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m the e l ec t r i c a l  r e s i s t a n c e  of the foil;  
m the a r e a ;  
is the r e s i s t a n c e  t e m p e r a t u r e  coeff icient ;  
m the h e a t - t r a n s f e r  coeff icient  f r o m  the su r face  to the fluidized b e d ;  
m the spec i f ic  heat  flux; 
m the par t i c le  d i a m e t e r ;  
m the t ime.  

L I T E R A T U R E  C I T E D  

1. A. P. Baskakov,  B. V. B e r g ,  A. F. Ryzhkov,  et  a l . ,  P r o c e s s e s  of Heat  and Mass  T r a n s f e r  in Fluidized 
Beds [in Russ ian] ,  Meta l lu rg iya ,  Moscow {1978). 

2. I . L .  Povkh,  Aerodynamic  E x p e r i m e n t s  in Engineer ing  [in Russ ian] ,  Mashinos t roenie ,  Leningrad 
(i 974). 

3. I. Kidron, IEEE Trans. Instr. Meas., IM-15, No. 3 (1966). 
4. B.J .  Von Bellhouse and C. G. Rasmussen, DISA Information, No. 6 (1968). 
5. A.V. Lykov, Theory of Heat Conductivity [in Russian], Vysshaya Shkola, Moscow (1967). 
6. V . N .  Fadeev and N. N. T e r e n t ' e v ,  Tab les  of the Probabi l i ty  In tegra ls  of a Complex Argumen t  [in 

Russ ian] ,  Gostekhizdat ,  Moscow (1954). 
7. O . M .  Todes ,  I n z h . - F i z .  Zh. ,  ~ No. 4 (1976). 
8. N . V .  Antonishin,  I n z h . - F i z .  Zh. ,  6, No. 5 (1963). 
9. N . V .  Antonishin and S. S. Zabrodsk i i ,  in: Heat  and Mass  T r a n s f e r  [in Russ ian] ,  Vol. 5, Energ iya ,  

Moscow - Leningrad  (1966). 
10. A . G .  Shashkov, I n z h . - F i z .  Zh. ,  6,  No. 9 (1963). 

I N F L U E N C E  O F  T H E  I N C O M P R E S S I B L E  S T R E A M  

T E M P E R A T U R E  ON C O O L I N G  O F  A H O T  W I R E  

P .  I o n a  s h  UDC 533.6.08 

Resu l t s  a re  p resen ted  of an expe r imen ta l  invest igat ion of the cooling of the hot wi re  of a 
t h e r m o a n e m o m e t e r  in an a i r  s t r e a m  for  di f ferent  wire  and flow t e m p e r a t u r e s .  

It  is known that the r e su l t s  of m e a s u r i n g  flow c h a r a c t e r i s t i c s  by a hot wi re  t h e r m o a n e m o m e t e r  contain 
s y s t e m a t i c  e r r o r s  if the s t r e a m  t e m p e r a t u r e  changes dur ing the expe r imen t ,  a lbei t  s lowly,  and di f fers  con-  
s ide rab ly  f r o m  the t e m p e r a t u r e  at which the s e n s o r  was cal ibrated.  To achieve a m e a s u r e m e n t  accu racy  
under  non i so the rmal  conditions which is close to the accu racy  usual ly  achievable  in an i so the rma l  flow, it is 
n e c e s s a r y  to ref ine how the heat  f r o m  the wi re  is e l imina ted  as a function of the s t r e a m  veloci ty  and t e m -  
p e r a t u r e  and of the wi re  t e m p e r a t u r e .  

A number  of pape r s  [1-12] has  b e e n  devoted to this p rob lem in recen t  y e a r s .  E m p i r i c a l  f o rmu la s  
desc r ib ing  the cooling of the hot wi re  in a non i so the rmal  flow which have been proposed  by di f ferent  authors  
d i f fer  s ignif icant ly among  themse lves .  In d i scuss ing  the i r  re l iabi l i ty  it is n e c e s s a r y  to s t a r t  f r o m  the fact  
that under  i so the rma l  conditions these fo rm u la s  should go over  into those ver i f ied  well ,  e. g . ,  into the m o s t  
exact  cooling law [5]: 

Nu = G(T, T~)[A + BRen], (1) 

a ( r ,  Tw) . (2) 

A detai led study [8] showed that  the best  ca l ibra t ion  approx imat ion  is obtained for  the w i r e s  of the t h e r -  
m o a n e m o m e t e r  s ens o r  types  usual ly  used  when the coeff icients  A and B and the exponent n a r e  de te rmined  

