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ABSTRACT

The purpose cf this work Is to highlight the particular aspects of
minlzgture hest exchangers performance end to dotermine en appropriate
design approzch. A thermodynsmic analysis Is performed to express the
generated entropy as &8 function of material and geometric
characteristics of the heat exchangsrs. This aexpression ls then used to
slze minlature heat exchangers.

Key words: Minizture hest exchanger dssign; iaminer fiow hest
exchangsr optimizetion; seccond law analysis. v

1. introductiion

In recant years & terge number of -appllcations have besn deveicpad for gmall
superconducting devices being cooled arcund 4.2 K . Thelr visbility will depend on the
svalisblillty of closed cycie, efticlent refrigerators. An extendod survey [1] has
shown that smail scals refrigerators, for losds asround 1 watt, are not commsrcigity
availabie.

Different spproaches have tasen undsrteken to bulld reliable snd officlent closed-
cycte refrigerators. Ih particular, Vulllealer, Glfford-HcHahon and Stirling cycles
wore investigated. These cycles are etflclent at temperatures greater than 10 K. The
main probiems In theso pressure-cycling refrigerators for llguld helium tempsraturas
are rcoted In the poor hesti capaclty of regeneraters materials at low texperstures.
Preliminary studies {2] show that for smali loads Colilins cycls rofrigerators are
advantsgeous. ’

As part of a program to develop an effliclent, closed cycle Colllns type
refrigorator for | watt at 4.2 K, we [Iavestigato the parformance of minlature hellum
plate heat exchangers (Fig. 1). Dus to tho msss flows Invoived, thess hsat exchangers
operate In laninar flow conditions.

We wll| show that the axlal conduction in the solld wa!l has a considarable impact
on the performance of low temperature miniature heat exchangers.
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Figure 1: Plzte heat
exchanger

2. Thermodynamic snalysis

The three meJor contributions to lrreversibltities In heat exchangers are:
2.1, Entropy generation due to friction, S -
2.2. Entropy ganeration dus to femperafurapdlfference
between the heat exchangsr streams,
2.3. Entropy generation due to heat conduction In the
soild wall, Sc

Thelr sum will furnish the genersted entropy for the [solated heat exchanger:
= + .
_’AS. Sp ST + Sc ()
2.1. Entropy generation due %o triction

Assuming that hellun behaves as a perfect gas, woe find that the entropy. generation

due to flow friction Is glven by:

S, = mRllap /p ) + tap/p 0] | 2)

where: m = mass flow

R = gas comastent
P fow pressure
Py high pressure

Since the high pressure stream friction Toss is negligible, Sp is given by:

= ( . .
Sp mR (pL/pL) 3
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where: . 2.2
] [m /¢ aBD"1](+/2Ra)(L/D)
hRe" friction factor [3]
Re = Raynoids number
5 = density
B,0,L= geometric parameters (Fig. 1),

Substituting ap into eq. (3), we tind:

s, = (mzR/pL)(f/ZRe)[L/(BZDz)]. (@)

1t may be immedlately seen from eq. (4) 1haf entropy generation by friction ulll
Increase with Increasing heat exchanger length L and decreaslng breadth B and wall-to-
wall distance D.

2.2. Entropy generation due to finite tempersture differenca
The genérgfed entropy due to finite temperature difference is:

o2 200 — ,
ST =M cp L(ZD/(kau) + ?/ku)L(Tl‘TZ)/(TITZ)J('/(BL))"' (5}

whera: ¢_ = spaclfic heaf at constant pressure of fhe fluld
kP = fluid thermal conductivity
kw = wall therma! conductivity
Nu = Nusselt number.

The derlvation of eq. (5) Is summarized in the Appendix.
It may be sesen from eq. (5) that the entropy generation will decreass with

decroasing wall-to-wall distance D and wall thickness t and increasing plate b'ead‘h B
and heat exchanger length L.

