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Part I

The reslstance of & bed of smooth sphorical particles 4o ges
1o in both the Darcy snd queel-turbulent reglros was investipabed
exporimentally in ordor to check the accuracy of two conflicting
rociptoance oguabions wlidcly vepozted in the 1iterabure. Variabions
in opeelfic surface and porosity of the bod indepondent of ano ane
othor wore roalized by tho use of ppheres of differcnt glges
gretermtically packed in difforent conflgurations. The oxmporlmeantal
rogulis are corvelated on tho bagis of a gencral prossure drop
oguation defining two longth parametors which are necessary Lo
corplote charactordzatlion of an arbitrary porous structures Theso
rogulta are used to omtond the range of valldity of the roro
acourebe of the Wwo eonflicting sphoro bed roslstance eupreasims.
A penorel definition of tho leynolde musbor of a fluid flowing
tuneough o porous sbructurs of arbitrary comploxiiy ls cuppested, and

tho gspecial econditions which pormit e sphore bed to bo charactoriasd
by & single length paramstor ato dlscusseds
Papy I1

The rooults of a caloulation of the tirme required for establiche
mont of glendy flow of gas through e porous well following the sudden
application of @ progoure difforenco across the wall are prescnbed 4n
dironsloniess forme The caloulation was nade by using an clooctriocal

analogy to catisfy the non«~linear partial diffsrontial eguation

poverning the pressure digteribution in the wall,
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I INIRODUCTICH

A rmothod éi‘ coping with the high retes of heat transfer oncouns
tored in the field of jebt propulsion sonsisbe of making the parts to
be cooled of a porous material and forsing the cooling £iuid through
the pores in e dlrection opposite Lo that of the heat flow, This
method hes bocome lmowm as "sweat cooling". (1). Perhaps the rost
sultable method for febricabing porous sectiohs for sweat cooling
applications involves the use of powder metallurgy teehnlques.

(2). The prineiple of tho method of preparing porous metvals for such
uge consigts of adding “o the metel powdor a powdered substance thet
‘dacomposes into a gasecus phese at a temperature bolow the sintering
temporature of the motals The two powders are intimately mixed,
prossed in a dio in ordor to form e campaet, then sinbored at hilggh
Semperature. hon the nonemstallic powder decorposes, empby spaces
arc left in the Interior of the compact. Since the gases penerated
by the decomposition of the porosity-forming material mst oscape,
grall channels are formed in the cowpuet and the pores are therofore
intoreconnectods Although some of these chennels may be closed
during the sinfering of tho metal powder, enough of then remain opon
to render tho motal pormeable.

In designing o sweal cooled part, it lg inperative o assure a
cortain vate of flow of coolant under glven conditions of prossure
drope Sueh deplgn regquives knowledge of the permeability of the
matal of which the part ig to o mado. The comploxiby of the rwtal

sbyructure, of ecourse, precludes sny analyvtical approach Yo tho



problen of predicting the pormeebility. In the course of an experis
montel study of the Llow of gas through different porous metal
spocimong conducted ab tho Jot Propulsicn leboratory (\2), it was
found that for a glven mpial prepsred under a fixed set of conditions
of corpaction end sintering, the permeability coefficilent (defined
on the bagis of Darcy's law) is a unigue funotion of the metal
porosity. A moye penoral serrelation of the weasured permeability
valuos obtained from different motals could not be realiged, however,

The permeablility problem in the caese of porous wmstols of the
type doscribed above is complicated by the fact thet the method of
meamfacture produces come porosity which dees not offect permeability.
That ig, not all of the pores or chamnels are neocessarily continuous
throughout the metal specimen; sowo moy be "desd ends". As the
porosity of the rmetel is increased, the proportion of continuous or
connocked pores also increases, and so the permsebllity is doubly
gsonsiblve Lo porosity changes, often wverying as rapidly as the tenth
powrer of tho porositys

Anothor complication ig introduced by the féct that Darey's law,
which defines the permeabllity coefficient, is valid only for viscous
laminer flows The limiting rate of flow at which the flow cosges o
! truly viseous in nabure can be expressod in the case of a porous
modium, as well ap for plpes, by & critical Reynolds nmumber. In the
ceso of porous retalg preparcd by the teechnigque described above,
howovor, 1t is not possible by inspeetion to define the characteristic
length entering into the Heynolds number oxpression.

- The Ywo corplicaebing factors rentionsd above mede it desirable

2
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to approach the porous motal pormesblliby ;jArohiem by first studying
the hehavior of a nodiun possessing both conbinuous porosity and a
well defined charsoteristic length, & medium which might serve am &
basis for comparison. The gimplest such sysbom, and one which had
boon mubjected to considerable scrutingy by a lerge munber of investi-
gators, wes a bed of emoobh gpherical particleg., amination of tho
literature, however, rovealed incompleto undergbending of even this
gystome It was found that the general topic of granuler beds wus
the subjoct of conslderable conbtroversy, primerily concerning the
effoct of bed porosity upon the resistance to flows, Two major
gchools of thought on this suhdac* are exbtant, easch with its owm
porosity function supported by larpge ancunts of exporimontal data,

In view of this situstlion, it was felt that further oxperimental

work upon sphore bods wap dosirabld.



II REVINV OF PITVIOIE HORK

W W 123

As The Pipo Flow Analogy

Tho physiecal principles pgovorning the flow of fluids through
norous media wore first invostipated by Darey (3) in 1886. His
experiments on the flovw of water through sands established that the
rato of flow of a lisuid through o unlt aren of porous materisl isg
direatly oroportlonal to the ;;msaum drop por undt longth of the
matorial. This staterent, lmowm as Darey's lew, was subsequontly
showm to hold for the flow of gesos as well as liguids, eand was
found .to be strictly walld only in the regime of flow in which
progsure losses ocour as & resuld of viscous tanpential shearing
strosses arising in laminar "creeping” motion of the fiuid. The
ginmilarity of Dercy's law to Polseuillo'’s law for the laminar flow
of a viscous fluid through 8 cepillary tube led meny subsoquent
inveatlpators to bese thelr work upon the agswption thet a gramular
bod is analogous 4o & group of caplilaries parsllel to the dirsetion
of flow., TFor such a hypothetlieal bed the porosity (defined as the
ratio of void wolume to total volumw) of s layer normal Lo the
directlon of flow will be equal to the poroeity, € > of the bed asg
a whole. B8inge, for each guch layer, the fractionel free voluny will
be equal to the fractional free aree, continuity conslderations re«
qu:im that the epparent bulk veloelby, w , of the fluid be less then
tho aatual velocity in the pores; u, , which would be « /¢ . This
agsuwnption was oripinally mado by Dupuit (4) in 1868 and oquations

based upon it are still in use. A nubor of attempte were nade to



dorive Darcy's l=mwr by application of the fundamentel hydrodymenical
egquations to bods of hypothetlical confipuration, but nonc was
succossiule. lore useful remults woerc obtained by tho semiwempirical
method of plotéing by dirpnolonless groupss

in such an spproach it was desirable o follow the cmerple of
the case of pipe flow, for which a unique correlation is obtained by

plotling e dimensionleoss reslstance coofflclent against a lNeynolds

(M )- 5 (et

where { = shearing streoa at wall

marher:

'ue, = effoctive interstitlial fluid velooity
AP = offective "hydraulic radius”
P fivid density
o= £ludd viscosibye
in order o eveluate the intorstlitiel velosivy and tho hydraulic
radius, howewor, further assumptions weis necessary, and here apaln

the Poisculliec flow analogy of Dupult was invoked in assuming thad

and thad

A _ oross soctlon sroa . lengbh . froo volums . bobel volww €
P wotted perimeter lengbh  webtted area ~ tobal volume 8

whore 5 e purface area of bod por unlt wvolume of bede In terms of
the "apecific surface"” of the bed, 8 Sgo defined ap surfacc ares por

unit partlieclo volump,



A & . Lndt volume of pore spece
P S (=€) surface ares

This ropresontation was originally propesed by Kogeny (5) in 1927
end laber worked out independently by Feir and Habche (4) friting

the surface shesring siross as

- 2k & . 2F 2
L s < s (r-8)

the fect that in the viscous regime

(,ﬂfue z >{{£’(i§ >.: comet

wags used Yo derive en equation for the pressure gradient across o
layer of a porous rediun ag e function of the porosity and gpecific
surface of the bed and the bulk veleoibty of flow through it vihdch is

generally mown as Kogzeny's equation:

fzfi=/?/«~ﬁzé—/-;—%l u (1

where k is o dimensionless constant equal to about 5.0.

