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Abstract In conditions of autonomous functioning of road stoaction machines, it becomes
necessary to use its internal sources. This catiobe by using a heat recovery system of an
internal combustion engine (ICE). For this purpaisis, proposed to use heat accumulators that
accumulate heat of the internal combustion engingngd the operation of the machine.
Experimental studies have been carried out to at@lthe efficiency of using the proposed
pre-start thermal preparation system, which contbmeegular system based on liquid diesel
fuel heaters and an ICE heat recovery system. Assalt, the stages of operation of the
preheating thermal preparation system, mathematiwadiels and the dependence of the
temperature change of the antifreeze at the eaih fthe internal combustion engine on the
warm-up time are determined.

1. Introduction
The practice of operating the construction and noaghines in the North shows that their potential
for productivity, reliability, serviceability andtwer indicators is not fully realized [1,2,3,4].

One of the main problems of efficient operatiomadd construction machines in the conditions of
the Russian North is to ensure the thermal stapge-start thermal preparation of the internal
combustion engine (ICE). Pre-heating of the intecoanbustion engine can reduce its starting wear,
fuel consumption, toxicity of exhaust gases; insesthe service life of the starter and batterythét
same time, it must be taken into account that thépeent is operated autonomously away from
bases in the field. This makes it difficult or cdetely excludes the possibility of using traditibna
pre-start thermal preparation systems (PTPS) of [Qterefore, there is a need to use autonomous
heat sources [5,6,7].

Rational use of fuel and energy resources can liead through the utilization of heat during the
operation of internal combustion engines.

One of the solutions to the problem of pre-starathgreparation is the provision of mobile
equipment with heat recovery systems (HRS) usiray Aecumulators (HA). This makes it possible to
provide the need for additional heat energy necgdsa pre-start thermal preparation of the ICE by
using heat that is lost in the surrounding spacenduhe operation of the machine (about 40% of the
thermal energy is transferred to the cooling ligdiging operation of the internal combustion engine
and up to 25% of heat is lost with exhaust gaskg]).[

In accordance with the foregoing, the purpose efwiork is to increase the efficiency of the pre-
start heating of the ICE of road construction maekioperated in conditions of temperatures below
freezing.
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Theoretical research has shown that it is advisableombine the existing systems of thermal
preparation of the machines of "Cold execution" &mel heat recovery system based on thermal
accumulators of different potentials [8,9]. As a&ulg the system of pre-start thermal preparation
(PTPS) of the internal combustion engine was d@ezld10, 11].

At the same time, it is necessary to determinexXpeemental studies the stages of application of
the liquid diesel preheater (LDP) and HRS by timeperature limits.

2. General methods of experimental studies
The aim of the experimental studies was to teshyipotheses put forward in theoretical studiestand
determine the numerical values of the parametensatfiematical models.

During the experiment, the following tasks werevedt

1. To check the form of the mathematical model ismgarameters, describing the dependence of
the heating of the internal combustion engine ftbendeveloped pre-start system.

2. To compare the heating time with the help of L2Pand the developed PTPS at different stages
of its operation at various ambient temperaturgs¢,-30°C,-40°C).

To solve the problems, an experimental setup waigded and built, containing a HRS and from
LDP-44. The diagram of the system for pre-startrtizé preparation of the ICE is shown in Fig. 1.
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Figure 1. A scheme of the system of pre-start thermal pagfmar of ICE:/IBC (ICE) - internal
combustion enging]E(AT) - additional tank/TP (AR) - additional reservoiffA (HA) - heat
accumulator, LDP)- liquid diesel preheate@I" (EGHE) - exhaust gas heat exchangsf,(HE) -
heat exchangeP,-P; — distributor,TP (TR) - thermoregulatot] — pump KIT — bypass valvel;-Tz —

temperature sensongl;-M;- pressure sensors
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3. Devices and equipment
To measure the temperature on the street, a lieitinometer with a measurement range from -50°C
to +50°C, an accuracy class of 1.0 and a divisaa of 1°C was used. A systematic error over the
whole measurement range is:

(50-(-50))x 1,0/100 =1°C. (1)

The temperature inside the tank was measured byigiald multimeter, working with a
thermocouple of "K" type. The measurement erromfr@0 to +250°C is not more thar3 °C. In
order to reduce the error in measuring the temperawith a multimeter with a thermocouple, they
were subjected to a control test and selectiongchvhiade it possible to increase the accuracy of the
temperature measurement uptd °C. This is determined by comparing the thermocougtslings
with the reference thermometer. Multimeters withrthocouple of type "K" have high reliability in
operation and allow one to observe the temperatumages visually, directly during the experiment.

