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ABSItA(I' For ;:Ipo flow

Pressure-drop correltl ons for Stirling-en-- I nondimensional variable, (I - r*)i /-
gine applicat ons wOere r tudioal (I three perspet- I oscillating Foaning friction factor,
tlive: (1) sensitivity studies of their effects -
on predicted angine performanct 12) prosentatiob *
of an improved correlation for steady unidirec- stoady Fanning friction factor. lI/re

tlonal flor through wire-erte* matrices, and 
o r l i r

(3) a theoretical analysis of friction factors for I ' definite integrals. function of Re
oscillating Isminer flow through circular tubes. I pk - magnitude of os.illating pressure
The sensitivity studies of two reference engines gradient
ihow *ignificant effects of regeneretor pressure r radial position
drop on engine P*erorranceo The improved friction r radius of tube
factor correlation for steady unidirectional flow r- nondimensional radial position. r/r
fits the data satisfactorily with an uncertainty 0
of about +10%. The derived friction factor for Re %teady Reynolds number, 2 r VU /
oacsllating flow is shown to be characterired by Re kinetic Reynolds number. wr '/r
two Reynolds numbers: steady and kinetic. Wen t time
this friction factor is compered with the one for U fluid velocity
steidy unidirectional flow, no significant differ- U area-averaged fluid velocity
ence is observed when the kinetic Reynolds number
is smull but there is a *oniderable increase at root-mean-squared fluid velocity.
high kinetic Reynolds numbers. cyclic average of U'

viscosity of fluid
v kinematic v.scosity of fluid
eL..p density of fluid

NOHI tl. AnlRI:
wall shear stress, -p(otl/ r) at . - r

lor woven-screen matri s root-mcan-squared wall sheat ltroes ,

id diaceter of wireo cyclic average of rd diameter of -ire w
I friction factor. tAP/,,)/(pU /2) frequncy (rad/2}

meA
minimum screen orenint,. - d
number of layers of creans in matrix

i'- RReynolds number, tU i/ INTHODUCTlON

distance between centerlines of wires in

screens It is important to design the heat transfer
1I velocity of fluid based on frontal ares components (heater. regenerator, and cooler) of a

I maximum velocity of fluid based on cross- Stirling engine properly. Two major design goals
MAZ sectional area of m*nlmum screen open- are ood het transfr and low working-»as res-

ing, t SI/ 1 sure drops across tle components. These two oh-

.l' totl pr.esur. drop arosi packed. Jecives are somebsat contra.ictory because
ranomly rta«cked sopree.n maptr e ,component that is designed to have improved heat

transfer will usually esperlence a higher pressure

viscpsity of fluid drop. The ability to estimate accurately heat
transfer rates and pressure drops is a great aid
in optimixing the design of the beat transfer com-
ponents. This paper examines correlations for
predicting pressure drops in Stirlling engines. te

*Research sponsored by the Office of Build- intend to (1) present some results that quantify
ngs Energy Research and Development. U.S. Depart- the effects of pressure drop on engine performance.

ment of Energy under contraut W-7405-eng-26 with (2) recommend an improved friction factor corrala-
the Union Carbide Corporation. tion for steady unidirectional flow through the
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woven-screen matrices in regenerators, and (3) de- Iltr oducing constant "multiplication factors,"

rive a theoretleal friction factor for oscillating hich h ere then varied to simulate the effect of

flow. which is a complex and challenging phonome- u.tn different correlations. The predicted per-

non occurring in a real Stirling engine. Irmiance of the GPU-3 and 41.3 enginoe is dii-

The effects of pressure drop on oalculZted played in Figs. 1 and 2. respectively. la the

performance uore demonstrated by the Argonne Na- perforuance maps, the solid curves are 1ines of

tional Laboratory (AN.) ompputer oode (1) with constant fluid friction multipliaetion factor. aid

respect to two vwll-docuented kinematic engines, the broken curves are lines of constnt freque-;y.

