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Based on the oil quality of diesel oil, the thermal efficiency and fuel consumption of the fuel-burning submersible hot water
machine were calculated. *e structure of the fuel-burning submersible hot water machine was designed. *e heat transfer
calculation of the flame tube and convection surface of the high-efficiency fuel submersible hot water machine was carried out, and
the overall heat balance of the system was checked. ANSYS was used to analyze and study the mechanical and thermodynamic
properties of the fuel-based submersible hot water machine, and the simulation results were compared with the theoretical
calculation results. *e thermal field of the flame tube and the threaded tube was simulated, and the influence of the temperature
field on the flame tube was analyzed. *e changes in the total deformation and strength of the flame tube under the thermal
structure coupling were studied. *e thermal efficiency of oil-fired submersible hot water machine was studied, and the relevant
factors affecting the thermal efficiency of oil-fired submersible hot water machine were put forward. *e main factors affecting
thermal efficiency were analyzed andmathematically modeled.*e air supply model and the convective heat transfer model of the
threaded tube were established. *e main parameters that affected the thermal efficiency of the threaded tube were optimized. In
the end, the design scheme of a high-efficiency fuel-type submersible hot water machine was obtained.

1. Introduction

Hot water machines have been widely used in various fields,
especially in areas where the demand for hot water is rel-
atively large. *ere are many types of hot water machines,
and the application types of hot water machines are also
different in different working locations and environments.
For example, in residential areas, the residents use gas-fired
hot water machines; in school bathrooms, electric heating
hot water machines are often used; in some areas abroad, hot
water machines using geothermal energy have appeared
[1, 2]. In some engineering fields, such as the diving industry,
electric-heated diving hot water machines have appeared.
Researchers at home and abroad have done some research
studies on different types of hot water machines to varying
degrees. However, there has been a lot of research on related
water boiler [3–5]. But there are very few research studies on
oil-fired submersible hot water machines at home and
abroad. Johnson and Beausoleil-Morrison [6] designed a

model for the performance prediction of gas tankless water
heaters and calibrated and verified the model, but they did
not study and optimize the mechanical properties of the
water heater structure, nor did they conduct in-depth
thermal research on the hot water machine. Lenhard and
Malcho [7] established amathematical model for heating hot
water by an indirect heating water heater and made a CFD
simulation of the established mathematical model. Based on
the simulation results, the parameters of the indirect heating
hot water machine were optimized. But they did not research
and optimize the structure and mechanical properties of
indirect heating hot water machines. Liu et al. [8] proposed a
high-throughput screening method (HTS) based on ma-
chine learning to design and screen the best combination of
external characteristics of water-in-glass evacuated tube
solar water heaters (WGET-SWHs) with high heat collection
rate, but there is no research on the relationship between the
structure and heat of the hot water machines. *is paper not
only researches and optimizes the structure and mechanical
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performance of the hot water machine, but also conducts in-
depth thermal research on the hot water machine and op-
timizes the thermal efficiency of the submersible hot water
machine by establishing a mathematical model.

2. Analysis andCalculationofOriginalData and
Fuel Characteristics of Oil-Fired Submersible
Hot Water Machine

2.1. "e Original Data of the Fuel-Type Diving Hot Water
Machine. *is article comes from a diving equipment
factory. According to the actual needs of the project and the
previous experience in the development of electric-heated
submersible hot water machines, the author finally plans to
develop an oil-fired submersible hot water machine with 0#
diesel as fuel. *e original data of the fuel oil type sub-
mersible water heater to be developed by a diving equipment
factory are as follows: the fuel is 0# diesel, the input liquid is
seawater and fresh water, the water input pressure is 3.4–10
bar, the input flow is at least 45 L/min, the output pressure is
the highest 68 bar, and the output flow is about 38 L/min.
*e volume of the water heater is about 250 L, the maximum
temperature rise is 60°C, and the temperature difference
control range is ± 1.5°C.

2.2. Fuel Characteristic Analysis and Calculation. *e high-
efficiency fuel oil submersible hot water machine uses 0#
diesel as fuel. According to the percentage of each com-
ponent of 0# diesel, the theoretical air volume V0 consumed
when 1 kg of 0# diesel is completely burned under standard
conditions can be calculated. And the volume of produced
CO2, SO2, N2, H2O, and triatomic gas RO2 and the volume of
flue gas Vy are shown in Table 1 [9].

2.3. Enthalpy of Fuel Flue Gas. When 0# diesel and air are
sent to the water heater for combustion, the heat carried is
composed of two parts: one is the enthalpy brought by 0#
diesel and air and the other is the chemical heat of 0# diesel
itself. *erefore, it is necessary to calculate the enthalpy of
fuel gas and the enthalpy of air [10].

*e enthalpy value of 0# diesel flue gas is calculated
based on 1 kg of 0# diesel, and it is calculated from 0°C.
When the temperature is t°C, the enthalpy value I0y of the
theoretical flue gas volume is shown as follows:

I
0
y � VRO2

CRO2
+ VN2

CN2
+ VH2OCH2O t, (1)

where VRO2
is the theoretical triatomic gas RO2 volume, m3/

kg; CRO2
is the average volume heat capacity of theoretical

triatomic gas RO2 at constant pressure, kJ/m3·k; VN2
is the

theoretical N2 volume, m3/kg; CN2
is the theoretical N2

average volume heat capacity at constant pressure, kJ/m3·k;
VH2O is the theoretical water vapor H2O volume, m3/kg;
CH2O is the average volume heat capacity of theoretical water
vapor H2O at constant pressure, kJ/m3·k; and t is the flue gas
temperature, °C.

It can be seen from the above calculation that the the-
oretical SO2 volume ratio is very small, soCRO2

� CCO2
can be

used in the calculation. *e enthalpy value of the theoretical
air volume I0y is shown as follows:

I
0
k � V

0
Cktk, (2)

where V0 is the theoretical air volume of the hot water
machine, m3/kg;Ck is the average volume heat capacity of air
at constant pressure, kJ/m3·k; and tk is the air temperature,
°C.

*e flue gas enthalpy value Iy is shown as follows:

Iy � I
0
y +(α − 1)I

0
k, (3)

where I0y is the enthalpy value of the theoretical flue gas
volume of the hot water machine, kJ/m3; α is excess air
coefficient; andI0k is the enthalpy of theoretical air volume,
kJ/m3.

*e specific heat of each temperature of air and flue gas is
shown in Table 2. *e excess air coefficient is 1.1, and the
calculation results of equations (1) and (2) are substituted
into equation (3) to obtain the flue gas enthalpy as shown in
Table 3.

3. Analysis of the Heat Balance of the Oil-Fired
Submersible Hot Water Machine System

In order to ensure that the heat enters the hot water ma-
chine, the effective utilization of the hot water machine and
the heat loss of the hot water machine reach a certain
balance, so the heat balance calculation of the hot water
machine system is required. After completing the heat
balance calculation, the thermal efficiency of the hot water
machine system and the consumption of the hot water
machine per hour should be obtained initially, so that the
subsequent structural design of the fuel-based submersible
hot water machine can be carried out. *e heat balance
calculation of the oil-fired submersible hot water machine is
based on the operation of the hot water machine system
under stable thermal conditions. In the standard state, the
calculation is based on the complete combustion of 1 kg of
0# diesel.

