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THE HEAT ABSORPTION OF COOLING COLUMNS

- PhD Candidate (Technica l Sc i ences) A. I. Pekhov i ch ,
the B. Ye. Vedeneyev All—Union Scientific Research Institute of

Hyd ra u l i c Eng ineering

[0 Tep !opogloshchenii Zamorazhivayushch i kh Kolonok]

The hea t absorption of cooling columns is the quanti ty of heat
per uni t of time wh ich passes from the ground to cooling columns
and is drawn off by the brine circula ting in the columns.

Several specialists working in the area of ground freezing
[1, 2] have pointed out the considerable divergences between the
calculated and actual values of heat absorption and the approximate
na ture of existing methods of determining it . The amoun t of hea t
absorbed by columns serves as the basis for thermotechnology calculations
of ground freezing, and therefore in a number of cases, for instance
in calculating the freezing of water-permeable ground , it is necessary
to determine it more precisely.

The goal of this article is to develop a refined method for
determin ing the hea t absorp tion of col umns .

1. Ca lc u la t io n Me thods Use d

Up ti ll now two methods hav e been used to determ ine the heat
absorption of columns.

According to the f irs t and mos t common me thod , the heat absorption
of a unit of freezing column surface is considered to be a constant
value which is equal to 250 kcal/m2~hr [1 , 4]. Thus , if we designate
the column rad ius as r

0 
and its leng th as L , then the hea t absorp ti on

of the column 
~c 

w i l l  be determined by the fo l low ing express ion:

(1)

Heat absorption constancy requires that the temperature of the
brine in the column be constantly reduced during active freezing.

The second method is based on the assumption that the temperature
of the brine during freezing remains constant and the heat absorption
of the column decreases as the thermal resistance between the columns
and the surfaces of the freezing ground increases [5 , 6].

Thus , we can write:

p
( . )  



where

is the freezing temperature of the ground;

is the constant temperature of the brine;

R is the thermal resistance of the frozen ground .

As we see, these two methods of calculation are based on
diametr icall y opposi te precepts, which natura l ly  leads to contradictory
resul ts.

Example. By using the above-mentioned two methods of calculation ,
we will determine the heat absorption of columns before the frozen
ground cylinders join, if we know tha t

radius of freezing columns r = 0.05 m

total length of freezing columns L = 100 m
radius of frozen ground cylinders r = 0.2 m
freezing temperature of soil = 0°C

brine tempera ture in columns = -20°co
thermal conductivity of frozen ground.. A = 2 kcal/m~deg~hr.

According to the first method

Q 
~~~ ~~~~~~ ~~~~~~~~~~ ~(‘L)~— ‘l~~~ kcal/hz

In order to determine the thermal conductivity of the columns by
the second method , we first find the thermal resistance of the frozen
ground cylinders :

I r IR —  —-Irt -— = -— -—-— - I n‘- 1. r~ ~~~~~~~~~~ 0,03
= l .l l lO~~ deg~hr/kcal.

Then according to expression (2), we obtain :

_~!L 18 000c

Thus , we see that the results of the calculations performed by the
two methods differ considerably. The calculations of other examples
may prov ide larger or smaller differences than shown here. I t is
diff icult to say which of the results is more correct; it is completel y
possible that both results are wrong since the two method s arc
based on precepts which have little theoretical basis and are not
confirmed by practice. On the other hand , numerous practical data have
shown that ground freezing as a rule , first occurs in the presence of a
variable (decreasing) brine temperature , and then with the brine at a
constant temperature. The same materials indicate that the heat
absorption of the columns during fr ’czing decreases steadil y .

_ _ _ _ _ _  _ _ _ _



Figure 1 shows a characteristic graph of the changes in brine
temperature plotted from the work of N. G. Trupak [7]; Figure 2
shows a graph of the cold flow rate constructed by Kh. R. Khakimov
[ 2 ] .
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Fi gure 1 . Graph of Brine Temperature Changes Dur ing
Ground Freezing .

kcal

-. T~

F igure 2. Graph of Cold Flow Rate (Heat Discharge] During
Ground Freezing.

Wh ile analyzing the method proposed in this paper for calculating
the heat absorption of columns , the fol lowing paragraph will show
that the changes in heat absorpt ion and brine temperature observed
in practice are not random , hut rather obey comp letel y determined
laws.

2. Proposed Calculation Method s

The heat balance equation of the refrigeration mechanism has the
fo l low ing form:

( 3 1
ii 

~~
1c ~~~~~~

where

~rc is t he operating re f r ige rat  ion capac i t v  ~~t the ~ornpr essor :

- ~~~~~~~~~~~~--.- 
~~
- .



is the heat absorption of the freezing column;

Q1 is the thermal flux which comes from the outside to the

brine from the refrigeration device to the freezing columns (cold
losses);

is the thermal flux which changes the heat content of the

brine system (the brine, the br ine condu it , etc . ) .