P r a g u e ,  Czechoslovakia .  T rans l a t ed  f r o m  Inzhene rno-F iz i chesk i i  Zhurnal ,  Vol. 38, No. 1, pp .  55-61,  
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Fig. 1. Diagram of the exper imenta l  apparatus :  1) 
heater ;  2) drying agent (SiOz); 3) dust f i l ter ;  4) wind tun- 
nel (DISA 55A 60); 5 ) m i c r o a n e m o m e t e r  (BETTs 

type). 

separa te ly  fo r  each probe.  A prolonged tes t  conf i rmed that the mean flow veloci ty  can the re fo re  be m e a -  
sured  with a re la t ive  probable  e r r o r  of f rom 0. 5 to 1% for  smal l  changes in the s t r e am  t empera tu re  (from 
5 to 8~ Hence,  the re  resu l t s  f r om an analysis  of the empi r i ca l  fo rmulas  in [1, 2, 5, 6, 10] ,descr ib ing the  
wire  cooling law and in which the exponent of the Reynolds number  is given in advance,  that they are  less  

a c c u r a t e  than those formulas  in which the exponent of the Reynolds number  is set  up individually by ca l ib ra -  
tion. 

According to [10], the cooling law is descr ibed  by (2) with an unknown additional t empera tu re  function 
G(T, Tw). It can be obtained f rom the cooling law fo r  the s enso r  being studied, r ep re sen t ed  in the fo rm 

Y = a (r ,  rw) K,+ Ks u j ,  

where  the var iab le  Y is defined as the ra t io  between the e l ec t r i ca l  cu r r en t  intensity Qw needed to heat  the 
wire  to a constant  t empera tu re  T w  and the di f ference between the wire  T w and fluid T t empera tu re s  mul t i -  
plied by the t empera tu re  dependence of the fluid heat  conduction coefficient  X: 

y =  Qw 
(T= - -  T) (TJ273) ~ �9 (4) 

The heat  conductivity ~ and the kinematic  v iscos i ty  v in the Nusse l t  and Reynolds numbers  in [5] a re  taken at 
the effect ive wi re  t empera tu re  

I (T + Tw). (5) T .  = ~ -  

For  a dry  a i r  flow it ~ is assumed that 

H ( T m  ~-1.z5 
Z/~o = (Tm/273) ~ vo/v = ~ ~ 273 ] (6) 

The wi re  parameters (Length l and d iameter  d) are d i f f icu l t  to measure and the fundamental physical constants 
~'0 and v 0 of the fluid a re  included in formula  (3), o f tenused  in the cal ibrat ion:  

Kt= nl~A; K9 = ~I~%B (d/v0)n; K~ = Ks (H/Ho) n. (7) 

Evident ly,  the function 

r = (Kl)1 + (K~b U" (8) 

desc r ibes  cooling of a wi re  having the constant t empera tu re  T w = (Tw)t by a flow with the veloci ty U and the 
constant t e mpe ra tu r e  T = 0:)t. Stat is t ical  e s t imates  can be found for  the exponent n and the coefficients  

(Kl)i = KiC1; (K'~)1 == K~Gz (Tm/273)T 1.75n (9) 

f r om the veloci ty cal ibrat ion.  The additional t em p e ra tu r e  function 

Z _  O (r ,  T~) = Qw (10) 
T~ 0.ST (K'" [T~ \-1.75,Un ] ' 
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TABLE 1. Fundamental  Sensor P a r a m e t e r s  

material 

a o  
i: 

Probe 

number 

101" 
I02" 
151" 
152 
201" 
301" 
302 
151--W* 
202--W* 

IOI--P 
102--P* 
152--P 
201 --P 

l id 

200 
180 
290 
290 
390 
600 
580 

1170 
1170 

240 
230 
350 
480 

RO, 

1,8422 
1,450s 
1,2552 �9 
2,2208 
3.3158 
4,9445 
4,932~ 
9,760 
9,817 

2,4604 
2,723 a 
3,902 
5,366, 

108%.i 

3,33 
3,50 
3,42 
3,49 
3,45 
3,43 
3,66 
3,446 
3,52 

4,12 
4,24 
4,13 
4,18 

K-1 

Fig.  2. D iagram of the shape 
of the probe housing and funda-  
mental  dimensions.  

in which the values of the coefficients (KI) I and (K~)I, the exponent n, andthe effective tempera ture  Tmi  have 
the same magnitude that was descr ibed above, can be determined by means  of measuremen t s  of the heat 
t r ans fe r  f rom the hot wire in a s t r eam for  a rb i t r a r i ly  selected combinations of the velocity U and the t e m p e r a -  
tu res  T and T w. 

Exper iments  to determine the additional function were pe r fo rmed  on the apparatus shown in Fig. 1. 
Atmospher ic  air  was heated (to 3-kW intensity), passed through a l ayer  of silica gel and a dust f i l ter ,  and then 
sent to the smal l  cal ibrat ing wind tunnel of the f i rm DISA (of the type 55A 60). The apparatus is completely 
heat insulated. 

