
Journal of Engineering Physics and Thermophysics, VoL 69, No. 4, 1996 

I N V E S T I G A T I O N  O F  P L A N A R  M I C R O R E F R I G E R A T O R S  

S. I. Bondarenko ,  A. A. Svyatukha ,  
V. N. Fenchenko,  and  V. M. Bakumenko  

UDC 621.59:536.483 

We present the results of  calculations and experimental mvesttgatton of  planar microrefrtgerators that 

employ nitrogen and a nitrogen-hydrocarbon gas mtxture as a working body+ 

Introduction.  As is known 11, 2 1, the practical use of h igh- tempera ture  superconduct ing (HTSC)  squids,  

bolometers,  and SHF-rece ivers ,  whose working tempera tures  reach 90 K, can be ensured  only with the aid of 

miniature refrigerator-type systems and, moreover, only for HTSC squids of nonmagnetic construction. In this 

regard, planar microminiature refrigerators (P,MR) offer the greatest promise 141. They can be combined rather 

simply with planar superconducting and cryoelectronic probes, do not produce vibrations, and are ve~, adaptable 

to fabrication in batches.  

PMRs are  not fabr icated in the SIS countries,  but abroad some types of PMRs have been proposed,  in 

part icular ,  by MMR Technologies  Inc., Mountain View, U. S. A. [5]. 

Cons t ruc t i on  of the PMR. The  PMR deve loped  at the Special  D e s ign -T e c hno log i c a l  Bureau of the 

Physicotechnical  Inst i tute  for Low Tempera tu res  of the Academy of Sciences of Ukra ine  [3 ] is based on the Joule- 

Thomson effect. It opera tes  in the Hampson cycle regime [41+ The essence of this cycle is that a compressed gas 

passes through a heat  exchanger  into a thrott le  and  an evaporator ,  where it expands  and cools down due to the 

Jou le -Thompson  effect. The  cold gas re turns  to the heat  exchanger  and cools the en te r ing  compressed  gas. 

The  PMR consists  of three glass plates, each 0.3 mm thick, 6 mm wide, and  48 mm long, all s in tered  into 

a single block. The  middle  plate separa tes  the forward and return gas flows. This  plate has a t ransi t ion hole. The 

o ther  two plates have holes for the emergence and ent rance  of the gas and etched channels  of the hea t  exchanger .  

Moreover,  in the plate with forward flow channels  (of high pressure)  the channel  of the throt t le  is e tched.  To 

s imula t e  the  object  to be cooled,  pyroce ramic  shee ts  a re  placed at the ends  of the p la tes ,  whose  presence 

s imul taneously  increases  the s t rength  of the s tructure (see Fig. 1). 

A h igh-pressure  gas enters  through a union from a capil lary tube into the forward flow channels  of the 

heat  exchanger ,  passes through the thrott le  channel ,  and enters  the evaporator .  Through the hole in the separa t ing  

plate the evaporator  is connected to the return flow channels  of the heat exchanger .  The  gas, which has a low 

pressure  and t empera tu re  af ter  the thrott le  and evaporator ,  enters  the return flow channels  of the heat  exchanger  

and,  while passing through them, cools the forward flow. In the present  exper iments  the gas was vented to the 

a tmosphere .  

The  erosion technology used abroad to produce PMR microchannels  is not very adap tab le  to commercial  

use and produces channels  with an increased coefficient of friction even in the case of a l aminar  flow. This  leads 

to a shift in the critical Reynolds  number  to the Re ~ 900 region. Therefore ,  to produce the microchannels  we used 

a chemical etching method,  which simplifies the technology of microchannel  product ion and at the same time 

improves the the rmohydrau l i c  characteris t ics .  

After the PMR has been assembled ,  it is placed in a clamp and s intered in a tube muffle furnace;  then il 

is annea led  with cooling at a rate of I~ min to remove stresses in the glass. Note that this fabr icat ion technology 

also differs from that adop ted  abroad  where g lu ing- together  is employed.  Moreover,  when an MPR opera tes  on gas 

mixtures ,  a high pressure  is not required ( 4 - 5  MPa is sufficient),  and  at such a pressure  an MPR produced by 

the indicated technology opera tes  ra ther  s tably.  
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Fig. 1. Overall view of assembled  PMR. 