We will show that each thermal conductivity of the frozen ground
correspond to a brine tempera ture at wh ich equil ibr ium occurs , as
expressed by the equations:

~rc~~~~c ~~~~~~~~~~ 
(4)

(5)

and therefore the brine temperature ~ changes to follow the course of the
ground freezing , while approaching values at which this equilibrium
occurs.

Le t us examine the componen ts of heat bal ance equation (4) .

The operative refrigeration capacity of rec iproca t ing comp ressors
at given rpm and constant water temperature in the condenser depends
primarily on the coolant evaporation temperature t

e~

This dependency is known for each type of compressor and is cal led
the compressor charac teristic. Fi gure 3 shows the char acter istic of
the AG compressor from the test materials of the All-Union Scientific
Research Institute of the Refrigeration Institute [.].

The difference be tween the evapora tion tempera ture and the
temperature of the brine can be assumed to be constant (usually -5 - - °C),
and it is then possible to present the compressor characteristic in the
f o l l o w i n g  form:

Q rc 1
~ 

k~~’ ( 0)

where t~ is the brine temperature.

Dependency (6) determines the first component of equation (4).
Component Q7, wh ich charac ter izes the cold loss , can he determined by
a generally accepted method [2J and is expressed as a function of
the brine temperature:

Q~ = f~~~

There remains the task of writing the dependency for the heat
absorpt ion of the column .

-4-
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Considering , as does I. A. Charnyy [5], that the temperature
distribution at any moment of time corresponds to the established
thermal state, we can wr ite :

Qc ’~~
°
~~~ 

. (8)

Here , in contrast to formula ( 2 )  the brine temperature is a variable.

Thus, we find that all thre ’ components of heat balance
equation (4) are a function of brine temperature.

By substituting (6), (7) and (8) into equation (4), we obtain :

-
.

from wh ich we find
R= ~~~~~~~~~ .‘

~ — 1. ((i) (9)

/ ?Z1 This equation determines the
T~ T!C~ / 1 ~ dependency between the brine

temperature and thermal resistance
of the f roze n ground . Exp ress ing

- L..L/_LiL~J~ 
this dependency in the form

______  (10 )

and substituting it into equation
(8), we find the desired calculation
equation for the heat absorption
of the columns:

F igure 3. Compressor Charac-
teristics of Compressor AG 

,

(~A ccording to the Data of the ‘
_ - - .) . (11)

All-U nion Scientific Research
Institute of the Refrigeration
I ndustry) . Strictly speaking , equation (11)

is correct only in the presence of
thermal equ ilibrium when the therma l flux which changes the brine
tempera ture is equa l to zero. However , for practical purposes maintenance
of this condition is not essential since the other components of heat
balance equation (3) are large relative to Q1. Therefore we may consider

that the refrigeration device passes in turn through a series of therma l
equ i l i b r ium pos iti ons , each of which corresponds to a given frozen
ground therma l resistance.

‘rhis makes it possible to represent how the refri ~erat ion nedian i

operates to freeze the ground in the followin g fashion .
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The decisive parameter is the thermal resistance of the frozen
ground . An increase in the thermal resistance causes a change in
all of the device ’s heat balance componen ts and a reduc tion in br ine
temperature. In this case the sequence is the following: an increase
in the therma l resistanc e causes a reduc tion in the columns ’ hea t
absorption ; the thermal equilibrium of the refrigeration device in
this case is disrupted because of the excess of compressor refrigeration
capacity which is expended on reducing the brine temperature; a
reduction in the brine temperature in turn causes a reduction in
the compresso r’s refrigeration capacity and an increase in the cold
losses; the heat absorption of the columns increases somewha t, but
does not reach its initial value. The reduction in brine temperature
continues until the thermal equilibrium expressed by equations (4) and
(5) is restored .

In actuality the process is continuous: the increase in the
thermal resistance of the frozen ground is simultaneously accompanied
by a reduc tion in br ine tempera ture , an increase in cold losses and
a reduction in the compressor ’s refrigeration capacity.

The reduction in bri ne tempera ture has a l im it , and when th is
limit is reached freezing continues at a constant temperature. In this
case the above-described course of the refrigeration unit ’s operation
is disrupted , and the use of the calculated formula for the heat
absorption of the columns (11) becomes uneven.

The minimum temperature of the brine 3 . is known in each
nm

particular case. When the water temperature in the condenser is
known , this value depends bas ica l ly  on the number of compression stages
in the compressor since the ratio of the discharge press ure to the
suction pressure should not exceed a certain value.

For single-stage ammonia devices e .  ~ -20°C, and for dual-stage

units 0 ~ -40°C. At 0 = B . the heat absorption of the columns isnun
equal to:

C R (12)

Thus we see that we should distinguish between two freezing periods:
the first period during which the brine temperature drops and the second
period during which the brine temperature is constant .

The heat absorption value at which the first period end s and
consequen t ly the second period beg ins is determined by dependency (9)
by substituting the minimum brine temperature into it:

o — ‘~~~~min (13 )
miii mt tn

in this case R . is the thermal resistance at which the brine tenperaturem in
reaches its minimum value.

— 0 —  
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As long as R 
~ 
Rmin (the first freezing period), the hea t absorp tion

of the columns must be determined from equation (11); when R > Rnun
(second freezing period ) , it is necessary to use equation (12).

The use of the calculation method proposV here will be illustrated
by way of an example.

3. Sample Calculation

Assume that it is necessary to determine the heat absorption of
freez ing col umns and the br ine tempera ture when a frozen ground wa l l
3 m thick is formed .

The following data are known:

the columns are arranged in a single row ,
column radius r

0 
= 0.05 m

distance between column axes S = 2 m
height of froz en ground wa l l  h = 10 m
length of frozen ground wall I = 10 ni
numbe r of colu mns N = 50
thermal conductivity of frozen ground = 2 kcal/ m deg ’ hr
freezing temperature of ground = 0°C

tempera ture of water in condenser t~ = 17°C

tempera ture of air (ground ) surround i~~
brine pipe = SOC
spec ific losses of cold (per degree of
difference between temperature of brine
and surrounding medium) q7 = 400 kcal/ hr .deg.

The columns are frozen by a refrigeration unit of the 4 AU1S type.

The difference between the condensation temperature of the ammonla
and the temperature of the water in the condenser is 18°C; consequentl y,
the condensation temperature t c = 17 + S = 25°c.

This is sufficient data to solve the stated problem .

The dependency of t he compressor ’s refrigeration capacity operation
on the brine temperature is found from the compressor character ist ic
(Figure 4). In this case the difference between the brine temperature
and the ammonia evaporat ion temperature is assumed to he equa l to 3°C.
Fi gure 4 shows t he curve Qrc  

=

The cold losses as a function of brine temperature are determined
by the formula

I I~~~~ . __ I )  - 
~~~~~~

