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LIST OF SYMBOLE

A numerical constant.

2 o

Cosfficiont in the general Hagen-Poiseuille equation,

€y Haﬁen«%oi vuillu coefficlent baced on the gross Cross-
section of flow.

Cg Hagen~Poiseuille coefficient based on spatial average
flow throu:h the pores. ~

Go Coefficiont in liazen-Foiscuille equation written in a’
paruicv’qv forn,

] Diemater, Mean dicmeter of pnrticl@, (L)i/.

e .;fcc ive hydraulic dimwier of particle computed by
sleve analysis, (L).

¢p Hydraulic longth characteristic of pore, (L).

 § Coeificient L ;i

K

% in Darey-lelsbach pipe flow equation.
1T X 1
Acceleration of gravity (ri=i—-=

)e

ng OO

Hydraulic head differcnce, (L.

R G

Fluid conduetivity, (L/1)e
i?m}, f}tr&i',ht .}.L 18 1\”1. L&l G' 'plOi }Juvuo (L)g

Lp Actual total length of flow path, (L)
Volumetric porosity of sand or gravele.
R Reynolds nunber.

Ey Reynolds numbor based on the gross cross section of
% flow.

Rp Tuynold; nunber based on spatial average flow through
~ the pores
Ry Hydraulic Redius, (L)e

“jbi“"nJ‘Cﬁq in parenthesis are indicated unless the quantity.
is dizensicnless.
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kRatio of hydraulie radius to ﬁarticlc dianeters
Velocity based on gross cross secbion of flow, (LT=L).

Spatial averaze velooity through the pores, (LT-2).

~

Weizht of a grain-gize fraction of sand or gravel
spocinen, (FS

Effective hydraulic diameter of portiele based on
hydraulic measurenents, (L)e ;

Resistance coefficient,.

Resistaones ceofficient based on the gross cross scction
of flo'k‘fu d

Hesistance coefficient based on the spatial average flow
through the pores.

Fluid deasity, (FI? L=%).

Viscosity, (FT L™%).



Effect of Porosity and Particle Shape and
Diameber on Hydraulic Conductivity
of Sands and Sravels,
Synopsis

Darcyts equatlon is commonly used to solve problems
involving viscous flow of flulds through sands and gravels.
The hydraulie conductivity tera in Darcy's eguation, howsver

J q § )

.

includes at least the fundamental effects of porosity,
particle diameter, particle shaps asnd fluld density and
- yiscosity. Equations in which the more fundemental fuoctors

ye explicitly expressed would be more useful. Owing to the

5]

similaricy of factors involved, such equations may take the
form of the Hagen-Poiseuille and Darcy-ielsbach equations for
pipe flowe The greatest handicap to the application of these
eauations to the problem of flow through sands and gravels
has been the lack of understanding regording the effects of
porosity, particle shope and particle diamecter., If these
could be prbp@rly ovaluated; then viscous flow throuzh sands
aﬁd gravels could ba fully described by /e CR , where CW is
the resistence goefficient sinllar to the Iviction factor used
in pipe flow, € 4s the constant, and R is Reynolds nuzber.
In addition to coaduecting further experimentation, the
writers have reviewed the work of Carman, Fair and Hatch,
Bakhmeteff and Feodoroff, Franzini, and others and proposs
nethods whereby the factors of porosity and particle diasmster

pay be included din Y/ eand R o If this is done, € , depends



upon particle shape, Data for flow throush sands and gravels
may then be reduced tc a gerles of universal curves or plots
of ¥ and R where each curve represents & particular shape.
Such a series of curves is preosented. Enowing the approxi-
mate particle shape, the sieve analysis, and the poresity, ons
should be able to predict with a high degree of sceuracy the
flow characteristics of sands and gravels. The relationship
or porosity, particle shape and diameter.with the conventional

hydraulie cosductivity texrm, K , of Darcy's law is also shown,



. Development of Theory

The analogy between pipe flow and flow through porous
materials is demonstrated by the similar factors involved in
each case. These factors describing the fluid are density iy
viscosity _4/ ; end the flow, plezometric head lQSs h, 1éngth
of'flog path L , and velocity Vp « The acceleration of
gravity is represented by g . Several factors are necessary
to describe the medium, and must include at least & charactere
istic length or diameter dp , the porosity of the mediua n ,
and the average shape of the particles. Other factors which
may require consideration aro roughness of the particles, and
the statistical distribution of the length and shape character
istics of the particles.