Cooling chamber - Refrigerant: R134A, EK35BASIC D3620. Characteristics: minimum
temperature is (-4fC), volume-1ni.

A manometer with a single-turn tubular spring wasdito measure the pressure. The accuracy
class is 2.5; the measurement range is from O tkgi@nf. A systematic error is: (10-@)5/100=
0,25 (kgficnd). Thus, the systematic (instrumental) error is witliie permissible deviation when
monitoring the pressure in the line.

The LDP-44 pump with mass flow -,G 0,2...0,3 kg/s was chosen from the condition dfrogl
circulation of the coolant, which is justified ime work [5].

4, Description of the experimental unit

To test mathematical models, evaluate their adggaad also to compare the heating time of the ICE
A-01M from LDP-44 and the developed PTPS at varistagies of its operation, active experiments
were conducted. Preliminary experiments have shihahthe prevailing error is a systematic one.
Therefore, 3 parallel experiments at a point candresidered sufficient [12,13].

A pilot plant for pre-start heat preparation of tAe0O1M diesel engine was developed and
manufactured. The pilot system was placed on déhl® next to the counterweight of the excavator,
and next to the regular pre-heater LDP-44, makipgne system (Fig. 2). Experimental studies were
carried out on the street by selecting for the erpent the periods of the year with justified mayim
and minimum ambient air temperatures [1,5]. Analydithe methods of pre-start thermal preparation
showed that the boiler of a LDP-type preheatehésdosest in terms of indicators in accordancé wit
the basic requirements for operation. This mad@oisible to propose the use of LDP-44 in
conjunction with the HRS, and to compare the r&t€g heating from the developed PTPS and LDP-
44,

. ‘ ” -
Figure 2. Pilot plant

The PTPS was developed, which was built with refeeeto the A-01M engine of the EO-4121
single-bucket excavator. Tests of a standard sanfpdeich system have shown that it is possible to
heat the A-01M engine for 25...30 minutes, afteliciwht is launched at the first attempt. Unlike
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systems with standard preheaters like LDP-44, énpilot system, oil in the diesel crankcase is éxbat
by a tubular radiator [1], structurally installedtiae entrance to the "jacket" of the internal castton
engine. As a heat transfer fluid, grade 65-antifecis used. The tests were carried out using desing
bucket excavator EO-4121.

The diagram of the pilot unit (Fig. 3) contains:0AM internal combustion engine in modular
construction (1). Heat accumulators with differéhérmal potentials are made in three versions:
additional tank (AT) (2), additional reservoir (AR3), thermal battery (TB) (4) and LDP-44 (5). All
heat accumulators are insulated (as a heat insufasm was used over the asbestos sheet). AT (2)
with a capacity of 40 liters, AR (3) with a capgaif 50 liters and TB (4) with a capacity of 7(elis.
Electric heaters with a capacity of 6 kW are bimilb AT and TB, in addition, the following thingsea
built in the TB: a water-antifreeze heat exchangererse and safety valves (4); heat transfer devic
(TU) (6) for heating the diesel oil in the form oft@bular coil; pump unit (7) with a direct current
motor; pipelines connecting DE-AT (2), DR-AR (3)ATTB (4), pump unit (7); TU-HU (6) and the
cooling system of the starting motor (8); valvesl(911,12,13,14,15,16) - to disconnect the heat
accumulators DR-AR (3) and TA-TB (4) from the systand to regulate the inlet temperature of the
coolant in the heated ICE. The temperatures of de@imulators and antifreeze at the inlet and butle
of the ICE were measured by multimeters with therouples built into the pipeline. The liquid
pressure in the line was fixed by the MP4-U manemeind the time - by a stopwatch.
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Figure 3. The scheme of the pilot unit

Lubrication and power supply systems for ICE aregked, in accordance with the instruction
manual for the ICE A-01M, with oil M-8G and diedatl of grade 3".

The completion of the heating process and the piisgiof launching the ICE into operation is
determined by the temperature of the antifreezbeabutlet of the ICE [1, 5], as noted in the wofk
other researchers and confirmed by experimental alathe heating of the ICE with the experimental
PTPS.

The operating principle of the pilot unit is aslé@s (see Fig. 3). Initially, the antifreeze isided
from the "jacket" of the engine in the AT (2) thgbuthe valve (9), then the ICE cools to ambient
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temperature, the valves are closed. At the entigfprocess, electric heaters are turned on; aagé
in AR (3) and water in TB (4) are heated to thetsetperatures.

