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Resul t s  a re  presented for  the dynamic cal ibra t ion of t e m p e r a t u r e  c o n v e r t e r s  in a liquid 
s t r e a m  using t h e r m a l  he terogenei t ies  produced in the wa te r  by pulses  of in f ra red  radia t ion 
of a neodymium lase r .  

A full descr ip t ion  of the dynamic p rope r t i e s  of a contact  probe measu r ing  the t e m p e r a t u r e  of a non- 
s ta t ionary  p roces s  is given by i ts  t r ansmi s s ion  function [1], for an exper imen ta l  de te rmina t ion  of which 
one mus t  know the fo rm or  spec t rum of the input effect  on the t h e r m o m e t e r .  In connection with the ab-  
sence of a s tandard method of ca l ibra t ion it is  c a r r i ed  out under the conditions which mos t  fully s imulate  
the conditions of employment  of the t h e r m o m e t e r  [1-3]. Thus,  if the t h e r m o m e t e r  is intended for the r e -  
cording of t e m p e r a t u r e  pulsat ions in a moving liquid it is ca l ibra ted  in an analogous s t r e a m  in which a con-  
t ro l l ed  t e m p e r a t u r e : p r o c e s s  is c rea ted  which provides  a known fo rm of input effect.  In the p resen t  r ep o r t  
the input effect  on the t h e r m o m e t e r  is understood to be the space - t ime  t e m p e r a t u r e  dis tr ibut ion calculated 
or measu red  by a s tandard ins t rument  in the region of the s t r e a m  subsequently occupied by the t h e r m o -  
m e t e r .  In such a de te rmina t ion  the input effect  c h a r a c t e r i z e s  the liquid t e m p e r a t u r e  undistorted by the 
p re sence  of the probe and does not take into account the d is tor t ions  in the s t r e a m  dynamics  produced by the 
body of the probe or  the conditions of heat exchange at the sur face  of the probe,  but these fac tors  enter  
into the descr ip t ion  of the t r a n s m i s s i o n  function of the ca l ibra ted  probe.  If the dynamic p rope r t i e s  of the 
probe do not r e m a i n  unchanged during var ia t ions  in the hydrodynamic p a r a m e t e r s  then they can be c h a r a c -  
te r ized  by a family of t r ansmi s s ion  functions each of which is de te rmined  at fixed values  of the pr incipal  
c r i t e r i a  of s imi la r i ty ,  in pa r t i cu la r  the Reynolds ,  Prandt l ,  and Pecle t  numbers .  

The nonsta t ionary control led p roce s s  requi red  for ca l ibra t ion  is organized with the help of a l amina r  
s t r e a m  modulated in t e m p e r a t u r e .  The modulation of the s t r e a m  cons i s t s  in introducing into it dosed 
port ions of energy  de te rmined  by a modulat ing signal.  In this case  the device used for  the s t r e a m  modula-  
tion mus t  not introduce into it hydrodynamic d i s tu rbances .  The energy of the modulat ing signal is  r e -  
s t r ic ted  by the condition of the absence  of convective d is tor t ions  of the s t r e am.  

T h e  leas t  d is tor t ions  a re  observed  in modulation of a s t r e a m  by e lec t romagne t ic  radia t ion of suitable 
wavelength absorbed by the liquid. A p romis ing  method is modulation using the in f ra red  radia t ion of a 
neodymium l a se r  which c r e a t e s  in the liquid a t h e r m a l  m a r k e r  [4, 5] in the fo rm of a local  region of in-  
c r ea sed  t e m p e r a t u r e .  Optical methods are  used for  the visual izat ion of this marker~ shadow methods in 
the p resence  of cons iderable  t e m p e r a t u r e  gradients  in a smal l  volume or  in te r fe rence  methods with smal l  
gradients  occupying a cons iderab le  region of the s t r e a m .  Optical methods a re  contac t less  and ine r t i a l e s s  

