u] =,

Ana excnepumenmanvnozo Gu3HaAUEHHS
menniomexHiuH0z0 cmany izomepMivHUX 6azo-
Hi6 6 YM0BAX PYHKUIOHYBAHHS 3aNPONOHOBAHO
npouedypy po30inbHo20 UHAMEHHA NOKAZHUKIE
menno-macoo6miny. Il ocoGaugicmv nonszae 6
momy, wo 0 eKCNePpUMEeHMaIbH020 BUHAYEH -
Hsl NOKA3HUKIE KOHOYKMUGHOI nepedaui menio-
mu ma eepmemuvHOCMi BUKOPUCMAHI YMOBU,
Memoou ma 3acodu menaiomexHiMHux eunpooy-
8amnv, AKL 3acmMocosyromvcs npu Oyoienuumei,
excnayamauii i pemMonmi i3omepMiMHUX 6a20HIG.
Jlns po30inviozo eusnauenns icmunnozo Koegi-
uienma mennonepedayi injouji eK6i6aIeHMHO20
omeopy Qinempauii Fek suxopucmani excnepu-
MeHmanvHi YyMOBU Meno6020 NPouecy Hazpieam-
HS NOGIMPS Y 6AHMAINCHOMY NPUMIUEHHI KY308a
eazona i eumiproeanns 00’emy eumpamu noei-
mps Kpizo HewiIbHOCMI NPU CMEOPEHHI 8 KY30-
61 nOCMilUH020 CMAHOAPMHO20 HAOJUMKOBOZ0
mucky 49 Ila.

Ha nidcmasi 3nauenv icmunnoz2o xoegiui-
enma mennonepedaui i naowyi exeieanenmuo-
20 omeopy inempauii Fek 3 ypaxyeanusm
mennoizuvnux eaacmueocmell 8awmaxcy ma
suxopucmanmuam 3acooie MSExcel noéyoosani
epacghiuni 3anexncnHocmi 3IMiHU memnepamypu 6am-
masicy 68 i30mepMivHOMY 6A20HI HA YMOBU MPAH-
cnopmyeaunsi.

Pesynvmamu odocaidxicenns nponoHyemocs
suKopucmogysamu 0Js po3oiibHo20 GU3HAYMEH-
HA NOKA3HUKIE MENnN0-MACOOOMINY ma OUiHKU
MENNOIAXUCHUX AKOCMEU 020P00HCEHHS KY306a
i30mepMivHUx 6a20Hi8 8 YyM08aAX PYHKUIOHYBAH-
nsa. Ha niocmaei 3snavenns icmunnozo xoegiyi-
e€Hma menJionepedayi ma naowi exeieaieHmHo-
20 omeopy Qinempayii MolicHa BUIHAMAMU 3MIHU
memnepamypu 6aHmanicy Ha Yymoeu mparcnop-
MYGanHs 3 YpaxyeamwHam nepenaoy memnepa-
myp ammocdeprnozo nosimps

Knatouosi cnosa: izomepmiunuii 6azou,
menoizonauia, meniomexniuni eunpodyeanns,
menno-macooomin, xoedivicum menyonepeoadi,
naowa exeisanieHmHoz0 omeopy, Mamemamur-
Ha mooen
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1. Introduction

Rail freight transportation is carried out by various
types of rolling stock. Perishable goods and goods requir-
ing protection against weathering and sudden temperature
changes are transported in refrigerated rolling stock. The
fleet of refrigerated rolling stock is currently structured
according to volumes, nomenclature and conditions of cargo
transportation and contains:

— 87.1 % — insulated boxcars converted from refrigerated
rolling stock;
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—7.7% — TN-4-201 thermos cars built by the Dessau
plant, Germany;

— 5.2 % — refrigerated 5-car sets.

The volumes of cargo transportation in refrigerated roll-
ing stock over the last 5 years are:

—91 % — insulated boxcars converted from refrigerated
rolling stock;

— 2.8 % — thermos cars;

—6.2 % — refrigerated 5-car sets [1].

Insulated boxcars, which are able to provide the nec-
essary protection and storage conditions during trans-



portation, are advantageous for carrying large volumes
of cargo.

