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This paper descr ibes  a procedure f o r  c a l i b r a t i n g  a i r  ve loc i ty  sensors  i n  
t he  exhaust f l ov  o f  a gas flow ca l ib ra to r .  The average air ve loc i ty  i n  t h e  
t e s t  sec t ion  located at t h e  c a l i b r a t o r  exhallst is v e r i f i e d  i h m  t h e  mass flow 
rate accurately measured by t h e  c a l i b r a t o r ' s  r ec i s ion  sonic  flow nozzle. 
A i r  at elevated pressures  (7 x 105 t o  b x 1OBnewtons per  square meter) flows 
through a s e r i e s  o f  screens, diameter changes, and flow s t r a igh tene r s ,  
resu l t ing  i n  a smooth f lov  through t h e  open test sect ion.  The m d i f i e d  
system generates a i r  ve loc i t i e s  of 2 t o  90 meters per second with an 
uncertainty o f  about 2 percent f o r  speeds below 15 meters per second and 
4 percent f o r  t h e  higher speeds. Wind tunnel  da t a  cor re la ted  vell with t h a t  
taken in the  flow ca l ibra tor .  

An i m p r t a n t  part o f  Langley's aemnau t i ca i  research program includes 
s tudies  t o  determine stall c h a r a c t e r i s t i c s  o f  high-speed a i r c r a f t  models. 
Instrumented models, including those o f  t h e  F-4, F-14, F-15, and B-1, are 
dropped from hel icopters  a t  a l t i t u d e s  o f  1600 meters and, during descent,  are 
maneuvered i n t o  stall conditions. On-board sensor and recording instrumen- 
t a t i o n  is  used t o  measure t h e  per t inent  f l i g h t  parameters c f  which a i r speed  
i s  cne of the  most e s sen t i a l .  Airspeed i s  measured with fan-type ve loc i ty  
sensors developed by Langley's f l i g h t  instrumentation engineers t o  cover t h e  
speed range 2 t o  90 meters per  second. 

For accurate on-board zeasurements, however, it w a s  necessary t o  ver i fy  
sensor performance through ca l ib ra t iqn .  Since no ve loc i ty  c a l i b r a t i o n  
standard w a s  ava i lab le  at Langley, an ex i s t i ng  gas flow c a l i b r a t o r  w a s  
modified f o r  t h i s  work. The modification, which was i n  accordance with 
establ ished flowmetering  principle^ of t h e  Anerican Society of Mechanical 
Engineers (ASME, r e f .  1 )  and the  A-ierican Gas Association (AGA, r e f .  2), 
ccnsis ted of a t tach ing  approprj.ately s ized  t e s t  sec t ions  t o  t h e  discharge o f  
t he  ca l ib ra to r  so t h a t  the  sensort could be placed i n  t h e  flow stream near 
the  ex i t .  Here the  air  veloci ty  can be r e l a t ed  t o  t h e  mass flow r a t e  as 
determined by t h e  gas flow ca l ib ra to r .  The standard used t o  deterxcine t h e  
mass flo:? r a t e  i n  t he  ca l ib ra to r  was a prec is ion  sonic f7.0w nozzle. !This 
nozzle was i n s t a l l e d  such t h e t  it discharged i n t o  t h e  plenum chamber through 
a pipe sect.ion which increased i n  diameter i n  t h r e e  s t eps  f ~ r  a id ing  i n  t h e  
smooth, even d i s t r i bu t ion  of a i r  flowing i n t o  t h e  t e s t  sect ion.  As a cross  
check on the  accuracy of t h e  ve loc i ty  determined from t h e  c a l i b r a t o r ' s  mass 
flow- r a t e ,  irdependent t e s t  sec t ion  ve loc i ty  measurements and ve loc i ty  
p r o f i l e s  were ~ b t a i n e d  by means of a P i t o t - s t a t i c  probe which was t raversed  
across t he  t e s t  sect ion.  
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A s  an addi t iona l  t e s t  on t h e  v a l i d i t y  o f  t h i s  ca l ib ra t ion  technique, 
severa l  ve loc i ty  senscbrs ca l ib ra t ed  i n  t h e  =ner described above were a l s o  
ca l ib ra t ed  in  a 7- x 10-foot low-speed wind tunnel.  The wind tunnel  r e s u l t s  
showed good agreement with those obtained i n  t h e  modified gas flow ca l ib ra to r .  