Three stages of heating the internal combustioinengere studied. At the first stage, the engine
was heated from AT (2). The valve (10) is opened tre electric motor of the pump unit (7) is
activated, by means of which the coolant in the(2&) through the tubular heater (6), and the cagplin
system of the starting motor (8), is pumped in®'fjlacket" of the internal combustion engine (1).

In the second stage, the valves (11, 12) are opendde AR and the electric motor of the pump
unit (7) is activated, which ensures the circulatiof the heat carrier through the ICE (1) and
simultaneous flow of the heat transfer from the tamat accumulators AR (3) and TB (4) while
maintaining the inlet temperature coolant +2@Gn the ICE (1) with the help of valves (13, 14) 15
[10,11,14]. The experiments were stopped when #mapératures were equalized in the heat
accumulators and at the exit from the ICE. In tdaise, the measurement error wa<C. A low error
in measuring the temperature of heat accumulasodsie to the high thermal conductivity of the steel
and the made blind holes in the metal wall wheecttiermocouples were placed.

At the third stage, the A-01M engine was heatethftdP-44 (5) with the valves opened (16) and
closed (9,11,12,13,14,15).

At all stages of the work of the PTPS with the H&f8l LDP, the heating time of the engine was
measured. The temperature changes in the heat alators and in the internal combustion engine
were fixed in every 30 seconds at the first stégehe second and third stages of heating the engin
every minute.

The ICE start after effective heating is carriedl iouaccordance with the operating instructions by
the operator in the excavator's cab. The idlingkwasrICE continued during the testing lasts no more
than 15 minutes.

5. Theresults of the experiment, their processing and evaluation

Tests of the pilot pre-start heating system of AH&LM engine in the range of negative temperatures
(from -40 °C to -15°C) have shown its efficiency. The system in thisgemf negative ambient
temperature has always ensured a qualitative lipafithe ICE when it is subsequently launched at
the first attempt.

The tables show the temperature change of theesr#é in the A-01M ICE in the first stage of the
PTPS (AT) operation and in comparison with the patimg from the LDP-44 (Table 1), at the second
stage of the PTPS (AT + TAU) - (Table 2), at thiedlstage of work of PTPS (AT + TAU + LDP) -
(see Table 3).

Table 1. Change in the temperature of antifreeze in thel&-@ngine
at the first stage of the PTPS (AT) operation amaarison with the LDP-44

at 26X of PTPS of LDP-44
Time Temperature at Temperature at Temperature at Temperature at
(min.) input (K) output K) input (K) output K)
0 349 350 349 262262 263
0,6 353 352 351 273272 273
1,3 351 351 351 262263 262 280 281 280 271 273 272
2,2 352 351 352 266267 267 285 286 286 280 279 279

Table 2. Change in the temperature of the antifreeze ilAHI&M engine at the second stage
of the PTPS (AT + TAU) operation and comparisorhviite LDP-44

at 24X of PTPS of LDP-44
Time Temperature at Temperature at Temperature at Temperature at
(min.) input (K) output K) input (K) output K)

0 349 349 350 242 243 243
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0,5 353 352 353 254 255 254

13 351 352 351 245246 245 269 270 270

2,1 352 352 352 246 247 247 279 278 280 270 272 271
3 359 360 359 292293 291 297 296 297 279 281 280
4 374 375 375 310312 311 310 311 312 294 295 293
5 377 377 378 322322 323 318 319 317 304 303 305
6 376 376 377 331330 332 322 321 323 310 312 311
7 377 377 376 337338 337 327 325 326 312 313 314
8 375 379 374 343344 343 334 335 334 317 316 316
9 374 374 374 347 349 348 340 342 341 318 318 318
10 372 372 373 351351 352 344 346 345 322 321 323
11 371 371 372 354 355 354 342 344 343 328 328 329
12 368 369 368 356 356 355 346 345 347 333 334 335
13 367 367 366 358 357 356 352 350 351 335 336 337
14 356 354 355 341 340 342

