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ABSTRAC The paper proposes a new approach to solving the problem of increasing the economic efficiency of railway

transportation of viscous petroleum fuels (fuel oils) at low air temperatures. The physical properties of fuel
oils allow them to be obtained when poured into the tank of a tank wagon in a stratified state, when their density in the upper
part of the tank is significantly less than in its lower part. This blocks the natural convection of hot fuel oil on the cold walls of
the tank, and it cools only due to the molecular thermal conductivity which is very small. Upon cooling down, a relatively thin
highly viscous layer forms on the inner walls of the tank of a tank wagon, which acts as a heat-insulating shell, and the bulk of it
(more than 90 %) retains high temperature and fluidity throughout the period of transportation. The thermal and hydrodynamic
calculations were performed using modern computer technologies (the ANSYS 5.6 software package). The results obtained show
that the need to heat up the fuel oil during unloading remains, but already requires significantly less time and heat energy.
The proposed energy-saving technologies for the delivery of viscous petroleum products are especially relevant in Russia with
its cold continental climate, long-haul transportation, and the current structure of the country’s wagon fleet. The value of the
results obtained lies in the fact that the proposal can be implemented on tank wagons in circulation with minimal change to
their design. The technology of operation of the drain equipment at unloading points will not change either.
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AH HOTA I/] MpennoxeH HOBbIM NOAXOA K PeLLeHNI0 334a4M NOBbILLEHNS SKOHOMUYECKOM IPDEKTUBHOCTM XKene3Hoa0-

I_L POXHbIX NepeBO30K BA3KMX HEPTAHbIX TOMMB (MA3yTOB) NPU HU3KUX TeMNepaTypax Bo3ayxa. Dusmueckue
CBOMCTBA Ma3yTOB MO3BONSIOT MOAYYaTb UX MPU HANMBE B KOTE/ BaroHa-LMCTEPHbI B CTPAaTUOULMPOBAHHOM COCTOSIHUM, KOTAA UX
NAOTHOCTb B BEPXHEN YACTU KOT/A CYLLECTBEHHO MEHbLUE, YEM B HUXKHEN. ITUM BNIOKMPYETCS eCTeCTBEHHAs KOHBEKLMS ropsyero
Ma3yTa Ha XONOAHbIX CTEHKAX KOT/A, U OH OX/1XKAAETCA TOMbKO 3@ CHET MONIEKYNSPHOM TEN0NPOBOAHOCTH, KOTOPAs O4eHb Mana.
[Mpn oxnaxaeHUM Ha BHYTPEHHMX CTEHKAX KOT/1a BaroHa-LMCTepPHbl 06pa3yeTcs CpaBHUTENbHO TOHKMIM BbICOKOBSA3KUI CNOM, Ur-
patoLLMi ponb TENNOM30MPYHOLLE 060104KM, OCHOBHAs ero Macca (6onee 90 %) coxpaHseT BbICOKYH TeMnepaTypy M TeKy4ecTb
3a BCe BpeM$ TPaHCMOPTUPOBaHMS.
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BbinosHeHb! TENMOBbIE U TMAPOAMHAMUYECKME PACUeTbl C MPUMEHEHUEM COBPEMEHHbBIX KOMMbIOTEPHbIX TEXHONOMMI (NakeT
nporpamMm ANSYS 5.6). MonydeHHble pe3ynbTaTbl MOKa3blBatoT, YTO HEOBXOAMMOCTb Pa3orpeBa MasyTa Npu Bbirpy3Ke OCTaeTcs,
HO TpebyeT B pasbl MEHbLIMX 3aTpaT BPEMEHM U TEMNOBOWM 3HEPTrUK. [peanoKeHHble 3HeprocbeperaroLme TeEXHONOMMM LOCTABKM
BA3KMX HEDTENPOAYKTOB OCOBEHHO aKTyasbHbl B YCI0BUAX POCCUM C €€ XONOAHBIM KOHTUHEHTaNIbHbIM KIMMaToOM, 60/bLUIONM Aab-
HOCTbIO MEPEBO30K M CNIOXKMBLUENCS CTPYKTYPOI BarOHHOrO Napka CTpaHbl.