This equetion has boen epplied by Carman {7,8) to the measurement
éf’ the specific surface of bods of porous matoriel and is also used
in filtration theory., A gimllar equetion later given by Fedr and

Hatech (6, 9, 10, 11) is
- T-h n-3 z2-h
Lerp (1)) ) () ®

vhere the exponent n is a “sbale of fiow foctor’ which varies
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from ) in vigoous leminer fiow Lo 2 in the case of “turbulont” {lowe

For n = 1, the Fair-flatch end Losney eguations are identical.

Be The Dimensiomal Approach

1% would appear evident that the idealiged Dupult model upon
which the sbowe equations are based cennob sccurately repreosent the
tme complexity of a granulsr bede The walldity of the Foseny
theory has been challenped by Dakiumetefrf snd Feodoroff (12, 18, 14,
18) who, arpuing from dimmsimél consideretiong, point out that -
for a penoralized porcus medium (as opposed to the Dupuit rodel)
the fractionel freo oross seotional ares is nob necessarily egual
to the fractional void volume, and propose that the intersbitisl
void velocity should bo not u /g , but rather w /e o Such
oonsiderations load to & pressure gradient equation corresponding to
that of Fair«llateh of the form

£k k') (/‘) Te) 7 ()

Bakipwbeff and Foodorolf do nobt ablempt to eriticige the
gtyucture of the Fair-Hateh equation (the idealized basis for whioh
should prove inedequate for flows bovond the v:ieamm rogine ), bub
merely point out thet tho two equabions disagree as Lo the effect
of poroslby. Thelyr dlscussion is limited Lo the case of viscous
laminer flow {n = 1), for which oase the "porosity functioms” of

the two equations reduced to numsrical torms (18), bocome
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Bakiw ”'ﬂ"i‘n’boﬂo&“off: £+ (e = 97
€
A praph of these bwe funetiong, takeon fron Pels 11, 1o pioe
gented in Figure l. I4 would Lo empocied that the oxdebing experie

mansal daba on reamular Dode would vorlly one of e ebove Qunctions

{o:

and digprovo the other. This is nob e casse, howevor, sines a
congidorabls murher of cmﬁa can be marghalled in support of oach
theorye In view of ouch conbradict ting ovidonce, Bakiuwebelf and
Poodorolf conclude that ho problom con be regolved only by further
capordmontal work.

It is the opindion of the writer that thoe ebove AALficalty is ab
loast partly attributeble Lo two main factorse The firet of theoo
ie tho ewll ranpe of porosity encompassed by the wsusl m; irents
with bods of swoth round partlclos. In o random packing of aphoros,
gach a8 was uged in the work rentionod above, only & linited verle
ation in bod porosity is ocaglly attaineble. cearwan {10) veporto
that in large containers with good vibrabtion, spherical particlos
tondd Yo pack bogether with a porosity of aboub 39 por conl, which
is practically comsbant for all particle sigesm. Flpure 1, huwower,
shows tﬁwﬁ' this le almost omactly the point at which the two porosily
Smetiong aspoo, md go it may be wunderstood how sbudies with bod

perositics varying only slightly from 80 per eont might not previde

Piclont Basis for a cholee bhebween the Gwo conflicting cxpressions ,



Supporbeors of the Kogeny or Falreiiateh theory will point oub in
Mémmectim thet 1t has boen oxperirontally verified over a wide
range of porositics. xamination of the data, howovor, roveals thet
in the supporting experiments tho porosity range wag extendod by
chanping the nature of tho bed mbérs‘.al. It would appear that such
studles, which ubliised modlia liko wire spirsls and Borl seddles to
obbain high bed porositiecs, aud realized low porositics by the use
of guch materials as closcly bedding miea flalos, cannct provide a
firm mupport for the Kegony expression, .since sufficicnt contyol of
'%;;w ‘spocific surface of the bod was not maintaineds Any comparipon
of the two porosity funciims of Bgustione (6) requires that the
gpeclfioc murface bo held constent, snd the leck of such control in
nany of the exporimental invostigationg constitutes e scooud factor

tending to confuse the problon.

Ce QRepresentation of the Stabe of Flaw

The two pressure gradient empressiong pregented ebove take
congideration of the £low regime by including the exmponont n ag a
"atate of flow factor” which mmy essure veluos greator then 1 in
the trensition zme sbove the Darey regicn end may reach & value of
2¢ The pipe analogy school of thought expleing the smocth trensition
by agswidng thet the parallel tubes of the Dupult model may vary in
eize, so that turbmlent flow may be realized in the larpger tubos
while leminer conditions still prevall in tho smallor onege This
explanatlon appears wnsatisfactory, howover, since the pranuler bed

experinento show that the trensition from the Darey regiio beging



at & rate of flow charactorized by & Reynolds number (based on
parbicle diamebor) of tho order of 1. The omistence of esenditions
of true turbulent mixing within the interstices of tho bed at such
& low Reynolds muber is highly improbablo, and reforoncos to the
state of flow charscterised by N > 1 a8 necegsarily “turbulent”
{an adjectivo btoo froquently cncountered in thoe litereture on the
subject) may be mialeading.”

Bakhretof{ and Pecdoroff, on the other hand, meke & preocise
digtinotian in this conncction by polinting out that o more correct
malogy would be not to Polseullle flow in pipos, for whiech inertie
termg almply do not appear in the equabiong, but rathor to the
movenont of & fiuld arownd o sphore, in wiich cose the oquations are
solved in the Stokes spproximation only by the quantitative assumpe
ddon, valid within certain iizx%.ﬁs, that the inertie terms oanbalning
e quadratic velocity olerents may be neglected. According bto thds
analogy, the Darcy regime corregponds to the realn of valldity of the
Stokes approximation in whicl the inertia forces are negligible
ca@md to the viscous forcese AU higher rates of flow, howevoer,
no matber whether the flow is turbulent or laminar, the contribubtion
of the forces arising from the inertla of the £luid bocomos mors proe-
dominent until finally the quagi-turbulent regime is roached.

The gbove enalysls of the mochanign of resistance of e granular

bed to £finid flow wes epparently first madc by Forcheimer. Consldering

# A further digoussion of thip matter is given in Bection IIX B.
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the fact thel the viscous foross are proporbional to the first power
of the velocity and the inertial foress are ﬁogpai‘*‘cimzal to the
socond power, Foreheirpr ( 17). sugpested that the pressure grediont
through the bed might best be represented by e simple quadratic

oguabion of the form

2P - au+ bas (5)
L . £

This rethod of representetion sooms particularly sppropriate
in view of the long range of graduel flow transition in which both
the linsar and quagratic torns are of compereble irportance, as
contrastod to the relotdvely abrupt transition from leminar bo
turbulent fiow in pipes. Hovertheless, uost recent investigators
- {perhaps with the oxseption of Chelmers, Téliaferro, and Rawling)
{18) apparently have seon fit %o ignore Forcheimer's gquadratic
oquation and to correlate their date in terms of +the friction fector
versus Igynolds number representation conventlional in pipe flow.
problems. Although such 2 mothod ney be satisfactory for use with
boeds of smooth sphervelike particles, packings of move complicuted
shapes again introduce the problem of evaluating tho Reynolds
murbey, snd #ms involve conslderable difficulvye In en cffort to
avoid this problem, the present investigation will seck a coryelation
based upon an equstlion of the Forcheimsr type, not only beaaﬁ.se the
tﬁ’a-tem oquatlion providee a rore realisbic picture of the resiste-
ance meohanism, Wt algo beecauss it introduces the possibility of

defining & HDeynolde nwrber for porous media whose structures defy



doseription, o8 will bo dlgoussed in Section Vi

De The ¥all Effcch

The work of a mudbor of invegtigators as reported in vthe illere~
ture substentiates the belief thet the resighbance of a pramular bed
to tho flow of o fluid is influenced by the sise of tho tubo into
which the bod is packsd, There appears Lo be no unanimous agreor®nt,
homavor, a8 'bé uﬁiwﬁmr the effect of the wallg is to inereape o
docrease the resigtance to flow, although it &8 arrood thabt varie
ationg of resistance duc to wall effucet becoms mrall ag the ratio
of the flow tube dlameber 4o the packing particle diearpber inercascs.
In an exporizental investigation such a8 the present ano, thorofore,
the wall offect gkt ideally bo mado completely wogligible by the
use of flow channels of dimonslons large compared to the sphore
Aarebor.s Practlesl considorabione, howeveyr, such as tho capacity
of tho evailable flow moaguring egquipront, the cost of mpherical
particles of an oaslly handled sise, and the difficelby involved in
packing tho bed, izxdflaa"*eﬁ thet the flow tube dirensions would have

&

4o e 1lmited to e sizeo which would involve a nohiceable wall offect.

