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Abstract. The paper is devoted to the urgent problem of
improving the automatic regulation of the thermal state of internal
combustion engines and controlling the water-chemical cooling
regimes during the transition to high-temperature cooling. Principal
and functional diagrams of cooling systems with improved control
are presented. The prospects of controlling the pressure in the
internal circuit of high-temperature engine cooling systems and the
automatic control of the physicochemical characteristics of the
coolant have been proved.

1 Introduction

In recent years, the main and traditional trends in the development of engine building are
the increase in the aggregate power of internal combustion engines (ICE) due to their
forcing by the average effective pressure and rotational speed of the crankshaft and the
increased use of electronic control systems. Forcing of ICE is accompanied by an increase
in thermal and mechanical loads on the details of the cylinder-piston group, the gas
distribution mechanism, other mechanisms and devices of the main engine systems. A
prerequisite for ensuring the reliability of ICE is the compliance of the parameters of the
fuel supply, pressurization, lubrication and cooling operation mode of the engine. The
selection and provision of the required system parameters during operation is carried out by
automatic regulation and control systems. The modern level of development of science and
technology makes it possible to use automatic regulators with electronic control to regulate
various parameters of ICE. Most widely, such devices are used in the fuel supply systems
of modern engines, providing control of the cyclic fuel supply, injection timing angle, the
law of fuel supply and gas distribution mechanisms for changing gas exchange phases.
Improving regulation and control systems through the use of microprocessor devices is a
promising direction for the development of ICE. The studies were aimed at improving
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automatic systems for controlling the thermal state of ICE and controlling the parameters of
engine cooling in order to ensure their reliability with increasing thermomechanical loads.

The purpose of the ICE cooling system is to provide an optimal and stable thermal state
of its parts and assemblies. Such temperature should be considered optimum, at which the
materials of the parts retain their strength properties, engine oils retain high lubricity and
load-bearing ability, and heat loss through the cooling system is minimal. Maintaining the
optimum temperature level of marine diesel engines can be achieved by improving
regulation methods and introducing regulation and control systems that implement these
methods. When creating such systems, it is necessary to take into account the tendency to
increase the temperature level of ICE cooling [1, 2] and the ever-wider introduction of
high-temperature cooling systems (HTCS), which provide an increase in the economic and
resource indicators of diesel engines [3-6]. The work [7] provides information on engines
of such manufacturers as MAN B&W Diesel Ltd, Caterpillar, General Motors,
Wartsila/Sulzer, Deutz AG, Barnaultransmash OJSC, in the power range from 110 to 3680
kW, with cylinder diameters from 146 to 457 mm, and a crankshaft speed of 277 to 2200
rpm. The coolant temperature of the internal circuit of these engines is from 115 to 126 °C.
These data confirm that HTCS are successfully used on small-, medium- and high-speed
engines of various sizes. The tendency to expand the use of HTCS for diesel engines must
be taken into account when upgrading the automatic regulation and control systems of
internal combustion engines, while it is necessary to separate the parameters that need to be
regulated, i.e. to maintain at a given constant damage, and the parameters that should be
controlled depending on the engine operating mode.

2 Problem Statement

The vast majority of modern marine diesels are equipped with a dual-circuit cooling
system, the principal diagram of which is shown in Fig. 1. The functioning of the dual-
circuit liquid cooling systems of ICE is characterized by two groups of parameters [8]:
regime and water-chemical. The first group includes the temperature of the coolant at the
inlet of the engine Tooaizme and at the outlet of the engine T;M.;EM, the temperatures at the
inlet and outlet of the outboard line, respectively, as well as the pressure in the cooling
system p,, the mass flow rate Gy, the temperature difference in the cooling circuit 47,
which determine the heat flux density g, through cooled surfaces, and the amount of heat
removed through the cooling system Q.. The main ones should be considered the
temperature of the coolant 7., and associated with it, in the case of high-temperature
cooling, pressure in the cooling system p. It has been established that for each type of
engine, there is a certain relatively narrow range of coolant temperatures, at which a
combination of high power and economic indicators with sufficient durability and
reliability is provided.



E3S Web of Conferences 135, 02015 (2019) https://doi.org/10.1051/e3sconf/201913502015
ITESE-2019

"
Teoolant

\
<

coolant

My g

- - — — — - — — — — — — ——— !

