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Frequency charac te r i s t i c s  of heat r ece ive r s  with a moving heat c a r r i e r  a re  found. 

Heat r ece ive r s  with a moving heat c a r r i e r  (I-IRMC) a re  used to measu re  the power of electromagnetic  
radiation. They allow us to c a r r y  out measurements  in a broad frequency range - f rom zero  (constant current)  
to frequencies of the Roentgen range - and in a broad power interval - f rom a few tens of microwatts  to tens 
of kilowatts. 

When calculating such mete r s  it is important  to know the dynamic proper t ies  of HRMC, since they de te r -  
mine the response  of the r ece ive r  to an input signal. This is required when determining the speed of themete r ,  
the calculat ion of the magnitude of pulsations of the output signal when a periodical ly varying radiation acts  
on it. 

In [1, 2] dynamic proper t ies  of HRMC are  described with the assumption that the mater ia l  of the r ece ive r  
is charac te r ized  by an infinitely large thermal  diffusivity. This assumption,  in pract ice ,  is not fulfilled in the 
major i ty  of cases .  In the case  of a m o r e  r igorous  considerat ion we have to include s p a c e - t i m e  p roces se s  
inside the r ece ive r  itself, taking into account the basic geometr ic  and thermophysieal  pa rame te r s  which de te r -  
mine the course  of the dynamic p roces se s .  

The investigation of the dynamic proper t ies  of HRMC is ca r r i ed  out on a model constituting a plate of 
length b, thickness m,  and width l, onto one side of which the radiation falls, while the other  side is washed 
by a s t r eam of heat c a r r i e r  (HC) moving along the edge of length b. We shall a s sume that: a) the thermal  
diffusivity of the HC is zero;  b) in the sect ion of the plate t r ansve r se  with respec t  to the direct ion of motion 
of the HC and in the HC tempera ture  gradients  a re  absent; c) energy losses  to the surrounding medium are  
absent.  In the case  of these assumptions the dynamics of thermal  p rocesses  in HRMC can be described by 
means of a sys tem of two differential equations set  up for  e lementary  volumes of HC and plates:  

a ) - - c y v  OT dxd t=  C___jl_ 0"1" d x d t + o d ( T - - U ) d x d t ,  
Ox b Ot 

b) kml OzU dxdt + cd (T--.U) dtdx+Ndxdt  = Cm OU_U_ dxdt, 
Ox 2 b dt 

where x is the coordinate measured  in the longitudinal (along the propagat ion of the s t r eam of HC) direction; 
the values x = 0 and x =b correspond to the entry of HC into the r ece ive r  and its exit f rom it; 

b 

V = V (x, t), T = T (x, t), N =  N (x, t), P (t)=.f  N (x, l) dx. 

We introduce the notation 0 

= abl/c?v, aS= kmbl/Cm, ~m-- Cm/cTv, ~l = Cl/cTv. 

Then the sys tem of equations (1) can be t ransformed into 

a) b OT OT 
-~x + ~z o--[- + ~ ( v -  u) = o, 

b) a~U = a~ a~U + ~ (r--  u) - -  N---2-b 
at ax2 "~m Cm 

The solution of the problem being considered will be sought for zero  initial conditions for  the case of 
heat insulation of the ends of the plate: 

(1) 

(2) 
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T(x, 0)---O, U(x, O)= O, T(O, t ) =  To(t)= O, 

T(b, t ) = T e ( t  ), OU(O, t) --_ OU(b, t) = 0 .  
Ox Ox 

To obtain the solut ion of the p r o b l e m  we employ  the method  used in [3]. 
Laplace ,  a f t e r  c a r r y i n g  out a lgeb ra i c  t r a n s f o r m a t i o n s  we obtain 

a) dT(p) 6T(p) = ~ U (p); 
dx 19 

b) T(p) = PXm+ ~ U(p) a~m #U(p)  
P ~ dx  2 

where  6 = (pr l +B)/b.  

N(p) 
al 

u ( t ) :  

where 

T r a n s f o r m i n g  (2) accord ing  to  

(3) 

By m eans  of (3a) we e x p r e s s  the t r a n s f o r m  of the funct ion Te{t) in t e r m s  of the t r a n s f o r m  of the  funct ion 

b 

0 

The  funct ion U(p) is  found f r o m  the equat ion 

d3U(P) + 6  #U(p)  dU(p) dP(p) 
a I a2U(p)=a3P(p)+a  ~ ~ ,  (5) 

dx 3 dx 2 dx  dx 

a, = (p'~m + p)/a~ m, a~ = (pZl:mX z + p (x m-F x 1 ) P)/(a~:mb), 
a~ = ~a~ , a~ = - -  ~/(~taZXrn), 

which is obtained by excluding T(p) f r o m  the s y s t e m  (3). 

