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EFFECT OF NONLINEAR AIR FILTRATION ON THERMAL REGIME OF ROCK-FILL DAN

(Moscow] IZVESTIYA VSESOTUZNOGO NAUCHNO-ISSLEDOVATEL’ SKOCO INSTITUTA
GIDEOmzju4III in Russian Vol 96, 1971 pp 205-217

[Article by N. A. ~bikhetdinov, engineer]

[Text ] Research on natural convection in porous media with a vertical.
temperature gradient has estab lished that air (fluid ) movement occurs
at a certa in critical differenc e in temperatur es (1, 2 3 .  A definite
velocity and regime of the sir current arise in a porous medium for
each difference in temperatures beyond the critical point . It is con—
sidered that the l* (nar currant regime occurs in porous media if the
Reynolds number Es ( 10, while the regime is turbulent if Re ) 7 ,000 [3].
In th. rang. of Reynolds nuab ra Re — 10— 7,000 air movement corresponds
to what is cafled the transitional current regime with Local , not
general , turbulence of th. current between particles .

Ic know that for tbs la~4n~r regim. of an air current (or fluid ) losses
of press ure are proportion al to velocity in the first degree , while for
th. turbulent reg ime it is the s cond degree .

1. Losses of Pressure with Air Filtration Through Porous Media Under
Conditions of Natural Convection

It has been proven both theoretically [4] and experimentally that losses
of pressure in porous media for any Reyno lds number can be described by
th, following two—term formula:

dp ~ (1)

where dp/dy are pressur e losses , 1” is the modulus of dynamic viscosity
of the air , k and b are test coefficients which depend on the type of
porous medium and the physical properties of the air , and w is th. rate
of air filtration.

In formula (1) the first term characterizes the influence of viscosity
end the second La the influence of inertial forces , which have been
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studied by many investigators (3 , 5, 6]. A comparison of the results of
different investigations shows that th. values of the parameters k and b0
fluctuate in a broad range. At the same time to receive analytic calcu-
lation formulas for determining pressure losses requires the introduction
of so many simplifyin g assumptions that the result is in large part use-
less (3) .  In calculations, therefore, empirical and semiempirical expres-
sions for parameters k and b which genera lize experimental material are
usually used. An acquaintan~e with existing recomeendations showed that
the aforementioned coefficients have not yet been determined for condi-
tions of natural convection in large—pore media.

We carried out special experimental investigations to determ ine pressure
losses and the filtration regime in large—pore media. The experiments
were conducted under laboratory conditions with air at above—freez ing
temperatures.

The exper imental installation was a thermally insulated tube (internal
diameter of 87 centimeters, one meter long) with a steel plate bottom
(five millimeters thick) containing 20—millimeters holes evenly distri-
buted over the entire area of the bottom. An electric heater was set in
the lover part of the tube. The upper part of the unit ended in an exit
cone with an angle of 90 degrees at the apex and an opening 9.5 centi-
meters in diameter . For the experiment the tube was loaded with rocks
and thermocouples were set in the pores every 50 centimeters (five thermo-
couples in each of three ranges), then the exit cone was secured her—
aetically to the tube. The temperature in different layers of the tube
was recorded by the thermocouples with a precision -of 0.3 degrees C.
while air velocity at the exit of the exit cone was measured by a vane
ane~~~eter with a sensitivity threshold of 0.13 meters per second .

Readings were taken every 30 minutes . The air in the base of the tube
was heated by an electric heater . Owing to the uneven distribution of
air temperatures in the porous medium, the warm air rose, giving part of
its heat to the medium loaded in the tube (the rock).

