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This publication intended for designers, builders and other

specialists engaged in devel oping permafrost regions.

| NTRODUCTI ON
The natural resources of the Far North are being rapidly

exploited and there has been a corresponding growh in popul ation. As

a result the question of the supply and prol onged storage of perishable

goods has become particularly acute. Some way nust be found of
building large cold storage facilities.

The Far North is, of course, a region of continuous pernafrost
with tenperatures in the |ayer of zero annual tenperature fluctuations
ranging fromninus 2 to mnus 100c.

Shal I ow-1ying cellars have |ong been used for the storage of
food products. Many years ago soneone had the idea of utilizing the
| ocal natural conditions to build underground cold storage facilities.
As early as 10927, M.1. Sungin had suggested building a huge conbined
nuseum and cold store. Since then underground food warehouses have
been constructed in various parts of the Far North.

M.M. Krylov (Tumel' , 1945) was the originator of the first
design for an underground cold storage facility and this was used in
the construction in 1932 of a fish storehouse in the village of
Ust'-Port on the Yenisei River. However, according to V.F. Tumel'

(1945) , the design was nodified somewhat in the course of construction.

*Page nunber in the Russian Text. - Translator.
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In 1936 two underground storehouses were built for scientific
purposes at the Igarka pernafrost research station, under the direction
of P.1. Mel'nikov.

In 1942 underground cold storage facilities were constructed at
Kyusyur on the Lena River and near Anadyr' in Chukotka. The second of
these was designed by 1I.F. Sidorov of the Anadyr Pernmafrost Research
Station (Tumel', 1945).

During construction and the subsequent period of operation the
Igarka underground storehouses were used first by P.I. Mel'nikov and
then by L.A. Meister and V.F. Tumel' as underground | aboratories for
various scientific research projects. Mel'nikov succeeded in
determning the structural and watertightness characteristics of such
bui I dings in permafrost conditions and also in elucidating the
conditions under which the roof would be stable. Later, first
Mel'nikov and then Meister and Tumel' studied certain aspects of the
thermal regine of the frozen ground around the facilities.

The 1960S saw a boom in underground cold storage construction.
Large nunbers of projects were begun on collective and state farns in

t he Chukehi National District, and various scientific research

organi zations were asked by party and state agencies to undertake
scientific feasibility studies prior to the construction and operation
of underground cold stores in certain areas. In response to a request
fromthe Council of Mnisters of the Yakut ASSR a senior scientist at
t he Geocryological Institute of the Siberian Division of the USSR

Acadeny of Sciences, K.F. Voitkovsky, produced a design for an

underground storage facility suited to conditions in Yakutia.

4



Simlarly, a scientist at the Anadyr permafrost research station,
N.G. Mronov, was conmm ssioned by the Chukotka district executive
commttee and district conmttee of the Soviet Communist Party to
design a cold store for service in Chukotka.

The author of the present work investigated the tenperature
conditions of some of the existing underground storage facilities,
devi sed solutions to various design and engi neering probl ems, and
devel oped equations for use in thermal calculations.

Notw t hstanding the obvious technical and econonical advantages
of building underground cold stores in frozen ground and underground
ice, construction is still being delayed: engineering feasibility
studies have not been done, themal equations have not been devel oped,
and the experience that has been acquired in construction and operation
has not been nmade generally available to engineers and technicians.

The author has set hinmself the task of filling this gap in the
engineering literature.

The author wi shes to express his sincere gratitude to
R.M. Sarkisyan for his work in editing the manuscript and to thank all
his colleagues at the laboratory and station who helped himin his
t ask.

Chapter |
UNDERGROUND COLD STORAGE FACI LI TIES

Structural properties of frozen soils and
underground ice

Experience in developing the Far North, and particularly

Chukotka, has shown the desirability of constructing cold storage



facilities in underground ice and frozen ground.

Practice has denonstrated that the various kinds of defornation
undergone by soil used as a buildi ng mat erial are caused nainly by the
thawing of the pernmafrost during construction or operation. Len‘gt hy
observation of cold stores and shafts in frozen soil and underground
ice has shown that frozen very fine-grained icy soil and underground
ice are quite strong enough to eriure the stability of the excavations.

The underground cold stores studied in Chukotka, which have
been built in loam loamsand, silty cl z;yey and icy soils and
underground ice, have roons with spans ranging from2 to 5 mand an
unsupported semcircular donme under rock varying in thickness from
3 to 30 netres. They have been in service for periods ranging from 3
to 10 years and no cases of roof collapse have yet been recorded.

The results of observations of the behaviour of the roofs of
underground cold storage facilities constructed in icy clay, |oam and
silty loam sand soils and underground ice with tenperatures below - 2°C*
show that it is possible to nake unsupported underground excavations
with a span of 4-6 m

Data on the mechani cal and strength properties of frozen
soils as a function of their state can be found in the works of
geocryologists {(Tsytovich, 1958a,b; Vyalov and others, 1962; Velli and
others, 1963).

The nechani cal properties of frozen soils depend chiefly on

tenperature, structure and texture, the amunt of unfrozen water, the

*Except for saline soils, in the case of which the freezing point of
the interstitial water is well below O'C
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chemcal conposition of the ice, and so on. The mechanical properties
of the soil at the selected site can be determ ned experinentally or be
taken in accordance existing standards and specifications (CH315-65).
The magni tude of the design conpressive strength (all owabl e preséure)

for frozen ground as a function of tenperature and particle size

distribution can be judged fromthe data in Table 1 (Tsytovich, 1958a).

Table 1 Calculated strength values for frozen soils, kgf/cm?

Maxi num soi | tenperature

soi | -0.4" -1.2Y -4 .09

Medium and fine-grained sand ....... ...... 6.0 10.0 14.0
Silty loamsands, W $35%. . . . . . . . . . ... ... 3.5 7.0 10.0
Silty loams, W& 45% ..................... 3.0 5.0 8.0
| ce-saturated silty, sand |oamloam

and clay soils and soils with a

hi gh content of ice layers and

inclusions (over 5 nmthick) ... ... ... . 2.5 4.0 6.0

Frosty (unbended) sandy, loam sand soils are characterized by
| ower strength and significantly | ower heat capacity, so they should

not be used for the purpose under discussion.

ACCUMULATI ON OF COLD BY THE FROZEN SO L AROUND THE

COLD STORAGE FACILITY

The main advantage of underground cold storage facilities as

opposed to surface ones is that a “reserve of cold"* nmay be created in

*This term is taken fromrefrigeration engineering.
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the surrounding soil because of the high heat capacity of the latter. 7
The source of this cold may be cold air fromoutside circulating
through the rooms in winter. e reserve of cold accunulating in the
soil depends mainly on the difference in tenperature between the source
of the cold (air tenperature) and the soil, and on the heat capacity of
the latter and the conditions and length of cooling
In the vast territories of the Far North, cold winter air may
be used as the cold source, and the higher tenperatures in the
under ground excavations neke it easier to use for this purpose.

The m ni mum average nmonthly ground tenperature increases wth

depth and it occurs much later than the mninum average nonthly air
tenperature. In the Far North, for exanple, where the seasonally

t hawed | ayer freezes during Decenber and early January, the m nimm
temperature at a depth of 7 moccurs in July-August (a delay of

5-6 months), and at a depth of 10 mit is reached in Septenber-
November (a delay of 8-9 nonths). The maxi mum nean nonthly ground
tenmperature occurs in Novenber-Decenber at 3 mand in March of the
following year at a depth of 10 m thus |agging eight or nine nonths
behi nd the maxi mum nean nmonthly air tenperature.

The annual fluctuations in ground tenperature dimnish with
depth. Already at a depth of 5-7 mthe variation is no nore than
1-3%, and deeper down it is only tenths of a degree (Table 2). In
nmost cases the annual zero fluctuation zone for the very fine-grained
soils of the Far North lies at depths ranging from12 to 20 m  These
circumstances created favorable conditions for the accumulation of
addi tional reserves of cold through the injection of cold winter air

into the underground storage areas.
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The above-noted patterns in the tine and depth distribution of
ground tenperature in natural conditions are reflected in Table 2 and

Fig. 1
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Fig. 1. Depth distribution of ground tenperature
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Table 2

Mean nonthly ground tenperatures in 1954 measured at the Soviet Acadeny

of Sciences Permafrost Research Station

Figure 1 shows the ground tenperature distribution in wnter
(February) and at the end of summer (Cctober). The arrows on the
graphs indicate the direction of heat flow

In February the heat accunulated in the soil during summer is
di ssipated — nmost of it into the atnosphere and the rest into the
underlying soil. The tenperature gradients are quite high (1.23
degrees per metre) down to a depth of 7 metres. Beyond that point
there is a sharp drop, and at depths of 15-30 netres the gradient is
zero, i.e. there is no heat flow

In Cctober the heat in the upper layers (from1 to 10 m) flows

into the ground. The gradient near the surface is once again quite

(in 'Q
I pth, m

1,0 1.5 20 || s 50 | 7,0 | 100 || 125 | 150 || 20/ 30,0
Jan. "-.... 11,8 | —10,5 | —94 | —63 | —s,4 |-5.t |-5,7"|-5,7 |-5,6/|-5,4 |-5, 2
Feb. . —129 | —11,3 | —106 | —85 | 6,1 |-5,3|-5,6|—55]|-5,4|—5.4|-5,4
March . —150 | —13,3 | —12,2 | —101 —~4,0 [-5,7|-5,4|—54|-5,2 |—55|-5,7
Apri | 0,1 | —108 | -10,7 | —10,3 | —80 |—6.2|-5,6(—56|-55|—54|-5,3
‘May . . . . -5,6 -6,8 —7.6 -85 | -8,0 |—6,7|—59|—5,6|-5,6 |—5,4[-5,2
June - - - -2,8 —4,0 —4,9 —64 | —7,3 |—6,8|—6,i|-5,7|-5,5|—5.4|-5,2
Juuf]y Coe 2,1 —32| —39| —-53| -6,1 |-6,6|-6,2|—57|—56|—5,4]|-5,2
August —0,9 — —24| —36| -5,2 |—6,3|-6,3|—5,7|—5,6|-5,4|-5,2
Sept . —0,6 — —20| —31| —45 |—58|—61|—59|—56|-5,4|-5,2
Oct. . —0,6 — —16 | —26| —40 |—55|—60|—58[—55|-5,4|-5,2
Nov. . ‘39 | — —35| —45| —37 |—51|-5,9|—58|-5,5|—5,4|-5,2
Dec. —12,2 —5.4 —6,7 | -3,8 |—4.0|-5,6] —5,8|—5,6|-5,4|-5,2
Annual Tean . —6,5 —-62| —63| —5,7/-5,7|-5,8 —5,7| —5,5|-5,4|-5,3
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high and in our case averaged 0.82 degree/m at depths of 1-7 metres,
whereas at 15-30 metres the heat flowed in the opposite direction and
the gradient was only 0.02 degree/m

The natural flow of heat per unit fromthe | ower |ayers can be

cal cul ated using the fornula

1
q = — hugradt, )

wher e Ami s the thermal conductivity of the frozen ground; grad t
is the tenperature gradient, degrees/m..

At grad t = 0.02 degree/m andmA = 1.5 keal/m?~tr-degree,
the heat flow rate g = 1.5X0.02 = 0.03 kcal/m?-hr = 0.03X24 = 0.72 kcal/
ni- day.

Since the tenperature gradient near the annual zero fluctuation
zone is far lower in nost areas of the Far North (0.005-0.2 degree/m
than the tenperature gradient averaged over the entire depth of the /10
frozen zone, the flow of heat fromwithin the earth will be still
| ower, by approximately one order of magnitude. This amount of heat is
enough to increase the tenmperature of a layer of soil 1 nmetre thick by
0.03°C per year provided there is no heat |loss fromthe surface.

These calculations are rough estimtes and nmerely show the
order of magnitude of the heat flow.

As noted above, the range of tenperature variation dinnishes
with depth. At depths of 3-4 m the maximum heat flux from the
at nosphere into the ground in the first and second zones occurs in
August - Cct ober, whereas at depths of 7-10 mit is observed in Novenber-

Decenber.  Thus, in August-Cctober the temperature gradient at Anadyr
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is 0.7-0.8 degree/m at a depth of 3-5 mand 0.2-0.25 degree/ m at
7-10 m  Using the above formula to recalculate the heat flow fromthe
at mosphere into the soil, we get a figure of 25-30 kcal/day per square
metre for the 5 mhorizon and from7 t o 10 kcal/day per square metre
for the 10 nmetre horizon.

