r r o r   t o  be added t o   t h e   t o t a l  random e r r o r .   F o r  Re > 300, 

t h e  EMF e r r o r  due t o  compromises i n  wake edge d e f i n i t i o n  makes the  expected 
th resho ld   s igna l   h ighe r   t han   t he   ac tua l   va lue  so, f o r   t h e   c o l d  case, t h e   n e t  I 

s y s t e m a t i c   e r r o r   i s   t h e  sum o f   t h e   e r r o r s   f r o m   F i g u r e s  34  and  35.  For  the 

h o t  case, the  systemat ic   heat   conduct ion  er ror   increases  the  s ignal   above  the 

expected  value  (because  the mean s y s t e m a t i c   e r r o r   c o r r e c t i o n   i s   g r e a t e r   t h a n  

the   ac tua l   va lue ) .  Hence f o r  62.7 < Ref < 210, t h e   n e t   s y s t e m a t i c   e r r o r   i s  

t h e  sum o f  the   va lue   f rom  F igures  34 and 35 w h i l e   f o r  Ref > 300, t h e   n e t  

s y s t e m a t i c   e r r o r   i s   t h e   a b s o l u t e   m a g n i t u d e   o f   t h e i r   d i f f e r e n c e .  

The t o t a l   o r   n e t   s y s t e m a t i c   e r r o r   i s  shown i n   F i g u r e  36. 
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4.2.7.1.2 Random E r r o r  

4.2.7.1.2.1 U n c e r t a i n t y   i n  Reynolds Number 

The film Reynolds number must be obtained  from  wind  sensor  data and the 
measured quadrant  sensor  heater  temperature  before  the  quadrant  sensor wake 

edge c r i t e r i o n  can be selected. I f  a l i n e a r   v i s c o s i t y   l a w   i s  assumed ( i .e . ,  

p % T1"),   then  the  re lat ionship  between Ref and Re m i s :  

Ref = Re m (kr 
As a r e s u l t   o f   t h i s   e q u a t i o n ,  one  can show 

Therefore 

1 aRef - 1 -" - 
Ref  aRem  Re 

1 a Ref - 2 'I -" 
Ref aTw -T=" W 00 Tf 

"- 1 a Ref 2 T w -  1 T w 
Tw + Tm  Tm T f  Tm Ref aTW 

- 
"" 

The u n c e r t a i n t y   i n  T (obtained  from  the  temperature  sensor) i s  assumed t o  

be k3"K (from  the  required  temperature  sensor  accuracy) and the   unce r ta in t y  

i n  Tw due t o  measurement e r r o r s   i s  assumed t o  be +10"K (see  below). The 

e s t i m a t e d   u n c e r t a i n t y   i n  Re as measured by  the  wind  sensors i s  shown i n  
F igure 37. It i s   n e a r l y  independent of   the  ambient  temperature.  The r e s u l t i n g  
worst   case  uncertainty i n  Ref i s  shown i n   F i g u r e  38. 

a3 

a3 

The u n c e r t a i n t y   i n  Ref can be conver ted  to  an e r r o r   i n  wake edge c r i t e r i o n  

us ing  F igure 6. T h i s   e r r o r  i n  wake edge c r i t e r i o n  can a l s o  be converted t o  an 

equ iva len t  dead band angle  using  performance  test   data.  The r e s u l t s   a r e  
shown i n  F igure 39. 
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4.2.7.1.2.2 Uncer ta in ty  i n  Overheat 

The measured heater  temperature i s  assumed t o  be i n  e r r o r   b y  as much as * 
+1O0K because o f   unce r ta in t y   i n t roduced  by the   e lec t ron i cs .   Add i t i ona l l y ,  

the  ambient  temperature  must be assumed t o  be i n  e r r o r  by  as much as 23°K. 

Thus the   t o ta l   unce r ta in t y   i n   ove rhea t   t empera tu re  will be 210.44'K. 

For a hea te r   w i th in   t he   spec i f i ed   t o le rance  [R = 12n 2 .35n a t  23"C, 

CL = (1/R)  (dR/dT)jOoC = .00385/OC '2 .OOO1/°C] t h e   v a r i a t i o n   i n   o v e r h e a t   w i t h  

ambient  temperature i s   g i v e n   i n   F i g u r e  27. For   the   co ld  case  and hot  case 

condi t ions  under  considerat ion  here (minimum  and maximum ambient  temperature 

c o n s i s t e n t   w i t h  each film Reynolds number) t h e   v a r i a t i o n   o f   t h e   e r r o r   i n   s e n s o r  

o v e r h e a t   ( a l s o   t h e   e r r o r   i n   t h e   t h e r m o c o u p l e   o u t p u t   a f t e r   c o r r e c t i o n   f o r  
overheat   var ia t ions ,  see Sect ion  3.34)  wi th film Reynolds number i s  shown i n  

F igure 40. Add i t i ona l l y ,   f o r   t he   wors t   case   ( s lowes t )  warm up cond i t ions  

(see  Figure 26)' t h e   o v e r h e a t   e r r o r   a t t a i n e d   a f t e r  a 4 second warm up i s  

presented. The equ iva len t   con t r ibu t ions   to   the   quadrant   sensor  dead  band 
are shown i n   F i g u r e  41. 