For the manufacture and delivery of this type of cars
to the railway, their development, testing, production and
research are carried out, aimed at further improvement of
thermal properties of the body sheathing and methods for
assessing their thermal properties.

The implementation of new approaches to increasing
the efficiency of insulated boxcars by improving methods
of experimental determination of thermal parameters of the
body in operating conditions testifies to the relevance of the
chosen research direction [2].

2. Literature review and problem statement

In [3], the results of analysis of heat exchange processes
occurring in refrigerated rolling stock (RRS) under operat-
ing conditions are presented, and also methods of thermal
tests of cars are considered. It is proposed to estimate the
thermal properties of individual body sheathing structures
on the basis of determining heat transfer coefficients in local
zones, which allows identifying defects in the body insu-
lation, during construction and repair of cars. But control
of thermal properties of the RRS body by an average heat
transfer coefficient gives relative values of car body tight-
ness. All this suggests that as the car life increases, the error
of evaluating the thermal properties will increase. This is the
main disadvantage [3] of the work.

The work [4] uses data on air temperature inside and
outside the car body to determine the thermal properties.
The method involves accumulation of test results with
subsequent differentiation. Differentiation occurs after the
temperature of the outer and inner surfaces of the car body
is equal. The disadvantage of [4] is great complexity of the
data acquisition process. But this is almost impossible to
implement in the conditions of a car repair enterprise. The
necessary data are obtained in the stationary mode of op-
eration of the insulation layer, so the test time is very long.

In [5], a method for determining thermal properties in
building structures is developed. The method consists of two
steps of surface temperature measurement inside and out-
side. Measurements are taken within 24 hours. The thermal
resistance of insulation is determined from the comparison
of the first and second measurement stages. The main draw-
back of this method [5] is the need to scale the surface to be
tested.

The paper [6] proposes to determine the reduced heat
transfer coefficient of RC. Determination of the coefficient
consists in heating the air inside the car body to a prede-
termined temperature. Air temperature inside and outside
the car is recorded. Heating occurs before steady state is
established, after which the power source is reduced to
almost zero. Temperatures are measured during cooling.
This method [6] aims to reduce the test time. But there are
difficulties in determining local heat transfer coefficients of
the car body.

In [7], tightness coefficient is attributed to the thermal
characteristics of the car body, along with the heat transfer
coefficient. The method of tightness assessment is based on
stabilization of infiltrated air coming under the influence of
partial pressure difference inside and outside the body. The
tightness coefficient shows how much infiltrated air falls per
1 m® of the test room per unit time at a temperature differ-

ence of 1 °C. The disadvantage of this method is that it takes
into account relative humidity of air. So, the tightness coef-
ficient of one car when tested in summer and winter will be
different. This introduces a small error in the determination
of the combined heat transfer coefficient.

The paper [8] defines the direction of cars perfection
by improving the test procedure. The necessity to improve
the test procedure by reducing the cost and time of imple-
mentation is noted. However, this paper does not detail the
implementation of such a direction for testing the thermal
properties of cars.

The work [9] presents promising directions of designing
car body elements. They include the need to adapt them
to transporting specialized cargoes that require a special
temperature regime. However, experimental verification of
providing the appropriate regime has been paid insufficient
attention.

In [10], an estimation of thermal requirements for body
sheathing and insulation materials used in car building is
given. Test methods to determine the heat and mass transfer
parameters of the car body are considered, and the need to
pay special attention to determining the car body tightness
in order to significantly improve the thermal properties of
RC during major repairs is noted. Based on experimental
data processing, a proportional relationship between the air
flow through leaks and the reduced heat transfer coefficient
of the car body is established, this relationship acquires
individual characteristics for each car over the years. It
is suggested to use the tightness factor as an indicator of
tightness. This indicator is qualitative and suiTable only for
comparing similar structures and does not contain quantita-
tive characteristics.

Experimental studies are given in [11]. On the basis of
the analysis of the methods of experimental control of ther-
mal properties of the car body, proposals for their rational
use in RRS operation are presented. Particular attention is
paid to the search for new criteria for assessing the quality
of the car body sheathing in terms of air infiltration. It is
stressed that in the conditions of repair companies it is dif-
ficult to obtain the most informative heat and mass transfer
indicators according to the results of thermal tests.

