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SUMMARY 

The·rmal conductivities of unconsolidated snow particles with air 
flowing in a direction parallel but opposite to the energy flow have been 
investigated for the mass flow rate ranging approximately from 10 to 
40 x 10-4 g/cm2 -sec based on the total cross-sectional area of the flask 
containing the snow sample. The results are interpreted as being the 
effective thermal conductivity of snow. In the experimental range for 
snow densities from 0.376 to 0.472 g/cm3 and corresponding snow parti
cle sizes of 0. 07 to 0. 22 em nominal diameter, the result·s can be 
represented well by the following least-squares equation, 

k = 0. 0014 + 0. 58 G 
e 

where ~e is the effective thermal conductivity of snow in ca1/ cm-sec-C 
and G is the mass flow rate of dry air in g I cm2

- sec. When there is no 
flow;- or G = 0, ~e reduces to a constant value of 0. 0014 cal/cm-sec-C, 
equivalent to the thermal conductivity of snow~ with 1notionless fluid. 
The value of 0. 0014 is in good agreement with the data reported by Abel's 
(1893) and Kondrat'eva (1945). 
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Introduction 

by 

Yin-Chao 'Yen 

Thermal conductivity of any material is defined by the equation:' 

0 
Q = ke grad t 

'· 
where Q is the flux of heat in cal/cmZ-sec and k~ is thermal conductivity (with stagnant 
fluid inthe void space} in cal/cm-sec-C. Numerous investigators have determined 
thermal conductivities of snow using various techniques. Abel's {1893) was one of the 
first to undertake a fairly thorough study of the thermal conductivity of snow. For 
values of snow density Ps between 0. 14 and 0. 34 g/cm3 inclusive, he concluded that 

k~ = 0. 0068 p z. 
s 

/ 

By comparing the thermal conductivity of wat~r, Jansson ( 1901) reported the following 
relationship 

k~ = 0. 0 0 0 0 5 + 0. 0 0 1 9 p + 0. 0 0 6 p 4 ' s s 

whereas Devaux (1933} concluded that 

k~ = ( 0 . 7 t 7 0 p z) X 1 0 - S 
s 

for values of Ps between 0. 1 and 0. 6 inclusive. Kondrat'eva (1945} reported results 
which are basically in agre~ment with those of Abel's for snow densities less than 
0. 35 g/cml. 'However, for values of Ps greater than 0. 35, he reported that 

k~ = 0. 0085 p z . 
s 

The above relations represent a ~onsiderable variation of data. 

Recently Murcray and Echols (1960} made observations on the flow of heat through 
cold snow. Their measurements were made under conditions of quite stable air temp-
e ratu:re with no wind arid no precipitation at a field station of the University of Alaska 
Geophysical Institute at Ballaines Lake, College, Alaska. They noted that the temper
ature gradient across the snow 0 to 6 in. above the ground was nearly twice that across 
the snow 6 in. to I ft above the ground. They considered this to be the exact opposite 
of what would be expected on the basis that the thermal conductivity of snow would in
crease rather than decrease with depth because of the increased density of the snow at 
the- greater depth. The authors ruled out the possibility of this being caused by convec
tive heat transfer, because there was an inverse temperature gradient in the atmosphere 
just above the snow. Also, they excluded the effect of vapor transf'er in snow caused by 
temperature gradients on the bas is that the temperature profile observed was in con
trast to those reported by Kondrat'eva in 1945, and interpreted the observed phenomena 
as being due to radiation effects. In the study reported here, the effect of air flow (and 
the accompanying ~apor transfer} on the thermal conductivity of snow has been investi
gated for the first time. The results obtained from this study may provide some 
information on the observations by Murcray and Echols in 1960. 

