
T m = 1/2(T + Tw) 
m 
n 

% 
~{Tm) 
~{Tm) 

is the effective temperature; 
is the exponent in the additional temperature function (10), (11); 
is the exponent in the Reynolds number (1), (3), (12); 
is the temperature coefficient of the specific electrical resistance; 
is the fluid heat conduction coefficient; 
is the kinematic viscosity coefficient. 
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MANUAL B A L A N C I N G  OF THE T E M P E R A T U R E  E R R O R  

IN C O N S T A N T - T E M P E R A T U R E  T H E R M O A N E M O M E T E R S  

(WITH Z E R O  S E T T I N G  IN AN I M M O V A B L E  M E D I U M )  

I.  Z.  Okun  v UDC 533.6.08(088.8) 

The article presents a comparative analysis and a method of calculating bridge circuits for 
constant-temperature thermoanemometers with manual balancing of the temperature error .  

Thermoanemometers are widely used in investigations o f  mass- t ransfer  processes [1-3], and instru- 
ments that operate on the same principle are also used in gas chromatography [4]. Semiconductor thermistor 
sensors are mechanically stabler than wires,  they have a much higher resistance and resistance temperature 
coefficient (which simplifies the measuring circuits), and they make it possible to measure the linear velocity 
(when the thermistor is bead-shaped). However, automatic balancing of the temperature e r ro r  in thermoane- 
mometers with direct-heating semiconductor sensors is a complicated problem. Yet in many cases the tem- 
perature of the flow t remains practically constant during the time of measurement,  and then much simpler 
thermoanemometers may be used; they have manual balancing of the temperature er ror  effected directly before 
the speed is measured [5-8]. A comparative analysis of the operation of these instruments shows that the 
moP,efficient manual balancing of the temperature e r ro r  can be achieved by constant-temperature thermoane- 
mometers.  

Such thermoanemometers are based on a bridge circuit whose one arm contains a thermistor velocim- 
eter and a f e e~ack  amplifier. The input terminals of the amplifier are connected to the measuring diag- 
onal of the bridge, and the output terminals to the bridge supply diagonal (Fig. 1). By changing the bridge- 
supply voltage, the amplifier maintains the temperature 0 of the meter  and, consequently, also its resistance 

R~0oexp( B B )  0 ~ 3  practically constant, and with specified 1~0" and B, the resistance R ~  and tempera- 

ture e are determined by the resistance values of the bridge arms r0, R1, and R2: 

Agrophysical Research Institute, Leningrad. Translated from Inzhenerno-Fizicheskii Zhurnal, Vol. 38, 
No. 1, pp. 62-70, January, 1980. Original article submitted March 21, 1979. 
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Fig. 1. Ci rcui t s  of c o n s t a n t - t e m p e r a t u r e  t h e r m o a n e m o m -  
e t e r s  with ze ro  se t t ing in an immovable  medium:  1) f eed-  
back amp l i f i e r ;  2) s tabi l ized r e f e r e n c e - v o l t a g e  source ;  3) 
m e a s u r i n g  ins t rument ;  4) po ten t iomete r ;  5) opera t iona l  
ampl i f ie r .  
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(1) 

When the t e m p e r a t u r e s  of the flow t and of the v e l o c i m e t e r  0 change within the range of s e v e r a l  tens of 
d e g r e e s ,  s ca t t e r i ng  coeff icient  H of the v e l o c i m e t e r  in the f i r s t  approximat ion  may  be cons idered  dependent 
sole ly  on the flow veloci ty  v. F r o m  the equation of the heat  balance of the v e l o c i m e t e r  

U 2 

i 2 R  (0) - - H (v)  (0 - -  t) (2) 
R (0) 

the voltage u applied to it can be de te rmined :  

Rt " RI 

Cor responding ly ,  for  the voltage of any a r m  of the br idge ,  and a lso  fo r  the voltage of the bridge supply diag-  
onal, we can obtain an exp re s s ion  with an analogous s t ruc tu r e :  

u s = H  ~ / 2 ( v ) ~  ~ ,  r0,  t . ( 3 )  
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Fig.  2. De te rmina t ion  of the dependence 0 = f(t): a) fo r  c i rcu i t s  I and IV; b) for  c i rcui ts  
I I  and HI; c) fo r  c i rcu i t  V (for I -V,  see  Fig. 1). 