G a s  Flow Cal ibra tor  

The gas flow c a l i b r a t o r  used was the  Cox model 610 which includes an 
instrument and cont ro l  console fo r  cont ro l l ing  t h e  flow r a t e ,  and a wind 
tunnel-like plenum chamber containing a prec is ion  subsonic flow nozzle f o r  
measuring t h e  flow ra t e .  This c a l i b r a t o r  produces mass flow r a t e s  t h a t  
a r e  known t o  within 0.75 percent. For these  tests, t h e  plenum chamber nozzle 
was remved t o  a i d  t h e  smooth even flow of  a i r  throagh t h e  plenum and a  sonic 
nozzle was i n s t e l l e d  near t h e  entrance. This s impl i f ied  t h e  measurement 
technique i n  t h a t  only upstream nozzle pressure and temperature measv -3ents 
were required t o  determine the  mass f l ~ w  r a t e  which remained the  same (law of  
cont inui ty)  throughout t he  flow system, including t h e  plenum discharge where 
the  ve loc i ty  measurements were made. Also, the  mass flow r a t e  is  more e a s i l y  
control led and remains s t a b l e  through a  sonic nozzle once s teady-state  
conditions of pressure and temperature a r e  reached. For va l id  ve loc i ty  
measurement comparisons, it was necessary t o  hold the  mass flow r a t e  constant 
while t h e  P i t o t - s t a t i c  probe t raverses  were made. 

Sonic Flow Nczzle 

The sonic flow nozzle ( f i g .  1) used t o  determine t h e  mass flow r a t e  was 
the  bellmouth converging-diverging type with a  t h roa t  diameter o f  10.14 
millimeters. NASA Technical Note D-2565 ( r e f .  4 )  e n t i t l e d  "Real-Gas Effec ts  
i n  Critical-Flow-Through Nozzles and Tabulated Thermodynamic Propert ies ,"  
w a s  used fo r  ca lcu la t ing  the  mass flow r a t e  through t h i s  nozzle. 

Velocity Test Section 

The ve loc i ty  t e s t  sec t ions  ( f i g .  2 )  were uesigned such t h a t  they could 
be bolted t o  the  discharge of  t h e  gas flow c a l i b r a t o r  plenum chamber. They 
consisted of th ree  round aluminum ducts  nominally 10,  15, and 25 centimeters 
(cm) i n  diameter. To minimize turbulence, a  flow s t r a igh tene r  ( r e f s .  1 and 2)  
was designed and i n s t a l l e d  a t  t h e  entrance of  t he  at tached t e s t  sec t ion .  
Pressure and temperature t aps  and P i t o t - s t a t i c  probe connections ( r e f .  1 ) 
were a l s o  i n s t a l l e d  i n  each t e s t  sect ion.  A t  t h e  maximum flow r a t e  of t n e  
gas flow ca l ib ra to r  (900 grams per second), the  maximum ve loc i t i e s  i n  t h e  
three  t e s t  sec t ions  nominally 10,  15,  and 25 cm) a re  90, 40, and 1 5  meters 
per second, respect ively.  



Velocity Sensors 

The ve l ac i ty  sensors ( f i g .  3)  are t h e  fan-anemometer type i n  which a 
small propel le r  is mounted on t h e  shaf t  of a prec is ion  dc generator.  The 
generator output vol tage is proportional t o  t h e  ro t a t iona l  speed o f  t h e  
propel le r ,  which i n  t u rn  is proportional t o  t h e  a i r  ve loc i ty  moving through 
t h e  propel le r  blades. In  t e s t s ,  t he se  sensors  are s t i n g  mounted on t h e  nose 
of  t h e  various a i r c r a f t  drop models f o r  t h e  determination of model speed. 

THEDRY OF OPERATION 

Calibrat ion o f  t h e  Test Section 

A Pi to t - s t a t i c  probe was i n s t a l l e d  i n  a track-mounted v i s e  beside t h e  
ouF.let  o f  t he  25-cm t e s t  sec t ion  ( f i g .  4 )  such t h a t  it could be moved 
hor izonta l ly  across  t h e  o u t l e t  i n  a smooth motion. A s ca l e  was i n s t a l l e d  
p a r a l l e l  t o  t h e  t r ack  t o  f a c i l i t a t e  t h e  pos i t ion ing  of  t h e  P i t o t - s t a t i c  probe 
at repeatable  s e t t i n g s  when t r ave r s ine  t h e  t e s t  sec t ion .  Eleven measurement 
points  were taken across  t he  t r ave r se  span. 