Fromthis we can judge the optimm depth down to a cold storage

facility at which cooling |osses into the atnosphere through the roof

and into the underlying soil will be mniml. The appropriate depth in
Chukotka IS the zone of annual zero tenperature fluctuation, i.e. 10-
15 m

At first glance it would seemthat the depth of the cold

storage facility could be reduced in view of the |ateness of the wave
of heat from the atnosphere. This is a common error, but it should
al ways be borne in mnd that the depth nmust in ail cases exceed the
radius of artificial cooling of the frozen soil around the excavation,
which is estimated at 4-5 m If the depth down cothe roof is strictly
equal to the cooling radius, by the end of winter there will be a
relatively low negative tenperature, and this will mean an increase in
the flow of heat from the atnosphere into the soil in sumer.
Therefore the depth from ground surface to roof nust exceed the cooling
radius by at least a factor of two. This will give us the optinum
depth cited above, i.e. 10-15 m

Hence, as already stated, it IS best to build underground

storage facilities in the zone of annual zero tenperature fluctuation

" (at a depth of 10-15 m.
The creation of a reserve of cold in the surrounding soil in /11

wi nter depends on the rate of air flow through the rooms, the air
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temperature, the duration of flow and the thermophysical constants of
the surrounding soil. The higher the rate of flow, the higher the heat
transfer coefficient and the smaller the tenmperature difference between
the points of entry and exit of the current of air. A low negative air
temperature helps to cool the surrounding soil down to a considerable
dept h.

In order to create a large reserve of cold the passage of air
can be speeded up by forced ventilation during the cold season. Care
shoul d be taken to ensure that the direction of novenent of the forced
draught coincides with that of the natural draught.

This is necessary in order to be able to switch from forced
circulation to natural circulation, which is nmuch nore intense when

there is a lowtenperature field in the surrounding soil.

CONSTRUCTI ON ZONES  FOR  UNDERGROUND

COLD STORAGE FACILITIES

Any attenpt at zoning is always beset by the difficulty of
assessing the principal factors defining the zones. For purely
practical purposes we based our zoning of the Soviet North on the
following factors: the tenperature of the frozen ground, the duration
of negative air tenperatures in winter, and soil strength. The sanple

scheme proposed (Fig. 2) is based on I.Ya. Barabanov's geocryological

map (1960).
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Fig. 2. “Map of the Soviet North showing the zones where it is
feasible to construct underground cold storage facilities.
1 - Arctic and Subarctic zone;, 2 - temperate zone; 3 - zone
of stable cold winters; 4 - limt of permafrost region;

5 - minimumsoil tenperature near base of |ayer of annual
temperature fluctuations.

In theory, wunderground cold storage facilities could be built

anywhere within the permafrost region, but it nakes better economc
sense to narrow the choice down to areas with a negative soil
tenperature bel ow mnus 2°C where the winter is | ong. In the

pernmafrost areas of the North which neet these criteria, both the

112



14
the construction costs and operation costs are |ower than for surface

facilities.

For our purposes we have divided the Soviet North into three
zones (see Fig. 2). |

Zone | - The Arctic and Subarctic pernmafrost zone is
characterized by low soil tenperature sbelow mnus 7°C at the ze 0
fluctuation |evel

The climate is marked by stable cold winters with nore than
100 days of tenperatures below mnus 15%. The areas concerned lie
along the Asian shore of the Arctic Ccean. The western boundary passes
along Gb Bay, the southern one around the Arctic circle, swi nging
north-eastward as far as the 65th parallel, along the mnus 7°C
i sothermof the soil at the zero annual fluctuation |evel.

In this zone a reserve of cold can be created in the walls of
an underground storage facility in winter by using outside cold air as
a col d source. Wth correct handling, neat, fish and other food
products can be chilled, frozen and stored without nmechanical aids,
relying entirely on the natural cold reserve in the surrounding frozen
ground created by the wnter. In these circunstances, of course
freezing take's longer than if mechanical refrigeration had been used

Zone Il - This tenperature zone is characterized by constant
negative soil tenperatures ranging frommnus 7°C to nminus 5°C at the
zero fluctuation level. The climate in this zone is nmarked by stable
cold winters with over 100 days of tenperatures bel ow m nus 10%. The
zone includes the areas to the south of zone |. Its southern boundary
passes along the minus 5°C isothermof the soil at the zero fluctuation

| evel (see Fig. 2).

/113
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In this zone a reserve of cold can be built up in the
surrounding soil by using additional forced circulation of cold air
from outside throughout the entire cold season. The cold accunul ated
during the winter is enough to store neat and fish for the mhole.of t he
warm season. A small ampunt of produce can be frozen relying

principally on the coldness of the soil and on ice-salt cooling. For

larger quantities prefreezing in a mechanical refrigerator is necessary.

If the span is correctly calculated, the rooms and corridors can be

| eft unsupported.

Zone |Il. This zone is marked by stable and |long cold wi nters.
It lies south of the second zone. Its sout hern boundary passes al ong
the minus 2° isothermof the soil at the zero annual fluctuation |evel
Geogr aphi cal |y speaking the southern boundary lies roughly along the
l'ine connecting Vorkuta, Salekhard, Igarka and Aldan. In the southern
areas of the zone the cold reserve accunulated in winter due to the
circulation of could outside air through the roonms will be insufficient
for the storage of meat and fish throughout the warm season. In autum
additional cooling will be required - =alt-ice or nmechanica
refrigeration

In the renmaining parts of the USSR, underground cold storage
facilities are economcal only if ready-nade near-surface excavations
are used. Mechanical cooling is necessary to provide the right
negative tenperatures for storage, chilling and freezing. The nost
economi cal cold storage facilities under these conditions are

M.M. Xrylov's ice stores which use mechanical refrigeration.

/14
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TYPES OF UNDERGROUND STORAGE FACI LI TIES AND

THEIR DEFI Cl ENCI ES

In the Far North several dozen underground col d storage
facilities have been constructed which differ in design, |ayout and
operating technology. The differences in vertical and horizontal
[ ayout are due to the particular nethod of ingress used. It has been
suggested that underground facilities with (vertical) ingress via a
shaft should be called shaft facilities, and those with an entrance at
floor level adit facilities. This arbitrary division into tw types

mekes 1t easier to describe their design and denonstrate the advantages

and di sadvantages of each type.

Most of the underground cold stores that have been built so far
suffer from many substantial defects affecting the tenperature reginme
and operating technology. So far not a single work has been published
whi ch deal s adequately with the constructional and operating features
and defects of underground cold storage facilities. Some of these are

descri bed bel ow.

1. Siting too close to the surface. As a rule this results in

| arge unproductive [ osses of cold fromthe surrounding soil to th e
at mosphere. “I"he air tenperature is elevated even in autum, when there
is no natural conpensating source of cold (i.e. cold air).

Such a facility was built at the XXIlI CPSU Congress collective

farmin the vicinity of Tavaivaamin the Anadyr district. The depth

fromground surface to the roof of the roons and corridor in this shaft-

type facility ranges from 3.5 mat the entrance ro 4.5 mat the end

/15



17
The facility 1is built mainly in vein ice and only at three points do
the ends of the roons extend into frozen ground, which is silty |oam
sand, with a low ice content. In autum, when the outside air
tenperature is around 8-10"C, the air tenperature inside the ice store

often rises to mnus 3° .

2. Making the roof of the corridor and roons slope towards the

exit in cold storage facilities of the adit type. The author

investigated a facility of this type at the "Kanchalansky” state farm
in the Anady district. It is situated iOO-lSOmfromthe settlenent of
Kanchalan, downstream of the river of the same nane. The adit was

driven in the slope of the first river terrace above the floodplain in

frozen silty loam sand. The entrance faces the river (Fig. 3).

i! A A y, A j
);_4_,4‘ ) N ——
. -

EJ—+LJ-+{U+—.1,0—+—.5,J I 4——E 0 —~JO04—E0 ——J0 420
. 25 ]

A

— l,J—-z,Jw—é,j-‘

/7/%/////// 7 /

////////////// P// /ﬂ/t// /. ////é

///////// ////// //////////////// //// ////7///

. Pre. 3. NoRseuniA XONORRABKAK THNE WTOALKH 8 noc. Kausanaw Ana-
' Ampckoro pakona MaraaanckoR obaacru

a— nxan; 8 — paapes

Fig. 3. An adit-type underground cold store at Xalanchan in the Anadyr
district of the Magadan Region
a - pan View, Db- cross- sction
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Because the roof slopes towards the exit, every time the entrance doors
are opened warm outside air rushes into the facility and rises to the
hi ghest point of the roof at the end of the corridor. ‘|bis leads to
consi derable | osses of cold and fluctuations in the air tenperature
inside the facility. \Wen the relative hunidity is high in autum, the
temperature fluctuations cause condensation to formon the walls of the
chanbers and on the produce, so that the latter turns mouldy.

3 The infiltration of surface and ground water |eads to a

0 nsiderable rise in the tenperature and humdity of the air inside.
At fairly high air tenperatures the roofs of the rooms and corridor
become nuch less stable. In the adit-type of facility nost of the
wat er seeps in where the entrance joins the corridor and al so straight
through the ceiling and walls of the entrance area. The water cones in
when the ground thaws above the entrance, either because the overburden
is not thick enough or because the waterproofing is inadequate. In
facilities of the shaft type, the water usually penetrates through the
lining of the service and ventilation shafts due to defective sealing.
4. The absence of a lining of ice on the walls of the roons
and corridor |eads eventually to drying out of the soil, which then
begins to crunble on the lightest contact, or even under the weight of
frost. An investigation of existing underground cold storage
facilities revealed that soil unlined with ice absorbs the specific
odours of the food products being stored, and even ventilation is

unable to dispel them conpletely. It should also be pointed out that

/16
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[ining the walls with wood does not help to renpve the odours.

Furthernore, voids forming behind the woodwork on the ceiling and walls

I ncrease thernal resistance on the one hand, and on the other promote
breeding by rats and mice. It is very difficult to take preventive
measures in such facilities. The disadvantages |isted can be renedied

by lining the walls with ice, making sure that there is no gap between

the ice and the soil.

5. The absence of ventilation shafts in all types of

underground cold store makes it difficult to create a reserve of cold

in wnter. This defect was discovered in nost of the facilities

i nvestigated.

Chapter 11

CONSTRUCTI ON OF UNDERGROUND COLD STORAGE FACI LI TI ES

Until now the technical literature has contained very little

information on the construction of underground cold storage facilities

Moreover, the works published earlier (Tumel', 1945; Chekotillo, 1945,
1946) are hard to come by and unavailable to nost specialists in the
field.

Underground cold storage facilities have been built on the
basis of individual and inperfect designs. The unsatisfactory
performance of some of the above-described facilities in Chukotka (on

the XXIl CPSU Congress collective farm the "Kanchalansky" state farm

and others) is due to engineering errors of the sort nentioned earlier

/18
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(Mironov, 1959). The recommendations given below concerning the
pl anni ng, construction and operation of cold storage facilities are
based on the author’s observations of newly built facilities in service
in Chukotka, and al so on analysis of the results of engineering
conput ati ons made by the author.

Successful operation of an underground cold store depends

largely on correct siting, appropriate scaling, rational |ayout and

other factors

Sel ecting the construction site

The choice of site should be governed by’ the follow ng

consi der ations.

1. The site should be located in soil with a high content of
of ice, including underground ice. It is easier to excavate the roons
and corridor in such soils than in plastic soils with a low ice
content. Their heat capacity is considerably higher than that of the
latter, and this pernmts the accunulation of a large reserve of cold in
the walls of the facility.

2. A shaft-type facility should be located on a local rise in
a generally level area, whereas an adit-type facility should situated
on a slope. The surface gradi ent should ensure natural drainage of
surface water wthout disturbing (eroding) the soil

3. The facility should be sited close to a population centre
in order to derive the benefit of already existing access roads and

transmssion lines, and to reduce trucking and other costs

/119
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4. Mit-type facilities should be built in permafrost with a

depth from surface to roof of th first rooms of not less than 10 m
Underground facilities should not be built on gentle slopes since this

woul d necessitate a long corridor between the entrance and the first

r oons.

4. Underground facilities to be equi pped with nmechanica
cooling should be located close to natural water bodies or a water-
supply line providing enough water to operate the facility.