Thus ,  the voltage u i is de te rmined  by the product ion of two co fac to r s ,  one of which depends solely on the flow 
t e m p e r a t u r e  t ,  and the other  solely on its ve loci ty  v,  and this is  a lso  the r ea son  why manual  compensat ion of 
the t e m p e r a t u r e  e r r o r  can be so s imply  effeeted.  The re la t ive  e r r o r  of Speed m e a s u r e m e n t  Av/v,  caused by 
a change .'~t of the flow t e m p e r a t u r e  dur ing the t ime  of m e a s u r e m e n t ,  with 

H (v) = H0 + bv ~ (b, [$ _ const [91), (4) 

I s ,  as  can be eas i ly  shown, equal to 

a__2_v = _ a__Lt H (o) (5) 
v 0 - -  t ~ [ H  (v) - -  Hol 

The p r e sen t  a r t i c l e  examines  only t h e r m o a n e m o m e t e r s  with ze ro  se t t ing in an immovable  medium.  
When s i m i l a r  t h e r m o a n e m o m e t e r s  a r e  used in opera t ions  of t h e r m a l  compensat ion,  the v e l o c i m e t e r  has to be 
p ro tec ted  by a r emovab le  jacke t  agains t  d i r ec t  flow pas t  (v = 0, H(v) = Ho). Af te r  the j acke t  has  at tained the 
t e m p e r a t u r e  of the flow, the voltage ui,  t r a n s m i t t e d  f r o m  the br idge to the m e a s u r i n g  pa r t  of the c i rcu i t ,  is 
compared  with some s tabi l ized r e f e r e n c e  voltage Uo, and by changing the ra t io  of the r e s i s t a n c e s  Rt/R 2 or  the 
magnitude of r 0 in the br idge ,  and the reby  by changing a lso  ui,  it is made to r ema in  constant ,  where  u i - U 0 --- 
0 (operation of " ze ro  set t ing") .  Then (3) 

o ,el ( - ~ z '  re, t = U  o, ~ l  , ro, t - 
"JO 

As soon as ze ro  has been se t ,  the j acke t  is r e m o v e d ,  and without changing the r e s i s t ance  of the bridge a r m s ,  
the ve loci t ies  a re  m e a s u r e d  by m e a s u r i n g  the d i f ference  ul(v ) - U 0 :  

. r[H(v) I~/2 I] 

As mentioned be fo re ,  the m e a s u r i n g  vol tage ui(v) may be the voltage behind any bridge a r m  or  the voltage of 
the bridge- supply diagonal  (in p r inc ip le ,  cu r ren t s  flowing through the bridge a r m s  that a re  propor t iona l  to 
these  vol tages  may a lso  be used for  m e a s u r e m e n t s ) .  

Ci rcu i t s  w i t h V o l t a g e M e a s u r e m e n t  in the B r i d g e A r m .  In c i rcu i t  I (Fig. 1), a change in the ra t io  of the 
r e s i s t a n c e s  o f t h e b r i d g e  a r m s  RI/R 2 s e r v e s  to mainta in  the v e l o c i m e t e r  voltage u 0 constant  when H(v) = H 0. In 
that  case it follows f r o m  the equation of t h e r m a l  balance (2) that  

1 _R20_______L = a ( 0 _ t  ) ( a =  H~176 - - c o n s t ) .  (7) 
(o) R (o) u~ 

A change in the t e m p e r a t u r e  0 of the v e l o c i m e t e r  and in its r e s i s t a n c e  R(#) upon change in t e m p e r a t u r e  of the 
flow t can be de t e rmined  by the graphic  solution of the t ranscenden ta l  equation (7) (Fig. 2a). It  follows f rom 
the f igure  that the t e m p e r a t u r e  0 I n c r e a s e s  m o r e  rapidly  than t and that the superhea t ing  r of the ve loc ime te r  r e l a -  
t ive to the flow changes within wide l imi ts .  This  is a subs tant ia l  shor t coming  of the c i rcu i t  in question be -  
cause if the t e m p e r a t u r e  of the m e t e r  is not to exceed the p e r m i s s i b l e  value ,  e i the r  the range of changes in the 
flow t e m p e r a t u r e  tmin - t m a x  within which the m e a s u r e m e n t s  a re  c a r r i e d  out mus t  be nar rowed down or  
a l so ,  with a flow t e m p e r a t u r e  t = train,  some sma l l  overhea t ing  of the m e t e r  mus t  be to le ra ted ,  but that  
impa i r s  the a c c u r a c y  of the m e a s u r e m e n t s .  
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In c i rcui t  II a change in the rat io Rt/R2 helps,  with H(v) = He, maintain the voltage u i of the res is tance  
r 0 constant (i.e., the cur ren t  i 0 = ui/r  0 through the ve loc imeter  is maintained constant), it follows f rom Eq. (2) 
that  

