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ABSTRACT

Pressure-drop correlations for Stirling-en
gine applications were studied {rue three perspec-
tives: (1) sensitivity studies of their effects
on predicted oengine performeance, (2) presentatiou
of an ieproved correlation for steady uoidiroc-
tional flow through wire~saresn matrices, and
(3) s theoretical amalysis of fricvtlon factors for
oscillating laminar flow through circular tubes.
The sensitivity studies of two referonce engines
show significant offeots of rogemerator pressure
drop on engine pezformence, The improved friction
factor correlation for steady unmidirectional flow
fits the dota satisfaectorily with as uncertainty
of asbout +10%. The derived friction factor for
oscallating flow is shown to be characterized by
tvo Reynolds numbers: osteady and kinetic. VWhen
this friction factor 1as compared with the one for
steady unidigectional flow, no signiflicant differ-
ence is observed vhen the himotlc Reyaolds number
is small, but there is & oconsidoaradble incroase at
high kinetic Reynolds sumbers.

NOMUN(LATURE

lor woven-screon matria

d diameter of wire
{ friction lactor, (AP/n)/(pVl 1/2)
maz

L minimum scroon opentng, s — d

o number of layers of scroens i1n matria

iy Reynolds number, pU-.. t/ip

s distance botween conterlines of wires in
screens

Pl velocity of flutd hbased on frontal ares

'm‘l marimum velucity of fluid based on cross-
sectional eres of miniemum screon open-
ing, U(n‘/l‘

AP total pressure drup acvross & packed,
randomly stacled auroen matri:x

W viscosity of flusd

p density of flujd
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For 1po flow

B nondimensional variable, (1 - r*)VKe ;2
t oscillating Fanntng {riction Cactor,”
~Ne /ol 3
Ny /pU.
f stoady Fapning friction factor, 16/Re
'
for laminar flow
.1, definite integrals, functsons of Re
-
|3 pk = magnituds of oscillatiog prossure
gradient
T radial position
LI fadius of tube
re nondimensional radial position, r/r
F
Re steady Reynolds number, 2 rOVU“/v
Re kinetic Reynolds number, ur,'/v
w 8
t time
U fluid velocity
U sres—averaged fluid velocity
40.‘ root-mean—squared fluid velocity,

cyclic average of U ?
u viscosity of fluid s
v kinematic vascosity of {luid
P donsity of fluid
t wall sboexr stress, —p(ol/3r) ot ¢ = r

W
Vt" root-mean-squared wall shear strons,
cyclic average of v !
w (requency (rad/s)
INTRODUCTION

It is important to design the hoat transfer
components (heater. regenerator, and cooler) of a
Stirling engine properly. Two major design goals
sre good heat transfer and low working-gas pres-
sure drops across the components. Thase twu ob-
jectives aro somowhat contraciclory because
component that is designed to have improved heat
transfer will usually experlence a higher prossure
drop. 1he adility to estimate accurstely heat
transfer rates and pressure drops is a great aid
in optimizing the design of the heat transfer com—
ponents. This paper examines correlations for
predicting pressure drops in Stirling engines., Ve
intond to (1) present some results that quantify
the effects of pressure drop on ongine performance,
(2) rocommend an improved frictiom [sctor correla~-
tion for stoady unidirectional flow through the
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woven-screen matrices in regenerators, and (J) de-
rive a thooretical friction factor for oscillating
flow, which is n complex and challenging phonome-
non occurring in a res]l Stirliog ongine.

The effects of pressure drop on calculated
performance vers demonstrated by the Argonse Na-
tions! Laboratory (ANL) romputer ocode (1) with
rospect to two vell-documented kinemstic engines,
GPU~) and 4123 (2), Porformance predictions are
pressnted in the form of engine maps, which show
the effacts of pressure drop and engine speecd on
the predicteod output power and #fficioncy of the
engines.