Figure 5 shows a graph of the function Q. = 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _
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The minimum brine temperature is found from the condition that
for vertical compressors such as the 4 AU 15, the ratio of the freezing
pressure to the suction pressure should not exceed eight.

Assuming that the condensa tion pressure is t .. = 25°C, from the
table of saturated anunonia vapors we will find th~ vap or pressure
corresponding to the temperature p = 10.2 kg/cm2 [7]. Consequently,

the suction pressure should be at leas t

10 )
= 1.~Tkg c.~~:

at this pressure the temperatdre of saturated vapors is -29°C.

Allow ing for the temperature drop between the brine and the annionium
in the evaporator , we obtain the desired minimum brine temperature:

—2 9 :- .
~ 

— ~V C.
m in

The thermal resistance of the frozen ground at which the brine
temperature drops to its minimum value is determined from the formula
(13) .  -

kcal/b.r

_____ 
I 

______

°~~-3O -2J —2~~—fi —fD —5 9

Figure 4. Characteristic of Com-
pressors of Type L4 AU 15 . Figure 5. Cold Losses as a Function

of Brine Temperature.

Uti l i z ing Figures 4 and 5, we find that at brine temperature
0 = -24° the operative cold capacity of the compressor is 55,000
kca l/hr  and the cold losses are 11 ,000 kcal/hr. Then from formula
(13) we find :

p —- 
u 1m

~!L = .=- ~~~~~ deg.hr / 2ccal
~ f 1 m ~n T~~ m~n ~~~~~~~

)

The thermal resistance which corresponds to the calculated
frozen ground wall thickness is determined from the formula

R~

-8- 
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where is the half-thickness of the wall , equal in this case to
2 m.