( Ho - c o n s t )  " (8) (0) = R (O)_ = b (0 - -  t) b = 
R2oo ~oR2oo 

The graphic solution of Eq. (8) (Fig. 2b) shows that in this case ' the tempera ture  0 of the me te r  increases  
more  slowly than the flow tempera tu re  t; consequently,  the range of changes in O is na r rower  than the range 
of changes in t ,  which is an advantage of this c i rcui t  compared with the previous one. 

The initial data for  calculating the bridge c i rcui t  a r e  the range of change in flow tempera ture  tmi n -< 
t -< tma x, the dependence of the t he rmis to r  res i s tance  R (O) on its t empera tu re ,  and the dependence of the 
sca t te r ing  coefficient H on the flow velocity v. If we specify the minimum value v 0 of superheat ing the me te r  
cor responding  to the maximum flow tempera tu re  tma x (with increas ing  t ,  superheat ing r dec reases  mono-  
tonically (Fig. 2b)), we can determine the maximum tempera tu re  of the me te r  0ma x = tma x + r0, the r e s i s -  
tance of the me te r  R(0max), and the cur ren t  i 0 flowing through the me te r  when H(v) = H 0 (2): 

,o= r ,,o.,o ]112. (9) 
LR (Omax) 1 

The optimum value of v 0 is onthe o rde r  of magnitude of some tens of degrees  [10, 11]. (An increase  in T 0 in- 
c r ea ses  the power required by the  bridge c i rcui t ,  speeds up thermal  aging of the me te r ,  increases  its intr in-  
sic convective flow, and this makes measuremen t s  of low veloci t ies  of the medium difficult. Lowering of 70 
impairs  the "noise immunity" of the the rmoanemomete r  [12], i .e. ,  it impairs  the accuracy  of measurements . )  

Then a s t ra ight  line AB has to be drawn through the point 0 = tma x of the axis of absc i s sas  and the point 
R 0 m a x )  of the curve 1R (0) (Fig. 2b), and then the line CD through joint 0 = tmin of the axis of absc i ssas  p a r a l -  
lel to AB (the slope of both s traight  lines is equal to b (8)). The point of intersect ion D of this s t ra ight  line 
with curve R (0) de te rmines  the minimum tempera tu re  O min of the ve loc imeter  and its maximum res i s t ance  
R(0min). If we stipulate the res i s tance  r0, we can determine the voltage u M of the bridge supply diagonal 
cor responding  to the veloci t ies  v = 0 and v = Vma x. Since upon a change of t empera tu re  of the flow t, the c u r -  
rent  i 0 is maintained constant ,  it is obvious that UM is l a rges t  when t = tmin (0 = 0min): 

u~  (v = O, t = train) = [HoTo/R (0maX)] I'/2 [F 0 -+- R (0ml~.l)], (10) 

U3t ([/ = Umax, t = train) = [H  (~Jmax) To/R (0max)] 1/2" [F0 -~ R (0Ilain)]. (11)  

F r o m  the sys tem of equations determining the ra t io  of the res i s tances  of the bridge a r m s  for  two t e m p e r a -  
tures  of the flow (t = tmin,  t = tma x) 

R (0min) - -  /'t -~ ra R (Omax) __ /'i 
, ( 1 2 )  

r0 /'2 

we can determine the rat ios  of the res i s t ances  r J r  2 

rt _ 1 + R(0min)/ro 

r 2 ] + fo/R (0max) 

and, by specifying r2, we can determine r 1 and ra. 