On the basis of this information, it can be summarized
that there are currently a large number of methods for deter-
mining the thermal characteristics of RC based on the heat
balance equation and they differ only in the way of obtaining
primary information.

Part of the research can be solved by the implementation
of new approaches to the experimental determination of
heat and mass transfer indexes of the car body. The true heat
transfer coefficient K and effective opening F,; are the most
informative heat transfer indicators, which are independent
of service life and test conditions.

3. The aim and objectives of the study

The aim of the study is to develop a procedure for the exper-
imental determination of the parameters of the thermal state of
insulated boxcars and increase their operation efficiency.

To achieve this aim, the following objectives must be
accomplished:

— to perform analysis of operational performance, trans-
portation volumes and conditions of cargos requiring pro-
tection from weathering and sharp temperature differences;



—to develop a procedure for separate determination of
heat and mass transfer indices of the car body sheathing,
true heat transfer coefficient K and effective opening F,;,
based on the results of thermal tests;

— to carry out experimental studies to determine the true
heat transfer coefficient K and effective opening Fy.

4. Theoretical analysis of operation features of insulated
cars

In today’s market economy, there are a large number of
senders and consumers with small volumes of transportation.
Conditions of carriage of a large part of cargoes do not require
maintenance of temperature regime and only need protection
against weathering and sharp temperature changes. The use
of 5-car refrigerated sets for cargo transportation is ineffi-
cient since it is necessary to wait for the required
amount of cargo transported with cooling, heat-
ing, ventilation or thermos. According to experts
and scientists, preference is given to single refrig-
erator cars, which meet modern requirements of
storage conditions for most of the goods carried
by rail. Such refrigerator cars include insulat-
ed boxcars (IB). The modern IB fleet consists
of thermos cars, insulated cars converted from
refrigerator cars. There is also the development,
testing and production of modern IB, research
continues with further improvement of the insu-
lating sheathing of the body and methods of ex-
perimental evaluation of their thermal properties.

Thanks to the existing theoretical and experimental de-
velopments, it is possible to comprehensively study the pro-
cesses of heat and mass transfer through the body sheathing
during cargo transportation, as well as thermal tests. This
allows obtaining enough general information on the thermal
state of RC and the level of the main operational factors in-
fluencing the thermal properties of the body sheathing [12].

However, known developments do not consider the possi-
bility of separately determining heat transfer parameters by
conduction and air exchange through the filtration openings
of the car body sheathing. As the use of solely computational
approaches is much more complicated and differences be-
tween computational and actual values obtained experimen-
tally during tests are quite large. For separate determination
of heat and mass transfer parameters, it is necessary to have
data of thermal tests and to develop a procedure for calcu-
lating their values.

Separate determination of conductive heat transfer and
tightness parameters makes it possible to investigate more
closely the influence of operational factors on the thermal
characteristics of the car body sheathing. There are two
groups of the main factors that can be distinguished: perma-
nent, regardless of service life, and non-permanent, related
to the car life from construction or major repairs.

The first group includes average insulation temperature,
train speed, intensity of solar radiation. In this case, some
deterioration of thermal properties during the operation
period is only due to intensification of heat transfer on the
outer surfaces of the body. A more significant decrease in
these properties is seen under the influence of factors of the
second group: wetting, aging and insulation subsidence, as
well as deterioration of body density due to the increase in
operation period.

x(t)

In the study, this is achieved by improving the methods
of experimental determination of parameters of the thermal
state of RC and the proposed thermal calculations with sep-
arate determination of heat and mass transfer parameters.

The standards governing the performance of railway
RRS during cargo transportation establish that one of the
key indicators characterizing the overall thermal properties
of the RC body is the total heat transfer coefficient — K,
Railways have a car maintenance and repair system based
on the application of the combined criterion when sending
cars for scheduled repairs, which consists of the criterion of
calendar duration (years) and the criterion of actual volume
of work (thousand km).

With the existing maintenance and repair system, the
operation of IB can be described by a random process x(1),
which characterizes its condition S; at an arbitrary time ©
and takes the following values shown in Fig. 1.

