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THE THERMAL REGIME OF THE DOWNSTREAZ1 SHOULDER OP ROCKFILL DAMS

A systan of equations describing the thermal regime of
rockf ill dams, one taking natural air convection into
account , is presented in the paper. A numerical solu-
tion of the equations is given for the profile of the
downstream shoulder of the rockfill dam of the Vilyuy
Hydroelectric Power Plant , the solut ion being obtained
with the aid of a computer . The results of calculation
and of field observations are found to be in close agree—
aent .

This paper is devoted to study of the thermal regime of the downstream
shoulder of rockf ill dams • Calculation of the thermal regime of the down-
stream shoulder is necessary in order to establish the thermal state of the
apron (core) , the base of the dam, and the location of drainage installations .
The thermal regime of the downstream shoulder of a rockf ill dam is formed as
a result of conductive heat transf er and convective heat transfer by the air
moving in the pore..

In order for movansnt of air to occur in th. body of the dam it is neces—
ear, for the lifting force (due to the heterogeneity of the temperature field)
to be greater than or equal to the force of resistance of the rock fill to
the movement of the air . The rock fill causes losses due to deformation of
the moving air, i.e. , losses from contraction and expansion of the air stream
and losses due to air friction.

The n~~~sr of contractions and expansions per unit length of the rock
• fill depends on the dimi.n.ions of the jointing . and their geometric shape,
; i.e., is a function of the diameters of the jo intings and of the porosity

of th. f ill .

• The force of the resistance due to friction is the most complex in na-
ture . This is to be ascribed not only to the roughness of the surface of
the rocks and their varying orientat ion relat ive to the flow, but also to

• the temperature of the moving air itself and of the surface. Henc e in order

1
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to determine the force of friction it is necessary in the general case to
solve together the problem of the ther mal state and that of movement of the
air, making allowance f or the boundary conditions on the surface of the jo int.

In practice it is not possible to solve this problem, especially for a
rock fill and its variegated structure. In view of this circumstance it is
advisable to introduce quantities characterizing the phenomenon on the avera ge.
For ~~~~~~~~ the force of resistance of a rock fill is regarded as a generalized
force which can be determined empirically.

Transfer of heat to th. jointing. of the f ill is effected in various
ways. At the places of direc t contact between two adjacent jointi ng. and
through Inter layers filled with stationary air, heat is transferred by thermal
conductivity, and by heat exchange in the areas swept by the moving air .
Hence the temperat ur e even of a single jointing varies from point to point
of the latter . In view of this fac t , the variation in the heat content of a
rock fill at any point may be expressed through the variation in a certain
mean temperature determ ined fr om the thermal balanc e conditions.

The temperature in the core of the moving flow (with the exception of
the wall boundary layer ) y in practice be assumed to be the same over the
entire cross—sec tion, since the air moves in porous channels of inf initely
varying cross—section creati ng the conditi ons for machanical displacement .

Hence a flow of air depending on the thermal regime of the dam itself
is formed in the downstream should .w of a rockf ill dam. Consequentl y , a flow
of air variable in time will be observed until the temperature of the down—
stream shoulder of the rockf ill dam is everywhere near the temperature of
the external air.

F The known methods of calculating the thermal regime of the downstream
shoulder of rockf ill. dams are based on utilization of reduced (effective)
coefficients of thermal and temperature conduct ivity, which were derived
earlier for one—dimensional problems (1], [2], [3] , i.e., for a condition
such that the vectors of the thermal flow and of the filtration speed of
the air in the pores coincide in the region under consideration .

The geometric dimensions of the downstrea m shoulder of any rockf ill dams
are found to be such that a moving flow of air cannot be described as one—
dim.nsional , but rather must be described in at least two spatial coordinat es
(x,y) . Owing to the two—diasnsionality of the flow in the pores of the fill ,
the thermal regime of the higher lying jo intings will be determin ed by thermal
calculation of all the lower lying layers , and vice versa.

As is demonstrated by experience acquired in erectin g rockf ill dams, the
gra in—size distribution of a rock fill varies over a wide range. The larger
pores of a fill usually are filled with smaller fractions, i.e., the area of ‘

~

• .
~ the particles f illing the unit of volume of the fill is a large one. Conse-

quently, the forces of fric t ion will be larger than the forces of inertia of

2
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the moving air . Hence the flow of air in the pores may be regarded as a
filtration process (4].

1. Mathematic al Statement of the Problem

If it is assumed that the rock fill is isotropic , the porosi ty does not
vary with time, phase shifts are absent from the water vapor forming part of
the components of the moving air , the conductive thermal conductivity of the
air in the direction of movement is small in comparison to th. convective

j heat transfer and may be disregarded, the volumetric heat capacity of the
L rock fill is constant and does not depend on the coordin ates , other forms

of mass transfer (such as water filtration or inf iltration) are absent , and
• the variation in air density in t ime and the vertical variation in barometric
• pressure are small (5], then the following relations are valid for the moving

air per unit volume:

—4
~

_F(u) = O; (1)

(2)

