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h.
In 1954 Volume 51 of the “Notes of the All-Un ion Scientific

Research Institute of Hydraulic Engineering” contained an artic le
which examined the method for calculating the freezing rate of
water-permeable ground by a row of columns after frozen ground
cylinders had joined. This article proposes a method for
calculating the rate at which water-permeable ground is frozen
by a series of columns before the frozen ground cylinders join.

1 . Statement of the Prob l em

The problem under examination can be formulated as follows.

Let there be given a cofferdani of length L and thickness H (Figure
1). The cofferdam is built on a base which is permeable to water and
heat. Water filters through the cofferdam under the action of a
constant difference in head between the lateral boundaries of the
cofferdain . Water does not filter around the cofferdain . The freezing
columns with radius r0, height h and total number L are arranged on

the cofferdam on a plane which is parallel to the lateral (head)
surfaces at uniform distances S from each other. Before the columns
are implanted in the ground , the filtration flow under natural
(normal) conditions has speed v~ and temperature 1. The ground

freezes at temperature t
0. The thermophysical parameters of the frozen

and unfrozen ground are known. It is necessary to find a dependency
which determines the ground freezing rate before the cylinders join.

b) cofferdam
frozen ground MTI$
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F i g u r e  ~~ . a, Plan of Cofferdam ; b , Transverse Cross—Section
of Coffe rdam . i
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2. Hea t Balance Equation

The heat balance equation of the frozen ground looks as f o l l o w s :

Qf 
= - Qf~ 

- Qg~ ~1)

where Q
f 

is the anount of heat evolved per unit of time when water frc~ :cs

on the surface  of the f rozen  ground cy l i n d e r s ;  

. •-~~~~~ -~~~.-~~~~~~~~~~~~ • •~~~~~~~-— - - • ~~~ -~~~~~ --~~~~~~~~~~~~~ • • .•~
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is the amount of heat which is given off per unit of time by the

freezing columns (the thermal absorption by the freezing columns);

Qf~ 
is the amount of heat which the filtration flow gives off

per unit of time to the frozen ground cylinders ;

Qg 
is the amount of heat which the frozen ground loses per unit of

time (cooling of the frozen ground cylinders).

The thermal flow Q
g i as is demonstrated in examining the freezing

of water-permeable ground by a single column [lJ can be taken into
account by increasing the calculated value of the latent ice formation
heat by the value

- 
c• •. c~c (2 )

where A
1 

is the thermal conductivity factor of the frozen ground;

c
1 
is the thermal capacity of the frozen ground ;

is the specific weight of the frozen ground ;

h is the height of the frozen ground cylinder .

Therefore thermal balance equation (1) can be represented in the
fo l lowin g s impler form:

= 

~c 
- Qfj. (3)

The thermal flux from the latent ice formation heat is equal to:

I , 
~~~~~~~~~~~~~~~~~~~~~~ 

14)
—

Here R is the radius of the frozen ground cylinder ;

is the latent ice formation heat of a unit of ground volume ;

r is time .

A ll owing for the therma l flux Q ,  instead of 4)  it is necessary to

write

f~ 
I ;’  

3)

where

( 1 1 )

L • • • •~~~•. • . • • ~~~~~~~~~~~~~~~~~~~~~~~~ • • •.--~~~~~~~~~~~~~~~~~~ —~~~~-~~~~~~.- -
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The absorption of heat by the freezing columns changes as the
ground freezes. The law governing the change in heat absorption is 

•
determined by the characteristic of the refrigeration device and by •~-~

the thermal resistance of the frozen ground .

The means for determining this dependency are analyzed in
the technical literature [2]: here we will write this dependency with
regard to the frozen ground cylinders in the following general form: •

= f(R).

This expression may be regarded as a known dependency; in doing this
we keep in mind the fact that by properly selecting the refrigeration
devices this dependency can be given any desired form.

If the freezing is conducted at a constant brine temperature ~~,

then

• ‘ — ‘lf ~ it ,,—’fl
“ic T~ (7)

It remains for us to determine the value of the thermal influx
from the filtration flow Qf1. The determination of this component of

heat balance equat ion (3) is the basic dif.ficulty in solving the stated
problem .

3. Ca l culating the Therma l lnf lux from the Unfrozen Water-Permeable
Ground to the Frozen Ground Cylind ers

We will, determine the value of the thermal flux from the unfrozen
ground to the frozen ground cylinders on the basis of the following
equation:

/
~~~ out L

where c~ is the thermal capacity of the water;

is the specific weight of the water;