LIeHHOCTb NOTyYeHHbIX Pe3yNbTaTOB 3aK/0YAETCS B TOM, YTO NPELNOKEHNE MOXET BbiTb pEaNM30BaHO Ha BaroHax-LucTepHaXx,
HaxXo4AWMXCA B 060pOTE MPU MUHUMANBHBIX M3MEHEHUSAX MX KOHCTPYKLMU. TEXHONOTMS SKCMyaTauum CIMBHOMO 060pyAoBaHus

B MYHKTAX BbITPY3KU TaKXE HE U3MEHAETCA.

K/IO4EBDIE C/10B

. YKene3HOAO0POXHbIE NepeBO3KM; BA3KME HEDTENPOAYKTbI; TEPMOrPaBUTALMOHHAS KOHBEKLMS;
+ CTPaTMULMPOBAHHOE COCTOSHUE; TEMNOBAS U30MALLMS KOTA BaroHa-LMUCTePHbI

[nsa umutuposauua: Moucees B./. HoBble cnocobbl noBbileHWs 3hdEKTUBHOCTU XKeNe3HOL0POXKHbIX MEPEBO30K BA3KMX HedTenpo-
nykToB // Tpancnopt BPUKC. 2024.T. 3. Buin. 1. Cr. 1. https://doi.org/10.46684/2024.1.1.

INTRODUCTION

The paper presents a new approach to solving the
problem of increasing the economic efficiency of trans-
port operations associated with long-distance transpor-
tation of Viscous Petroleum Products (VPP) at low air
temperatures. These liquid cargoes are the most impor-
tant component of freight transportation by rail trans-
portin Russia. Their share in the total freight turnover
of the country’s railways, including export traffic, is
approaching 18 million tonnes per year. At the same
time, the main traffic flows are formed in the regions of
Western Siberia, Urals, and the Far East. It is there that
Russia’s oil fields are in a state of initial development
and at the peak of their development. The main means
of delivering VPP to the centre of the country is by rail-
way (~65 %) and river transport (~25 %). The maximum
volume of transportation is accounted for by furnace
fuel oils under the M100, M40 and F12 brands.

During transportation, fuel oil cools down and
turns into a highly viscous state, which makes it very
difficult to unload. The standard solutions used to the
problem, such as insulated tank wagons and heating
up of oil cargo to restore its fluidity before unloading,
require a very high consumption of various types of
resources. For railway transportation, these include
the use of specialized wagons with a large (up to 50 %)
empty return mileage, low turnover due to the dura-
tion of the heat-up period, high cost of manufacturing
and operation of tank wagons, consumption of thermal
energy for draining and cleaning of tank wagons from
high-viscosity VPP residues.

The paper proposes, for the first time, to make a ra-
tional use of the physical properties of the transported
petroleum products themselves, such as high values
of the volumetric thermal expansion coefficient, a low
molecular thermal conductivity, and a sharp increase
in viscosity during cooling. Giving reasonable consid-
eration to these properties makes it possible to obtain
and keep the main mass (more than 90 %) of VPP in a

liquid state for a long time both in the ground storage
tank and in the tank of a tank wagon. At the same time,
only 5 % to 10 % of the total mass of the petroleum
product located in close proximity to the inner walls of
the tank passes into a highly viscous state.

A relatively thin, highly viscous layer with a low
thermal conductivity is formed on them, which acts as
thermal insulation of the contents of the tank from the
external environment.

This provides a possibility of a sharp reduction in
time and thermal energy input for unloading, which is
only reduced to the dilution of this layer.

