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SUMMARY 

The air permeability of various screened and natural snows was 
measured to determine whether the parameters obtained from the 
measurements could be used to define a snow type. The permeabili:ty 
of a snow sample of known porosity (calculated from density) was 
determined over a wide range of air velocities, the sample was then 
compacted artificially a few mm, its density was determined, and its 
permeability measured again. The procedure was used to obtain curves 
for several densities of the same sample. Air flow appeared laminar 
for velocities less than 5 em/sec in fine-grained snow (less than 0.8 mm 
in diam), 2 em/sec in medium-grained snow (0.8-1.2 mm diam), and 
1 em/sec in larger-grained snow. 

All of the results obtained under laminar flow conditions may be 
represented by a single relationship 

K 
dl. ~3 nN 

16.8 N-n 

where K is the air permeability, n is the porosity, d is the average 
snow grain size in mm and N represents the loosestpacking (highest 
porosity) for the given shap-; of the snow particles. To get an estimate 
of the grain size from just the initial permeability Ko and initial 
porosity, ~ 0 , the equation -

is suggested. 



AIR PERMEABILITY OF SNOW 

by 

J. A. Bender 

INTRODUCTION 

The increasing practical importance of knowledge concerning the laws of 
permeability is evidenced by the large number of investigations in recent years. 
This knowledge is necessary for the calculation of ground-water movement, the design 
of packed towers, prediction of flow of petroleum and natural gas, and for the 
determination of the surface area of filters and powders. 

The primary purpose of this investigation has been to measure the air 
permeability of various snows and to determine whether the parameters obtained 
from the permeability measurements could be used to define a ~now type. 

An extensive review of the literature has shown that the tridimensional flow of a 
fluid through a porous medium is not a simple affair but requires a knowledge of the 
fluid and type of flow, as well as of the medium. 

The practical importance of ventilation in unde rsnow installations and the 
pumping of air in a snowpack by small atm·ospheric pres sure chang,es predicated the 
use of air as the fluid, under small pressure differences through granular media. 
In order to better understand the role of the medium, the work was expanded to 
include air permeability of glass beads and a soil. 

APPARATUS AND METHOD 

Various types of equipment and methods (see Wenzel and Fishel, 1942; Carman, 
195 6) have been developed. for the measurement of permeability. In the present work, 
because only small pressure differences were to be used and work had to be 
performed at temperatures below freezing, it was necessary to develop apparatus 
and techniques to fit these needs. 

The work was started in a cold room maintained at - 5C. However, it was found 
that the permeability of a snow sample increased with time due to snow 
metamorphism. For this reason, it was decided to do all the work in a cold room 
maintained at -20C ± 1C ( -4F). 

A micro-manometer':< with a range of 0 to 150± 0.005 mm of water pressure 
differential was used. The manometer was filled with a "Dow Corning 200 11 silicqne 
liquid having a viscosity of only 2 centistokes at -20C. One end of the manometer 
was always open to the atmosphere. 

Commercially available instruments for measuring the flow of air, such as wet 
test gas meters and rotameters, were tried but did not function satisfactorily at the 
low temperatures. Instead of trying to measure directly the flow of air through the 
sample, two types of apparatus were constructed to measure the amount of air 
displaced at a constant rate. 

The apparatus used for measuring small rates of flow, 0.06 to 0.8 Gm3/sec, 
(Fig. 1) is similar to most constant head permeameters except that a liquid is 
used to displace the air which is forced through the sample. The rate of flow of the 
li4.uid was measured by weighing and timing with a stopwatch. In practice, the one 
regulator valve was replaced by a manifold of three valves which were left at 
different rates of flow and checked only at the beginning and end of the ope ·ration on a 
given sample. 

For greater rates of flow, 0.5 to over 2000 cm3/sec, the apparatus consisted of 
three concentric cylinders (Fig. 2). The inner, A, and outer, C, cylinders were 
fixed and the space between held kerosine. The middle cylinder, B, could move up 
and down with the kerosine acting as an air seal. Air could be drawn or forced 
through the sample by moving the middle cylinder up or down. The movable cylinder 

':c Trimount Instrument Company, Chicago, Illinois 
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I TANK TO MAINTAIN CONSTANT HEAD 
2 FLOW REGULATOR VALVE 
3 ON-OFF VALVE 
4 ADAPTER TO HOLD SAMPLE TUBE 
5 CONNECTION TO MANOMETER 
6 WIRE MESH 
1 STANDARD SAMPLE TUBE 
8 AIRTIGHT WEIGHING BOTTLE 
9 DRAIN ON-OFF VALVE 
10 OVERFLOW TUBE 
II PUMP 
12 EXCESS FWID RESERVOIR 
13 BALANCE: 5KG ,ACCURATE TO I G 

10 

Figur~ 1. Permearneter using liquid 
to displace air. Used for rates of 

flow 0.06-0.8 cm3 / sec. 

II 

WIRE TO DRUM 

Figure 2. Constant velocity permeameter. 
Used for rates of flow 0. 5 

to over 2000 cm3/sec. 

was raised or lowered by winding or unwinding a wire on a drum. The drum speed 
could be changed by a series of gears connecting the drum to a synchrqnous motor. 

The sample tube used for almost all of the measurements was the standard 
SIPRE polished stainless steel snow tube, length 18.9 em {7.4 in.), inner diam 
5.8 em {2.28 in.). 

For testing snow samples, the standard tube was filled, weighed to obtain the 
density, and the permeability determined over a wide range of velocities. The 
sample then was artificially compacted a few millimeters by means of a hand press; 
the density was determined by measuring the new length of the compacted sample; 
and the permeability determined again over a wide range of velocities. This 
procedure was used to obtain curves for several densities of the same sample. 
The procedure for glass beads and soil particles was similar except that the tube was 
tapped to obtain higher densities. 