I is the number of columns ;

v
0 is the speed of the filtration flow in the cofferdam in the

area where the frozen ground cy l inders do not cover the entire cross-section;

S is the distance between the axes of the freezing columns ;

T is the temperature of the filtration flow at the approach to the
f rozen  ground c y l i n d e r s  (equal  to the temperature of the filtration flm
under natura l conditions);

t0~~ is the average temperature of the filtration flo~ ifter passintz

through the frozen g round screen .
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In order to make subsequent analysis convenient, wd will introduce

two parameters : 
-

(8)

where is the speed of the filtration flow before freezing beg ins and

(9)

where as before t 0 is the freezing temperature of the ground .

Then the equation for the thermal flux Qf~ 
acqu ires the fol lowing

form:

(10)

where
~ i- c Sb/v

w w  b
( 11)

In order to use equation (10) it is necessary to know the values
of v and i~t.

In the problem which we are examining (a row of freezing columns ,
without filtration around the cofferdam) as the frozen ground cylinders
increase in size, the rate of flow through the cofferdam decreases ,
and therefore the speed of the filtration flow v

0 
and the val ue of v

decrease. This problem was studied by C. S. Shadrin who used the
graphic method of constructing motion giids [3]. An analytic examination
of this prob l em has led us to the fo l lowing  re la t ionship  [41 which determines
the desired parameter:

- 
-, (12)

L b ~~~~
where

(13)
S .

(14)

1 v  S in  ,, —

~l 5 )

-k graph of the dependency v = f~~ , ‘~) is pre sen t ed in Fi gure 2.
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Figure 2. Graph for Determining the Relative Change in
Filtration Flow Through the Cofferdam When the Frozen Ground
Cy linders Increase in Size .

Let us know determine i~t.  For this purpose we will use the solution
given by heat transmission theory for the probl em of wall cooling
[5]. The problem is formulated as follows.

An infinite, homogeneous wall of thickness 2X at the initial
time (r = 0) has the same temperature I at a l l  points , and then (T > 0)
both sides of its surface are exposed to a temperature of t

0
. The

temperature conductivity factor of the wall a is known .

The solution to this problem has the following form:

• 
• ( 16)

where
0~ • (l’ )

A graph of dependency (16) is presented in Figure 3, the lower left
quadrant (see glued-in piece at the end of the hook).

We will show how to use this solution in our case.

We w i l l  w r i t e  the d i f f e r e n t i a l  equation of heat conduc t i v i t y  in
water-permeable ground (the arrangement of the coordinate axes is g iven
in Figure 4):

• 
I (  -
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here v~, is the projection of the filtration flow ’s veloc ity vector
onto axis Y,

v,~ is the projection of the filtration flow ’s velocity vector
onto axis X.
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Ignoring the value of the thermal flux which arises due to phys ical

heat conduct ivi ty and is directed along axis Y and the component of
induced convection which is directed along X, we will convert equation
(18) into the fo l lowing form :

(19)

where

(20)

is the thermal conductivity factor of unfrozen ground .

Fi gure  ~~

Equation (19) can be regarded as a one-dimensional  thermal c o n d u c t i v i ty
equation in which the time variable is rep laced by the y coordinate
var iable .

Thus, the task of cooling a filtration flow which occurs 111 ~t gap
2X thick amowits to the task of cooling a wall , the solution to which
is known (equation (16)). However , in the case which is of interest
to us , cooling a filtration flow when it passes through a frozen ground
stream , we are dealing with a gap of non-constant thickness.

We will show that the above-indicated solution can also be applied
to our problem .
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As is known , the temperature distribution in an infinite planar-
-parallel wall is determined by integrating the differential equation

- 
( 2 1)

If we place the origin of the coordinate axis in the middle of the
F wall (x = 0) and designate the wall thickness as 2X , then under

boundary conditions

( 2 2 )

r — .\ , : J ( ~~
\ :)~~~t ;  (23)

the solution to equation (21), as is well known , will be as follows [5]:

I - •  : -— ~ ~~~~~~~~~~ i~~-~~
• .~~t • X p  I (24)

where

(25)

- . ( 26)

t
i 1~~’ _ i  (27)

.4i- • 
I (28)