For railway transportation, the proposal can be im-
plemented on tank wagons in circulation with mini-
mal change in their design and maintaining the op-
erating conditions of the drain equipment. What is to
be changed is the technology of filling petroleum fuels
used at a refinery.

The paper describes mathematical models of physi-
cal processes in M100 liquid furnace fuel oil in the tank
of a tank wagon and the results of calculations of tem-
perature distribution.

Options for the use of tank wagons with a steam
heating casing and tanks for light general-purpose pe-
troleum products are being considered [1-15].

PROBLEM STATEMENT AND METHODS
OF ITS SOLUTION

There are a large number of development efforts
aimed at accelerating the discharge of VPP and reduc-
ing the consumption of resources for the arrangement
of discharge [1-3]. The flow of new papers and patent
applications for inventions that has been going on for
more than 50 years shows that the optimal solution to
the problem has not yet been obtained.

The problem of VPP delivery is particularly typical
of Russia with its cold continental climate, long dura-
tion of the cold season, a low degree of branching of
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the railway network in the northern and eastern re-
gions of the country, and the established structure of
its wagon fleet. Currently, fuel oil is poured into the
tank of a tank wagon at a temperature close to +70 °C.
These temperatures ensure a decrease in viscosity and
a reduction in the VPP filling time, but heating VPP to
higher temperatures is prohibited in order to preserve
the performance characteristics of rubber sealing ele-
ments on the drain equipment of the tank of a tank
wagon. The loss of these characteristics can cause a
spill of large amounts of VPP, which will lead to large-
scale environmental disasters.

Full-scale experiments to study the cooling of fur-
nace fuel oil with an initial filling temperature T, of
+70 °C were carried out for three years and took place
as early as the 1950s. They were focused on the aver-
age winter air temperature in the European part of the
Soviet Union, Tg =-15 °C. From the beginning, the aver-
age value of the convective heat transfer coefficient o
of 30 W/m?°C was also set for the heat-emitting surface
of the tank of a tank wagon. The results of the experi-
ments are shown in Fig. 1 [5].

Fuel oils obtained from various oil fields of the Rus-
sian Federation differ by the content of paraffin frac-
tions and have a solidification temperature range from
+25 °C to +35 °C, at which they are not discharged by
gravity. This temperature range is marked by a large
dotted line in Figure 1, which also shows the average
travel time of oil trains in the European part of Russia
(~140 hours) [6] and the average time of transition of
VPP to a highly viscous state (~23 hours in tank wagons
without thermal insulation of the tank).
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Fig. 1. Cooling of M40 and M100 fuel oils in tank wagons with
and without thermal insulation of the tank [5]
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Full-scale experiments have shown that after
15-20 hours of transportation at an air temperature T,
of -15 °C, the average volume temperature of VPP in a
tank without thermal insulation decreased to +10 °C.
At these temperatures, the viscosity of M40 and M100
fuel oils is so high that their discharge by gravity be-
comes impossible. In insulated tanks, it takes about
180 to 200 hours before fuel oil cools down to these
temperatures.

Hence, it was concluded that the heat-insulating
shell of the tank does not provide the expected effect
of maintaining a high temperature and fluidity of
VPP necessary for draining, and it was decided that it
would be more expedient to deliver petroleum fuels
in a highly viscous state and warm them up before the
discharge. At the same time, heating of VPP remains a
laborious and lengthy operation, which causes a low
turnover of tank wagons, requires expensive equip-
ment, areas, buildings and facilities, not to mention
high consumption of thermal energy. According to Rus-
sian Railways, over 660 thousand tonnes of oil equiv-
alent are spent annually for draining and heating of
oil cargoes, and the total idle time of tank wagons un-
der draining exceeds 1 million wagon-hours, which is
equivalent to about RUB 3.5 billion in monetary terms
(in 2022 prices).