3.1. "e Input Heat of the Fuel Submersible Hot Water
Machine. Since 0# diesel fuel produces very little ash and
can be ignored, so Q6 � 0. At the same time, when 0# diesel
is atomized and then burned, incomplete solid combustion
will not occur, so Q4 � 0. *erefore, the heat balance
equation can be written as follows:

Qr � Q1 + Q2 + Q3 + Q5, (4)

whereQr is 1 kg of 0# diesel fuel sent to the heat of the
submersible hot water machine system, Qr � 42900 kJ/kg;
Q1 is the efficient use of heat in the hot water machine
system, kJ/kg; Q2 is the heat loss during exhaust of the hot
water machine, kJ/kg; Q3 is the heat lost when the oil mist of
the hot water machine is incompletely burned, kJ/kg; and Q5
is the heat transferred from the hot water machine system to
the surrounding environment, kJ/kg.
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Table 2: Specific heat table of air flue gas.

Temperature (°C) Specific heat of combustion products of various gases (Kcal/m3·°C) Specific heat of air (Kcal/m3·°C)Natural gas, coke oven gas, mixed gas, liquid fuel bituminous coal, and anthracite
0–200 0.33 0.31
200–400 0.34 0.31
400–700 0.35 0.32
700–1000 0.36 0.33
1000–1200 0.37 0.34
1200–1500 0.38 0.35
1500–1800 0.39 0.35
1800–2000 0.40 0.36

Table 3: Flue gas enthalpy temperature table.

Temperature
(°C)

*eoretical smoke enthalpy Iy
(kJ/m3)

Air enthalpy Ik
(kJ/m3)

Flame tube outlet α″� 1.1 Iy
(kJ/m3)

Smoke pipe outlet αpy � 1.1 Iy
(kJ/m3)

15 250 222 272 272
50 833 738 907 907
100 1666 1477 1814 1814
120 2007 1776 2185 2185
200 3372 2971 3669 3669
300 5123 4491 5572 5572
400 6923 6043 7527 7527
450 7847 6836 8531 8531
500 8771 7630 9534 9534
600 10667 9254 11592 11592
700 12612 10911 13703 13703
800 14599 12593 15858 15858
850 15609 13448 16954 16954
900 16619 14302 18050 18050
1000 18673 16031 20277 20277
1100 20760 17788 22539 22539
1200 22872 19556 24828 24828
1300 25012 21350 27147 27147
1400 27167 23156 29483 29483
1500 29344 24971 31841 31841
1600 31539 26800 34219 34219
1700 33753 28634 36617 36617
1750 34864 29552 37819 37819
1800 35974 30470 39021 39021
1900 38206 32331 41440 41440
2000 40451 34181 43869 43869

Table 1: Summary table of smoke composition.

Data name Code name Unit Value
*eoretical air volume V0 m3/kg 11.153276
*eoretical flue gas Vy m3/kg 12.086479
*eoretical CO2 volume VCO2

m3/kg 1.596363
*eoretical SO2 volume VSO2

m3/kg 0.001750
*eoretical N2 volume VN2

m3/kg 8.811408
*eoretical triatomic gas RO2 volume VRO2

m3/kg 1.598113
*eoretical water vapor H2O volume VH2o m3/kg 1.676958
*eoretical CO2 volume ratio rCO2

% 13.21
*eoretical SO2 volume ratio rSO2

% 0.01
*eoretical N2 volume ratio rN2

% 72.90
*eoretical RO2 volume ratio rRO2

% 13.22
*eoretical water vapor H2O volume ratio rH2O % 13.87
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If the heat balance equation of the oil-fired submersible
hot water machine is expressed by the percentage of each
heat in the total heat input of the system, it can be written as
shown in the following equation:

q1 + q2 + q3 + q5 � 100%, (5)

where qi is the percentage of each heat to the total heat input
to the system, qi � Qi/Qr × 100%, %; q1 is the heat utilization
rate that the hot water machine effectively utilizes, %; q2 is
the exhaust smoke loss rate generated when the hot water
machine exhausts the smoke, %; q3 is the loss rate of in-
complete combustion of the hot water machine oil mist, %;
and q5 is the heat loss rate of the hot water machine, %.

3.2. Exhaust Heat Loss. Exhaust heat loss is the most im-
portant heat loss in the entire oil-fired submersible hot water
machine system. Among them, the temperature and volume
of the exhaust are important factors that affect the heat loss
of the exhaust. For a certain quality of fuel, the value of the
excess air coefficient determines the amount of smoke
emitted, and the combustion state directly affects the size of
the excess air coefficient.

*e exhaust heat loss q2 can be expressed by the dif-
ference between the enthalpy of the flue gas discharged from
the hot water machine system and the enthalpy of the cold
air, which can be written as follows:

q2 �
Ipy − αpyI

0
lk  100 − q4( 

Qr

× 100%, (6)

where Ipy is the enthalpy of the flue gas discharged after the
combustion of 1 kg of 0# diesel under the excess air coef-
ficient of the flue gas and the flue gas temperature, kJ/m3; αpy

is excess air coefficient of exhaust flue gas; and I0lk is, at the
temperature of the air entering the hot water machine, the
enthalpy of the theoretical air required when 1 kg of 0# diesel
is burned, kJ/m3.

According to the research [11], the exhaust gas tem-
perature is 200°C, and the temperature of the cold air sent to
the hot water machine is 20°C, taking the excess air coef-
ficient αpy � 1.1 and substituting the value calculated
according to Table 3 into equation (6). It can be obtained
that the heat loss of exhaust gas of the oil-fired submersible
water heater is q2 � 7.10%.

3.3. Incomplete Combustion of Oil Mist Heat Loss. *e heat
loss of incomplete combustion of oil mist refers to the in-
complete combustion of the 0# diesel after atomization. *is
part of the incompletely burned oil mist will directly reduce
the total heat input to the oil-fired submersible hot water
machine system. However, according to the actual situation,
under the current technical control, as long as the com-
bustion is good, the heat loss of this part can be controlled
within a small range. In the design calculation, q3 �1.25%.

3.4."e Effective Use of Heat of the Oil-Fired Submersible Hot
WaterMachine. *e effective heat utilization of the oil-fired

submersible hot water machine refers to the difference
between the total enthalpy of the flue gas produced by the
combustion of 0# diesel and the enthalpy of the medium
water input to the hot water machine. For the fuel sub-
mersible hot water machine, its effective use of heat Q1 is
shown as follows:

Q1 � Gcs trs − ths( , (7)

where G is the flow rate of circulating water, kg/s; trs is the
temperature of the hot water, °C; ths is backwater temper-
ature, °C; and cs is the specific heat of water, MJ/(kg·°C),
generally taken cs � 0.0041868MJ/(kg·°C).

According to the original design data of the fuel-burning
submersible hot water machine in Section 2.1, substituting
equation (7), the effective heat Q1 of the fuel-burning sub-
mersible hot water machine can be calculated as 0.23MW.

