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ABSTRACT

The scheme of the cooling system is considered, which can be the basis for creating the most efficient cooling
systems for IC engines of any purpose. It is assumed that the use of any other scheme is devoid of a rational basis.
The scheme consists of two connected circulation circuits, in one of which the coolant flow rate is an order of
magnitude less than in the second. The engine is included in a circuit with increased coolant flow. All heat ex-
changers are in the second circuit. Rules for the formation of such systems are formulated. The basis of the method
for calculating such systems is considered. It is indicated that the flow rate through each heat exchanger must be
determined by calculation to ensure the maximum efficiency of the cooling system. The considered scheme allows
to provide the maximum possible depth of charge air cooling, if its temperature is not specified, or to ensure the
minimum cost and compactness of the cooling system; if this temperature is known. The scheme allows regulating
the temperatures of the cooling fluids of the system with all kinds of changes in the engine operating conditions
and the ambient temperature.

Keywords: charge air cooler, cooling systems, heat transfer surface, Internal combustion engines, oil cooler,

low-flow system.

INTRODUCTION

Liquid dual-circuit cooling systems for IC
engines are currently being implemented based
on various schemes. The use of different schemes
leads to different results, and, therefore, it is pos-
sible to distinguish between rational and irratio-
nal schemes. At the same time, there is a scheme
which all the problems associated with the cre-
ation of a highly efficient recuperative liquid
cooling system are solved. If to follow the pro-
posed rules for the formation of such schemes, it
is possible to form several options that will have
differences in the schemes, but at the same time
will be similar in their indicators. The resulting
options may be more or less convenient for manu-
facturers of engines for various purposes.

Using the proposed scheme will not lead
to good results if its implementation does not
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consider the design features of heat exchangers
and the features of determining the flow rate of
the heat carrier through its. This article considers
the proposed scheme as the most promising and
explains the features of its creation and applica-
tion. Proper use of the scheme and its features
allows to provide the maximum possible cooling
depth of charge air or, if the air temperature in
the receiver is set, to obtain the minimum pos-
sible dimensions, weight and cost of the cooling
system. In particular, even with a rational design
of the system scheme, irrationally selected flow
rates of the coolant flowing through various heat
exchangers (within the range of possible changes)
can increase the total mass of the heat exchanger
cores (and, accordingly, the cost) of the system
by 15-20%. The magnitude of the decrease in
the depth of cooling of the charge air in this case
(compared with a system in which the costs are
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rationally selected) can be more than 25-30 K.
For systems with irrational schemes, the magni-
tude of the increase in core mass or the magni-
tude of the decrease in the depth of cooling of the
charged air can even be big ones.

ANALYSIS OF THE NEWEST
RESEARCHES AND PUBLICATIONS

Liquid recuperative cooling systems are the
most common for IC engines of almost all power
and any purpose. All of them are double-circuit,
where the cooling of the engine elements occurs
with liquid circulating in a closed, internal circuit,
and heat is removed from this circuit to water (for
ship) or to air (for ground vehicles) through a spe-
cial heat exchanger (radiator). Under certain con-
ditions and for certain power plants, all of them can
be applied and are applied up to the present [ 1-8].

The cooling systems currently in use are very
diverse. Different cooling systems provide differ-
ent system parameters. Cooling system parameters
have a significant impact on the characteristics
and main indicators of engines [9]. A lot of works
s are devoted to the development of innovative
cooling systems for passenger car engines [10].
Systems with such a scheme in which there is one
circulation circuit can be considered the oldest. In
them, the coolant of the internal circuit (ICC) se-
quentially moves through the engine and all heat
exchangers, with the same flow rate everywhere.
In such systems, ICC and oil were well cooled,
they were well regulated, but the cooling depth of
charge air was low. Then there were schemes of
cooling systems in which the system was divid-
ed into two separate circuits [11]. In one of them
(high- temperature circuit) there was an engine. In
another (low- temperature circuit) was a charge air
cooler. Such systems provided deep cooling of the
charge air, but the separation of the circuits and the
presence of two pumps made it difficult to regulate
them depending on the operating conditions of the
installation and ambient temperatures. The above
system designs are considered, for example, in [ 1—
5, 12]. For such schemes, studies have been car-
ried out that have established the feasibility of de-
termining the a flow rate of ICC in a closed simple
circuit, depending on several factors determining
the structure of this circuit and its operation [13,
14]. Empirical dependencies have been proposed
to calculate the optimal ICC flow rate for such cir-
cuits [14]. It turned out that the flow rate of ICCs

in this case turned out to be small compared to its
expenses through the engine.

