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The stagnation t empera tu re  is one of the governing pa ramete r s  of a gas s t r eam when one models the 
actual conditions of flow over models in wind tunnels and faci l i t ies .  In a number of shor t -dura t ion facili t ies 
the stagnation t empera tu re  is determined either by calculation f rom indirect measurements  {e.g., the mass  
flow method), or  f rom measurements  in the rece iver  or the fo re -chamber ,  which leads to considerable e r r o r s .  
The well-known methods and instruments  for  measur ing  gas s t r eam tempera ture  [1-4] have for the most  part  
a la rge  thermal  inert ia.  

The present  paper descr ibes  measurement  of the stagnation tempera ture  of a hot gas using a radiat ion- 
ca lor imet r ic  sensor  developed previously for  measur ing  heat flux [5]. The method uses direct  compar ison of 
the gas s t r eam stagnation t empera tu re  with the t empera tu re  of the hot sensitive element of the sensor .  

Descript ion of the Method of Tempera ture  Measurement .  According to the secondlaw of thermodynamics ,  
a body located in the stagnation region of a gas s t r eam is cooled if its t empera tu re  exceeds the gas stagnation 
t empera tu re ,  and is heated if its t empera tu re  is lower than the s t r eam stagnation t empera tu re .  If there  is no 
heat t r ans f e r  one can conclude that the gas stagnation tempera ture  T O and the body tempera tu re  in the s tag-  
nation region a re  the same.  

Ordinarily,  in the measur ing technique one uses the method of success ive  approximations to choose the 
energy level supplied to the thermal  sensor  heater  so that the sensor  readings do not change when it is in t ro-  
duced into the gas s t ream.  This method is t ime-consuming  and does not afford high accuracy ,  since it isl inked 
to a purely empir ical  choice of the sensor  heater  conditions, and requires  s t r ic t  constancy of the measured  
flow pa rame te r s .  By using a dynamic method of determining the t empera tu re  f rom its ra te  of change [6], one 
can reduce the number of in tercompar isons .  

The measur ing  sys tem used in this work is shown in Fig. 1. The sensitive element is the Nichrome foil 
1, positioned perpendicular  to t h e g n s  s t ream,  and mounted on the insulating fixture 2. For  thermal  stability 
reasons  the fixture is made of asbestos  cement.  The foil is heated by means ofa dc e lec t r ic  current  f rom the 
source 3 low-ohm rheostat  4. The windward-side foil t empera tu re  is monitored by recording the infrared (IR) 
radiation using the photomultiplier 5 and the oscil lograph 6. The flexible f iber lightguide 7 re lays  the foil 
radiation out of the wind tunnel working section 8. 
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In the experiments we also used a more  compact construction in which the foil, the lightguide and the 
photomNtipl[er  were  combined in one unit, located in the wind tunnel working chamber (Fig. 2). And here we 
carefully potted the high-voltage photomultiplier circuit  using an epoxy compound to eliminate possible e lec-  
t r ical  microd ischarges  of the gas in the raref ied chamber .  

We used two firings to determine the gas s t r eam stagnation tempera ture  at each tunnel operating condi- 
tion. In each run we previously set up and recorded  the foil heater  t empera tu re  with no flow, and then recorded 
the change in the radiative emission of the foil in the flow. The pre l iminary  foil channel t empera tu re  T i and 
T 2 were chosen to be close to the expected value of the gas stagnation tempera ture  To, and T i ~T 2. 

The dynamic method of t empera tu re  determination used to reduce the osei l lograms obtained was based 
on the use of the heat-balance equation and the empir ica l  dependence of the sensor  signal on the radiation t e m -  
perature  of the sensitive element.  The heat-balance equation for the f o i l - g a s  system,  in accordance  with 
Newton's law of cooling can be wri t ten in the  fo rm of the simple differential equation 

cm(dT/dt)  = --7(T -- To) , 

where c is the heat capacity; m, foil mass ;  T, hea t - t r ans fe r  coefficient; and T, foil t empera tu re .  1~ follows 
f rom this equation that the change in foil t empera tu re  with t ime is exponential 

r -  To = (i~ -- T0)e-~, (1) 

where Tf is the initial foil heater  t empera ture ;  and fl =T/me.  The exponential nature of the reduced dependence 
is confirmed by the actual fo rm of the experimental  osci l lograms of recorded signal. 