The siting, heat engineering calculations and design work will
be fruitless without a know edge of the geological and geocryological
features of the area concerned. A design and pl anni ng engi neer
planning a facility in the Far North rmust have a clear idea of the
geol ogy and geocryology not only of the site selected, but also of the
adjoining areas, so that if necessary he can make a sound choice based
on technical and econom c conparisons. A know edge of the
geocryological and geol ogical structure of the site area nmakes it
possible to deternmine in advance the direction and scope of the
surveys that have to be done at each planning stage

Engi neering geol ogi sts perform ng surveys and pl anners
responsible for siting the installation have difficulty identifying /120
underground ice on the basis of external characteristics and genera
geol ogi cal structure.

Large accunul ations of underground ice were recorded | ong ago
(Shvetsov, 1938; Solovyev, 1947) in Chukotka, but their origin and
hence their distribution pattern have long remained uncertain. This

applies not only to the ice discovered in Chukotka but also to the
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underground ice in other parts of the Northsuch as the Yana-Indigirka
(Maritinme) low and, the Novosibirsk and Lyakhovsk islands, Eastern
Si beria, and others

It was long thought that |arge accumul ations of undergroﬁnd ice
were relics of the ice age, that they were buried glaciers, firn or
snow fields. In recent years, however, it has been ascertained that
most deposits of underground ice are a natural product of underground
ice formation in permafrost conditions. They are either ice veins
forming in frost fissures, or layers and |lenses of injection ice formed
as the result of redistribution of water in the soil.

Thus, wedge-ice is usually encountered in very fine soils and
organogenic sedinments (clay, |loam |oam sand, and, less often, sand).
The densest network of wedge-ice is observed in the very fine soils of
floodplain alluvial facies, in ice-saturated nmarine, glacial-marine and
glacial sedinents.

In cross-section wedge-ice has the shape of a regular or
irregular wedge.* The width of the veins at the top has been neasured
at 3-5to 10-12 m (Vtyurin, Mironov, 1961; Vtyurin, 1964; Gasanov,

1964) . The vertical extent of epigenetic ice veins ranges from2-8 m
whereas that of syngenetic ice veins is 40-50 mor nore. On the

surface the wedge-ice systemis sonetinmes associated with fissure

pol ygons.

*Transl ator’s note: This statement is |ess self-evident in Russian than

in English, since the Russian term for ‘wedge-ice’ translates
literally as “'repeated vein ice”
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In nature a fissure polygon topography goes through three

stages of development: 1) an ice veing growth stage; 2) a destructional

stage; 3) a residual stage.

The growth stage is marked by intersecting pairs of |ow ridges
on the surface fornmng a network of polygons (Fig. 4)

A change in the heat exchange conditions at the surface
(flooding or desiccation due 'O intesive drainage) increases the depth
of seasonal thawing of permafrost and this results in melting and decay

of the vein ice and settling of the ground, i.e. to the process known

as thermokarst. Thermokarst polygons of destruction are forned.

Unlike the growth pol ygons they are characterized by troughs around the
edges and convex surfaces int he centre of the polygon, instead of
ridges and boggy depressions.  Thus t he destructional stage of

wedge-ice at the surface corresponds to a pol ygonal thermokarst

nmicrorelief (Fig. 5).

MR Gt o o

TR e bt

Fig. 4. Ridge polygon microrelief in the Anadyr tundra.
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Fig. 5. Thernokarst polygonal wmicrorelief in the Anadyr district

The residual stage is marked by conplete or almost conplete nelting of
the wedge-ice and the formation of a residual polygonal relief.

It should be noted that wedge-ice is not invariably associated
with these surface landforms. Yet anot her devel opnental stage
intervenes - the conservation stage, in which for some reason or other
the wedge-ice fails to grow and the surface tends to be levelled out.
Oten it becomes conpletely flat and | oses the appearance of a vein-
pol ygon relief. In such areas as these the wedge-ice can be detected
by geophysical nethods of exploration or by trenching and drilling.

When conducting the geocryolocial and geol ogi cal investigations
prior to constructing an underground cold storage facility, the network
of wedge-ice should be carefully mapped. The plotting of this network

can be sinplified and speeded up by making excavations at those

drilling points where the thickest layer of ice is to be found. The

/22
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dinensions of the icc body and its strike can be determ ned by studying
its mode of occurrence and the direction of its bedding. Once the
strike has been ascertained, it is an easy matter to trace the ice vein
all over the area by drilling small test holes. \Wen the second vein
has been located, the same nmethod can be used to determine its
di mensi ons and strike. It will then be possible to predict roughly the
entire network, since for small honbgeneous areas we can assume a
regul ar net in which the polygons will be nuch the sane size and
shape.

For this purpose it is sonetinmes advisable to use artificially
i nduced thermokarst to “devel op” a network on areas simlar to the one /23
sel ected (Shumsky, 1955; Vtyurin, Mironov, 1961). This can be done

quite simply by renoving or flattening the plant cover with a bull dozer

in strips 2.5-3 mwde. It should be pointed out, however, that once
begun the thaw ng process will progress and extend to neighboring
areas, especially on slopes with intense surface drainage. The
experimental areas should therefore be chosen sonme distance away from
the construction site and in |ocations which are not earmarked for
future developnent. Relatively shallowlying wedge-ice can be used as
a site for a cold store (Vtyurin, Mironov, 1961) as long as additional
soil is heaped on top of the facility (the total thickness should be
10 M. In the Siberian North, however, many investigators (E.M
Katasonov, B.I. Vtyurin and others) have encountered wedge-ice which
could house cold storage facilities without additional soil on top.
Such a facility would be roughly three or four times cheaper to build
than one in permafrost.

O the utnost interest for the construction of underground cold
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stores are the thick deposits of injcction ice which are fairly
wi despread in the Far North.

Dependi ng on the mechani sm by which it is formed Sh.Sh.
Gasanov (1964) recognized two types of perennial injection ice:
injection ice proper and repeated injection ice. The first type is
general |y lenticular with a round wavy top. The exanples of this type
of injection ice that have been found neasure as nuch as 60-80 m al ong
the strike. Wth thicknesses of up to 10 mthis type mainly lies at
depths of 10-20 m

Two varieties of repeated injection ice - folded and bl ock
injection ice - are fairly comon in Chukotka in glacial narine
sedinents and at the contacts of these sedinents with ingressive
marine sediments. This type of ice may extend over fairly |arge

areas. The photograph in Fig. 6 gives a clear indication of its

extent.

Fig. 6. Fragment of an outcrop of repeated injection ice on the east
coast of the chukchi Peninsula (photo by Sh.Sh. Gasanov)
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This kind O {ice sonetinmes stretches for 280-300 m, while its
thickness, which fluctuates widely, is often as rmuch as 5-9 m  The
upper surface of the ice body is frequently wavy and occurs at depths |24
ranging from4-5 mto 10-15 m

The search for occurrences of injection ice in which to
build cold stores shoul d be based on general geol ogi cal and
lithological characteristics determned by drilling or the application

of geophysical nethods. The cost of searching will be nore than

recovered once the cold store is built and in service

DETERM NI NG THE SI ZE AND CAPACI TY OF THE COLD STORE

The choice of underground cold store depends on | ocal
conditions. The key factors are the presence of buried ice suitable
for accommodating a cold store, the hydrol ogical, hydrogeological and
t opographi cal conditions at the building site, ease of access, snow
accumul ation, and others

Al'l cold stores, no matter their type, are nade up of several /25
i ndi vi dual arched roons arranged on either side of a conmon corridor
(adit), or sinply of separate rooms. The number of roons depends on
the amobunt of storage space required.

The size of the rooms, and especially their width, is dictated
by the stability of the roof. Roomlength is predeterm ned by the
met hod used to store the food and by the way in which transport is
organized within the store. As shown by operating experience with ice
war ehouses (Chekotillo, 1946) and underground cold stores (Mironov,

1965), the roons should be 4-5 mw de, 10-15 mlong, and 2.5-3 m high
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This sort of width for roons with arched roofs will ensure roof
stability w thout support in the loam and ice-rich |oam sand soils in
construction zones | and II.

The roons in the cold store design proposed are divided into
three groups according to their intended function: storage roons,
chilling roons and freezing rooms.  The mini mum nunber of each type of
roomw || be determned by thernmal calculations taking into account
the reserve of cold in the frozen soil around the store.

Larger underground cold stores are cheaper to build and
operate. Wth increase in capacity the cost of installing the entrance
per square metre Of usable area dinminishes. It is undesirable to build
a facility with only one or two rooms because chilling, freezing and
storing should be done in separate specially equi pped roons. Mor eover ,
the roons should be adapted to each individual type of food product
(rmeat, fish, butter). Thus the store should have at |east 3-4 roons.

The handl ing capacity of the prechilling and freezing roons
can be calculated using the fornmula

A= 1.5 'mx, (2)
30
where 1.5 is a coefficient allow ng for unevenness in the inflow of
produce; Gmax is the net weight of the produce entering the cold
store every nonth;, 30 is the nunber of days in the nonth.

The cooling room capacity ensuring the required level of
production is a funtion of the tinme taken to chill and the allowed
density of stacking per square metre of room space. The chilling tinme

depends on the tenperature, the thermophysical characteristics and

other factors

/26
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The stacking density of the freezing roomsis also dependent on
the tenperature and thermophysical characteristics of the surrounding
soil and the produce. The density can be deternm ned by heat
engi neering calculations or by experinment. It should al ways be borne
in mnd that the air tenperature inside the roons nust not rise above
m nus 2-4°C, otherwi se the roof may cave in.

The useful area of the freezer rooms is a function of the daily

output A, the stacking density per square metre a, and the chilling

time 13 -At' -
S=T,

The freezing tine for nmeat and fish arranged in a single |ayer

is estimted using Ryutov's enpirical fornula

Tn  9a(! + 00057 %) mCe (, - lo

Ty = .

— xp
A'l! [ B(tnp —’0) w 9.86 ( 'nn 1‘_u—f° + 0’21) 1 X

xA(A '+4§£).

(3)

where Y is the specific weight of the frozen produce, kg/m3; and
)‘ir is the thermal conductivity coefficient of the produce,
which is a function of its final tenperature; for neat and fish, the
followi ng val ues can be taken (Chizhov, 1956):
Final tenmp. of produce, 0°C .. ..0............ -1 -5 -lo -20
Thermal conductivity, kcal/mhr-degree ........ 0.6 1.0 1.2 1.4
g, is the latent heat of ice formation per kg of produce

(kcal/kg); it is taken from Table 3 using the final tenperature and

noi sture content of the produce as coordinates;
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Latent heat of ice formation q, per kilogram of neat and fish

(in kilocalories per

kilogram formla 3)

Fi nal wat er content of produce, % Amount of water
tenperature frozen solid, %
of produce 60 65 70 75 80
-6 36 39 42 45 48 75
-8 38 41 44 47 50 78
-lo 39 42 45 48 51 80
-12 40 43 46 49 53 83
-18 41 44 48 51 55 85
-20 43 47 51 -54 58 90

a
jat

of the produce to the cooling environment,

co

m

is the coefficient of heat transfer fromthe surface
kcal/m2-hr-degree

is the heat capacity of the frozen produce, kcal/kg-
degree ;

is the stack height, m

is the initial

tenperature of the produce

is the initial cryostatic tenperature of the produce, “C
is the final tenperature in the centre of the

produce, OC,
is the tenperature of the cooling environnent, ‘C
is a correction factor dependent on the ratio 2&:6

(here 6 = Xn:an); bel ow we give the nagnitude of

the factor based on the data of Chizhov (1956):

........

....... 0.1936  0.3475 0.590  0.988 1.710  3.412
........ AN 1.200 1.183  1.157 1.112 1.074
5.85 8.25 10.63 16.0 o2
1.074 1. 027 1.019 1.01 1.00
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1 + 0.0057 t, is @ correction binom al allowi ng for the

initial drop in tenperature.

For products of a cylindrical shape (certain kinds of fish) the

freezing time can be estimated to within 10-15% using the fornula /28

— GTndn (% 4
T L, — )\ ik, @, )"

where d is the dianeter of the cylinder, m;

q3 is the specific heat of freezing of 1 kg of the product,

kcal/kg equal to

93 = Cpley - txp )+ (- W) e Colt - k)

here CT is the heat capacity of the thawed produce,
kcal/kg-degree;

W is the water content of the produce, Kkg/kg;

3 is the quantity of unfrozen water in the produce in
relation to its final tenperature;

P is the heat of crystallization of the water, equal to

80 kcal/kg;

tC.K is the average final tenperature,

c, - 0.5 (w - wm) T W (1 - wH3)+cc(1 - W
is the heat capacity of the frozen produce, kcal/kg-degree;

CC is the heat capacity of the dry parts of the produce;

Co is the heat capacity of the unfrozen juices of the

produce.
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The freezing of the produce can be considerably speeded up if

we increase the surface heat transfer coefficient by boosting the
circulation of air in the chanber and lowering the tenperature of the
refrigerating environment. The freezing tine can be cut by 10-30% by
doubling the heat transfer coefficeint and by 5-7% by lowering the

temperature of the refrigerating environment by 1°C.