Then systems appeared in which the internal
circuit with the ICCs was not divided into sepa-
rate circuits, and for local cooling of the charge
air, ICC was supercooled, which provided an in-
crease in the cooling depth of the charge air and
improved the control capabilities of such a system.
In this case, the temperature of the ICC in front of
the engine was maintained at the required level
due to the mixing of various flows [6-8, 15]. It
was mentioned that in similar cooling systems the
flow rate of ICC through heat exchangers should
be very low, and the speed of ICC in the chan-
nels of heat exchangers should be reduced due to
the relatively large number of strokes of ICC in
such heat exchangers. The name «low-flow» was
even proposed for such systems. However, an-
other name for such systems is known — «systems
with local subcooling». Thus, a tendency towards
a certain change in engine cooling systems was
clearly outlined so that the system was simple,
adaptive and deeply cooled the charge air.

At the same time, modern engine cooling sys-
tems continue to be built on very different prin-
ciples, while some of them do not have sufficient
justification. For example, systems are known in
which a charge air cooler has two cores, in the
first of them, along with the air, it is cooled by
ICC from a hotter circuit, and in the second from
a colder circuit [2]. There are complex schemes
in which the recycled gas is first cooled by air in
an air-gas heat exchanger, and then further cooled
in a liquid cooler [1]. There are complex schemes
where a large cooling depth is provided by the use
of additional, special devices [16-20]. It should
be noted that the available information about such
systems is more of an advertising nature, not re-
vealing neither the place of these systems among
others, nor the methods of their creation, nor their
cost or compactness, nor how to create efficient
and economical systems are considered.

It seems to the authors that the evolution of the
schemes of liquid cooling systems at this time has
led to a framework that can be general and ratio-
nale for all engines of any power and any purpose,
without exception. Such schemes should be built
according to certain rules, and the method for deter-
mining the flow rate of ICC through heat exchang-
ers should be clear. In this case, certain differences
are possible, which will be mentioned below.

159



Advances in Science and Technology Research Journal 2022, 16(1), 158-169

PROBLEM SETTING

The experience of designing and research-
ing cooling systems shows that there is a great
variety of them. In many cases, the choice of the
scheme is determined by technological and oth-
er reasons. Many technical solutions are used to
represent a consensus between the possible ad-
vantages and disadvantages of manufactured de-
signs. At the same time, the observed solutions
are sometimes difficult to explain to an outside
researcher. For the development of new schemes
of cooling systems to be carried out on a rational
basis, it seems to us that it is necessary to high-
light such a basis for the formation of a rational
scheme of cooling systems, in which the main
problems facing the creators of such schemes
are solved. Apparently, the rational basis of the
cooling system should ensure the minimum sum
of the masses of the cores of all heat exchangers
at the given coolant temperatures or the maxi-
mum decrease in the charge air temperature, all
other things being equal. The scheme of such a
system should be built according to certain rules.

SYSTEM DESCRIPTION
AND ASSUMPTIONS

Such a scheme is shown in Figure 1 for a
land vehicle (heat dissipates into the air through
a radiator), but can also be used for ships when
replacing a radiator with a water-to-water cooler.

The circuit has one ICC pump and one fan for
cooling air (there can be several of them for paral-
lel operation of fans). The fan pumps air through
the radiator (in Figure 1, the radiator consists of
two parallel sections).

The cooling system is divided into two com-
municating circulation circuits — with a fixed
flow rate of the coolant and with a determinable
flow rate (names proposed by the authors). The
circuit with a fixed flow rate in Figure 1 is high-
lighted by a blue line. It includes an ICC pump
and engine. The determinable flow rate circuit
includes all heat exchangers. The circuits have
common points: point A (discharge of a part
of the ICC to the radiator, into a circuit with
a determined flow rate) and point B (merging
of ICC flows from bypass on the engine and
all heat exchangers). From point B, ICC with a
flow rate G, enters the pump inlet.
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All pump flow rate passes through the en-
gine. After engine cooling, the ICC is divided
into two unequal parts: the smaller part goes to
the radiator, entering the circulation circuit with
a determinable flow rate, and the majority returns
to the ICC pump inlet through the bypass. The
flow rates of ICC, in this case, are set by valves
1-4. A smaller part of the ICC flow rate, G, en-
ters the circuit with a determinable flow rate and
passes through the radiator, where it is cooled to a
temperature of 7 . Then the ICC goes to heat ex-
changers: charge air coolers (in the diagram there
are two simultaneously operating CACs), an oil
cooler (OC) and a hydraulic fluid cooler (H). The
flow rate of ICC through each heat exchanger is
different and, when setting up the system, it is
adjusted by dampers 2—4. After heat exchangers,
ICC flows are mixed and from the bypass flow on
the engine, and then fed to the pump inlet. In a
circuit with a determinable flow rate, the flow rate
of ICCs through heat exchangers is significantly
less than the pump flow rate.