3.5."eHeat Loss of FuelOil SubmersibleHotWaterMachine.
*e heat dissipation loss of the oil-fired submersible hot
water machine refers to the heat that the hot water machine
system loses to the outside of the environment under the
action of the surrounding environment. *e heat loss of the
oil-fired submersible hot water machine is designed and
calculated according to the relevant standards provided in
TSG G0003-2010 “Industrial Boiler Energy Efficiency
Testing and Evaluation Rules” [12], as shown in Table 4.

According to the calculation result of equation (7) and
the data in Table 4, it can be seen that q5 � 2.1%.

3.6."ermal Efficiency and Fuel Consumption of the Oil-Fired
Submersible Hot Water Machine. *e thermal efficiency of
the oil-fired submersible hot water machine is shown as
follows:

η � 100 − q2 + q3 + q5( , (8)

where q2 is the smoke loss rate during smoke exhaust, %; q3
is the loss rate when incomplete combustion of oil mist
occurs, %; and q5 is the heat loss rate of hot water machine,
%.

Substituting the q2, q3, and q5 obtained above into
equation (8), η � 89.55% is obtained. *e fuel consumption
of the oil-fired submersible hot water machine is shown as
follows:

B �
Q1

ηQr

× 100, (9)

where Q1 is the effective use of heat by hot water machine,
MW; η is the thermal efficiency of the hot water machine, %;
and Qr is the heat sent to the submersible hot water machine
system, kJ/kg.

Substituting the calculated values into equation (9),
B � 21.55 kg/hcan be obtained.

When calculating the heat of oil-fired boilers, the volume
of flue gas is used to calculate the temperature enthalpy table,
so the heat calculation should be calculated by calculating
the fuel consumption. *e fuel consumption is calculated as
shown in the following equation:
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Bj � B
100 − q4

100
, (10)

where B is the fuel consumption of the hot water machine,
kg/h, and q4 is the heat loss rate when solid fuel is in-
completely burned, %.

Substituting q4 � 0 and the value of equation (9) B �

21.55 kg/h into equation (10), Bj � 21.55 kg/h is obtained.

4. TheOverall StructureDesignof theFuel-Type
Submersible Hot Water Machine

*e overall structure of the oil-fired submersible hot water
machine includes the boiler tube, flame tube, smoke
chamber, fire tube, bracket, flange, and flange cover, etc. *e
connecting parts of each part are selected by general stan-
dard parts to meet the interchangeability during mainte-
nance reduces the maintenance cost of the hot water
machine. For some nonuniversal standard parts, they are
required to be designed.

*e oil-fired submersible hot water machine adopts
the central flame-return structure in the horizontal
structure. After the flame is sprayed from the burner, the
special structure of the flame tube will form an entrain-
ment phenomenon, and the high-temperature smoke in
the tube will continuous movement to the wall of the flame
tube can form a very uniform temperature field, which is
beneficial to heating the working fluid [13–15] as shown in
Figure 1.

*e burner of the oil-fired submersible water heater is
the heating device of the hot water machine. As the core
component of the hot water machine heating [16], when the
burner is selected, there must be a corresponding value when
meeting the basic power consumption [17]. According to the
working characteristic curve of the burner, the working
point of the burner must be in its corresponding full-load
area, and the closer the working point is to the right side of
the working curve, the better. *e burner work curve is
shown in Figure 2, and the final selected burner model is the
UNIGAS LO280 AB burner.

*e flame tube is designed according to the parameters
of the selected burner. *e flame tube consists of three parts,
namely, the flange, the cylinder, and the head, which are
connected by welding. *e head adopts a standard elliptical
head, and the flanging is to ensure the stability when
connecting with the front smoke chamber, and the flame
tube structure is shown in Figure 3.

*e smoke chamber is a structure for storing high-
temperature flue gas. *e structure used in this article is the
central flame-back type. *e smoke chamber of the central
flame-back hot water machine is arranged inside the drum.
*is structure can effectively reduce the heat loss.*e smoke
chamber has two parts, namely, the front smoke chamber
and the rear smoke chamber. *e front smoke chamber is
connected with the flame tube, the threaded tube, and the
inlet of the burner, and the rear smoke chamber is connected
with the threaded tube and the chimney. *e structures of
the front smoke chamber and the rear smoke chamber are
shown in Figures 4 and 5.

*e central flame-back water heater is equipped with
threaded pipes, and the number of threaded pipes and the
pipe distance have strict requirements. *e threaded tube is

Figure 1: Schematic diagram of the central flame-return structure
of a horizontal hot water machine.

Table 4: Boiler heat loss table.

Boiler rated output t (h) ≤4 6 10 15 20 35 ≥65
MW ≤2.8 4.2 7.0 10.5 14 29 ≥46

Heat loss % 2.1 2.4 1.7 1.5 1.3 1.1 0.8
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Figure 2: Burner working curve.

Figure 3: Structure diagram of the flame tube.
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formed by rolling and forming an ordinary smooth tube.*e
purpose of increasing the thread is to enhance the intensity
of turbulence in the tube and enhance the convective heat
transfer capacity of flue gas. *e size of the threaded pipe is
v 32× 710, and the size of the flange is designed according to
the outer diameter of the drum.

*e drum is designed according to the volume of the
water heater.*e design capacity of the drum in this article is
250 L. When designing the drum, a partition was added to
the back half of the drum. *e purpose of adding the
partition was two: one is to provide support for the rear
smoke chamber, and the other is to separate the hot and cold
water. *e drum structure is shown in Figure 6.

5. Heat Transfer Calculation of Flame Tube of
the Oil-Fired Submersible Hot
Water Machine

5.1. Basic Data Calculation of the Hot Water Machine.
*e total area of the furnace wall on each side of the flame
tube Fb � π × (0.394)2 + π × 0.788 × 1.2 � 3.946m2.

Since the flame tube is composed of a head and a cyl-
inder, the covering area is not a conventional surface. Since
the three-dimensional structure model of the flame tube has
been established, the covering area Fl � 0.595m2 of the
flame tube can be obtained through software calculation.

Similarly, the volume of the flame tube is not a con-
ventional volume. Using software calculations, the volume
of the flame tube Vl � 0.041m3 can be obtained.

5.2. "e Effective Radiation Heating Area in the Boiler of the
Oil-Fired Submersible Hot Water Machine. *e effective
radiation heating area in the boiler of the oil-fired sub-
mersible hot water machine can be obtained by the following
equation:

Hf � xFb, (11)

where x is the effective angle factor and Fb is the area of the
boiler wall where the water wall is arranged, m2.

Because the flame sprayed by the burner radiates all the
heat to the wall of the flame tube, the effective angle factor is
1.*erefore, substituting the values of Fb and x into equation
(11), it can be known that the effective radiation heating area
in the boiler of the hot water machine is Hf � 3.946m2.

5.3. "e Effective Radiation Heating Area in the Boiler of the
Oil-Fired SubmersibleHotWaterMachine. *e effective heat
release of the fuel-type submersible hot water machine can
be obtained by the following equation:

Ql � Qr ×
100 − q3 − q4 − q6

100 − q4
+ Qk, (12)

Figure 6: Drum structure diagram.

