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Abstract. The purpose of the work is to describe the installation using differential equations
and obtain approximate values before the experiment. In this paper, a constructive scheme of
the experimental device is proposed, and the principle of its operation is described in detail.
The power circuit of the device has been drawn up. Complex impedance, frequency function,
amplitude-frequency characteristic and phase-frequency characteristic are obtained by mathematical
transformation of the power circuit. The frequency response of the circuit is constructed. As a result
of the calculations, we will obtain the amplitude frequency response and the phase frequency
response. Using the found values of the characteristics, we will build graphs and draw conclusions
about how the characteristics depend on the change in parameters and why the graph lines of
the graphs are exactly the way they are.

Annomayus. ens paboTbl — omnMcaTh YCTAaHOBKY C HUCHOJb30BaHUEM AU(QepeHIInaIbHbIX
YpaBHEHUH M TOJNYYUTh MPUOIM3UTEbHBIE 3HAYEHUs Iepe] SKCIEepUMEHTOM. B naHHOHM cTarbe
npeiaraeTcsi KOHCTPYKTHBHAs CXEeMa SKCIEPUMEHTaJbHOTO YCTPOMCTBA M MOAPOOHO OIHUCAH
npuHUMn ero pabotel. CocraBieHa cxemMa NHUTaHMs ycTpoilcTBa. KOMIUIEKCHBIM HMMIIEIaHC,
yacToTHas  (QYHKUUS,  aMIUIMTYAHO-4acTOTHas  XapakTepucTHMKa M (pa30BO-4aCTOTHas
XapaKTepUCTUKA IOJy4aroTcs IyTeM MareMaTH4ecKoro IpeoOpa3oBaHUs CHUJIOBOM  IIETIH.
[TocTpoena yacToTHas XapaKTepUCTHKa LieNU. B pesynabrare pacueroB MoJiydeHa aMIUIMTYOHas U
(azoBas 4aCTOTHbIE XapaKTepUCTUKU. Vcronb3ys HallieHHbIE 3HAYEHHS XapaKTEPUCTUK OCTPOEHBI
rpadMKu U cIeNaHbl BHIBOJBI O TOM, KaK XapaKTEPUCTHUKHU 3aBUCAT OT M3MEHEHUs MapaMeTpoB U
o4YeMy JMHUM IpadoB TOYHO TaKHE, KAKUE OHH €CTh.
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Kniouesvie crosa: BOCCTAaHOBJICHUC OTpa60TaHHOFO TCIlJIAa, JHN3EIbHBIN reaeparop,
ruapaBJivKa, TCHHOOGMCHHI/IK, TCILIoIepeaaya.

At present, the energy problem has become a global issue and is highly valued by countries

around the world. Due to the needs of science and technology and economic development, we need
more and more energy to supply. At the same time, we are increasingly relying on these energy
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sources. Therefore, we must develop reasonably, use it efficiently, and save energy as much as
possible. Protect the environment, save energy and reduce emissions while reducing energy use.
Diesel engine is one of the most commonly used power devices, but a large amount of waste heat is
wasted during use. Research shows that the internal combustion engine can only use about one-third
of the total energy released by fuel combustion, and the remaining two-thirds are dissipated in the
form of waste heat [1]. In order to make full use of the waste smoke waste heat of the unit, reduce
fuel consumption, improve the efficiency of power generation and the comprehensive utilization
rate of energy, and reduce the pollution of smoke to the environment, the waste gas waste heat of
diesel generators can be recycled as a heat source. The pulse mode is used in the waste heat
recovery system to transfer heat more efficiently.

Diesel residual heat recovery is mainly used in vehicles and ships. In recent years, the waste
heat recycling technology of internal combustion engines has attracted more and more attention
from governments and scholars. In 2009, the EU actively launched the Seventh Framework Action
Plan and launched a two-year "HeatReCar" automotive engine waste heat recovery program
involving European countries [2]. Cummins [3], AVL [4] and BMW [5] have also carried out
research on engine waste heat recovery technology with universities and scientific research
institutions. The waste heat resources available to internal combustion engines mainly include
engine exhaust waste heat and engine cooling water waste heat [6]. However, because the heat
energy quality taken away by cooling water is not high, most of the engine waste heat recovery and
utilization technologies are researched on engine exhaust energy. At present, the waste heat
recovery and utilization technologies of automotive internal combustion engines mainly include:
turbocharged technology, absorption/adsorption refrigeration technology, temperature difference
power generation technology and thermal cycle waste heat recovery technology. Among them,
turbocharged technology has been applied on a large scale.