If all the factors describing thé mediun, with the excep=
tion of dp , are included in a constant; Fair end Hateh (7),
and Bakhmeteff and Feodoroff (2) have showa by dimensional

analysis that

' atan a “ a-B 2"‘3 |
by = SOBSLENE (y ) (gp) oo SEREC

Folioﬁing established pradtice, an arbitrary constant of 2 is
included in the denomonator of Eq ls Letting a = 1 ,’the'

Hagen-Pouiseuille equation for laminar flow may be obtalned,

c. v Vp :
20 l(jné 2. 2 Y ; (2)‘

o

1

h/j,



Letting a = 2 , the Darcy~Weisbach equation of pipe flow for
both lamniner and turbuleat flow results,

b/, = g.égﬁggi e (3)
where £ 48 the friction factor. These are pipe flow equationé.
. ¥or laeminar flow in pipes the constants in Bgs 1 énd:z ara related

by Keynolds number R

CwfR | | | :(Q)

The constant C is dependent waly vpon the shape of the plpe,
Thé ccnStaut f  of Bq 3 for laminar flow is depeandent upon :ifﬁ
ghape and keynolds nwuber, With increasing Reynolds nuaber ﬁhsﬁ{ ,
jmportance of viscoglity decreases and £ Dbecomes also a functi¢z 
of roughness, An analegous sitwatlon can be expecteé for Llow
through porous media.

Eqs 2 and 3 may be adapted to flow through porous medis,
Since the velocity in pipe flow is actually a pore velocity,
then a similar tora for porous medla should be used,. The pore
“veloclty V, is then | | |

. ¥ gt L S
Yoo £ | Y

viere V 4s the bulk velocity found by dividing the discharge
by tha gross Crossesecbional area, and n  is the porosity.

For a circular pipe the hydraulic radivs R, 1o

. Area . » Glanmeter
H ™ wetted perimeter A
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A
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By analogy the dizmeter of the pore cau ve exprossed ligear;y
proportional to the hydraullc radius. Following the develop»
ent of Fair and Hateh (7), 4f the eflective size of the pore

d,. 1s made egual to its hydraulic radlus,

d, = R Area of .lm, . Area of flow X Lensth ~_
P fﬂ Vetubﬂ Perimeter — notLed perinever x length ™

Voluue of flow = ¥old Yolunue
surtace area of selias T Surirace erea solids °

3£ n is porosity

Void voluue = Solid volume Qf 33
substituting,

dn = Volume uol"ncs o
2T burface meu 60LIGE (Ledi,

For wmiform=dianmcter spheras

vhere d 4is the diamester of a grhero.

For other shapes in general,

dpe L (4. , (6)

vg

Where 8g 48 a shepe fector varying from 6 to 7.7.

Substituting these valugs of V and ¢ in &
- »

222

g 2-and 3,

"(Za) o

2
Ce v (l-n)“
h )=
/1‘ zg &) nj »
where Gy equals C(3g)2 , and e
V2 (l-n) (32)

i Yo orgas ?
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: é/éo duct; ity ds frequent

/;fp is the coafficient eof reblstance based on the pore
velocity and pore dizmebers & comparison of Bqs 2a end 3a
sixows the effect of porosity is differont for turbulent aﬁd
laninay flow,

From Darcy's law,

where K 15 the conductivibyi/ having the dimensions LT"+

Combining Egs 2a and 7 and solving for X,

. 2 g 042 n3 :