FO r2 @ ra 

and ra/r2" 
r a _ R (0min)/R (0max) - -  1 

y 
r~ ro /R  (0max) + 1 

,' (13) 

In c i rcui t  II, with ze ro  set ,  the a r m  r 0 is not loaded by the measur ing  c i rcui t  because in it the cur ren t  is 
im = (ui - U0)/rm = 0 (r m is the sum of the res i s tances  of the measur ing  instrument  3 and of the source 2 of 
the re fe rence  voltage U0). When the velocity is measured ,  the cur rent  im ~ 0 flows through the measur ing  
c i rcui t  and redis t r ibutes  the cur rents  and voltages in the a r m s  of the bridge circuit.  This causes a t e m p e r a -  
ture e r r o r  Yt of the velocity measu remen t  which, as can be easi ly  proved,  is equal to 

Av re 1 t - -  to 
H t/2~ v rm p 1 2-r/-/(v) ] ' [ c, (o - t) (o - to) (14) 

' L H o J  / 
{here t o is the tempera ture  of the flow upon graduation of the inst rument ;  t ,  flow tempera tu re  at the given 
velocity measurement ;  ~ = B/t 2, absolute res i s t ance  t empera tu re  coefficient of the the rmis to r  at the t e m p e r a -  
ture  t). Circuit  III is free of this shortcoming.  In this case ,  the res i s tance  r 0 of the a rm  is the same as in 
the reg ime of zero  sett ing as well as in velocity measu remen t  (r 0 = r011 r~). 
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Circu i t s  with M e a s u r e m e n t  of the Voltage o f theBr idgeSupp lyDiagona l .  In c i rcui t  IV, constant  voltage 
u M in the bridge supply diagonal with H(v) = H 0 is at tained by changing the r e s i s t ance  r 0. However ,  when u M = 
const ,  the voltage u 0 of the v e l o c i m e t e r  is a lso  constant  (u 0 = uMrt / ( r l  + r2)), like with c i rcui t  I. T h e r e f o r e ,  
c i rcui t  IV has  the s ame  substant ia l  shor t coming  as c i rcui t  I (upon change of flow t e m p e r a t u r e  t ,  superhea t ing  
of the m e t e r  r has  to change within wide l imi t s  (Fig. 2a)),  and it is t he re fo re  r a t h e r  unsuitable for  m e a s u r i n g  
flow ve loc i t i es  in a wide t e m p e r a t u r e  range.  

In c i rcu i t  V,  constant  voltage u M of the supply diagonal ,  with H(v) = H 0, is a t tained by changing the ra t io  
of the r e s i s t a n c e s  R1/R2. The dependences of superhea t ing  of the t h e r m i s t o r  r = 0 - t = fl(t) and of the ra t io  
of r e s i s t a n c e s  R1AR 2 = f2(t) with UM = const  can be de te rmined  by equating the power  l ibe ra ted  in the t h e r m i s t o r  

u~ R (0) 
P = [R(0) + r0l ~'  (15) 

with the power scattered by it 

p .=Ho(O_t )=Ho[  B _ t ]  (16) 
In R (0) ~ B 

R2oo 293 

and taking (1) into account.  The equations thus obtained a r e  t r anscenden ta l ,  and it is  t he re fo re  be t t e r  to d e t e r -  
mine the function T(t) graphically, as shown in Fig. 2c. The point of intersection of the straight line PH = 
H0(0 - t) with the curve p(0) determines the thermistor temperature 0, and consequently also its resistance 
R(0), as well as the superheating r. 

Comparison of the three variants, a) R(O) - r0; b) R(0) -< r0; c) R(0) > r 0, where we put for the sake of 

determinacy that 

r0 ~--- [R (0mill) R (0raax)l t/2, (17) 

shows that  when R(0) > r0, superhea t ing  T of the m e t e r  a l so  i n c r e a s e s  with inc reas ing  t. When R(0) -< r 0, 
superhea t ing  d e c r e a s e s  with i nc r ea s ing  t ,  and when R(0) <> r 0 (the cen te r  sect ion in Fig. 2c),  T changes s l ight ly,  
i . e . ,  the m e t e r  ope ra t e s  in a r e g i m e  of a l m o s t  constant  superheat ing .  