In recent years, the technology of recovering engine exhaust waste heat using the Ronken
cycle system has attracted widespread attention from scholars at home and abroad, and major
research institutions and enterprise colleges around the world have carried out a series of research
work on this. In terms of engineering research, Khaliq [7] and others studied the exhaust waste heat
of HCCI internal combustion engines based on organic Langken cycle fueled by ethanol. Research
shows that the thermal efficiency can reach 41.5% after installing the Ronken cycle system. Tahani
M et al. [8] took R-134a, R-123 and R-245fa as the cyclic working mechanism to optimize the two
Longken cycle structures that recover the exhaust and cooling water and heat of diesel engines at
the same time. In terms of structural research, Kim YM et al. [9] proposed a high-efficiency
gasoline engine exhaust waste heat recovery single-loop organic Langken cycle system to recover
engine exhaust and coolant waste heat. This structure overcomes the complex structure and space
occupancy limit of the dual-circuit system, and increases the power by 20%. Rijpkema J et al. [10]
studied the recovery of engine coolant, exhaust and other waste heat under twelve working types
using the Langken cycle, cross-critical Langken cycle, triangular flash evapor cycle and first-stage
flash cycle.

For the waste heat recovery of marine diesel engines. In March 1979, West Germany KHD
cooperated with the Institute of Ship Power Installations of the University of Berlin to carry out
experimental research on the waste heat utilization system of large engines. In this experiment, the
two teams invested in and manufactured a complete set of power generation equipment needed for
the diesel engine exhaust waste heat utilization system. The heat source of the exhaust waste heat is
provided by a diesel engine with a power of 1470kW and a rotation speed of 1000rpm. When the
diesel engine is rated, the exhaust heat energy accounts for 30% of the total energy, and the
continuous provision of heat energy can also be guaranteed under partial loads [11]. Almost at the
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same time, Mitsubishi Heavy Industries in Japan developed a new waste heat utilization system
(STQG). After flowing through the action of the exhaust gas turbine and turbocharger, the exhaust
enters the waste heat recovery device, and the resulting steam acts on the output of the steam
turbine, steam turbine and runoff exhaust gas turbine.

The work is incorporated into the deceleration gear to drive the generator to generate
electricity [12]. China's first 7RTA84TD diesel engine equipped with waste heat utilization system
was produced by Dalian Marine Diesel Engine Co., Ltd. The system was simplified on the basis of
Wartsila's waste heat utilization system. The power turbine device was abandoned and the steam
generated by the waste heat boiler was used to generate electricity or meet the requirements. Daily
life services. The system can generate 1100 kW of electricity when the load is greater than 55%. At
present, it has been successfully installed on the VLCC manufactured by Bochuan Heavy Industries
and is used by Singapore Global Shipping Company [13].

In this paper, it is proposed to recover the waste heat of diesel generators in the form of
pulsation. Differential equations are used to describe the process of hydraulic and heat transfer. In
order to describe the process, we first establish an energy circuit, compile the equation, set the input
and output through the black box, calculate the equation with the black box, write the image
equation, compile the complex resistance equation, distinguish coefficient, write the frequency
function of the energy circuit, distinguish between the real part and the virtual part of the complex
resistance, and calculate the amplitude frequency and phase frequency characteristics. Finally, a
graph is established according to the calculation of amplitude frequency and phase frequency
characteristics, and conclusions are drawn from the graph.

Unit Description for Simulation
The principle of operation of the experimental setup Figure 1 shows an experimental

installation of a waste heat exchanger with a phase change.

Figure 1. Experimental device for the recycling loop: 1 ~ Heat exchanger; 2 ~ Pipeline; 3 ~ Heat
exchanger; 4 ~ Shock valve; 5 ~ Pump; 6 ~ Check valve; 7 ~ Diesel generator

The exhaust gases of the diesel generator 7 passing through the heat exchanger of the heat
exchanger 1 give off heat to the heated water (coolant). The coolant circulates in the hot water
circuit due to the pump 5. After turning on the pump 5, the coolant moves along the circuit: check
valve 6, heat exchanger utilizer 1, pipeline 2, heater 3, shock valve 4. When the coolant flow rate
reaches a set (for example 2 m/s), the shock valve will quickly close and the kinetic energy of the
flow before it turns into a potential one accompanied by an increase in pressure (point a). When the
pressure at point a reaches its maximum, a reverse wave will form that will go in the opposite
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direction to point B. When the high-pressure wave passes through the colorizer 3 and the heat
exchanger heat exchanger 1, it will increase heat transfer.