For this example, the consumption of ICC
through the engine is significantly greater than the
consumption of ICC through heat exchangers. In
principle, for different engines, different ratios of
ICC flow rate through the engine and heat exchang-
ers are possible. If the flow rate through the engine
is less than the flow rate through the heat exchang-
ers, then the pump must have an excess flow rate,
and the circuit is supplemented bypassing part of the
flow rate of the pump past by the engine.

At fractional loads and idling, as well as
when the ambient temperature changes, thermo-
stats 5-8, the radiator shutters, and (possibly)
the fan speed controller work. This provides
temperature regulation of coolants in the system.
In particular, it is possible to maintain tempera-
tures of water, oil and hydraulic fluid in front of
the engine, close to constant values at any pos-
sible changes in engine load and ambient tem-
perature. It is also possible rational regulation
of air temperature in the receiver of the engine
depending on changes in these conditions.

All heat exchangers of the system have
designs close to traditional ones, although the
low-flow rate of ICC through them implies an
increase in the number of strokes of ICC that
exceeds traditional values.

Shell-and-tube heat exchangers with seg-
mented diaphragms were proposed as water-oil
coolers OC and coolers of hydraulic fluid H. In
heat exchangers, either a counter flow of coolants
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Fig. 1. Diagram of a low-flow rate cooling system with one pump and two circulation circuits

is realized with a single stroke of oil or hydrau-
lic fluid and multiple cross-flow of ICC, or a
reverse current in one heat exchanger, or mul-
tiple reverse currents in several heat exchang-
ers with a common counterflow. The ICC flow
moves transversely to the tube flow (outside the
bundle). Coolant flows inside the tubes. Mutual
flow schemes were implemented depending on
the selected flow rate of the ICC through these
heat exchangers. As a heat exchange surface
for them, staggered bundles of tubes, ribbed by
knurling (Figure 2), with the geometric dimen-
sions given in Table 1, are proposed.

CAC has one single core. An increase in the
number of strokes in heat exchangers is accom-
panied by a decrease in the coolant velocity in
their channels. Differences in coolant speeds and
i the number of strokes affect the efficiency of
the heat exchangers in different directions and,
as a rule, cancel each other out. The CAC is
made in the form of a shell-box heat exchanger,
in which a multiple cross-cross currents of cool-
ants ts are realized with a general counterflow.
The coolant flows do not mix in the course of
their movement within one stroke. The stream
of water moves across the stream of air. The wa-
ter flow moves from the air outlet to the inlet,
when it flows repeatedly crosses the airflow. The

mixing of the coolant takes place between the
passes of the ICC.

The in-line tube bundle of flat-oval tubes with
group transverse ribbing by flat plates having a
stamped transverse triangular protrusion was
considered as a heat exchange surface (Figure 3).
The main geometrical parameters of the heat ex-
change surface are presented in Table 2.
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Fig. 2. Finned tube heat exchange surface
for heat exchangers OC and H
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Table 1. Basic geometric parameters of the heat ex-
change surface of OC and H beams

Table 2. Basic geometric parameters of the heat ex-
change surface of CAC and R beams

The design of the R (radiator) is close to the
design of the CAC. It is assumed that the radia-
tor blocks are of a design, each of which has one
single core. The main difference between radia-
tors and CAC is in the proportions of the main
dimensions. Radiators have a shallow airflow
depth. The air resistance of each radiator is no
more; than 60 mm H,O at atmospheric pressure.

The heat exchange surface of the radiator cores,
in this case, is the same as in the CAC. On the en-
gine under consideration, the radiators are located
in two blocks operating in parallel (Figure 1).

MATERIALS AND METHODS

When constructing the proposed scheme, the
following rules were used.
e The engine is pumped by the flow rate of ICC
equal to the value set by the manufacturer
when refining it.