Theory 

Heat transfer studies can be carried out under either steady-state or transient con
ditions. Consider a. bed on unconsolidated snow particles through which cold saturated 
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air is flowing downward and heat is, flowing upward. The unidirectional energy balance 
for the'differential height of the snow bed dx can be represented as follows: 

Energy input: 

0P_) rL + c (t-t 0 ) J \1r-p s pw 

Energy output 

a J r_~. + !. (aaxt )' dx J 8x {t-t~} dx -ke ~-ux ux 

+ GMMW f_E_ aa ( _E_) dx J [L + c (t-to) - !. (t-to) dx] 1T-p X \-1T:-p S pw OX 

+ Energy accumulation: 

where G = mass flow rate of dry air, g/ cm2 -sec 

c c c = specific heat of air, water vapor, and snow respectively, cal/ g-C p' pw' ps 

t = temperature of the system, C 

t 0 = temperature of the inlet air, C 

k =effective thermal conductivity of snow, cal/cm-sec-C 
e 1 · 

M , M molecular weight of wate! vapor and dry aLr respectively 
w 

L latent heat of sublimation, cal/ g 
s 

p = partial pressure of water vapor in air, mb 

1T total pressure of the system, mb 

x distance measured in the direction of heat flow, em 

p s density of snow, g/ cm3 

9 = time, sec. 

( 1) 

The method of temperature measurem·ent used in this experiment did not provide 
information on the small but finite temperature difference between the snow particles 
and the air stream surrounding them. However, in an experiment of this type, this 
temperature difference is usually considered to be negligible~ It is apparent that the 
values of ~e calculated frorn eq 1 thus included the combined effects of heat transfer due 
to natural and forced convection in addition to the conduction through the ice network 
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comprising the snow sample. For the steady' state opera:tion, the value of ~~ under 

the energy accurnulation term is zero and eq 1 reduces to 

- GM 
w +-M 

c 
pw 

~-dt dx) _i_ (L_) \t dx dx \iT-p 

dt GMW d ( p ) 
dx + ~ Ls dx \-iT-p 

8p 
cps {t-to) a es dx. {2) 

. 8ps 
The change ·of snow derisity with tlme, ---a9, under the steady state operation is very 

difficult to measure, and no attempt has be~n made in this study. However, in connec
tion with the investigation of heat transfer by water-vapor transfer, this quantity has 
been obtained analytically and found to be negligible {Yen, 1962). Furthermore, terms 
3 and 5 in eq 2 are much smaller than terms 2 a~d 4, and consequently eq 2 can be 
simplified into the following form: 

GM L 
w s 

M 
d 
dx 

(3 ): 

Based on the experimental data reported by Bader~ al.(l939), the. partial pres-sure of 
water vapor in air can be reasonably replaced by the _saturation vapor pressure of snow 
..Es. Furthermore, the saturation'vapor pressure in this study is much lower than the 
total pressu're of the system iT. From the abov~ considerations, eq 3 becomes 

GM L 
Gc ~+ w s 

p dx Mrr 
0. {4) 

'!t 

Yosida {1950) represented the saturatiOn vapor pressure, E.s, of snow by the following 
exponential function 

P 
= 6 _ 1 e 0. 0857t 

s . {5) 

where E.s is the pressure in tnillibars, and!._ is the temperature in deg C. Substituting 
eq 5 directly into eq 4 will result in a nonlinear second order differential equation and 

•· its solution in a closed form will be difficult to obtain even in the simplest case. How
ever, a linear approximation of eq 5 in the temperature range covered in this study 
{-17 C< t< -7C) can be\made as indicated below: · 

. - 0.0857t ~ 
ps- 6.1 e =4. 636 +_0. 195 t. 

Thus dp /dx 0. 195 dt/dx. ·Hence, eq 4 takes the form s 

0. 