We r equ i r e  that  when the flow t e m p e r a t u r e  changes in the range  tmin  -< t -< tmax ,  the superhea t ing  of 
the v e l o c i m e t e r  be not lower  than the speci f ied  value T0, and with the aid of the re la t ions  (15) and (16) we de -  
t e rmine  the bridge supply vol tage u M = const  (for H(v) = I-I 0 = const) and the m a x i m u m  power  requi red  by i t  

Pmax{I-I0) (here we neglect  the power  s c a t t e r e d  in the r e s i s t o r s  r l ,  r2, and r a ,  a s suming  that  r l + r 2 + r a >> 
RfB) + r0). F o r  the va r i an t s  a)-e)  we obtain,  r e spec t ive ly :  

a) uM(H0) = (i + 1/kl~l)Umin, 

Pmax(Ho) = 1 + k ~ l  P~,~ (kt/~-,); 
kt (k, + ~O 

b) UM(l-I 0) = (1/k2 + 1/~2)Umin, 

c) UM(H 0) = (1_ + 1/~ 3)Umi n 

where  

Pma* (Ho) = (1 + ~ )  Pmtn, 

(18) 

(19) 

~, _-_ [~  (0m,~) 1 ' / '  ( i  = I - - 3 ) ;  
[R (0max) J~ (20) 

k~= I ,[R(Om,~)R(Om~x)],!2 (] = I; 2); 
ro ] 

Pmin  = HoT0 is the m i n i m u m  power  s c a t t e r e d  by the v e l o c i m e t e r ;  Umi n = [I-IoToR (0rain)] 1/2 is the min imum vo l -  
tage of the m e t e r  at  which fulf i l lment  of the condition r --> r o in the en t i re  range  of changes of flow t e m p e r a -  

t u r e s  tmin  -< t -< tmax  is ensured .  
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By stipulating tmi n, tma x,  To, H0, and a number  of values of r0, we can calculate u M and determine 
(e.g., graphical ly ,  as shown in Fig. 2c) the range of t empera ture  changes of the meter  0min - 0max, and 
then calculate f, k, Pmax and compare  the values of u M and Pmax for  the var iants  a)-c).  These ca lcula-  
t ions show that: 

1) it > f3 > f2; 

2) the variant b) (R(0) --< r0) is uneconomical  because it needs higher supply voltage and l a rge r  power of 
the supply source ;  

3) when the flow tempera tu re  changes within the range of severa l  tens of degrees  (~3 = 2-3), power Pmax 
for the var iant  c) is somewhat  lower and the voltage u M somewhat higher than for var iant  a). The difference 
between the compared  values Pmax and u M is smal l  (onthe o rde r  of magnitude of tens of percent).  

Thus,  in required  power and voltage of the supply source ,  var iants  a) and c) are  approximately equal. 
As mentioned above, an advantage of var iant  c) is that for  it the superheat ing of the the rmis to r  relat ive to 
the flow in the entire range of changes of its t empera tu re  t is a lmost  constant and close to the value z 0. 
There fo re ,  there is also only a smal l  change in the intr insic  convective flow of the me te r  whose influence 
(which is substantial  in measuremen t s  of low flow veloci t ies  onthe o rde r  of severa l  cent imeters  per second) 
can be taken into account in graduating a the rmoanemomete r .  

The method of calculating the bridge circui t  for  var iant  c) is simple. When r 0 has a value sat isfying 
relat ion (17), the power p(0) l iberated in the me te r ,  and correspondingly the magnitudes of its superheating 
r = p/H 0 for  0 = 0mi n and 0 = 0ma x are  equal (p(0max) = p(0min) = u~i~3/r0(1 + ~3) 2 = P0), where p(0) >- P0, and, 
consequently,  T(0) >- ~'0 = P0/H0 �9 Thus,  by specifying minimum superheating T 0 near  the boundaries of the 
range 0, we can determine the t empera tu re s  0mi n and 0max, 

.0rain --=- tram + Z0, 0max ---~ tmax + X0, (21) 

the values 1R(0min) , R(0max) , r 0 f rom (17), and ~3, UM, Pmax f rom (18)-(20). The maximum voltage of the 
bridge supply diagonal is equal ((3) and (18)) to 

U~ I (Vmax) = (~I/2 .+. ~-1/2) [H (~)max)T0r0] 1/2 . (22) 

Then f rom sys tem of equations (12) we can determine the rat ios  of the res i s tances  r l / r  2 and ra/r2:  

r--L = 1, r--a = ~ - - 1  (23) 
r2 ?'2 

and, having specified r2, we can calculate rl  and r a. 