Solving Eq. (5) fo r  the boundary  condi t ions  

OU (x, p) 
Ox 

taking into accoun t  the  r e l a t i on  

t OUix, p) ,=b O, 
x=O OX 

.I u(x,  p) ~ = - r~(p) + N (p) d~ re, 
0 

where 

ve = [p~,-q + p ( % +  .r= ) R/(@), 

which can be found by integrating the system of equations (3), and substituting the value of U~p) thus found into 
the expression (4), we find 

T e (p) = exp (--  ~b) Cot + f exp (Sx) dx 1 - -  ~ Coz exp (--  6b) , (6) 
b 

where f is the p a r t i c u l a r  solut ion of Eq. (5); 
3 

C o ~ = X C u [ e x p ( ( 6 + r ~ ) b ) - - l ] / ( 6 + r i ) ,  ] = 1 ,  2; 
l = l  

Ci j = _~L, d .  = gari +tr~ +3 [exp (r~+~b) - -  exp (r~ +tb)] + 

+ [g2 - -  gi exp (ri+~b)] ri.2 ~ [exp (r: +tb) - -  1] + [el exp (r~+lb) m gz] • 
r i  +!  

•  ri+i [exp(ri+zb)-- II, di2 = ri+~ri+z [exp(ri+2b)_exp(ri+tb)]; 
ri+ 2 W 

[exp (rib) - -  11 Iexp (r~ +zb) - -  exp (ri +~b)t; 

g, 

3 
d = X r~§ 

i=t ri 

Of x~ o 
Ox , gz = - -  Ox , g 3 =  - -  [ dx  + N (p) dx; 

0 
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the quanti t ies r l, r 2, and r 3 a r e  the roots  of the equation 

ys + 6yZ __ aiy - -  a~ = o ,  

with ri  = r i + s. 

Thus,  using (6), the sought t e m p e r a t u r e  of the heat  c a r r i e r  at  the output of the r e c e i v e r  Te{t), when 
radia t ion power  P(t) ac t s  on it, can be found f r o m  the express ion  

re(t) = L -~ Ire(P) l, 

where  L -1 is the ope ra t o r  of the inve r se  Laplace  t r a n s f o r m .  

Having de te rmined  the t r a n s f e r  function of the r e c e i v e r  as  a ra t io  of power  withdrawable f rom it to the 
absorbed  power  of radiat ion,  t r a n s f o r m e d  accord ing  to Laplace,  

K (p) = c w r  e (p)/P (p), (8) 

by means  of (6) we find 

K (p) = ~ [2' ][ ] c ~  ~ exp(--fb)  Cot + [exp(~x)dx 1 - -  I~ Co2exp(_6b ) . {9) 
P (p) b b 

Putting p =iw in (9), we can find the f requency (amplitude and phase)  c h a r a c t e r i s t i c s  of the r e c e i v e r .  

We note c e r t a i n  genera l  p r o p e r t i e s  of the express ions  obtained above.  As is seen  f r o m  {9), the t e m p e r a -  
tu re  Te{t) depends on the p a r a m e t e r s  cha rac t e r i z ing  the r ece ive r ,  on the var ia t ion  of radia t ion power  with 
t ime ,  and on the dis t r ibut ion of the radia t ion  power  density ove r  the sec t ion  of the beam.  In accordance  with 
the physical  meaning,  the t r a n s f e r  coeff icient  of the r e c e i v e r  at nzero n f requency in the absence  of los ses  
into the surrounding med ium is 1; t he re fo re ,  K(0) -  1. In view of the fact  that  the t e m p e r a t u r e  in the r e c e i v e r  
cannot fall  below the level  T = 0, the  re la t ion  I K ( iw) l -  1 mus t  be fulfil led; s ince T0(t)=0, then K(oo)_= 0. 

Since the expres s ions  (8) and (9) in the genera l  case  a r e  fa i r ly  complex to analyze,  we proceed  to con-  
s ide r  p a r t i c u l a r  c a s e s .  

In the case  of uniform i l lumination of the su r face  of the r e c e i v e r  by radia t ion power  varying with a jump 
through the quantity P /A,  by means  of (8) and {9) we find the f requency cha rac t e r i s t i c  K(icv) and the t e m p e r a -  
tu re  Te{t) of the r e c e i v e r .  