INNOVATION PROPOSAL

Below we propose a new and unconventional ap-
proach to solving the problem of accelerated unload-
ing of VPP with a low energy input, even at enterprises
with limited resources. It is based on the possibility of
long-term maintenance of fuel oil in a ground tank or
the tank of a tank wagon in a stratified state. A strati-
fied state is a nonequilibrium, but hydrodynamically
stable state of a liquid, in which its density in the lower
part of the container is significantly higher than in its
upper part.

Thermogravitational convection (TGC) of hot and
still low-viscosity fuel oil is initially suppressed after it
is poured into the tank of a tank wagon.

After the suppression of TGC, fuel oil transported
in winter time does not freeze throughout the volume
of the tank of a tank wagon, but it solidifies to a highly
viscous state on the inner surface of its shell. The tank
acquires a shell formed from the fuel oil itself with
rather good thermal insulation properties. The vol-
ume of the shell is about 6 to 8 % of the internal volume
of the tank. The bulk of the fuel oil (about 92 to 94 %)
retains a high temperature and fluidity for a long pe-
riod of time, which is sufficient for draining by gravity.
The standard operation of heating the delivered fuel
oil during unloading will remain necessary, but will
require significantly less time and energy.
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Fig. 2. Results of calculations of temperature fields in the mass of M100 fuel oil along the section of the tank of a tank wagon
in the absence of TGC: a — overall picture of the temperature distribution after 5.7 days of transportation at an air temperature
= -20 °C; b — curves of temperature change at different distances from the axis of the tank (model of a quasi-solid body,
convection coefficient g, = 1)

An important point here is that fuel oil is dis-
charged at a high temperature and fluidity. For the
first time, it becomes possible to transport it through
pipelines made according to temporary technological
schemes, for example, when bypassing barrier sites on
a destroyed railway network or when delivering fuels
to watercraft without berthing.

The proposed method requires some change in the
technology of filling VPP into the tank of a tank wagon
carried out at a refinery, rather than in the unloading
technology.

First of all, we should note the physical characteris-
tics of petroleum fuels: bunker fuel oils (F-5), furnace
fuel oils (M100), and high-viscosity cracking residues
(M200). It can be seen from Table 1 that all of them have
alarge coefficient of volumetric thermal expansion B, ,,
of about 10-° 1/deg (almost five times greater than that
of water). They also have a low thermal conductivity
Aypp Fanging from 0.105 to 0.12 W/m°C, only slightly
higher than that of asbestos fibre (A, ~ 0.09 W/m°C),
which is a typical thermal insulation material. The
combination of these properties makes it possible to
significantly reduce the time and consumption of heat
for managing the discharge of VPP.

It should be noted that the problem of cooling a cyl-
inder streamlined by an air flow from the outside is
one of the canonical problems of mathematical physics
which was solved back in the nineteenth century. The
necessary analytical expressions, tables and graphs are
available in the literature [8, 9]. Based on this, let us im-
agine fuel oil in a tank wagon with a tank diameter D
of 3 m as a quasi-solid body with a thermal conductiv-
ity A, 0f 0.105 W/m°C and an initial temperature of
+70 °C. Let us assess its cooling time to the discharge
temperature of +40 °C.

To solve this problem, computer calculations
were performed showing the radial temperature dis-
tribution; the calculation results obtained using the
ANSYS 5.6 software package are shown in Fig. 2.

These give a picture of the temperature distribu-
tion over the section of the tank of a tank wagon that
is streamlined by an air flow with a temperature T,
of -20 °C and a velocity u, of about 20 m/s. As you
can see, after 140 hours (~6 days) of transportation,
the bulk of M100 fuel oil (highlighted in red, orange,
yellow and green colours) will retains a high tempera-
ture and fluidity sufficient for unloading, and only a
thin layer at the very walls of the tank will solidify

Table 1

Physical characteristics of petroleum fuels (fuel oils) [4]