All of the densities were changed into porosities by the relationship 

n = 
p - p 

t a x 100 
Pt 

( 1) 

where n is the porosity, pt the true density of the pa·rticles and p the density of the 
aggregate. The values for snow are given in Appendix I. a 

Work by Bader ( 1939), verified in this investigation, showed that the snow 
sample when compacted was still quite homogeneous and that there was little breaking 
of individual crystals. The effect of a nonhomogeneous density distribution on the 
permeability is discussed in Appendix· II. 
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EXPERIMENTAL RESULTS AND DISCUSSION 
I 

Historical background 

There is no general agreement among the various investigators on a single 
general law defining the flow of fluids through porous media. A historical account of 
some of their hypotheses will show these differences and some of the reasons for 
them. 

Experiments by Poiseuille ( 1846) established the relations for lall1inar flow of a 
fluid through circular capillaries as 

( 2) 

where v is the velocity of flow, d the diameter of the capillary, TJ the viscosity of the 
fluid, ~P/ L the pressure gradi;-nt, and _g the acceleration due to gravity. 

Darcy ( 1856), from measurements on the flow of water through sands, first 
stated the basic law for laminar flow through a porous medium, which is 

- k ~p 
v- 1 L 

where ~1 is the permeability coefficient. 

( 3) 

It was pointed out by Dupuit ( 1863) that the superficial discharge velocity , ~· 
was less than the actual or seepage velocity of the fluid while in the porous material. 
He suggested that, for a uniform distribution of the pore space in a bed, eq 3 should 
be written as 

~p 
v = k 2 n L 

where n is the porosity. 

(4) 

Reynolds ( 1883) showed experimentally that there are two types of flow, laminar 
and turbulent, and that the transition from laminar to turbulent flow may be 
characterized by a numerical value (known as the critical Reynolds number) of a 
dimensionless expression of the conditions of the system. In more recent years, 
various investigators, (Klinkenberg·, 1941; Krutter and Day, 1941; Calhoun and 
Yuster, 1946; Rigden, 1946; Arnell, 1946; Rose, 1948; Karnack, 1954) have shown 
that, for flow of gases at low pressures or through very fine powders, the effects of 
gas slippage must be considered in determining the permeability. 

Hazen ( 1893) suggested the following formula for the flow of water through sands 

( 5) 

where ~10 is the diameter of the sand grain such that 10% of the material is of smaller 
grains, and 8 is the temperature in degrees Fahrenheit. Hazen later pointed out 
that the value of f 1 decreased as the uniformity coefficient of the sand increased and 
was also dependent on the shape of the grains and the structure of the bed. 

From theoretical considerations involving the general geometry of a bed oJ 
identical spheres., Slichter ( 1899) derived 

v = ( 6) 
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where~ was calculated from the porosity, ~· varying from 85 for an~ of 26% 
(the closest possible packing) to 11 for an.!! of 48 % (the loosest packing). Additional 
studies by Graton and Fraser ( 1935) and Fraser ( 1935) pointed out the difficulties 
of computing the permeability from the porosity, even for the idealized case of 
identical spheres. 

Green and Ampt ( 1912) conducted permeability tests on glass beads and sand, 
and found that the experimental values obtained for the glass beads were 50 to 85% 
higher than those computed from Slichter' s formula, while those for sand were close 
to the theoretical values. Green and Ampt also pointed out that there was a wall 
effect of the tube holding the test material which tended to increase the permeability. 

The semi-empirical formula 

( 7) 

where 1lo =viscosity at OC; 11t =viscosity at measured temperature, was developed 
experimentally by Terzaghi ( 1925) by considering the flow through sand as similar 
to that through a set of sieves in series . 

Blake ( 1922) suggested the substitution of n/S for .i where~ is the surface area 
of the material per unit cube of packed space. In the cases where graded material 
was used, Blake assumed the effective diameter from screen analysis to be 

"£W. 
d - 1 
-~(W./D . ) 

1 1 

( 8) 

where W . is the weight of material of diam D .. 
-1 -1 

Kozeny ( 1927) used the concept of hydraulic radius as a means of accounting 
for the effect of the porosity on the permeability and derived for laminar flow 

k D 2 
4 s n3 ~p 

v=~ (1-n)2 L g, ( 9) 

where the ratio of volume to surface area of the spherical grain of diameter D is 
representative of all the grains of the given medium. -

5 

Fair and Hatch ( 1933) likewise considered the hydraulic radius and an area
volume shape factor in their general formula 

2. 

AP n
3 (v) 1 

v = ks r::,-~ A :;; g. ( 1 0) 

For unstratified filter sands 

{- j} 2. 
SF L,W. 

(A/V) 2 = - [-· -
1 

wt dgi 
( 11) 

and for stratified beds 

(A/V)2 ( 12) 
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where ..=i is the area of the grains; V is the volume of the grains; SF is -the shape 

factor= (Ad/V); W is the total weight of grains; W . is the weight of individual grain 
fractions· d is thetgeometric mean of the rated siles of the adjacent screens, 

'-g 

d =~. g 

The Fair and Hatch formula is equivalent to Kozeny' s. Many of the more recent 
investigations have been attempts to evaluate ~or to make a more general equation. 

Burke and Plummer ( 1928) assumed that the Stokes force acting on an isolated 
sphere of radius r 1 in an infinite fluid stream could be used as the force acting on 
each particle in the bed and de rived the theoretical equation 

v .?_& --.!L_dz.D.P 
911 (1-n) L 

( 13) 

Blaj ( 1951) suggested a correction to the Stokes force based on the drag on a 
sphere moving down a cylinder and obtained 

v = k6 ~ [ 1 - ( 1 - n) 1 I 3 ] 3 d z D. LP . ( 14) 

An empirical formula based on the flow of oil through sands was determined 
by Schriever ( 1930) as 

v ( 1 5) 

where f3 = 4.14- 0.0141 -/d. 

