
8(pu)/ax =. [Pulx; O(pv)/Sy = [OV]y; 
8U/SX : Ux; ~ = (p-pi)/(PiUl/2) 
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is the propert ies  at walls: 
is the proper t ies  at outerboundary of boundary layer;  
is the proper t ies  obtained through the solution of the boundary-layer equation; 
is the proper t ies  calculated on the basis of the controlling temperature;  
is the proper t ies  of incoming flew; 
is the incompressible fluid. 
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QUASISTEADY APPROACH IN CALCULATIONS FOR 

CONVECTIVE HEAT TRANSFER 

E. E. Prokhach UDC 536.242 

An equation is derived for determining the limits of applicability of the quasisteady approach in 
thermal calculations involving the cooling of metal plates in liquids and gases. 

Under certain conditions of convective heat t ransfer ,  a boundary layer rapidly reacts  to external per -  
turbations and manages to change when there are changes in either the temperature of the object in the flow, 
the pressure  at the inlet to the channel, or other parameters .  In this case, "instantaneous steady states" exist 
at each time, and the steady-state approach can be used to determine the rate of the process.  We call pro-  
cesses  occurring under such conditions "quasisteady. " 

Whether a particular type of heat t ransfer  can be treated as quasisteady is of both theoretical and prac-  
tical interest.  The use of equations found for the steady-state conditions substantially simplifies the calcula- 
tions. There has been less study of unsteady heat- t ransfer  processes ,  and dimensionless equations for the 
heat - t ransfer  coefficients are  not available for most unsteady processes.  

The usual approach is to t rea t  a hea t - t ransfer  process  as quasisteady if the ratio of the Nusselt numbers 
found experimentally and calculated on the basis of the equations corresponding to the steady-state regimes is 
approximately unity [1-31o In certain cases,  the "condition for  a quasisteady systemWis assumed to be the 
approximate equality of the steady and unsteady heat fluxes [4, 5]. 

Attempts have been made to find the conditions under which the equations found for the steady-state 
conditions can be applied to unsteady heat - t ransfer  processes.  Comparing the heat fluxes calculated for the 
steady and unsteady regimes during the heating and cooling of a vert ical  plate, Sparrow and Gregg [4] found 
that the process can be treated as quasisteady under the condition 

ATAT [ ~ ]  1/2~0"033' 

where 

A T : T - - T |  AT=-d(AT) . 
d'~ 
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An analogous approach  was  taken in [6] in the case  of heat  t r a n s f e r  with fo rced  convection.  
the condition for  the appl icabi l i ty  of the equations of s t eady - s t a t e  convection is 

6 q~ : - m - - v  -*0. 

H e r e  

]:n this case  

t o = T  o - T 1 ;  t o =  dr~ �9 v ' = - d v  
dr ' dr 

The va r ious  a spec t s  of the p rob l em  of unsteady heat  t r a n s f e r  a r e  studied in m o s t  detai l  in [3], where  
the expe r imen ta l  r e s u l t s  were  conver ted  to the f o r m  

Nu st 

for  compar i son  with the data of other  inves t iga tors .  Here  

Kp, = Kp - ~ .  10 -a, Kp = C ) t q .  d'- . 
O~ (t m -  tq) a m 

In the case  0.16 K ~  4 = 1 the p r o c e s s  is quas is teady.  

In te res t ing ly ,  in m o s t  of the ca se s  which have been t r ea t ed  it is n e c e s s a r y  to know the t ime evolution of 
the t e m p e r a t u r e  of the object  in o rde r  to r e so lve  the question of whether  the equations found for  the s t eady-  
s ta te  conditions can be used. However ,  the t e m p e r a t u r e  of the object  is genera l ly  unknown. 

We bel ieve that  it is p r e f e r a b l e  to wr i t e  the ra t io  Nuu/Nust  as  afunct ion of the governing d imens ion less  
number s  cons t ruc ted  f r o m  the p r o p e r t i e s  substant ia l ly  affect ing the h e a t - t r a n s f e r  p r o c e s s  but which a re  inde- 
pendent of the m e c h a n i s m  of this p roce s s .  Among these  p a r a m e t e r s  a re  the geomet r i c  and the rmophys ica l  
p r o p e r t i e s  of the s y s t e m  and the initial  and boundary conditions. 

As an example ,  we cons ider  unsteady heat  t r a n s f e r  during the cooling of a thin ve r t i ca l  plate  in an un-  
bounded medium.  On the bas i s  of physica l  cons idera t ions  it is unders tandable  that  the ra t io  NUu/Nstdepends 
on the t he rmophys i ca l  p r o p e r t i e s  of the p la te  and the medium at the init ial  t ime  (Cp, kp, pp, Cm, hm, Pin, fl, P), the 
boundary and init ial  conditions ( tm~,  tp0), the g e o m e t r i c  p r o p e r t i e s  of the plate  (5 and L), the acce le ra t ion  due 
to g rav i ty  g, and the t ime  r .  