B

Items Designation Values ltems Designation Values
Outer diameter of finning D 245 Tube cross-section height d 38
(mm) (mm) w
Bearing tube diameter (mm) d, 12.5 Step between corrugations
Tube inner diameter (mm) d, 10 ‘(arlr?r:? with the air in one row S 23
Step between ribs (mm) u 2 Distance between tubes in s 10
Rib thickness at the base 5 0.55 a transverse row (mm) !
(mm) ! '
Step between transverse s 23
Rib thickness at apex (mm) 5, 0.2 rows of tubes (mm) 2
Step between tubes, Maximum cross-sectional s 17
perpendicular to oil S, 27 dimension of the tube (mm) 3
movement (mm) Spacing between ribs (mm) S, 2.05
Step betvyeen transverse S 23.4 Tube wall thickness (mm) ¢) 0.4
rows of pipes (mm) 2 st
Tubular breakout angle . % Finning plate thickness (mm) 6p, 0.08
(degrees) Corrugation width (mm) e 5
Corrugation height from
h 1.5
surface (mm) g

—
—
AY)

_S3

00
I

dy S1

]

e The heat exchangers of the system form
chains of two devices connected in series
via ICC: a heat dissipator (radiator) and a
heat source (any heat exchanger). Each such
chain should be independently regulated
and optimized for ICC flow rate.

e The heat exchangers of the system must en-
ter independent (from the motor circulation
circuit) circulation circuits.

e The circulation circuits of the heat exchangers
and the motor must be combined (must have
common points).

The use of the above provisions is primarily
based on the fact that a closed loop, consisting of
a heat dissipator and a heat source, can be opti-
mized by changing the flow rate of ICC, which
has been proved previously by various researchers
[13, 14]. When designing such cooling systems,

S4

Fig. 3. Scheme of the heat transfer surface in the CAC and radiator R
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it was found that this position is true regardless
of whether the circuit is the simplest closed or
more complex, closing in a more complex way. A
rational choice of ICC flow rate allows either to
reduce the mass of the cores of heat exchangers
with constant cooling efficiency, or to increase the
cooling efficiency with a constant mass of cores,
or to obtain both effects with a relatively lower
intensity. Accordingly, heat exchangers cannot be
placed in the circulation circuit of the engine, in
which ICC flow rate does not change and is deter-
mined by completely different principles. Orga-
nized in this way, the cooling system can be called
differently. The name «low-flow» fully character-
izes this system and reflects its features. At the
same time, such a feature as one ICC pump, as
well as the union of two circulation circuits, may
not be inherent in any low-flow rate systems. The
organization of the circulation circuits makes it
possible to ensure a significant local decrease in
the temperature of the ICCs in the system, which
is impossible for other types of systems. Local
subcooling of ICC can provide low temperatures
of charge air in the receiver, which is also a sig-
nificant advantage of cooling systems organized
based on of these rules. In particular, such sys-
tems are capable of providing in the engine re-
ceiver a charge air temperature corresponding to
the extremely low values possible for recupera-
tive cooling systems. The total mass of the cores
of the heat exchangers of such cooling systems is
less than for other recuperative systems, at equal
temperatures of water, oil and air in the engine
receiver. If the circulation circuits in the system
have unifying points, then such a system has the
potential for better regulation when changing en-
gine loads and ambient temperatures.

If to implement the above recommendations,
you can get a few different schemes of cooling sys-
tems for engines similar in purpose. In particular,
it is possible to create systems with several radia-
tors, when each heat source (CAC, oil cooler and
cooler of hydraulic liquid) will have an individual
radiator. Such structures theoretically have a lower
mass, all other things being equal. In addition, for
such systems, there are some advantages in con-
trolling the temperature of the coolant. Neverthe-
less, in most cases, the practical manufacture of
such systems and their elements eliminates the
theoretical advantages provided by the complex-
ity of the design, while a single radiator circuit is
the simplest and provides the consumer with all the
necessary parameters to a sufficient degree.

Certain features of system circuits are not ex-
cluded, depending on the purpose of the engines.
In particular, for marine engines, it is possible to
install a second core of the CAC, which is stand-
ing after first, and which is cooled directly by out-
board water, to achieve lower temperatures of the
cooled charge air.