S;— when the IB is operable at time t;

S,— when maintenance is performed at time T;

S;- when diagnostic maintenance is performed at time t;

S;— when routine repair is performed at time t;

S~ when roundhouse servicing is performed at time t;

S~ when major repair is performed at time t;

S when major repair with life extension is performed at time 7.

Fig. 1. Existing IB maintenance system

Possible transitions of the processes x(t) in IB operation
are shown in Fig. 2.

Analysis of IB operation, taking into account the cur-
rent structure of maintenance and repair with the type and
nature of restoration work showed that in the process of
operation, thermal tests to determine the total heat trans-
fer coefficient of the body sheathing are performed only
during major repairs, determining the body tightness during
roundhouse servicing and major repairs and values of these
indicators are not reflected in the car datasheet.

.
%
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Fig. 2. Transition diagram of the process x(t) during IB
operation

P
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So condition of 1B is ensured by proper organization of
operation and maintenance [13].

IB transition from Sy — S5 — S35 — Sy condition is ensured
by diagnostic maintenance and routine repair.

Technical diagnosis determines the actual need for a par-
ticular maintenance operation. In case of fault detection, the
transition from S, condition to S5 condition is carried out to
perform current uncoupling repair.

IB transition from So — .S — So, So — S5 — So, So — S — So
condition is provided by carrying out repair works at repair



enterprises. The progress of the process x(t) depends on the
amount of work actually completed after construction or
major repair. The process x(t) in this case proceeds from
So— 85— 80, So — Sg — 5o condition, taking into account that
all structural elements of 1B are completely restored during
major repairs.

5. Theoretical processes of heat and mass transfer
through the insulated car body sheathing

Development of a design scheme for the study of heat and
mass transfer through the car body sheathing is based on the
physical nature of the process. The mathematical model de-
termines the thermal parameters in the real thermal process
during thermal tests.

The design scheme and physical essence of the mathemat-
ical model of the thermal state of IB under freight transporta-
tion conditions based on K and F,; indices are also considered.

The study examines the classic design of 1B, where using
the hierarchy and decomposition (block) methods, the ther-
mal characteristics of the body sheathing are determined
by the heat and mass transfer indicators of groups of solid
insulation, thermal bridges and seals. Formulation of the
problem of analyzing thermal properties of the body sheath-
ing structure is based on a generalized heat transfer equation
for stationary heat transfer conditions in the form of thermal
balance

Q=K-5(6,-96,), (1)

where Q is the heat flow through the car body sheathing, W;
K is the total heat transfer coefficient, W/m2K; S is the aver-
age body surface area, m?; ©, is the ambient temperature, K;
©; is the temperature inside the car, K.

The body of the insulated car is a rather complex spa-
tial system. Numerous metal elements of a rather complex
geometric shape in the body sheathing make it almost im-
possible to accurately calculate the heat transfer coefficient
of the body. Heat transfer through the car body sheathing
is accompanied by processes of unorganized natural air ex-
change due to leaks. These processes cause additional heat
gain (heat loss) and impair the body’s thermal properties.

Therefore, it is possible to state only about the methods
that give the most approximate calculated and true average
thermal characteristics of the car body.

In this regard, it seems advisable to use control methods
that would allow estimating the thermal performance of the
car body through tests and thermal calculations. The most
informative indices of thermal properties of RC are the true
heat transfer coefficient K and effective opening F,. It is
proposed to determine their values in the real thermal pro-
cess by the results of thermal tests to determine the reduced
heat transfer coefficient by the method of internal heating
with setting to the equilibrium thermal regime and tightness
factor, by measuring the volume of air coming through leaks
when constant overpressure is created in the car body.

When determining the true heat transfer coefficient K
and effective opening F,;, the data obtained during the ther-
mal process experiment were used. The experiment consists
in heating the air in the cargo space of the car and measuring
the volume of air flow through leaks when constant standard
overpressure of 49 Pa is created in the body. On the basis of

regulatory documents of thermal tests, a mathematical mod-
el and procedure were developed for separate determination
of heat and mass transfer indices such as true heat transfer
coefficient K and effective opening F,; of the insulated car
body sheathing [14].