The electric heater switched off after the air in rhe lowest measurement
- 

- range reached a temperature of 100—120 degrees C. Continued air move—
sent in the tube occurred entirel y through difference between the pore
temperature and outsid e temperature. The data were processed on the
ass*~~~tiona that air was evenly distributed in the tube on the cross—
section and that the lifting force was proportional to pressure losses
at any moment in time. The latter can be derived from the following
reasoning. -

When air moves under the influence of a lifting force , equation (1) for
the axis coinciding with the direction of the force of gravity appear s
as follows:

~~~~~~~~• ~~w + b 0v2 -Y~~MA1 (2)

where Y is the specific weight of the air , ~ is the dilation of the
air, m is porosity, and A T is the temperature difference between
pore and outsid. air .
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Let us integrate equations (1) and (2) for the length of the porous layer
in the experimental unit , considering parameters p~ , k, and b0 and the
rate of filtration w to be constant.

As a result we obtain for equation (1):

(P.. Prnu)~M.’. sc -= j ~ ’H+ b .w11; (1’)

and for equation (2)

~~~~~~~~~~~~ 
- b.,w211, (2’)

where p~ is the air pressure at the input of the tube, pe,~ is the
same at the outlet , (p,~ ~~~~~~~~ ~ is the pressure difference with forced
convection, (p~ —p~~ 

),~ is the same for natural (free) convection, and
W is the elevation of’ the layer of porous medium.

The right parts of equations (1’) and (2’) can be made equal in experi-
ments by selecting the corresponding differeiceof pressures or lifting
force. In this case, equating the right and left parts of the equations
(1’) and (2’) we obtain:

(P,~~~P.~).’d” i~~~ ~~~ , 
—

.prni ~~~ c~~ ±i  
in.lTcp H (3)

When the cause of air movement is the difference in temperatures of the
pore and outside air the condition p~ ~ p ~~~ is met with adequate pre-
cision . It then follows from equation (3) that 

- p — p-
~~ 

- (
~ ~x ss,.c)gi o K ’

. H
that is, there is a formal coincidence of the pressure gradient , for forceds movement with a lifting force in equation (1) and for natural convection
in equa t ion (2) .

The regime of an air (fluid ) curr ent in a porous medium is determined by
a diagram of the relationship between the coefficient of hydraulic resis-
tance in filtr ation (f e) and the Reynolds number [7].

In processing the results of our tests the coefficient of resistance (fe)and the Reynolds number ( R )  were computed according to formulas (6 , 7] :
g~,r..i 7~d~i:S
(1 _ fl,)W~

F;

_________ (5)

where g is the acceleration of the force of gravity , d is the effective
diameter of the cleavages of the porous medium , ~ is the ratio of a
cleavage surface to the surface of a sphere with diameter d, ~ is the
kinematic viscosity coefficient of the air , ~ T “9~ ~~~~ is the
average temper ature dif ference , t,q is the out~!de t.&perature of the
air , and 9~ is the average air t~~~eratu re in the pore s inside the exper-
imental dsvtce .
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Figure 1. Diagra. of the Experimental Unit

Key: (1) Heating Coil;
(2) $la$gy;
(3) Wood Chips;
(4) Rocks;
(5) Thermocouples ;
(6) Steel Diaphragm with 001cc;
(7) Mirror Galvancsster
(8) Thermostat.

In order to determin e ~~~ it was assumed that the t~~~erature of the air
moving in the pores chankes monitonic*lly, that is, smoothly . In the
tests t~~~eratu re was recorded in three sections. Based on the three mea-
sured values of pore temperatures a curve (parabola ) was drawn to estab—
lish the dependence 0— fCy) ( 0  is the air temperature in the pores and
y is the coordinate ) . 

~~~ 
was determ ined by the formula

0,, (6)

where 0 is the elevation of the layer in the experimental unit;
a — 2(01 + 03)-402; b — 40ret—36~; 9~ is average sir t~~~eratur e in the
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pores in the lover measurement section of the tube ; e2 is the same for
the middle section ; 6~ is the same for the top section.

The average temperatur e in the measurement sections was determined by
readings from the five thermocouples . The readings on one plane dif—
fered from one another, a result of the uneven movement of air on a cross—
section of the experimental unit. Losses from the unit at the input and
outp let were not taken into account in process ing experimenta l results
(see Figure 1). One of the tests was made without the steel diaphragm
to determine the effect of losses at the input .

The diaphragm was replaced by a grid with cell dimensions of 20 x 20
centimeters. The result s showed no significant differences. In all
likelihood losses at the input do not exceed the precision of measure—
sent of loss es in the tests.