a n d  a re  suitable for quanti tat ive t e m p e r a t u r e  m e a s u r e m e n t s ,  and the re fo re  it is evidently feas ible  to use 
them for  the c rea t ion  of a s tandard appara tus  in the dynamic ca l ibra t ion  of contact  t h e r m o m e t e r s .  So that 
the s tandard appara tus  will  m e a s u r e  the t e m p e r a t u r e  at the undistorted s t r e a m ,  the t h e r m o m e t e r  being 
ca l ibra ted  is mounted downs t ream f rom the s tandard appara tus .  Then the input effect  at the t h e r m o m e t e r  
will differ  f rom that measu red  by the s tandard appara tus ,  since the t e m p e r a t u r e  dis tr ibut ion of the modu-  
lated s t r e a m  is a function of the coordinates  and t ime.  The degree  of deformat ion  of the input effect  along 
the s t r e a m  depends on the the rmophys iea l  p rope r t i e s  of  the liquid, the s t r e a m  veloci ty ,  and the dis tance 
f rom the s tandard m e t e r  to that be ing ca l ibra ted  and is cha rac t e r i zed  by the t r a n s m i s s i o n  function which 
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Fig.  1 .  D i a g r a m  of expe r imen ta l  appara tus  for the  
dynamic ca l ib ra t ion  of contact  t h e r m o m e t e r s  in a 
liquid s t r e a m :  1) t h e r m o m e t e r ;  2) hydraul ic  channel  
o r  tank containing liquid; 3) neodymium l a se r ;  4) 
spher ica l  or  cy l indr ica l  focusing lenses;  5) l a s e r  
radia t ion  conve r t e r ;  6) adjusting He--Ne l a se r ;  7) r e -  
cording ins t rument ;  8, 9) s tandard m e a s u m r e n t  appa-  
ra tus ;  10) photoelec t r ic  r eco rd ing  unit; 12) image of 
t h e r m o m e t e r  on sc reen  11; 13) s ignals  in sec t ions  of 
s t r e a m .  

connects  the F o u r i e r  t r a n s f o r m s  of the t e m p e r a t u r e  in the two sec -  
t ions of the s t r e a m .  F r o m  this it follows that in compar ing  the 
read ings  of any two t h e r m o m e t e r s  mounted at d i f ferent  sect ions  of 
a nonsta t ionary  s t r e a m  it is n e c e s s a r y  to allow for  the t r a n s m i s s i o n  
function of the s t r e a m .  

The t r a n s m i s s i o n  function of the s t r e a m  and the spec t r a  of 
the input effect  on the t h e r m o m e t e r  dur ing modulation of a l amina r  
s t r e a m  by l a s e r  radia t ion can be de te rmined  analyt ical ly .  However ,  
to inc rease  the accuracy  of the tes t imony of the contact  t h e r m o -  
m e t e r  it is advisable  to de te rmine  the i r  va lues  exper imenta l ly  at 
the moment  of ca l ibra t ion  of the t e m p e r a t u r e  conve r t e r .  

The method of such ca l ibra t ion  cons is t s  in the following. 
Three  sect ions  A, B, and C dis t r ibuted along the s t r e a m  a re  chosen 
so that the segment  AB = BC = x (F ig .  lb) .  The s t r e a m  is modu-  
lated by a single pulse of radia t ion which c r e a t e s  in the liquid a 
t e m p e r a t u r e  heterogenei ty  moving re la t ive  to the chosen sect ions .  
The t e m p e r a t u r e  dis t r ibut ion in the heterogenei ty  is measu red  in 
each section:  in sec t ions  A and B by the s tandard appara tus  which 
r e c o r d s  the r e su l t  in the fo rm of the functions f(t, 0) and g(t, x), 

