
A S T U D Y  OF T E M P E R A T U R E  F L U C T U A T I O N S  IN 

P L A T E  S P E C I M E N  H E A T E D  W I T H  A L T E R N A T I N G  

OR P U L S A T I N G  E L E C T R I C  C U R R E N T  

D.  F .  B o z h k o ,  V.  D.  D a r a g a n ,  
A .  N.  K o l e s n i c h e n k o ,  E .  I .  M o l o d y k h ,  
a n d  A .  V.  P u s t o g a r o v  

A 

UDC 537.321 

Calculations are  shown of t empera ture  fluctuations in a plate specimen heated with a l te rna t -  
ing or  pulsating e lec t r ic  cur ren t .  The resul ts  are  compared  with measuremen t s  of t empera -  
lure fluctuations in the fi lament of a hea t ing  lamp and in a specimen of z i rconium carbide.  

For  studying the thermal  cha rac t e r i s t i c s  and the s trength cha rac te r i s t i c s  of s t ruc tura l  components 
with internal heat generat ion,  one uses  now e lec t ro the rmal  ins t ruments  operat ing on the principle of r e -  
sist ive heating with indus t r ia l - f requency al ternat ing current .  The resul t ing thermal  flux pulsations can 
cause appreciable  tempera ture  fluctuations in a test  s t ruc ture .  This is especial ly  important  in the case 
of re f rac t ive  mate r i a l s  subjected to ex t reme tempera tu res .  

Let  us calculate the tempera ture  fluctuations in a lengthwise and widthwise i so thermal  plate con-  
taining an internal  heat source  which var ies  a rb i t r a r i ly  with t ime. At small  ampli tudes v of the t empera -  
lure fluctuations (v/T << 1) in a thin plate,  we may d i s regard  the tempera ture-dependence  of the the rmo-  
physical  p roper t i es  of the plate mater ia l .  Then the var ia t ion of the tempera ture  with time and ac ros s  the 
plate thickness will be found by solving the equation of heat conduction 

OT ~ OZT + qo (t). (1) 
c'r O--t = Ox"- 

The initial and boundary conditions are  

t = 0  T=T, , ;  (2) 

x = O  ~ :-o; (3) 
Ox 

x =  - - ;  , - - a - -  - t - -  t - -  (4) 
2 Ox ~ 2 '  ' " 

Radia t ive-convec t ive  heat t r ans fe r  is a s sumed  to occur  outside the plate. The heat t ransfer  coefficient 
a and the tempera ture  of the surrounding gas T G are  assumed  constant.  

Equation (1), with the bonditions (2)-(4), was solved by the method of grids [1]. 
cal implicit  scheme on a rec tangular  grid.  

After  approximation,  we obtained the following sys tem of algebraic  equations: 
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We used the c l a s s i -  

h --~T T.~+I+2 (_~'r -~-2-~,c'f Tin+t+ "-~ T~++11 q.(m~)L eyZ T~, 

T l = T o ,  tn=:O, 1, . . . ,  co; n = : l ,  2 . . . . .  N - - l ,  

/ hen ~h "~ 1 
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Fig. 1. Fluctuations of the cu r ren t  (I, A) and the tempera ture  (T, 
~ of a tungsten fi lament,  with time (t, sec) in a lamp energized 
with (a) a l ternat ing cur ren t  or  (b) pulsating current ;  curves  r e p r e -  
sent calculated v a l u e s .  T = 2643~ 

System (5) was solved by the elimination method [2]: 

T,~ ---- L,~T,~+I -k K,~, 

where coefficients L n, K n had been defined in [2] and T N was found f rom the solution to the following s y s -  

tem of a lgebraic  equations: 

TN--I : LN--I TN -]- KN--I, 
/ hen ah " 

T N =  IT~v-1 - - - -~  T4~'-}- --~ T6 ) ah " 
1-}- - -  

System (6) yielded a four th-degree  a lgebraic  equation 

which was then solved by the method of secants. 

(6) 

ah y TG=0, 

In o rde r  to ver i fy  this method of computing the tempera ture  fluctuations, we have pe r fo rmed  exper i -  
ments  in measur ing  the tempera ture  fluctuations in a model SI-10-300 heating lamp. Not only was such an 
experiment  simple,  but the tungsten f i lament could also be rel iably regarded  as a plate specimen (20 x 2.77 

• 0.04 mm} with known and stable thermophysica l  p roper t i es .  

The heating lamp was energized f rom an ac network through a step-down t r ans fo rmer .  The fi lament 
tempera ture  was regulated by means  of a model RNO-250-2 au to t rans fo rmer .  The tamp cur ren t  was mea-  
sured with a model D553 a m m e t e r  of c lass  0.2. The fluctuations in the lamp br ightness  were measured  
with a specia l -purpose  photoelect r ic  conver te r  and r eco rded  on the screen of a model S1-17 osci l lograph.  
A signal propor t ional  to the f i lament  cur rent ,  i . e . ,  var ia t ions  of the fi lament cur ren t  and of the lamp br igh t -  
ness  with t ime, were also r ecorded  on the same sc reen  so as  not to d is tor t  their phase relat ion.  The 
br ightness  fluctuations were then converted into tempera ture  fluctuations according to the formula 

AT ~- ~aT2 AB 
C~ S 

on the bas is  of Wien's  law. The mean fi lament tempera ture  was measured  with a model l~OP-51 optical 
py rome te r .  Br ightness  tempera ture  was then converted into true tempera ture  with the aid of the relat ion 
derived on the bas is  of the variabi l i ty  of monochromat ic  emiss iv i ty  with tempera ture  and taking into account  
the absorpt ion of radiant  energy in the sighting window of the lamp. 