1) For  a 2 =0o and B =0o: 

a) K(ko)  = 1/[1 + io)(rrn+ z t ) ] ,  
p 0o) 

b) T e (t) = [1- -exp( - - t / (~m+X Z))]" 
c~lv 

2) For  r m = O: 

3) For  aZ=0: 

a) K(io) = [1 - -  exp(-- ioxt)l/(icox t ), 

P 
b) Te(t) = - - 7 - -  [ t - - h ( t - - * z  ) ( t - -x t )]"  

(11) 

a) K(ico)= I~ {1--exp [ c~176 + ico~rn ]} l i~ XZ)+ iC~ 

b) re ( t )=  c~,v(~§ x 

t-~r t 

• exp ( - -  13) h ( t - - x t ) .  - ~ /  1 --exp -~ + 

0 

+ t - - x  t - - a ]  exp ( - - - - ~ - ) I o ( 2 f ~ V r - ~ ) d a } ,  

where  I 0 is the modified Besse l  function of the f i r s t  kind of ze ro  order~ 

"~ ClCm ; h( t__z t  ) = 0 ,  if t<'~ l , 
czlb(C t +Cm) = 1, if t ~ T  t.  

(12) 
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Fig. 1. Ampl i tude - f r equency  (curve 1) and p h a s e - f r e q u e n c y  (curve 
2) charac te r i s t i c s  of HRMC: ~0 is the phase difference of the output 
and input signals,  deg; r is the cyclic frequency, t a d / s e e .  

Fig. 2. Response of the r ece ive r  for the variat ion of power en ter -  
ing into the r ece ive r  with a jump fr,  ~ t, sec). Curves 1 and 3 a r e  
calculated according to the expressions (12b); curves  2 and 4 a re  
experimental .  

4) For  b =~o the expressions for K(iw) and Te(t) coincide, respectively,  with the expressions ( l la)  and 
(llb) if in them v l is replaced with ~'l + ~'m- 

The expressions (10), as was to be expected, coincide with the corresponding expressions for  rece ivers  
whose mater ia l  is charac te r ized  by an infinitely large thermal  diffusivity. 

We note that the expressions (10) can be used in the case of finite values of b, a 2, fl, while the expressions 
(11) and (12) can be used for values of a 2, ~'m different f rom zero,  such that these express ions  with a required  
accuracy  differ f rom the initial expressions (10)-(12). 

We proceed to analysis  of the par t i cu la r  cases .  It is physically c l ea r  that in the case 1 the expressions 
(10) also remain  valid when the radiation has an a rb i t r a ry  distr ibution of power density over  the sect ion of the 
beam, while the r ece ive r  has a complex form.  This case takes place when we can assume that in the course  
of the dynamic p rocesses  the tempera ture  in all par ts  of the HRMC volume is the same (volume equalization 
of the temperature) .  

Case 2 takes place when the heat capacity of the plate is fairly small .  Here the thermal  p rocesses  in it 
a r e  established comparat ively  rapidly and do not exert  a substantial  effect on the duration of the dynamic p r o -  
ce s ses  in the rece iver .  To this case,  in par t icular ,  belong r ece ive r s  in which l a se r  radiat ion is absorbed in 
the heat c a r r i e r .  

In case  3, owing to the low thermal  diffusivity of the mater ia l  of the plate, the heat t r ans fe r  in the r e -  
ce iver  is effected only by the s t ream of HC exchanging with the plate. 

In case  4 a local equality of t empera tures  is established in the volume of the rece iver .  In this case  we 
can also expect that the frequency charac te r i s t i c  K(io:) and the t empera tu re  at the output of the r ece ive r  Te(t) 
will weakly depend on the distribution of power density over  the sect ion of radiation beam and on the form of 
the rece iver ,  under the condition that they insignificantly vary at distances less than b. 

We c a r r y  out a compar ison  of the speeds of the rece ivers ,  the heat capacit ies Cm +Cl ,  and the veloci t ies  
of volumetric flows of HC which are  equal. The t ime of establishment of the tempera ture  at the output of the 
r ece ive r  tes in accordance  with (10a), ( l l a ) ,  (12a) a re  as follows: In case 1) tes =3trm +'rl); in case  2) tes = 
v l ; in case 3) v m + v l < tes < 0"m + Vl ) + 3v (for the cases  1 and 3 the t ime of establishment is defined at the 
level 0.97). Hence, we see that the speediest  response is possessed  by the r ece ive r s  belonging to case  2. 
This is explained by the fact that in view of the smal lness  of v m, the effect of the mater ia l  of which the r ece ive r  
is made does not tell on the speed of response of the receiver .  