G
sea
Gcoula t

Fig. 1. Principal diagram of a dual-circuit cooling system for marine diesel: 1 - load unit, 2 — piston of
ICE, 3 - internal circuit circulation pump, 4 - oil-water cooler, 5 - water-to-water cooler, 6 - external
circuit circulation pump, 7 - thermostat. &, - engine crankshaft speed, M; - engine torque, T ;, -
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intake air temperature, I ppiane 4 ;DD;{_M - coolant temperature at the engine inlet and outlet,
respectively, T, ;E,:, Tz - the temperature of the seawater at the inlet and outlet of the water-to-water
cooler, respectively, & ;ppians Gseq - Mass flow rates of the internal circuit coolant and seawater,
respectively

The main characteristic of the water-chemical regime, which determines the intensity of
cavitation-corrosion damage, is the hydrogen index pH of the coolant [9], [10]. The most
effective way to control the hydrogen index of ICE coolants is to introduce additives into
the cooling system [11]. With an increase in the temperature level of cooling systems,
special attention must be paid to protecting their elements from corrosion damage.

Thus, the use of HTCS leads to toughening the requirements for both regulating the
thermal state of the diesel engine and controlling the water-chemical parameters of cooling.
Deviation from the specified cooling parameters inevitably leads to the formation of a
vapor film on the cooled surfaces, the deposition of corrosion products on the cooled
surfaces and, as a consequence, overheating of the engine, a sharp decrease in resource and
economic indicators.

Marine diesel engine as an object of regulation by thermal state should be considered as
a multi-factor, multi-parameter, dynamic, stochastic object, the control of which requires
complex approaches and methods, examples of which are presented in [12-14].

In modern ICE cooling systems, the Polzunov-Watt control principle is implemented. It
means that the temperature of the coolant at the engine outlet is regulated, while the
regulatory actions are generated based on the measurement of the adjustable parameter, i.e.
the same temperature.

When analyzing the regulation processes, it is necessary to take into account that during
operation, the engine is affected by three main external factors: crankshaft rotation speed

,load N , intake air temperature Ty,

To describe the processes of automatic regulation, functional schemes of the objects of
regulation are used, on which the input and output parameters and external influences on
the object of regulation are depicted. Functional diagrams of marine diesel as an object of
regulation by thermal state are shown in Fig. 2



E3S Web of Conferences 135, 02015 (2019) https://doi.org/10.1051/e3sconf/201913502015
ITESE-2019

a) b)
}\.1 )\«2 )\13 7\,1 }\.2 }\43
(@) N)|(T.) (@) (N) (T.)
1] 1]
W) KU
OP *»(p K(p) OP (T..L.)
(T Tou W) 0
T.) - (T.)

Fig. 2. Functional diagrams of thermal control systems for internal combustion engines: a) one-
dimensional, b) multidimensional

For most modern ICEs, a one-dimensional control system is typical (Fig. 2 a), in which
the control object is the temperature of the coolant. For promising HTCS, multidimensional
control systems of fig. 2 b) is advisable, in which the output parameters are the
temperatures of the part to be cooled, the temperature of which 7, limits the reliability of
the engine, coolant 7,,.,, and engine oil 7,;. The number of regulatory actions w; in such
systems should be no less than regulated parameters, which can be both the temperature of
the coolant and the pressure in the cooling system, lubrication, pressurization. Regulation of
the thermal state of the internal combustion engine must be carried out depending on the
load and speed conditions of the engine.

The control of water-chemical cooling regimes should be carried out in order to
maintain the specified physical and chemical properties of the coolant for a long period of
operation.

3 Results

Maintaining the optimal thermal state of the engine can be ensured if the regulation of the
temperature of the coolant T yane 1S Supplemented by the regulation of the temperature of
the most heat-loaded part T, In this case, two regulatory actions should be implemented.
One of the actions may be controlled pressure in the cooling system. It is proposed to
control the pressure in the cooling system depending on the engine operating mode using
the device described in [15].

Static and dynamic characteristics of a cooling system with temperature control of a
coolant are considered in detail in [16]. Cyclic changes in the temperature of the working
fluid lead to changes in the temperature of the cylinder wall surface during the cycle by 7 -
10 °C, which extend to a depth of 2 - 4 mm [17]. The outer temperature of the cylinder liner
remains almost constant, and the heat transfer process in the liquid cooling jacket can be
considered as quasistatic.

The amount of heat given off by the cooled surfaces of the parts to the coolant is
determined by the Newton-Richman equation

@= HF;IEFCCT‘_DEET = Tap.cootant) (1

where @ — heat transfer coefficient, F,_.,
Tyares Tap.roolans —aVverage temperatures of a part and coolant, respectively.
The heat transfer coefficient depends on the nature of heat transfer at the wall-liquid

interface, the temperature of the wall T,.; and the liquid Ty o5i0n:, the pressure in the

— area of the cooled surface of the part,
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system p and the speed of the liquid relative to the wall w. Thus, the specific heat flux
supplied from the wall to the liquid can be represented as a function

=i part: Top cootant: P W) ()

The amount of heat removed by the coolant of the internal circuit to the seawater in the
water-to-water cooler is determined by the equality

i )
Grem = Croolant Geootant (Trostant — Teooiant ) 3)

where €;oaian: - Specific heat of the coolant, G,gpian: — mass flow rate, Tegorans: Jeosiant
— temperature of the liquid at the outlet and inlet of the cooler, respectively.

