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Relations a re  der ived for the amplitudes rat io  and the phase shift angle of the gas t em p e ra -  
ture  during per iodic  heating of a bundle of cylindrical  rods. 

One interest ing problem in thermophys ics  is the heating of various kinds of packages in a s t r e am of 
gas. We will analyze a special case in detail.  Le t  us consider  a thermal ly  insulated channel containing a 
bundle of cyl indrical  rods and passing a gas whose t empera tu re  at the inlet var ies  per iodica l ly  (Fig. 1). 
It will be assumed that the hea t - t r ans f e r  coefficient and the thermophysical  p roper t i es  a re  not functions of 
space coordinates and t ime,  also that the gas veloci ty remains  constant at any section of the package; the 
equivalent thermal  conductivity of the package in the direct ion of gas flow will be considered negligibly 
low. The t empera tu re  of the rods and of the gas is descr ibed  by the following equations: 

Ot , 1 Ot aF (t~, o _ t ) ,  O , ~ < L ,  "~>0, (1) 
- -  - t  

O~ v O~ W L 

Ot~ a{  OetM , 1 0 ,~  O , < r < R ,  ,~>0 (2) 
= - ;  " Or J '  

and the boundary conditions 

t(0, x) = AlCOSCOT, (3) 

-&rOt M r=o &btM = 0, r=R---- aL~ (t -- t~o ). (4) 

We will seek the periodic component of the solution (disregarding the initial t empera tu re  distribution) in 
the form:  

l (~, x) = A x exp (p~ + i~ox), (5) 

where  p is a eomplex constant. 

The per iodic  solution to the equation of heat conduction is well known and can be found in the technical  
l i t e ra ture ;  in [1], for  instance,  the t empe ra tu r e  of a cyl inder  sur face  in a medium whose t em p e ra tu r e  
var ies  according to (5) is descr ibed  by the relat ion 

t~o = A1N exp (p~ + io)x), 

where  

N =  
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Fig.  1. Schema t i c  d i a g r a m  of  the p r o b l e m ,  

Af ter  i n se r t i ng  t and tMO into Eq, (1), w e  obtain the fol lowing e x p r e s s i o n  for  the  cons tan t  p: 

e./: ir 
p = - -~- - -  (1 - -  N ) - - - - .  

0 

Consequen t ly ,  the gas  t e m p e r a t u r e  a t  the out le t  will  be 

t (L, ~) = A 2 cos (co~ + %), 

w h e r e  the t e m p e r a t u r e  ampl i tude  at  the  out le t  is  d e t e r m i n e d  f r o m  the r a t io  

In A,  = ~zF Re (1 - -  N) .  
AI W 

F o r  the total  phase  sh i f t  of  t e m p e r a t u r e  osc i l l a t ions  we have 

aF coL 
% - -  " W Im ( 1 - -  N)  - -  --.v 

With  the quant i ty  ( 1 - N )  r e s o l v e d  into it r ea l  and i m a g i n a r y  p a r t s ,  the final f o r m u l a s  for  the ampl i tude  
r a t i o  and fo r  the phase  shif t  a r e  

In A1 - -  e~F 
A. W 

X=BiPu, t(x) + 2x~Pt(x) 
2 

Biz Po (x) + x 1 2 Bi Po,~ (xj + x~P1 (x) 

X . 

~zF ~2-- BI Pl,o (x) coL 
I p c  = - -  _ _  

W Bi~Po(x)+x! VBiPo,~(x)+x2P~(x) v 

The funct ions  of the a r g u m e n t  x = 4 - ( ~ ) R  a r e  defined as fol lows:  

Po (x) = berg x + bei~ x, P1 ( x ) :  ber~ x + bei~ x, 

Po,1 (x) -- bero x (beq x + bei 1 x) --  bei o x (beq x - -  bei~ x), 

PLo (x) = -- beq x (bero x + beio x) + bei~ x (bero x --  bei o x). 

Some va lues  o f  t he se  funct ions  for  x E ( 0 , 1 0 )  a r e  l i s t ed  in Table  1. 

L e t  H = aF/WMCO, then x = ~ a n d  r a t i o  (7) can be e x p r e s s e d  as 

Z = W In A--! = H/~(H)Bi .  
WMm A2 

(7) 

(8) 

(9) 

(10) 
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TABLE 1. Some Values of Functions P0(xS, Pl(x), 
Po,t(x), and Pt,0(x) Defined According to Formulas  
(9) 

x Po (x) P, (x) Po,t (x), P*,o (x) 

0,0 
0,1 
0,2 
0,4 
0,6 
0,8 
!,O 
1,5 
2,0 
2,5 
3,0 
4,0 
5,0 
6,0 
8,0 

10,0 

1,000 
1,000 
1,000 
1,001 
1,004 
1,014 
1,032 
1,161 
1,511 
2,283 
3,809 

11,83 
38,86 
132:3 
1688 
22470 

0,000 
0,002 
0,011 
0,040 
0,090 
0,160 
0,252 
0,578 
1,086 
t ,890 
3,240 

10,08 
33,80 
ll8,0 
1529 
20930 

0,000 
0,000 
0,001 
0,006 
0,019 
0,045 
0.089 
0,303 
0.736 
1,520 
2,900 
9,780 