Fig.  2. Visual izat ion of liquid r e spec t ive ly ,  and in sect ion C by the t h e r m o m e t e r  being ca l ib ra ted  
flow in hydraulic  chambe r  by the in the fo rm of the function h(t, 2x), which co r r e sponds  to the a v e r -  
TSpler  ins t rument  (a) and in a age value of the t e m p e r a t u r e  dis t r ibut ion.  The spat ia l  scale  of 
convect ive jet  by a Michelson the ave rag ing  is equal to the geome t r i ca l  s ize of the sens ing e l e -  
i n t e r f e r o m e t e r  (b). ment ,  such as the d i a m e t e r  of a thermocouple  junction. The func- 

t ions f(t, 0) and g(t, x) mus t  be obtained with the same scale  of 
averag ing  as the function h(t, 2x). I f  the constancy of the s t r e a m  veloci ty  and the ave rage  t e m p e r a t u r e  of  
the liquid is maintained dur ing the ca l ibra t ion  p r o c e s s  (i. e . ,  dur ing the t ime of t r ave l  of the heterogenei ty  
f rom A to C) then one can a s sume  the equality of the t r a n s m i s s i o n  function of the s t r e a m  in each of the 
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I n t e r f e r o g r a m  of t e m p e r a t u r e  heterogenei ty  (a) and t e m p e r a t u r e  
profi le  es tabl ished f rom it (b). 

\J 
segments :  WAB = WBC. Having de te rmined  the t empera tu re  spec t ra  F(jr G(jcv), and H(jw) at each s ec -  
tion in the fo rm of the Fou r i e r  in tegra l  of f(t, 0), g(t, x), and h(t, 2x), r e spec t ive ly ,  and allowing for the 
i r ter t ia less  nature  of the s tandard appara tus  one can de te rmine  both the t r a n s m i s s i o n  function of the s t r e a m  
in the measu red  segment  and the t r a n s m i s s i o n  function of the t h e r m o m e t e r  being ca l ib ra ted .  Ult imately 
the t r ansmis s ion  function of the t h e r m o m e t e r  was de te rmined  with an e lec t ronic  compute r  f rom the equa-  
tion 

K (ho) = F (ho) H (ho) 
G ~ (j~) 

The cal ibra t ion was ca r r i ed  out on the exper imen ta l  appara tus  whose d i ag ram is  presented  in Fig.  l a ,  
The t h e r m o m e t e r  1, located in the liquid s t r e a m  2, was subjected to the effect  of t e m p e r a t u r e  he te rogene i -  
t ies  produced when the liquid absorbed inf ra red  radia t ion of the neodymium l a s e r  3. The l a s e r  radia t ion 
was focused by the lens4 ,  in the region where the t h e r m o m e t e r  was  located and was detected by the energy 
measu r ing  device 5. The adjustment  of the opt ical  e lements  of sy s t em 1-5 was c a r r i e d  otlt using the He--Ne 
l a s e r  6. The signal  f rom the t h e r m o m e t e r  was r eco rded  by the ins t rument  7 (an osc i l lograph  or  r eco rd ing  
ins t rument) .  The optical  axis of the s tandard appara tus  8 - 9 , w a s  orthogonal  to the l a s e r  beam.  A photo- 
e l ec t r i c  r eco rd ing  unit 10-11, was used to r e co rd  the he te rogenei t ies .  

Two copper -cons tan tan  the rmocouples ,  which had junctions not exceeding 0.3 m m  in d i ame te r  and 
w i r e s  0.08 m m  in d i ame te r ,  were  used success ive ly  as the t h e r m o m e t e r s  ca l ibra ted  in the exper imen t s .  
Both thermocouple  junctions ("cold" and "hot") were  placed in the s t r e a m ,  but the t e m p e r a t u r e  he te ro -  
geneity in terac ted  only with the hot junction. In this  way the constant  component  of the t h e r m o e l e e t r o -  
motive force  was reduced and d i s tu rbances  were  dec reased .  A low-frequency $1-19B osc i l lograph and 
N-327-3  r e c o r d e r  were  used as the r eco rd ing  ins t rument .  