ô(~dl) ö (pv)
ox Y

PA
P 

~~~~~~~~~~ (4)

• where ~~~~, .~! are the pressure gradients respectivel y along the ox and the
~ oy axis;

P(u), F(v) are the pressure drops due to air friction in the fill re-
spectively along the ox and the oy axis;

m is the porosity of the fill;

B is the coefficient of volumetric expansion of air;

t y is the volumetric weight of air ;

t~T — e — t is the temperature difference of the pore and the externalax air;

p is air density;

p0 is air density at zero temperature;

6 is the temperature of the pore air;

x, y are coordinates ;

u, v are the speed of air respectively along the ox and the oy axis;

3
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t
•~~ is the temperature of the external air .

Let us reduce equations (1) and (2) to a form convenient for calcula-
tion . For this purpose we differ ent iate equation (1) with respect to y and
equation (2) with respec t to x.

Then we obtain
Ô~P ~F (u)

• — r-a— 
~ 

0; (5)

ö’P ãF lV) ô (m~ ’A T)
ôxôy~~~~~x dx (6)

or • ÔF (u) • ö~ (v) ö (m~~~T)
dy dx ox ( 7)

A larger number of papers have been devoted to the problem of determina -
tion of the pressure dro ps in porous media on movement of gases and liquids

• through them. Many authors regard flow through a porous layer as an inter-
nal problem (flow in channels between particles [6], [7]), and others as an
external one (flow of air around a sphere (8]).

On the basis of these papers various empirical and semiempirical formu—
las have been proposed , ones generalizing a large numbe r of experiments con-
ducted with par ticles of small diameter in one—d{~ien~ional flow. The rate
of filtration enters these relations in the second power; this is not ac-
ceptable for describin g losses in a two—dim.n~ional region, since a linear
relationship must exist between the velocity vector and its components in
a two—diiuens tonal region [91.

Henc e it is necessary to adopt the general expression of the Darcy
law (10] to describe the losses due to friction:

1(u) — —k (Pu) and 1(v) — —k (pv), (8)

where k — v/k’;

v is the coefficient of kinematic viscosity of air;

k’ is the coefficient of per meabilit y of the fill.

Inserting (8) into (7) , we obtain

O (kp u) _ ö(k p v)~~ _ ~ (in~1~ T) (9)
ox ox

Equation (9) must be considered in conj unction with equation of dis-
continuity (3) . It is convenient for practical calculations to reduce
equation system (9) and (3) to a single equation .

For this purpose it is necessary to express the mass velocities
thro ugh the flow line function:
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H
p U = •~~~. P V — ~~~~. (10)

Equation (9) then assumes the form

• (U)
J k~~~~+_L (k~~±_ \—  d (m~~~T)

~ Oy J Ox k Ox)

This is an elliptical equation with variable coefficients . Equation
• (11) is also valid for an anisotropic medium if the axes of the anisotropy

coincide with the coordinate axes, but with the porosity constant. The
equation of discontinuity may subsequently be disregarded , since it is
converted to identity .

Thus we obtain the following system of equations with boundary con—
ditions (Figure 1) with which to determine the thermal regime of the
downstream shoulder of a rock.f ill dam:

ot / ott ö’t\ 
~ ~~~~~~~~~~~~~ 

(12)• —ch (~OX~ “Y
2
J ~vol

oO I Oh aO I O~ ~ (1— 0) (13)
-~~ + — 

~~~ 
-
~~~ ov -

* 

* (1) 
~ ~ o~, \ a (

~ 
O(mP7 A T) . (14)• 

~
-_

~
k
w) + ox\ ~x)  ~Ix

(15)

~~

Figure 1. Illustrati ng determinat ion of boundary conditions: 1. UVB.
2. Core

(1) the tempera ture on the day of the downstream shoulder