Note tha t   t h i s   ove rhea t   e r ro r   sou rce   en te rs .   t he   p i c tu re   tw ice :  once 

d u r i n g   c a l i b r a t i o n  and  once dur ing  measurement. Dur ing   ca l i b ra t i on ,  however, 

the  overheat   var ia t ion i s  neg l   ig i .b ly   smal l   because  the   cond i t ions   o f   the   tes t  

are much more c a r e f u l l y   c o n t r o l   l e d .  Thus t h e   e r r o r  i n  overheat   dur ing 

c a l i b r a t i o n  has  been n e g l e c t e d   i n  comparison w i t h   t h a t   o b t a i n e d   d u r i n g   t h e  
measurement . 
4.2.7.1.2.3 E r r o r s  Due t o  Movement o f  Thermocouple  Junctions 

If the  thermocouple  junctions change t h e i r   n o m i n a l   p o s i t i o n s   r e l a t i v e  

to  the  quadrant  sensor  heater due t o   d i f f e r e n t i a l  expansion,  the  thermocouple 
ou tpu ts   fo r  a g i v e n   s e n s o r   o r i e n t a t i o n   r e l a t i v e   t o   t h e   w i n d   v e c t o r  will be 

changed.  The thermocouples  are  insta l led on the   sensor   a t  room temperature 
i n  a taut   conf igurat ion  under   about  30 grams t e n s i o n .   D u r i n g   t h e   i n i t i a l  

exposure to  the  extreme  low  operat ing  condi t ion,   they  are  stretched  by 

d i f fe ren t ia l   expans ion  beyond t h e   y i e l d   p o i n t  s o  tha t ,  upon r e t u r n   t o   h i g h e r  

temperatures,  the  wire  tends  to  "sag" more than  before  exposure t o   t h e   l o w  

This accuracy  requirement i s   e a s i l y  met  under  most  condit ions  and  could 
a c t u a l l y  be t ightened,  i f  requi red.  

* 
Based on an i n fo rma l   i n te rna l   spec i f i ca t i on   p laced  on the   heater   e lec t ron ics .  
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temperature.  Nevertheless , f o r  ambient  temperatures  bel ow room temperature , 
t h e   d i f f e r e n t i a l   e x p a n s i o n   i s   n o t   s u f f i c i e n t   t o   r e l a x   a l l  o f  t h e   t e n s i l e  

s t r e s s   i n   t h e   w i r e s ,  and they  remain  taut.  For  ambient  temperature above 

room temperature, however, the  wi res do  move f r o m   t h e i r   n o m i n a l   o r   " s t r a i g h t "  
locat ions.   Nevertheless,   for   the  "cold  case"  condi t ions we are  consider ing,  

as w e l l  as c a l i b r a t i o n   c o n d i t i o n s ,   e r r o r s  due t o  movement o f  thermocouple 
j unc t i ons   a re   neg l i g ib le .   Fo r  some o f   t h e   " h o t  case'' c o n d i t i o n s ,   t h i s   e r r o r  

source  must  be  accounted  for. 

Differential  Expansion  Analysis  of  Quadrant  Sensor 

The con f igu ra t i on  shown i n  Figure 1 will be analyzed  assuming  the 

fo l l ow ing   p roper t i es :  

Thermal expans ion   coe f f i c ien t  o f  po ly imide  suppor t  

Thermal  expansion c o e f f i c i e n t   o f  thermocouples, % = 14 x 10-6/"C 

Young I s  modulus o f  thermocouple  wire, E, = 24 x l o 6  p s i  

Y ie ld   po in t   o f   thermocoup le   w i re ,  Y.w = 20,000 p s i   ( t y p i c a l   f o r   c o n s t a n t a n )  

The quadrant  sensor  thermocouples  are  assembled  onto  the  polyimide 

' aP 
= 9 x 10-6/"c 

s u p p o r t   a t  room temperature  and  under some tens ion  (about  30 grams o r  9,000 p s i ) .  

A t  the   opera t ing   cond i t ion   cor respond ing   to  maximum s t re tch   o f   the   thermocoup le  
w i re  (130°K ambient w i t h  100°C ove rhea t )   t he   d i f f e ren t i a l   con t rac t i on  from 

room ('wire - 'polyimide  support ) f o r  an un res t ra ined   w i re  will be 

a (296 -, . l30)  ( .388") - up W (296 - 230)  (.388") = 6.7 x ( " )  (18) 

The increase i n   s t r e s s   r e q u i r e d   t o   f o r c e   t h e   w i r e   t o  match  the  support 
would  be: 