Bakhmeteff and Feodoroff ( 1937) proposed the following formula, based on 
dimensional considerations which took the porosity into account 

( 16) 

T~akonas ( 1952) modified the above by considering an idealized medium 
composed of cubes each occupying an enclosed cubic space to obtain 

2gdz D. p z; 1; 
v = ks - [ 1 - ( 1 - n) 3 ] [ ( 1 - n) - 3 - 1 )Z . 

11 L 
(17) 

An excellent review of the investigations on fluid flow through unconsolidated 
grains was made by Carman ( 1937) with the conclusion that Kozeny' s equation ( 9) 
is the proper one to use. However, Carman did point out the limitations of 
Kozeny's equation for mixtures of various sized grains, with a proof that the flow 
is greater through parallel channels unequal in size than through channels of the 
same size when the total hydraulic radius is the same. 

Bader ( 1939), from measurements on the air permeability of snow, proposed 
the empirical relation: 

5 
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( 18) 

A large portion of this report is concerned with the meaning of the parameters 
~and N in Bader's formula and its compar i,son with those suggested by other 
investigators. 

Cloud ( 1941) discussed in general terms the variation o£ permeability and 
porosity with grain size distribution and this was expanded further by Krumbe'in 
and 1v1onk ( 1942). The latter two authors found that, for size distributions which 
satisfy the normal logarithmic probability law, the permeability is . proportional 
to the product of the square of the geometric mean diameter and an exponential 
function of the standard deviation. 

Rose ( 1945) investigated fluid flow over a wide range of viscosities under both 
laminar and turbulent conditions. For laminar flow through a large diameter bed 
composed of spheres, his general equation reduced to 

( 19) 

Brownell and Katz ( 194 7) included a porosity function in the Reynolds number 
and also in the friction factor and got for laminar flow 

-~ 
v- 32 

r-s 
n ~p 

L ( 20) 

where.!. and~ are functions of the shape of the particles and of porosity. They also 
suggested that, for beds of mixed size particles, the value ford could be obtained 
from screen analysis as -

d = 
"EW-/D. 

1 1 

"EW. /D~ 
(21) 

1 l 

where D i is the average size of a given weight fraction, W i• taken as the arithmetic 
average of the adjacent screen openings . 

Many of the above investigators had suggested that the inclus.ion of the surface 
area or the hydraulic radius in the general permeability equation would be sufficient 
to take care of any shape factor. However, work on fibers by Fowler and Hertel 
( 1940) pointed out the necessity of-including an orientation factor as well. This 
was further exemplified by Coulson ( 1949), who presented data showing that there 
is no logical shape factor that would enable one equation to cover all shapes of 
particles as the porosity of the bed varied. 

Childs and Collis -George ( 1950) also pointed out the limitations of the Kozeny 
{ eq 9) and Fair and Hatch { eq 10) formulas for capillary tubes of as sorted radii. 
They suggested that permeability be related to pore-size distribution, which may be 
obtained by an interpretation of the moisture characteristics of the material. 

Because of the sinuous path the fluid must pursue through the porous medium, 
numerous investigators { Kozeny, 1927; Bartell and Osterhof, 1928; and Carman, 
1937.) suggested that the true velocity in the bed was 

v' - v 
n 

( 22) 
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where L is the actual length of the path traveled by the fluid compared to the 
length L to£ the sample. Corriell ( 1952) used the electrical resistivity factor F >!< 

(which -may be independently n1easured) in place of the porosity and the influence 
of the added length of path and suggested the following 

v = k _g_ ( v /' ~p 
9 T)F A L 

(23) 

7 

It was shown by Muskat ( 1946) that the isothermal laminar flow of a gas through 
a porous medium may be represented by 

Q=~(f>i-PI)At 
ll 2P L av 

{24) 

which for small pressure difference may be written as 

v ( 25a) 

When vis expressed in em/sec; the viscosity, ll• in poises; and the pressure 
gradient, ~PI L, as dynes I crn2 -crn, then the pe rrneability constant has the 
dirnens ions of an area i. e. , crn2 

Eq (25) may be modified so that 

v (25b) 

wher.e vis the velocity in ern/ sec; ~ h the pressure difference in ern of water; 
L the l~ngth of the sample in ern; and ll IT)o the ratio of the air viscosities at the 
measured temperature to the air viscoJity at OC. Then K 0 represents the 
superficial velocity of air flow at OC under a head of 1 c;;; of water per ern of length. 
This is the notation that will be used in the remainder of the report. 

It is evident that if the viscosity, ll• of the fluid and the area, A, and length, 
L, of the sample are known, it is only necessary to measure the rate of flow and the 
pressure difference. 

Range of Darcy's law 

Each fraction of the screened snow was tested over a wide range of velocities. 
Figure 3 and 4 show typical velocity vs pressure gradient curves obtained for two 
of the fractions. It may readily be seen that there is nowhere a definite break in 
the curve to show the change from viscous to turbulent flow. This is to be expected 
as the curves represent the summation of flow through a large number of tortuous 
channels. It is also seen that the amount of deviation from a linear relationship 
(dashed line) is not only a function of the velocity and particle size, but of the 
porosity as well. This latter effect made any attempt to 'formulate the conditions 
for the range of viscou·s flow by a type of Reynold's nurnbe r quite useless. There 
is also an additional effect due to particle shape. 

* The resistivity factor, F, is defined as the electrical resistance of a sample 
saturated with brine divided by the resistance of a quantity of brine of the same 
size and shape as the bulk volume of the sample .. 
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Figure 3. Velocity vs pressure gradient, -1.190 +1.000 mm snow fraction 
at different porosities. 
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Figure 4 . Velocity vs pressure gradient , -2.000+ 1.680 mm snow fraction 
at different porosities. 
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Attempts were made to express the curves empirically by 

( 2 6) 

and 

{27) 

where c 1 , c z and c 3 were functions of n and particle size and the exponent r varied 
between 1 and 2. -However, none of these equations were successful over the whole 
range of porosities and grain sizes. The results in the viscous range for the same 
two fractions are shown in Figures 5 and 6 . 