The measurement technique was t o  s e t  t h e  flow c a l i b r a t o r  t o  some pre- 
determined value and then run a P i t o t - s t a t i c  probe t raverse .  A t  each 
measurement point t h e  pressure and temperature associated ~ T t h  t h e  flow 
ca l ib ra to r  were observed and recorded, making sure t h e  flow r a t e  had not  
changed. Simultaneously, t h e  d i f f e r e n t i a l  pressure associated with t h e  
P i t o t - s t a t i c  probe was observed and recorded. 

The t e s t  sec t ion  ve loc i ty  was then ca lcu la ted  two ways. The ve loc i ty  
determined from the  c a l i b r a t o r ' s  measured m a s s  flow r a t e  was 

The ve loc i ty  determined by t h e  P i to t - s t a t i c  probe measurements was 

In both equetions t h e  airspeed was corrected t o  one atmosphere and 
288 ic. 

The symbol de f in i t i ons  a re :  

v 
S 

ve loc i ty  a t  1 atmosphere and 288 K ,  meters/second 

M mass flow r a t e ,  grams/second 

A area  of  t e s t  sec t ion ,  meter 2 
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s 
a i r  densi ty  1225 gr-/meter3 at 1 atmosphere and 288 K ( r e f .  5 )  

2 
AP d i  f  fe ren t  ial pressure,  nevtons/me?ter 

Sample C a l  cula t ion  

The f i r s t  ca l ib ra t ion  point  taken was a t  a mass flaw r a t e  of 144.4G1 g/sec 
and an average d i f f e r e n t i a l  pressure c f  3.67 n/m2. The test sec t ion  diameter 
was 0.2475 meters. In se r t i ng  these  values i n  equations ( 1 )  and (21, t h e  
ve loc i t i e s  based on t h e  measured mass flow a d  t h e  average P i t o t - s t a t i c  Ilp 
were, respec t ive ly  , 

and 

= d G  = 2.44 mlsec 

Interference Effec ts  Caused by t h e  Velocity Sensor 

It was necessary t o  determine i f  adverse e f f e c t s  such as a change i n  
p r o f i l e  o r  a irspeed would occur when t h e  ve loc i ty  sensor was placed i n  t h e  
t e s t  sec t ion  ou t l e t .  For t h i s  purpose, an add i t i ona l  Pitot-static-?robe 
t raverse  was made with t h e  ve loc i ty  sensor i n  place. The mounting attachment 
used fo r  holding t h e  sensor during ca l ib ra t ion  was designed such t h a t  t h e  
sensor could be moved hor izonta l ly  along a 90-cm t r ack  p a r a l l e l  t o  t h e  t e s t  
section. Mechanical stops were i n s t a l l e d  a t  each end of t he  t r ack  and t h e  
sensor s t i n g  was a l ined  such t h a t  i n  t he  t e s t  positi37n, t he  sensor would be 
located at the  cente:. of t h e  t e s t  sec t ion ,  with i t s  leading edge 6 mm from 
the  back edge of t he  P i to t - s t a t i c  probe. With s teady-state  flow condit ions 
a P i to t - s t a t i c  probe t raverse  was made with and without t h e  ve loc i ty  sensor 
located i n  t he  airstream. Twenty-two t r ave r se s ,  eac!~ including 11 da ta  
poin ts ,  were made covering t h e  ve loc i ty  range of 2 t o  1 3  meters per second 
(242 da ta  po in t s ) .  However, i n  comparing t h e  P i t o t - s t a t i c  probe ve loc i ty  with 
the  flow c a l i b r a t o r  veloci ty ,  t h e  P i t o t - s t a t i c  probe v e l o c i t i e s  were averaged 
according t o  Spink ( r e f .  6 )  as follows: 

v1 + v + v ... 
Average veloci ty  = 2 

n 

Tabulated r e s u l t s  a r e  given i n  t a b l e  1. 



Pressure Measurements 

The upstream nozzle pressure was measured with a Heise bourdon tube 
pressure gage having an uncertainty of 0.1 percent of reading. The s t a t i c  
pressure i n  t he  test sec t ion  w a s  measured with a Meriam 15-cm inc l ined  
water manometer. 

The d i f f e r e n t i a l  pressure (AP) across  t h e  P i t o t - s t a t i c  probe was 
measured with an MKS Baratron pressure system employing a capacitance-type 
sensor and having a f u l l  sca le  range of 400 n/m2, a reso lu t ion  of  0.13 n/m2, 
and an uncertainty of 0.2 percent of reading. 

Temperature Measurements 

Temperature w a s  measured with a bare probe iron-constantan thermocouple 
having an uncertainty of 2 0.5 percent of  reading and recorded on a s t r i p  
chart  recorder. 