Ew (6*7.;8A0-4) = 41,500 p s i  

i f  t h e   w i r e  obeyed Hook 's  law. I n   f a c t   t h e   t o t a l   s t r e s s  would  then be 50,500 p s i  
which  exceeds  the y i e l d   p o i n t   o f   t h e   w i r e  (a1  though  not i t s   t e n s i l e   s t r e n g t h ) . *  
* 
E longa t ion   a t   b reak ing   po in t   shou ld  be greater   than  10%  or  .04". 
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For  our   fur ther   analys is  we assume a s t r e s s - s t r a i n   r e l a t i o n s h i p   f o r   t h e   w i r e  
o f   t he   f o rm shown below. 

x 

“;”- 
ASSUMED RELATIONSHIP 

E 
Y E 

Then  once the  sensor  thermocouples have  been sub jec ted   t o  maximum s t r e t c h  

the  new s t ress -s t ra in   cu rve  will be d isp laced as shown below: 

The o f f s e t  will produce a sag i n   t h e  thermocouple when the  ambient  temperature 

increases. I n   t h e  remainder o f   t h i s   a n a l y s i s  we assume t h a t ,   f o r   t h e   f i r s t  
t ime  the  sensor i s  sub jec ted   t o  maximum s t re tch ing ,   t he   w i re   f o l l ows   t he   pa th  
ind ica ted   by   the   a r rows on the  s t ress-s t ra in   d iagram  immediate ly  above. Hence 
fo r   f u r the r   t he rma l   cyc l i ng   t he   t he rmocoup le   w i re   s t ress -s t ra in   re la t i onsh ip  

fol1.ows t h e   d o t t e d   l i n e  i n  t h e   f i g u r e ,  and t h e   s t r e s s   i n   t h e   w i r e   e x a c t l y  

e q u a l s   t h e   y i e l d   s t r e s s  each  t ime  the   opera t ing   cond i t ion   o f  maximum s t r e t c h  
i s  subsequent ly  at ta ined. 
* 
T h i s   i s   a c t u a l l y  a wors t  case 

g iven E i n  excess o f  E and .wi 
Y 

s ince   the   ac tua l   w i re  will deform  less   fo r  a 
11 show l e s s  sag a t  the  h igher  temperatures.  
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The  change i n   t h e   w i r e  1 ength due t o  complete  re1  axation o f  t h e   y i e l d  

s t ress  will be 

- _" 0388y - ,323 x 10-3- inches  
'wire E, 

and the  change i n   w i r e   l e n g t h   r e q u i r e d   t o   c o n f o r m   t o   t h e   d i f f e r e n t i a l  

expansion o f   t h e  thermocouple  wire and po ly imide   suppor t   f rom  opera t ion   a t  

130°K ambient t o   o p e r a t i o n   a t  room temperature  (wi th  100°C sensor  overheat 

i n  bo th   cases)   i s :  

'wire = (% - ap 
) (166)  (.388) 

which i s   e n t i r e l y  made up b y   r e l a x a t i o n   o f   t h e   y i e l d   s t r e s s .   T h e r e f o r e ,   f o r  

o p e r a t i o n   a t  room temperature ( i  .e., c a l i b r a t i o n   c o n d i t i o n s )   f o l l o w i n g  

opera t i on   a t   t he   co ldes t   poss ib le   amb ien t   t empera tu re ,   t he   w i res   rema in   t i gh t .  

There i s   t h e . r e f o r e  no  change in   t he   pos i t i ons   o f   t he   t he rmocoup le   j unc t i ons  

r e l a t i v e   t o   t h e   h e a t e r  between c a l i b r a t i o n   c o n d i t i o n s  and opera t i on   a t   amb ien t  
temperatures  below 296°K. 

Fo r   ope ra t i on   a t  330°K a f t e r  exposure t o  the  cold  extreme,  the change i n  
w i re   l eng th   requ i red   t o   con fo rm  to   d i f f e ren t i a l   expans ion  will be 

'wire = ( %  p 
- a ) ( Z O O )  ( -388) 

= .389 x lom3 inches 

R e l a x a t i o n   o f   t h e   y i e l d   s t r e s s   a c c o u n t s   f o r   o n l y  .323 x inches, so the  

net  "sag" i n   t h e   w i r e s   i s  6.6 x 1 O e 5  inches.  This  corresponds  to a ho r i zon ta l  

d isp lacement   (perpendicu lar   to   the  ax is   o f   the  thermocouple  wi re)  o f  
3.51 x inches. 
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Resu l t ing  Dead Band E r r o r  

A schemat ic   dep ic t ion   o f  one thermocouple  junct ion,   located  near  the 
edge of   the wake , and i t s  a s s o c i a t e d   t e m p e r a t u r e   f i e l d   i s   g i v e n   i n   F i g u r e  
42. The o b l i q u e   l i n e s   i n c l i n e d   a t  an angle wi th r e s p e c t   t o   t h e  wake c e n t e r l i n e  

represent   i so therms  a t   th ree   d i f fe ren t   tempera tures .  