The flow rate depends on the position of the regulating body (thermostat valve) g, so the
amount of heat removed can be represented as a functional dependence

Grem = F(Ccontant+ 8 Tcllmir.' nt: T-'cguﬂh: nt) 4)

In the steady state, the following equality is valid

Qeup = Grem- (%)

After the expansion of dependencies (2) and (4) in a Taylor series and subsequent
linearization, we obtain:

3g q q ag
A‘Im_ﬂ = ( m) ATm‘.‘.rt + {vm ATap.coolant + { M)A + ( m) dw, (6)

aq ag, Bqgp BGram | pr"
8rem = (522) ACc otane + (“5e=) 88 + (5 ) ATecootane + (7o) Avoctare (7)
The fluid flow rate w and its mass flow rate are functions of the crankshaft rotation
speed e, from which the circulation pump is driven and the thermostat regulator is moved
h:w = f(w. k), g = f(w. h). ' o
The expansion of these functions in a Taylor series and subsequent linearization allow
obtaining:

Aw = (g“)a + (“'“);m (8)

Ag = (%) 4w + (25) an ©)

After substituting expressions (8) and (9) into equations (6) and (7), respectively, and
subsequent transformations carried out under assumptions that T,  .cioms = const,
Ceoolant = canst, T;;nnh:nr = canst, we obtain

gy = (:q‘“”\)ﬂrmt+ (2 Zem)ap + () po + (Z22) (10)
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To obtain the differential equation of the engine as a regulated object according to the
temperature of the most heat-loaded part, it is necessary to use the equality

¢ (ﬂ;’:") = Qoup — Grem- (12)

Since at unsteady thermal conditions Tpgr = Tpgrep + 8Tpare> Foup = Fsupe T AGsups
Grem = Gremn + A0rem, then, taking into account equahty (5), equation (12) takes the form

A AT e
C( .:; ) = Aqcup — dGrem (13)

Substituting equations (10) and (11) into equation (13) allows us to write the following

c(Z) - (aq“"' )A'fwr +(2 =F) ap +(Z22) 0 + (Z22) A — (2em) 40 —

de 8Tpar

25, 3Gy o
( a'r;i:m)ﬂh - ,;T:a::;:")dnnoicnr

(14)

The combination of values of the rotational speed of the crankshaft « and the position
of the control element of the thermostat / characterize the mode of operation R and the load
on the cooling system.

With this in mind, equation (14) takes the form

)G (- Q-G o 09

4 £ o ar "D\-D[Il"‘ £

i

.. . . ‘—"Tpfrr T coolamt Ar
After transition to relative coordinates T = L W= , @ = —, Cpors =
Iparto E e : A
and dividing all the terms of equation (15) by the coefﬁc1ent yr, equation (15) takes the
form
dz
Tp::r: ar +8.6=¢+ E_ﬂr-l_ Epa:rtﬂpcr: (16)

The resulting differential equation can be used to conduct a numerical experiment to
determine the effect of pressure changes in the cooling system, expressed through the
dimensionless coordinate , on the temperature of the most heated part and the temperature
of the coolant at the engine outlet, i.e. in the implementation of two-dimensional regulation
of the thermal state of ICE.

In existing ICE cooling systems, the process is based on the automatic maintenance of a
given temperature of the coolant at the outlet of the engine without taking into account the
temperature of the cooled surfaces and the nature of heat transfer.

In modern forced marine diesel engines with HTCS, heat transfer in cooling cavities is
carried out, as a rule, in the mode of bubble boiling of underheated liquid. From an energy
point of view, heat transfer in the conditions of bubble boiling is the most advantageous,
since due to the high heat transfer coefficient, intense heat transfer from the cooled surfaces
at low flow rates is ensured. However, during the operation of marine diesels with
increased loads, as well as at elevated ambient temperatures and seawater, a transition from
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bubble to film boiling is possible with a sharp decrease in the heat transfer coefficient,
which can lead to overheating of the engine and its failure. The proposed automatic control
model eliminates the possibility of engine overheating.