( 6) 

{7) 

Eq 7 involves the assumption that t~e m~an values of thermal conduct~vity~e , 
specific heat c , latent neat of subhmat1on L s' and total pressure of che system iT 

-p -



\ 

4 EFFECTIVE THERMAL CONDUCTIVITY o·F VENTILATED SNOW 

are constants in the snow bed. · With the boundary conditions 

X= 0 

x=L 

the solution to eq 7 can be written as 

where 

1-e-a.x 
1 -----::

-a.L ' 1-e 

G (c + 0. 195 MwLs ) 
p Mrr 

a. = ------:--------
k 

e 

Apparatus and experimental procedure 

(8) 

I 

(9) 

The test procedure for obtaining the effective axial thermal conductivity of the 
snow consisted of taking steady-state temperature measurements along the edge and 
axis of a cylindrical bed of snow. Figure 1 shows the simplified flow diagram of the 
apparatus used. The entire apparatus,. with the exception of the mic romanometer, the 
wet test meter, and the Leeds and No:r..t_h potentiometer, was placed in a refrigerated 
room maintained at approximately -26C. The micromanometer, wet test meter, and 
the potentiometer were placed in an adjoining warmer room so that readings could be 
taken without disturbing the cold room. To prevent the formation of ice crystals in the 
discharge line as the warmer saturated air leaving the hot end of the te~t apparatus 
cooled to the existing cold room temperature, a heat tape was wrapped around that part 
of the discharge line in the cold room. Cold-room air was compressed in the cold room 
where the experimental set-:-up was located and then passed through a surge tank to.:mini
mize the fluctuations of the air pressure from the compressor. A pancake-type pressure 
regulator was used to obtain the desired flow rate. 

Since the temperature of the cold room could not be maintained any closer than 
+ lC, the air was passed through a constant-temperature bath where the temperature 
could be maintained at slightly above room temperature to an accuracy of.±. 0. o5c. 

The air from the cold room, which was initially saturated with water vapor, became 
dehydrated as a result of being compressed and cooled to the room temperature and then 
re-expanded and passed through the constant-temperature bath. For this reason it was 
necessary to pass it through a water vapor saturator to re-saturate it. The saturator 
was a cylindrical tank about 8-in. in diam and 2-ft high, filled with crushed ice. The 
air entered the hottom of the saturator, passed upward picking up water vapor from the 
ice, and exited from the top as saturated air. From the saturator, the air passed 
through a constant-temperature bath q.nd then flowed downward through the snow bed, 
then through a wet test meter to the qtmosphere. Care was taken to see that there were 
no leaks in the system by sealing all joints and connections with a Dow Corning silicone 
lubricant and a soft rubber gasket. · 

To insure that the only heat transfer was parallel to the flow of air and to reduce 
energy transfer in a radial direction, the bed was contained in a Dewar flask, 2. 56 in. 
I. b. and 6-in. long, made of a double-walled glass tube, with the annular space evacu
ated and the internal surfaces plated with silver. As indicated in Figure 2, saturated 
air at constant temperature was introduced into the top of the vertical bed and passed 
downward counter to the upward flow of heat energy. This heat was transferred into 
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Figure 1 ~ · Simp~ified flow diagram: of heat transfer study apparatus . 
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Figure/2. Schematic cut-away view of heat transfer device. 
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the snow from a copper cylinder immersed in a constant-temperature bath below the 
bed. The cylinder was used to obtain a uniform temperature across the bottom of the 
snow bed. Holes 0. 125-:-in. in.diam were drilled in the cylinder to allow the air to 
pass through ,it and a fine mesh screen was placed on top of it to hold the snow. 

The Dewar flask was inclosed in an aluminum casing equipped with flanges at both 
ends. A wooden bushing between the aluminum casing and the copper cylinder mini
mized direct conduction of heat between them. The casing was made so that the flask 
fitted tightly into it and then, to prevent any possible leakage of air between the flask 
and the casing, the flask was coated with a low-temperature silicone grease before 
assembly. Temperatures were measured with one set of copper-constantan thermo
couples (30 ga) along the wall of the bed and a second set along the center axis. Any 
difference between corresponding center and wall temperatures would indicate a radial 
flow of heat through the walls of the' Dewar flask. 