3
]

Mhoer roans, therefore, wore required in opder elither to rinirdze
the magnitude of tho wall influenco or to render 1% calculablo.

A gtudy of the litersture showad that ell tho experirenbs with
‘pravalar beds for whioh data wore reported hed booh porformod with

o

Llmr tubse of clraular cross geoblion,  Phwobosrashs of the evrops
L s arenng o

? Mo anly apparont excepbion to this staltorment is tho unpublichod

work reationod briefly by "uth {(18).
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sockions of bede packed ingide such tubes (20, 21) reveel thai the
porosity of the bed is greater in the layers noxt to the wall than
fn those nearur the middle of the bed. Such non=unlformdity of the
bod, due to "bridging” of the parbicles, bocomes more pronsunced es
the ratio of tube dimmeter Lo particlo diamster decrongose IWo
oppoeiboly direoted infiucncos exerted by the pregence cof the cone
bainor wall uay Gherofore bo dlstbinpuished,

24

Firet, the increased porosilty of the layers next Lo the wall

2. (R}

indleatog thet the pormeabllity of the bed should be hipher at the

A

poriphery vy nowr the conbere The prusonese of the wall, on the
vhor haud, provides additional suzfece vidich ghould reguld in
inereased f1uid friction. The fact thot these wo effecte tend to
counborect one sa.w;;c,z oay be dn part rosponsible for tho veriety
of the ™mll correctims” roported in the literaturc. Tho offect

of tho increased bed perosity noar the souvalnor wall has boon
invostigated methematically (20, 28), tub the arpwenis aro tomcus
at bests. The offect of the additional wall friction hes beon taken
into socount by asswilng thet the resistonce to f£low would bo proe
portional to the gun of the arcn of the bed matorial and the wrea of
tho emnbalner wall. A widoly roporied nothiod of wall correction

(which apparently allows for the partial componsation of tho o

oppositely directed offecta) is thab sugrested by carmen (8), which

L §

3

5 o siriotly srbitramy corroction based on the fact that he obbalined

b

¢

a2 bebier £t of his am and other exporimsntal date by adding bab

2%y

hald e aroa of the conbalner Lo the srea of tho bod matoriale
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Thip approximate ompirical corroction was not thoupht sufficiontly
accurateo for the prosont invostigation, howover, siace ¢ho nature of
the wall effect may bo varieble, depending upon the flow reogiro
obiaining within the bod (20, 22). In the Darey reglme tho cnergy
losses aro duo to the viscous gtreasscs in tlhe fluld snd so should be

proporsional to the voloeity pradient and Yo the arca of the surface

upon which the siressos ect. For thisg case of vipeous flow, it

wrould appoar that the actunl parbicle dlsbributlon mmiﬂ be of
secondary inmportance, that the roslsbance of the hed should bo pro-

portional o the tobal empoped arca, and that the correct conpensabion
for wall effect should be to add tho ontire wall area, In ihe cnsge
of flowe et high Doynolds nurbors, hawsvor, such an explenation is
not eufficicnt, sinco iU isc evident that the distribution of tho
partieles in the bed influonces the bortussity of the bad, which will
have groat offvet upom the inertia forees which prodorinate ab high
raves of Llow,

From tho above considerations it waeg feoll that in the proseont
invogtipgation a sufficiently accurate corrcction for the additional

friction affordod by the contalner wall could easily be nedo, It was

(‘&»

Judped, however, that thoe eomploxity of the offect of tho non-uniform
particle dlgtribution neayr the wall upsm thoe inortial reslgbonce
would oreclude may methed of ratiomal eonponsgation, mnd that a more

practioal line of approach would bo an attonpt to render this type

2

of wall erfoch nogligible by packing the bod in 8 mode compatible

with the boundar: ghape wnd Uy £illing the volde at the tube wall



properly shepod inserts. Only one such attempt is anparont in

the literature (19) but it was reniioned only briefly =nd no

? e o o i
arperirgntal dabe wero ~iven.
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Ae Derivebion of the Eguatlon
In the case of & viecous liguid Llowing linearly through &
porous mediun, dimensisnal congiderations proposed by luskat (28)

show thet when changes in eolevetion are nogleocted, tho pressure

gradiont in the gyebon oy bo oxpressed es

"ch it /;‘j;‘z ’:(Jf;f-) (®)

vhere u = averegs veloclts 7

pe dengity of finid
= viscosity of Lfluid

/L(

§ = e lonpth charactorising the size either of Lthe praing or
of the pore opcnings

7w oo wnknown funoblion,

1

For low veluss of velooity {or Neynolds munber) thw welue of

the funcbion P hog boen found aimply to equal its argunont, so theb

&3"_ = Qowst. “
dL 2

Tr¢)

o

oh is tho remuly oxporirentally verified by Daroy., FPlows ab
sufficiently Mgh values of Fomolds munbor, howover, are chartoe
torizoed br the fact thel the function F is propordional to the sgquare
of 1ts srpurent, go that Sguation {(8) bakes the form

2

_&: s+, s (8)
sy



josd
=3

As was vontloned earlicr, the pressure grediont can be accurabely
reprosentod by a quadratic equation of the Forchelmey type which is
valid 4a both the Derey and the quasi~bturbulent low roglmese By
ineluding the length parametey 4 in tho unkmown congtante, Douatlonsg

(7) and (8) ean bo corbined into the form

Jﬁh-o{/“— +—/5/ (9)

Tho two coefflelents o wnd o defined by this equation are
indopondent of the wwehanlcal properties of the fiuide Sinoe they
have anly the dnosioe of sore wlnom lengih charactorizing thoe
gbructure of tho porous rateriel itself, ther will hencoforth be
rofeorred o a8 the viseous and inertial reosistance coefficlonts of
the natorial,.

e above cogldorationg noed nobt be restrictod to an incone
proagibleo flulds In the oase of & pas in onc-direansional sleady

flow throurh a2 porous rediun, the rege rate of flow /” « ig congbet

o'

ey

indopendonrt variable, In

E..a

heoughout the modiun and rmay cofve a8 o

WL
<

£

thip c¢ase, hovovor, offocts dus to changes in the nomentun of the
£luid cannot bo ruled out & priord; and so Sguation (9) mist frsd

be rewrititen as o nomentun cquabtion:
o[r)—f tx/bLud;L +[5Fulol-l_ —&—[;u.clu = 0 {10)

Introduckion of the veriable ow then rivos

POQF o (/M)&L +/L (/)uydtjf(/)u\olu:o {11)
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It is convenlent to veplace the mass density ~ by the spedific
wedght T=PY s and the mass fiow rate P by tho wolght flow

rate G = L9 o with these chanpes, Iquation (11) tocorwo

G* G* Ly
““("P*“/“GJL*’/‘EJL*{TA(U) ° (12)
I7 isotlwrmal flow of & nerfoct pas ig assured,
_13_- = PL
v 0
and 8o
l
2 ——
GdL 4—{;6’ AL + & GL(_’.’_) = B
}, 3 . = = (13)
ntograting over the corplete path
'
I T 6L v+ & o be
r P e ubl vn L v = =0 14
Po 2 /u /‘ 9 ? b2 ( )

oR

L (hmye o L BTN

A this point 4t may be nobed thebt in\ tho prosent invostigatlon,

if not in genoral, the goronbun change tormywill bo of neglipible

L -

megmitade, and that the prossurc drop equation may bo wrdtlen simply

aﬂ

—P:—_x(l /‘)5 +—/<3< \C (16)