Figure 4: Structure of the front smoke chamber.

Figure 5: Structure diagram of the rear smoke chamber.
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where Qr is the heat sent to the hot water machine, kJ/kg; q3
is loss rate when incomplete combustion of oil mist occurs,
%; q4 is the heat loss rate of incomplete combustion of solid
fuel, %; q6 is the heat loss rate taken away by the ash in the
fuel, %; and Qk is the amount of heat in the air required for
combustion, kJ/kg.

When the fuel is burned, the heat required to send the air
into the hot water machine is as shown in the following
equation:

Qk � al
″I0rk, (13)

where al
″ is excess air coefficient at the outlet of the flame

tube of the hot water machine and I0rk is the enthalpy of the
air entering the flame tube of the hot water machine, kJ/kg.

According to the research, take al
″� 1.1, and select the

enthalpy value of the outlet air I0rk � 295 kJ/kg. Substituting
the selected value into equation (13), we can obtain
Qk � 324.5kJ/kg, and substituting the obtained Qk and the
previously calculated values into equation (12), the effective
heat output of the water heater can be obtained as
Ql � 42688kJ/kg.

Querying the smoke enthalpy table shows that the ab-
solute combustion temperature corresponding to the ef-
fective heat release Ql is θu � 1953°C, so the absolute
combustion temperature Tu � θu + 273 � 2226K.

5.4. Calculation of the Flame Blackness of the Oil-Fired Sub-
mersible Hot Water Machine and the Flame Blackness of the
Flame Tube. When the fuel is liquid, the flame blackness is
formed by the superposition of the blackness of the lumi-
nous part of the flame and the blackness of the nonluminous
part. *e blackness of the luminous part of the flame and the
blackness of the nonluminous part of the flame are, re-
spectively, represented by the following equations:

afg � 1 − e
− kqrq+kth( PS

, (14)

abfg � 1 − e
−kqrqPS, (15)

where kq is the triatomic gas radiation attenuation coeffi-
cient, 1/(m · MPa); rq is the volume share of flame triatomic
gas, %; kth is the flame carbon black particle radiation at-
tenuation coefficient, 1/(m · MPa); P is flame tube pressure,
MPa; and S is the effective radiation layer thickness, m.

*e effective radiation thickness is shown as follows:

S � 3.6
Vl

Fl

, (16)

where Vl is the effective volume of hot water machine flame
tube, m3, and Fl is the covering area of the flame tube of the
hot water machine, m2.

Substituting the values of the effective volume Vl of the
flame tube and the coating area Fl of the flame tube into
formula (16), the value of the effective radiation thickness
can be obtained as S � 0.248m.

*e radiation attenuation coefficient of triatomic gas is
shown as follows:

kq � 10
0.78 + 1.6rH2O�����

10PqS
 − 0.1⎛⎜⎜⎜⎝ ⎞⎟⎟⎟⎠ 1 − 0.37

Tl
″

1000
 , (17)

where rH2O is the volume ratio of water vapor to flue gas, %;
Pq is the total partial pressure of the triatomic gas in the
flame, MPa; S is the effective radiation thickness, m; and Tl

″
is the smoke temperature at the exit of the flame tube, °C.

Since the high-efficiency fuel oil submersible hot water
machine works in a normal pressure environment,
Pq � 0.1MPa is taken. When the water heater is designed, the
flue gas temperature at the outlet of the flame tube is set to
980°C, that is, Tl

″� 980°C. Substituting the corresponding
values into equation (17), we can get kq � 12.11.

Substituting the corresponding values, the blackness of
the luminous part of the flame afg � 0.019 and the blackness
of the nonluminous part of the flame abfg � 0.412.

5.5. Calculation of Heat Release and Heat Transfer of Flame
Tube Flue Gas of the Oil-Fired Submersible Hot Water
Machine. *e heat release of the flue gas from the flame tube
is shown as follows:

Qrp � φ Ql − Il
″( , (18)

where ϕ is the heat preservation coefficient, %; Ql is the heat
of the flame tube, kJ/kg; and Il

″ is the enthalpy value cor-
responding to the flue gas temperature at the outlet of the
flame tube, kJ/kg.

According to this research, setting the outlet tempera-
ture of the flame tube kl

″ � 477°C, the corresponding smoke
enthalpy Il

″� 8346 kJ/kg. Substituting the corresponding
values into equation (18), the heat release of the flame tube
flue gas is Qrp � 33552.1kJ/kg.

*e heat transfer of the flue gas in the flame tube is
shown as follows:

Qcr � C
Hf

Bj

Thy

100
 

4

−
Tb

100
 

4
⎡⎣ ⎤⎦, (19)

where C is the radiation and convection heat transfer co-
efficient, take C� 11.72 kW/(m2·K); Bj is the fuel con-
sumption of the hot water machine, kg/h; Thy is the average
flame temperature, K; and Tb is the surface temperature of
the water wall, K.

Substituting the corresponding values into equation (19),
the heat transfer amount of the flame tube flue gas can be
obtained as Qcr � 33573.7kJ/kg.

*e calculation error of the flame tube of the hot water
machine is shown as follows:

Δ �
Qrp − Qcr

Qrp




× 100 �

33552.1 − 33573.7
33552.1




× 100 � 0.064%.

(20)
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6. Calculation of Convective Heat Transfer in
Hot Water Machine

Convection heat transfer is one of the important heat
transfer methods of high-efficiency fuel-type submersible
hot water machines. For high-efficiency fuel-type sub-
mersible hot water machines, the convective heating surface
refers to the heating surface of the fire tube and smoke
chamber of the hot water machine. In the heating surface of
these hot water machine systems, heat is transferred to the
medium water in a convective manner, and the calculation
of convective heat transfer is also based on the heat released
by the combustion of 1 kg of 0# diesel.

6.1. Basic Data Calculation of Convective Heat Transfer
Surface. *e fire tube takes the form of a threaded tube,
which can improve the heat exchange efficiency to a certain
extent, so that the medium absorbs more heat. *e steel
pipe is a standard steel pipe with a diameter of 32mm and a
thickness of 2.5mm. *e threaded pipe is pressed by a
special threaded pipe with a guide rail bracket. *e front
and rear smoke chambers have smooth walls and cylin-
drical structures. *e specific parameters are shown in
Table 5.

According to the data in Table 5, the flue gas flow area Fr
of the threaded tube, the heat transfer area Hr of the
threaded tube, the heat transfer area Hs of the fume
chamber, and the total flue gas flow area Fd can be further
obtained. *e total heat transfer areaHd is shown in Table 6.

6.2. Calculation of Heat Release of Flue Gas. *e amount of
heat emitted by the flue gas is shown as follows:

Qrp � φ I′( − I″( , (21)

where φ is the heat preservation coefficient; I′ is the enthalpy
of inlet flue gas, kJ/kg; and I″ is the enthalpy of outlet flue
gas, kJ/kg.