The literature on the oxisting correlations
for tubes, sphores, and woven-scroen matrices wss
reviowod exteasively. As a rosult, wve found that
there ai1e abundant data portinent to Stirling en-
gine applications for steady unidirectional flow;
but prectically nome exists for the oscillatory
case. PFor steady unidirectionsl flow, we compared
the published data on s unifiod nondimensional
basis, and discrepancies were assossed wherover
possible. Through this study., we wore sble to
present et improved correlstion for the wire-
scroen friotion factor besed on data pudblished
by Kays and London (3).

It becamo apparont thet a f{ucdamental snaly-
sis would be hoelpful as a first step in under-
standing the basics of oscillating flow snd in
proposing mesaningful oxperi‘wental vork. We per-—
formod a simplified anslysis of the laminar flow
of un incompressible fluid in o circulsr pipe sub-
ject to a harmonic pressure gradient. The flow is
fully charscterized by tvo important parametoers:
stoady and kinotlio Reynolds pumbors, provided that
s root-mean—squarod velocity is introdnced to de-
f{ine the stoady Reynolds number for an oscillating
flow with s 20r0 meaa velooity. The ratio of
friction frotors botweon o0soillating and unidirec-
tiona]l flow is presented as a functionm of kinetic
Reynolds number, and some suggestions are included
for applications to Stirlimg ongines.

REFERENCE ENG INE PREDICTED PFRFORMANCE

Consitivity studieos of the offects of inter-
nal werking-fluid pressure drop on Starling engine
perfortiatne were made possidble through the use of
the ANL computer code (1), which uses s secoud-
order adisdatioc design method (4). AL provided
us with s tape copy of the Fortran code and input
data files for two reforence Stirling configura-
tiuns, the GPU-) and 4L23 ongines. [Keeping all
poram ters in the data files unchanged, computer
predictions for the tso roference ongines indi-~
cated thet (1) the pressure drop in the regenera-
tor accounts for 70 to 90% of the totsl pressure
drop through the hoat transfer components, and
(2) the prossure drop iln the rogomerator is nearly
a linear function of velocity. ss ope would expect
for laminar flow,

The offoct of regenerator pressure drop on
the performence of the two reference engines was
analyzed {rom the viewpoint that the standard em-
pirical friction factor correlstions may not pre-
dict sccourately tho pressure drops that occur {n
actual regonorators. The regenorator friction
factor correlations in the code were modified by

introdacing constant "nulllpl tcation factors,”
which were thepn varied to simulate the offoct of
using differeont correlations. The predicted por-
formance of the GPU-) and 4123 engines i dis-
played in Figs. 1 snd 2, rospectively. In the
performance maps, the solid curves are lines of
cosatant fluid friction multiplication factor, and
the broken curves are lines of constant frequewucy.
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Fig. 1. Regenerastor pressure drop has a

significent effect on the performance of the GPU-3
engine.
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Fig. 2. Regenerator proessure drop has a
significant effect on the performance of the 4123
ongline.

Regenerator pressure drop has a significant
effect om both efficiency and power output, eaj e~
oially at high frequencies, For oxample, when .he
friotion multiplier is inoressed from 50 to 200°
(a fsotor of 4) in the GPU-3 ongine operating at
33500 rpm, both efficiency and power output are
roduced by about 30%., The trond im tho 4123 en-
gine is the samo, but the magnitude is somewhat
1ess. This trend highlights the need for accurate
pressuro-drop correlations.




woven-screen metrices in regenerators, and (3) de-
rive & theorotiocal friction factor for oscilleting
flow, whicd (s & ovaplex and chsllonging phenome—
non oocurring In s roel Stirling engine.

The effects of pressure dsop on oslculeted
performance vere domonstrated by the Argonne Na-
tional Laborstury (ANL) romputer oude (1) w!ih
rospoct to two well-documented kinomatio engines,
GPU-3 and 4123 (2). Porformance predictions are
presented in the form of ongine maps. which show
tho offects of pressure drop and engine spoed on
the predicted output power and sfflolency of the
engines.