9 

Bader ( 19 3 9) recommended flow velocities of no more than 15 em I sec for 
fine-grained snow; 6 em / sec for medium-grained snow; and 2-3 em/sec for 
coarse-grained snow. In their experiments on air permeability of natural snows, 
Ishida and Shimizu ( 1955) found that flow was laminar up to 1.5 em/sec. On the 
basis of the present laboratory investigations, the author recommends flow veloc i t i es 
no grea.ter than 5 em / sec for fine-grained snow {less than 0 . 8 mm diam); 2 em/sec 
for medi um-grained snow (0.8- 1.2 mm diam) and 1 em/sec for larger-grained 
snow. The majority of the tests were made at flow velocities of less than 0.5 em/sec. 

Effect of porosity on the per-meability of snow 

The density of snow varies from considerably less than 0.1 for a light fluffy 
new snow to that of ice. The porosity may readily be computed from the density 
by the relations h ip 

where 

u 
~ ...... 

~ 0.30 
>.... 
u 
g 0.20 
UJ 
> 

y. = density of ice = 0 . 917 
1 

y = density of snow. 
s 

1.0 2.0 3.0 4.0 s.o 
L, PRESSURE GRADIENT (g/cm2- em) 

Figure 5 .. Velocity vs low pressure 
· gradient, -1.190 + 1.000 rnm snow 

fraction at different porosities. 

( 28) 
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0 .60 ~ 
>-
!:;: 
u 
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w 
> 
; 

0.20 

L, PRESSURE GRADIENT (g/cm2-cm) 

Figure 6. Velocity vs low pressure 
gradient, -2.000 + 1.680 mrn snow 

fraction at different porosities. 
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Figure 7. Permeability vs porosity 
for a new snow. 

no = original porosity before 
artificial compaction. 

K 0 = original permeability before 
artificial compaction. 
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Figure 9. Permeability vs porosity for 
a snow over a y.ear old. 
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Figure 8. Permeability vs porosity for a 
large-grained snow (over 1.2 mm diam). 
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Figure 10. K/n vs K for a new snow. 
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Figure 11. K/n vs K for 
a large-grained snow. 
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Figure lZ. K/n vs K for 
a snow over a year old. 

11 

The pores in snow are usually entirely interc.onnecting, but at high densities the 
material may no longer be permeable, although still porous . By this difference snow 
and ice are defined; i.e., snow is permeable, ice is not . Bender (Bader, et al. , 
1955) found that zero permeability could be expected when the density reached
approximately 0. 77. Thus, there is permeability in a range of porosities from 16 "/o 
to 891o. Most previous investigators of other media have only been concerned with a 
few percent· change in porosity. Plots of the permeability coefficient K versus the 
porosity for a new snow, a large-grained snow, and a fine-grained snow are shown in 
Figures 7, 8, and 9, respectively. K is defined by the equation 

K =_g_ .6-P = ~ 
At L i . 

Q = volume of air ( cml) 
A= cross-section of tube (cmZ) 
t =time (sec) 

.6-P =pressure head {em of water) 
L = length of snow sample (em) 

;. ( 29) 

Bader ( 1939) found that his data on permeability could be represented by a 
straight line when K/n was plotted against K. In this case 

K = a+ K or K _ anN 
n N - N-n 

where a is the intercept and N the reciprocal of the slope. 

( 30) 

Plots of K vs K/n for the three snows shown in Figures 7- 9 are given in 
Figures 1 0 - 1 2. 

A systematic determination of the permeability of natural snows, screened 
fractions of snow, glass beads, and a round-grained soil was made to investigate 
the effect of porosity and grain size on the permeability coefficient. 
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The following functions were investigated for a given natural snow or screen 
fraction: 

anN 
N-n 

Bader ( 1939) empirical equation 

Bn2 

K 2 = (l-n)l Empirical equation 

_ Cn2 
K 3 -- Burke and Plummer ( 1928) theoretical equation - 1-n 

Dn3 
K4 = (l-n)Z Kozeny ( 192.7) theoretical equation 

an2 N K 5 = -- Empirical equation. 
N-n2 

The values for the constants in each case were determined by the method of 
least squares. The Gauss criterion (see Worthing and Geffner, 1943, p . 260) 

n. = 
1 

:E(K -K . ) 2 

exp 1 .. 
S -m = m1n1mum 

where K is the experimental value, K. the computed value, _S the number of 
-exp -1 

observed pairs of data, and m the number of arbitrary constants, was used to see 
which equation best fitted thedata. The results are tabulated in Table I. 

Table I Gauss Grite rion 

Material nl . nz n3 n. ns 

Glass beads 0.02 0. 01 0.28 0.05 0.007 
New snow 128.00 150.00 1,205.00 128.00 31.000 
Soil 0.04 0.18 1.52 0.25 0.02 
Snow fraction 0.10 0.08 0.94 0.05 0.04 
B Snow 0.21 48.00 181.00 54.00 0.59 
C Snow 4.8 115.00 229.00 115.00 9.4 

It may be seen from the table that Bader's function K 1 

an2N -- are the mos.t suitable, especially for snow. 

= 

N-n2 

Range of s 
n ( 'fo) 

31.4-35.0 4 
83.0-88.4 7 
49.5-55.1 4 
44.9-51.9 5 
46.2-57.6 6 
42.4-54.6 6 

anN 
N-n 

or the function 

Typical screen fractions of the three types of materials investigated are shown 
in Figure 13. The experimental values for a and N are given in Table II. 
All values were computed by the method of ~ast squares. 