~~~~~ 
~~~,$~°sur t~m)± -~—q w he n  x 

~ ur ~‘ ~ ur 
(16)

• (2) on the boundaries of conj ugation of the downstream shoulder with
other airtigh t materials

d/ ~~ 0t reg f~
_

~ . (17)— res res

* 5

L 
_ _ _ _ _ _ _ _ _ _ _  

_ _ _

-~~~
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(3) the temperature of the moving air on the boundaries of the down-
stre am shoulder are:

(a) 8(x , y, r) 0(xsur,ysu/)when X — sur — 
511Z~ (18)

(b) 6(x , y, ¶ ) 
~ O(xres~

yre/)wI~en x — X ,  ~ — 7res;
(4) the flow line function is

(a) * — 0 , when 0~~~x~~~B, y — 0  and 0 c . y~~~H , x — 0 , (19)

(b) * (x, y, t) — ifi (x
~~r , ~~~~~~~~~~~ x — Xsur ~ ~ (20)

With the initial conditions
- 

t (x ~ y, ~) —_~~(x , y, 0):
O ( x , y, ~) = O(x , y, 0); (21)

* 

4i( x, y, ) d ~(X, y, 0). *

Here t is the mean temperatur e of the rock fill;

tsur is the temperatur e on the surface of the rock f ill;

6sur is the temperatur e of the moving air on the surface of the dam;

t is time;

is the coefficient of volumetric heat exchan ge;

C,~01 is the volumetric heat capacity of the rock fill;

C~~,1 is the volumetric heat capacit y of the air ;

q is the amount of heat transferred to the interio r of the dam by
thermal conductivity;

A is the thermal flux from the direction of the downstream shouldern toward the line of conj ugatio n ;

is the the rmal flux toward the line of conj ugation from the
directio n of the base and core (apron) ;

A is the coefficient of thermal conductivity of the rock fill without
convection;

Xres~ ~
‘res are the coordinates of conj ugation of the downst ream shoulder

with the base and core;

Ares is the coefficient of thermal condu ctivity of the base and apron; . 
*

6
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Xsur A 
~sur are the coordinates of the day of the dam.

In order to determine O (xsur~ Ysur~
t) and $I (X ur~ ~sur’ 

T) on the day,
together with the equations of system I it is necessary to consider equations
describing the velocity and temperature fields of the air outside the dam.

It is a characteristic of the process of natural convection in the *

L downstream shoulder of a rockf ill dam that the warm air emerging is pressed
against the core (apron) of the dam. This is explained by the fact that
the core (apron ) of the dam has a higher temperature than do the other parts
of the downstream shoulder . Hence escape of air always take s place on the
crest of the dam (if there is no obstacle inside the dam in the form of
airtight interlayers) . The warm air escaping from the dam baa no appreci-
able effect on the temperature regime of the surrounding external air of
the downstream shoulder of the dam, as has been established by observat ions
at the Vilyuy Hydroelectric Power Plant.

Figure 2. Arrangement of thermistors on ‘
the downstream slope of the darn of the
Vilyuy Hydroelectric Power Plant I ~~

o — thermistors; x —— mercury thermometers ~ -

The results of the observations are illustrated in Figure 3. As is
to be seen from Figure 3, similar variations take place in the air tempera-
ture on the surfac e of the dam. However , at point No. 2 (Figure 2) there
is observed an appreciable movement of air into the interior of the dam,
the temperatur e of which equals the external air temperature.

At a distance of 1.0—1.5 a from the point of escape, the temperature
* of the air moving in the pores is near the external air temperatur e (Figure

3); the variation in the former temperature does not exceed 40 • Hence the
*
1 value of ~ (a8y~T) on the day may be determined from the difference between

• 3x
the air temperature on the surface of the downstream shoulder and the ax—
ternal. air temperature. An error has an effect at a short distance from
the point of escap e of the warm air fro m the dam , within a range of 5 a.

: 1 
t
.
’.
. -

Figure 3. Temperature of external air on , _  _~~~~ ,L _1_
• dam surface according to readings of mercu ry / ~thermometers . 1. T , days . 2. November, ~ -

~~~~~~

-‘~‘v~ 1~~~j
• L~ A~

• C — 

~ ‘5 20 2~ .~~_________ - N~~6p, 19163
(2)
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4
In this case the velocity field of the air on the day of the down—

stream shoulder of the dam can be determined from the physical nature of
the problem, which assumes that the velocity of approach (departure) of
the external air equals the filtration velocity of the air in the pores

• on the day of the downstream shoulder . This condition is fulfilled if
it is assumed that a*Ian — 0, i.e., the movement of the air is always
normal to the surface on the day of the downstream shoulder. The assump—
tione adopted permit solution of the problem of the thermal regime of the

* downstream shoulder of a rockf ill dam without analysis of the velocity
and temperature fields of the air outside the dam. It should be noted
that the velocity and temperature fields of the air outside the dam de—

- 
* pend on many meteorological factors which we have not as yet succeeded

in alloying for.

Equation system I is also valid for regions having a more complex
geometric shape, and in particular for the downstream shoulder of a rock—

* fill, dam with an apron. In this case as well the external air temperature,
i.e., ~T — 0 — t ‘ 

must be taken as the origin of the temperature level
[13]. ax 

*

The results obtained were employed to calculate the thermal regime
of the downstream shoulder of the rock! ill darn of the Vilyuy Hydroelectric *

Power Plant. *

To establish the initial and boundary conditions it is necessary to
know the climatic and cryopedologic conditions of the transit line of con— 

*

struction of the dam, the filtration properties of the base, the coarse—
ness of the jointings and the porosity of the rockf ill , and the structure 

*

of the dam itself . * 

*

2. Climatic and Cryopedologic Conditions of the Area of Construction

* The area of construction of the Vilyuy Hydroelectric Power Plant is
j characterized by a long cold winter with little snow and a hot s er.

The amplitude of the annual temperature variations reaches 100° C, the
minimum temperature in winter —60°C , and the maximum temperature in sum-
met +36° C. The winter is up to seven months long. The mean annual long—

* 
term temperature of the area is — 8.2 ° C. The thickness of the snow cover
does not exceed 250—300 mm. The annual. distribution of the external air
temperature is illustrated Lu Figure 4.

* 1  - The area of construction of the water engineering system is situated
in an area of continuous permafrost , with prevailing temperatures of —3 —

—5° C. The thickness of the permafrost rocks is estimated at 250—300 m.
A talik with a positive temperature can be traced Lu the bed of the Vilyuy.
The width of the strip of thawed rocks corresponds to the width of the river
during the summer low—water period (12].
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I Figure 4. Graph of external air z~

1 hours _ _ _ _

l,
~
f
~

1

The original slopes of the Vilyuy valley differ widely from each
other in permafrost condit ions . The left bank is made up of perenia lly
frozen rocks the temperature of which ranges from —4 to —S . C.

* 
The rocks of the right—bank slope are characterized by low temperatures[ reaching —1. C. The depth of seasonal thawing in the rock ranges from 3 to

4m[19].

3. Geological Engineer ing Conditions of the Construction Site

I According to the data of the S. Ye. Zhuk Gidroproyekt , the bed portion
and the lover slopes of the Vi],yuy River in the section line are character—
ized by constant geological engineering conditions . The normal diabases
are widely distributed here. The best preserved and most monolithic rocks

* occur under the bed and the portion of the righ t bank adjoining it.