The freezing |oad per square metre of floor space depends on
the heat capacity and tenperature of the__surrounding soil. In spring,
when the tenperature of the surrounding frozen soil is fairly low, the

produce freezing speed will be at its maxi num In autumm the soi

temperature is nuch higher and freezing takes place nore slowy.
PLANNI NG AND EXCAVATI ON WORK

Where necessary the selected construction site must be prepared

by filling in and turfing over all breaks in the moss-tundra cover,

such as thaw depressions, sinks, artificial trenches and other simnlar /29
features. This work is normally done in early spring. Special

“attention nust be paid to surface and flood water drainage. The method

to be used is as follows.

1, Surface water, i.e. rain water and snowmelt, nust be

drained off so that no erosion takes place. Surface water should be
intercepted by berm ditches situated more than 150 metres above the

site. It should be renenbered that rain channels may form along ice

veins. If the site contains wedge-ice, the surface water should be

intercepted by levees to avoid disturbing the noss-tundra plant cover.

These |evees should be turfed over and reinforced if necessary

2. Pl aces where the nobss-tundra cover has been disturbed
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should be carefully repaired. This nust be done in such a way that
there is no possibility of thermokarst formng or, where already
present, progressing still further.

3. Before the excavation work is enbarked upon the ground
should be carefully prepared: the approach roads should be constructed,
drains and water by-passes installed, layout conpleted, and nmeasures
taken to prevent the formation and devel opnent of thermokarst.

It is desirable to begin the actual excavation work in the
autum-wi nter period, when it can be conbined with artificial cooling
of the frozen ground. When working in autum precautions should be
taken to keep out surface water. The entrance should be constructed at
the sane tinme work begins on the excavation. Special attention must be
paid to the waterproofing of the entrance.

In the case of shaft-type underground storage facilities the
best way to keep out water is to line the mouths of the | oading shaft
and ventilation shafts with sheet metal down to a depth equal to tw ce
the thaw depth. Figure 7 shows the design of a |oading shaft with a
staircase.

In plan the shaft neasures 320 X 320 cm  Around the edge of
the shaft there are four flights of stairs descending at an angle of
45°.  The height and width of the steps is taken as 20 cm  The flight
width is 90 cm  The 90 X 90 cm landings rest on beams with their ends
enmbedded in the frozen ground to a depth of 50 cm  The enbedding is
done as follows: 1) line the beans up with the [ evel marks shown on the
plan; 2) wedge their ends into the holes; 3) fill the holes in around
the ends with danp soil; 4) freeze the soil. The beans shoul d

preferably be installed during the cold season, when it is nuch easier

/30



- T TS TR NGOG » LR ST A LT e s SN

34

X 20
s AP YRSER
(ANt
4140 L7 >
§ L7 "\ Mlasking t-s‘-—u_
x b | rsin-impregnd
it weided Jadcl{‘{d
-4 _.Jh' Jma s
al 3 ~m§74
iz -] 43k--
; =
-4 pemumsay :
=/ S
- 4 p}
i |- =
o3 e )
= | [t
X o E
101§
P
I | ==t
p=d
.
deer E A
200¢138 ——— Py o
-12.60 . . e -
corrid ! 3
3 T TO,

Fig. 7. Loading shaft of shaft-type underground cold storage facility

to freeze themin place. Resting on the stair beams is a plank l|ining
extending for the entire height of the shaft. Nailed to the lining

are the guides for the loading cage or platform

To restrict the amount of heat entering the excavation, the

shaft has three boarded warm air barriers at different |evels: the
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first at the mouth, the second in the middle, and the third at the
| evel of the arched roof of the corridor. The barriers nust be fitted
carefully and without any gaps. A hatch (door) nust be left for the
passage of workers, and a double door for the passage of goods fitted
wi th an automatic opening and closing mechanism (Fig. 7). The shaft
l'ining protrudes 20-30 cm above the planned surface of the collar of
spoil. Over the shaft there is a frame-and-fill shaft house measuri ng /31
5.5 X6 min plan and 2.5-3 min height. Near the ceiling there should
be a telpher system or single-girder overhead traveling crane. If
there is no telpher or electric hoist, the goods must be raised and
| owered with a hand w nch.

The entrance to an adit underground cold store (Fig. 8)
consi sts of U-frames spaced 0.5 mapart. The entrance is |lagged on top
and at the sides with a prop wall conposed of half-rounds* neasuring
20/2 - 25/2. The portal itself consists of half-rounds of the same
size. The portal serves as a retaining wall for the fill on top of the
entrance, and it nust be carefully anchored and secured to the
entrance.

There are two sets of double doors leading into the entrance
The outer doors are insulated and nade of boards. The inner ones are 132
latticed and may be made of rod iron. \Were iron is not avail able,
they can be nade of bars measuring 5 X 5 cmin cross-section. The
entrance should be carefully sealed to keep out ground and surface
water. Ven building the entrance and waterproofing it, particular

attention should be paid to where it joins the corridor of the cold

*Translator 's note: No convincing neaning for the Russian term
“polovinka” could be found. The only dictionary in which it occurred

gave “half-bat’” or “half-brick”, but it seems nore likely to be
timber.
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store, since in nost of the facilities investigated by the author that

was where water usually penctrated. The best waterproofing material

for the entrance is a layer of ice-filled loany or clayey soil kept in
a permanently frozen state. The danp material is spread on top of the
entrance in a layer twice as thick as the seasonally frozen |ayer.

After installing the entrance and waterproofing it, the
excavation work can begin. The necessary safety precautions nust be
taken during the drilling, blasting and nucking operations. It is
particularly inportant to ensure that no overhangs or areas of
fractured rock remain on the roof to endanger the safety of the
workers.  The roof should be inspected carefully after each series of
blasts, not only near the face but all over the chanber

When the driving is conplete there should be another carefu

i nspection of the roofs of the roons and any scaling should either be

removed or shored up.

STRUCTURAL FEATURES OF COLD STORAGE FACI LI TI ES

The internal layaout of an underground cold storage facility
should neet the followi ng requirenents

a) a conventional operating plan, ensuring preservation of
quality and original taste properties of the products

b) econony (the construction and operating costs nust be
mniml);

c) industrial hygiene: appropriate neasures nust be taken to

ensure that the personnel operating the facility have all the necessary

conveni ences.

The designs recommended satisfy the above requirenents
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Construction costs per unit of usable space depend on the capacity and /33
type of the facility, on geographical |ocation (the regional factor) .,
soil category and so on.
It is advantageous to build the facility in underground ice or
soils with a high content of ice, since it is 4-5 times less difficult

to excavate in themthan in frozen soils with a low ice content. ‘I’he

cold capacity of the frozen walls of the cold store depends on their
heat capacity and the amount of material participating in the

accunul ation of cold. The cold capacity of buried ice and icy soils Is
virtually the sane because ice has a somewhat higher heat capacity but

| ower heat conductivity than frozen soil; hence a smaller volume of ice
is taking part in the accurmulation of cold. This should be borne in

m nd when planned the facility: the usable area of the chilling,

freezing and storage roons nust match the flow capacity of the facility
and the type of food product, which ultimately determne the power of
the heat source and the thermophysical possibilities for the

accunul ation of cold in the walls of the store.

As already noted, the capacity of the underground cold store
can be determined by thermal and heat engineering calcul ations. W can
estimate the space requirenents for chilling, freezing and storage, and
the time required to cool the frozen soil when outside air is passed
t hrough the rooms in wnter.

The freezing and storing of the food products are done in
separate roons. Any decision concerning joint storage of different
products in the same roons nust be made in each case on the basis of
hygienic and tenperature considerations.

The tenperature regine of the cold store predetermnes its

cooling ventilation plan. In underground cold storage facilities
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(Fig. 89the roons are ventilated by a current of cold air whose
direction is controlled by a system of doors or draught barriers.

In Fig. 8b the stream of air enters the cold store through the
entrance, then passes through the doors of roonms 1 and 2,flows round
via the connecting passage at the ends of these two rooms into roons 3
and 4, out into the corridor, then into rooms 5 and 6, through the
connecting passages into rooms 7b and 8, then up the corridor again and
into the ventilation shaft. The air can be nmade to nove in this way by
closing the doors in the corridor between roons 1 and 2 and 3 and 4 and
between rooms 5 and 6 and 7 and 8. Qperating on this plan the
ventilation systemis designed for the maxi mum pressure drop in a
stream of outside air moving through all the roons at the proper

speed.

Ghyul'-utc‘; S
: roace 2
0 00 A ¢ 3 g 7
\N L T , N VAN
S pt
. L ., R
4 4 6, ‘ 8
200 00 | sog | s00 | soov | so0 | S00 { sog | so0 [330
S o of fye
D [ Yeul 1laTion R
S Sl ot
' JOS I

qE}_, f:{ wsI‘L'r)‘br;cT“‘[nJ
Halokes

r Na4r0 D [ e

" It

Cef T et N
A R T 7

Fig. 8. Adit-type cold storage facilities
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Fig. 9.Shaft-type underground coid storage facility
1,2 - chilling rooms; 3...6 - freezing rooms; 7,8 - storage roons

In Fig. 10 (an underground cold store with a fan-shaped |ayout)
the winter forced cold air circulation systemis either individualized
with air being blown (sucked) through a special ventilation duct
located at the end of each room and | eaving via the |oading hatch, or
else unified, with the chanmbers being connected by -ventilation ducts
leading to the sane ventilation shaft, which may be the |oading shaft

The installation of ventilation shafts at the end of each room
greatly sinplifies the ventilation system but it involves nor,
excavation and construction work and is therefore nore expensive

Underground cold storage facilities built in frozen soil are
much cheaper to operate than surface facilities: the reserves of cold

created for chilling and storing the produce are much higher, and the

/36
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Fig. 10. A shaft-type underground cold storage facility with the roons
arranged in the shape of a fan
1- chilling room 2,3 - freezing roons; 4 - storage room

anount of heat entering surface cold stores through the structures
often accounts for 60% of the total organized heat flow.

Ot her operating factors to take into account are the outfl ow of
cold resulting from the opening of doors, air leaks through the walls,
floor and ceiling, the presence of personnel in the roons, |ighting and

so forth. In surface facilities these | osses anount to 24% of the
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organi zed heat flow (fomarov, 1962) . They are greatly reduced by the
airtight barriers in Underground warehouses.

The size of the ventilation shaft nust be calculated, but its
cross-section should not be less than 0.8 X 0.8 m  The top of the duct
shoul d be additionally insulated with layers of noist |loany soil and a
covering of tundra mpss. Water can be kept out of the duct by
installing a rigid nmoisture barrier extending for a height equal to
twice the depth of seasonal thawing of the soil. The rigid barrier may
be made of sheet netal or netal cylinders with their ends wel ded
together. Three holes nust be made in the ventilation shaft at
different heights: the first at ground surface level, the second
2.5-3 m below the ground surface, and the third at the level of the
roof of the ventilation room

The ventilation roomis located on one side of the corridor and
nmust be | arge enough to accommbdate the ventilation plant. The roomis
separated from the corridor by a door. In cold storage facilities with
the fan-shaped |ayout the ventilation shaft should be placed in the
furthest corner of each of the roons.

The forced ventilation system nay operate by bl owi ng or by
suction. The forced air must nove in the same direction as the natura
air flow. In some cases this results in self-ventilation of an
underground cold store. In the shaft type of facility the current of
ventilating air should cone in through the entrance and | eave via the
ventilation shaft, which projects far above the ﬁnuth [of the main
shaft]

The control panel for the ventilation systemshould be | ocated

at the surface and have an automatic thermal relay for switching the

systemon and off.

/37
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CALCULATION OF ROOM AND COKRIDOR ROOF STABILITY

the physicomechanical and strength properties of frozen soils
are closely dependent on their tenperature, lithology, cryogenic
conposition, moisture content (ice content), internal relations and
other factors.