Calculat ion.  When we conducted  thermal  design calculat ions of a PMR, we did not take into account the 

long i tud ina l  hea t  conduc t iv i ty  in the heat  exchanger .  The  hea t  flux removed from the forward flow is qp = 

rn(11p - 12p), and  the heat  flux suppl ied to the re turn flow is qo -'- m(120 - I t0),  where I tp,  12m 120, 110 are the 

entha lp ies  of the forward and re turn  flows at the inlet and  outlet  of the heat  exhanger ;  m is the mass  flow rate of 

the gas. The  heat  flux t rans fe r red  to the heat  exchanger  is Q = kFdTiog, where  F is the heat  exchange  area;  dTiog 

is the logar i thmic  mean t empera tu re  head;  the heat  t ransfer  coefficient k is de te rmined  from the formula k = 

I / ( 1 / a p  + I / a  0 + 6/2p)  and ap, ao are  the mean hea t - t r ans fe r  coefficients for the forward and re turn  flows, ,3 is 

the thickness ,  and  ~p is the heat -conduct iv i ty  coefficient of the part i t ion between the flows. The  main complexi ty  

in the  calculat ions was the need to calculate the values of the gas mixture  enthalpies  at different  t empera tu res  and 

pressures .  A polynomial  approximat ion  was used for t empera ture  and a l inear  one for pressure.  

When  the longi tud ina l  hea t  conduct ivi ty  in the heat  exchanger  was taken into account in a verifying 

calculat ion of PMRs,  we managed  to reveal their  essential  specific feature,  i.e., the sensi t ivi ty of their  character is t ics  

to the mater ia l  of the s t ructure  [6 ]. Thus ,  for the heat  exchangers  of o rd ina ry  thro t t l ing- regenera t ive  sys tems one 

requi rement  is imposed on the mater ia l  of the heat  exchanger ,  namely ,  its thermal  conductivity should  not be very 

small .  For  the  hea t  exchangers  of a PMR with small  d imensions  and  low flow rates ,  a mater ia l  with an opt imum 

thermal  conduct ivi ty  is needed.  The  use of a mater ia l  with a very small  or  very high thermal  conduct ivi ty leads  to 

a subs tan t ia l  decrease  in the  thermal  efficiency of the heat  exchanger  161. 

In cont ras t  to heat  exchangers  of o rd ina ry  thro t t le - regenera t ive  sys tems,  the heat  exchanger  of a PMR is 

charac te r ized  by small  gas flow rates  and ,  consequent ly ,  by a laminar  regime of its flow in channels .  We note that  

the l aminar  region of flow in the microchannels  of the heat  exchanger  depends  on the roughness  of the walls. The  

technology we apply  makes  it possible to obtain channels  with a reduced hydraul ic  resistance.  Therefore ,  in the 

calculat ions we used the classical  dependences  of the friction coefficient on the Reynolds  number  and  a s sumed  that  

the region of l amina r  flow ex t ended  up to the critical Reynolds  number  Re -= 200. Since the regime of flow in the 

PMR heat  exchanger  channels  is laminar ,  the mean value of the Nussel t  number  is independen t  of the Reynolds  

number  and  is equal to Nu ~ 3.66. In this case, the heat  t ransfer  coefficient cr = Nu ~t/D, where ;t is the thermal  

conduct ivi ty  of the flow, D = 4 S / P  is the equivalent hydraul ic  d iameter ,  S is the area  of the flow cross section, and  

P is the per imeter .  

Jus t  as in the  t he rma l  calculat ion,  the hydrau l i c  des ign calcula t ion of the heat  exchange r  in a first  

approximat ion  was made  using the ar i thmet ic  mean values of the tempera tures  of the flows; moreover,  since in the 

forward flow channels  the  gas dens i ty  is high and,  therefore,  the pressure  drop is small ,  the la t te r  was ignored in 

design calculat ions.  In verifying hydraul ic  calculations we took into account the change in t empera ture  along the 

flows and,  as a consequence of this,  the change in the dens i ty  and  viscosity of the gas flow. This  is especial ly 

impor tant  for de t e rmin ing  the pressure  drop in the re turn flow channels ,  since precisely this drop subs tan t ia l ly  

affects the t empera tu re  level of the PMR. 

The  de te rmina t ion  of the PMR parameters ,  the thermal  and hydraul ic  calculat ions must  be per formed 

s imul taneous ly .  To solve the sys tem of equations that  descr ibes  thermal  and hydraul ic  processes in a PMR, we 
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Fig. 2. Test  rig with a PMR specimen instal led.  