In addition to the permeability studies on screened fractions, a number of 
tests were made on natural Greenland snows. The permeability of a given natural 
snow was determined for at least five different porosities and a and N computed 
by means of the Bader equation, using the least squares method. A screen analysis 
was then made and the mean grain size d calculated from it. The results are 
given in Table III. 
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a) -0.590 +0.500 mm snow fraction. b) -0.590 +0.500 mm glass bead fraction. 

c) -0.590 +0.500 mm soil fraction. d) -1.000 +0.840 mm snow fraction. 

e) -l .:...-000- +0.840 mm glass bead fraction. . f) -1.000 +0 . .840 mm soil iraction. 

Figure 13. Typical screen fractions of mate rials investigated. All 9X. 
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Table II. Experimental values for a and N, screened fractions. - -

Screen Snow Soil Glass 
~m1 xm2 size a N a N a N 

ffit mz 
.- ·f.},,l49 + 0.074 0.105 0.14 0. 725 
~0.210 + 0.149 0.176 0.39 0.676 
-0.250 +0.210 0.229 1.59 0.584 0.66 0.652 
-0.297 + 0.250 0.273 2.29 0.606 0 . 97 0.641 
-0.350 + 0.297 0.322 2.59 0 .. 582 1.29 0.630 
-0.420 +0.350 0.383 3. 78 0.612 1. 99 0.620 
.:.o 500 + 0.420 0.458 4.86 0.623 3.27 0.628 7.22 0.460 
-0.590 + 0.500 0.543 5.65 0 . 585 4.46 0.625 11.11 0.466 
-0.710 + 0.590 0.647 6.33 0.589 7. 66 0.618 17.17 0.507 
-0.840 +0.710 0. 772 8.29 0.645 10.70 0.597 
... 1.000 + 0.840 0. 916 12.11 0.678 18.19 0.613 38.11 0.492 
-1.190 + 1.000 1.09 16.69 0.622 20.33 0.573 49.49 0.504 
-1.410 +1.119 1.29 19.57 0. 621 29.55 o.55a 58.16 0.479 
-1.68 + 1.41 1.5·9 25.40 0.698 
-2.00 + 1 : 68 1.83 27.24 0.656 
-2.38 + 2.00 2.18 110.8 0.485 
-2.83 + 2.38 2.60 169.4 0.502 
-3.36 + 2.83 3.08 356-.9 0.541 
-4.00 + 3.36 3.67 I 436.4 0.535 

Table Ill. M·ean grain size, d, and values of a and n, natural snows. - - -
Snow d(mean} a N N/no 

B 0.82 10.00 0.62 1.076 
c 0.74 1.00 0.57 1.043 
D 0 . 87 11.00 0.59 1.062 
E 0. 73 11.5 1-.t 0.58 1.077 
F 0 . 90 '3 · 0.61 1.078 22.00 / 
G 1.30 0.32 0.65 1.058 
H 0.80 16.00 0.55 1.082 
A-1 0.50 6.00 0.63 1.058 
A-2 0.9·5 16.00 0.67 1.060 
A-3 0.85 12.00 0.57 1.053 
s -1 0.96 22.00 0.65 1.082 
s -2 0 .83 9.00 0.56 1.064 
s -3 .1.34 25.00 0.63 1.077 
s -4 1. 63 31.00 0.62 1.068 
s -5 0. 70 10.00 0.65 1.066 
s -6 1.09 22.00 0.65 1.082 
s -7 1.18 28.00 0.63 1.039 
.S -8 0 . 79 10.00 0.61 1.038 
New - 11.00 0.92 1.036 

Wind Packed - 11.00 0.61 1.208 

Bader's equation 

· Log-log plots of the values of~ in the equation K = anN /N-n against the mean 
grain size d of natural and screened fractions of snow, fractions of glass beads, and 
fractions of a soil are shown in Figur~s 14-16. These· show that for snow, 

.a= 16.8dl·63; for glass beads, a= 36dz....o.·; and for the soil, a= 16.5d2• 17 • 



Figure 15. Mean grain 
size of glass bead 

frac .ti'ons vs a. 
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• - SCREEN FRACTIONS 
>< - NATURAL MIXT~ES 

Figure .14. Mean grain size 
of snow vs a. 

Figure 16. Mean .grain size 
of soil Jractions vs a. 
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It was to be expected that K for glass beads would be proportional to the square 
of the diameter of the beads. The values of K for glass beads are comparable to 
those obtained by numerous other investigato-;s as reviewed by Carman ( 1956). 

The meaning of N is not clear. It seems to be representative of the loosest 
possible packing for The given grain shape and surface roughness of the material. 
For instance, the average N value is about 0.50 for glass beads; about 0.63 for the 
more irregular soil; and varies from as high as 0. 92 for new snow to less than 
0.50 for high-density old snow. 

Bader ( 1939) noted that the ratio of N/no (porosity of new-packed snow) was 
very nearly constant for almost all snow types and the mean value for 50 
determinations was 1.058, except for extreme formations of wind crust, which had 
values larger than 1.1. It was also pointed out by · Bader ( 1939) that if deformation 
of a snow sample in the samples prevents the determination of K o, the original 
permeabil~ty of the sample before deformation, the value can be computed by 

aN 
N-n

0
' 

where _!51 and .!!.l are the values of the collapse-settled sample. The present 
investigations show an average N/no value of l.063,and 1.2.08 for a wind crust. 
Permeability studies on snow over 10 yr old {over 30ft deep on the Greenland Ice 
Cap) and with densities of over 0.5 g/cm3 shows that this ratio still holds. 
The average ratio of ll different high-density snows was 1.060. All these results 
give credence to the concept that N represents the loosest packing of the material 
for the given shape of the particles. 