The cal ibra t ion was conducted in f resh  dist i l led water* in a fiat channel 15 • 35 m m  2 in s ize and in 
a convective jet  produced by an e lec t r i c  heater  in a w a t e r  tank of 1 l i ter  capaci ty .  The hydraulic  channel 
and the tank were  equipped with opt ical  windows of K-8 glass .  The s t r e a m  veloci ty  in the hydraulic  chan-  
nel  was regulated in the range  of v = 0-100 c m / s e c  using va lves ,  while in the convect ive jet the veloci ty  
v = 0-2 c m / s e c  was var ied  by the power supplied to the heater  (in F ig .  l a  the veloci ty  vec to r  is d i rec ted  
perpendicu la r  to the plane of the drawing).  The average  wa te r  t e m p e r a t u r e  in the s t r e a m  was 20~ and 
in the convect ive jet 20-40~ 

A neodymium glass  l a s e r  opera t ing  in a mode of f ree  modulation and emit t ing  an energy of about 1 
J in a pulse at the wavelength of 1.06 p in a solid angle of 0.001 s r  was used for the format ion  of t e m p e r a -  
tu re  he terogenei t ies  in the s t r e a m .  The l a se r  opera ted  under conditions of single pulses  or  a s e r i e s  of 
pulses  with a frequency of 2 Hz. The l a se r  radia t ion was focused with g lass  lenses :  a spher ica l  lens with 
a focal dis tance of 0.5 m or  a cyl indr ica l  lens with a focal dis tance of 0.1 m.  In the l a t t e r  case  a plane 
heat  source ,  co r responding  to the theore t ica l  model  in the calcula t ions ,  was  produced in the water .  The 
stabil i ty of the energy of the l a se r  radiat ion f rom flash to f lash was moni tored with a IKT-1M convector  
of the c a l o r i m e t r i c  type. 

*Such wate r  contains the leas t  amount of d issolved gases  and suspended par t i c les  and has the high t r a n s -  
parency  which is  n e c e s s a r y  so that cavi ta t ion does not a r i s e  during its pulsed heating by l a se r  radiat ion.  
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Fig.  4. Cal ibra t ion  c h a r a c t e r i s t i c s  of the rmocoup les  in a con-  
vec t ive  jet  (a) and in a s t r e a m  (b) and t r a n s m i s s i o n  function of 
the s t r e a m  (c). 

The s tandard appara tus  for  the m e a s u r e m e n t  of the t e m p e r a t u r e  pulsat ions contained in terchangeable  
units of a TSpler  ins t rument  with an i l lumination sect ion using an incandescent  lamp and of a Miehelson 
l a s e r  i n t e r f e r o m e t e r .  The s tandard appara tus  was equipped with motion pic ture  equipment  and a unit for 
the photoelec t r ic  r eco rd ing  of the var ia t ion  in i l lumination in the shadow pat te rn  or  the shift  of the bands 
in the in t e r f e rence  pa t te rn .  The photoelect r ic  r e c o r d i n g  unit was  a s sembled  on the Fl~,U-51 photomult i -  
p l i e r  10, in front  of whose cathode was mounted the opaque s c r e e n 1 1 ,  which coincides  with the image plane 
of the shadow or  i n t e r f e rence  pa t te rn  and has two openings whose d i a m e t e r s  a re  equal to the image of the 
d i a m e t e r  of the t h e r m o m e t e r  sensor  on the sc reen  12 (Fig. lb) .  This  achieves  the equality of the spa t ia l  
ave rag ing  of the t e m p e r a t u r e  m e a s u r e m e n t s  of the s tandard appara tus  and the t h e r m o m e t e r  being ca l ibra ted .  
The openings a re  located along the image of the s t r e a m  with the dis tance Mx between the f i r s t  and second 
openings along the s t r e a m  being equal to the dis tance between the t h e r m o m e t e r  image 12, and the second 
opening (Fig. lb) in accordance  with the adopted method of ca l ibra t ion  with r e s p e c t  to the m e a s u r e m e n t s  
of the t e m p e r a t u r e  dis t r ibut ion in th ree  sect ions  of the s t r e a m ,  where  M is the image sca le .  