The scheme of interaction of individual elements of the
thermal system with each other and with the environment
is shown in Fig. 3.

J — 1
OO b OO

Fig. 3. Scheme of interaction of individual elements of the car
thermal system during tests: 1 — electric furnace;
2 — cargo space of the car; 3 — body sheathing; W — power
consumption, W-h; Q7 — coolant flow, W; Qx — heat flow
through the body sheathing into the environment, W

Based on the scheme of interaction of individual ele-
ments of the thermal system during tests “cargo space — heat
source — coolant — body sheathing — environment”, a math-
ematical model and procedure for separate determination
of heat and mass transfer indicators were developed. The
mathematical model includes a system of balance equations,
characteristics of the thermal system, system of constraints,
and heat-mass transfer indicators.

The system of balance equations contains:

a) equation of thermal balance of the system

W,=K,-5(6,-6,),

po=(m-m,)R(6,-9,), )
Wne :Q_Q/a

where W,,, is the power of heating devices, W; p is the ab-
solute air pressure, Pa; v is the volume of cargo space, m?;
m is the mass of air in the cargo space of the RC body at the
beginning of heating, kg; my is the mass of air losses through
the filtration openings during heating, kg; Q is the heat
flow of air filtration, W;

b) equation of heat flow through the body sheathing due
to conductive heat transfer

Q=K-5(6,-9,),
k=1 K-S,
Fis 3
Ki :i_'_iy
a R}\.

where R,is convection thermal resistance, m?K/W; Ry is
conduction thermal resistance, m?K/W;
¢) equation of heat flow from air filtration through the

body leaks



Q/ =L/ P (he _hi)’
Lf=Fek-co,

o=2(h,-h),

%)

where L is the volume air flow through filtration

— heat transfer surface area of the car body, H, m?;

—true heat transfer coefficient of the body sheathing,
K, W/m?K;

— effective opening, F,;, m?;

— cargo thermal equivalent, W,,, J/K;

— ambient temperature, 6;, K;

— cargo temperature, 6,, K.

openings, m3/s; p, is the air density, kg/m?; A, is the
enthalpy of air inside the body, J/kg; &, is the enthal-
py of air outside the body, J/kg; o is the velocity of

Initial data
{S, 6, h}

i

air flow through filtration holes, m/s;
d) equation of air flow through filtration open-
ings during body tightness tests when constant stan-

Test parameters
0. 0. WK, pL,k

dard overpressure is created in the body

Lcl = (Dcz "Fek’
2Ap
0, =,
“Nop )
L
F = ,
ck ®

where L., is the volume air flow through filtration
openings, at overpressure Ap, m3/s; wy, is the velocity
of air flow through filtration openings, at overpres-

2AP
Pe

sure Ap, m/s; Fy, is the effective opening in the body
sheathing, m?; Ap is the standard overpressure in the
cargo space of the body, Pa; p is the air density, kg /m?.

Heat-mass and design parameters change only
within the possible and technically feasible states
of energy carriers and structures, as well as within
technically possible initial and operational states of
materials in system elements. These constraints are
shown as the inequalities of the parameter set [15]

0.<0,<0 , K <K<K", E,<F,<F; .

One and two stars in the index show the minimum and
maximum parameter values, respectively.

The true heat transfer coefficient K and effective open-
ing F,, are taken as heat and mass transfer indicators of the
thermal system.

For separate determination of heat and mass transfer
indices such as true heat transfer coefficient K and effective
opening Fy, the procedure is developed (Fig. 4).

Also, the formulation of the problem of study-
ing the rational use of IB according to the ther-
mal properties of the body sheathing is supple-
mented by a generalized mathematical model of the
“environment — car body — cargo” system (E — CB — C).
By the accepted analogy of division of the thermal system
into separate elements, the highest level is the overall solu-
tion for the thermal system (E — CB — C). The next levels
are body sheathing and cargo, for which a sufficient number
of specific solutions have been accumulated at present.

The structure of the thermal system (E — CB — C) is
shown in Fig. 5.

When solving various problems related to RC operation,
there are first of all questions related to changes in cargo
temperature in the cargo space of the car due to the amount
of heat entering the car in summer and the amount of heat
lost in winter.