Calculations and configurations of such cool-
ing systems are quite simple, although they re-
quire some knowledge. These calculations can be
roughly divided into three gradually increasing
levels of complexity. The simplest, related to the
first level, is the thermal calculation of the sche-
matic diagram of the system. More complex, at-
tributable to the second level, will be the thermal
calculation of the system circuit, combined with
the calculations of all heat exchangers. At the
third level, a complete calculation of the system
diagram is performed, combined with the calcula-
tions of the engine, heat exchangers and commu-
nications. Based on calculations of this level, it is
possible to solve all engineering problems associ-
ated with the design of a cooling system.

To speed up the design process and give it the
required accuracy, all the design elements of the
system must be combined into a single mathemat-
ical model (design complex). In this complex, di-
rect and feedback connections between interact-
ing elements must be established.

During the calculation of the system scheme,
the following assumptions were made.

e The heat transfer process at the design mode
is steady-state.

e Heat losses in the sections of pipelines con-
necting heat exchangers are insignificant.

e Ambient temperatures are the same for all ele-
ments of the cooling system. The oil used in
the engine system has properties that practi-
cally do not differ from those specified in the
standard for the M-14W, brand (interstate
standard 12337-84).

The basis for direct thermal calculation of the
system scheme (first level) is a system of equa-
tions composed of:

e cequations of heat balances for all heat ex-

changers and the entire cooling system;

equations of heat fluxes in the system;

e cquations of thermal balances at points of
mixing of coolant flows;

e equations of mass balances at mixing points of
coolant flows;

e cquations of efficiency of all heat exchangers;
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e cquations of the relationship between the effi-
ciencies of all heat exchangers and their NTUs;

e cxpressions of the relationship between
the NTU and the core masses of all heat
exchangers.

Uniqueness conditions are added to the basis
of system calculations. For the scheme shown
in Figure 1, it is necessary to determine the
values of 38 unknowns based on of the ini-
tial system of 33 equations that determine the
conditions of heat transfer in the considered
scheme of the cooling system. Obviously, for
an unambiguous solution of the problem under
consideration, it is necessary to set the values
of five unknowns, and other unknowns can
already be calculated only using the written
system of equations. The solution of the prob-
lem is simplified if, as five free unknowns, we
set the temperatures of the ICC downstream
of the heat exchangers — the temperature after
the CAC, ¢, the temperature of ICC after the
0C, ¢, ., the temperature of ICC after the H,
1., the efficiency of the CAC, n , and also the
flow rate of the external coolant through the
radiator, G,. The choice of these parameters
in a certain range can be quite easily localized
and justified.

To change the temperatures 7 , ¢  and¢? ,,
it is necessary to change the flow rates of the
ICC through the CAC, OC and H. Accordingly,
the total mass of the cores of the heat exchang-
ers will change. On this basis, it is possible to
optimize the consumption of ICC through heat
exchangers.

Calculations of heat exchangers and the
engine can be performed based on fairly com-
mon, well-known classical techniques that will
satisfy the calculators with their accuracy and
complexity, for example [13, 21]. It should be
noted that these named tasks were solved by
the authors at a high level, considering the lat-
est developments in these areas. Appropriate
calculations are very complex structures. For
example, a calculation program for each heat
exchanger includes at least five subprograms.
To calculate the engine parameters, a model
was used based on the works of N.F. Razleitsev.
Calculation of the pipelines of the system was
carried out based on known methods of hydrau-
lics. All methods were finalized by the authors
considering the materials of their research, the
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characteristics of the engines and the elements
of the cooling system under consideration.

The proposed calculation system is conve-
nient for comparing various systems for which it
is possible to plot the dependence of the total mass
of the cores on some significant temperature, for
example, on 7. In this case, the total masses of the
heat exchanger cores are compared at the same 7,
and the best system is selected.

RESULTS AND DISCUSSION

Consider the results of designing and opti-
mizing a cooling system for an engine of type
12FSS 18.5/21.5 with the parameters specified
in Table 3. When calculating the cooling system,
it was assumed that the system should provide
the parameters of the engine coolants within the

Table 3. The main parameters of the nominal mode*

ltems Designation Values
Engine output (kW) N, 2416
Engine speed (rpm) n 1900
Boost pressure (bar) P, 5
Charge air flow (kg s™') G, 5.37
Fan flow rate (kg s™') G, 54
Ambient pressure (bar) P, 1
Maximum system ICC 2
pressure (bar) Puma
Ambient temperature (°C) t, 40
Air temperature before
° t 40

compressor (°C) 1
Maximum system ICC ¢ 108
temperature (°C) wmax
Water temperature behind the