I f  the  thermocouple  remains i n  a f i x e d   o r i e n t a t i o n   w i t h   r e s p e c t   t o   t h e  

heater,  a r o t a t i o n   o f  66 over an a rc   l eng th  x i s   r e q u i r e d   t o  change the  

temperature a t   t h e  thermocouple  junct ion  f rom T, t o  T,. I f  t h e   j u n c t i o n   i s  

f r e e   t o  move about i t s  nominal 1 ocation,  changing i t s   r a d i u s  as we1 1 as i t s  

azimuthal   posi t ion,  i t  need o n l y  move a d is tance 6 f o r   t h e  tempek-ature t o  

change from T, t o  T3.  Th is  will r e s u l t   i n  an apparent   angular   er ror  68. 

Therefore, f o r  a sagging  thermocouple,  the 1 argest  apparent  angular  error 
occurs when the  displacement  of  the  junction  from i t s  nominal   locat ion i s  ' 

perpendicu lar   to   the  isotherms.  The magnitude of t h i s  maximum er ror , .   fo r  

e = 67.5', will be 

- 6 
66max r[cos (67.5" -[x)T - 

where 6 comes f rom  the   d i f fe ren t ia l   expans ion   ana lys is   d iscussed above  and 

r i s   t h e  nomina l   rad ius   o f   the   thermocoup le   junc t ion   about   the   heater   cen ter l i  ne. 

F igure 43  shows the  magnitude o f  the maximum angu la r   e r ro r  6emaX,t which 

i s  a random c o n t r i b u t i o n   t o   t h e  dead  band a n g l e   f o r   t h e   h o t  case.  Values o f  

the  isotherm  divergence  angle  are shown as a f u n c t i o n   o f  Reynolds number 
i n  F igure 44. 

4.2.7.1.2.4 Tota l  Random E r r o r  

The t o t a l  random e r r o r   i s  computed by  combining  the  results  presented i n  
Figures 39, 41 , and 43, t oge the r   w i th   m ino r   con t r i bu t i ons   f rom  o the r   e r ro r  
sources, i n  root-sum-square  fashion. The r e s u l t s   a r e  shown i n   F i g u r e  45. 

'The ups t ream  junc t ion   o f   the   thermocoup le   pa i r   in   ques t io imay  a lso  move t o  a 
region  of  dif ferent  temperature,  thereby  changing  thethermocouple  output. The 
upstream  thermocouple  exists i n  a reg ion   o f   smal l   e r   tempera ture   g rad ien ts  
however,  and t h i s   e r r o r   c o n t r i b u t i o n  has the re fo re  been  neglected. 

"E. R. G. Ecker t  and E. Soehngen, " D i s t r i b u t i o n   o f   H e a t   T r a n s f e r   C o e f f i c i e n t s  
around Cy1 i n d e r s   i n   C r o s s f l o w   a t  Reynolds Numbers f rom 20 t o  500 ," Transact ions 
o f   t h e  ASME, A p r i l  1952, pp. 343-347. 
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4.2.7.1.2.5 T o t a l  Dead Band 

The t o t a l   a n g u l a r  dead  band ha1 f angle,   obtained  by summing t h e   r e s u l t s  

from  Figures 36 and 45, i s  shown i n  F igure 46. The quadrant  sensor dead  band 

i s  always  less  than 210". 

4.2.7.3  Wind Direct ion  Sensor 

When the  quadrant  sensor i s  operated as a w i n d   d i r e c t i o n   s e n s o r   ( f o r  

Ref 60), the  data  reduct ion  process  used i s   t h e  one discussed i n  Sect ion 2. 

The o u t p u t s   o f   t h e  two  thermocouple  .pairs  are  obtained and p l o t t e d   a g a i n s t  
one another i n  the  format shown i n  Figure  7. By comparison w i t h   c a l i b r a t i o n  

d a t a ,   p l o t t e d   i n   t h e  same manner, the  wind  angle  can  be  immediately  read. 

E r ro rs   i n   t he   t he rmocoup le   ou tpu ts   i n t roduce  an u n c e r t a i n t y   i n   t h e   w i n d  

angle measurement. A l i s t   o f   t h e   p o s s i b l e   e r r o r s   c o n t r i b u t i n g   t o   t h e   w i n d  

d i   r e c t i o n   e r r o r   i s   g i v e n   i n  Tab1 e 3. The error   sources  marked  wi th   aster isks 
and are  d iscussed i n  some d e t a i l  

sys temat ic   e r ro rs   (heat   conduct ion)  

c o n t r i b u t e   s i g n i f i c a n t l y   t o   t h e   t o t a l   e r r o r  

below.  Again,  the l i s t   i s  broken down i n t o  
and  random e r ro rs .  

4.2.7.3.1  Systematic  Errors 

4.2.7.3.1.1  Heat  Conduction  Errors 

The conf igura t ion   ana lyzed and the ana 
i n  Sect ion 4.2.7.1.1.1. Equat ion  (12)  f rom 

o f  angle)  was used t o   e s t i m a t e .   t h e   r e l a t i v e  

l y s i s  used  are  exact ly  as discussed 

tha t   sec t i on   (wh ich   i s   i ndependen t  

e r r o r   i n  thermocouple  output  due t o  
conduction. The r e s u l t s   a r e   e x a c t l y  as shown i n   F i g u r e  32 f o r   t h e   h o t  and 
co l  d cases. 