Eq & describes K in more fundamental terms than does Lq 7
As 18 C 1n pipe flaw,' Cy; is primarily depondent upon

ghape although other facbors such es arrangement of particles,

statistical distribution of particle shape and direction of

o]

flow through ths packinr may have some effect,

Porcsity Tunction

Eq & shows that ths conductivity of a material varies with

- ite porosity in accordance with the expression n3/(l-n)2

This relationghlp was first presented by two German workers,
Eruger (191&) and Zunker (1920) who arrived at their conclugionu

empirically. Theoretical support was provided in 1927 by Koz eal,

canother Cerman workero In the United States, air and Hateh

sermed "pPlMVMbi’itfq in cnﬂineerﬁn»
The wrlters use’ "conduct y? to daacr*be the transmissibility
of a specific Tfluid (dimanu onally LP=L) and "o&ra.ubiliuy’ to
describe the genoral flow tr&nb‘i sion property of Lge medium
which is independent of the fiuid (dimensionally 1.2 :

oo 6"&0



independently presented @ similur theoretical developaent,
which forms the vasis, in general, for the presentation leadw
ing to the deduction of g &, '

Of interest ars the varlous exprecsions vhich have heen
Bugzested by lnvestizators to deseribe thg vairiastion of caﬁductivity
with porosity., Moot of these szpressicns have been cited by
Dalia Valle (0), rFrenzini (&), or Loudon (10).

|
i

Sehlicter K& | n 33y
Terzeshi 2 A W"QaXB)
)"/j .'Q‘l

ulb b ¢

$ 3 o e ‘:; I‘ oY » ' o .’m
Hulbert & Feben E A 5 (mmn)
Bakmetelif & Feodoroff K X n %/3
Bavis & Wilsey K o 2 or nb

se K X n® where a = § (n)
Buekingham, Edgar I nt

-

Smiy h, o Qe b 0( (1“3)2/3 ﬁ“mg wl
>
4

Rapier and Duffield K & 1.31604m0) Ej“ﬁ)g ey, Q.,.EE,'I
Koneay, Fuir and Hatch B X w»igivg

The recent work of Alghiva (1), Fransini (&), end Loudon
(10) lends conclusive support to the validity of exprecsiony |
n3/(1en})e

ihen rosiotance cowf iclont coupubted wsing bulk veloéity |

and uncorrected for effect of porosity on pore sise is plottod



n & logarithnic scale as a function of Heynolds nuaber
similorly computed \1tq,tha data in the laminay range vill
fall cn & straight line with a slepo of minus one. The
equatlon of this line is &, 7/p = Op .. vhere Op correse
ponds to bulk Llowe. ¢b is equal to §L§ at R =1 and is
a function of porosity as well a8 pore shaps. by prope
correction for porosity, hO”av“r, end plott ina‘ Yp as a
funetion of Ry where ¢/p is as previcusly defined end
)

P
may be determined. Gg 48 independent of poraaity and

is the Reynolds number characteristic of pore flow, Cg4

depends principally on particle shape end possibly other

; _— : N )
minor factors. Substituting from Bgs 5 and 6, By and (//b
may be defined in terms of %Pb end R, a8 follows:

oy, L2 Ehdp 2ghdnd  PYpnd .
¥p = LVE " LVE (1) Lem " {30)

In the laminar range,

N . 2 n3
cs a R ,/I) &5 Itb ’(’J ’b .—_...mié \erp‘ 3 Gb MpmtaTi L ( l]- )
&3 (en)? " (1)

b 1 3
At a porosity of 57 percent the porosity function 4

equals one. Thﬂvefoye et 57 percont porosity Gy is nunsrﬁc
equal to Cp o
If the pore valuves of Leynolds number and yresistance

coefficiont ave plotted for a particular medium, all points

ﬂ8..

l»n)p

»

L1y
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should fall on a single line rogardless of porosity., Using
this procedure, available data for various sands were plotted.