For any moment in time (-r = r 0) equation (24)  can be regarded as

an initial condition (instead of (22)) with equation (21) integrated .
This initial condition is characterized completely by the value of
criterion Fo; in this case, from the viewpoint of the subsequent
process it is completely irrelevant what the conditions are under which
the process of heat transmission has occurred during the preceding
period. The course of the wall’ s temperature , as before , will be
described by equation (24), and th e speed of increase of Fo wi ll  depend
on the wall thickness at the given time . We will consider that the
change in wall thickness and , consequently, the change in the area of
the f i l t r a t ion  flow ’s cross-section per se does not cause any temperature
changes at compatible poin ts , i . e . ,  we w i l l  assume that when the stream
of the f i l t r a t i on  f low is ins tan taneous ly  compressed or expanded ,
dependency t f(y 1) will remain unchanged .

In this case

(~~~I))
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And , consequent ly,

( 3 0 )

Therefore the value of criterion Fo which has to be substituted into
the solution of (24) is determined by the in tegra l :

- , . ~~~ • 
(31)

In order to obtain th is  integral , we w i l l  express dT through X ,
and in doing so we note that

(32)

From Figure 4 it fo l lows a
v~~~R- -  

~ 
R~~

--
~~~~1- -- .\ .

by d i f f e ren t i a t ion , we f ind :

• — -__
• - _ ~~~_~~~~ -- - - (~~ _

•
•S . (33)

~ k~ —- i 4- - - . \ }

Keeping in mind the  fact that  the average ve loc i ty  of t he  f i l t r a t i o n
flow is inverse ly  proport ional  to the area of the c ross - sec t ion , we can
write:

34)

By substituting (32) into (31)  and t a k i n g  33 , and ~34) into
account , we f i nd :

- 
.

By integrating within The limits of X = ~~‘ to \ = - R , doubling the

result (since the limits cover only half of the length of the s li t) and
by s u b s t i tu t  ing  expres s ion  ~l5) ~.e f i n d  the  ‘:;ilue of the F o u r i e r
c r i t e r ion  after the f i l t r a t i o n  f l o w  p;Isses throu~ h th e fro:en ground

screen :

~

_ _ •
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and , keep ing ( 12) in mind , we finally obtain:

l~O —J\ -. .~~, (35)

where

—(i.. 
- ‘I’ (. 6)

x

K~-2- : (37)

-- see equation (15) .

The results of ca lcula t ing the Fourier cr i ter ion in terms of
dependency ( 35) are a lso prese nted in Fi gure 3. By knowing ‘

~~, 
and

K , this dependency makes it possible to find ~t.

Thus , by using the graph in Figure 2 it is possible to determine
the values of parameter v , and from the nornogram in Fi gure 3 it is
possible to find the values of parameter ~ t. This is sufficient to
calculate the magnitude of the heat influx from the unfrozen water-
-permeable ground according to formula (10). Below is given a
corresponding sample calculation for the purpose of illustration.

L4~ Sample Calcu la t i on  of Heat Influx From Unfrozen Water-Permeable
Ground

We will determine the thermal influx to one of the frozen ground
cylinders  which is in a row wi th  others.

kcalThe fo l lowing  are given:  \, = 1 m • h r ~deg

kcal
C = 1w m .deg

= 1000

V
b = 0 .04 rn/hr; I = 7 °C; t

0 
= 0°C; S = 1 rn; H = 3 m ;  I = 1; h = 1 rn .

From equations (20), (14) , (37), and (II), we find :

• I
z —

~i’
•
• W  ~

ii - ;

~
‘b~ 

I ; .

\ •- . • • 
-

• 
• . ~ keal h r .

w ,w

— 10—
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C~ r~ ,cAccording to computation equation (10) : . ••_~~

~•4i 
\•~~~~~~ :~~~~•~~~

The rest of the computations are summarized in the table. For the
sake of comparison the last graph in the table shows the results of
calculating the heat influx to a single frozen ground cylinder , with
these computations carried out according to formula of B. V.
Proskuryakov [6]:

Q 8  j i ’ T — t  ) 
~~~ (38)

TABLE 1.

kcal; hr
I Found from Found from Row of columnsSifl~le column

Figure 3 fror~~fomiula ~~~~~~~~~~~~~~

• II ~ .I. ~~~~~I )• •~

II , ; I I . ~~~~ II _ 2~ 
I

4 p •~~ 1) 1. ~~~~ _ I
I I  I)~~~ 

I I  1

• P I I I —
I I P 1 1  - —  •~~~- P

I • i • • •  .
) •~

Commas indicate decima l points.