The literature on the existiamg correlations
for tubes, sphores, and woven—scroon matrices vas
roviewod ontoosively. As a rosult, we (ound that
thero a1e sbundant datas pertipent to Stirling en-
gine applications for stesdy unidirevtions! flow:
but practically none ezxists for the vscillatory
case. For stoady unidirectional flow, we compared
the published data on a unified nondimoensional
basis, and discrepancios wore assossed whorever
possible. Through this study, vwe were able to
present an improved correlation for the wire—
scroen friction fsctor based on data published
by Kays and Loadon (3).

It becamo apparent that a fundemental analy-
sis would be helpful ss a first step in under-
standing tho basices of oscillating flow snd in
proposing mesningful oxperiwmental work., We per-
formoed a simplificd analysis of thoe laminar flow
of sn incompressible fluid in a ciroular pipe sub-
ject to s harmonic pressure gradient, Tho flow is
fully charsotorizod by two important parameters:
stoady and kinetioc Reynolds numbers, provided that
a root-mean-squared velocity is introduced to do-
fine the stoady Reyunolds number for en oscillating
flow with a z20r0 mesa velocity., The ratio of
friction froctors between oscillating anmd unidirec—
tional flow is presented as » function of kinmetic
Reynolds nusber, and some suggostions sre included
for eppliocations to Stirling omginen.

REFEREN(T. ENG INE PREDICTED PFRIORMANCE

vensitivity studies of the effects of inter-
nal werhing-(luid pressure drop on Stirling engine
perforuaine were made possible through the use of
the ANL computer aode (1), which uses s dsecond-
order adisbatio design method (4). Al provided
us with s tape copy of the Fortran code snd input
data files for two reference Stirling configura-
tivns, the GPU~-) and 4123 engines. Keeping all
param .tors in the dats [(iles unohamngod, computer
predictions [or the tso reference engines indi-
cated that (1) the pressure drop Ln the regenera—
tor sccounts for 70 to 90% of the tota) prossure
drop through the heat transfer oomponsnts, and
(2) the pressure drop in the regenerator is nosrly
s lioesr funotion of velooity, as one vould expect
for laminar f{low,

The offect of regenerstor pressure drop on
the performance of the two reference emgines vas
anslyzed from the viewpoint that the standard em—
pirical friotlion factor correlations mey not pre—
dict sccurstely the pressure drops that ooccur in
sctual regeneorators. The regenerator friction
factor correlations in the gode were modified by

introducing constant "mul tiplicstion factors,”
which were then varied to simulate the effoct of
using difforent correlntions. The predicted per-
formance of the GPU-3 and 4121) engines is dis-
played in Figs. 1 and 2, respectively. In theo
performance maps, the solid curves are lines of
constant fluid friction multiplication factor, a:d
the broken curves sre lines of constsut frequo.yy.
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Fig. 2. Regenerator pressure drop has a
significant effect on the performance of the 4123
ongine.

Rogonerator pressure drop has s significant
effoot on both efficiency and power output, osje-
oilsily at high frequencies, For example, when .he
friotiono multiplier is increased from 30 to 200*
(a factor of 4) in the GPU-3 engine opersting at
J500 rpm. both efficiency and power output are
reduoed by about 50%., The trend in the 4123 en-
gine is the same, but the magnitude is somewhat
less. This trend highlights the need for scourato
prossuro-drop correlations.




NEW CORRELATION FOR STEADY
UNIDIRECTIONAL F1 W

As stated earlier, the regenerator pressure
drop 1in a typical Stirling engine predominates
over the pressure drops im both the boater and
cooler. Therefore, wo focused on the roview of
friction factors sssociated with regencrators.
Finegold and Sterrett prepared an oxcellent review
of Stirling engine vogemerstor coxrelations, in-
cluding a substantisl bidbliography (S). It is our
intent to update this roview by including the
nowily published scroeom matrix dats by Miyabe st
al. (6) and to present a better empirical corre-
latjon for the well-known Kays and London data.