L



Galng the porfect gas equation, thls besoms

Pf—b:
L,

:04(1\:—‘—'/}6-4-[3(?,%[)6—7_ .

whoere b = R/M -

uation {17) wlll bo used ag the basis for corrvclation of the
date obiained in this investimatlon. The nurpose of the present
ady Ls bo inwestipeto tho depondonece of the coefficiente o and

Y

3 for & bod of smooth spherical particles upon the bod povosity
and the spocific surfacc. Iy poekdng the gphoros in glmilar cone
fipurations, the porosity may bo fimed while the particlo size is
variods For a glwven sphoro &:’uﬁn’ter s poroulby chanpes will be
offected by the uge of different pecking confipuretiong, ss will be

dogeribed in Sechbion IV,

Be Dlacussion of the Tguation

It 4 dnborosting to coaparce tho incoprossibleo Forcholner«bype
ogquation (9), which iavolves no assurptions as to the povrosity dige
trivation, to slnilar exprossiong for the prossure gradiont obkained

by writing fguation (2), duo to Falr end llatoh, and Iquetion (3),

dus o Ballvwlefd and Feodorolff, 28 o mum of wwo terms with

e 2k =Tk, (‘—}_ifl/‘“ e Lles, (92T 0u" o

' > -Y9/% ( = 5 /3 2.
B-F: %:[kg S /]/b“* +£k50 € i’/’“ (223)
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Ag wes renbloned oarllor, the brackebted groups corvegponding Lo
the rosistance coofficilents of Mquedion (D) presoribe two different
porosiby iwcsmma s With which the regulis of the present experlments
will be compared. That e visecous term should be proporiéionel to
the sguare of the gpesific gurface requires no compxnb, That the
cosfficient of the inertial term should have the dirensicns { L)
may be interproted as en expreasion of the fact that tho scooleration
ezporienced by the fiuld particles deponds upon the curvabure of the
ghroanlines, o moyr explein the quadrsatic resistance tern by
emelogy to form drag resuliing fron separetion ag Jdo Dakivptoff and
Feodoroff, in vhich omse s would represent the curwvebture of 1w bed
narticles, or by analogy to contraction end exponsion losses due "&:é
ghempes in the cross seoblonal area of the flow syplon, ss do Chilten
snd Colbusm {24) and Lapple (28), in wm.m odse (2 would reprosent
tho spacing of the congbrichbiong. I aﬁmml& bo realiped, however,
that for a pranuler bed thosoo two pictures are esgentially sinlloar,
A gliphtly differcont emplenation of the vschanisnm of quadradic
regigbance ilg given by ibbert (28) who points oub ti:éa;; for a

macroscopleally parallel ficw the ‘V‘GG’L":».(’ sun of the inervia forces

il

8 Zero, so thelir effoch iIn zwﬁlﬁ' the £luid notlion can wmly be
indirects,  Ibbortls picture of tie quedratic resishbance is that
"ghe digbortion of the flow Lizes by the inerbis forces in the fiuid
inereasss the local wvelocliy pradients; which in turn increaso
frictional forces over whatl t;usv would have bheen for the sare rate of

£iow had the disbortion nobt ococurred”. In this regiro tho resistance
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to flov would gbill be abbzdibubable 4o viscmg strosscs, or gbresseg
arising fron romatua trangfer by molooular agencies. Al puffie
clontly Idrh values of Dornolds mubor, premymbly, a traly turbulent
rogine msh eventually bo reached, in which the rosistance is lodred
in gtresses ardiging from transfer of norentun on & mmcrogooplc scale,
HMneco thoese two cffoctp ars both proporblanal to the vgquare of the
£iuld volocity, thely rolebive coantributions camob bo appreaisod,
b they mar novortiwless bo proused Gogethor wndoy the collociive

¢ of "ineortial rosisbonce’.

Sl
[ERRTE



IV SXPERDIENTAL BOUIPVENT

Ae The Sphoro Bed

Steel ball boarings sorved as the particles for the beds studied
in the progent invesgtigation, BHearings of 0,125, 04250, 0,500, snd
0.875-inch dlameber were uwd;' Variationg in porosity woro dbtained
by packing the bods® accordiag to the confipurabions shown diagrar
mﬁ@ly in Mgure 2. Cuble and hexagonal modes of pacldng provided
the nsxirien and minimm limits, resgpestively, of the bed porosity
obbainable with sphoriocal particles. 8ince it was degived to have
some intermediate porositlies, a randon packing wes inoluded, oven
though it necessarily involved somo wall offectss In cddlition, a
mixed mode cmis'bfxng of altorneto leyers of cuble end hexagonal
packing was useds Although the naneuniform porosity distritution of
this "stratifiod” packing could be expected to affoct the measured
valuog of « and VA 1% was hopod that the ratio of the two right
be unaffecteds Tho exporimental data later tended to Jusbify thias
bolief,

Since it wag ossential Lo obsorve the bed in order to provent
rmisbokes during packing, the flow tube, 28 inches in length, was
Sabrioated from l-inch Lucite shoot, With 0.03winch loopreno sheob
sorving es & gaskol betweon the bollod sectionse A square oross
soction 346 inches wide girmplified the wall insert problem by peve
mitting an inbegral mambor of spheres in cash layor in owdor to

“For reasons piven leber, enly the 0.250-inch diemoter besrings wore
packad in eash of the sbhove nmodogs



mininize the amm-uniforn porosity msg“ tion et the walla,

The mothod of svstemmtiocally packing the sphores into the tubo
can be goon from Firpure 3. DBy supporbing tho bed upm the top of &
threaded rod and the tubs upon a digk travellinpg on thig yrod, the
tube could be raised around tho bed, thus pornmitiing all the loading
operationg to be sonductod at the top of tho tubse A top view of
the array of 0.186=inch spheres durdnp the loading procedure ig
piven in Fipure 4. Onec packed, tho bods wore rigidly congtrained
by ond sections omploying 16 gage wire soveon susported by a porfo-
rated motal plate. The detulils of thoe plate and gereen can be goon

in Figuro Be

Be Tnsert Mosim

he eariler discussion of the wall offect, it wns nobed that
ersors due o tho nomeuniforn dletribation of porosisy along the wall
wove less sagceptidle to rauional correction in the ropirme of inertial
resigbance Ghan in the Darey sone, mnd that mitigation of these errors
night be roalized by {illing the volds ot tho wall in tho case of tho
ave “onm, ¢ packingae Since inertiel elfects dopend upon Lhe curvas
ture of tlo ghroamlines, it wos desirod that Lhe wall insorbs nob

ato the shape of the bod particlos as

fed

anldy £311 the voldas, but sim

t wag folt Lrmractical to £1i11 the volds with

-

clasa}i;; 48 posniblo.
half sphoven, b in dhe wo worst cases [Lho 0.075~ and (.500=inch
gphere beds) 2 roasonable compronlse wag reaclhoed by the usge of insords
fashioned from helf-round Drass rod in such 2 roener that enly the

rounded sldo of tho rod was exorosed o the flowe Flgure § ghows layers
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of 0o875«4nch boarings with en insert of this typo. For the smallor
sphores, no halferound materisl wag available, and so the ingertg
wore made from round rode For these two oages, however, the wall
affect ip of reduced impm;tenee duo to the large ratio of tube widbh

0 ball disrptor.