The temperature at the bottom of the snow bed was maintained by a constant
temperature bath having a maximum temperature variation of ±0. OSC. Minor fluctu
ations were smoothed out by the mass of the large copper cylinde.r. The air was 
passed·through the snow, and temperature readings were taken at regular intervals 
until the steady- state .condition was achi'eved. Then air flow rate was measured along 
with the water temperature of the .wet test meter and the atmospheric pressure in the 
room. Readings were taken again after 30 min to ensure that a steady-state condition 
had been attained. The time requiretl to reach this steady-state condition varies with 
the rate of flow and was about 3 to 6 hr for air velocity in the range of 0. 2 to 2. 7 em/ sec. 
The water temperatures of the wet test meter were measured with a precision of 
± 0. OSC by a thermocouple connected to a Rubicon potentiometer. Absolute atmos
pheric air pressure was read on a mercury barometer during each run; the pressure 
drop across the snow sample was read on a Trimount micromanometer with an 
accuracy of± . 01 mm water. -A "Precision" wet test meter was used to measure • 
the air flow rate. The meter was ·checked with the standard displacement method and 
found to be accurate within 20 cm3 out of 30oo·cml. The displacement capacity of·the 
meter is 3000 cm3 per revolution, with 300 divisions on the dial. 

All snow samples used for this experim-ent were taken from a carton which had 
b_een stored in the cold room for an unknown period. Snow fractions· from :sieve analy
sis were used. Sample densities and· snow particles sizes used for this investigation 
were as follows: 

Sample density 
(g/cm3) 

Results and discussion 

0.376 

0.387 

0.436 

0. 472 

Snow particle nominal diam 
(em) 

0.22 

0. 18 

0. 13 

0.07 

Figure 3 shows the. dirnensl.onles,~ te~perature (as defined in eq 3) (t-t 0 )/(t0 -tL) 
versus a with x, the distance measured in the direction of heat flow, as the parameter. 
From the steady-:-state temperature ~easurements, temperature profiles of the snow 
bed were drawn .. The two series of t:emperature measurements, (1) at the center of 
the sample and (2) at the edge of the ~ample, were plotted to see that the radial temp
erature gradients w·ere kept within reasonable limits. Sample p.lots of these-temper
ature profiles (Fig. 4) show the effect of mass flow rate. Thermocouple readings from 
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the center and edge of the sample fit on a smooth curve, indicating that radial transfer 
is completeiy eliminated with this experimental set-up. For each run, (t-tL)/f: 0 -tL) 
was evaluated for several points along the snow bed. By combining these dimension
less temper;ature values with Figure 3, 3 or 4 values of a. were calculated for one set 
of steady-state temperature measurements. An average value of a. was then obtained 
for each experimental run: Theoretically, these a. values must he the same; actually 
there was some small deviation. -Errors in reading the temperature would give a ran
dom v~riation.in the ci. values. Furthermore, any inhomogeneity in snow samples 
would give a, co.nsistent difference. If the steady~state condition had not been reached, 
there w6utd have been an abnormal· variation. Two typical sets of a. value's are shown 
in Figure 3. Jt can be seen that more or le.ss identical a. values were obtained for each 
expe.rimental run. 

·'The average a. values obtained in the above mann~er .were then used to obtain -~e 
values from eq 4. In eq 4, G is the mass flow rate determined by the wet test meter, 
and .£pis the average specific heat of air at the mean snow-bed temperature. A sam
ple calculation of a. and ~e is shown in the Appendix. In the preparation of Figure 3, 
the value of L was taken as 4 in. · (1 0. 16 em) measured from the hot end of the sample. 
Though the snow samples used throughout for this investigation were 6 in. long, it was 
decided to use 4. in .. in order to ,eliminate the· end effect in the calculation o£ a. .and ~e 
values. Table I a-d summarizes all the experimental data and calculated results. 
Figure 5 shows ke, effective thermal conductivi,ty of snow, plotted against G, mass 
flow rate. In the experimental range covered in this investigation, the values of ke 
can be correlated very well by the following least squares equation: -

k = 0. 0014 + 0. 58 G e 

From Figure 5, it is noted that, for snow densities ranging from 0. 3 76 to 

( 1 0) 