The criteria for efficiency of this system are:

Results of separate determination of heat and mass transfer parameters
True heat transfer coefficient, K
Effectiveopening, F,,

Fig. 4. Procedure of separate determination of the heat and mass

transfer index during RC thermal tests

environment

OO0 M+ OO0

Fig. 5. Structure of the thermal system “environment — cargo
space of the car — cargo”: 1 — body sheathing;
2 — insulation; 3 — cargo

As the basic mathematical description of the system
structure we use the equation of thermal balance

Qu=2+Q,+Q,, (6)
where Qo is the total amount of heat, W; Q; is the amount of
heat transmitted by conduction through the body sheathing
due to the difference in air temperatures outside and inside
the cargo space, W; Q, is the amount of heat entering the
cargo space of the car due to air exchange through cargo
space leaks, W; Qs is the amount of heat absorbed by the
outer surface of the sheathing from the action of solar radi-
ation, W.

We make a system of balance equations of the system
elements



Q, :R'S'(ei_ee)!
szFek'P'C(ei_ee)' 2C’(ei_ee)’ (7
Q3=I?'S.Aeek7

where K —true heat transfer coefficient, W/m2K;
S — surface area of the car body sheathing, m?; 8, —ambient
temperature, K; 6, — air temperature inside the cargo space,
K; F, - effective opening, m? p — air density, kg/m% C — air
heat capacity, J/kg'K; A8, — conditional equivalent increase
in ambient temperature due to solar radiation, deg [18].

The total amount of heat entering the cargo space of the
car depends on the following parameters

Excel software, graphical dependencies are develo-
ped (Fig. 6).

The values of K and F,, obtained experimentally for
the 11-1807-04 car were used in the construction of these
graphs. The thermal equivalent is obtained in accordance
with the nomenclature of cargo, which is allowed to be
transported by the abovementioned vehicle.

The minimum and maximum values of the thermal
equivalent of cargo are determined depending on its thermo-
physical properties. The difference in ambient temperatures
corresponded to the range from minus 40 °C to plus 40 °C.
Using the above formulas and MSExcel tools, it is possible
to construct graphical dependences of changes in the tem-
perature of any cargo under transportation conditions in

Z
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6. Experimental evaluation of compliance of the
developed mathematical model and theoretical studies

The experiment was conducted on a full-scale prototype
of 11-1807-04 4-axle insulated boxcar (Fig. 7), which is in-
tended for the transportation of perishable and non-perish-
able goods that are thermally prepared for loading. For heat
protection of walls, roof and floor, heat-shielding material
polyurethane foam is used, which is protected from damage
by metal facing sheets. Basic specifications of the car are
given in Table 1.

Table 2

Results of experimental studies of 11-1807-04 insulated
boxcar during thermal tests

Mea: Measure- | Average value | Average value Meter
Is;lléfl ¢ |ment time, | (¢ °C)of (¢l ,°C)of readings,
number h measurements | measurements W
1 23:00 5.55 51.875 222.30
2 00:00 5.55 51.842 224.95
11 10:00 5.05 51.483 251.20
12 11:00 5.05 51.475 253.85

As a result of the tightness tests, the tightness indicator
of the car body was obtained, which is determined by the
air flow through the body leaks and is L.,=51.71 m®/h, at a
standard overpressure of 49 Pa.

The data obtained during the tests are given in Table 3.

Table 3
Results of the car tightness test
Mea- | TNMP-52 Gas meter Amount .
Mea- . 3 - Air
sure- | draft and surement readings, m of air Aow
ment | head gauge . during ©
5 time, L . rate,
. ) num- | readings, . initial | final | the test, 50
Fig. 7. Prototype of 11-1807-04 insulated boxcar ber PA min m3 m’/
manufactured by Azovobschemash plant (Ukraine)
1 49 6 691.25(696.43| 5.18 51.8
Table 1 2 49 10 691.25 | 699.85 8.6 51.6
Basic specifications of 11-1807-04 car 3 49 30 691.25|717.12| 2587 | 51.74
Indicator (dimension, size), units of measurement Value Average 51.71
Load capacity, t 58
3
.fot()lydsp;we, H}ll n 145 According to the results of the thermal tests of 11-1807-
Inside body ength, mm 8,360 04 car, the developed procedure was used to determine the
Inner body Wl_dth’ mm 2,750 parameters of conductive heat transfer K and tightness F,
Inner body height, mm 2,550 of the body sheathing (Fig. 3).
Roof area, m? 68.73 _ The standard value of the conductive heat transfer index
Clear door opening dimensions, mm 2,294x2,850 K, established in the car design and determined by the re-