From Table I it is evident that the magnitude of the heat influx
from the unfrozen ground to a cylinder which is in a row wi th  another
reaches its peak value when c ~ 0.8 , and then rap id ly  decreases.
A comparison with the data for a single cylinder shows that in the cited
case conditions for ground freezing by a row of columns are more favorable.
The correspond ing cal culations , however , show convincing ly that under
these circumstances , for instance at higher filtration flow speeds or
when the cofferdazu is quite thick , cases are possible where the thermal
influx 

~~~ 
to the frozen ground cylinders in a row with other cy linders

is greater than the flow to a single cylinder.

5. Solution to the Heat Balance Equation

We w i l l  subs t i tu te  into heat balance equat ion (3) the express ions
of its components (5) and (10), and by taking (13) into account we
f i n d :

The solution to the posed problem , determining the ground free:~ ni~
r ime before  the f rozen ground cy l i n d e r s  F o i n , i s  found by integrat ing
t h i s  l a t t er e~ t iat i on  w i t h i n  the  l i m i t s  from = 2r~ S ~~~ • = I and f r o m

= 0 , to - =

— I l—



.~ ~~ 
-- .\“ (39)

The sub-integral function is complex in form, and therefore the
value of the integral must be calculated by the graphic or tabular
method , and then determining the freezing time according to formula
(39) presen ts no prob l em .

6. Sample of Calculating Freezing Rate

We w i l l  determ ine the per iod of gro und fre ezing wh ich occ urs bef ore
the frozen ground cylinder join under the following initial conditions:

leng th of cofferdam L = 100 m
thickness of cof ferda m H = 6 m
height of column h = S in

• d istance between col umn axes S = 1 m
radius of freezing columns r

0 
= 0.05 m

speed of filtration flow V
b 

= 0.08 in/hr

temperature of filtration flow T = 6°C
latent ice formation heat per uni t  of 3ground volume = 24 , 000 kca l/ m
thermal capacity of water c

w 
= 1 kcal/kg/hr

spec if ic  we igh t of water ‘

~~~~ 

= 1000 kg/rn”

thermal conductivity factor of
unfrozen ground ‘2 

= 1 kcal/ m .hr ~deg
thermal conductivity factor of
f rozen ground 

~
‘ l 

= 2 kcal/m~hr~deg

thermal capacity of frozen ground c
1 

= 0.34 kcal/kg °C

spec if ic we ight of frozen gro und = 16.00 kg/n”.

We f ind -

“ — ~__ _!~~~~~-~~~ U.~ Ifh i -~~ hr

4,~ 4 . (.001 -

“ e.°~ - I

I -  ‘i~,• ‘~ -=I t~~S I
L ~~i I I I• I-, —- • -~S 1

\ _ e  “/;I :’ (7 t , ) - I !0t~0 I ~~~ 
. l I ~I )  I I f l~~ t — — ~‘h ) f l I ~ kcal hr .

w w  b

- 12 -

_ _ _ _ _ _  ‘~~~~~~~~ - -~~~~~~~~~~
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The refrigeration device ensures the constant brine temperature

0 -20°C; according to formula (7) and taking into account the fact
• that R = , we will determine how much heat the freezing columns

absorb :

2~ i i I .~ (t~— i ) 2~ 
. 11)0 - 2 . 20 

-~~~ 201 . I0~
St I t  ‘ n IO:~In a 

2 .

The calculated value of the la tent ice formation hea t is determ ined
from equations (2) and (6) :

- 
çj,~:Qç, • 4  ~~r ) .  ~~~~~ I) ~~4I l~ _ 27 . II ) ()

- 

‘i7). I/, — 
~ . • . ~ ‘C 

• •

The rest of the calcu1at~ons are summarized in Table 2, and in this
process , in accordance with equation (39) we utilize the following
express ion :

• :..~~: • .- •~~ -

• \ ‘ , ‘ - •  2 ••
‘C • ‘C

~~I 2I50~ —
.
‘ - _~ t

TABLE 2.