Now set the inlet flue gas temperature W′ to 477°C, check
the flue gas enthalpy table, its corresponding enthalpy value
I′� 8328 kJ/kg, the flue gas outlet temperature W″� 200°C,
and its corresponding enthalpy value I″� 3372 kJ/kg. *e
previously calculated heat preservation coefficient φ� 0.977.
*erefore, the calorific value of the flue gas is
Qrp1 � 4842kJ/kg.

6.3. Average Flue Gas Temperature, Flow Velocity, and
Temperature and Pressure Calculation. *e average flue gas
temperature is shown as follows:

θp �
θ′ + θ″

2
, (22)

where W′ is the inlet flue gas temperature, °C, and W′′ is the
outlet flue gas temperature, °C.

Substituting the corresponding values into equation
(22), we can get θp � 338.5°C.

*e average flue gas flow rate is shown as follows:

ω �
BjVy

3600Fd
·
θp + 273
273

, (23)

where Bj is the fuel consumption of the hot water machine,
kg/h; Vy is the theoretical flue gas, m3/kg; Fd is the total flue
gas circulation area, m2; and Wp is the average flue gas
temperature, °C.

Substituting the corresponding values obtained above
into equation (23), the average flue gas flow velocity can be
obtained as ω � 14.7m/s.

*e logarithmic temperature and pressure are shown as
follows:

Δt �
Δtd − Δtx

lnΔtd/Δtx

, (24)

where Δtd is the large end temperature, °C, andΔtx is the
small end temperature, °C.

Among them, the large end temperature and pressure
value is the difference between the inlet flue gas temperature
and the working fluid outlet temperature, that is,
Δtd � θ′ − t2 � 477 − 60 � 417°C, and the small end tem-
perature and pressure value is the difference between the
outlet flue gas temperature and the working fluid inlet, that
is, Δtx � θ″ − t1 � 200 − 4 � 196°C, and substituting the
values obtained above into equation (24), the logarithmic
temperature and pressure can be obtained as Δt � 284.4.

6.4. Calculation of Convective Heat Transfer Coefficient.
*e convective heat transfer coefficient is used to express the
heat transfer capacity between the medium water and the
convection surface. For high-efficiency oil-fired submersible
hot water machines, the convection heat transfer surface has
a fire tube and a smoke chamber.*erefore, it is necessary to
calculate the total convective heat transfer coefficient of the
flue gas.

Table 5: Convection surface structure parameter table.

Project name Code
name Unit Value

*readed pipe pitch t mm 45
*readed pipe groove depth ε mm 2
*readed pipe inner diameter dr mm 29.5
Number of threaded pipes Nr — 16
Longitudinal scour length of threaded
pipe L M 0.7

Front and rear smoke chamber
diameter ds mm 520

Longitudinal scour length of smoke
chamber L′ M 0.4

Table 6: Convection surface structure parameter table.

Project name Code name Unit Value
*readed pipe flue gas flow area Fr m2 0.011
Heat transfer area of threaded tube Hr m2 1.038
Heat transfer area of smoke chamber Hs m2 0.372
Total flue gas circulation area Fd m2 0.011
Total heat transfer area Hd m2 1.410
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*e Prandtl coefficient of the flue gas Pr� 0.6211, the
kinematic viscosity coefficient of the flue gas v � 0.00009m2/
s, the thermal conductivity of the flue gas λ� 0.0783 kW/
(m·°C), and the average flue gas flow rate ω� 14.7m/s, and it
can be calculated that the Rayleigh number of the threaded
tube Rer � ωdr/v � 14.7 × 0.0295/0.00009 � 4818, and the
Rayleigh number of the smoke chamber
Res � ωds/v � 14.7 × 0.52/0.00009 � 84933.

*e convective heat transfer coefficient of the threaded
tube is shown as follows:

ar � 0.0144
t

dr
 

−0.08
·

ε
dr

 
0.112

Rer0.926
, (25)

where t is the pitch of the threaded pipe, mm; dr is the inner
diameter of the threaded pipe, mm; ε is the groove depth of
the threaded pipe, mm; and Rer is the Reynolds number of
the threaded pipes.

Substituting the corresponding values into equation
(23), the convective heat transfer coefficient of the threaded
tube ar � 0.026kW/(m·°C) can be obtained.

*e convective heat transfer coefficient of the smoke
chamber is shown as follows:

as � 0.023
λ
ds
Res0.8Pr0.4

, (26)

where λ is the thermal conductivity of flue gas, kW/(m·°C);
ds is the inner diameter of the smoke chamber, mm; Res is
the Reynolds number of the smoke chamber; and Pr is the
Prandtl coefficient of flue gas.

Substituting the corresponding values into equation
(26), the convective heat transfer coefficient of the smoke
chamber as � 0.025kW/(m·°C) can be obtained.

From the convective heat transfer coefficient of the
threaded tube and the smoke chamber, the total convective
heat transfer coefficient of the flue gas
ad � (asHs + arHr)/Hs + Hr � 0.025 × 0.372 + 0.026 ×

1.038/0.372 + 1.038 � 0.072kW/(m·°C). can be further
calculated.

6.5. Calculation of Radiation Heat Release Coefficient of Flue
Gas. *e radiation attenuation coefficient of triatomic gas is
shown as follows:

kq � 1 − 0.37
θp + 273
1000

 
2.47 + 5.06rH2O����

rqPS
 − 1⎛⎜⎜⎜⎝ ⎞⎟⎟⎟⎠rq, (27)

where Wp is the average flue gas temperature, °C; rH2O is
the volume ratio of water vapor to flue gas, %; rq is the
volume share of flame triatomic gas, %; P is the flame tube
pressure, MPa; and S is the effective radiation layer
thickness, m.

Substituting the corresponding values into equation
(27), the radiation attenuation coefficient of triatomic gas
kq � 2.050(MPa · m)− 1 can be obtained. From the radiation

attenuation coefficient of triatomic gas, the smoke blackness
ay � 1 − e−kqPS � 1 − e−2.050×1×0.248 � 0.400 can be further
obtained.

*e temperature ratio is shown as follows:

τ �
tb + 273
θp + 273

, (28)

where tb is the surface temperature of the water wall, °C,
and θp is the average flue gas temperature, °C.

*e surface temperature tb of the water wall is taken as
283°C, that is, tb � 283°C, and then the temperature
ratioτ � 0.793. According to the obtained temperature ratio,
the radiation heat release coefficient of the flue gas af �

0.026 can be further obtained.

6.6.CalculationofHeatTransferandHeatTransferErrorof the
Main Heating Surface. *e total heat transfer coefficient is
shown as follows:

K � ψ ad + af , (29)

where ѱ is the thermal effective coefficient; ad is the total
convective heat transfer coefficient of flue gas; and af is the
radiative heat release coefficient of flue gas.

*ermal effective coefficient ѱ� 0.73; substituting the
corresponding values into equation (29), the total heat
transfer coefficient can be obtained as
K � 0.73 × (0.072 + 0.026) � 0.072.