Specific heat ::r:;;n:::; v;c;:;lrtz Coefficient of Coefficient Temperature
Petroleum fuel capacity, range + 4op 60 °C thermal conductivity, of thermal of unloading
C,J/kg°C Ve 106";1'12 e : A, W/m?°C expansion, 8, °C* | (by gravity), T, °C
F-5,F-12 bunker fuel oils 900-950 1880 96-43 0,120 9,51 -10+ +30...+40
M100 furnace fuel oil 970-984 1860 825-400 0,105 9,57 - 10 +50...+60
M200 fuel oil 998-1010 1848 3674-668 0,102 9,57 - 10 higher +60
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Fig. 3. Schematic representation of liquid currents inside a tank
wagon during thermogravitational convection and symmetrical
cooling of the walls

(highlighted in turquoise, light blue and dark blue
colours).

The graphs show the curves that characterize the
change in fuel oil temperature over time at various dis-
tances from the axis of the tank of a tank wagon.

This result is in sharp contradiction with the data
of field experiments shown in Fig. 1. Consequently, the
model of the medium as a quasi-solid body turned out
to be erroneous. In reality, there are internal move-
ments of low-viscosity VPP, which can be considered
as mixed natural and forced convection.

Being an integral part of it, thermogravitational
convection (TGC) occurs when the wall layers of the
liquid are cooled by the cold walls of the tank, accom-
panied by an increase in the density of VPP.

Vladimir I. Moiseev
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The cooled wall layers of the liquid move down-
ward, displacing the liquid upward in the central areas
of the tank. A diagram of the currents of the circulat-
ing fluid movement in a horizontal cylinder at TGC is
shown in Fig. 3; the arrows indicate the directions of
the currents, and the density of the lines shows the ar-
eas with the highest speed of movement [22].

Being the second component of the process, forced
convection is a secondary factor. This is observed only
when the tank wagon is moving and only in the upper
layers of petroleum products, and since the tank of a
tank wagon is usually filled to 90 to 95 %, the air layer
above the free surface of the liquid, where waves de-
velop, turns out to be too thin to cause intense mixing
of the liquid [28].

EVALUATION OF THE RESULTS
OF HYDRODYNAMIC CALCULATIONS

All works on TGC note that the most intense cur-
rents occur in a thin, near-wall layer of liquid [10],
as shown in Fig. 3. Therefore, TGC is described using
the laminar boundary layer model [10]. This model
was also used in the calculations for M100 fuel oil.
The equations of hydrodynamics and convective heat
transfer [26] were solved by the finite element method
using the ANSYS 5.6 software package.

When performing the calculations, the following
conditions were set:

e when poured, M100 fuel oil had an initial tempera-
ture Tn of +70 °C;

e the outside air had a temperature T, of 20 °C;

e the external heat transfer coefficient o was
15 W/m?2°C;

e filling of the tank lasted 45 minutes, taking into ac-
count the transition to a steady state of internal cur-
rents in VPP.

The images shown in Fig. 4, a, b show the thickness
of the laminar flow descending along the tank wall 3
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Fig. 4. Distribution of velocities of the circulating movement of M100 fuel oil during thermogravitational convection inside the tank
of a tank wagon: a, b — during the first 45 minutes after filling the tank wagon; ¢ — 360 minutes after pouring VPP into the tank
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of about 0.30 m, with the highest flow velocity u___of
about 0.27 m/s observed at a distance § of about 0.13 m
from the tank wall. At a distance r of more than 0.3 m,
countercurrents rising upwards are formed, closing the
circulation vortices schematically shown in Fig. 4, b.
In the centre of the tank, at distances r exceeding 1 m
from its wall, a fixed core is formed, where the liquid
remains motionless.