GPU-3 and 4123 (2). Perfornmnce predictions are

presented In the form of engine maps. which show
the effects of pressure drop and engine speed on

the predicted output power and efficiency of the : '

engines. r tNlNf
The literature on the eiisting correlations I -- I - /- / / '

for tubes. spheres, and woven-screen matrices was / '
reviewed exteasively. As a result, we found that .- i / / / -

there a.e abundant data pertinent to Stirling an- I / / /

gine applications for steady unidirectional flow; / / /

but practically none *elsts for the ocillatory\ 
/

case. For steady unidirectional flow, we compared /
the published data on a unified nondimensional j / / / -
basis, and discrepancies were ssaesied wherever /

Rt GENEnArORpossible. Through this study, we were able to RENErOR O-
present an improved correlation for the wire- FLUID FRICTION
screen friction factor based on data published - L UTIPLICATION / / (;'-3 NGINE

by [lys and London (3). FACTOR I f% HYDROGEN 74 MPI
It became apparent that a fundauental analy- .'6 K K -

sis would be helpful as a first step in under-/ /
standing the basics of oscillating flow and in4 I I I
propoing meantingful *eper*rental work. We per- 2 I1 20 24 AT 12 I 40 44

formed a simplified analysis of the tluinar flow INDICATF POINt H UTPIUT lki

of an incompressible fluid in a circular pipe sub- Fi. 1. Regenerator pressure drop has a
ject to a harmonic pressure gIrdient. The flow is significant effect on the performance of the GPU-3

fully characterized by two important parameters: engine.

steady and kinetic Reynolds numbers. provided that

a root-mean-squared velocity is Introduced to de-

fine the steady Reynolds number for an oscillating
flow with a sero mesa velooity. The ratio ofI
friction faotors between oscillating and unidirec-
tlonal flow is presented as a function of kinetic f 42
Reynolds number. and some suggestlons are included

2
_ I

for applications to Stirling sngines. /

RF.EIRITNC E3GINE PREDICTED PFRFORMANCE 3t , 4.3 ENGINE
Na HVuROG(EN 10 J MP.

:ensitivity studies of the effects of inter- 2 -t F 330 K
nil -w.ring-fluid pressure drop on Stirling engine \
perforatnee were made possible through the use of 3 .GENERATOR FLUID

the ANL computer rode (1). which uses a secohd- 34 FUICTION C rON TORRELATION NGINE

order adiabatic design method (4). A:L provided1 I1 l')I

us with a tape copy of the Fortran code and input 10 10 10 1et) 80 100 120 140 10 180 200
data files for two reference Stirling configur-INDICATEPOWR OUTPUT
ti ns. the OPU-3 and 4L.23 engines. [eeping all

parueters in the data files unchanged, computer Fig. 2. Rgenerator pressure drop has a

predictions for the tao reference engines indi- significant effect on the performance of the 4L23

cated that (1) the pressure drop in the regenera- online.

tor accounts for 70 to 90% of the total pressure
drop through the hoat transfer components, and
(2) the pressure drop in the relonorator is nearly Regenerator pressure drop has a silnificant
a linear function of velocity. as one would expect effect on both *fficiency and poer output. e.'e-

for laminar flo. cially at high frequencies. For example, when he
The effect of regenerator pressure drop on friction multiplier is Increased from 30 to 2000

the performance of the two reference engines was (a factor of 4) in the OFI'-3 engine operating At

analysed from the viewpoint that the standard em- 3500 rpo. both efficiency *nd power output are
pirical friction factor correlations may not pre- reduced by about 50%. The trend in the 4123 en-
dict accurately the pressure drops that occur in gine is the same, but the magnitude is somewhat
actual regenerators. The regenerator friction less. This trend hlghlights the need for accurate
factor correlations in the code were modified by pressure-drop correlations.



woven-screen matrices in regenerator*. and (3) de- , itlu lduin constant "mul tipl ic t n factors,

riv a theorelteel friction factor for o cillting whi.h *ere then varied to simulate the effect of

flow, which is a coeplex and challenging phenonm- using different correlations. The predicted per-

non ocuorring in a real Stirlilg en*sin. formonoe of the GPU-3 and 4L23 engines is dis-

The effects of pressure drop on calculated played in Figs. 1 and 2, respectively. In the

performance ere demonstrated by the Arginna Na- performnoce maps. the solid curves are I nes of

tional Laboratory (ANL) computer code (I) with constant flid friction multiplication factor. a d

respect to tro raIl-documented kinematic engines, the broken curves are lines of constat freque..y.