Bffective diameter

For wniforme-size material the diameter d 4n the foregoing

| analysis was considered to be the grain size. It wes found by

taking the mean size of the two adjacent-sized sieves used to
separate the materlsl. The question naturally ardses as to
proper dismeter to use for a material of'ngp-uniform particle
size. - Several definitions of such an effective diameter d,
have been suggeéted by other-invcstigatorﬁ.' Hazen's definition
of the effective dianmeter as the 1lO0-percent size is probably the
most widely known. Others have suggested the S0-percent sisze,

Mavis end VWilsey found on the average that the 3lL-percent sigze

was the effective clameter for the sands tested by them. Allen

sugzested the eguation,

s W
> (u/a3)

where W 1s the welght of an approximately uniform material of

de

11

mean dismeter d .
The effective diameter of characterlstic lenzth of a graded

material suggested by Fair and Hateh, Kozeny, and Blake is

ar . WP e (12)
e 11 : a
s[p/d)
This definition of effective diametor may be desecribed as the.

grain diameter of a uniform-sized material which has the same




area~volume fatio as the graded material and thus follows
the concept of an equivalent hydraulic radius used to develop
Eg 2a. .

The writers propose that the effective diameter be
. measd?ed by measuring the conductivity of the mediuﬁ. ‘Solving
Eq 8 for d and using the symbol § for effective diameter

thus determined, : n

K 4/ Cg (1-n)2" | : R
q/2 g( n3 2 (13)

The procedure for computing Jﬂ was to deternine the shape

factor COg {for a uniform-sized sample of sand, Then, applying
this value of Cg to a graded sand, S'was computed from Eq ik-
by utilizing the measured conductivity of the graded sand.

Under the definition of Eq 13 and if Cg has been défined
so that it depends only on shape, roughness, and perhaps ar qngé;;
aent of the particles, the effective diameter 5‘ must take into
account the mean and statistical distribution of particle sizes.
The offective dismeter § is the particle diamster of a
wiform-grained sand which would have the same perhvability
as graded sand of the same shaped particles and having the same
porositye |

ghape congtant

As shown by Carman (5), the magnitude of the shape constant

AN 1 &

mn

may . derived by comparison with the pipe flow equation

« 10 =



the Hagen-Polseuille equation is wrlttoen in teras of the
hydraulic radius of a cireular pipe rather than the diamatery
&nd the arbitrary constant of 2 in Eq 2 cmiﬁted, tﬁe value of

 2 for the other constant resulto. Far‘other crogs-sechional
shapes this constant varies from approximately l.2 to 3. -
Bartell and Ogterhoff, and Carnman assumed 2 and 2,5 raapectively
as good average values for the channel shapes found in sand, |

These investigators corrected for the length of flow path by
/

applying %? = %@ and Ju = /7 respectively, where L, 18

L
b 2 . :
the actual pore length and 1 48 the straight-line lonzth of

flow. Applying the length correction to velocity end straighte
line length, the Hagen-Polseullle cruation, £q 2, for sand

becomes in the form used by these iunvestigators,

b /, - &9.;.{!..“?).« s
J._J !/'-"5 d"'
whore, : :
. L 2 o {77 " ¢ T sy A e ; A
cog = 2 ( p/L) = (///2) 2 L9, (Bartell and Osterbhoff)
or,

Co w 25 (L?/Lig 25,

The egulvalent hydraulic radius concept, Eq 6, (Carmen)
introduces the shape factor 8g , which is $ for spheres snd
greator than 6 for other shapes., Since 04 = C(Ss)z this intro.
’duces a constmnt of 36 for sphercs. Ascsuming the value of '
;0@ = 5 to be approximutely correct for flow through granuley
media and taking into account the arbitrary constant 2, of Bg 2

’,

gives the valus of the shape constant (g for spheres as;

o 1l -



Cg = (5) (36) (2) = 360 .