-
~~~~ Losses at the outlet were estimated by calculation, which showed that

losses at the outlet were less than the lift ing force contained in the
exit cone 2—3 hours after the beginning of the experiment. The tests
were made with stones with average effective diameters of 10.6 and 19
centimeters. The average effective diameters were determined by reduc-
tion to the diameter of an equal—sized sphere. The porosity of the medium
in the tests varied from 0.42 to 0.47.

• The tests results are shown in Table 1 (partially) and in Figure 2. The
average values of test results in the range of Reynolds number from 10
to 30 are described by the equation

0.85.

In Lev ’s formula [5] for determining drop of pressure in a layer the
follow ing values of the coefficient of hydraulic resistance are recom-
mended: for Rac ~]0, f~ — 100; Re — 50, f , — 5; Re — 100, f~ — 1.2—1.3;
Re ~ 1,000, f ~O.8—l.2. It is apparent that the value of the coeffici-
ent of resistgnce for Re • 50 according to Lay ’s data is half the size
of the same figure computed according to formula (7). In our opinion,
the increase in resistance of the porous medium to air movement under
conditions of natural convection is caused by strong cross—shifting of
flowing air because the reason f or the movement is heat exchange between
the air and the faces of the cleavages. At some moments in time it is
even possible for a closed circulation to form in certain por es , which
reduces the live sections of the channels . Moreoever , errors are possi-
ble in th. tests themselves. First, the pores which we selected fro m
the who le set are random ones. The flow of air in these pores and its
temperature may not be typical of all phenomena in the particular section
of the tube at any particular moment. Second, the introduction of measur—
ing instruments (anemometers , mercury thermometers) into the flow disturbs
the established regime of air current in the tube. Third , the porosity
of the medium varied in the tests (from 0.42 to 0.47) .
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I i ‘ It should be noted that using small
— 

~~~~~~~ 
values for the coefficient of resis—

~~~ ~~~~~~~~~~~~~~~~~~~~~ ‘_4._ 
~~
.‘ - tance in calculating the thermal

_ _ _ _ _ _ _  
i i  I regime of the lower prism of rock—

— 1 f ill dams yields rapid changes in
________ - the temperature of the prism which

— ~~~~~~~~ are not observed in practice. This

I is especially true when the coef—
I ficient of turbulent filtration

J (b0) is small.

The coefficient8of permeability
(k) and turbulent filtration (b0)
of the porous medium corresponding

1 I to the results of our experiments
are determined from equation (7)

~ by the following dependences:

( 1 — m ) ~ 
(8)

b,, =O , • I
Figure 2. Dependence of Coefficient
of Ràaistance of Porous Medium ~~ 

These are correct for a porous medium
Reynolds Number (Test Data) with effective diameters of more than

10 centimeters. Thus , experimentalI: investigation determined the coef-
ficients needed to solve the problem of nonlinear filtration of air in
large—pore media.

2. Statement of the Problem and Method of Solving It

Work [8] obtains an equation of the following type for deter’n(v~ing air
movement in porous media with natural convection:

a / o.;.~ , o 1k — 
ô (rn~~ fl

~~ 
~~ ~~ 

I 

~;;)~ ~ (9)

where 41 is the flow function. -

The mass velocities along the coordinate axes are expressed through the
flow function by the formulas:

“~ 
— (10)

where p is air density and u and v are a projection of the velocity vector
on axes OX and OY.