GOP-3 and 41.23 (21. Performance predictions are
presented in the form of engine maps. which show
the effects of pressure drop and engine speed on ' -,--- -- ~- -T
the predicted output power and jfflocenoy of the 4.'

engines. f No ~t
The literature on the existin S correlations I 0II / / / ^
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reviewed extoosively. As a roult. we found that / /
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Vi/

gine appl lctlons for o teady un IdL ret I onal flor; | /' -- \ ,y / /ow
but practliclly none a:ists for the ouilllatory 
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case. For steady unidirectional flow. we compared ' / /

the published data on a unified nondimensional ' / I/ /

basis. and discrepancies were assessed wherever / /
possible. Through this study, we were able to l Ii( NENRArOR /

present an improved correlation for the wire- : 11-10 FRICTIN /
screen friction factor based on data published MiI TIPLICATION // .

by lays and London (3). FACTOR (i %/ HY/IIO D N 2 4 Ml,

It became apparent that a fundamental annly- :a 9127 K 287 K

sis would be helpful as a first stop In under-/ /
standing the basics of oscillating fl oa nd in :4 L /'I 1 L l 1L

proposing meaningful experomental work. We per-' 6 20 24 28 J .J I 4
0
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formed a simplifled analysis of the lastnar flow INDICATED P(wl H yOlTPI I u

of an incompressible fluid in a circular pipe sub- lig. 1. Regoncrator pressure drop hrs a
joct to a harmonic pressure gradient. The flow is signlticant effect on the performance of the (;111-3

fully cheracterieod by two important perameter: *nline.
steady and kinetic Reynolds numbers. provided that
a root-mean-squared velocity is introduced to do-
fine the steady Reynolds number for an oscillating_

flow with a rero &esJ velocity. The ratio of I II
44

friction frctors between oscillating and unidirec- I
tlonal flow is presented as a function of kinetic
Reynolds number, and some suggrestons are Included
for applications to Stirling enginIes. i
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| YI)IH(JFN . O3 MPi \

:en'ltlvlty studies of the cff et> of lnter- \ J

nal e.ki ng-fluid pressuro drop on Sitsrl ing *ngine Y
perforusa r were made possible through the use of ItUtNERATOR FLUID
the ANL computer node (1). which uses a second- UL FRICTIONCORRELATION o - SPEE
order adlabatic design method (4). ':L provided LlC SP Elml'

us with a tape copy of the Fortran code and input 12 o 1l 120 140 1'i 1go 141

data files for two reference Stirl ing configurs-
INDICATED POWER OtUTPttT (1W1

ttls. the OPU-3 and 4123 engines. Keeping all
param.ters in the data files unchanged, cooputer Fig. 2. Roeenerator pressure drop has a

predictions for the tio reference engines Indi- significant effect on the perforrance of the 41'3

cated that (1) the pressure drop in the regenera- engine.
tor accounts for 70 to 90% of the total pressure
drop through the heat transfer componets. and
(2) the pressure drop in the regenerator is nearly Roegenrator pressure drop has a significant
a I tner function of velocity. as one would expect effect on both efficiency and power output, e*.e-
for luamnar flom. cially at high frequencies. For example. when 1he

The effect of regenerator prersure drop on frictlon multiplier is increased from 30 to 2000
the performance of the two reference engines was (a factor of 4) in the GPV-3 engine operating at
analysed from the viewpoint that the standard oe- 3500 rpm. both efficiency and power output are
pirical friction factor correlations may not pr- reduced by about 50%. The trend in the 4123 en-
dict accurately the pressure drops that occur in gine s the *sae. but the magnitude is somewhat

ectual regenerators. The regenerator friction less. This trend highlights the need for accurate
factor correlations In the code ware modified by pressure-drop correlations.