P robes  with a hot wire placed perpendicular ly  to the flow direct ion were  fastened in the measur ing  
section. The fundamental probe data are  presented in Table 1 and Fig. 2. All the sensor s  were  fabricated 
at the Institute of Thermomechan ics  of the Czech SAN and differed only in their  geometr ic  dimensions (the 
a s t e r i s k  in Table 1 denotes sensor s  with which the complete p rog ram of the exper iments  was performed).  

The probe wires  were  connected in the circui t  of a type 55MO1 the rmoanemomete r  of the f i rm DISA. 
The block d iagram of the ins t ruments  is shown in Fig. 3. The a i r  flow tempera ture  was determined by the 
the rmoanemomete r  sensor  operat ing in the res i s tance  the rmomete r  mode. The res i s tance  was measured  by 
the the rmoanemomete r  res i s tance  bridge,  or  the more  accura te  ~rheatstone bridge for  different e lec t r ica l  
cu r ren t s  and with extrapolat ion to zero  current .  

Cooling of the hot wire  of each senso r  was studied as a function of the p a r a m e t e r s :  the t empera tu re  of 
the wire  T w and the flow tempera ture  T and velocity U. The accuracy  of measur ing  these p a r a m e t e r s  and 
the e lec t r ica l  voltage E at the output of the the rmoanemomete r  is presented in Table 2, inwhich the ranges 
or values of tile pa rame te r s  are  also indicated. The sequences of five values of the s t r eam tempera ture  for  
each given flow velocity were distinguished as a function of the probe type and the flow velocity" selected. 
However ,  the difference between the minimal  and maximal  t empera tures  T was always not less than 60~ 
for  a given velocity.  

Five typical graphs of the function Z determined by using (10) are  shown in Fig. 4. The fo rms  of the de-  
pendence of the function Z on the rat io between the effective t empera tu re  T m and the s t r eam tempera ture  T 
show that it is convenient to approximate the function Z by the power law 

Z =  G(T, Tw) ~ c  [Trn ~ --in. 
(11) 

Gt 
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TABLE 2. E s t i m a t e s  of M e a s u r e m e n t  Accuracy  and Range 
or  Scales  of the Fundamenta l  Quant i t ies  

�9 Quanti~ Probable e~or of scales (rangr of 
measurement para metexs 

s 
U 
T 
Tw 
Tm 

-~3 mV 
-T-0.05 m/sec 
~ o.1 ~ 

0.1 ~ 
~-0,2 ~ 

10, 20, 30, 40.50 m/scc 
275--360 ~ 

(300+k.50):K k=0, l . . . . .  5 
(300+k.25~'K /~=0,1 . . . . .  4 

[81 

Fig. 3. Block d i a g r a m  of the ins t rumen t s :  1) t h e r -  
m o a n e m o m e t e r  (DISA 55MO1); 2) in t eg ra to r ;  3) dc 
digital  v o l t m e t e r  (lVI~TRA MT 100); 4) r m s  vo l t -  
m e t e r  (DISA 55D35); 5) osc i l loscope  (TESLA BM 
463); 6 )Wheats tone  br idge (Honeywell). 

The s y s t e m a t i c  sp r ead  in the points m e a s u r e d  for  di f ferent  s t r e a m  t e m p e r a t u r e s  is seen c lea r ly  (the sca les  
of the s t r e a m  t e m p e r a t u r e s  a r e  not identical  fo r  the d i f ferent  p r o b e s ,  but a r e  a lways in the range  275-360~ 
The sp read  will  be the g r e a t e r ,  the s m a l l e r  the elongation of the hot wire .  The probable  r e a s o n  for  the 
appearance  of this effect  can be explained by the fact  that  the s t r e a m  t e m p e r a t u r e  T p lays  a m o r e  significant  
p a r t  in de t e rmin ing  the effect ive wi re  t e m p e r a t u r e  T m than does the t e m p e r a t u r e  of the wi re  Tw. This  fact  
will  be the m o r e  defini te ,  the s m a l l e r  the wi re  elongation.  Bradbury  and Cas t ro  [3] a r r i v e d  a t  the same  con-  
clusion when they analyzed the i r  m e a s u r e m e n t s  of the at tenuation of the t e m p e r a t u r e  of a pu l se -hea ted  wire .  
Ana lys i s  of the m e a s u r e m e n t  r e s u l t s  f r o m  this viewpoint  m u s t  be continued. Let  us note that  the sy s t ema t i c  
e r r o r s  in calcula t ing the values  of the function Z b y m e a n s  of (10) a r e  neglected in e s t ima t ing  the r e su l t s  of the 
m e a s u r e m e n t s  fo r  all  m e a s u r e m e n t s  in which the ra t io  between the effect ive t e m p e r a t u r e  and the s t r e a m  t e m -  
pe r a tu r e  is g r e a t e r  than 1.05. The calculat ions w e r e  p r o c e s s e d  by the leas t  squa res  method. 