N o t e   t h a t   t h e   r e l a t i v e   r e d u c t i o n   i n   t h e   o u t p u t   o f  each  thermocouple p a i r  
due t o   h e a t   c o n d u c t i o n   f r o m   t h e   h o t   s i d e   t o   t h e   c o l d   s i d e   i s   t h e  same f o r  

both  thermocouple  pairs. The n e t   r e s u l t   o f   h e a t   c o n d u c t i o n   i s   t h e r e f o r e   t o  

" s h r i n k "   t h e   p a t t e r n s   i n   F i g u r e  7 r a d i a l l y   i n w a r d ,  as i s   i n d i c a t e d   i n   F i g u r e  47. 

I f  the  constant   angle  contours shown i n   F i g u r e  47 were s t r i c t l y   r a d i a l ,   t h e ,  

a n g u l a r   e r r o r  due to   heat   conduct ion   wou ld  be  zero.  For  the  curved  contours 

shown, an angu lar   e r ro r   occurs  due to   the  d isp lacement  o f  t he   ope ra t i ng  
c o n d i t i o n  o f f  t h e   c a l i b r a t i o n   c u r v e .  
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The r e s u l t i n g   u n c e r t a i n t i e s  i n  w ind   d i rec t ion ,  as a funct ion  o f   the 

sensor   o r ien ta t ion  (i. e., t h e   o r i e n t a t i o n   o f  one thermocouple p a i r   w i t h   r e s p e c t  
t o   t he   w ind )  and the film Reynolds number, are  presented i n   F i g u r e  48 f o r  

t h e   c o l d  case and 49 f o r   t h e   h o t  case. From F igure  7, t h e   e r r o r   f u n c t i o n  will 
have an e i g h t   f o l d  symmetry , repeating  every'  45".  Therefore , the  angles shown 
are   representa t ive   o f   the   en t i re   az imuth .  These er ro rs   a re   sys temat ic  and 

cannot be RSS'sd w i t h   t h e  random errors.  Instead,  they  must be  added t o   t h e  

t o t a l  random e r r o r .  

4.2.7.3.2 Random Er ro rs  

4.2.7.3.2.1 Uncer ta in ty  i n  Overheat 

The r e l a t i v e   e r r o r   i n   t h e   o v e r h e a t ,  by the  resul ts   presented i n  Sect ion 
3.3.4, i s   e q u i v a l e n t   t o   t h e   r e l a t i v e   e r r o r   i n   t h e  thermocouple  output  af ter  

c o r r e c t i o n   f c r   o v e r h e a t   v a r i a t i o n s .   T h i s   r e l a t i v e   e r r o r   i s   p r e s e n t e d   i n  

F igure 40. 

L ike   the   sys temat ic   e r ro r  due to   hea t   conduc t ion ,   t he   re la t i ve   e r ro rs  
f o r   t h e  two  thermocouple  pairs due to   overheat   uncer ta in ty  wi 11 be i d e n t i c a l .  

There fore ,   the   e f fec t  on the  sensor  output will be a r a d i a l  change i n   t h e  
c a l i b r a t i o n   p a t t e r n  when viewed i n   t h e   f o r m a t   o f   F i g u r e  47. The d i f f e r e n c e  

wi th   the  overheat   uncer ta in ty ,  however, i s   t h a t   t h e  emf e r r o r  can be p o s i t i v e  

o r   nega t i ve ,  so t h a t   t h e   p a t t e r n  can e i the r   sh r ink   o r   swe l l   a long   rad ia l  1 ines  
and t h e . a n g u l a r   e r r o r  can  have ei ther  s ign.   Nevertheless,   the  technique 

employed i n   t h e   e v a l u a t i o n   o f   t h e   a n g u l a r   e r r o r   i s   s i m i  1 a r   t o   t h a t  used f o r  

heat  conduct ion  errors.  

The random e r r o r s   i n   w i n d   d i r e c t i o n  due t o   e r r o r s   i n   o v e r h e a t   s c a l i n g   a r e  

shown i n  Figures 50 (cold  case) and 51 (hot  case).  

4.2.7.3.2.2 E r ro rs  Due t o  Movement of  Thermocouple  Junctions 

The d i f f e r e n t i a l  expansion  analysis  used i n  Sect ion 4.2.7.1.2.3 app l ies  
here, as does the  analysis  re1  at ing  thermocouple  displacement t o   e q u i v a l e n t  
angu lar   e r ro r .  The apparent   angular   er ror   o f  each  downstream thermocouple* 

\ 

was f i r s t  computed separately.   Since  the two thermocouple  outputs  are  not  used 
separa te ly ,   bu t   a re  combined t o  determine  the  wind  d i rect ion i n   t h e  manner 
3 

Although  the  upstream  thermocouple  from  each  pair can a l s o  move, the  temperature 
g rad ien ts   i n   t he   f l ow f ie ld   a round   the   ups t ream  j unc t i on   a re  assumed n e g l i g i b l e .  



discussed above, the  proper   log ic   must  be  used for  combining  the  angular 

e r r o r s  due t o  movement o f  each  thermocouple t o  p roduce   t he   t o ta l   ang le   e r ro r  
due t o  movement of both  thermocouples. 