The movement  of the image of the t e m p e r a t u r e  heterogenei ty  on the s c r een  re la t ive  to the openings 
leads to a red i s t r ibu t ion  of the i l lumination and the amount of light energy  incident on the photocathode, 
and the t e m p e r a t u r e  dis t r ibut ion at the two sect ions  A and t3 of the s t r e a m ,  averaged  by the openings in 
the s c reen ,  is success ive ly  reproduced  at the output of the photomult ipl ier .  Knowing the dis tance between 
the openings and the image sca le  one can s imul taneous ly  de t e rmine  the ave rage  s t r e a m  veloci ty  f rom the 
t ime  in te rva l  between the s ignals .  It  is obvious that the dis tance between the openings mus t  be g r e a t e r  
than the image of the heterogenei ty  on the s c reen .  

The s tandard appara tus  is a lso  designed for the v isual  observa t ion  of the motion of t e m p e r a t u r e  
he te rogene i t i es  during moni tor ing  of the l amina r  s tate  of the s t r e a m .  Photographs  of the shadow pat te rn  
of the liquid flow in the hydraulic  channel v isual ized by pulses  of l a s e r  radia t ion  following with a f requency 
of 2 Hz (a) and an i n t e r f e r o g r a m  of a convect ive  jet  with a t e m p e r a t u r e  heterogenei ty  moving in it (b) a re  
p resen ted  in Fig.  2. In Fig.  2a it is seen that the flow of the s t r e a m  over  the thermocouple  junction has a 
l amina r  na ture .  This  is also indicated by the local  Reynolds number  Re 4 3 ealeulated in the region of the 
junction for a s t r e a m  veloci ty of 1 e r a / s e e .  An example  of an in te r fe rogTam of a he terogenei ty  (a) and the 
t e m p e r a t u r e  prof i le  (b) es tabl i shed f rom it using the well-known equations is p resented  in Fig.  3. The 
photography of the he t e rogene i tywas  conducted 1.5 sec a f te r  i ts  format ion ,  hence the t e m p e r a t u r e  profi le  
is  c lose  to a Gauss ian  dis t r ibut ion with an ampli tude AT = 1.5~ for a half-width of I m m  and a d i spe r s ion  
of 36 m m  2. 

In ca l ib ra t ing  a t h e r m o m e t e r  by such t e m p e r a t u r e  pulsat ions in a s t r e a m  it is impor tan t  to de te rmine  
the effect  of the physica l  p a r a m e t e r s  of the liquid and the dynamic p r o p e r t i e s  of the s t r e a m  on the fo rm of 
the ca l ibra t ion  c h a r a c t e r i s t i c  of the t h e r m o m e t e r .  The op t imum ca l ibra t ion  conditions lead to the degen-  
e ra t ion  of the F o u r i e r  n u m b e r  Fo < 1, while the Pec le t  number  for  wa te r  will be Pe > i so that the heat  
exchange between the medium and the thermocouple  has a convect ive  na ture .  The Prandt l  numbe r  in the 
working t e m p e r a t u r e  range  v a r i e s  in the range  P r  = 4-12 and at 20~ it equals  7. The d imens ion less  heat 
exchange coeff icient  calcula ted f rom these  numbers  is sufficiently smal l  (Nu = 3.2). The Reynolds number  
has the g rea t e s t  effect  on this coeff icient  and consequently on the t r a n s m i s s i o n  function of the t h e r m o m e t e r .  
T h e r e f o r e  in the ca l ib ra t ion  one mus t  de t e rmine  a family of t r a n s m i s s i o n  functions K(jw) = r  Pr ) ,  found 
for d i s c r e t e  values  of P r  and continuous values  of Re ,  if the hydrodynamic  p a r a m e t e r s  va ry  within wide 
l imi t s  under the working conditions of  employment  of the t h e r m o m e t e r .  