We used a type FI~U-62 photomultiplier with an oxide-s i lver  photocathode, sensit ive to radiative wave-  
lengths in the range 0.4-1.2 mm to record  the foil radiation. 

F rom the spectral  sensitivity,  approximated by an appropriate  function, we calculated the sensor  signal 
V (the photomultiplier  current)  as a function of the foil t empera ture  T (analogous to the calculation in [5]). In 
the t empera tu re  range 600-1000~ examined this relat ion can be expressed by the power law V=cons t  T a with 
exponent a ~ 19.4.  The theoretifal  relat ion agrees  sa t is factor i ly  with the tabulated curve shown on a double 
logar i thmic scale in Fig. 4. 

For  the power law and small foil t empera tu re  changes the relat ive sensor  signal change is g r ea t e r  by a 
factor  of a than the relat ive tempera ture  change 

d V / V  --- r (2) 

which ensures  a high sensor  sensit ivity for  a la rge  exponent a .  

I~t  T I be the sensor  foil t empera tu re  in the f i rs t  run and T 2 be the value in the second run. 
ing to Eq. (1), the i r  t ime derivatives have the form . 

dT1/dt = ~(T  o - -  Yl) ,  dT~/dt = ~ ( T o -  T~). (3) 

[n accordance with Eq. (2) we can express  the t ime derivat ives in t e r m s  of the sensor  signal der ivat ives :  

dT~/dt = (T~/aVx)dV~/dt, dT~/dt ---- ( T2/o~V~)dV~/dt. (4) 

Solving the simultaneous sys tem of equations (3) and (4), we find a formula  to determine the stagnation t e m -  
pera ture  

To = T~T~ (k~/k~-- t) 
~r~-- (5) T z 

Then, a cco rd -  

where k i = [ (dVi/dt)llV l, k2[ (dV2/dt)llV2. 

The quantities k 1 and k 2 are  the relat ive or  logar i thmic derivat ives of the sensor  signal. We can measure  
them direct ly  f rom the sensor  signal osc i l lograms .  It can  be seen f rom Eq. (5) that g r ea t e r  accuracy  can be 
attained if the derivat ives k i and k 2 have opposite signs.  This occurs  if the t empera tu re  of the foil pre l iminary  
heater  in the f i rs t  run exceeds the gas t empera tu re  To, and is less  than it in the second run, e . g . , i f  Tl< To< T 2. 

Sensor Calibration.  The above sensor  was calibrated in o rde r  to establish the experimental  relat ion be-  
tween the output signal and the foil heater  t empera tu re  T. In this ease the cal ibrat ion is somewhat complicated.  
Since the foil is very  thin (10-20 #m) one cannot weld a the rmoe lec t r i c  t r ansduce r  to it. The contact of the 
foil with the thermoeouple unavoidably leads to variat ion of the conditions of convective and radiative heat 
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t r ans fe r  with the medium, and causes nonuniformity of the thermal  field of the foil in the contact zone, and 
considerable concomitant drift of the photomultipller signal. For  foil t empera tu res  above 800~ an optical 
pyromete r  was used for the calibration in [5].  At lower t empera tures  one can use an TR tempera tu re  mea-  
surement method, but in these cases  one determines  the brightness t empera tu re  of the body surface.  To find 
the t rue t empera tu re  one must  know an accura te  value of the spectral  emissivi ty  of the body at the given t e m -  
pera ture ,  which is very  often known only approximately.  

[ll what seems a more  reliable method one measures  the spectral  radiative curve of the foil, and f rom 
the maximum of this curve ~max, using the Wien displacement law kmax T =2884 tim "deg one determines  the 
t rue  body surface t empera tu re  T. To conduct this method one requires  ra ther  complex spectral  analysis equip- 
ment in the IR region. 

in our work we used a simple but ra ther  laborious method involving shor t -dura t ion  contact of the t he rmo-  
electr ic  t r ansduce r  hot junction and the sensor  foil, in o rder  to compare  the i r  t empera tu re s .  The measur ing 
scheme of the cal ibrat ion is shown in Fig. 3. The sensor  1 is located in an evacuated volume - a section of 
glass tube pumped down to a p r e s su re  of p ~  5 Pa to  reduce e r r o r s  associated with convection of a i r  around 
the sensing element.  To measure  the foil heater  t empera tu re  we used a C h r o m e l - C o p e l  thermocouple 2 with 
indirect heating, a construct ion proposed by G. E. Pervushin.  The thermocouple was located inside a ce ramic  
tube, and its junction was flattened out and located near  the end of the tube. An e lec t r ica l  spiral  was wound 
around the tube, to ra ise  the junction tempera ture  to the desi red value. The corresponding thermal  emf was 
monitored with a V7-16 digital vol tmeter .  Then we effected a shor t -dura t ion contact of the thermocouple junc- 
tion and the heated foil sensor .  If the thermal  emf decreased we concluded that the foil was colder than the 
thermocouple  junction, and vice versa .  By choosing the spiral  heating we could compare  the thermocouple 
t empera tu re  with that of the foil to an accuracy  of =L15 ~ 