NE1 COORRLATION FOR S1TADY in tbe Stirli tg Engine Nseueetter (9). In the

UNIDIRECTIONAL FlI exanple. an average pressure drop was computed
from a half-cycle-averaged gsl velocity. Based on

As Itated earlier. the regenerator presiureAs stated earlier. the regenerator pressure the numbers provided, we calculated a pressure
Virail. - , , „. i * ? , ,drop of 11.3 kPe. This is comparable with thedrop in a typical Stirling engine predominates drop of 113 This i co bl wit t
over the pressure drops in both the heater npressure drops of 17.2 nd 7.6 P computed fr
cooler. Therefore. we focused on the review of empirical equtions of Martini nd Miyebe. respc-

friction factors associated with regenerator. tvely
The fact that the presslre drop coupnatd fromFinegold and Sterrett prepared an excellent revict tht th pres e drop coutd fro

of Stirling engine regenerator correlations. in-Martini's empirical eqnution tends to be higher

cluding a substantial bibliography ;5). It is our than the one fro Miy 's correlation ay b
intent to update this review by including the ttributed to two potential sonrces of error
newly published screen matrix data by liyabe at First. Martini's calculated pressure drop (17.2

al. (6) and to present a better empirical corre- LP) difers fro ours (11.3 ka) because of a
lttion for the well-known lays and London data. lrger uncertainty of deta fitting (±40% s 5^,

Miyabe et l. (6) recently published now ex- respectively). Secondly, the difference between

pertmental pressure-drop data for steady unidirec- our figure and Miyabo' (7.6 hPs) is du to the
tional flow through generator screen matrices (6). differences betwen the experimental data of Keys
tional flow throulh ioneretor screen matrices (6).

end London and the experimental data of Hlyebe
The data covered screens from 10 to 300 eshnd London nd te perientl d of

(openings per inch) over a wide range of Reynolds Fig 3)
numbers. The nondimensional parameters used to
present the data were defined in torns of the I I 1111
minimum screen opening and maximum fluid velocity.

An ew;itricl equation was presented:

20

33.6
f RI- + 0.337, (4 < Re t < 1000)

Re 10 \ /-CONVERTED KAYS AND =
LONDON DATA REGION -

When the empirical equation *as compared with the 5
data points, it was evident that the data scatter
was very small at only about +15%.

We reexamined the Lays and London screen ua- 2
trix data for sizes from 5 to 60 mesh. The data
were taken oriilnally from Tong end London (7).
In contrast to Miyabe et al.. lays and London de-
fined the Reynolds number and friction factor in MIYABE.Ia tSj 

=

terms of a hydraulic dimeter and an average fluil 05 DATA REGION
velocity. The Kays and London data. when plotted
using their friction factor and Reynolds number
definitions. displayed a large scatter.I 

1 1 I II 1 1
For a meaningful comparison between the two 02 5 10 20 0 100 200 500 1000200

sets of data, we converted the Kays and London
data using the Xiyabe nondimensional parameter

definitions (Ret.f). The resulting plot of the Fig. 3. Comparison of woven screen friction
friction factor vs Reynolds number displayed very factor data between aeys and London (+l10 uncer-
little scatter. We derived a new empirical equa- tainty) and Miyabe et al. (+15% uncertainty) using

tion that fits the lays and London data within Miyabe et al. nondimensional parameters.

about *10%:

THEORETICAL FRICTION FACTOR FOR
49.78 OSCILLATING FIOW

f * R . + 0.318. (3 ( Re, < 2000) OSCILLATING FL

Oscillating flaid flow, such as :hat gener-
ated by the combined movements of piston and dis-

When this new empirical equation was compared with placer in a Stirling engine, is a very complicated
the Miyabe equation, we found that the predicted problem. Therefore. a general treatment that ac-
values resulting from the lays and London data counts for the interactions of thermodynamics and
were about 50% higher when Ret - 10, about 30% dynamics ;a not our intent; rather, we will con-
higher when Re - 100, and ailost the same when centrate our efforts on the basic understandings