The r e su l t s  of the calcula t ions ,  obtained using an e lec t ronic  compute r ,  a re  p resen ted  in Fig.  4 in 
the fo rm of examples  of the ca l ibra t ion  c h a r a c t e r i s t i c s  of two the rmocouples  of equal iner t ia  in s t r e a m s  of 

575 



different  velocity.  The dynamic cha rac t e r i s t i c s  of the  thermocouples  are  given in polar coordinates ,  
where the radius is proport ional  to the amplitude and the angle is proport ional  to the phase. The f i r s t  
thermocouple  (Fig. 4a) was cal ibrated in a convective s t r eam at a heater  power of 1.7 W and a jet  velocity 
of 1.2 c m / s e c  at an average liquid t empera tu re  of 22~ The working frequency range is 0-0.3 Hz, the 
drop in the ampli tude-frequency charac te r i s t i c  s ta r t s  at a frequency o f  0.15 Hz, and it is 20 dB per decade.  
The seeondthermocouple  (Fig. 4b) was cal ibrated in the hydrodynamic channel at a s t r eam velocity of 1.5 
c m / s e c  and an average t empera tu re  of 20~ This thermocouple is less  iner t ia l  (working frequencies  0-1 
Hz) and the drop in the cha rac te r i s t i c  s ta r t s  at a frequency of 0.5 Hz with the same s teepness  as for the 
f i rs t  thermocouple .  The t ransmiss ion  function of the s t r eam on a segment x = 0.35 cm at a velocity of 0.7 
c m / s e c  is presented in Fig.  4c. At this flow velocity the t ransmiss ion  function of the s t r eam is analogous 
to the t ransmiss ion  function of the thermocouple in Fig. 4b but with a smal le r  phase lag. F r o m  this it is 
evident that the t ransmiss ion  function of the s t r eam must  be taken into account in cal ibrat ing the thermo-  
me te r s .  

If a thermocouple cer t i f ied in this way at an average t empera tu re  of 20~ is used in a working t em-  
pera ture  range of 5-40~ the measurement  e r r o r  of this thermocouple  will r each  + 25% because of va r i a -  
tion in the heat exchange coefficient.  The systemat ic  e r r o r  in the cer t i f ica t ion i t se l f  for  cal ibrat ion of a 
thermocouple in a modulated s t r eam reaches  1% for t empera tu re  pulsations with an amplitude of 1~ To 
increase  the accuracy of the cer t i f ica t ion it is necessa ry  to allow for the var ia t ion in the heat exchange 
coefficient  during cal ibrat ion in a modulated s t ream.  More rigid requ i rements  are  set with r e spec t  to 
the constancy of the s t r eam velocity.  A velocity instabili ty of 2~ introduced a systemat ic  cer t i f ica t ion 
e r r o r  Of 1%. 

X 

f(t, 0), g(t, x) 

h(t, 2x) 
WAB, WBC 
F(jw), G(jw), H(jw) 
K(j~) 
AT 
Fo, Pe,  Pr ,  Nu, Re 

NOTATION 

is the distance between sect ions A, B, and C along s t ream;  
are  the t empera tu re  distr ibution functions in heterogeneity r ecorded  by standard 

apparatus st sect ions A and B, respect ively;  
is the t empera tu re  distr ibution function r eco rded  by t h e r m o m e t e r  at section C; 
are  the t r ansmiss ion  functions of s t r eam in segments AB and BC; 
are  t empera tu re  spectra  at sect ions A, B, and C of s t ream,  respect ively;  
is the t ransmiss ion  function of the rmomete r ;  
is the amplitude of t empera tu re  pulsations; 
are  the F o u r i e r ,  Pecle t ,  Prandt l ,  Nusselt ,  and Reynolds numbers .  

lo 
2. 
3. 
4. 
5. 
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