Consider  the  net shown s c h e m a t i c a l l y   i n   F i g u r e  52. The f i gu re   rep resen ts  

a s e c t i o n   o f   F i g u r e  7 ,  w i t h  one s e t  o f  o b l i q u e   l i n e s   r e p r e s e n t i n g   c o n t o u r s   o f  
constant  wind  angle and  the o t h e r   s e t   o f   l i n e s   r e p r e s e n t i n g   c o n t o u r s   o f   c o n s t a n t  

Reynolds number. The calculated  apparent  angular  displacements  of  the  two 

downstream thermocouples ( &e1 and de2) a re   equ iva len t   t o   two  emf e r r o r s  sE, 
and &E2 where 

and 

L e t  

aE2 
b = -) 

Re 

d = -  

Then, a t   p o i n t  P, i n  F igure 52, 

El(@ + seT, Re t aRe) - El(e, Re) = sE, = a 6eT + c sRe = a 6e1, (30) 

and s imi 1 a r l y  

sE, = b seT + d 6Re = b be, 

El im ina t i ng  sRe, we have 
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Equ iva len t l y :  

1 
aE 

So, i f  we w ish   t o   de te rm ine   t he   t o ta l  random e r r o r  i n  eT due t o   c o n t r i b u t i o n s  
6e1 and 6e2, 

The values  of aE,/aE2)Re and aEl/aE2), can be ob ta ined,   g raph ica l l y ,   f rom 
Figure 7. When t h e   i n d i v i d u a l   e r r o r s  gel and 6e2  are  subsequently combined, 
according t o  the above equa t ion ,   t he   t o ta l  random e r r o r s  shown i n  F igure 53 are  
obtained.  Again,  because o f   t h e   e i g h t - f o l d  symmetry o f   F i g u r e  7 ,  e s t i m a t i o n   o f  
e r r o r s  between 0" and 45" su f f i ces   to   comple te ly   charac ter ize   the   sensor   fo r  
a1 1 angles .. The e r r o r s  shown i n  F igure 53 a r e   f o r   t h e   h o t  case  only  since, 
as was discussed i n  Sect ion 4.2.7.1.2.3, the  thermocouple  wires  remain  taut 

a t  ambient  temperatures  below room temperature  (296°K). 

4.2.7.3.2.3 To ta l  Random E r r o r  

The t o t a l  random er rors   in   w ind   d i rec t ion ,   de termined  by   combin ing   the  
r e s u l t s  shown i n  Figures 48, 49, 50, 51 and 53 (w i th   m ino r   con t r i bu t i ons   f rom 
o ther   e r ro r   sources)   in   roo t -sum-square   fash ion ,   i s  shown i n  Figures 54 ( c o l d  
case) and 55 (hot  case). 
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4.2.7.3.2.4 Tota l  Wind D i r e c t i o n   E r r o r  

The t o t a l   e r r o r   i n   t h e   q u a d r a n t   s e n s o r   w i n d   d i r e c t i o n  measurement i s  
obtained  by summing t h e   r e s u l t s  shown i n  Figures 48 and 54 ( c o l d  case) 
and Figures 49 and 55 (hot  case). The resu l   t s   a re   p resen ted   i n   F igu res  50 
and 57. The t o t a l   w i n d   d i r e c t i o n   e r r o r   i s  always  less  than  about 10' 
f o r  Ref < 60. 

4.2.8 D i rec t ion   Reso lu t ion  

The quadrant  sensor  must  respond t o  a change i n  w i n d   d i r e c t i o n   o f  +lo' 
a t  wind speeds below 25 m/sec  and +5' a t  wind speeds  above  25  m/sec.  The 
on ly   e lement   wh ich   l im i ts   the   reso lu t ion   o f   the   sensor  i s  t h e  A-D conver ter  

which  translates  the  analog  thermocouple emf i n t o  a d i g i t a l  word. The word 
l eng th   (equ iva len t   t o  9 b i t s )  encompasses a range  of  thermocouple emfs f rom 
-5.0 mv t o  +5.0 mv (about -800 t o  +80°C) g i v i n g  3 r e s o l u t i o n  of  about .020 mv 
o r  about 1/3"C. Th is   reso lu t i on  i s  more than  adequate t o  meet the  requirement, 
as can be seen by   inspec t ion   o f   F igures  3 and 4, and 9 through  15. 
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PARAGRAPH 
(P D 7400090 ) 

3.1.1.2.2.1 

3.1.1.2.2.6 

3.1.1.2.2.7 

3.1.1.2.2.8 

Tab1 e  1.  Functional  Requirements  Impacted by Quadrant  Sensor 

REQ U I REMENT 

RANGE - 2-150  m/sec a t  
pressure 2-20 m i l l i b a r s  and 
temperature 130" K-350" K over 
an  azimuth o f  360" 

CALIBRATION - 

RESPONSE TIME - The response 
t i m e   t o  a  step change i n  wind 
s h a l l   n o t  exceed 2 seconds 