It was assumed in deriv ing equation (9) that pressure losses are propor-
tional to mass velocity in the first degree , that is, coefficient k does
not depend on velocity. It can be shown that equation (9) is also proper
where coefficient k1 is ‘a function of velocity.

~~~~~~~~~~~

‘‘

~ 

- —

~~

-

~~

—

~~

——

~~~~~

— 
- - ~~~~ 

- — -—— 
- - - -

~~~~~~~~~
-,-

~~~ 

- 

- 
,- . - .

~~~

. - - ‘ , - - - - --. -. - -

~~

.-- .

-

-

~

.‘ - 

-.



In the latter case, in conformity with [9] the coefficient k1 can be
determined, with due regard for change in the density of the air, from
the expression: 

-

f A~ 
npu Re < Re.~;

k1 ~ f ( ~~) (11)
apu Re~~~ReK~I.

where Re is the critical Reynolds number which determines the passage
of the air current from one regime to another .

Considering the equation for the average temperature of the cleavages
of the fill and the air in the pores we obtain the following system of
equations f or determining the thermal regime of the lower prism of a
rock—fill dam:

at f ô 2t t ’  2
— = a -- -+ 

~~~
-

~~~
- (

~ 
— (12)

ô6 1 Q ~~á8 I ô ~~o5 2.
I ‘— — —

~~~~~~~~~
‘— — —  —

O~ pit* cy ox ,~m CX 0)1 C06173 (13)

a ‘k a+\ ~~ ~ 
ö.

~I
’ 

______- 
()X I , 

I aV)~~~~~~~~~~~~~
I
~~~~~ ) ” ~~~~ ~~ (14)

where t is the average temperature of the cleavages of the fill; a is
the coefficient of temperature conductivity of the fill (disregarding
convection) ; ~~, is the volumetric coefficient of heat exchange; c06 is
the volumetric heat capacity of the fill; c0~ is the volumetric heat
capacity of the air; t is t ime .

The boundary and initial conditions of equations (12), (13), and (14)
were discussed in detail in [8) . So with the exception of certain refine-
inents we will not cite them fully here. When determining the heat f low
from the lover prism toward the line of its contac t with other air—
permeable materials a coefficient of transverse convective heat conduct-
ivity must be introduced (by analogy with forced convection). For rocks
in natural regimes N. E. A.rov and N. N. Usanik consider the values of
the coefficients of transverse and longitudinal heat conductivity to be
close and propose the following dependence to determine it:

)
~, =).,,,~+BJ..Re Pr, (15)

where ~~ 10.5 is the coefficient of ~onvective heat conductivity of
the air with 1~~{”-.r current; A 5 is the coefficient of heat conductivit y
of the air; Pr — c0~2/j~1 is the Pra ndtl number; Re 4w/F is the Reynolds
number ; F is the a~ea of the sur face of particles in a unit of volume of
the fill; B ~ is the experimental constant.

- The bounda ry conditions for equations (13) and (14) (d4/dn — 0 and 8—t5 ~)
are more strictl y realized at 4—5 meter s from the daylight surface of t~e

~ “ ‘ ~W4~’~’ - - ‘ -
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lover prism because the influence of the temperature of the air moving
out of the lover prism of a rock—fill dam is little felt here.

The transfer of the boundary conditions of equations (13) and (14) by
the indicated distance corresponds to introducing , on the permeable layer
of the lower prism, a f ictitious porous layer with permeability equal to
that of the fill but with zero volumetric heat capacity. On the surface
of the fictitious layer , where dt4/dx — 0, the condition d$/dn is strictly
realized. This follows from the orthogonality of the harmonic functions
which satisfy equation (14) without the righthand part.

The system of equations (1) was used to determine the ther mal regime of
a triangularly shaped Lower prism (Figure 3) with an initial temperature
of 0 degrees C. The boundary conditions of the problem are shown in
detail in Figure 3. It was assumed that , as functions of coordinates ,
changes in the density, specific weight, viscosity, and dilation of the
air in the pores would not play a significant part in dete rmining the
velocity . — 

-
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Figure 3. Diagram of the Calculation of the Thermal
Regime of a Triangular Lower Prism (B — 38m; H — 21 m)

Then equations (13) and (14) of system (1) take the form:

ô6 I ô~~ô6 1 à~ o~ ‘.,. v — — — . ~————o- m oy ox m ox cy c~ m
a ‘ i ~~~. O-~ ~~ ~,, • e•~ 

- 
•

~~ft ( b~I~~I ) ~~~) ~~~~ ~
-b .. 1 w I )  

~~ ~~~~~~~~~~ (16)