Table 3. Change in the temperature of antifreeze in thel -0CE
at the third stage of the PTPS (AT+ TAU + LDP) aadnhparison with LDP-44

at 23X of PTPS of LDP -44

Time Temperature at Temperature at Temperature at Temperature at

(min.) input K) output K) input (K) output K)
0 233 234 233 234 233 233

0,5 235 236 234 249 250 251

1.3 235 235 235 237235 235 267 268 267

2,1 236 237 238 238236 237 276 276 275271 271 270
3 376 378 377 268 269 269 296 298 297 279 279 280
4 375 376 376 281280 282 307 306 308 294 296 295
5 375 377 375 297 298 296 319 320 319 305 304 304
6 373 373 373 306 307 308 321 323 322 310 311 311
7 361 363 362 314315 315 325 326 326 315 314 313
8 357 355 356 320320 319 333 332 333 315 316 315
9 350 349 348 324323 322 338 339 339 319 320 319
10 352 351 350 326 325 326 341 342 341 323 323 324
11 350 349 348 330331 330 343 344 344 325 327 326
12 350 350 351 339340 347 346 346 345 335 334 334
13 353 352 352 346 345 350 349 350 349 340 340 339
14 358 359 357 346 345 345 351 352 352 342 341 341
16 360 361 361 344 346 346 353 352 353 343 343 342
17 369 371 370 346 348 347 354 353 354 343 344 343
18 373 375 373 352352 353 356 355 354 342 347 342
19 377 376 377 357358 357 359 356 355 344 349 344
20 378 379 378 365367 366 362 360 361 353 354 353
21 379 379 379 366 368 367 368 369 370 359 358 359
22 372 373 371 364 363 364
23 376 375 374 367 368 367
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24 377 379 378 368 369 368
25 382 380 381 368 368 367
26 380 379 381 369 368 368

Based on the correlation-regression analysis oe#tperimental results, one-factor models of the
antifreeze heating at the output of the ICE wertiold:

for the second stage: T = 336.37-310.78k )
for the third stage: T = 329.12-439.34k 3)(

where,T- antifreeze temperature at the output of the ICHBgeating time.

Numerical values of the basic statistical charasties of models, determined on the basis of
experiments. The values of Fisher's dispersiom nagre 2.17-2.9. These values are greater than the
table values of the F-criterion for the confidenmebability of 0.9, which indicates sufficient
adequacy of single-factor models for heating thifraeze at the output of the internal combustion
engine based on the results of the experiment.albeage approximation error is within acceptable
limits (5-7 %) [12,15].

Based on the calculation results and the experihdata, the graphs are constructed shown in Fig.
4. When heating from the AT (the first stage), tdwperature of the A-01M engine rises slightly (on
average - 4C); however, no additional energy is required iseahe temperature of the antifreeze in
the "jacket" of the internal combustion engine.
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Figure 4. Dynamics of heating the antifreeze at the outptihv@ A-01M engine:
e, ¢, A - the results of the experiment; --- - calculatiesults
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The results of the experiments were processed Wiagsoft Excel, Regress software packages
[15].

From the analysis of the graphs, it can be sedrttikaheat transfer processes during the heating of
the internal combustion engine are qualitativelpsistent with the calculated data, which indicates
the correctness of the theoretical premises forrédpeesentation of these processes. However, the
available quantitative discrepancies show thahte transfer from the antifreeze to the massihef
internal combustion engine parts proceeds somemba¢ intensively than it does in the simulation
model of the diesel engine. This indicates a hilsiency of heat transfer from the antifreeze he t
ICE in its course in the aisle space and inaccesaof the model. In the middle of the stages, the
errors reached 8 ... 12%, which is explained bgdoeacies in the accepted models of the heat gansf
process and the inertia of the heat transfer psodasng the ICE heating. However, inaccuracies in
the model make it possible to obtain results withiteptable limits and do not lead to appreciable
errors in determining the temperature of the irdbcombustion engine (Fig. 4).

It is also established that as a result of theiBpigg of the heat transfer processes in the imdr
combustion engine, the equalization of the therine&ds in it proceeds more intensively than it does
with the LDP-44. In the initial periods of ICE waimmg from the pilot system, the heat flow reached
35-45 kW, while for the regular system it did ngteed 20 kW.

6. Conclusion
As a result of the study, the following conclusiovese obtained:
— good convergence of analytical studies and expeaitiahelata in the process of heating the A-
01M ICE has been obtained. The temperatures dditkireeze at the input and output of the
ICE vary exponentially;
- It is determined that when the internal combusBagine is heated by the developed PTPS,
the temperature of the antifreeze at the ICE outmreases faster than the preheating from
the regular LDP-44 system. The heating time ofeihgine A-01M at an air temperature of -40
°C is 21 minutes and 26 minutes, respectively.
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