2.5. Enfropy generafion due to heat conduction in the sotld wall

The temperature gradient In the heat exchanger walils Is linear and the heat
conductivity, kw and the crossectional zrea AS are censtant; then the enfropy ganerstion
S associated with the heat transfer by condiction, Qc ls'

Sc = QC(T1°T2)/(T1T2) . (6)
where:

Qc =A(T\_T2)kuAs/L .- (7}

It may be seer from eqs. (6) and (7) that the entropy genaration by axial wall
conduction will increass with increasing crossectional eres A =38t and decreasing heat
exchanqger length L.

2.4. Overall entropy generation

The generated entropy In a laminar counterfliow heat exchanger, assuming hellum
behaves. as perfect gas and with constant material properties, Is derived from egs.
(1),(31,(4),(5) and (6):
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S = ij[f/(Z‘1RepL)J[L/(8203;] + .
22 '
m-c “[(20/k N (T, -
i L /thu) /R VT, T /T TI01/BLY] + (8)
ka(T'sz) /(T'Tz)](BT/L).
It will be useful, for the purposes of simplifying the exprassion of S snd to

recognize familiar dimenslonless parameters, to obtain a dimensionless form for eq.
(8). This is achleved by dividing eg. (8) by L(kf/tﬁmJ, that is constant at pressures

below 20 atm {4]. Equation (8) then becomes:
- 2 .
S/LU70Im] = Ll /k ) (LI (1L5/Re) (T =T /(T T, 000 +
[((T‘-T2)2/(T‘Tz))(PrzRe/Nu)(D/L)] +
(9

_ 2 2
Lk /i) (H/L) (RePr2/2) (T T2 /(T T, ] +
C(R/c,) (PrRo) (£ $rsp o L.

This is the entropy S generated in a counterflow leminar hest exchanger, valld for
ideal gases In the lemlnar flow range with Re larger than 100 L£3].

3. Heat exéhanger sizing

The gecmeirlcal parameters chosen are the wall thickness t, the breadih B; the
wall-to-wall distance D and the hest exchanger length L. Material propertiss are
definad by ku'

Results will show that the entropy generaticn decreases with decreasing t and
increasing L. and: 8, with k” = ku(s) end D = D(L). Rt o

3.1 General methodelogy for minlature haat exchanger sizing
Equation (9) shows that the wall thickness t needs fo be small for minimum entropy
generation. Consequently Its value wilt be determined by structural requirements.

The flrst der}va*lve of S with respect fobku Is set to zero:

kﬁ = 0.32RePrk (10)

.

Equation (10) hes a form that is simllar to the optimized wall thermal
conductivity for a coricentric tube heat exchanger [5].
For B conslderably targer than D, the Reynolds number may be expressed as:

Re = Zm/(Bv) . (11)
Substituting eq. (10) Into oq. (9), we find:

S/Ltk A In] = 1.22Pr((T‘—T2)2/(T‘T2))(f/L) +
(PrzRe/Nu)(T,-Tz)z/(T‘Tz){D/L) + (12)

2 3
(PrRe)(R/cp)(fu /(BpL;L))(L/D ).
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The minimum of the entropy gsnoration with respect to the wall-to-uall dlstance D
Is then determined similarly: .

o 2 : 132 5. .5 .
D = LR/ 6™/ (Zpp 1) (W/PE)I/ (T =T ) /(r‘rz))]z y’. an .

Equaflon‘(IB) Is substituted Into eq. (12); S Is then oxpressed as & function of L
and Re. vhere Re Is defined by eq.(11): .

.5

S/TtkehInd = ¢, (/L) + cRell)™ "7, (14)

2

where:

Loy =122 UT, Ty /(T )

1. 75/ W25, .2 .25.

)((T -T ) /(T T )) (R/cp) (fv /(pLPL))

= l 05(Pr i

7

Tho functlion S is monotonlc decreasing with Increasing L and decrsasing Re. The
remaining parameters B and L may be evaluated by considering space limitation, heat
leak to the surrounding and manufacturing costs.