Miyabe ot al. (6) recently published new ex-
poriments]l pressure—drop dats for steady unidirec-
tional flow through generator scroen matrices (6).
Tho data covered screens f{rom 10 to 300 mesh
(openings per inch) over s wide range of Reynolds
oumbers. The nondimensional parameters used to
prosont the data were defined in terms of the
minimum screen opening and maxiwum fluid velocity.
An empirical equation was presented:

3.6
Re

{ = + 0.337, (4 < Re, ¢ 1000)

L L

When the empirical equation was compsred with the
data points, it was evident that the dats scatter
vas very small at only about *15%.

We reexamined the Kays snd London screon ma-
triz data for sizos from 5 to 60 mesh. The datas
wero taken originally from Tong snd London (7).
In contrast to Niyabe et sl., Kays end London de-
fined the Reynolds number and friction factor in
terms of a hydraulic diameter and an average fluidl
velocity., The Kays and London data, when plotted
using their friction factor and Reynolds number
definitions, displayed o large scatter.

For a meaningful comparison betweon the two
sots of data, we converted the Kays snd London
data using the Miysbe nondimensionsl parameter
dofinitions (Rcl.(). The resulting plot of the
friction factor vs Reynolds pumber displayed very
little scatter. We derived s new empirical equa-
tion that fits the Kays and London dats within
about *10%:

49.78

[ =~ E:::jjjj + 0.318, (3 ¢ R.l < 2000)

¥hen this new empirical equation was compsred with
the Miyabe equation, we found that the predicted
values roesulting from the Kays and London data
wore about 50% higher whon Re, = 10, sbont 308
highor when Ito'~ = 100, and slmost the samo when
Rol = 1000,

In his design mannal (8), Martini published
independontly an empiricsl equation that is based
on the Kays and London data and fits the dsta no
botter than about *40%. Interosted readers should
refer to the design manual for his derived equa-
tioo and the dotails of the deta fitting.

We applied our empirical equation to the sam-
ple case for pressure-drop caloulation presented

in the Stirlting Engine Newsletter (9). In the
example, an average pressure drop vas computoed
{rom a balf-cycle—averaged gas velocity, Based on
the numbers provided, we calculated a pressure
drop of 11.3 kxPa. This is comparshble with the
prossure drops of 17.2 and 7.6 kPa computed from
empirical oquations of Martini snd Miyebdo, rospec-—
tively.

The fact that the pressure drop computed from
Martini's empiricsl eguation tends to be higher
than the one from Miy ~e's correlation may bde
sttridbotod to tvo potential sources of error.
First, Martini’s cslculated pressure drop (17,2
kPa) differs from ours (11.3 kPa) because of &
larger uncertainty of data fitting (+40% vs ¢15%,
rospectively). Secondly, the diffeoronce betvesn

" our figore and Miyabe's (7.6 kPa) is due to the

differences botweon the oxperimental dats of Kays
and London and the oxperimental data of Miyabe
(sec Fig. 3).

T T T T T T
20 - —
10 b~ CONVERTED KAYS AND prumn
— LONDON DATA REGION =
= =
- - —
2= —
V- —
E MIYABE vt al E
I~ OATA REGION —
05~ —
— —
N R A I R R 11 (B
2 S w0 20 50 100 200 500 1000 2000 5000

Rey

Fig. 3. Comparison of woven screen [riction
factor data betvoen Kays and London (210% uncoer-
tainty) and Miyabe ot al. (+15% uncertainty) using
Miysbe et al. nondimensional parameters,

THEORETICAL FRICTION FACTOR FOR
OSCILLATING FLOW

Oscillating fluid flow, such as :hat gener-
ated by the combined movements of piston sand dis-
placer in a Stirling engine, is a very complicated
problem., Therefore, a general troatment that ac-
counts for the interactions of thormodynamigs and
dynamics s not oonr intent; rather, we will con
centrate our efforts on the basic understandings
of the oscillstory flow phenomena and its effoct
on the derivation of a friction feactor from theo-
retical primciples.