*e heat of the main heating surface is shown as follows:

Qcr �
KH dΔ t

Bj

, (30)

where K is the total heat transfer coefficient; Hd is the total
heat transfer area, m2; Δt is the logarithmic temperature, °C;
and Bj is the fuel consumption of the hot water machine, kg/
h.

Substituting the corresponding values into equation
(30), the heat of the main heating surface can be obtained as
Qcr � 4822kJ/kg and the heat transfer error of the main
heating surface as Δ � |Qrp1 − Qcr/Qrp1| × 100 � |4842−

4822/4842| × 100 � 0.41%.

6.7. Total Heat Balance Check of the Hot Water Machine.
*e overall calculation error of the water heater is shown as
follows:

ΔQ �
Qrη

100 − q4
− Qrp − Qrp1, (31)

where Qr is the total heat sent to the hot water machine
system, kJ/kg; η is the thermal efficiency of the hot water
machine, %; q4 is the heat loss rate of incomplete combustion
of solid fuel, %; Qrp is the heat release of flame tube smoke,
kJ/kg; and Qrp1 is the exothermic amount of flue gas, kJ/kg.
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Substituting the corresponding values into equation (31),
we can get the overall calculation error of the water heater
ΔQ � 22.95kJ/kg and the overall relative calculation error of
the hot water machine Δ � ΔQ/Qr × 100 � 22.95/42900×

100 � 0.053%.

7. CAE Analysis of High-Efficiency Fuel
Submersible Hot Water Machine

With the rise of computer-aided engineering, analyzing
engineering problems in reality has become simple and
quick [18]. For high-efficiency fuel-type submersible water
heaters, the CAE analysis that needs to be done is mainly
structural analysis and thermal analysis. In terms of struc-
tural analysis, the workbench is used to simulate the force of
each main structure, so as to better predict the quality
problems of the water heater before the manufacturing is
completed.

7.1. CAE Analysis of Drum. *e drum is made of 316 L
stainless steel with a thickness of 3.5mm. *ere are three
holes with a diameter of 40mm on the surface of the drum.
*e through pieces are connected to these three holes by
welding. *e other ends of the three through pieces are
connected to the overflow: flow valve, float, and plug match.
A support plate is also welded inside the drum. On the one
hand, the support plate is used to support the rear smoke
chamber, and on the other hand, it is used to isolate cold and
hot water, so that the temperature of the hot water output in
the hot water machine is more stable. *e structure is shown
in Figure 6.

It can be seen from Figure 7 that the maximum de-
formation of the drum is 0.41344mm and the minimum
deformation is 0mm. *e area with the largest amount of
deformation is mainly concentrated on the two sides of the
line connecting the centers of the two openings. *e de-
formation area around the opening is more evenly dis-
tributed. *e deformation around the overflow valve hole is
0.091875mm, and the half side around the float joint hole is
even deformed. *e amount is 0mm. After the penetration
piece is welded to the hole, such a small amount of de-
formation ensures the stability of the drum.*e recession in
the opening area is because the strength of the barrel wall is
reduced after the opening of the hole, and the inside of the
barrel is subjected to pressure, which ultimately leads to the
deformation of the barrel. It can be seen from Figure 8 that
the stress distribution of the drum is relatively uniform, and
there is stress concentration around the opening of the
drum, which is a normal phenomenon. It can be seen from
Figure 9 that the strain near the opening of the drum shows a
symmetrical state. Since the deformation near the opening is
larger than that of other regions, the strain in this part of the
region is also larger than that in other regions. Since the
maximum stress of the drum is far less than the allowable
stress, the strength and rigidity of the drum fully meet the
working requirements, and there is no need to optimize the
structure of the drum.

7.2. Flange CAEAnalysis. *e flange is an important part to
connect the drum and the end cover, and the flange and the
drum are connected by welding. *e material of the flange is
316 L stainless steel. *e three-dimensional view of the
flange is shown in Figure 10.

*e flange is meshed, and the mesh size is selected as
10mm, and then the simulation is performed.

*e flange inner ring and the drum are connected by
welding, and the flange and the end cover are connected by
bolts. *e main bearing surface of the flange is the boss
surface at the front end of the flange. *is part of the area is
in full contact with the gasket, and the force received comes
from the internal pressure of the drum. *e round hole on
the flange end face matches the bolt, so the inner face of the
round hole is subjected to shearing force. *e total defor-
mation cloud diagram of the flange is shown in Figure 11.
*e deformation area of the flange is mainly concentrated on

0.41344 max
0.3675
0.32156
0.27562
0.22969
0.18375
0.13781
0.091875
0.045937
0 min

Figure 7: Cloud diagram of total deformation of the drum.

437.13 max
389.12
341.12
293.11
245.11
197.11
149.1
101.1
53.094
5.0895 min

Figure 8: Equivalent stress cloud diagram of the drum.

0.0022745 max
0.0020341
0.0017937
0.0015533
0.0013129
0.0010725
0.00083213
0.00059174
0.00035135
0.00011096 min

Figure 9: Equivalent strain cloud diagram of the drum.
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the edge of the flange, and the edge of the flange is relatively
weak compared to other parts and is compressed by the bolt
connection, so the deformation range of the region is larger
than that of other regions. *e stress and strain cloud di-
agrams of the flange are shown in Figures 12 and 13. From
the cloud diagrams, the stress and strain distribution of the
flange is very uniform and the values are very small.
*erefore, the physical properties of the flange are very good.

7.3. "ermal Field Analysis of Flame Tube. *e flame tube is
the core thermal reaction element of the entire hot water
machine. After the burner sprays the flame, the entire
heating process of the hot water machine is carried out in the
flame tube [19], so the thermal field of the flame tube is
analyzed and studied. It is particularly important.

Using fluent software can simulate the state of the
thermal field more accurately and quickly. It can be seen
from Figure 14 that the pressure of the flame tube gradually
increases along the tail of the flame tube until the pressure at

the head reaches the maximum. At the entrance of the flame
tube, the center pressure of the flame tube is greater than the
pressure around the flame tube, and the pressure around the
flame tube is lower than the center pressure of the flame
tube, forming an entrainment effect. It is precisely because of
the entrainment effect that the heat of the flame tube is more
uniform and the heat exchange efficiency is more efficient. It
can be seen from Figure 15 that the temperature in the back
half of the flame tube is in a stable state. Because the front
wall of the flame tube has a shorter distance from the flame,
the radiation intensity of the flame is also greater, so the
temperature is higher. Figure 16 shows the change in the

2.1669 max

1.9403

1.7136

1.487

1.2603

1.0337

0.80705

0.5804

0.35375

0.1271 min

Figure 11: Cloud diagram of total flange deformation.
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Figure 12: Equivalent stress cloud diagram of the flange.
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Figure 13: Equivalent strain cloud diagram of the flange.

Figure 10: *ree-dimensional view of the flange.
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Figure 14: Pressure cloud diagram of the flame tube.
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smoke velocity of the flame tube. *e flame injected by the
burner enters the flame tube from the entrance of the flame
tube. *e flue gas blocks the descending speed at the head of
the flame tube and then turns back and enters from the inner
cavity of the flame tube.