WARM UP TIME - Meet 
performance  requirement  4 
seconds a f t e r  i nput power 
a p p l i e d   t o   e l e c t r o n i c s  

PERFORMANCE 

To spec i f  i c a t i o n  

To s p e c i f i c a t i o n  

To s p e c i f i c a t i o n  

To s p e c i f i c a t i o n  

HOW VERI F I  ED I REMARKS 

Design and Test  

Test  and Analysis I 
1 

Test and Analys is  Based on temperature 
sensor  response  time 
t e s t  

Test and Analysis Based on MEA-MSA 
warm  up t e s t  



Table  1 .   Funct ional   Requi rements  Impacted  by  Quadrant   Sensor  

( Con ti nued) 

P A R K R A P H  
(PD 7400090) 

3.1.1.2.2.9 

3.1.1.2.2.10 

3.1.1.2.2.11 

3.1.1.2.2.12 

- 
REQUIREMENT 

-~ 

ATTI  TUDE - Meet   requi  remen t s  
i n  any a t t i   t u d e   w i t h i n  +25 
degrees o f  n o m i n a l   p o s i t i o n  

SELF-HEATING - Meet   requ i re -  
ments w i t h   s e n s o r  20 t o  140°C 
above  ambient 

DIRECTION ACCURACY - 
Absolute  accuracy 220 degrees 
a t  speeds 5-25 m/sec  and +lo 
degrees  over   h igh  accuracy 
reg ions .   (Reference P.D. 
F igures 6 and 7) .  No d i   r e c -  
t i on   accu racy   requ i remen ts  
i n  reduced  accuracy  rnage 

DIRECTION RESOLUTION - f10 
deqrees a t  speeds  5-25  m/sec 

PERFORMANCE 

To s p e c i f i c a t i o n  

To s p e c i f i c a t i o n  

To s p e c i f i c a t i o n  

I 

i 
1 ! 

I 

ana 25 degrees a t  speeds o f  
25-1 50 m/sec i 

i 

I 

To s p e c i f i c a t i o n  T L 

HOW VERIF IED RE MARKS 

T e s t  and  Anal y s i  s 

--"-- 
A n a l y s i s  

A n a l y s i  s 

A n a l y s i s  



Table 2. Errors   Contr ibut ing  to  Dead  Band Angle 

Systematic  Errors 

*Heat Conduction i n  Thermocouple  Wires 

*Error  Induced by Compromises i n  Make Edge D e f i n i t i o n  

Random Errors 

Paras i t i c  Thermocouple Junctions 

Thermal Radiation  Induced  Errors 
Solar  Radiation  Induced  Errors 

Errors Due to   Rarefact ion  (h igh M/Re) 

*Uncertainty i n  Reynolds Number as Sensed by Wind Sensor 

Electronics:  

*Uncertainty i n  Overheat 
Readout o f  Thermocouple EMF 

*Movement o f  Thermocouple Junctions  Relative t o  Nominal Posi t ions Due 
t o   D i f f e r e n t i a l  Expansion 

Angle of  Attack  Induced  Errors 
Cal i   brat ion  Errors :  

Uncertainty i n  Overheat 

Readout o f  Thermocouple EMF 
In te rpo la t ion   Er ro rs  
Misalignment o f  Sensor when I n s t a l l e d   i n  Wind Tunnel o r  on MSA 
E r r o r   i n   S e t t i n g  Wind Angle  During  Calibrat ion 

Error  Induced by C a l i b r a t i n g   i n  Air Rather  than C02 
Errors  Induced  During  Correction  of Thermocouple Outputs f o r  Var ia t ion 
o f  Thermal Power (dE/dT) w i t h  Ambient  Temperature 
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Table 3. E r r o r s   C o n t r i b u t i n g   t o  Wind D i rec t i on   Uncer ta in t y  

Systemat ic  Errors 

*Heat  Conduction i n  Thermocouple Wi res 

Random Er ro rs  

P a r a s i t i c  Thermocouple  Junctions 

Thermal  Radiat ion  Induced  Errors 
E r ro rs  Due to   Rare fac t ion   (H igh  M/Re) 

E lec t ron i cs :  
*Uncer ta in ty  i n  Overheat 

Readout of Thermocouple EMF 

*Movement o f  Thermocouple  Junct ions  Relat ive  to  Nominal   Posi t ions Due 
to   D i f fe ren t ia l   Expans ion .  
Angle of  At tack  Induced  Errors I 

Ca l i b ra t i on   E r ro rs :  
Uncer ta in ty  i n  Overheat 

Readout o f  Thermocouple EMF 
I n t e r p o l   a t i o n   E r r o r s  

Misalignment o f  Sensor when I n s t a l l e d  i n  Wind Tunnel o r  on MSA 
E r r o r  i n  S e t t i n g  Mind Angle Dur ing   Ca l i b ra t i on  

Errors   Induced  Dur ing  Correct ion  o f   Thermocouple  Outputs   for   Var ia t ion 
o f  Thermal Power (dE/dT) w i t h  Ambient  Temperature 