0. 4 72" g/ cm3 and corresponding snow particles from 0. 07 to 0. 22 em nominal diameter, 
there is no noticeable effect on thermal conductivity. It is suspected that snow density 
and grain size have opposite effects on the .effective thermal conductivity because of 
the flow of fluid in snow. For the same mass flow rate G, it is believed that less 
turbulence will prevail in snow samples of larger grain size, which usually have a, 
lower density; consequently, G has less effect on thermal conductivity of larger
grained snow .. However, larger snow particles will.have more area of contact; this 
4111o-3 . .might increase. the thermal 

lle•O.OOI4 + 0.58 .G 

,. . 
3 . . .:· ·: .... :.. .. . 

.~"006. __ ·: 

. ..: ,::Y.l :·;t. 0 . t" . :( .. . ?' '• • . ·· SNOW PARTICLE NOMINAL DIAMETER CM . . . ,. 
I 

0 

I 'k~ tl' t • . 0 0.0 7 

. conductivity of the system . 

. , When there_is no flow, 
G = o· in eq 5, ~e reduces to a 
constant value of 0. 0014 cal/ 
cm-sec-C, equivalent to the 
thermal conductivity of snow 
with stagnant fluid within it, 

• :.-• .. . : ~-.~~ 
/:~ .:0· 6 0.22 

kg. For the average value of 
snow densities used for this 
investigation, 0. 426 g/cm3, the 
value of 0. 0014 cal/cm-sec-C 

~ 2 

10 20 30 

G (G/CM2 SEC) 

Figure 5. Relationship between effective thermal 
conductivity and mass flow rate. 

·· is in good agreement with the 
data reported by Abel's (1893) 

~ a.nd Kondrat'eva (1945). . 

This correlation is inter
esting in the light of eq 11, 
obtained by rearrangement of 
eq 7 
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M L 
G{c + 0.195 w s)~ 

k = p M 1r dx 
e d t 

dxz 

9 

( 11) 

Equation 11 indicates that .the value of !:e should be a function of G and the ratio of 
longitudinal temperature gradients, which is understood to be a !unction of snow densi
ty and grain size in addition to the mass flow rate of dry air,. G, bee a use the total 
pressure of the system 1r is nearly a constant value for G varying from approximately 
1,0 to 40 x 10-4 g/cm2 -sec. 

Figure 4 clearly indic.at~s that steeper temperature gradients prevailed in the 
warmer sections of the snow sample. Therefore, more water vapor was lost to the 
air stream, resulting in lower density in the warmer regions. This is also the case 
for a shallow snow cover under static condition and subjected to a temperature gradi
ent over a period of time. Under these conditions, wateryapor will diffuse from snow 
of higher to lower temperatures. The extent of this diffusion phenomena has been 
clearly demonstrated in studies by Kondrat'eva in 1945 and by de Quervain (1958). 
In Kondrat' eva~ s experiment, snow samples, initially not uniform in density an~ about 
41 em in depth, were exposed to temperature differentials of approximately 1 [C. 
She started with a snow sample of density 0. 45 g/cm3 at the warmest layer and 
0. 32 g/cm3 at the-coolest layer. After five days, 0.135 g/cm3 of snow had been trans
ferred to lower temperature regions. Murcray and Echols (1960) reported the same 
temperature patterns found in this study and shown in Figure 4, which were in contrast 
to 'those reported by Kondrat' eva in 1945. In their study, a snow pack about 30 em 
deep was observed under the following conditions: 