Jointing is associated with the primitive rock, being due to chilling
of the intrusion under conditions of tectonic stress. The fissures divide *

the diabasic massif into columnar, sheet, and slab jointings. The opening
of the fissures is small, from fractions of a millimeter to 1.0—1.5 cm.

- From the viewpoint of jointing the rocks are classified as low—jointed,
i.e., with less than 10 cracks per running water. The coefficient of
fissure cavitation is small, falling within the limits of 0.5—1.02.

According to the data of experimental pumpings, the coefficient of
filtration of the base is estimated at 0.1 to 2 a/day. The coefficient
of filtration of the adjoining left—bank area may reach 10 in/day.

The base of the dam is represented by firm diabases with a small co-
efficient of filtration; on the riverbank sections they are covered with
friable deposits 1.5—2 in thick. The friable deposits were removed when

- the dam was erected (19].

* 4. The Rockfuil Dam of the Vilyuy Hydroelectric Power Plant

• The blind rock! ill dam has a height of 74 a and a length along the 
-

crest of around 600 a (193 . The horizontal equivalent of the slopes varies
in height. Betas used for tempora ry passages and permanent roads are in—

* ‘ stalled at intervals of 10—15 in on the slopes. The rubble mound of the

9
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dam was built up by year—round operation by the pioneer method with un—• sorted stone obtained in the exploitation of useful cuts or special quar— ‘ties. The transitional zone is in the form of two—layers of reverse fil-ters below the apron of rock debris of grain sizes 0—40 and 0—150 mm obtainedby means of special rock crushing.

The antifiltration element of the dam is represented by an apron ofrock debris and clay gross. The downstream slope of the apron has a hori-zontal. equivalent of 1:1.4, and the upstream slope one of 1:1.7. To pre— 
*

* vent undermining the soil during fluctuation of the head bay, the upstream• edge of the apron is covered with a filter above the apron, of a naturalsand and gravel mixture. To ensure static stability of the apron from thedirection of the head bay, the apron is weighted down with a rock fill.
Conjugation of the apron with the rock base is effected in the formof a lightly reinforced concrete plate with a cementation culvert. Cemen-tation of the tal k below the bed from the culvert is schedule before thereservoir is filled.

The grain—size composition of the fill is sufficiently hoaogenous,according to the data of the “Orgenergostroy” Institute, being determinedchiefly by the jointing of the mountain mass.

According to the data 01 the construction laboratory, the fines con—• tent of the blasted rock is 12—152. The fill of the Vilyuy darn was filledwith stone from a height of 10 to 15 a (12], with the exception of th. areasadjoining the banks. With a filled layer of this height foliation of thestones is observed which is the more pronounced, the more heterogeneous isthe material from the viewpoint of size.

The upper layers of the tier are denser, and in some cases even air— *

tight. An airtight layer was formed on PR 2—40 at an elevation of 54.0 a.This is confirmed by escape of warm air beyond the berm at an elevatio n of* 50.6 in. The fill is anisotropic within th, limits of one layer , i.e., the• mean diameters and porosity of the fill are not equal in the upper and* lower parts of the layer. Rowever, the mean porosity valuo of the dam ofthe Vilyuy Hydroelectrj~ Power Plant is in our opinion approxiaat.j .y 302.
• The material of the fill, possesses the following ~hysicoaschanj caj• 
I propert ies~ volumetric weight appro ximate ly 2.97 g/ca , sp.cific gravity

23.025 g/ca , and temporary compressive strength on the aver age 1700 kg/cm
The th.rmophysj caj , characterjstj~~ of the fill material, as determined* by the two—point method with a cylindric~~ sample (ft • 0.032 a, * — 0.055 4are as follows: coefficient of temperature conductivi ty (a) 0.00468a /h, and coefficient of thermal conductivity (A.&) 2.~ kcal/.b.deg.

- The values given for the parameters will be used in wha t follows in• determination of the coefficients app eari ng in the calculations.

• 1
10
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5. System of Calculation of the Thermal Regime of the Rockf ill Dam
* . of the Vilyuy Hydroele ctric Power Plant

The following system of calculation was adopted to deter mine the therma l.
r egime of the downstream shoulder of the rock! ill darn of the Vilyuy Hydro-
electric Power Plant .

• Th. rock fill is isotropic , the porosity is constant , the rock base
does not filter , and the latter is fro zen. An exception is made by the

• upstream side of the apron and the upstream weighting, where thawed soil
with a moisture content of 202 to a depth of 4.5 a was assumed . The warm—
tug effect of snow on the slopes of the downstream shoulder is disregarded ,

t the snow not representing an obstacle to movement of air into the interior
of the dam. The data of the mean monthly air temperatures were employed in
the calculations. The coefficient of volumetric heat exchange is assi~~ dto be constant and independent of the coordinates and time. The profile

I of the darn along the downstream slope is assumed to be straig ht , in con—
• trast to the actual one, which is in the form of a broken line . No

analysis is made of the velocity and temperature fields of the external
L air outside the dam, it being assumed that at a short distance from the

surf ace the temperature of the air equals the temperature of stationary
* distribution at a great distance from the dam.