In the role of an example we have presented in Fig. 1 the ampli tude--frequency (curve 1) and the p h a s e -  
frequency (curve 2) cha rac te r i s t i c s  of HRMC with the following pa r ame te r s :  a 2= 1 cm2/sec; b = 30 cm~ l = 30 cm~ 
m= 0.3 cm; v = 100 cm3/sec;  a = 0.02 c a l / c m  2 �9 deg.  sec; C l = 450 cal /deg;  C m = 153 cal /deg;  v l =4.5 sec; T m = 
1.5 sec; water  is used in the role of the heat c a r r i e r .  In Fig. 2 we have presented experimental  data (curve 1, 
during feeding~ curve 2, during removal  of power) for  a r ece ive r  of complicated form [ t] made of copper  with 
m = 0.15 cm, C m = 300 J /deg;  C l = 710 J /deg;  b = 300 cm; l = 100 cm. In the role of heat c a r r i e r  we used wate r  
pumped through the r ece ive r  at a rate of v =7.3 cm3/sec;  curve 3 in the figure is constructed according to the 
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express ion  (12b). As is seen  f rom the f igure,  for  the r e c e i v e r  t->10 sec the ag reement  of the re la t ions  can 
be regarded as sa t i s fac tory .  

Thus, the resu l t s  obtained above allow us to c a r r y  out an es t imate  of the speed of response  of HRMC 
from below, the i r  dynamic p rope r t i e s  with the basic thermophysica l  and geometr ic  p a r a m e t e r s  of the r e ce ive r s  
being taken into account.  

The resu l t s  obtained in the paper  can be used to calculate cooling sys tems  of gas -d i scharge  pipes, sol id-  
body act ive media,  and r egene ra to r s .  

N O T A T I O N  

HRMC, heat r e ce ive r  with a moving heat c a r r i e r ;  c, specific heat capacity of liquid heat c a r r i e r ;  v, 
volumetr ic  flow ra te  of heat c a r r i e r ;  % density of heat c a r r i e r ;  C m, heat  capacity of heat-conducting mate r i a l  
of HRMC; C l, heat capaci ty of heat c a r r i e r ;  a, coeff icient  of heat t r a n s f e r  at the heat-conducting m a t e r i a l -  
heat c a r r i e r  interface;  A, absorpt ion coefficient  of HRMC; a 2, coefficient  of the rmal  diffusivity of hea t -con-  
ducting mater ia l ;  k, coefficient  of the rmal  conductivity of the heat-conducting mater ia l ;  b, l ,  m,  length, width, 
and thickness of the heat-conducting mate r i a l  of HRMC; 8, in teract ion pa rame te r ;  p, complex variable;  T(x, t), 
U(x, t), functions descr ibing the var ia t ion of t empera tu re  of the heat c a r r i e r  and of t em p e ra tu r e  of the heat-  
conducting mate r ia l  along the d i rec t ion of propagation of the flow with t ime;  T0{t), Te{t), functions describing 
the var ia t ion of t empe ra tu r e ,  respec t ive ly ,  at the ent ry  and at the exit of HRMC; N(x, t), radiat ion power ab-  
sorbed by the r ece ive r ,  r e f e r r e d  to unit length; P(t), radiat ion power absorbed by the r ece ive r ;  T(p), U(p), 
N(p), functions T{x, t) ,  U(x, t),  N{x, t) t r an s fo rm ed  according to Laplace;  Tifp), Te(P) , P(p) t r an s fo rms  of the 
functions T0{t), Te{t), P(t), t r ans fo rmed  according to Laplace.  

2. 
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I N V E S T I G A T I O N  O F  T H E  T H E R M O P H Y S I C A L  C H A R A C T E R I S T I C S  

O F  C R Y O G E N I C  H E A T  P I P E S  W I T H  A M E T A L - F I B E R  W I C K  

M. G.  S e m e n a  a n d  A .  I.  L e v t e r o v  UDC 536.27 : 536.248.2 

Results  a re  p resen ted  of an exper imental  investigation of the maximum hea t - t ransmiss ion  
capability and the hea t - t r ans fe r  intensity cha rac te r i s t i c s  in the heat input and heat output of 
cyrogenic  heat pipes.  

The re l iabi l i ty  of efficient and compact  hea t - t r ans fe r  devices of the heat-pipe type ensure  that they a r e  
widely used in p rac t i ce  over  the whole technical ly  available t empera tu re  range,  including the cryogenic  range 
[1-4]. An analysis  of exper imenta l  and theore t ica l  investigations [1-7] shows that the p r im a ry  feature  fo r  
efficient operat ion of cryogenic  heat pipes is choice of the heat s t ruc tu re  fo r  the heat pipe, since the c h a r a c t e r -  
istic p a r a m e t e r  N = a r / v  and the the rmal  conductivity of cryogenic liquids a re  significantly lower than for  low- 
t em pe r a tu r e  liquids (water, alcohol, or  acetone).  There fore ,  me ta l - f i be rwieks  [8] can be regarded as one of 
the most  promis ing cap i l l a ry -porous  s t ruc tu res  for  heat pipes in liquid nitrogen. The technology for manu-  
fac ture  of m e t a l - f i b e r  s t ruc tu res  f rom monodiscre te  f ibers  of a specific length is such that one can reduce 
to a minimum the thermal  contact res i s tance  between the wall and the wick and can substantially increase  
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