—~

Co /:-"’basuring Pepaipmend '

The exporimonts were porforved with nltrogen gas ag the worlking
£luide The procedurs eonsglsted of doetormining the pressurs and
tem;nraﬁuré al both ends of the granmilar bed es a function of the
rato of flow through the bede, OSince differonce bebwoen the inlet
and outled prossures wore often gmell, the Inlet and outlot prossurcs
were reasured with moreury ronomptors, while tho prossure drop across
the bed wos measured with & water nanometer or one of two drafl gages,
depending upon its mapgnitudc. Tthe menomotor grsten used for thoso
roasurerents is ghown in Figure 7. The pgas temperatures were noagured
with roreury thermorolerse

Tho meaguremonts of pos flow rabe woro made with tho equipment
used at the Jot Pi*o;m:*. slon Laboratory for routine pormoabllity testing
of porous metal spoeironas This egquipmont, showm in Flpure 8,
utilised four FishorePorter Flowrators in parsllel to roasure pgns
£iow rates up to 100 cu £4/4dn. Tho gas pressure was controlled by
three Grove roguletors, also in parallels [or the spheﬁa bed
neaguremonte, the flow was diverted through the peclwd columm and
back into tho Flowrabtor gystone

Figure 9 shows all the oquiprment assorbled with the flawr tube
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{ononsed n a supporting plywood frame for additionel sbrenpgth) in
a horisoabal posltione In “wo cagos, howower, the tegts veore mudo
with the tube in a vertical positions This ws required Lo legsen
the posaibility of eollapse of tho hirshly unsbablo oublo packiag of
0.2580=-inch spimross and fo provent chonnellang of the random packdng
of 'i‘:iiaé B8ar0 gphores.

A eroas section of the L{low tubo with the enbrance and oxib
soctions in position ig chown in Flgure 10. The unconventional
locabtion of the upstroan pregsurc tap was solected beecausc the dynamlo
pressure picked up at thet reglon vas fomd to e less than that ab
An:; other eveileble point. Both preossure taps {ovifice dlenwbor
0.083 inch) were originelly located oo the eylindricel portions of
the entrence and exit sectlong, b Lt was found thel the eddieos
gonorated by the viap supporting the folt diffusing disk latroduced
a fiuctuating dynamic prossure of such & large mapnitude that the
upgtrean tap had o be noved Lo the locatlon described aboves

In the calibration of the ond goociion it was degired to corzoch
aaly for the dynamic pressure picked up and for the pressure drop
through the supporting scroens, and not o ineludo thoe prossurc drop
due to friction along the tube walls Consequontly a gpeoclial cali-
bratiom tube of sheot brass wag neds with a length just sufficiont

\
%o give a 1/4-inch soperation bebwoen the supporting sereons when
the ond soections werc femsczzod in place, %he prussurc drop across
this gysten, calibrated 28 a function of welght flav rats, was used

to correct tho readings obbalned with the pacied tuboe Thig cali-



bration process was reposbted with snothor tube for the cases whoere a
shorber bod was tsod in conjunchkion with an additional inscried bod

gupsorh and an additlonal wirg scToons

Do Torporabure Corroction

e ogquation with which the deba from the prosont exporinent were
corrolated wes basod upon the assumption of igothermal flowe At high
rotos of £ioy thig ocondlilon conld nob be radntained, bt tho mostmam
deviation of the inlet and oullet absoluto tomperatures from tho
everage temporature wag shout two por cont, and this orror is cone
asidered nepglipivle. Althouph tho ges torpersture was thus approxi-
mebely constant across tho bed, nowever, it varied with the rate of
fiowe Sinoo the altrogen used in this emperinment wos thwoltitled
Shrough regulators from o pressure of sboubt 2000 pelg. in the storagp
eylindors So less then 25 pslge 4n the boad, tho gas temperabure veried
fron a maximm of sboub 80CF ab low flow rates to a :alnimvm of aboud
25°F b tho highest flow rabtose Thig larme difference made it
nogogsary to rwdify Uguation {17) by using two veluos of temperature,
‘P,o( and T » corresponding Lo e tonporatures obbalning in the bed

[5

over wwo roglons in which the coefficients o aud VA dofincd.
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v PROCHHURZ

D TRGULES

Ae  Agrecormnt of Imperimental Curwoes with the madeatlce Iguabion

o £irst sorles of tosts was mado with each of tho four sphore
gigos arranpod in Packing A, the hemeponal erray of =inimn porositye
Table 1 surmarizes the geomntrionl propertles of thoese packingBe
The ropulis of these togls are prosenbed in Fipure 11 in torms of
the difference botweon tho sguares of tho dnlets and outlot absolute
pressures divided by the lonpth of tho bed (honcoforth called tho

prossure-squarc gradient) as a function of the wolpght rato of £low

through the bede From these dabe and from knowlodpe of the torpoiw

LA

ature and viscosity, thc viscons resistance cocfficlont o wmp

dobormined by ﬁm:‘.z & gbraipht iine of slope 1 Yo the polnts lying
in the narmv rogiree Tho inerblal roeslsiance coofflolent ﬁ i

neve beon deternlned wmost accurately by {ibling a quadratic curve o

tho dete sccording 4o the method of loast squares, Wl it was £olt

that the proelsion of the data did not Jusblify such an claboretoe

C’\’

procodures Bines the bogt curves dramm thraugh the oxporinontal
points cithor atialned or closcly epproxirated o slope of 2 at tholdr
upper éndas, it was found convoniont to exdend pliphtly the curwes
which foll short undil a slops of 2 wag roached mad o emtrapolate tho
lincs of this slopo to e point wierc the contriluilen of the linoge
vern was noglipible and B could be calemalabed diroctlye Tho values
of « end 3 dotorined by the ebove procodure {myzeriged in

o

Tablo 1) worc thon used to comxabo the olid cumvos of Figure 1l.

It navr bo soon that tho agreerent belwoon the caleulatod curvog
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and the oxporirontal polnts iz less sablsfactory in the oage of the
Hwo largest bHall sigzes than for tho smaller balls. The poor £4% is
abirilrbed to mmoz*éainty ia the wvalues of o obbtained with the
larger sphores as o rosult of seattor in reading very emnll prossures
{of the ordor of 0,001 inch of waber) on the low ronge drafb gagpe

A, )

For this reason it was folt that tho valuos of « glven by those
aphoros Ln tho hipgher poropity packings would not bo roliable, and
that the teoegbe with varying porosity would have to be performed with
the goaller gpherese On the other hand, 1% had been found that the
task of gystematically pacidagp the D.120-inch bearings in any node
obhier than the siable hoxarmal arvay was lrpossiblo. Consoguontly,
the 0.280=inch boarings wore the only mes which ocould be used to
realize the poroglby veriations.

dnother conclusgiaon thet can be drawn from PFlgure 11 is thabt the
rablo of tubo widdh $o gpherc dianebor in the cage of the two
loerpest ball sizos is too small Lo allow elimination of the wall
effect in thoe Inertial regire, even with the use of lnsortg to £ill
the veids ab the welle Zhis fact iz ovidencod by the sbiormmlly wide
scparation of the two lower cusves in the glope 2 rogione. The gpacing
of the ourveg given by the bwo srwiler spheres, on the other hend, e
thot predicted by the thoory. Support wes thus plven to the bolief
6 the wall elfvet inhoront in tho random packing would be of
minor Lfmporbance in tho coeo of the 0.2B0-dnoh spheres owing 4o the

-

larpe ratio of tubowto-ball sizo.
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GCoomarigon of Tomilie with the %o Thoories

3
®

The pressure=gquare pradient ve welight flow rate curves obbain
with the O.285-ineh spheres in various rmodes of pacling are pregented
in Pigure 12. It may bo noted thet the ewperimontel curwve given by

n

the cuble packing breaks upward nore sharply then do tho calculated

3

curvog or the othor omperimontal curvose This belewlior is wnderw

gtandable, since wnlile tho othor modes the euble arrany contalng

rad el

T

sy wninberruptod chgzzwls in which a flow translbion eimllar
to thal observed in rouch pipos would be oxpecteds. By the saw
roagoning it might be enticipated thet the cuble nodo would cxhiabit
an inertial reslsbance sompwhat lower than would bo empeched upon
tho bapls of porosity alme, ad this ung later found Lo be the casos
ihe values of « ﬁ s aud /2 /¢ for tho 0.26=-4nch sphovos
given in Table I are plotted versus porosiby in Mpuwre 13. 4s had
boon hopedy the value of f/« for the mixod mode of packdng B was
conslgbent with tho other modes, oven though the valuog of « oad
/3 individuaelly were higher than normnl as @ rosult of non-uniforn
porocity disiribution, In contrasgh to the behavior of « and Ve
it nay be seen thetb /3 /o appears to be approximalely indepondont of
poroslity, a result which was not anvicipuabed, In order %o compare
the viscous coefflclients of Figure 18 with the conflicting roelatanco
functions of Dakivwbeff-Feodores? and Hopeny {(or Falr-iateh), the
curves of Figurs 1 mud the points of Mpure 13 are prosonted in

e

Filpare 14 in torns of the drensgionloss ratios

£ (> ad o (€D
€ (39.2) « (39.23




sinco the oxpressions coinelide at & p@rdui‘bg of about 3042 por conte
Although tho aprooreat is not emact; it i epparent that the expori=-
rontal points tond to {ll in alop the Rogeny curvee Irom this
rogult 1t is concluded that ihe oguation of Rogeny or Palweiabch
exPressos the variatlon of the viscous rosgisbance coefflcleont novre
corroosly than doeg that of Bakirotelf and Foodorolfe Ieforenco o