RESULTS AND DISCUSSION 

Data Analysis 

Tne 25-cm t e s t  sect ion was the  f i r s t  t o  be at tached t o  t h e  flow 
cal ibrator .  A l l  t h e  t e s t s  f o r  t h e  evaluat ion of t h i s  ca l ib ra t ion  technique 
were performed with t h i s  t e s t  sec t ion  and t h e  r e s u l t s  ( t a b l e  1) include t h e  
following: 

1. The ve loc i ty  determined from t h e  flow c a l i b r a t o r  mass flow 
measurements (sonic  nozzle) 

2. The average ve loc i ty  a s  determined by P i t o t - s t a t i c  probe measurements 
without t h e  sensor i n  t h e  airs t ream 

3. The average ve loc i ty  a s  determined by P i t o t - s t a t i c  probe measurements 
with the  sensor i n  t h e  airs t ream 

The difference between t h e  flow c a l i b r a t o r  value and the  unobstructed 
average P i to t - s t a t i c  probe value was 0.81 percent.  

The difference caused by placing t h e  sensor i n  t h e  8.irstream was 
approximately 2 percent (worst csse)  i n  t he  center  of t he  t e s t  sec t ion .  
The average veloci ty  with the  sensor i n  the  airs t ream, and with it out ,  
d i f fe red  by 0.70 percent.  However, s ince  t h e  ve loc i ty  was high i n  t he  
center  of the  t e s t  sec t ion ,  where the  sensors were t e s t ed ,  they were 
subjected t o  s l i g h t l y  higher ve loc i t i e s  than t h a t  ca lcu la ted  from t h e  
mass flow ra t e .  As a r e s u l t  of these  t e s t s ,  it was collcluded t h a t  v e l o c i t i e s  
generated in  t he  25-cm t e s t  sect ion could be determined from t h e  mass flow 
r a t e  measurement wit.h an uncertainty of no grea te r  than 2 percent.  



Tunnel Cal ibrat ions 

A s  a cross  check on t h e  gas flow c a l i b r a t o r  technique, tw low-speed 
ve loc i ty  sensors were ca l ib ra t ed  i n  a 7- x 10-foot low-speed wind tunnel .  
Figures 6 and 7 are p l o t s  showing t h e  r e s u l t s  of  these  ca l ib ra t ions  and a l s o  
the  ca l ib ra t ions  performed on t h e  gas flow ca l ib ra to r .  As can be seen, t h e r e  
i s  c lose  agreement between t h e  two independent ca l ib ra t ions .  The t e s t  values 
a r e  given i n  t a b l e  2. 

The 10-cm and 15-cm t e s t  sec t ions  were ca l ib ra t ed  by using s i x  ve loc i ty  
sensors a s  t r a n s f e r  standards between t h e  gas flow c a l i b r a t o r  and t h e  
7- x 10-foot, low-speed wind tunnel.  While t h e  accuracy of  t h i s  tunnel  i s  not 
prec ise ly  known, tunnel engineers f e e l  it i s  approximately 2 t o  3 percent.  
Data was taken a t  two poin ts ,  13  acl: 413 ni/sec. The same ca l ib ra t ion  technique 
a s  previously described f o r  t h e  gas t'lou c a l i b r a t o r  w a s  used, except t h a t  no 
P i to t - s t a t i c  probe measurements were made. 

The sensors were first t e s t e d  on t h e  gas flow c a l i b r a t o r  ( f i g .  8 )  at 
t h e  two preZetermined airspeeds and subsequently t e s t e d  .*!. t h e  7- x 10-foot 
tunnel. These airspeeds were se lec ted  t o  s u i t  t h e  tunnel  speed c a p a b i l i t i e s .  
Forty m/sec was t h e  top  speed of  t h e  7- x 10-foot low-speed wind tunnel.  
However, t hese  sensors have a f u l l  s ca l e  range of 90 m/sec and were t e s t e d  t o  
t h i s  speed on t h e  gas flow ca l ib ra to r .  Table 3 shows t h e  r e s u l t s  o f  t hese  
t e s t s .  It i s  f e l t  t h a t  t h e  l a r g e r  e r r o r s  a t  t h e  high airspeed8 were due t o  
t he  e f f e c t s  of  d i f f e r en t  ve loc i ty  p r o f i l e s  oc t h e  sensor output and on t h e  
pressure measurements. The sensor os tput  was averaged over 10-second 
in t e rva l s  because of  t he  more unstable airf lows a t  t he  higher ve loc i t i e s .  