I. No wind was apparent, 

2. The temperature was nearly 30 C higher at the ground than at the surface, 

3. The snow bed had existed for some time. 

Murcray and Echols expected higher densities near the ground or warmer parts of the 
snow pack, which would have resulted in temperature profiles similar to those observed 
by Kondrat'eva in 1945. Hence, they concluded that the principal fa:ctor in producing 
the observed temperature pattern was heat transfer caus·ed by radiation. In doing so, 
they disregarded the effect of the prolonged vapor transfer caused by the imposed temp
erature differential. Because the snow pack had existed under the observed conditions 
for some time, it is more reasonable to conclude that the difference between the temp
erature patterns observed by Kondrat'eva and Murcray and Echols was caused by con
trasting density distributions in the two cases. In view of the above considerations, the 
effect of mass transfer caused by temperature gradients must be considered for any 
heat transfer studies on snow under static or. air flow conditions. 

From this investigation, it can be concluded that aiT flow i~- snow has considerable 
effect on the thermal conductivity of snow. For instance, when G = 12 x 10-4 g/.crn2 -

sec or bulk air velocity approximately I em/sec, !:e is 0. 0020 cal/cm-sec-C compared 
to 0. 0014 when there is no air flow, an increase of about 30o/o in the thermal conductivi
ty of snow. The pressure difference needed to produce such a velocity, for snow 
density of 0. 376 g/cm3, is about 0. 0025 mb/cm of snow. Since such a small pressure 
difference is required to cause this air flow, it is very likely that convective heat 
transfer and the accompanying mass transfer must 'occur to a great extent in the t9p 
layers of a natural snow cover. These results are useful in connection with the idea 
of cooling an undersno~ camp by circulating warm air into the lower snow pack of. 

'much lower temperature. 

\ 
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Table I. Experimental results and calculate;d data. 

a) p , avg = 0. 3 76 g/ cm3 ; Snow particle no~:lnal diam = 0. 219 em 
s 

13.112 
14. 022 
15. 089 
16.203 
17.795 
19; 521 
24. 703 
27.089 
25. 089 
22. 679 
21.475 
19.975 
11.635 
14. 135 
15.818 
19. 771 
21. 748 
24.021 
21.908 
10. 613 
16.601. 
17.702 
20.930 
22. 567 
16.021 
14. 703 
13.294 
18.362 
10. 704 
12.341 
15. 453 
11. 705 
13.363 
15.544 
18.203 
19.388 
19.998 
14. 158 

a{1/cm) 

0.221 
0.228 
0.218 
0.238 
0.264 
0.272 
0.292 
0.317 
0. 29.7. 
·a. 282 
0.274 
0.259 
0. 194 
0.215 
0.246 
0.274 
0.282 
0.279 
0.271 
0. 187 
0.253 
0.259 
0.272 
0.276 
0.215 
0.228 
0. 215. 
0.243 
0. 177 
0. 198 
0.220 
0. 194 
0.212 
0.,233 
0.2~9 
0.248 
0.254 
0.207 

k (cal/cm-sec-C) x 10-3 
e 

1.947 
2.022 
2.275 

·2. 242 
2.214 
2.358 
2.785 
2. 812 . 

.2. 779 
2: 643 
2.576 
2. 533 
l. 978 
2. 165 
-2. 116 
2.374 
2. 533 
2.834 
2.664 
1. 864 
2.248 
2.248 
2.527 
2. 692 
2.450 
2. 122 
2. 034 
2.489 
l. 984 
2.045 
2.314 
l. 990 
2 .. 078 
2. 193 
2. 500 