In the course of the study, for a better understanding of the scheme, it was decided to study 2
characteristics of hydraulic and thermal, in order to better understand the nature of the forces arising
and to more accurately determine the required parameters on the obtained model.

The first is hydraulic, which takes into account elastic properties of a spring with pliability /
(pliability is the inverse of elasticity), inertial properties of a liquid by mass m, pressure losses in the
pipeline by means of active resistance 7. The third part is the network pump, and inertial properties
of a liquid by mass m,.

In the first power circuit the hydraulic characteristics at the moment of closing of the shock
valve is considered. This circuit contains 2 elements.

Figure 2. Hydraulic circuit

The circuit link equations:
{P:m I./l +VV{ +m2 i/l +P3
V=IP+V,
Black box:

Vi(s) Py(s)

Figure 3. Black box for hydraulic energy circuit

Equations for P3: Py=P5,+P;
Equations for Vy: V1=V oV,
Equation for V3: V3=V3y+2V,,V,
Equation for P:
P=m T\ +rV3+my Vi +Py=m P +r(Vig+2V 1 V) +my 71+ P+ Py =
mV\+rV 3o+ 20V 1 7y, Vi +Pag+ Py

Equation for f’ f’zml_}l +2rV 5o 171 +m21_'/.1 +ﬁ3
Equation for V:
V=PV =1 (m P42 Vi Pty PPy JVig+ 7
=(lm+lm2)l_./.1+2erIOI_}1+I_/1+V10+II_33=b3I_3.2+a11_./'1+a21_)1+a3l_/1+a4+b1_53

Equation for images:
(ars*+aystay)Vy (s)=-bP;(s)
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Coefficients:
a=Im+Ilm,
ar,=2rlVyg
az=1
a,=V1o
b=1
Complex circuit resistance Z(s):

P3(s) a,s*+a,s+as

7(s)= -
QAT b
Frequency function of the circuit:
s—jQ, j2=-1
Frequency function of the circuit:
a, P -ajQ-a
2 Q)= 1 2/5¢-d3
b
The real part of the frequency function:
. aj QZ %]
Re(jQ)= —
Imaginary part of the frequency function:
-a2Q
Im(jQ)= 5 i

Amplitude-frequency response (frequency response) of the circuit:

A(Q)=. /Re(jQ)* +Im(jQ)*

Phase frequency response (FFC) of the circuit:

Im(jQ)
Re(jQ)

p(jQ)=-arctg
Figure 4 shows the part of the installation where heat transfer takes place.

s
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Figure 4. Part of the heat transfer plant: t — the temperature of hot water; t;, t,— wall temperature; ts-
the temperature of the air; a; — convective heat transfer coefficient of water and left wall; a, — convective heat
transfer coefficient of air and right wall; ¢ — the thickness of the wall surface; 2 — Thermal conductivity of the
wall
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When the hot water flows, the convective heat transfer coefficient between the water and the
left wall is 4, and the temperature of t is greater than ¢;, so the wall absorbs the heat brough by the
hot water, and the wall temperature rises. When the temperature rises to #;, the surface temperature
of the left wall is stable. The thickness of the wall is A, and the heat is transmitted from the left wall
to the right wall by means of heat conduction. When the temperature rises to t,, the surface
temperature of the right wall reaches a stable state. The right wall carries out convective heat
transfer with the air, and the convective heat transfer coefficient is 4,. Through convective heat
transfer, heat is transferred to the air until the air temperature #; reaches a stable state.

t L1 tlﬁtz te —0 .t

ﬁ— q o T N /M
Clj; CzI

Figure 5. Heat transfer energy circuit

The circuit link equations:
=r1qtrq,triq, T
q=c\ti+crbhtq,

The input and output of the energy chain for thermal calculation are presented in the form of a
“black” box.

Quen Tz

Figure 6. Black box for heat transfer
Equations for 23,45, £,t1,9,:
=301
h=r3q, Tt
22:?2:”352453
h=rq,th

9,742,
Equations on ¢; from the 1st link:
q :C2i2+q2
=G (r3q2+t3)+q20+q2

02r3qZ+02t3+Q20+Q2
Equations on #, from the 1st link:
L=, T 37134, 173G, T30

The equation on ¢;:
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L=rq,
=r (02F36;12“‘02?3“‘6]20“‘6_]2)+(”3q20+”36_]2+f30+f3)
=c2r2r3?]2+c2r2?3+r2q20+r2c_]2+r3q20+r3§2+t30+f3
202’”2”3CLIZJF("2+’”3)§2+(’”2+’”3)f]20+02’”2?3+?3+t30