Fig. 3. Tempera tu re  of cooled object vs test ing time with pure ni t rogen at a 

p ressure  of 4 MPa: I) without heat  insulat ion and without vacuum in the 

chamber ;  2) with heat  insulat ion,  but without vacuum in the chamber ;  3) with 

heat  insulat ion in the evacuated chamber .  T, K; t, rain 

used the method of successive approximat ions ,  namely ,  in the process of calculat ions we de t e rmined  more  precisely 

the values of t empera tu res  before and after  the  throt t le  and  the value of the gas flow tempera tu re  at the exit  of the 

heat  exchanger .  The  a lgor i thm was reduced  to the following sequence of steps: 

�9 Ass ignment  of pre l iminary  values for the t empera tures  of the forward and  re turn  gas flows at  the inlet 

and  outlet.  

�9 Ass ignment  of 

�9 Ref inement  of 

�9 Calculat ion of 

t empera tu re  value at  the  

p re l iminary  values for pressure  differences in the  forward and  re turn  gas flows. 

the  t empera tu re  value at the outlet  of the PMR heat  exchanger .  

the t empera tu re  value at  the  exit  of the PMR throt t le  at  each step of " ref inement  of the 

outlet  of the PMR heat  exchanger ."  

�9 Calculat ion of the t empera tu re  value at the inlet  of the PMR throt t le  at each step of " ref inement  of 

t empera ture  at the  exit  of the PMR throttle." 

�9 Final ly ,  calculat ion of pressure  drops in the forward and return flows at each step of " ref inement  of the 

value of t empera tu re  at  the  inlet  of the PMR throttle." 

To select the opt imum re la t ionship  of the geometr ic  parameters  of the PMR, we var ied the  length,  cross-  

section, and  number  of channels  of both the forward and re turn  flows in the heat  exchanger .  The  t empera tu re  level 

of the PMR was assumed  to be the cr i ter ion of the quali ty,  i.e., it was assumed  that  the opt imum PMR should 

ensure  the lowest t empera tu re  of the cooled object at a given value of refr igerat ion output.  

Tes ts .  The  PMR was tested on a special ly fabr ica ted  rig (see Fig. 2). First ,  we purged and  tes ted  the PMR 

with pure ni trogen at a r educed  pressure .  The  results  of these tests are  presented  in Fig. 3. Na tu ra l ly ,  in this case 

we could not obta in  low tempera tures ,  but, as can be seen from the results  presented ,  an apprec iable  re f r igera t ing  

effect is d is t inc t ly  expressed  even without h igh-qual i ty  insulat ion.  This  makes it possible  to design a PMR for 

weakly cooled electronic in tegra ted  circuits. In the future,  a PMR could be mounted  di rec t ly  on an in tegra ted-c i rcu i t  

chip. In our opinion,  this opens a promising new direct ion for the use of PMRs filled with gases at reduced  pressures .  

In exper iments  with a gas mixture  we used an AUS-I  n i t rogen-hydroca rbon  mixture  ( 4 0 ~  ni t rogen,  1 9 ~  

methane ,  1 6 ~  e thane ,  2 5 ~  propane)  at a pressure  of ~ 5 MPa. Calculat ions carr ied  out for a PMR test specimen 
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Fig. 4. Temperature of cooled object vs testing time with AUS-I nitrogen- 

hydrocarbon mixture at a pressure of 4 MPa: l)"nonoplimizcd" version of 

PMR; 2) "optimized" version of PMR. 

whose heat exchanger had 40 channels with cross-sections of 50 x 40 :~m for both forward and return flows and 

a length of 40 mm showed that at an inlet mixture temperature of 290 K and an inlet pressure of 4.8 MPa we could 

obtain a minimum temperature of --- 95 K a t a  mixture flow rate of 2.9 mg/secand  ---- 125 Kat  2.2mg/sec.  The 

heat load was assumed to be equal to 40 mW. In the experiments, the actual temperature of the object cooled was 

from I00 to 160 K. Thus, the main points of the procedure used to calculate the PMR parameters were confirmed 

experimentally. 

The results of testing of two PMRs with a gas mixture are presented in Fig. 4. The tested MPRs differed 

in the parameters of the channels. In the first version the cross-section of the heat exchanger was not optimized, 

while in the second version such an optimization was performed. It is seen that while the first PMR attained the 

regime, in the second PMR the temperature drop continued (unfortunately, the experiment was terminated, as one 

of the plates of the PMR was broken). The difference in the rate of temperature drop is due to the different flow 

rates of the gas mixture. 

Conclusions. A PMR with a nitrogen-hydrocarbon mixture fabricated by our technology is viable and 

promises temperatures in the "nitrogen" range. The calculated characteristics of the PMR are close to those obtained 

experimentally, proving the validity of the main postulates of the calculation procedure applied. 
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