~

uetions (81) and (22), howover, shawe that both cxpressicne falled
to predict the romults of Figure 13, which indleates that the e
fluence of porosity upon tho rosletanco to flow was approsimotely tho
so in both the visoous and inortlel TOLALEBe

In order Vo invostipate the dopeadence of the viscousn resisbanco
cocfficient upon the spoclfic gsurfuco of the beds, the Yoseny
porogity function was ugod to corroct tho value of « ealculated
fron tho curvos of Plpurc 11 S0 a perocity of 27 por conbe The voluos,
whon pilotted vorsus specific surface in Flpuro 1B show that o« is
proportianal to Sag s a8 was oxpected {ron tho dimensgional conslidereblionse
Boemuse of the wall effect in the idnertisl regiro abtibonding tho
heoxegonal packing of the two largest sphicre seto rentlonod carlier,
the reoulte of Flgure 1l could not be used vo investigate tho varie
ation of the inertial rosisbonce cocofficlont with speclific mzrfeco.

For this purpose tho prosturc-gquare gradiont vs Llow rabc curvos
obbedned from the @314:%& in cubic arvars wore couparcd in Flpure 10.
Twen theugh the comtrilubion of the tubo wall aroa o Lhc tobel bod
garface is consideveblo in thoso packinrs, wo cubic node axtoe
aatleally ollminates the unoven poropily distribution at thoe boundarice
of the bed, thus diipabing the wall offoct es mwch as posoiblo for a

glven particle mizes The values of B yielded by the cuble bods are
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included in Figure 15 as functions of & ot ftlthough the agrosront
with the predicted behavior is less comvincing then was the case
with the viscous coefficlont, a direct linear relaitiovnship botween

B 2ad the spocific surface scems apparcnts

Ge Iubension of the Komeny Bquation $o tho Inertial Roplne
Although the data obbained in tho presont investipetion wore
not mumerous enouph to justify the determination of the constont
required for en iml@pmzdaﬁ"c empirical equation for pressurc Arop,
the relationship between the pertinent varisbles described above
seompd convincing e"xc'ug,h to permit et least an exbension of the
Xogeny equation to the rogirme of inertial or quasi-turbulont
resistance by the addition of a quadratic torm » From Fipure 13 it
was goon that the retio /3 /. vas spproximotely independont of the
bed porosity, & result not prodicted by clthor of the lquations (21)
end {22). Simply on dimensional prounds, howevor, the ratio would
bo expocted to vary inversely with tho specific surﬁme' of tho bode
vhen the data obbalned fron the 0.120w-inch and 0.250-inch berrings
{(the wost reliable bocsuse of the neglipgiblo wall effect) were
plotted in Figure 17, it wos found that the best £it was obtainod by

the 1incar velation

R, =

If the Kegzeny oquation is accepled as valid in the viscous rezimo,

o, 069
)

o

this evaluatlion of the ratlio [5 /[ CLixes the valuo of the empirical

direngionless conghbant of the gquadratic resisbance term, and the



complete cquetion exoressing the prossurc drop across a bed of smooth

sphorical particles as o function of the £luwid propertles, the

characteristics of the bed, and the rate of flow may bo written ag

2 2 2 ra
2k - /o8, (%57/—“6+0,6q;a(¢;§)_4§@§ (28)

It is of interest Lo compere this equation with ewporimental
data on flow through sphere beds publlshed by other invegtigatorse

Teo sobe off such dada limpedistoly avellable to the author wore
obbained by suskat and Botset (27) from the flow of air through
snall plass beads end by Ci’z.aimz‘s, Tallaforre, and Rawling (13)
fron the flow of natural gas through lead shobe Correction for tho

eppreciable deviabion of natural ges from the perfect pas behovior

postulated in the proceding dovelopment was realiged by modifyling

Gquesion (28) to include an sverepe waluc of the compressibility
factor & = p/oble Figure 18 presonts the exporimental daba ia en
fron the sbove reforences and the theorebical curves caloulsved from
Bguation (28). Considering the uncortainties in the spocific surfaco
of the beds {taken as G/é.} due Lo the uninown gccenbricily, roughe=

ness, and size variation of the suall particles {espocially the

emeliost size of praded chut) the apreorent appears foode



Vi TED Y uu"f“}S HUBIR OF A POROUS IRETIAL

In Section IZ it vas menbioned that the quedratic equation of

2.

tho Porchoimer (ypo might possibly permit dofinition of the loynolds

LY

Y

murber of & flow through o complox porous material, oven if the

longth perametor charactorizing the mabterial is not roadily moasurable.
Sinee the deynolds nurbor of a flow sysbonm represents the ratlo of

tho inortia forces to the viscous forces, it scoms logitimato (ab

loagt in the caso of laminar £low) to assuo that this ratio is the
sare es that of the quadratic resistance torm of o twostcrn Forcheinglr=
tyvpo cquabion to the llnear torms Using Hquation (17) in this fashion,

the Hoynolds nurber rmy be written

0 = ‘é—‘G % (%)

and it may be scon that the wimown length entering into the Reynolds
nurboy oxpregsion isg i /o< 5 the ratio of the inortial and viscous

rosishance coofficlonte. ‘quabtlon (17) can also Lo used to dofine a

friction factor as

rA
/3 & 24676
= & in inortial rogiume
e .:?.., in Darey regimo
ia

., = == & & (2c)
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Sinco ¢thic relation vas derlved from a two=torn guadratic prossure
gradient expression of the Forcheimer type, eny data which £it such
a quadratic equation will [t ﬁj&xaﬁi@ (26})a s an oxzaplo somd
tupioal data obtalned fronm the sphoro bed oxporiseanbts ere prosonted
in Fipure 19
-

It may bo noted that the ebove correlation is so goneral that
it may alaoc be sald that thwro is 1little value in 2 rothod of
corrclation which roquiros two charactoristlic lenpgth parspiors
{< ond 3 ) whon it ism well kmown that data on flow through gphoro
beds can be correlated with only oanc leagbh parsrptor, tho aphere
diamoter. Such s staterwut, howover, omphasiges the maln polnt of
the dovelopnent prosontod ebove: in goneral a porous material can
only be corpletely &ima.mctoris@& by both of the longlh pararpbers
dofined by tho two-tern gquadratic resigbanco equetion. This type of
roprosentation is the only one whiech cen bo applied to complex
congolidated mabterials such as porous robals, since it con correloto
tho bohavior of spoclmons whose pressure pradient ve. flow rate
c;m*‘vés intergoct or cross me ancthor. Such behavior ls often ene
coumnbered in porous mebals, ainco the inerbial rosistance goofficient
ig apparently pore sensitive to slntering condltions than ls the
vigeous coefficient. Intersociing curves of this 4type have also boon
obbained in tosts upon consolidetod sands (28).

It may Slmos bo seon that fron the penoral point of view o sphere

bed is a spocial case in which corrclation om tho basis of o longth



€3
(h |

poerancter alone is possible anly beceunse of the goomptrical simplicity
of the porous structurc. The oxperimsnial daba of Figure 15 reveal
that the reason for this g that

dwf.,z“’“ //Jl

g L Sl //J

Time both ()/oc and /p are directly proporticnel to the sphere
ddemober. Application of this proportionaliby to the feynolds number
and friction factor expressions regtores thoir familiar appeoesanco.

The canditiona ncecegsary for the walldity of the assuwmpbion
leading to Bguetion (24) are not obvicus at the prosent timo.