The tests were conducted in a specialized room. The
main task of the thermal tests was to determine the value of
the reduced heat transfer coefficient K, and tightness indi-
cator L. The value of the reduced heat transfer coefficient
of the body sheathing K, was determined by the method of
heating the air in the cargo space of the car. The tightness
indicator L. was determined by the air flow rate under stan-
dard overpressure.

During the thermal tests, the following parameters are
controlled:

— temperature inside the cargo space;

— temperature outside the cargo space of the car;

— time of cargo space heating;

— power consumption.

During the tightness test, the following parameters are
controlled:

— draft and head gauge readings;

— air flow rate;

— test time.

As a result of the thermal tests, the value of the reduced
heat transfer coefficient of the car body sheathing was obtained,
which is K,=0.259 W/m?K. The test data are given in Table 2.

sults of the test and developed procedure, coincides with the
error of 5.6 %. The comparative analysis of the obtained data
shows sufficient reliability of the theoretical and experimen-
tal researches.

7. Discussion of ways to increase the operation efficiency
of insulated boxcars

Current performance indicators indicate that IB is the most
numerous component of refrigerated rolling stock (RRS). The
number of IB in the total RC fleet is 87.1 %. The volume of
transportation in IB reaches 91 % of the total volume of freight
transported by RRS.

Especially in conditions of changing nomenclature,
methods and volumes of cargo transportation. These cars,
unlike refrigerated ones, do not have a refrigerating and
heating system that supports the temperature regime of car-
go transportation on the route.

Temperature regime maintenance requires special
sheathing of the cargo space of the car. Thermal insulation is
crucial in this case. The thermal insulation layer has a large
thermal resistance, which dramatically reduces external



heat gain and allows long-term temperature and humidity
conditions to be maintained in the car. Thermal insulation,
sufficiently developed in thickness and volume, prevents air
exchange with the environment, which also reduces heat
entry into the cargo space of the car.

An important role in ensuring the efficient use of cars is
played by effective evaluation of thermal performance under
operating conditions. At present, it is possible to talk about
thermal indicators of RC only at the initial stage of operation
after release from the manufacturer. This is due to the fact that
new rolling stock is subject to careful testing and research to
determine the main indicators and characteristics, including
load capacity, tare-load ratio, axle load, gross weight, car ca-
pacity, average heat transfer coefficient, tightness.

But after two or three years of car operation it is impossi-
ble to assert confidently enough about performance and ther-
mal properties of the car body sheathing. This problem is even
more complicated after roundhouse servicing or major repairs.
This is evident from the previously given maintenance system.

Existing RC have technical datasheets, which mainly
reflect general baseline data on the parameters of the pro-
duction car and no indicators that determine the thermal
properties of the body sheathing and thermal insulation. We
suggest that car datasheet should contain data where ther-
mal properties, serviceability limits, insulation reliability,
production, repair and operation quality can be found at any
time of operation. At the organizational level, it is advisable
to include the characteristics reflecting the thermal prop-
erties of the body sheathing in the existing structure of the
technical datasheet of an insulated boxcar.

For newly built cars, the following thermal characteris-
tics can be introduced in the technical datasheet:

— reduced heat transfer coefficient (K,,), characterizing
the total heat and mass exchange of cargo and air in the car-
go space of the car with the environment;

— tightness factor — volume air flow rate under the stan-
dard overpressure of 49 Pa (V) in the car body.

For cars that have undergone major repairs, the following
is additionally introduced in the datasheet:

— true (mainly conductive) heat transfer coefficient of
the car body sheathing (k);

— effective opening (F,;), which is a geometric indicator
of tightness.