~~~~ ~~~~ P 0, and 
~~0 are the viscosity, density, and dilation of the

air corresponding to the average temperature of the air mo~ing in the
pores.
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The value of function •(x , y, c) at discrete points on the surface of the
fictitious layer was determined from condition dt~/dn — 0 according to the
following formula :

NI’~ J + N14~41,,_ 1, (23)

• where , 
lx slil u,,\ lx sIn 2,, / ‘  lx sin 3,.~~

A — + Aycossu~ 
N — 

~~ c~r~~/(1 -~

-

The solution to equation (17) was considered found if the difference of the
two investigation approximations satisfied the condition:

— 4’ .,I! ~ 
(24)

where € is a given comparison constant.

For known values of function $(x , y, ‘r) at discrete points in the domain
under consideration it is necessary to determine the flow function by the
following equation: - 

• 
‘ -

~~~ ~~~~~‘ ~~~“ ~ ~~

‘ 

~~~~~ (-
~
. + b0 I dji . 

- 

(25)

In this case the rat s of filtration v is determined by the formula

w - i
I” t~ x/ kOyl

We approximate the derivatives d4’/dx and d~/dy by the one—sided spatial
dif f erences , namely

= 
~~,.,— 1”-’.)

~Cx/,,j 
• 

- 

- (26)

~~~~
We assume that 

~n.’1,j 
•

~~~~ 4*,l_1 are known and do not depend on the
value $~ j .  Then, substitutinl (26) into (25) we perform the integration
within t1~.e bounds of the discrete point with coordinates x — n x and
y s j A y (1]].

As a result we obtain the following algebraic equations:

a) for c)0;A . 4ac—vj~)0

g~s,mI 1a1,~ ~~~~ + ~ [
2c’~a.i+ 

~~c’~~1 + ~~$a ,j  + U + 
(27)

+ ~~~~~~~~~~~~~ a~rsit( 
2C$n,j + 1

~ 
)
~ 

~ 1?_ (4)~~~~~~ Arsh

—
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b) for c)O; ~ — 0. -

= j !4i.i + ~~~~~~~~ ‘1” C’~~,1+ ~~~~~~~~ 
— (28)

where?0 is the kinematic viscosity coefficient of the air corresponding
• to the average t~~~eratu re of the air moving in the pores

(~~~~_ i . j  ~~~J- )
I
)+

where Arch is the inverse value of the main hyperbolic sine.

To simplify the calculation of formulas (27) and (28) the ratios below
may be used :

Arsh (— z) i— — Arsh z,
Arsh (z) — $n (z~ 1 ~~~~ — i~ . (29)

In this case ln(z + ] z2 + 1) is a natural logarithm

The solution to equations (27) and (28) must be begun from the lover Left
corner . In this case a and 4n j—l ~re determined from the boundary

• 
conditions and do not in rh~t d.p.ni& on ~~ • Thus , the values of “) and
a when determining the next value of the how function at a discrete
point are always definite. The solution to equations (27) and (28) can
be found using one of the methods of approximate solution of algebraic
equations. The flow functions on the surface of the fictitious layer are
determined by equation (23) as the result of a corresponding substitution
of 4’(x, y,~~ ) for 4i(z, y, r) .

The solution for linear filtration on condition b0 — o is determined from
equations (27) and (28) directly.

The numerical values of the parameters included in the calculation depen—
dances were taken to be the following:

d . O . 3 m; II
m .0.35; Lb0 — 0;— 1/273 1/degree ; Y — 4.79.l(r2 !2/bour;
1 — 3 8 m; g~~— 9.8l./s~c’;

• H al m; — 6.19”lO ’ kg/br /m2;
( k  — 4.5 ’lO~~ m2 ; — 0.24 gcal/kg 4egres;

I ~~b — o ;  C~J~ — 0.34 gcal/m’~degr.e ;
b0/p0 • 200 1/a; Xb. 2.1.19” gcal/a.hour’dsgree;

(,, b0f90 — 500 1/a; F • 17.5 a~;

* Meter s per hour squared were used for calculating acceleration of gravity.

- _