The tempera ture  fluctuations and the phase shift were measured  over the 1600-2400~ range of 

br ightness  t empera tu re s .  

The test  resul ts  a re  shown in Fig.  la ,  b. The effects of a r i s ing mean fi lament temperature  on the 
amplitude of t empera ture  fluctuations and on the phase shift a re  shown in Fig. 2, along with calculated 

t empera tu re  fluctuations.  
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Fig. 2. Amplitude of t empera ture  fluctuations ~ (~ and phase shift A~o (see) 
as functions of the mean fi lament t empera ture  T (~ in a lamp energized with 
(1) a l ternat ing cu r ren t  or  (2) pulsating current .  

Fig.  3. Amplitude of t empera ture  fluctuations (~, ~ in a plate specimen of 
z i rconium carbide,  as a function of the mean tempera ture  (T, ~ when heated 
with (1) al ternat ing cur ren t  or  (2) pulsating current ;  dashed line r ep resen t s  
calculat ions for  a l ternat ing cur ren t .  

Since the f i lament  enclosure  was 60 mm in d iameter ,  it was possible to roughly est imate  the convec-  
tive dissipation of heat f rom the f i lament by assuming here  natural  convection in a volume. According to 
such an es t imate  made by a well-known method [3], at f i lament t empera tu res  above 1600~ the convective 
heat  t r ans fe r  amounts to less  than 10% of the radiat ive heat t ransfer .  As the tempera ture  r i ses ,  the con- 
tribution of convection to the overal l  heat  balance dec reases  fast  and may be d i s regarded  in any calculation 
of tempera ture  fluctuations.  

When a lamp is energized with cur ren t  at  industrial  frequency,  then the internal  heat generation 
var ies  with time according  to 

1 l~( t  ) 9. (7) 
qo (t) '~- F- ~ 

The instantaneous cu r r en t  is 

and the rms  cu r ren t  

de te rmines  the mean fi lament t empera ture ,  
pe ra tu re  To: 

(2. / t(t) = G. .  ~i, ~ t . .  (8) 

1 

�9 i ~ - . 

which, 

(9) 

to the f i r s t  approximation,  is taken as the initial tern- 

To = eaab (a-4- b) " 

Since e and p a re  known functions of the tempera ture ,  hence T O can be calculated according to Eq. (10) by 
the i terat ion method for  any given value of I rms .  

Thus, when the value of I rm s is given, express ions  (7)-(9) yield the law according to which the heat 
generat ion var ies  with time, while the initial value T O is de termined f rom express ion  (10). In our ca lcu-  
lations of t empera ture  fluctuations,  the values of all thermophysica l  p roper t i e s  of the mater ia l  are  r e -  
f e r r ed  to T o . 

It is to be noted that the resu l t s  of calculat ions will be as accura te  as the value given for the initial 
t empera ture ;  Thus, if the initial t empera ture  is specified with an e r r o r  within :~100~ then the regular  
heating mode will be reached within 15-20 i terat ion cycles .  

This numer ica l  method of calculation was used for  determining the var ia t ion of t empera ture  with 
time as well as the amplitude of t empera tu re  fluctuations $. F r o m  the known variat ion of cu r ren t  with 
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t ime  and the resu l t ing  t e m p e r a t u r e  var ia t ion ,  we then de te rmined  the phase  shift  A~0 between c u r r e n t  and 
t e m p e r a t u r e .  The calcula t ions  were  made on an M-20 digital  compute r .  The deviat ion of t es t  points  f r o m  
calcula ted va lues  was not in excess  of 7-8%. 

When the l amp was ene rg ized  with pulsa t ing cu r ren t ,  the ampli tude of t e m p e r a t u r e  f luctuations in-  
c r e a s e d  by a f ac to r  of 3 and the phase  shift  i nc r ea sed  by a fac tor  of 2. F o r  the s ame  mean  t e m p e r a t u r e ,  
the m a x i m u m  value of pulsat ing cu r r en t  was 20% higher  than that of a l te rna t ing  cu r r en t .  

In Fig.  3 a r e s h ~  tes t  data on the t e m p e r a t u r e  f luctuation in a plate spec imen  (100 x 2.2 x 0.7 mm)~ 
of z i r c o n i u m  carb ide  heated  with indus t r i a l - f r equency  a l te rna t ing  cu r r en t .  With a change f r o m  a l te rna t ing  
to pulsat ing cu r ren t ,  the ampli tude of f luctuations i nc rea sed  by a fac tor  of approx ima te ly  3.5 and reached  
the • level  at T = 3600~ 
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NOTATION 

p la t e - th i ckness  coordinate ;  
t ime;  
spec i f ic  heat;  
densi ty;  
t h e r m a l  conductivity;  
ele c t r i c a l  re  s i s  t ivity;  
in ternal  hea t  genera t ion;  
t e m p e r a t u r e ;  
in tegra l  emis s iv i ty ;  
th ickness ;  
width; 
c r o s s - s e c t i o n  a r e a ;  
t ime in te rva l  in computat ion;  
th ickness  s tep in computat ion;  
S t e f an -Bo l t zmann  constant ;  
f requency  of cu r r en t  f luctuations;  
l amp b r igh tnes s ;  
effect ive wavelength at  which b r igh tnes s  is m e a s u r e d ;  
constant  in Wien 's  law. 
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