CONCLUDING REMARKS 

The discharge port ion of  a gas flow c a l i b r a t o r  was modified t c  
accommodate 2 5 ,  15-, and 10-cm d ime-  .r t e s t  sec t ions  t o  permit ca l ib ra t ion  
of fan-type veloci ty  sensors over t he  range 2 t o  90 m/sec. m e  P i t o t - s t a t i c  
ve loc i ty  measurements i n  t he  t e s t  sec t ions  were v e r i f i e d  by ( 1 )  those 
determined from prec ise  mass flow r a t e  measurements made with t h e  Flow 
ca l ib ra t ion  standard sonin nozzle upstream of  t h e  t e s t  sec t ion  and (2 )  those 
obtained from ca l ibra t ion .  performed i n  a 7- x 10-foot wind tunnel  with 
several  sensors use3 as t r ans fe r  standards.  Results showed t h a t ,  by observing 
t h e  ASME and AGA standards f o r  maintaining smooth flow c h a r a c t e r i s t i c s ,  
veloci ty  sensors could be ca l ibra ted  i n  t he  modified gas flow c a l i b r a t o r  
with an uncertainty of 2.0 percent a t  air speeds t o  15 m/sec and 4 percent 
a t  a i rspeeds t o  90 m/sec. 
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TABLE 1 Tabulated values of velocity i n  a 25-centimeter-diameter 

t e s t  section a t  the following condition;. 

(A)  The velocity based on the mass flow ra te  determined by a sonic 
nozzle l ~ c a t e d  upstream of the t e s t  section. 

(B) The velocity based on averaged Pi tot -s ta t ic  probe measurements 
w i t h  no t e s t  sensor i n  the air-stream. 

(C) The velocity based on averaged Pi tot -s ta t ic  probe measurements 
with a t e s t  sensor located i n  the air-stream. 

VELOCIIY (m/s 1 

a 

DIFFERENCE 

A G B  

0.40 

1.25 

0.66 

0.70 

0.26 

0.10 

0.27 

0.74 

1.41 

1.26 

1.81 

0.81 

(C 

2.411 

3.293 

4.385 

5.212 

6.204 

7.044 

7.702 

8.940 

9.860 

10.792 

12.967 

AVG % DIFF 

(A)  

2.451 

3.355 

4.388 

5.217 

6.228 

7.094 

7.8'21 

9.045 

10.062 

10.990 

13.323 

IN PERCENT 

B G C  

0.46 

0.60 

0.72 

0.80 

0.64 

0.80 

1,26 

0.42 

0.60 

0.54 

0.88 

0.70 

(B) 

2.440 

3.313 

4.417 

5.254 

6.244 

7.101 

7.800 

8.978 

9.920 

10.851 

13.082 



TABLE 2 - Tabulated values of sensor o u t p u t  versus air-speed 

for 2 anemometer type velocity scnsors. 

f 

7 X 10 TUNNEL GAS CALIBRATOR 
SERIAL NO. 

VELOCITY (m/s) OUTPUT (mv) VELOCITY (m/s OUTPW ( m )  

FDV- 2- 2 3.130 82.11 2.394 56.698 
4.608 128.15 3,315 92,941 
6.261 174.17 ' 4.251 120.432 
7.774 214.64 5.121 146.344 
9.391 262.57 6.027 172.510 

10.919 307.77 5.957 198.320 
7.900 223.347 
8.775 248.985 
9.692 274.088 

10.591 301.030 

FDV- 3-2 3.130 72.03 2.411 14.971 
4.608 112.33 3.321 75.358 
6.261 158.11 4.227 101.797 
7.774 198.92 5.145 127.062 
9.391 242.09 5.998 152.658 

I0.919 282.83 6.946 178.054 

I 7.896 202.342 
8.779 226.915 
9.692 250.303 

10.591 274.600 

I 
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TABLE 3 - Calibration results of 6 fan-type velocity 

sensors tested i n  a X10-foot low-speed 

wind tunnel and on a modified gas flow 

calibrator. 

SENSOR 

(S/N) 

1-4 

2- 4 

4- 4 

5- 4 

6- 4 

9- 4 

.r 

. 
SENSOR OUTPUT (m) 

13 m/s 40 mjs 

GAS CAL. 

156 

170 

164 

159 

130 

168 

GAS CAL. 

707 

693 

666 

667 

669 

6% 

7x10 

156 

3 73 

169 

154 

135 

172 

7x10 

712 

717 

706 
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FIGURE 6 Cornparision of tunnel data with that taken on a modified gas flow calibrator. 
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FIGURE 7 Comparison of tunnel data with that taken on a modified gas flow calibrator. 
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