It follows that at the flow rates u _,_ of about
0.27 m/s, TGC is the main reason for the rapid cooling
down of fuel oil in the entire volume of the tank of a
tank wagon, which confirms the results of field experi-
ments shown in Fig. 1. A sharp decrease in the rate of
cooling of the oil cargo 20 to 23 hours after it is poured
into the tank is also understandable. It can be seen
from Fig. 4, a and b that in the first 45 minutes TGC
is observed throughout the entire section of the tank,
and then, as can be seen from Fig. 4, b, after 360 min-
utes the process noticeably shifts upwards. It can be
expected that after 20 hours of cooling, the increase
in the viscosity of VPP will completely extinguish TGC,
and this will fully confirm the course of the experimen-
tal curve shown in Fig. 1.

It can be concluded that when TGC is suppressed,
a liquid petroleum product will cool down as a quasi-
solid body by molecular thermal conductivity at A,
of about 0.12 W/m°C, and the temperature distribu-
tion in it will correspond to the picture shown in Fig. 2
[16-27].

OBTAINING THE STRATIFIED STATE OF LIQUID
PETROLEUM FUELS

Let us look at several ways to delaminate hot liquid
petroleum products and obtain a temporary thermal
insulation shell of a tank, specifically for the tank of
a tank wagon, from a highly viscous oil product itself
[17]. (Compare with a layer of ice on the surface of a
reservoir that thermally insulates liquid water located
under it).

The first method is implemented in a specialized
tank wagon, model 15-1566, for viscous liquid cargoes
with a steam heating casing rigidly mounted on the
bottom of the tank [7, 19, 20, 24]. The model was de-
veloped back in the 1960s, has been modernized many
times, and is now widely used (Fig. 5). The parameters
of the tank of the tank wagon are given in Table 2.

Vladimir I. Moiseev
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Fig. 5. Tank wagon with a steam heating casing,
model 15-1566: 1 — tank of the tank wagon; 2 — steam heating
casing of the tank

The model has a chamber of about 2.8 m® in volume
between the walls of the tank and the casing; the thick-
ness of the chamber is about 4.5 - 102 m.

When unloading VPP, steam is supplied to the
chamber to heat up the tank walls and a relatively
thin layer of solidified petroleum product which is in
thermal contact with them. The layer melts, dramati-
cally reducing its viscosity, and the entire bulk of VPP
with a low temperature and high viscosity slides over
this layer and is poured into a receiving pit below
ground level.

Next, the tank wagon leaves the discharge facility,
and heating and sending the drained petroleum prod-
uct to storage becomes a responsibility of ground ser-
vices.

The idea is good, but the fuel oil facilities of an
enterprise receiving VPP should have expensive and
energy-consuming equipment (heated fuel oil pipelines
of great length). This means that the problem of heat-
ing up VPP during the discharge and distribution to
ground storage and associated resource costs remain
unresolved.

According to the proposed new technology, before
being poured into the tank of a tank wagon, fuel oil
must have a temperature exceeding the boiling point
of water (100 °C). The above mentioned difficulties re-
lated to maintaining the performance of the rubber
sealing collar on the drain device shown in Fig. 6 can
be resolved by a simple act [12, 13].

Table 2

Parameters of the tank of a tank wagon, model 15-1566 [11]

Thickness
of the casing
walls, m

Area of the
heat-emitting

Specific heat

capacity
of steel, J/kg °C

Tank wall

surface. m? thickness,m

ECONOMICS OF INTERNATIONAL TRANSPORT AND LOGISTICS: INTELLIGENT AND DIGITAL SOLUTIONS AND PRACTICES

Volume of the
chamber under
the casing, m*

Increase in the
weight of the
container, kg

Heat capacity Tank weight
of steel with the casing,
A, W/m°C kg
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Fig. 6. Tank wagon’s drain device: a — general view; b —
axonometric view of the device; 1 — rubber sealing collar [29]

Fig. 7. Application of thermal insulation from rigid polyurethane
foam [23]