Certainly the oondiition of larmdnar flow is sufficient, but tho stabte

of flow obbaining in o porous redium cammob be roadlly ascoriainode
Although the weiter cmuiol coneolve viw existence of fully doveloped
Cturbulence within fhe winube Interstiess of a maberial such &8 a
porous motal, Whe cxlstenco of stationary vortices and sddies is not
unlikoly. Under such conditions the onergy dissipation would sbill
rosult fron nossontan *i:razmz?m" on & nolecular geales, W the other
haerd 10 nay bo observed Lfrom ul‘ca data of the prosent experimeat Ghel
the loyneolds nuvber ssswipbion ilg apparently walid for porous
structures as coapse as the gross array of 0.875-inch spherog, in
which turbulent conditions sliwst certainly obteln ch rates of
flow, Consequontly it appoars that the validity of Fquation {24)
does not depond upon a cepbaln stato of flow, but reguires wly &
low transition smooth eonocugh that the pressure drop date Lollow a

guadratlie curve of the Forcheimwr ty50.



VII CUICLUSINS

1. The present experinont provides suppors for Forcheimerts
conelunion that the pressure grediont atbending fiuid flow through
o povous rediun can be accurabely exprossed as a funchbion of flow
rate by a sinplo guadratic equaticn. Such on equation dofines two
length pearamotors choracteristlie of the porous structurce The
pavenebor by which he lincar torm is reltipliod (dimemsioms [ )% )
i “he inverse of the pormoubility coefficient dofinod by Darcy's
law, and is called the "viscous resistanco coefficient”. The
rudtiplier of the quadratic torm (dlmensions [ L~' 1 ) is called
the "inortial resistango coofficient’,

2 The influenco of porssily upan the rosigbance of o bed of
snooth spherical particleg to £luid flow in the Darcy regime is
exprossed more accurabely by the Fogeny {or Failr-ilatch) equatim
shan by the equation of Bakhreteff and Peodoroff.

Se Contrary to both the Palreiaboh and Bakhmebtell=Psodorold
expressions, bthe influence of porosityr in the inertial or quagi=
Surbulent regime was found to be approximateoly the sere os in the
VIgoOUS raN[Ce

4o The influonce of tiwe spociflc surface of the bed upon the
linear and quedratie resistance torms 1B prodicbeod correctly by the
equations of Palreiiatch and B&lxizzzm“&eff»ﬁeodoréi’:". This spoclal
cunctional dependenec of tho viscous and inordial resistancs coofe

icolentg upon the speeific surfece is responsible fov tho fasgt that

&y

&

sphore bed data can be‘correlated with the weo of only one length

parmietor.
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STANFEMIAL A T
RO CLATTIRE

Crosge=soctional aerca of a hypothotical capillery tubo
A conpbaat

A constant "
Porfoet pas consbtent, L[ LO ')

Friction factor (Uronsgionless)
Hath of fiow chenncl [ L)
lerivative notation

A function

A funobione

gt flow ratefmit aves | g™ |
Accoleration duo to gravity ] 138 1

A consbant

A longth variable

Aguivalent hydreniio vadius [ L |

A nuboy

Prossure [1-1,2-81

Surfeco aroa of porous material per unlt botal volivw of raterial
Lo

Surface area of porousg mobordial por wndd golid volume of mabterial
Lo

Abgolrko tomporature L6 |

Fluid voloeity [LZ™%

Sorprensibility factor {dirensionloss)

-
Visoous rosistence cocffislent [ L 7 )
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Inertial vesistanco coofficlent [ 4 ~'
A lengbh pararpbor Le]
Porosity (dimoneionloss)
Mrengion of tonperatur
2 <\ T = ) 3
Dynanmic viscosity [ ML
Fluld density Cme-33
5 2 " = -2
Spocific wodght L[ me~ " T 7 )

@l -z
Shearing stzvess [ ML~ T ]
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TABLE I

Geometric Properties of Sphere Beds

Red Number 1 2 3 I 6 7 9
Packing Type A A B C A D D
Sphere Diameter d (in.) 0.125 | 0.250 [0.250 | 0.250 0.500 | 0.500 0.875
Bed Length L (in.) 1% 1 24.0 | 23.G 24.Q 2L.2 24L.0 24,5
L/d 137 96 95.8 96 L84 L8 28
D/d (D = tube width, in.) / 28 14 14 14 7 7 L
1/16 | 1/8 1/8 3/8
Description of‘Insert Rod Material round | round |round Hpre rgina none none
Bed Volume (in.>) 210 | 295 | 294 295 257 295 301
Sphere Volume (in.>) 145 | 203 | 18, | 178 189 154 157
Insert Volume (in.B) L.l 11.7 6.9 0 2L.7 0 0
Total Packing Volume (in°3) 153 215 191 178 214 154 57
Insert Volume ,
e (percent) 27 5 ady 35 0 11.6 o . C
Packing Volume
Bed Porosity (percent) 271 | 27.0 35 wsd 39.7 28.0 47.8 L7.8
Vissing Sphere Volume - Insert Volume (in.3) 1.3 3.3 2.0 - L.2 0 0
¥issing Sphere Volume - Insert Volume
Bioking Voiims (percent) 0.8 | 1.5 1.0 - 2.0 0 0
Exposed 3Surface Area of Tube (in.z) 239 336 335 336 160 336 343
Exposed Surface Area of Inserts (in.?) 2 37 240 0 261, 0 0
Surface Area of Spheres (inﬁz) 7170 | 4880 L1410 4260 2272 1850 1078
Surface Area of Packing (in.z) TL3L 5254 4650 4260 2536 1850 1078
Nominal Surface Area of Packing with Ideal Packin |
Wt Halle o (in.2) . & | o |5240 | 4620 | - 2620 | 1850 1078
Difference in Packing Surface due to Inserts
— -0.1 | +0.3 +0.6 - -3.2 0 0
Total Bed Surface (Tube Included) (inoz) 7673 | 5590 4985 | 4556 2696 2186 1421
Surface Area of Inserts 6 v N
Bed Surface Area (percent) 3ok -7 5.2 0 G 0 o)
Surface Area of Tube - ¢
Red Surface Area (percent) 3.1 -0 7.2 T3 5.9 15 .4 24,1
Specific Surface S, Bed Surface Area :
(in.-1) = 50,0 26,0 26.1 | 25.8 12,6 | 14.2 9,05

Packing Volume
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Values of the Porosity Function (&)

3000

2600

2200

1800

43

Kogeny or Fajr-Hatch Function,

£(€) = |358(1-8)°

e

g
7\ \& ;
t—Bakhmeleff-Feodoreff Function,
£(e) =6L0lg™/3
|
| \

37 38 39 LO 41
Forosity (Iercent)

Fige 1

Graphs of the conflicting porosity functions
given by Baknmeteff and Feodoroff, and by Kozeny
or Fair and Hatch,
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Fig. 3
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Fig. 15

The Variation of the Viscous and Inertial Resistance with

the Specific Surface of the Bed at Constant Porosity
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| (Data obtained from beds of 0,125-in.
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A possible application of sweat gooling involvos conditioms

whore the pressurc difforcncs delviag the coolant is subloet 4o

swddon changete The problen reoquires mowlodge of the tlie neodod

Sor the ogbablisivent of £law through the porous wall Lollewing the

o 1R 2
o presgure predient across v, LD laothormsl

7

suddon apolication o

flor 1o apswred, tho noaosure drop equation o

£
g

the nreceding soobion

ig valid:
. 2
= < (% "““)G*(%(Z——”—i)é (1)
L 9 9 =
Mg an edditianal simpliflcation, only the viscous flov veglro will

e considezod. eplacing the spocific weiglt o Dy the denelby Vet
and the wolght flow rato € by the mase flow ow and introduciag

tho preseure-square pradiont, nopntive In the pluses dlrvection; w

pus =t (£ g

Tho eguation of contimuity for ono-dlrpngional flow through o

mdiun of avallablo vorosity £ s

(/a>+£?—1£:0 (5

9T

Corbining Bauations (2) end (8) glwos

¢

39/4“,‘@2@_:@ (¢)