To find the values of K and Fp, it is proposed to use the
procedure developed in the study for separate determination
of heat and mass transfer parameters according to the results
of thermal tests by the method of heating the air in the cargo
space and volume air flow rates under standard overpressure
in the car body.

The above results of the experimental study confirm the
compliance of the developed theoretical provisions. Com-
parison of the true heat transfer coefficient K obtained at
the design stage and K calculated according to the results
of experimental studies coincides with the error of 5.6 %.
This gives grounds to claim that the thermal properties of
the body designed by the developers are fully implemented
by the manufacturers at the production stage.

The new car is examined by the most accurate method of
equilibrium thermal regime, which reliably determines the
reduced heat transfer coefficient of the body sheathing.

Even having the reduced heat transfer coefficient, it is
advisable to have an independent assessment of car tight-
ness. Car tightness is estimated by the air flow rate while
maintaining the overpressure of 49 Pa inside the car.

Much more complicated is the issue of determining the
thermal index of IB after undergoing major repairs. This
is due to the need to check each car. Quality control of IB
major repairs should provide for a minimum number of reg-
ulated tests of cars that do not interfere with technological
repairs and do not significantly delay the release of repaired
cars. It is considered advisable to carry out two experimental
thermal researches of cars at car repair enterprises:

1) by accelerated method to determine the heat transfer
coefficient of the car body;

2) by the method of creating standard overpressure in
the car body to determine the tightness factor.

An important methodological step of further investi-
gation is to determine the value of the water equivalent of
the insulation sheathing of the car body (W). This makes it
possible to create a more convenient and productive method
of non-stationary modes for determining the heat transfer
coefficient of the car body. W values can be determined by
performing special experiments, and the values of the heat
transfer coefficient must be known. The most convenient and
reliable method is the method of rapid heating of the air in
the car, followed by natural cooling.

It is proposed to characterize the serviceability limits of
the repaired car on the basis of construction and analysis of
graphical dependences of changes in cargo temperature on the
difference of atmospheric air temperatures in transportation
conditions taking into account experimental determination of
the thermal performance of the car body sheathing, ambient
temperature difference and thermal equivalent of cargo.

For the construction of these graphical dependencies, the
system of balance equations (7) of the thermal state of the
freight car can be used.

The basic principles and methodological bases of 1B
certification are not generally accepted. Moreover, their
implementation requires considerable efforts of research
organizations and car building and car repair enterprises.

However, there is reason to believe that improving the
methods of experimental determination of the parameters
of the thermal state of IB and introduction of thermal cer-
tification will significantly improve the efficiency of cars in
operating conditions.

8. Conclusions

1. Analysis of performance indicators of refrigerated roll-
ing stock gives grounds to state that in today’s conditions
the volumes, nomenclature and conditions of cargo transpor-
tation change significantly. The volumes and nomenclature
of cargo are growing, which requires only protection against
precipitation and sharp temperature changes during trans-
portation. For the transportation of these goods, priority is
given to insulated boxcars capable of providing the neces-
sary protection and storage conditions during transporta-
tion. According to the current state of freight transporta-
tion, the fleet of refrigerated rolling stock is now sufficiently
structured and approaches are being improved to ensure the
efficient functioning of refrigerator cars.

2. For separate determination of heat and mass transfer
parameters, the true heat transfer coefficient K and effec-
tive opening F,;, experimental conditions of the thermal
process of air heating in the cargo space of the car body and
measurement of the volume of air flow through leaks under
constant standard overpressure of 49 PA in the body are



used. On the basis of regulatory documents of thermal tests,
a mathematical model and procedure were developed for
separate determination of heat and mass transfer indices, the
true heat transfer coefficient K and effective opening F, of
the insulated car body sheathing.

3. In the experimental verification of the developed the-
oretical provisions and mathematical model using thermal

tests of 11180704 insulated boxcar, values of the true heat
transfer coefficient K, found during the car design and
obtained by experimental studies, the results coincide with
the error of 5.6 %. This gives reason to claim that the mathet
matical model and the procedure for separate determination
of heat and mass transfer indices in a real thermal process are
sufficiently reliable.
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