Before filling the tank of a tank wagon with hot
fuel oil, process water with a temperature of about
plus 50 °C is supplied to the chamber. (At very low
air temperatures (minus 50 °C), it provides preheat-
ing of the empty tank to temperatures of the order of
plus 5 to 10 °C, which solves the problem of thermal
stresses in the tank welds). An extension pipe with a
length of 0.10 m to 0.15 m is attached to the tank of the
tank wagon, and a flange with a bolted connection to
the flange on the drain device is welded to its free end.
When pouring hot VPP, the first masses of the product
are spread over the cold bottom of the tank and cooled
down on it. The extension pipe with an internal vol-
ume of about 3 litres is filled with already cooled fuel
oil. But as it has a low thermal conductivity (Table 1),
it will create thermal insulation of the rubber sealing
collar from the hot VPP inside the tank of the tank wag-
on. Filling becomes possible at a temperature of fuel
oil T, of about +120 °C to +150 °C, i.e. exceeding the
boiling point of water. When fuel oil with such a tem-
perature is poured into the tank of the tank wagon, the
water under the steam heating casing will heat up and
boil, with the water mass m,, being 2,800 kg.

This requires a lot of heat, which leads to a sharp
cooling of the fuel oil in the lower part of the tank.

The amount of cooling water is estimated from
the heat balance equation. Let us assume that in the
lower part of the tank, the mass of fuel oil (m,,) be-
ing cooled down from the initial temperature T, of
+150 °C to T, of +100 °C when the boiling of water
stops is 30 tonnes. However, the water under the cas-
ing is additionally cooled down to the temperature
of the water drain T, of +30 °C. The thermophysical
properties of water in liquid and gaseous states are
shown in Table 3.

Using the values indicated in Table 1 and Table 3,
we obtain the heat balance equation as follows

AT = (rW +CW70)mW _

Cyppmypp

_ (2238 +4,2-2,8-70)-2800 < 122°C.
1,86-30-10°

It follows that the transfer of heat to 2.8 tonnes of
water in the chamber under the casing will cause cool-
ing of 30 tonnes of fuel oil in the lower half of the tank
of a tank wagon by 122 °C. At the same time, the aver-
age temperature of the fuel oil in the upper half of the
tank T,,,, will remain equal to about 150 °C, and the
temperature in the lower half T,,,, will drop to about
28 °C, i.e. the difference of temperatures of VPP in the
upper and lower halves of the tank (AT) will be about
120 °C.

It is known that density of fuel oils of various grades
is temperature dependent as follows [14]

T) = P20
P(T) = 100003 (7~ 20)°

where p,, is the density of fuel oil at temperature
T =+20 °C, and T is the temperature of fuel oil, °C.

By using this equality, it is easy to establish that the
density of fuel oil in the upper half of the tank of a tank
wagon turns out to be almost 8 % lower than that in its
lower part. This must be the reason for blocking TGC.
The results of computer calculations and the dynamics
of cooling down of M100 fuel oil in a stratified state are
shown in Fig. 8, b, d.

For the second option of VPP stratification, a gen-
eral purpose tank without a steam heating casing can
also be used [5, 16]. A polyurethane foam shell with a
thickness of 0.03 m to 0.05 m is applied to the upper

Table 3
Physical properties of water

Boiling

Specific heat of
water vaporization
r,,kl/kg

Specific heat
capacity, C,
kl/kg °C

Specific heat sink
from oil cargo when
filling the tank, kl/kg

point
T,°C

+100 2,238 4.2 3,000
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Fig. 8. Temperature distribution in stratified M100 fuel oil (transportation at an initial temperature of VPP T = +150 °C,
air temperature T= =20 °C, and the external heat transfer coefficient o, = 15 W/m?°C: a — when transported in a general-purpose
tank wagon with the thermal insulation of the upper half; b — when transported in a tank wagon with a steam heating casing;
¢ — cooling curve for fuel oil in the lower part of the tank in the area of the drain pipe; d — cooling curve for fuel oil in the central
part of the tank

part of the tank. It is created by mixing two polyure-
thane components that are supplied under pressure
to a dispersing nozzle (Fig. 8). When they are mixed,
polyurethane foams to form an integral structure with-
out joints and seams, regardless of the complexity of
its shape.