We thus wr i te  

Nu u - :  %' Zp, pp, %, 13, 6, L, tpo, g, ,). 

Assuming  a power - l aw functional re la t ionship  among these  p r o p e r t i e s ,  and using the r ecommenda t ions  
of theory  of d imens iona l i ty ,  we find the following equation, making use  of the analys is  of [8]: 

Nu st 

The coefficient  A and the exponents  in Eq. (1) a re  to be de te rmined  exper imenta l ly .  The plate is heated 
by br ie f ly  applying an e l ec t r i c  cur ren t ;  then the plate  cools because  of f r ee  convection and radiat ion.  The m a x i -  
mum plate  t e m p e r a t u r e  is 200~ and the heat ing t ime  is 0.4-1 sec.  We study heat  t r a n s f e r  of the plate in a i r ,  
w a t e r ,  ke rosene ,  and t r a n s f o r m e r  oil. The p la tes  a re  made of G e r m a n  s i lve r  andtype  1Khl8N9T steel; the di -  
mens ions  of the working p a r t  of the plate  a re  0.14 x 0.1 x 0 .35 .10  -3 m. 

The copper  ho lders  of the plate suppor t  a lso  se rve  as cu r ren t  leads.  The lower  junction of the support  
is f lexible to allow for  elongation of the plate during heating. 

The plate is heated by a l te rna t ing  cu r r en t  f rom a welding t r a n s f o r m e r  (current  of 800-1000 A; voltage 
of 42 V). E lec t r i ca l  and e l ec t romechan ica l  t i m e r s  a re  used to set  and accura te ly  m e a s u r e  the heat ing t ime.  
The plate t e m p e r a t u r e  is m e a s u r e d  by a c o p p e r - C o n s t a n t a n  thermocouple  (the d i ame te r  of the copper  wi re  is 
0.15 m m  and that  of the Constantan wi re  is 0.10 ram) and a s ingle-point  ]~PP-09M e lec t ron ic  potent iometer .  

At the lower  p a r t  of the plate is a hor izonta l  i so the rma l  shield,  which shields against  effects  of the cu r -  
ren t  leads.  The posi t ion of the shield and the working thermocouple  was chosen a f t e r  p r e l i m i n a r y  e x p e r i m e n t s ,  
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control  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  at va r ious  points along the height of the p la te ,  and e s t i m a t e s  of the 
influence of end e f fec t s  through a calculat ion of a 2IGL-10 hydro in tegra tor .  

For  the e x p e r i m e n t s  on the cooling of p la tes  in l iquids,  we use  a 60- l i t e r  tank of r ec tangu la r  c r o s s  
sec t ion  fi t ted with windows. 

The expe r imen t s  w e r e  c a r r i e d  out by V. P. Pe r sh in ,  M. A. Fadeev ,  and the author.  The e x p e r i m e n '  
ta l  r e su l t s  show that  the Nusse l t  num be r s  f o r  a i r  a r e  the s ame  as those calcula ted f r o m  the equations for  
s t eady - s t a t e  condit ions,  while those for  w a t e r ,  oi l ,  and ke rosene  are  cons iderably  lower.  An analogous r e -  
sult  was  found by Sidorov [1]. In [3, 4] the ra t io  Nuu/Nust  turned out to be l a r g e r  than one; it was  shown in [5] 
that  this  r a t io  can be e i ther  s m a l l e r  or  l a r g e r  than one,  depending on the h e a t - t r a n s f e r  conditions and the d i r e c -  
t ion of the hea t  flux. 

The expe r imen ta l  r e s u l t s  we re  t r ea t ed  by the method of l e a s t  squares .  The exper imenta l  data were  
approx imated  by a s t r a igh t  l ine ,  whose equation,  calculated according  to [7], is 

K = 0.07 -- 104 N, (2) 

where  

K _ m  
Nuu. 1 -- (GroPr~ ~ (Fo ~,m 6 ~o.,5 apx  
Nu~' N z ~ T /  ;Fo~ r 

Equation (2) holds ove r  the following ranges :  

Gr 0 = 1.8. 107--1.0 �9 109; Pr o = 0.722--200; Fo = 5.0--5.9.10~; 

_~m = 2.1.10-~--3.8 �9 10 -2. 
s  

Fo r  the e x p e r i m e n t s  with w a t e r ,  the value of K l ies  in the range  0.15-0.20; for  oil i t  l ies  in the range  
K = 0.25-0.5 and for  ke rosene  it l ies  in the range  K = 0.3-0.7. Only in the expe r imen t s  on the cooling of p la tes  
in a i r  do we find va lues  of K approx imate ly  equal to one. 