• 
• It was assumed that the variation in the density and the volumetric

weight of the air in the pores as a function of the coordinates will not
* * * play a significant role in the velocity distribution. The coefficient of
• - permeability in equation (14) is taken to be constant and to characterize

- • the entire downstream shoulder as a whole , since the granulometric composi—
tion of the fill and its filtration properties cannot be definitely m di—
cated (121. - •

• Equations (13) , (14) of system I then assume the form *

I ~ 
ö9 1 Ô4~ (30 ~~‘ (t -— 0). (22)

J ~~~~~Ty ox~~~~.~~~ oy ç~ n

(23)ox~ dy’ k ox ’ —

where g is the acceleration of gravity.

* 
Boundary conditions:

* 

(1) temperature on the surface of the downstream shoulder:

* 

ötsur~ 
~~~~suf

’ 
~~~ 

+ when x — -

~~~~~~~~ 
Y 

~su~ 
(24)

* 
• r (2) on the edges of conjugation of the downstream shoulder with the

* 

* other materials, boundary conditions of the fourth kind muSt be fulfilled,
i.e.,

~~ *-*-—i—-—-~-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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dii (25)

(3) temperature of air in movement on the boundarie s of the down-
str eam shoulder:

a) 0(x, y, c) t(Xre. Y rca ’)
when

X~~~Xres~ 3’
~~~rei

6) 9(x, v ‘)=0frsur Ysur ’)
~~~

text
when 

(26)
Z X

S t !

if the velocity vector is directed into the interior of the dam;

• (4) flow line functions:

~~~_ A  ..k X = x
~~~~~~ 

.en res ‘ ‘res
when X — X 2 Y— Y s ;

- 
9=0, when X X2’, ~)1 = ys’; (27)

when x = x  
~~

=
~~sur

where x~, y~ are the coord inates of the horizont al airti ght inte rl*yer
at an elevation of 54.0 a;

~~ y~ sre the coordinates of the horizontal part of the crest of
the downstream shoulder of the dam.

The initial temperature of the rock fill can be determined on the
basis of the data of field observations at a specific t ime, i.e., t (x , y,
r)— t(x,y, 0).

- 
• In order to solve system I it is necessary to know the initial tem-

perature of the air moving in the pores • No measurement apparatus for
determining the temperature of the moving air was installed on the dam

*
* of the Vilyuy Hydroelectric Power Plant. Hence the initial temperature
• of the moving air must be assumed, with a certain amount of tolerance , to

equal the initial tempera ture of the rock fill.

Figure 5 illustrates the temperature field of the downstream shoulder
of the rockf ill dam of the Vily-uy Hydroelectric Power Plant as of 1 tlovem—

• bar 1967 , this being taken as the initial condit ion.

The necessary data on the coefficient of heat exchange of the rock
fill with the air , the area swept by the air strea m per unit fill, the

* pressure drop due to resistanc e of the rock fill to the movement of the •

air , and the coefficients of thermal , and temperature conductiv ity with -‘

• 1,2 ¶ 4
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• no allowance for co~~ection can be dete~~~ned on the basis of field observa—
tions and laboratory studies. 

*

p 

_ _ _

~~ 
-

~~~ ~~~~~~~~~~~ 
—1

Figur e 5. Initial temperature field of downstream shoulder as of
1, November 1967 , with no allowance for water—table elevation of the
tail bay.

6. Determination of the Coefficients Entering Into the Calculation

Extant reco endationa elaborated for other processes , bu~ ones ap-
proxi mating the phenomenon in question, may be utilized for prelf.fn.ry
calculations (14], (15], (16], (201.

The area of the airswept surface participat ing in heat exchange is
defined as (16]:

D ‘ (28)
where V is volume;

F is area ;
* x

D — £ xiDj is the reduced diameter;
i—i *

is the volumetric portion of particles of n~~~er 1;

D~ i. the diameter of particles of number i;

is the amount of soil having particles of the same disaster per
unit volume.

Th. volumetric coefficient of heat exchange may be defined as

(29)

* 
where a is the local coefficient of heat exchange between the air and the

jointings of the fill;

~

• •

~ 

- * 
~~- - ~~~-
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is a coefficient allowing f or the difference between the mean tam—
- 

• 
p.xature of the rock f ill at a given point and the temperature of
the surface of a jointing.

To determine the mean value of the local coeff icient of heat exchange
a number of empirical relations are available [14], [20] by means of which

* the Nusselt number may be determined as a function of the Reynolds or the
Grashof and Prandtl number . *

With the Nusselt number known, a may be defined as

where 
~‘air is the coefficient of thermal conductivity of air.

Coefficient c ,  which allows for the differenc e between the mean tam—
• peratu re of the rock fill at a given point and the surface temperature of a

jointing, may be defined as: 
— 

I

-~~~ VBI. 2 + I,437R1.+1’ (29a)