The equation on 7;:
f 202”2’”352+("2+’”3)§2+02’”2.;2+?3
The equation on g:
g=citi+cthtq,
=) [02F2F332+(F2+F3)6;]2“‘02”2;1.2“‘?3] "‘02(7352“‘?3)*‘(%0*‘6_]2)
=C’16’2”27”352"‘(01”2"‘01r3+02”3)6;12+6_]2+6]20+0102”2.;2“‘(01"‘02)?3
The equation on ¢:
=rqtryq,Tr3q, s
=r [0102F2”3;]_'2+(01”2+01”3+02’”3)CL]2+(?2+(]20+01Czr2§2+(01+02)?3]
+r5(arsgy teals gy T, )13 (4,01 0,) Taoths
6’16’21”1”2”352+(01”1Vz+6'1”1V3+02F1V3)(72+r1(?2+rlq20
+010271F2§2+(017’1+02”1)?3
+(sz’2735]2+Czrz.73+”26]20+Vz§2)+(’”3q20+”3(_]2)+f30+f3
=clczr1r2r3é2+(c1rlr2+clr1r3+c2r1r3+c2r2r3)§2
+(F1+7’2+F3)§2+(1’1+”2+”3)q20+01Czrlf’zlf.ﬁ(cl’”1+02”1+02’”2)?3+f3+f30
=b152+b2?]2+b3212+b4q20+a122+a2?3+a3?3+a4t30

Equation for images:
(ays*+aystas) T3 (s)=-(bs*+bys+b3) O, (s)

Coefficients:
ay=cierin
ay=cryteyrter
az=1
by=cicyrryrs
b2=clr1r2+clr1r3+czr1 rytearr;

by=r|try+tr;
Complex resistance Z(s):
T3(s) -b,5*-b,s-b;
0,(5) a;s*taysta

Z(s)=
Frequency function of the circuit:
§—jQ, j2 =-1
Frequency function of the circuit:

T3(s)
0,(s)
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-bys2-bys-by by Q*-b,jQ-bs
B a2 +aystas - a1 +a,jQ+a,
(519275 2-b3)[ (-1 27 +a3)-a5jQ]

- [(-a192+a3)+a2j9] [(-a192+a3)-a2]’!2]
-alle4+a3b1Qz-a2b1j93+alb2jQ3-a3b2jQ-a2b292
< +a1b3Q2-a3b3+a2b3jQ >
(-a192+a3)2+a%92
[‘alblQ4+(albZ‘GZbl)jQ3+(a3bl'a2b2+a1b3)92+l
(a2b3-a3b,)jQ-a3b;

(-a192+a3)2+a%92

We derive the real part of the complex resistance:

-ay b1Q4+(Cl3b1 -a2b2+a1 b3)92-613b3
(-a) @ +a3)+a3 2

Re(jQ)=

We derive the imaginary part of the complex resistance:

(albz—a2b1)93+(a2b3—a3b2)9‘
(-a) 2 +a3)+a3 2

Im(jQ)=

We obtain the amplitude-frequency function of the energy circuit:

A(Q)=. /Re(jQ)* +Im(jQ)*

Get the phase-frequency function of the energy circuit:

Im(jQ)
Re(jQ)

p(jQ)=-arctg

Results and discussion
Parameter are calculated or found from the experiment, for example ny= 60 W, as well as the
inlet pressure Py= 150 kPa.
The known conditions: P — pressure, kPa; V'— volume flow, I/s [liter per second]; | — active

2 .
resistances, [kpl%]; m,m, — mass of liquid, [kg]; [ — hydraulic compliance, [IIC%:], 1 litre = 10 metre.

Table 1
CIRCUIT PARAMETERS
m, kg m,, kg kPa-s’ liss P3g, kPa Vi, lit/s
] . l]’[ ]
lit kPa
12 12 93.75 0.00444 150 0.4
18 12 93.75 0.00444 150 0.4
12 12 93.75 0.00629 150 0.4
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Dependency graphs are plotted based on the input values. For the best perception of graphs
values are taken only those that affect the dependence. The values obtained for the first stage of the

energy circuit are shown in Table 2.