• ~~
• ) c fi 

• -
• ‘ A ccord- -

-
• • 

C ~~ ~ Eound k ~ 
• c ~i kcal ing to

hr L~ 
Wg~ re -~~~~~~~~ .!~. L  

kcal (39), hrs 
hrs

j~~ ‘.1 2~O 10 0.- . Ij T 1 ’. l  !~~~7I\~~ U.’I I i )  
• 

~~~~
c,,~ 183- ic  r .t~ o . I~~ •;c~ou 1. I I  J,.~ 1

~
i-i~~ I I  14t,. ‘0~ 

(1~~~ ~~_ eP I ,I~ ~• ‘ -

0, 1 125 .10:: )~~~ (~~4l) ~ 5(fl • H U~ .~~O 1  1 h ~
o.: I~~~-~ 0~ 0~~ 0. 2 ” )  101300 lOtCO zc ~~~~ ~~~L I ~ j~~~. ,

10 . 10 — 0, -i l L~ , ‘~~00 j .~ : 1~I 
•
~~~i ~~ . P I  P I ,’,

•‘~ 3 (
~. O:l 10 to ;  . (~ . 0  l 1 I . ~O~.l I’ _ i i O ~ —

• Commas ind i cate dec i ma l points.

Th us , under the given conditions joining will not occur;
the frozen ground cylinders wi ll cease to grow as early as ~ 0.~~4.
En the given case it is advisable to shift to freezing at -ì lower
brine temperature. Below Table 3 shows a calculation of freezing time
which demonstrates that if we assume that the brine temperature is

-40 °C , then j o i n i n g  w i l l  occur , for i n s t ance , on t he  l1~th  day .
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BEST A’f~-~. kf~ ~ TTY
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C Found Found k I kcai kcal Accordin~ ~~lrr u gure ~~~ ~fl 
I ~~~~~~

P 0.2 ~l. I I 58 0-lu  l U  0. 1 1 3 I 43 7(:4) 536300 0, 37. 10 
• 

:397~~) 1.E5
9,3 0, 1 I ~~~ 

• ,‘0~ l.I4 I  •31i5 0() 0.~3. ;0~ .23~00 4:0 6.0.1
0.’ 1 0,1 (10 a) Il 7300(1 . ~1 t?00 I ~4 -0 