where Bi~, is the Biot number , defined as
• 
Bi
~ 

— 

~~~ 
R ;

sk
is the characteristic dimension of a body, equalling the ratio of
the volume to its area. 

-

Ask is the coefficient of 
thermal conductivity of the fill material .

It is here assumed that a regular regime of thermal interaction between
the moving air and the rock fill arises • The rock fill represents a two—phase

a statistical mixture of jointings of rock and air . The following formula has
been proposed for determinati on of the coefficient of thermal conduct ivity of
such mixtures [17]: 

-

— 
(2— 3m) )~ +(3m —

— 4

+ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ (30) 
*

• The volumetric heat capacity of the rock f ill is found from the formula

• c,l= .( 1—m) c1.y +mc;61 
• 

(31) *

where ; is the volumetric weight of the rock fill jomnt ings; 
*

Cr 
is the specific heat capacity of a fill jointing.

• 
• The coefficient of temperature conductivity may be defined as the d.—

rivativ. value

14
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* a a (32)
vol

Relations (28) , (29) , (30) , (31), and (32) given in the foregoing
permit determination of all the parameters required for the calculations .
They characterize a rock fill for which the thermal regime prcblem is solved.

- 7. Method of Solving the Problem

• To det ermine the thermal regime of the downstream shoulder of a rock—
f ill dam (simplified model) it is necessary to solve equations (12) , (22) ,

• and (23) concurrently. Physica l. quantities B, v, p are here taken to be
constant for the entire downstream shoulder and correspond to the mean tern—
perature value of air in movement.

System of equations (12) , (29) , and (23) can be solved by the numerical
method. For this purpose we introduce into the region under study a rect angu—

* 

• 

lar network consisting of points x — x0 + ndx, y - + jAy , ‘r — k.Ar.

* Then we obtain the following finite—difference systems for time
- (k + l) • Ar .

1. For the equations of the mean rock fill temperature (explicit
system):

t~+J = [i —2aA~ (-~ 
+ — f ~ , +

+~f~~~(tk ~ ,gk )4.!!&h i (33)
- s, J+l • 

S-oi ’

The temp erature of the points situated on the inclined sur face of the
• • darn is deter fn~d from the formula

•t~~~ 
1k + ~x

A
a~ (t , — 

~tii4 + ~~ tJ~
J
’ (‘2,— &t,i~+ ~~,I~ur” ~ui)~ (34)

• where t~~, t~7 
is the temperature of the points adjo(n(ng the surface along

ox and oy.

2. For the temperature of the air moving in the pores (implicit sys-
tem).

- 

— 

- . 
627,’ L [[6 1 th~~ H+~~I” 

_
~)B~1,o~:.~—

— y .C~ j O~7,’_1 + (I  — i) D 0 J + ,  
~~~

.

I 
(35)
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where
A2~J

1 = B ’ ,(tt~) — ”27j - i) ; 
*

L~ J — I (i’27,’ —
~~~~~~~~

‘
—

~~~~ 1 

+ (36)

A 
-

H m ~xAY~~~1~~~~~
1)H

~~ fz

,~=I’ jf (.pb7,L....$k4~i 3)/Ay<O;

i=0. jf

• x = i~ if (~~h+I — 4,k+l
, )!Ax <0; (37)

7 0, 
~ 

* 

(j~
4) — 

~~~~~~ 
‘Ax >0.

3. For determination of the flow function

(a) in the internal nod.s:

• Al (+~~:~. ~ + +:::. ~) + N ( j I ~+)~1 ÷ +~ L1) + ~ 
(38)

where

a __________________

4* ~x + 
~
-
,)‘ 

..

* 1 
(39) 

*

•1 M — -—j--— A’ — -

2Ax2 
(
.... L ± 2.~y

2 
(~~~~~~~~ 

+ ~—~) a 

*

(b) for deter mination of the flow function on the boundary nodes
of the day (Figur e 6):

— ,~h 1  — (40) L -

— Ax COS ~O + —
. Sifl 2~ 0. :* -

~
• -

where a~ is the angle (of inclination) between positive axis ox and that
normal Eo the day of the downstream shoulder. 

-

~~~~~~~~~~~~~~~~~~~~~-
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Figure 6. Illustrative of dete~~~~~tion of
the normal, derivative on the day of the —

downstream shoulder.

(1) Day 
-

(1)

When the number of nodes in the reg ion in question is cuff icisntly
* large, it is virtually impossible to solve the algebraic system obtained in

mutual connection. If in determination of one of the unknown functions for *

a given time use is made of the values of the r.maining functions from the
preceding time layer , the system of algebraic equations is found to be linear .
The concurrent physical processes of transf er of air and transfer of heat by
the moving air, as well, as the equation of propagation of heat, are in this
case considered to be discrete for each time step. The tim. steps and the
spatial steps are selected from the conditions of stability and convergence

• - of the finite—difference equations obtained, (33) , (34) , (35), and (38) .

Equations (33) and (34) converge and are stable if the following con-
dition is satisfied:

_ _ _  _ _ _  
(41)

-
* 

• at all the points of the region under consideration. If equation (13) is
approximated by an explicit fini t e—difference system it should satisfy the

-• following condit ion of stability and conver gence (21] at any point in time :

{i — [~ 
— max (~ j — 4~ . j_~ ) + * 

*

* ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (42)

Equations (38) and (40) converge and are stable for any time step .