Table 2
RECEIVED INFORMATION FOR HYDRAULIC

Q A4jQ1 0jQ1 AjQ2 0jQ2 AjQ3 0j 3
1 275.041526 -0.750104 270.682726 -0.765216 164.345188 -0.607048
2 396.641095 -1.238939 389.483437 -1.297230 197.795467 -1.2467315
3 562.575643 -1.554397 564.279213 1.491364 286.971351 1.3707782
4 766.622090 1.362176 792.092283 1.243327 437.330389 1.0303425
5 1009.63477 1.19049 1074.38113 1.060490 643.60155 0.8158718
6 1293.69942 1.054390 1412.89239 0.921052 901.917905 0.6734301
7 1620.68779 0.943881 1808.90035 0.8118753 1210.36714 0.5730422
8 1992.01669 0.852618 2263.24137 0.724506 1568.01695 0.4987306
9 2408.70151 0.776216 2776.45242 0.653274 1974.38635 0.4415573
10 2871.45787 0.71151 3348.88041 0.594251 2429.21090 0.3962133

Based on the results of the calculation, the graphs of the amplitude frequency response and
phase-frequency response and frequency response of the circuit are constructed. Further in these
graphs are under construction:

4000

3000

2000

1000

Q, Trad/s

Figure 7. Amplitude frequency response

Figure 8. Phase frequency response

Q, rad/s
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When m and /; change, the three lines are similar. For A, changing m can reach the maximum
at the earliest. For ®, when these two parameters are changed, the curve fluctuates larger.
For power circuits of the heat transfer calculations are conducted similarly and are written in
Table 3. A graphical view is presented in Figure 4-5.

Table 3
RECEIVED INFORMATION FOR HEAT TRANSFER
kPa-s’ kPa-s’ kPa-s’ / / o
rl’[ lit l rz’[ lit l rj’l lit l °r LJ 2 L-"C % o KW
0.01 2.17x107 2.5x10™ 0.0204 0.0204 70 25
0.02 2.17x107 2.5x10" 0.0204 0.0204 70 25
0.01 2.17x10° 2.5x10™ 0.0156 0.0156 80 25

The dependency graph is drawn based on input values. For optimal graph perception, take only
those values that affect dependencies. The obtained values for the first stage of heat transfer are
shown in Table 3.

Table 4
VALUE AMPLITUDE FREQUENCY RESPONSE FOR ENERGY CIRCUIT
Q Aj1 i1 Aj2 j2 AjQ3 @j23
1 0.010271699 0.000398071 0.020271693 0.000805937 0.010271699 0.000304407
2 0.010271697  0.000796141 0.020271673 0.001611873 0.010271698 0.000608814
3 0.010271692 0.001194212 0.020271639 0.002417807 0.010271695 0.000913221
4 0.010271686  0.001592282  0.020271592 0.003223737 0.010271692 0.001217627
5 0.010271679  0.001990351  0.020271531 0.004029663 0.010271687 0.001522034
6 0.010271669  0.00238842  0.020271457 0.004835584 0.010271682 0.00182644
7 0.010271658 0.002786487  0.020271369 0.005641498 0.010271675 0.002130846
8 0.010271645  0.003184554 0.020271268 0.006447405 0.010271668 0.002435251
9 0.010271631  0.00358262  0.020271153 0.007253302 0.010271659 0.002739656
10 0.010271614 0.003980685 0.020271025 0.00805919 0.01027165  0.00304406
0,025
0,02 —i—a—8 i—i—i——a ——A1
0,015 o =A2
< A3
0,01 ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢
0,005
0
0 2 4 6 8 10 12
Q, rad/s
Figure 9. Amplitude frequency response
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Figure 10. Phase frequency response

When r; and fy change, the curve trend is similar. Judging from the above two pictures,
changing r; has the greatest impact on A and ®. r; becomes bigger, A and @ also become larger.

Conclusions

In this paper, the problems associated with this work and possible solutions are described. A
constructive scheme of the experimental device is proposed and the principle of its operation is
described in detail. The power circuit of the device is drawn up, each link is explained. Complex
impedance, frequency function, amplitude-frequency characteristic and phase-frequency
characteristic are obtained by mathematical transformation of the power circuit. The frequency
response of the circuit is constructed.

The description of the experimental setup is completed, energy circuits for hydraulics and
heat transfer are compiled.

Energy circuits in hydraulics take into account such parameters as pressure, volume flow,
hydraulic losses, hydraulic resistance, hydraulic mass. Energy circuits for heat transfer take into
account such parameters as the mass flow rate of the medium, temperature, thermal resistance,
thermal power.

In the process of modeling the hydraulic power circuit, it is found that with the increase of
frequency, the frequency response of the hydraulic circuit increases and quickly reaches the optimal
value, and the amplitude will decrease. As the frequency increase, the PFC of the hydraulic circuit
drops.

In the process of modeling the heat transfer of the energy circuit, it is found that the frequency
response of the hydraulic circuit decreases with the increase of frequency, producing a uniform
pulsation.

According to the resulting graphs, one can trace the relationship between two different
properties. It can be seen from the graph that for a particular r value, we reach the frequency
maximum faster.
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