luoid friastion in oscillating flow bas re-
ceived much less attention thar in steady unidi-
rectionsl flow, There have been s number of
theoretical studies on lemimar oscillatory flow,
including closed-form solutions (10-13) near [lat
plates and inside circular tubes. However, the




exporimentsl work relevent to Stirlisg cycle ma-
ohinos is soarce. One of thoese measuroments vas
published by Kim (14), who performad some prossnre~
drop and heat transfer mensuremonts of sm oscil-
lating otroem of sir scross a matrix of rsndoamly
packod spheres.

To gain s basic understanding of friction
losses in oscillating flow, we derived the fric-
tion factor thst is associated with anm oscillating
laminar flow of sn incompressible fluid through a
ciroular tube driven by a sinusoidal varying pres-
sure gradicat. This type of flow, based on a
closed-form solotion, is found to be fully charec-
terized by two dimensionless paramoters: the
stosdy and kinetic Reynolds numbers. For s ocir
cular pipe, tbe steady Reynoclds number is defined
as

ir JU J
[+ a

Re » ———
v

Bocouse the osoillating flow has a zero moan veloc—
ity over one oyole, the root-mean—squared velooity
is usod as s ropresentative value in the Reynolds
pumber doflmition. Notice that tho above defimi-
tion vwill reduce to the more familiar form, Re =
Zrou.lv, it it is applied to unidirectional tube
flow. The kibetic Reynolds number, dofine as

Bo = 0r°'/v. is a unique parameter that charac-
toerizes oscillating flow,

The exact solution for the velocity distribu—
tion lavolves Bosnel functions with complex argu-
ments. Numeriocal evaluation of the ezaiut profiles
would be very tedious; however, two !imiting cases
of very slov and rapid oscillations prove to be
extremely simple (see Ref. 10):

kr Re
T2 (1~ o) (wt) + =
i} ~ r cos (wt 16

s (r® + 4r°% — §) sin (wt)) , (Rou < 4)

and

-B
lro .
U~ ;E:: [lln(ut) - sin (wt — B)] . (Re“ > 4) ,

where

Re
-
Be= (1 - r')\";‘ .

For very small velues of Re , the volocity distri-
butionm (s nearly purlbolic.u'hlch is similar to
steady stato Hagen-Poiseuille flow. For very
large valuos of Rou, tho velocity is nearly con—

stant scross the core and decresses to rero across
a relatively thin boundary layer close to the pipe
well.

The root-mean~-squared wall shear stross and
mean-squared velocity are used as represaontative

values to dofine a Fanning [riction factor for
oscillating flow:

s
&

l

v
(=1

whore the subscript u refoers to a cross—sectional
aroa moean and the bar signifies & cyclic average.
Note that the definition will simplify to the more
famil iar 1tom ( = 2!'/PU.‘ il it is applied to

steady unidirectional fl-e. After consideradle
slgobraic manipulation, the friction factor for
oscillating flow cam bo derived from the two
limiting solutions:

- ™ 1 3 , (Re ¢ 4) ,
1 « 3 Re
and
Re 148/
™
2 Ko“ 2 * 4
{= e 1 s N B (Ro“ > 4) ,
- L) 5

whore I, and I, aro definite integrals that are
functions of Ro. only:

I, = [ vr3 .-B cos (B) dr* ,

and
1
I, = ‘f Yre o—B sin (B) dr* .
.

I, end I, were ovaluated oasily by integrating
numerically on a programmable hand calculator,

Notice that the friction factor for oscillat-
ing flow approaches the steady unidirectional
value of

16
(l ® Re '

wben the kinetic Reynolds number approaches zero.
A convenient compariocon betweon unjdirectional and
oscillating flow can be made when the ratio of os-
cillating to stesdy friotion factors is computed:

1 - (i Ro \‘ M

8 w/

"~

-
-

G -
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The friction factor ratio as a function of
Linetic Roynolds number i3s plotted in Fig. 4. The
ratio is a woal function of Re for small values
and a strong function of Ro. 8¢ larger values.