(.2/7/



For iaotherel {lov of & nerfect gas,

g=b L)

m’a

2t

P o fLa Yk
po ) Ot
So Fguation (4) becomes

& /’L = zfoc/«__é

=

or
)
(/bg—f :}:o(/a P_

wihich ig the 4i “"ormmﬁ.e.l equatlon govorning the prossure disbri
bution throughout the porous modiune. Thw problon of nonesboad;;
flovr through the porous wall thus involves the golubion of Squation

(5) subject to the follawing boundary conditiong:
L | plo, +t)= Np,
Np, 1 (2 .
P R p (2, t) = Po
o ] S,
¥ P(X) o)

2
i

)

"

I

Po

(/\/\/‘

whore pe Lo o roforonce pregsure; i iAo o nurbor, and {0 ig tho wall

Lhickneosse

It i convenient o in

A P

aduee gore now dirensiomleoss variablos:



-
1% pe
x
S5
- P 4
Z‘og/uﬁz'
Sinee
Q2 _ 2 25
gx 95 2
Fquetion (8) bocomes
A ( pe 99 \ = fx
7 28 VF s /A /D
or .
( > Ex/&f ?tg
7 57
And since
g . 2 27
g 9T °
@ oshug becorng

the boundary value problon
(6)

2 24 ) = 2%
8 =R J T

where

fud

.w'
”
e
L
&
e



analytical rethods, but numpriesl solutions are obbalneble if the

difsorential equation is eppraximated by a finite dlfforence equabions

El

thig omsc, a conveniont means of solubion was affordod by satlpe

fving the di*"fomnm cquation with ean olechrical analopy surpesbtod by

fo o o VL1UBe
11 B TLINCTRICAL AIAOGY

A differonce oquadion equivelent to fguation (G) can bo wrditon

(see Mgure 1) as

(j , ‘jh“‘m~%“'w\J~‘3y\_i = %h (7% tjhﬂ u,\-g
it oS 2!
h+ll l

DI,

:z‘ l!h,ww-xu‘jw,w + Tn.w —‘]“‘J“‘"'
éz\m+é éfh"-l& o

Maltiplylng both sides by o5, oo pets

&

jm.‘ ML‘jv\MM ij_ -4, m [%hw—‘\juﬂ)w\]

as, -
L L
, (a)
oS, ' A5
N R RS SR Ay
-?«OTM,_?(_I N, ,"th ZAT.‘,.-% n, e a,im

liow econsider tho nobwork shown in Figure 2 Xirchof?'s Lew
requires that the gun of ¢ho currenbe eatering the contral jJunction

bo 8eY0;



= N - ¢ = .
2T nrgm e Tagmm Ta e T wr T T e yn}m-: {/h"“
= Z =
. — el et
(9)
= O

v ;aas“"{ 2 . —a 2aTy, 1
hald e n, ko —— e D
A e 1 U e a?k
n+~
2/
A5, 1 T !
% = z % e a2a e -3 ;
n-L e now-l " (10)
L 9 ‘& &Sv\
“‘%)w

(where & i an erbitrary consbant) snd applyinp boundary volitages

equal mmerically to the boundary valucs of the pressure rablo v,

then the voltage ab any poing n,m is equal ¢o tho value of y at

e S 'd
= AT
= Zé A‘_i
S =7

Prom Dguation (10) it can be scon that in o:xﬁ;r o satisty
l‘jquaﬁm {8) three of the four impedence olowonts joining cach nodo
of the eleoctrical notwork mist be opposite in elgn to the Lourthe
This requireront was met by the use of an alternating boundasy
potential topethor with o notwork of inductances and cepacitmicoes,

?

ag sham in Flowe 3. Tho verdicnl impodencos aro showm by Igquation

2

{10) bo be consbant, dopcanding only upoan the solocted inlorvals of



space and timee, The naelincar nature of the problem, howovor, is
manifested in the horigontal impedances, which are seen to be
functiong 0f tho prossgure retlo obbailning a{‘: cach polnt in questione
This dependenco roquired an itorative procoss of solubtion, in which
the inltlal veluos of the horigontal imwdances wore detormined from

o rourh ogbinmate of v as & function of 8 for various valuos of 7

1T T 20 00EUnD OF SOLUZIOH

Three typical boundary value probloms of tho type doscribed above
wore sdlved with the use of tho Dloctric Analog Comprter by
Profossor "Alte snd the writere. Problems with inereasing dogrees of
nonelinearity wore studicd by considering coses whore N {tho ratio of
tho anplied bhoundary pregsourc 40 the initial presesure) agsunwd tho
valuce of 2, 4, and 10

Pron Mgure 3 it may be soon thet tho tirp variable could not
approach infinity in the stetic analog, slace anly a finite nunbor
of vime incrercnis were svellable. This made 1t noceesary to choose
the sige of the time inborval such that sheady sbtate conditions woro
roachod or closely approzimmted aftor olipht tirv incrorpnts for the
abrupt termination of the network in the tire direction after stoady
stato hag boon roached hasg o nogligible effoct upon the solution for
snallor values of tims. It was found by experimentation that a
value of the dirongionlicss increment 4 7T of about 0,010 was large

K3

enouch o give eppredmatoly sboady stato condliions In the case of

{ o



68

the lowest boundary pressure ratlios This inberval wes halved in tho
caso af i @ 10, |

The caonvergonce of the ilerabtion process doscribed above wag
fomd to bo surprigingly rapld, For {the oaso of 11 » 2; the rvaguroed
potentials corresponding to the direnslonless yressure v wore found
Lo have approached to within ono porcent of their final value afler
only o lterations For the more non-linear cases (¥ = &, 10), &
larger nunbor of itorations wes required for canverpgenco. Ihe
rapidity of the procesgs, of course, depends upan the accuracy of

the initdal estimnbe of the pressure distribublion.

IV DESULIE AID COHCLUBIMIS

Tho final walues of y which wore obtadned in each of the threo
cases doecribed above are sumarized in :a;lo Lo Then those dote
wore plotted to glive preasurc digbribution curves, it was discoverod
thel steady stebte conditiong had nol alweys boen apuroached closely
encugh to eliminate complotely the influenece of the network termi-
nation in the tlmg direction upon the solutlions for the largest
mpagured valuee of timo. It was Lol t}za;s a2 repotition of the
solubion would not bo nscessary, thab the slipht scatber of the
poinge with timo resulitling from the abrupt terminetlion counld be
romoved equelly well by smoothing the curve. RFor this purpose, the
valuop of v glven Table I wore plotbed wersus T for various

volues of 8, a8 shown in Figuveo 4, 5, and 6. 7The propsuve distele



6%

bublons for cach of tho threo cegos were computed from tho amooth

curves of theso figures and are presented in Mpures 7, 8, and O

$ed
b5,

ig intercsting to observe the change in the shapo of tho curves
as the boundary pressurc ratio isg increased.

Ag wag initially stebed, the primery interest in the problom was

[l

n flow through the low prossure face of the porous well. lccording
to Iquation (2) the flow rate ig proportional to the progsure-squerc
gradionte, In ordor Yo dotormine this pradient the date of Pigures &,
5y and € were used to caleulebc the curves of 3;2 vergug 8 pregented
in Flpares 10, 11, and 18, The walueg of 93;2/ 28 at 8 = 1,
rraphloally detormined from theso curves,; aro plobtiod versus T in
Fipure 18, The fact that pleady state conditiong woro not roaliged
required an oxbtrapolation of the curves of Figure 138 Lo the veluos
of the stoady state slopo. ZThis extrapolation rmkos tie reosults
only scriequantitative, bul the trend is evidont. As wag oxpocted,
the $irme interval T; roguirod for tho ogtablighrnont of stead:y
flow through a vorcus wall following the sudden application of a

pregaure o one sido of tho wall is socon Lo doerease ag tho restio of
the applied pressure to the initlal pressure is incroaseds Sinco a

0

five=fold incronse in tho preesure ratlo offocted only about o 40
peroont docrease in Ts , howewver, 1% may bo coacluded that the
eritical %ire interval leg nob [’;?;3&'{73422’ influonced by the ratio of the
boundery presgures., it may also bo soon thai tho $timo roquired for
the appearanco of any flow ab all is also only slightly sonsltive te

v

tho presesure ratlio.
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