The condition of stability and convergence of the system is thus de-
fined as

f ~~~~~~~~~~~~~~~~~~~~~~~I — 

~,, 
~~~~~~ 

- - C,~0j - *

{i -— {(,,~ ~~max (~~.J— ’~n J— *) ~ + (43)

~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
I-.

The minimum time step value determined from condition (43) ii sufficient
for the stability and convergence of the ent ire system.
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-‘1 If equation (13) is approximated by an Implicit finite-difference

system (stable at any value Ar) ,  the time step for solving equations (33) ,
(34) , (35) , and (36) must be selected from condition (41) only .

Equations (35) , (38) , and (40) were solved on each tine layer by the
method of simple iteration.

Using the distribution of the temperature of the air in the pores at
tins k • Ar , vs determine the flow function for the following time step from

- • 
the formala.: *

(a) on th. internal nodes:

:1 4~
ka7)+S+* ~~M (4i2~t7 + $2~jj-”) +N($ ~) :+ 4 ~~~~ ± F~~ ; (44)

(b) on the boundary nodes of the day of the doumstrsarn shoulder (Figure
6):

~~~~~~~ (1~~
Aycos o~\ — ~~~~~~~ (.?~.. 

cns z1\
13 0 ‘ 3X sin ~Xij) 

- 
~~~~~ ~ 

I (43)

where s is the number of iterations in the layer .

The convergence of the process was determined by estimating the nor m
of the difference between two consecutive approximation. at all points of
the spatial network, i.e.,

(46)

where c is the assigned congruence constant.

The method of solving equation (41) is similar to the foregoing one.
Coefficients A1~’1, ~~~~ C~~

1 and L~~’ were determined in accordance with then,j n,j n,j k+l n,j
values obtained for function * ~

. The mean t~~~erature of th. rock f ill
r n,j

adopted in this case was that corresponding to tim. k6x.

The solution of equation (35) was assumed to have been obtained on a
given time layer if

JJ~~
*+l+1+I _

~~
k+i+ s

~J ? ~~ (47)

* 
i.e., if a condition analogous to (46) was satisfied .

The value of th. air t~~~era ture in the pores can be used to obtain
the temperature of the rock fill from (33) and (34) .

The temperature at the junction of any two regions was determined by
I applying the best balance equation, allowance being made for the difference

in the thermephysical characteristics of the materials • To calculate the

18 
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thermal regime of the upstre am weighting of the dam and base use was made
* • of the Fourier equation for solids with constant coefficients. we will not

* * cite th. finite—difference analogies of these equations; they are to be
fo

~~~ 
in the corresponding literature [181.

* The calculation work was accomplished at the computer center of the
Eraanoyar.k aluminum plant , on an 14-20 computer . The assigned progr am of
the computer called for Input of the initial conditions for the temperature *

of th. rock f ill from punch cards and referring of the init ial temperature *

field of the rock fill to the temperature field of the moving air , since
they wer• assumed to be equal at the initial tins. The boundary conditions *

for the moving air were assigned In the form of the external air temperatures
In the nodes of the spatial network at a distance of one step from the day .

The physical parameters were introduced as a component of the program
they had the following numerical values:

D 0.5 n;
a 0.3;

.
— 21.7 kcal /~ deg;

~c — 1.293 kg/n ;
- 4  8 — 1/273 l/deg;

A~~~~ 2.8 kca 1/ n .h deg;
a5

~~ 0.005 a/h;
A:
~~

_ 2.1 • iO’2 kcal/h • deg;

Aeq l•9 kcal/m
~~

h des;

Ay 3.O m; 2
S 9.8l in/sec ;
w 0.2 (moisture content of apron and upper weighting) ;

- j  — 1.574 • io ’6 kg sec

— 5.5 . 10 6 a2;

-

* 

p _ 0 ~127 k&
4

SIC ;
— 

C,~~1 — 0.31 kcal/n3 deg;

C,~,1 — 420 kcal/m3 d.$;

C — 0.01.

External air tempera ture: November —20.1 •C, December —25’C;
January —36.1 °C , February —33.4 ‘C. Water temperature of head bay: +2 C.

)

1.9
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The constant coefficients of basic finite—difference equations (33) , , 
—

(34), (35), (38), and (40) were computed at the beginning of calculation and
* were stored in the computer m~~~ry. They ware retrieved dur ing operation by

* application to the corresponding memory cell .

It took the longest in the calculations to determine the flow function,
* i.e., the velocity of the air stream in the rock fill , especially at the

initial time of calculation and on change in the boundary conditions for air
in movement . 

-

The temperature of the rock fill and the moving air are determined
relatively rapidly at each time step At — 20 hours.

Owing to the lengthy period of operation, the possibility of malfunc-
tion of the computer is not excluded. Hence the intermediate values of the
calculation and the program were recorded at intervals of 360 hours on a
magnetic drum.

In the event of malfunction, solution began with use of the most recent
recording. The results of the solution were printed out , the rock fill tem-
perature at intervals of 180 hours and the flow function and moving air tern—
perature at intervals of 360 hours.

Figure 7 shows the theoretical temperature field of the downstream
shoulder of the rockf ill. dam of the Vilyuy Hydroelectric Power Plant. As is
to be seen from the drawing, the downstream shoulder of the rockf ill dam is

- 

- 

- 
subject to deep chilling.
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Figure 7 • Theoretical temperature field of downstream shoulder as of
22 February 1967 (with no allowance for water—table elevation) .
1. Geometric axis of dam. 2. Apron .
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A low temperature with large gradients is observed around the base
• I - of the dam; this favors rapid chilling of the base of the dam. Use may

be made of this circumstance in erecting nonfiltering rockf ill dams on
soft soils . The el(i.ination of latent heat during phase conversion of
the moisture in the apron and in the top weighting, as well as the presence
of a horizontal airtight interlayer, exert a warming effect on the thermal
regime of the top of the downstream shoulder of the Vilyuy rockf ill. dam.

A substantial influence is exerted by the airtight interlayer , which
reduces the area of formation of the air stream resulting from natural con—
vection.

