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Overview

* Optimizing regenerators using entropy generation analysis have been
explored.

 Two methods are developed for the calculation of entropy generation
In regenerators.
* Pore-level CFD model
* Semi-analytical model

* Two evaluation criteria are proposed to evaluate the performance of
regenerators in terms of entropy generation.
 Modified Bejan number
* Performance Evaluation Factor
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Methods to calculation S gen

Georgia | oryo Ll

—®e



Pore-level CFD model

Oscillation mass flow Cylinders Symmetric BC
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Warm end \Symmetric BC
2D

e Laminar flow
* Mass flow rate amplitude varies
e Dvaries Sy =25, = 2D
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PDE form of Entropy Generation
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PDE form of Entropy Generation
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PDE form of Entropy Generation

2 2 2 2 2
. k (0T oT U 0V, v, v, 0dv,
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gem T2 l(ax) +<6y> +T{ <ax> +<0y * dy i

Can be implemented in CFD easily.

CFD can be time consuming.

Cannot be directly used in volume averaging method and design calculation.
Therefore, a semi-analytical form was derived.
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Semi-analytical Form — Assumptions
& Approximations

* Real gas effect is negligible;

* The porous material in the control volume is represented with a
uniform temperature T,,;

* The temperature and properties of the fluid inside the control volume
are uniform;

* The difference of temperature between solid and fluid is small
compared with the absolute temperature of the fluid;

e Convective heat exchange rate is uniformly distributed on the solid-
fluid interface.
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Semi-analytical Form of Entropy
Generation in Regenerators

* A control volume in a regenerator
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Entropy Generation due to
Conduction

dT
Conductive heat flux: CI ond = Ke eff .. dx

dT
Tut Tl —AxE&Tut'\'T ~Tf

Sgn ond ~ ( )/Tf
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Entropy Generation due to Flow

15 Jaw: iy, + j j QL dA —1ihyy, = 0
A
2" law: S =1 — 1 — q—ZdA
: gen,flow = MSoyt — MSin T
w
A

— 1
Tds relationship:  hout — hin = Tf(Sout — Sin) + P:f (Pout — Pin)
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Entropy Generation due to Flow

15 law: mhy, + jj qidA —mhyy,; =0
2" law: Sgenflow = MSpyt — MSip — f _dA

Tds relationship:  hout — hin = Tf(Sout — Sin) + P:f (Pout — Pin)

> Sgen,flow = <: - _) ff q” dA — =—— (Pout Pm)
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Entropy Generation due to Flow

. 11 ) m
Sgen,flow = T:f—a !J q dA _ﬁ(Pout — Piy)

ffA q" dA = heonp ATy — ’ff)
dT

U q"' dA = rthAxa
A

v ¢, 4T’
o (Ve Cp 7 , UsPr dP
gen,flow — —> =
hconv f 9) Tf dx

where h,,,,, is the average convective heat transfer coefficient, and ()
is the wetted solid surface area per unit volume
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Entropy Generation due to Flow

Instantaneous: Sgenflow =
Cycle-averaging: < Sgon fiow
) 4
< ‘S.:é,e’n,flow
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(Uepr Gy a) , UePr dP
_2 T
hconv f 9) Tf dx
[ dT\?
1/f | (UeoPr Cpﬁ) Us,py dP
>=f J —— +— dt
0 hconv f 9) Tf dx_

: dP . T
Assumption: U, and -, are sinusoidal, h.,;,;, is constant

U pr C dr’
>_( oo,maxPf Cv g , UenmaxPr (dp>
= — —
thonv f Q ZTf dx max



Entropy Generation due to Flow

W c dT)2
_ . co,maxFf =P dx UsomaxPy dP
Adjusted: < Sgen,ﬂow >=a —2 +h 72717? : d

2R eonyTr Q) f HXmax

Empirical adjustment using CFD results:a = 1 and f = 2
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Components of Entropy Generation in
Regenerators

Conduction: < 5§ch0nd > = Kefr (dx> / ¥
(U maxPf CP d )
H . ST oo X
Convection: < Sgencony >= @ —
2heony Ty Q

Uoo,maxﬁ dP
ZTf AX max

Viscous dissipation: < Ségn,vis >=f

These can be calculated using empirical correlations.
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CFD vs. Analytical — Volumetric
Entropy Generation Rate

I ' I ' ]
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Methods to optimize S gen
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Modified Bejan Number

~ 777
< Sgen,heat >

Original definition: Be =-—- P
< Sgen,heat >+< S >

gen,vis

< 5’-/// >
Modified definition: Be ony = 7 gen,conv-,,,
< Sgen'com, >4+< S >

gen,vis

* Entropy generation by conduction is not considered here.
Therefore, it can be used when conduction is constant.

* Theoretically, < Sgen,cony >+< Sgenvis> can be minimized

when Be,,,,, = 0.5.
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Entropy Generation Rate vs. Modified
Bejan Number

— 4000
[op]

—=— Analytical * Fluid velocity amplitude: constant.
—&—CFD ' * D:varies.

w
o
o
o

N
o
o
o

1000 [

Volumetric entropy generation rate [J/(Ksm

| ) 1 L 1 L | L 1
0.0 0.2 0.4 0.6 0.8
BeCOﬂV

Georgia
T Qi@[ﬁy@ Lalb

20



Performance Evaluation Factor

44 44/
SgenV Sgen

PEF = — = dT
Mtot max (T, — TC) Pr UOO,maX /dx

* PEFis entropy generation per unit mass flow rate amplitude per
unit warm-to-cold temperature difference.

 Lower PEF indicates lower entropy generation and thus better
performance.

 Can be used when conduction is not constant.
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Comprehensive Relationship between
PEF, Re and D

 CFD result
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Comprehensive Relationship between
PEF, Re and D

e Semi-analytical result
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Summary

* Two methods, pore-level CFD and semi-analytical calculation, were
developed to calculate entropy generation.

e Semi-analytical calculation
e Except for very small Reor D, < S > predicted by the analytical

genvis
approximation and CFD simulations are in very good agreement.

* Can be used when empirical correlations of convective heat transfer and
friction factor are available;

* Pore-level CFD simulation
* More accurate but more time-consuming.
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Summary

* Two evaluation criteria have been proposed to evaluate the
performance of regenerators in terms of entropy generation.

* Modified Bejan number
* Can be used to optimize < Sjen convy >+< Sgonvis™
» Useful when axial conduction is constant;

* Performance Evaluation Factor (PEF)

e Can be used when axial conduction is not constant;

e Can directly compared the performance of regenerators when the mass flow rate
and warm-to-cold temperature difference are same;
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