S ta t i s t i ca l  e s t i m a t e s  of the exponents  m and n in the genera l ized  cooling law for  a hot wi re  t h e r m o -  
a n e m o m e t e r  a r e  r e p r e s e n t e d  in Fig.  5: 

Nu (r,n/T) m = A + B Re n. (12) 

At the same  t i m e ,  as the exponent n on the number  Re approaches  the value 0.45 re la t ive ly  rapidly with the 
inc rease  in the wi re  length accord ing  to Collis and Wi l l i ams  [5], the exponent m of the additional t e m p e r a t u r e  
function is lowered m o r e  slowly with the inc rease  in length and even has  a sign opposite to the sign of the ex -  
ponent on the function accord ing  to Coll is  and Wi l l i ams .  

The re la t ive  r m s  e r r o r  a is de te rmined  on the bas is  of the re la t ive  deviat ions 
u, - u ;  

~ '  = u ,  ' 
? 

where  U i (i = 1, 2 . . . .  ) is the m e a s u r e d  flow veloci ty  at  the t e m p e r a t u r e s  T i and Twi,  and U i is the value of 
the veloci ty  calculated on the bas is  of the fo rmula  der ived  f r o m  (3), (4), and (11): 
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Fig. 4. Examples  of the dependence of the additional t e m p e r a t u r e  func-  
tion Z on the ra t io  between the effect ive t e m p e r a t u r e  T m and the s t r e a m  
t e m p e r a t u r e  T:  1) p robe  No. 101; 2) No. 151; 3) No. 201; 4) No. 301; 5) 
No. 151-Wl s t r e a m  t e m p e r a t u r e  sca le  T 1 < T 2 < ... < T s to which the points  
I ( r  1 �9 T2), II(r3),  rrr{T4}, IV{Ts) co r r e spond  (the open points co r respond  to 
a 20 m / s e c  veloci ty,  and the dashes  to 50 m / s e c ) .  

Fig. 5. Stat is t ical  e s t i m a t e s  of the exponents  m and n of the cooling 
law (12) (a is the r m s  re la t ive  e r r o r  of interpolat ion of the flow speeds  
m e a s u r e d  b y u s i n g  (12)): 1) w i re ;  2) wi re  with Pt f i lm;  3) Koch and G a r t -  
shore  m e a s u r e m e n t  [10]; 4) Coll is  and Wil l iams  data [5]. 

He re  K1, K2, m ,  and n a re  e m p i r i c a l  coeff icients  and exponents.  The e r r o r  ~r does not exceed 0.02, which 
conf i rms  the sa t i s f ac to ry  approximat ion  of the additional t e m p e r a t u r e  function. 

T h e r e  follows f r o m  the invest igat ion of the cooling of the t h e r m o a n e m o m e t e r  wire  hea ted to  a t e m p e r a -  
ture  f r o m  300 to 550~ in a dry  a i r  flow whose t e m p e r a t u r e  v a r i e s  in the 275-350~ range that:  

1) The influence of changes in these t e m p e r a t u r e s  on cooling of the wire  can be taken into account  with 
a mean  re la t ive  accu racy  of about 2% by using the genera l ized  C o l l i s - W i l l i a m s  cooling law (12). The coef f i -  
cients  A, B and the exponents m ,  n depend on the s epa ra t e  p r o p e r t i e s  of each probe  (mater ia l ,  elongation of 
the w i r e ,  e tc . ) ,  and hence the i r  values  mus t  be de te rmined  by cal ibra t ion;  

2) If a mode ra t e  reduct ion in accu racy  (0.5-170) is a l lowable ,  then the exponent m can be de te rmined  by 
cal ibra t ion in an i so the rma l  s t r e a m  just  by changing the hot wi re  t e m p e r a t u r e .  

A , B  
G 
H 
K1, K2 
Nu 
R0 
R w = Re(1 + 
C~e {Tw-273}) 
Re 
T 

N O T A T I O N  

are  the coefficients  of the wi re  cooling laws (1), (11); 
is the additional t e m p e r a t u r e  function; 
is the stagnation s t r e a m  p r e s s u r e ;  
a r e  the coeff icients  of the wi re  cooling law e x p r e s s e d  in the f o r m  (3); 
is the Nusse l t  number ;  
is the e l e c t r i c a l  r e s i s t a n c e  of the wire  at the thawing point of ice ,  T o = 273~ 

is the e l ec t r i c a l  r e s i s t a n c e  of the wire  heated to the t e m p e r a t u r e  Tw; 
is the Reynolds  number ;  
is the s t r e a m  stagnat ion t e m p e r a t u r e ;  
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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: 
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