) o t 108
engine (max) (°C) we2
Air temperature in the

: o t 60
receiver (°C) s
Engine oil temperature ¢ 96
behind the engine (°C) m
Hydraulic fluid temperature ¢ 9
behind the system (°C) m
ICC flow rate by pump (kg s™") G, 24.4
Oil flow rate (kg s™) G, 14
Hydraulic flow rate (kg s™) G, 2
Heat flow from engine
cylinders (kW) Q 514
Heat flow from oil (kW) Q, 230
Heat flow from hydraulics (kW) Q, 29

* Possible water temperatures behind the engine are
95-108 °C; The air temperature in the receiver can
vary within 50-60 °C.
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limits specified in Table 3 at the nominal mode
and for the most difficult operating conditions
(summer, high ambient temperature).

To find the rational flow rate of ICC along the
branches of the cooling system, the dependencies
of M, (the sum of the masses of the cores of the
heat exchangers of the cooling system) on various
temperatures of the ICC were considered. In this
case, it was assumed that rational costs should
provide a minimum of M, and, accordingly, a
minimum of the price and dimensions of the sys-
tem. The problem was solved by the method of
descent along the coordinate with iterations along
with the determined parameters.

In principle, a different target function can
also be specified. In particular, it is possible to
strive for certain sizes of CAC, etc. Accordingly,
a strategy for searching for system parameters
is built, considering the peculiarities of chang-
ing its parameters. It should also be considered
that the difference in the extreme values of M,
and the possible values of this quantity, which
occur at the possible consumption of ICC along
the branches of the system, can be much larger
than that shown in the proposed example. The
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Fig. 4. Dependences of the masses of the heat ex-
changer cores on the temperature of the ICC behind
the radiator, ¢ , at £ = 69 °C, at the rated engine
operating mode and £, = 40 °C: M, . — the mass of the
core of one CAC; M, — the mass of the cores of two
radiator blocks; M. — the mass of the cores of all oil
cooler blocks; M, — the mass of hydraulic fluid cooler
cores; M — total mass of heat exchanger cores

difference depends on the initial parameters of the
system, the method of choosing the flow rates of
the ICC, the design of heat exchangers, etc.

According to the accepted method for solving
the problem, at first, the dependence of the value
of M, on the values of tw1 and other constant con-
trol temperatures in the system (temperatures of
the charge air in front of the engine, ICC, oil and
hydraulic fluid at the engine outlet). The value of
the ICC temperature for OC, ¢, in this case, was
taken roughly, in the first approximation. It was
assumed that it provided a close to the minimum
value of M, all other things being equal. The cor-
responding curves are shown in Figure 4.

The obtained dependence was used to estab-
lish the temperature value ¢ = corresponding to
the minimum of M,. With the set value of 7, the
dependence of M, on ¢ was plotted (Figure 5).
Based on this dependence, the ¢, value corre-
sponding to the M; minimum was established in
the following approximation.

The described procedures were repeated until
the minimum value of M, was obtained. It should
be noted that with a change in the flow rate of
ICC along the branches of the system (and the
corresponding change in 7 and 7 ), a signifi-
cant change in the total masses of the cores in the
system is provided. Because of the changes in
ICC flow rates are associated with changes in 7
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Fig. 5. The dependence of the sum of the masses of
the core of the heat exchangers on the temperature of
the ICC for OC at £ = 55.5 °C at the nominal engine
operating mode and ¢, = 40 °C
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Fig. 6. The flow rate of ICCs through
heat exchangers at 7, , = 69 °C at nomi-
nal engine operation and 7, = 40 °C

and ¢, here is possible to consider the change
in M; as a function of these temperatures. Espe-
cially significantly M, changes in the ¢, func-
tion, moreover, shown in Figure 5, the tempera-
ture range ¢, , is less than the limits that can be
accepted with arbitrary system settings.

Considering the rate of change in the masses
of cores from the temperatures of ICCs studied by
the authors, it is assumed that the minimum sum
of the masses of the cores of the system can be
obtained at temperatures £ = 55.5°Cand t =
69 °C. The implementation of the corresponding
direct calculations of the cooling system confirms
this assumption. ICC flow rates through heat ex-
changers for rational temperatures can be deter-
mined from Figure 6.