' 2. 576 
2.587 
2.253 
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Table I (Cont'd) 

b) p~, avg = 0 .. 387 g/ cm3; Snow par.ticle nominal diam = 0'. 182 em 

10.687 
12.924 
28.828 
29.429 
30.482 
23.488 
13.889 
16. 727 
19.430 
20.941 
29.202 
25.504 
31. 156 
20. 922. 
15. 645 
17.088 
18. 222 ' 
25. 651 
12.613 
13.671 
10. 731 
12:593 
30. 931 
29. 716 
2 l. 500 
20.260 
19.463 
19.330 
18.330 
16.840 
15.942 
27.800 
22. 719 
18. 627 
14. 547 
20.091 
19.319 
17.499 
20.930 
23.271 
25. ~·~~,--
27.271 
11. 749 
14.239 
15.408 
17.521 
18.203 

. 10.431 
11. 885 

'1.~ .. 408 

a(1/cm) 

0. 148 
0. 184 
0.308 
0.325 
0. 323 
0.266 
0.207 
0.221 
0.256 
0.256 
0.303 
0.289 
0.326 
0.262 
0.223 
0.225 
0.244 
0.274 
0. 192 
0. 198 
0. 184 
0. 194. 
0.344 
0.318 
0.262 
0.251 
0.261 
0-.253 
0.236 
0.231 
0.220 
0.297 
0.297 
0.259 
0.208 
·0. 254 
0.236 
0.226 
0.269 
0.277 
0.294 
0.300 
0. 164 
0. 194 
0.215 
0.231 
0.243 
0. 167 
0. 187 
o/2os·· 

k- (cal/cm-sec-C) x 10-3 
e . 

2.374 
2.307 
3.076 
2.984 
3.103 
2.904 
2.214 
2.480 
2.560 
2. 692 
3. 169 
2. 909. 
3. 143 
2. 625 
2.307 
2. 506 
2.453 
~.076 
2. 161 
2·. 267 

. 1. 923 
2. 135 
2.957 
3. 063 
2.692 
2.652 
2.453 
2:519 
2.559 
2.400 
2. 38-7 
3.076 
2.877 
2.625 
2.294 
2.599 
2.692 
2.543 
2.561 
2. 762 
2.862 
2.987 
2.358 
2.417 
2.358 
2.489 
2.46n 
2..050 
2.088 
z.. 148 
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Table I (Cont'd) 

c) . p , avg = . j3 6 g I cm3; Snow particle nominal diam = 0. 129 em ~ 
s 

14.925 
22. 678 
11.911 
19.771 
21. 740 
2 7 .. 532 
22.462 
23.409 
26. 102 
27. 370 
28.641 
29.307 
32.424 
36.375 
26. 095 
20. 614 
18.973 
20. 601 
23.355 
1 7. 681 
25. 682 
26. 731 
28. 089 
28.820 

. 30. 938 
24.601 
19,. 730 
20.896 
22. 698 

a.(1/cm) 

0. 269 ·. 
0.292 
0.202 
0.262 
0.262 
0.299 
0.269 
0.275 
0.284 
0.290 
0.298 
0.289 
0.306 
0. 321 
0.256 
0.256 
0.236 
0.255 
0.385 
0.256 
0.285 
0.297 
0.313 
0.302 
0.310 
0.295 
0.261 
0.256 
0.284 

k (cal/ em -sec-C) x 1 o:~-
e . 

2. 324 
2.554 
1. 940 
2.478 
2. 725 

. 3.026 
2. 746 
2.801 
3.021 
3. 108 
3. 163 
3.262 
3.486 
3. 727 
3.355 
2. 648. 
2. 648 
2.659 
2. 692 
2.275 
2.960 
2.960 
2.949 
3. 141 
3.283 
2.741 
2.488 
2. 686 
2.631 
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Table I (Cont'd) 

d) p ·, avg = 0. 4 72 g/ cm3 ; Snow particle nominal diam = 0. 065 em 
s 

G(g/cm2 -sec) x 10-4 

13. 683 
24.299 
13. 700 
22.308 
14.598 
36.022 
33.460 
31. 93 6 
28.866 
27.820 
26.430 
25. 725 
23.287 
12. 1,23 