CONCLUSION 

Studies on snow indicate that air flow is ~aminar for velocities less than 
5 em/sec for fine-grained snow {less than 0.8 mm diam); 2 em/sec for medium
grained snow (0.8-1.2 mm diam); and l em/sec for larger-grained snow. All of the 
results obtained under laminar flow conditions may be represented by a single 
relations hip 

K 

where K is the air permeability, n is the porosity, d is the average snow grain size 
in mm and N represents the loosest packing (highest porosity) for the given shape 
of the snow particles. To get an estimate of the grain size from just the initial 
permeability K o and initial porosity, .!!. o, the equation 

is suggested. 
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'Is 0 

030 96.7 
040 95 . 6 
050 94 . 5 
060 93.5 
070 92.4 
080 91.3 
090 90.2 
100 89.1 
110 88.0 
120 86.9 
130 85.8 
140 84.7 
150 83.6 
160 82.6 
170 81.5 
180 80.4 
190 79.3 

200 78.2 
2 t b 77.1 
220 76.0 
230 74.9 
240 73.8 
250 72.7 
260 71.6 
270 70 . 6 
280 69.5 
290 68.4 
300 67.3 
310 66 . 2 
320 65.1 
330 64.0 
340 62.9 
350 61.8 
360 60.7 
370 59.7 
380 58.6 
390 57.5 

400 56.4 
410 55.3 
420 54.2 
430 53.1 
440 52.0 
450 50.9 
460 49.8 
470 48.7 
480 47.7 
490 46.6 
500 45.5 

APPENDIX I. SNOW CONVERSION TABLE>!< 
Density to absolute porosity in percent 

Porosity = 1 - 1.09 density 

1 2 3 4 5 6 ·7 

96.6 96.5 96.4 96.3 96 . 2 96 . 1 96.0 
95.5 95.4 95.3 95.2 95.1 95.0 94.9 
94.4 94.3 94.2 94.1 94 . 0 93.9 93.8 
93.3 93.2 93.1 93.0 92 . 9 92.8 92.7 
92 . 3 92.1 92.0 91.9 91.8 91.7 91.6 
91.2 91.1 90.9 90.8 90.7 90.6 90.5 
90.1 90.0 89 . 9 89.7 89.6 89.5 89.4 
89.0 88 .. 9 88.8 88.7 88.5 88.4 88 . 3 
87.9 87.8 87.7 87.6 87.5 87.3 87.2 
86.8 86.7 86.6 86.5 86.4 86.3 86.1 
85.7 85.6 85.5 85.4 85.3 85.2 85.1 
84.6 84.5 84.4 84.3 84.2 84.1 84.0 
83.5 83.4 83.3 83.2 83.1 83 . 0 82.9 
82.4 82.3 82.2 82.1 82.0 81.9 81.8 
81.4 81.2 81.1 81.0 80.9 80.8 80.7 
80.3 80.2 80.0 79.9 79.8 79.7 79.6 
79.2 79.1 79.0 78.8 78.7 78.6 78.5 

78.1 78.0 77.9 77.8 77.6 77.5 77.4 
77.0 76.9 76.8 76.7 76.6 76.4 76.3 
75.9 75.8 75.7 75.6 75.5 75.4 75.2 
74 . 8 74.7 74.6 74.5 74.4 74.3 74.2 
73.7 73.6 73.5 73.4 73.3 73.2 73.1 
72.6 72.5 72.4 72.3 72.2 72.1 72.0 
71.5 71.4 71.3 71.2 71.1 71.0 70.9 
70.4 70.3 70.2 70 . 1 70.0 69 . 9 69.8 
69.4 69.2 69.1 69.0 68.9 68.8 68.7 
68 . 3 68.2 68.0 67.9 67 . 8 67.7 67.6 
67.2 67.1 67.0 66.8 66.7 66.6 66.5 
66.1 66.0 65.9 65.8 65 . 6 65.~ 65.4 
65.0 64.9 64.8 64.7 64.6 64.4 64.3 
63.9 63.8 63 . 7 63.6 63.5 63.4 63.2 
62.8 62 . 7 62.6 62.5 62.4 62.3 62.2 
61.7 61.6 61.5 61.4 61.3 61.2 61.1 
60.6 60.5 60.4 60.3 60.2 60.1 60.0 
59.5 59.4 59.3 59.2 59.1 59.0 58.9 
58 .. 5 58.3 58.2 58.1 58.0 57.9 57.8 
57.4 57.3 57 . 1 57.0 56.9 56.8 56.7 

56.3 56.2 56.1 55 . 9 55.8 55.7 55.6 
55.2 55.1 55.0 54 . 9 54.7 54.6 54 . 5 
54.1 54.0 53.9 53.8 53.7 53.5 53.4 
53.0 52.9 52.8 52.7 52.6 52.5 52.3 
5i .. 9 51.8 51.7 51.6 51.5 51.4 51.3 
50.8 50.7 50.6 50.5 50.4 50.3 50.2 
49.7 49.6 49.5 49.4 49.3 49.2 49.1 
48.6 48.5 48.4 48.3 48.2 48.1 48.0 
47.5 47.4 47.3 47.2 47.1 47.0 46.9 
46.5 46.3 46.2 46.1 46.0 45.9 45.8 
45.4 45.3 45.1 45.0 44.9 44.8 44.7 
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95.9 95.7 
94.8 94.7 
93.7 93.6 
92 .. 6 92.5 
91.5 91.4 
90.4 90.3 
89.3 89.2. 
88.2 88.1 
87.1 87.0 
86.0 85.9 
84.9 84.8 
83.9 83 . 8 
82.8 82 . 7 
81.7 81.6 
80.6 80.5 
79.5 79.4 
78.4 78.3 

77.3 77.2 
76.2 7 6.1 
75.1 75.0 
74.0 73 . 9 
73.0 72.8 
71.9 71.8 
70.8 70.7 
69.7 69.6 
68.6 68.5 
67.5 67.4 
66.4 66.3 
65.3 65.2 
64.2 64.1 
63.1 63.0 
62.0 61.9 
61.0 60.8 
59.9 59.8 
58.8 58.7 
57.7 57.6 
56.6 56 . 5 

55 .5 55.4 
54.4 54.3 
53.3 53.2 . 
52.2 52.1 
51.1 51.0 
50.1 49.9 
49.0 48.9 
47 . 9 47.8 
46.8 46.7 
45.7 45.6 
44.6 44.5 

>:c From SIPRE Report 7, Preliminary investigations of some physical properties of 
snow (1951), p. 8-9. 
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APPENDIX I. SNOW CONVERSION TABLE {cont'd). 