In the reverse calculations of the cooling sys-
tem, the real structural data of all heat exchangers
are considered, which will inevitably differ from
the «ideal» sizes obtained from indirect calcula-
tions. Accordingly, some discrepancy is obtained
with the parameters of the cooling system obtained
from indirect calculations. Typically, the tempera-
tures of the coolants are obtained either with an
«excess» or with a «disadvantage» in comparison
with the set values, which have to be adjusted by
rounding the sizes of the core of the heat exchang-
ers considering the realities of the designs. In par-
ticular, for the conditions of real construction, it
is necessary to design heat exchangers with an
integer number of rows of tubes, it is necessary
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to observe the multiplicity of the number of trans-
verse rows of tubes and the number of thermo-
dynamic strokes along with the ICC, it is neces-
sary to use an integer number of diaphragms, etc.
When adjusting the «theoretical» dimensions, the
resulting temperatures of the coolants provided by
the cooling system are considered. Accordingly,
the necessary rounding of the «theoreticaly sizes
of the cores is performed up or down.

Table 4 presents the results of the reverse
calculation of the cooling system with the actu-
al structural dimensions of the cores of the heat
exchangers. Column I present the parameters
of the engine cooling system for the nominal
operating mode and extremely high (summer)
ambient temperatures.

From column I of Table 4 it follows that the
cooling system can provide a very low value of
¢ at the rated engine operating mode at high ICC
temperature in front of the engine, as well as opti-
mally high temperatures of oil and hydraulic fluid
at the cooler inlet.

Column II shows the parameters of the sys-
tem at the rated engine operating mode when the
ambient temperature decreases. It is accepted that
the air temperature in front of the radiator is —40
°C, and the air temperature in front of the com-
pressor is —5 °C (air is taken by the compressor
from the engine room). Temperature control is
provided by changing the flow rate of cooling air
G, as well as changes in the flow rates of the ICC
through the radiator and heat exchangers.

As can be seen from column II of Table 4,
in the nominal engine operating mode, when
the ambient temperature changes and when the
ICC in the system is regulated, the air tempera-
ture in the engine receiver ¢ can remain almost
unchanged. The oil and hydraulic fluid temper-
atures will remain unchanged (tml, tm)’ and the
water temperature behind the engine, 7, ,, will
slightly decrease.

Column III of Table 4 gives the parameters
of the cooling system during the transition of the
engine to a fractional load (according to the loco-
motive characteristic) and the same air tempera-
tures in front of the radiator and compressor. As
it is seen, in this case, the temperature control of
coolants in the system can practically provide the
same air temperature in the engine receiver; the
temperature of the ICC behind the engine (7, ,)
will increase slightly (within acceptable limits),
and the temperatures of the oil and hydraulic fluid
(¢, t,) will practically not change.
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Table 4. The results of the system calculations for various loads and ambient temperatures