The internal relations - the conbined effect of the cohesive
forces and internal friction - depend mainly on the strength of the
bonds between the mineral particles of the soil and the ice and on the
friction between the soil particles and the presence of unfrozen water.
The cohesion between the nmineral particles and ice depends on the type
of ice-cement (contact, film pore, basal) and on the anount of
unfrozen water, which is governed by the particle size distribution,
tenperature of the rocks, salt content and other factors.

Soi | containing the basal type of ice-cenent is stronger than
that containing the contact type. The deformability of frozen soils
depends chiefly on tenperature and the ampunt of unfrozen water, which
deternmines their plasticity. The strength, deformability and
plasticity of frozen soils are discussed in the works of N.A. Tsytovich
(1958a,b), K.F. Voi tkovsky (1960), S.S. Vyalov et al. (1962) and nany
ot hers. Those interested should refer to them

The exanple we give of chanber roof stability calculation
which is based on the maximum roof exposure method*, is taken fromthe
work of K.F. Voitkovsky and A.F. Zil'berbord (1959). In this method

the roof is regarded as a slab supported at the edges

*Translator’'S note: This may be the maxi mum pressure arch nethod, but
no confirmation could be found.
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The maxi mum moment for a rectangular slab with a short edge

1mis in the centre of the span and is determned from the formula
Mmax -~ BPIY,

where P is the | oad per unit area, in kg/em?; 5 is a numerical

coefficient which depends on the length/span ratio of the slab L/I, and

it has the follow ng val ues

L/l-......... t 1,2 5 2,0 3,0 ©
B ...... ... 0, 0460 0, 0009 0,0798 0,1008 0,188 01250

The load per unit area of the slab is determned fromthe

fornul a

(5)

wher e er‘ is the average unit weight of the rock, in t/wd; His the

t hi ckness of the overburden.

The maxi mum span 1rIp of a stable slab is determned fromthe

GC*GP h
lpp = 1/2—(6“-{—6,,)5" ,
(6)

where Gc’K is the ultimate long-time conpressive strength at negative

formula1

tenperatures of the frozen soil;

Gp is the ultinate long-time tensile strength

h=H- hor - 1is the design thickness of the slab in m
(here ho,ris the depth of seasonal thawing of the soil, inm 1 is the
possible reduction in the thickness of the slab when the roof weakens
as the result of fracturing and spalling).

Speci men cal cul ation of the nmaxi num span. H=8m; h = Im

oT

.....
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Yp = 1.8 t/di,(b =2.95kg f/cm®(for loams With a tenperature of -4

degrees)

Cox = G, X 2=2.5X2=5kg f/em® (for loams, the ultimate
long-tine conpressive strength 1is z-3 times greater than the ultimte
long-tine tensile strength Gp Y.

L=10m 1 =5m L/l =10:5=2; B =01008 (the value of 5is

taken fromits aforementioned relation to the ratio L/I).

Let us specify h = 8-1-1 = 6 m P =_1-8%8 - 1 44 yg/ca?.

10 /39

Then

|- 5.2,5
w =V 35 F 2,5)-0,1008- 1,44

-6 = 15,7 .

Gven a safety factor of 2.5, the maxi numroom span will be

15.7:2.5=6.3 m

From t he above exanple it can be seen that a span of 4-5 mis
quite stable and requires no support.

In cases where the roons are excavated by blasting, U franes
W Il have to be inserted to” stop the rest of the roof collapsing. The
frames are designed to withstand the | oad of spalling |ayers of rock up
to 1 metre thick. U frames can be incorporated in the design of the
cold storage facility to provide a structure fromwhich to suspend the
telpher beam needed to mechani ze product transport; the frames can al so

be used for other purposes.

The safety factor will be much higher for an arched roof.
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Chapter Il

THERVAL CALCULATIONS | N UNDERGROUND COLD STORE DESI GN

The thermal calculations for underground cold storage
facilities differ somewhat from those for surface facilities, so
readers should be given a brief outline of the methods used

The thermal cal cul ations nmust determne the refrigeration
requirements for chilling, freezing and_storage and ventilation during
the warm season, the operating |osses, and al so the mnimumreserve of
cold accumulated by the frozen soil when cold outside air is passed
through the corridor and roonms of the facility during winter. The
design calculations should give the loading rate per square netre of
room space for product chilling, freezing and storage, depending on
type, thermal properties etc.

The initial design data required are the plan view
configuration and dinensions of the facility, the thermophysical
characteristics of the frozen soil and the |ocal clinate paraneters.

The quantity of cold accurmulated in the walls of the chanber

Q> Qi+ Qi+ Qs+ Q¢ 7)

wher e QlIS the amount of cold used to chill the produce to ép;
Q, ts the amount of cold used to freeze the produce; Q3is
t he amount of cold used to cool the produce fromtKp to the storage

tenperature; Q, is the anount of cold |ost during operation (due

to opening of outside doors, the presence of personnel in the roons ,

lighting, etc.).

During the first few years of operation the amount of cold



accurmul ated should be much greater than the freeziny and chilling
requirenents and operating losses. This is due to the artificia
cooling zone formed around the cold store. 1In later years, when the
configuration of the zone has stabilized, the amount of cold -
accumul ated will balance the amount expended.

The amount of cold needed to chill and freeze the produce
depends on the thermophysical properties of the latter and can be

determned from the follow ng equations:

Q= Eplct(tl —ah

(8)
the refrigeration requirenment for freezing
Qa= 2, P.W ,80;

9)
the refrigeration requirement for cooling fromtKp to the storage
tenperature t,

Qs - >:| PICO(IKP ),
(lo)

wher e Piis the weight of the produce and containers, in kg/day;

Cis the heat capacity of the produce and containers; ty is the
initial tenperature of the produce when delivered to the facility;

th is the freezing point of the juices in the produce (mnus 0.6-1.2
degrees for neat); t, is the final tenperature of the produce;

Wis the water content of the produce, in kg/kg;m:Wn /M 1is the ratio
of frozen juice to water at tz; Co is the heat capacity of the

frozen produce.

Cbservations show that nmost of the heat generated by the

produce stacked on the floor of the roomis transmtted to the ground

141
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under the room During the first few years of operation of the
facility, before the cold zone has stabilized, the anpunt of heat
i nvol ved represents roughly 50% of the entire anmount of cold
accumul ated in the walls.

The anount of cold used to ventilate the cold storage facility
for hygienic purposes and nake good operating |osses cannot be
calculated accurately and nust be determ ned experinentally.

Experience in the operation of adit-type underground storage
facilities in Chukotka has shown that they are thoroughly ventil ated
when the doors are open during the daily |oading and unl oadi ng
operations, even when the ventilation shaft is closed. When the
frequency of such operations is less, the facility should be aired by
openi ng the entrance doors for 15-20 minutes every day. The mininum
anount of daily ventilation for all types of underground storage
facility should be equal to 1-2 air changes.

It should be borne in nind that in adit cold stores in which
the ceiling slopes towards the entrance, ventilation brings in too nuch
warm air fromoutside and this nmust be allowed for when making therm
cal cul ations of the anpunt of cold |ost during operation.

In shaft cold stores sufficient fresh air cones in through the
| oadi ng shaft when it is opened daily for hoisting and | owering
produce. Wth longer intervals between these handling operations the
ventilation and service shafts should both be opened for 15-20 m nutes
a day.

The amount of cold used to ventilate and conpensate for

operating losses in adit cold stores in which the roof slopes away from

the entrance and in shaft cold stores can be deternmined fromthe

/42
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fornul a

Qi= ZbV 10,314, —{x) *+ r'($e —¥'@’)], xkxar/cymxu, (11)
where b is the number of air changes per room each day, which for
underground facilities 1s 1-2; V is the volune of the room being’
ventilated, in m¥ h -t, Is the difference in tenperature between
[the air outside and inside the room in degrees; r' is the heat of]
condensation of the water vapour (at tK< 0 degrees, allowi ng for the
water-ice transformation, r' equals 0.69 kcal/g); V¥,V are the noisture
contents of the air at tH and tK’ in g/m3; ¢,¢' are the relative
humidities (in decinmal fractions) at ty and te 0.31 is the heat
capacity of the air.

Formulas (8)-(11) deternmine the process heat requirements. Llet
usnow estimate the reserve of cold accurmulated in the frozen soil
around the cold store when outside air is passed through the corridor
and rooms during winter.

The thermal calculations for estimating the reserve of cold in
the walls of the cold storage facility include determining the cooling

radius and tenperature distribution in the cooling zone.
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Fig. 11. Determnation of cooling radius of the soil around the
chanmber of an underground cold store in an infinite rock mass

Bel ow we give an approximate estinmate of the radius of the

cylindrical cooling zone around a cold storage facility consisting of a

single room and a nunber of roons (Figs 11-13).

-0 -20 =30 ¢

Fig. 12. Curves depicting the unfrozen water content in frozen soils
1- clay; 2,- cover clay; 3 — loam 4 - loamsand; 5 - sand
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Fig. 13. Determination of the cooling radius of soil around severa
roonms of an underground cold store in an infinite rock nmass

Cal cul ation of the cooling radius for a single room

/45

As already noted, conputation of the reserve of cold
accunul ated by an underground cold store in w nter involves determ ning
the radius of the cylindrical zone of cooling of the soil around the
store.

Approxi mate solutions to the nore conplex probl em concerni ng
the freezing rate of moist soils were obtained by N.I. Saltykov (1944),
Kh.R. Khakimov (1949), N.G. Trupak (1954) and others. They al
consi der the phase changes of the water, and take as their boundary
conditions constancy of the tenperature on the inner surface of the
freezing cylinder. Ice formation on the outer surface of the cylinder
causes the crystallization tenperature on this surface to stabilize
virtually at 0°C. The tenperature distribution throughout the soil

mass therefore has the character of the field typical of a 2-layer body
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around which the tenperature remains invariable. This kind of solution

is not valid for the cooling of a honogeneous (in our case frozen)

hody .

As the soil tenperature drops, the amount of unfrozen water

g in frozen soil dimnishes in accordance with the |aw

graphically depicted in Fig. 12.

The heat loss through 1 square nmetre of room surface

2ty —1 )
VIR
Ay or (12)

wher e tn is the tenperature of the surface of the chanber; XMis
the thermal conductivity of the frozen soil; to is the constant
tenperature of the frozen soil in the annual zero tenperature

fluctuation zone; Ris the radius of the cooling zone; r is the radius

of the room

The heat exchange between the frozen soil and the refrigerating

medi um (air)

Q = a(tg—1y).
(13)
Adj usting equations (12) and (13) for the tenperature of the

i nner surface of the room we obtain

2nk,,

L—1{,In g

[ll = -

R, 2n), . (14)
o=+ a

Substituting this value of t,, in (12), we find the anount of

|-
heat lost by the soil through 1 square metre of inner surface of the
room expressed in ternms of the tenperature of the heat transfer

medi um

2nh(to — 1)

= 2nh,
iR o

r Q

(15)

WAG el PR G
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Let us exanmine the problem of the cooling of an infinite nass

of frozen soil with an initial tenperature t, and a moisture

content W averaged over the entire volume (in kg/m3), and enclosing a

cylindrical room which represents the source of cold. The room
‘“tenperature ‘B is constant in time and throughout the |ength of
the room and this is achieved by appropriate selection of the rate of
ventilation. W need to deternmine the radius of the cylinder of cool ed
soil after time ©.

Let us consider a thermal problemin which the heat flowis
radial and the tenperature distribution in the radial direction in the

cool ed zone of frozen soil is assuned to be |inear.

Gven this assunption, we can speak of an average value of the

soi|l tenperature in the cool ed zone
ot croam g BT
N, +h:

fp = =5+

Let us note that the heat release of the soil Ql_,p , Which is equal to

the heat |0ss per square metre, is nmade up of

Q = Qp = Q'L—i— Q—'.,, (16)

where Qj=p (WH31 - WH32) is the amount of the heat

liberated in the crystallization of the unfrozen-water contained in 1

cubic metre of frozen soil, in kcal/m3 [here Wy3i, which is the

amount of unfrozen water in the frozen soil prior to the onset of
cooling (1 = 1) and at the end thereof (i = 2), is deternmined fromthe
gr aph (Fig. 12); »ris the latent heat of ice formation, equal to
80 kcal/kg];

'
1
Q,=

——Cy (to - tB) is the anount of heat
~2

liberated during the” drop in soil tenperature fromt0 to tq], | 47

in kcal/m3 (here CMis the heat capacity of the frozen soil,
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in kcal / mi- degree).

let the radius of the zone be equal to R at moment T after the
onset of cooling. The infinitely snmall interval d7 corresponds to an
increase in the radius of the cooling zone equal to dR

Then the volume of a cooled ring of soil of unit length during

time dt will be

dV = 2aRdR. (17)
During this time the heat |iberated will be
dQ = QrpdV = 27(Q, + Q,) RdR.