From the works of Charnyy [8] we know that

S S
r. -— Lu —- , .

~~~~~
.

In this case
.5)

and consequently w hen the calculated thickness is reached

deg. hu/kcal
2 ) . u . J . )

We determine how brine temperature depends on the therma l resistance
of the frozen ground by using these equations:

0
rc ~~ & ..

For instance , for the value of the brine temperature -15 ° we find
from Figures 4 and 5 .that the compressor ’ s r e f r igeration capacity is
equal to 125 ,000 kcal/hr , and the cold losses are 8000 kcal/hr.

By subst ituting these values into equation (9),  we find :

R ~ T~L_ = -4 deg. hr/kcal
/1 (~ ) — (‘,) 123 (~~‘j 

_ 
.

In the sam e way we will calculate the thermal resistance values
of other temperatures.

The dependency ~ = f~ (R) is presented in Figure 0.

After the thermal resistance reaches S.53 ~ 10~~ deg~hr/kcal , the second
freezing period beg ins during which the brine temperature is constant
and equal to -24 °C.

We wi l l  determine the heat resistance function of the columns from
therma l resistance for the first period by using the previousl y calculated
relationship between thermal resistance and brine temperature. For
instance , from Figure 0 we find : when therma l resistance is O.(~~l0
deg~hr/kcal , brine temperature is equal to -10 °C.

By substituting these data into formula 1)) we find :

L I I  kcal hrC 
; . ~~

— I)—
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Dur ing the second freezing per iod the heat absorp tion of the
columns is calculated according to formula (12). For instance ,
w hen R = 6 1 0  ~ deg~hr/kcal , we will find

= T~.f~min, 24 
4I~~0i~

() kcal/hr
‘ C  p

The way in which the heat absorption of the columns depends on
thermal resistance is presented in Figure 7 and , along with the
above-noted dependency of brine temperature in the columns on thermal
resistance, makes it possible to solve the stated problem. We see
that in this example freezing begins at a column heat absorption
value exceeding 200,000 kcal/hr and ends at a value of 30,000
kcal/ hr .

kcal
~~g.hr

kcai .
— 

_— ~~~~~~~~~~~~p ‘ -‘ .: i: ‘C  I

\~ :~‘~ _ _

\
~~~i~~~) 

—. — ;t~Iii ~~~~~~~~~
N 

-‘ 2 _ 
_ _

_ _  
iIi _

~~~~
ii I_

, 
~~C -~~~~ t~ - 0 5 

~ Ii ~~~~~~Figure 6. Ca lcu la ted  Dependency 
_______________ _____

of the Brine Temperature Course. / ~T. dec~ hr
kcal

In concl usion we shou ld note .Figur e 7. Calculated uependency of thethat in a number of cases, tor .
Change in Heat Absorpt ion of the Freezinginstance in calculating the Columns.

freezing rate, it is necessary
to express the heat absorption of the
columns not only as the function of thermal resistance as we have done
here , but also as a function of the geometric dimensions of the frozen
ground : the radius of the cylinder or the thickness of the wa l l .

It is not difficult to make this transition by using the following
relationships:

r-~ ~~~~~~~~ 
( 14 )

and

.V= ~~i.LSf ~ ,“. ( 1 3)

where , as before

/t - .~. 
~ii

- 10-
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Obviously, relationship (14) is valid only until the frozen ground
cylinders join , i.e., as long as r ~~S/2, and therefore

/? ~~ ; tn~~- . After the cylinders join , it is necessary to use

relationship (15).

The dependency of the columns ’ heat absorption on the geometric
dimens ions of the frozen ground can also be determined by directly
substituting expressions R = f ( r)  or R f (X 1) into computation
equations (11) and (12).

14~ Conc l us i ons

The material analyzed in this article allows us to draw the
following conclusions.

1. The heat absorption of freezing columns changes very
signif icantly as the ground freezes. The law governing the change in
the columns ’ heat absorption is determined by the characteristic of the
refrigeration device and by the thermal resistance of the frozen
ground.

2. It is necessary to distinguish between two freezing periods.
During the first period the brine temperature drops , and during the
second period the brine temperature is constant.

3. The course of the change in the columns ’ heat absorption
during the first period is expressed by function (11), and during
the second period it is expressed by function (12) .

4. The moment of transition from the first to the second period
of freezing is determined by formula (13).

5. We have to reject the generall y accepted precept that the
intensity of the heat absorption of freezing columns is constant and
equal to 250 kci1/m~~hr.

6. In some special cases it is permitted to carry out therma l
calculations of freezing by assuming that the heat absorption of the
columns or the temperature of the brine is constant (the a~erage
value of heat absorption in this case may differ si gnificantly from
the value of 250 kca1/n2~ hr). However , in these cases :i~ well it is
also necessary to first determine the actual course of the changes
in the columns ’ heat absorption since it is only on this basis that
these simplifications can be introduced .

The use of the proposed method of calculation ma prove t~ i e  ~)t

value primaril y where it is necessary to determine the value of the
columns ’ heat absorption , if necessary as precisel y as possible , t c~r
instance calculat ing the freezing rate nf filtering ~zround , and in
therma l cal culat ions of 1ar~e Free: ing objects and to chec k s inpi i tie d

~1cs i gr1  met hods.

— 1 1 —  
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