. 14. 578 
16. 059 
17.963 
21.783 
34.311 
38. 138 
10.405 
30.264 
31. 099 
31. 582 
17.896 
40.170 
40.749 

a (1/cm) 

0. 198 
0.308 
0.216 
0.282 
0.218 
0.380 
0.362 
0.344 
0.325 
0.318 
0.317 
0.297 
0.274 
0. 198 
0.218 
0.213 
0.236 
0.284 
0.382 
0.387 
0.203 
0.338 

. 0. 339 
0.338 
0.249 
0.426 
0.413 

k (cal/cm-sec-C) x 10-3 
e / 

2 .. 269 
2.592 
2. 083 
2.598 
2.199 
3. 113 
3. 037 
3.047 
2.921 
2.877 
2. 746 
2.851 
2. 795 
2.006 
2. 199 
2.478 
2.500 
2.527 
2.954 

.. 3. 239 
1.683 
2.944 
3.015 
3.075 
2;270 
3. 103 
3.239 
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APPENDIX 

. Sample calculations of a and ke: The following is the procedure used for deter
mining the effect1ve thermal conductivity of snow reported in this paper. The snow 
density and snow grain size for this particular calculation are 0. 4 72 g I cm3 and 
0. 07 em respectively. 

Table AI. Steady-state temperature distribution 
1 

in a snow bed. 

Thermocouple position x, 
measured in the direction 

of heat flow, (em) 

0.00 
0.32 
0.99 
1. 75 
2.54 
3.53 
5. 12 
6.35 
7. 66 
9. 72 

10.32 
12.94 
15.28 

Temperature (C) 

Genter of 
sample 

-9.35 

-15. 65 

-18. 05 

-18. 07 

-18.93 
-19.08 
-19 .. 50 

Edge of sample 
container 

-10. 60 
-:12. 65 
-14.35 

-16.95 

-18. 40 

-18.80 

From a plot of the above temperature vs ~· t~mperatures at l. 27 em intervals were 
taken from the smooth curve shown in Figure 4 and Table A2 was then prepared. 



A2 

Position 
x (em) 

0. 00 
1. 27 
2. 54 
3.81 
5.08 
6.35 
7. 62 

10. I 6 

Table A2. Evaluation of dimensionless temperatures 
·and a _values. 

Temp. taken a 
· from the curve 

t (C) 

t - tL 
From Fig. 

to - tL 

- 9. lO(tQ) 
-13. 15 
-15. 70 
-17. 15 
-18.00 
-18.40 
-18.65 
-18. 90(tL) 

9.8 
5. 65 
3.2 
1. 75 
0.90 
0. 50 
0.25 

(em-~) 

1.0 
0. 577 0.417 
0.327 0.428 
0.179 0.432 
0. 092 
0. 051 
0.026 

Mean value of a = 0. 426 cm- 1 

M L 
G(c + 0. 195 

- p 
w s 
Mrr 

- k 
e 

3 

Flow rate = 4 72 i. in 68. 82 min measured when the wet test meter was at 15. 7 C and 
the atmospheric pressure was at 1007. 7 mb 

Partial pressure of water at 15. 7 C = 17. 8 mb 

Partial pressure of air 1007.7- 17.8 = 989.9 mb 

Cross-sectional area of the snow container= 33.91 cmZ 

Mass flow rate of dry air, G = 472 X 1000 X 0. 0012 X rb~i: ~ 

x 33 ~ 91 =0.004017g/cmZS..sec 

M L 
(
. w s 

G cp + 0. 195 Mrr ) 
Effective thermal conductivity, k = -""-<!...----~----

e a 

293 ' 1 
X 288.,7 X 68. 82 X 60 

18 X 675 
0.004017(0.248+ 0.195 29 x 1007 . 7) 

0.426 
= 3. 10 x 10-3 cal/cm-sec-C.· 

' • 

• 
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