7.4. "ermal Field Analysis of "readed Pipe. *e threaded
tube is one of the main components of the flue gas scouring.
After the high-temperature flue gas is discharged from the
flame tube, it enters the front smoke chamber, then enters
the rear smoke chamber through the threaded tube, and is
finally discharged into the atmosphere. As the main com-
ponent of the flue gas scouring, the threaded tube is also very
important to study its thermal field [20].

*e fluent software is also used to simulate the thermal
field. It can be seen from Figure 17 that the upper end of the
threaded tube is the flue gas inlet, and the gas pressure
gradually decreases from the inlet to the outlet. *e inlet
pressure is large and the outlet pressure is small, so that the
flue gas can continuously flow from the inlet to the outlet. It
can be seen from Figure 18 that the temperature distribution
of the threaded pipe is relatively uniform, the temperature at
the inlet end is higher, and the temperature at the outlet end
decreases. *e flue gas transfers heat to the threaded pipe
wall in two forms of convection heat exchange and radiation
heat exchange, and the threaded pipe wall transfers the heat
to the working fluid water. It can be seen from Figure 19 that
the threaded tube starts from the inlet, the first part of the
flue gas velocity is relatively large, and as the length of the
threaded tube increases, the resistance of the flue gas also
increases, so the flue gas velocity decreases.

8. CAE Analysis of High-Efficiency Fuel
Submersible Hot Water Machine

*e flame tube is the component with the largest temper-
ature difference of the oil-fired hot water machine. In the
analysis, not only the influence of the static field on the flame
tube must be considered, but also the change in the intensity
of the flame tube under the thermal field coupling. It is very
important to conduct multifield coupling analysis on the
flame tube [21]. *e thermal structure coupling analysis is
completed in the workbench software. In the above, the
thermal field of the flame tube flue gas was studied, and this
section focuses on the thermal field of the flame tube body.
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Figure 16: Flame cylinder velocity vector cloud diagram.
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Figure 17: Pressure cloud diagram of the threaded pipe.
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Figure 18: Temperature cloud diagram of the threaded pipe.
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Figure 15: Temperature cloud diagram of the flame tube.
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Figure 19: Speed vector cloud diagram of the threaded pipe.
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*e temperature cloud diagram of the flame tube body is
shown in Figure 20. From Figure 20, it can be concluded that
the temperature distribution of the flame tube body is ex-
tremely uniform. *ere are two reasons for this phenom-
enon: one is the entrainment of the smoke in the flame tube.
*e high-temperature flue gas moves uniformly on the wall
of the flame tube, so that the temperature difference in the
entire heat exchange process is small, and the flame tube
body uniformly absorbs heat; second, the material of the
flame tube is 316 L stainless steel, and the heat transfer
coefficient of 316 L stainless steel is 16.3W/(m2·K), the
material itself has better heat transfer performance, so the
temperature distribution of the flame tube is even.

After the temperature field analysis of the flame tube
body, the flame tube is statically analyzed on the basis of
the original temperature field. For 316 L stainless steel, on
the basis of the temperature field, static analysis can
describe the actual state of the flame tube more objec-
tively. From the three aspects of total deformation, stress,
and strain, the flame tube occurs due to the effect of the
temperature field. *e total deformation can intuitively
reflect the appearance deformation of the flame tube due
to external force. *e stress objectively shows the internal
reaction of the flame tube to the outside world after the
external force is applied. *e strain objectively shows the
relative deformation of the internal structure of the flame
tube.

Figures 21 and 22 are the total deformation cloud dia-
grams of the flame tube in the uncoupled and coupled
conditions, respectively. By comparison, it can be seen that,
in the case of multifield coupling, the temperature field has a
certain influence on the flame tube. *e main deformation
changes are concentrated in the middle of the flame tube and
the top of the head. Due to the coupling and superposition of
the temperature field, the deformation of these parts has
changed to different degrees. For themiddle part of the flame
tube, in the case of no coupling, there are two deformation
areas in the middle part of the flame tube, and the middle
part of the flame tube deforms unevenly. In the case of
multifield coupling, the middle part of the flame tube has the
same amount of deformation. For the top of the head, the
change in total deformation is also more obvious. *e effect
of the temperature field increases the deformation of the
head of the flame tube, and the edge transition of the de-
formation also tends to be gentle. But for the flame tube that
is only subjected to the static force field, the difference in the
amount of deformation is relatively obvious, and the
transition of the deformation edge is not obvious.*e reason
for this phenomenon is that the temperature field affects the
material properties of 316 L stainless steel. Under the action
of the temperature field, the plasticity of the stainless steel
material increases and the rigidity decreases. When sub-
jected to the same static force field, it exhibits different
properties.

Figures 23 and 24 are the equivalent stress cloud dia-
grams of the flame tube in the uncoupled and coupled
conditions, respectively. From these two cloud diagrams, it
can be clearly seen that the temperature field has a greater
influence on the stress of the flame tube. In the case of no
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Figure 20: Temperature cloud diagram of the flame tube body.
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Figure 21: Total deformation cloud of the flame tube without
coupling.
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Figure 22: *e total deformation cloud diagram of the flame tube
in the coupled case.
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Figure 23: Equivalent stress cloud diagram of the uncoupled flame
tube.
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coupling, the stress distribution in the head part of the flame
tube is very uneven, and the stress in the top area of the head
is relatively high, and the stress gradually decreases to the
surroundings with the center of the head as the origin. In the
case of multifield coupling, the stress distribution of the
flame tube body is very uniform, and the stress value is also
significantly higher than the stress value of the static force
field. *e reason for this phenomenon is that the flame tube
body is affected by the temperature field, which changes the
physical properties of the material to a certain extent. *e
existence of the temperature field increases the thermal
stress of the flame tube itself, so that the stress of the flame
tube itself is clearly greater than the stress in the static field.
Obviously, it can be seen that the temperature field affects
the internal molecular motion state of 316 L stainless steel,
and when the multifield coupling is superimposed, the
material stress is more obvious.

Figures 25 and 26 are the equivalent strain cloud diagram
of the flame tube in the uncoupled case and the equivalent
strain cloud diagram of the flame tube in the coupled case.
From these two cloud diagrams, the influence of the tem-
perature field on the strain of the flame tube can be seen. In
Figure 25, it can be seen that the strain distribution of the
flame tube in the static field is uneven, and the strain on the
tube section and the top of the head is larger, and this part of
the region is similar to the region with greater stress. In
Figure 26, the strain distribution of the flame tube is rela-
tively uniform. Under the action of the temperature field, the
strain of the flame tube has increased, and the strain values of
each area are also relatively close. It can be seen that the
temperature field has a great influence on the flame tube.

9. Structural Optimization and Thermal
Efficiency Analysis of High-Efficiency Oil-
Fired Submersible Hot Water Machine

*e thermal efficiency of oil-fired hot water machines has
always been one of the focuses of people’s research.*e level
of thermal efficiency directly affects the performance of the
hot water machine. People mainly use two ways to improve
thermal efficiency. One is to make fuel burn more. Sufficient,
the second is to reduce the exhaust heat temperature of the
flue gas by designing a reasonable structure. *e fuel can be

burned more fully by designing a reasonable combustion
method.