36 



POLYIMIDE 
SUPPORT 

Figure I .  Quadrant  Sensor  Design 
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Figure 2. Quadrant  Sensor Block Diagram 
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Figure 3 .  Sensor Output, Ref = 6.0 



I 

18 

P 
0 

260" 280' 

F i g u r e  4 ,  Sensor Output, Ref = 116 
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Figure 6. Determination o f  Wake Edge C r i t e r i a .  
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Figure  7.  Use of Quadrant  Sensor t o  Determine Wind D i r e c t i o n  
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Figure 8. Performance Test  Conditions. 
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F igure  9. Sensor Output,  Ref = 11.3 
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Figure 10. Sensor Output, Ref = 17.4 
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Figure 11.  Sensor Output, Ref = 30.7 
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Figure 12. Sensor Output, Ref = 62.7 
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Figure 13. Sensor Output, Ref = 242 
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F igure  14. Sensor Output, Ref - 497 
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Figure 16. E f f e c t  o f  Gas Composition on Wake Edge D e f i n i t i o n  
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Figure 17. E f f e c t  o f  Gas Composition on Wind Angle  Measurement 
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Figure 19. Variation o f  Themcouple  Output  with Overheat, 
Ref = 6.0, Thermocouple Pair  1. 
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Figure 22. Var ia t ion o f  Thermocouple Output  with  Overheat, 
Ref = 242, Thermocouple Pai r 2, 
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Figure 24. E f f e c t  o f  Angle of  Attack on Wind Angle Measurement. 
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Figure 26. Minimum Overheat Attained by Quadrant Sensor 
a f t e r  App l i ca t i on   o f  Power f o r  4 Seconds. 

(Minimum temperature r i se   occurs  a t  maximum tempterature 
f o r  each Ref. ) 
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Figure 27. Variat ion  in Overheat with Ambient Temperature. 
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Figure 28. E f f e c t   o f  EMF , E r r o r  on Wake Edge Detect ion,  
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Figure 29. E f f e c t   o f  Dead Band on Wind Quadrant  Determination. 
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F i g u r e  30. Schematic of Heat  Conduction Problem. 
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Figure 31. Convective  Heat  Transfer  from  Transverse  Cyl inders  (from 
Baldwin,  Sanborn and  Lawrence, Journal o f  Heat  Transfer, 
Transact ions o f  the ASME, Ser ies C, Vol. 82, No. 2, May 
1960). Also, F igure 8 from  Temperature  Sensor  Section. 
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Figure 32. Systematic Er ror   in  Thermocouple Output Due 
t o  .Heat Conduction. 
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Figure 33. E f f e c t  of Heat Conduction on Thermocouple  Output 
a t  Wake Edge (Cold  Case). 
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Figure 34- Systematic Error Due to  Heat  Conduction 
(Dead Band). 
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Figure 35. Systematic  Error Due t o  Compromises i n  Wake Edge 
Threshold  Definit ion (Dead Band). 
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Figure 36. Total  Systematic Er ror  (Dead Band). 
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Figure 37. E r r o r  i n  Reynolds Number Measured by Wind Array. 
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Figure 38. Worst Case Error i n  Quadrant Sensor 
F i  1 m Reynol ds Number. 
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Figure 40. Overheat  Correction  Errors. 
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Figure 42. Schematic o f  Temperature F i e l d  
Near Wake Edge. 
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Figure 43. Random Error Due t o  Movement o f  Thermocouple 
Junctions (Dead Band, Hot  Case). 
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Figure 44. Va r ia t i on  o f  Isotherm  Divergence  Angle 3~ w i t h  
Reynolds Number. 
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Figure 45. Total  Random E r r o r  (Dead  Band). 
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Figure 46. Quadrant  Sensor Dead Band Half   Angle.  
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Figure 47. E f f e c t   o f  Heat Conduction on Thermocouple Outputs. 

83 



h 

W 
W 

5 
% 

2 

6' 10 

Ref 

Figure 48. Systematic  Error Due t o  Heat  Conduction 
(Wind Direct ion,   Cold Case). 
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Figure 49. Systematic  Error Due to  Heat  Conduction 
(Wind Direction,  Hot  Case).  
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Figure 50. Random Error Due t o  Overheat  Uncertainty 

(Wind Direction,  Cold Case). 
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Figure 51. Random Error Due t o  Overheat  Uncertainty 
(Wind Direction, Hot Case). 
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Figure 52. Combination o f  Single  Themcouple Angle Errors 
t o  Give Sensor Wind Direction  Errors. 
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Figure 53. Random Errors Due t o  Motion o f  Thermocouple 
Junctions (Wind Direct ion,  Hot  Case). 
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Figure 54. Total Random Error  (Wind Direct ion Measurement, 
Cold  Case). 
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Figure 55. Total  Random Error (Wind Direct ion 
Measurement, Hot Case). 
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Figure 56. Wind Direction  Error Sumnary (Cold  Case). 
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Figure 57. Wind D i r e c t i o n  Error Sumnary ( H o t  Case). 
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