exporimental Results

Avnparatug

Although the dats of others where sufficicnt informaticn was
available, have been drewn on freely, a large share of the data
used woere taken by the writers, therofore thelr apparatus will

be described, A constant-head perasaneter with verticel dowme

p

£

ward flow was uged, The permeamcter tube was of éeié; 0D
‘plastic, 16-in. longz. Two greoved wooden end blocks were
fitted wdth 3/l=in, pipe for inlet and outlet. These aﬁd the

tube assembly were held togother by means of four /Pwuwe
lozitudinal rods. The pipe at the lower end of the tube wes
_fitted with a valve to control the rate of flowe. The sand was
supported bn a gereen 3-in, from the bottom of the tuba. The

head losge acress the sand was measured by meana of plezometer

tapas connected v0 & manoneters, 7The constant head tanﬂ was located
approxinately 15 £t above elevation of tha reyvmesmeter, Water
from the city supply lincs enterod this tunk after passing through
a gravel filter which romoved some of the dissolved air. By

- means of the valve, positive pressure was malutained on the
discharge end during tests to further reduce the possibility

of air dissolving from the water, Speclal care was takea to
assure that conditions ¢f unifora temperature prevalled throughe

out the system before observations wore bezun, Fig 1 shows a

o 12 =

—m - L.



clrawmg
photograph of the appuratus. The dlscharzge was mcasured by

tindng flow into containers of known voluus.

Drawsind.
Pig 1 - -photegraph of Apparatus

The porosity was computed fyrom the specifiec gravity of
the sand, the dry weight and the toval volume occupied by the
sand, To measure the total velume of sand, the parmeamﬁtcr

tube was pre-calibrated by adding known volumes of water.

ALy was removed from the uniform sends by reversing flow
throuzh the permeamcter and agitating the send Vibb Ely'
for several minutes, In the case of graded sands azitation
‘%éﬁnot practical because of slze separation., The prcceduré
for graded sand was t0 evacuabe the air from the sample using
a vacuum pump and then draw up deaerated water throusgh the
bot Lo '
Anelyais of Data

Data from several other scurces 88 well as that of the
authers'were analysed inr an effort to check the validity of
th8~pOFO$itj function ~?§§¥§ s €stablish the ghape factor
Cg for various sands, and determlne the elfective digmeter
of graded aéndsa The suthors tested four natural sands,
desipgnated Cttawa Sand, Sand Luis Blow Sand, White Sand and

Poudre River Sand,respectively, and a mediun consi ing of
glass beads. With the exception of the Otbawa Sand boﬁhnak ‘
uniform and a gracded sample of cach type of materlal wag

tested. The porosity was varled as much as possible for sach

18



pateriale .ﬂ‘tcbal_of test run; Were ce Jﬂvc*ﬁ” 1ab*e i ¢

B Businay oo Lhe exporin ‘wﬁal pra~‘wa CwuuUCLCd by uhe autlors.'

‘Table 1 - Suamary of Toab»n‘ Progran of o8
23 Kiefer and Petorson :

£11 of thé*data were sumuariszed on plots of resiétéﬁagfi'

coeffici ‘“pt'(yb' as a iuuvL&uA of Reynoles number Ry, .}u
Exg pl&m of these are shown Jf the plots for tha ?ouara Rivar'

qan&, Pizs % and 3. For b ’ewity plota Of/thu resulﬁ» Uﬂ&ﬂ’ the

F;g 2 «» Resistancs Coefficient 285 @ Function of
cheynolds Huaber for 30«55 Poudre River
S

‘L..)i

’

- . e

Fig 3 -~ Lesictance Ceefficient &s & Function of

Reynolds huszber for Graded Pondre River
‘Sand |

slugle liga fop chch pwfo: tyq, Th

other materials ave oulited frouw this.pgpﬂﬁla AB Bhﬁuﬂ bg

.

Figs 2 and 3, do ta in the l”ﬂi?wr flou re ion glot alon,

idiLV of y vosity |

nl

A funetion —X. is damonsﬁratqd when nne,pere_yalus'of’

len}~

"¢ Roynolds number R, and resistonce coefficient LPP» gl

3: 1%

plotted. Whon this is done, all data reduce to a single 14 ine .
regaruleﬂs of peros ity This .ize is marked “pore valuesh

in Flgs 2 and 3.