During the same time interval dt the anount of heat released

through 1 square metre of room surface will be

2“1“ (fo—t.)
=R T
R (19)

Equalities (18) and (19) give the thermal balance equation in

differential form

27(Q’ + Q)RR = Zhello—1,)
n(Q, 4+ Q)RdR = _ R dt

=+ aa | (20)

Repl aci ng Qi R Q2' and ty and separating the variabl es,
we get

.
25 W — W P(‘Vugl_ W" .)+~— C (to —1.) .
P(aG‘SI—t)“S') RdR + }.3(1 -21) - X

' B ullg—1,

><R1n§dze.

at =

The integral in the range between O and t and between r and R

gives the solution for the radius of the cooling zone

|
P(W .'_ Wns,)+i’c (¢ _f) R
= - H3 41“ (‘o —T‘S o 0 L] (2R| |n r_ _Rl+rl)+

np (Wns,""w u,.) 1
M s B
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Cal culation of the radius of the cooling zone /48

in the case of several roons

Equation (21) can be used to determ ne the radius of the
cooling zone around either one roomor several, but only until the
contours of the cooling zones are closed. After dlostre o1 “cne
contours, equation (21) is unsuitable since the heat |oss of several
rooms is different fromthat of a single room Thus it becones
necessary to obtain a new fornmula for determ nation of the volume of
the zone of cooled ground after closure of the cylindrical zones of the
i ndi vi dual roons.

Let us determine the increase in the volume of the soil cooling
zone per unit length of roomduring interval dt, assuning that after
closure of the zones of the individual roons it has the shape of a
paralleliped with sides a(n-1) + 2R, 2R and 1, where a is the distance
between the axes of two adjacent roons; n is the nunber of roons.

In this case dv will be equal to

— 9a(n— 1)dR + 8RdR.
&V = 2a(n — 1)dR + 8RdR (22

By analogy with formula (18) the heat liberated will be

dQ = dvQ,, = (Qi + Q1) [2a (n— 1)dR + 8RdR]. ,
(23)

During time interval dt the amount of heat rel eased through the

inner surfaces of all the roonms (Kutateladze, 1958) will be

an.“(lo—fn)
dQ = o R) d.
In (5 sh™5 (24)

In this conplex case the heat |oss through 1 square nmetre of
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room surface according to Viasov will be

Q znlu(’o—in)
- | (a ZTRY .
n Tr.Sh T)

The heat exchange between the frozen soil and the refrigerating

medi um wi || be expressed by

Q = a.(i.,—i,). (26)
Sol ving these two equations together we get
' - 2mh,
L ()
n= a 2nR\ - 2nh ) 27
ln(—;sh_T)-i- a" (27)

Then equation (24) will take the form

2n, (Io‘—"— 1s)

dQ = dt

a 2R 25h, R

e S

l.n(nr}.‘a)'*' a (28)

Joint consideration of equation (23) and (28) gives

PV, o —W,) In L g7
P A sh a a
anky (l—1,)

Lomin 8 2R
+4RdR] 4+ ——— L2 ) [a (n—1)dR + 4RdR] .

23!3) 2“‘;:]
[a(n—1)dR 4

(29)
Since 2mR 2> n (= 3.14) is the error permtted in engineering
a

cal cul ati ons, we can set

@ G2RY @ R
1n(’"sh a)~ln-;it—+ a———ln2.

After substituting this value of in in equation (29) and integrating it

over the range from T to T and fromRto R after sinple

!

BT R hE T SPa R
v«.;.-.‘-.‘v';‘u}*,:."'e%y:,sp&%"h’lw‘”,%er: Pt Nt
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Wth forced ventilation using cold air from outside, the speed

of air novenment through the roons is nmuch higher than 0.07m see, so the

heat transfer coefficient a should be determned by the formula for

turbul ent notion
Nu = :-: £.023 Reog' pro,t.

31
Wien determining the Nusselt number Nu for underground cold
storage facilities with an L/d ratio of less than 40 the value of
a fromformula (31) is multiplied by the appropriate correction factor
be (see table below) taken from M.A. Mikheev (1947):
L)d i 5 10 18 20 25 % 3s
As 4,76 1,54 1,34 4,22 4,44 4,08 10s {,01
The Prandtl nunber Pr in fornula (31) can be taken as constant
and equal to 0.724 for underground cold storage facilities with a

tenperature of mnus 8-20°C; Pr®% =0.88. Then fornula (31) assumes

the form

S
o == 0,02 a Rea'.v
(32)
where d = 4F/P is the equivalent roomdianeter; F is the ¢ross~”
sectional area; P is the perineter of the cross-section; Re is the

Reynol ds nunber.

The amount of the liquid phase of water in frozen soils should
be determined fromthe graph in Fig. 12 which is taken from
N.A. Tsytovich (1958b).

When the cold store is in service the soil tenperature should

not be allowed to rise above the tenperature needed for storage of the

items in question.

/51
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transformati ons we obtain

T T s A

¥

u p(W"I_ W“') + —% c_(ro-r,)

1

la(n—1)(R*— R} +

‘T—‘-T"‘-:
anlu(lo—l.)
PV, — W .)(lni =R .
2 »n nsd -{-— n2)+ .
* ?(R’—R?)] * il 1, ")) ‘
-i;{,_— Cu (ln%—lnz)(f 04 /50

ey Xlols —DR= R+

L4 2(R* —=RDL oz ¢
When we derived the design fornulas the actual cooling process

(30)

of the soil was sinplified to sone extenf: and this naturally leads to
sone distortion of the true results. However, the assunptions are
justified by the increased sinplicity of the solutions. A nuch greater
error in calculation normally results fromincorrect choice of the

val ues of the thermophysical characteristics of the soil. For this
reason we shall | ook nore closely at the deternination of sone of the
initial data needed for the cal cul ations.

The heat conductivity coefficient of frozen soils is weakly
dependent on tenperature fluctuation. This neans that we can use an
averaged val ue of the coefficient based on Table 2 of the
“Specifications for Basenment and Foundation Design in Pernafrost
(CH ?1-60)"" (1960) when calculating the cooling radius. The room
tenperature should be averaged over tinme.

The magnitude of the cooling radius is greatly affected by the
heat exchange between the air and surrounding soil, which in turn
depernds on the heat transfer coefficient a and the speed of movenent of
the air through the roons (when the speed is increased the coefficient
of convective heat transfer becomes nuch higher). For normal room
cross—sections (height 2.5 m, wdth 3-5 m) the critical speed of
lamimar air flow does not exceed 0.07 misee. Such speeds are observed

only during the warm part of the year, when ventilation does not
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The effective rescerve of cold 4in the walls which is used for
cooling, refrigeration and storage is deternmined by the quantity of
heat by which the soilcanbeheated fromits tenperature to the
storage tenperature of the produce. Thus, a temperature of no nore

than minus 9 degrees is needed for the storage of meat and fish

(Komarov, 1962); hence the soil around the room nust have a tenperature

of mnus 9 degrees or |ower.
The effective reserve of cold needed to maintain a

predetermi ned tenperature in the chanbers can be cal cul ated by the

formul a

Q =nCu (R — ") (tx — t2) + 7p (Waa, — W o) (RE— 1),
(33)
NwretxistherﬁnnmmopmaﬂngtemmrMUreintheromm
(storage tenperature); Rx is the radius of the cylinder of frozen

soil with a tenperature on the outer surface of)é --

t—t,
Ro—r = 22p R—r).

(34)

The sinplicity of the conputation is illustrated by a specinmen

cal cul ation of the net reserve of cold for an underground cold store at

Anguenma

Conput ational data: frozen soil tenperature at the level of the

facility to = -8°; average heat conductivity of the frozen soi

A

M 1.8 kcal/mhour-degree; heat capacity of the frozen soi

™M

425 kcal/m3; the frozen water content of the soil at

|

the average air tenperature during the cold season tB = -22 degrees

téWkB = 24kg and at top WH32 = 18 kg;

/52
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the length of the cold season T = 3600 hours; the hecat transfer
coefficient with forced air circulation a = 2 kcal/mllr-degree; room
width 5 m roomheight 2.5 m the distance between the axes of the room ~

a = 10 m; we assunme that the ventilation systemoperates for 20 hours a day.
Let us determne
1. The equivalent radius of the chanber
rzzéf'z'yss); 1,67 &.
2. The time taken to cool the soil up to the noment of

closure of the cooled zones around each room orup to the formation of

the cooled zones, with R "a:2 = 5 according to equation (21):

(24—-18)80-{--2—,_—425(—8-*-22)

5
(1= 318(—8F2) (2'5,1“ 1.67 —5+
3,44-80 (24 — 1
31 57:)+ — =8y 22 — )67 = 1118 +- 984 =
= 2102.

3. Using equation (30) we determne the cooling of the soil

for Tt = 3600;

1
(24 — 18) 80 + — 425 (—8 + 22)
3600-2102= 5 TA =T (205 )X

(24— 18)80{ In +
X (f7-28)+5 (R’— 125)} +—5 31441 es((—-siﬂ"-é 57

’:}:2 3.124 1-8__0,69) +—2-425(l:§'§"ﬁ‘.-1.87—;0,59) (=8+22) /53

5-3,14.1,8(—8 + 22) X
X [WE—=1)(R—5)+2(R*—25)); R = 5T°x,

4. Using equation (33) we determne the net reserve of cold

used for cooling, freezing and storage, and for technol ogical purposes

=0+22, _ . _ .
Ri—r = —g 17 &7— 1.67) =3.74 Ri=44 u;

Q= 425X3.14 (19.36 - 2.79) X (-9 + 22) + 3.14 X 80 (22 - 18) X
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" (19.36 - 2.79) =287000+ 16 500 = 303 600 kcal/linear metre of room
Once we have estimated the cold reserve it is easy to find the
quantity of fish that can be chilled and frozen. For this we also need
to estimate the anpbunt of heat required for ventilation and to nake
good operating |osses.
5. Practical experience in operating underground col d storage

facilities in Chukotkahas shown that the heat requirenment for these
two purposes is equal to the losses incurred from3-4 air changes every

24 hours.  The number of air changes can_be reduced by frequent opening
of the outside doors for operational purposes. In addition to external
air exchange we recommrend internal exchange, i.e. ventilating the roons
with the air in the corridors.

Gven the following conditions: average sunmer air tenperature
tp = 3°; inside air tenperature ty = -9°; volume of one linear
metre of roomV = 5 X 2.5 XI = 12.5 m; outside humidity
Y =598g/m3, inside hunidity v, = 2.49 g/m3; relative hunidity, in
decimal fractions: inside air ¢' = 0.95 outside air ¢ = 0.8; heat of
condensation of water vapour allowing for the transfornation of water
into ice, r = 0.69 kcal/g; and the heat capacity of the air
CB = 0.31, the heat required for ventilation and to conpensate for

operating | osses per day per linear metre of roomw || be:

Q=4-12510, 31(3+9) + 0,69(5,98.0,8 —2,49-0,95)] =
= 220 xxaafcymxu.