These  r e s u l t s  show that  equat ions l ike (2) can be used;  the use of these  equations p e r m i t s  the engineer  
to de t e rmine  whether  a given p r o c e s s  is quas is teady without ca r ry ing  out specia l  exper iments .  These  r e su l t s  
a l s o  conf i rm the hypothes is  that  the heat ing and cooling of objects  in a i r  can be a s sumed  quas is teady over  the 
t e m p e r a t u r e  range  occu r r ing  natural ly .  

N O T A T I O N  

IS the coordinate  (the x axis  is along the plate);  
i s  the t e m p e r a t u r e  of unper tu rbed  medium;  
is the t e m p e r a t u r e  of main  flow (beyond the boundary layer ) ;  
is the t e m p e r a t u r e  of the su r face  in the flow, which is constant  over  t ime;  
is  the hea t  flux found f r o m  the s t eady - s t a t e  equations;  
is the ve loc i ty  of main  flow; 
is the coeff ic ient ,  equal  to 1/2 fo r  l a m i n a r  flow and 1/5 fo r  turbulent  flow; 
is  the d i a m e t e r ;  
is the spec i f ic  heat ;  
is the t h e r m a l  conductivity;  
is the densi ty;  
is the t h e r m a l - e x p a n s i o n  coefficient;  
is the k inemat ic  v i scos i ty ;  
IS the plate  th ickness ;  
is the pla te  length; 
ts  the acce l e r a t i on  due to grav i ty ;  
ts the t ime ;  
a re  the constants .  

x 

T ~  

TO 
T1 
q0 
V 

m 

d 
C 

P 

Y 

6 
L 
g 
T 

A, n,  p,  r 

I n d i c e s :  

p a r e  the p r o p e r t i e s  of p la te ;  
m a re  the p r o p e r t i e s  of medium.  
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C A L C U L A T I O N  O F  T H E  I N T E N S I T Y  O F  E L E C T R O M A G N E T I C  

F I E L D S  O F  T H E R M A L  M I C R O W A V E  D E T E C T O R S  A T  

H I G H  T E M P E R A T U R E S .  I I  

A.  M. A n d r u s e n k o ,  V.  F .  K r a v c h e n k o ,  
a n d  V.  A.  S o l o d u k h o  

UDC 621.372.8:536.21 

The second momen t s  a r e  found for  the spec t r a l  ampl i tudes  of the t he rma l  e l ec t romagne t i c  
f ield of a d ie lec t r ic  inhomogeneity of Complicated geomet ry  heated to a t e m p e r a t u r e  T. 

The second momen t s  of the spec t r a l  ampl i tudes  of the t he rma l  field of a d ie lec t r ic  s t ruc tu re  with an 
a r b i t r a r y  geomet ry  consis t ing of s teps  and rods  can be de te rmined  on the bas is  of the method of the genera l ized 
sca t t e r ing  m a t r i x  and [1, 2]. Specifying the t e m p e r a t u r e  dependence ej(T) of the d ie lec t r ic  constant  of step j ,  
we extend this method to the solution of analogous p rob l ems  incorpora t ing  a t e m p e r a t u r e  gradient  in the in-  
homogenei t ies .  Choosing as a bas ic  inhomogeneity a d ie lec t r i c  inclusion of finite length,  we can reduce the 
number  of calculat ion p rocedu re s  to a level  about 2 n t imes  lower  than that  for  a semiinf ini te  step (here n is the 
number  of e l ements  in the s t ruc tu re  selected).  

1. D i e l e c t r i c  I n h o m o g e n e i t y  o f  F i n i t e  L e n g t h  

in  a W a v e g u i d e  

We seek  a solution of the p rob lem of the diffract ion of an Hp0 wave by a d ie lec t r ic  inclusion of bounded 
length in a r ec tangu la r  waveguide (Fig. la) by the method of [1]. We make use of the s y m m e t r y  of the inhomo- 
geneity with r e s p e c t  to the plane z = d/2. We divide the incident field into pa r t s  of even and odd par i ty .  This 
p rob lem is reduced to two equivalent  p rob lems .  The s t ruc tu re  of the f i r s t  p rob lem is shown in Fig. lb ,  where  
there  is an e l ec t r i ca l  wall in the plane z = d/2. By placing a magnet ic  wall  in the same  plane,  we find the g e o m -  

_ -}- . , 

e t ry  of the second p rob lem.  We denote by Rmp and Rmp the amph tudes  of the h a r m o m c s  of the waves  r e -  
f lected in region A, which a re  found through a solution of these two p rob lems .  According to the superposi t ion  
pr inc ip le ,  the ampl i tudes  of the wave h a r m o n i c s  re f lec ted  f r o m  a d ie lec t r i c  inclusion of bounded length are  

R.~p = (R-~ : -  R~p)/2, 

and the ampl i tudes  of the ha rmon ic s  of the t r ansmi t t ed  waves  a re  

T~,p = (RS;  - -  Re, p)/2. 
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