Circui ts  Containing an Element  with a Manually Changed T ransmis s ion  Factor .  Two such circui ts  (VI and 
VII) are  i l lus t ra ted in Fig. 1. The voltage t ransmi t ted  f rom the supply diagonal to  the element  with changed 
t r ansmiss ion  fac tor  x is equal to 

The voltage at the output of the e lement  Uou t = UMX is compared with the re fe rence  voltage,  with H(v) = H 0 
(the ve loc imete r  in the jacket) the value • is set such that u~,• = Uo, and hence 

Uo • . . . .  Uo ri [ItoR(O)(O--t)l - ' /2  = q~ (t). (25) 
U.~ r i  + r2 

In velocity measu remen t s ,  the voltage u(v) measured  by ins t rument  3 is equal to 

l[.(v)],,~ } 
u (v) = • (v) - -  U o =U o (J- He J - -  1 = f (v). (26) 

In circuit  VI, the e lement  with var iable  t r ansmiss ion  fac tor  is the potent iometer  4. During ze ro  set t ing,  it is 
not loaded (~tu M - U 0 = 0). However ,  when velocity is measured ,  cur ren t  i m flows in ins t rument  3, loads the 
potent iometer ,  and changes its t r ansmiss ion  fac tor  x(t). Calculations show that the relative e r r o r  of velocity 
measu remen t  thus caused is equal to 

Av (0 _ 2 Pt - -  O~ 

{ ["o ]"21 P,+rm' v lil 1_ ]_ [~_~  ] J 

(27) 
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where (see Fig. 1, VI) Pl = r ' r " / ( r '  + r") for a position of the potentiometer wiper corresponding to the gradua- 
tion temperature t o of the instrument; 02 = r' r"/(r '  + r") for the position of the potentiometer wiper correspond- 
ing to the temperature t in the given velocity measurement,  r m is the sum of resistances of instrument 3 and 
source 2 of the reference voltage. This shortcoming is eliminated in circuit VII, forwhich the current flowing 
through the measuring instrument 3 is equal to 

Uo/FM(o)1 } 
po IL Ho J - - I  " (28)  

In this case, i(v) does not depend on the temperature difference of the flow in measurements and graduation. 

The above analysis shows that circuits of constant-temperature thermoanemometers with zero setting 
in an immovable medium are very simple and may be the basis for designing cheap portable instruments for 
widespread application. The method of calculating them is also simple. A great advantage of these instru- 
ments is that for their unification it suffices to unify the velocity characteristic of the scattering coefficient 
H(v)/H 0 of the thermistors; the spread of their values of resistance,  resistance temperature coefficient, and 
H 0 is not of fundamental importance (this follows from formulas (6), (26), and (28)). 

The e r ro r  of velocity measurement with the above instruments is determined chiefly by the following 
factors: by changes in the temperature of the flow during measurement (see (5)) and of the characteristic 
H(v)/I-I 0 Of the meter in operation (which may be caused by a dirty surface of the meter which impairs heat 
t ransfer  from it); by instability AU 0 of the reference voltage; it follows from (4) and (6) that 

Av 2 AU0 

- =  { +I- - 'o I '-'o 
v [$ I [H(v) J 

t 
0 
R(O) 
r o, ra,  r l ,  
Rl, R2 
v 
H 
Ho, u0 

U0 
T 
70 
UM 
p, P 

is the flow temperature; 
is the velocimeter temperature; 
is the velocimeter resistance; 

N O T A T I O N  

are the resistances of the bridge circuit;  
is the flow velocity; 
is the scattering coefficient of the velocimeter; 
are the scattering coefficient of the velocimeter and its voltage in an immovable medium, 
respectively; 
is the voltage of the stabilized reference voltage source; 
is the superheating of the velocimeter relative to the flow; 
is the minimum value o f t ;  
is the voltage of the bridge supply diagonal; 
are the electric powers in the sensor and in the bridge, respectively. 
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