For the entire warm season (six nonths) the figure will be
Qy = 220 X 6 X 30 = 39 600 kcal/linear m of room
6. The amount of fish in the roomthat can be cooled to its
freezing point txp during the warm season (T = 180 days) /54

4—.
. Gox = Cp (fl"" txp)
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Thus, with a net reserve of cot.: Q11 303,600 -39,600 =

264, 000 kcal, a heat capacity of the {ish % 0.68 kcal/kg-
degree, tenperature at delivery of t, = 10° and a tenperature at the

onset of freezing of the juices in the produce of t - ~2°, we obtain
- Kp

284 000

Gox :om= 32 m,

or related to the roomarea (S = 5 nf) and to a unit of tine equal to
twenty-four hours (the Ilength of the war season tis equal to 180
days) |

2% 32 000:180 X 5. = 37 x2/u?-cymnu

7. During the warm season fish previously coiled to freezing

tenmperature can subsequently be frozen in quantities of

0,5Q,

Gu- = CP: (‘gp_ll)+wp?p'8o.

per linear netre of freezer room

G ven a heat capacity of the frozen fish of

cp . 0.43 kcal/kg-degree, @ noisture content of
Wp=0.8kg/ kg of fish, a juice separation ratio ‘PP: 0.7,
t enper at ures cKp = -2° and t,= -9°, and a heat of crystallization

of the fish juice equal to 80 kcal/kg, we obtain

_ 284000-0,5 -
Gam G @[ —r 46 +07088 2 00K

or, in terms of roomunit area and unit time per day, we obtain,
2760:180X5 = 3 kg/m?-day.
The exanpl es given above convincingly denonstrate that it is

possibile in the clinmate of Central Chukotka to accunul ate enough cold

for the cooling, freezing and storage of food products.’ In the eastern
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regions of Chukotka, where the temperature of the frozen soils at the
I evel of the zero annual tenperature fluctuation zone is sonmewhat
hi gher (mnus 5°) and the nea, air tenperature during the col d season
is also higher (mnus 15-200), the reserve of cold accunul ated may not
be sufficient to conpensate for the freezing load. This neans that
speci al mechanical refrigerators nmust be provided. A suitable
appl i ance would be the rapid-freezing unit designed by Gimpelevich at
VNIKhI*. |t consists of several freezing-sections.

The outside nmeasurements of the 2-section freezer are
4.20x2.40x1.64 m  The inside nmeasurenents of each section are
2.1X2.1 m.« At acirculating air tenperature of approximtely mnus 28°
3 tons of fish per day can be frozen in each section. At a tenperature
of minus 33° the refrigerating |oad per section is 15 000 kcal/hr.
Each section is equipped with a fan with an output of 12 000 wd/hr at a
power comsumption Oof 3kWh.

From this calculation it is clear that in the central and
northern areas of Chukotka the anpunt of cold accunulated during the
winter is enough for chilling, freezing and storing produce and to
conpensate for operating |osses.

Im the climate of the east coast of Chukotka underground cold
storage faacilities can be used for the cooling and storage of frozen
fish and meat without mechanical refrigeration equipnent. These
products can be frozen with the cold produced by eutectic solutions or

freezers.

* All-Unicon Refrigeration Industry Research Institute. — Translator.
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Chapter 1V

OPERATION OF UNDERGROUND coOLD STORAGE FACILITIES AND THEI R ADVANTAGES
OVER SURFACE FACI LITIES I N NORTHERN CONDI Tl ONS

The optimum operating conditions for an underground cold store
relying on the cold reserve accunulated in the frozen soil during
wi nter are achi eved when the tenperature and humi dity are maintained
all year long at levels ensuring preservation of the produce and
structural stability of the installation, and When the icing on the
wal I's of the rooms and corridor, which is an integral structural part
of the installation, is periodically renewed.

A characteristic feature of underground cold stores is relative
tenmperature stability during the warm season. In winter, on the other
hand, when ventilation of the roonms is intensified by the introduction
of cold air from outside, the room tenperature becomes dependent on the
tenperature of the incomng cold air and therefore fluctuates.

During operation the humdity inside the cold store depends on
the local clinmate and the tenmperature of the walls of the roons. In
winter, when the wall tenperature is rather higher than the tenperature
of the circulating cold air, the relative humdity rises, which causes
sublimation of the ice and pronotes drying of the soil and stored
produce.  During summer, when the tenperature of the outside air
entering the facility is sonewhat higher than the tenperature of the
walls, the relative humidity rises significantly and often reaches

100% At this time of the year noisture is released and crystallizes

on the cold walls of the roons.
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When the produce (neat, fish) is stored in separate roons, the
large tenperature fluctuations and low relative humidity in winter are
undesirable since they cause excessive weight |0ss. The tenperature /57
fluctuations in the rooms containing the produce can be restricted by
closing the individual inside doors. If the entire facility. is
supplied with cold air via special ventilation ducts, the supply of
cold air to the individual roonms can be shut off by a valve.

One of the storage roons should be used for storing the usually
smal | anmount of produce in winter. This is justified by the fact that
it is the storage roonms that have the coolest walls in sunmer.*

The tenperature regime of an underground cold store in summer
depends on the refrigerant charge in winter, the thermophysical
characteristics of the surrounding frozen soil, the quantity and
temperature of the food itenms being stored, and the heat gain
resulting from handling operations and ventilation.

As already stated, freezing of produce by the cold accunul ated
in the surrounding soil during winter can be done in the continenta
areas of the tenperate zone as well as in the Arctic and Subarctic, but
with |ess success. In the southern parts of the permafrost zone
however, produce (nmeat, fish, meat products and fish products) nust be
frozen by freezers or with the help of eutectic mxtures

Qbservations of underground cold stores in some parts of
Chukotka situated in the tenperate zone reveal ed that freezing and
chilling of fish and other products (Table 4) to a tenperature of mnus

8-9 degrees with the accunul ated cold can be done only in spring and

* Translator’s =note: A puzzling statenent, since it would seem | ogica
to use storag= roons for storage no matter what the season
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early sumer. IDuring the rest of the warm season it is us ually
i mpossible to get the tenperature below mnus 5-7degrees, whichis a

little too high.  Neverthel ess produce can be stored at this higher

tenperature for the 1-2 nonths of warmweather that remain, gipce’ the

Table 4
Optinmum conditions for storage of neat, fish, nmeat products /58
and fish products
(after N.S. Komarov, 1962)

Product St orage Hum dity St orage
temp. , "¢ % tinme,
from to nmont hs

Frozen meat:

beef ... ... .. ... e -9 -18 95-100 8-12

pork ..0.0. ... ...... .. -9 -18 95-100 5-10

mtton. ... -9 -18 95-100 8-12
Corned beef . . . . ... ... ... 0 -5 80-85 4-6
Sausages:

smoked ... -7 -9 85- 90 4-6

sem-smoked . . . . ... ... -7 -9 85-90 2-3
Smoked meats . . . .. ... L L -7 -9 85-90 4-6
Rendered animal fats . . . . -8 -12 80- 90 4-6
Frozen fish:

sturgeon and salnon . . -9 -12 90-95 3-5

ordinary fish & cod . . -9 -12 90-95 4-6
Salted fish:

salmon . . ... -5 0 90-95 -8

3
ordinary fish . . . . .. .. -5 0 85-90 4-10
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bul k of the juices(upto70-80%)in the produce freeze solid at
tenperatures abov_ minus 5 degrees (Komarov, 1962).

In all cold stores the rooms should be used only for their
intended purpose: for storage, freezing or cooling. No supplementary
freezing or chilling whatsoever should be pernitted in the rooms

intended only for storage. Any failure to adhere to this rule wll

result in deterioration of the stored produce, since there is a
tenporary rise in tenperature.

Chilling should be done in roons gpecially set aside for this
purpose. They should be | ocated near the service shaft or entrance.

The ice lining on the walls of the chilling roomand all the
other roons as well should be 25-30 cm thick. \Wiere necessary the
l'ining can be renewed by spraying on water or |aying blocks of ice.
This work should be done in wnter. The qui ckest and sinpl est nethod
is to use precut blocks of ice. They are installed |like any other
lining, using water or wet snow (snow plus water) as the cement. The
surface of the block is wetted wWith water and the block is laid
strai ght away. The block can be dipped in a bucket of water or else
can be noistened by a hand encased in a tarpaulin glove. Danmage can be
repaired with snow noistened in water. Gaps between the soil of the
roomwalls and the lining can be filled with water or wet snow. The
circular domes of the roons are lined using a special falsework. The
gaps between the lining and the soil of the roof can be packed with
very wet snow. The ice blocks for lining the vaulted roofs nust be
made very carefully. Before the blocks are placed in position any

dried out soil on the walls should be renpbved with a metal scraper or

spade.
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Theprocedure for chilling, freezing and storage 1s ag follows.

Produce to be chilled is stacked on the Ice floor which has
been cl eaned of all traces of previous batches of produce and sprinkl ed
Wwith snow or fine ice.

Fish to be chilled is arranged in a single layer on the snow-
or ice-covered floor and cooled and partly frozen solid so that it wll
not change shape when being transported into the freezing roonms. In
underground cold stores located in Chukotka, fish spread on the fl oor

in alayer 10-15 cmthick takes two days to cool and freeze solid at a

temperature of the ice and underlying frozen soil of nminus 8-10 degrees.

It is then noved to the freezing roomand frozen further until it
reaches the storage tenperature. The supplenmentary freezing is also
done on an ice floor covered with snow or fine ice.

Meat is cooled and partially frozen in the same way, on an ice
floor. In this case the tinme taken depends on the thickness of the
carcasses. For exanple, it takes 3-4 days to chill and partially
freeze deer carcasses at a tenperature in the surrounding soil of mnus
8-10 degrees. During this time 50-60% of the meat juice freezes. For
final freezing the nmeat is taken into the freezing roons where it is
once again arranged in a single layer on an ice floor strewn with snow
or fine ice. -After the tenperature of the meat has been reduced to the
storage tenperature it is transferred to special storage roons.

When pl acing produce in the chilling roons care shoul d be taken
that the air tenperature in those roonms does not rise above mnus 2°.
Any further increase in tenperature will produce |arge amounts of
unfrozen water in the soil of the arched roof and render the latter
unstable. As a rule an increase in tenperature above minus 2° is

acconpani ed by partial collapse of the done.
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The maxi mum |l oading rate in the chilling roons calculated for
specific soil and tenperature conditions nust be adjusted |In accordance
with the air tenperature at the vault, which should not exceed m nus
2°.

Overstocking can be offset by supplenentary ice-salt or
mechani cal refrigeration. If the roomis large enough, an unduly high
tenperature can be countered by reducing the storage rate. ‘lbis wll
| ower the temperature and the relative hunidity. Recourse to these
measures wWill be particularly common in the tenperate zone and in the
region of stable cold winters (zone I11).

Pockets for the ice-salt cooling mixture (Fig. 14) are placed
in niches excavated in the walls. The barrels should be |eak-proof.
They and the cages on top of them should be vertical, clear of the
wal I's, and out of the way.

The conposition of the ice-salt mixture is deternined by
cal culation according to its melting point, which nust be equal to the
required tenperature inside the room The mixture of given conposition
shoul d be prepared as a hombgeneous nmass. The dianeter of the ice
cubes shoul d not exceed 20-25 cm  To get the proportions right the
m xture should be poured into neasuring boxes strictly in accordance
with the established norns.

The nelting point tcm of the mixture of ice and common *

salt can be deternined using a formula fromthe work of N.S. Komarov

(1962)

few = —0,7x,
(35)

where x is the salt content in 7% of the weight of the ice.
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The refrigeration effect of the ice-salt mixture (latent heat
of melting of the nixture) d, can be estinated approximtely (to

within 10% fromthe equation

90 = 80 — | feu |, KKan[xe, (36) “

where [t,] is the absolute value of the mxture’s melting point.
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Fig. 4. Pocket for the mixture of ice and salt

Instead of equations (35) and (36) the data in Table 5 can be
used.

A stock of ice ready to prepare the ice-salt mixture and for
ot her purposes stwould be kept in specially designated rooms, and al so
on the floor of the corridor and the other roons. Gradual ly, as

needed, it can be spiked 'loose and taken away to be |oaded into the

wooden pockets depicted in Fig. 14.
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Table 5

tcn]and q, as a function of x
Amount of salt (related to 5 10 15 20 25 30
the weight of ice, x) , %
Tenperature of the ice-salt
m xture tCm P -3.1 -6.2 -9.9 -13.7 -17.8 -21.2
Refrigeration effect of
m xture Ay kecal/kg ...... .. 75 68. . 62 57 51 46

The required | ateral surface of the pockets can be cal cul ated
for each room The starting point for such a calculation is the
quantity of cold needed Q

The calcul ated surface

_ 1.2Q
Feo = magi =10 (37)

where Qis the quantity of cold needed; a is the heat transfer
coefficient of the surface of the ice-salt mxture in the pockets; 1.2
is the safety margin; e is the difference between the

air tenmperature and the nelting point of the ice-salt mxture.
The daily rate of consunption of the ice-salt mxture is

estimated by the formula

cm

wher e a, is the refrigeration effect (latent heat of nelting) of
1 kilogram of the mixture, taken from Table 5

In the first few hours after depositing the thawed produce in
the cold store, when the refrigeration yield per square nmetre of the

cagework pockets has to be greater, air circulation within the roons
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shoul d be increased. The current of air should be directed at the ice~
salt mxture,.