'Is 0 1 2 3 4 5 6 7 8 9 

510 44.4 44.3 44.2 44.1 43.9 43.8 43.7 43.6 43.5 43.4 
520 43.3 43 .2 43.1 43.0 42.9 42.7 42 .. 6 42.5 42.4 42.3 
530 42.2 42.1 42.0 41.9 41.8 41.7 41.5 41.4 41.3 41.2 
540 41.1 41.0 40 . 9 40.8 40.7 40.6 40.5 40.3 40.2 40.1 
550 40.0 39.9 39.8 39.7 39.6 39.5 39.4 39.3 39.1 39.0 
560 38.9 38.8 38.7 38.6 38 .. 5 38.4 38.3 38.2 38.1 37.9 
570 37.8 37.7 37.6 37.5 37.4 37.3 37.2 37.1 37.0 36.9 
580 36.7 36.6 36.5 36.4 36.3 36.2 36.1 36.0 35.9 35.8 
590 35.7 35.6 35.4 35.3 35.2 35.1 35.0 34.9 34.8 34.7 

600 34.6 34.5 34.4 34.2 34.1 34.0 33.9 33.8 33.7 33.6 
610 33.5 33.4 33.3 33.2 33.0 32.9 32.8 32.7 32.6 32.5 
620 32 . .4 32.3 32.2. 32 .. 1 32.0 31.8 31.7 31.6 31.5 31.4 
630 31.3 31.2 31.1 31.0 30.9 30.8 30.6 30.5 30.4 30.3 
640 30.2 30.1 30.0 29.9 29.8 29.7 29.6 29.5 29.4 29.3 
650 29.1 29.0 28.9 28.8 28.7 28.6 28.5 28.4 28.3 28.1 
660 28.0 27 .. 9 27 . 8 27.7 27.6 27.5 27.4 27.3 27.2 27.1 
670 27.0 26.8 26.7 26.6 26.5 26.4 26.3 26.2. 26.1 26.0 
680 25.8 25.7 25.6 25.5 25.4 25.3 25.2 25.1 25.0 24.9 
690 24.8 24.7 24.6 24 . 4 24.3 24.2 24.1 24.0 23.9 23.8 
700 23.7 23.6 23.5 23.3 23.2 23.1 23.0 22.9 22.8 22.7 
710 22.6 22.5 22.4 22.3 22.2 22.'0 21.9 21.8 21.7 21.6 
720 21.5 21.4 21.3 21.2 21.0 20.9 20.8 20.7 20.6 20.5 
730 20.4 20.3 20.2 20.1 20.0 19.9 19.8 19.7 19.5 19.4 
740 19.3 19.2 19. 1 19.0 18.9 18.8 18.7 18.6 18.5 18.3 
750 18.2 18.1 18.0 17.9 17.8 17.7 17.6 17.5 17.4 17.3 
760 1 7.1 17.0 16.9 16.8 16.7 16.6 16.5 16.4 16.3 16.2 
770 16.0 15.9 15.8 15.7 15.6 15.5 15.4 15.3 15.2 15. 1 
780 14.9 14.8 14.7 14.6 14.5 14.4 14.3 14.2 14.1 14.0 
790 13.9 13.8 13.6 13.5 13.4 13.3 13.2 13. 1 13.0 12.9 

800 12.8 12.7 12.6 12.4 12.3 12.2 12.1 12.0 11.9 11.8 
810 11.7 11.6 11.5 11.4 11.2 11. 1 11.0 10.9 10.8 10.7 
820 10.6 10.5 10.4 10.3 10.2 10.0 9.9 9.8 9.7 9.6 
830 9.5 9.4 9.3 9.2 9.1 8.9 8.8 8.7 8.6 8.5 
840 8.4 8.3 8.2 8.1 8.0 7.8 7 . 7 7 . 6 7.5 7.4 
850 7.3 7.2 7.1 7.0 6.9 6.8 6.7 6.5 6.4 6.3 
860 6.2 6.1 6.0 5.9 5.8 5.7 5.6 5.5 5.3 5.2 
870 5.1 5.0 4.9 4.8 4.7 4.6 4.5 4.4 4.3 4.1 
880 4.0 3.9 3.8 3.7 3.6 3.5 3.4 3.3 3.2 3.1 
890 2.9 2.8 2.7 2.6 2.5 2.4 2.3 2.2 2.1 2.0 
900 1.8 1.7 1.6 1.5 1.4 1.3 1.2 1.1 1.0 0.9 
910 0.8 0.7 0.5 0.4 0.3 0.2 0.1 0.0 



APPENDIX II. EFFECT ON PERMEABILITY OF VARYING POROSITY 
IN THE SAMPLE 

Porosity varies with length 

Bl 

The porosity of the sample often varies throughout its length. This may be due to 
vertical sampling of the layered snow pack, or artificial compaction in the laboratory. 
In some cases the porosity change is approximately linear. The effect this variation 
of porosity has on the permeability is considered below. 

CASE I: The permeability varies with length by increments 

Kl 
T 
dl 

nl 

+ Kz 
L dz 

nz 

+ K3 
d3 

n3 
_l_ 

From Darcy's law: v = k ~ 
dh 

dl + d2 + d3 • 

Kef£ 

It has previously been shown empirically that 

K 
_aNn 1 
-N-n or K 

l 
n - N 

where~ and N are constants for a given snow and n is its porosity. 

Hence 

or 

ddN-n.) + d~ { N -n~) + d3 {N -n3 ) aL 
Nn1 Nn2 Nn3 Kef£ . 