Figure 8 shows the flow lines of the air stream in the pores of the
-: fill on 22 February 1968. The concentration of the flow Line at the point

of escape of warm air demonstrates that the warm air escapes within a
limited section on the slope. This is confirmed by the results of observa-
tions conducted at the Vilyuy dam (Figure 3).

(1) 
~~

Figure 8. Flow Line of air stream in downstream shoulder of dam.

I. Geometric axis of dam . 2. Apron .

Figures 9a, b illustrate the variation in temperature with time and
compares the figures with the data of field observations at individual points.
The greatest difference between the theoretical and the observed values is
observed in the surface zone of the shoulder.

The reason for the difference between the theoretical and the observed
data in the surface zone is to be sought in the influence of the variations
in external air temperature, the initial conditions of the problem, 

* 
the

heterogeneity of the rock fill, and the influence of the heat insulating
• and airtight properties of snow on the downstream slope of the dam . —

21
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Figure 9. Variation in temperature at various points of the downstream
shoulder with t ime. (a) at point N° 5; (b) at points N° 14 and 18;
1. theoretical curve without allowance for water—table elevation of tail

- 
- bay . 2. same with allowance made for water—table elevation of tail bay.
* 3. according to data of field observations . 4. November 1967 . 5. Decem-

- 
- 

ber . 6. January. 7. February 1968. 8. hours . 9. thermistor .

9. Thermal. Regimes of the Downstream Shoulder of a Rockf ill
Dam with a Day Having an Airtight Surface Cover

4 Such problems can arise if the surface of the downstream shoulder
is covered with a thick layer of snow or other airtight materials. The
method of solving the problem remains unchanged in this case ; only the
boundary conditions of the problem undergo variation.

In solving the transfer function it is necessary to assume the flow *

function to equal zero over the entire outline of the downstream shoulder.

The temperature of the day of the downstream shoulder is determined
from the equation

) _ ôt...•~~~~(t f )  
(54)

where X is the coefficient of thermal conductivity of the rock fill
without convection;

Ctef — 

~ 
is the effective coefficient of heat exchange of

- , 
U A iz
the rock f ill with air [13];

~ is the coefficient of heat exchange of the fill with air; *

- & is the airtightness thickness of the material;
t

A
~~ 

is the coefficient of thermal conductivity of the airtight material .

1 22 
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The temperature of the pore air is everywhere determined by finite-
difference equat ion (35). The temperature of the air in the pores of the

- day of the downstream shoulder is to be adopted in this instance as the
- origin of the temperature level.

-. The numerical values of the para meters employed in the calculations
were assumed to be the same as those previously used, with the exception
of the coefficient of permeability (k’ • 0.34 • i0~~ a2) and the time step

- 
- - 

(At — 10 hours).

The thermal. regime of the base of the dam was not considered . The
boundary temperature in the base was assumed to equal zero degrees . The
initial conditio n of the probl em is also slightly different (Figure 10) .

~1

~~~~~ J / A
/: ~ ~~~~~~~~~~~~

3!  - ~~~~~~ 
~~

Figure 10. Initial temperature field of downstream shoulder .
1. geometric axis of dam.

_______ - *  - - - -  - -

Figure 11. Theoretical temperature field of downstream shoulder with
airtight cover. 1. First layer of filter. 2. Second layer of filter

Figure 11 illustrates the theoretical temperature field of the
- downstream shoulder when an airtight cover is present, and Figure 12 the

temperature field problem solved with no airtight cover.

23
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Figure 12. Theoretical temperature field of downst ream shoulder without
airtight cover . 1. geometric axis of dam. 2. Apron

Comparison of the two temperature fields (Figures 11 and 12) referred
to the same point in time demonstrates that the temp eratur e of the downstream
shoulder is higher when an airtight cover is present .

The pres ence of an airtight cover reduces the speed of movement of the
pore air by a factor of 2 to 3. The mean temperature of the downstream shoulder l

varies at a slower rate when an airtight cover is present than when one is
absent (Figures 11 and 12).

7

The airtight cover of the entire slope of the downstream shoulder ca~
be utilized for thermal. regulation of rockf ill dams • The presence of an air
insulating cover during the winter period alone fosters general. elevation of

* 
the temperature, and during the si~~~er period lowering of the temperature, of
the downstream shoulder of a dam.

Separated closed air streams are formed in the downstream shoulder of
a rockf ill dam. Convective heat exchange between individual streams is ab-
sent , and exchange of heat between them is effected only by way of thermal
conductivity .

In conclus ion it is to be noted that we have not made a full study of *

- * 
the influence of an airtight covering of the day of a downstream shoulder on
the thermal regime.

The problem must be solved for a more prolonged period (2—3) years in
order to obtain more reliable result s. *

Conclusions
-
‘--

1. A study has been made of the thermal regime of the downstream - 
- - -

~

* 
* 

shoulder of the rockf ill dam of the Vilyuy Hydroelectric Power Plant on - -

the basis of design relationships (12) , (22) , and (23) .

24
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— 2. The results of calculation and the data of f ield observations
have been found to be in close agreement.

3 Certain differences between them are to be ascribed to deter mine—
( t ion by way of approx imation of the parameters entering into the design re—

lationa (porosity of the fill, coefficient of perm eability of the rock f ill ,
diameter of the jointing. , .tc).

— 4. The results of the study can be employed in the design of rock—
fill dams~.
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