1
~~~J ~~~ 

3,41 .
0, ; 0, 1 2~()- 0 0 4  J,~ i’j 5650() 10J2’00 L05- ’ 0 ’  •3075n ! 1  ~ 25.211
06 ~24-1O” II:’! 0~~90 101300 122700 • 0 . 2

0.7 0.1 206 - I0~ I p ~~~~; - 
Il 3.53 1 16000 j 90000 - 7.78~ to ’ ’ ~~30 2S .~- .5 72.2w

U.S 0.1 194- 10.: 0.77 0. ~‘ u  1 36000 I 58000 I.1,b • 10 ~92: 0 ~0 5~ L’2.92

°, 9 ~, I IS1 - l0~ u~i~ 0.690 164000 
: 
2000’J 45 - to ’ 28970

1 
104.o 2~5.’~2

~ 0.05 17~~- 1f) ~ 1 : 7  0,)’~0 GOi~0O 17400 23.~ • 10 28s00 S63 373.2~
ft (P$ p ( ~ 17t ~~10 ~ . 0.095 12pi000 50000 3,~~ .l 0  

• 
~S770 - 21 , 3.’

Commas ind icate dec ima l points .

7. Determining the Joining Conditions

The condition for the cylinders to join into a single frozen
ground mass consists of the fact that the heat absorbed by the columns

at all values of c must exceed the thermal influx from the filtration
flow , i.e., the fo l low ing condi t ion mus t be fu lf i lled :

Q~~
- cu  (40)

when

Instead of ensuring that  condition (40) is fulfilled from the
beginning of freezing until the frozen ground cylinders join , as
a rule , it is sufficient to ensure that this equality is observed
at frozen ground cylinder dimensions which correspond to the maximum
Qf~ value . Figure 5 shows the graph which makes it possible to

approximately determine the value of parameter ~ at which Qf .  reaches
its peak. This graph was plotted as follows.

By utilizing Figures 2 and 3, dependenc ies such as • € v  f~~)
were found for various values K const and ‘< = const , and each of
these curves was used to determine values which correspond to a
maximum value of ‘• t  , and consequently to the maximum Qf. value at

given values K and J. These additional calculations and structures ire
not given here , hut  only their results are shown in Figure 5.

We will cite an example of ensuring that t he  s o l i d i f i c a t i o n  c o n d i t ~~on~
ar e f u l f i l l e d .
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Assume that it is necessary to determine the distance between the
freez ing columns at which joining of the frozen ground cylinders
w ill be ensured , if it is known that:

length of cofferdam L = 50 in
thickness of cofferdam H = 8 rn
heigh t of freez ing col umns h = 10 m
radius of freezing columns r

0 
= 0.05 m

speed of filtrat ion flow v
b 

= 0.05 rn/hr

temperature of filtration flow I = 5°C
thermal capacity of water c = 1 kcal/kg’deg

specific weight of water y = 1 kg/rn

thermal conductivity fa’ctor of
frozen ground A

1 
= 2 kcal/m~hr deg

thermal conductivity factor of
unfrozen ground ‘2 = 1 kcal/m’hr’deg

br ine temperature in columns ‘ . 0 = -22°C
freezing temperature of ground t

0 
= 0°C.

According to (11) and bearing in mind the fact that I = L/S ,
we can wr ite

.V=c.~
.
W~
L:.b ( :—r , l . . . 50 . (J ,). .5 • ~5-~-L1 5 ’. ciJ kcaJ/bx.

If  we assume that S = 1.5 in, then according to expression (3) and
(14) [with allowance for (20)1:

I
4. .,., — ~~~~~~~~~~~~~~~

I ’ c~ ’~~ S — . ~Ij4)~j  . ((1)5 . I

I-! ‘
/ __

~~ = • . _ . ‘ CI .
.“ ~.5

From Figure 5 we determine that the maximum heat influx of the filtration
flow occurs when ~ 0.94.

From Figures 2 and 3 we find that when ‘ 0.94 :

v = 0.48 and ~t = 0.86, and consequently according to (10):

fj  . . • _ : = • ‘_‘~~~~‘ ~~~~~~~ (‘ - i .  L~ ’ .
-
~~ •~~~: -  kcal,hr .

On the other hand , the iieat absorbed by the co lumns  is equa l to:

— —  . . ~~~~~~~~~~~~ 
- • I 

~~~~~C :,~ — I ) , ’. ? .  1 , )

- 1 5 -  
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ThUS, it has been found that when S = 1.5 m Qf .  > Q c and consequently
jo in ing does not occur ; therefore it is necessary to set the
columns closer together. If we assume that S = 0.8 in and repeat the
course of the above-cited calculation , we find that the position

= 0.92 w i l l  be mos t d iff icul t and in this case: Q.. = 75 ,000

and = 86,500 
~~~~~~~ 

Therefore this version is technically feasible

since condit ion (40) is maintained.
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Figure 5. Graph for Determining the Value of Parameter
c at Wh i ch the Therma l Influx From the Unfrozen Water-
-Permeable Ground to the Frozen Ground Columns Reaches
I ts Peak.

Conclusions

In this article we have examined the problems of making a
therma l engineering calculation of water-permeable ground being
frozen by a row of columns before the frozen ground cyl inders
join where the ~filtration flow arises through the cofferdam
under the ac tion of ~ -constant head .

As a consequence a method corresponding to this case has been
developed for calculat ing the period of freezing. In this process
it was found that as the frozen ground cylinders increased in size ,
the thermal influx from the unfrozen ground first increased and then ,
due to the reduction in the flow rate of the filtration flow , decreased.
Therefore the most difficult period of freezing occurs not directl y
pr ior to the joining of the frozen ground cylinders , hut
somewhat beforehand . If by the t ime the maximum thermal influx from

— 1 1-’
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the filtration flow occurs the frozen ground cylinders are still
growin g in s i z e , then it is considered that their joining
into a unified frozen ground mass is ensured.

It should be noted that the method proposed in this work for a
thermal calculation of the cooling of a filtration flow flowing
between two frozen ground cylinders may also be used to solve a
number of other thermal problems in which the temperature conductivity
of a body and its dimensions vary according to a known law (for
instance , in the problems of water course therinics). In this
process , however , it must be kept in mind that this method is
correct only when there are constant temperatures at the boundaries
and if the physics of the event under consideration makes it possible
to consider that the change in wall thickness (or water course depth ,
diameter of the penstock , etc.) does not per se cause temperature
changes at compatible points.
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