At low frequencies, the ratio is shown to remain
constant and close to unity, while at higher fre-
quencies, the ratio approaches a strsight line
with a slope of 1/2 as shown by the dotted line.
At Re = 4, thore is & discontinuity because the
lppro?lnnlo expressions for the velocity distribu-
tion are discuntinuous at thst point.
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Fig. 4. Fluid friction comparison between
oscillating and steady unidirections]l flow,

For Stirling engine spplications, the two
roferonce ongines mentioned earlior (Figs. 1 and
2) were used as typical examples, The estimated
kinoetic Reynolds numbors snd the corresponding
friction factor rstios obtained {rom Fig. 4 are
listod in Toble 1 for the heat transfer components
of the referoence engines. The values of Re are
based on & midreuge frequency of 2000 rpm ald o
temperature-dopendent viscosity (u) for the hy-
drogen working fluid. Although the analytical
solution for oscillating leminar flow in tubes may
not apply dicectly to the wire screen .atrices
tn the regenerators, the valuos of Re were esti-
matod (rom the hydrauliu raditi of the matrices to
provide some approximate magnitudes. The kinetic
Roynolds numberrs of the heat trasnsfer compononts
span a wide range with & difference of more than 2
orders of wagnitude. The regonorator Re values
aro the swallost becasuse of the radius-squared
dependence.

As stated previously, tho sensitivity studies
of the two reference ongines showed that the re-~

Tablo 1. Estimated Re  and (/f_ for hest tramsf-r
components of reference englnes operating

at 2000 rpm
Temperature r
) 4 Rc- /it
]~ a 1
Hester tudbes 880 1.51 z 10! 19 1.4
Regenerstor 360 4.6 1 10-! 0.04 1.0
Cooler tubes 340 $.4 1 10— 12 1.2
4133 (10,3 MPs)
Heator tubes 930 .36 x 10~ 160 3.s
Regonerator 600 7.5 x 10-! 0.34 1.0
Covoler tubes 350 $.78 1 10-° 49 2.0

generators sccount for most (70 to 908) of the
total pressure drop across the heat transfer com-
ponents. Table ! indicates that the friction fac-
tor ratio botween oscillating and steady unidirec-
tional flow for the rogenerators is near unity.
Thus, it appears that pressure drops in regenera-
tors may be predicted adequately (rom the commonly
used correlations that wore developed for steady
unidirectional flow. Table ! slso indicates that
the friction factor ratio is above unity for all
of the heater and cooler tubes. Consequently., the
of fects of oscillating flow may be important in
these componments. Fortunately, the accurate pre—
diction of pressure drops in the heaters and cool-
ers is loss critical because they account for only
a small portion of the totsl pressure drop.

CONCLUSION

Proessure drop has s significant ef{fect on
predicted engine performance, with the regenerator
as the most dominant componont. At a high [re-
quency of 3500 rpm, qQuadrupling the friction fac-—
tor in the regonerator reduces buth the indicated
efficiency and indicated power output by nearly
50% for the GPU-3 reforence emgine.

For steudy unidirectional flow, an improved
ompirical equation was derived f(or the well-
ostablishoed Kays and London screen matris data.
This correlation eppears to fit the data satis-
factorily with an uncertainty of about +10%,

For oscillating laminar flow, the f{low is
shown to be fully characterized by steady and ki-
netic Reynolds numbers. Moreover, the ratio of
frictior factor between oscillating and stoady
flov bas boen shown to vary with the kinelic Rey-
nolds number omly. No significant difference
exists ot slow oscillations, but there is sig-
nificant enhancement at rapid osciflations,
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