33,18 
116.3 
1515 
20830 

0,000 
0.070 
0,14t 
0,283 
0,424 
0,568 
0,714 
1,117 
1,652 
2,507 
4,025 

11,95 
38,97 
132,7 
1670 
22450 

Relation (105 has been plotted in Fig. 2. The rat io of inlet to outlet t empera ture  amplitudes is here  a 
function of the dimensionless  var iables  ~ F / W ,  H, and Bi. 

If the thermal  conductivity of the package mater ia l  is high, then this problem can be solved by lett ing 
Bi ~ 0 in (7) and (85. We then obtain 

in - -  At =---r 1 (11)  
A. W 1 -- H 2 ' 

aF H coL (12) 
% = - -  W 1 + H ~ v ' 

f rom where 

H 
~ ,  Z = 1 + H ~ (13) 

These formulas  are  valid regard less  of the geometry  of the package elements and they may be used in- 
stead of (75, (8), and (10), if H < 0.1 and Bi < 0.2. 

The solution to such problems not only for a bundle of cylinders but also for a bed of spheres ,  a 
s tack of plates,  thin-walled channels, etc., is the basis for a new experimental  method of determining 
the mean coefficients of convective heat t r ans fe r  during a gas flow through various types of packages.  An 
advantage of this so-cal led  cycl ic  method is that the surface tempera ture  of the package elements does not 
have to be measured.  For  instance, at a gas inlet t empera tu re  according to (3), one must only determine 
the inlet and the outlet t empera ture  amplitudes and, at a given geometry  and under known flow conditions, 
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Fig. 2. Function Z = f(H, Bi) for a package of cylinders.  

Fig. 3. Function Z = f(H), dZ /dH = f'(H) for a package with k M 
= ~:  solid curve)  Z; dashed curve) dZ /dH.  
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one obtains the h e a t - t r a n s f e r  coeff icient  f rom ei ther  H o r t h e  Bi number  through Eqs.  (7) or  (11), r e s p e c -  
t ively .  For  the s a m e  purpose ,  one may  also  use the fundamental  component  of the phase  shift  

0) L r ~ % +  - - .  
O 

The descr ibed  method was used for  de te rmin ing  the h e a t - t r a n s f e r  coefficient  in a c lose -packed  
s t a t iona ry  bed of spheres  [2-5], in inser t s  for  rotat ing r e g e n e r a t o r s  [6], and in a fluidization bed [7]. The 
r e su l t s ,  per ta in ing mainly  to the bed of s phe re s ,  have revea led  some advantages  of the cyclic  method: 
good enough r eliabil ity of t es t  data cover  ing the appropr i a t e  ranges  of p a r a m e t e r s  a F / W ,  H, and the 
feasibi l i ty  of using it for  o ther  purposes  too [8, 9]. 

An ana lys i s  of Eq. (13) shows (Fig. 3) that the cyclic method yields be t te r  r esu l t s  when 0 -< H -- 0.3; 
when H > 0.75, the a c c u r a c y  of the t e s t  data will ,  most  probably ,  be unsa t i s fac tory .  The e r r o r  inc reases  
a lso  with higher  values of the Blot number .  

At, A2 

Bi = ~ R / ~ .  M 

F 
= a F/WMO~ H 

L 
R 

r 
t 

tM 
tMO 
V 
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WM 
Z = (W/WM~C) In (A 1/A2) 

XM 
T 

~o c 
9 
~C 

N O T A T I O N  

is the t h e r m a l  diffusivity; 
a r e  the ampli tude of the g a s - t e m p e r a t u r e  osci l la t ions at  the inlet and at the 
outlet ,  r e spec t ive ly ;  
is the Blot number;  
ts the h e a t - t r a n s f e r  sur face ;  
Ls the d imens ion less  p a r a m e t e r ;  
ts the length of package;  
ts the outside radius  of cyl inders ;  
m the radia l  coordinate;  
ts the t e m p e r a t u r e  of gas; 
Ls the t e m p e r a t u r e  of solid; 
ts the su r face  t e m p e r a t u r e  of solid; 
m the gas f i l t ra t ion velocity; 
,s the wa t e r  equivalent  of the gas;  
ts the wa t e r  equivalent  of the package;  
is the d imens ion less  p a r a m e t e r ;  
is the h e a t - t r a n s f e r  coefficient; 
is the t he rma l  conductivity of solid mate r ia l ;  
is the t ime;  
is the fundamental  component  of phase  shift; 
is the total  phase  shift;  
is the radian f requency of t e m p e r a t u r e  osci l la t ion.  
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