A susmary of s“hﬁo factors fromn 2ll the sources checked

is‘preseated in Table 2, In Fig L micrephotonraphs are *’own

&/ Complets data are included in a thesis, ! Le;noldu Humber for

Flow through Porous iiediat, auzntLuuﬁ in partis fulfillment

“of the requirements for the degree of Master of Scienge 'in

Irrigation Englm eving b; Frad W Kiefer, Jre, Colar&do A& M
bc$l~'e, fort Callinu, u‘ﬁfqdo, May, 1953

* 1@ -
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Table, i ~ Values of %h&pc Constant Cg4
2 for Various Materials

R

Fig L « Hicrophotographs of the Haterlaels Tested

of four materials tested by the autho

The effective dlaoter for each graded material testsd by
the autbors was computed using Bq 13 and gﬁmparad with the
diameter a8 computed using Bq 12, The results are sunaarized
in Table 3, and uhou that the effective dlameter of & graded
sand determined oy aileve analysis énd uslng Eq 12 almost

exactly agrecs with that deteramined hydraulicallye.

Table 3 « Sumpary ol Dxperimeniul Data of The

driters
Fig 5 summarizes the information for sands of the shapes

ordinarily found in naturs. For spheres tho shapse constant

Fig 5 « Pore Resistance Coefficient as a Function of
Pore Heynolds Number for Flow through Porous
Ii‘udiu.

is approximetely 350. An average sand would have & shape
constant of around 500, Concelvably the shaﬁe consbant could
be much higher for other shaped materials which have a high
surface ars per unit volume,.

Critical Reovnolds Number

3 v

The value of Reynolds nuasber at which flow bocomes

e

turbulont has been reported by various investigators to be

wlf} L



between one and ten. Data on (ttowa sand and Foudre River
gand extended into the turbulent region. For thece two
cases the critical value of Reynolds number Ry Wad approde
imately 3 to 6. The eritical pore heynolds number was
slightly higher, from 6 to 10, Assuming that the critical
keynolds nvnbnv' hould properly be expressed in terms 6f
pore flow, the theoretical varlation of the bulk eritical
,Hé&nolds nusber is also shoun in Pig 5 fér asgumed eritical
values of “p Cand (ﬂn correspénding %o @ shape factor‘ Cqy
of 350. The corresponding values of bulk Leynolds nunber and
bulk resistance coefficient wore computed for porosities varying
frou 10 percent to U pSPCQnt. over the practical range of
porosity, 30 percent to 50 pasrcent, the eritical bulk Reynolds
nunber varied only firom ) to e The curve of bulk critical
heynolds nwavers for ovariows values of Ca will be slightly
displaced for any constant value of Rp o

The shape of particles might have soue effect on the
eritical Keynolds number. However, the tests which gxtended
to the turbulent reglon were for sands of wldely different
ghape, Ottawa sand and Poudre liver and; The eriticel pore
Reynoldﬁ nunber was approximately the sasme in each caseg,
indicating that éhap has no major effect on the critical
heynolds number,
Apnlication

The cuwrves of Pig 5 may be used to estinate the hydraulic

characteristics of sands and gravels. The shape constant for

-16“



a sand can bo estimated by comparison with the microyhotograbhs'
of Fig L. The eifective dilameter of ths sand can be determined
by eleve analysis using Tig 12, The effect of poroesity is very

imporﬁant and great care must be exerclsed in its deteraination,
For a change in porcsity of from 35 percent to 41 percent the

conductivity will bLe doubled. The prosence of air in the sand

terming, If the

"y
m

can make the poroslty very difficull to de
amount of air present cau be found, the porosity should bo
computed considering the air &s part of the solids. Under these
circumstances a change of temperature will have a proncunced

effect on the conductivity, -more owing to the e¢xponsion or

o

centraction of the air than to the changze in viscosity of th
fluid. The HagenePolscullle equation for laminar flow, ¥q 24,
in the forn,

2
2 g ds” 0o h

TP i GRS A (22)
(’S/C/ (l”n)?, 11 ’

may_b ‘employed, or knouing the valucs of shape factor, effece
tive dlametor and porosity, the velue of conductivity E nay
be computed using Rg 8, Exporimental observations agreed very
clcsaly wiih bhowe euabitig.