In liquid cooling systems with a normal temperature level (the temperature at the engine
outlet is 80 - 85 °C), the expansion tank serves to store the supply of coolant and provides
the possibility of thermal expansion of the liquid with increasing its temperature. For the
implementation of the control action on pressure in the cooling system, it is necessary to
use a sealed expansion tank with an improved design [18]. Due to the expansion tank being
sealed, it becomes possible to create increased presure in the tank using a pressure reducing
valve through which air compressed in the compressor is supplied to the tank.

The introduction of a control unit with a sensor system provides pressure control both in
the expansion tank and in the cooling system as a whole. The choice of pressure increase is
carried out automatically, depending on the operating mode of the marine diesel engine. A
compressor forcing air into the expansion tank can increase the pressure in the cooling
system to 0.2 - 0.3 MPa, as a result of which it becomes possible to increase the
temperature of the coolant in the internal circuit to 120 - 130 °C. The increase in pressure in
the internal circuit eliminates the possibility of film boiling in the cooling cavities of the
engine and prevents the failure of the diesel engine due to its overheating.

The ICE cooling system scheme in which it is possible to control the pressure in the
internal cooling circuit is shown in Fig. 3 [19].
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Fig. 3. The scheme of the cooling system with the ability to control pressure in the internal circuit: 1 -
internal circuit of the cooling system, 2 - circulation pump, 3 - piston cooling jacket, 4 - charge air
cooler, 5 - oil-water cooler, 6 - water-to-water cooler, 7 - thermostat, 8 - expansion tank, 9 - air line,
10 - compressor, 11 - pressure reducing valve, 12 - control unit, 13 - boost pressure sensor, 14 -
coolant temperature sensor at the engine outlet, 15 - pressure sensor in the cooling system, 16 -
optical sensor for the presence of vapor phase in the coolant, 17 - turbine.

A,

The control of the water-chemical modes of ICE cooling can be ensured by automating
the control and correction of the required properties of the coolant due to the controlled
introduction of additives into the coolant (Fig. 4) [20].
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The pressure drop in the cooling jacket allows assessing the degree of destruction of
macromolecules of water-soluble polymers and micellar formations of surfactants that are
part of the additives. The control action on the metering needle valve 12 is generated by
comparing the information received in the control unit 13 from the sensors and the required
values of the quality indicators of the coolant stored in its memory. As an analyzer of the
chemical properties of the coolant, one can use the Multitest IPL-513 or Multitest KSL-101
instruments, which allow determining the hydrogen index (pH) of the liquid, hardness, and
total salinity.

The presented cooling system provides continuous and operational quality control of the
coolant and, if necessary, automatic restoration of its operational properties. Compared with
existing cooling systems, the proposed system facilitates the maintenance of internal
combustion engines and increases their reliability.

The principle of operation of the upgraded ICE cooling systems is described in detail in
[21, 22].
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Fig. 4. Cooling system with automatic correction of coolant properties: 1 - closed circuit, 2 - open
circuit, 3 - water-to-water cooler, 4 - circulation pump, 5 - cooling jacket, 6 - charge air cooler, 7 - oil-
water cooler, 8 - thermostat, 9 - expansion tank, 10 - suction pump line 11 - container with additive
concentrate, 12 - needle valve, 13 - control unit, 14, 16 - temperature sensors, 15, 17 - pressure
sensors, 18 - analyzer of chemical properties of the coolant, 19 - discharge pipe.

—
A

As the control unit in the proposed systems, it is possible to use a programmable
microprocessor, for example ATMega8 or PIC16F1823, which will allow adjusting the
pressure in the cooling system depending on the engine operating mode according to the
program stored in the control unit and the additive entering the cooling system depending
on the physicochemical properties of the coolant.
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4 Conclusions

Compared with the traditional cooling systems of ICE with one-dimensional regulation,
which are widely used at present, offered HTCS realize the principle of multidimensional
and multifactor automatic regulation of the thermal state of a diesel engine and control of
water-chemical cooling modes. Improving regulation and control in the cooling system
eliminates the transition of bubble boiling modes in cooling cavities to film boiling modes,
as well as protecting cooled surfaces from corrosion and erosion damage. Thus, an increase
in the reliability of internal combustion engines at maximum loads and at elevated
temperatures is provided.

The studies confirm the relevance of continuing scientific research aimed at improving
the cooling modes of marine diesel engines, modernizing the design of cooling systems,
optimizing the processes of automatic regulation of the thermal state of marine diesel
engines in operating conditions. Further improvement of such systems should be directed to
the development of optimal laws for controlling the cooling parameters depending on the
engine operating conditions and the introduction of the programmable controllers into
automatic control systems of the thermal state of the internal combustion engine and control
systems of the water-chemical parameters of cooling.
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