3.2. Applications for hefium hest exchangers

Ho take lnfo conslderation a laminar counterfiow plafe heet exchanger for a two-’
axpender-satursted-vapor-pressure cycle refrigerater [6] with a cooling load of 1§ watt "
at 4.2 K. \Wlith a ressonable expander eofficiency, the mass flow {n the balanced heat
axchangar betweon 300 K and 60 ¥ Is 0.1 g/a, while the mass flow In the heat exchangsr
betusen 30 K and 14K }s 0.085 g/s. L

The generated enfropy as a function of the length L, using the Reynol!ds number as
8 peramster, Is shown In Figures 2 and 3 for ?he iwo heat exchanger,.

The heat exchangers bresdth B Is computed from oq. (10) for {wo Raynolds numbers ¢
Figure 2: for Re = 1G0, B .= 0.171 m &nd for Re = 300, B8 = 0.057 m
- Flgure 3: for Rg .= 150, B = 0.294 m and for Re = 300, B = 0.147 m,

The cptimized walli~-to-wall distance D is computed from aq. (i3):
Flgure 2: for Q.im< L < 1.Cm 0.26mm < D < Q.82mn
Figure 3: for O.lm< L < 1.0m 0.06ma <D < 0.1%mwn ,

Figures 2 and 3 also chow the entropy generation due to axlal wall conductlen. Its

contribution to the total entropy genaratlion is particulerly significant for the cold
minicture heat exchanger end, in goneral, for low Reynolds numbers.
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Figurs 2: Entropy gensratlon rate vs, length of heat-exchanger

for two Reynolds numbers
(T, = 300K, T, = 60K, P = 2 bar, Py = 20 bar)
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Fligure 3: En#ropy generation rate vs. length of hasat exchanger

paramster: Reynolds number Re :
(T, = 30K, T, = 14 K, = 2 bar, pH?ZODar)
(m'= 0.085 o/8, t = 0.2 bm)
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4, Conclusions

The thermudynsmic analysis performed In this work conslists of:
- expressing the entropy gensration contributions dus to the axlal wall conduction, due
to the pressure loss snd due to the finite temperature difference as a functlon of four
gecmatricsl paremeters and one mzterial cheracteristic.
- minimizing the generated entropy and thereby reducing the set of lndapandenf
parameters.

In ministure heat exchangers, axlal conduction in the wall may becoma an liportant
phenomenon.

It 1s shown that the minlature heat exchanger design may not be performed by .
simply scaling down standard heat exchangers becsuse of the short heat exchanger length
and the lamipar flow.
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Appendix

The temperature dlfference AT between the streams compsred to the axiel
temparature dlfference (T,~T,} Is assumed to be small, then the heat transfer rate
through the heat exchange} sarface A lss

Q= mcp(T'—Tz) = halA . (A1)

(Assuming tho same convective heat transfor caeff{clenfs h for the high and o
pressure streams, we find:

= (Nuk,)/0, (A2)
)
\ Thus the overall haat transfer coefflcient h Is:
i/h = 2/hco + f/Ku- (A3)
Considering the ftluid heat conductivity k lndebendenf of the pressure; eq. (A2)
shows That the wali-to-wall distance D Is equal for both channels. -
The finite temperature difference Is derived from eqs; (AZi,(AS) and (Al):
= \4 - + .
AT (ncp/A)(T1 TZ)[(ZD/(kau)) (*/ku)] (A4)
The entropy aencratlon due to the finlte fémperafure differencea T Is:
ST = mcpu‘f(T'-Tz)/(T‘Tz) . (A5)

By substituting eq. (A4) Into eq. (A5}, the entropy generation ST becomes:

S, = mlc 2[(70/(k Nu)) + (t/k )][tT T ) /(T )][1/(BL)]. (A8)
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Nomenclature

area

Re Reynolds number
plate uldth S entropy
i constent in eq. (14) t plate thickness
T temperaturs
2 constant in eq. (14) A dgifference
. v viscoslty
o spoclfic heat of ges P denslity
' plate spacing Subscripts
frictlon factor .
heat transfer cosffictent 1 warm end of exchanger
co convective heat transfer coefficient 2 cold end of exchanger
c wal| conduction
thermal conductlivity £ fluid
heat exchanger length H high pressure passage
mass L low pressure.passags
u Nussett number P frictional pressure drop
pressure "5 cross section
r Prandt! number T gas heat transfer
heat transfer rate ] wall :
gas constant
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