Then 

(d d ~ - ~) 
-1 

K ff = aL ~ + ~ + e n 1 n2 n3 



B2 

When 

K - 3a (j_ + l_ + l_ - .l) -l 
eff - \"n1 n2 n 3 N 

For the general case of m-1 equal increme·nts An 

where 

An= (n -nt) /(m-1). 
m 

CASE II: The porosity varies linearly in the sample as 

As before 

anN aN ( nf + Bi ) 

K = N -n = N- ( nf + Bi) 

then n = nf +B.£ . 

where C = N-nf' From Case I it may be shown that 

L L 
~ = j d.£ _ j ( C-Bi ) 
Kef£ 

0 
K -

0 
aN(nf+Bi) d.£. 

Integration gives 

L 

I R1 lo= I alN [- BBP. CB-n£ (-B) J l L + Bl ln(nf+Bi) 
0 

Then 

~ = _ L + c;nf ln (n~:Bl). 

Substituting for B and C 

[ 1 ] 



or 

Rewriting the above gives 

In the case where nf - n
0

, the relationship 

and the equation reduces to 

K 
aNn 
N-n 

which is for the uniform porosity. 

1 
n -n 

0 f 
ln (:;) 

Comparison of equation ( 1) with ( 2) shows that when ~ n - o: 

n 
0 

[ 2] 

holds, 

An evaluation of the two equations for n 
0 gives 

0.70 and nf = 0.50 with ~n = 0.01 

1 1 0. 70 n--
0.70-0.50 0.50 

1. 6805 

and 

i1 [ o.
1
5o + o\1 + o.

1
52 + · · · + o.~o] = 1. 6840 

or a difference of only 0.2%. 

Several compacted snow samples were examined for the variations of porosity 
with length. A typical range was from 48.6 to 54.2% porosity. Three cases may be 
considered: {a) an average of 51.4% porosity (b) three equal increments of 48.6, 
51.4 and 54 .. 2%, and {c) a linear variation of 48.6 to 54.2%. 

{a=6.7; N=0.788) 

(a) 
aNn ( 6. 7 ) ( 0 . 7 8 8) ( 0 . 5 14) 

K = av = 
av N-n 0.788-0.514 9.90; 

B3 
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(h) Kine ( 
1 1 1 3 )-

1 
3 ( 6 · 7 ) 486 t 0.514 . + 0.542 - 0.788 9.85; 

(c) K =aN 
true 

6.7(0.788) 

An extreme hypothetical case might be: (a) an average porosity of 60. 01o~ 
(h) three equal increments of 50.0, 60.0 and 70.0% porosity; and (c) a linear variation 
of 50.0 to 70.0%. 

(a) K 
av 

aNn 
av 
~ 

av 

(6.7) (0.788) (0.600) 

0.788-0.600 
16. 85; 

(b) Kine 3a(~1 + ~z + ~> + ~) -1 = 3(6.7) (o.;oo + o.~oo + 

1 3 ) -
1 

+ 0.700 - 0.788 15. 60; 

(c) Ktrue aN [(no~nf) ln(:J-1] -1 

The error involved by assuming an average porosity is about 0.21o in practice 
and about 41o in the hypothetical case. 

Porosity varies with the cross-section 

Often in horizontal sampling of the snow pack, two or more layers of snow of 
different porosity will be included. The effect these strata of varying porosity have 
on the permeability is considered as follows: 

The total area ~t must equal At = A 1 + A 2 + A3. 

The total quantity9t of air passing through 
the sample must be Qt = Q1 + Oz + Q3. 

Since: Qt = ( K 1A 1 + K2A 2 + K3A3) .6r: t, 

tben the effective permeability K eff is 



For the general case of m equal areas 

But 

hence 

K ( K 1 + K 2 + ... + Km) 
eff = m 

an2N. 
N-n2 ' 

K =[(~)A+(~)A+(~)A ] A-
1 

eff N-n1 
1 N-n2 

2 N-n3 . 3 t 

For the general case of.!!!. equal areas 

_aN(~ _§___ ~) 
Kef£- m N-n1 + N-n2 + · · · + N-nm · 

The following examples of three layers each of the same width, but different 
areas will be considered. 

(a) K 
av 

2 
,At = Tf r 

(a) 

aNn 
av 

N-n 
av 

"2 = 5.1.4o/o 

A2= J.66r2 

(b) 

( 6. 7) ( 0. 788) ( 0.514) = 9 90· 
0.788-0.514 . ' 

B5 

(6.7)(0.788) [ (0.486) (0.74r2 ) + (0.514) (l.66r2 ) + (0.542) (0.74r2)l 
Trr2 0.788- 0.486 0.788- 0.514 0.788- 0.542 

-' 

9. 97. 



B6 

For an extreme variation of porosity, the following example is given: 

(a) K 
av 

(a) 

aNn 
av 

N-n 
av 

(6 . 7) (0 . 788) (0 . 600) 
0.788-0 . 600 

n1 = 50.0 °/o 
A1 = o. 74 r2 

"2 = 60.0°/o 

Az= 1·66r2 

n3 = 70.0°/o 
As .. o. 74r 2 

c b) 

16 . 85; 

( 6. 7) ( 0. 788) [ ( 0.500) ( 0. 74r2 ) + 
Trr2 0 . 7 8 8 - 0 . 50 0 

( 0 . 6 0 0) ( l. 6 6 rZ ) + 
0. 788 - 0. 600 

+ ( 0. 7 0 0) ( 0. 7 4 rZ) J 
0 . 788- 0.700 20 · 69 · 

The error for slight differences of porosity is about 0 . 7 1o while for layers of 
extreme values , as given, it will be over 18 %. It may also be noted that the error 
is much greater for variations of the porosity with the cross -section than with length. 

GPO 829389-3 
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single relationship, and an equation for estimating 
grain size from initial permeability and initial 
porosity is suggested. Snow conversion tables and a 
discussion of the effect of varying sample porosity on 
its permeability are appended. 
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