~~~;~ 
— _________

- .



B k..— 0.076; t ,,~~ — O C.;
a — 0 . 0 0 2 m2/hour ; t 40’ C.;

~~coen — 0.7 gcal/a.hour.degree ; ~~
‘— 0.95;

C , ~ 360 gcal/m2.degree; £ — 0.001.

The volumetric coefficient of heat exchange was determined at discrete
• points by a calculation according to the formula

:- . .., q,,1 ,
where F is the ares of the surface of cleavages in a unit of volume; ~j ’  is
a coefficient which takes account of the decrease in heat exchange result—

- 
ing from the internal gradient of temperatures in the cleavages ,

~~
. r j c,~,~

:s (iO,’dv1 ,1L2

‘
~ 7 L2 ~~~~ 

~~~~~~
•‘) 

~ • / —

is the local coefficient of beat exchange; C~ is the heat capacity of
the air at constant pressure; w~ .

~ 
is the rate of filtration at the

point with coordinates x — n~x a~~ y — f~y.

The time step (M) during calculations was variable and was determined
from the stability of the explicit finite difference equation for average
temperature of the cleavages of the lover prism (81. The thermal regime
of the lover pr ism was calculated in two variations (first variation when
k — 4.5.10 6 square asters , 1—b0 — 0; 2ioPo — 200 1 meter; 3—b0p0 — 500
1 meter ; second variation when k • 3.10 0 squar e meters and b0 • 0). All
other par aasters remained unchanged.

The results of the calculations are represented in Figure 4 in the form
of graphs of the dependence of change in the average temperature of the
lover pris m over time. With a decrease in the permeability coefficient
(k) or an increase, where oth~sr conditions are equal , in the coefficient
of turbulent filtration (b0) the rate of change in average temperature of
the lover pr ism decreases . Otherwise , it takes twice as much time to coo].
the lower prism to the same t. p.ra cure where b0p0 — 200 1 meter (k •
4.5.10-6 square meters ) as where b0 0. This La related to the de-
crease in air velocity in the lower prism of the rock—f ill dam (see
Figure 5). Consideration of the nonlinearity of filtration leads to
a more even distribution in time of the expenditure of air passing through
the lover prism (Figure 5). It should be noted that there is no change in
the qualitative picture of chan ge in th. tempe rature of the lover prism
for any coefficients of turbulent filtra tion.

Conclusions

1. ~~pirical depend.ncsa were obtained for determining the coefficients
of permeability (k) and turbulent filtration (b0) in a large—p ore medium.

2 • A methodology is proposed for numerical solution to the nonlinear prob—
las of air filtration in an isotropic large—pore medium.

3. Consideration of the nonlinearity of air filtration in pores under
conditions of natural convection decreases the rate of change in the temp-
erature of the lover prias of a rock—fill dam.
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Figure 4. Change in Average Temperature of Lover Prism
CR 38 m , H 21 a) over Tim e
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Figure 5. Change in Filtration Rate over Time at the
Crest of ti~ Lower Pris, at Point A
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