Practice has proven that the effectiveness of the
rigid polyurethane foam shell continues for up to
10 years. At the same time, the shell is easily removed
mechanically (with a scraper) as necessary due to wear
or according to individual requirements, for example,
when necessary to control the strength characteristics
of the tank walls by ultrasonic methods.

The thermal insulation can be applied and re-
moved in a depot environment. The application time
of the shell by a single worker is about two hours. The
cost of the thermal insulation shell material is about
RUB 50 thousand per tank.

The change in the technology of filling petroleum
products boils down to the following.

Currently, the filling of VPP is carried out from one
container, where the fuel oil is at a temperature of
+70 °C. According to the new technology, the tank of a
tank wagon is filled in series and from two contain-
ers: one third of the tank is filled with fuel oil with a
temperature of +50 °C, and the remaining two thirds
are filled with fuel oil with a temperature of +100 °C
to +110 °C. Higher temperatures are not allowed, since
polyurethane foam melts at temperatures from
+130 °C to +150 °C. Melting causes deformation and
shrinkage of the shell. The specified temperature dif-
ference of 30 to 40 °C provides the stratification of hot
fuel oil.

The main advantages of the method are the possi-
bility of transporting VPP in non-specialized general-
purpose tank wagons. They have a significantly lower
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empty mileage than specialized rolling stock, a lower
tare weight, and lower cost of manufacture and op-
eration.

The results of computer calculations of temper-
ature fields in the bulk of fuel oil transported in a
stratified state shown in Fig. 8 show that the layers
of VPP adjacent to the shell of the tank cool down the
fastest with the transition to a highly viscous state.
These layers cool down when passing into a highly
viscous state, but at the same time they form a heat-
insulating shell of the tank that emerges spontane-
ously from the transported petroleum product itself.
The thickness of solidified layers of VPP that form the
shell depends on the ambient temperature and, un-
der severe winter conditions, does not exceed 10 cm,
and their weight does not exceed 15 tonnes, i.e. no
more than 20 % of the contents of a 65-tonne tank
wagon. The major portion of the transported VPP
(highlighted in red, orange and yellow) with a total
weight of up to 50-55 tonnes will retain a high tem-
perature and fluidity throughout the transportation
time [28].

Unloading of the delivered VPP from the tank of a
tank wagon is carried out by the method currently in
use. Steam is supplied to the chamber through the in-
let fitting on the steam heating casing to heat up and
melt the layer of thickened petroleum product forming
a heat-insulating shell; the rest of its mass has a tem-
perature sufficient to discharge by gravity.

Vladimir I. Moiseev

New ways to improve the efficiency of railway transportation of viscous petroleum products

The discharge of M100 fuel oil from a general-pur-
pose tank wagon can also be carried out by recircula-
tion. It can be seen from Fig. 8, a that it remains neces-
sary to dilute not the entire contents of the tank, but a
relatively thin solidified layer formed in the lower part
of the tank [28, 29].

CONCLUSIONS

We have proposed a new method of transporting
viscous petroleum products at low air temperatures by
their pre-conversion to a stratified state. The achieved
positive effects from the use of the declared technical
proposal are summarized below:

e asharp reduction in the time and input of thermal
energy required for heating when unloading VPP
from a tank wagon by reducing the oil product cool-
ing rate during transportation and maintaining flu-
idity of more than 80 to 90 % of its total mass in the
tank of a tank wagon;

e when unloading a petroleum product, only a thick-
ened layer which is less than 20 % of its total mass
in the tank wagon needs to be thinned;

e reduction in the amount of thermal energy for ad-
ditional heating of petroleum products in above-
ground pipelines that provide their transportation
to storage facilities.

The method can be implemented by using rolling
stock in circulation.
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