£ flow is turbulent, greater than approx 1ruualy 6

A I‘n.p
‘the Darey-Yelsbach type equaticn,

£ e A‘f/r 2 w‘z) L?f3ll : -



would be expacted to apply. Very little experimental evidence
is avallable to support this equation, however,

Most problems in civil engineering iuvolving flow through
sands and gravels are in the l&mina? flow rango. For other
uzes, the investizations nced to be exﬁendeﬁ into tha tﬁ?bnlenﬁ'f
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Table 1 « SUIDIARY OF TESTING PROGHAN OF KISFER AND PETERSCH

Maberial ' Percent Funber of
- Porositvy Teot Runs

Qttava sand 3L.0 10
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Graded 339

AVSL LA PV

B ]
-
L

T
e

White sond
50<£60 iesh

& °

; Ny
Pg"\} o2
L

-]

-

Witlte sand
Graded

O &.-".‘.'\Y

e »

oy pand

eI R Bl

e 5 & @ -

SN WHOO OO~ Wi
S
Lot

@
_§
o
Ql'

Poudre NLiver sand
30-35 HMesh

¢

LS\ =I U ~IAN LB PO~
® » 6 © o
WO\ DO

Tt

e e e e



;' Table 1 = (Continued) SUIBIARY OF TEOTLHG PROGRAM OF KIBFER

AND PLTERSOH -
Materisl : Percent  FBumber of
Poresity Test Runs -
Poudre River and . : b5e5 i Vi
Oraded ) &702 7

3705 1‘?
Lol 1
3907 lh

Glass PBeads | L0, 8 10

70-£0 Hosh 3745 g

) 3506 7
Glass Beads 39,8 12
Graded 37,0 g

35k & 8



Table 2 = VALUZS OF SHAPE CONSTANT Cg FPOR VARIOUS MATERIALS

Haterial Niature of Ca Experizentors

£ Grain Shape
Glacs spheres approxinately 340 ‘Kiefer
. Bpherical, vome
ir“ﬁcﬂwx
p«FiiC:
Qttawa sand almost spherical 330360 ©  Kiefer
Ottawa sand almost syherical. 330 Fransini
Lead shot almost spherical 320 Frangzini
Lead shot Bi!ﬁ/ BalkhmotolT and
‘ Feodorefs

ked sand seni-angular EOQ | Franzini
San Luls blow irregpulayr, rounded LS50 Kiefer

- sand COYners
ﬁhite sand irregular, rounded LED Kiefor

_corners

Poudre River

samrl angular - some mica 660 Kiefer

ik flikes :
1/16 o 5/16 346-360  Coulson

.sphcres

wf Based on dnformation p¢rul¢11f estinated by tho writers,



Tablo 3 =

IARY OF EXPE IIf

LET

T4l DATA

)7

CF THEL WRITERS

Sieve ‘03 Mean v by da by
Material Size dieve Permea-~ Sieve
Dianeter bility Analysis
£6e £ e
Poudre River 16-1¢ 670  0,00353 - -
saad _
Poudre River 30.35 680  0.00177 e -
gand
Poudre River (a) Graded 680 - 0,00251 0,00239
sand
Poudre River (3) Craded 680 - 0.00169 0,00170
sand ‘
San Luis blow 50-60 490  0,00088% - -
gand
San Luis blow Graded 490 - 0.00093  0,00090
sand
hite sand 50.60 48O 0.0004EH - -
white sand “Graded 480 - 0.000£15 0.0008L
Glass beods 7080 3L0 0.000626 - -
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Reynolds number for 30-35 Poudre River sand.
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