Ret - 1000. of the oscillatory flow phenomena and its effect
In his design manual (8), Martini published on the derivation of a friction factor from theo-

independently an empirical equation that is based retical principles.
on the lays and London data and fits the data no .'luid fri-tion in oscillating flow has re-
better than about +40%. Interested readers should celved much less attention thae in steady unidi-
refer to the design manual for his derived eqna- rectional flow. There have been a number of
tion and the details of the data fitting. theoretical studies on laminar oscillatory flow.

We applied our empirical equation to the sam- including closed-form solntions (10"13) near flat
pie case for pressure-drop calculation presented plates and inside circular tubes. However. the



experimental work releveat to Stirling cycle me- values to define · Fanning friction factor for

ohinos is scarce. One of these measurermets was oscillating flow:

published by [in (14), who perforued some pressure-

drop and beat transfer measurements of an oioil- 2

latina stren of air across a matrix of randomly w

packed spheres. f -

To gain a basic uaderstanding of friction a

losses in osillatlnl flow, we derived the fric-

tion factor that is associated with an oscillating where the subscript a refer. to a cross-sectlonal

laminar flow of an incompressible fluid through n n t b l cyclic vr .

circular tube driven by a sinusoidal varying pres- Note tht the definiton will simplify to the more

sure grdienlt. This type of flow. based on a familiar ior f - 2 /pU If it i applied to

cloosd-form solution. iI found to be fully charac- w

teried by two dimensionless parameters: the steady unidirectional fl s. After considerable

steady and kinetic Reynolds numbers. For cir- algebraic anipulation, th friction Iactor for

cular pipe. the steady Reynolds nmber is defined oacillating low can be derived from the two
liiting solutions:as

Re -t- 16 (a )

Re . (Re < 4)

Because the oscillating flow has * zero mean veloc- L

ity over one cycle, the root-smen-squared velocity

is used as a representative value i the Reynolds and

number delnitlon. Notice that the above defini-

tion will rednuc to the more familiar orm. Re -

2r U /v, i it is applied to unidirectional tube 1 /

flow. The kinetic Reynolds number. define. *i 2 Ro

terizas osillating flow. 1) * 1

The e*xat solution for the velocity distribu-

tion involves Boesel functions with complex argu-

msnts. Numerical evaluation of the e;x.t profiles where I, and I, are definite integrals that are

would be very tedious; however two imiting cses functions of Re only:

of very slow and rapid oscillations prove to be

extremely simple (see Ref. 10):

Is- ·
B

cos (B) dr C

kr Re

U - (I - r e) cos (t) + 16
and

a (r* + 4rs - 5) sin (wt) . (Re < 4)

I n- f e" sin (B) dre
and J

krI -B 1 a1^ nd I, were evaluated easily by integrating
- o I numerically on a programmable hand calculator.

U Re ) sin (t B) (Re > 4
)4 Notice that the friction factor for oscillat-

wVr~~~~ " ling flow approaches the steady unidirectional
velue of

where

16

B - "I - r 2)

when the kinetic Reynolds number approaches sero.

For very mall values of Re , the velocity distri- A convenient comparison between unidirectional and

bution is nearly parabolic. which is similar to oscillating flow can be made when the ratio of os-

steady state Hgen-Poiseuille flow. For very cillating to sterdy friction factors is computed:

large values of Re . the velocity is nearly con-

stant across the core and decreases to zero across 3

a relatively thin boundary layer close to the pipe 1, ^ Re(RI
~Iwall. . (Rh <4)

The root-mean-squared wall shear stress and ' 1 + (
neon-squared velocity are used as representative



and Tabl 1. Estimated Re and f/f for beat trae fr
componeats of referenc a aig e operalis

at 2000 rp

^ 1 f ^2 ! 4 .r T!per · ture r
.. ' s

^~~\'Y ~,~- t (oo > 4) 1- -
(_) (m_ _ (

UPiI-3 (2.74 MP»)