Underground cold storage facilities are airtight, so heavy
stocking with produce and the prol onged presence of personnel results
in an increase in the anount of carbon dioxide in the atmosphere. This
mekes itself felt particularly strongly in small shaft-type facilities
in which ventilation by outside air admitted through the service shaft
alone is extrenely linited. _

Experience in the operation of underground cold stores in
Chukotka has shown that adit-type facilities can be adequately
ventilated by opening the doors of the entrance. In shaft facilities
the prem ses nust be aired periodically by opening the service and
ventilating shafts sinmultaneously. In general, ventilation is timed to
coincide with loading and unloading operations. \Were necessary forced
ventilation should be used.

Observations have al so shown that a layer of frost 2-4 cmthick
forns on the walls of the roons and corridor at the end of winter.
During the warmpart of the year the frost prevents the soil from
getting too warm and keeps the humdity down.

The frost forms in winter throughout the entire period when the
wal s are being artificially cooled. At this tine the functioning of
the cold store is adversely affected by the frost, which restricts the
normal cooling of the soil. The frost should be renoved fromthe walls
at he beginning of the accunulation of the cold reserve when the roons
are being ventilated with outside air. Only the frost form ng towards
the end of winter and towards the end of the artificial soil cooling

operation should be kept for sunmer.
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bring summer due attention ghould be paid to waterproofing
measur es. Surface and other water should be kept out of the facility
since it will increase the humdity and raise the tenperature’ The
latter rises and stays high until the water is frozen.

Normal functio iing of an underground cold store and its saf ty
al so depend on |oading and unloading operations” Produce should be
brought into the facility quickly so that the doors of the entrance are
not left open too |ong.

In the case of a shaft-type cold store, the intake of produce
through the |oading shaft should be organi zed so that raising and
|l owering takes place as expeditiously as possible. Automatic devices
shoul d be available to make it possible to close the internediate
hatches in the |loading shaft as soon as the goods cage has passed. In
the adit type of facility the doors of the entrance should Iikewi se be
cl osed as soon as the |oading platformhas gone through.

The transport equi pnent inside the cold store should ensure
rapid novenent of the produce from the |oading shaft to the roomns.

Vertical transport is best done with the aid of shaft w nches,
whereas a telpher system or narrow gauge platform wagon is the nost
efficient way of noving produce horizontally. The narrow gauge tracks
should be laid at the same level as the ice floor of the rooms and
corridor. The turntables permtting entry into the roons should have a
| ocking device lining up the railhead of the turntable with the track
| eading into the room

The meat should be stored as carcasses vertically and at a

slight angle, O else suspended on special hangers. In this position

the carcasses are kept quite well ventilated.
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Fish the size of the chum sal nmon, inconnu, broad whitefish,
Si berian taimen and the like should also be stored vertically, head
down, and close together. Small fish can be kept in boxes or bags
placed on a special grid so that the produce is thoroughly ventilated.
Sonetines nmeat and fish to be stored for a long time is covered with
snow or fine ice. Practical experience has shown that produce stored
inthis way keeps its taste longer even at a relatively high

t enperat ure.

When operated properly an underground cold store lasts for a
long tinme. However, the stability can be endangered if the air
tenperature rises above minus 2°. At such a tenperature the soi
becomes plastic and the vaults of the roons virtually |ose their load-
bearing capacity, so that part of the roof caves in. The results may
be not nerely spoilage of the produce but even the destruction of the
facility.

As already noted, watertightness is very inportant. Br eaches
in the wat erproofing should be nended carefully. On top of the
entrance there should be a layer of soil twice as thick as the sumer
thawing layer. To prevent thawing out of this soil ice should be
stored in summer in cagework pockets along the inside walls of the
entrance. The floor of the entrance should slope towards the exit

The rigid noisture barrier lining the ventilation ducts shoul d
be overhauled fromtime to time to prevent water infiltrating. If
perfect watertightness cannot be achieved, the duct can be blockedu

and frozen for the summer. In winter the duct should be repaired and

r eopened.
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Ot her tasks for the winter are renewal of the ice l[ining on the
walI's of the cold store, the preparation of an adequate stock of snow
and ice for operational needs, filling the ice pockets in the entrance,
and accumulating cold in the quantities indicated by thermal *
calculations. At the same tine the ventilation system should be fitted
with an automatic device to switch it on when the tenperature
di fference between the outside air and the room surface reaches a
certain level (not less than 5°C).

The electric wiring inside the facility should be nade of
wat erproof material. The wires should be laid separately in individual
insulators 10-15 cmaway fromthe surface of the wall. Thisis to
prevent the wires being enbedded in the frost onthe walls. The
voltage in the system nust not exceed 36 V. |n sone underground cold
stores the lighting has a voltage of 220 V, which is rather dangerous.
If the facility is fairly rembte from a popul ation centre, electricity
may be supplied by nobile power stations.

The air tenperature in the cold store is recorded and
controlled by a distant-reading resistance thernometer of type MMT-4 (a

thermstor), or by psychonetric thernonmeters installed in each room

1.2 metres above floor |evel.

* * *x * *

Until recently, surface cold stores have generally been built

wi thout taking into account the local climate. Now, in the Far North,
we are beginning to construct underground cold storage facilities in
frozen soils. As a rule they have been built by the direct labour

met hod, using prelimnary designs unsupported by special thernal

cal cul ations, though to sone extent this approach was justified by the
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smal | size of the installations. wMpreover, the type of cold store

(surface or underground) selected did not always correspond to the
technical and econonmic requirements. Recently there has been an ever-
greater demand for | arger cold stores. For this reason analysis of the
thermophysical and economic paranmeters s absolutely essential for
rational planning.

Bel ow we give sone of the technical and econonic indices for
the construction and operation of surface and underground cold storage
facilities in northern conditions

Underground cold stores were built at the villages of
Shakht erskoe in 1959 and Ust'-Belaya in the Anadyr district of the
Magadan region in 1963. In 1964 a surface distributing cold store with
a capacity of 3400 metric tons was constructed in the city of Mgadan

The underground facility at Shakhterskoe and the distributing
cold store in Magadan were both built by specialized construction
organi zati ons maki ng maxi mrum use of mechani zati on. The under ground
store on the First Chukotka Revolutionary Committee collective farm at
Ust'-Belaya was built by manual 1labour wi thout the use of explosives to
| oosen the frozen soil. The respective costs per cubic nmetre of
capacity were 18.3 roubles for the underground facility at
Shakhterskoe, 51 roubles for the facility at Ust'-Belaya, and
53 roublas for the store in Magadan

To conpare the efficiency of use of the cold stores, the
operatinmg cOStsS can be expressed as the cost of processing one centner
of prodwce: the cost of processing (chilling, freezing and storage) of

one centmer Of fish and nmeat in the underground cold store at Ust'-

Belaya was 2.2 roubles per annumin 1963 and 2.48 roubles in 1964. By

167
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contrast the annual (planned) cost of storing one centner of produce in
the distributing cold storc at Magadan is roughly 8.8roubles.
The data presented above are clearly an argument in favour of

proceeding with the construction of underground cold stores in the Far

Nort h

Concl usi on

Theoretical calculations and |ong-term observations of the
operation of underground cold stores have convinced us of their high
efficiency. 1In spite of this they are being built far too slowly. One
of the stumbling blocks is the absence of conputational formulas
enabling designers to performthe thermal cal culations needed to
provide the basis for specifying the operating conditions of the
underground facilities.

When designing and constructing underground cold stores
particular attention should be paid to the depth fromthe ground
surface to the roof, which should be 10-15 netres. |t is especially
inportant to have the roofs of the roons and corridors sloping away
fromthe entrance (2-4%. The entrances and shafts nust be carefully
wat erproofed. Builders and operators shoul d remenber that the
integrity of the roof and constancy of the tenperature reginme in the
cold store depend on the watertightness

The conmputational fornul as devel oped for underground cold
stores built in frozen soil and the calculations presented make it
possible to enbark on the study and econonic justification of their

construction not only in the Far North but also in other parts of the

country.
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The experience that has been acquired i{n the construction and

operation of the first underground cold stores, their conparatively low
estimated cost given sufficient mechanization, and their [ ow running
costs point to the need to nake extensive use of this type of facllity

in the different parts of the Far North.
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COMMUNITY FREEZER SIZE ADMINISTRATION MAINTENANCE COMMENTS
Trobisher Bay 1) 14'x60"' 1. T.A. D. P.W. .) H T.A. use
2) 14'x36' _
(3) 30'x20" 3) Fish Plant-
(4) 100 X100 comercial use
})Wew holding £fr
(O &(2) at meat cuttin
approx. sizdg —1one
L1 freezers ovine
y GNWT. , Dept
anewable Resourc
.T.A. may soon t
ver naintenance
ontract out to T
ther freezers:Th
Pangnirtung sizeof sma Han et D.P.W. air condition
natchbox - o-op and communi
se.
367 Sg. ft. Hanl et m nor - Haml Good conditic
Broughton Island q. = M8 or - D.p.t Enough space.
Bay & 1 othe:
store have ov
freezers.
Arctic Bay 12'x20"' H.T.A. Hanl et teeds shelving s
(approx.) servicing.

i 3ay has own free
ro-op cl osed, sm:
>utdoor freezer ('
10t being used.

Pond Inlet 30'x20" H.T.A. D.P.W. sood condition,
] 20 yrs. old.
Overl oaded in su
No co-op freezer
I 1ik 12'x20" Han et Haml et & Full in summer.
gioott G.N.W.T. Bay has small fr

Resclute Bay

No freezer
Unheat ed

warehouse.




COMMINITY FREEZIER SIZE ADMINISTRATIO MAINTENANCE COMMENTS
Lake Harbour Set t| ement iseéd by Bay s
Counci | 7ildlife Committe
‘ommittee oOrders
rom Pangnirtung.
freezer only.
Clyde River Qut si de Hanl et, but jamlet-minor [sood condition,
measur enent : will soon be |>.P.W.-major [:nough space in
19'x19'x74" turned over summer .
H.T.A. I freezer only.
.Hall Beach si ze of Settl ement J>.P.W. Jsed by HT. A, C
- mat chbox Counci |~ 3ay & community.
Jjot bi g enough.
’)14 freezer, note
10t very good.
store size Co-op Co-op
Rankin | nl et (1) 410sg f Ham et D.P.W so0d condition.
Enough space.
12)3 freeze |s Dept. of D.P.W ?ish plant- come
10’ X12’ Econom c ise only.
(3)30'x12" (future Roof needs repair
uncert ai >therwise good
condition.
Eskimo Point 504 Sq ft. Hanl et Hani et o1a freezer
Too full in sumre
Used by co-op &
communi ty.
| Bay has own freez
Cambridge Bay Fi sh pl ant - Co-op Co-op Commerci al use on
bl ast freeze | ’ -
20,000 I b. i
2 hours(-21)
25,000 | b.
hol di ng room 1
536 sq. ft”. | H T.A. | GNWT Fi sh &
(28'x12")

! wildlife




COMMUNITY FREEZER SIZE ADMINISTRATION MAINTENANCE COMMENTS

Copper mi ne 16" x30’ D. P.W. D. P.W. 00 snmall, overlc

Hamlet status n sunmer.
gained Apr.l,
Admin. may gc
to Haml et
Holman | sl and i ce house Settl ement Settl enent Smal | & inefficie
Counci | Counci | ouncil has appl:
or Speci al ARDA
unds for 900 sg.
ralk~in freezer.
.pproved construe
lcg b d Y (=R S UTY*YE] == S
Pelly Bay (1)15'x 25’ Co-op .. _ Co-op Mainly co-op USe.
(2)20'x60" Co-op D-op *ish plant -
‘ommercial use or
*ish shipped in ¢
: freezer renain:
 Jnymant 10 Winte:

Spence Bay (1)1 0°X12° Ham et lamlet Community use.
Overloaded in su

U(é) 121X1% Hanl et jamlet (GNW | Old freezer may
naer cons >aying cons | losed.
truction )

Chesterfield Inlet 592 sq. ft Ham et Jamlet Ful | in sunmmer,
but large enough
for community.

Grise Fiord 12'x20" Sett| ement D.P.W. Good condi ti on,

(approx. ) | ar ge enough

Baker Lake 666 Sq. ft Hanl et Hanl et

Coral Harbour 445 Sq. f Ham et Ham et




COMMUNITY FREEZER SIZE ADMINISTRATION MAINTENANCE COMMENTS
Repulse Bay 495 sq. ft Haml et Ham et
Whale Cove 620 sg. ft Haml et Haml et