Another type of cal ibrat ion was ca r r i ed  out with the aid of thermal  indicators .  The fusion tempera tures  
of the thermal  indicators were  570 and 640~ respect ively .  

The foil t empera tu res  thus obtained were  set against the corresponding photomultiplier output current  
values.  The resul ts  of the calibration a re  shown in Fig. 4 for  two values of photomultiplier voltage. The cal i -  
brat ion accuracy  is est imated to be ~-15 ~ 

Measurement  of Stagnation Tempera ture .  The measurements  using the above sensor  were ca r r i ed  out 
in a low-densi ty shor t -dura t ion wind tunnel. The tunnel was equipped with an electr ical  ohmic heater .  Two 
or more  success ive  runs were  used for  each measurement ,  s tart ing with the same initial conditions. The 
discrepancy in stagnation p res su re  was no m o r e  than 1%. 

From the test  osc i l lograms we determined the rat io of the sensor  signal derivative at the initial t ime 
of gas stagnation to the original signal without flow {the quantities K 1 and K2). A l so ,  f rom the  no flow signal 
level, using the cal ibrat ion graph, we determined the foil heater  t empera tu res  T 1 and T~. The data obtained 
were substituted into Eq. (5) and the stagnation t empera tu re  T o was calculated. Typical osc[ l lograms are  
shown in Fig. 5. 

Table 1 shows some measured  resul ts  under various conditions in supersonic  flow of nitrogen, argon, 
and carbon dioxide. The resul ts  are compared with the tempera ture  T~ calculated f rom the mass  flow, and 

i with the t empera tu re  T o as measured  with a thermocouple of ordinary  construct ion without a screen,  located 
in the fo r e - chamber  of the wind tunnel, and cer ta inly giving low values. 
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TABLE 1 

T o, K 
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It should be noted that ,  bes ides  e r r o r s  in cal ibrat ion,  one may  meet  an e r r o r ,  difficult to evaluate,  a s s o -  
ciated with inadequate reproducibi l i ty  of the runs  in r ega rd  to s tagnat ion t e m p e r a t u r e .  One could avoid this  
difficulty and make  the T O m e a s u r e m e n t s  in one run,  evidently,  by using two s enso r s  with identical  c h a r a c t e r -  
is t ics  but with different t e m p e r a t u r e s  of preheat ing  of the sens i t ive  e lement .  

The above technique has  good t ime  resolu t ion .  The the rma l  iner t ia  t ime constant of the sens i t ive  e l e -  

ment  of Niehrome foil of th ickness  h = 10 ttm is 

The dynamic e r r o r  in t e m p e r a t u r e  m e a s u r e m e n t  using Eq. (2) can be exp re s sed  in the f o r m  

ATdy , = ~ d r t d t  = O:lo~)(dVldt)T/V 

and does not exceed 0.1~ for  the conditions of the exper iment .  

The r a d i a t i o n - c a l o r i m e t e r  conve r t e r  has the g rea t e s t  sensi t iv i ty  in r ega rd  to t e m p e r a t u r e ,  compared  
with other  known t r a n s d u c e r s  [1]. For  example ,  the sensi t iv i ty  of t h e r m o e l e c t r i c  t r a n s d u c e r s  in measu r ing  
high t e m p e r a t u r e s  does not exceed 0.05 #V/K. The sensi t iv i ty  of the r e s i s t ance  t h e r m o m e t e r  at a r e f e r ence  
voltage of U0=IV and a t e m p e r a t u r e  coefficient  o f  r e s i s t ance  of a t --'0.004 1/K is 4 #V/K. The sensi t iv i ty  of 
our sensor  at T =800~ is dV/dt = a V / t ~ 2 5  #V/K, can be increased  by technical  improvemen t s .  

The author  thanks V~ A. Gorelov and A. S. Korolev for  useful d i scuss ions .  
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