*eater tubae RbO 1.S1 I 0-' 19 1.4
The friction factor ratio as a function of Rgaserator 560 4.65 10o- 0.04 1.0

kinetic Reynolds number is plotted in Fig. 4. The Cooler tubes 340 5. i 10-' 12 1.2
ratio is a weak function of Re for maill values
and a strong function of Re for larger values. L3 (10.3 Pa)

At low frequencies. the ratio is shown to remain Heater tubes 930 2.36 10-' 160 3.5
constant and c'oae to unity. while at higher fre- ilesnerator 600 7.5 X l0-' O.J4 1.0
quencies. the ratio approachs a straight line Cooler tube 350 5.75 i 10-' 4 2.0
with a slope of 1/2 as shown by the dotted line.

At Re - 4. there is a discontinuity because the
approximate expressions for the velocity distribu-
tion are discontinuous at that point.

generators account for most (70 to 90%) of the
total pressure drop across the heat transfer com-

ponents. Table I indicates that the friction fac-

It_ _____O__' I I II I I tor ratio between oscillating and steady unidirec-
- _1 I I | I Ho l |il 5 tional flow for the regeneratorr is near unity.

= ^ Thus. it appears that presure drops In regenera-
tJ _ -^/ tors may be predicted adequately trom the commonly

' 5 used correlations that wore developed for steady
0 // - unidirectional flow. Table I also indicates that

j~~O s~~~~ /~/ the friction factor ratio is above unity for all
-u <)_// tof the heater and cooler tubes. Consequently. the

t I
c

effects of oscillating flow may be important in
^ ~2~~~ -i ~ /*~ _these components. Fortunately, the accurate pre-

diction of pressure drops in the heaters and cool-
/-

0 ~ *jr~era is loss critical because they account for only
o100 a small portion of the total pressure drop.

5 L . I~ | l | 1 _ lI | _ CONCLUSION

10 5 I0 21 5 10 . 5 10 2 5 10'.
Pressure drop has signifficant effect on

KINETIC REYNOLDS NUMBER predicted engine performance. with the regenerator

Fig. 4. Fluid friction comparison between as the most dominant component. At a high fre-
oscillating end steady unidirectional flow. quency of 3500 rpm, quadrupling the friction fac-

tor in the regenerator reduces both the indicated
efficiency and indicated power output by nearly
50% for the OPI-3 reference engine.

For Ctirling engine applications, the two For steady unidirectional flow. an improved
reference engines mentioned earlier (Figs. 1 and .mpirical equation was derived for the well-
2) were used as typical elamples. The estimated established Kays and London screen matrix data.
kinetic Reynolds numbers and the corresponding This correlation eppears to fit the data satis-
friction factor ratios obtained from Fig. 4 are factorily with an uncertainty of about +10%.

listed in Table 1 for the heat transfer components For oscillating laminar flow. the flow is
of the reference engines. The values of Re are shown to be fully characteriied by steady and ki-
based on a midrauge frequency of 2000 rpm and a netic Reynolds numbers. Moreover, the ratio of
temperature-dependent viscosity (p) for the hy- frictior factor between oscillating and steady
drogen working fluid. Although the analytical flow has been shown to vary with the kinetic Rey-
solution for oscillating laminar flow in tubes may nolds number only. No significant difference
not apply directly to the wi rf creen -atrices exists at slow oscillations, but there is sil-
in the regenerators. the values of Re *ere esti- nificant enhancement at rapid oscillations.
mated from the hydrauliu radii of the matrices to
provide some approximate magnitudes. The kinetic
Reynolds numbers of the heat transfer components ACKNOWLEGMENT
span a wide range with a difference of more than 2
orders of magnitude. The regenerator Re values The authors are grateful to Mr. G. McLennan
are the smallest because of the radius-squared of Argonne National Laboratory (ANL) for his
dependence, timely consultations on the ANL computer code

As stated previously, the sensitivity studies operations with Oak Ridge National Laboratory/IBM
of the two reference engines showed that the re- system.
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