Column Numbers
Designation ltems I m m
N, Engine output (kW) 2416 2416 604
n Engine speed (rpm) 1900 1900 1242
Q, Heat flow in ICCs from engine parts (kW) 514.0 514.0 221.0
Q, Heat flow to oil (kW) 230.0 230.0 102.0
Q, Charge air heat flow (kW) 431.26 311.46 94.84
Q, Heat flow from hydraulics (kW) 29.80 29.80 29.80
G, Fan flow rate (kg s™') 54.0 8.30 3.25
G, Charge air flow (kg s™') 5.37 5.37 1.94
G, Oil consumption (kg s™") 14.0 14.0 14.0
G, Hydraulic flow rate (kg s™) 2.0 2.0 2.0
G, ICC consumption through the pump (kg s™) 24.40 24.40 24.40
G, ICC consumption through radiator (kg s) 5.70 5.80 212
G, ICC consumption through one CAC (kg s™') 1.88 1.88 0.63
G,, ICC consumption through OC (kg s™) 1.62 1.70 0.51
G,, ICC consumption through H (kg s™") 0.33 0.35 0.37
G, ICC consumption through bypass (kg s™') 18.70 18.60 22.28
P, Boost pressure (kPa) 500.0 500.0 230.0
t, Air temperature in front of the radiator (°C) 40.0 —40.0 —40.0
t, Air temperature before compressor (°C) 40.0 5.0 5.0
t Air temperature behind the compressor (°C) 271.60 210.70 99.65
£ Air temperature in the receiver (°C) 50.41 50.95 51.01
to Air temperature behind the radiator (°C) 62.20 90.10 97.05
bt ICC temperature in front of the engine (°C) 89.36 85.18 95.05
b ICC temperature behind the engine (°C) 94.39 90.21 97.21
t, ICC temperature behind the radiator (°C) 43.94 45.55 46.82
t, ICC temperature per CAC (°C) 71.38 65.37 64.93
tho ICC temperature per H (°C) 65.49 65.87 66.31
too ICC temperature per OC (°C) 77.82 77.84 95.02
t . Oil temperature before OC (°C) 95.56 95.64 95.28
t, Oil temperature per OC (°C) 87.69 87.78 91.79
t, The temperature of the hydraulic before H (°C) 94.91 95.07 95.43
t, The temperature of the hydraulic after H (°C) 87.73 87.89 88.31
CAC Charge air cooler
b The number of strokes thermodynamic 12.0 12.0 12.0
n, CAC efficiency 0.97 0.97 0.92
Ap, CAC resistance in the air (mm H,O) 107.6 105.6 35.1
Ap,. CAC resistance for ICC (kPa) 31.47 31.47 31.47
L Length along the air (mm) 516.0
B Front width (mm) 308.0 for one core
H The distance between the tube sheets (mm) 280.0
M. Core weight without boards (kg) 47.92
R Radiator
b The number of strokes thermodynamic 7.0 7.0 7.0
Nk Radiator efficiency 0.93 1.0 1.0
Apg Air resistance (mm H,0) 54.04 54.04 54.04
JAY ICC resistance (kPa) 18.21 18.21 18.21
L Length along the air (mm) 151.0
B Front width (mm) 1801.0 for one block
H The distance between the tube sheets (mm) 1013.0
M, Core weight without boards (kg) 295.50
oC Oil cooler
b, Number of counter flow elements | 2.0 2.0 2.0
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Cont. Table 4. The results of the system calculations for various loads and ambient temperatures

n, OC efficiency 0.66 0.64 0.99
Ap,, Oil resistance (kPa) 17.36 16.71 41.32
Ap,,. ICC resistance (kPa) 3.79 4.16 0.42

D, Case diameter inner (mm) 380.0 for all blocks

L Tube length overall (mm) 1889.0 total tube length
Mg The mass of cores of all elements (kg) 154.72

H Hydraulic fluid cooler

b, Number of counterflow elements 1.0 1.0 1.0

n, Efficiency H 0.42 0.41 0.40
Ap, Hydraulic resistance (kPa) 3.03 2.94 2.82
Ap,, ICC resistance (kPa) 6.87 7.67 8.29

D, Case diameter inner (mm) 209.0 for all blocks

L Tube length overall (mm) 528.0 total tube length

M, The mass of cores of all elements (kg) 16.47

M, l;:t:#]r?kgf)the masses of all the cores of the 858.03

N, Efficiency of an air cooling system 0.96 | 0.64 | 0.35

The temperatures, obtained by the described
control methods, are given here as an example.
With the known optimal values of the tempera-
tures of the coolants for these or other modes, it
is possible to provide more suitable values of the
control temperatures of the coolants by regula-
tions, which are very likely to be close to those
presented in Table 4.

Systems with additional cooling of the charge
air by refrigeration machines, capable of provid-
ing a competitive advantage, are very cumber-
some. In this regard, it is possible to carefully
suggest their possible use only for ship cooling
systems, which are relatively less compact. Such
systems require intensive cooling of additional
elements. As a basis for such systems, the con-
sidered scheme can be also successfully applied.

CONCLUSIONS

The scheme of this system can be used as a
basis for creating effective cooling systems for
modern engines, and the set of principles for or-
ganizing systems given in the article can be used
as a guide in the development of liquid cooling
systems for modern engines.

The cooling system, built according to the
named principles, is capable of providing the
maximum possible reduction in the charge air tem-
perature for recuperative systems. At a given air
temperature in the engine receiver, it is possible to
provide the minimum possible, for the same condi-
tions, the sum of the masses of the heat exchanger

168

cores. The cooling system layout is quite simple,
there are no additional units in the system, and the
designs of heat exchangers are close to traditional
ones. When regulating the system under consid-
eration, rational temperatures of the engine cool-
ants are provided at any possible engine loads and
changes in ambient temperatures.

The simplest finding of the minimum masses
of the heat exchanger cores is provided by solving
the corresponding system of equations when the
allocations of the temperatures of the ICC behind
the heat exchangers ts are provided as free factors.
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