9.1."ermalFieldAnalysis of the"readedPipe. *e factor of
air supply is very important to whether the combustion
reaction is sufficient. For this reason, it is necessary to es-
tablish the relationship between the change of the burner
over time and the amount of air required. In Section 2.2, the
theoretical air volume V0 �11.153276m3/kg has been cal-
culated.*e so-called theoretical air volume is the volume of
air required when 1 kg of fuel is completely burned.

At time x, when y kg of 0# diesel is completely burned,
the amount of air consumed is shown as follows:

dU � 11.153276dxdy. (32)

Integrating equation (32), we can get

U � B
D
dU � B

D
11.153276dxdy � 11.153276xy, (33)

where definition domain D� {(x, y)|x≥ 0, y≥ 0}, D is the
consumption of 0# diesel oil, kg.

*e actual amount of gas produced by the hot water
machine can be obtained through experiments. *e rela-
tionship between the air supply volume and the thermal
efficiency can be established by curve fitting through mul-
tiple sets of data.

9.2. StructuralOptimizationModel and Solution ofHotWater
Machine. *e parameters of the threaded pipe are thread
radius (radius is divided into outer diameter, middle di-
ameter, and inner diameter), length, wall thickness, pitch,
arc radius, and thread groove depth. In order to ensure that
the overall structure of the hot water machine does not
undergo major changes, in the structural parameters of the
threaded tube, the outer diameter of the threaded tube is
limited to ensure that the structural parameters of the smoke
chamber do not change. *e relationship between the other
parameters of the threaded tube and the thermal efficiency is
now studied. By establishing the mathematical model of the
relationship between the threaded tube of the hot water
machine and the thermal efficiency, the influence of the
threaded tube on the thermal efficiency is obtained.

*e Newtonian cooling formula is shown as follows:

220.58 max
196.34
172.1
147.85
123.61
99.365
75.122
50.878
26.635
2.3909 min

Figure 24: Equivalent stress cloud diagram of the coupled flame
tube.

0.0010978 max
0.00097586
0.00085389
0.00073192
0.00060995
0.00048799
0.00036602
0.00024405
0.00012208
1.1679e – 7 min

Figure 25: Equivalent strain cloud diagram of the uncoupled flame
tube.
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Φ � hA Tw − Tf , (34)

where Φ is the convection heat transfer, W; h is the
convection heat transfer coefficient, W/(m2·K); A is the
heating surface area, m2; Tw is the temperature of the fire
tube wall surface, °C; and Tf is the working fluid temper-
ature, °C.

*e general relationship of the convective heat transfer
coefficient is shown as follows:

h �
−λzT/zy|y�0

Tw − Tf

, (35)

where λ is the thermal conductivity of the working fluid
water, λ� 7.42×10–2, W/(m2·K), and zT/zy|y�0 is the
temperature change rate of the working fluid water in the
normal direction of the fire tube wall, °C.

*e area of the heating surface is shown as follows:

A � N L1π d + L2/s ·

����������

πd1( 
2

+ s
2



·
ar cos
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r′2 − r′ − t′( 
2



/r′ 

π
2πr′ − 2

������������

r′2 − r′ − t′( 
2


⎛⎜⎜⎜⎜⎜⎜⎜⎝

⎞⎟⎟⎟⎟⎟⎟⎟⎠
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦. (36)

whereN is the number of threaded pipes,N� 16; L1 is the
total length of the threaded pipe, L1 � 0.71m; L2 is the thread
length of the threaded pipe, m; d is the outer diameter of the
threaded pipe, d� 0.032m; d1 is the inner diameter of the
threaded pipe, m; s is the thread pitch of the threaded pipe,
m; t′ is the inner diameter of the thread groove, m; and r′ is
the arc radius of the threaded pipe, m.

When burning 1 kg of 0# diesel, the heat absorbed by the
working fluid water through convection heat transfer is
shown as follows:

Qdl � 
T
Φdt. (37)

9.2.1. Objective Function. After substituting the corre-
sponding values, the objective function of the ratio of the
heat absorbed by the working fluid through the convection
of the fire tube wall to the total heat transfer can be obtained
as follows:

f(X) � −λ
zT

zy
|y�0

1.14x3 + 32x1 ·
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πx2( 
2

+ x
2
3
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2
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2
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2
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2


 

42900x3
.

(38)

*e design variables are shown as follows:

X � x1, x2, x3, x4, x5 
T

, (39)

where x1 is the thread length of the threaded pipe, m; x2
is the inner diameter of the threaded pipe, m; x3 is the thread
pitch of the threaded pipe, m; x4 is the arc radius of the
threaded pipe, m; and x5 is the thread groove depth, m.

9.2.2. Constraints. *e constraint condition is shown as
follows:

0≤ x1 ≤ 0.700,

0.028≤x2 ≤ 0.032,

x3 > 0.010,

0.005≤x5 ≤ 0.015,

0≤ x5 ≤ 0.004.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

(40)

9.2.3. Optimization Methods and Results. *e thermal ef-
ficiency structure model of the hot water machine is op-
timized by genetic algorithm. Genetic algorithm is an

0.0012688 max
0.0011317
0.00099448
0.00085729
0.0007201
0.00058292
0.00044573
0.00030855
0.00017136
3.4177e – 5 min

Figure 26: Equivalent strain cloud diagram of the coupled flame tube.
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algorithm that simulates the evolutionary laws of the bi-
ological world. By searching from random initial solutions,
after a series of selection, crossover, and mutation steps,
new ones are gradually calculated solution. *e genetic
algorithm can solve the structural optimization model of
the thermal efficiency of the water heater better and faster,
making the structural optimization of the water heater
more accurate.

*e MATLAB genetic algorithm optimizes the heating
area of the threaded tube and draws the coordinate image
with the pitch of the threaded tube and the radius of the arc
as the independent variables. It can be seen from Figure 27
that when the thread pitch is 15mm and the arc radius is
10mm, the heated area of the threaded tube reaches the
maximum.

10. Conclusion

*e simulation results were compared with the theoretical
calculation results, and the reliability of the simulation and
the rationality of the structure design were obtained. *e
fluent software was used to simulate the thermal field of the
flame tube and the threaded tube, and the rationality and
accuracy of the thermal field of the flame tube and the
threaded tube were obtained.

(1) *e influence of the thermal structure coupling of
the flame tube of the oil-fired submersible hot water
machine was analyzed and studied. *e total de-
formation cloud image, equivalent stress cloud im-
age, and equivalent strain cloud image obtained by
the thermal structure coupling results were com-
pared with the corresponding cloud image under the
action of the static force field. *e influence of the
temperature field on the flame tube of the oil-fired
submersible hot water machine was explored.

(2) *e thermal efficiency of the oil-fired submersible
hot water machine was studied, the air supply model
of the burner and the thread convection heat transfer
model were established, and the genetic algorithm
was optimized for the established model.

*is article was to study the process of material com-
pression molding and took out the part that involved heat
separately for more comprehensive and in-depth research,
so as to gain more experience and ideas [22].
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